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Abstract-The transient natural convection of a warm crude oil contained in a large vertical cylindrical 
storage tank located in a cold environment is investigated numerically. The effect of the external heat 
transfer coefficient is examined by using four different values. Increasing this parameter is found to increase 
the rate of heat loss as expected, but only a minor effect on the resulting fluid flow is found. The effect of 
the tank aspect ratio (height to radius) on the natural convection process is investigated by using four 
different aspect ratios ranging from 0.25 to 2.0, and is found to affect the flow patterns that develop. Two 
recirculating cells arise for the aspect ratios of 0.25, 0.5 and 1.0, while a single cell arises in the case of 
aspect ratio of 2.0. The effect of the fluid viscosity is examined for a tank of aspect ratio 0.5 by using five 
different apparent viscosity-temperature relationships. The increase in fluid viscosity concomitant with 
cooling is found to significantly slow down the rate of heat loss from the tank compared to the constant 

viscosity case. 

INTRODUCTION 

THE TRANSIENT cooling of petroleum in a storage tank 
is a concern in geographical regions where ambient 
temperatures are often well below the pour point tem- 
perature of the stored petroleum. This is the case in 
the Canadian Arctic, where a recently-produced crude 
oil is relatively warm compared to the external 
environment. If short-term storage of the crude oil is 
required before it can be transported to market, the 
temperature difference between the warm crude oil 
and the cold environment can initiate the natural con- 
vection of the crude oil inside the tank. 

In an earlier paper [I], a numerical simulator for 
this transient natural convection process was 
developed which employs a temperature-dependent 
apparent viscosity to model the change in fluid rhe- 
ology that occurs with cooling. Small scale exper- 
imental results were compared with simulator pre- 
dictions and good agreement was achieved, thereby 
lending confidence to the validity of the model. Sub- 
sequently, the numerical simulator was used to make 
predictions regarding the transient cooling of crude 
oil in a field-scale storage situation, specifically a 
42 400 m3 tank. 

In this work, the effect of the external heat transfer 
coefficient on the solution is examined using four 

different sidewall coefficients. The effect of the tank 
aspect ratio (height to radius) is also investigated. 
The focus is maintained on the range of aspect ratios 
suitable for petroleum storage tanks. Four different 
ratios ranging from 0.25 to 2.0 are used, with dimen- 
sions picked so that all contain the same volume of 
crude oil. In addition, the effect of the temperature- 
dependent viscosity relationship is examined using five 
different relationships. Two of these relationships are 
constant viscosity cases, to analyze the effect of chang- 
ing viscosity. 

The formulation of the problem analyzed here is 
described in greater detail elsewhere [l]. 

RESULTS AND DISCUSSION 

Eflect of heat transfer coejicient 
In the natural convection simulator, the thermal 

boundary conditions at the top surface, sidewall and 
base of the tank are that the heat loss at that surface 
is proportional to the local temperature gradient. This 
proportionality is represented by an overall heat 
transfer coefficient which encompasses the resistance 
of the wall and the external resistance. The effect of 
the magnitude of this heat transfer coefficient on the 
simulation results is investigated here. 
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NOMENCLATURE 

Bi 
h 
H 
k 
NU 

4 
T 
r 
z 

Biot number 
heat transfer coefficient [w m-l K- 
wet height of cylinder [m] 
thermal conductivity of fluid [w m- 
Nusselt number 
heat flux [w m-‘1 
temperature [K] 
dimensionless radial coordinate 
dimensionless axial coordinate. 

Greek symbols 
v apparent viscosity [Pas] 

‘I 
dimensionless temperature 
average dimensionless temperature. 

’ K- ‘1 
Subscripts 

b bulk fluid 
C cold ambient 
i interior of the tank sidewall 

r 
wall of the tank 
initial. 

The number of possible permutations and com- 
binations of heat transfer coefficients for the three 
surfaces are infinite; the interest here is focussed by 
the practical application to the problem of the storage 
of petroleum in a cylindrical tank. The heat transfer 
coefficient for the bottom of the tank is kept fixed at 
0.3 W me2 K- ‘, which is consistent with a tank situ- 
ated on a I .5 m base of gravel overlying permafrost. 
The rate of heat transfer at the top surface is con- 
trolled by the size of the vapour space above the liquid 
surface, the resistance due to the tank roof and the 
external conditions. It is assumed here that the vapour 
space is of constant size and that it is impractical to 
provide insulation for the tank roof. Since the effect 
of the external conditions on the heat loss in this 
direction is moderated by the vapour space, the heat 
transfer coefficient at the top surface is also kept fixed. 
A value of 3.0 W m- 2 K- ’ is used. 

Therefore, the effect of the heat transfer coefficient 
at the sidewall becomes the focus of this study. Four 
different values of this heat transfer coefficient are used, 
in separate simulations. The first case has already 
been studied, where h, is taken to be I I .O W m- 2 
K- ‘. A higher value of I5 W me2 K- ’ is chosen to 
examine the effect of underestimating a parameter 
such as the speed of the wind blowing on the tank. 
Two lower values of 8.0 W mm2 K- ’ and 3.0 W me2 
K- ’ are used to study the effect of insulation for the 
sidewalls, corresponding to approximately 75 mm and 
150 mm of fibreglass insulation, respectively, around 
the tank perimeter. 

Figure l(a) displays how the mean tank tem- 
perature varies with time for the four different simu- 
lations. It is apparent that over a long period of time, 
the effect of the external heat transfer coefficient is 
insignificant-all the simulations predict about 240 
days to lose 95% of the heat. The major effect of the 
heat transfer coefficient appears to be on the early rate 
of cooling. It is apparent that the time required to 
cool halfway to the ambient temperature varies from 
about ten days for an h, of I5 W rnp2 K- ’ to about 
thirty days for an h, of 3.0 W m-’ K- ‘. This could 
be an important consideration for storage situations 

where the crude oil exhibits some irreversible wax 
deposition at a characteristic temperature that lies 
between the initial and ambient temperatures. The 
desirability to extend the storage time before such a 
change occurs might justify the cost of exterior wall 
insulation in some cases. 

The effect of the external heat transfer coefficient 
on the rate of heat transfer at the interior of the 
sidewall is examined by defining an internal wall heat 
transfer coefficient, hi, according to, 

hi=&= 
kv(Tw - Tc) 
CT,--Td (1) 
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FIG. 1. The effect of the external heat transfer coefficient on 
cooling : (a) mean tank temperature vs time ; and (b) internal 

sidewall Nusselt number vs time. 
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where Tb is the mean temperature of the liquid bulk 
(that is, not in the boundary layer), T, is the wall 
temperature, and T, is the cold ambient temperature. 
A Nusselt number for the sidewall interior is cal- 
culated as, 

Nu-~-W-w-WH=Bi CT,-j-2 .- 
k W,- Tw) w U-,-T,)’ 

(2) 
Equation (2) defines a local Nusselt number, since 
both the wall temperature and the wall temperature 
gradient vary with tank height. A mean wall internal 
Nusselt number is defined by integrating over the 
sidewall. This can be written in terms of dimensionless 
variables : 

Nui = 
s 

’ Bi *O Bi -0 

0 (Q,-fL) 
--=.dz=(eb (3) 

where 8, denotes the mean sidewall temperature and 
&, denotes the bulk fluid temperature. 

Figure l(b) displays how the Nusselt number at the 
wall varies with time for the four different external 
heat transfer coefficients. Over the long term, the 
external heat transfer coefficient has little effect on the 
internal Nusselt number. However, for times less than 
90 days, it is apparent that an increase in the external 
wall heat transfer coefficient results in a decrease in 
the sidewall internal Nusselt number. This is easily 
explained by looking at the response of the wall tem- 
perature to an increase in the external heat transfer 
coefficient. 

As h, is increased, 0, decreases since heat is 
removed more efficiently. From equation (3), it is 
apparent that the increase in Bi, concomitant with 
the increase in h, is more than compensated by the 
decrease in 8, and the increase in (0,--6,,), so that 
an overall decrease in the internal Nusselt number 
results. 

The colder wall temperature due to the higher exter- 
nal wall heat transfer coefficient provides a greater 

driving force for convection. An increase in con- 
vection is noted in the analysis of the streamlines. 

Since the fluid properties and tank dimensions are 
constant for each simulation, quantitative com- 
parisons of the dimensionless stream function con- 
tours may be made. However, because each simu- 
lation cools at a different rate, a comparison at a 
specific time will correspond to different mean tank 
temperatures and thus different stages of flow evol- 
ution. 

The genera1 flow structure remains qualitatively the 
same for each simulation. The maximum value of the 
stream function over the entire simulation is found in 
each case to be about 3.7 x 10m3. In each case this 
maximum occurs before I h, but it is reached slightly 
sooner for the higher heat transfer coefficient runs. 
Figure 2 shows a plot of streamlines after I h for the 
intermediate sidewall heat transfer coefficient value of 
8.0 W mm2 K-‘. Two countercurrent rotating cells 
are apparent, with the zero level contour delineating 
the boundary between them. The dominant cell near 
the sidewall flows in a clockwise rotation, driven by 
the heat loss at the sidewall. The second cell in the 
centreline region flows in a counterclockwise manner. 
The other simulations utilizing different sidewall heat 
transfer coefficients exhibit a similar pattern with 
approximately the same flow velocities near the side- 
wall. Also, the structure and location of the second 
convective cell near the centreline appear not to 
depend on the heat transfer coefficient at the wall for 
the range of values studied. 

The flow development in each simulation proceeds 
temporally in an analogous manner. As the tank cools 
the vortices shift upward toward the top surface. Fig- 
ure 3 shows streamlines after approximately 20 days 
for wall heat transfer coefficients of I5 and 3 W m-’ 
K- ‘, respectively. Again, the qualitative shape of the 
streamlines remains the same, but the magnitude of 
the contours is different because the mean tank tem- 
peratures are not equal at this time. The higher heat 
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FIG. 2. Streamlines x lo4 for h, of 8.0 W mm2 K- ’ after 1 h. The mean tank temperature is 0.998. 
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FIG. 3. A comparison of streamlines x IO4 after 20 days for: (a) h, of 15 W me2 K-‘, at which time the 
mean tank temperature was 0.334; and (b) /I, of 3.0 W rn-? K-l, at which time the mean tank temperature 

was 0.602. 

transfer coefficient case has cooled to a greater extent 
and thus the driving force for convection at that time 
is considerably diminished. 

In summary, it appears that a fivefold increase in 
the magnitude of the wall heat transfer coefficient has 
little effect on the flow structure, influencing primarily 
the rate of cooling of the tank contents, as expected. 
However, from the mean tank temperature plots it is 
apparent that over a long period of time even this 
effect is diminished. The tank contents cool to the 
ambient temperature asymptotically, and the effect of 
the wall heat transfer coefficient on the rate of heat 
loss is most pronounced in the early stages of cooling. 
This may be of some significance when considering 
the cost/benefit of attempting to reduce the heat loss 
at the wall. It appears that insulation would be most 
effective in the early stages of cooling. Hence, it might 

be useful in extending the length of time that the crude 
oil stays above some critical temperature that is close 
to the initial temperature. 

Eflect of aspect ratio 
The effect of four different tank aspect ratios on the 

results of a natural convection simulation is examined. 
The volume of the tank is kept constant for the four 
different aspect ratios so that the cooling rates can be 
compared. Thus for aspect ratios of one-quarter, one- 
half, one and two, the wet heights are 9.50 m, 15.0 m, 
23.8 m and 37.8 m, respectively. The number of grid 
points in each direction is adjusted for each aspect 
ratio in order to keep the average grid spacing 
approximately constant. 

The external heat transfer coefficients for the top 
surface, sidewall and tank bottom are taken to be 3.0, 
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nME [days] 

FIG. 4. A comparison of mean tank temperatures vs time for 
tank aspect ratio as a parameter. 

II.0 and 0.3 W m-’ K-’ respectively. These were 
obtained from correlations assuming an uninsulated 
tank situated on a grave1 bed. Fluid properties were 
taken to be those of the Benthorn crude oil as outlined 
elsewhere [2]. 

For the above heat transfer coefficients, it is clear 
that the overall rate of heat loss can be retarded by 
minimizing the sidewall area since the rate of heat loss 
is greatest in that direction. This is indeed what occurs. 
Figure 4 shows a comparison of the rates of cooling 
for the four aspect ratios. The tank of aspect ratio of 
2.0 cools at the fastest rate since the sidewall area is 
the largest of the four cases. The smaller aspect ratio 
tanks in turn cool less quickly, with the tank of aspect 
ratio 0.25 cooling at the lowest rate. 

The convective Row pattern that arises from this 
storage situation changes fundamentally over the 
range of aspect ratios studied. When comparing the 
flow patterns, it should be noted that since the tank 
dimensions are different (volume is kept constant), 
the Grashof number for each simulation is different. 
However, the results indicate that the maximum vel- 
ocities do not vary significantly for the aspect ratios 
studied. In all four cases, the maximum radial velocity 
is about 0.05 m s- ’ while the maximum vertical vel- 
ocity is approximately 0.1 m s- ‘. 

Qualitatively, however, the flow patterns differ. For 
the ‘short’ aspect ratios of 0.25 and 0.50, the flow is 
characterized by two distinct recirculating cells, as 
displayed earlier in the analysis of the effect of the 
heat transfer coefficient. With the aspect ratio of unity, 
the counterclockwise-rotating cell in the centreline 
region still exists, but it is of diminished size relative 
to wall-driven cell, when compared to the results from 
the smaller aspect ratio tanks. 

Figure 5 shows a plot of streamlines after 1 h for 
the tank of aspect ratio 2.0. A secondary cell in the 
top centreline region is noticeably absent. With this 
‘tall’ aspect ratio, it seems that the downward pull of 
the flow at the sidewall is sufficiently close to the 
centreline that the formation of a secondary cell is 
precluded. This is what one would expect in the limit- 
ing case, but here it is apparent that the transition 

1 

FIG. 5. Streamlines x IO6 for the tank aspect ratio of 2.0 after 
I h. The Grashof number for this simulation is I .32 x 109. 

occurs somewhere between an aspect ratio of one and 
two for the conditions studied. 

In summary, for the tank aspect ratio range of one- 
quarter to two, the smaller aspect ratio tanks cool 
more slowly. This is expected since the rate of heat 
loss at the sidewall is the largest and the smaller aspect 
ratios have smaller sidewall areas. The effect of this 
parameter on the maximum velocities in the tank is 
not significant, but there is an effect on the circulation 
pattern. For an aspect ratio of 2.0, a secondary cell 
near the centreline does not develop as it does for the 
‘shorter’ aspect ratios of 0.25, 0.50, and I .O. 

Effect of temperature-dependent viscosity 
The effect of five different apparent viscosity-tem- 

perature relationships on the natural convection simu- 
lator is examined. Figure 6 shows the Benthorn appar- 
ent viscosity-temperature data measured using a 
Haake cone-and-plate viscometer over a range of 
shear rates as described elsewhere [2]. The symbols 
correspond to actual shear stress vs shear rate 
measurements while the solid lines correspond to five 
possible viscosity-temperature relationships : 

q, = 5.57x IO-“exp 
( > 

F [mPas] (4) 
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FIG. 6. Apparent viscosity vs the inverse of temperature for 
Benthorn crude oil. Data collected with the Haake vis- 
cometer and five possible apparent viscosity-temperature 

relationships. 

q, = 1.48x IO-‘exp 

q4 = 1.00 x lo3 [mPas] (7) 

11~ = 10.0 [mPas]. (8) 

Equation (4) is the rheological equation which con- 
forms to the low shear rate data that was used for the 
previous Benthorn simulations examining the effect 
of the tank aspect ratio. Equation (5) results from 
fitting a line through the middle of the data, while 
equation (6) is obtained from the high shear rate 
data. Equations (7) and (8) describe constant viscosity 
relationships for comparison. 

Initially, simulations of the cooling of crude oil in 
a 60 m diameter tank filled to a level of 15 m were 
performed. However, the very large Grashof numbers 
that arise when utilizing equations (5), (7) and (8) for 
the apparent viscosity (due to the low initial viscosity), 
resulted in numerical difficulties that are explained in 
more detail elsewhere [2]. For this reason, simulations 
were undertaken of the cooling of a tank of 2.0 m 
diameter filled to a level of 0.5 m, for which the simul- 
ation Grashof numbers are less extreme. 

The heat transfer coefficients at the top surface, 
sidewall and bottom were 3.0, 11 .O and 0.3 W m- 2 
K-‘, respectively. Fluid properties, other than the 
viscosity, were taken to be those of the Benthom crude 
as outlined earlier. For the viscosity, equations (4)- 
(8) were each used, to yield five separate simulations 
for comparison. The Grashof and Prandtl numbers 
for each simulation were : 

Equation Grashof number Prandtl number 
4 3.11 x 103 42 100 
5 6.79 x 10’ 285 
6 6.79 x 10’ 285 
7 3.80 x lo4 12000 
8 3.80 x IO8 120. 

TIME [h] 
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FIG. 7. The effect of the apparent viscosity on cooling: (a) 
the mean tank temperature vs time; and (b) the internal 

sidewall Nusselt number versus time. 

The mean tank temperature behaviour over time 
for these simulations is shown in Fig. 7(a). Initially. 
all the simulations appear to cool at the same rate. 
The simulation utilizing equation (4) is the first to 
slow down in the rate of heat loss, since it starts 
with a relatively high apparent viscosity which then 
increases as it cools. The simulation using equation 
(5) is now clearly distinguishable, and it is the next to 
exhibit a slowdown in the rate of heat loss compared 
to the others. This equation describes a fluid whose 
viscosity is initially low (10 mPa s) but increases with 
a temperature decrease at the greatest rate studied 
here. 

The three remaining cooling profiles are very 
similar. It is evident that the gentle increase in viscosity 
with cooling that is characterized by equation (6) has 
little effect on the overall rate of heat loss. As well, 
comparing the results of equation (7) with those of 
equation (8), it seems that a two order of magnitude 
increase in a constant viscosity does not have an 
appreciable effect on the cooling rate. This suggests 
that for these cases, the limiting factor in the rate of 
heat loss is not the convection in the tank, which is 
affected by the change in viscosity. 

The behaviour of the sidewall internal Nusselt 
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number over the time is shown in Fig. 7(b). This 
Nusselt number yields a measure of the rate of heat 
transfer at the interior of the sidewall. The transient 
nature of the flow is evident from this figure. The 
simulations utilizing a constant viscosity relationship 
(equations (7) and (8), corresponding to q4 and qS, 
respectively) show only a gentle decrease in the Nus- 
selt number over time with a relatively constant slope. 
The rate of heat transfer at the sidewall interior 
decreases in these two cases solely because the driving 
force for convection decreases as the tank cools. The 
Nusselt number for the simulation using equation (8) 
is larger than that of equation (7) since the lower 
viscosity permits a more vigorous flow. 

In contrast to the two constant viscosity cases, the 
simulations utilizing a temperature-dependent vis- 
cosity relationship exhibit a more complex decay in 
the Nusselt number over time. The decay can be attri- 
buted to both the decrease in the driving force for 
convection as the tank cools and the concomitant 

increase in fluid viscosity with cooling. The simulation 
utilizing equation (4), which has the high initial vis- 
cosity as well as being temperature-dependent, shows 
the lowest sidewall Nusselt number. The apparent 
viscosity relationship given by equation (5) is the most 
strongly temperature-dependent, though the initial 
viscosity is relatively low. The pronounced decrease 
in the Nusselt number over time for this simulation 
reflects the inhibiting effect that the varying viscosity 
has on the flow and thus the rate of heat loss at the 
sidewall. A similar effect is noted with the simulation 
using equation (6), though less marked, reflecting the 
weaker temperature-dependence in the viscosity 
relationship. 

A comparison of the convective flow patterns in 
the tank for each simulation shows that the patterns 
remain qualitatively the same, each displaying a clock- 
wise cell driven by the sidewall heat loss and a smaller 
counterclockwise cell in the top centreline region. 
However, the fluid viscosity relationship does have 

0 l/A 
r 

(4 

(b) 

FIG. 8. A comparison of streamlines after 30 min for a simulation using: (a) equation (4), where contours 
are $ x IO’; and (b) equation (8). where contours are +x 104. 
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some effect on the velocities and their temporal behav- 
iour. 

Figures 8 shows streamlines after 30 min for the 
simulations using equations (4) and (8), respectively. 
the two extremes in viscosity relationships studied 
here. A comparison between figures of the location of 
the vortex of the clockwise cell near the wall shows 
one effect of the viscosity. In Fig. 8(a), which shows 
the simulation where the initial viscosity is relatively 
high, this vortex is located farther from the wall than 
with the lower viscosity case depicted in Fig. 8(b). 
Since this vortex locates the point where flow direc- 
tions reverse, it is evident that one effect of decreasing 
the apparent viscosity is to make the wall boundary- 
layer thinner. This is expected from a vertical-plate 
analogy. 

The conspicuous differences in the gradients in the 
streamlines near the wall indicates differences in vel- 
ocities between simulations. The maximum vertical 
velocity downward at the wall ranges from I mm s- ’ 
for the simulation corresponding to equation (4) to 
greater than 6 mm s- ’ for equation (8), with the 
ordering consistent with the conclusion that higher 
viscosities result in lower velocities. 

The shapes of isotherms for each simulation were 
found to be qualitatively similar, as one would expect 
from the similarity of the flow patterns. In each case 
a relatively steep temperature gradient exists at the 
sidewall, a stable temperature gradient is found along 
the bottom and an unstable gradient is noted near the 
top surface. The variable viscosity results in a steeper 
temperature gradient near the sidewall, indicating a 
thinner thermal boundary layer along with the pre- 
viously mentioned thinner momentum boundary 
layer. In general, overall temperature gradients inside 
the tank were found to be smaller in magnitude for 
the lower viscosity cases due to more effective mixing 
attributable to the enhanced flow. 

In summary, the effect of the fluid viscosity on 
the simulation results appears to depend upon the 
magnitude of the viscosity differences. An increase in 
the viscosity of two orders of magnitude results in 
somewhat lower velocities but essentially the same 
overall rate of cooling. 

The implementation of a temperature-dependent 
apparent viscosity in the natural convection simulator 
can have significant effects on the results. I f  the change 
in the viscosity with temperature is considerable, the 
fluid flow inside the tank is inhibited and as a conse- 
quence the rate of heat loss from the tank decreases 
from the stirred-tank rate towards the conduction 
rate. This lower rate of heat loss is not predicted with 
the constant viscosity relationship, so that choosing 
an intermediate temperature (film temperature) at 
which to evaluate the viscosity will inevitably lead to 
a poor estimation of the rate of cooling for a fluid 
whose viscosity changes significantly with tem- 
perature. 

CONCLUSIONS 

In this work, a numerical simulator has been 
developed which predicts cooling rates and flow pat- 
terns for the unsteady natural convection of a warm 
crude oil in a cylindrical storage tank located in a cold 
environment. The simulator allows for an arbitrary 
continuous viscosity-temperature relationship to be 
used to account for increases in viscosity associated 
with cooling. 

It appears that a fivefold increase in the magnitude 
of the wall heat transfer coefficient has some influ- 
ence on the rate of cooling of the tank contents but 
has little effect on the flow structure. However, from 
the mean tank temperature plots it is evident that over 
a long period of time even this effect is diminished. 
The tank contents cool to the ambient temperature 
asymptotically, and the effect of the wall heat transfer 
coefficient on the rate of heat loss is most pronounced 
in the early stages of cooling. 

A numerical simulation has been performed of the 
natural convection of a crude oil initially at 20°C 
contained in a cylindrical tank in an environment at 
- 3O.C. The effect of the tank aspect ratio was found 
to be that the ‘taller’ tanks cooled more quickly than 
the ‘short’ tanks, as was expected since the rate of heat 
loss at the sidewall was larger than that at the top and 
bottom. For the aspect ratio of two, only a single 
convection cell developed in the radial plane, as com- 
pared with two cells for the aspect ratios of one- 
quarter, one-half and one. 

The effect of the apparent viscosity of the fluid was 
examined using five different viscosity-temperature 
relationships. Decreasing the magnitude of the appar- 
ent viscosity resulted in an increase in the magnitudes 
of the convection velocities. For the case of constant 
viscosity, an increase in the viscosity of two orders of 
magnitude did not significantly alter the rate of heat 
loss, suggesting that effective mixing occurred in both 
cases. However, the rate of heat loss is significantly 
affected when the viscosity is temperature dependent, 
provided that the change in viscosity with temperature 
is dramatic. 
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