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Abstract-Energy may be extracted from the sensible heat stored in a body offluid by means of a recirculating 
flow. A numerical study of the time-dependent, two-dimensional,laminar, convective flow that arisesis carried 
out. The hot fluid is withdrawn at the top and the cold fluid discharged at the bottom of the storage region to 
preserve the thermal stratification. The nature of the flow is found to be very strongly affected by the buoyancy 
and the flow configuration. Numerical results are presented over a wide range of governing parameters, that 
arise from the inflow conditions, flow configuration and the heat transfer mechanisms at the boundaries. 

INTRODUCTION 

IN THE past few years, considerable research effort has 
been directed at energy storage systems, which are 
necessary for solar energy applications because of the 
intermittent availability of solar radiation. Various 
studies have considered energy storage in rock beds, 
phase change materials and in enclosed water bodies 
[l]. Hot water storage has been studied extensively, 
particularly for space and water heating [24]. Salt- 
gradient solar ponds have also been studied because of 
their considerable promise for collection and long-term 
storage ofsolar energy [S, 61. Most ofthese studies were 
largely directed at the design, analysis and operation of 
the energy storage system. As a consequence, 
considerable information exists on the effect of various 
physical variables, relevant to a given storage system, 
on its performance, particularly for long-term storage. 

A problem which is of considerable importance in 
hot water storage systems is that of energy extraction. 
Effort has been directed at internal heat exchangers and 
also at recirculating flows with external heat 
exchangers, the latter being of greater interest and 
promise due to the much greater ease in maintenance 
and larger thermal efficiency [S-7]. However, a 
recirculating flow with an external heat exchanger 
generally results in much greater flow velocities, which 
may disrupt the thermal stratification in a hot water 
storage system and also disturb the nonconvective zone 
of a salt-gradiem solar pond [8,9]. The flow may also 
short circuit between the inflow and the outflow 
channels, resulting in a much lower extracted fluid 
temperature. These considerations make it important 
to determine the flow field in the storage tank and study 
its dependence on the physical variables ofthe problem, 
such as flow configuration, inflow and outflow 
conditions, thermal conditions at the boundaries and 
geometry of the water body. Of particular interest 
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would be the transient behavior of the outflow 

temperature and the temperature field that arises [lo, 

11). 
The present study considers the mixed convection 

flow that arises in an enclosed water body due to the 
extraction ofthermal energy by means ofa recirculating 
fluid flow. The outflow of the hot fluid from the storage 
region is taken at the top and the inflow at the bottom, 
considering two configurations resulting from locating 
the inflow and the outflow on the same or opposite ends 
of the region. The temperature and flow fields are 
studied numerically for a laminar, two-dimensional (2- 
D) flow over wide ranges of the governing parameters. 
Since the transient and periodic processes, with 
periodic heat input, are of interest in these energy 
storage systems, the study is mainly concerned with the 
transient effects that arise. The steady-state situation, in 
many cases, is the trivial attainment of the ambient 
temperature by the storage fluid. Since this problem is 
of particular concern in solar ponds, the study also 
considers the boundary conditions relevant to that 
circumstance. A matter of considerable interest in this 
study is the spread of the flow in the storage region, 
since a greater spread implies energy extraction from a 
greater portion of the storage region. This is of 
particular importance when the inflow and the outflow 
are located at the same end of the water body. 

It is found that the flow in the storage region is 
strongly dependent on the locations of the inflow and 
the outflow channels. The effect of buoyancy is found to 
be very significant and the velocity and temperature 
fields are strongly affected by the inlet conditions, given 
in terms of the parameter Gr/Re’. A stable thermal 
stratification is found to arise in an initially isothermal 
heated water region due to energy extraction which 
results in the discharge of colder fluid at the bottom of 
the storage region. The effect of the flow on the stability 
of the nonconvective zone in a solar pond is also 
considered. The dependence of the temperature of the 
extracted fluid on the flow configuration and on the 
governing parameters is studied in detail. The 
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NOMENCLATURE 

d height of inflow and outflow channels Cm] 
g magnitude of gravitational acceleration 

[m SC*] 
Gr Grashof number, gb(r,- T)d”/v* 

H depth of storage region [m] 
k thermal conductivity of fluid 

[W m-’ Km’] 
L length of storage region [m] 
p local pressure [N m _ ‘1 

U, inlet flow velocity [m s- ‘1 
v vertical velocity component [m s- ‘1 
V dimensionless vertical velocity, u/U, 
x horizontal coordinate distance [m] 
X dimensionless horizontal coordinate 

distance, x/d 

y vertical coordinate distance [m] 
Y dimensionless vertical coordinate distance, 

yld. 
Pr Prandtl number, V/E 
qu heat flux input into the storage region at 

the bottom surface [W m-‘1 
q,, heat flux lost at the top surface [W mm *] 
Qu dimensionless heat gain parameter, 

&#‘(T, - T) 
Q. dimensionless heat loss parameter, 

wW(T, - Tl 
Re Reynolds number, CJ,d/v 

T local temperature [K] 
q initial uniform temperature in storage 

region [K] 
TO inlet fluid temperature [K] 
u horizontal velocity component [m s- ‘1 
U dimensionless horizontal velocity, u/U, 

Greek symbols 
E thermal diffusivity of the fluid [m* s- ‘1 

/I coefficient of thermal expansion of the fluid 

CK-‘I 
0 dimensionless temperature, (T- T)/( T, - T) 
v kinematic viscosity [m* s- ‘1 
p fluid density [kg m-“1 
z’ physical time [s] 
t dimensionless time, r’/(d/U,) 
$’ streamfunction [m’ s- ‘1 
II, dimensionless streamfunction, $‘/U,d 

0.1’ vorticity [s- ‘1 
w dimensionless vorticity, w’/(U,/d). 

underlying physical processes are discussed in terms of 
the results obtained and the relevance ofthese results to 
the design of a physical energy extraction system is 
outlined. Several interesting, important and, some- 
times, surprising results are obtained. A comparison 
with results obtained in earlier studies indicated a 
reasonably good agreement. 

ANALYSIS 

The coordinate system for the two flow configura- 
tions considered is shown in Fig. 1. The cold water from 

the energy extraction process in an external heat 
exchanger flows into the storage region at the bottom 
and the hot water from the tank is withdrawn at the top. 
The two circumstances corresponding to the opposite- 
end and the same-end configurations relate to two 
extreme cases of maximum and minimum horizontal 
distance between the inflow and outflow channels. 
Since the latter is more economical, in terms of tubing 
and pumping costs, it is more attractive. However, it is 
important to determine the flow penetration into the 
water body for effective heat extraction. Since the 
inflowing water is colder and, thus, heavier, it is 
expected to flow along the floor a greater distance, 
before recirculating towards the outflow, than if there 
were no buoyancy effect. Similarly, for the other 
configuration, the flow spread in the storage zone is an 
important consideration. 

The governing equations for the laminar, 2-D 
unsteady flow under consideration are obtained, with 
the usual Boussinesq approximations, as [ 12, 131 

a~ ati au 1 ap ~+ux+vgj= -;ay 

+v($ + $)-gfl(T--7;) (3) 

dT c3T c3T 
(4) 

where the equations are coupled through the buoyancy 
term in the y-momentum equation. This study assumes 
laminar flow, which applies for small flow rates, as 
characterized by the inlet Reynolds number Re. For 
turbulent flow, a suitable turbulence model may be 
employed. In this study, an eddy viscosity model was 
also employed to obtain the velocity and temperature 
fields. Though the corresponding results are not 
presented here, the basic features and trends observed 
for laminar flow were found to be quite similar to those 
for turbulent flow. 

The initial and boundary conditions for the above 
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FIG. 1. Flow configurations and the coordinate system 

equations may now be considered. The inflow and 
outflow channels were taken to be of the same height d 
and the storage zone to be of height H and length L. At 
the inflow and outflow, a uniform velocity U0 was 
assumed and no-&p conditions were employed at 
the bottom and at the side walls. For a solar pond, the 
upper surface is a zero-shear condition, with slip at the 
interface with the nonconvective zone [S]. As a result, 
both zero-shear and no-slip conditions were con- 
sidered at the upper horizontal boundary. Heat transfer 
at the top and bottom boundaries was considered and 
the side walls were taken as adiabatic. These conditions 
may, thus, be written for the same-end configuration, 
with no-shear at the upper boundary, as 

at 7’=0; u=v=T-~=O 

for O<xfL, O<y<H 

for 7’>0; u=v=g for X=0: 

d,<y,<(H-d) 

and for x = L, 0 < y < H 
(51 

au \-I 

- = v = 0, ay 
kg = qo, al y=O 

at y=H 

u= -uo, v=o, T = T,, at x = 0, 0 < y < d 

ar 
u= u,, u =o, - =o, 

ax 

HOT WATER 

OUTFLOW 

where q. is the heat flux lost at the top surface and qH 
that gained by the water body at the bottom. Similarly, 
the conditions for the other flow configuration of Fig. 1 
may be written. 

The above system of equations is solved with the 
corresponding boundary conditions, by employing the 
conservative vorticity-streamfunction formulation 
[13-151. Employing d as the characteristic length 
dimension to nondimensionless x and y and U0 the 
velocity to nondimensionalize u and Y, the dimension- 
less streamfunction, vorticity and time are given by 

1+9 = $‘/U,d, o = w’/(U,/d), 7 = r’(dJU,) (6) 

where u = a$‘lay and v = -&Y/ax. The temperature is 
nondimensionalized as 

T-‘& @z----- 
To--z 

which gives the initial nondimensional temperature as 
zero and the temperature at the inflow as 1.0. With the 
above nondimensionalization, the governing vorticity, 
streamfunction and temperature equations are ob- 
tained, in terms of the Reynolds, Grashof and Prandtl 
numbers, Re, Gr and Pr, as 

(10) 

The boundary conditions yield H/d and L/d as 
additional parameters, along with the heat transfer at x=0, (H-d)<y<H 
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parameters Q. and Qn, at the two horizontal 
boundaries, where 

Q,, = q,d/k( To - 7J and Qn = q,d/k( To - TJ. 

(11) 

The boundary conditions may be written in terms of $ 
and w by employing the relationships between them 
and the velocity components [13-l 51. 

The governing equations were solved numerically, 
employing finite-difference methods. The alternating 
direction implicit (ADI) method of Peaceman and 
Rachford [16] was employed for the vorticity and 

energy equations, the streamfunction equation being 
solved by successive over-relaxation or cyclic reduction 
[14]. A 21 x 21 or a 41 x 41 grid was employed for the 
results presented here, with a time step of the order of 
0.05 and a convergence criterion of around 10m4 on the 
streamfunction at each time step. An effect of less than 
l-2% on $ was observed when the grid spacing was 
halved. Similarly, the time step and the convergence 
criteria were varied to ensure a negligible dependence of 
the results on the values chosen. 

The study considers wide ranges of the governing 

parameters Re, Gr, L/H, Q. and Qn for a Prandtl 
number of 3.5 which applies for typical water 
temperatures encountered in such a storage system. 

Other values were also considered and a weak 
dependence of the thermal and flow fields on the 
Prandtl number was found in the range 3.G7.0. The 
Reynolds number was varied up to 1000 for laminar 
flow in the inlet channel. However, the jet may undergo 
transition to turbulence after discharge into the water 
body at these high values of Re. The mixed convection 
parameter Gr/Re’ was varied up to around 1.0. The 
aspect ratio L/H was varied from 1.0 to 100.0 and the 
ratio H/d was kept at 10.0, in the presented results, for 
convenience, since it was found to have a small effect on 
the observed trends. Because of the complexity of the 
numerical problem under consideration, fairly large 
computing times, with typical values of around 100 min, 
were needed on a VAX 11/780 computer system. 
Though various other boundary conditions were 
considered in this study [ 171, the results presented here 
are for the no-shear, slip, condition on the flow at the 
upper boundary. This condition closely approximates 
the case of solar ponds and of other hot water storage 
systems with a free surface. 

Before presenting the numerical results, a few 
comments may be made regarding the assumptions 
employed. For the range of temperatures generally 
encountered in such energy storage systems, the 
constant property assumption, with the Boussinesq 
approximation, is satisfactory. However, property 
variation may easily be incorporated in the numerical 
scheme if the dependence of the properties on the 
temperature is known and if larger temperature 
variations are of interest. The 2-D flow assumption is 
made since it is desirable to spread out the flow 
horizontally, over the entire storage region, and to 
keep the flow velocities low, particularly in a solar pond 

where large velocities may lead to the destabilization of 
the gradient zone. In practice, the flow will tend to be 
three-dimensional (3-D) near the inlet and the outlet. 
But if several inlet and outlet ports are positioned 
linearly, the flow is expected to be 2-D in much of the 
flow region. It must also be noted that, in solar ponds, 
the salt concentration is essentially uniform in the 
storage zone and, therefore, only the thermal effects 
need to be considered in the flow. 

The heat loss at the upper boundary is treated in 
terms of a constant value of Q,,. In actual practice, it will 
vary with temperature of the storage zone and, thus, 
with time. This effect can be considered if large energy 
extraction times are employed. For large values of Qn, 
i.e. heating from below, turbulence may result from the 
unstable stratification that arises. Though results are 
presented here only for Qn = 0, nonzero values were 
also considered [ 171 and a fairly localized effect on the 
thermal field was observed for small values of Qn. For 
large values, turbulence will have to be considered. 
However, very little experimental work has been done 
on this problem and the inputs needed for a satisfactory 
modeling of turbulent flow are not available. We shall 

now present some of the typical results obtained in this 
study, indicating several interesting and important 
features relevant to heat extraction. 

RESULTS AND DISCUSSION 

The results presented here concern the two flow 
configurations of Fig. 1 and the time-dependent 
temperature and velocity fields, obtained numerically, 
are discussed. Figure 2 shows the streamlines for the 
end-to-endconfiguration at Re = 100, LjH = 10.0, Q. 
= 0.2 and Qn = 0, for three values of the buoyancy 
parameter Gr/Re’. The results are shown at 
dimensionless time r = 800, which corresponds to 
an essentially quasi-steady situation. The flow is 

established very rapidly following the start of energy 
extraction. However, the thermal effect spreads 
outwards from the inlet very gradually due to diffusion 
and convection. As this effect penetrates towards the 
outflow, the flow field also changes gradually due to 
the buoyancy coupling. In the absence of buoyancy, the 
flow field attains steady state in a very short time [ 151. 
Therefore, the flow undergoes a slowly-varying 
transient due to the buoyancy. In the absence of heat 
loss or gain at the boundaries, the steady state is 
attained when the entire water body attains the inlet 
temperature. However, such a steady state is of little 
interest in energy extraction, which would generally be 
continued only until the outlet temperature indicates a 
substantial decrease from the initial value. Most of the 
results shown here are, therefore, well into the transient 
regime and correspond to a slowly-varying flow field. 

Several interesting features are seen in Fig. 2. The 
flow is obviously strongly dependent on the parameter 
Gr/Re*. In the absence of buoyancy, the flow field in an 
enclosure with rigid boundaries is expected to be 
symmetric about the midplane, an approximate 
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Gr/Re’=O.OOl 0 

behavior being observed at the lowest value of Gr/Re’. 
However, as this parameter increases, the flow indicates 
a considerable change. It is seen that at Gr/Re’ = 1.0, 
the incoming flow tends to stay near the floor over a 
much larger distance than that observed at the lower 
values. This is expected from the relatively greater 
negative buoyancy of the inflowing fluid and is a trend 
which is similar to that in heated surface jets [ 181. This 
flow must rise up towards the outflow due to continuity 
and the associated pressure effect. However, as the 
colder fluid rises, it encounters hotter and, thus, more 

buoyant fluid. This results in a horizontal deflection of 
the flow, followed by an ultimate flow towards the 
outlet. This flow reversal, seen clearly at Gr/Re’ = 1.0 
and to a much smaller extent at Gr/Re’ = 0.1, is, 
therefore, the result of the interaction between the 
buoyancy and pressure forces. Due to heat loss at the 
surface, the local temperature in the upper region 
decreases and, consequently, so does the buoyancy 
defect, which results in an earlier turnaround ofthe flow 

than otherwise. At even larger values of Gr/Re’, more 
flow reversals, in several horizontal layers, are 

Gr/Re2=0.1 

OrIRe”= 

F1c.2.CalculatedstreamlinesatRe = lOO,L/H = 10.O,Qo = 0.2,QH = Oand7 = 8OOforvariousvaluesofthe 
parameter Gr/Re*. 

GrlRe2=0.001 

GrlRe2- 0.1 

GrlRe2= 1 
L 0.3 r 

85 0.5 
0.8 

-L 0.95 - 

FIG. 3. Isotherms for the end-to-end configuration at Re = 100, L/H = 10.0, Q,, = 0.2, QH = 0 and T = 700. 
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GrfRe’=O 0 

GrlRe’=l 

FIG. 4. Streamlines at Re = 1000,1,/H = 10.0, Q0 = 0.2, QH = 0 and 5 = 760 for Gr/Re* = 0 and 1.0. 

expected. The flow field observed at Gr/Re’ = 1.0 also 
indicates the generation of stably stratified layers 
because of reduction in vertical convective mixing. 

The temperature field corresponding to the above 
flow is shown in Fig. 3. At GrlRe2 = 10m3, the 
penetration of the thermal effect outwards from 
the inflow is seen to be quite symmetric about the 
horizontal midplane. At Gr/Re’ = 1.0, the storage 
region is found to be strongly stratified, with almost 
horizontal layers arising from the flow field, discussed 
earlier. The surface is cooler than the region below it 
because of the imposed heat loss condition there. The 
corresponding temperature profiles are discussed later. 
However, it is evident from Fig. 3 that the thermal field 
is also strongly dependent on the parameter Gr/Re2 and 
a strong stably stratified circumstance is found to arise 
at large values. 

Figure 4 shows the flow field at Re = 1000 and 
t = 760. The results are shown for the zero buoyancy 
effect case, Gr/Re’ = 0, and at GrJRe’ = 1.0. The 

former circumstance shows an essentially symmetric 
flow at steady state, which is attained well before the 

time at which results are shown. At the larger Gr/Re’, 
flow reversal similar to that observed in Fig. 2, is 
obtained. The flow stays near the floor over a larger 
distance in this case, as compared to the corresponding 
flow at Re = 100, and the flow region adjacent to the 
floor is narrower. A larger Re implies a larger inflow 
momentum, which would be expected to penetrate 
further, but the flow reversals are also stronger because 
of the larger velocity level. The narrowing of the flow 
region near the floor and also near the top surface is 
similar to the corresponding effect in boundary layer 
flows with increasing Re. Due to the strong horizontal 
flow and weak vertical flow, stably stratified fluid layers 
again arise in this case. 

The flow field that arises in the same-end configur- 
ation is shown in Fig. 5 at Re = 1000, L/H = 10.0, 
Q, = 0.2 and Qn = 0 for three values of GrJRe2 = 0, 
0.1 and 1.0. The first streamline plot is obtained for the 
zero buoyancy case of GrlRe2 = 0. The flow re- 
circulates from the inflow to the outflow, with a very 
small penetration into the storage region. The 
inflowing fluid has a horizontal momentum that drives 

GrlRe2=0. 1 

GrlRe’=l 

FIG. 5. Streamlines for the same-end configuration at Re = 1000, L/H = 10.0, Q. = 0.2, QH = 0 and 7 = 800 
for various values of Gr/Re2. 
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LIH =5. Gr/Re’=l 

L/H=lOO. Gr/Re’= 0.1 

Ii- 

: 0.5 
d (u= 0.75 

FIG. 6. Effect of aspect ratio on the flow for the same-end configuration at Re = 1000, Q0 = QH = 0 and 
T=2000. 

it across the storage region. The outflow, on the other 
hand, generates a pressure difference due to continuity 
and this pressure effect causes the fluid to rise towards 
the outlet. A consequence of the flow at GrlRe’ = 0 is a 
large, essentially undisturbed, region of fluid, from 
which energy extraction occurs only by natural 
convection, the main flow being restricted to a region 
near one end. This is obviously not a desirable feature in 
energy extraction. With increasing Gr/Re’, the flow 
penetration increases, since the heavier inflowing fluid 
tends to stay near the floor for a larger distance due to 
negative buoyancy. At Gr/Re2 = 1.0, the flow 
penetrates almost to the far end and better energy 
extraction characteristics are, therefore, expected. The 

inflow conditions, specified in terms of U,, T, and d, 
may be varied to obtain the largest possible 
penetration, or the length Lofthe storage region may be 
chosen suitably to extract energy from the entire region. 
These aspects are considered again later in this section. 
These results are shown at t = 800, which is also in the 
quasi-steady domain of the transient convective flow. 

The effect of the aspect ratio L/H at Re = 1OOOfor the 

same-end configuration is shown in Fig. 6. No heat loss 
or gain is considered at the boundaries and the flows 
shown are again in the gradually-varying flow field 
region of the energy extraction process. The flow 
penetration at LJH = 5 and GrlRe’ = l.Ois found to be 
quite satisfactory, since the entire region is subjected to 
convective transport. At L/H = 100 and Gr/Re’ = 0.1, 
only a small portion of the region is involved. A com- 
parison with the corresponding results for L/H = 10 
in Fig. 5 indicates a considerable extension of the 
$ = 0.75 streamline, though the flow near the inflow- 

outflow end is not strongly affected. .At this value of 
Gr/Re’, the far end does not affect the flow very much, as 
seen in Fig. 5, and, therefore, a larger length would not 
affect the main flow near the inflow very strongly. 

However, a weak flow persists to large distances from 
the near end at larger values of the aspect ratio. 

The isotherms for this flow configuration at Re 

= 100, L/H = 10.0, Q. = 0.2 and Qn = 0 are shown in 
Fig. 7 for three values of the parameter Gr/Re2 at 
r = 600. At the highest value of Gr/Re2, the thermal 
field is found to spread out over the entire region and a 

Gr/Re2=0.01 

GrlReeO.1 
+ 

- e=o.5 0.2 

0.8 0.7 
_) - \ 

Gr/Re’- 1 
,_ 

0.2 

8-0.5 

0.8 
--c 0.7 

FIG. 7. Isotherms at Re = 100, L/H = 10, Q, = 0.2, Qn = 0 and T = 600 for various values of Gr/Re’. 
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stably stratified circumstance is found to arise. At low 
values of Gr/Re’, a much smaller penetration occurs 

and much of the storage region stays undisturbed for a 
long time following the start of energy extraction. 

The corresponding velocity and temperature profiles 
at the midplane for the two flow configurations are 
shown in Figs. 8 and 9. The flow reversal in the end-to- 
end configuration and the recirculation in the same-end 
configuration are clearly seen, the effects being 
accentuated as Gr/Re* increases. The storage region is 
found to be stably stratified, except near the boundaries 
if heat loss or gain is present. For the end-to-end 
configuration the thermal effect is found to be 

concentrated in the midsection at low GrlRe*, with 
higher temperatures both above and below. This is 
expected from the streamlines and isotherms seen 
earlier. As Gr/Re’increases, the flow stays near the floor 
and lower temperatures arise at the bottom and the 
temperature increases towards the top surface. Recall 
that a higher value of Q implies a lower temperature, 

with B = 1.0 at the inlet, and a lower value indicates a 
higher temperature, with 0 = 0 at the start, r = 0. 

TOP 

Gr 

It is seen from Figs. 8 and 9 that at large values of 
Gr/Re’, large flow velocities arise at the top surface. For 
asalt-gradient solar pond, this boundary is theinterface 
between the storage zone and the nonconvective 
gradient layer. It is important to determine the effect of 
the recirculating flow on the stability of the 
nonconvective zone. The Richardson number Ri based 
on the velocity at the surface and typical density profiles 
in the gradient zone [S, 81 was determined considering 
various depths over which the disturbance occurs. 
Since for Ri > 0.85, negligible entrainment into the 
flow occurs from a stratified region [18], the depth to 

which appreciable disturbance arises may be de- 
termined. Even for the outflow located at the top, as 
considered here, the disturbance to the gradient zone 
was found to be restricted to a very small region near the 
interface. If the outflow is moved a few centimetres 
away from the interface, the disturbance to the gradient 
zone was found to decrease sharply. Thus, this system 
may be suitably designed for use in energy extraction 
from solar ponds. 

The variation of the outlet temperature Qb with time 

0. 0.2 0.4 0.6 

VELOCITY U 

TOP 

0. SURFACE 

Y/H ,, 

Gr,Re$O.O 1 

I . , /( I, 
BOTTOM 

0 0.2 0.4 0.6 0.8 I, 

TEMPERATURE f3 

FIG. 8. Velocity and temperature profiles at the midplane for the end-to-end configuration at Re = 100, 
L/H = 10.0, Q,, = 0.2, QH = 0 and r = 700. 
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-0.4 -0.2 0 0.2 0.4 

VELOCITY lJ 

TOP 
SURFACE 

BOTT OM 
0 0.2 0.4 0.6 0.6 I, 

TEMPERATURE 8 

FIG. 9. Velocity and temperature profiles at the midplane for the same-end configuration at Re = 100, 
L/H = 10.0, Q,, = QH = 0 and r = 600. 

for the two configurations is shown in Fig. 10 at Re 
= 1000, Gr/Re’ = l.Oand0.001, L/H = 10.0, Q,, = 0.2 
and Qn = 0. It is interesting to note the tremendous 
difference between the two at the lower value of GrfRe’. 
The inflowing cold water recirculates to the outflow 
very rapidly for the same-end configuration, causing 
the outlet temperature to start dropping almost 
immediately. This effect may be reduced by increasing 
H and GrJRe’. The case shown does not involve heat 
input at the bottom. If there is heating from below, it 
tends to heat up the inflowing fluid and, thus, reduce the 
negative buoyancy effect. The initial decrease in & was 
found to be more gradual if Re and Qn are smaller, as 
expected from the effect these have on the flow 
recirculation. The end-to-end configuration is, on the 
other hand, found to be excellent, since the outlet 
temperature is held essentially constant for a fairly long 
time. However, in view of the economic attractiveness 
of the same-end configuration, it is obviously desirable 

to employ a combination of the two extreme 
configurations so as to minimize cold water re- 
circulation to the outflow, while keeping the distance 
between the inflow and the outflow at a minimum. A 
proper choice of inlet conditions will also help in 
making the same-end configuration more effective for 
energy extraction. This is clearly seen from the results at 
Gr/Re’ = 1.0 for which the trends for the two 
configurations are quite close. 

A similar consideration is indicated in Fig. 11, where 
the penetration, in terms of the $ =.0.9 streamline, is 
given as a function of Gr/Re2 at two Reynolds number 
values, for the same-end configuration. As seen before, 
penetration increases with an increase in Gr/Re’ and 
with a decrease in Re. Therefore, the appropriate values 
of H and L may be chosen for given inflow conditions, 
or vice versa, for effective heat extraction. Several other 
results were obtained along these lines and the above 
discussion indicates the general trends observed. 
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CONCLUSIONS 

Energy extraction from a hot water storage system, 

by means of a recirculating flow, has been studied 

numerically to determine the time-dependent flow and 

temperature fields that arise. Two flow configurations, 
corresponding to the extreme cases of inlet and outlet 
channels located on the same side and on the opposite 
sides ofthe storage zone, are considered, with hot water 
extraction at the top and cold water inflow at the 
bottom. Of particular interest was the dependence of 
the mixed convection flow in the enclosed fluid region 
on the inlet conditions, characterized by the Reynolds 
and Gashof numbers, and on the flow configuration. It 
was found that the flow is strongly dependent on the 
mixed convection parameter Gr/Re2, which determines 
the relative buoyancy effect. At increasing values of this 
parameter, the flow is found to penetrate further into 
the storage zone in the same-end configuration and to 
result in flow reversals for the other configuration. The 
fluid region is found to be strongly stratified, with a 
weaker vertical convective mixing, at larger values of 
Gr/Re’. 

Another important consideration in the study is 
related to the temperature of the extracted fluid at the 
outlet. The outflow fluid temperature is determined as a 
function of time. For the same-end configuration, the 
outflow temperature is found to decrease soon after the 
onset of the flow for small Gr/Re’, whereas for the 
end-to-end configuration, this temperature is held 
essentially constant over a much larger period of time, 
indicating the more effective energy extraction in the 
latter case. This behavior is also seen in terms of the flow 
spread and penetration in the storage region and the 
consequent convective mixing. The dependence of the 
flow and temperature fields on the various governing 

parameters, that arise from the inlet and boundary 
conditions, is studied in detail, to guide the choice ofthe 
physical variables in an actual system for effective 
energy extraction from the entire storage region. The 
study considers various boundary conditions, for 
velocity and for temperature, that apply for hot water 
storage systems, particularly solar ponds. For the 
simulation of solar ponds, a heat input at the bottom, a 
heat loss at the top surface and a no-shear boundary 
condition at the top surface are assumed and several 
results are presented for this circumstance. Various 
other cases are studied and the observed flow is 
considered in terms of the underlying physical 
processes. A comparison with similar earlier studies 
indicated a general agreement of the observed trends. 
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ECOULEMENT DE CONVECTION MIXTE AVEC RECIRCULATION POUR 
L’EXTRACTION D’ENERGIE 

RCnnn”L’inergie stock&e par chaleur sensible dans un corps peut etre extraite par un fluide en Bcoulement 
avec recirculation. Une etude numerique de l’ecoulement variable, bidimensionnel, laminaire est faite. Le 
fluide chaud est envoy& au sommet tandis que le fluide froid sort a la base de la region de stockage pour 
preserver la stratification thermique. La nature de l’ecoulement est fortement affect&e par les forces 
d’Archimtde et la configuration de I’bcoulement. Des resultats numiriques sont present&s pour un large 
domaine de paramttres optratoires qui caracterisent les conditions d’entree, la configuration de l’bcoulement 

et les mecanismes de transfert thermique aux front&es. 
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REZIRKULIERENDE MISCHKONVEKTIONS-STROMUNGEN ZUR ENTZIEHUNG 
VON ENERGIE 

Zusammenfassung-Energie, die als fiihlbare WHrme in einer Fhissigkeit innerhalb eines Behalters 
gespeichert ist, kann mit Hilfe einer Rezirkulationsstromung entzogen werden. Eine rechnerische 
Untersuchung der auftretenden zeitabhangigen zweidimensionalen laminarcn Konvektionsstriimung wurde 
durchgefiihrt. Die heil3e Fliissigkeit wird an der Oberseite des Speichers abgezogen und nach der Abkiihlung 
an der Unterseite wieder zugefiihrt, urn die thermische Schichtung aufrechtzuerhalten. Es zeigt sich, dal3 die 
Art der Stromung stark vom Auftrieb und der Striimungsfonn beeinfluBt wird. Numerische Ergebnisse 
werden fur einen weiten Bereich von Parametern vorgelegt, die von den Einstrlimbedingungen, der 

Stromungsform und den Warmeiibertragungsmechanismen an den Grenzen abhlngen. 

MCHOJIb30BAHME PEHHPKYJl5lHMOHHblX flOTOKOB flPM CMELUAHHOH 
K~HBEKHHH anrl nonwEkim mnnof3oR ~HEPTMM 

Atitioraunn-C "OMO",bH) peWpKy.WWHOHHOrO TCWHAIl MOxHO IlOJlYqHTb TCnJlOB,'EO 3HepTHK) 38 C'fel 

@3wecKoii TennoTbr, conepxaueficn B 06aeMe XO~AKOCTH. npOBeAeH0 wcneHHoe wxneAoBaHAe 

HeCTi,uHOHiipHOrO AByMepHOrO AaMHHapHOrO TeWHflR. B03HHKaK)UlerO B TaKOii C)IT)'IUHH. &'lSl 

noQnepmamin rennoeofi crparu@ixause Harperan mri~kocrb OTBOAIATCR ~3 aepxtieti qacru pe3epeyapa. 
a OXnamAeHHaR A3 HH~Hefi. tlOKa3aH0, qT0 XapaKTCp TeVeHHR CHAbHO SBBWCHT OT C&IA rlnaB,"teCTB 

M CTpYKTYpbl nOTOKa. Pe3ynbTiiTbl paC'IeTOB npeACTaBneHbl AnU lllHpOKOr0 AHaNSOHa OCHOBHblX 

WpiiMeTpOB, onpenenaer4btx YCJIOBlrSIMH Ha BxOAe ~oTOK~, ero kou@irypauseti II Mexami3h4abtri 
rennonepenoca aa rpamiuax. 


