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ABSTRACT

A raft thermocline thermal-storage system con­
sists of an insulated platform floating between the 
hot and cold regions of a liquid in a storage 
tank. Experiments were conducted to evaluate the 
raft's stability and effectiveness in delivering 
thermal energy. Water was employed as the storage 
fluid. The effects of inlet orientation (side, 
tangential, or vertical), flow rate, and raft insu­
lation were measured and compared with a natural 
thermocline. The raft thermocline1s effectiveness 
in achieving a thermal separation of the fluid was 
measured, and the critical Richardson number was 
found to be significantly different from that of 
natural thermoclines. The raft thermocline1s 
effectiveness was equal to or better than that of a 
natural thermocline at all flow conditions.

INTRODUCTION

Future applications of solar thermal energy 
will require temperatures of 1100°C or higher. 
Advanced high-temperature molten salt solar thermal 
systems have the potential of supplying heat at 
these high temperatures (1). Several salts have 
melting points, transport properties, vapor pres­
sures, and associated costs that make them attrac­
tive. Analyses have shown that hydrogen production 
costs and solar thermal electric power costs can be 
reduced (1,2) by means of a high-temperature molten 
salt system. The salts currently being studied 
include sodium-, potassium-, and other alkali or 
alkali-earth metal-compounds of carbonates, chlo­
rides, hydroxides, and silicates. One of these 
salts could be used as the working fluid in both 
the receiver and the sensible-heat storage.

Figure 1 illustrates the thermal storage con­
cept. The nature of the internal insulation, and 
users' demands for high-temperature energy from 
storage, make thermocline energy storage necessary; 
mixed-tank thermal storage produces unacceptably 
low temperatures during discharge. The concept 
shown in Figure 1 includes a raft—which separates 
the hot and cold fluid regimes and provides thermal 
insulation between the hot and cold regions of the 
liquid.

EXPERIMENTAL APPROACH

The stratification index, S, given by Cole and 
Bellinger (4) can be used to measure performance.
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In a perfectly stratified tank, the intergral 
I » i, where

Ip ° Cp (Tj - T0) dt 

m cp (Tj. - T0) dt
(1-)

With a completely mixed tank, the outlet tem­
perature decays exponentially; therefore, the 
integral 1 for a completely mixed tank is 0.632. 
The limits of I for a perfectly stratified and com­
pletely mixed tank allow S to be defined such that

„ = I - 0.632 
s 0.368 (2)

Values of S range from 0 for a completely 
mixed tank to 1 for a perfectly stratified tank. 
Note that S is difficult to measure accurately 
because (a) I and 0.632 are always nearly the same 
magnitude, (small differences in large numbers), 
and (b) 0.368 in the denominator affectively multi­
plies the errors by a factor of 3. Flow rates and 
temperature differences were measured and were 
repeatable to within 1%.

Overall, the accuracy of the integral I was 
estimated to be between 2% and 32. Subtracting 
0.632 from a number near unity and dividing by 
0.368, the measurement accuracy of S cay be esti­
mated at ±102.

The Richardson number has a strong influence 
on the performance of natural thermoclines, and by
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Figure 1. 1X00° C Storage Tank Design
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Table 1. Definition of Symbols

Symbol Definition SI

Units

English

9 Tank outlet water temperature °C °F

9in Inlet water temperature °C °F

as Tank water starting temperature °C °F

X Elevation in the tank m ft

t Time s 3

X Ideal discharge time 9 3

s Acceleration due to gravity m/s^ ft/s2

3 Coefficient of volume expansion a^/mJ °C ft3/ft3 °F

AT Temperature difference °C °F

L Length of the tank m ft

V Flow velocity m/ s ft/h

k Thermal conductivity of water W/m-°C Btu/ft-°F-h

P Density of water kg/m3 lb/ft3

CP Specific heat kJ/kg °C Btu/lb °F

a Mass flow rate km/h Ib/h

implication should also have a strong influence on 
raft thenaoclines. The Richardson number for the 
tank is

R-&^k. (3)

The nondimensional Richardson number provides 
a means of extrapolating data taken with one fluid 
to another fluid and other geometric conditions. 
Mater was selected as the fluid for the experiments 
because of its obvious advantages in cost, safety, 
and overall experimental convenience.

THE EXPERIMENTAL APPARATUS

Two experimental apparata were constructed to 
evaluate (a) the effects of raft stability and
(b) the effectiveness of the raft in separating the 
hot and cold regions of the liquid. One apparatus 
consisted of a glass column 15.24 cm (6 la.) in 
diameter and 91 cm (3 ft) high. A wooden raft was 
placed inside the glass column and weighted to 
float on water but sink in corn oil. This oil/ 
water equipment was employed to evaluate stability 
effects. Vertical, side, and tangential inlets 
were provided. Experiments were performed with 
water and corn oil (SP “ 0.92) and water and air. 
Wooden rafts of varying densities and diameters 
were tested.

The second apparatus was a single-fluid ther- 
mocline. The system included an insulated plexi­
glass water tank, 44.45 cm (17.5 in.) in its 
internal diameter and 167.64 cm (66 in.) in column

height. This apparatus is shown in Figure 2, which 
depicts the plexiglass tank with part of the insu­
lation removed. The 3.8-cm (1.5-in.) foam raft 
floats between 57°C (135°F) hot water and 18°C 
(65°F) cold water. The flow control, temperature 
control, and metering equipment appear in the 
background.

Three experimental rafts were constructed and 
are shown in Figure 3. Each raft was significantly 
different from the others in thermal insulation 
effects, but they all had similar external geo­
metries. The aluminum raft is on the right, the 
3.3-cm (1.5-in.) foam raft is on the left, and the 
7.6-cm (3.0-in.) foam raft Is standing on its 
edge. By measuring the thermocline stratification 
index with different rafts, the Importance of the 
raft's insulating value on Its ability to separate 
the hot and cold regions of the liquid can be 
determined.

TEST RESULTS

The 011/Water Apparatus

This apparatus, shown in Figure 4, was oper­
ated with and without oil. No substantial dif­
ference In the raft's behavior was observed when 
the oil was present. The raft was observed to 
operate in both stable and unstable conditions. 
Figure 4 shows the raft in an unstable condition. 
At high flow rates, the raft sank beneath the 
water/air (water/oil) interface. A short time 
after the water flow was terminated, the raft 
returned to the water/air or water/oil interface.

2
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(es’F)
Cold Water

Figure 2. Expert mental Apparatus for Testing a Raft 
Thera online

At low water flow rates, the raft was observed to 
travel up the column at the interface. Measure­
ments were made to determine the effects of several 
parameters on raft stability, and the results are 
summarized as follows:

(1.5-in.) 
Foam Raft

Figure 3. Three Experimental Rafts

(f) An oil/water interface without a raft is 
less stable than one with a raft.

(g) For vertical inlets, the critical Richardson 
number is strongly dependent on flow rate, 
and it is less than 0.015, according to our 
initial experiments.

(h) If the water column height is sufficiently 
great, all inlet conditions can be made 
stable.

Since water and oil are immiscible fluids, 
these data are indicative, but are not necessarily 
valid, for single-fluid thermoclines.

(a) The raft's stability is essentially the same 
with either a water/air interface or a 
water/oil interface.

(b) If flow rates are sufficiently low, all 
rafts and inlet orientations will be stable.

(c) Side inlets and vertical inlets have nearly 
the same effect on stability; the side inlet 
is slightly preferred.

(d) A tangential inlet (i.e., swirling flow in 
the column) significantly reduces stability, 
compared with a side inlet.

(e) The density of the raft does not strongly 
affect stability. Changes of less chan 20S 
were observed in the minimum stable water 
column height for even twofold changes la 
density differences (water density minus 
raft density).

Single-Fluid Thermoclines

Tests of the system shown in Figure 2 are cur­
rently in progress. Results have been obtained for 
natural thermoclines and for the 3.3-cm (1.5-in.) 
foam raft. Figure 5 presents performance results 
for natural and raft thermoclines. The stratifica­
tion index S is plotted as a function of Richardson 
number R. Note the log scale for this figure. 
Cole and Bellinger's work is included (4). They 
have indicated that a sharp drop in stratification 
occurs at the critical Richardson number of 0.25.

Our work with natural thermoclines shows the 
same critical Richardson number for natural thermo­
clines, but somewhat different stratification

3
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Column 10 = 15.24 cm (6 in.)

Water
Level
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[p - 0.96)

Figure 4. Raft logtahnHry in Che 00/ Hacer Apparatus

indexes than Chose of Cole and Bellinger. Our tank 
is plexiglass; it has a lower Chennai conduct!vicy 
Chan the steel tanks previously used. Because they 
are not as strong, the plexiglass walls aust be 
thicker than the steel walls; consequently, they 
have a greater heat capacity. The difference in 
wall heat capacity and conduction may contribute to 
the difference in the measured stratification index 
for natural thennoclines, or the differences may be 
caused by different instrumentation. In eitner 
case, the measured stratification indices agree 
within experimental accuracy.

Raft thennoclines show essentially the same 
stratification as natural thennoclines at higher 
Richardson numbers. Since the same apparatus is 
employed for both the natural and raft thermo- 
clines, the relative accuracy of these data is thus 
greater in comparing the two types. Clearly, raft 
thennoclines are more stable at low Richardson num­
bers (higher flow rates). This is also illustrated 
in the energy delivery profiles. Figure 6 presents 
the energy delivery for both a natural thermocline 
and a raft thermocline at the same conditions, 
R - 0.4. These data are taken at near the critical 
R for natural thennoclines. The delivered heat 
rate for the natural thermocline is significantly 
lass than that of the raft as ideal discharge time 
(nondimensional elapsed time * 1.0) is 
approached. The thermal wave is clearly much

sharper with the raft. This is illustrated in 
Figure 7: at the same Richardson number (1.6 in 
these data), the same flow rates, and almost iden­
tical conditions (inlet and initial temperatures 
are slightly different), the natural thermocline is 
not as sharp as the one with the raft.

CONCLUSIONS

This paper compares raft thennoclines with 
natural thennoclines. It was found that a raft 
improves the effectiveness as well as the stability 
of the thermocline and maintains greater levels of 
separation between hot and cold regions of a fluid 
that does a natural thermocline. The critical 
Richardson number for rafts is substantially lower 
than that for natural thermoclines.

Results from tests of the oil/water apparatus 
indicate that Richardson number is not Che only 
factor determining raft stability, because variable 
raft density flow race and column height do not 
correlate with Richardson number. Additional work

Legend:

1.0

..........  3.8-cm (1.5-in.) Foam
Raft Thermocline

------— — Natural Thermocline
— — — Natural Thermocline 

(Ref. 4)
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Figure 5. Performance Results for Natural and Raft 
Thermoclines
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Orifice Diameter (in.): 1.125 
Water Level (in.): 66 
Charge Mode
Flow Rate (gpm): 7.S35, Natural (R - 0.40) 

7.51. Raft (R = 0.42)
-------- Natural TC: S = 0.73
---------Raft TC : 3 = 0.89

Natural ^ 
Thermocline

Elapsed Time
(Non-Dim.

figure 6. Energy Delivery Profiles for Natural and Raft 
Thermoclines

Raft: 1.5 in Foam 
Orifice Diameter (in.): 1.125 
Water Level (in.): 66 
Charge Mode 
Flow Rate (gpm): 3.3
Ht. of Top of Raft (in.): 34.8

100 - Natural 
Thermocline 
<R = 1.6)V

Raft Thermocline 
(R = 1.6)

Ht. in Tank (in.)

on raft stability is needed, particularly in 
analytical aodels that will allow us to predict 
that stability aore accurately.
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