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PREFACE 

· Thermal energy storage provides a solution to bridge the temporal mismatch between energy need and 

availability, both for heating and cooling purposes. Following the basic classification thermal energy can 

be stored as sensible heat in hot liquids and solids and as latent heat in melts, vapours, chemica! reactions 

and adsorption processes. 

The Eurotherm seminar no. 49 was primarily focussed on the physical modelling of the fluid flow 

phenomena and heat and mass transfer processes that occur in thermal energy stores. Hence, the objectives 

of the seminar were: 

the exchange of recent progress in theoretica! models, numerical simulations and experimental 

analyses of the physical processes occurring and 

to discuss the consequences of the gained physical insights for the improved design of thermal energy 

stores. 

To enhance the scientific interactions the number of partidpants was restricted . The 30 participants 

represented 11 countries and the presented papers formed anideal mix of detailed and system modelsof 

water stores, latent heat stores and subsurface stores. We thank the participants for their presentations, 

their contributions in the review processof the papers and their many remarks and suggestions during the 

discussions. 

Finally, we gratefully acknowledge the financial support of the J.M. Burgers Centre for Fluid Mechanics. 

A.A. van Steenhoven, chairman 

W.G.J. van Helden, secretary. 
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PHYSICAL MODELS FORTHERMAL ENERGY STORES: AN INTRODUCTION 

CJ. Hoogendoom, 
J.M. Burgers Centre, NL 

The need tosave energy requires an optima! use of energy. Thermal energy denved from fossil fuel burning 
as well as from solar installations is used in many cases for heating of buildings. In that case the supply 
and demand of heat are oftennotin phase. This is clear for the case of solar energy, but also for co
generation of electricity and hot water. There is a shift in time between the two. To bridge this gap in 
time the use of thermal storage can contribute to important energy savings. 

Different modes of heat storage are possible. Storage in solid matenals liked packed beds, in liquids, Jike 
water tanks, and in phase charge matenals PCM's, like in solidifying/melting materials. In aJI cases 
heat transfer and thermal science play an important role. Therefore the EUROTHERM-Comrnittee 
decided to devote one of their seminars on thermal sciences to the topic of thermal stores, the seminar to 
the hosted by the J.M. Burgers Centre at its Eindhoven location. This Centreis a Research School for F1uid 
Mechanics, which unites all university research and graduate training in the Netherlands in the field of 
F1uid Mechanics. 

Always fluid dynamics is important in the design and efficient operation of heat stores. In packed beds in 
view of the pressure drop and convective heat transfer. In water tanks in view of stratification or mixing 
in the tank, as well as in heat transfer to the pipes and heat losses of the installation. In PCM storage 
natura! convection effects in the melt are to be modelled in designing this kind of stores. 
For a heat store the important thermal characteristics are: 

1. Heat Capacity 
2. Charge and discharge rates 
3. Thermal stratification 
4. Heat losses. 

For an integrated design of a full system studies using physical models are required. This should take the 
above thermal characteristics into account, next to information on supply and demand of heat. Also 
economie and cost aspects have to be considered . Often it will be found that only a heat store that can be 
used in at least a daily cycle will be economie at the present time. It is a challenge to the thermal 
scientists and engineers to improve the design and reduce the costs for an optima! operation. 
Physical modelling by using computer simulations is a strong tooi in explonng new ideas for thermal 
storage. A lso optimising of design and control of heat storage unitscan easily be done. Always the 
physical models should be tested and validated. However, this can be done in a restricted number of tests, 
reducing the costof and time for expenmentation. The sciences of heat transfer and fluid dynamics can 
greatly contribute to improved thermal energy stores for the future. 
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Two landmarks. 

IN MORE DET AlL 

C.W.J. van Koppen 
Emeritus Professor Eindhoven University of Technology 

Kosmoslaan 25, 5632 AT Eindhoven, Netherlands 

Almost exactly fifteen years ago, in November 1980, the Netherlands Organisation for Applied Scientific 
Research, TNO organised in Amsterdam a two-day international symposium on "Thermal Storage of 
Solar Energy" (Den Ouden, 1980). The objectives of the symposium were: 
- to provide an overall picture and a state of the art of the various possibilities for thermal storage of 

solar energy, and 
- to present and discuss the latest progress with respect to research on thermal storage devices for sol ar 

applications. 
The second objective comes quite close to the primary emphasis of the present seminar: 
- the physical modelling of the fluid flow phenomena and heat and mass transfer processes that occur in 

thermal energy stores. 
Because of this similarity it may be interesting to make a comparison between the two meetings. Such a 
comparison may give some indication of the progress that has been made in the meantime, and reveal 
some promising directions of research and development for the future. The table on the next page has been 
prepared to help in the comparison. Numbers between brackets refer to the number of papers and writing 
in italic indicates points that deserve attention. 

Progress made 

- The first point to noteis the titles: the scope has been broadened from solar tothermal energy. Indeed 
thermal storage techniques have proved to be also interesting for other applications than solar energy. 
Such as underground storage of cold and preservation of heat in heatpump- and cogeneration systems. 

- It further appears that the promotion of coöperative research and development by European 
institutions has grown from incidental support to systematic and permanent action. Another hopefut 
sign of European integration, by the way, is the participation in this seminar of scien-ists from Spain 
and Hungary. Neither of these countries were represented in Amsterdam. 

- Glancing through the topics and the number of papers one finds that storage in water has become even 
more dominant for short term storage than it was fifteen years ago. 

- On the other hand latent heat storage has moved to the background; the reason is it greater 
complexity and the consequent costs. 

- Subsurface storage has remained the most promising way for long term, i.e. seasonal storage of both 
heat and cold. The physical conditions still restriet long term storing to large systems. 

- Chemica) storage of heat apparantly does not fit in the present meeting on physical models, although 
several physical aspects play a role in the design of such stores. 

Two other notabie differences between the two meetings are that 
- The present research on water stores goes much more in depthand detail than fifteen years ago, not 

only because of scientific progress, but also as a consequence of the enhanced performance of 
computers,and that 

- The main characteristics of the then brand new single-pass/stratified-storage control strategy could be 
presented in Amsterdam. This strategy has now gained worldwide application. 
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Amsterdam S~j2Qsium, 5-6 Nov. 1980 Eindhoven Seminar, 24-27 March 1996 

Thermal Storage of Solar Energx PhJlsical Models for Thermal Energx Stores. (50 
(200 participants) (30) participants) 

Co-sponsored by European Commission Eurotherm Seminar 

Topics: Topics: 
- Sensible Heat Storage (4) - Water Stores: Detailed Modelling (6) 

- Water Stores: System Modelling (5) 
- Latent Heat Storage (8) - Latent Heat Stores (3) 
- Long Term Storage (7) - Subsurface Stores (5) 
- Chemica/ Storage of Thennal Energy (5) 

Particulars: Particulars: 
- Conservation laws mostly in aggregate form. - Conservalion laws often in differential form, 
- Brand new single-pass/stratified-storage and use of turbulence models. 

approach. - No obvious new viewpoints. 
- Solar Energy ridiculed by most of the energy 

establishment. - Renewable energies embraced by "all"after 
pubHeation of Shell Scenario (mid 1994). 

These two differences are interconnected. Much of the detailed scientific research on water stores focusses 
on phenomena that disturb the stratification: plu me development, mixing in velocity gradients and the 
effects of wall conductivity and boundary layers. During our early research on stratified water slorage 
B.Fischer also observed oscillatory phenomena, but to my knowledge these have never since been 
mentioned by others. 

The wax to discovezy. 

The discovery of the new control-strategy had taken us five years, from 1974 to 1979. lt wastheresult of 
elementary but good system modeHing on the one hand and extreme simplification of the problem on the 
other hand. To start with the first: In the design of the the healing system of the Solar House of the 
Eindhoven University and the solar hot water system for the Food Inspeetion Department at Enschede we 
had always paid much attention to the stratification of the water store. An essential component of these 
systems was the so-called floating inlet for the store. A floating inlet is a wide, thin-walled, flex.ible 
plastic hose connected to the inlet stud The hose automatically delivers the hot water from the collector 
at exactly the level of equal temperature in the slorage tank. Mixing of hot and cold water is prevenled in 
this way (to avoid swinging of the hose the inlet velocity has to be limited to 0.1 m sec-1). 
In both systems the optima! collector flow found from computer calculations (1974-1976) amounted to 
roughly 12 kg/m-2hr-1 (Van Koppen e.a., 1979). Gradually we started wondering more and more about the 
fact that this flow was four times smaller than than the collector flow generally recommended and 
applied in the U.S., the leading country in solar technologyin those years. The clue to this difference was 
not uncovered untill an analysis was made of an extremely simplified solar hot water system: operating 
continuously, 24 hours per day as it were, with constant insolation, constant collector flow and constant hot 
water consumption. Solving the four Jinear algebraïc equations that describe the system, directly leads to 
the condusion that the output is maximal when the the collector flow and the consumption flow are equal. 
It is not difficult to see that this result also applies to intermiltent systems if daily totals of collector 
flow and consumption flow are considered. During the day the ideal (stratified, non-mixing) storage 
takes the surplus of hot water and during the night it aceomadates the cold water that replaces the 
consumption (for reasons why the name 'single pass' is much more appropriate than 'low flow' see Van 
Koppen, 1991). 
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Research and design. 

Why do I tel! all this? The organisers of the nseminar have asked me to give a fifteen minutes 
introduetion on design a spects of stores. Because of the large variety of stores it is impossible to be 
complete on this subject. Instead I have decided to indicate three points that, in my opinion, are essential 
fora fruitfut interaction between research and design but are easily overlooked. 
- The first point is illustrated by our experience with the single-pass control strategy. In complicated 

situations a simplified analysis of the problem usually gives more insight regarding the governing 
factors than computer-calculations . In particular integral computer programs may even be enemies in 
disguise to understanding. 

- To make more detailed information work for insight and/or design the following questions should 
repeatedly be dealt with, in my opinion: 
*) Are the most recent results significant for the design of the apparatus concerned? 
*) Should the objectives of our research program be adapted to the new results? 
Further for the sake of science in genera!, I fee! that incidentally also the possible significanee of new 

results for other scientific areas should be considered. 

In order to practise what I preach, I give some suggestions, most of them conneeled with the investigations 
on the stratified water store: 
- A vertical pipe with holes in the wall is frequently used as an inlet device that does not disturb 

stratification too much. Can this pipe be improved; are there any design rules ? 
Are there other, betterinlet devices, for instanee utilising the Coanda effect? 
Is the helical coil the best type of heat exchanger in a stratified slorage ? Why not spiralling inward 
or outward in order to reduce the interterenee between subsequent turns? 
Under which circumstances does it make sense to reduce the de-stratifying effect of wall-conductivity 
by internat insulation of the wall ? 
Is it useful and possible to add turbulence suppressing substances to the water, so as to minimise mixing? 
How would this affect the heat transfer in the collector? 
Can the floating inlet be developed further ? The problem is one of materials: 'Ordinary ' plastics 
become brittie and breakaftera few years, teflon is not very flexible and silicon rubber foil is not 
available in large dimensions. 
As regards active solarspace healing systems there is still the option of a better interaction between 
the control of the space healing and the control of the solar installation. Veltkamp (1981) has shown 
that the performance of the solar installation may be improved by up to 25% in this way. 
Finally it is possible that experimental and computational data on thermal plumes may be significant 
fora better understanding of the upward cooling of horizontal plates, and also in micro-meteorology 
for explanation of heating effects of the morning sun. 

Most of the suggestions just mentioned require detailed investigations. From an economie point of view 
these only pay if the results are applicable toa very large number of stores or toa very big store. At 
present the general expectation is that the number of both applications will increase steadily in the next 
century in the framework of energy conservalion and the utilisation of solar energy. Fitteen years ago this 
was not yet the case. On the contrary, the vast majority of the energy establishment ridiculed renewables 
and in particular solar energy. Under these circumstances the meetings on these subjects had the thrill, 
suspense and confidence of a conspiracy as it were. Conspiring for the sake of a new global energy supply: 
cleaner, safer and sustainable. A radical revolution. 
A few of the conspirators in Amsterdam also participate in this seminar. lt is obvious that they enjoy 
meeting each other again. But I am sure that they are even more happy about the fact that so many young 
scientists are now continuing the work they started more than fifteen years ago. 
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CLOSING REMARKS 

E. Hahne (co-chairman), 
University of Stuttgart, Germany. 

This 49 Eurotherm Seminar under the theme of "Physical Models for Thermal Energy Stores" can best be 
characterised by the heading, which had been given by one of the lectures "In more details". 
A highly special subject, but a highly important one for future energy problems. It was treated by a 
highly specialised group of scientists. 

Storage of thermal energy will be a must for the future. Too much of our energy goes to waste and -at the 
sametime - pollutes our environment. 
Storage of heat is not a new invention: our ancestars have practised it with hot stones and heavily built 
houses. In winter a bottie of hot water put in an icy bed meant an enormous increase in sleeping 
quality. Looking at that kind of heat storage it is very simple, but looking at it from a technica) point of 
view , it is not simple at all. If it were, then why has it notbeen practised widely in all the many 
technica) applications so far? The answer certainly is: storing was more expensive than wasting. And this 
is still the problem today. In solar supported district heating e.g., the costof the thermal store will make 
up 50% or more of the total costof the entire solar heating system. 
So, apparently, things are not as simpleas that and if we want to tackle the problems, we have to go "into 
more detail". 

In one of the lectures a comparison was made between this Eurotherm Seminar and an EC sponsored 
"Storage-Conference"15 years ago and it was stated that "there are no new points of view apparent 
nowadays". This is true looking at thermal storage in an overall view, but if we look at it "in more detail" 
one must say we have learned a bout detailed results and computer simulations which we would never 
have dared to dream of 15 years ago. 
Certainly thermal stores do work already without knowledge of all that many details. Future 
developments will be dominated by optimisation and cost efficiency ratios. How shall we become 
efficient if we do not know about the details and their effects. 
On the other hand, however, we have to be aware that from all the many details not all are equally 
important and we have to select. In present computer-orientated research one is easily tempted towards 
l'art pour !'art. 

In this Eurotherm Seminar we looked at various kinds of heat starage and were faced with their problems 
in depth. This seminar brought tagether a group of people which is able to go into depth and details with 
all the mathematica) knowledge and electronk equipment which is now at our hands. 
From discussions it appeared that we still can learn from each other and gain new views of other details. 
We met and talked to colleagues who we only knew from literature. 
This chance of meeting and discussing would nothave been possible without the silent workers backstage: 

Mrs. Tielemans-van den Nieuwenhof 
Dr. van Helden 
Prof.dr. van Steenhoven, the organiser, 
J.M. Burgers Centre for Fluid Mechanics 

and the other supporters in the Netherlands wholet us enjoy their hospitality. We convey our sineere 
gratitude to them. 

I think we all join in the feeling that it was a fruitful meeting and that we go home with more knowledge 
than we arrived with and we have gained an impetus to strive for more efficient and cheaper storage and, 
despite of all the details, have our senses activated for what really counts. 
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SIMPLE MODELS FOR STRATIFlED SOLAR HOT WATER TANKS 

J.E. NIELSEN . 
Solar Energy Laboratory, Danish Technological Institute 
P.O. Box 141, DK-2630, Taastrup, Denmark 

l. Introduetion 

Simple models for solar hot water systems with stratified tanks are derived. The cases 
investigated are: 

• No stratification, tank fully mixed 
• Stratification during discharging (no mixing during discharging) 
• Stratification during charging (stratification building up during charging) and during 

discharging 

Zi Zfö '""21f 
T at e rT_:: ~~:.~~~~~-r~·-··· l.T .. e·m .. p . . ~~~~~-'-~ .. -·· 
1 
dem~er ur I_ -

Store height Store height Store height 

Figure I. Three system types: Fully mixed System, Discharge Stratified System 
and Charge and Discharge StraJified System 

In all cases an equation for a normalised output is given, the systems are compared and 
the influence of the few parameters that determine this normalised output is discussed. 
These parameters are: Collector heat Joss factor , UA-value of the heat exchanger, 
charge flow rate (collector loop) and discharge flow rate (draw-off). Jnfluence from the 
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J.E. NIELSEN 

weather is avoided by the oormalisation. The work is inspired by van Koppen (1991) 
and follows the work done in Nielsen (1992) and Nielsen (1993). 

2. Assumptions 

To make this simple analytica! investigation, a list of assumptions are made: 
• No heat loss from storage and piping 
• Constant weather data during operation 
• Constant discharge during operation 
• Same collector efficiency factor F' for all cases' 
• No heat capacity effects in the collector loop 

UA-value of the heat exchanger independent of flow-rate and temperature 
• Collector heat toss coefficient constant (independent of temperature) 
• lmmersed heat exchanger (or no heat exchanger) 

The analysis is done using these assumptions together with very basic equations from 
Duffie and Beekman (1991) and Bayley et al (1972). 

3. Fully mixed case 

In this case the tank is considered fully mixed, e .g. same temperature all over in the 
tank. 

lt is assumed that the system is operaring in a stationary state. In this case the tank cao 
be treated as a heat exchanger having a constant temperature at the secondary side (load 
side or draw-off side)2 

. 

The output of this fully mixed case is found from the stationary heat balance of the tank 
C!JN = qOliT· 

Input from the collector loop (pr. m2 collector): 

(I) 

Discharge output from the tank (pr. m2 collector): 

(2) 

where F' "M is the heat exchanger penalty factor (mixed storage), F" is the collector 
flow factor, F' is the collector efficiency factor, UL is û1e collector heat toss coefficient 
(constant), TsrAG is the collector stagnation temperarme (at the actual solar irradiance 
and ambient temperature) and T is the tank temperature (equal to the hot water 

18 



SIMPLE MODELS FOR STRATIFIED SOLAR HOT WATER TANKS 

temperature in this fully mixed case). w0 is !he discharge heat capacity rate in WIK pr. 
m2 collector, and Tew is !he discharge inlet temperarure (cold water temperarure). 
Expressions for !he parameters are given below: 

(3) 

(4) 

(5) 

(6) 

wc is the charge heat capacity rate in WIK pr. m2 collector, G is irradiance on !he 
collector plane in W/m2 , (10.) is !he transminanee - absorptance product and TA is the 
ambient air temperarure. 

Treating !he tank as a heat exchanger having a constant temperature on !he secondary 
side ( discharge side), !he heat exchanger effectiveness is given by: 

(7) 
where: 

Wx = (ua)/(F·UL) (8) 

Wx is !he heat exchangers UA-value pr. m2 collector normalised with F' ·UL and Wc is 
!he collector loop flow rate (charging flow rate) pr. m2 collector also normalised with 
F'·UL. Putting: 

(9) 

(10) 
and normalising3 with: 

(11) 

!he normalised output (~/'!NoRM) of !he fully mixed system becomes: 

q M* = [1ifM+ llwof
1 (12) 

or: 
q M* = [1/F" + l/[wc-(1-e""'x'"")]- llwc+ llw 0f

1 (13) 
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J.E. NIELSEN 

4. Discharge Stratified System 

The discharge stratified system is more or less conesponding to the typically solar hot 
water systems in northem Europe. Draw-off mixing is almost avoided by the design of 
the cold water inlet, and the heat exchanger is located in the bottorn part of the tanl<. 

A system with the heat exchanger located in the bottorn of the tank wil! be able to 
utilise the stratification due to the draw-off: each time a draw-off is made, the bottorn of 
the tank wiJL be cold. 

Consicter the following draw-off profile: a smal! volume of cold water is taken into the 
bottorn of the tank, and it is assumed that the heat exchanger is located at the very 
bottorn of the tank and heati.og up only this smal! volume. Each time this volume 
reaches a certain temperature level a new draw-off is made, equal to this volume. The 
smal! volume is assumed fully mixed all the time. Going to the limit - a very little 
volume around the heat exchanger - this wil! be very close to a constant draw-off. 

The normalised output pr . m2 of collector of this system type is : 

q" o = Wo·(T- Tcw)fCJNoRM (14) 

where 
(15) 

Using (14), (15) and (I I) gives directly: 

(16) 
where 

(17) 

5. Charge and Discharge Stratified System 

The system type utilising also the charge stratification has many narnes: "low flow", 
"single pass" or "matched flow" system type. It has a heat exchanger reaching from the 
top to the bottorn of the storage - or an other stratification device doing the same thing -
which makes it possible to build up stratification during charging. 

The assumption: constant draw-off makes the tank work as a secondary side of a 
counter-flow heat exchanger, ha ving the cold water temperature as inlet temperature at 
the secondary side. 

The normalised output pr. m2 collector of this system type is: 

(18) 
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which directly gives: 

'Is* = fs (19) 
fs is given by: 

fs = F'"s·F" (20) 
or: 

fs = [1/F" + 1/wc-(1/Es- l)f1 (21) 

fs depends on the "circulation number" N, defmed as : N = wc/w0 (=wc/w0 ). The 
dependenee is due to the expressions given for a counter flow heat exchanger. The 
effectiveness4 of a counter flow heatexchangeris given by: 

(22) 

and 
Es.N-l = ntu/[ntu+ l],for N = 1 (23) 

where (ntu) is "number of thermal units'' pr. m2 collector: 

ntu = (ua)/wc ( =wxllilc) (24) 
F'"s is given by: 

(25) 

Wben N =I we have w0 = Wç, and F'' becomes: 

(26) 
and then: 

(27) 

Wben N;ol we get: 

6. Discussion 

In table I the influences of the parameters wx. roe and w0 are investigated and the 
behaviour of the different cases are seen at extreme situations. In figure I, curves are 
given corresponding to a typically dornestic hot water system designed for a solar 
fraction of about 50% in northern Europe. 

Fig. L shows the norrnalised output as a function N =roc/w0 , at wx= 10 and w0 =2 . 
Assuming a F'UL of 5, these values correspond to a well designed solar water heating 
system giving a solar fraction of approx. 50%. 
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cw* <!D* 'Is* 

N=1 N;tl 
Equation(s) (13) (16) (17) (27) (28) 

Wx ~oo [ 1/F" - llwc + 1/w0r1 Ctl o( 1-e·ll(wo( 1/F. -1/roç)) woO-e·limoJ) [1 /F" + llw0r' 

wc ~oo [ l!F"- llwc + llwxr ' Ctlo{l-e·ll(<oD(I + 1/<oxJ) [1 + 1/wx r ' [1 + 1!(Ctlo(1-e-<Ux/<oo)) r 1 

w0 ~oo [ l/F" - llwc + 
1/ (wc( I-e ·<oxtroc))] ·1 

[1/F'' -1/w + 
1/(wcO-e""'S"'C>r 1 

[1 + 1/wx r' [I- l /(wc(1 -e""'X1"'~) r 1 

Wx, Wc ~oo [I+ 1/wo rl Wo(l-e·liwol) 1 [I + l /w0 r 1 

Wx, w0 ~oo F" [I /F'' - llwcJ·1 1 [I - llwcr' 

Wç, Wo ~oo [I +1 /wxr ' [I+ llwx r ' [I + llwx r' [I +llwxr' 

Wx, roe, ro0 ~oo 1 I 1 I 

Table 1. Jnfluence on the normalized outpuls of eh parameeers Wx. wc and w0 when they go cowards oo. 
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Figure 2. Normalised output as ajunetion of N, calcula!ed at OJx= JO and w0 =2 

The following conclusions can be extracted from table I and figure 2: 
• The performance of the fully mixed system is much less (under normal conditions) 

than the performance of !he stratified systems. 
• When both flow rates are very high (compared with !he F' ·UJ, stratification will not 

occur and hence the different system types perfarm equally . 
• For high flow rates in the collector loop, !he stratification in !he tank of the charge 

stratified system ("low flow" system) is destroyed and !he performance of this 
system decreases. In !he case of no heat exchanger it drops to !he level of a fully 
mixed system. The discharge stratified system ("high flow" system) perfarms bener 
at this condition: e.g. 9 % better than the "low flow" system in !he typically case 
shown in fig . !. 

• The performance of the charge and discharge stratified system ("low flow" system) 
at the the point Olc =ro0 is equal to !he performance of !he discharge stratified system 
("high flow " system) at infmite flow rate in the collector loop . lf !he "high flow" 
system is drivenat N=S and again !he w0 is 2, !he low flow system (at w0 =wc, i.e. 
N =I) perfarms I % better in !he typically case. 

• The maximum performance point of the "low flow" system moves towards higher 
circulation number when a heat exchanger is introduced and the UA-value is 
decreasing. At the sametime however, !he maximum peak tends toflatten out. 
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7. Conclusions 

It has been shown that it is possible to give simpte equations for the normalised output of 
stratified systems when the listed assumptions are made. The equations may be used in 
simpte simwation models for solar hot water systems. Some conclusions are drawn 
based directly on the equations: . 
• First of all it can be concluded that mixing during discharge (draw-of!) may cause a 

serious decrease in the output. 
• lt is shown that a system designed for utilisation of the charge stratification has 

maximum output when charge and discharge flow rates are close to equal. The 
performance of such a "matched flow" (or "low flow") system is found to be very 
close to the performance of a more conventionally system (not utilising charge 
stratification) having a high flow rate in the collector loop. 
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11 F' changes with the fluid velocity in the collector tubes. However, theoretically the velocity could be 
held constam by increasing the number of tubes in series for decreasing low flow ra/e and increasing the 
number of tubes in parallel for increasing flow rare . This tendency is seen in praxis: Collectors designed 
for lnw flow rate has typically tubes connected in series, and collectors designed for high flow rates ha.; 
paralleltubes conneeled to manifolds. 

2
) Th is assumption means thaJ the tank volume does not injluence the performance. 

1 J The normalization term qNORM is the absolwe maximum otaput of an actual collector, which corresponds to 
the extreme sirnation where the collector absorber mean tempera/ure are kept to the cold inlet temperature of 
the discharge loop (the rnains cold waJer temperature). qM* (ond the following q*'s) is then the fraction 
between the output of the actual system with the actual load - and this absolute maximum. Doing this 
nnrmalisation makes the normalised ou1put indeperutem of the weather conditions! 

4 
J P/ease note tltat this effectiveness refers 10 the coliertor loop side (primary side) . 

24 



AN EVALUATION OF THE EFFECT OF STORAGE TANK GEOMETRY ON 
STORE PERFORMANCE, USING A TRANSJENT 3-DIMENSIONAL 

NUMERICAL MODEL V ALIDATED FORA RANGE OF THERMALL Y 
STRA TIFIED HOTWATER STORES, WHEN SUBJECT TO 

1. Abstract 

LOW REYNOLDS NUMBER FLOWS. 

P.C. Eames & B. Norton 
PROBE, Centre for Performance Research On the Built Environment 
School of the Built Environment, University of Ulster 
Newtownabbey BT37 OQB , Northem !reland 

A transient three-dimensional model forthermal stratification in hot water stores based 
on a finite volume discretisation was developed. An series of 32 experiments for a range 
of inlet veloeities and initia! cylinder thermal stratification profiles provided a 
comprehensive validation of the developed model. A parametrie analysis was undertaken 
to ascertain the effect of slorage tank aspect ratio and inlet/outlet port location on store 
performance fora representative range of eperating conditions and location of differing 
levels of thermal insulation on store performance. 
It was found that for store charging mixing resulting from jet flow incident on the far 
store wall, a more rapid increase in store outlet temperature ensued, thus providing less 
efficient charging. Internal insulation or employing materials with low thermal 
conductivity for store walls leads to improved performance over exterior insulation, 
Aspect ratio effects are significant for stores with exterior insulation, high aspect ratio 
stores giving improved performance. 

2. Introduetion 

Thermal stratification in the hot water storage tank is a determinant of overall system 
efficiency for many water healing systems. In direct solar water heaters, the flow 
regimes are generally such that the water input tothetank is a relatively low velocity 
laminar flow. There are five mechanisms for degradation of the thermocline within 
thermal water stores: 

• Conveelive entrainment; as the variabie inlet fluid temperature is 
not always the same as that of the fluid in the store in the region of 
inlet, the incoming fluid may rise or fall within the store thereby 
entraining resident tank fluid. 
• Heat-loss-driven natura! conveelive flow resulting from heat transfer 
to ambient. 
• Wall-conduction-driven natura! conveelive flow resulting from 
thermal conduction within the store walls . 
• Heat diffusion due to the temperature gradient. 
• Mixing arising from local turbulence at the in let and outlet. 
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Minimisation and/or suppression of these mechanisms will lead to a store that will 
remain stratified for longer periods of time, and thus tend to increase total slorage 
efficiency and/or exergy of withdrawn heated water. 

2.1 THE EFFECTS OF W ALL CONDUCTION AND THERM AL DIFFUSION ON 
STORE THERMOCLINE 

The effects of wal! conduction and heat loss from store to ambient combined with heat 
diffusion due to the temperature gradient have been extensively investigated both 
experimentally and with the use of generally two-dimensional numerical models. Milier 
(1977), Shermann et al (1979), Shyu et al (1989) and Satyanaryana Murthy et al (1992) 
performed experimental investigation into these effects. Summary details of thc 
experimental apparatus employed are shown in Table I. 

TABLE I. Details of storage cylinders employed in previous experimental 
investigations 

Investigators Cylinder matcrials Cylinder Cylinder Wall width 

Height (m) radius (m) (m) 

Millerel al Aluminium 0.36 0.13 0.0064 

Glass 0.29 0. 16 0.016 
(1977) 

Shermann et al Fibre Glass with Jiners of either 0.61 0.16 

( 1979) Slninless steel. steel, aluminium 
or copper 

Satanaryana Steel 0.78 0.26 0.001 
Murthy et al 0.0024 
( 1992) Aluminium 0.001 

Shyu et al Stainless Steel 0.40 0. 1 0.0005 
( 1989) 0.003 

0.006 

Thermocline degradation is dependent on both the thickness and thermal conductivity of 
store walls. Thermal conductivity similar to or less than that of water leads to 
degradation dpminated by thermal diffusion effects. Increasing wall conductivity results 
in local convective currents being established within the store teading to decreased 
relaxation times. Shyu et al (1989) investigated the positioning of insulation on the 
interior and exterior of the store walls . It was apparent from their results that 
insulation lpcated interior to the store inhibits more effectively thermocline degradation 
both by reducing the effect of the conducting wall and the heat loss to the external 
environment. The numerical study of Shyu et al (1989) was based on a two
dimensional fini te difference model cast in cylindrical polar forrn that enabled the effect 
of conducting walls and thermal insulation to be modelled for stores with rotational 
symmetry . 
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2.2 THE EFFECTS OF MIXING AT INLET AND OUTLET PORTS AND FORCED 
CONVECTIVE FLOW THROUGH THE STORAGE TANK. 

Theoretica! investigations into forced conveelive flow through slorage tanks have 
generally been based on simple one-dimensional models with correlations used to 
calculate rates of entrainment and mixing (Yoo and Pak 1993, Kleinbach et al 1993). 
Two- dimensional cartesian and cylindrical coordinates have been employed by Parrini 
et al (1992a 1992b) to provide more detailed analysis. There are many experimental 
investigations (e.g. Lavan and Thompson 1977 and Mavros et al. 1994), a 
comprehensive review of which is presenled by Hollands and Lightstone ( 1989) . 
Thermal stratification can be maintained by ensuring that veloeities are low and thus 
essentially laminar flow is maintained, with little turbulent mixing at the inlet or 
outlet. A range of manifolding devices have been suggested consisting of baffle plates 
or perforaled i niet tubes that better allow stratification to be maintained. The numerical 
models to date have been limited in that systems have been assumed to possess 
cylindrical symmetry or that two-dimensional wedge flow occurs. For many systems 
these assumptions are not appropriate and a full three-dimensional approach is required. 

3. Numerical models 

A range of numerical methods have been developed to model the thermo-fluid behaviour 
within systems. Recent advances in the finite volume method in particular the 
movement to non-orthogonal coordinate systems combined with the use of non
staggered grids (Melaaen 1992a, 1992b, 1993, Zhang 1995) have enabled complex 
geometries to be approximated accurately. The addition of the effective ability to use 
composite domains to subdivide problems and solve iteratively between the 
subdivisions enables large problems to be solved (Zang and Street, 1995). These 
developments however lead to an increased computational overhead which may prove 
prohibitive forsome problems. 

3. I THE NUMERICAL MODEL EMPLOYED 

The basic formulation adopted is basedon the SIMPLE algorithrn, (Patanker 1980) due 
to its simplicity and the minimal matrix equation bandwidth that this method yields. A 
transient three-dirnensional implementation ernploying a power law upwinding scherne 
and an orthogonal coordinate system has been combined with the Bi-CGSTAB iterative 
equation solver (Van der Vorst 1992). Advantages of this approach are the relatively 
low computer memory requirements and the rapid convergence afforded by the Bi
CGSTAB algorithm when a good approximation to the solution is given, i.e. using the 
solution at time t to calculate that at time t+ I. For the present work up to 40000 
graded control volumes (representing 200,000 variables) are employed with a time step 
of two seconds. A simulation of one hour in real time for this number of variables can 
be achieved in less than 12 hours of computational time on a Sun SP ARC Station 20 
model 51. The Bi-CGSTAB algorithm is modified in that all the equations are 
normalised before solution, the convergence criteria adopted are le-8 for the momenturn 
equations, Je"6 for the pressure equations and le- 10 for the ternperature equations and for 
convergence at each time step the souree term should be less than 2.5 e-7

• For simple 
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conduction problems. in excessof 400,000 variables can be considered with the present 
implemenlat ion. 

4. Experimental Validation 

A experimental program was undertaken which provided a comprehensive data set by 
which the developed model was validated. Six stores were employed; three 450mm 
diameter copper cylinders with heights of 625, 900 and 1200mm. and three purpose 
built stores with transparent thermo-plastic walls, square cross section of side 450mm 
and heights similar to those of the copper cylinders. An immersion heater in a 
thermosyphon loop was employed to generale the initia! thermocline within the store. 
The in let jet velocity was controlled with a series of gate valves, a constant temperature 
for the inlet fluid was maintained by passing water heated in a constant head tank 
through two mixing tanks. An array of up to 44 copper/constantan thermocouples was 
employed to monitor three-dimensional temperature evolution within the store. 
Additional thermocouples measured inlet, outlet, ambient and tank external wall 
temperatures. All inlets and outiets to the stores were 22mm diameter. Thirty two 
ex perimental tests were performed, with the in let temperature ranging between 1 I °C 
and 52°C, fluid in let veloeities in the range of 2.5 to 9 cm/s and various permutations 
of in let and outlet port locations. Visualisation was performed by introducing a dye into 
the constant head tank for the experiments with the transparent tanks. 
From ihe experiments, if the in let jet diffused and therefore did not impinge on the store 
walls, for hot water stores with constant horizontal cross section, the store geometry 
had lillle effect on the store performance. Therefore assuming only cross-sectionat area 
and thus volume to be of importance, the cylindrical stores were represented by stores 
with square cross-section of equal area. Initia! thermocline, inlet temperature, inlet 
velocity and ambient temperature for these simulations were matched with those 
recorded experimentally. To rnaintaio equitable wall conduction paths, the thickness of 
the cylinder walls was scaled to account for the increase in store perimeter. The 
thickness of insulation and external heat loss coefficient were scaled to account for the 
increase in store surface area and thus heat loss. For the transparent stores of square 
cross-section all parameters were matched. Figure I shows a comparison between the 
thermocline measured experimentally and that predicted by the model for the 1200 mm 
tall capper cylinder. The evolving thermocline for the experimental data, is drawn 
through the average temperatures at each height additionally the maximum and 
minimum temperatures are plolied to give an indication of the temperature variation at 
each given time. The predicted thermocline is constructed from the average temperature 
of all volumes at each given height. Agreement of the measured temperature and that 
predicted is within the maximum and minimum temperatures measured at each height 
and within 1.2° of the average temperature. 
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FIGURE I. Experimentally determined (lower graphs) and computed (upper graphs) 
thermoclines for a cylindrical copper hot water store 0.45m diameter and 1.2m tall, 
when subject toa laminar in let jet. 

5. Parametrie analysis and conclusions 

The developed model was employed to investigate both the effects of conveelive now 
through, heat loss to ambient and wall conduction effects . Symmetry conditions were 
utilised with half of a square cross section store simulated for flow through conditions 
and a quarter employed for thermocline relaxation simulations. 

5.1 FLOWTHROUGH SIMULATIONS 

Two store configurations with equal volumes were employed for the parametrie analysis 
of flow through conditions. The dimensions of the stores are summarised in table 2. 
The locations of i niet and outlet are on opposite sides with a distance between their 
centre line and the top and base of the store such that the dead space in each store will 
occupy an equivalent volume. In the flow initiation phase the time step is increased 
from 0.1 to 2 seconds over a simulated time period of two minutes. 
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T B E2S A L tore d 1mensaons an port ocallons 

Height (m) Width (m) Length (m) lnletloutlet 
heights (m ) 

Store A 0.6 0.3 0.3 0.50 0.10 

S10re B 0.3 0.3 0.6 0.25 0.05 

To remove effects due to heat loss to ambient and wall conduction adiabatic boundary 
conditions were imposed al the store walls for the flow through simulalions. The stores 
were assumed to be initially at a uniform datum temperature of 20°C. !niet flow 
veloeilies of 2.5, 5, 7 .5 and 10 cm/s were simuialed with temperatures of I0°C above 
the datum level. Figure 2 shows the evalulion with time of the !luid temperature at the 
outlet from the store forthese simulations. 
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F!GURE 2. The computed variation of outlet temperature with time for stores A and B 
with in let veloeities of 25, 50, 75 and 100mms·1

• 

Comparison of the rise in outlet temperature for store A and B with similar inlet 
veloeities indicate !hal store B charges more effectively. When the buoyancy farces on 
the jet !luid have reduced due to the store temperature in !he region of in let rising the 
in let jet impinges on the far store wall in store A and increased flow down the far store 
wall results. For stores with volumes greater than those of A and B this effect reduces. 

5.2 THERMOCL!NE RELAXATION SIMULAT!ONS 

For conditions of no flow, stores A and B in table 2 were employed. A s tratified initia! 
store thermocline in which the upper half of the s tore volume was at 70°C, a s ixth of 
the volume was involved in a linear decrease in temperature 10 !he bottorn third at 20°C 
was employed. Stores with insulating walls 22.5mm thick, copper walls I mm thick 
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with no insulation and insuialed internally and e"ternally with 22.5mm of insulation 
were simulated. The effective imposed exterior conveelive heat loss coefficient at the 
external boundary was 5W/m IK and the insulation thermal conductivity was 
0.035W/m/K. Figure 4 shows the average and ma"imum store temperatures for these 
configurations. · 
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FJGURE 3. The computed decay in average and muimum temperatures for stores A 
and B with a range of wall configurations. 

It can beseen that the average store temperature for all stores with insulation decays at 
a similar rate, those with external copper walls decay slightly slower. The avèrage store 
temperature for those with no insulation decay at a higher rate. Store aspect ratio does 
nol have a significant effect in average store temperature. The maximum store 
temperature for stores with internal insulation and insuiaring walls are similar. For 
external insulation the decay of maximum temperature in store B is greater than store 
A, this is due to increased conveelive mixing resulting from conduction in the store 
wall. 
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The proposed model for numerical simulation of cylindrical shaped sensible heat 

storage devices is based on the solution of the full three-dimensional mass, momenturn 

and energy equations. The pressure based SIMPLEC algorithm is used along with a 

multi-block procedure. This method is based on the division of the physical domain and 

the generation of an arbitrary number of independent blocks in order to carry out more 

flexible problem definition. The information transfer at the block boundaóes is based on 
the conservalion principle. This method offers some more economie computational cost 

than the single domain meth<><l In this paper more details about the developed model are 
presenled paying special attention to the multi-block procedure. The method is illustrated 

with results from an exarnple case. 

L Introduetion 

Application of thermal energy stores (TES) may be useful in many systems, they 

provide efficient use of thermal energy whenever a mismatch between the energy 

generation and its use exists. Typical examples are solar energy applications because of 

the intermiltent nature of the source, and the use of off-peak electricity in building 

healing and cooling. One of the most extended types of TES are liquid thermal slorage 

tanks working in the range of sensible heaL The TES which keep warm and cold fluid 

separated by means of gravitational stratification are widely used for low and medium 

temperature applications. The usual working fluid in this kind of device is water; the 

special interest in water is justified due to its good theemal properties, low cos!, 

abundance and Jack of aggression to the environmenL Usually, the heat is transferred to 

TES in one of two ways: injecting the fluid into the tank, i.e. by mixing (direct 

conneetion with the system) or via a heat exchanger, either immersed inside the tank or 
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the mantie type (indirect connection). There are also two loops: charging and 

discharging, woricing simultaneously or altemately; each of them may be realized in a 

direct or an indirect way. 

Operation of the storage tanks has been traditionally simuialed by numerical means 

using one-dimensional models that take into account mass and energy conservation. 

Some improved models that take into account mixing have appeared, but most of them 

the mixing effects are introduced using some numerical parameter; a typical example is 

the "Multinode' model (Duffie and Beekman (1991)) where the mixing grade is a 

consequence of a number of calculation segments. Six models have been selected from 

literature for a çomparison study by Zurigat et al. (1989); for all of them exept one the 

parameters determining mixing in the store were optimized a posteriori in order to fit, in 

the best possible manner, the ex perimental data. Th is fact indicates that for tanks of a 

Iess complicated design a lot of experience in using some 10 model is required to adjust 

the needed parameters without experimental data. 

In recent years there has been a remarkable development of numerical methods and a 

continuous increase of calculation power. These two facts enable us to implement more 

sophisticated models, tak:ing into consideration the complete physical phenomenon 

occurring in the starage device. A 30 model of a cylindrical1ES with directly conneeled 

charging and load loop has been developed and presenled previously (Ivancié et al. 

(1993),(1994)). In these works the influence of some constructing and operating 

parameters have been analyzed. The similar 2D code has been used in the study on the 

influence of inlet diffusers on store operation (Consul (1995)). 
For the correct modeHing of a slorage unit with an intemal heat exchanger, mantie 

heat exchanger ordevice with intemal baffles, there is a need for local refinement of the 

discretization grid. For that purpose the domain decömposition, multi-block method has 

been chosen as the most economie. This method is based on the elivision of the 

calculation domain and generation of independent grids in each one of the sub-domains. 

In this way the local grid concentration is done only in the zones where it is necessary 

from the physical point of view. This strategy results in a significant saving of 

computational time and storage memory. An additional advantage of the sub-domain 

method is the straightforward applicability of parallel calculation, which occurs when the 

software is executed in modem parallel computers, with more than one processor. The 

principal controversy around this method is the correct data transferring at the sub

domaio boundaries. 

2. Physical model and numerical metbod 

The proposed model is based on the solution of the full three-dimensional mass, 

momenturn and energy conservalion equations, which allows the analysis of heat transfer 

and fluid flow insiele the slorage unit. The fluid flow is assumed to be laminar and 

incompressible. The phenomenon is mathematically described by the next set of 
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equations: 

.... 
V· V= 0 

.... 
Dv 2 ........ 

Po-= -V p + J.L V v + g p0 [1 - ~ (T- T0)) 
Dt 

OT 2 
Po cp -=kV T 

Dt 

(1) 

(2) 

(3) 

The thennophysical properties are taken constant, except the density whose variation in 

the buoyancy tennis taken into account by the Boussinesq's approximation; although 

this assumption is not sustainable for cold water storage it has been adopted as a flfSt 

level of modeling. Since solid parts inside the slorage unit are usually present (i.e. heat 

exchangers immersed in the tank, inlet diffusers, baffles or other solid structures) the 

model considers the simultaneous calculation of both liquid and solid parts. The 

differential equations are discretized, applying the frnite volume approach, over a 

staggered grid. A special treatment is adopted for the fll'St control volumes in the radial 

direction in order to overcome the singularity problem related to the transport equations 

written in the cylindrical coordinate system; some additional details about the single

domaio numerical calculation upon which the present method is built may be found in 

Ivancié et al. (1995). The cell face fluxes may be evaluated by several fust, second and 

third order accurate schemes. The salution procedure is carried out according to the 

segregated, pressure correction based SIMPLEC algorithm (Van Doonnaal and Raithby 

(1984)). The single-domaio code was widely validaled for the case of natura! conveelion 

in cylinders with experimental data and predictions of linear stability theory available 

from the literature. A summary of these comparisons is given in Ivanèié et al. (1995). A 

comparison with experimental data on forced conveelion has also been made (Escudier 

(1984)). The numerical predictions in all the cases agree closely with the experimental 

and theoretical data 

2.1 MULTI-BLOCK PROCEDURE 

In a multi-block approach, the entire domaio of interest is divided up into a number 

of smaller blocles according to the problem. Within each blockan independent grid of the 

other blocles is generated; on the present level of modeling there is a limitation on grids 

generaled in coaxial cylindrical coordinate systems. A numerical salution in each block 

is obtained by applying the algorithm described above. Some blocles may have physical 

boundaries, but all of them have internal, computational boundaries. The blocks are 

calculated sequentil!lly, and after each one the internat boundary conditions for the 

adjacent ones are updated. Such an alternative procedure, known also as the 'One Way 

Sweep' (OWS), is repeated until global convergence is achieved, i.e. until the 

convergence criterion is satisfied in all the blocles (the convergence criterion is defined as 
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a maximum permitted value of the mass souree therm). After that, the time is updated 
and the procedure is repeated for the next time step. In the multi-domain approach the 
main question is how to make the data transfer between neighboring blocks. There are 

two general strategies: conservative and non-conservative. 
One of the most important properties of the control volume formulation is 

conservativeness. Indeed, from the physical point of view it is very important that the 
physically conserved quantities remain conserved in the numerical solution, otherwise 
unrealistic or uncertain solutions may appear. If non-conservative type data transfer is 

practiced to get internal boundary conditions, there is no guarantee that global 
conservalion on the block limits will be satisfied. Rather, on the contrary, the 

conservalion would not be ensured. In other words the non-conservalive interpolation 
acts as an artificial numerical souree of the physical quantity that is calculated. In 

pressure based algorithms this practice is particularly dangerous when mass flux is 

evaluated because the artificial mass souree created by non-conservative interpolation 
prevents convergence. For all the staled reasons the conservative practice is preferred. 

On each boundary the normal component velocity, the tangential momentums and 
the heat flux are needed. According to a staggered grid arrangement, the boundary 
condition for pressure is not required, thus the normal velocity component on the 

interface is calculated via continuity equation. 

àXb 

àXdl 

Figure I. Block-to-block information transfer 

We name the last calculated block which gives information as giver, and the block 
to be calculated which receives information as receiver. The general situation is shown 

in figure 1. The conservative flux of mass, momenturn and energy is accomplished in 
the following fashion: 

if the giver grid is coarser than the receiver grid: 

- by piecewise constant distribution: 

- by three-linear interpolation with conservative correction: 
$g*óX9 ll>ri = ll>ri-~-~-

L/Il>r;•t.Xi) 
i=1 

where <Pri. is the value after linear interpolation 
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- if the giver grid is fmer than the receiver grid 
- by summation of fluxes through all giver control 

volumes bounded by receiver control volume: 

2.2 MUL TIBLOCK CALCULA TION OPTIMIZA TION 

The 'One Way Sweep' has been chosen as the principal order within an overall 

iteration. Following Reyes (1995) the OWS sequence is very efficient But, even if the 
global sequence is defined, the convergence rate and the computatioljal time may be 

altered by a chosen number of sweeps through every equation (NSE) and by a number of 

successive sweeps through every one of the blocles (NSB) before updating the internal 
boundaries. These two parameters have been subjeeled to test with the aim to optimize 
the code. It has been observed, by Reyes (1995), that rnaicing few iteration per block and 

a frequent data transfer is more economie than forcing convergenre in every single block 
before updating the boundaries. Leaded by this idea we have used one or two sweeps per 
block. The number of sweeps through the equation has been taken as 1/5 and 2/10 (the 

frrst number refers to all the equations except the pressure correction which the second 
number refers to) according to the experience with the single domain code. The results of 

a comparison are summed up in table 1. 
It has been noted that usually one block converges clearly slower, retarding the 

calculation; in the same time the rest of blocles are still calculated even if the criterium 
is far overshooted. In order to alleviate the convergence in the former one and to make 

easier and faster general convergence an additional dynamic criterion forsweeps through 

the blocks has been introduced. The block with the highest residual (i.e. poorest 
converged) is iterated more than the others; after each global iteration the "dynamic 

sweeps" criterion is checked and the "leading" block, that is the one with more sweeps, 

is actualized. In this way a variabie number of sweeps per block is obtained. This 

strategy gives significant improvements. Table 1 shows the CPU time of each strategy 

with respect to the CPU time of 1/5 equations sweeps and variabie number of sweeps 
per block. If the number of sweeps through each equation is fixed to 2/10 then one 
sweep per block is enough; but, it is more efficient to make less sweeps through 

equations and to use the variabie number of sweeps per block. 

1 2 variabie 
1/ 5 1 03 1 111 1 
2110 1 ,053 1 447 1 253 

Table 1. CPU time for several strategies vs. number of sweeps through the equations 

37 



A. IV ANCré et al. 

The flow diagram of the applied multiblock algorithm is shown in tigure 2. The step 

colored in gray is dynamic criterion for NSB and is used only when this criterion is 

introduced, otherwise NSB is external parameter and this step is skipped. 

SIMPLEC ALGORITHM 
APPL YING NSE IN 

SOLVER 

UPDATE INTERNAL BOUNDARY 
CONDITIONS OF ADJACENT BLOCKS 

CALCULATE MAX MASS SOURCE 
AND BLOCKWHERE OCCURE 

Figure 2. Flow diagram of Multiblock procedure 

3. Illustrative Example 

The example analyzed is the cylindrical storage tank with an inlet and outlet 

conneetion with the load loop, and the coil heat exchanger located inside the tank 

conneeled to the energy source. This model represents a typical slorage tank with a 

charging loop through the heatexchangerand the load loop through the entire tank. The 

tank volume is 291 liters, while the flow rate is 40 1/h. The heat exchanger is 

represented by an isothermal single coil (figure 3). The coil geometry is approxirnated, 
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in the r-z plane, by the blocking-off technique (Patankar (1980)) 

Figure 3. TES with roil heat exchanger Figure 4. The four overlapped grids in r-z plane 

The physical domain is divided into three calculation blocks. The coil is placed in the 
inner block; this block is embedded in the next one and, fmally the rest of the unit i.e. 
the tank shell with ports and part of the liquid is represented by the outer block. This 
structure along with the used grids are shown in tigure 4 which represents a r-z section 
of the tank. For the bost inner block a grid of 16x10x20 control volumes (rx9xz) have 
been applied, while for the other two blocks grids of 10xl0x28 control volumes have 
been used; in total, th~ domain has been covered by 8800 control volumes. 

The coil radius is 0.115 m and the tube diameter is 0.02 m. The initia! temperature 
difference between the coil and environment water is 10 K, resulting in a Rayleigh 

nurnber (based on the tube diameter) equal to 2·106. As a consequence of the temperature 
difference a thermal plume arises above the coil. Figure 5 represents a magnified detail of 
the slorage unit, near the coil. The three grids may be distinguished in the staled figure. 
A transient evolution of the thermal plume is shown. The plume pass over the intemal 
boundaries, from one block to another, alrnost unaffected; it grows up like in the case 
without intemal boundaries. The discontinuities on the isotherms represented in tigure 5 
are due to the graphical problems. 
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Figure 5. Transient evolution of the thermal plume: a) IOOOs b) 1200s c) 1400s 

4. Conclusions and patbs for future improvemenls 

The conservative multi-block method has been applied in order to develop a 
numerical tooi for detailed analysis of liquid thermal stores. In the block-to-block 

information transfer special attention has been paid on physical quantity conservation; in 

that way the general spirit of the conservalion laws is preserved. A dynamic criterion for 
choosing the number of sweeps per block before the information is updated is 

established; this criterion accelerates the calculation. The code may be also used for the 

simulation of different lES devices as for example: tanks with mantie heat exchanger 
and units with intemal baffles or diffusers. 

Some improvements are desirable: 

1) generalization to non-coaxial coordinate systems, i.e. complete independenee of 
grid creation for each block; 

2) extension to non-Boussinesq fluids; this consideration is important for cold water 
storage; 

A comparison with ex perimental data is also needed. 
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1. Introduetion 

Helically coiled tubes are widely used in heat exchange systems. A typi
cal example can be found in the storage vessel of a Solar Dornestic Hot 
Water System (SDHWS), sketched in figure (1). In a SDHWS the collec
tor medium (water) is pumped through the collector where it is heated 
by solar radiation. To tide over the time gap between collection (maxima! 
round noon) and utilization (mostly in the evening and morning) of solar 
energy, heat is tranferred from the collector medium to rnains water in the 
storage vessel by means of the coiled heat exchanger. An effective way to 
operate a SDHWS is according to the !ow-flow principle: the amount of 
water pumped through the collector duringa daytime is about equal to the 
storage capacity (typical 100 !). In combination with a stratified storage of 
the mains water this may lead to minimal exergy loss. 

For the design of heat exchange systems Nusselt correlations are used. 
In case of the !ow-flow SDHWS, several problems are encountered. For the 
cailed heat exchanger, correlations are only available for two boundary con
ditions: a constant heat fluxconditionor a constant temperature condition. 
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collector slorage vessel 

Figure I. Sol ar Dornestic Hot Water System with Re = 0(100 mm) and Pc = 0(10 mm) 

The SDHWS-situation may be somewhere in between: the situation varies 
from a constant temperature at the coil when the storage vessel is unloaded, 
to a more or less constant heat flux boundary condition when the medium 
in the vessel is linearly stratified. Next, the Nusselt correlations are gen
erally limited to fully developed flow, whereas in the SDHWS the flow is 
under development in a great part of the coil. Finally, even for a frequently 
used heat exchanger as the coiled heat exchanger, only a limited number 
of relevant studies dealing with mixed convection are available, and the 
Nusselt number predicted from these studies vary substantially. 

Beside heat transfer in the coiled heat exchanger, the performance of a 
SDHWS is highly determined by the thermal mixing behaviour in the heat 
storage vessel. In this vessel heat transfer takes place by thermal plumes 
rising from the tube wal!. The thermal mixing behaviour is highly influenced 
by transition phenomena of those thermal plumes and by stratification of 
the storage medium. 

In the present paper tools used to study mixed convection in a helically 
coiled tube and thermal plumes rising from a heat souree will be presented 
and some characteristic results wil! be discussed. 

2. Governing equations 

Most types of non-reacting flows can be described by a set of three equa
tions , descrihing conservation of mass, momenturn and energy [3]. In most 
cases it is valid to neglect the influence of pressure work , work by buoy
ant compression and viscous dissipation. Besides, the equations are often 
simplified using the Oberbeck-Boussinesq approximations [9]: 

the properties of the fluid are taken to be constant: p = p0 , !-" = J-Lo, 
cp = ep0 and À = Ào; 
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the buoyancy term (p- Po)§ in the equation of motion is replaced by 
the term Poflo(To - T)§, where To is the reference temperature of the 
medium; 
the medium is Newtonian and Fourier's law holds. 

Taking these approximations into account the dimensionless equations read: 
Continuity: 

(1) 

Momentum: 

(2) 

Energy: 
ar _ - 1 -2 

Sr- +u·'VT- --V T = 0 at RePr 
(3) 

with i1 the velocity, p the pressure, T the temperature, § the gravitational 
unit vector, Sr the Strouhal number, Re the Reynolds number (Re = U~d 
with U the mean velocity and d the diameter of the bend), Gr the Grashof 
number ( Gr = 7}j · D.T · d3 with D.T the temperature difference between the 
ftuid and the wall at the inlet) and Pr the Prandtl number. The Grashof 
number expresses the relative importance of the buoyancy forces. Instead 
of the Reynolds number in curved pipe flows often the Dean number Dn 
is used (Dn = Re.J6; {j being the curvature ratio), ex pressing the relative 
importance of the centrifugal forces. 

From a simplified force balance one may deduce that in the helical coiled 
tube laminar flow (Re = 0(102 - 103 )) is highly influenced by centrifugal 
(Dn = 0(102 )) and buoyancy effects (Gr = 0(106 )). Therefore, secondary 
vortices inducecl by centrifugal and buoyancy forces play an important role 
in the total heat transfer from the collector medium towards the rnains 
water. In the storage vessel heat transfer takes place by thermal plumes 
rising from the tube wal!. In a stratified storage these plumes are typically 
in the regime where transition takes place from a laminar state towards a 
turbulent one (Ra= 0(109 -lOll)), leading to enhanced mixing. 

3. Coiled heat exchanger with isothermally cooled wal! 

To study steady flow in the helical coiled tube the full elliptic equations are 
solveel using the Finite Element Methoei (FEM) [5]. In combination with 
the elireet solver usecl in the present study, it is only possible to solve the 
flow in the most proximate part of the heat exchanger [11]. The flow field in 
the complete coil may be resolved by using a segmentecl elliptic procedure. 
The coil is then covered by a number of axially partly overlapping clomains 
(segments), in which a salution of the elliptic equations is computed, using 
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the salution on the previous segment to prescribe the inflow condition for 
the present segment. Another way to calculate the flow in the complete 
coil is to solve the parabolized equations. When it is known that the flow 
has a dominant direction, the momenturn and energy equations can be 
parabolized in this so-called streamwise direction. The major advantage of 
parabalizing the equations is the opportunity to use a marching procedure: 
each cross-section is treated separately, using information of the previous 
o11e [10]. 

The elliptic code is used to study mixed convection in the entrance 
section of a curved pipe. The domain consists of a 2d straight inflow section 
and a lld (90°) curved section with curvature ratio ó = 1/14. At the 
entrance (x = -2d; x being the axial coordinate) the Hagen-Poiseuille 
velocity profile for fully developed pipe flow is assumed. At the tube wal! 
no-slip conditions for the velocity are prescribed. At the outlet (x = lld) 
the stress-free boundary conditions are used for the momenturn equations 
and the zero heat flux condition for the energy equation. The dimensionless 
temperature of the inflowing medium is set to Tinlet = 1. The medium is 
cooled at the tube wall to Twall = 0. At the wal! a gradual decrease of the 
temperature from T = 1 to T = 0 is prescribed, a half eosine function from 
x = - ~d to x = +~d, to prevent a singularity at x = Od. The domain 
was divided into 60 x 23 ( cross-section x axial) tri-quadratic elements for 
the momenturn equation and 124 x 40 tri-quadratic elements for the energy 
equation (due tothesmaller thermal boundary layers). 

Inner 
bend 

Outer 
bend 

Figure 2. cross-sectien at x = d (Ieft), x = 4d and x = 8d (right) for Re = 500, 
Dn = 134, Pr = 5 and Cr = 105

; elliptically computed isotachs and secondary velocity 
veetors (top) and isotherms (bot torn) 
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In ligure (2) the velocity field and the temperature field is shown as 
obtained from the elliptic computations for Re = 500, Gr = 105 and Pr = 5 
at three axial positions: x= d (at the left), x= 4d and x= 8d (at the right ). 
The velocity field is visualized by isotachs for the axial component and by 
velocity veetors for the secondary components. The difference in velocity 
magnitude between the different isotachs equals 0.1 Uax· The sealing of the 
secondary flow is such that a vector length equal to the diameter of the 
pipe corresponds to twice the average axial velocity. The development of 
the temperature field is visualized by contours of equal temperature. The 
clifference between the successive isotherms is 0.1, where the temperature 
at the wall is equal to 0 and at the inlet equal to 1. 

At x = 4d and x = 8d it is clearly seen how buoyancy effects influence 
the secondary velocity field. Because the medium is cooled at the wal! , 
resulting in a higher density there, the medium experiences a downward 
force near the wal!. Consequently, in the core region the medium flows 
upwards. This phenomenon is not clearly visible at x = d because here the 
centrifugal effects are still dominant. The highest secondary veloeities are 
found near the upper and bottorn wallof the tube. At x = 8d the existence 
of a third vortex is seen near the center of the tube. This three-vortex 
salution is also found experimentallyin air [4]. Besides , the magnitude ofthe 
secondary veloeities at x = 8d is considerably smaller than the magnitude 
at x = 4d. The influence of secondary flow on axial flow is clearly visible 
in a shift of the maximum of axial velocity towards the outer bend. The 
characteristic C-shape in the isotachs observed when only centrifugal effects 
are present, is severely deteriorated by buoyancy effects and by the third 
vortex in the core region. Also the isotherms clearly visualize the influence 
of the secondary flow field, resulting in large gradients at the upper-right 
regions and smal! gradients at the lower-left regions of the tube wal!. 

In ligure (3) the dimensionless bulk temperature is displayed for the 
considered case of cooled water in a curved pipe at various Grashof num
bers. Initially the dotteel curve 0 for forced convection in a straight pipe 
is followed. At about x = 2d the curved pipe lines I - IV start to deviate 
from line 0, due to the manifcstation of the secondary flow . The water loses 
its thermal energy more readily in a curved bend than in a straight tube, 
and also buoyancy effects on their turn show to encourage heat transfer. 

The parabalie code is used to study mixed convection in a coiled heat 
exchanger with an isothermally caoled wall. The boundary conditions are 
the same as mentioned for the elliptic calculations. The domain with a 
length of about 200 tube diameters was divided into 40 x 180 x 7500 nocles 
in radial, tangent i al and axial direction, respectively. In ligure ( 4) the ve
locity field and the temperature field is presenteel as obtained from the 
parabolized equations for Re = 500, Gr = 105 and Pr = 5 at three axial 
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Figure 3. Dimensionless bulk temperature for Re = 500, Dn = 134, Pr = 5 and for 
various Grashof numbers: I: Cr= 0; Il: Cr= 5 ·104

; lil: Cr= 105
; IV: Cr= 2 · 10'- As 

a reference also the bulk temperature number for forced convection in a straight pipeis 
plotted. 

Inner 
bend 

Outer 
bend 

Figure 4. cross-section at x= 20d (left), x= 50d and x= lOOd (right) for Re= 500, 
Dn = 134, Pr = 5 and G1· = 105

; parabolically computed isotachs and secondary velocity 
veetors (top) and isotherms (bottom) 

positions: x = 20d (at the left), x = 50d and x = lOOd (at the right). 
From the secondary flow field it can be seen that the third vortex is not 
present anymore. Besides, the secondary veloeities are much lower than in 
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the entrance section due to the decreasing importance of buoyancy forces. 
At x = lOOd the flow configuration is almost symmetrie and two Dean
type vort.ices can be observed due to centrifugal forces. At this position 
buoyancy effects play only a minor role because most of the heat is already 
transferred. This is also clearly visualized by the isotherms, showing that 
the bulk temperature is almost equal to the wall temperature. 
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Figu.re 5. Dimensionless bulk temperature as a fundion of axial position in an isother
mally caoled coil for Re = 500, Dn = 134 and Pr = 5: - ·- (!): Cr = 0; -: Cr = 105

; 

---: Cr= 5 · 105
;- ·- (IV): Cr= 106 As a reference also the bulk temperature number 

for developing forced conveetien is plotted as the dotted line 0. 

In figure (5) the bulk temperature is given as function of axial position 
for various Grashof numbers. It can be concluded that higher Grashof num
bers lead to enhanced heat transfer and that buoyancy effects play only a 
minor role for axial positions larger than lOOd. To transfer 90 % of the heat 
for Gr = 105 about 100 pipe diameters are needed, whereas for Gr = 106 

about 70 pipe diameters are needed. 

4. Large-Eddy Simulations of thermal plumes 

Beside the heat transfer characteristics of the co i led heat exchanger, the 
performance of a SDHWS is also determined by the thermal mixing be
haviour in the heat storage vessel. This thermal mixing is influenced by 
effects like stratification in the heat storage vessel and transition of the 
thermal plumes. To study those phenomena Direct Numerical Simulations 
(DNS) and Large-Eddy Simulations (LES) are aimed at . In DNS calcula
tions all scales (both in space and time) are resolved using very fine grids 
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ancl small time steps. For discretization of the equations the Speetral Ele
ment Methoei (SEM) is used, a high order Galerkin type of metbod [8]. To 
avoiel the large calculation times involved with DNS, in LES calculations 
the governing equations are spatially fittered using a so-called SubGriel
Scale model [2]. With this method only the large scales (large eddies) are 
resolved, whereas the small scales are modelled. In the present study these 
LES calculations are performeel using the Finite Volume Methoei (FVM). 

Partiele Tracking Velocimetry (PTV) is a method for measuring the 
velocity field in a fluid by means of keeping track of individual particles 
suspeneled in the fluid [1] . The advantage of the method over methods like 
Laser-Doppier Anemometry is that it is possible to measure 2D velocity 
components in a 2D cross section of a flow field. In this study the PT fa
cility of the computer package Diglmage is used. Details of the method as 
implementeel in Diglmage can be found in [6] and [7]. In PT experiments 
the flow contiguration is intersecteel by a thin light sheet. The particles 
suspeneled in the fl uid reflect the light. This reileetion is recorded and the 
video system used is capable of grabbing each field of the recording sepa
rately. When each partiele in the present field can be mateheel exactly to 
a partiele in the next field, it is possible to determine the average velocity 
of that particle. For optima! matching it is required that the particles stay 
within the light sheet for several recordings. 

~~,,~i\l!W"'~,~,"~\f'ui/J'/1~,\ 
.: : ::·: ;:::::::::: . .. ::.::· · 
··· ·.:.·.::··;;: ;:::·:·· ...... . . 
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Figure 6. velocity field in a confined enelosure with a heat souree at the bottom; 
experiments using PTV (left ; Ra"" 1011

) and calculations using LES (right; Ra"" 10 12
) 

A typical result is given in figure (6) where a heat souree (a vertically 
positioneel strip) is placed near the bottorn of a confined enelos ure. At the 
left the velocity field is presenteel at Ra ~ 1011 (Ra being the Rayleigh 
number) as obtained with PTV. At the right the result is shown of a LES 
calculation at Ra~ 1012 For both situations initia! stratification was not 
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present. Both methods give detailed insight into the flow phenomena occur
ring like the characteristic structures (for example the formation of a dipole 
at the initia! phase of the experiment), like the characteristic frequencies 
(of the swaying motion), like the turbulent intensities, and so forth. At this 
moment efforts are undertaken to quantify the results as function of the 
R.ayleigh number. 

5. Conclusions 

In the present paper tools used to study mixed convection and thermal 
plumes in a SDHWS are shown. Elliptic calculations with the Finite El
ement Metbod of the flow in the coiled heat exchanger show great detail 
in the flow pbenomena occurring but are also very time consuming. For a 
eertaio range of Reynolds and Grashof numbers it is possible to analyze 
mixed conveelion flows using the parabolic solution procedure. Results are 
presented for an isotbermally cooled wal! but more complicated boundary 
conditions should be investigated. Especially the influence of stratification 
effects in tbe heat storage vessel are of interest. For the performance of a 
SDHWS also the thermal mixing behaviour in the heat storage vessel is of 
large importance, which on its turn is highly influenced by the transition be
haviour of thermal plumes. Partiele Tracking Velocimetry and Large-Eddy 
Simulations are powerful tools to study this phenomenon. 
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Abstract. In stratified slorage tanks, the apearence of sharp density interfaces is common, this 
is mostly due to unbalances between vertical density fluxes and the local density gradient, which 
may be expressed as arelation between the flux and gradient Richardson numbers. The amount 
of mixing at a density interface is related to its entrainment, leading to an increase in poten
tial energy, due to the turbulent energy source. Different mixing mechanisms produce different 
entrainments in terms of the local Ri and local vorticity. Experiments on grid stirred turbulent 
entrainment are presented and compared with a numerical model based on an integrated turbu
lent energy balance. As shown in Redondo et al.(1995), vortex dipoles and internal waves play an 
important role in the entrainment. 

Keywords: Entrajnment - Zero-mean flows Stratified flows - Turbulent Mixing 

1. INTRODUCTION 

One of the most important design factors in using thermal stratified tanks as a 
way for storing hot and cold water is the stability of such system under distur
bances. The perturbations can arise in filling or emptying the tank, by thermal 
convection, inlets and out!ets, etc. The perturbations will produce some distor
tions at the interface, and their behavior may be understood as a certain number 
of eddies pushing and erading the interface. Those vortices will have a character
istic velocity and length scale, which may be measured as a characteristic velocity 
r .m.s. fluctuation u' and as an integral or autocorrelation length-scale /. In the rest 
of the paper magnitudes noted with prime denote fluctuations. Those parameters 
are usually combined with the gravity, density and density difference to obtain a 
local Richardson number. The Richardson number gives us the ratio of the reduced 
gravity and the upward force given by the eddies, or the ratio between the poten
tial energy increase as the interface advances and the kinetic energy provided by 
the turbulence . 

The distortions of the interface show the signatures of some typical instabil
i ties. In the breaking process of those instahilities and by means of the energy 
cascade the energy will be transferred to the small molecular scales and molecular 
mixing will take place. The position of the interface, then, changes with time and is 
characterized by a. typical velocity of a.dvance V., also called entrainment velocity. 

This process is va.lid not only for density interfaces but also for lifting-off sed
iments. The main difference between both cases is that the fu st one produces an 
irreversible mixing while the second one is reversible. The mechanisms are sirn
ilar if salt and heat are the stratifying agents but they have different potential 
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entrainrnent laws, Turner (1973). There is nogeneral agreement about the law of 
entrainment. The reason may be that for different experiments not all the turbu
lence is generated in the same way, and simplified theories only assume a single 
mixing mechanism, thus all the complexity of mixing events present at small se ales 
are modeled with a few parameters, such as the Richardson, Prandtl and Peelet 
nUITlbers. 

The aim of this paper is twofold. We look fust at an integral energy balance 
of mixing across a density interface, consiclering an oscillating grid as the souree 
of turbulence in a two density layer system, computing the balance of energy and 
obtaining the law for the advance of the interface. This result is global and does 
not take into account the small scale behavior. The second objective is to look in 
some detail at the small scales in the experiments and identify mixing mechanisms, 
this discussion will be mostly qualitative and the reader is referred to Redondo et 
al. (1995). 

2. EXPERIMENTS 

Grid stirred turbulence has been used since Rouse & Dodu (1955) . Turner (1968) 
popularized the device in the research of stratified interfaces and has been widely 
used by other authors, see Fernando(1991) for further references. Tsai & Lick 
(1986) have also used it to investigate sediment resuspension. 

An experimental apparatus sirnilar to that described by Turner(1973) was 
used. It consists of a perspex box of 25.4cm X 25.4cm base and 42cm height with 
a metal grid made of square bars of cross section 1cm2

, and a mesh width of 5cm, 
it was driven in a vertical oscillatory motion by a motor. See figure 1. 

A two layer system is set up . The upper layer with the density offresh water Pi 
and the lower one with an initia! density Pi+ !lp;, where !lp; is the initia! density 
jUITlp. In most of the experiments the density step was formed by ad ding salt to the 
lower layer ins te ad of using temperature, in order to decrease the diffusivity effects. 
The grid was placed in the lower layer at an initia! distance to the interface z; and 
to the bottorn of the tank B. If there is a zone with a fini te and non-zero density 
gradient internat waves would be present in it. These waves transport energy far 
away from their source. Here in order to have most of the energy trapped at the 
layer where the grid is placed, both layers are set up with uniform density and the 
interface as narrow as possible. This situation is maintained during the runs of the 
experiment.The density step assUITling that the turbulent layer is homogeneously 
mixed up to a distance z to the grid is 

(zi + B) 
!lp(z) = !lp; (z + B) 

Oscillating grid turbulence has been used in many stratified experiments mainly 
to calculate entrainrnent rates, Redondo et al.(1995) . The turbulence generated by 
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'~! - J 

Fig. I. Description of the experimental apparatus 

a regular square oscillating grid , depends on various parameters: the distance to 
the center of oscillation, z, the stroke, s, the frequency of asciilation w and the 
mesh, L. The r.m.s. velocity ftuctuations u', and the integrallength scale of the 
turbulence l , can he expressed for our mixing box as 

and 

l = 0.1(z- zo) 

A virtual energy souree for u' is taken at a certain distance from the grid cen
terplane z0 to avoid singularities . The range of mixing efficiencies and the related 
turbulent ditfusion coefficients are very large and its proper parametrization in in
dustrial and environmental flows is important to model correctly the overall flow. 
See Hopfinger{1987) and Fernando {1991) for discussions on miring efficiency in 
stratified flows. 

For oscillating grid experiments Turner (1968,1973) proposed that the entrain
ment velocity V. defined as V. = dz / dt, where z is the position of the interface 
taken from the grid, is given by a simple relationship of the form 

where E, the entrainment rate, is defined as E = V./V, being V some global or 
local reference velocity, usually V = u'. Ri is the Richardson number and n is a 
constant, but there is nogeneral agreement on its value. The Richardson number, 
Ri, measures the relative importance of buoyancy forces which usually act so as 
to stabilize the flow, and velocity fluctuations which tend to destabilize it. Turner 
{1973) defined a Richardson number in termsof local parameters as: 
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Ri = 9 D.p l 
p u'2 

where D.p is the buoyancy jump across a density interface, In our experiments has 
been defined previously as D.p(z) .u' is the r.m.s turbulent velocity and lis an inte
grallength scale of the turbulence. Ri has a clear dependency in the elistance to the 
interface z. Several authors have used this configuration, and the turbulence pro
duced by the grid depends on the elistance as indicated above, see Fernando(1991) 
for further references. 

The typical general relationship for the advance of the interface gives arelation 
between V. adimensionalized with some characteristic velocity,and nondimensional 
numbers. One example is the relationship proposed by Denton and Wood ( 1981) 
which includes the effect of diffusivity 

E 1.18 p _1 

= 1 + 0.41Ri3 / 2 + e 

Where Pe = u'l/k is the Peelet number and represents the molecular-diffusive 
effects with k the diffusivity, indicates a dependenee with n = 3/ 2 of the type 
E o:: Ri-n + f(Pe). 

Slurry interfaces may be also studied, noting that similarly to a usual density 
stratification, a sediment laden fluid extracts kinetic turbulent energy from the 
flow. The main difference is that mixing in a stratified fluid is irreversible, but 
sediments are only maintained in suspension as long as there is enough turbulence 
to balance the fall velocity of the solid particles. In addition there is a complicated 
structure at the boundary layer flow where Tollmien-Schlichting type instahilities 
produce intermitte.nt ejections of sediments, and there is an effect of the boundary 
on the turbulence generated by shear or large eddies interacting with the roughness 
of the bed, (Redondo,1987). 

The behavier of the interface was stuclied by means of different techniques. 
Shadowgraph was used, taking advantage of the changes in the refractive index, 
to detect the interface. In ether experiments the change in the refractive index 
was corrected to prevent large distortions of the image and then the interface was 
observed by putting dye in the turbulent layer. The problem of shadowgraph is 
that the image obtained is an integration across the width of the tank. Another 
technique used was Laser Induced Fluorescence. Fluoresceine is added to the mixed 
layer , the refractive index is corrected with ethanol and illurninated using a laser 
sheet or a thin aperture source. Some m easurements were also made using conduc
tivity probes and thermistors. 

The experiments were videotaped and then digitized with a DT8261 frame 
grabber and analyzed with the image processing package for fluid meehallies Diglm
age, Dalziel (1993). Filter, contauring and some other geometrical operations have 
been made using the facilities provided by the software, time series allow basic 
instahilities to be identified. 
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Fig. 2. a) Plot of entrainment E vs. Ri for a numerical simulation with w = 3H z. Continuous 
l.ine is from simulation and dasbed line from fit (equation), b) Comparison between simulation 
(continouos l.ine) with experiments (crosses), Redondo (1987). 

Fig . 3. Different views of the interface at a) Ri = 10 and b) Ri = 104 
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Fig. 4 . Digitized images of the evolution in time of a point of the interface . Notice the buoyant 
oscillations and instahilities for different Ri ,a) Ri > 100, b) Ri = 50 and c) Ri = 10 

3. NUMERICAL MODEL OF THE TURBULENT FLOW 

The numerical model has been tuned to simulate the laboratory experiments con
siclering a turbule~t 'Newtönian flow .. The present scheme is intendedas a limit for 
the integral model. The effects of molecular diffusivity are only taken as a limit for 
large Ri, so Pe is not present in our eq~ations . The model is statistica! as we are 
not consiclering local instabilities, intermitency, nor the detailed behavior at small 
scales. The objective of the model is to check the overall behavior so it is based 
on an energy balance which includes the density interface . 

One of the fust attempts in this direction can be found in Niiler et a1.(1977) 
who presented the equation for the energy in a turbulent field with zero-mean-fiow. 

1 a - a ( p' q'2) --q'2+- w' -+-
2 at · az Po 2 

g-
= --w'p'- v'ii'u' · 'ii'u' 
. /Jo . . .. 

Here u' = (u', v1
, w') is th.e velocity field ; q'2 = u;2 + v'2 + w'2 is the kin et ie energy 

by unit of mass, p1 are pressure ftuctuations and v the kinematic viscosity. The 
last term in the equation is also known as the viseaus dissipation E. In his model 
Niiler assumed stationary turbulence and that the velocity of advance was of the 
samemagnitude as the fiuctuations of vertical velocity. Linden (1975) revised Ni
iler's modeland proposed some modifications . The system may be completed with 
the continuity and buoyancy equations. See Redondo and Cantalapiedra(1993) for 
more details. 
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Here the ftuctuations in pressure are neglected as we reach an energy balance. 
If we consider irreversible molecular mixing, the energy provided by the grid from 
the onset ofthe oscillations is used to: a) store kinetic energy at the turbulent layer, 
b) increase the potential energy of the system by moving the interface upwards 
and so the center of mass or c) dissipate as heat. 

t rz(t) 
Jo Powergrid dt =Jo Kinetic(x) dx+ 

[J.z:t) Potential(x) dx- !.z: Potential(x) dx] 

+ l p(z) (f(t) E (x) dx) dt 

The power of the grid is given per unit area. We consider u' = A(z + z0 )-1 and 
l = C[ (z +zo)- To give an expression for the dissipation in this turbulent case we 
consider the expressions for the Kolmogorov length scale, the Reynolds Number 
and the laws for the grid, see Tennekes & Lumley (1972): 

A 
VT=-

3C[ 
VT is an equivalent turbulent viscosity that could he directly substituted instead 
of v in the equations obtained from the velocity in "'· Following this: 

la
t 3 z 
Power9,;ddt=-p(z)A2 

( )+ 
o 2 zoz+zo 

~.Ó.p;(z; + B)(z- z;) + l VTp(z) (laz(t) 3 A2 (x + z0 )-
4 dx) dt 

taking the derivative of this equation with respect to t and grouping terms we 
obtain an expression for the velocity 

with 

(z + B) 2 (z + zo)2 

Ve = ~--~77--~~--~~--~----~~--~ 
a(z + B)2 + {3(B zo- z2) + -y(z + B)2(z + zo)2 

[Power ·d- b- __ ~:_ + TJ + p. ] 
gn (z + B) (z + B)(z + zo)3 (z + Zo)3 

3A2P! 
a=--

2 

b = VTA
2
pj 

zo 

j3 = 3A2.1.p;(z; + B) 
2zo 

VTA2.1.p;(z; + B) 
1: = 3 

zo 

p. = VTA2pj 
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This expressions give an analytica] function for the entrainment , see tig.2. Tak
ing into account the geometry of the grid and assurning that no power is lost and 
is propagated in parallel fronts there is no dependenee in z. Then Power grid = 
K PfW

3 12 
'

2 Th . . 1 d b . I . . b . h grid · 8 7fL e equat10n IS so ve y numenca mtegrahon to o tam t e 
position of the interface z(t). In tig .2a) we present the typical plot of entrainment 
versus Richardson number . We can also note that the model prediets an entrain
ment velocity limit as z goes to z = oo, given by 

Ve = Powergrid- 5 = PJW
2 

s
2 

( wl
2 

) 

1 8{ 7r L - vx L• 
2 z3 

As expected, the entrainment far away from the energy souree is governed mainly 
by viscosity, not by density clifferences. The experiments show that tends to zero. 

If we consider the case of reversible mixing, i.e. a slurry interface or lutocline, 
so that if the turbulence stops, after a settling time the density clifference wil! be 
eliminated, an extra sink is present. A part of the energy has to compensate the 
power released as the sediment falls down. This effect may be modeled as 

(z - z;) 
Powergravity = 'P (z + B) 

IJ.p;21rg2 ( ) 
'f' = z;+B 

w 

This term should be subtracted inside the square brackets. It takes into ac
count the energy irreversibly and continuously subtracted by the sediment. All the 
symbols are as defined before except the density jump that now is done by the 
particles in suspension. The limit velocity now is V 000 = (Powergrid- 5- 'P)h. 
And the advance of the interface will be limited much more rapidly, beca.use the 
gravitational terms are usually orders of magnitude larger than the effect of vis
cosity. The model has been compared with the results of Redondo{l987), see tigure 
2b ), with excellent agreement, the coeffi.cient of determination is 0.99. In those ex
periments the local vorticity at the interface was changed by varying the elistance 
between the grid and the interface, which also varied } like z- 2 • 

4. DISCUSSION AND CONCLUSIONS 

The large amplitudes of asciilation of the interface at low Ri experiments contra.sts 
with the almost fiat appea.rance for high Ri There are different mechanisms in the 
different parameter ranges stuclied. See in tigure 3 two LIF images of the interface 
for low and high Ri. The image at low Ri presents big disturbances taking for 
example one of them the typical view of a Rayleigh-Taylor instability ( arrow ). For 
higher Ri intrusions still are present but not so coherent. 

Time series such as those shown in tigure 4 were analyzed and statistics of the 
perturbations of the interface were made. Vortex dipales penetrating across the 
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interface are ubiquous at intermediate Ri .. For higher Ri internal waves traveling 
across the interface seem responsible for most of the mixing as it is rare for a 
vortex to penetrate across the interface. These observations could also be checked 
examining conductivity signals at the interface, see Redondo et al. (1995). We can 
see in fig.4 how for Ri = 10 c) the interface is completely distorted, for Ri = 50 
b) the distortions are smaller and for Ri = 100 a) the behaviour is just the typ i cal 
of harmonie waves with a frequency given by the buoyancy. 
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Abstract-Thennoc1ine-entrainment as encountered in stratified stores is 
investigated nurnerically and experimentally in an adiabatic box containing 
a quasi-stationary thennocline. Experiments and finite volume simulations 
are shown to agree well and give complementary insights. It appears that 
at the point of collision of the jet with the thermocline, shear Jayers de
vel op which are unstab1e resulting in secondary Kelvin-Helmholtz- and 
tertiary Görtler waves. Along with the shear layers, thennocline fluid is 
dragged into the mixed Jayer by virtue of viscous forces. 

1 . INTRODUCTION 

Notwithstanding the present-day application of thermally stratified energy 
storage Jittle is known about the mixing phenomena that occur in such 
storage. This especially applies to situations in which stratification is weak 
and easily distorted by inflow inertia forces : short cycle times, low tem
peratures and small temperature differences. The goal of the present 
research is to provide a more fundamental basis for the current empirically 
based design guide lines. Considered are two layer water stores in their 
simplest fonn : a hexahedron equipped with top and bottorn linear slot in
and outlet diffusers. Following the common operation strategy of stratified 
stores, involving elimination of strongly varying outlet temperatures by 
preservation of the steep temperature gradient zone (the thennocline) inside 
the storage, the thennocline is studied in its quasi-stationary mode. In this 
thennocline preservation mode two important phenomena affect the 
storage performance negatively, being 1) thennocline erosion (mixing of 
thennal energy) and 2) ineffective u sage of storage volume as a result of 
the fini te height of the thennocline. 
Research (Hussain & Wildin, 1991) has shown that the flow pattem in a 
two layer stratified store features a non-buoyant free- or wall jet, caused 
by the storage inflow, colliding with the thermocline. 
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For easy observation and analysis of the entraioment process, the two 
layer thermally stratified storage has been abstracted to a conceptual, 
numerical and material model, in which the thermocline advances due to 
entraioment only. 

Figure 1 Large scale flow patterns. Left the storage and right its 
abstraction. 

By injecting and withdrawing fluid in one layer at exactly the same rate the 
thermocline is arrested and as aresult it attains a steady state. As a spin-off 
this configuration also applies to related topics like jet mixing in chemica! 
reactors and jet ventilation in oil tanks, lakes or rooms. In a previous paper 
(Van Berkel, 1995) ex perimental and numerical results on the overall flow 
pattem and entminment rate have been discussed. This paper concerns the 
physics of the en trainment mechanism itself. 

2 • NUMERICAL AND EXPERIMENT AL METHOOS USED 

The thermocline entraioment process is simulated using a finite differ
ence/volume method using an equidistant square mesh for the momenturn 
equation (with staggered orientation of pressure and velocity point) and 
the energy equation. The code which for a large part comprises the 
Marker-And-Cell (MAC)-formulation developed by Harlow and Welch 
(1965) is an adapted version of the code originally written by Nieuwstadt 
and modified by Bastiaans (Bastiaans, 1994). The code has been selected 
for its simplicity, accuracy and computational efficiency both in 2- as well 
as in 3D. The lack of geometrical flexibility, posed by the Cartesian spatial 
discretization, is not feit as a very serious drawback since the thermo
cline/jet collision process under consideration is assumed to be marginally 
affected by boundary geometry. 
In essence the method is a pressure-correction method, projecting an in
termediate velocity field u* obtained from the Navier-Stokes equation 
(excluding pressure), toa divergence free velocity field un+l by evaluating 
the pressure gradient term in the separate correction step. In this correction 
step, the Poisson equation for pressure is solved directly using a five
point finite difference approximation on a staggered grid (Schumann & 
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Sweet, 1976). Time stepping is done using the central second order accu
rate Leap-Frog scheme with weakly coupled odd and even time levels. The 
instationary energy equation is evaluated in a separate step: To reduce arti
ficial diffusion, which would render the numerical simwation highly inac
curate, adveetion of momenturn and thermal energy are discretized using 
second order accurate central (momentum) or upwind (temperature) differ
ence schemes. eommon assumptions are made for the solution process : 
Boussinesq approximation, no viscous dissipation, no radiative heat 
transfer. 
Boundary conditions are implemented using a shell of virtual cells enclos
ing the flow domain. The temperature boundary conditions are 1) set to 
T=20 oe at the inlet, 2) adiabatic at the walls and 
3) advective (ëlT/ëlt = -v 1. ëlT/ëln) at the outlets. The kinematic boundary 
conditions arenoslip everywhere and v 1. = 0, Yin or V out at the walls, inlet 

and outiets respectively. For pressure everywhere ëlP/ëln = 0 is set. The 
initia! conditions are T = 40 oe and 20 oe for the upper- and lower layer 
respectively. 
In the 2D-simulations presented here the flow domain consists of 
178 x 160 cells, each cell having dimensions of 2.5 x 2.5 mm2, which 
is smaller than the observed characteristic fluid motion length scale. Given 
the sparial resolution, the inlet slot is represented by 6 adjacent cells and 
the outlet by 8 equidistantly spaeed pairs of cells on either side of the slot 
Figure 2 shows the set-up used for the experimental investigation. 

Figure 2 Laborat01y set-up. 
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The domain of interest is sized 44.5 cm width x 40.0 cm height x 
24 cm depth. The centrally placed, wel! rounded slot has a width of 
1.5 cm. Withdrawal takes place through 8 x 12 uniformly distributed, 
1 mm diameter holes on either sides of the slot. Flow stabilisation ebam
bers ensure uniform withdrawal and injection. Water is circulated through 
the tank and a flow measurement device by a variabie speed centrifugal 
pump. Two layer stratification is attained by means of an immersed dectri
cal heater, heating up the top layer only to temperature of 40 oe. The 
lower layer has a temperature equal to the ambient temperature of 20 °C. 
During testing an insulation plate floating on top of the free surface pre
vents excessive heat loss. The centreline temperature profile is recorded 
using a vertical, linearly traversing I') 0.5 mm type K thermocouple 
probe. 
Initially flow visualisation was done by the shadow graph technique and 
potassium-permanganate dye colouring. In that set-up the tank was illurni
nated from the backside, projeering an image on mat paper attached to the 
front side. Though easy to apply, the shadow graph technique shows fluid 
motions cumulative over the tank depth, making the results hard to inter
pret. In the present study flow visualisation is done by means of fluores
cent dye being added to the top layer. A 1 - 1112 cm thick vertical light 
sheet is created by illuminating the tank from both sides through slotted 
masks (not shown in figure 2), attached to the side walls, thereby creating 
a two-dimensional front view image. 
Quantitative information conceming the flow field is obtained by Partiele 
Tracldng Velocimetry (PTV), using the version 2.0 Diglmage package de
veloped by Dalziel (Dalziel, 1995). The 65 1 tank content is seeded with 
1.0 gr (whole field) or 2.0 gr (detail) Optlmage particles having a nomi-
na! diameter of 250 ~-tm . After recording of an experiment on tape, 
particles are tracked from tape at a frequency of 25 Hz. Sequentially 
0.16 s averaged (4 samples) unstructured velocity field files are pro
duced, incorporating the condition that a specific partiele is recognised in 
all four frames. Finally the kinematics are derived by re-sampling the un
structured velocity data on a structured 60 x 45 grid using spline interpo
lation. 
Measurements are taken in the front view plane (whole field and zoomed 
in on the shear layer), as wel! as in two vertical planes perpendicular to the 
front plate to obtain quantitative information on the veloeities in the third 
dimension. 

3. RESULTS 

Experiments and simulations are done for several cases, designated by 
their overall Richardson- and Reynolds inlet numbers : 
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. g' h 
Rio=-2-

Urn 

Re;= Uin b 
V 

(1) 

In which g' is the apparent acceleration of gravity g t~J.pl p, h the di stance 
of the thermocline from the jet oeigin ,u;n the jet inlet velocity, b the jet slot 
width and v the kinematic viscosity. All experiments are performed for an 
inlet Reynolds number of 400. Here only the Rio=20 case will be consid
ered of which figure 3 shows a fluorescent dye image. 

Figure 3 Fluorescent dye image at Ri0 = 19.2, Rei= 400. 

Figure 3 shows a globally symmetrie submerged fountain, colliding on the 
thermocline. In the mushroom shaped collision area the thermocline is 
smooth and sharp whereas it becomes wavy and diffuse on the edges. 
Frequently Kelvin-Helmholtz waves are observed on the shear layer be
tween the colliding jet and ambient fluid. After formation of the 
KH-waves and occasional pairing, the shear layer is advected into the 
lower layer where chaotic mixing takes place. 
Just vaguely seen is the meandering flow pattem of the jet. Close observa
tion of the video recordings reveal that the shear layer instability is trig
gered by the swaying motion of the jet. The typical frequency of the jet 
meandering coccespond with the Kelvin-Helmholtz frequency and amounts 
to 113- lf2 Hz. Typical wavelengthof the shear layer instability is 5 cm, 
whereas the jet buckling wave length is estimated at 6 cm, which is in 
close correspondence with the analytica! estimates according to Bejan, 
1982. 
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It may be noted that the Kelvin-Helmholtz waves become manifest at the 
perimeter of the jet/thermocline collision area. lndeed, from simultaneous 
temperature and velocity measurements, the centreline gradient Richardson 
number can be computed defined by : 

· gd"(du)·
2 

R18 =--=...c...-
P dz dz 

(2) 

It shows that on the centreline the gradient Richardson number exceeds the 
value of 1f4 which is the classica! criterion for shear layer instability. 
Figure 4 shows long term (1 minute) averaged contour plots of the veloc
ity and vorticity magnitude obtained by PTV and 2-dimensional direct 
numerical simulation (2D-DNS). 
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1 minute averaged velocity magnitude (top) and vorticity 
(bottom) in grey scale, derivedfrom PTV (right) and 2D-DNS 
(left). In the vorticity plots solid- and dashed lines represent 
contours with negative and positive va/ues respectively. 

A clear difference appears at the jet origin where the matching of particles 
due to the relatively high velocity is poor. Another clear difference is the 
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considerably higher detail of the numerical simulation. lt must be empha
sised that typically 500 particles are matched in the PTV-routine, resulting 
in an average elistance between particles of about 1.6 cm, which is con
siderably larger than the numerical grid spacing of 0.25 cm. As a result 
the spatial detection limit for vorticity (given an order of magnitude for 
velocity of 1 ems-I) amounts to 0.6 s-1, whereas it is 4 s-1 for the 
numerical simulation. Nevertheless, it is concluded that the overall pictures 
show strong similarities. To enhance the spatial resolution of the PTV, 
video recording is zoomed in on the shear layer area. 

-2 

Figure5 

Vorticity (ONS) [/s) Vorticity (PTV) [/s] 

-1 0 -2 -1 0 

In grey scale vorticity derived by 2D-DNS (left) and PTV 

(right). For comparison only the rangefrom -2 to +1.5 s·l is 
shown, the DNS-results actually rangestrom -6.1 to +2.5 s-1. 

Due to the increased spatial resolution (average inter partiele distance 
0.3 cm) the vorticity distribution obtained by PTV agrees better with the 
0.25 cm resolution DNS. Though the Kelvin-Helmholtz wave structure of 
this example shows close resemblance (showing an initia! typical wave 
length of 5 cm), the ONS-result represents a case of stronger shear (higher 
vorticity) than the PTV-result Indeed the propagation speeds of the main 
KH-node are found to be 1.2- (2D-DNS) and 0.6 (PTV) cms-1. 
To obtain insight in the 30-effects of the flow field, PTV-measurements 
are done in planes perpendicular to the planes shown in the previous fig
ures. Figure 6 gives a streaklines picture in the symmetry plane. 
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Figure 6 Side view video snapshot showing partiele streaks in the 
symmetry plane. Window 20 x 10 cm2. The white top part is 
the stagnant layer. Vertic al undisturbed velocity = 0.02 ms-1. 

Figure 6 shows the presence of vortices in the jet/thermocline collision 
area. The vortices most likely are Görtler vortices resulting from an un
stable centrifugal flow field in the jet deflection area (higher centrifugal ac
celeration at smaller radius). As they superimpose an additional flow pat
tem on the primary jet- and the secondary Kelvin-Helrnholtz flow they are 
depicted as tertiary. The length scale of the waves is estimated at 
O(IQ-2) m. As the Görtler waves are driven by jet flow deflection, forcing 
takes place only in the jet stagnation region. 
The Görtler waves occasionally entrain small amounts of fluid (cusps) 
from the thermocline. However, 2D-numerical simulation (excluding the 
Görtler vortices) agrees well with experiments with respect to entrainment 
rate and temperature frequency spectrum (Van Berkel, 1995), thereby also 
indicating that the effect of the tertiary Görtler vortices on the 
jet/thermocline interaction seems negligible. It appears that though the 
down-stteam interaction between the primary- secondary and tertiary flow 
results in a quite complex flow field, the shear layer draw-down process is 
quite straight forward. Further analysis is required to confirm this 
pre mise. 

4 • ENTRAINMENT MECHANISM 

The high resolution kinernatic and thermodynamic insight provided by the 
numerical simulation enables detailed analysis of the entrainment process. 
Figure 7 provides the numerically obtained temperature distribution and 
entropy production rate corresponding with figure 5. The entropy pro
duction hereby serves to quantify the irreversible heat transfer rate in the 
storage. Unlike classical energy efficiencies, entropy based efficiency ac-
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counts for intemal heat transfer. The entropy production rate is given by 
eq. (3) : 

(3) 

Eq. (3) accounts for entropy production due to diffusion of thermal en
ergy only. It can be shown that entropy production due to viscous dissipa-
tion of mechanica! energy is orders of magnitude lower1. 

Temperature 20-40 [Deg. C] 

40 0.25 

Figure 7 lsotherms and a lOfog grey scale plot of the local entropy pro-
duction rate (per meter tank depth). 

eiearly shown is how thermal energy is advected with the shear layer into 
the lower layer. Due to stretching and folding of the shear layer, the heat 
exchanging area of fluid particles increases while the normal width de
creases. As a result diffusion of thermal energy is enhanced which causes 
the actual mixing of thermal energy. Figure 7 (right) shows that entropy is 
mainly produced in the thermocline which however is kept sharp due to 
the entrainment process. No entropy is produced in the upper stagnant 
layer. Visible in the lower layer are shear layer striations which have been 
chaotically mixed but still diffuse thermal energy. 
The instantaneous entropy production rate in the entire domain (of which 
figure 6 is a sub-section) arnounts to 39 10-3 WIK per meter tank depth. 
This instantaneous value should be compared with the time averaged value 
based on the amount of heat passing through the thermocline from the 
40 oe to the 20 oe temperature reservoir. For this case the thermocline 

The entropy production rate due to viseaus dissipation at lhe most equals the jet 
kinetic energy (113 mW per meter tank depth) dissipated at a temperature of 
= 300 K, yielding 0.38 I0-3 W/K. Numerical evaluation on basis of lhe 
mechanica) energy dissipation term conflfffied this notion. 
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propagation speed has been determined at 10 !lms-1, correspond.ing with a 
heat flow of 371 W and a an average entropy production rate of 
89 mW/K.. Whether this mismatch is caused by time fluctuations or 
remaining numerical diffusion remains to be investigated. 
Future investigations will comprise the entropy production analysis of real 
tanks, thereby providing the exergy based efficiency of application of a 
particular storage tank in an energy system. 

5. CONCLUSIONS 

1) Thermocline entraioment is caused by shear layers which detach during 
rebounding of colliding jet fluid. 

2) Stretching and folding of the shear layer enhances diffusion of thermal 
energy which causes the actual mixing. Chaotic mixing in the lower 
layer blocks thermal energy return flow. 

3) The non-buoyant jet is unstable and buckles with a typical wave length 
of 6 cm and a frequency of"' liJ Hz. The shear layers are unstable 
to Kelvin-Helmholtz waves with typical wave length of 5 cm and a 
frequency of liJ Hz. In the jet collision area Görtler vortices develop, 
occasionallyen training srnall cusps of fluid into the lower layer. Their 
effect on the local en trainment mechanism however is negligible. 

4) Most of the entropy is produced in the thermocline. 

Future work wil! comprise application of the 2D-DNS code to real stores 
and 30-DNS of the vertical jet experiment. Finally the storage geometry 
will be optimized with respect to thermocline entraioment and thermocline 
thickness . 
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MODELLING THE DYNAMICS OF DOUBLE-DIFFUSIVE 
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The paper prescuts some results of ma thematica! modelling a nd numerical con•
putation of the dyna mics of the temperature a nd concentration fields in simulated 
salt-gradient solar ponds, which are comrnonly used for collecting and long-term 
storing the solar- and otherwise generateel heat . The pond has been treated as a 
two- layer. double diffusive system , infinit.e in the horizontal plane, initially st.ably 
strat.ified by downwarels salinity gradient and with a uniform (or stably stratified ) 
temper at. ure distribution, which has been subjected to st.ratification dis t.urba nce by 
supplying heat from the bottom. The applied methad of si mulation employs a twe
equa t.ion model of t.urbulence wi th variab ie turbulent Prandtl-Schmidt. numbers, 
modilied as t.o account for thermal a nd mass buoyancy. The obta ined predictions 
agree well with several sets of experiment.a l data. a vailable in litera ture. 

Keywords: double diffusion , t.urbulence modelling , solar panels. 

1. Introduetion 

Two-layers, non-convect.ive solar salt ponds represent. a convenient and efficient. 
way of collecting and long-time storing the availa ble heat , in solar energy systems 
and in other types of slorage space heating, as well as in process engineering 
and cnergy conversion technologies. Their starage performances are based on the 
separat.ion of the upper cold fresh water from the hot. salty layer beneath it by a 
natura! difTusive (molecular) interface, which prevents UJJWard lossof accumu lat.ed 
heat ft·on• the bot.t.om layer. Hence, the heat-transfer resistance cha ractcrist ics of 
the diffusive int.l'rface a nd its stability, govern, to a large ext.ent, t.he saiL pond 
operat.ion. 

A solar ;;alt pond is a. t.ypical exarnple of a double difTusive system, found tn na
ture (oçeans and sa lty lakes ) and in ma ny a reasof engineering, in which a st.rong 
densit.y st.ratificat.ion dominates t.he transport processes (metal solidification and 
crys tal growt.h, heavy gas starage and handling etc. ) . The stratification is usually 
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expresse cl in termsof density increment t:.p = at:.T + {3!:.5 = !:.PT + t:.p,, where o 
and /3 denote the volume expansion coefficients due to unit temperature ancl con
centration changes respectively. The double diffusive systems can be characterized 
by two- or more layers of fluid of different densities, separated by a (molecular) 
diffusive interface, as indicated in Figure 1. The bottam layer is well mixed due 
to the unstable stratification caused usually by direct or indirect (solar radiation) 
healing of the pond bottom. Unstable stratification generales turbulence which 
promotes intensive mixing and local upward convection in the lower layer which 
tenels to spread upwards working against the usually stabie concentration gradi
ent. Depencling on t.he ratio of the bottam heat. flux ancl con centration graclienl., 
the lower mixed layer can overtake the whole !luid, or could remain trappeel below 
the diffusive interface. The upper layer may also be wel! mixed elue t.o conveelion 
or mechanica! (e.g. wind shear) turbulence production locally or elsewhere in t.he 
layer, (Fig. l.b). Such situat.ions are found in oceans, where several turbulent., well 
mixed , layers may exist, separated one frorn another by sharp interfaces through 
which intensive transport of heat anel salt occurs, Tumer [1]. However, in solar 
ponels and in many other cases , the upper fluid remains non-turbulent and oft.en 
st.agnant , dominateel by molecular transport ( Figure l.a). 

a) b) 

Figw·c 1. Schemat.ic of a two-layer salt stratified pond heated from below; 
a- upper layer nnmixed, b-bot.h layers wel! mixed 

There are in literature simple theories (e.g. Turner [1]. Fernando [2], and others) 
which correlat.(" main integml properties of the double diffusive syst.ems (criteria 
for est.ablishment of the double layer system, it.s stabilit.y, dynamics of botLom 
mixed l~yer growt.h f:tc.). However, none of these t.heories gives possibilities t.o 
predict details of th~ temperature and concentration lidels and their int.eract.ion. 

The approach described here has been based on the modelled different.ial equa
t.ions for turbulent. fluxes of heat and species, which in conjunction with rnean 
moment.nm, ent.halpy- and concent.ration equations enables the preelietion of ve
locity, tetnp<'rat.m~ and concentration fields at different. st.ability conditions, anel 
from whic.h all r(?kvant integral propert.ies can be deduced . A simplilled form of 
t.urbulence closure. t.runc.ated to a common form of t.wo-equation rnodel , but mo-
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dified t.o account for thermal a.nd mass buoyancy, produced also the results which 
are in accept able agreement with experirnental data of several authors. The pa
per will present the basic theory and a series of prediction results compared with 
experimental da ta. 

2. Mathematica! model of double-diffusive systems 

Although inlegra l relationships can be useful for estimating the ba<;ic properties 
of double-diffusive systems, mathematica! modell ing of field properties: tempera
ture , concentrat ion and density fie lds in clifferential fo rrn offers prospects for much 
more accura t.e and detailed predictions of all relevant parameters. The applica
tion of turlmlence models a nd numerical computations seems therefore a proper 
way to achieve the desired goals . lt has been known that moelels of turbulence of 
various complexity have been very successful in predicting the turbulent flows a ncl 
transport phenomena in various situat.ions, in parti cu la r if the process is dom i
naled by shear. However , in the case of buoyancy dri ven turbulent motion there 
are several p henomena originating frorn a st.rong coupling and mutual "feedback" 
between the t.emperature-, concentration- and velocity fields. which have to be ac
countecl for . A partietdar challenge poses the problern of modell ing the turbulent 
tra nsport in mixed layers such as found in sola r ponds, in which t he mean ternpe
rat.ure and concentration fields a re al most uniform . Here the conventional grad ient 
hypot.hesis, by which the turbulent fluxes are m odelled in termsof the mean pro
perty gradients, f~il to prod ure sensible resul t.s, since it wil! yield very smal! or 
negligible vert.ical turbulent fluxes. l t should be poin ted out. that these fluxes, 
generat.t>d by buoyancy, are significant in magnitude, representing the m ajor cause 
of upward t.mbulent. convection and mixing so t.hat the almost uniform tempera
ture a nd concentrat.ion dist.ri butions are the consequence and not. the cause of the 
vertiral turbulent fluxes. Hence, a proper m athematical1·epresentation should em
ploy a higher order modeHing approach such as implied by differential stress/fl ux 
turbulence moelels or, at least, t.heir simplified variant in which a more rigorons re
prest>ntat.ion of the t1nbulent dilfusion is employed. A nother important feature of 
double diffusive systems is a significant influence of moleculnr int.eractions within 
the diffusi w inl.erface and in its vic.inity regardless of t.he intensit.y of turbulence 
in the mixed layers, what irnposes a necessity to include t.he molecular effects in 
all t.mbulence equat.ions. 

In t he ahsenc~ of a significant mean fluid m otion a.nd with the assurnption that 
t.hc t.r~ nsport. of a ll properties is one-dirnensional (in vertical direction, cl enoted 
by ·~ '), t.l1e mean energy (in termsof t.emperature T) and m ean concentration (S) 
equat.ions can be written as: 

= ( I) 
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(2) 

The second order ciosure rnadeis imply the salution of the differential transport 
equations for the turbulent fluxes of heat and species, wO and ws, respectively, 
which for a unidirectional transport in the vertical direction and under the as
sumpt.ion that the vertical normal stress component w 2 is proportional to the 
turbulence kinetic energy, read: 

where 

fJ (I'•J fJwO) --" . -{h ~wo 8z +(I-Cn)(pgoli--py,t3Bs) 

1 fJT E-
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2 oz k 

(tnd 

(3) 

(4) 

(5) 

The above equation set contains empirica! coefficients CT!, Cn, Cs 1 and Cs2 1 

as a consequence of rnadelling the terms invalving the ftuctuating pressure. Th e 
practice intmduced by Gibson and Launder [3] for pure thermal field was adopted 
and extended to the con centration field by assuming a full analogy of tlte physical 
behaviour of two scalar fields. 

The ciosure of t.he equations (3) and ( 4) requires the salution of additional set of 
transport. equations for turbulence properties such as the temperature and concen
tration variances ffi and ~. the correlation between the fluctuating temperature 
and concentration Os and for the turbulence kinet.ic energy k and its dissipation 
rate t:. These equations can be written as follows : 
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where f~ and f, are the fundions of turbulence Re number Re, = p k2 /(w:) , 

/ 1, = exp[-3.4/(1 + 0.02 Re,n f, = I - 0.3 exp(- Re~) (11) 

and 

Î: = E - 2p (f)kl/2) 2 
p &z 

( 12) 

Th is is a simplified version of tlH' model in whic.h t.he dissipation rates of these al ars 
02 and ~ wc·re expressed in t.erms of the kinetic energy dissipation and the ratio of 
the conesponding scalar and kinetic energy, following the assumption of constant. 

7fi E -;I E 
ratio of scalar-to-mecha nical time se ales, i.e. R- -- - -- - 0 5 

- <:e 2k - E, 2k - · 

The above equat.ions make a dosed set. which collid be solved nHmerically for t.he 
prescribed geometry and boundary- and initia! conditions. However , it. should 
be not.ed that for complex geometries solving the second order turbulence models 
may pose serious computational demands and the full model may not be suitable 
for t.he applicat.ion in more complex sil.11at.ions except. for the one-dimensional 
or bounda.ry-layer- t.ype flows. Hence, in the present phase of our work we have 
c.onfined ourselves toa still sim pier form of the model which is an extended variant 
of the convent.ionallow-Re-nnmber k -c turbulence m odel, but upgraded in several 
respect.s on the basis of t h<' nbove listed full secoud order mod!"l t.o account for 
most of t.he ment.ioned speci fi r elfects. The reason fo r adopting this model is its 
suitability for incorporat.ion int.o a generally available three-dimensional numerical 
code for solving t.he Navier-Stokes equat.ion in more complex sit.uat.ions such as 
might. be encountered in rcal engineering- or nat.ural syst.ems. 

The model usecl here solves the mean energy and concentrat.ion equations (I) and 
(2), hut. t.heir cios ure is accornplished by the standard forrn of gradient. expressions 
for t.urbulent Ouxes of hea t and species: 

- i-'< ()S 
ws = --- -

p!'-~ ():; 
( 13) 

In this way we have eliminat.ed the need t.o solve tlu" equa.t.ions (:l), (4) aml (6) 
to (8). and have solved only t.he equat.ions (9) and ( 10) , which supplied k and e, 
used to ~pecify the turbulent. viscosity coefficient. I'< and t.o define the turbulenre 
time scale r = k/E:. However, in order t.o eliminaLe the mentioned defi ciency of' t he 
gmdicul. transpot·t. hypothesis. as implied by equatio ns ( 13), corrective buoya.ncy 
parameters have been int.roduced, by ext.ending t.o t.he ron cf'>nt.ration fi eld the ap
proar.h int.roduced by Gibson and La tmeier [3] for t.he titermal buoyant fi e ld. This 
metbod iuvolves first t.he truncat.ion of the full dilferf'>nt.ial transport equations 
for turbulent Ouxes of heat and species wl.l and iïiS, respect.ively into algebraic 
expression for these quantities. This is accornplishNI by eliminating the dilferen
tial t.erms (the difference between t.he mean now conv!"rt.io n and total dilfusion of 
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fluxes). The obtained algebraic expressions can be reduced again to the form of 
equations (13) in which the turbulent Prandtl-Schmidt numbers uj- and u~ be
come variabie in terms of the therm al- and species "buoyancy parameters", Br 
and Bs respectively, i.e.: 

0'' 
q, 1 + <1>7 (Cr- <PrJB-r- <~>7 CTBs ( 14) T <Pr I+ <P (<Pr Br- <Ps Bs) 

(T~ 
<I> 1 +<P's (C's- <Ps)Bs- <P's C1-Br 

( 15) 
<Ps 1 + <P(<Pr Br- <Ps Bs) 

where 

Br =go (~r 8T er 8S 8z 
Bs = -g {3 - -:- ( 16) 

E 8:: 

and Q;, <Pr , QJy, <Ps and <P's are the additional ernpirir.al coefficients specified in 
Table I. lt should be noted that all the coefficient appearing in the equations 
describing th e thermal field have been optimized earlier with referente to pure 
therma.l convect.ion (e.g. Hanja.lié and Vasié [4]). Due t.o scarcity of ex perilllental 
or ONS data for isot.hermal flows driven by n1a.>s-buoyancy by unstab le concen
tration stratification, the coefficients in the concentratiou equations could nol. be 
deterrnined independently. It. was expected that a full analogy exists between 
the t.wo scalar ficlds, save for Pranti/Schmidt numbers. However, an attempt to 
usc thP same coefficients in analogue terrns in the species concentration equati
ons resulted acceptable agreement only for some cases c.onsidered, but failed to 
reproduce those at the edge of stability of the interfacial layer, resulting inva.ria
bly in th(' flow laminarization. Better results were achieved with the adjustment 
of t.he coefficient Cs2 which was asigned 0.9 (as compared with Cr2 = 0.6). In 
a.ddition, t.he coefficient with the new souree term in the dissipation equation C', 4 , 

was det.ermine on the basis of testing the presen t model against a double diffnsive 
experirnent.s described later. 

Altlwugh t.he expressions (13) irnply at. first sight t.hat t.he turbulent fluxcs will 
tend to zero if t.he mea.n profiles of t.emperature and con centraLion are close to uni
form , it shonld be poinLed out. tha.t. t.hese gradients apJW31' both in the nominat.ors 
and denominators of the expressions for O"j- and u~. Hence. even small values of 
these gradients make a sufticient contribution and increase substa.ntially the t.ur
bulent excl1ange coefficient J.!t and, as will be slwwn later, secure reasonably good 
predict.ions of both the temperature and con centration field in the mixed layers. 

The coefficients in t.he equat.ions have t.he following values (in acidit.ion to the 
st.andard coeflicien t.s for the isotherm al flows) c~ = 0.09, C, I = 1.44 ' (:,'2 = 1.92 
and u, = 1.3: 

TABLE I. 

0.8 1.2 1.6 0.6 0 () 0.22 0.33 0 155 
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3. Results and Discussion 

In order to demonstrate the predieLive ability of the considered model , but also to 
optimize the new coefficient C,4 we have selected the ex perimental results of Berg
man , Incorpera and Viskanta [5] in which an initia lly isothermal, almost-linear, 
salt-stratified, 180 mm deep water solution, placed in a square container , was hea
ted from below . The initia! stratification was achieved by filling the container wi th 
several layers of solutions of different concentrations (in decreasing sequence from 
botlom t.o top) and left for few days until the molecular dilfusion smoothed the 
step-like conct>ntration profil e in to the almost. li nea r one. 

Heat supplied at. the botlom will cause unstable stratification in the lower layer 
which wil! be opposed by the stabiesal t con centration gradient . Hence the stabili ty 
of the formeel mixed layer and it.s growth wil! depend on t.he ratio of the heat flux 
q a nd the concentratien gradient. 85/fJz. Bergm a n el nl. [5] a nd [6] defined a 
nondimensional st.ability parameter as 

X= Ra.r = crqb 
Ra.s >.f](àS/D:) 

(17) 

and perfornwd a series of experiments fo1· different values of X . Hert> Rnr and 
Rns a re the temperatme- aud concentration Rayleigh nurnbers 1. Vie have seleçted 
three different experirnent.s (No 's 2,!) and 7) correspouding to the X parameter of 
0 .11 2, o.:lG9 and 0.825 . The conesponding concentrat.ion gradients are - 19.1, -5.8 
a ud -29.:1%/rn and th f botlom heat. flux qb= 40, 40 a nd 450 W /m 2 respectively. 

The first parameters to be discussed det.ennine the dynamics of the growt.h of the 
botlom mixed layer. We consi<ler first the variatien of the layer t.hickness h [mru] 
with time r for three different va.lues of the stability parameters. After presenting 
data in h 2 - T plot it was found that for all three considered cases, bath the 
exper imrnts ancl the predict ions foll ow a quadratic relationship of the form 

h 2 = 1\(.Y) r+ b (18) 

As could be expect.ed, t he mixed laycr grows fast.er in time with a n increase in 
t.he bottom heat flu x or with a deercase in t.he concent ration gradient. Hence t he 
slope of cach individua l curve increases with the stability pa rameter X and, as 
seen in Figure 2, t.his relationship is al most. linear so that h2 /X plotled against 
time collapse al mostinto one line, (except. forsom e experimental and cornpu tatio
nal scat.t.er) . This findings confi rms the earlier theory of the mixed layer growth 
of Turner [7], which was partially substantiat.ed by his own experiments. The 
const ant. b in the equa tion has a sma.ll va lue and it.s appearancr is probably a con
sequcnce of incomplete adequacy of the farm of the relat ionship ( 18) . The present 
predic.t.ions agree particularly well for the two ex periment.s with sm a ll s tability pa
ranwt.er, while in the case of the experiment No ï, where the stability pa rameter 

1Tumer [I) . [7), used t.he ratio of density differeuce acro" ti.~ diffu,ive iuterfilC" du~ 
to Sil.li11it.y a ud t.<:mpe<il.I-III'C, R., = JJC::.Sf(cr6T) a.s " , t.>tbilil y paramete r. 
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is close to its upper limit, t.he agreement is somewhat poorer. Still the overall 
agreement coulcl be regarcled as satisfactory. 

Figure 3 shows the variation of the temperature (not normalized) in the mixed 
layer against time. Again both, the e.xperiments and predictions follow a similar 
( quadrat.ic.) dependence, ~T;;, <X r, but the agreement between the measured and 
predieteel slopes is satisfactory only for the experiment No 5 which corresponds 
to the minimum concentration gradient considered. The disagreement might be 
attributed to several factors, first of all to inadequacy of the employed model and 
to the treatment of t.he bott.om boundary conditions. However , the disagreement 
in Figure 3 is perhaps overemphasized by the way the data are plotteel and due to 
the fine resolution of the quadrati c ternperature scale. As could be seen in Figu re 
4, the comparison of the evolution of the temperature pmfiles in time shows much 
better agreement. Analogous plot of the evolution of the concentrations in the 
mixed layer will nol be presenteel since the paper cited did nol. present measured 
data . However. t.he moelel yielded also the quadratic form of the relationship 1.e. 
s~, <X T, as found by Turner. 

55 

50 
45 

"' 40 
1= 35 u 

x 30 

~ 
25 

20 

15 
10 

5 
0 

exp2-
exp2 • 
exp5 ··· ··· 
expS + 
exp7 - ·-·
exp7 " 

2 3 4 
Time (hour) 

5 

Figure 2. Time-evolut.ion of the mixed 
layer height ; symbols: measurement.s. !i

nes: predict.ions 

1200 .--.--.--..---.,.---....----, 

1100 

1000 

900 

AOO 

700 

600 

500 

exp2-
exp2 • 
exp5 ..... 
expS + 

exp7 x0.5 -·-·
exp7 x0.5 " 

2 3 4 
T1me (hour) 

Fig111·e 3. Time-evolut.ion of thc mi xed 

layer tempcrat.ure; symbols: measure
ment.s. line~: preclictions 

We turn now to another set of experimental da t.a of Bergman, lnnope1·a and 
Stevensou [SJ. An initia!. step-like salinit.y profile wit.h bot.tom layPr of uniform 
salinity toppeel by fresh water layer of eqnal dept.h W<t-' lcft. for 26 h011rs to diffuse 
molecularly, and then subject.ed t.o bot.t.om heating with a uniform heat. flux of !)00 
[W /ml Figure 5 shows t.he evoh1t.ion of the concent.r<tt.ion profiles in time due to 
the molecular diffusion. 
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The experinwnt.a.l curve for r = 20 [hr] agrees well with computat.ion as could be 
expectl'd , sine<" only molecular tn•nsport occurs. However, more important fin
dings ar(" shown in Figmes 6 and 7 wit.h comput.ed tempera.I.ure and concentration 
profdes in several subsequent time instants when t.he transport in the bottorn layer 
becomes fully turbulent. Again , for comparison, exper imentally obtained curves 
for r = 5 hr (after the onset. of heating) were plott.ed on both graphs showinga 
reasonable agreement. (note a fine resolntion of the temperature and concentratien 
sca.les}, demonst.rating tha t the employed model could be regarcled as satisfactory. 
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Fina lly, we consider a case with two fully tmhulent 111ixed layers separa t.ed by 
a sharp diffusive interface, as explored expcrimentally in the pioneering work of 
Thrner [I] . In comparison with the previous case. hoth t.he upper and lower layers 
were madE' t.mbulent by mechani ca! st.irring, (repeat.ed dming experiment until the 
convenion in the upper layer was est.ablished) , while the interface wa<> artificially 
maint.ained for a perioei of time by inserting a thin sheet. between the layers. 
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In order to sim u late such an experiment we started computations with high levels 
of turbulence in each layer, but artificially fixed zero value of turbulence kinet.ic 
energy at. the mid point of the diffusive interface (this restrietion was removed 
after the process evolved for some time). The computations carried out for a 
series of different initia! density differences between the two layers showed expect.ed 
behaviour as could be seen from a sample of results presented in Figures 8 to 10 
where the profiles of temperature, concentration and turbulence Reynolds number 
at different time instants are plotted. 
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No 

experirnenl.al dat.a are available for comparison. Howt>ver, in order t.o illustrat.P a 
kind of general agreement with measurements, in Fig. IJ we rompare the Turner's 
stability parameter (the ratio of density differences due t.o salinity- and tempera
ture) R, = .t36.S'/Ctt:!!.T versus t.he tot.al densit.y difference 6.p = o:6.T + {36.8 for 
a numhf'r of comput.ed cases with experimental data. In spite of a large scatter 
there is a reasonable agreement between the predict.e<l and measmed correlat.ion, 
in particular at small stratification. 
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4. Conclusions 

A modified version of the eddy-diffusivity k- c:, low-Re number turbulenc~ model 
is derived with variabie turbulent Prandtl-Schmidt numbers for heat and species 
in termsof buoyan cy parameters Br and Bs, by truncation of modelled differcn
tial transport equations for turbulent ftux es of heat and species. The model yields 
the predictions of the time evolt1tion of temperature-, concentration- , density- and 
turbulence field, as wellas the dynamics of some inlegral properties in double dif
fusive sa.lt st.rat.ified ponels subjeeteel to bottorn he;tt.ing, in acceptable agreenH~nt 
with several sets of exper imental data. The noodel also reprodu ces !Iu: t.inw evo
lut.ion of t.he int.egral properties (heighl. of the hot. t.orn rnixt'd layer and its bulk 
mean tempera!. ure a nd con centration) on accord with the general relationships 
int.roduccd earlier by Turner. 
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ABSTRACT 

Th is paper addresses the problem of three-dimensional numerical sim u lation of melting 
in common geometries encountered in latent starage units . Specifically, two situations 
have been studied: melting around a horizontal isotheemal cylinderand melting inside a 
horizontal isotheemal cylinder. Heat conduction in the solids, heat conveelion in the 
liquids and the Stefan equation at the interface are solved together. The enthalpy 
formulation has been used to solve the phase change problem and a step-like 
approximation to treat irregular geometries has been implemented. Both strategies allow 
the use of a simple Cartesian fi xed grid. The results presenled here pretend to be 
illustrative of the importance of a three-dimensional analyses to fully capture the 
complexity of the phenomena. The natural conveelion which develops in the liquid 
phase, aftersome critical Rayleigh number, is the main reason for the three-dimensional 
effeets. The three-dimensional effects are clearly refleeted in the solid-liquid shape. 

1. Introduetion 

Solid-liquid phase change has received a great deal of consideration due to its wide range 
of industrial applications. Energy starage talcing advantage of the high latent heat of 
some materials stands out as one of the most prominent application. The phenomenon 
is highly implicit since the solid-liquid interface is a consequence of the temperature 
field which at the sarne time depends on the position of the interface. On the other hand, 
there is a vast experimental evidence that natural conveelion develops in the liquid phase 
and plays a decisive role in the melting processas it convects warm fluid from the hot 
surface to the cold solid-liquid interface. Consequently, a multidimensional study 
becomes necessary. Till very recently most of the studies have been limited to a two
dimensional situation. However, it is quite common to find some kind of Rayleigh
Bénard conveelion (that is , hot fluid right below cold fluid) and consequently 
instahilities and three-dimensional behaviour. Until very recently the problem was 
computationally far too expensive to deal with. Nowadays, with the developing of 
superior numerical methods along with the increase in computational power makes it 
feasible to undertake a three-dimensional simulation. 

Th is paper presents some three-dimensional results in two different geometries 
common to latent starage units: melting around a horizontal cylinder and melting within 
a horizontal cylinder. The farmer case would correspond to a latent unit with electrical 
resistances as the charging system. The latter case would correspond to a latent unit in 
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which the phase Change Material (PCM) container is a horizontal cylinder which is 
heated outside by a heat transfer fluid. The solidification problem has not been study 
here because a one-dimensional model gives in general satisfactory results. The critical 
point for modeling such units is the intensification of heat transferwhen melting occurs 
due to the onset of conveelion currents. 
The results here presented do not pretend to be a parametrization of the situations, but 
rather an mustration of the importance of the three-dimensional flow pattem developed 
and how it affects to the solid-liquid interface shape. 

2. Mathematica! Formulation and Numerical Solution 

A transient and three-dimensional formulation has been implemented. The assumptions 
made have been as follows: newtonian and incompressible fluid, laminar flow, 
Boussinesq approximation, isothermal melting point and negligible density changes 
during melting. It has also been assumed that the solid core remains flXed to the end
walls, a condition which is expected to be satisfied except during the last stages of 
melting. Taking into account these assumptions and positioning the z-axis in a direction 
opposed to the gravity vector, the goveming equations are: 

V·(pv) = 0 

a(pu) + v·V(pu) =- ap + V·(11Vu) + S 
at ax u 

a(pv) + v·V(pv) =- ap + V·(J..LY'v) + S (1) 
at ay v 

il(pw) ap 
at+ v·V(pw) =- az + V·(j.LVw) + pgp(T-T.,) + Sw 

il(pH) + v·V(pH) = V·(kVT) 
at 

where H is the mixture enthalpy defined as: 

(2) 

If the enthalpy is considered a function of temperature alone and the latent heat of fusion 
is taken as constant (Voller, 1991): 

H = (1-0 JTT c,dT + f~T c1dT + 0., 
rcr rd 

The energy equation can be more conveniently expressed in terms of temperature as : 

il(pcT) af 
--+ v·V(pcT) = V·(kVT) -oH-

ilt ilt 

where oH is a latent enthalpy defmed as: 

SH=p(c1-c,)(T-T rer> + pÀ 
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These partial differentlal equations have been solved using a parallelepiped control 
volume with a fini te volume discretization methad and a staggered grid arrangement. A 
segregated SIMPLE-Iike algorithm has been used to uncouple the goveming equations. 
In particular both the SIMPLEC and SIMPLEX algorithms have been employed (Van 
Doormal et al., 1985). The souree term in the energy equation has been made consistent 
with the temperature level through the value of the localliquid fraction; a predietor
corrector procedure proposed by Swaminathan and Voller (1993) has been employed. The 
souree term in the momenturn equations (Su, Sv and Sw) are for driving the veloeities to 

zero in the solid phase. The first order Power-Law scheme has been used (Patankar, 
1980); the second-ordercentral d.ifferencescheme has also been tested without obtaining 
any difference. 

2.1. HANDLING OF IRREGULAR GEOMElRIES 

The present approach is basedon a control volume formulation with a structured grid so 
that standard and rapid salution algorithms can be applied to solve the system of 
algebrak equations. However, a structured grid imposes restrictions on the geometry and 
requires the application of boundary fitled coordinates. In this paper the handling of 
irregular geometries has been done by solving the goveming equations in a Cartesian 
grid matching the geometry with a step-like formulation . This formulation has been 
proved to give good results even when applied to highly irregular geometries like, for 
example, the natural conveelion inside a horizonlal annuli, Cosla (1993a). 

2.2 CODE VALIDA TION 

The software employed is an extension of a previous two-dimensional code which has 
been thoroughly validaled (Costa, 1993a). In the same way as its counterpart in the two
dimensional studies, the situation which has received most attention in the numerical 
three-dimensional studies is the case of natural convection developed in an air-filled 
cubical enclosure, which is heated differentially at two vertical side walls. For this 
situation, the overall Nusselt numbers have been compared with those of Fusegi et al . 
(1991) for different Rayleigh numbers and grid densities, as can be seen in Table 1. The 
discrepancies observed in this table are within an acceptable margin of error; the 
maximum relative errorbetween the results of Fusegi et al. and the present results with 

!he finest grid and for the case of Ra= 104 is of 2 %. 

TABLE 1. Comparison of !he overall numerical Nusselt number in a differentially 
heated cavity for different Rayleigh numbe!"S, Pr = 0.71. 

Overall Nusselt Number Rayleigh Number 

!03 104 105 1o6 

3D cavity. Fusegi et al. (1991) !.085 2.100 4.361 8.77 
3D cavity. Present results (20*20*20) 1.072 2.058 4.456 9.373 
3D cavity. Present results (40*40*20) 1.071 2.056 4.366 8.823 
3D cavity. Present results (60*40*60) 1.071 2.054 4.346 8 .69 

Moreover, the melting code has been tested for the situation of melting from a 
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horizontal wall with different PCM's. Th is last situation is the most stU<lied in the 
solid-liquid field. Although nat indicated in this paper, the numerical and experimental 
comparison for that case has been very satisfactory (Costa, 1991). 

3. Melting Around A Horizontal Cylinder 

In this situation the PCM (Phase Change Material) is located around an isothermal 
horirontal cylinder which has a diameter of 1.53 cm and a length of 2.5 cm. Initially, 
the PCM (n-octadecane) is solidat a temperature 0.01 oe below the melting point (27 .5 
°C). During the simulation period the cylinder surface is kept at 38.77 °C while the eOO
wall surfaces are kept adiabatic. Symmetry conditions have been applied nat only at the 
middle of the 'y' direction but also at the middle of the span direction 'x'; so only a 
quater of the full domaio has been analyzed. The grid used has been 32*40*80 points in 
the x,y , and z direction respectively (see Fig. 1 and 2 for the position of the axis).The 
time step has been 1 s. The non-dimensional governing parameters of the problem 

presenled are as foUows: Ra=1o5, Ste=0.1 , Pr=56.9 and Sc=t0·4 (the reference length is 
the radius). 

The velocity field and isotherms of the numerical simulation after 10 min are 
depicted logether using a mirror image. Figure 1 represents a longitudinal view in the 'x
z' symmetry plane while figure 2 represents a frontal view in the 'y-z' symmetry plane. 
From figure 1, it is observed that the three-dimensional effects appear clearly at the top 
of the domaio and particularly near the end-waUs while at the bottorn the phenomenon is 
two-dimensional. The circulation pattem of the case here presenled consist of one main 
vort ex which goes upward at the top, descends following the solid-liquid interface and 
ascends following the cylinder surface. The flow, however, is not anached to this general 
circulation pattem but strips away to make the circulation smaller (see figure 2). 
Moreover, in the top region this general circulation is not confined in a frontal plane but 
moves longitudinally (in the 'x' direction). 

Finally, it is worth mentioning that, for the present non-dimensional goveming 
parameters, more than one salution can be found depending on small numerical 
perturbations (cylinder surface approximation, grid density, etc.) driving the intelfa.ce 
shape to a differentshape. The salution presenled here correspondsto the one obtained 
experimentaUy (Bathelt at al., 1980). Th is phenomenon of different solutions has been 
reported as well in natura! conveelion in horizontal cylindrical annuli {Cheddadi et al, 
1992). 

A direct practical derivation, from the results presented, to a latent heat unit is to 
locate the hot cylinder always at the very lower part ofthe PCM container; in this way, 
the melting by conduction below the cylinder which takes place at the end would nat 
reduce significatively teh overall melting time (charging period). 
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Figure 1. Velocity field and isothenns in the x-z symmetry plane at time 600 s. 
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Figure 2. Velocity field and isothenns in the y-z symmetry plane at time 600 s. 
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4. Melting witbin a Horizontal Cylinder 

In this case the PCM is Jocated inside an isothennal horizontal cylinder which has a 
diameter of 3.2 cm and a lengthof 5 cm. lnitially, !he PCM (n-octadecane) is solid at a 
temperature0.5 oe below !he melting point (27.5 °C). During !he simulation period !he 
cylinder surface is kepi at 42.5 °C, while !he end-wal! surfaces are kept adiabatic. 
Symmetry conditlans have been applied nat only at !he middle of !he 'y' direction but 
also in !he span direction 'x', !he grid used has been 30*50* 100 points in !he x, y, and z 
direction respectively (see Fig. 3 for the position of !he axis). The time step used has 
been 0.125 s. The non-dimensional governing parameters of this problem are as 

follows: Ra=l.53 106, Ste=0.133, Pr=56.9 and Sc=0.004 (the referencelength is !he 
radius). 

A comparison of the three-dimensional simulation with available experimental 
results has been done in Fig 3. Only !he frontal plane has been drawn, as it is !he only 
one that a longitudinal picture can be seen. Although there is not a complete agreement 
on the liquid fraction at that time, !he comparison of the solid-Iiquid interface shape is 
fairly good. The results of differentspan planes corresponding to a three-dirnensional 
sim u lation are presenled in Fig. 4. The present results have been obtained entering !he 
value of viscosity at 40 °C; it has been observed that !he results are very sensitive to 
that value. From fig. 4, it becomes clearthe variation of !he flow pattem at !he different 
planes depicted. These differencessuggest an important three-dimensional flow, and they 
are relleeled in !he different solid-liquid interface shapes obtained. Notice that !he solid
liquid interface at the bottorn changes progressively from a sharp shape in the end-wall 
(in x=O) to a concave shape (in x=l/2 L/2) and finally becomes flat in !he symmetry 
plane (x=L/2). 

Figure 3. Comparison at time t=600 s of the numerical three-dimensional melting front with 
the experimental one obtained by Ho and Viskanta (1984) from a longitudinal picture. 
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Figure 4. Velocity vector and interface results in the y-z planes indicated above at time 1=600 
s. (L/2 is the length of the domain analyzed). 

S. Conclusions 

In the present work, a three-dimensional simulation of melting in two different 
geometries has been done. The cases studied correspond to melting around a horizontal 
cylinder and melting within a horizontal cylinder. Both cases have direetapplication to 
latent slorage units. The source-based enthalpy method which allows the use of a fixed 
grid and a step-like surface approximation has been applied. For the two cases studied, 
the natural conveelion in the liquid phase plays an important role as it conveys hot fluid 
to the cold interface. The conveelion established nol on ly accelerates the melting process 
but also drives the solid-liquid interface to an specific shape. Three-dimensional 
behaviour has been numerically detected in both situations. The numerical results have 
proved to be quite sensitive to very small variations of some en try data (physical 
properties, surface approximation ... ) which is a refleetion of the physical instability of 
the natural convee !ion. The high time consuming of the three-dimensional cases is still 
a major drawback to carry out a full parametrization. Nevertheless, the results of the 
present paper stresses the needof a three-dimensional simulation to fully reproduce the 
phenomenon and eventually to carry out an accurate design. 
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7. Nomendature 
c specific heat capacity Greek letters 

liquid fraction a therma1 diffusivity 

g gravity acceleration ~ thermal expansion coefficient 

H mixture enthalpy À latent heat 

k thermal conductivity J.l dynamic viscosity 

p pre ss ure V kinematic viscosity 

Pr Prandtl number (jJ. elk) p density 
R cylinder radius 

Ra Rayleigh number g ~(fw-Tm)Rltalv subscripts 

s souree term c cold 

Sc Subcooling parameter c1(fm-Ti)/À. h hot 

Ste Stefan number cs(f w-T m)/À. initia! 

t time liquid 
T tempersture m melting 

To reference temperature ref reference 

u~v,w cartesian velocity components solid 
V velocity vector 
x.y.z cartesian coordinates 
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NUMERICAL AND EXPERIMENTAL INVESTIGATIONS OF 
PCM SOLAR WALL 

UROS STRITIH - PETER NOV AK 
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ASkereeva 6, Ljubljana, S!ovenija 

Abstract-In this artiele we present a solar wal!, which absorbs solar energy into black 
paraffin wax which is an example of phase change material (PCM). The stored heat is 
used for heating the air for the venti/ation of the house. The results of numerical 
simu/ation for melting and solidification of the PCM are compared with experimental 
data. The operation of the wal! with optima! characteristics is also presented. 

1. INTRODUCTION 

The use of the phase change materials, i.e. materials which change their aggregate 
state and thus receive and emit heat (PCM), has been increasing lately. Utilization 
of the latent heat is one of the most efficient means of heating due to a high 
capacity of heat starage at a constant temperature of the starage medium, as is 
shown in Figure 1. 

Storage 
temperature 
(K) 

Amount of stored energy (kJ) 

Figure 1. Temperature characteristics of a heat starage tank 

Acids, salts and paraffins [1] are the most important representatives of PCM. The 
choice of material is based on their properties on the one hand and the 
requirements on the other. Paraffins, as phase change materials, exist in the form 
of waxes at the ambient temperature. Their chemica! structure is a straight chain 
of hydrocarbons with little branching. Black paraffin with a melting point of 30°C 
[2] was used in the investigations. 
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2. WALL CONSTRUCTION 

A facade construction designed for storaging the heat of solar radiation falling on 
the absorber plate with PCM was developed in the Labaratory for Heating, 
Sanitary and Solar Technology at the Faculty for Mechanica! Engineering in 
Ljubljana [2],[3],[4]. The wall consists of six main components (Figure 2): 

I 

-0-
/ 1 " 

INSIDE OUTSIDE 

6 5 4 3 2 1 

Figure 2: Elements of PCM solar wall 

The wall construction operates on the following principles. Short-wave solar 
radiation passes through glass with TIM (Transparent Insulation Material) (1,2) 
which at the same time prevents convective and long-wave radiation heat transfer 
losses. Black paraffin wax (3) in a transparent plastic casing made of polycarbonate 
absorbs and stores energy mostly as latent heat. The air for the house ventilation 
is heated in the air channel (4) and is led into the room. Insulation (5) and 
plaster (6) are standard elements in the room. 

The characteristics of used PCM are presented in . Table 1 [5]. The optima! melting 
point of 25-30°C and the thickness of panel (50 mm) were achieved by simulation. 

TABLE 1: Characteristics of used PCM 

QUANTI'TY VALUE 
melting point 25-30 'C 
oil contain 5,5% 
viscosity 1,9*10"6 m 2/s 
density 850 kg!m3 

latent heat 150 kl/kg 
specifi.c heat - solid 2,1 kl/k.gK 
specific heat - liquid 2,4 kl/kgK 
conductivity - solid 0,2 W/mK 

conductivity - liquid 0,15 W/mK 
absorbtion coefficient 0,95-0,97 
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3. mEORETICAL AND EXPERIMENTAL RESULTS 

Numerical simulation is based on the finite difference model. The panel with 
paraffin is divided into m*n control volumes (Figure 3): 

1 
Figure 3: Division of panel with PCM 

The conventional conservation law 

& oifl 
p-+-=0 

t3t àc 

with boundary conditions 

G(/)- ifJ Loss (I) =-À, OT~, f) 

are reshaped into discrete forms by the enthalpy formulation [6]: 

y z 

lix 

(1) 

(2) 

(3) 

(4) 

The time interval of simulation must be calculated from the following equation: 

L1t2 
Llt < ~ 

- 2amax 

Heat transfer in y direction is neglected. 
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The model is written in FORTRAN language as a TYPE58 subprogram which is a 
module for the program package TRNSYS for the simulation of solar systems. 

The results of the simulation are compared with the experimental results. 
Experiments were made in the Labaratory under artificial solar light. The 
temperature compared with the simulation was measured in the middle of the 
panel. The results are shown on Figures 4 and 5 in dimensionless forms. 
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Figure 4: Theoretica! and numerical results for PCM solar wall (melting) 
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Figure 5: Theoretica! and numerical results for PCM solar wall (solidification) 

The results of the simulation showed that the thickness of the panel dictates the 
amount of stored heat as sensible or latent and that the melting point of the 
PCM has an influence on the output air temperature. The analysis gave the 
optimum thickness of 50 mm and the melting point a few degrees above the room 
temperature. 
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4. OPERATION OF THE SOLAR WALL 

A prototype of the solar wall was investigated experimentally. 60 kg of paraffin in 
the panel with dimensions of 0,8 x 1,8 m was melted with solar energy. The 
calculation showed the efficiency at 79 %. After that the outdoor air was led into 
the wall construction. In Figure 5 temperatures of the panel, as well as 
temperatures of input and output air, can be seen. Temperatures of the panel 
were measured in the bottorn (a), in the middle (b) and at the top (c) of the 
panel. 

OPERATION OF PCM SOLAR WALL 
G=OW/m2 V=lOm'/h 

35 ..,..----------------------1-<>-Tin 
-o-Tout 

0 20 40 60 

Time (h) 

80 100 

Figure 5: Temperatures of PCM solar wall 

120 

The result is solidification of paraffin from the bottorn to the top of the panel 
which gives a relatively constant temperature of the output air (Tout). After 3 days 
of operatien (72 hours) the whole panel is solid and the temperature of the 
output air is intensively falling. 

6. CONCLUDING REMARKS 

The solar wall has a lot of advantages over other systems: 

• The high efficiency of conversion solar energy into latent heat is absorption of 
solar radiation directly into paraffin through transparent plastic glass which at 
the same time is an insulation material that prevent convective and radiation 
Jasses into the surrounding. 

• Heat starage as low exergy also decreases lost heat and causes less failure on 
the wall construction in comparison with ex:isting systems (Trombe wal!) because 
the temperature of the wal! is not so high. 

• Conductive heat losses from the room are also decreased on the surface where 
the wal! is situated because the solar wall has the temperature over 20°C. 
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Things that should be improved: 

• To prevent burning of paraffin wax some additives should be searched and 
added into phase change materiaL 

• Heat transfer between the panel with PCM and air flow should be increased. 
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NOMENCLATURE 

a = thermal diffusivity 
h = specific entalphy 
t = time 
T= temperature 
x = length coordinate 

Greek symbols 

p = density 
À= thermal conductivity 

<I> = heat flux 
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The MULTIPORT store model was developed to describe the thennal behaviour of hot water 
stores as used in solar healing systems. Since hot water stores show a large variability, the model 
was designed to cover a wide range of different constructions and different physical effects, such as 
heat loss to environment, charging and discharging via heat exchangers and by direct exchange of 
the fluid, degradation ofthennal stratification due to mixing during stand-by and draw off etc .. For 
validatien the results of calculations carried out with MUL TIPORT are compared with analytica! 
solutions and measurements. 

l. Introduetion 

Solar water healing systems usually include a short tenn thennal store. This can widely change in 
size and outfit according to operation, demands e.g. The store can be charged in a direct way or via 
heat exchangers. The heat exchangers can have smooth or finned tubes, they can be inside 
(inunersed) or around the tank (jacket) . For charging in a stratified way, certain devices can be 
used in combination with the irnmersed heat exchangers and the direct inlet connections. An 
electrical healing element can be placed inside the store. For direct charging and discharging there 
are often several connections required, as e. g. for an extra circulation loop. 

Up to now most of the common stores used in sol ar healing systems in Europe could not be 
implemenled in TRNSYS 1 /1 /, since no adequate store model was available. Therefore the 
MULTIPORT store model for TRNSYS has been developed. 

The simuiatien of the thennal behaviour of sol ar water healing systems or hot water stores, is 
important due to the following aspects: 

1 TRNSYS is a computer program which is used commonly for the dynamic simulation of sol ar heating systems 
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• The components of a solar water heating system have to match. System simulations should 
help to select appropriate components. 

• The thermal performance also depends on the weather data and the load profile. To assess the 
thermal performance for different operating conditions, system simulations save real system 
tests. 

• For the determination of the parameters necessary to describe the thermal behaviour of 
systems and components, test procedures, combined with an evaluation procedure based on a 
modeland a parameter identification algorithm, are comrnonly used /2//3/. 

All aspects, especially the last one, require simulations. Developing mode Is for TRNSYS results in 
a compromise between detailed modeHing of physical phenomena and acceptable computation 
time. The goal of our MULTIPORT store model (TRNSYS Type 74) is to describe the influence 
ofthe different physical effects on the thermal behaviour of a store, without modelling this effect in 
detail. This concept is presenled by using a typical German solar dornestic hot water store as an 
example. 

2. ASolar Dornestic Hot Water Store 

There are three major tasks of a store used in a solar dornestic hot water system. First it has to store 
the solar energy delivered by the solar collector during the day, for consumption in the evening or 
next moming. Since during the tapping of hot water a large thermal power is required, the second 
task is to accuroulate the energy provided by heat sourees with relatively smal! power, i. e. 
electrical healing elements. The third taskis to prevent turning on an extemal heat souree i. e. a gas 
or oil bumer, when only little energy is tapped. 

The average dwelling period of energy inside the store is 0.5 to 1.5 days. Hence a store of a solar 
dornestic hot water system is a short term thermal store. 

@ Thermal energy coming from the solar collector is often 

-:p;.;;..:-:u:..::~::;_'~4..;: transferred to the store by a fluid consisting of a mixture 

Figure 1: Typical German SDHW store 

of water and antifreeze. This is separated from the tap 

water <D in the store by an irnmersed heat exchanger <6l, 
which is mounted at the lower part of the store. The 

annual hot water demand cannot fully be covered by 

means of solar energy and an auxiliary heater is needed, 

e.g. an internat electrical heater a> or a second heat 

exchanger @), which is conneeled to the house healing 

boiler system. In order to provide the availability of hot 

water ® right after opening the tap, a circulation loop 

can be used. The water coming back in the circulation 

loop is only cooled by a few degrees, it enters the store 

at ~ in the auxiliary heated part. 
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2.1 STORE PARAMETERS 

In order to describe the thermal behaviour of a SDHW store during operation in a solar water 
heating system with MULTIPORT, the parameters of the store have to be known. The most 
important store parameters shall be briefly described in advance: 

<D The volume orthermal capacity ofthe entire store, respectively, represents the usabie heat 
capacity of the store. lt includes the heat capacity of the material used for the tank and the heat 
exchangers. 

~ The solar loop heat exchanger is specified by its position and fluid content as wel! as its transfer 
heat rate capacity depending on the mass flow through the heat exchanger, the temperature 
difference between heat exchanger and store and the temperature level. 

a> The intemal electrical heater. lts most important parameter is the position inside the store. 

® The auxi liary heat exchanger is specified by its position and fluid content as well as its 
transfer heat ra te capacity. The most important parameter is the height of the lower 
conneetion of the auxiliary heat exchanger, because the part of the store above the auxiliary 
heater is on high temperature most of the time. 

<3> The in let position ofthe circulation loop. 

® The loss heat rate capacity indicates the heat loss rate from store to ambient per Kelvin 
temperature difference. Si nee the heat insulation var i es for different parts of lhe store, 

different heat toss rate capacities have to be used. 

Ij) The effeclive vertical conduclivity is a parameter descrihing the degradation ofthermal 
stratification during stand-by. The physical phenomena ofheal conduction in the water and the 
roetal wal! and conveelion in the water are lumped logether in this parameter. 

® A parameter descrihing the degradation of thermal stratification during direct discharge. Th is 
parameter could either be a thermal conductivity that is switched on during discharge or the 
number of vertical nodes if a fixed node model is used. 

2.2 DETERMINATION OF THE STORE PARAMETERS 

In principle there are two different ways for the determination ofthe store parameters: 

• Estirnation of the parameters based on the design of the store and the technica! documents 
provided by the manufacturer. 

• Thermal testing ofthe store and identification ofthe parameters as described in /4/ or /5/. 

In order to delermine the parameters according lo the first way, it is necessary to use a model that 
is predominantly based on real physical parameters instead of model parameters. The parameters 
required by MULTIPORT can be considered as physical parameters, except the parameter 
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descrihing the degradation of thermal stratification during direct discharge and partly the effective 

vertical conductivity. 

The determination of the parameters according to the second way results in a more accurate 
description, since the real thermal behaviour of the store is taken into consideration. However, this 
way requires the thermal testing of the store. 

3. Theory of MULTIPORT 

The Multiport store model provides 16 connections (ports) for transferring energy in or out of the 
store. The store cao be directly charged and discharged with a maximum of five inlets and outlets, 
which are respectively conneeled (double ports). 

For indirect charging and discharging a maximum of three immersed heat exchangers can be used. 

With an equation given in /6/, the transfer heat rate capacity between these heat exchangers and the 

store cao be specified individually for each heat exchanger as a function of the mass flow through 

the heat exchanger, the temperature difference between heat exchanger and store and the mean 

local temperature. 

Both, the heat exchangers and the double ports, cao be used to charge the store optionally in a 

stratified way. The flow directions through all components cao be chosen individually up- or 

downwards. 

The vertical position of all in- and outlet connections of the double ports and heat exchangers cao 

be specified by relative heights, which are related to the absolute height of the store. 

The electrical auxiliary heater is controlled by an internat thermostat. The heater is switched on if 

the temperature of the thermostal is equal to, or smaller than a selected temperature s •• ,. It is 

switched offifthe temperature ofthe thermostal is equal to, or greater thans •• ,+ t.Sdb• where ilSdb 

is the deadband temperature of the thermostat. 

Inversion inside the tank, which means dS/dz < 0, is removed by local conveelion resulting in a 
meao temperature. 

In order to achieve independenee of the results calculated by MULTIPORT from the TRNSYS 

time-step, intemal time-steps are used. Based on the present operating conditions of the store the 
duration of the interna I time steps is determined with re gard to: 

• numerical stability and prevention of numerical dispersion 

• switching the electrical auxiliary heater at the appropriate temperatures 

• keeping the errors which occur in the calculated transferred energies due to the analytica! 
mixing procedure within a specified range. 

The following simplifications were used: 

The store tank and the heat exchangers are assumed to be isothermal in horizontal direction. The 

temperatures inside the store tank and in the heat exchangers are calculated as a function of the 

store height and time. Hence, regarding the tank or the heat exchangers, the model can be 

considered as one-dimensional. 
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3.1 NUMERlCAL MODEL 

The MUL TIPORT store model is based on a finite difference method. As shown in Figure 2, the 
fluid inside the tank and in the heat exchangers is assumed to consist of a discrete number of 
completely mixed volume segments (nodes). 
The energy balance for each node of the tank Q=2) is represented by equation (I). The Ie ft-hand 
side describes the change of internat energy with time. The heat transport caused by the mass flows 
through the five double ports is represented by the fust sum on the right-hand side. Mass flows 

from bottorn to top are regarcled as positive and those 

N u_ ___... 

-~; 

.< 

'-.~ ; 
. -

-
-

-

auxiliary 
heat er 

heat 
exchanger 3 

tank 

heat 

downwarcts as negative. The auxiliary heater is treated as an 
intemal heat source. The heat transfer between nodes of the 
heat exchangers and the tank node is described by the third 
and fourth term. The fifth term represents phenomena which 
can be described by using an effective vertical thermal 
conductivity. The last expression considers the heat toss to 
the ambient. -5 exchanger 2 

~ 

3 . ' ' 
2 

1 L....:. ' -

Figure 2: Discretization scheme of 
MULTIPORT 

The logica! switches I;; are used in the following way: 
1;1= I if mdp > 0, otherwise 1;1 = 0 

1;2= I if mdp < 0, otherwise Ç2 = 0 

1;3= I if node i ofthe tank is in contact with node i 
of heat exchanger I, otherwise Ç3 = 0 

Ç4= I if node i ofthe tank is in contact withnodei of 
heat exchanger 2 (index x=2) or 3 (index x=3), 
otherwise Ç4 = 0 

C, d9;,J ~ . [ ( ) ( )] Q,, (UA)hl ,s ( ) -·--=L...md ·c · Ç1· 91-1,2-9/,2 +Ç2· 91.2-91+1,2 +~+Ç3·--- - 91,J-9i,2 
N dl p=l P p,s n'"' nhl (I) 

" (UA)""·' ( .9 .9 ) A [( ) ( )] (UA\ •. • ( ) +~.·---· 1)- 1,2 +Àerr·-·N· .9i+l2-.9i2 + .91_ 12-.9i2 ----· .9;,2-[}am 
nh, » Z , , , , ""'·" 

The energy balance of a node of a heat exchanger is given by equation (2). Indices are for the first 
heat exchanger x= I andj=l, and j=3 for the second heat exchanger (x=2) and third (x=3). 

C~a d8,_1 . [ ( ) ( )] (UA)hx,s ( ) (UA)hx, ( ) -·----"'-=m~a·c ~a· Ç5 · 8-_ 1 -8 1 +Ç6 · 81 --8- 1 · +---· 812 -81 · -~· 81 --8 
nhx dt p, , ,J '· ,J H ,J "nx . .J n~u; ,J am 

(2) 

with: Ç5= I if rilhx > 0, otherwise Ç5 = 0 Ç6= I if rilhx < 0, otherwise 1;6 

The solution of this type of differential equations by means of frnite differences is wel! known 171. 
In order to ensure numerical stability the transient Crank-Nicolson formulation is used, which 
results in a set of N x 3 coupled equations for the determination of all temperatures. The structure 
of the equation set depends on the store configuration as wel! as on the operating conditions. 
MUL TIPORT includes an iterative and two direct equation sol vers. The appropriate equation 
solver is selected with regard to numerical accuracy and computation time. 
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4. Validation ofthe Model 

The goal of validating is to prove the correctness of the results calculated by the model. Since there 

are various store designs and a lot of different operating conditions which can be simulated with 

MUL TIPORT, the store model cannot be validaled in a general way. What can be done is a 

comparison of simulation results for certain cases with analytica! results or measured data. 

4.1 COMPARISON WITH ANALYTICAL RESULTS 

Since the behaviour of a real store is very complex, analytica! solutions are only available for 

simplified cases. One common simplified case is a fully mixed store without intemal heat 

exchangers. Such a store can be simulated with MULTIPORT using one tank node (N =I). 

Corresponding comparisons have been carried out, and the numerical results fitted well to the 

analytica! data. However, a fully mixed store is a theoretica! case and will never occur in reality. 

s, ... 
ril,= 600 kglh 

s2. .. = 20°C 

For checking the correct implementation 

ril, = 200kg/h 
s,,., = 90 °C 
c, = 4.18 kJ/(kg K) c, = 4.18 kJ/(kg K) 

of the heat transfer from the heat 

exchanger to the tank, the store can be 

considered as a twin tube heat 

exchanger. In the present case (Figure 3) 

it is operated as a counter-flow heat 

exchanger. Figure 3: Store considered as a twin tube heat exchanger 

For the simulation with MULTIPORT a number of 100 vertical nodes was used. The outlet 

temperatures and the heat flow, calculated in an analytica! and numerical way, are listed in table I. 

The relative error in the heat flow is, with 0.14 %, quite smal!. 
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Figure 4: Temperature profile inside the twin tube 
heat exchanger 
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TABLE I: Results ofthe analytica! and 
numerical solution 

Sol ut ion sJ .OU( [OC) 32.out [oC) 

analytica! 20,391 43,202 

numerical 20,471 43,171 

Q [kW] 

16,165 

16,142 

The temperature profile versus the length of 

the twin tube heat exchanger or the number 

of nodes, respectively, is shown in Figure 4. 

The agreement to the analytica! solution is 

good. 
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4.2 COMPARlSON WITH MEASURED DATA 

Measurements were carried out on a typical German SDHW store, as shown in Figure I. In order 
to delermine the store parameters without measurements inside the store, special test sequences 
were performed. The test sequences are designed with the purpose to stimulate the physical effects 
corresponding to the parameters to be determined. For example, in order to delermine the effective 
vertical conductivity, the store has to be hot at the top and cold at the bottom. On the basis of the 
measured data gained during the test sequences, the store parameters were determined by 
parameter identification. For more in formation see /4/. 

The test sequence used for validation consists of the following phases: 
I. Conditioning to ambient conditions 2. Charging via sol ar loop heat exchangeruntil 9hx,out = 60 oe 

3. Discharge of halftank volume 4. Charging via solar loop heat exchanger until9hx,out = 40 oe 

5. 16 hours stand-by 6. Complete discharge to arnbient conditions Sam = 20 oe 

For the 're-simulation' of the verification test sequence the measured tank and heat exchanger in let 
temperatures and flow rates as well as the ambient temperature, are used as inputs for 
MULTIPORT. Figure 5 shows the measured in- and outlet temperatures as wellas the temperature 
dilTerenee between the measured and calculated outlet temperatures. The in- and outlet 

temperatures of the heat exchanger are plotted for the charge phase (C), and those of the tank for 

the discharge phase (D). The relative difference between the measured and calculated energy, 
transferred into the store, is 1.51 %, and that of the energy transferred out of the store is -0.12 %. 

0 2 4 6 8 22 24 26 
time[h] 

Figure 5: Measured temperatures and temperature ditTerenee between measurement and calculation 
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5. Conclusions 

The parameters for the description of the therrnal behaviour of a store are presented. A store model 
for the simulation of the therrnal behaviour of different types of hot water stores is introduced. The 
correctness of the results calculated according to the model is proven by comparison with 
analytica! results as well as measured data. 
Further work will be necessary for the implementation of algorithms, which allow a more detailed 
simulation of the mixing effects due to fluid directly entering the store in a eertaio height, e. g. the 
circulation loop. 

6. Nomendature 

A cross-section area [m2] 

C heat capacity (kJ IK] 6.2 SUBSCRIPTS 

Cu specific heat capacity [kJ/(kg K)] a,am ambient 
H store height [m) au x auxiliary heated part 

m mass flow (kglh] db deadband 

n total number of occupied nodes [-] dp double port 

N number of vertical nodes (·] k number of a zone with 

Q heat flow [W] (UA) =constant 

time [s] elf effective 

(UA) heat rate capacity (WIK] hx heat exchanger 

z height (m] vertical nodal index 

z relative height (Z/H) [-] in in let 

horizontal nodal index 

6.1 GREEK SYMBOLS m mean 

!J. difference [-] out outlet 

3 temperature (C] store, tank 

À thermal conductivity (W/(mK)] 

ç logica! switch (-] 
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Abstract 

In detailed design of solar systems, a good understanding of component and system 
contiguration is important. Since system testing is expensive, several simuiatien tools, 

e.g. TRNSYS, have been developed. The purpose of simulation is to give 

recommendations about optima! system configurations. In solar systems the heat store 

is a key component for the interaction between components. For th is reason it is 

necessary that the energy balance as wel! as the stratification in the calculation model 

is the same as in a real system. The stratification is of great importance since tank 
immersed temperature controllers, e.g. auxiliary heat on/off, will be influenced by the 

ternperature ofthe slorage fluid at the height they are installed in. Reliable predictions 

for the whole system in eperation can only be made if the simuiatien model is 
validated. 

This work cernprises detailed measurements on a conventional Swedish tank system 

with immersed heat exchangers. Attention is focused on the relationship between 

logarithmic mean temperature difference, mean temperature for the heat transfer, mass 

flow and the UA- value ofthe heat exchanger. The measurements are used to validate 
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a new TRNSYS tank model, the Multiport Store Model (available as TYPE74), 

developed at the University of Stuttgart, ITW [ l]. With a validated tank model one 
can rearrange the system components in the simulation model and deduce best system 

contiguration and control strategy. The fitting of the output data from the model 

component to the measured data is accelerated by using a program for parameter 

identification, DF [2]. 

1 Measurements 

In most smaller Swedish systems integrated helical coil type heat exchangers, as shown 

in tigure l, are used for the solar Joop as well as the Joad circuits. This type is used as 
a standard heat exchanger module (serial conneeled in small tanks and parallel 
corinected in Jaeger tanks, e.g. 50m3 in Asa and 20m3 in Onsala, Sweden). Two serial 
connected fin tube helical coil type heat exchangers in the load circuit are studied. 

- 0~ 

·~-r U' 
I ~ 

= 
c • = --+-· 

~ ....,_ 
= = r 

· '·~ ----.;1"' 
~ -:~1-/ . 

0 A 

Figure I . Fin tube helical coil type heat exchanger, OUTOKUMPU 

The test heat storage is a conventional insuialed cylindrical steel tank with a volume of 

750 l Figure 2 shows the schematic of the test storage. The measurements were 

carried out in order to find relations between the UA- value of the heat exchanger, the 
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rnains in 

VT = 750 I 

Figure 2. Schematic ofthe test slorage 

mass flow, the logarithmic mean 

temperature dilTerenee (LMTD) and the 

average mean temperature for the heat 
transfer (t .. ) at the height of the heat 
exchanger. 

The logarithmic mean temperature 

difference for the upper heat exchanger 

(hx2) is calculated as 

LMTD = (l7-13),-(~6-l2) [KJ, ( 1) 
ln.Ll. 

16-12 

the average mean temperature for the 

upper heat exchanger is defined as 

(2) 

The measurements were carried out at the Dalarna University College, Sweden (3]. 

To cover a wide temperature range the tank was heated initially to a uniform 

temperature of 90°C. Thereafter the slorage was discharged with a constant flow 

through the heat excbanger modules until a temperature of 20°C was reached at the 

bottom. To delermine the influence of different flow conditions, measurements with 

three different flows rates were carried out. Figure 3 shows the tank temperatures and 

the inlet and outlet temperatures ofboth beat excbangers at a flow rate of 10 I/min . 

tank temperatures 

oL---------------------~ 
0 0.5 1.5 2 

time [h] 
2.5 

heat exchanger inlet/outlet temperatures 
!OOr-----------------------, 

80 

~60 
u 
e.....40 

0.5 

V= 101/min 

1.5 2 2.5 

time [h] 

Figure 3. Discharge sequence with a flow ra te of I 0 I/min 
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The time variation of the tank temperatures in tigure 3 gives information about the 

stratification profile during discharge. Over the height of each heat exchanger a 
temperature gradient can be seen. Between the outlet position of the lower and the 

inlet position ofthe upper heat exchanger no stratification is present which means, that 

during discharge conveelion caused by the heat exchangers occures. The inlet and 

outlet temperature of the heat exchaogers logether with constant flow during discharge 

gives in formation about the power transferred byeach heat exchanger. 

Figure 4 and 5 are showing the heat exchanger UA- value as a function of LMTD and 
tm and mass flow. The focus on the above rnentioned relations is necessary since the 
used simulation model requires LMTD, tm and the mass flow as input to calculate the 
UA- value for the heat exchanger. By comparing the diagrams it can be noticed that 

mass flow and t., (characterising the power) are influencing the UA- value. 

1.5,....--------------------, 

.. . .. . .. 
111Sp• 446 

10 Umin o •• •• ••-. ·~ 
1.0 

~ 
) 5Umm.:• • - ..... 

:::> 0.5 

. ,.... .. :_ __ . y··... " 
tr·~ 

0·0o'----~5---~~o~---~~5---~2o ___ _,25 

LMTD [KJ 

Figure 4. UA- value for the tested upper heat exchanger module (hx 2) dependent on LMTD 

Looking at figure 4 it can be assumed, that the logarithmic mean temperature has no or 

little influence on the UA- value of the heat exchanger. Considering a rnuch better 

heat transfer on the inside of the heat exchanger tube (turbulent flow) than on the 

outside (free convection) it can be expected that the conditions on the outside of the 

heat exchanger are dominating by calculating of the overall UA- value of the heat 

transfer. Taking this into account the mass flow is expected to have Jess influence on 
the UA- value than the average mean temperature (IJ. 
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1.5,..--------------------, 

~ 1.0 

! 
) 
:::> 0.5 

SI/min 

0.00':----2:':0,------:40::-----6-::0---8:"'0,------:c"IO-O 

t", [OC] 

Figure 5. UA- value for the tested upper heat exchanger module (hx2) dependent on t", 

Figure 6, which shows the variation in time, gives important additional information 

about the influence oftbe measured parameters on the UA- value ofthe heat exchanger 

module. It is obvious that the UA- value is following t", except for at the start up. Th is 

shows that t", has a dominating influence on the UA- value and that a time dependenee 

mustbetaken into account. 

100 

80 
u 
~ 

.... • 60 

g 40 
Cl 
f-
::E 20 
.....l 

0 '---41------~----~------' 0.0 
0.0 0.5 1.0 

time [h] 

Figure 6. Variation in time ofthe parameters (upper heat exchanger) 

It can be assumed that a certain time is needed to reach steady state conveelion inside 

the storage. The time dependenee has to be taken into account since this effect occurs 
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over a period which is of the same order of magnitude as for draw offs in smal! 

systems. However, from a simpte analysis no quantitative conclusion about the 

interaction between the parameters can be made. 

2 Parameter ldentification 

One metbod for determining the characteristics of the heat exchanger is to use a 

simulation model where the UA- value is described with an empirica! equation. The 

simulation model used here is, as mentioned, the Multiport Slorage Model. Before the 

work presenled in this paper was carried out the equation used to describe the UA

value included the above mentioned parameters in the form (1]: 

_ • bhx.l [/" Cl /]bhx,l nbhx.J UAh,- consl· mhx · .,hx.i- .,s.i · .,m.i 

U Ah, = capacity ra te of the heat exchanger 

con st = constant (used for parameter identification) 
mhx = mass flow 
S1u,; = temperature inside the heat exchanger inthenode i 
9 s,t = tank temperature in the node i 
Sm,, = mean temperature between tank and heat exchanger 

inthenode i 

[WIK] 

[WIK] 
[kgls] 
[K] 
[KJ 
(OC] 

11,,.1; 1>.,.2; 11,,.J = parameters descrihing the dependenee of [ -] 

UAtu< on each value (used for parameter identification) 

(3) 

Since a time factor by calculating UA., has tobetaken into account (figure 6) equation 

(3) was modified to the following: 

where 

1=1-1 

J th-(1-FJu)dl 

Fhx.t 
1=0 

= time dependent factor 
= capacitance factor (used for parameter identification) 

[-] 
[kg] 

(4) 

(5) 

Literally the time factor Fh,.• introduces a time delay by calculating the UA- value using 

a capacitance effect for the mass flow (power) devided by a constant capacitance factor. 

114 



PARAMETER IDENTIFICATION FORTANK JNTEGRATED HX 

To va/idale a tank model two requirements have to be met. First the energy balance 
and second the stratification of the storage has to be in compliance with the measured 

values. The fitting of the discharge energy balance by determining the parameters 

(b",._,, b,_,.2, b,_._3, S",., const) was accelerated by using DF and its Interface TRANSMIT 

[4]. The result of the parameter identification is shown as variation in time of the 

power in 7a) without time constant and in 7b) with a capacitance fuctor of s •.. = 0.02. 

60 

~ <Of--t--'1..,-----;"--------------
~ 

~lO 
g 
"'zoHI--...,.-~ 

V= 10 Vmin 

- moasured 
cakulal«l 

+1.0 + U 

limc {11} 

Figure 7. Power transferred by load side heat exchanger a) without time constan~ b) S,.= 0.02 

The model calculates the total of the discharged energy 2.9% higher than measured. 

This result is acceptable since it is in the range of measuring uncertainty and 

uocertainties in converting measured data to a constant TRNSYS timestep. The 

second requirement is agreement of the rneasured slorage stratification with the 
calculated stratification. Figure 8 shows the stratification at three different times. 

1.0 

- 0.8 
~ 
] 0.6 . 

~ 

30 

END 
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tank temperature [0 CJ 

~.Sh 

80 

V= 10 Vmin 

90 

rneasured 
calculated 

Figure 8. Strntilication at +O.Sh, + I .Sh and the end of the discharge scquence 

By comparing the stratification two observations were made. First the calculated 

energy content of the tank after discharge is higher than measured. Th is agrees with 
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the observations made in ligure 7. Second the measured tank is less stratified than the 

model. 

CONCLUSION 

TYPE74 models the heat transfer of the heat exchanger in a satisfactory way. 

Stratification, however, is not modelled well using the parameters derived using DF 

with the available test data . Certain parameters, e.g. effective vertical conductivity and 
tank volume need to be deterrnined more accurately and more specific measurements 

need to be carried out. With these it is hoped to be able to validate the model more 
properly. Additional measurements will be carried out according to the proposed CEN 

standard TC 312 [5]. 

NOMENCLA TURE 

LMTD = Logarithmic Mean Temperature Difference 

t., = average mean temperature between heat exchanger and tank 

hx = heat exchanger 

[KJ 
[OC] 
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Abstract 

The DST slorage model was developed by the Lund University, Sweden in order to describe an 

underground duet store (.Quct STorage). An adapted version of this model can be used for system 

simulations with the TRNSYS program. Herewith a powerfut tooi is available for the design of 

solar assisted heating systems with seasonal slorage of thermal energy in the ground. The paper 

gives a brief description of the slorage model and the solar system and describes a sensitivity 

analysis which was carried out to delermine the influence of the main parameters on the 

performance and cost fora planned new housing area in South Germany. 

1. Introduetion 

For seasonal storage of solar energy three different stores are commonly used: the hot-water pit

store, the aquifer (natura! or artificial) and the duet store. The latter two are more cost-effective and 

have some additional advantages. Especially at large slorage volumes the construction work is 

simpter and the top area of the store can be used e.g. as a sports- or parking-area. A very important 

advantage of a duet store is the possibility of enlarging it simply adding some heat exchangers. 

Hence a duet store can be adapted to the growth of the housing area. 

1.1 DUCT STORAGE 

Figure 1 shows a vertical cross section of a duet store. The store consists of ground heat 

exchangers (so called duelS) inserted in vertical boreholes. Plastic coaxial- or U-pipes are used for 

the ducts. In water-saturated solid ground the duelS are placed directly in the water; otherwise the 
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gap around the heat-exchangers must be refilled to achieve a good thermal contact with the 

surrounding ground (borehole wal!). 

Ground 
surface -., 
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The operational behaviour of 

the starage is determined not 

only by the thermal 

properties of the ground but 

also by the thermal resi

stance of the ducts. The 

thermal resistance is affected 

by the design and the mate

rial of the ducts, the refilling 

material and the inner heat 

transfer of the plastic pipes. 

Another effect on the per

formance of the slorage is 

the number of ducts which, 

however, increases consider

ably the construction cost. 

The top of the store is 

covered with an artificial in

sulation. Another possibility 
Figure 1: Structure of a duet store 

is to insulate only the upper 

part of the duels (appr. 5 m) to avoid the heat exchange with the surrounding ground. Hence the 

covering ground layer is acting as a thermal insuiatien against the environment. 

The heat is charged and discharged via the ducts into/from the ground. In the ground the heat 

transport takes place primarily by heat conduction. The resulting temperature field has cylindrical 

shape if there is na groundwater flow; for that reason it is practical to arrange the bareholes in a 

hexagonal pattern. 

The total starage region is assumed to have also cylindrical shape. The geometry of this 

cylinder is defined by the depth/diameter-ratio of the store. Because of the heat losses to the 

surrounding ground a temperature gradient exists from the center totheborder of the store. For that 

reason the ducts are nol conneeled in parallel, but in separate groups in series. These groups are 

arranged radially in the slorage region. For charging of the store the flow direction through the 

ducts is from the center to the border of the store; for discharging ju st the other way round. 
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1.2 THE STORAGE MODEL DST 

The DST model was developed as a stand-alone program in the eighties by Hellström at the 

University ofLund, Sweden /1/. A first version, which was usabie as a module for the TRNSYS n; 
simulation program was released by Mazzarella /3/. The model assumes a cylindrical store 

geometry with uniformly placed ducts. There is only conductive heat transfer in the ground; i.e. the 

usability is restricted to either dry ground with uniform thermal properties or ground with a very 

low permeability. The thermal resistance of the duet can be used as a fixed input or calculated in 

dependency of the type and geometry of the heat exchanger and the borehole filling. The model is 

able to sirnulale a subdivision of the slorage region in fivethermal zones in radial direction and the 

conneetion of ducts in series in these regions. This allows the simulation of an operation which 

supports the real temperature distri bution in the store. 

1.3 SOLAR ASSISTED DISTRICT HEA TING SYSTEMS 

Figure 2: Schematic structure of the solar hearing system 

Auxiliary 
healing 

Discharging 

Duet 
store 

I Heat distribution 
1 networlc (2-pipe) 

Figure 2 shows a hydraulic scheme of the overall system. It consists of roof mounted solar collec

tor fields, the short-term buffer and the seasonal duet store, a gas furnace and the heat distri bution 

network. The duet store is charged via the short-term buffer-store, but discharged directly. Heat to 

the distribution network is supplied from the store (buffer or duet-store) with the higher tempera-
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ture level. A temperature controlled flow-mixer limits the supply temperature to the required value. 

If none of the slorages is able to deliver this temperature, the gas fumace is used for auxiliary 

healing. 

2. Sensitivity Analysis 

2.1 REFERENCE SYSTEM 

A new residential for approximately 3000 

persons wil! be built in Neckarsulm in South 

Germany within the next 10 years. Due to the 

long duration of the building operations the 

built-up of the solar system is planned to be 

made stepwise. The calculations presenled here 

were made for the secend step which should be 

finished about the year 2000. The healing 

demand for the 600-700 dwellings (detached and 

multi-family-houses) was calculated with a dy

namic building simuiatien model and was given 

as an input data file to the simuiatien of the 

active system (radiator design temperature 70/40 

Collector area 

Volume of the buffer-storage 

Volume of the duet slorage 

Depth/diameter-ratio 

Horizontal borehole distance 

Number of duelS 

Aetive storage depth 

Volumetrie heat capacity of the ground 

Thermal conductivity of the ground 

Thermal rcsistance between duet fluid 

and borehole wall 

0 C}. The yearly heat demand is 4800 MWhla for Table 1: Reference System Data 

room healing and 1360 MWh/a for dornestic hot 

12000 m2 

150m3 

JOOOOOm3 

1.5 

2m 

437 

66m 

2,3 MJ/m3K 

2.2W/mK 

0,15 mKIW 

water. It was assumed that 12000 m2 of collector area can be placed in goed orientation on the 

roofs. The 2-pipe-heat-distribution system (decentral heat hot water preparation) with a length of 

approximately 4800 m has heat losses of 640 MWh/a. Hence the total heat demand is 6800 

MWh/a. 

Table 1 shows the main data for the reference system. First of all a basic contiguration was 

choosen. Starting from this basic contiguration single parameters were varied independently; all 

theether values remained unchanged, unless mentioned explicitly. The results presenled here are 

valid for quasi-steady-state conditions (simulation for an operatien period of 10 years). Starting 

from natura! ground temperatures the sol ar system achieves already in the third year 80 % of the 

steady-state-performance /4/. 
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2.2 INFLUENCE OF THE THERMAL PROPERTIES OF THE GROUND 

The influence of the therrnal conductivity of the ground is smaller than expected. A store with a 

high therrnal conductivity has significantly higher heat losses to the surrounding ground, which 

leads to a drop of the slorage efficiency. On the other hand the store shows a much better perfor-
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Figure 3: Influence of lhe I hermal conduclivily of lhe ground 

rnanee (higher eh ar-

ging and discharging 

power achievable at 

given supply/output 

temperature), which is 

advantageous for the 

collector output. As 

Figure 3 shows, these 

two effects are almost 

compensating each 

other; the sol ar 

fraction is nearly con-

stant. 

A higher volumetrie heat capacity of the ground leads to a slightly better performance of the store 

and the overall system. For the investigated system the range in the solar fraction however is less 

than 2 % for typical values of the volumetrie heat capacity ( 1.9 - 2.7 MJ/m3K). 

2.3 INFLUENCE OF THE THERMAL RESISTANCE OF THE DUCTS 

The thermal resistance Rth is defined by the temperature difference between the fluid inside the 

duet and the barehole wall divided by the heat flow per unit length (Rth = ("Önuid-"Öwau)/Ór_ [mKIW], 

141). With higher therrnal resistance less heat can be chargedldischarged. Simultaneously a higher 

temperature level in the return path of the duet occurs which reduces the collector output and thus 

the solar fraction of the total system. A variatien of the resistance between 0.08 and 0.2 mK!W 

leads to changes of the solar fraction between 54 and 47 %. Hence attention has to be paid on the 

quality of the heat exchanger pipes and the barehole filling and especially on the arrangement of 

the pipes close to the barhole wal!. 
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Figure 4: lnfluence of the !henna! resistance of the ducts 

2.4 STORAGE GEOMETRY AND INSULATION 

The store geometry can be chosen differently (at constant volume and total heat exchanger length). 

The heat losses are determined by the surface/volume-ratio, which should be the best for a cylinder 

with a depth/diameter-ratio of I. The surraunding ground of a duet slorage takes part in the starage 

process, and hence a deeper and slimmer store is better (depth/diameter = 1,5- 2). Beside this also 

the construction casts are less for these geometries. The influence of the depthldiameter-ratio 

however is small for a wide range (from 0,5 to 2), so there is a great flexibility with respect to the 

geological conditions. 

The DST-model is able to sirnulale either a natura( covering layer or an artificial insulation. The 

latter can be also extended beyond the top or additionally placed on the upper part of the store 

si des. Calculations showed na significant difference between an earth layer of 10 m and an 

artificial insulation; neither from the thermal nor from the cast side. Layer depth less than 5 m -

which would be the cheapest salution - are leading to significantly higher heat losses and an 

increased surface temperature, which could be darnaging for the biosphere. Also from the 

construction point of view an artificial insulation is the best solution, because the horizontal pipe 

connections could be easily placed underneath. 
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2.5 BOREHOLE DISTANCE 

The influence of the borehole distance (which is at a constant volume equivivalent to the influence 

of the number of ducts) is strong. Due to the hexagonal pattem of the bereholes the number of 

ducts increases rapidly with smaller distances. Th is leads to a strong influence on the cos!, because 

drilling cost is the main part of the construction cost, if the ground consists of solid material or 

rock. On the other hand the heat transfer area deceases if the borehole distance is too large, and 
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Figure 5: lnfluence of the borehole distance 

2.25 2.50 

hence the tempera

ture difference bet

ween the duet tluid 

and ground increa

ses. This leads to a 

drop of the total heat 

which can be char

ged during one year 

and a lower solar 

fraction. 

2.6 DEPENDENCIES BETWEEN VOLUME OF BUFFER, DUCT STORE AND BOREHOLE 

DISTANCE 

The heat transfer process during charging and discharging of the duet store is mainly detennined 

by the heat conduction in the ground and the limited number of heat exchangers. Hence a solar 

system with a duet store has a significantly worse thermal behaviour than one with a water store 

(convective heat transfer, better temperature stratification). The main reasons are the limited ability 

of transfering high thermal power and the high temperature difference for the charging and 

discharging processes. For that reason it is necessary to use an additional water store as a buffer 

tank. This tank should be able to cover at least 30-50% of the solar heat of one day, which can be 

used in the following night. Also the charging of the duet store can be extended beyond the hours 

of sunshine. 
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Figure 6: lnfluence of buffer and duet store volume and the barehole distance 
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In Figure 6 the various dependencies between the size of the stores and other parameters are 

shown. All data points on the upper left part of lhe diagramm are calculated wilh a buffer size of 

150m3; on the lower right side wilh 450m3 respectively. For the duet store volume lhree values 

were assumed; each simuialed with a different nurnber of bareholes (borehole distances 2.25, 2, 

and 1.75 mateach curve from the left to lhe right data point). The other values rernained as in lhe 

reference system; see Table 1. It can beseen from lhe diagramm, lhat at a volurne of 75.000 ml a 

barehole distance of 2 m is most cost-effective. Compared to lhat at larger volumes also a greater 

barehole distance of 2.25 m leads to a higher solar fraction at reduced solar cost. Also enlarging 

lhe buffer store impraves lhe solar fraction significantly even at reduced cast. In other words wilh a 

larger buffer store eilher lhe volume of the duet store or the number of bareholes can be reduced to 

achieve the same sol ar fraction, which resulls in a more cost-effective systern. 
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2.6 CONTROL STRA TEGY 

In the calculations shown above the massflow for charging the duet store was equal to that in the 

collector loop reduced by the flow demand of the network. For that reason the return temperature 

from the duet store rises up to 50° C in summer, which reduces the collector efficiency. By 

reducing this massflow to the half the return temperature can be decreased significantly, but then 

the capacity of the buffer store must be higher than before. Then the accumulated heat must be 

charged overnight to the duet store. With this control strategy further impravement of the system is 

possible. This can beseen also from Figure 6 for one example (450 mJ buffer store, 100000 m3 

duet store, 2 m borehole distance, impravement explained by the arrow). The use of the same 

strategy with the smaller buffer store however leads to a drop · of the sol ar fraction due to 

overhealing of the buffer on very sunny days. Hence for this strategy the buffer volume should be 

able to store more then half of a the heat produced by the collector array within one day. 

3. Conclusions and outlook 

The study of the thermal behaviour of a solar healing system with a duet store can be done only by 

a numerical method due to the great number of parameters and their various dependencies. The 

DST-model in combination with TRNSYS is a good tooi for study and design, which provides fast 

and reliable results. 

Further investigations will be made on the refinement of the control strategy of the solar 

system. The ideal charging of the duet store should be made in dependency of the expected heat 

demand and solar insolation. Th is requires a kind of weather-predicted control strategy. Due to the 

refinement of the toading conditions it is very useful that a recently published version of DST is 

able to calculate also a flow-dependend barehole resistance. From the geological point of view 

improvements in the model are desirabie relating to different kind of ground layers and anisotropic 

heat conductivity or a detailed simulation of groundwater flow. This would lead to a 3-dimensional 

simualtion model. 
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1. Introd uction 

Unlike conventional technologies, the design of a heating or cooling system 
using a duet store in the ground is based on heat and/or cooling output 
(kWh) rather than the heat and/or cooling demand (kW). It requires de
sign procedures that take into consideration the different thermal processes 
involved. Both short-term and long-term performances are important to 
assess. For example, the heat transfer along the ducts is influenced by dif
ferent factors, such as the loading conditions of the last days of operation of 
the system, which determine the temperature profile in the ground around 
the ducts, and the average ground temperature in the store, which nor
mally varies on a seasonal basis. A transient effect, due to the warming 
or cooling of the surrounding ground, is usually observed during the first 
years of operation, and affects the thermal performances of the system. In 
order to have an accurate evaluation of the system heat balance, the system 
performances have to be calculated with high resolution over several years, 
if not the life-time of the system. The final design is generally established 
with the help of detailed computer simulations, and relies on the ability 
of the computer programme to reproduce the actual characteristics of the 
planned system. 

The new version of DST, the duet ground heat starage model (Hell
ström et al., 1996) is developed as a component for TRNSYS (Klein et al., 
1990) , a well-known modular programme for the simulation of partial or 
complete energy systems . The advantage of TRNSYS is the possibility of 
using a wide range of system component models and to combine them as 
desired. A large variety of energy systems can be simulated, such as central 

127 



DANIEL PAHUD AND GÖRAN HELLSTRÖM 

heating plants with a duet seasonal storage (solar heat souree or else), duet 
cold storage and low temperature applications, multiple heat extraction 
boreholes, etc. The worldwide use of TRNSYS by consultant engineers and 
researchers improves international co-operation and the transfer of techno
logica! expertise. 

The duet storage model was developed at Lund University (Sweden) and 
chosen in 1981 by the participantsof the International Energy Agency, Sol ar 
R&D Task VII (Centra! Solar Heating Plant with Seasonal Storage) for the 
simulation of duet ground heat storages. A simpler but faster version was 
implemented in the MINSUN programme (Mazzarella, 1991), a simulation 
tooi for the optimisation of a central solar heating plant with a seasonal 
storage (CSHPSS). A TRNSYS version based on this faster version has 
been implemented by Mazzarella (1993) . 

With the new DST version for TRNSYS, the objective is to combine 
the easy utilisation of the simple version with the additional features of the 
more detailed original DST programme (Hellström, 1989). Another goal is 
to offer the possibility of a detailed computation of the local heat transfer 
along the flow path within the starage region. 

2. The Duet Ground Heat Storage Model 

2.1. DUCT GROUND HEAT STORE 

A duet ground heat storage system is defined as a system where heat or cold 
is storeddirectly in the ground. A ground heat exchanger, formed by a duet 
or channel system, is used for heat exchange between a heat carrier fiuid, 
which is circulated through the ducts, and the storage region. The heat 
transfer in the surrounding ground takes place by ordinary heat conduction. 

2.2. DUCT GROUND HEAT STORAGE MODEL (DST) 

The DST model is a si mulation model for such ground heat starage systems. 
The store volume has the shape of a cylinder with a vertical symmetry axis. 
The ducts are assumed to he uniformly placed within the store volume. 
There is convective heat transfer in the ducts and conductive heat transfer 
in the ground. lt is convenient to treat the thermal process in the ground 
as a superposition of a global and a loca] problem. The global problem 
handles the large-scale heat fiows in the store and the surrounding ground, 
whereas the local problem takes into account the heat transfer between 
the heat carrier fiuid and the store. The local problem uses local solutions 
around the bareholes and a steady-fiux part , by which the number of local 
solutions, and thereby computation time, can he reduced without significant 
lossof accuracy. The global and the local problem are solved with the use of 
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the explicit finite difference metbod (FDM), whereas the steady-flux part is 
given by an analytica! solution. The total temperature at a point is obtained 
by a superposition of these three parts. 

The short-time effects of the injectionfextraction through the ducts are 
simulated with the local solutions, which depend only on a radial coordi
nate and cover a cylindrical volume exclusively ascribed to each duet ( or 
borehole). The heat transfer from the fluid to the ground in the imme
diate vicinity of the duet ( or barehole) is calculated with a heat transfer 
resistance. A steady-state heat balance for the heat carrier fluid gives the 
temperature variation along the flow path. 

In the new version, the local salution may take into account a radial 
stratification of the store temperatures ( due to a coupling in series of the 
ducts (or boreholes)), as well as an increased resolution in the vertical 
direction. The local heat transfer resistance from the fluid to the ground 
(or barehole thermal resistance) may depend on the flow conditions. It may 
also take into account the unfavourable internal heat transfer between the 
downward and upward flow channels in a borehole. 

The three-dimensional heat flow in the ground is simulated using a two
dimensional mesh with aradialand vertical coordinate. The model assumes 
homogeneaus and constant thermal properties within the starage volume. 
In the surrounding ground they may vary from layer to layer. Insulation 
may he put on the top and part of the sicles of the storage volume. A 
time-varying temperature is given on the ground surface. 

3. New Features of the DST Model 

In the new revised DST version for TRNSYS, the main improvements !ie in 
the treatment of the local heat transfer, which can he computed in greater 
detail: 

a radial and vertical division of the store volume is possible when the 
flow paths are computed ; 
the heat transfer between the upward and downward flow channels in 
the barehole can he taken into consideration; 
the barehole thermal resistance may he temperature- and fiow-dependent. 

These modifications arebasedon analyses dealing with detailed simulations 
of the thermal interaction between a solar collector field and a duet store 
(Pahud, 1995) . 

3.1. FLUID FLOW PATH 

When the temperature of the heat carrier fiuid differs from the temper at ure 
of the surrounding ground, there will be a transfer of heat between the two 
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Figure 1. The hydraulic coupling of the bareholes defines the flow path through the 
starage volume. This is modelled by use of successive sub-regions that are vertically 
ordered from the bottorn to the top and from the centre to the border in the radial 
direction. The drawing shows 3 radial and 2 vertical sub-regions. 

parts. The fluid will lose or gain energy, and its temperature will vary 
along its flow path through the storage volume. The flow path is defined 
by successive sub-regions that are ordered as shown in Fig. 1, as a vertical 
ground heat exchanger is supposed to be used. The ducts or boreholes 
are connected so that the fluid flows through sub-region 1 to N, or N 
down to 1, depending on the mode of operation of the system. The number 
of sub-regions that are needed to obtain acceptable accuracy depends on 
the magnitude of the temperature variations along the flow path through 
the storage. The accuracy is often acceptable using quite few sub-regions. 
However, sornetimes it may be necessary to use more sub-regions if the flow 
path is long ( deep store and/or several bereholes connected in series) and 
the fluid flow rate is small. The suitable subdivision of the storage region 
is controlled by varying the number of sub-regions. 

The sub-regions are defined by only two parameters: the number of 
radial and vertical sub-regions. If the ducts or bareholes are connected 
in series of n, up to n radial sub-regions can be specified. A number of n 
radial sub-regions define n concentric annulus of equal section, representing 
an ideal case for a radial stratification of the ground temperature in the 
storage volume. 

3.2. COUNTERFLOW HEAT EXCHANGE BETWEEN THE DUCTS 

The ducts that are pushed down into the ground or inserted in a berehole 
are usually quite close to each other. A counterflow heat exchange occurs 
between the downward and upward flow channels, which tends to decrease 
the efficiency of the heat transfer with the surrounding ground. The mag-

130 



THE NEW DUCT GROUND HEAT MODEL FOR TRNSYS 

nitude of the effect depends on the design of the ground heat exchanger, 
and may be considerably increased if its vertical extension is large and/or 
a low flow rate is used. 

An analytica! salution of this problem has been derived by Eskilson 
and Claesson ( 1988). The overall effect on the heat transfer of the ground 
heat exchanger is taken into account by the elegant concept of effective 
fluid-to-ground thermal resistance (Hellström, 1991) . It includes the effects 
of varying fluid temperatures along the flow channels as well as the heat 
exchange between these channels. Analytica! expressions are derived for 
two basic cases; a uniform heat ft u x along the berehole and a uniform wal! 
temperature along the borehole. 

When the ground heat exchanger consists of coaxial pipes, a uniform 
heat flux along the berehole is usually representative for large fluid flow 
rates, whereas a uniform wal! temperature is more suitable for low flow 
rates. (This family of ground heat exchangers is characterised by a single 
open-ended pipe, kept in a concentric position in a berehole or a larger 
outer pipe. The heat carrier fluid flows down the single pipe and comes back 
up in contact with the berehole wal! or the outer pipe; the flow direction 
can be reversed.) With U-pipe installations, a uniform wal! temperature 
is appropriate for the whole range of flow rates. (One or more U-pipes 
are pushed into the ground or inserted in a borehole. The heat carrier 
fluid circulates through the U- pipes. In the case of a borehole, a filling 
material normally fills the gap between the pipes and the barehole wall) . 
The effective fluid-to-ground thermal resistance, implemented for coaxial 
pipes and U-pipe installations in the new DST version, may be calculated 
in a simulation or inserted as a fixed value, depending on the user's choice. 

Camparisans between simulations using a deta.iled description of the 
heat exchange within the barehole and those using the effective fluid-to
ground thermal resistance agreed well for a typical case (Pahud, 1996). A 
deep duet store (125 m) was heated by a constant inlet temperature in the 
ground heat exchanger. The thermal characteristics of the coaxial pipe or 
the U-pipe installation were varied to cover a wide range of ground heat 
exchangers, as was the .flow rate, set to a constant value for each simula
tion. The simulated injected heat after 1 month of operatien was used for 
the comparisons. See Fig. 2 for two comparison examples, one performed 
with a coaxial pipe and the other with a U-pipe installation. For all the 
investigated cases and for the whole range of flow rate values, the eerre
spondenee between the deta.iled simulations and those using the effective 
fluid-to-ground thermal resistance was satisfactory. With coaxial pipes, the 
distinction between a uniform heat flux and a uniform wal! temperature 
along the barehole was given by the smallest effective resistance value cal
culated for both cases. 
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Figure 2. Counterflow heat exchange between the ducts: a detailed description of the 
heat exchange within the boreholes, t he concept of etfective fl uid-to-ground thermal re
sistance for a uniform heat Hux as wel! as for a uniform wal! temperature along the 
boreholes, are used to simulate the injected energy in a duet store. T he heat quantities 
are plotted in relation to the flow ra te per borehole, set to a constant value for each 
simulation. In Fig. 2a., a coax.ial pipe installation is simulated. A un iform heat fl ux is 
representative for large fl uid fl ow rates , whereas a uniform wall temperature is more suit
able for low flow rates. In Fig. 2b, a U-pipe installation is simulated . A uniform wal! 
tempera ture is a ppropriate for t he whole range of flow rates. 
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3.3. LOCAL HEAT TRANSFER RESISTANCES 

With the concept of effective fluid-to-ground thermal resistance, the ther
mal characteristics of the ground heat exchanger, apart from its spatial ar
rangement in the starage volume, are represented by only two parameters 
Rb and Ra· The local fluid-to-ground thermal resistance Rb characterises 
the heat transfer from the fluid to the ground at the immediate vicinity 
of a ground heat exchanger element, whereas the local internal thermal re
sistance Ra. characterises the heat transfer between the upward and down
ward flow channels in a ground heat exchanger element. These thermal 
resistances may depend on the flow conditions. In that case a two-entry ta
bie, containing the temperature- and flow-dependent thermaJ resistances, 
must be given as input to the DST component. During the simulation, the 
resistance valnes are interpolated from the table. The two-entry table can 
be obtained from calculations or measurements, provided that experiments 
have been performed. 

3.3.1. Pure Heat Conduction Outside the Ducts in a Barehole 

In the case of pure heat conduction outside the ducts in a borehole, the 
Rb and Ra thermal resistances can be computed using a precise analytica! 
solution, called the multipale methad (Bennet et aJ., 1987). 

A computer programme, called BOR (Pahud, 1996), uses this methad 
and generates a data file containing the two-entry table required by the 
DST component. This programme, based on the Earth Energy Designer 
programme (Hellström and Sanner, 1994 ), has a user-friendly interface for 
the set up of the ground heat exchanger design. Coaxial pipe, single, double 
and triple U-pipe in a barehole are implemented in the programme. Data 
bases for the thermal properties of various ground types and materials, 
fluid properties of different heat carrier fluid, as well as the characteristics 
of common pipes, help the user to build his own ground heat exdianger. In 
Fig. 3, the influence of the flow rate on the barehole thermal resistance Rb 
is shown for three commonly used ground heat exchanger types. The Rb 
values have been calcu!ated with the BOR programme. This programme 
allows the user to generate a library of a large range of different ground 
heat exchangers, that can then be simulated in a system by using the DST 
component for TRNSYS. 

3.3.2. Free Convection Outside the Ducts in a Barehole 

A Iabaratory experiment is being conducted to assess the effect of free 
conveetien under various thermal conditions for the case of U-pipe flow 
channels in a water-filled borehole. This type of ground heat exchanger 
is simple to achieve in water-satured ground. The characterisation of the 
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Borehole 0 = 0.115 m 

Filling material : Thennal conductivity = 1.5 W/m,K 
Heat canier fluîd: water at 40 oe 
Single U-pipe: PE DN40 PN6. shank spacing = 0.07 m 

Double U-pipe: PE DN32 PN6, shank spacing = 0.07 m 
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0 

l.l 
·:·-.. D bi U 

1 
-· · -··- OU e -pipe 

I 
I 

l.., 
--- Coaxial pipe 

------------------

2 3 4 5 6 7 8 
Flow rate (m3/h) 

9 10 

Figure 3. Examples of the influence of the flow rate on the borehole thermal resistance 
R •. The Rb val u es have been calculated by using the BOR programme for three commonly 
used ground heat exchanger types. 

thermal processes will enable comparisons with other types of ground heat 
exchanger. 

4. Validation 

The DST model has been validated aga.inst measurements from several 
duet stores in operation. A common point with the different validations 
is the relatively large number of boreholes involved. See Hellström and 
Nordell (1988) and Pahud (1993) for two examples. The first case, a high 
temperature duet storage at Lulea (Sweden), is coupled to a waste heat 
souree via a district heating network. A hundred and twenty boreholes, 
spaeed by 4 m, were drilled down to a depth of 65 m in rock (granite), 
defining a storage volume of 115'000 m3 . Coaxial pipes were installed in 
the boreholes. The second case is a low temperature application in Geneva, 
Switzerland. The 20'000 m3 duet store, coupled to flat plate collectors, is 
used for the heating of an industrial building with the help of a gas heat 
pump. The 256 boreholes, 15 m deep and 2.3 m apart, were drilled in 
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moraine and equipped with double-U pipes. 

The DST model has also been used in various design studies. The most 
recent ones dealt with the optimisation of a CSHPSS system that uses a 
seasonal duet starage without heat pump. MINS UN was used (Lehtmets, 
1995), but more detailed studies were performed with TRNSYS (Breger, 
1994; Seiwald, 1994). 

The implementation of the new features was checked with detailed and 
time-consuming programmes (Pahud , 1995). The present DST version re
mains sufficiently fast for systern simulation. 

5. Future changes 

Further changes wil! incorporate the effect of a regional ground water flow. 
This wil! lead toa new version, based on the present one, whlch wil! use a 
three-dimensional mesh for the simulation of the heat flow in the ground. 
A three-dimensional geometry will replace the cylindrical geometry. The 
arrangement of the fluid flow path will make a more realistic hydraulic 
coupling of the bareholes possible. 

6. Condusion 

The new version of DST, the duet ground heat starage model, is devel
oped for TRNSYS, a modular programme for the simulation of partial or 
complete energy systems. lt combines the easy utilisation of the previous 
version for TRNSYS with the additional features of a more detailed exist
ing version . The main improvements concern the local heat transfer along 
the flow path within the starage region . The new features permit an inves
tigation of special problems, such as the radial stra tification of the ground 
temperatures within the store volume, the effect of the heat exchange be
tween the ducts in the borehole, or the effect of the flow conditions on the 
thermal performances of the system. These modifications arebasedon anal
yses dealing with detailed simulations of the thermal interaction between a 
solar collector fi eld and a duet store. The detailed and time-consuming pro
grammes were used to check the implementation of the new features. The 
present model is still reasonably fast and a large range of energy systems 
can be analysed for optimisation purposes. Further changes wiJl take into 
account a ground water fl ow and a three-dimensional geometry wil! replace 
the cylindrical geometry. 
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Numerical Modelling of Conductive and Convective Heat Transport 
in the Ground for Underground Thermal Energy Storage (UTES) 

Abstract 

B. SANNER, M. KLUGESCHElD and K. KNOBL!CH 
Institute of App/ied Geosciences, Justus-Liebig-University 
Diezstrnsse I 5, D-35390 Giessen. Germany 

Numerical simulation of the behaviour of Underground Thermal Energy Slorage 
(UTES) requires calculation of heat transpon in the ground. Only in cases, where no 
groundwater can be found. or where the innuence of groundwater is negligible. a pure 
conductive approach can be used. In all other cases a considerable pan of heat trans
pon is conveelive and influenced by the regional groundwater now as well as by pum
ping in the case of Aquifer stores (ATES). 

The FD-model TRADIKON-3D, developed since 1986 in Giessen and optimised 
since then. offers the possibility to calculate the groundwater now coupled with con
veelive and conductive heat transport. The program is described brieny and a recent 
example shown, featuring a study for decision what type of UTES to choose at the site 
ofthc Reielistag Building, Berlin, Germany. 

1. Jntrotluction 

Correct layout and design of plants using the ground for thermal slorage with boreholc 
heat exchangers or groundwater wells (UTES) is crucial for good opcration results. in 
panicular when large plants are considercd. Technica! boundary conditions are the 
relatively low temperature level in the ground (8-12 °C) and the energetie needs of the 
plant. From an ecological viewpoint the installation has to meet all requirements con
cerning environmental issues. like minimising changes in tempcratures and groundwa
ter level. hazards to vegetation. buildings or drinking water reservoirs. The impact 
should be as restricted as possible, and economie considerations prohibit oversizing 
a lso. 

Numerical models are powerful tools for answering those questions and to predict 
thermal and hydraolie behaviour of such installations. The operation of an UTES is 
controlled by the site-specilic hydrogeologie and thermal parameters of the under
ground. Computer simulations allow the user to modi(y design pammeters such as 
borehole depth. borchole distance etc .. to calculate the changes in the tempera ture
and flow-field and to see how those changes affect the plant itsclf. 
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2. Encrgctic [Jropcrtics of soil, rock and aquifcrs 

The bchaviour in loading, storing and retrieving thermal energy of natura! slorage 
media such as ground and groundwater difTers from that of artificial heat slorage 
systems like hot water tanks. In aquifers, only sensible heat can be stored; using bore
hole heat exchangers in combination with heat pumps, latent heat can a lso be extracted 
by freezing groundwater around the boreholes. In artificial thermal storage systems, 
heat losses ean be reduced through insulation. Ground and groundwater in a natura! 
thermal slorage system are part of their environment and conneeled through conduc
tive and conveelive heat transport. 

Beside the function as thermal energy storage, the underground also is a big reser
voir for heat and cold at a low temperature level. Seasonal variations of temperature 
can be measured downtoa depthof 10-15 m. Below this depth the equilibrium bet
ween energetic processes at the ground surface (solar radiation, IR-emission, water 
infiltration, evaporation etc.) and the geothermal heat flux results in temperatures 
being constant in a human timescale. Thus the ground offers year-round a virtually 
inexhaustible reservoir at 8-12 oe. which can be used forspace cooling in times of 
high ambient air temperature or as heat souree for heat pumps in winter (in practical 
application since 1945. see Sanner, 1995}. The drawback of slorage in an uninsulated 
ground region turns into an advantage for heat extraction, allowing fast thermal recov
ery. 

Principle 
Heat exchange system 
Heat carrier 
Temperature 
Heat transport 

T ABLE I. Characteristics of UTES 

Aquifer Storage 
sensible heat slorage 
open 
groundwater 
ca. 2- 90 oe 
conductive + conveelive 

Borehole Slorage 
sensible and/or latent heat slorage 
closed 
brine I water 
ca.-I0-80°C 
conductive 

In recent years, abandoned mines have been proposed (and in at least two sites are 
used} forthermal storage. Heat transport and in particular conveelion in such artificial 
subterranean caverns is very complicated and cannot be classified according to table I. 

3. M athcmatical dcscription of ph)•sical proccsscs 

Heat- and rnass-transport processes in the underground are coupled processes of con
duction, dilfusion and convection. In general those processes can bc described by the 
theory of potent ia Is. The complex nature of physical phenomena requircs some simpli
fication. e.g. assuming !luid flow as laminar for groundwater flow calculations. Also 
density and viscosity of groundwater is assumed constant within the temperature range 
found in shallow underground. 
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Mathematic description of groundwater flow is basedon Darcy"s law. Henry Darcy 
derived this empiricallaw in 1856. 1t describes a linear correlation between the specific 
flow q, which is also called filter velocity, and the gradient in hydraulic potential grad 
h(eq. I) : 

with: 
q 
Q 
A 

specific flow, filter velocity 
volumetrie flow rate 
area of flow 

q = Q = -k · grad h 
A 

(m/s) 
(m'is) 
(m') 

k - hydraul. conductivity (m/s) 
h - hydraulic head (m) 

(I) 

Darcy's law is valid only for porous media and laminar flow. At a microscopie 
scale the individual water molecules have varying velocity due to variations in pore 
space leading to turbulence. The turbulent flow of the individual water molecules is 
levelled out in large volumes, and the flow can be considcrcd as laminar (Langguth & 
Voigt, 1980). Hence Darcy 's law with the constant k is a sL1tisticai description of mac
roscopie flow (Walton, 1970) and is valid for suffienctly smal! Rcynolds-numbers, 
preferably below 10. 

Furthermore groundwater flow is governed by the law of mass conservation, in hy
drogeology a lso called principle of continuity. Regarding the time interval dt the mass 
change dm,.,, within the aquifer volume concerned equals the difference of the masses 
entering and leaving the volume. 

~ lll 0 m _dmw:N 
dl dl - dl 

(2) 

Using the geometry of Cartesian co-ordinates and substituting mass flow by 
changes of the specific flow q = (q,, q,, q,) follows: 

with: 
x,y,z 
s. 

0 qx 0 q , iJ q , 0 h 
------ =S ax a.v oz ' o t 

indices of the Cartesian co-ordinates 
specific storage (1/m) 

l 

h 
time 
hydraulic head 

(s) 
(m) 

(3) 

Inserting Darcy's law into eq. 3 and actding a source-/sink-term Qw, this results in a 
partial differential equation descrihing three-dimensional. transient flow in an an
isotropic aquifer (Bear. 1979): 

:)kx ~:)+ :v(k, ~:)+ :Jk, ~:)-Q .. =S, ~~ (4) 

This general equation for groundwater flow of1en can bc simplified for practical 
application. Thus for intransient flow the right, time-dependent storage term can be 
negleeled and the Laplace-equation results. Further simplifications are the assumption 
of an isotropie aquifer (k, = k, = k,) or the omission ofverticalllow. 
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Analogous to the hydraulic transport equation a heat flow Q, develops when a tcm
perature gradient is existing (simplified equation for isotropie conditions, /.."=À,=),,): 

with: 
j 
Q, 
A 

j = Q, = -À grad T 
A 

heat flow density (Wim') 
heat flow (W) 
area (m') 

). 

T -
thcnnal conductivity 
temperature 

(5) 

(W/m/K) 
(K) 

Applying the law of energy conservalion for a body of given volume, a temperature 
change dT can be calculated in Cartesian co-ordinates: 

éJj, éJ1, éJj, éJT 
--------- =c· p ·--

éJx éJv éJz éJ1 
(6) 

wiU1: 
c - speci fic heat (.1/kg/K.) p - density (kglm') 

The combination of eq. 5 and 6 results in Fourier' s difTerential equation of heat 
transport, which describes in general form transient conductive heat transport in an
isotropic media: 

o ( o TJ o ( o TJ o ( o TJ éJ T -À-+- À - +- À- =c·p·-
ox 'éJx iJy 'iJy oz 'oz ol 

(7) 

Conveelive heat transport is always associated with mass transport in fluid or 
gaseous phase. A distinction can be made between free conveelion and forced convec
tion. In free convection, temperature gradients causc ditTerences in density. Mass 
transport tries to equilibrate and thus heat transport occurs. Forccd convection is due to 
pressure differenccs like differences in hydraulic head leading to groundwater flow and 
consecutive heat transport. 

Assuming a flowing fluid has no thermal conductivity, a pure conveelive heat 
transport equation has the form: 

éJT oT oT oT 
-p ·c·q -- p ·C ·q -- p ·c·q - = p ·c·-

x ox r oy 'oz ol 
(8) 

Heat transport through radialion can be negleeled in the ground. Conductive heat 
transport is mainly in rock- and soil-matrix, conveelive heat transport in groundwater. 
Solid and liquid phase hence constitute different systems with matching transport 
equations for each. Based on investigations by Marsily ( 1965) it can be assumed . that 
the fluid is inthermal equilibrium with the matrix. With the thermal conductivity typi
cal for rocks and with low flow velocity. a virtually instantancous tcmperature levelling 
happens. 

Thus, thc transient heat flow equation for a porous system with fluid flow consists 
of a conductive and a conveelive term: 
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t 

Pw 
p. 
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( ) o T o ( o TJ o ( o T) P "'c +p (1-"')c -=-À.-+- À.-+ 
w'l' w g 'I' 8 0 / 0 X x 0 X 0 )' '0 )' 

indices of the Cartesian co-ordinates 
thennal conductivity (W/m/K) 
tcmperature (K) 
time (s) 
density of fluid (kglm') 
density of rock (kglm') 

specific heat of fluid 
specific heat of rock 
vol. 1low ra te 
porosity 
thennal source/sink 

4. Finitc-Diffcrcncc-Modcl TRADIKON-JD 

(Jikg/K) 
(Jikg/K) 
(m'/s) 
(%/100) 
(Wim') 

(9) 

For calculation of complex heat- and fluid-flow processes in regard to thermal use of 
the underground the Fortran-code TRADIKON-3D has been developed. Originally 
used for si mulation of negative thermal anomalies in the surrounding of vertical earth 
heat exchangers (Sanner & Brehm, 1988; Brehm, 1989), it has now been improved for 
application also in simulating ATES. 

TRADIKON-3D uses the numerical method of fini te dilTerences for solving eq. 9. 
The differential equations are approximated by Taylor-series. The model area is di
vided into a sufficient number of cells. and the equations of balance with neighbouring 
cells are established. Thus a linear systcm of equations rcsults, which can be solved 
either by a direct or an iterative method. TRADIKON-3D oiTers the GauB-Seidel-rou
tine and four optional iterative algorithms for solution. 

During simulation the flow-field and the diffusive-convective heat transport is cal
culated alternatively. Ditfusion and conveelion are weighcd depending on the Peclet
number and are numerically considcred as an inseparable unit (Patankar, 1980). 
According to the problem the program allows also separate calculation of pure con
duction or ditfusion/conduction without fluid flow. 

5. Examplc: Reichstag-building, Bcrlin 

After the German unification in 1990. Berlin was decidcd to bc the capita! of Ger
many. The German Bundestag (parliament) will move to Berlin. and the building of 
the Reichstag constructed at the end of the 19th century shall serve as the site for the 
21st-centUl)'-Bundestag. The building suiTered bad damage at the end of World War 11 
and was reconstructed internally in a more simple way aftcr the war. The current status 
of the building interior and building technique is far from meeting the requirements of 
the Bundestag. The refurbishment of the Reichstag building will feature an exemplary 
building energy concept with ambitious economie and ecological goals. A contest for 
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suggestions for re-building the Reichstag building was won by the British architect Sir 
Norman Foster. The energy concept being part of his work includes an UTES, which 
was pre-designed in Giessen using TRADIKON-30 and other methods (Sanner el al., 
1994). 

The ground in Berlin is suitable for ATES. A study was performed to decide 
whether a borelwle store (fig. I , above) or an aquifer store (fig. I, beiow) is best fitled 
for site and application. The vaiues given for the building load and system design are 
of the time of the feasibility study and do not necessarily represent the values of the 
final design. At the time of writing the decision to build the ATES was made by the 
Sondestag's building committee, but the licensing procedure with the Berlin authori
ties was not completed, and thus the realisation of the project is not yet sure. 

Borchole thennal 
energy slorage 

- - -
_;heat\_ 

warm wells coldwells 

Aquifcr thennal 
encrgy slorage 

J heat \._ 

Figure 1. Principle ofborehole- or aquifer-storage system for heating and cooling 

In the pre-design study, cogeneration and absorption heat pumps supply heat and 
cold to the building. The heat souree and -sink for the absorption heat pumps is 
planned to be covered by seasonal thermal energy storage, in bareholes or aquifer. A 
total of 950 MWh of heat wiJl be extracted from the store in winter and 675 MWh of 
heat wiJl be injected into the store while space cooling in sommertime occurs. On hot 
summer days cooling peaks of more than 1 MW up to 3.5 MW are expected. During 
healing operatien supply temperature from the store to the heat pumps should not be 
below 5 °C, to guarantee full efficiency of the absorption heat pumps. The study also 
should quantify the impact on groundwater in the Sprecbogen-arca, in particular on 
temperature and groundwater level, during eperation of the two alternative systems. 

Thc subsurface in the area of the Rcichstag, which is located on the "Spreebogen" 
within a bend of river Spree. is discussed in more detail in Knoblich el al. ( 1994 ). The 
uppermost layer consists of artificial fill up to 7 m thick. Beneath follmv 60-70 m of 
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quaternary sand from early interglacial times. resting on tertiary sediments (sand/silt). 
The quaternary sands are medium to coarse and exhibit high specific yield and high 
hydraulic conductivity. The groundwater level is at ca. 31 m a.s.L resp. 3-4 m below 
ground surface. Groundwater flow is from cast to west with extrcmely low gradient, 
and groundwater temperature is around 12 °C. 

Barehole storage. As borehole slorage 160 vcrtical earth heat exchangers each 100 m 
deep wcre designed, consisting of double-U-pipes made of high density polyethylene. 
Distance between the boreholes is 5 m. The planned temperature range allows use of 
water as heat carrier !luid. combining high specific heat and low viscosity with benign 
ecological behaviour. 

Aquifer storage. For use as aquifer slorage 8 wells will be required. The wells wil! be 
divided into 2 groups ("warm wells" and ,.cold wells") 250 m apart. with 20 m well 
distance within the group. Filters will be installed from 10 to 65 m below ground sur
face. Each well will be equipped with a pump for production and with an injection 
pipe. From the warm wells water will be pumped during winter and re-injectcd in the 
cold wells, and the system will be reverscd in summertime. 

With these system concepts an extensive simulation program was carried out. 
covering in particular: 

• normal operation. basedon monthly average va lues 
• normal operation with varied start date 
• peak opcration with maximum cooling load 3.5 MW 
• sensitivity analysis with poorer hydraulic propertics 

Results. The average monthly load can reliably be covered with both alternatives. The 
supply temperature level is more constant in aquifer slorage (fig. 2), which results in 
better energetic efficiency. Peak loads of some hours duration can be covered with 
aquifer slorage even on a number of consccutive days. In borehole storage thc tempera
ture during maximum cooling load eventually exceeds the I i mits for direct cooling and 
efficient cooling with the absorption heat pumps. Enlarging the numbcr of vertical heat 
exchangers and confining peak Joad to 2 MW for a couple of hours would mitigate 
this, but would a lso raise the costof the S)'Stem drastically. 

Numerical simulation gave beller operational behaviour at lower cost for the aqui
fer alternative. With a monthly average production rate of 5 lts per welllocally a draw
down of the groundwater level of up to 30 cm will occur (maximum end of February). 
This value is within the range of natura! scasonal changes throughout the year. With 
increasing distance from the wells the drawdown deercases rapidly. Fig. 3 shows the 
lateral development of groundwater drawdown and temperatures at the begin of spring 
in the second year of operation. 

The system reacts much slower thermally. The temperature field accommodates 
slower than the flow field to the seasonal patlern controlled by system opcration. With 
3 K diffcrcnce in supply/return temperature and start of operation in autumn the tem
pcrature around the cold wclls will reach 9-11 °C. around the warm wells 12-13.5 oe 
(fig. 2). The annual extraction of heat supersedes the annual injection. resulting in a 
net cooling of the ground. In !he area of a large city, groundwatcr temperatures are 
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higher than in natura! conditions, and cooling in the temperature range of 9-13.5 oe is 
desirable. 

14 .0 

wel! A I (warm wel I) 

I 3.0 

12.0 

ca. 30 m di stance from wcll A I 

Temp. 
(•C) 110 

10.0 

9.0 

.~ 0 ~----~------------~----~---___J 
0 3 5 

years of opera ti on 

Figure 2. Development ofcalculated production and injection temperatures in one cold 
and one warm well and of groundwater temperature in 30 m di stance to the warm wel!. 

6. Conclusions 

Numerical simulation is a powerful tooi for design of UTES, for predicting operational 
behaviour and environmental impact. Nevenheless, use of programs like TRADIKON
JO requires skilied personal. Computing time and computer memory requirement is 
Jess critica! even with the modern PC's. For standard applications, simplificd design 
tools could help. For pure conductive problems a code called EED has been devcloped 
(Hellström & Sanner, !994), featuring comfort.1ble user interface and databases with 
parameters of ground and heat exchanger materia Is. A nother easy-to-use program for 
borehole heat stores is SMARTSTORE (Nordcll , 1994). Including of groundwater flow 
or calculating for ATES still is more complicated. and predesign-programs as 
CONFLOW (Proben. 1995) are nol intended to cover all aspects, but to allow a fast 
and easy assessment of a first ATES system layout. Ncvertheless. the prediction with 
CONFLOW is quite good, as a comparison of fig. 4 with fig. 3 wil! show. Modclling 
the samecase (Reichstag Berlin) required ca . 20 min. including preparation, comparcd 
to several days with TRADIKON-30. Nevenheless. for the final concept simulation 
with FD- or FE-modcls will be part of UTES design in thc next ycars and is the best 
way to guarantee sound plant layout. 
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Temperstmes 

After 21 months 
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Figure 3. Temperai'ure field in the middle portion ofthe aquifer (above) and ground
water table (below) after 21 months of eperation (June of the second year); x- and y

axis in meter. 

Bear. J. ( 1979) Hydra11fics of gro11ndwater, McGraw-Hill. New York 

Brehm. D. ( 1989) Entwick.lung. Valîdierung und Anwendung ei nes dreidomensionale11. strömungsgekoppclten 
fini te Differenzen Wännetransponmodells. Giessener Geologische Schriften .o, 1-120. 

Hellström. G. and Sarmer, B. (1994) Software for dimensioning of deep boreholes for heat "1raction, Proc. 61h 
Int. Conf. TI1enn. Energy Storage CALORSTOCK. 195-202, Helsinki 

Knoblich. K ... SaMer, B. and Klugescheid, M. (1994) TI1ermische Eigomschaften weichselkallzeitlicher Al>
lagerungen im Stadigebiet Berlin und Möglichkeit der Wänne-iKàltespcichc:rung. Giessener Geologische 
Schriften 51, 135-148. 

Langguth, H.·R and Voigt, R. ( 1980) Hydrageologische Methoden, Spring<r, &rlin 

145 



Num. ModeHing of Conductive and Conveelive Heat Transport for UTES 

Figure 4: Thermal front and groundwater isobars after 304 days of operation, calcu
lated with CONFLOW (screen dump) 
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"ICEPIT"- A TRNSYS MODEL FOR COLD STORAGE 

Abstract 

MARTIN HORNBERGER 
Zentrumfür Sonnenenergie- und 
Wasserstoff-Forschung Baden-Würl/emberg 
Hej3brühlstraj3e 2/ c 
D-70565 Stullgart 

The "ICEPIT' model fora thermal energy storage embedded in the ground is presented. 
Such slorages are used to store cooling energy, for example from a heat pump, during 
winter and discharge it in summer to supply cooling energy to buildings. By doing that 
the performance of heat pumps is improved as both, heating and cooling energy is used. 

" ICEPIT" takes into account heat transfer between heat exchanger coils and slorage 
medium, freezing of the storage water via coils and cold losses to the surrounding 
ground. It acts as a subroutine of the TRNSYS simulation program and can be com
bined with any other modules for system simulations. 

The model was validaled with experimental data from a pilot plant with a gravel/water 
cold storage. During two yearly cycles the simulated cold losses differed only I % from 
measured values, the simulated slorage temperatures differed less than 1.5 K from mea
sured temperatures. 

The therm al performance of three combined heating/cooling systems with different si ze 
was simuialed with the help of "ICEPIT". The main results are primary energy savings 
compared to conventional systems of up to 42.9 %. 

I. Introduetion 

Subterranean slorages are useful for both: heat and cold. In the first case (heat storage) 
solar energy or waste heat can be charged during summer and discharged in winter. The 
second application (cold storage) can improve the combined heating/cooling by heat 
pumps, especially if the heating and cooling demand don ' t occur at the same time. In 
this case waste cold from a heat pump is charged into the cold slorage during winter and 
discharged in summer to cool buildings (figure 1). 
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Figure 1: Scheme of a combined heating/coo/ing system 

Cold slorage is particularly efficient if phase change of lhe slorage material is used . 
Water is a good value storage medium and its melting point is favourable for cold 
storage. A wel! tested storage concept is those of a subterranean graveVwater pit I I/. 
Such a slorage is confined by a plastic liner and tilled with gravel and water. As the 
stability is given by the gravel filling, neither concrete walls nor a concrete ceiling is 
necessary. The top and the upper part ("' 2 m) of the lateral contines should be ther
mally insuialed to decrease cold losses to the ambient air, which occur especially during 
summer. The lower contines are left uninsulated. By doing this the surrounding ground 
is cooled down by the storage and the storage capacity is increased. 

The heat pump cools down and freezes the storage via heat exchanger coils made of 
plastic which are embedded in the gravel. During freezing an ice coating is arising on 
the outer pipe surface. The heat transfer coefficient through the pipes is ma in ly influen
ced by free conveelion at the outer surface and by therrnal conduction through the pipe 
wal Is and the ice coatings. 

The TRNSYS model "!CEPIT" was developed as a tooi for the design of subterranean 
cold storages. It wil I bedescribed in this contribution. 
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2. Model Description 

For the subterranean storage which can be modeled in "ICEPIT" either the shape of a 
vertical circular cylinder or that of a reversed truncated cone can be selected. Slorage 
medium can bewater or a mixture of graveland water. The storage is in thermal contact 
with the ambient air and !he surrounding ground. 

For the top insulation of the store, which can be for example volcanic gravel or expan
ded clay, transient therrnal conduction is modeled. The thickness, volumetrie heat ca
pacity and therm al conductivity of the top insulation layer are selected by the user. 

On the side and the bottorn there are therrnal insulation layers with constant heat trans
fer coefficients and without heat capacity. 

The grid inside the slorage is one-dimensional (jigure 2). The slorage is stratified ver
tically. Up to 20 horizontallayers can be chosen by the user. 

lhermal insulallon ground surface 

~ ~~-·~3~,~;~~--~L_~~'~- -~· ~-~~-: ~:···~:-_·-_·-~-i~~:-_·_····~·· 1 · 
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k. 
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E~: - ~~~ ). 

~ S '~·'-' S_.;_..,.,.t 

Figure 2: Grid in the slorage and the surrounding ground 

The grid in the ground and the top insulation is two-dimensional and generaled auto
matically. With increasing distance to the slorage the grid width is increasing by a fac-
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tor of 1.5 per step, as a lower temperature gradient is expected at a Jonger distance from 
the storage. 

The slorage can be charged and discharged by two different systems: Direct water 
exchange between the upper and the lower layer and indirect heat exchange. The indi
rect system consists of heat exchanger coils. Every layer of the slorage can be equiped 
with a coil. The coils are coupled in parallel. Two circuits are possible and each coil can 
be coupled to one of these circuits. 

With the coils the storage water can be frozen. As the slorage water will never be frozen 
completely the discharging of cold can be performed via the direct water exchange 
system. In this case the output water from the slorage has a temperature of nearly 0°C. 

Inside the storage the following heat transfer phenomena are mode led: 

• transient thermal conduction in vertical direction with constant thermal conductivity 
and constant volumetrie heat capacity, 

• heat transfer through forced conveelion during charging/discharging by the direct 
water exchange system, 

• heat transfer through the slorage contines (ceiling, side, bonom), 

• phase change in the slorage due to freezing of the storage water, 

• heat transfer through the heat exchanger coils and the ice coatings including free 
conveelion at the horizontal coils embedded in water or gravel/water. 

No subcooling of the storage water is assumed and the phase change interface between 
ice coatings on the coils and therefore the storage water has a temperature of SP = 0°C. 

For an intemal slorage layer the change of the ice fraction during one time step is calcu
lated based on the transient energy balance for the ice coating: 

tle 1ceJ = 
tlt 

(I) 

where the fl.rst term on the right side describes the heat transfer between the heat carrier 
fluid in the coils and the phase change interface, the second term the heat transfer 
between the slorage medium and the phase change interface. 

k,0 j' is the heat transfer coeffl.cient between heat carrier fluid and phase change inter
face, which considers heat transfer at the inner pipe surface (a; = const.) as well as he.at 
conduction through the pipe and the ice coating. 

The temperature change of each layer during one time step is calculated based on the 
transient energy balance for the slorage medium: 
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Ll.3",, = ~ (3" ,.,-3", ) / & , ' -(3" , -3.,,_,) 1& ,_, 

Ll./ (p CP)" /';;;i (2) 

+ (p CP\" vj { -m";, c, ... , Ll.3 ... j + k, A,,/3 gr,j- 3 ... ) +a •. j A,,_.(3 p- H.,,j >) 

with ó.S Sl,j = s Sl ,j - s Sl,j- 1 if mdir > 0 (flow in Z·direction) 

t..Sst,J=S,, ,J+I- 9- s,,J if mdir<O 

The first term on the right side describes the vertical heat conduction, the second one 
the forced conveelion during charging/discharging via the direct water exchange sy
stem, the third one the heat transfer between storage and ground through the lateral 
contines and the fourth term the heat exchange between storage medium and ice coa
ting. 

The outer heat transfer coefficient for natura! conveelion in a saturated porous medium 
is calculated by the following equations: 

(3) 

Nu. = 0,618 RaD 0 '
698 Pr -o.oan (4) 

(5) 

After each calculation of the new storage temperatures the density of the storage water 
is calculated. Ifthere is a density inversion in two adjoining layers, these layers are fully 
mixed. This is very important fora cold storage, as due to the abnormity of water in a 
storage cooled from below the temperature stratification is destroyed completely when 
the temperature in the cooling zone fa lis bel.ow 4°C. 

In the surrounding ground two-dimensional transient heat conduction is modeled. The 
thermal conductivity and the specific heat are constant and uniform all over the ground 
volume. 

The differential equations are solved by a modilied Euler-method described in /2/. 

The " ICEPIT' model is a subroutine for the "TRNSYS" simulation program. It can be 
conneeled to any other model (collector, heat pump, building). 
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3. Validation 

"ICEPIT' was validared with experimental data from a pilot plant /1/. This plant con
sisiS of a 1.050 m' gravel/water storage, 211 m' unglazed collectors, an electric heat 
pump and an office/laboratory building. One wing of the building is heated by the heat 
pump and the laboratories are cooled by the storage. 

The operation period from 01.08.1990 until 31.10.1992 was simulated by "TRNSYS" 
and "ICEPIT" . Measured values ofthe used heat and coldas wellas the temperatures of 
the heating and cooling medium were used as boundary conditions. 

The simulated yearly cold losses of the slorage differ from the measured energies by 
I %. Figure 3 shows the vertical temperature distribution in the slorage during one year. 
At starage temperatures below 4°C the temperature stratification was inversed. This 
phenomenon is represented very well by the model. The maximum difference between 
measured and simulated temperatures was 1.5 K in the starage and 2 K in the ground. 
The maximum deviation in the slorage occured, when the water was partially frozen. 
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Figure 3: Measured and simulated temperature distribut ion in the slorage and the surrounding ground 

In the second period (01.11.91 - 31.10.92) a maximum volumetrie ice fraction of 
43.4% was measured. The simulated maximum volumetrie ice fraction was 49.2 %. 
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4. Application of the Model 

With the validaled model three combined heating/cooling systems as shown infigure I 
with different size were simulated. The slorage is filled with gravel/water, has the shape 
of a reversed truncated cone and was designed in a way that a maximum of 80% of the 
slorage water was frozen. Only the top is thermally insulated (20 cm). The heat pump is 
driven electrically. 

Design and performance data of the three systems are shown in TABLE I, the yearly 
energy balance infigure 4. 

TABLE I : Design and performance data ofthe three combined heatinglcooling systems 

yearly heat slorage 
demand volume 
MWhfa m' 

20 250 
200 3.000 

2.000 30.000 

energies in MWhlyear 

cold lossas 

5.2 
14.8 
37.7 

slorage 
efficiency 

% 
60.0 
88.6 
97.1 

7.8 
78.1 -

780.0 

I 13 
130 

: 1 300 

cold user slorage 

used cooling energy/ primary energy 
used heat 

0.39 
0.58 
0.63 

total electric 
energy 

energy tor 
circulation pumps 

0.8 
8.1 

80.0 
thermallosses 
heat pump 

sa ving 
% 

31.4 
40.5 
42.9 

total 
heat 
demand 

Figure 4: yearly energy ba/ances of the three combined heatinglcooling sysrems 

The cold losses per volume are decreasing with increasing slorage volume. Therefore a 
higher slorage efficiency is reached and more cooling energy related to the heat demand 
can be discharged with the larger systems. 
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Compared to separate conventional systems with refrigeration machine and gas bumer 
the combined heating/cooling systems save up to 42,9% primary energy. 

5. Nomenclature 

A Area m, Eice volumetrie ice fraction 

CP specific heat J/kg K (V,« I V,.J 
d diameter m À thermal conductivity W/mK 
g acceleration due to V kinematic viscosity m2/s 

gravity rnls2 s Celsius temperature oe 
hs latent heat of fusion J/kg p density kg/m' 
k overall heat transfer 

coefficient W/m2 K subscripts: 
K permeability m, 

m mass flow rate kg/s b bottorn 

Nu Nusselt number co coil 

Pr Prandtl number dir direct 

radius m fl fluid 

Ra0 Darcy-modified gr ground 

Rayleigh number gw gravel/water 

t time inner 

V volume m' ie ice coating 

z vertical coordinate m ice ice 
j,k,l,n indice 

Greek symbols: m medium 
0 outer 

a heat transfer p phase change interface 
coefficient W/m2 K s si de 

p coefficient of st slorage 
thermal expansion liK ti top ins u lation 

x porosity of gravel tot total 
filling (V,.)'/,0J w wall 

/',. difference wt water 

6. Referenccs 

111 Homberger, Martin: 
Solar unterstützte Heizung und Kühlung von Gebäuden. Stuttgart, Universität, 
lnstitut tur Thermodynamik und Wärmetechnik, Dissertation, 1994 

/2/ Klein , S. A. , W. A. Beckmann: TRNSYS, A Transient System Simulation 
Program, User's Manual, Solar Energy Laboratory, University of Wisconsin
Madison, Eng. Exp. Station, Report No. 38-13, 1990 

154 



AUTHOR'S INDEX 

Bal es 109 Lorenz 109 
Bastiaans 43 
Berkel 63 Musank 75 

Costa 33, 87 Ni el sen 17 
Dahm 109 Norton 25 
Drück 101 Novak 95 

Eames 25 Oliva 33,87 

Hahne 13, 101, 117 Pahud 127 
Hanjalic 75 Perez-Segarra 87 
Hellström 127 
Homberger 147 Redondo 53 
Hoogendoom 7 Rindt 43,63 

lvancic 33,87 Sanchez 53 
Sanner 137 

Klugenscheid 137 Seiwald 117 
Knoblich 137 Sillekens 43 
Koppen, van 9 Steenhoven, van 43,63 

Stri tih 95 

155 


