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Thermal stratification in the 
accumulator tanks 

Extended abstract 
The applications of thermal stratification are used 
especially in solar energy systems to store heat in 
high quality, the accumulator using as a storage 
tank for hot water which is required in all kinds of 
energy storage. The amount of emitted thermal 
energy from the sun changes with time so heat 
storage must be applied which enables us to benefit 
from it for a long period. The accumulators, heat 
pumps and the water heating system must have the 
same specifications. If the supply and the exhaust of 
energy cannot be kept in balance, energy storage 
will become important for sustainable utilization. 
This mismatch phenomena generally occurs in the 
systems with unstable resource or requirement, such 
as solar energy system, hydraulic power generation, 
food preservation and so on . 

 
The design of heat accumulators needs heat 
stratifications. Another reason for wide utilization of 
water tank is based on the critical effect on balance 
of energy supply and demand, especially in solar 
energy systems such as solar domestic hot water 
(SDHW), thermal energy storage, district solar 
heating systems, and other unsteady energy used 
occasionally. Therefore, accumulator plays two 
main important roles as energy reservoir and 
redistribution. 

 
As far as solar energy system is concerned, from the 
lower temperature section of the water storage tank 
(accumulator), the cold water circulating through 
the collectors is heated by solar radiation, where it 
becomes the hot water and returns to the storage 
tank. If the hot water is allowed to mix with the cold 
water in the tank, the supplied temperature to the 
load is lowered and the useful quality of energy is 
degraded.  

 
The temperature difference between hot and cold 
water produce density changes which leads to 
appearance of lift force. Here thermal stratification 
must be used to reduce the degree of mixing in side , 
this type of energy storage system with thermal 
stratification is closely related to the efficiency of 
system. Different designs are available and currently 
used for tanks that apply thermal stratifications. 
There are different designs currently used in 
practical applications. 

To obtain optimum system performance it is 
necessary to promote thermal stratification in the 
storage tank (accumulator) and to minimize 
pumping power for the collector loop. The most 
effective way of promoting stratification is to avoid 
designs based on water jets entering the tank. A 
range of stratification promoters or diffuser 
manifolds mounted inside the storage tank  

Thermal stratification requires a controlled 
charging and discharging procedure, and 
appropriate methods or devices to avoid mixing; 
design of storage system is complex. 
 
Thermal stratification in the tank has a great impact 
on the thermal performance of SDHW systems. A 
high degree of thermal stratification increases the 
thermal performance of solar hot-water systems 
because the return temperature to the solar collector 
is lowered. A lower return temperature to the solar 
collector will increase the efficiency of the solar 
collector.  

 
Many experimental and numerical investigations 
have been presented for analyzing the performance 
of vertical thermal storage tanks whilst horizontal 
cylindrical tanks have received limited attention. 
The geometry is more susceptible to degradation of 
thermal stratification due to its small vertical 
dimension relative to its horizontal performance 
analysis. 

 
The thermal stratification is well preserved as the 
cold inflow mixes with the bottom layers. The 
temperature of the top portion of the tank is 
gradually reduced due to heat conduction  down the 
wall, mixing induced by hot water extraction and 
heat loss to the ambient, although the latter is 
minimised by externally insulating the tank. A 
negligible increase in temperature of the bottom 
cold layers is due to the thermal diffusion (at a small 
scale), and the conduction in the walls see Fig(1). 

 
In this study the structure and design of thermally 
stratified water tank (accumulator) are studied in 
addition to theoretical and practical studies which 
are used to develop heat stratifications in heat 
accumulators are carried out in this review 
 
Keywords: Thermal stratification, Solar energy, Hot 
water tank, Energy storage, Heat accumulators 

 



25

 

G  

gerekecektir. Bu nedenle, artan enerji 

uygulanarak 

, 

 Enerji 
 Enerjiyi 

 Koray, 

emlerle 
Bu enerji 

yenilenebilir enerji 
sistemlerinin 

  

. 
 

, 

 

  

 

 
 
 
 
 
 
 
 

 

 
 

 
-

-
t . Van Koppen 
vd., 

Lavan vd. 
enerji depolama sistemlerinde elde edil

 
Hollands vd.

Hüzme sürüklenme (Plume 

 

 

hat 

z 

T 

üniform 
 

z

T 

 

 

 

z 

T 

(a) (b) (c) 



26

M. W. K. Jaber, U. entürk, A. Güngör 

entrainment) 

n 

azalabilir. 

 
, Han vd., Michel vd. ve 

Patrice vd. incelenebilir. 

 
 
Teorik incelemeler 

birinci y  

 
enerjinin korunumu termodinamikte  ile 
verilmektedir ( ekil 2a). 
 

   (1) 
 

Burada , , ,  , , ,  

debi, entalpi, 
ivmesi

 = 0 olur.  

 
 

 

 
 
 
 
 
 
 
 
 

. (a) Sürek , (b) 
  

 
, a) 

 

. 

Haller vd. ve Abdoly vd. ya 
da Zurigat vd. 

-

polama sistemlerinde 
birinci yasa verimi (enerjetik, ) ile ifade 
edilir. 

 

Abdoly vd.

  

F(t), 

olup,  ile verilmektedir. 

 

 

 

 

Ik,dep

o 
tank

,  , T  , hÇ ,V  

 , Tg , hg, Vg 

 
 

a 
elem

  

 

(a) 



27

 

Burada Qo T1 T2 
T2 >T1 ) 

, 
 

Q(t) . 
j 

 , T1’

ifade edilir . 

 

 

Burada 
T2

 
 (5) 

 ile verilen F(t) 

Nelson vd. 
. -9) 

toplam  

 (6)

ile verilmektedir. Burada,  ve  
  

 
 
 (7) 

 
 

 (8) 

ile 

ile ifade edilir. 
 
Burada   

 

 

 

olarak bulunur. Chan vd. 

boyunca bir 

maksimum enerj
verim denklemi  . Bu 

ideal 
tapa (ideal plug) . 

         (11) 

rada  
  ise, 

yararlanarak, 

                (12) 

 Yoo vd. 

tapa

 

ikinci y  

lar bir sistemin 



28

M. W. K. Jaber, U. entürk, A. Güngör 

tersinmezlik ve entropidir. Enerji sistemlerinin 

olarak iki ana grupta toplanabilir; 1) Entropi 
 2)  

  sistemlerinde ikinci 
yasa verimi (ekserjetik etkinlik, )  ile 
ifade edilir . 

 

b). Haller vd. 

ve

dengesi, hesap belirsizliklerinden daha az 

-
eney 

verimleri  
bir potansiyele sahiptir. Entropi veya ekserji 

  

 

  

 

        (17) 

Burada ,  ,  

tabakal -17) 
 

Burada ,  ,  

 

sahiptir. 

. 

                                  (18) 

Burada 
ifade 

etmektedir. 

 

   (19) 

 
  

 

         (20) 

  

               (21) 

     (22) 

). 



29

 

, 

 Shah, b

giri

 

 Ghaddar, 

t

enerji ve ekserji verimi mevsimsel 

. 

sistemlerinin enerji ve ekserji analizlerini, 

-lineer, 
genel- -  -
dikkate al 3

tir

epolama verimini 

 

  

Boyutsuz parametreler 

 vd. 

) en uygun boyutsuz 

(

etmektedirler. Han vd. 

 

-28)  

 

 

 

 

 

 

3. (a)

modeli. (c) T  
modeli 

 ( : 

eder ve  

)



M. W. K. Jaber, U. entürk, A. Güngör 

    (23) 

,  
, 

, uzunluk, 
 

Richardson 

. 

 ( : 

deponun herhangi bir j dilimindeki 

enerji momenti, 

 (24) 

 (burada y kontrol hacminin 

mesafedir)  

          (25) 

ile verilir. Burada , 
 

simgelemektedir. 
 

 

: 
-

 

     (26) 

: 

tanklarda 

avan vd

 

:  

e 

 

 : 
 

 

     (27) 

 : 
 

ve  
 

 

     (28) 

HAD benzetimleri 

lu 
Farklar, Sonlu Elemanlar, Sonlu Hacimler vb.) 



31

 

tank 
bölme levha 

su 
 

 

A

A
A-A Kesiti 

1500 

 

 
x

z

Ø
27

Ø
50

Ø
19

 depolama 

modellenmesi durumunda, bu denklemler, 

    (29) 

 

,  

 
  

 

)               (31) 

 ve 
 

olup,  
Rajagopal vd.

zetimlerini, 

d., 

-
Implicit Method for Pressure Linked Equations) 

d

 

da bu  

 

 

 

 

 

 

 

 

(  ve ark., 
2004). b) De  

Eames. vd., 

 Shah, 

ar vd., 

deneysel bulgularl , 



32

M. W. K. Jaber, U. entürk, A. Güngör 

 

Darci vd, 

4b)  ve 

ofillerinin deneysel 

bir ifad  5). 

 

 

 

 

 

 

0 litrelik, 60 oC ve  tanka 

levha ile  c) S

 

 

 

Deneysel incelemeler 
Alizadeh, deneysel bir 

6

 

 
amada ise 

l

En iyi tabak

7a ve 7b  
nda, s

yunca 

o . S , 
t

 

o . 

7c’de  ise, 
o bir boru 

. 
Farrington, , 

ak su si
   

deneysel ve HAD 

. 

 
2



33

 

2  

m2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

7. 

  , a) 6  l/dak debi, b) 10 l/dak debi  

10 
 

 2) , 
-  

 

 daha iyi performans vermelidir, 2) 

3) 

aha iyi performans 
elde edilir, 5) Serpantin borusundaki debi ve 

, 
tabaka Morrison vd., g

yatay, mantolu 

mantolu 

 
  
Roman vd. 

8a), 

8b ve 8c). 
1 ve S2 

2 

1 
temin 

halkasal kesitli dikey levhalar (Shx1, Shx2) ile 

Matematiksel modelin 
 

 8 de  her bir  
 (URE, ) 

Termokople 
eleman  

 

borusu  

Deney 
 

 

tank 

 

  

Debi 
 

(b)    

 

(a)  

 
 

 

 

Depolama 
 



34

M. W. K. Jaber, U. entürk, A. Güngör 

. Sonunda elde edilen 

serpantin boru , 
ya . 

8d, 8e ve 8f
(Tdhw

oC) hacim oranlar  
 

(User Related Efficiency), Geczy vd. 
(P.Geczy-Vig, I. Farkas, 2010)

sistemlerinde 
deposundaki, 

  

 
 

 

 
 

 

 

 

 

 

 

, 
 

oC, 
oC olarak 

 Fernandez  vd. 
, 150 l kapasiteli, evsel, elektrikli 

 statik modu 
durumu) ile ilgili deneysel inceleme 

9a a 
deponun eki 

 

parametreleri, deneysel verilerden elde 

 Fernandez v .d., 
dinamik 

modu  durumu) ile ilgili deneysel 
inceleme . k bir 

 tank, 

 deneysel 
, -

l/dak Tank 
 , 

de mektedir.  
 

a 
i2- -  
incelenen durumlar 

. 

Jordan vd., 

ine 

B 

 

su 

evcil 

su 

C 

evsel 
 su 

 

 

n su 

D
ik

ey
 le

vh
a 

 

S

S

450

Sh
x2

Sh
1

A 

(d) (e) (f) 



35

 

incisi ise 

ltma (draw-

 

 

 

 

 

 
 
 

il.9 (a) (b) Depoya giren 
 

 17oC, 
18 l, oC (c) 

 
 

 

. 
durumunun 

 

% 3 ila ik  (58-
155 MJ/y ) bir 

. 

ol tkilenen 
tank sev ekil 9b). Arslan, 

f/H ve 
g/D 

9c). Depolama 

deneysel sonu

-
g/D ve f/H 

v

g/D=0,2 ve f/H
  

Simon vd.  

( c 



36

M. W. K. Jaber, U. entürk, A. Güngör 

 
 

veriminin % 5 ila %

tanktan % 25 kadar daha iyi 
, 

 Andersen vd., 
 

den faydalanmada 
%23 azalmaya ned

Zurigat vd.  

mli bir etkisi 
 

Sonuç  
 

inin 
 

kullan . 
depolama 

gel  
 dir. 

verimi, e

, 
. 

engellemenin en 
etkili yolu, . 

o

olur). 
rji 

 

Kaynaklar 
Abdoly M.A., Rapp, D., (1982). Theoretical and 

Experimental Studies of Stratified 
Thermocline Storage of Hot Water, Energy 
Conversion and Management, 22,275–285.  

Alizadeh S., (1999). An Experimental And 

a Horizontal Cylindrical Solar Storage Tank, 
Solar Energy, 66, No.6, 409-421. 

Andersen E, Furbo S.,( 1999). Thermal De-

Due to Mixing During Tapping, In 
Proceedings of the ISES solar world  
congress, 1197–206. 

Bahy Abdel Mesih, Janne Dragsted, (2007). 
Thermal Str –17 
October.  

(2010). Dimensionless numbers used to 
characterize stratification in water tanks for 
discharging at low flow rates. Renewable 
Energy, 35, 2192–2199. 

Chan A.M.C., Smereka, P.S., Giusti D. A, 
(1983). Numerical Study of Transient Mixed 
Convection Flows in a Thermal Storage 
Tank, Transactions of the ASME. Journal of 
Solar Energy Engineering, 105, 246–253. 

-Segarra, CD, 
Soria, M., (2004). Virtual prototyping of 
storage tanks by means of three-dimensional 
CFD and heat transfer numerical simulations, 
Solar Energy, 77, 179-191. 

Engineering Approach Thermodynamic, Mc. 
Graw Hill, 985, USA. 

Darci L. Savicki, 
Krenzinger, (2011). Three-Dimensional 

and Hydrodynamic Behaviors of Cylindrical 



37

 

Storage Tanks, Renewable Energy, 36, 1364-
1373. 

Duffie JA, Beckman WA., (2006). Solar 
Engineering of Thermal Processes, 3rd ed, 
Madison,US,John Wiley&Son. 

Eames P. C. , Norton B., (1998). The effect of 
tank geometry on thermally stratified 
sensible heat storage subject to low Reynolds 
number flows, International Journal of Heat 
and Mass Transfer, 41, No.14, 2131-2142. 

Farrington R. B., Bingham, C. E, (1987). 
Testing and Analysis of Load –Side 

Domestic Hot Water Systems, Technical 
report, Solar Energy Research Institute, 
USA. 

Fernndez-Seara, Uhia FJ, Sieres J., (2007), 
Experimental Analysis of a Domestic 
Electric Hot Water Storage Tank. Part I. 
Static Mode of Operation, Applied Thermal 
Engineering, 27, 129–136. 

Fernndez-Seara J, Uhia FJ, Sieres J. (2007). 
Experimental Analysis of a Domestic 
Electric Hot Water Storage Tank Part II: 
Dynamic Mode Of Operation, Applied 
Thermal Engineering, 27,137–144. 

Ghaddar NK., (1994). Stratified Storage Tank 

Heating System Tested in Beirut, Renewable 
Energy, 4(8), 911–25. 

Han YM, Wang RZ, Dai YJ, (2009). Thermal 
Stratification Within the Water Tank 
Reviews, Renewable and Sustainable Energy 
13(5),1014–26. 

Heat Exchangers in Solar Water Heating 
Systems, 64 ( 19-31). 

Hollands K.G.T., (1989). A Review Of Low-
Flow,Stratified-Tank Solar Water Heating 
Systems, Solar Energy, 43, 97–105. 

Huhn R,.Beitrag zur, (2007). 
Thermodynamischen Analyse und 

Energieum wandlungsketten. Ph.D. Thesis, 
Technische Universitat Dresden, Germany, p. 
21 (German). 

Thermal 
Energy Storage Systems and Applications, 
1sted., John wiley&sons. 

Koray 

 
K.R. Rajagopal, M. Ruzicka, A.R. Srinivasa, 

(1996). On the Oberbeck-Boussinesq 
approximation Math. Models Methods Appl. 
Sci., 6, 1157-1167. 

Lavan Z.,Thompson J., (1977). Experimental 
Study of Thermally Stratified Hot Water 
Storage Tanks,Solar Energy,19, 519–524. 

Louise J.Shah, (2005). Smart Solar Tanks for 
Small Solar Domestic hot water Systems, 
Solar Energy, 78, 269–279. 

Marc a. Rosen, The Exergy of Stratified 
Thermal Energy Storages, Solar Energy, 71, 
No. 3, 173–185, 2001. 

. 
Michel Y. Haller, Cynthia A. Cruickshank, 

Wolfgang Streicher, Simon Furbo, (2009). 
Methods to Determine Stratification 
Efficiency of Thermal Energy Storage 
Processes and Theoretical Comparison, Solar 
Energy Review,83 ,pp1847–1860. 

Michel Y. Haller, Eshagh Yazdanshenas, Elsa 
Andersen,  Simon Furbo, (2010). A Method 
To Determine Stratification Efficiency of 
Thermal Energy Storage Processes 

Solar Energy, 84, pp 997–1007. 
Morrison G., Nasr A., Behnia M., Rosengarten 

G., (1998). Analysis of Horizontal Mantle 

 
Nelson J.E.B., Balakrishnan, A.R., Murthy, S.S, 

(1999). Experiments on Stratified Chilled 
Water Tanks, International Journal of 
Refrigeration, 22, 216–234. 

Patrice Pinel, Cynthia A. Cruickshank, A. Wills, 
A, (2011). Review of Available Methods for 
Seasonal Storage of Solar Thermal Energy in 
Residential Applications, Renewable and 



38

M. W. K. Jaber, U. entürk, A. Güngör 

Sustainable Energy Reviews, 15, 3341– 
3359. 

Peiwen Li, Jon Van Lew, Wafaa Karaki, Cholik 
Chan, Jake Stephens, Qiuwang Wang, 
(2011). Generalized Charts of Energy 
Storage Effectiveness for Thermocline Heat 
Storage Tank Design And Calibration, Solar 
Energy, 85,pp2130–2143. 

P.Geczy-Vig, I. Farkas, (2010). Neural Network 
Modelling af Thermal Stratification in a 
Solar DHW Storage, Solar Energy, 84. 

Roman Spura, Dusan Fiala, Dusan Nevrala , 
Doug Probert, (2006). Performances of 
Modern Domestic Hot-Water Stores, Applied 
Energy, 83, 893–910. 

Shah L. J., (2000). Heat Transfer Correlations 
for Vertical Mantle Heat Exchangers, Solar 
Energy, 69, 157-171. 

Simon Furbo, Elsa Andersen, Soren Knudsen, 
Niels Kristian Vejen, (2005). Smart Solar 
Tanks For Small Solar Domestic Hot Water 
Systems, Solar Energy, 78, 269–279. 

Ulrike Jordan, Furbo S., (2005). Thermal 
Stratification in Small Solar Domestic 
Storage Tanks Caused by Draw-Offs, Solar 
Energy, 78 , 291–300. 

Van Koppen CWJ, Thomas JPX, Veltkamp 
WB, (1979). The Actual Benefits of 
Thermally Stratified Storage in a Small and 

Medium Size Solar System, In Proceedings 
of ISES solar World congress, 579–580, 
Atlanta, USA. 

Yoo H., Kim C.J. and Kim C., (1998). 
Approximate Analytical Solutions for 
Stratified Thermal Storage Under Variable 

, Solar Energy, 66, 47–56. 
Zachar A., Farkas, I. and Szlivka, F., (2003). 

 Solar 
Energy, 74, 287-302. 

Zurigat Y.H., Liche, P.R., Ghajar, A.J., (1990). 

International Journal of Heat Mass Transfer, 
34,115–125. 

Zurigat Y.H., Ghajar, A.J. Chapter 6, (2002). 
Heat Transfer and Stratification in Sensible 
Heat Storage. Dincer I., Rosen, M. , Thermal 
Energy Storage –Systems and Applications. 
John Wiley & Sons, New York, pp. 264–270. 

 
 

 
 

 
 


