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Abstract: The production of domestic hot water represents one of the most interesting applications of solar 

energy, especially in residential buildings characterized by an important and regular hot water requirement 

during all the year. However, collective solar installations have no major improvement during the last two 

decades. The risks of legionella are also important, and energy efficiency of these plants is weak. One 

of the innovations carried out is to improve performance of these plants by the application of low- flow rates 

techniques combined with an active stratification tank. 

The purpose of this study is the improvement of the stratification in solar storage tanks. To do this, we set up a 

storage tank having no devices which enable stratification, and evaluating the performance of this tank, 

under different conditions, such as flow rate and injection temperature. 

The second step of this study is the use of stratification devices, such as the stratification cane, and the injectors. 

The developed CFD code allowed us to show the importance of the injectors utilization, to evaluate their 

performance under different conditions of flow rate, of injection temperatures, and thus optimizing their 

positions. 
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1. Introduction 

The production of domestic hot water represents one of the most interesting applications of 

solar energy, especially in residential buildings characterized by an important and regular hot 

water requirement, during all the year. However, collective solar installations have no major 

improvement during the last two decades. The risks of legionella are also important, and 

energy efficiency of these plants is weak, as well. 

 

Further the improvement of the insulation of the different components related to hydraulic 

installation and changing the type of the installation, using the technique of low- flow, 

represents a way to improve the performance of collective solar installations. This technique 

is now used in Solar Water Heater and in the combined systems.  

 

The aim of our work is to study possibilities for improving stratification in hot water tank, as 

well as the impact of the low- flow technique on the stratification. 

 

2. Different of techniques used for low- flow installations 

Unlike traditional tank, tanks with active stratification are supplied by a fluid, flowing 

through solar collectors with a flow which is reduced by a factor from 5 to 10, as well as a 

flow rate from 7 to 15 l / (h.m
2
) instead of 40 to 70 l / (h.m

2
)[1]. The decrease 

in flow causes a drop in heat transfer coefficient in the collectors and an increase in the 

temperature, as well as a decrease in the efficiency of the collectors. The use of Active 

stratification tank can compensate this loss of efficiency.  

In fact, irrigating the collectors in this way, can contribute to the increase in temperature 

level at the outlet, allowing to obtain a temperature closer to the desired level (usually 55° C) 

at the top of the tank and thus limits the supply of auxiliary energy. 

The collectors are supplied with a fluid at lower level of temperature to obtain a better 
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performance. A comprehensive overview of these domestic systems was carried out by the 

“International Energy Agency” [2], which highlights the importance of this technique in terms 

of energy as well as the economic aspect (reduced from 18 to 39% according to systems).  

One of the recommendations for optimizing the performance of solar water heaters is to use 

an irrigation flow in collectors between 7 l/ (h.m
2
) and 15 l/ (h.m

2
). Thus, for a given 

configuration, Fanny and Klein [3] showed that a decrease of the flow rate from 72 l/(h.m
2
) to 

10 (l/h.m
2
) coupled with the use of tank with active stratification leads to an increase of  8% 

of the recovered energy by the solar storage tank and reduces by 10% the auxiliary energy. 

Several ways are currently used to promote and maintain the stratification of the solar tanks. 

In terms of solar Injections, three methods are mostly used: exchanger coats, stratification 

cane and the multilevel injection with three-way valves.  

In addition, the tank has a tendency to homogenize temperature at bailing due to the jet of 

incoming cold water. Thus, for maintaining the stratification, studies were also carried out 

on the design of input cold water.  

The stratification cane is a system allowing the stratification in solar tanks. The simple 

concept is constituted of a cane, pierced with holes through which water is injected into the 

storage tank. The difference in density between fluid flowing in the cane and the fluid in the 

tank allows injecting the fluid in the tank in which the temperature is closer to the fluid 

temperature in the cane stratification. The drawing of hot water leads systematically to a de-

stratification of the tank, during an important drawing (bath, shower, etc.), due to the inlet 

cold water (vertical jet). The annual energy efficiency can then be reduced by 10-14%, 

depending on the type of the tank [1, 4].  

Studies about design of the inputs of cold water have been performed [1, 4, 5, 6] allowing to 

improve energy performance. 

 
Fig. 1. Conception of the inputs of the tank for cold water: half-sphere, plate, parallel plates 

 

JORDAN [4] and ANDERSEN [5] tested the inputs (a) and (b) (Figure 1) for domestic tanks, 

whereas CARLSSON [6] experienced the input (c) for a 2000 liter tank. 

However, some inconveniences have been highlighted: 

- Boiling phenomena can occur, although an adequate regulation of the flow rate of 

the primary fluid solves this problem [7, 8]. 

- The flow in the parallels tubes of the collector could be laminar where in such case the 

energy performance drops. This phenomenon is even most marked as the flow rate is low. 

However, if the collector is properly designed for low flow rate (serpentine collector), the 

energy efficiency is improved despite of a lower yield of the collector [3, 7, 9]. 

 

3. Simplified models for solar tanks 

There are currently in the literature, four major kinds of models: 

3.1 Algebraic tank (Plug-flow) 

This model simulates the thermal stratification in the tank considering the layers with variable 

volumes whose thickness fits the time step of calculation as well as drawing flow rate and 

fluid flow rate. The advantage of this model is using, without acting on the time step, a fine 

mesh in areas of strong stratification and a coarse mesh by grouping, according to 
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the method chosen by the user of the neighboring cells with a temperature difference 

exceeding 0.5° C. The disadvantage of this model is that is limited to two inputs and two 

outputs of water [11, 12]. 

 

3.2 Stratified fluid storage tank with internal heat exchangers 

The assumption for this model is to divide the storage tank into “N” layers of equal volumes 

and establishes an energy balance for each layer (N is between 1 and 300 according to Druck 

[12]).The increase in the number of nodes reduces the internal mixing, thus allowing to 

define a stratification of the tank more or less important. The convection phenomenon that 

comes in between the layers is taken into account.  

 

3.3 Full and mixed model 

This model assumes that the tank water is characterized by a single temperature: Assuming 

perfect and instantaneous mixing layers. However, stratification is not represented [13]. 

 

3.4 Zonal model  

The basic assumption of a zonal model is the division of the volume of the enclosure, 

studied in “N” zones is characterized by a temperature of each node. The system has N-1 

equations and N mass balance equations of energy balance as independent with “N” unknown 

temperatures and flow rates as much as boundaries between areas. In general, the number of 

unknowns greatly exceeds the number of balance equations. The equations of momentum are 

not taken into account in this type of model; therefore it is necessary to make additional 

assumptions for the closure of the problem. The general method for this is to impose some 

scenarios of flow [13]. 
 

4. CFD model 

In order to increase the accuracy of results issued from simulation, two-dimensional 

models were developed. An axis-symmetric model [14] describing the phenomena of natural 

convection in the tank, was developed to compare results between this model and one 

dimensional models. To treat the phenomena of natural convection, the conservation 

equations of mass and momentum, in radial and axial direction and the energy equation have 

been used. A turbulence model was added to treat the problems of mixed convection (natural 

and forced). 

 

5. Technical considerations 

5.1 Tank description 

In order to evaluate the contribution of the stratification system, it is required to have 

a basis for comparison. Therefore, the first part is deals with the study of fluid inside a 

traditional tank (without an active stratification) for tree levels of temperature and 

two different flow rates. 

The first will be 35 l / h corresponding to a low flow. While the second, will be called             

“traditional” as it is 350 l / h for an identical area of collectors. The volume of the storage 

tank is 150 l. The enclosure is composed mainly of an insulating layer of 8 cm with the 

following characteristics:  3/120 mkg , )./(04.0 Cmw   , )./(1200 CkgjCp  .  

The transfer is assumed unidirectional. The stitching is 20 mm of diameter, spaced out 

with 30 cm. 
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5.2 Selection of the temperature of injection 

We have represented the temperature of the output of the collectors for three months: 
January, April and July. We have selected a temperature for each month. The temperatures 

selected for study are: 45 ° C, 55 ° C, 65 ° C, corresponding to three averaged months. 

 

Fig. 2. Output temperatures of the collector for the months of January April and July 

5.3 CFD simulations 

The main assumptions are: 

- The fluid is a Newtonian incompressible. The flow is laminar. The regime is unsteady with a 

time step 1s. The resolution is based on a SIMPLE algorithm. The diagram is of a second 

order for the variables. Heat transfer is unidirectional. A zero speed condition on the edges. 

Re = 790 in the tank. For the initial condition of temperature (Figure 7), we opted for a 

constant temperature of    60 ° C in the upper part and a linear vertical profile up to 20 ° C 

in the lower part. 

 
Fig.3. Initial condition for temperature 

6. Results and discussion 

6.1 Case of a traditional tank 

6.1.1. Influence of the injection temperature 

After 5 min of injecting the fluid with a temperature of 45 ° C and a flow rate of 35 l/h 

(corresponding to a low flow), we find that the injected fluid impacts on the opposite wall of 

the tank causes a mixture of the fluid in both parts , upper and lower. 
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Same results are observed for a temperature of 65 ° C, where we note that the injected fluid 

allows to warm up the top and the bottom simultaneously. 

While for an injection temperature of 55 ° C, the jet does not exist, and the upper part of the 

ball remains at the initial temperature of 60 ° C. 

 

Fig. 4. Temperature profiles after 5 min of injection for an injection temperature 45°C, 55°C 

and 65°C (flow rate of 35 l / h) 

 

Through this simulation, we find that there is a thermal jet impacting the opposite wall of the 

injection, and having a consequence of homogenization of the tank. For the injection 

temperature of 45°C, the top is cooled and becomes homogeneous, while the lower part is 

heated up. While for the injection temperature of 65 ° C both upper and lower parts are 

warmed. For the injection temperature of 55 ° C, the upper part remains intact while the 

bottom is heated up. We find that the mass transfer is multi-directional. Since the average 

temperature of the upper part is cooler than the initial condition in the upper (injection at 45 

° C), it is required to re-heat with an auxiliary energy, which is a disadvantage in itself. 

Increasing the temperature in the lower part also has a negative influence since the collector 

efficiency decreases when the inlet temperature rises. The phenomenon should be even more 

pronounced for a higher flow rate. For an injection temperature of 55 ° C, the upper 

part remains at the initial temperature, this limits the use of the booster, while the bottom will 

be warmer, leading to a reduction in yield of the solar collector. In the case of an injection 

temperature of 65 ° C, the temperature of the upper part rises, limiting the use 

of a supplemented energy (increase in flow rate of the closure). 

6.1.2. Influence of the injection rate 

For traditional flow of 350 l / h, stratification of the tank is much faster since just after 

1 min, the jet is formed. The homogenization in the tank is faster.  

After 10 min of injection, it is finding a disappearance of the initial condition, where the tank 

is homogeneous at a temperature of 45°c. Whereas, for a flow rate of 35 l/h, there are two 

phases found after 10 min of injection.   
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Fig. 5. Temperature profiles after 10 min of injection for an injection temperature of 45°C 

and   flow rates of 350 l / h and 35l/h 

 

The simulations presented above show the tendency of the tank to homogenize temperature. 

The collector efficiency is penalized and auxiliary energy is required.  

 

6.1.3. Case of a tank with a stratification cane 

The use of the cane of stratification is illustrated in Figure 6, where it is found that the 

jet formed along the wall leads to the de-stratification of the side exposed to the injection, 

while the other side keeps the temperature related to the initial condition. 

Comparing this result with Figure 5, we can see that desertification is less important.  

To avoid thermal jet that causes desertification, the location of the duck near the wall is 

recommended. 

 
Fig 6. Temperature profile in a tank equipped with a cane of stratification after 5 min 

of injection (Tinj = 45 ° C, Qinj = 35 l / h) 
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6.1.4. Case of a tank with injector 

Contrary to the case presented in Figures 5 and 6, the jet associated with the injection does 

not exist, this keeps the tank perfectly stratified, and maintains almost the initial condition. 

After 5 min of injection, the tank is still stratified and close to the initial condition.  

While the tank begins to delaminate after 10 min (figure 7), the upper part remains intact. The 

use of auxiliary energy is limited. 10 min after injection, the influence of the 

plates is still strongly felt because the upper part of the tank remains intact. 

Three layers are still distinct after 60 minutes of injections (figure 7). The temperature 

field in the upper part is almost identical to the initial condition. The energy booster to 

be provided is less than in the case of a balloon without active system of stratification. 

The return temperature of the collector is only 40 ° C, allowing a better performance. 

 
Fig.7. Temperature profiles in a tank equipped with sheet injector of injection 

(Tinj = 45° C, Qinj = 35 l / h) 

7. Conclusion 

Two objectives are completed through this work. The first is the study of a traditional tank 

without active stratification system. Whereas, the second one, allows us highlighting the 

systems contribution, that promote the stratification. The CFD model developed allowed us to 

study the behavior of the fluid in the tank when it is submitted to injections for three 

temperature levels and two values of injection flow rate.  

We have highlighted the multi directionality of mass transfer in the enclosure, and so 

prevented the limitations of one-dimensional models mentioned in the literature. This model 

allowed us to study, more precisely, the thermal behavior and fluid dynamics, when 

injections are carried out with devices preserving stratification. We model a cane of 

stratification, and an injection system with parallel plates. 

The obtained results allowed us to conclude that: 

- Low-flow injection maintains the stratification; this limits the use of auxiliary energy and 

reduces the inlet temperature of the collector, and increases the collector efficiency.  
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- The use of the cane of stratification improves stratification and where it is advantageous to 

place the cane near the wall to avoid the thermal jet. 

-Use of injectors with parallel plates preserves the stratification. Sheets allow reducing the 

flow rate of injection limiting then the formation of the jet thermal and direct the flow 

horizontally. The use of auxiliary energy is then reduced, leading to the increase on solar 

fraction. 
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