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Sammanfattning 
Stratifierade värmelagringstankar kan användas för att öka effektiviteten hos 

adsorptionsvärmepumpsprocesser genom att möjliggöra regeneration av värme mellan faserna. 

För att dessa effektivt ska kunna användas är det viktigt att temperaturskikt hålls intakta inuti 

lagringstankarna och att omröring undviks. Då omröring oftast uppstår vid laddning och tömning 

av lagringstankarna är målet för det här projektet att minska denna effekt genom att använda 

porösa medier vid deras inlopp. 

Porösa mediers inverkan på flöden och temperaturskikt inuti värmelagringstankar undersöks 

både kvalitativt och kvantitativt i det här projektet. Två tankar undersöks där polyuretanskum 

används som poröst medium. Numeriska resultat jämförs med experimentella för att undersöka 

effekterna av de porösa medierna, samt för att validera de numeriska modeller som används. 

Ekvationer som beskriver flödet genom porösa medier implementeras i CFD (computational 

fluid dynamics) modeller och lagringstankarna modelleras som 2D-axelsymmetriska domäner. 

Bakgrundsorienterad schlierenteknik (BOS) och färgning av inloppsvatten används för den 

kvalitativa undersökningen och termoelement används för att mäta temperaturer vid olika 

positioner.  

Numeriska och experimentella resultat visar hur porösa medier har en positiv inverkan på 

temperaturskiktningen. Resultat från experiment då BOS teknik och färgning av vatten används 

visar en minskning av det termoklina skiktets tjocklek med en ökad polyuretanskumtjocklek. 

Detta kunde också ses för de numeriska fallen. Numeriska och experimentella resultat visar även 

att porösa medier har en positiv inverkan på dämpningen av turbulens och kinetisk energi. 

Fortsatt arbete krävs för att anpassa numeriska modeller till experimentella data. Jämförelser 

mellan numeriska och experimentella resultat uppvisar skillnader både hos flödesfält samt hos 

temperaturfördelningar inuti tankarna. Resultaten visar dock att porösa medier skulle kunna 

spela en betydande roll för utvecklingen av stratifierade värmelagringstankar. 
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Abstract 
In order to increase the efficiency of an adsorption heat pump system, a stratified thermal heat 

storage can be used to enable regeneration of heat between the different phases of the process. 

It’s crucial to avoid mixing and to keep layers intact inside the storage tank. As mixing generally 

occurs during charging and discharging, the aim of this project is minimizing these effects by 

introducing porous media into the region of the inlet ports. 

The impact of porous media on laminar and turbulent flow inside stratified thermal storage tanks 

is qualitatively and quantitatively investigated. Two thermal storage tanks are examined in which 

polyurethane foam is used as porous medium. Numerical results are compared with experimental 

results in order to study the effects of the porous medium and validating numerical models. For 

the quantitative investigation, equations describing flow in porous media are obtained and 

implemented into computational fluid dynamics (CFD) models. Simulations of storage tanks are 

performed by means of 2D-axisymmetric domain models. Tanks are investigated qualitatively 

using two methods; background oriented schlieren (BOS) and ink colored inlet water, in order to 

visualize flow and mixing inside tanks. Thermo elements are also used to measure temperatures 

at given locations.  

Results from experimental- and numerical cases show how porous media influence stratification 

in a positive way. Flow visualizing experiments (using ink and BOS) showed decrease in 

thermocline thickness when using polyurethane foam. This could also be seen for the numerical 

cases. Experimental- and numerical investigations of the ability of porous media to damp 

turbulence intensity and kinetic energy, showed a positive effect. 

Further improvements have to be done, adjusting numerical models to experimental results. 

Comparison between the numerical- and experimental results showed differences both in flow 

fields and temperature distributions. 

Results indicate however, that porous media could play an increasing role in the development of 

stratified heat storages. 
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NOMENCLATURE 

The following chapter displays the notations and abbreviations that are used in this master 

thesis.  

Notations 

Symbol   Description 

Latin symbols 

         Hole area of perforated pipe    ) 

             Total hole area of perforated pipe    ) 

         Mean surface area of perforated pipe    ) 

       Coefficient of heating performance ( ) 

       Coefficient of cooling performance ( ) 

       Specific heat at constant pressure (        ) 

    Diameter     

       Hydraulic diameter for pore in porous medium     

         Hole diameter of perforated pipe     

       Average particle diameter for porous medium ( ) 

          Mean diameter of pipe ( ) 

     Specific energy (      ) 

       Source term in Navier-Stokes equation, radial direction (     ) 

       Source term in Navier-Stokes equation, axial direction (     ) 

      Gravitational acceleration (    ) 

        Gladstone-Dale constant (     ) 

      Grashof number ( ) 

     Sensible specific enthalpy (      )  

         Enthalpy of fusion for latent heat storage (J) 

            Diffusion flux of species   (         ) 

      Turbulent kinetic energy (     )  

         Effective conductivity (       ) 

     Characteristic length ( ) 

          Perforated pipe length ( ) 

     Mass      

        Mass flow rate into bigger tank        

     Number of readings ( ) 
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         Refractive index ( )  

     Pressure (  ) 

         Condensation pressure for heat pump cycle (  ) 

        Evaporation pressure for heat pump cycle (  ) 

      Heat added to evaporator for heat pump cycle     

     Heat coming from high temperature heat source for adsorption heat 

pump cycle     

     Heat released to intermediate temperature heat source from heat 

engine in adsorption heat pump cycle     

      Heat taken from condenser for heat pump cycle     

     Radial coordinate ( ) 

      Reynolds number ( ) 

               Transition Reynolds number ( ) 

         Modified Reynolds number for flow through porous media ( ) 

        Mean rate of deformation (   ) 

       Source term in continuity equation (         ) 

       Specific surface area per unit volume (     ) 

     Temperature ( ) or     

         Temperature of cold part in stratified heat storage ( ) or     

      Temperature of heat storage after heating ( ) or     

        Temperature of hot part in stratified heat storage ( ) or     

      Temperature coming from high temperature heat source for 

adsorption heat pump cycle ( ) or     

      Temperature of heat storage before heating ( ) or     

       Temperature water entering bigger tank ( ) or     

                Condensation temperature for heat pump cycle ( ) or    

        Evaporation temperature for heat pump cycle ( ) or     

      Intermediate temperature for latent heat storage ( ) or     

        Temperature of main inlet in smaller tank ( ) or     

        Reference temperature for energy equation ( ) or     

       Measured initial temperature inside bigger tank by first RTD ( ) 

or     

       Measured initial temperature inside bigger tank by second RTD 

( ) or     

              Initial temperature inside bigger for numerical cases ( ) or     

      Reynolds averaged mean velocity        

      Velocity       
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       Root mean square of turbulent velocity fluctuations       

       Flux per unit area of porous medium             

       Radial velocity       

       Mean velocity in the  :th direction       

         Fluctuating velocity in the  :th direction       

        Interstitial velocity       

       Mean velocity in the  :th direction       

         Fluctuating velocity in the  :th direction       

       Mean velocity in the  :th direction       

        Fluctuating velocity in the  :th direction       

       Axial velocity       

      Volume (  ) 

       Entire body volume for porous medium (  ) 

             Volume flow for water entering the bigger tank (          ) 

             Volume flow for water entering the smaller tank (          ) 

       Void volume for porous medium (  ) 

       Skeleton volume for porous medium (  ) 

      Swirl velocity       

     Mechanical work ( ) 

     Axial coordinate ( ) 

      Value of reading   ( ) 

        Value of reference reading ( ) 

       Mass fraction of species   ( ) 

Greek symbols 

      Permeability of porous medium (  ) 

         Smallest angle inside quad cell ( ) 

                                   Inertial resistance coefficient (   ) 

      Wavelength of light ( ) 

        Kronec ker delta ( )  

     Porosity of porous medium ( )  

         Dissipation rate of turbulent kinetic energy per unit mass (     ) 

        Pressure gradient vector in the flow direction for porous medium 

λ    Thermal conductivity (       ) 

      Dynam ic viscosity of fluid (    ) 

  ,     Turbulent or eddy viscosity (    )  
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        Kinematic viscosity (    ) 

     Density (     ) 

       Density of material forming porous medium skeleton (     ) 

      Apparent density of porous medium (     ) 

     Standard deviation ( ) 

          Effective stress tensor (  ) 

        Reynolds stress tensor (  )  

     Pores per unit length (   ) 

     Pores per unit volume (    ) 

Abbreviations 

BOS   Background Oriented Schlieren 

COP   Coefficient of Performance 

CFD   Computational Fluid Dynamics 

HTF   Heat Transfer Fluid 

MRI   Magnetic Resonance Imaging 

PIV    Particle Image Velocimetry 

PVC   Polyvinyl Chloride (Plastic) 

RANS   Reynolds Averaged Navier-Stokes Equation 

RTD    Resistance Temperature Detector 
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1  INTRODUCTION 

In the following chapter, background and purpose of the project are presented as well as used 

methods. 

1.1 Background 

As energy consumption for heating and cooling purposes increases worldwide, new methods 

with higher efficiencies and economical benefits are required to cover both industrial and 

residential demands (Demir, Mobedi and Ülkü, 2008). Heat pumps have increased in popularity 

recent years due to high coefficient of performance (COP) values and cost effectiveness.  

Adsorption heat pumps are able to run from heat, instead of electricity as for mechanical heat 

pumps. This leads to a potentially lower primary energy demand and waste heat, coming from 

electricity generation in a cogeneration power plant, could as an example be used as heat source. 

Another possible advantage of thermally driven heat pumps is the potential of reducing grid 

loads compared to electrical heat pumps. 

An effective way to increase the efficiency of the adsorption heat pump process is using internal 

regeneration between different phases of the process (Härkönen and Aittomäki, 1991). The 

following master thesis is a part of the Stratisorp cycle project (Schwamberger, Joshi and 

Schmidt, 2007) where the heat released from an adsorber during the adsorption phase is 

transferred to a heat transfer fluid (HTF). The HTF is at the same time used as a storage medium 

and stored in a thermally stratified heat storage tank. Fluid can then be extracted from the storage 

tank and heat is supplied to the adsorber for the desorption phase. 

1.2 Aim and purpose 

In order to use a stratified thermal storage tank for the regeneration in an adsorption heat pump 

process, it’s crucial to avoid mixing and to keep the layers intact inside the tank. As mixing 

generally occurs during charging and discharging of the tank, the aim of this project is 

minimizing these turbulent mixing effects by introducing polyurethane foam as porous media 

into the region of the inlet ports. The effects of foam thickness on flow variables such as 

temperature, velocity, turbulent intensity, turbulent kinetic energy and streamlines inside thermal 

storage tanks are both experimentally- and numerically investigated. Experimental results are 

compared with numerical results to evaluate obtained numerical models and their 

implementation into the numerical cases. 

1.3 Method 

The flow in the ideal stratisorp cycle tank is highly transient and realizes a cyclic steady state, in 

which the state of the storage repeats itself after each full adsorption/desorption cycle. Due to the 

complex and transient operation of the storage in the real cycle, it was necessary to select more 

simplified flow situations within this work. Two tanks with different setups are examined 

experimentally and numerically in this project. They are referred to as the smaller- and the 

bigger tank.  

In a numerical study, porous medium models are obtained and implemented into CFD models for 

both tanks. Geometries are modeled using two-dimensional-axisymmetric-models to save 

computational costs. Test cases from simulated data are chosen out and experimental validations 

are carried out.  
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The experimental investigations of the smaller tank are performed by Florian Feuerstein in 

context of his degree thesis at the Karlsruhe Institute of Technology (Feuerstein, 2013). During 

his experiments, background oriented schlieren (BOS) is used together with thermocouples 

inside the tank, to visualize and measure thermocline thickness and flow inside the tank for 

steady state conditions. Foam thickness is varied between the experiments to see its impact on 

the stratification inside the tank. Experiments are also performed where ink is used to color the 

water entering the tank from the main inlet. The transient loading process of the smaller tank can 

then be captured on video. His results are used as a reference in this report to compare numerical 

results with and to validate the porous media models used in the numerical cases.  

The experimental investigation of the bigger tank is performed using BOS to visualize the effects 

of porous media on turbulence and to evaluate obtained numerical models. Temperatures are 

measured both inside the tank and at the inlet, using temperature resistance detectors (RTD). A 

flow meter is used to obtain the correct volume flow rate. 
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2  FRAME OF REFERENCE 

This chapter gives a review of the theoretical reference frame that’s necessary for performing 

and understanding the research in the project. 

2.1 Theory of adsorption heat pumps 

2.1.1 Introduction to heat pumps 

The working principle of a heat pump is to absorb heat at a certain temperature level and 

pumping it to a higher one, following a thermodynamic cycle. Heat is thereby taken from a heat 

source and released to a heat sink. The working principle is illustrated in Figure 2.1 (Wirbser, 

2011).  

 

Figure 2.1 – Working principle of mechanical heat pump 

At the evaporator, heat coming from the heat sink is absorbed by the refrigerant. This makes the 

refrigerant undergo a phase change from liquid- to gas form. The gas is then lead to a pump or 

compressor, which runs on mechanical or electrical energy. Inside the pump, the pressure of the 

gas is increased due to the compression. This leads to a higher refrigerant temperature. The warm 

gas is then lead to the condenser where it once again undergoes a phase change, now from gas 

form to liquid form. The heat released during this process is transferred to the heat sink through 

the heat exchanger. A throttle is then used to take the refrigerant back to vaporizing pressure and 

a lower temperature. The mechanical process is illustrated in Figure 2.2 (Wirbser, 2011) and the 

four stages of the ideal heat pump cycle can be seen in Figure 2.3 (Jonsson, 2008). 

 

Figure 2.2 –Ideal heat pump cycle 
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Figure 2.3 – Heat pump cycle in p,h-diagram 

2.1.2 Adsorption heat pumps 

An adsorption heat pump cycle replaces the need of mechanical power required for the pump or 

compressor by using adsorption. Instead of working between two temperature levels, as for 

mechanical heat pumps that uses mechanical or electric power, the adsorption heat pump works 

between three temperature levels. 

The adsorption heat pump cycle can be seen as two separate cycles. The first one is a heat pump 

taking heat from a low level temperature source and releasing heat to an intermediate 

temperature sink. The other cycle is a heat engine receiving heat from a high temperature source 

and releasing it to a second intermediate temperature sink. The work obtained in the heat engine 

cycle is used to run the heat pump. The two intermediate sinks are generally close to each other 

and can therefore be seen as one temperature level. The interaction between the two cycles can 

be seen in Figure 2.4 (Demir, Mobedi and Ülkü, 2008).   

 

Figure 2.4 – Working principle of adsorption heat pump 

Adsorption heat pumps are based on the ability of an adsorbent to adsorb a refrigerant, such as 

vapor, when the temperature is low and then desorbing it when heated (University of Warwick, 

2012). Porous solids are examples of materials used as adsorbents. The part where the adsorbent 

is situated is called the adsorber. This part represents the heat engine cycle described earlier and 

shown in Figure 2.4 and works as a thermal compressor. The adsorber is linked with a condenser 

and evaporator where the refrigerant is either condensed or vaporized. These together form the 

heat pump cycle shown earlier in Figure 2.4. The thermodynamic cycle for the adsorption heat 

pump can be seen in Figure 2.5 (Pons, 2008).  
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Figure 2.5 – Adsorption heat pump cycle in ln p,-1/T-diagram 

The thermodynamic cycle contains four periods: 

     Heating and pressurization  

During the initial phase of the thermodynamic cycle, both temperature and pressure are low and 

the refrigerant (e.g. vapor) is adsorbed by the adsorbent. The thermodynamic cycle begins by 

heating the adsorber (containing the adsorbent) when it’s still closed. The temperature increases, 

leading to a pressure increase from evaporation- to condensation pressure in the adsorber. 

     Heating and desorption 

The adsorber is connected to the condenser and is still being heated. The condenser now 

superimposes the adsorber pressure (Pons, 2008). The temperature continues to increase which 

causes the refrigerant to be desorbed. This desorption is an endothermic process and heat is 

absorbed by the adsorber. The refrigerant is lead to the condenser where it condenses and 

produces useful heat output,   .  

     Cooling and pressurization 

The adsorber, now disconnected from the condenser, is cooled down and pressure thereby 

reduces from condensation pressure to evaporation pressure (Pons, 2008). 

     Cooling and adsorption 

Adsorber and evaporator are now connected. The adsorber continues to release heat while the 

refrigerant in the evaporator evaporates, causing it to absorb heat from the environment. This 

produces useful cooling effect   , and the system can then be used as a cooling system. The 

adsorbent now re-adsorbs the refrigerant. This is an exothermic process and more heat is released 

from the adsorber. When the refrigerant has been adsorbed the thermodynamic cycle has 

returned to its initial phase.  

2.1.3 Coefficient of performance (COP) 

The coefficient of performance (COP) shows how efficiently the energy (mechanical or thermal) 

that’s put into the heat pump cycle is used to either heat or cool the object of interest. Dependent 

on if the heat pump is used for heating- or cooling purposes, the COP is defined differently.  

For the mechanical heat pump process, shown earlier in Figure 2.2, the coefficient of cooling 

performance       is expressed as (Jonsson, 2008): 

     
  
 
   (2.1) 
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where    is the heat added to evaporator in the heat pump cycle, which cools the area where the 

heat is taken from.   is the mechanical work that’s added to the cycle. The coefficient of 

heating performance        can be expressed as (Jonsson, 2008): 

     
    

 
          (2.2) 

where    is the heat taken from condenser in the heat pump cycle which can be used for 

warming purposes. 

For the adsorption heat pump process, shown earlier in Figure 2.4, the coefficient of cooling 

performance       can then be expressed as: 

     
  
    

   (2.3) 

where      is the heat coming from high temperature heat source. The coefficient of heating 

performance        is expressed as: 

     
    

    
   (2.4) 

2.2 Thermal heat storages 

2.2.1 Introduction to heat storage methods 

Thermal storage devices are often used in systems where the available energy source is irregular 

or when a time lag exists between production and demand (Khalifa, Mustafa and Khammas, 

2011). Thermal heat storages can be divided into three main types; sensible-, latent- and thermo-

chemical heat storages. 

For sensible heat storages, energy is stored by adding heat to a storage medium which increases 

its temperature. A good sensible storage medium has a high volumetric specific heat. The 

capacity of sensible heat storages is given by Equation 2.5 (Nomura, Okinaka and Akiyama, 

2010): 

                 
  

  

   (2.5) 

where    is the specific heat under constant pressure,    and    are the temperatures before and 

after heating and   is the mass of the storage medium. Both solids (such as rocks, concrete or 

stones) can be used as well as liquids (such as water or thermal oils). Data for typical sensible 

heat storage mediums can be seen in Table 2.1.  
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Table 2.1 – Different storage mediums for sensible heat storages 

            
      λ           

Concrete 1,9 1,3 

Rocks, Stones 1,7 2,0 

Steel 4 40 

Water 4,2 0,6 

Thermal Oils 1,8 0,11 

Water is often used for low temperature applications such as home heating and solar energy 

systems (Hoogendoorn, 2011) due to its abundance, low cost and good thermal performance 

(high volumetric specific heat) (Khalifa, Mustafa and Khammas, 2011).  

The second type is the latent heat storage which undergoes a phase change when heat is added 

(Ataer, 2006). The capacity of a latent heat storage is given by Equation 2.6 (Nomura, Okinaka 

and Akiyama, 2010): 

        
  

  

                                               
  

  

   (2.6) 

where      is the enthalpy of fusion and    is the intermediate temperature at which the phase 

change takes part. The first term on both sides of the sign of equality is the sensible heat of the 

solid phase. The second term is the latent heat fusion and the third term is the sensible heat of the 

liquid phase. Because of the latent heat, there is an advantage in thermal storage compared with 

the sensible heat storage (Reinhardt, 2010) and latent heat storages offer a greater storage density 

than sensible storages. Commonly used storage mediums (also called phase change materials) 

are organic- and non organic paraffins, molten salts and metals (Nomura, Okinaka and Akiyama, 

2010).   

For thermo-chemical- or bond energy heat storages, chemical energy is absorbed or released 

through bond reactions (Ataer, 2006). An example of a thermo chemical reaction is adsorption.  

Today, sensible heat storages are the most commonly used due to their simplicity and low costs 

(Khalifa, Mustafa and Khammas, 2011). Latent- and chemical heat storages are mostly under 

development (Hauer, 2012).  

2.2.2 Thermal stratification 

Thermal stratification is an important feature that’s most relevant for sensible heat storage 

systems in the liquid phase, especially when the liquid is used as heat transfer fluid as well. It’s 

caused by thermal buoyancy due to temperature differences between hot and cold fluid (Shin et 

al., 2004). Because of differences in density, hot fluid accumulates at the top of the storage while 

cold fluid descends to the bottom. This phenomenon occurs even if the fluid inside the tank 

initially has a uniform temperature. Heat transfer to the surroundings is the driving force of this 

phenomenon. Before the tank releases heat to the surroundings, the tank wall cools a thin vertical 

layer of water along the tank wall, which then extends towards the center of the tank due to 

diffusion. The water of this vertical layer is colder (and therefore denser) than its surroundings 

and sinks towards the bottom of the tank, causing stratification (Khalifa, Mustafa and Khammas, 

2011). The feature is used to improve the efficiency of heat storages and could for example be 

used to increase the amount of fluid that can be extracted above a certain temperature level. 

Thermal stratification is affected by a number of factors such as mixing (due to inlet and outlet 

streams), heat losses to the environment and storage geometry (Khalifa, Mustafa and Khammas, 

2011). Thermal energy storages can work simultaneously as heat and cold fluid storages both for 
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continuous cycles and cycles where there is a time gap between charging and discharging 

(Walmsley, Atkins and Riley, 2009). When a fluid with two different temperatures is stored in a 

tank a thermocline region forms in the middle which spans the temperature range between the 

hot and cold temperatures.  

The thermocline isn’t static. It moves as a result from unbalanced heating and cooling loads. 

Thermocline movement speeds up the loss of stratification in the storage which could destroy the 

separation of the hot and cold fluid inside the tank (Walmsley, Atkins and Riley, 2009). A bigger 

thermocline thickness leads to a bigger loss in capacity for the tank, since fluid from the 

thermocline region can’t be used for heating nor cooling purposes (Waluyo and Majid, 2011). 

This phenomenon is illustrated in Figure 2.6 (Atkins, Walmsley and Neale, 2010). The capacity 

of the hot and the cold region decrease as the thermocline grows. This means that inside a 

perfectly stratified heat storage the thermocline thickness is approaching a value of  . 

 

Figure 2.6 – Thermocline impact on storage capacity 

A method to investigate the level of stratification inside a thermal heat storage is calculating the 

standard deviation for the temperature field inside the tank from the temperature field of a 

“perfectly stratified” heat storage. The standard deviation  , can generally be calculated as 

(Holman, 2012): 

   
 

 
        

 

 

   

   

(2.7) 

where   is the number of readings,    is the value of each reading and    is the value of each 

reference reading. 

2.3 The Stratisorp cycle 

For adsorption heat pumps, there is generally a significant overlap in heat quantity for the heat 

released during the adsorption process and for the heat required for the desorption process. This 

leads to a great potential for internal heat recovery where heat, coming from the adsorption 

process, can be “reused” for the desorption process (Schmidt and Schwamberger, 2012).  
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The basic idea of the Stratisorp cycle is to transfer heat released from a single adsorber during 

the adsorption phase to a heat transfer fluid (HTF) (Schwamberger, Joshi and Schmidt, 2007). 

The fluid is at the same time used as a storage medium and stored in a thermally stratified heat 

storage tank.  

The fluid is then injected at a height corresponding to its temperature, using a loading pipe in the 

middle of the tank. During the desorption phase, when the adsorber has to be heated, fluid is 

extracted from the storage tank using unloading pipes with outlets situated at different heights 

inside the tank. Heat is then supplied to the adsorber, starting at low temperatures. If the supplied 

heat is insufficient to perform the desorption inside the adsorber, fluid is extracted at a higher 

temperature level inside the tank. A schematic view of the cycle can be seen in Figure 2.7 which 

illustrates the desorption phase of the cycle. The HTF is then taken at a lowest possible height to 

initiate and perform the desorption phase. Heat is supplied to the adsorber and the HTF is then 

supplied back to the tank at a lower level than before, due to its now lower temperature. 

 

Figure 2.7 – Desorption phase of the Stratisorp cycle  

Driving heat is supplied directly to the storage tank by an auxiliary heater, which is connected to 

an external heat source. Equivalently, excess heat at lower temperatures is removed by a cooler. 

Since the heater and cooler are connected to the thermal storage tank, and not directly to the 

adsorber, solar panels could as an example be used to heat the system since the storage tank 

simultaneously works as a buffer. 

A second law analysis of the Stratisorp cycle has been performed by Schwamberger, Joshi and 

Schmidt (2007). For the thermodynamic analysis, the adsorption pair Zeolithe 13X/Water was 

chosen. Condenser temperature was equal to 38  and evaporator temperature    . The specific 

heat capacity of the adsorbent was about        per kg adsorbent. The sensible heat, the 

released heat of adsorption, and the supplied heat for regeneration are plotted against 

temperature in Figure 2.8 for a driving temperature difference of     between HTF and absorber 

unit. 
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Figure 2.8 – Desorption phase of the Stratisorp cycle  

The white crisscrossed field shows the fraction of recoverable heat. The shaded areas show the 

heat released by the cooler and the heat supplied by the heater respectively. 

The results show that a lot of heat could be recovered. In order for the cycle to work properly, 

thermal stratification inside the storage tank is crucial in order generate the wished driving 

temperature difference. This project investigates the effect of using a perforated pipe wrapped 

with foam for the injection of HTF in the tank. The foam effects on stratification and flow fields 

inside the storage tank are therefore important. 

2.4 Flow through porous media 

2.4.1 Introduction 

The flow through porous media plays an important role within several areas of science. An 

example would be water flowing through soil or sand which is an important topic within 

geology.  

The porosity of a porous medium ε, can be defined as (Polezhaev, 2011): 

  
  
  
   (2.8) 

where    is the void volume and    is the entire body volume of the porous medium. This means 

that a solid wall would have a porosity of     and a volume containing “only voids” would 

have a porosity of    . The remaining portion    of the porous medium is the “skeleton” that 

builds up the material. This is equal to: 

    
  
  
   (2.9) 

The porosity of a medium is often obtained using it’s relation to density (Polezhaev, 2011): 

            

    
  
  
   

 

(2.10) 
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where    is the density of the porous medium and    is the density of the material forming its 

skeleton. 

2.4.2 Darcy- and Forchheimer flow 

Numerous models have been developed during the years trying to describe flow through porous 

media and calculating the pressure drop for the fluids going through them. These equations are 

often based on empirical results. 

Darcy introduced a one-dimensional empirical model for laminar flow through porous media 

which is shown in Equation 2.11 (Liu, Afacan and Masliyah, 1994):  

      
 

 
    (2.11) 

where    is the flux per unit area of porous medium,   is the permeability of the porous medium, 

  is the dynamic viscosity of the fluid and     is the pressure gradient in the flow direction. The 

law is the standard approach to describe single phase fluid flow in microscopically disordered 

and macroscopically homogenous porous media (Costa et al., 1999). Darcy’s equation doesn’t 

take inertial effects into account. This makes it valid only for flows with low Reynolds numbers, 

such as laminar flows. 

For turbulent flow in porous media, both viscous and inertial effects cause more non-linear 

behavior which has to be considered. Forchheimer added a term to Darcy’s law in order to take 

account of this non-linearity. His equation is generally accepted as the extension to the Darcy 

equation for high flow rates (Liu, Afacan and Masliyah, 1994). The Forchheimer equation is 

expressed in Equation 2.12 (Macini, Mesini and Viola, 2011): 

      
 

 
           (2.12) 

where   is the non Darcy coefficient or the inertial resistance coefficient and     is the viscous 

resistance coefficient (Ansys Inc., 2009).  

2.4.3 Ergun’s equation 

In order to calculate the flow and pressure drop through porous media numerically, the inertial 

resistance coefficient  , and the viscous resistance coefficient     have to be obtained. 

Correlations therefore have to be found linking porous media properties, such as porosity and 

pore size, to these coefficients.  

Ergun’s equation describes the pressure drop for flows going through packed beds containing 

packed columns made of spheres, cylinders, round sand or other sphere shaped particles 

(Innocentini et al., 1999). Equation 2.13 shows Ergun’s equation (Wu and Yin, 2009): 

      
            

     
     

     

  
    

  
    (2.13) 

where    is the average diameter of the spherical particles in the porous media. If Equation 2.12 

and Equation 2.13 are combined, correlations for the inertial resistance coefficient   and the 

viscous resistance coefficient     can be obtained: 

  
  
 

   
 

  

      
   (2.14) 
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   (2.15) 

The constants     and      are purely empirical by nature (Levec and Nemec, 2005) and the 

generality of these two constants is widely debated (Wu and Yin, 2009). Many researchers claim 

that these coefficients vary for every packed bed and should be empirically determined for each 

case. Others claim that different groups of particles should have different constants. Levec and 

Nemec (2005) state that Ergun’s equation is able to accurately predict the pressure drop of single 

phase flow through porous media (with similar sized particles) within the porosity range of: 

              

Not all porous mediums are built up by small sphere shaped particles: Therefore a model 

estimating the equivalent particle diameter      has to be found in order to calculate the resistance 

coefficients in Ergun’s equation. One strategy is to use the pore, or cell diameter,     to calculate 

an equivalent particle diameter      Although pores might be tortuous, interconnected and may 

vary in different sizes, it’s common to make the simplification that the pores in a unit cell all 

have a cylindrical shape, as shown in Figure 2.9. 

 

Figure 2.9 – Example of simplification of pores inside unit cell 

The variable    represents the cylindrical form of the hydraulic diameter, defined as (Innocentini 

et al., 1999): 

     
                         

                    
   

     

    
  (2.16) 

If the particles are assumed as spheres, as in Erguns’s equation, the relationship between the 

mean particle diameter and the specific surface    can be obtained as (Innocentini et al., 1999): 

   
    

  
   (2.17) 

Substitution of Equation 2.16 in Equation 2.17 yields (Innocentini et al., 1999): 

       
     

 
     

(2.18) 

which now gives a relationship between the average pore size of the web-like porous media and 

the equivalent particle diameter which is used for Ergun’s equation. 

2.4.4 Alternatives to Ergun’s equation 

There are several alternative methods for calculating pressure drop and resistance coefficients for 

flow through porous media. Laboratory measurements are often performed to calculate 

resistance coefficients for specific porous media. This is for example performed by Macini, 

Mesini, and Viola (2011), who calculated the non Darcy coefficient    for glass beds and natural 

sand using experimental setups. This was also done by Levec and Nemec (2005), who 

investigated the flow through packed beds experimentally. 
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The development of computers with higher computational speed gives rise to new methods 

where 3D image data of porous media is obtained using magnetic resonance imaging (MRI). 

Pieces of structures are then imported into the CFD software and replicated to form porous 

zones. These structures can then be used to investigate the flow through porous media 

(Habisreuther, Djordjevic and Zarzalis, 2009). These kinds of methods then describe the flow 

through specific types of porous media. 

2.5 Background oriented schlieren (BOS) 

Background oriented schlieren is a technique that quantitatively visualizes density gradients in a 

flow field. The principle of the technique is that refractive index varies due to density gradients. 

The relation between density gradients and refractive index variations is obtained from the 

Gladstone-Dale equation (Richard and Raffel, 2001): 

       

 
       

(2.19) 

where       is the refractive index and      is the Gladstone-Dale constant which is defined as: 

                    
           

 
 

 

    
(2.20) 

where   is the wavelength of the incoming light. 

The method can be used for a wide range of flow fields and even very week density gradients 

cause refractive indices that can be detected (Geisler, 2013).   

The technique is simple and only requires a digital still camera, a structured background and 

algorithms which can extract two dimensional slices from three dimensional flows 

(Venkatakrishnan and Meier, 2004). A schematic picture of the setup can be seen in Figure 2.10, 

where the lens and the image plane are parts of the camera (Geisler, 2013). 

 

Figure 2.10 – BOS setup 

The first step is taking a picture of a speckle patterned screen when there’s no flow field and 

density gradients present. A second image (or several images for transient cases) is then taken 

when a flow field is present. Cross correlations between the two pictures then generates the 

displacement of the “particles” in the x and y direction (Venkatakrishnan and Meier, 2004). The 

displacements can then be used to visualize the flow field. 
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2.6 Fluid flow governing equations 

2.6.1 Mass- and continuity equations 

Computational fluid dynamics (CFD) is used in this project to predict the fluid conditions inside 

the storage tanks. Governing equations are solved during the numerical process and the results 

are evaluated.  

For flows that are modeled using CFD, the mass-, and momentum- conservation equations have 

to be solved. The mass- or continuity equation for a 2D axisymmetric geometry is defined in 

Equation 2.21 (Ansys Inc., 2009): 

  

  
  

 

  
      

 

  
      

   
 
        (2.21) 

where   is the axial coordinate,   is the radial coordinate,    is the axial velocity and    is the 

radial velocity.    is a source term and comes from the mass added to the continuous phase from 

the dispersed second phase (for example due to vaporization of liquid droplets) and any user 

defined source.  

The Navier-Stokes equation links the viscous stress components in the momentum conservation 

equation with deformation components (Versteeg, 2007). The Navier-Stokes equation for a 2D 

axisymmetric geometry is defined in Equation 2.22 and Equation 2.23 (Ansys Inc., 2009): 

 

  
      

 

 

 

  
         

 

 

 

  
            

  
  

  
  
 

 

 

  
     

   
  

 
 

 
           

 

 

 

  
    

   
  

 
   
  
         

 

(2.22) 

 

  
      

 

 

 

  
         

 

 

 

  
            

  
  

  
 
 

 

 

  
    

   
  

 
   
  
   

 

 

 

  
     

   
  

 
 

 
          

   
  
  
 
 

 

 

 
         

  
 

 
      

 

(2.23) 

where   is the dynamic viscosity,    is the swirl velocity,    and    are source terms and       is 

given by: 

      
   
  

 
   
  

 
  
 
    (2.24) 

For problems involving heat transfer, the energy equation has to be solved. The equation can be 

seen in Equation 2.25 (Ansys Inc., 2009): 

 

  
                                                   

 

        
(2.25) 

where      is the effective conductivity,       is the effective stress tensor,       is the diffusion flux 

of species   and 
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   (2.26) 

where sensible specific enthalpy h is defined for ideal gases as 

       
 

 (2.27) 

and for incompressible flows as 

       
 

 
 

 
   (2.28) 

   is the mass fraction of species   and 

         
 

    

     (2.29) 

where      is equal to           

2.6.2 Turbulence modeling 

Turbulent flows are characterized by random and chaotic variance in velocity and other flow 

properties. They also contain rotational flow structures with so called turbulent eddies. The 

larger eddies are dominated by inertia effects. This leads to that turbulent flows have a higher 

amount of inertial forces compared with laminar flows (Versteeg and Malalasekera, 2007). 

The Reynolds number, which is shown in Equation 2.30, gives a measure of the relative 

importance between the inertia forces acting on a fluid and the viscous forces (Versteeg and 

Malalasekera, 2007): 

    
   

 
 
  

 
 
               

              
   (2.30) 

The Reynolds number thereby gives an indication of a flow is laminar or turbulent. Depending 

on if the flow is a free stream over a flat plate or a jet flow or inside a pipe, the transition from 

laminar- to turbulent flow occurs at different Reynolds numbers. For pipe flows, the transition 

from laminar- to turbulent flow occurs around (Versteeg and Malalasekera, 2007): 

                   (2.31) 

This value is however no exact value and in practice the transition from laminar to turbulent flow 

occurs between a Reynolds number of (Versteeg and Malalasekera, 2007):  

                      
   (2.32) 

In order to determine the flow regime for flow inside porous media the modified Reynolds 

number is used. The equation contains modifications of the fluid velocity term  , which is 

replaced by the interstitial velocity     defined as: 

   
  

 
  (2.33) 
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The characteristic length    for the porous medium is defined as the volume open to the fluid 

flow divided by the surface over which it must pass (Holdich, 2002): 

  
   

         
 

 

       
  (2.34) 

where    is the specific surface area per unit volume. This gives the Modified Reynolds number 

(Holdich, 2002): 

      
 

       
 
  

 
 
 

 
 

   

        
   (2.35) 

The modified Reynolds number still represents the ratio of inertial to viscous forces in the fluid 

as for the regular Reynolds number. The transition between laminar and turbulence occurs 

around          

To numerically account for the fluctuations of flow properties that characterize turbulent flow, a 

property       can be decomposed into a steady mean component  , and a time varying 

fluctuation component      , as seen in Equation 2.36: 

               (2.36) 

The mean    of a flow property        is defined in Equation 2.37 (Versteeg and Malalasekera, 

2007): 

  
 

  
        

  

 

   
(2.37) 

The time average of the fluctuating part         is by definition equal to zero, shown in Equation 

2.38 (Versteeg and Malalasekera, 2007): 

             
 

  
         

  

 

    
(2.38) 

If Equations 2.36 to Equation 2.38 are put into the Navier-Stokes equation, shown earlier in 

Equation 2.22 and Equation 2.23 for an axisymmetric geometry, it gives rise to new stress terms 

(Ansys Inc., 2009): 

                      (2.39) 

where     and     are fluctuating velocities in the  :th and  :th direction. These stresses are known 

as Reynolds stresses. The new equation containing these stresses is called the Reynolds averaged 

Navier-Stokes equation (RANS). Boussinesq proposed that these Reynolds stresses are 

proportional to the mean rate of deformation (Versteeg and Malalasekera, 2007): 

                        
   
   

 
   

   
  

 

 
             

 

 
        (2.40) 

where    and    are mean velocities in the  :th and  :th direction and: 
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  (2.41) 

is the turbulent kinetic energy per unit mass and     is the Kronecker delta, which is equal to 1 if 

    and equal to zero when    . The term   , is known as the turbulent or eddy viscosity and 

    is the mean rate of deformation. 

The turbulence intensity is defined as (CFD Wiki, 2012): 

  
  

 
   (2.42) 

where    is the root mean square of the turbulent velocity fluctuations: 

    
 

 
    

      
    

      
    

       
   

 

 
   

(2.43) 

and    is the Reynolds averaged mean velocity, defined as: 

    
 

 
   

        
        

         
(2.44) 

To compute turbulent flows with the RANS equation, turbulence models have been developed. 

One of the most well known types of turbulence models is the k-ε model. It’s based on the 

presumption that there’s a relationship between the action of viscous stresses and Reynolds 

stresses on the mean flow (Versteeg and Malalasekera, 2007). Two extra equations are added to 

the governing equations, one containing the turbulent kinetic energy per unit mass  , and the 

other the dissipation rate of turbulent kinetic energy per unit mass      . The standard k-ε model 

uses the following equations for k and       (Versteeg and Malalasekera, 2007): 
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   (2.46) 

where  

      
  

     
   (2.47) 

  ,   ,   ,     and     are adjustable constants which are varied between the different types of 

k-ε models. All k-ε models use the Boussinesq equation (Equation 2.40), to compute Reynolds 

stresses. 

2.6.3 Governing equations for flow through porous media 

Flow through porous media is modeled by adding an extra source term to the standard flow 

equations by using the Forchheimer equation (Equation 2.12). Equation 2.48 shows how the 

source term is defined in ANSYS FLUENT for the case of simple homogeneous porous media 

(Ansys Inc., 2009): 
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          (2.48) 

where    is the source term for the  :th (x, y or z) Navier-Stokes equation.  

In order to define the properties of the porous zone in ANSYS FLUENT, the viscous resistance 

coefficient      and the inertial resistance coefficient    have to be obtained. Comparing 

Equation 2.48 with Equation 2.12, the relationship between the two inertial coefficients can be 

obtained: 

        (2.49) 

Combining this with Equation 2.15 and Equation 2.49, the relationships for the two coefficients 

used in ANSYS FLUENT can be described with Equation 2.50 and Equation 2.51 (Ansys Inc., 

2009): 
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   (2.51) 

2.6.4 Mesh quality  

A flow domain of interest can be discretized into a finite set of control volumes or cells. 

Governing equations are then solved for each cell in order to calculate variables of interest. The 

shapes of the cells are adjusted to the cases. The discretized domain containing these cells is 

called the mesh. In order to obtain accurate results and quick convergence, mesh quality plays a 

vital role. There are numerous ways of controlling and defining the quality of a generated mesh. 

In this report, four methods are more thoroughly discussed: 

1. Orthogonal quality 

2. Smoothness 

3. Aspect ratio 

4. Skewness 

The first step of calculating the orthogonal quality for a given cell is to calculate two different 

quantities for each face (Ansys Inc., 2010). First, the normalized dot product of the area vector of 

a face   , together with a vector from the centroid of the cell to the centroid of that same face   , 
is to be calculated. This can be done using Equation 2.52 (Ansys Inc., 2010):  

              
            

               
    (2.52) 

Then, the normalized dot product of the area vector of a face   , together with a vector from the 

centroid of the cell to the centroid of the adjacent cell that shares that same face   , is calculated. 

This is done with Equation 2.53 (Ansys Inc., 2010): 

              
             

               
   (2.53) 

The lowest obtained value when calculating Equation 2.52 and Equation 2.53 for all faces in a 

cell is then defined as the orthogonal quality for that cell. Figure 2.11 gives an example of the 
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relevant vectors used during the calculations (Ansys Inc., 2010). The worst cells will have an 

orthogonal quality closer to 0 and the best cells will have a value closer to 1. 

 

Figure 2.11 – Relevant vectors when calculating orthogonal quality 

Smoothness is another important factor for the quality of the mesh. Changes in cell size should 

be gradual, or smooth, and maximum change in grid spacing should preferably be kept less than 

    (Fakhraie, 2012): 

     
   

      (2.54) 

The aspect ratio for a cell is generally defined as the ratio between the longest edge length to the 

shortest. This is ideally equal to 1 (Fakhraie, 2012). In ANSYS ICEM CFD however, the aspect 

ratio for a quad element is calculated by fist considering the vectors for each of the four nodes of 

the cell. Each of these node vectors spans a parallelogram, as shown in Figure 2.12 (Ansys Inc., 

2010), where      and     are the vectors for one of the nodes of the quad element and   the angle 

between these.  

 

Figure 2.12 – Parallelogram for node in cell 

The areas of the parallelograms are then divided by the length of each component vector and 

raised by the power of two, giving 8 possible aspect ratios. The minimum ratio is taken as the 

aspect ratio for the quad element (Ansys Inc., 2011). This leads to that an aspect ratio of 1 

corresponds to a perfectly regular element and 0 would be a cell which has zero area. 

The skewness is defined as the difference between the shape of the cell and the shape of an 

equilateral cell (Ansys Inc., 2011). For a quad cell, the equiangle skewness can be expressed with 

Equation 2.55 (Fakhraie, 2012):  

                      
        

   
 
        

   
   (2.55) 

giving a normalized value between 0 and 1. For quad cells the skewness should not exceed a 

value of 0,85 (Fakhraie, 2012). 
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In ANSYS FLUENT, the skewness is calculated for a quad element by first connecting the 

midpoints of each side in an element with the midpoint on the opposite side. This is illustrated in 

Figure 2.13 (Ansys Inc., 2009). 

 

Figure 2.13 – Quad element skewness 

The smaller of the two angles       between the lines is then taken and normalized by dividing 

it with    . This gives a value of 1 in skewness for an equilateral cell.   
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3 THE PROCESS 

In this chapter the working process is described. Both experimental- and numerical cases are 

explained. 

3.1 Experimental setup  

3.1.1 Introduction 

Two tanks with different setups are used to experimentally- and numerically investigate the 

influence of the used polyurethane foam on variables such as stratification, mixing and 

turbulence inside thermal heat storages. The tanks are referred as the smaller- and the bigger 

tank in this report. 

3.1.2 Smaller tank 

Geometry 

A drawing of the smaller tank can be seen in Figure 3.1. The walls of the tank are made of 

acrylic glass in order to make it possible to visualize the flow inside during experiments. It has 

its main inlet at the bottom of a perforated pipe, situated at the center of the tank. The inlet pipe 

has an inner diameter of       and is made of PVC (Polyvinyl chloride) plastic. Polyurethane 

foam is used at the inlet to achieve an equally distributed flow as the water enters the perforated 

pipe. The perforated pipe has an inner diameter of       and consists of     drilled holes 

which all have a diameter of     . The water is able to flow between the inner and outer part of 

the tank through these holes. A layer of polyurethane foam is wrapped around the perforated 

pipe and its thickness is varied between the experiments. In the actual storage space of the tank, 

which is situated between the polyurethane foam and the tank inner walls, two more inlets are 

situated. One inlet supplies the tank with water from the top of the storage space and another 

from the bottom. Polyurethane foam is also used at these two inlets to give an equally distributed 

flow. An outlet with a height of       forms a ring around the tank. The bottom of the outlet is 

situated at        above the foam at the bottom of the tank. 

 

Figure 3.1 – Smaller tank geometry 
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Experimental setup 

The experimental investigations of the smaller tank are performed by Florian Feuerstein in 

context of his degree thesis at the Karlsruhe Institute of Technology (Feuerstein, 2013). His 

results are used in this report as a reference to compare numerical results with, and to validate 

models that are used for the CFD simulations. The obtained results are also used to investigate 

the effects of foam thickness on stratification and flow field inside the tank. 

Three experiments are performed with the smaller tank. During all three experiments,     water 

is pumped in from the main inlet at a volume rate of   liters per minute. Cold water         is 

pumped in through the inlet at the bottom of the storage space with a volume flow rate of    liter 

per minute  Warm water        is pumped in from the top of the storage space with the same 

mass flow rate as for the cold water. Between the three experiments, foam thickness is varied 

between      (no foam),         and       in order to examine its influence. 

BOS pictures are made to visualize the flow inside the tank at steady state condition. The 

transient loading process of the tank will also be captured using purple colored ink to color the 

water entering the tank from the main inlet. The transient loading process is then captured on 

video until a steady state condition is reached.  

Temperatures are measured, using PT100 thermocouples at different heights inside the tank. 

Also temperatures for the cold and hot water that’s pumped into the tank are measured. The 

values are then used as input values for the cold- and hot water inlets in the numerical cases in 

order to compare experimental- and numerical results.  

3.1.3 Bigger tank 

Geometry 

A drawing of the bigger tank can be seen in Figure 3.2. It has an inner diameter of       , an 

outer height of         and an inner height of        . The tank has four windows evenly 

distributed around the tank. An inlet pipe, made of PVC plastic, is situated at the bottom. The lid 

of the bigger tank contains a number of holes, forming a ring shape on top of the tank. One- or 

several outlet pipes can then get access to the water inside the tank through any of these holes.  

A drawing of the pipe is shown in Figure 3.3. It has a height of        and an inner- and outer 

diameter of    and      . Foam with a height of        is used at the bottom of the inlet pipe 

to achieve a uniform velocity profile for the entering water. A       diameter adaptor with a 

height of       is used to lock the pipe into position.  

In the center of the tank, a circular disc made of polyurethane foam is located. It has a height of 

      and diameter of       . The disc is kept in position using three thin steel wires. The 

wires are all fixed in one end at the bottom of the tank, using a disc with one hole for each wire 

and one large hole for the inlet pipe to go through. At the top of the tank another disc is 

positioned where the other ends of the wires are fixed. The three wires go through the foam 

which then can be moved up and down in order to adjust its position between the experiments. 

The foam is then locked in position using heat shrink tubes and steel threads.  
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Figure 3.2 – Bigger tank geometry 

 

Figure 3.3 – Inlet pipe and adapter geometry for the bigger tank 

Experimental setup 

Two experiments are performed with the bigger tank.  

For both experiments, hot water        is pumped in at a volume rate of approximately 3 

liters per minute through the inlet pipe at the bottom of the tank. The water initially inside the 

tank is at room temperature       . One outlet pipe (inner diameter of      ) will be used to 

extract water from the top of the tank. The tip of the outlet pipe will be situated just under the 

water level in order to avoid interference with the flow inside. Since the lid of the tank has no 

holes at its center, the outlet pipe has to be situated more close to the walls of the tank. The tank 

will be almost completely filled with water. However a small buffer zone will be left out to avoid 

flooding of the tank. 

The location of the foam is varied between the two experiments. During first experiment, the 

center of the foam disc is located at        above the bottom of the tank and during the second 

at        above the bottom. A schematic view of the experimental setup can be seen in Figure 

3.4 and a photo of the tank setup with foam in position can be seen in Figure 3.5 

 

Figure 3.4 – Experimental setup for the bigger tank 
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Figure 3.5 – Bigger tank with foam in position 

In order to generate the correct volume flow, the heater module (containing pump and heater) is 

first connected with only the tank. This represents the outer circuit of Figure 3.4. When the 

desired volume rate is obtained, two 3-way-valves are switched to bypass the flow around the 

tank. This represents the inner circuit of Figure 3.4. The water is then heated, using the heater in 

the heating module. This gives the inlet water its correct temperature for the experiment. When 

the correct temperature is reached and the flow inside the tank seem to have settled, the pump is 

turned of and the two valves are once again switched to lead the water back to the outer circuit, 

going through the tank. The pump is then switched on and the transient experiment thereby 

begins.  

The temperature of the water flowing into the tank is measured using a PT 100 resistance 

temperature detector (RTD), which is situated before 3-way valve at the inlet of the tank. Two 

PT 1000 RTD:s are put inside the tank to register the initial temperature of the water inside the 

tank. The flow rate is measured by the flow meter inside the heater unit. The measured results 

are then used as inputs for the simulations. 

The flow is visualized using BOS technique which detects the density gradients, and therefore 

also temperature gradients, inside the tank. A higher density gradient, and thereby higher 

temperature gradient, leads to a higher pixel shift. BOS is here used as a semi-quantitative 

method, since for quantitative results the light refraction along the optical path have to be 

computed/integrated. Unfortunately, the means to perform this aren’t available for these two 

experimental cases. 

With the results from the BOS, the flow leaving the foam is compared with the flow that yet 

hasn’t reached it. The effects of the foam on flow field and turbulence are then investigated. The 

results from the BOS are compared with the results obtained from the numerical simulations, in 

order to validate numerical models used during this project. 
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3.2 Numerical setup and pre processing 

3.2.1 Introduction 

Numerical investigations are made to more thoroughly examine the effects of the foam on the 

flow inside thermal storage tanks. CFD simulations are first made for each of the performed 

experimental cases in this project. The found porous media flow models and their 

implementation are evaluated, comparing numerical- and experimental results. The numerical 

models are then used to more closely investigate how variables, such as foam thickness, 

influence the flow field inside the tanks. 

3.2.2 Mesh generation 

Introduction 

Tank geometries are created in ANSYS ICEM CFD using two dimensional axisymmetric 

models. When doing this, a two dimensional surface is created for each tank which is 

swept     , creating its three dimensional geometry. Axisymmetric models are used to keep cell 

count down and thereby saving computational cost (Fakhraie, 2012).  

Smaller tank 

Figure 3.6 shows the axisymmetric domain that’s used for the smaller tank. The interior of the 

storage tank forms the fluid domain used for the simulations. 

 

Figure 3.6 – Domain of the smaller tank 

The x-axis of the domain is defined as the vertical axis between the foam layer at the top and the 

foam layer at the bottom of the tank. The length of the domain in the axial direction is 

therefore       . The length of the domain in the radial direction begins at the center of the 

tank and stretches to the inner walls of the tank. The          ring around the perimeter at the 

outlet is also included in the domain. However, in order to avoid back flow at the outlet region of 

the tank in the CFD model, which would lead to an inaccurate solution, the outlet region is 

extended to       beyond the tank radius, but still with the same height as before.  

Tank geometry is created in ANSYS ICEM CFD. Boundaries of the domain are created together 

with curves that separate different zones within the tanks, such as foam, pipe and the rest of the 

tank. A view of the smaller tank with the curves that it contains is displayed in Figure 3.7. 

Curves separating zones inside the tank are chosen as interior curves in ANSYS ICEM CFD.  
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Figure 3.7 – Lines forming smaller tank geometry 

The foam surrounding the perforated pipe is divided into 8 parts in order to more acurately 

examine the effect of foam thickness on stratifacation inside the tank. These 8 parts can then be 

chosen as zones containing only water or as porous zones. Using these parts, foam thickness is 

varied between      and      .  

Surfaces for each part inside the tank are created and a mesh is generated which is divided into 

different blocks. Mesh is refined near the walls to better resolve boundary layer flow. Changes in 

cells lengths are however kept less or equal to 20% to assure good mesh smoothness. Blocks are 

added together into groups so that each group represents a part inside the tank, such as pipe 

interior, pipe walls, the eight foam parts and the rest of the tank. Different parameters, such as 

porosity, can then later be selected for each part. Figure 3.8 shows the final mesh with the 

different blocks building up the mesh. 

 

Figure 3.8 – Smaller tank mesh 

The mesh of the smaller tank contains 861 067 quad elements with 1 681 543 faces and 841 958 

nodes. Quality criterion values for the cells that build up the mesh are shown in Table 3.1. The 

percentages illustrate how many of the cells in the mesh that are within a given quality interval. 

The values were calculated in ANSYS ICEM CFD. 
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Table 3.1 – Mesh quality values for smaller tank 

Orthogonal quality Aspect ratio Skewness 

0,95 -> 1,0: 100,000 % 0,95 -> 1,0: 0,206 % 0,95 -> 1,0: 99,999 % 

0,9 -> 0,95: 0,000 % 0,9 -> 0,95: 14,150 % 0,9 -> 0,95: 0,001 % 

0,85 -> 0,9: 0,000 % 0,85 -> 0,9:  1,018 % 0,85 -> 0,9: 0,000 % 

0,8 -> 0,85: 0,000 % 0,8 -> 0,85: 33,205 % 0,8 -> 0,85: 0,000 % 

0,75 -> 0,8: 0,000 % 0,75 -> 0,8: 13,813 % 0,75 -> 0,8: 0,000 % 

0,7 -> 0,75: 0,000 % 0,7 -> 0,75: 24,109 % 0,7 -> 0,75: 0,000 % 

0,65 -> 0,7: 0,000 % 0,65 -> 0,7: 12,023 % 0,65 -> 0,7: 0,000 % 

0,6 -> 0,65: 0,000 % 0,6 -> 0,65: 0,372 % 0,6 -> 0,65: 0,000 % 

0,55 -> 0,6: 0,000 % 0,55 -> 0,6: 0,356 % 0,55 -> 0,6: 0,000 % 

0,5 -> 0,55: 0,000 % 0,5 -> 0,55: 0,172 % 0,5 -> 0,55: 0,000 % 

0,45 -> 0,5: 0,000 % 0,45 -> 0,5: 0,177 % 0,45 -> 0,5: 0,000 % 

0,4 -> 0,45: 0,000 % 0,4 -> 0,45: 0,094 % 0,4 -> 0,45: 0,000 % 

0,35 -> 0,4: 0,000 % 0,35 -> 0,4: 0,187 % 0,35 -> 0,4: 0,000 % 

0,3 -> 0,35: 0,000 % 0,3 -> 0,35: 0,117 % 0,3 -> 0,35: 0,000 % 

> 0,3:          0,000 % > 0,3:          0,000 % > 0,3:          0,000 % 

Bigger tank 

When creating the geometry of the bigger tank, which is to be used in the numerical simulations, 

some simplifications are being made. Since an axisymmetric model is used, the four windows of 

the bigger tank are left out in the model and the tank is modeled as a fully cylindrical tank. 

Strings that hold the foam in position are also neglected and the tank is considered to be filled 

with water. The simplified geometry can be seen in Figure 3.9. 

 

Figure 3.9 – Simplified geometry for the bigger tank 

Figure 3.10 shows the dimensional axisymmetric domain that’s used for the bigger tank. The 

interior of the storage tank forms the domain used for the simulations. Also the inside of the inlet 

pipe is a part of the domain. However, the part of the inlet pipe where the foam piece is situated 

is excluded from the domain. The inlet is therefore located where the foam piece ends, which is 

at a height of       above the bottom of the tank inside the pipe. The solid walls of the inlet 

pipe and adapter are also excluded from the domain. 
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During the experiments, the outlet pipe is situated more close to the walls of the tank and not at 

the center. This is hard to capture with the axisymmetric model and another simplification has to 

be made for the simulations. For the CFD model, the upper boundary of the fluid domain will 

contain one big outlet. The hope is that the effect of this outlet geometry won’t interfere with the 

fluid flow further down in the tank, at the level of the foam piece and pipe. 

 

Figure 3.10 – Domain for bigger tank 

Tank geometry is created in ANSYS ICEM CFD. Once again interior curves are used to separate 

different parts inside the tank. The tank is divided into three parts. Two parts represent the two 

locations where the foam is situated during the two experiments. These parts can be chosen as 

either porous zones or as zones containing only water in order to vary the location of the foam 

disc between the simulations. The third part represents the rest of the tank- and pipe interior. 

Once again surfaces, mesh and blocks are created. Mesh is refined near walls and inlet pipe with 

changes in cells lengths less or equal to 20% to maintain a smooth mesh. Figure 3.11 shows the 

final mesh of the bigger tank. 

 

Figure 3.11 –Bigger tank mesh 

The mesh of the bigger tank contains 650 811 quad elements with 1 204 124 faces and 653 314 

nodes. Quality criterion values for the cells of the mesh are shown in Table 3.2. 
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Table 3.2 – Mesh quality for bigger tank 

Orthogonal quality Aspect ratio Skewness 

0,95 -> 1,0: 100,000 % 0,95 -> 1,0: 53,980 % 0,95 -> 1,0: 100,000 % 

0,9 -> 0,95: 0,000 % 0,9 -> 0,95: 40,258 % 0,9 -> 0,95: 0,000 % 

0,85 -> 0,9: 0,000 % 0,85 -> 0,9: 1,441 % 0,85 -> 0,9: 0,000 % 

0,8 -> 0,85: 0,000 % 0,8 -> 0,85: 0,403 % 0,8 -> 0,85: 0,000 % 

0,75 -> 0,8: 0,000 % 0,75 -> 0,8: 0,418 % 0,75 -> 0,8: 0,000 % 

0,7 -> 0,75: 0,000 % 0,7 -> 0,75: 1,357 % 0,7 -> 0,75: 0,000 % 

0,65 -> 0,7: 0,000 % 0,65 -> 0,7: 1,769 % 0,65 -> 0,7: 0,000 % 

0,6 -> 0,65: 0,000 % 0,6 -> 0,65: 0,011 % 0,6 -> 0,65: 0,000 % 

0,55 -> 0,6: 0,000 % 0,55 -> 0,6: 0,343 % 0,55 -> 0,6: 0,000 % 

0,5 -> 0,55: 0,000 % 0,5 -> 0,55: 0,018 % 0,5 -> 0,55: 0,000 % 

> 0,5: 0,000 % > 0,5: 0,000 % > 0,5: 0,000 % 

3.2.3 Calculating resistance coefficients 

Foam in smaller tank  

Polyurethane foam is used as medium for the porous zones in both tanks. A data sheet with 

material data of the foam used in the smaller tank is obtained from the supplier and shown in 

Appendix A (ppi20). Apparent density   , and number of pores per unit length  , for the foam 

can be seen in Table 3.3.  

Table 3.3 – Properties of foam in smaller tank 

Apparent density,  

              
    

Pores per unit length,  

              

             

The density of polyurethane is equal to (Martienssen and Warlimont, 2005): 

           
  

  
   (3.1) 

The porosity of the foam is calculated using Equation 2.10, leading to that: 

         
  

    
         (3.2) 

A mean value for the number of pores per unit length is calculated using the value of        , 
which is given in Table 3.3: 

         
       

 
       

 

  
   (3.3) 

This gives the number of cylindrical shaped pores per cubic centimeter    , which is equal to: 

                          
 

   
   (3.4) 

The porosity             , states that       of the porous media consists of voids. This gives 

that one pore has an average pore volume    of: 
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              (3.5) 

The volume of a cylinder with the length of one unit is given by: 

  
    

 
                (3.6) 

This gives the average pore diameter         : 

          
          

 
  

         

 
            

(3.7) 

Using Equation 2.18, the equivalent particle diameter          can be obtained: 

             
         

     
                                (3.8) 

The viscous resistance coefficient             and the inertial resistance coefficient           for 

the foam can now be calculated using Equation 2.50 and 2.51, which gives that: 

       
              

   
 

      

          
             

 
 

 
 
     

              

 

(3.9) 

         
   

             
 
         

      
            (3.10) 

Foam in bigger tank  

Appendix B contains a data sheet for the foam that’s used for the foam disc and at the inlet of the 

bigger tank (ppi 20). Apparent density       , and number of pores per unit length  , for the 

bigger tank are shown in Table 3.4. 

Table 3.4 – Properties of foam in bigger tank 

Apparent density,  

            
    

Pores per unit length,  

                     

25 20 

Since the value for the number of pores per unit length is given in pores per linear inch, it’s first 

translated into pores per linear centimeter according to Equation 3.11: 

     
                  

              
       

 

  
   (3.11) 

giving that the number of cylindrical shaped pores per cubic centimeter       , is equal to: 
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   (3.12) 

The density of polyurethane was stated earlier in Equation 3.1. Using this value, the porosity of 

the foam can once again be calculated using Equation 2.10, leading to that: 

       
  

    
          (3.13) 

Average pore volume       , and average pore diameter          are obtained as earlier in 

Equation 3.5 and Equation 3.7:  

       
 

      
  

      

             
              (3.14) 

        
        

 
  

         

 
           

(3.15) 

Equivalent particle diameter          can then be obtained using Equation 2.18, giving that: 

           
          

      
                                (3.16) 

The viscous resistance coefficient           and the inertial resistance coefficient         for the 

foam inside the bigger tank are then calculated using Equation 2.50 and 2.51, giving that: 

     
              

   
 

       

           
              

 
 

 
 
   

              

 

(3.17) 

       
   

           
 
          

       
             (3.18) 

 

Perforated pipe in smaller tank 

The pipe in the center of the smaller heat storage tank contains 675 drilled holes. Diameter of 

drilled holes      , mean pipe diameter        , and pipe length        are given in Table 3.5. 

Table 3.5 – Measurements for perforated pipe in smaller tank 

Drilled hole diameter, 

             
Mean pipe diameter, 

              
Pipe length, 

            

         

From Table 3.5, the mean surface area of the pipe        can be obtained using Equation 3.19: 

                              
                          (3.19) 



 42 

The pipe is modeled as a porous zone in the axis symmetric CFD model. The equations in 

chapter 2.4 Flow through porous media can once again be used to calculate the viscous- and the 

inertial resistance coefficient for the pipe.  

The area of one of the drilled holes is equal to: 

      
       

 

 
   (3.20) 

giving a total hole area for the perforated pipe             of: 

          
       

 

 
           

           

 
                 (3.21) 

The porosity of the pipe can now be obtained using Equation 3.19 and 3.21: 

      
         
     

 
      

      
         (3.22) 

With Equation 2.18, the equivalent particle diameter for the pipe is calculated: 

            
         

     
           

        

    
                 (3.23) 

The viscous resistance coefficient in the radial direction                   and the inertial 

resistance coefficient                 can now be obtained for the pipe with Equation 2.50 and 

Equation 2.51, leading to that: 

             
             

   
 

     

         
            

 
 

 
 
           

             

 

(3.24) 

               
   

          
 
        

     
           (3.25) 

The perforated pipe is not isotropic and the calculated values of   and    are only valid in the 

radial direction of the pipe wall. In the axial direction of the pipe wall, the resistance is infinite. 

Ansys Inc. (2009) states that “Even if the medium’s resistance in one direction is infinite, you do 

not need to set the resistance in that direction to be greater than 1000 times the resistance in the 

primary flow direction“. The values of                  and               are therefore chosen to 

be 1000 times bigger in the axial direction than the values in the radial direction, giving that:  

 
 

 
 
          

             (3.26) 

              
   

          
 
        

     
               (3.27) 

The material of the inlet pipe is chosen as PVC plastic in ANSYS FLUENT and the values that 

are put into the program can be seen in Table 3.6 (Martienssen and Warlimont, 2005). 
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Table 3.6 – Values for PVC inlet pipe 

Density,         

          
    

Heat capacity,          

               
Thermal conductivity, 

             

              

3.2.4 Calculating Reynolds numbers 

Introduction 

Reynolds equation (Equation 2.30) is used to estimate if the flows are either laminar or turbulent 

when entering the tanks. For both tanks, the inner diameters of the inlet pipes are used as 

characteristic lengths.  

The modified Reynolds number (for flow in porous media) is harder to estimate at this stage 

since the velocities inside the porous zones in the tanks are unknown prior to the simulations. 

These will therefore be calculated afterwards, using the results from the numerical cases that 

simulate the experimental setups of the two tanks. Pore diameters will then be used as 

characteristic lengths. For the smaller tank, the average velocity at the walls inside perforated 

pipe will be used for the modified Reynolds equation, and the average velocity at the bottom 

surface of the foam disc is used for the bigger tank.  

Smaller tank 

The main inlet pipe inside the smaller tank has an inner diameter of               . The flow 

rate is given as        , which is equal to a mass flow rate             of:   

              
  

 
  (3.28) 

The properties of water         can be seen in Table 3.7 (Jonsson, 2008). 

Table 3.7 – Properties of water at     

Density,             
        

Dynamic viscosity,                          

This leads to a volume flow rate           , of: 

          
         
      

 
    

   
          

   

 
   (3.29) 

which is equal to an inlet velocity           of: 

         
         

 
          

 

  

 
           

            
      

 

 
  (3.30) 

With these values, the Reynolds number for the flow inside the inlet pipe can be calculated with 

Equation 2.30, giving that: 

          
                        

      
 
                 

         
            (3.31) 
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The value indicates that the flow inside the inlet pipe is laminar. After the inlet pipe however, the 

geometry changes and more inlet flows affect the flow field inside the tank. It’s therefore 

decided that the value is close enough to the transition zone to perform both laminar- and 

turbulent simulations of the smaller tank. Results are then investigated in order to decide which 

case is more suitable. 

Bigger tank 

The inlet pipe of the bigger tank has an inner diameter of               . The volume flow 

rate is the same as for the smaller tank (         , giving a volume flow of                     

               This leads to an inlet velocity           of: 

         
         

 
          

 

  

 
           

            
        

 

 
  (3.32) 

This gives the Reynolds number for the flow inside the inlet pipe: 

          
                        

      
 
                  

         
            (3.33) 

This value is within the turbulent region and it’s decided to simulate the cases for the big tank as 

turbulent. 

3.2.5 Boundary conditions and solution methods 

Smaller tank 

For all numerical cases with the smaller tank, it’s assumed that the tank is perfectly isolated from 

its environment and there is no heat flux across the walls of the tank. Walls are chosen as 

stationary with a no slip condition, meaning that the velocity in the flow- and the normal 

direction of the walls are equal to zero (Versteeg and Malalasekera, 2007). An outflow boundary 

condition is used for the outlet. This condition is chosen when the details of flow velocities and 

pressure are not known prior to solving the flow problem (Ansys Inc., 2009). Flow profiles at the 

inlets are considered to be equally distributed, due to the foam that’s used before them, and are 

therefore chosen as mass flow inlets.  

Three cases, one for each experiment with different foam thickness, are to be simulated. The 

values of the temperatures at the hot- and the cold water inlets are obtained from experimental 

measurements. For the main inlet inside the perforated pipe, the temperature is kept constant at 

   .  

Nine additional cases are also simulated where foam thickness is varied between      

and       in order to more closely see the impact of foam thickness on stratification and flow 

field inside the tank. Table 3.8 shows the chosen temperatures for the three inlets for all 

numerical cases. 
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Table 3.8 – Inlet temperatures for numerical cases 

Experimental simulations (3 cases) 

     Obtained from experimental mesurements 

      Obtained from experimental mesurements 

         (kept constant) 

Foam variation simulations 

(8 foam thicknesses and without foam) 

         

          

         

For all numerical- and experimental cases, inlet flow rates are chosen as              for the 

hot- and cold water inlets and           for the inlet inside the perforated pipe. The three 

experimental cases will be simulated as both laminar and turbulent in order to see which model 

is the more suitable one for describing the flow inside the smaller tank. The foam variation 

simulations will then be carried out as either laminar or turbulent, depending on the results from 

the previous simulations. Chosen simulation methods and conditions for the laminar- and 

turbulent cases can be seen in Table 3.9 and 3.10. 

Table 3.9 – Chosen methods and conditions for laminar cases 

Solver type Pressure based 

Time Steady state 

Pressure-velocity scheme Coupled 

Viscous model Laminar 

Table 3.10 – Chosen methods and conditions for turbulent cases 

Solver type Pressure based 

Time Steady state 

Pressure-velocity scheme Coupled 

Viscous model RNG k-epsilon 

Near wall treatment Enhanced wall treatment 

Bigger tank 

Tank walls are chosen as adiabatic, stationary and with a no slip condition. An outflow boundary 

condition is used for the outlet and the inlet is chosen as a mass flow inlet due to the foam piece 

used at the bottom. Two transient cases, one for each experiment with different foam heights, are 

simulated. The values of temperature and volume flow that are measured by RTD:s and flow 

meter during the two experiments are registered and used as input values for the two transient 

simulations. The transient simulations will last    seconds, containing     time steps. Table 

3.11 shows chosen solution methods and conditions for the numerical cases for the bigger tank. 
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Table 3.11 – Chosen methods and conditions for bigger tank simulations 

Solver type Pressure based 

Time Transient 

Pressure-velocity scheme Coupled 

Viscous model RNG k-epsilon 

Near wall treatment Enhanced wall treatment 
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4  RESULTS  

Results are presented in this chapter which lay the foundation for discussions in the next 

chapter. 

4.1 Experimental- and numerical results for smaller tank 

4.1.1 Results from experimental cases 

Experimental results 

The obtained experimental results from the experiments performed by Florian Feuerstein at the 

Karlsruhe Institute of Technology are shown below (Feuerstein, 2013).  

Table 4.1 displays the measured inlet temperatures.      is the temperature for the cold water 

entering the tank and       is the temperature measured by the thermocouple located       

under the warm water inlet of the tank.  

Table 4.1 – Measured inlet temperatures     for the smaller tank  

Foam thickness                [   

No foam             

12,5 mm             

25 mm             

Figure 4.1 to Figure 4.3 show the results from the BOS experiments. The pictures are taken at an 

assumed steady state condition. The vertical blue stripe in the middle is where the foam is 

situated. This part had to be cut away from the image in order to perform the generation of the 

BOS picture. The horizontal stripe is at the height of the outlet. This part of the tank isn’t fully 

transparent since two glass parts are joined together there. This part is therefore also cut away in 

the BOS picture. 

 

Figure 4.1 – BOS picture without foam 
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Figure 4.2 – BOS picture with 12,5 mm foam 

 

Figure 4.3 – BOS picture with 25 mm foam 

Figure 4.4 shows the results obtained from the experiments where ink was used to color the 

water entering from the main inlet in the smaller tank. The pictures are taken when an assumed 

steady state condition has been reached. 

 

Figure 4.4 –Coloured water coming from main inlet for different foam thicknesses 
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Numerical results 

Table 4.2 displays the inlet temperatures that were chosen for the numerical cases that are to be 

compared with the three experimental cases. 

Table 4.2 – Inlet temperatures for numerical cases 

Foam thickness                         [   

No foam 14,0 30 38,9 

12,5 mm 15,1 30 36,6 

25 mm 14,1 30 36,7 

Figure 4.5 shows the temperature plots for the three cases with different foam thicknesses. 

Calculated temperatures inside the smaller tank for laminar- and turbulent simulations were 

exported from ANSYS FLUENT and imported into Matlab. These values were then plotted 

together with the values obtained from the thermo elements at different heights. 

The blue circles show the measured temperatures by the thermocouples and also displays at 

which height they are located inside the smaller tank. All thermocouples are located at a distance 

of       from the center of the tank. The red line shows the laminar- and green lines show the 

turbulent simulation results. The temperature profiles from the numerical cases are taken at the 

same distance from the center of the tank as for the thermocouples.  

 

Figure 4.5 – Temperature distribution for smaller tank 

Figure 4.6 and Figure 4.7 show temperature distributions inside the smaller tank from the 

laminar- and turbulent cases.  
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Figure 4.6 – Temperature fields inside smaller tank for laminar cases 

 

Figure 4.7 – Temperature fields inside smaller tank for turbulent cases 

Figure 4.8 and 4.9 show the stream lines inside the smaller tank for all three foam thicknesses. 

Figure 4.8 shows the laminar- and Figure 4.9 the turbulent cases. 

 

Figure 4.8 – Streamlines inside smaller tank for laminar cases  
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Figure 4.9 – Streamlines inside smaller tank for turbulent cases  

Figure 4.10 and Figure 4.11 display the obtained Reynolds numbers inside the perforated pipe 

for the laminar- and turbulent cases. They were calculated using the axial velocities inside the 

pipe and with the inner diameter of the perforated pipe as characteristic length. 

   

Figure 4.10 – Reynolds number distribution inside perforated pipe for laminar cases 
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Figure 4.11 – Reynolds number distribution inside perforated pipe for turbulent cases 

Table 4.3 show the average velocities at the inner surface of the perforated pipe for the turbulent 

cases together with the modified Reynolds numbers, which were calculated using Equation 2.35. 

The water properties values were obtained from Table 3.7, the porosity from Equation 3.2 and 

the equivalent pore diameter for the foam, which is used as characteristic length, was obtained 

from Equation 3.7. 

Table 4.3– Average velocities (turbulent cases) at inner surface of perforated pipe and modified Reynolds numbers 

Foam thickness Avarage veolcity             

0 mm 0,0016 5,1 

12,5 mm 0,0015 4,7 

25 mm 0,0015 4,7 

4.1.2 Results from foam variation simulations 

Figure 4.12 shows the temperature distribution at different heights inside the tank for different 

foam thicknesses. The numerical values are taken at a distance of       from the center of the 

tank. Simulations were performed as turbulent cases. The blue dotted line shows the temperature 

distribution of a tank where the water has a temperature of     above the center of the outlet 

and     under. This is used as a reference, describing a thermal storage tank where no 

thermocline is present. Figure 4.13 then shows the standard deviations from this “perfect 

stratification” for different foam thicknesses. 
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Figure 4.12 – Temperature plot for different foam thicknesses 

 

Figure 4.13 – Standard deviation from “perfect stratification” for different foam thicknesses 

Figure 4.14 shows the temperature field inside the smaller tank for three of the foam thicknesses. 

The stream lines inside the smaller tank for three of the foam thicknesses can be seen in Figure 

4.15. 
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Figure 4.14 – Temperature distribution inside tank for different foam thicknesses 

 

Figure 4.15 – Stream lines inside tank for different foam thicknesses 

4.1 Experimental- and numerical results for bigger tank 

4.1.1 Experimental results 

Table 4.4 shows the registered temperatures and volume flow rates during the transient 

experiments.    is the volume flow rate for the warmer water entering the tank with the 

measured temperature     by the RTD.        and        are the registered temperatures for the 

RTD elements inside the bigger tank.   
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Table 4.4– Measured temperatures and volume flow for bigger tank experiment  

Foam center at 625 mm above tank bottom 

Number of reading,                                                   

1 204,64 40,40           

2 197,77 39,95           

Foam center at 825 mm above tank bottom 

1 191,20 39,27           

2 193,97 39,77           

Figure 4.16 and Figure 4.17 show pictures from the first 40 seconds of the generated BOS 

movies.   

 

Figure 4.16 – First 40 seconds of generated BOS representation with foam center at 625 mm above tank bottom 

 

Figure 4.17 – First 40 seconds of generated BOS representation with foam center at 825 mm above tank bottom 

4.1.2 Numerical results 

Table 4.5 displays the chosen temperatures and mass flow rate for both numerical cases.      

represents the mass flow entering from the inlet with the temperature    . The initial temperature 

of the tank is given by             . 
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Table 4.5– Chosen mass flow and temperatures for numerical cases 

Foam center position                                      

625 mm above bottom 200 40 20 

825 mm above bottom 190 40 20 

Table 4.6 show the average velocities at the bottom of the foam disc together with the modified 

Reynolds numbers, which were calculated using Equation 2.35. The water properties values were 

obtained from Table 3.7, the porosity from Equation 3.13 and the equivalent pore diameter for 

the foam, which is used as characteristic length, was obtained from Equation 3.15. 

Table 4.6– Average velocities at bottom of foam disc and calculated modified Reynolds numbers 

Foam center position Avarage veolcity             

600 mm above bottom 0,0106 18,1163 

800 mm above bottom 0,0063 10,7673 

Figure 4.18 and Figure 4.19 display the calculated density gradients inside the bigger tank. The 

windows have been cut so that they can be more easily compared with the BOS results. 

 

Figure 4.18 – Density gradients plotted for the first 40 seconds of simulation with foam center at 625 mm 

 

Figure 4.19 – Density gradients plotted for the first 40 seconds of simulation with foam center at 825 mm 
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Figure 4.20 and Figure 4.21 display the turbulent kinetic energy distribution and the turbulence 

intensity inside the bigger tank after the first 40 seconds of the transient simulations. 

 

Figure 4.20 – Turbulent kinetic energy distribution after first 40 seconds for the numerical cases  

 

Figure 4.21 – Turbulent intensity after first 40 seconds for the numerical cases  
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5  DISCUSSION AND CONCLUSIONS 

Discussion of results and conclusions are presented in this chapter. 

5.1 Discussion 

5.1.1 Experimental- and numerical results for the smaller tank 

When comparing the laminar results in Figure 4.5 (red curves) with the values obtained by the 

thermocouples (blue rings), it’s noticeable how the laminar model captures the temperatures at 

the lower part of the tank fairly good for the two cases with foam. For the case without foam 

however, it doesn’t capture it very well. The temperature distribution for the laminar cases seem 

to be almost unaffected by the foam thickness and is close to a “perfect stratification” for all 

three cases with temperatures at the top of the tank having slightly too high values for all three 

foam thicknesses, when comparing with the obtained values from the thermocouples. When 

examining the results obtained from the ink colored main inlet water (with intermediate 

temperature) in Figure 4.4, it can be seen how the water leaves the perforated pipe at a higher 

level, when comparing the case without foam to the cases with foam. This can also be seen in the 

BOS results (Figure 4.1 to Figure 4.2) where the pixel shift, which is linked to the temperature 

gradient, indicates that water is leaving the perforated pipe at the upper part of the tank for the 

case without foam, and at a lower level closer to the outlet, for the cases with foam. A 

thermocline region can then be seen for all three cases, where the intermediate temperate water is 

flowing. This again isn’t fully captured for the laminar case in Figure 4.5, where the steep 

vertical lines indicate a much smaller thermocline region. 

For the turbulent model it can be seen how the temperature distribution in Figure 4.5 (green 

curves) is captured well for the upper part of the tank, when comparing with the experimental 

results, and it decreases with the height of the tank similar to the experimentally obtained values. 

The model seems however to have problems capturing the temperature distribution at the bottom 

of the tank and the temperature generally increases with the height of the tank quicker in 

comparison with the experimental values. An explanation for this is could be water, coming from 

the main inlet, leaving the perforated pipe at a lower level of the tank in the numerical model in 

comparison with the experiments. This would lead to a quicker increase in temperature with the 

height of the tank. When examining the BOS pictures (Figure 4.1 to 4.3) and the experiments 

using ink (Figure 4.4) no obvious temperature gradients are visible at the bottom at the tank and 

no water seems to be leaving the foam wrapped perforated pipe at that height. The temperature 

distribution at the bottom of the tank seems however to be reaching a higher amount of 

stratification with increased foam thickness for the turbulent cases, though it still is considerably 

less than for the experimental values obtained by the thermocouples. Overall it can be seen how 

the shape of the temperature distribution seem to be affected by the foam thickness, though it’s 

hard to say in which direction. 

When comparing the laminar- to the turbulent model, it’s noticeable how the laminar cases lead 

to a much higher amount of stratification inside the tank and a smaller thermocline area. This 

could be due to the fact that the turbulent cases have a higher rate of momentum- and heat 

transfer diffusion, leading to more mixing which would lead to a lower amount of stratification. 

This can also be seen when comparing Figure 4.6 to Figure 4.7. 

Since the laminar cases seem to be unaffected by the foam thickness and exaggerating the 

amount of stratification for all foam thicknesses, in comparison with the turbulent cases, where 

an effect could be seen but was harder to interpret, it was decided to make more careful 

investigations of the foam thickness for the turbulent case. Figure 4.12 shows the temperature 

distribution obtained from these simulations. The foam was divided into 8 thicknesses in order to 
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more carefully investigate its impact. Together with Figure 4.13, which shows the standard 

deviation to a “perfectly stratified” tank for each case, it can be seen how a higher foam 

thickness tend to give a temperature distribution closer to a “perfect stratified” thermal heat 

storage. 

5.1.2 Flow regimes inside the smaller tank 

Figure 4.10 contains the Reynolds number distribution inside the perforated pipe for the laminar 

cases. In this figure it can be seen how the Reynolds numbers inside the pipe exceed the 

transition value of         for pipe flow, and are now high enough to be in the turbulent flow 

region for a big area inside the perforated pipe. This makes the assumption of a complete laminar 

flow inside the smaller tank less probable. Figure 4.11 also shows turbulence for the area after 

the main inlet inside the perforated pipe for the turbulent cases. This turbulence decays after a 

while and the flow moves into a more laminar flow regime along the height inside the perforated 

pipe. For both the laminar- and turbulent cases there are both laminar and turbulent areas, which 

are hard to capture using only laminar or turbulent models.  

Table 4.2 and Table 4.6 show the calculated modified Reynolds number for both tanks. In the 

smaller tank, the turbulent case was examined. Both tables show that the modified Reynolds 

numbers are both well over the modified Reynolds transition value of          This would 

indicate that the flows inside the foams are within the Forchheimer flow regime. 

5.1.3 Experimental- and numerical results for bigger tank 

When comparing Figure 4.16 and Figure 4.17, which display the pixel shifts from the BOS 

investigations, with the density gradients for the numerical cases in Figure 4.18 and Figure 4.19 

flow can be seen going both through and around the foam disc. This indicates a qualitative 

agreement between experimental- and numerical results. The thickness of the incoming flow ray 

from the inlet pipe seems to increase quicker however for the numerical cases in comparison 

with the BOS results. This could be a sign of more turbulence in the numerical cases compared 

with the BOS experiments. 

In Figure 4.17 it can be seen how the flow show turbulent swirls before reaching the foam. The 

flow seems to be calmer leaving the foam which would indicate a positive impact on turbulence. 

Figure 4.20 and Figure 4.21 show how the turbulent kinetic energy and turbulent intensity 

decrease after the foam disc. In both figures it can be seen how the values of the intensity and 

kinetic energy are larger for the case with the foam closer to the pipe before hitting the foam.  

5.2 Conclusions 

5.2.1 Effects of foam on stratification 

Both experimental- and numerical cases showed an improvement in stratification when using 

foam around the perforated pipe in the smaller tank. The improvements were however much 

more clear for the experimental results. 

BOS- and ink colored water experiments showed how the intermediate temperate water left the 

perforated pipe with foam at a much lower level compared to the case without foam. This also 

reduces the mixing that occurs when the water leaving the perforated pipe has to “fall down” to 

reach the outlet, which also creates additional mixing.  

Numerical cases showed improvement of the temperature distribution with an increasing foam 

thickness and the deviation from a “perfect stratification” decreased with a higher foam 

thickness. Improvements for numerical models should be found however to obtain results more 

similar to the experimental results.  
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5.2.2 Effects of foam on turbulence  

Both experimental- and numerical cases indicate that the foam has a positive effect on damping 

turbulence.  

The transient BOS results of the bigger tank show turbulent swirls for the incoming flow before 

reaching the foam. This turbulence is then damped by the foam, giving a calmer flow afterwards.  

Numerical results for the bigger tank showed how both turbulent kinetic energy and turbulent 

intensity decrease after the foam disc. Chosen turbulent models should however be further 

validated experimentally or compared to results obtained with more comprehensive numerical 

models such as large eddy simulations (LES) or direct numerical simulations (DNS). 

5.2.3 Recommendations and future work  

Exact inflow conditions for the inlets at the bottom part of the smaller tank were unknown prior 

to the experiments. A uniform velocity profile was chosen for the cold water inlet due to the 

foam that was used at the bottom. During the experiments however, there’s a possibility that the 

flow wasn’t completely uniform and that water, coming from the cold water inlet, managed to 

hold back the intermediate temperate water coming from the main inlet. This could explain the 

deviations in temperature distribution between the turbulent model and the experimental results. 

Therefore, alternative inlet boundary conditions should be examined for future simulations of the 

smaller tank. The same could be said about the inlet boundary condition for the bigger tank 

where a too thick inlet fluid ray could be seen. This could be due to a higher amount of 

turbulence in the numerical cases compared with the BOS experiments. 

For future CFD validations, particle image velocimetry (PIV) measurements could be more 

appropriate than BOS measurements since these would yield quantitative results, such as speed 

and direction of the flow field, which would be directly comparable with CFD results. These 

experimental techniques were not available within the framework of this thesis however. 

Alternative models to Ergun’s equation should be examined, which predict resistance 

coefficients for porous media. As stated earlier in chapter 2.4.3 Ergun’s equation, is the equation 

only able to accurately predict the pressure drop of single phase flow through porous media 

within a porosity range of:              The two polyurethane foams that were used in this 

project however, have a porosity over    . This could therefore be a possible reason between 

deviations in numerical- and experimental results.  

The results in this report however support the hypothesis that porous media could have a positive 

impact on the stratification inside stratified thermal heat storages. Further research should be 

made, investigating its effects and applicability. 

  



 62 

  



 63 

7  BIBLIOGRAPHY 

 

 

Ansys Inc., 2009, ANSYS FLUENT 12.0/12.1 Documentation, 

https://www.sharcnet.ca/Software/Fluent12/index.htm (Obtained: 2012-10-12)  

Ansys Inc., 2011, Documentation for ANSYS ICEM CFD 14.0 

Ataer, O.E., 2006, Storage of Thermal Energy, Encyclopedia of Life Support Systems (EOLSS), 

http://www.eolss.net/ebooks/Sample%20Chapters/C08/E3-14-02-00.pdf (Obtained: 2013-01-10) 

Atkins, M.J., Walmsley, M.R.W., Neale, J.R., 2010, The Challenge of Integrating Non-

Continuous Processes – Milk Powder Plant Case Study, Journal of Cleaner Production 18 

(2010), Pages 927–934 

CFD Wiki, 2009, Heat Transfer, CFD-Online, http://www.cfd-online.com/Wiki/Heat_transfer 

(Obtained: 2013-01-24) 

CFD Wiki, 2012, Turbulence intensity, CFD-Online, http://www.cfd-online.com/Wiki/Heat_transfer 

(Obtained: 2013-03-26) 

Costa, U.M.S., Andrade J.S., Makse, H.A., Stanley, H.E., 1999, The Role of Inertia on Fluid 

Flow Through Disordered Porous Media, Physica A 266, Pages 420-424 

Demir, H., Mobedi, M., Ülkü, S., 2008, A Review on Adsorption Heat Pump: Problems and 

Solutions, Renewable and Sustainable Energy Reviews, Volume 12, Issue 9, December 2008, 

Pages 2381–2403 

Elert, G., 2013, Thermal Expansion, The Physics Hypertextbook, http://physics.info/expansion/, 

(Obtained: 2013.03-25)  

Fakhraie, R., 2012, University Lecturer, Royal Institute of Technology (KTH), Stockholm, 

Sweden, Numerical Methods in Energy Technology, Course Lectures, Spring Semester 

Feuerstein, F., 2013, Validierung der BOS-Methode qualitativ und im Vergleich zur Numerik 

anhand eines Wasserschichtspeichers, Diploma thesis, Karlsruhe Institute of Technology 

Geisler, R., 2013, Background Oriented Schlieren Method (BOS), German Aerospace Center 

(DLR), Institute of Aerodynamics and Flow Technology, Experimental Methods. 

http://www.dlr.de/as/en/desktopdefault.aspx/tabid-183/251_read-2726/ (Obtained: 2013-02-28) 

Habisreuther, P., Djordjevic, N., Zarzalis, N., 2009, Statistical Distribution of Residence Time 

and Tortuosity of Flow Through Open-Cell Foams, Chemical Engineering Science 64, Pages 

4943-4954 

Hauer, A., 2012, Thermal Energy Storage, Technology Policy Brief E17, January 2012, IEA-

ETSAP and IRENA, Page 1 

Holdich, R., 2002, Fundamentals of Particle Technology, Q3 Digital/Litho, Loughborough, U.K 

Holman, J.P., 2012, Experimental Methods for Engineers, Eighth edition, New York: McGraw-

Hill 

Hoogendoorn, C. J., 2011, Heat Storages, Sensible and Latent, Thermopedia, 

http://www.thermopedia.com/content/839 (Obtained: 2013-01-18) 

Hoy, W., 2005, What is the Grashof Number?, Rice University, 

http://www.owlnet.rice.edu/~ceng402/proj05/hoy/hoyroos/background/background.html 

(Obtained: 2013-01-24) 

https://www.sharcnet.ca/Software/Fluent12/index.htm
http://www.eolss.net/ebooks/Sample%20Chapters/C08/E3-14-02-00.pdf
http://www.cfd-online.com/Wiki/Heat_transfer
http://www.cfd-online.com/Wiki/Heat_transfer
http://physics.info/expansion/
http://www.dlr.de/as/en/desktopdefault.aspx/tabid-183/251_read-2726/
http://www.thermopedia.com/content/839
http://www.owlnet.rice.edu/~ceng402/proj05/hoy/hoyroos/background/background.html


 64 

Härkönen M., Aittomäki, A., 1991, The Principle of Internal Regeneration as Apllied to the 

Adsorption Heat Pump Process, Heat Recovery Systems & CHP, Volume 11, Issue 4, 1991, 

Pages 239-248 

Innocentini, M.D.M., Salvini, V.R., Macedo, A., Pandolfelli, V.C., 1999, Prediction of Ceramic 

Foams Permeability Using Ergun’s Equation, Materials Research, Volume 2, Issue 4, Pages 283-

289 

Jonsson, H., 2008, Applied Thermodynamics – Collection of Formulas, Second Edition, 

Stockholm: US-AB 

Joshi, C., Schmidt, F., Schwamberger, Taheri, H., 2010, Stratisorp: Neuartiges 

Shichtspeichersystem zur Effizienzsteigerung von Adsorptionswärmepumpen und –

kältemaschinen, Research Report, Karlsruhe Institute of Technology, Page 16 

Khalifa, A.J., Mustafa, A., Khammas, F., 2011, Experimental Study of Temperature 

Stratification in a Thermal Storage Tank in the Static Mode for Different Aspect Ratios, ARPN 

Journal of Engineering and Applied Sciences, Volume 6, Issue 2, February 2011, Pages 53-60 

Levec, J., Nemec, D., 2005, Flow Through Packed Bed Reactors: 1, Single-Phase Flow, 

Chemical Engineering Science 60, Pages 6947-6957 

Liu, S., Afacan, A., Masliyah, J., 1994, Steady Incompressible Laminar Flow in Porous Media, 

Chemical Engineering Science, Volume 49, Issue 21, Pages 3565-3585 

Macini, P., Mesini, E., Viola, R., 2011, Laboratory Measurements of Non-Darcy Flow 

Coefficients in Natural and Artificial Unconsolidated Porous Media, Journal of Petroleum 

Science and Engineering 77, Pages 365-374 

Martienssen, W., Warlimont, H., 2005, Springer Handbook of Condensed Matter and Materials 

Data, Berlin, Heidelberg: Springer 

Nomura, T., Okinaka, N., Akiyama, T., 2010, Technology of Latent Heat Storage for High 

Temperature Application: A Review, ISIJ International, Volume 50, Issue 9, Pages 1229-1239 

Polezhaev, Y.V., 2011, Porous Medium, Thermopedia, 

http://www.thermopedia.com/content/1047 (Obtained: 2012-11-19) 

Pons, M., Principle of Adsorption Cycles for Refrigeration or Heat Pumping, The Computer 

Sciences Laboratory for Mechanics and Engineering Sciences (LIMSI), CNRS, 

http://perso.limsi.fr/Individu/mpons/indexENG.html (Obtained: 2013-01-18)  

Reinhardt, B., 2010, Thermal Energy Storage, Stanford University, 

http://large.stanford.edu/courses/2010/ph240/reinhardt1 (Obtained: 2013-01-14) 

Richard, H., Raffel, M., 2001, Background Oriented Schlieren Demonstrations, Final Report for 

the European Research Office Edison House, Deutsches Zentrum für Luft- und Raumfahrt, 

Göttingen. Germany 

Shin, M.S., Kim, H.S., Jang, D.S., Lee, S.N., Lee., Y.S., Yoon, H.G., 2004, Numerical and 

Experimental Study on the Design of a Stratified Thermal Storage System, Applied Thermal 

Engineering 24, Pages 17-27 

Schwamberger, V., Joshi, C., Schmidt, F., 2007, Second Law analysis of a Novel Cycle Consept 

for Adsorption Heat Pumps, International Sorption Heat Pump Conference (ISHPC11), Pages 

991-998, Padua, Italy, 2011 

University of Warwick, 2012, Adsorption cycle: What is Adsorption Heat Pumping?, 

http://www2.warwick.ac.uk/fac/sci/eng/research/process/heat-pumps/adsorption (Obtained: 2013-01-

18)  

http://www.thermopedia.com/content/1047
http://perso.limsi.fr/Individu/mpons/indexENG.html
http://large.stanford.edu/courses/2010/ph240/reinhardt1
http://www2.warwick.ac.uk/fac/sci/eng/research/process/heat-pumps/adsorption


 65 

Venkatakrishnan, L., Meier, G.E.A., 2004, Density Measurements Using the Background 

Oriented Schlieren Technique, Experiments in Fluids, Issue 37 (2004), Pages 237–247 

Versteeg, H.K., Malalasekera, W., 2007, An Introduction to Computational Fluid Dynamics: The 

Finite Volume Methode, Second Edition, Harlow: Pearson Education Limited 

Walmsley, M.R.W, Atkins, M.J, Riley, J., 2009, Thermocline Management of Stratified Tanks 

for Heat Storage, 12th International Conference on Process Integration, Modelling and 

Optimisation for Energy Saving and Pollution Reduction. AIDIC, Rome, Italy; 10-13 May, 2009, 

Pages 231-236 

Waluyo, J., Majid, M.A.A, 2011, Performance Evaluation of Stratified TES using Sigmoid Dose 

Response Function, Journal of Applied Sciences 11 (9), Pages 1642-1647 

Wirbser, 2011, H., 2011, Head of Research Laboratory, Institute of Technical Thermodynamics, 

Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany, Heat Pumps, Course Lectures, 

Spring Semester 

Wu, J.S., Yin, S.X., 2009, A Micro-Mechanism Model for Porous Media, Commun. Theor. 

Phys. (Beijing, China), Volume 52, Issue 5, November 15, Pages 936-940 



 66 

  



 67 

APPENDIX A: FOAM USED INSIDE SMALLER TANK 
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APPENDIX B: FOAM USED INSIDE BIGGER TANK 

 

 

 

 
 


