
i 
 

Utrecht Studies in Earth Sciences 043 

 

 

 

An Experimental Study of Thermal and Thermohaline 

Convection in Saturated Porous Media 

 

 

Muhammad Imran 

 

 

 

 

 

Utrecht 2013 

 



ii 
 

 

ISBN:  978-90-6266-339-2 

NUR-code: 934 

NUR-description: Hydrogeology 

Cover Illustration: © Muhammad Imran 

Cover lay-out: Margot Stoete, Faculty of Geosciences, Utrecht University  

Printed by: Uitgeverij BOXPress || Proefschriftmaken.nl 

Copyright © 2013 Muhammad Imran 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All rights reserved. No part of this publication may be reproduced in any form, by  

print or photo print, microfilm or any other means, without written permission 

 by the publishers. 



iii 
 

 

The Reading Committee: 

 

              Prof. dr. Rainer Helmig, Stuttgart University, Germany 

        Prof. dr.ir. D.M.J. (David) Smeulders, TU/e, Netherlands 

        Prof. dr. Iuliu Sorin Pop, University of Bergen, Norway 

        Prof. dr. Anton Leijnse, Wageningen University and Research Centre, Netherlands 

              Dr. Hamid M. Nick, Delft University of Technology, Netherlands 

 

 

 

 

 

 

 

 

 

 



iv 
 

 

 

An Experimental Study of Thermal and Thermohaline 

Convection in Saturated Porous Media 

 

Een experimentele studie van de thermische en 

thermohaliene convectie in verzadigde poreuze media 

(met een samenvatting in het Nederlands) 

 

Proefschrift 

 
 

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van de 

rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit van het 

college voor promoties in het openbaar te verdedigen op vrijdag 25 oktober 

2013, des middags te 12.45 uur  

door 

 

Muhammad Imran 

geboren op 15 augustus 1984 te Vehari (Burewala), Pakistan. 



v 
 

 

 

Promotor:  Prof. dr. R. J. Schotting 

 

 

 

 

 

 

 

 

 

 

This thesis was (partly) accomplished with financial support from Higher Education  

Commission (HEC) of Pakistan and International Research Training Group NUPUS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

 

 

 

 

 

 

1 Introduction                            

1.1 Background                                                                                                                                1 

1.2 Thermal dispersion in saturated porous media                                                                          6 

1.3 Thermographic experiments (IRT) and continuum modeling approach                                   8 

1.4 Objectives of the research                                                                                                         9 

1.5 Outline of the thesis                                                                                                                 10 

1.6 References                                                                                                                                11 

2 General theory of thermal convection and infrared thermography in saturated 

porous media 

2.1 Basic equations (Mathematical description)                                                                            15 

2.1.1. Fluid mass balance in saturated porous media                                                               15 

2.1.2. Equation of state (EOS)                                                                                                  19 

2.1.3. Fourier’s law of thermal conduction                                                                              21 

2.1.4. Equations for heat transfer (macroscale)                                                                        22 

         2.1.4.1. Thermal retardation                                                                                            25 

2.1.5. Effective thermal conductivity and thermal diffusivity in porous media                      26 

2.1.6. Equations for mass (dissolved matter) transport in porous media (macroscale)           29 

          2.1.6.1. Adsorption (Retardation equation for mass transfer)                                       32 

          2.1.6.2. A non-linear theory of high concentration-gradient dispersion                       34 

2.1.7. Factors affecting thermal dispersion and mass dispersion                                            35 

2.1.8. Analogy of thermal and mass dispersion coefficients in porous media                        36 

2.1.9. Dimensionless form of the governing equation                                                             37 

2.2 Double diffusive convection (DDC) or thermohaline convection (THC) in porous media    40 

      2.2.1. Conditions for thermohaline convection                                                                        40 

      2.2.2. Regimes of thermo-haline convection                                                                           41 

2.3 Infrared thermography (IRT) for thermal convection in porous media                                  43 

2.3.1. Laws for black body radiative heat transfer                                                                  43 

Table of Contents 



vii 
 

          2.3.1.1. Plank’s law of radiation                                                                                   44 

          2.3.1.2. Stefan-Boltzmann’s law (1879)                                                                       44 

            2.4 References                                                                                                                                 45 

3 Application of infrared thermography for temperature distributions in fluid 

saturated porous media 

3.1 Introduction                                                                                                                             47 

3.2 Experimental material and methods                                                                                        49 

3.3 Procedure for in-situ calibration                                                                                              54 

3.4 Basic principle of infrared thermography (IRT)                                                                      57 

3.5 Laws for radiative heat transfer                                                                                               60 

3.6 Basic equations (mathematical description)                                                                            62 

3.6.1. Equations for fluid flow (macroscopic scale)                                                                62 

3.6.2. Equation of state (EOS)                                                                                                 64 

3.6.3. Fourier’s law of thermal conduction (1822)                                                                  66 

3.6.4. Equations for heat transfer (macroscale)                                                                       66 

3.7 Results and Discussion                                                                                                            71 

3.7.1. Experimental results                                                                                                      71 

3.7.2. Comparison of experimental results with numerical simulation                                   75 

3.8 Conclusions                                                                                                                              79 

3.9 References                                                                                                                                81 

4 Two-dimensional lab experiments with thermographic analysis in saturated porous 

media heated from below 

4.1 Introduction                                                                                                                              85 

4.2 Experimental material and methods                                                                                         89 

4.2.1. Experimental setup                                                                                                         89 

4.2.2. Porous medium and its cleaning                                                                                     91 

4.2.3. Homogeneity and packing of the porous media                                                             92 

4.2.4. Measurement of the porosity and permeability of porous media                                   95 

4.2.5. Measurement of flow velocity and its regulation                                                           96 

4.2.6. Thermographic measurement of temperature distributions                                            96 

4.3 Experimental results and discussion                                                                                         97 

4.3.1. Effect of velocity, diameter of the particles and temperature of the source                 103 

4.4 Comparison of experimental results with numerical results                                                  108 



viii 
 

4.4.1. Application of Oberbeck-Boussinesq approximation                                                  109 

4.4.2. Initial and boundary conditions                                                                                    110 

4.5 Conclusions                                                                                                                            115 

4.6 References                                                                                                                              117 

5 Thermohaline convection bench mark study in saturated porous media 

5.1 Introduction                                                                                                                            121 

5.2 Experimental material and method                                                                                        125 

5.3 Results and discussions                                                                                                          128 

5.3.1. Experimental Results                                                                                                    128 

         5.3.1.1. Measurement of salt concentrations                                                                 128 

         5.3.1.2. Measurement of temperature                                                                            132 

5.3.2. Modeling of thermohaline convection in a porous medium                                         139 

        5.3.2.1. Initial and boundary conditions                                                                         140 

        5.3.2.2. Comparison of numerical and experimental results                                          141 

5.4 Conclusions                                                                                                                            143 

5.5 References                                                                                                                              144 

6 Thermal convection  in saturated porous media when cooled from below (stable 

miscible displacement) 

6.1 Introduction                                                                                                                            147 

6.2 Experimental method and setup                                                                                             148 

6.3 Experimental results and discussion                                                                                      150 

A) Cooling from below                                                                                                        150 

B) Natural convection in saturated porous media heated from below                                 159 

6.4 Conclusions                                                                                                                           162 

6.5 References                                                                                                                             163 

7 Summary 

7.1 Summary (English)                                                                                                                165 

7.2 Samenvatting                                                                                                                          168 

      Acknowledgements                                                                                                              

     Curriculum Vitae   



1 

 

 

 

 

Geology differs as widely from cosmogony, as speculations concerning the creation of man differ from 

history. 

Sir Charles Lyell 

 

Foreword: This thesis is an experimental hydrogeological analysis of thermal and thermo-haline 

convection in saturated porous media using infrared thermography (IRT). In this introductory chapter, the 

background of the topic and its relevance for the society is briefly described. The structure of the earth, 

types of geothermal reservoirs and basic modes of heat transfer are also addressed. This chapter concludes 

with research questions addressed in the thesis and outline of the other Chapters. 

1.1 Background 

Worldwide increased focus on environment, depletion and over exploitation of fossil fuel resources, and 

their high inflation rates demand to look for sustainable alternative sources of energy (Sauty et al., 1982).  

Geothermal energy is a clean, environment friendly (nonpolluting), economical, and sustainable natural 

source of energy. It is the energy available in the natural underground (subsurface) reservoirs of hot water 

known as hydrothermal systems (aquifers). Moreover, thermal energy is available in general in permeable 

subsurface rock formations. Thermal energy is continuously produced inside the earth’s core as a result of 

slow decay of radionuclides. The heat produced in the core is transported by thermal conduction into the 

earth’s mantle. This gives rise to the so called thermal gradient. A typical value of thermal gradient in e.g. 

The Netherlands is 30 C0/km.  

The earth is a hotbed of geothermal energy. The amount of useable geothermal energy in the earth is 

enormous. At present, only a very limited amount is exploited for e.g. heating purposes and production of 

electricity. Note that once the thermal energy is brought to the surface it should be used in the vicinity of 

the production site. Either for direct heating of the buildings or green houses (low enthalpy) or to be 

transformed into electricity (high enthalpy). Electricity can easily be transported over large distances. 

Both from the economic and the physical point of view it does not make sense to transport hot water over 

large distances. 

CHAPTER 1 

Introduction 
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Geothermal resources are estimated on the basis of geological and geophysical data such as properties of 

the rock formations, thickness and depth of the aquifers containing geothermal energy, porosity, 

permeability, temperature, salinity and geochemistry of the fluid (Bent et al., 2009). Many estimates have 

been made which widely differ (Shepherd et al., 2003).  The mean heat flow rate for all continents is 

approximately 65±1.6 mWm-2 (mantle convection+ radioactive decay) and for all oceans approximately 

101±2.2 mWm-2. It implies that total continental heat flow is 1.3× 1013 W and total oceanic heat flow is 

3.3× 1013 W (Donald and Gerald 2003). The amount of interior heat flux flowing outwards is 1/1000th the 

value of solar energy flux covering the same area (Shepherd et al., 2003).  Geothermal systems occur in 

nature in a variety of combinations of physical, chemical and geological characteristics. Total available 

geothermal energy exceeds total of the fossil fuel and nuclear energy sources and is only comparable with 

solar energy. It is present everywhere beneath the earth’s surface and can be utilized under favorable 

geological conditions as an alternative to reduce the consumption of fossil fuels for thermal and other 

applications.  The brief structure of the earth is presented in Figure 1.1 and types of the geothermal 

systems are presented in Figure 1.2.  

 Temperature and density of the fluid increase as we proceed inward. Regions of high heat flow rates are 

confined to active volcanic areas. The average geothermal gradient for non-seismic (non-volcanic) areas 

is between 17C0 and 30C0 per 1000m depth while in volcanic areas thermal gradient is much higher 

(Shepherd et al., 2003). There are many shallow hot spots on the earth. Low enthalpy thermal aquifers 

generally provide hot water upto 75C0 with depths between 1.5-2 km in non-seismic areas and can be 

used for many direct applications (not electricity production). Another type of geothermal systems is 

referred to as Aquifer Thermal Energy Storage (ATES) Sauty et al., 1982. These systems don’t rely on the 

geothermal gradient. Seasonal heat and cold is stored in shallow (confined) aquifers which is an efficient 

and sustainable technique to save energy. The popularity of ATES systems in e.g. The Netherlands is ever 

increasing. The number of realized systems is exceeding 2500.    

Water is a geothermal fluid that is used to extract heat (conduction) from hot permeable rocks of the 

geothermal reservoir to the surface. In water-dominated reservoir (hydrothermal system) water is not 

vaporized into steam because the reservoir is saturated with water and is under high pressure. Different 

types of geothermal reservoirs (sources) that can be utilized for different thermal applications are shown 

in Figure 1.2. To utilize hydrothermal systems, hot water is carried from deep formations to the earth 

surface by production wells. Cold water (water after heat extraction) is concurrently injected back to the 

formation by injection wells located at a specified distance from the production wells. This injected water 

is reheated by the heat source in the subsurface; its temperature and density are changed. The progression 
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of temperature variations depends upon velocity, type of the porous media and other parameters. Thermal 

doublet system working concurrently helps to maintain hydraulic regime, to avoid dislocation, 

subsidence, corrosion of the equipment and to get rid of mineralized water.  

The hydrothermal systems are used for different energy purposes depending on the temperature and depth 

beneath the earth’s surface.  Hydrothermal reservoirs are typically located at depths of less than 5 km 

below the earth’s surface. Generally, hydrothermal systems are bounded by an overlying layer that acts as 

thermal insulator. For using a geothermal reservoir in an economically efficient way, it is required to have 

large scale thermal water resources and in addition a thorough understanding (insight) of the phenomena 

related to heat transfer.  

The key word for production of geothermal energy is permeability of the rock formations. As water is the 

transport medium to produce thermal energy, the geological formation containing the subsurface heat 

resources should have a certain degree of permeability and porosity. In case of sandy aquifers both 

permeability and porosity are natural properties of the aquifers. However, in case of subsurface dry hot 

rock formations, porosity and permeability can only be found in (active or passive) fracture/fault zones. 

These zones can be utilized for heat exchange with the injected water. Disadvantages of using fault zones 

for geothermal energy production are the risk of induced seismicity and the fact that fault zones only 

occur at specific location i.e. in general not the location that is favorable for production of geothermal 

energy. It is also possible to create permeability and porosity in dry hot rock formations. This technique is 

called fracturing. Fracturing is a technique used in the oil industry, as well as in the exploration of shale 

gas.  
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There are three modes of heat transfer:  free or natural convection, forced convection and radiation as 

explained schematically in Figure 3.3. However, in fluids heat is transferred by two phenomena: free or 

natural convection and forced convection. In either case, it is necessary to have information about the 

fluid properties that influence the fluid motion (William, 2000).  

Figure 1.2:  Types of geothermal systems 

Figure 1.1: Brief structure of the earth 



5 

 

 

 

Density-dependent flow processes in porous media are important in a wide range of saline and thermal 

problems in different fields of applications (Diersch and Kolditz 2002).  The thermodynamic properties of 

the fluid (energy carrier) are depending on temperature (density decreases when temperature increase), 

salt mass concentration (density increases with addition of salt) and pressure (density also increases with 

increase in pressure). The equation that describes the dependence of fluid density on temperature, 

pressure and salt mass fraction is generally referred to as the equation of state. Variation in fluid viscosity 

(dynamic viscosity) is generally disregarded but in this work, variations in viscosity due to salt mass 

concentration and temperature have not been disregarded.   In many hydro-geological studies, constant 

properties without checking its appropriateness in the field of convection in porous media have been used 

for the sake of simplicity and computational limitations.  Employing this assumption for modeling or 

theoretical analyses can give erroneous results (Hooman, 2008).  For example, viscosity of water 

decreases by about 240% when temperature increases from 10-50C0 (Hooman, 2008). Hooman, 2008 has 

investigated numerically the influence of temperature–dependent viscosity on forced convection of a 

liquid through a porous medium bounded by isoflux parallel plates backed by a theoretical analysis. There 

is more heat transfer in terms of change in viscosity as compared to constant viscosity because decrease in 

viscosity increases flow which in return increases heat transfer. 

Figure 1.3:  Different modes of heat transport (mechanism) 
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Fluid density is affected by temperature and salt concentration which influences fluid flow. e.g. natural 

and mixed convection driven by temperature (thermal gradient), salt concentration gradient: disposal of 

industrial waste, radionuclides released from a repository in a rock salt formation, salt water intrusion, 

infiltration of leachates, combined (thermo-haline) heat and mass convection, aquifer thermal energy 

storage (ATES), use of heat for petroleum recovery etc. Heat transport in porous media is considered 

through coupled models to update groundwater flow velocity field reflecting the variations in fluid 

density (Domenico et al., 1998). Limited experimental work has been performed on mixed convection 

(Lai and Kulacki 1991; Kumari 2001; Prasad et al., 1988 and Park et al., 2006). 

 

1.2 Thermal dispersion in saturated porous media 

Experiments have shown that all the hydrodynamic effects are not accurately accounted for by mere 

inclusion of a convective term and a conduction term in the energy equation. The effects of pore level 

velocity non-uniformity on temperature distributions must be included (Kaviany, 1995). These effects are 

taken into account by thermal dispersion coefficients measured in [m2/s] which is similar to Taylor 

dispersion in tubes. Literature on mass dispersion and thermal dispersion is reviewed in Chapter 4 of this 

thesis.  

Hydrodynamic or mechanical dispersion is a well-known irreversible phenomenon in porous media. 

Dispersion is caused by local velocity variations which are due to local heterogeneities in porosity and 

permeability. The so-called dispersion coefficient is a typical parameter which is the result of an 

upscaling procedure. Solute or thermal energy spreading at the lower spatial scale due to local velocity 

variations are lumped in the dispersion parameter at the higher (averaged) scale. Dispersion coefficients 

are typically used at the continuum description of flow and transport in porous media (Inqebritsen et al., 

2006). Dispersion in porous media differs from dispersion in regularly shaped constant cross section- area 

straight channels (Kaviany, 1995). It is decomposed into longitudinal (parallel to the mean flow direction) 

and transverse (perpendicular to the mean flow direction) components with respect to its velocity 

components. Hence understanding hydro-thermal mechanical behavior of energy transport coupled with 

fluid flow is influenced by thermal dispersion in a porous medium. The relative importance of thermal 

dispersion in heat transport is controversial (Anderson 2005). But in case of thermal doublet system 

(concurrent production and injection), thermal dispersion has to be included and may not be disregarded. 

Sauty et al., (1982) included hydrodynamic dispersion in a thermal doublet system and showed that there 

is a correlation between thermal dispersion and Darcy velocity (macroscopic). Strong arguments have 
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been given by (Sauty et al., 1982) to include thermal dispersion term in modeling convection- conduction 

heat transport coupled with fluid flow. More works on have been done on the thermal dispersion in 

porous media e.g. Lu et al., 2009; Molina Giraldo et al., 2011; Saeid et al., 2013. Linear dependence of 

thermal dispersion on Darcy velocity (upscaled) has been proposed by several researchers (Ibrahim et al., 

2009; Cheng 1981; Plumb et al., 1983; Georgiadis and Catton 1988). Thermal dispersion has numerous 

applications comprising geothermal energy technology, packed bed reactors, underground disposal of 

chemical nuclear waste, and petroleum recovery underground storage of solar energy and filtration 

processes etc. (Ibrahim et al., 2009). Complicated local scale (microscopic) heterogeneities are integrated 

to get macroscopic characteristics (effective parameters) of transport phenomena through upscaling. 

Temperature distributions are significantly influenced by pore level velocity non-uniformity (Kaviany, 

1995). The continuum hypothesis produces smooth and evenly distributed temperature and velocity 

fields, and represents pore scale variations at the continuum scale to provide closely related parameters to 

physical observations. Mass dispersion is a ubiquitous phenomenon that results from the combination of 

molecular diffusion and advection induced mechanical dispersion of the solute. While thermal dispersion 

is assumed to be the combined effect of thermal diffusion (conduction) both in fluid and solid phase. It is 

the result of thermal gradient and transfer of kinetic energy among the colliding molecules and advection 

induced mechanical thermal dispersion in interstitial fluid flow depending on the nature of saturated 

porous media. It tends to enhance spreading of the heat carried by the fluid (Bear 1972).  It is important 

parameter in vigorous natural convective and forced convective heat transfer in porous media flow (Nield 

and Bejan. 2002). A new description of macroscopic thermal dispersion in porous media has been found 

by (Moyne et al., 2000) using volume averaging and homogenization. Carbonell and Whitaker (1991) 

suggested that heat transfer by conduction both in the fluid and solid plays a significant role in 

transferring heat energy. While in convective heat transfer; it is predominately transferred by the fluid in 

porous media. Ibrahim et al., (2009) studied the effect of thermal dispersion on free convection in a 

saturated porous medium by using a boundary layer approximation. They found that thermal dispersion 

enhances the transport of thermal energy as suggested earlier by (Bear, 1972). The hydrodynamic and the 

thermal boundary layer thickness are increased with an increase of nonlinear drag coefficient thereby 

decreasing the velocity. (Metzer et al., 2004) determined thermal dispersion coefficients for a packed bed 

of glass spheres with flowing water upto Peclet number (Pe) 130. They found that temperature residuals 

at high Pe suggest that the one temperature model (OTM) may be valid even for local thermal non-

equilibrium (LTNE). Koch and Brady et al., (1985) proposed a correlation for transverse and longitudinal 

thermal conductivity. (Levec 1985) estimated the longitudinal and transverse thermal dispersion 

coefficients in a stationary state with local thermal equilibrium (LTE) using glass beads. Lai and Kulachi 



8 

 

et al., (1989) studied the effects of thermal dispersion on heat transfer rate in forced convection. 

Understanding and predicting the thermal dispersion is one of the concerns for both fluid mechanics and 

thermal science researchers (Jianhua, 2003). The study of 2D flows forms a base to understand more 

complex 3D flow phenomena. There are many practical situations that can be studied with sufficient 

accuracy assuming 2D flow geometry (Patrick et al., 1999). 

 

1.3 Thermographic experiments (IRT) and continuum modeling approach 

Temperature is the most frequently measured physical property (Bolf, 2004). There are two types of 

devices used to detect temperatures: (a) invasive techniques (b) non-invasive techniques. Thermocouples 

and RTD (resistance temperature detector) are used invasively to measure just point temperature values. 

Their insertion in the medium to measure temperature may create undesired changes in the flow patterns. 

Non-intrusive (non-contact) devices detect the temperature without insertion in to the medium and give 

the whole surface temperature distributions after appropriate calibration. These techniques are critically 

reviewed by (Astarita et al., 2006). In this work, 2D laboratory experiments are conducted for 

understanding the basic phenomena and physical behavior of the fluid flow and energy transfer in 

saturated porous media. Moreover, the results of the laboratory experiments can be used as bench mark 

experiments for e.g. validation and verification of numerical codes. 

These experiments have been performed using an infrared (IR) camera (thermographic system) to 

measure the surface temperature distributions of our experimental 2-D flow container (tank) which was 

filled with a saturated porous media. This is a viable and useful technique as it gives spatially resolved 

surface temperature distributions. This is achieved with a high level of accuracy and resolution of the 

detecting device, when the system and acquisition software are calibrated properly. Thermocouples have 

been used for in-situ calibration and entire surface temperature distributions are achieved from the 

thermographs obtained with the IR camera. Experimental results have also been compared with modeling 

results under assumption of continuum scale based on representative elementary volume (REV). This 

technique has briefly been described in Chapter 3 (Section 3.4). 

Major contributions to use this standard REV approach in deriving macroscopic quantities have been 

developed by Whitaker (1999); Hassanizadeh and Gray (1979); Hassanizadeh and Gray (1980);  

Hassanizadeh (1986); and Raoof (2011).  
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1.4 Objectives of the research 

To the best of our knowledge, the subject of thermal dispersion in homogeneous and heterogeneous 

porous media has not been well addressed in the literature and Infrared thermography has not been 

applied for thermal analysis in saturated porous media. In some cases, researchers have only focused on 

the comparison between theory and experiments for the predictions of thermal dispersion coefficients but 

not predicted their effects on temperature profiles and how flow behavior is influenced under mixed 

convection (natural and forced convection) under buoyancy effects. Rigorous solutions are not available 

on thermal dispersion tensor.  

Thermohaline convection in saturated porous media has rarely been touched. It is the combined transfer 

of heat and mass driven by buoyancy forces. Density gradients that drive the buoyancy forces are induced 

by the combined effect of temperature and salt concentration in saturated porous media. Thermal and 

solutal buoyancy induced convection alone (individually) has been well addressed and well documented 

in the literature. But thermo-haline convection in porous media has been rarely addressed experimentally. 

The present work aims at the experimental study of thermal convection in saturated porous media, and 

influence of heat transfer characteristics on temperature distributions in mixed convective flow (combined 

effect of natural and forced convection) in homogeneous saturated porous media (sand and glass beads). 

Infrared thermographic (IRT) technique is applied to investigate the surface temperature distributions. 

The experimental results are compared with numerical simulations using a finite element method (FEM) 

package by using one temperature model equations. One temperature model describes the local thermal 

equilibrium between the solid and fluid phases temperature. This implies that the heat exchange between 

the fluid phase and the solid phase occurs instantaneously. One could also interpret this as if the exchange 

of thermal energy between the phases occurs infinitely fast. This assumption is assumed to be valid when 

the time scale of heat conduction in the solid phase is (very) short as compared to the time scale of fluid 

advection in the pore space. This assumption holds for almost all subsurface geothermal flow and 

transport situations. We also assume that viscous dissipation and work done by pressure changes are 

negligible.  
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1.5 Outline of the thesis 

This thesis comprises seven Chapters which are organized as follows: 

Chapter 1 Introduction 

Chapter 2 Deals with the basic equations applied to the fluid flow and associated heat and mass transfer 

in saturated porous media.  How variation is fluid density and viscosity due to temperature and salt 

concentration affect the physical behavior? How thermal dispersion is taken into account to investigate 

the temperature distributions in porous media? 

Chapter 3 Introduces the 2D laboratory experimental results carried out for a continuous point heat 

source. The entire surface temperature distributions are achieved with non-invasive thermographic 

technique in a saturated porous medium (coarse sand). These results are compared with numerical 

simulations under variable density and viscosity fluid flow. Thermal dispersion effects are taken into 

account and quantified how it perturbs the temperature distributions.  

Chapter 4 Presents the experimental results of thermal convection in three different saturated porous 

media (glass beads of 0.75-1.0, 1.75-2.0 mm diameter and coarse sand of diameter 0.5-1mm) heated from 

below. Three different velocities and two temperatures have been used to investigate the effects of Pe and 

Ra in unstable thermal convective situations.   

Chapter 5 Is about thermohaline convection in a saturated porous medium (coarse sand) to investigate 

the effects of temperature on salt distributions in the presence of salt and temperature simultaneously in 

the system.  

Chapter 6 Presents 2D experimental results when the saturated porous media (glass beads and coarse 

sand) is under the stable miscible displacement phenomenon and is cooled from the bottom to investigate 

the effects of fluid density and viscosity. Results of 4th Chapter (unstable cases) are compared with the 

results when cooled from the bottom.  

Lastly in Chapter 7, thesis is summarized. 
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We intend to be much more active in the wind, power, solar energy, biomass and geothermal area 

David Ruberstein 

 

Foreword: This Chapter addresses the basic equations of heat transfer under thermal/salt gradient and 

fluid flow in homogeneous saturated porous media. Microscopic heterogeneities are smoothed out and 

effective parameters are considered in the governing equations used for fluid flow and heat transfer in 

porous media. Equations for thermo-haline convection in saturated porous media are presented.  This 

Chapter deals with the basic philosophy used in thermographic analysis of different systems, basic 

radiation theory and how temperature distributions can be quantified in saturated porous media. 

 

2.1 Basic equations (Mathematical Description) 

2.1.1 Fluid mass balance in saturated porous media 

A porous medium is a complex medium that consists of interconnected voids/ pore space and solid 

particles. Fluids flow in these interconnected pores under the influence of applied hydraulic/pressure 

gradient.  Heat (energy) transfer in porous media is of great interest due to a variety of applications in 

different disciplines.  Thermal convection is a mechanism of energy transfer which involves the transfer 

of heat under temperature gradient from a region of high temperature to the region of low temperature 

with the movement of fluid. Convection is associated with bulk movement of water. Convective heat 

transfer analysis is based upon three fundamental physical laws: conservation of mass, momentum and 

energy. The distribution of three variables (pressure, velocity vector and temperature field) in the domain 

CHAPTER 2 

General theory of thermal convection and IR thermography in 

saturated porous media 
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of interest is determined to predict the heat transfer rates through (fluid) saturated porous media. Once 

these quantities (variables) are determined, the variation in other quantity can be obtained. The principles 

of conservation of mass, conservation of momentum (Newton’s law) and conservation of energy (first law 

of thermodynamics) representing the physical behavior of the system are employed in order to determine 

the distributions of  pressure, velocity and temperature respectively (Patrick and David Nayler 1999).  

The mass balance equation for fluid flow in a non-deformable (incompressible) porous medium omitting 

the source and sink terms yields 

0)( 



q

t
n f

f



           (1) 

Where n denotes the effective porosity [-] of the porous medium, f is the fluid density [kg/m3], t  is the 

time [s] and q is the specific discharge or Darcy velocity vector [m/s]. Note that Equation (1) contains 

two dependent variables i.e. f  and q . It has to be supplemented by other equations such that the 

number of equations is equal to the number of unknowns. Mass balance equation is supplemented with 

constitutive equations to overcome the deficit of information. 

For homogeneous and incompressible (non-deformable) fluid, equation [1] reduces to continuity equation 

as 0 and 0 
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In 2D steady fluid flows Equation (2) reduces to 
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The structure of porous media is rather complex. The change in the fluid parameters due to change in 

temperature and dissolved matter is more important than the characteristics of the porous medium 

(Holzbecher 1998 pp. 27). Fluids flow through a porous medium occurs under applied hydraulic 

head/pressure gradient and external forces (e.g. gravity forces, viscous forces). Pressure gradients are 

caused by mechanical and thermal imbalances and causes fluid to flow in the voids between the solid 

particles (Trubitsyn et al., 1993).  

(2) 

(2a) 
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Henry Darcy (1956) derived a momentum balance equation based on steady state experiments in non-

deformable, homogeneous and isotropic porous medium. The three dimensional version of Darcy‘s law 

yields 

)( zf

f

egp
k

q 


                     (3) 

Where p  is fluid pressure [N/m2], k  denotes intrinsic  permeability tensor [m2] a property of the solid 

phase (assumed to be constant), f  is the dynamic viscosity (resistance to deformation) of the fluid 

[kg/(m.s)], f  the fluid density [kg/m3],   is the gradient operator which is defined as 
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acceleration due to gravity [m/s2], ze is the unit vector in the positive z-direction, zf eg  gravitational 

pressure drop that is subtracted from the existing pressure to express the resulting flow.  

Under the assumption of constant fluid density, the flow Equation (3) is solved in terms of hydraulic head 

rather than pressure.  

According to dimensional analysis, permeability k  is related with hydraulic conductivity K  (property of 

solid and fluid) by a relation
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In Darcy model, the rate of change of momentum through the control volume and the viscous forces 

acting on the control volume surfaces are disregarded compared to the drag force on the particles.  

When Darcy’s law is recast into the form, it yields  

)( zf

f
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k
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  (4) 
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It gives bulk resistance which is characterized by the permeability of the solid material, dynamic viscosity 

of the fluid i.e.  d

f
F

k
q


drag force (bulk resistance) acting on the fluid-solid interfaces. 

Equation (3) explains a balance of driving forces due to gravity and fluid pressure gradients. In Darcy 

model, drag force on a body is proportion to the velocity over the body and fluid dynamic viscosity 

(absolute viscosity) owing to small velocity and low Reynolds number. For isotropic media, velocity 

vector and pressure gradient are parallel while in case of anisotropic media these vectors are not parallel 

and a linear transformation is made using permeability tensor [m2] that accounts for the interstitial area 

(Kaviany 1995; Waren et al., 1998). Darcy velocity vector (specific discharge or superficial velocity) q  is 

measured as volumetric flow rate per unit area with units’ length per time.  

Darcy velocity is related to the effective porosity n of the medium. The interstitial or effective fluid 

velocity v  yields 

 

 

Expression (3) is linear in q and is valid when velocity is sufficiently small  1Re   which is satisfied in 

most of the groundwater problems.  

Where Re is the Reynolds number defined as  
f

mf vd




Re  

v  denotes the velocity and md is the mean diameter of the porous medium 

As velocity increases, a non-linear drag (quadratic drag) term becomes important for flow according to 

Forchheimer relationship but flow is still laminar  10Re1  which is not focused in this work. 

Due to negligible viscous effects no-slip boundary condition cannot be applied using Darcy model.  

Stream function   representing the trajectories of the particles can be used to plot streamlines. Stream 

function is defined as 
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Equation (2a) can be represented in terms of stream function as follows 
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There is no rotational flow, when 0q curl  satisfied and fluid density is a function of vertical coordinate 

z only. Then pressure gradient is the only driving force for fluid flow while other forces are neglected.   

 

2.1.2 Equation of state (EOS) 

Equation of state (EOS) is a thermodynamic equation that gives a mathematical (empirical) relation 

between state variables of a system under a given set of physical conditions. Equations of state are strictly 

applicable only at equilibrium or at dynamic conditions when deviations from equilibrium or the rates of 

change of properties are small (Pinder and Wiliam Gray 2008, pp. 89). 

Important properties of the fluid are density, salt concentration (composition), dynamic viscosity, pressure 

and temperature which cannot be specified independently. These parameters are related by the equation of 

state providing the relation between the material properties which are in general determined 

experimentally. 

Several physical phenomena can affect the fluid density. These are thermal expansion, pressure 

compressibility and high salt content (Schotting 1998). It implies that the fluid density is regarded as a 

function of (absolute) temperature, dissolved matter concentration and fluid pressure. 

 

 

(6) 

(7) 
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 pT ,,   

In this thesis, an equation of the state is taken into account to solve the equation for density and viscosity 

dependence on temperature and salt concentration. In case of fluid density changes with temperature and 

dissolved mass fraction [-] disregarding the fluid volume changes due to pressure variations, the equation 

of state is expressed as 

    0

0,
TTTeT





     
 

 Where 0 , 0T , , 
 , and T

  respectively denote reference density [kg/m3], reference temperature [K], 

salt mass fraction (mass concentration/fluid density), coefficient for volume  expansion due to presence of 

dissolved mass fraction and thermal expansion coefficient at constant pressure. For NaCl salt dissolved 

in fresh water, 69.0)2ln(  and  ./1102 04 KT

  For linear dependence of fluid density on 

temperature and dissolved matter concentration (Oberbeck-Boussinesq approximation), the simplest form 

of the equation of state is 

    00 )(1, TTT TO                                  (10) 
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Dynamic viscosity presented in Equation (3) is typically a function of temperature (viscosity decreases 

when temperature increases) and dissolved matter concentration (viscosity increases with increase in 

concentration).  

Viscosity of the water decreases by about 240% when temperature is increased from 10 to 50 0C 

(Hooman and Gurgenci 2008). The exponential relation for viscosity depending on dissolved 

concentration and temperature in saturated porous media is given by 
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In addition, a linearized relation valid for variations in the dependent variable is given by  

  00 )(1 TTTO        

Where O  is the reference fluid dynamic viscosity [Pa.s] 

 

2.1.3 Fourier’s law of thermal conduction  

It is an empirical relationship based on experimental observations and is used to determine the 

temperature distributions in a medium. Fourier’s law of heat conduction, Darcy’s law for fluid flow and 

Fick’s law of mass transfer are based on the same principle. At the macroscopic scale, conductive heat 

flux (thermal energy) is directly proportion to the thermal gradient in a medium. In vector form, Fourier’s 

law takes the form 

TkF mcond .  

Where .condF  is the conductive heat flux (W/m2), mk  (W/(m.K)) is a constant of proportionality called 

thermal conductivity of a medium and T is the thermal gradient (K/m). In Equation (13) negative sign 

indicates that heat is conducted in the direction of decreasing temperature i.e from a region of higher 

temperature to a region with lower temperature.   

Equation (13) is also applied to determine thermal conductivity of a medium. Thermal conductivity is a 

2nd order tensor in anisotropic porous media. Its dimensions are energy per time per length per 

temperature (W/(m.K)). It is briefly discussed in Section 2.1.5 of this Chapter. 
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2.1.4 Equations for heat transfer (macroscale) 

The main physical phenomena for non-isothermal flow  in porous media are convective heat transfer, 

conduction of the porous medium and energy carrier (fluid), and transfer of heat between them (Zarubin 

1991). Heat transfer modes are shown in Figure 1.3 of Chapter 1. Heat convection is one of the modes of 

heat transfer. Other two are conductive (diffusive) and radiative heat transfer.  

Energy equation is needed for non-isothermal fluid flow. Similar to mass transport in porous media, there 

is heat transport in the permeable material with only the difference that heat is also conducted through the 

solid, in addition to conductive and convective heat transport with fluid flowing simultaneously. The 

basic theory of heat flow in groundwater applications is reviewed by Bear (1972); Domenico et al., 1998; 

Waren et al., 1998. There are two types of models employed for modeling thermal convection in porous 

media. First one is the one temperature equation (OTE) model. Second is the two equations model 

(TEM) or two medium treatment which considers non-equilibrium including net transfer of heat locally 

from one phase to the other (solid to fluid/fluid to solid). It is applicable when there is significant heat 

generation in any one of the phases either in fluid or solid. It is still assumed that each phase is continuous 

and represented with an effective total thermal conductivity (Waren et al., 1998; Kaviany 1995).  A 

modeling parameter called heat transfer coefficient in the modeling equations is introduced. The one 

temperature equation model is preferable for small values of Peclet number (Zarubin 1991). Criteria for 

the validity of local thermal equilibrium are presented by (Carbonell and Whitaker 1984). We used one 

temperature equation model assuming local thermal equilibrium (LTE) between the fluid and solid phase 

temperatures. It is a valid assumption and has been widely used (Zarubin 1991) because the temperature 

difference  
pT  between fluid and solid at pore level is less than the temperature difference   revT  at 

representative elementary volume which is very less than temperature difference  sdT  over the system 

dimensions. We also assume that viscous dissipation and work done by pressure changes are negligible. 

Heat conduction in solid and fluid phases takes place in parallel so that there is no net heat transfer from 

one phase to the other. (Nield and Bejan 2006; Kaviany 1995).  Overall heat transfer is executed by 

amalgamation of at least two of the modes of heat transfer 

For a saturated porous medium with local non-thermal equilibrium, averaged energy conservations 

equations for only conduction in solid phase and conduction and convection in fluid phase without sink 

and source terms neglecting viscous dissipation (justifiable assumption for flow with low Reynolds 

number) in 3D are given (Nield and Bejan. 2006) 
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In the above equations s  and f  are employed to indicate solid and fluid phases respectively, n = 

porosity [-] = volume of the void/total volume,  n1  = volume of the solid/total volume of the medium, 

pc =heat capacity per unit volume [J/(K.m3)] generally considered as a phase constant upto 100C0 but at 

high temperature it is a function of temperature as shown in a plot given in Section 2.1.5, T  is the 

temperature of a phase [K], t  is the time [s],  
ffp Tqc  =rate of change of thermal energy per unit 

volume of the fluid as a result of convective flux, k  is the thermal conductivity [W/(m.K)] of the 

medium. 

Heat capacity is the first derivative of the heat content with temperature. Heat capacity of water is about 4 

times the heat capacity of dry rock. When a phase has high volume fraction, its coupled thermal 

conductivity is a stronger function of its own thermal conductivity than the thermal conductivity of the 

other phase (Fourie and Plessis. 2002).   

Heat contents of the saturated porous media are calculated by the summation of the heat contents of 

porous media and fluid constituents on mass fraction basis. There is no evidence that the intimate contacts 

of the fluid and solid material will alter the heat contents of individual constituents of the saturated porous 

media (Somerton, 1992). 

      
spfpeffp cncnc   1   
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According to effective thermal conductivity model (ETCM) in a simple parallel arrangement 

  sfeff knnkk  1
    

 

 

Under the assumption of local thermal equilibrium i.e. sf TTT  , both Equations (14) and (15) can be 

combined to give one temperature equation model for conductive-convective heat transport in a saturated 

porous medium as 
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T2  is called a Laplacian term arising from Cartesian coordinate system, effk is the effective thermal 

conductivity (W/(m.K)). In case of stagnant fluid in porous media, it is given by Equation (17). 

The tortuous nature of the porous medium changes thermal conduction (diffusion) and heat is also 

dispersed by a parameter called thermal dispersion that is analogous to mass dispersion in solute 

transport. Therefore the temperature and velocity non-uniformity are taken into account by including 

thermal diffusion with the continuum assumption

 

 Equation [18] can be expressed taking into account the thermal dispersion effects due to temperature and 

velocity non-uniformity under continuum assumption.

 

 
 

TDT
n

q

c

c

t

T
Th

effp

fp 2








 

ThD  represents hydrodynamic thermal dispersion coefficient which is defined as 
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Where T  denotes transverse thermal dispersivity [m], L  longitudinal thermal dispersivity [m], 

 
 eff

effp

eff

c

k



 effective (equivalent) thermal diffusivity [m2/s],  q  magnitude of the velocity, 

 
effpc  is effective thermal diffusivity and I  is unit matrix. 

This thermal dispersion reduces to zero in Equation (19) and (20) in the absence of water movement and 

there is only conductive heat transfer..

  

For 2D energy transport coupled with fluid flow in x-direction i.e. )0,( xqq  ,  Equation (19) can be 

reduced to 
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Where xq and yq  are the horizontal and vertical velocity components, LThD and TThD  are longitudinal 

and transverse thermal dispersion coefficients respectively.  

In steady state convective heat analysis, equation (19) is reduced to Poisson’s equation. 

2.1.4.1 Thermal retardation 

Thermal front velocity is also retarded like solute front velocity. Retardation in thermal front velocity is 

more than the solute front velocity. Equations (14) and (15) yield thermal retardation as 
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Where thR  is thermal retardation factor [-]. 
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2.1.5 Effective thermal conductivity and thermal diffusivity in porous media 

Thermal conductivity is the capacity of a substance to conduct or transfer thermal energy. It is the 

coefficient of proportionality in Fourier’s law of heat conduction (see Equation 13). Thermal conduction 

through a saturated porous media (single phase fluid occupies the available pore space) depends on the 

structure of the porous media and thermal conductivity of each phase as shown in Equation (17). The 

conduction of thermal energy through solid and fluid phases occurs simultaneously.  The thermal 

conductivity of solid phase differs from the fluid phase conductivity. Conduction through the solid phase  

is affected significantly by the manner in which solid particles are interconnected. 

Many challenges are faced for accurate measurement and characterization of the thermal conductivity of 

bulk materials. Measurement techniques are reviewed in (Somerton 1992; Terry 2004) 

In analysis of heat flow through porous media at the macroscopic scale, effective properties based on 

representative elementary volume (REV) are used. These effective properties are obtained by a simple 

volume averaging technique used to acquire macroscopic quantities. 

Effective thermal conductivity is also dependent on the arrangement of the channels available for thermal 

conduction. Equation (17) gives the effective thermal conductivity of saturated porous media in parallel 

arrangements of solid and fluid considering the volume fractions and thermal conductivities of both 

phases. Effective thermal conductivity of a moving fluid is more than of a stagnant fluid. It implies that 

the effective thermal conductivity is separated into two terms. One for stagnant fluid that is pure heat 

conduction and other for flowing fluid which increases with velocity (Domenico et al., 1998). In 

accordance with Equation (17), we have seff kk   if  0n or feff kk   if  1n . 
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Here are the factors that are expected to influence the effective thermal conductivity (Kaviany 1995) 
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effk  is the effective thermal conductivity [W/(m.K)] of the saturated porous medium (transport property) 

taken as a constant considering the variation is small upto  100 C0. At high temperature, thermal 

conductivity and heat capacity are more dependent on temperature which makes thermal diffusivity a 

strong function of temperature as illustrated in Figure 2.1 and 2.2. Figure 2.1 gives effective thermal 

conductivity of beds of spherical particles predicted by various analyses. While Figure 2.2 shows a 

relationship between heat capacity, temperature and pressure in sandstone saturated with water in liquid 

and vapor phases. But in this study, these parameters are assumed to be constant at mean temperature 

(film temperature) assuming constant properties. Thermal conductivity of dry rocks has been shown as 

function of density, porosity, and mineral composition, degree of cementation, grain size and shape. 

Saturated porous material’s conductivity is higher than dry rocks. It increases with the increase in 

effective stress on the rocks due to increased contact of the particles (Somerton, 1992). 

Effective volumetric heat capacity, effective thermal conductivity and effective thermal diffusivity are the 

bulk properties of solid–fluid mixture. Effective thermal conductivity and thermal dispersion coefficients 

are symmetric second order tensors in anisotropic porous media.  

The term 
eff

f

eff
c

k

)(
   is effective thermal diffusivity which is analogous to the effective molecular 

mass diffusion coefficient in advection-dispersion equation (Bear 1972).  Thermal diffusion coefficient is 

higher than mass diffusion coefficient due to heat transfer through the solid as well as fluid by 

conduction. In case of mass transfer, there is diffusion of the dissolved matter only in the fluid phase.  A 

review of the literature on the effective thermal conductivity is given by (Krupiczka 1967). Some 

empirical correlations for the isotropic effective thermal conductivity have been developed in (Kaviany 

1995; Zehnder 1970; Kunii and Smith1960; Krupiczka 1967).  

Heat capacity of a saturated porous media can be calculated on volume basis as given in equation (16). 

This equation implies    
speffp cc   if 0n or    

fpeffp cc   if 1n  

(22) 
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Figure 2.1: Comparison of several correlations for the effective thermal conductivity of beds 

of spherical particles predicted by various analyses (given in chapter 3 (Kaviany. 1995)) 

 

Figure 2.2: Heat capacity values at different temperatures and pressures for sand stone 

saturated with water in liquid and vapor phases (Kaviany. 1995) 
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2.1.6 Equations for mass (dissolved matter) transport in porous media (macroscale) 

The processes responsible for mass transport are molecular diffusion, advection and mechanical 

dispersion.  

Diffusion is basic transport process that is defined as the movement of tracer in a fluid volume under 

concentration gradients i.e. from a region of high concentration to a region of low concentration. It is the 

property that makes hydrodynamic dispersion an irreversible process (Ham 2009).  It results from random 

motion of the molecules. It causes the molecules to move in all possible directions. It is independent of 

flow velocity. 

Advection is the transport of mass with the bulk  motion of flowing fluid. The velocity of bulk movement 

of water is the average linear velocity of the groundwater. The transport of mass does not influence the 

flow pattern under the assumption of low concentration. The flow behavior  deviates from this assumption 

when water with high concentration mixes with low concentration water. With regard to driving forces it 

is divided to a) Forced convection or mechanical convection b) induced convection or natural convection 

resulted from density/ viscosity changes c) mixed convection that involves mechanical flow including 

density/viscosity gradients. 

Mechanical dispersion is the result of  local velocity  variation caused by microscopic irregularities in 

permeability and porosity of the porous medium as shown in Figure 2.4. It is briefly explained in Chapter 

4 of the thesis. 

The mass balance equation governing (Advection-Dispersion Equation) the transport of a conservative 

solute by a homogeneous fluid with constant density and viscosity flowing with linear velocity  in the x 

direction through a non-deformable saturated porous medium is expressed as  
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Where 
i

wC is the mass concentration (mass of solute/volume of a phase) of a species per unit volume of 

the mixture,  v  is the interstitial velocity vector (macroscopic) calculated by applying Darcy’s law 

(Equations 3 and 5), 
i

naJ is the non-advective species flux vector accounting for diffusion and 

dispersion. Fick’s first and second laws for mass diffusion and dispersion are employed for the non-

advective species flux. Fick’s first law of diffusion relates the diffusive mass flux with concentration at 

steady state while second law is used to predict change in concentration with time. The analogy between 

Fick’s law for mass transport and dispersive flux is in fact based on a working hypothesis motivated by 

experimental and theoretical dispersion research [Schotting 1998].  

Second term in equation (23) represents the advective flux (mass/area/time). The term advective mass 

transport is the mechanism for dissolved mass transport with the water in which mass is dissolved. The 

direction and rate of mass transport coincides with the water flow direction. The non-advective part yields 
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Where eff

LD , eff

TD , 
.mech

L
D and 

.mech

T
D are the constant principle values of the components of effective 

molecular diffusion coefficient in x and y directions; and the components of  longitudinal and transverse 

mechanical dispersion coefficients respectively. Dimensions of diffusion and dispersion coefficients are 

identical i.e. [m2/s]. First part of non-advective Equation (24) describes mass transport by diffusion and its 

second part describes transport by mechanical dispersion. 

Normal molecular diffusion is corrected by taking into account the tortuous nature of the porous media. 

It implies effective diffusion (diffusion in porous media) is always lower than normal molecular diffusion 

as tortuosity results into longer diffusion paths. Effective diffusion coefficient 
effD  is defined as 

(23) 

(24) 
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Both effective diffusion and mechanical dispersion are combined to incorporate the combined effect in an 

inseparable form by hydrodynamic dispersion in porous media. Hydrodynamic dispersion occurs in 

many problems of groundwater flow, chemical engineering, oil reservoir engineering etc. 

Irregularities and tortuous nature of heterogeneous porous media have been shown in Figure 2.4 

For a 3D analysis, the non-advective term in equation (23) can be expressed below with hydrodynamic 

mass dispersion coefficients in saturated porous media as follows 
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In equations (26), LD , TD are the hydrodynamic dispersion (miscible displacement) in the direction along 

the flow and in the direction normal to the flow. It is a well-known irreversible phenomenon primarily for 

forced and vigorous natural convective mass transfer in porous media coupled with fluid flow (Darcy 

law).  Hydrodynamic dispersion of a tracer that spreads gradually and occupies an ever increasing portion 

of the flow domain is shown in Figure 2.3. In its ever-increasing portion, the concentration varies from 

the tracer concentration to the initial concentration.  

Dispersion is dependent of flow velocity. According to Scheidegger (1961),  
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Mechanical dispersion in Equation (26) yields 
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Where L and T  are longitudinal (parallel to flow) and transverse (perpendicular to flow) mass 

dispersion lengths (medium properties) respectively, v is the magnitude of velocity vector v  and I  

denotes unit tensor. 

Different empirical relations between hydrodynamic dispersion and velocity of the fluid have been 

developed in the literature. Extensive literature is available for longitudinal and transverse mass 

dispersion in porous media; the most relevant are reviewed in Chapter 4 along with thermal dispersion. 

 

2.1.6.1 Adsorption (Retardation equation for mass transfer) 

The equations presented so far describe the processes of mass diffusion, advection and mechanical 

dispersion without reactions. The equations are modified when mass is being added or removed by 

chemical, nuclear and physical processes. But in this work, we are concerned with linear isothermal 

sorption reactions at equilibrium (chemical reactions).  

The velocity of mass being transported is affected under transient conditions and is different when there is 

interaction of the mass between solution and the surface of the solid material.  

At steady state, the rate of desorption and adsorption are equal. In case of mass transport under isothermal 

linear equilibrium sorption, the mass balance equation is achieved by summing up the equation for 

adsorption from solution to the solid surface and equation of desorption from solid surface to the solution. 

The resultant equation yields 
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1
11  Where = Retardation factor [-] 

 material, solid  theofdensity  is  anddensity bulk  is sb   dK  is the distribution coefficient [m3/kg] 

which is proportionality constant between adsorbed mass fraction and dissolved mass concentration in 

solution as presented in Equation (30). 

(29) 
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Adsorbed mass fraction [-] =
i

wd CKs   

i

wC is the dissolved mass concentration in water 

If we know the velocity of conservative (unretarded) species and velocity of the species mass that is 

adsorbed under isothermal conditions, retardation factor yields 

ads

cons

f
V

V
R .  

Where .consV and adsV  denote the velocity of conservative and adsorbed mass species. Retardation factor 

reduces the magnitude of the transport parameters i.e. dispersion and velocity. 

 

 

 

 

 

(31) 

(30) 

Direction 

of flow 

Tracer concentration 

distribution 

Figure 2.3: Mixing of two fluid threads during flow in saturated porous media representing 

mechanical dispersion (Bear, 1972) 
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2.1.6.2 A non-linear theory of high concentration-gradient dispersion  

Equations 23-29 are described by Fickian type equation with a dispersion tensor replacing diffusion 

coefficient. Dispersion coefficient is assumed to be independent of dissolved mass fraction and is given 

by Equation (27). Dispersion lengths in Equation (27) are usually assumed to be independent of fluid 

properties (Hassanizadeh and Leijnse 1995).  

Fickian type equation in which dispersive mass flux is linearly related with concentration gradient and 

independent of concentration itself has been successfully used in describing dispersion of low mass 

concentration solutes in porous media. There are some practical situations where high concentration 

gradients in groundwater are encountered. Experiments have shown that assumption of dispersive mass 

flux independent of concentration in Fick’s law is not valid under high concentration gradients.  There is 

deviation from classical Fickkian theory as large amount of mass is dispersed. 

(Hassanizadeh and Leijnse 1995) presented a non-linear theory of concentration gradient dispersion   in 

porous media. A non-linear dispersion equation yields 

i

wCDJJ  )1(   

Where   is a new dispersion coefficient, J  is the magnitude of dispersive mass flux, D is dispersion 

coefficient still given by Equation (27) with longitudinal and transverse dispersion lengths assumed to be 

constant properties of porous medium,  independent of fluid properties and transport processes.  

Figure 2.4: Distribution of the pore space in different sized particles (representation of 

tortuosity and irregularities in the pore space) in heterogeneous porous media 

(32) 
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Schotting et al., 1999; Watson et al., 2002; Landman 2005; Nick et. al 2008 and Gutierrez Neri 2009 have 

validated this non-linear theory in their experimental data. 

 

2.1.7 Factors affecting thermal dispersion and mass dispersion  

In forced convection, buoyancy effects are disregarded and fluid density is taken as a constant while in 

natural convection these effects are taken into account by a buoyancy term using Oberbeck-Boussinesq 

approximation in which density is a linear function of temperature as given in Equation (9). In 

hydrothermal systems, probably natural convection is the dominant type of fluid motion in terms of steam 

or hot water (Domenico et al., 1973).  

Microscopically, there is no spreading (dispersion). It only occurs when continuum scale is employed to 

describe the temperature and concentration distributions in a porous medium. Thermal dispersion is the 

hydrodynamic mixing or spreading of the fluid occupied by pore space. It is a flow dependent parameter 

(well addressed and reviewed in Chapter 3 and Chapter 4). Generally, it is caused due to  

• Differences and irregularities in the microscopic velocity of the fluid flow with species 

concentration or/and temperature relative to the macroscopic velocity. 

• Mixing caused by recirculation in local regions of flow restrictions 

• Tortuous nature of the porous medium 

• Presence of dead end pores modifies the nature of thermal conduction  

• Variations in permeability (macroscale) from one portion to the next portion of the domain 

It is expected that thermal dispersion is a function of following variables (Waren 1998; Nield and Bejan 

2006; Kaviany. 1995) 
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Where PePr,Re,  in the above equation (33) are dimensionless numbers known as Reynolds number, 

Prandtl number and Peclet numbers respectively. These numbers are explained in the Section 2.1.9 of 

dimensionless equations. 

(33) 
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2.1.8 Analogy of thermal and mass dispersion coefficients in porous media 

Thermal dispersion coefficient resulting from temperature and velocity non-uniformity in the pore space 

as presented in heat transfer equations is similar to the coefficient of mechanical dispersion as presented 

in mass transport equations. Effective molecular coefficient of mass is analogous to the effective thermal 

diffusivity (defined in Section 2.1.5). The hydrodynamic dispersion coefficient is a combination of the 

effective molecular diffusion coefficient and mechanical dispersion. Likewise, thermal dispersion is the 

combined effect of effective thermal diffusion (obtained from effective stagnant thermal conductivity) 

and mechanical thermal dispersion (Bear 1972, p.648). However, the values of mass diffusivity and 

thermal diffusivity are different. Thermal diffusivity is approximately 100 times higher than the mass 

diffusivity. Furthermore, for mass transfer and fluid flow at high velocity, mass diffusion can be neglected 

but for thermal energy transport, diffusion (conduction) cannot be neglected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 

 

2.1.9 Dimensionless form of the governing equations 

The governing heat transport equation coupled with fluid flow (mixed convection) is customary non-

dimensionalised giving a compact form of the equations to simplify and estimate the effects of different 

parameters on heat transfer characteristics in fluid saturated porous media using the following appropriate 

dimensional scales: 
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Where   is employed for non-dimensional quantity. L  is a characteristic length [m] of the domain, .minT  

minimum temperature of the fluid, .maxT  is the maximum temperature at the bottom of the geothermal 

reservoir and inu  is the velocity of the fluid at inlet, LThD
 
longitudinal thermal dispersion coefficient 

[m2/s], TThD  transverse thermal dispersion coefficient [m2/s]. 

The resulting set of dimensionless equations is presented below. 
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Re is the Reynolds number defined as 
f

f uL




Re  and Pr is the Prandtl number (fluid property) that 

describes the strength of viscous and thermal diffusion rate defined as 
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Fluid density  
f  , kinematic viscosity 










f

f
f 


 also called momentum diffusivity, thermal 

diffusivity  
f  and thermal conductivity  

fk are assumed constant in the above non-dimensional 

equations. This Equation (35) indicates that heat transfer is influenced by Prandtl number also in addition 

to Reynolds number.  

Another important dimensionless number employed in convective heat transfer is the Peclet number

f

f Lu
Pe


 PrRe . It gives the relative strength of advective and diffusive (conductive) heat 

transfer. In case of low flow velocity, thermal diffusion is dominant while at high velocity diffusive 

effects are less important.  

Moreover, here some other dimensionless coefficients are introduced   

In the regions where natural (thermal buoyancy induced or reduced gravity flow) and mixed convection in 

homogeneous hydrothermal systems, two important non-dimensional parameters are Grashof number 

and thermal Rayleigh number expressed as  
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Rayleigh number indicates the overall physical characteristics of the systems and is independent of 

geometry and boundary conditions of the system. It is expressed in terms of intrinsic permeability by a 

Darcy Rayleigh number (also modified Rayleigh number) as follows 
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It is also clear from equation (39) that Rayleigh number is only dependent on hydrodynamic and 

thermodynamic properties but independent of the boundary conditions of the system. It is directly 

proportional to the system thickness and temperature difference. 

Lewis number  

In thermo-haline convection, Lewis number gives the relative strength of thermal diffusion and mass 

diffusion. 
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Gravity Number 

It expresses the relative strength of buoyancy induced flow to the convection 
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It implies that at constant k  and f ,   if  travel velocity is high,  buoyancy forces don’t have enough 

time to smoothen the non-uniformity of the moving front as gN  will have low  value. Gravity number 

does not include characteristics length of the system.    
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2.2 Double diffusive convection (DDC) or thermo-haline convection (THC) in 

porous media 

It is the combined transfer of heat and mass driven by buoyancy forces. Density gradients that drive the 

buoyancy forces are induced by the combined effect of temperature and salt concentration in saturated 

porous media. It is a fundamental fluid dynamic process that represents the simultaneous transfer of 

thermal energy and dissolved chemical substances. Buoyancy effects in the momentum equation are 

considered by two terms: one for temperature gradients and other for concentration gradients.  Thermal 

and solutal buoyancy induced convection alone (individually) has been well addressed and well 

documented in the literature. But thermo -haline convection (THC) in porous media has been rarely 

addressed. It is also called double diffusive convection (DDC) or thermo-solutal convection (TSC) or 

thermo-haline convection (THC). Double diffusive convection occurs in seawater flow, contaminant 

transport in groundwater, mantle flow in the earth’s crust, brine hydrothermal reservoirs and many other 

engineering applications (Kambiz and Hamid., 2005). Stratified layers of a single component fluid with 

density that deceases upward (stable case), can develop an unstable scenario if the same layer consists of 

two component fluid which have different diffusion relative to each other in a thermo-haline case (Nield 

and Bejan. 2006).  

 

2.2.1 Conditions for thermo-haline convection 

There are three conditions that must be met for thermo-haline convection to occur (Diersch and Kolditz 

2002) as shown in Figure 2.6. 

1) Vertical gradient in two or more properties affecting the fluid density should be there (e.g. 

concentration of a chemical species and temperature) 

2) Gradients in fluid density must have opposing signs e.g. temperature deceases density and salt 

increases fluid density. 

3) Diffusivities of the properties must be different e.g. diffusion of mass and temperature is 

different. Thermal energy is diffused faster than dissolved chemical species. 
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Other features of thermo-haline convection 

a. It often occurs in the systems which are hydrostatically stable i.e. the total density of the fluid 

increases with depth 

b. Large  fluid motions can be produced 

c. Potential energy always decreases and the vertical density gradient increases 

 

2.2.2 Regimes of thermo-haline convection 

Possible scenarios (regimes) that can be developed in thermo-haline convection 

1) Diffusive regime is developed if the destabilizing potential is resulted from the component with 

the larger diffusion rate (m2/s). e.g. stable salinity gradient heated from below 

2) Finger regime is developed if the destabilizing potential is resulted from the component with the 

lower diffusion rate (m2/s). e.g. a heated saline fluid on top of a stable temperature gradient. 

2  

+ 

 

z 

= 
 

Figure 2.6: Two different density components with different diffusion coefficients and total 

density  
f  as a function of depth  

Component 1  

(Heavy at bottom) 

Component 2  

(Heavy at top) 

Total density distribution 

(Hydrostatically stable) 
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3) There is also emergence of both regimes represented as mixed thermo-haline convection (MTHC) 

if both properties destabilize or stabilize the fluid motion completely. 

These regimes can be further subdivided into the subcritical and supercritical. In supercritical 

situations destabilizing forces exceed the stabilizing force while in subcritical situations stabilizing 

forces dominate over destabilizing forces. 

Some dimensionless numbers employed for thermo-haline convection are presented in the previous 

Section 2.1.9 of this Chapter. 

It is explained in detail in Chapters 4 and 5 with experimental and numerical results. 
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2.3 Infrared thermography (IRT) for thermal convection in porous media 

The electromagnetic spectrum of radiation is categorized into different bands according to wavelength. 

The infrared band is a part of electromagnetic spectrum that ranges in wavelength from 0.75-1500 m  

and is invisible to the human eye.  This type of radiation has wavelengths longer than red visible light. It 

is subdivided into four categories distinguished by absorption characteristics, a) near infrared NIR (0.75- 

3 m ) b) middle infrared MIR (3-6 m ), c) far infrared FIR (6-15 m ) and d) extreme infrared EIR (15-

1000 m ) radiations (Astarita et al., 2000). All the objects, whose temperature is above absolute zero i.e. 

-273C0 or 460F0, emit infrared radiations (IRRs) and wavelength is being determined by the temperature 

distributions. The frequency of maximum intensity of radiation emitted is proportional to the temperature 

and inversely related to wavelength i.e. the shorter the wavelength higher the temperature and also higher 

the frequency is. 

 Infrared thermography is a pictorial (graphical) representation of the infrared energy emitted from the 

objects and is converted to temperature giving the quantitative as well as qualitative distributions of the 

surface temperature over a wide area. IR thermography is based on the detection of thermal radiations 

with a specific intensity emitting from a surface to be measured. Resolution and size of an image are 

inversely related. It is a noninvasive, non-contact technique that measures the temperature of a surface 

from a distance without contacting an object.  

Quantitative analysis of thermal images (thermographs) obtained in real time during experiments is 

performed by an IR image processing software (thermographic system). This technique is explained in 

next Chapter 3. 

 

2.3.1 Laws for black body radiative heat transfer 

The body that emits the maximum amount of energy in form of radiation at a given temperature is called 

a black body. There are some laws that prescribe the energy emitted in the form of radiations per 

wavelength for a given black body.  
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2.3.1.1 Plank’s law of radiation  

This law describes the energy flux per wavelength (energy rate per unit area per wavelength measured in 

W/m3), emitted by a black body in the hemisphere outside its surface. 
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1C (W/m2) and 2C (mK) are the first and second rate universal radiation constants, T  is the absolute 

temperature,  is the wavelength of the radiation.  
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2.3.1.2 Stefan-Boltzmann’s law (1879) 

Plank’s law is integrated to give Stefan-Boltzmann’s law. It prescribes that the total energy radiated per 

unit surface area of a black body per unit time (the total hemispherical emissive power or black body 

irradiance) is directly proportional to the fourth power of absolute temperature (thermodynamic 

temperature). According to Stefan for a perfect black body radiation emittance (emissivity is 1), 

4

0

),()( TdTITE pS   


 

 is Stefan Boltzmann’s constant (derived from other constants of nature) which is equal to 5,5707×10-8 

W/m2K4. But in case of other bodies radiation emittance, emissivity of the body is <1 and the above 

equation becomes 

4TE S   

  Where  (-) is the emissivity of the surface of the object to be used.  

Plank’s law is applicable for infrared thermography as infrared camera detectors use a limited range of 

the electromagnetic spectrum (Giovanni et al., 2010). 
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An experiment is a question which science poses to Nature, and a measurement is the recording of Nature’s answer. 

Max Planck 

  

 

Foreword: Infrared thermography has increasingly gained importance and is applied in different 

disciplines related to non-isothermal flow.  It is rarely used for thermal analysis in saturated porous 

media. In this study, infrared thermography has been applied to get surface temperature distributions in 

water saturated porous media. Continuous point heat sources at two different flow rates are used and 

infrared thermal analysis is applied with in-situ calibration for a better understanding of the heat transfer 

processes and obtaining entire surface temperature distributions. Calibration is achieved with a 

combination of invasive and non-invasive thermal sensors. Dimensionless experimental results are 

compared with dimensionless numerical simulations using one temperature model equation for heat 

conduction-convection with and without thermal dispersion effects. Inclusion of thermal dispersive 

effects in fluid conduction-convection model at variable density and viscosity yields a close 

approximation of the experimental results. At the end, vertical distribution of fluid density at different 

horizontal positions and thermal Rayleigh number as a function of temperature are presented. 

 

3.1 Introduction 

Temperature is the most frequently measured physical property (Bolf 2004). There are several techniques 

available for measuring temperature and analyzing non-isothermal processes. Most of them yield point or 

space averaged values e.g. thermocouples, thermometers, resistance temperature detectors (RTD), 

pyrometers, thermistor etc. In heat transfer, temperature and heat flow are important quantities to be 

measured with either invasive or non-invasive devices. In the invasive techniques, sensors must be placed 

inside the material of which the temperature has to be measured. Analysis with these techniques depends 

on the few measured discrete point values to comprehend the physical phenomena in heat transfer. The 

CHAPTER 3 

            Application of Infrared Thermography for 

temperature distributions in fluid saturated porous media 
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sensor itself is considered as zero-dimensional (Astarita et al., 2006). These techniques are critically 

reviewed by (Astarita et al., 2006). 

However, non-invasive sensors do not require physical contact between sensor and the medium. There 

exist two non-invasive thermographic temperature measuring techniques a) Thermochromic liquid 

crystals, b) Infrared thermography (IRT). Thermochromic liquid crystals (TCLCs) are temperature 

sensitive and change their color due to change in temperature (Nadia et al., 2010). The visible images 

with different color distributions are post processed to quantify the temperature distributions. However, 

application of these crystals is limited due to small temperature ranges and some issues in packing the 

saturated porous media in a system whose inner surface is polished with TCLCs. Nadia et al., (2010) have 

briefly discussed the crucial issues associated with application of Thermochromic liquid crystals as a 

thermal imaging tool for mapping surface and spatial temperature distributions. 

The electromagnetic spectrum is divided into different bands of wavelength. An object at temperature 

above absolute zero (-273C0) emits electromagnetic radiations which fall into infrared (IR) portion of the 

electromagnetic spectrum (Carosena et al., 2004). IR thermography is a powerful optical method for 

measuring 2D surface temperature distributions in thermo-fluid dynamic analysis with high thermal and 

spatial resolutions. It is a non-contact and non-invasive technique. IRT yields a large number of 

continuous data points simultaneously and gives spatially resolved temperature distributions of whole 

surface. It is a pictorial (graphical) representation of the infrared energy emitted from the objects and is 

converted to temperature giving the quantitative as well as qualitative distributions of the surface 

temperature over a wide area. It is based on the detection of thermal radiation with a specific intensity 

emitted from a surface to be measured. Infrared techniques were first used to obtain quantitative results 

for non-military mechanical purposes at the end of 1970 (Andre 2012). Even very small temperature 

differences (millikelvins) can be sensed in real time. This technique can be used in any industry that is 

engaged with energy and its transfer. Its application has increased as a result of technological 

advancements for imaging with reliable and portable instruments (Bolf 2004). Its use has increased 

dramatically through the world involving convective heat transfer analysis (Tropea et al., 2007). It has 

numerous applications in different fields (Bolf 2004; Fabio et al., 2007; Carosena et al., 2004; T. Astarita 

et al., 2006). This technique is briefly explained in the Section 3.4 of this Chapter. 

 Measurement of temperature in porous media using thermocouples is well documented (Lai and Kulacki 

1991; Metzger et al., 2004; Xinrui eta al., 2009; Garbriel et al., 2012 etc). To the best of our knowledge, 

this is the first attempt to apply infrared thermography (IRT) for measurement of temperature 

distributions with in-situ calibration using thermocouples in saturated porous media to get the entire 
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surface temperature distributions. This work aims at using non-invasive (contactless) and non-destructive 

IR thermography as a powerful tool for temperature measurement in porous media. It combines thermal 

imaging and continuous point heat injection of hot water in 2D saturated natural porous media (coarse 

sand) with two different temperature and velocities. One case is also repeated with dissolved salt (NaCl). 

Experimental results are compared with the numerical simulations under the assumption of local thermal 

equilibrium. The in-situ calibration procedure and basic principle of infrared thermography are briefly 

explained in Section 3.3 and 3.4 of this Chapter respectively. 

 

3.2  Experimental material and methods 

The experiments are conducted in a rectangular tank constructed with two parallel plexiglass plates each 

of 4 mm thickness. The inner dimensions of the tank are 33×20×1cm with inlet and outlet constituted at 

left and right hand side of the tank respectively.  

 

 

 

Figure 3.1: Schematic representation of the experimental set up used for thermal convection in 

saturated porous medium 

Heat exchanger for 

point injection 
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A schematic drawing of the setup used in experiments is shown in Figure 3.1. The junctions of 15 

thermocouples  



CrNi

AlNi
K  

 
 each of 0.7 mm in diameter are inserted from the back side of the tank upto the 

middle of the inner side of the tank in 4 rows and 6 columns to measure temperature evolutions at 

specified positions in the tank. The thermocouple temperature measurements are used to calibrate the 

thermographic thermal evolutions according to the specified position of the thermocouples. The purpose 

of calibration is to use it to achieve the entire surface temperature distributions in the saturated fine sand. 

The influence of the thermocouples on flow field is minimized by choosing thermocouples with small 

diameter. The thermocouples are linked with Pico data acquisition software (DAS) and their signals are 

directly converted to temperature readings on the laboratory computer. A schematic arrangement of the 

thermocouples in the tank is presented in Figure 3.2. There are more thermocouples (1, 5, 6, 7, 8 and 12) 

present close to the channel used for injecting hot water. The 5th thermocouple is at 3mm distance from the start of 

the tank in front of 9th channel.  

 

 

 

 

 

 

 

 

 

 

The experimental setup is designed in such a way that it can also be used for heating the porous medium 

from below as well. A copper tube surrounded with brass sheets is placed under the tank containing 

x =33 cm 

Figure 3.2: Arrangement of 16 thermocouples for calibration of the system  
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porous medium. This tube is designed to provide a constant temperature continuously to the medium 

packed in the tank. The hot water is circulated from a water bath to the tank inner bottom surface 

(interface) and giving it back to the bath. The water bath maintains thermostatically controlled water 

supply for circulation. The interior of the tank is cleaned carefully with distilled water and filled with well 

sorted coarse sand with diameter (d50) of 0.84mm as a porous medium. The top of the tank is sealed with 

another plexiglass cap having leakage proof rubber below such it can be removed during filling with 

saturated porous media. This chapter only presents the results for point heat source cases. 

The porous medium was washed thoroughly with demi water several times to remove debris and attached 

particles from the surface of the sand particles. The weight, volume, density and porosity of the sand were 

calculated (given in Table 3.1).  

To avoid trapping of air bubbles in the saturated medium, water wet sand was sprinkled into standing 

water inside the tank and pressed with a stainless steel hammer continuously to compact and homogenize 

the medium. A porous network (fine filter) is used inside the tank, both at the inlet and outlet sides, to 

prevent the entry of solid particles into the channels and clogging the system. Once the tank is filled with 

saturated porous medium, it is vibrated and leveled gently to get a homogeneous system.   

A medium is homogeneous if permeability and porosity are constant from point to point over the medium 

or there are only small variations inside the system. The macroscopic homogeneity of the porous medium 

is achieved by visualizing the development of the colored tracer plumes along the tank with a trustworthy 

dense and uniform packing. The tank filled with saturated coarse sand and its zoom in view is shown in 

Figure 3.3a and 3.3b respectively. 

   

 

  

Figure 3.3: a) Tank filled with saturated porous medium (coarse sand); b) magnification 

of the porous media 

a) b) 



52 

 

The colored plume is developed by injecting colored water (no salt, only non-conducting color indicator 

Resazurin Natriumsalz m.Zert; pH 3.8-6.5) to the tank through channel 9 (later on used for hot water 

injection) that displaces the clear water under miscible displacement physical phenomenon. The shape, 

size and development of the plume give visual indication of the medium homogeneity with uniform 

distribution. Whenever there are irregularities in the size and/or shape of the tracer plume, the tank is 

emptied and refilled to achieve a more homogeneous distribution of the tracer.  

Fluid (water) is pumped through 20 channels on either side of the tank with 2 IPC ASMATECH high 

precision peristaltic pumps having the option of variable flow rate (speed). At the inlet side, water is 

pumped (forced flow) through 20 capillaries (TYGON R3607 with ID: 1.02mm and wall: 0,86mm) by the 

peristaltic pumps. There are three water containers at the inlet side: a) to inject colored water b) to inject 

demi water and c) to inject NaCl solution. Argon gas (inert gas) has been used in each container to 

substitute the dissolved gasses (oxygen, nitrogen etc.) in water.   

To inject hot water through one of the inlet channels, heat exchanger is used in the waterbath. One of the 

capillaries after passing through the pump is connected to one side of the heat exchanger to provide cold 

water that gets heated through exchanger. The  other side of exchanger is continuously giving hot water in 

case of continuous point heat source to the tank through 9th channel with the same flow rate as other 19 

inlet channels as shown in Figure 3.1. The physical configuration of the system is presented in Figure 3.4.  

To inject water at the required temperature, heat losses between the inlet point and the waterbath are 

minimized by circulation water in a large diameter capillary surrounding the small capillary giving water 

to 9th channel. The aforementioned setup ensures uniform flow in the container.  

Heat losses from the set up were carefully identified and minimized to avoid experimental errors. At the 

end of each experimental case, the saturated porous medium is flushed by several pore volumes of demi 

water to ensure that there is clean cold water at room temperature for the next run of the experiment.  
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Two different specific discharges (Darcy velocities) are used for the injection of hot water i.e. q1=1.0×10-4 

m/s and q2=5.0×10-5 m/s. 

The Infrared camera is adjusted and fixed perpendicular to the surface of the tank to record thermal 

images.  The basics of IR thermography are explained in Section 3.3. For the observation (qualitative 

analysis) of the flow patterns, digital images are taken by using a Logitech webcam at proper intervals in 

time. 
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Figure 3.4: Physical configuration of the thermal convection with continuous 

point heat source 
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Properties Solid particles Water 

Thermal conductivity [Wm-1K-1] 3.5 0.6 

Density [kgm-3] 2000 1000 

Heat capacity [Jkg-1.K-1] 900 4184 

Intrinsic Permeability [m2] 3.3×10-10 ---- 

Porosity [-] 0.35 ---- 

Viscosity[Pa.s] ---- 1.0×10-3 

Thermal expansion coefficient [1/K] ---- 2.5×10-4 

 

 

3.3 Procedure for in-situ calibration 

There are different ways to calibrate infrared thermographic systems to achieve thermal data of the entire 

surface. The most accurate one is in-situ calibration in which data from invasive point sensors 

(thermocouples) and IR thermographs are recorded simultaneously within the experimental facility. The 

embedded thermocouples give discrete local temperature measurements, at the same time IR 

thermographs are recorded. Thermocouple only senses the temperature at the junction in contact with the 

medium. The ability of a thermocouple to detect temperature depends on its size, location, mounting 

arrangement, hole depth, relative temperature, wire lead arrangement, orientation and material within 

which it is mounted (Sargent et al. 1998). The accuracy of a thermocouple reading depends on its 

calibration curve, its exact position in the surface and its orientation with respect to temperature gradients. 

(Schulz A. 2000). For transient analysis, calibration becomes more complicated as compared to steady 

state analysis. Even very small variation in the position of the thermocouple and corresponding pixel of 

the infrared image can lead to pronounced temperature gradients. The use of very thin thermocouples 

causes disturbance in their position as thin thermocouples are bent when the porous medium is filled in 

the system and stirred to make it homogeneous. So, we use thermocouples of a bit large diameter (0.7mm) 

Table 3.1: Properties of sand and water 
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such that there is no disturbance in their position at the time of filling with saturated porous media and 

they don’t interfere with the flow as shown in Figure 3.3.  Thermocouples close to the heat source (i.e. 9th 

channel) show a rapid response. Some investigators (Schulz A. 2000; Gritsch et al. 1998; Fukukawa and 

Ligrani 2002; Won et al. 2004) have employed the readings of only those thermocouples for calibration 

which are located approximately in uniform temperature areas. Other thermocouples located in high 

temperature gradients are excluded from calibration curve. However, we have employed data of all the 

thermocouples for calibration in this thermographic analysis. The behavior of calibration curve is 

different depending upon the temperature and injection rate of the fluid being injected continuously 

through the channel. It gives third order polynomial relationships as demonstrated in Figure 3.5 for 

different cases. The user defined parameters (atmospheric temperature, environment temperature, 

emissivity and transmissivity) are specified in the IRBIS software used for recording the thermographs. 

The calibration curves for these four continuous point heat cases are shown in Figure 3.5 

 It is very critical step to extract relevant data from a thermograph containing surroundings of the 

experimental setup and to know where the boundaries of the tank in the thermograph are. A cold structure 

is used to know the boundaries of the system to achieve better calibration curves and quantify the surface 

temperature distributions as shown in Figure 3.6. The colorbar in Figure 3.6 shows infrared temperature 

distributions which are used for the calibration of the system in correspondence to thermocouple readings 

at given position. 
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Experimental runs are performed at steady state. Figure 3.7 presents the evolution of temperature in some 

of the thermocouples for four different cases at steady state. Measurement of all the thermocouples are 

used for calibration of the system but for clarity temperature evolution of only some thermocouples is 

given in Figure 3.7.  Thermocouple 16 (ThC16) lies outside of the tank and measures the temperature just 

out of the channel used to inject hot water. At high flow rate, temperature at the inlet channel is higher as 

there is less heat loss between water bath and inlet point as compared to low flow rate. The most 

prominent variation in thermocouples temperature occurs at early times. Thermal sensors that are close to 

the 9th channel show the most rapid change in temperature and also high values of temperature. 

Figure 3.5: calibration curves a) for q1=1×10-4 ms-1 at 50C0 water bath temperature b) for q2=5×10-5 

ms-1 at 50C0 water bath temperature c) for q1=1×10-4 ms-1 at 50C0 water bath temperature with salt 

concentration i.e.3 gL-1 
d) for q1=1×10-4 ms-1 at 70C0 water bath temperature 
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3.4  Basic principle of infrared thermography (IRT) 

All the objects, whose temperature is above absolute zero i.e. -273C0 or 460F0, emit infrared radiation 

(IRR). The wavelength can be determined by the temperature distributions (Carosena et al., 2004). IR 

thermography is a powerful optical method for measuring 2D surface temperature distributions. Infrared 

thermography is a pictorial (graphical) representation of the infrared energy emitted from the objects and 

is converted to temperature giving the quantitative as well as qualitative distributions of the surface 

temperature over a wide area. The electromagnetic spectrum of the radiation is categorized into different 

bands according to wavelength. Infrared band is a part of electromagnetic spectral radiation that ranges 

from 0.75-1000 m  of wavelength (arbitrarily chosen range of wavelength) and is invisible to the naked 

human eye.  This radiation has wavelengths longer than that of red visible light. It is subdivided into four 

categories distinguished by absorption characteristics, a) near infrared NIR (0.75- 3 m ) b) middle 

infrared MIR (3-6 m ), c) far infrared FIR (6-15 m ) and d) extreme infrared EIR (15-1000 m ) 

radiations (Astarita et al., 2000).  

Figure 3.6: Data sorting out of the thermograph with different components and shades of colors 

representing different temperature. 
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MIR band cameras produce higher quality images with better resolution compared to other cameras 

(Tropea et al., 2007). The IR detector is the core of the IR thermographic system that absorbs the energy 

emitted by the object. It (radiation) carries information of the temperature distributions of the object under 

observation. The frequency of maximum intensity of radiations emitted is proportional to the temperature 

and inversely related to wavelength i.e. the shorter the wavelength higher the temperature and also higher 

the frequency is. Pictures obtained from Infrared cameras are called thermographs and the process itself is 

called infrared thermography (IRT) that enables to determine the thermal energy distributions. Resolution 

and size of an image are inversely related. It is a noninvasive, non-contact technique that measures 

temperature of a surface from a distance without contacting an object. There are two ways to measure 

surface temperature distributions using infrared thermography a) active methods that involve the external 

means of heat to give the temperature gradients over a surface; b) passive method has a natural (internal) 

means to give temperature gradients over a surface.  

Quantitative analysis of thermal images (thermographs) obtained in real time during experiments is 

performed by an IR image processing software (thermographic system). Thermographs are recorded in 

particular time intervals. The recorded images are replayed, reviewed and processed according to real 

time, permitting scanner adjustments done during the tests. In our experimental results, we accomplished 

quantitative measurements by using the IRBIS plus 2.2 thermographic systems. The signal detected by a 

scanner is amplified, digitized and visualized with 256 colors (8 bit resolution) on the monitor of the 

system. Each color shade of the displayed thermograph has a defined temperature as is seen in Figure 3.6. 

The temperature range of IR camera to measure temperature is expanded by swinging different apertures 

into the optical path in front of the detector. 

An IR thermal imager is a camera that detects the electromagnetic energy radiated from a surface and 

converts into electronic video signal. The detector is the core of the IR thermographic system which is a 

two dimensional transducer and allows for accurate measurement of surface temperature (Giovani et al; 

Maria et al., 2010). The camera is operated on the principle of object scanning. It is a point or single 

element detector with a slow scan thermographic system scanning the object field in a raster. It is 

accompanied with a proper electromechanical scanning mechanism. The object is scanned through a 2D 

reflecting scanner. In our experiments, Varioscan 3022 high resolution IR camera has been used. It 

comprises of MCT detector having an edge length of 100×100 m  that typically performs measurements 

of the temperature middle infrared MIR window of radiations. It has a 3 stage thermo-electrical cooling 

system and measures temperature with absolute accuracy of temperature measurement upto ±2K 

(according to factory calibration). The temperature measurement error of ±2K is main limitation of the IR 
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thermographic systems. The resolution of Varioscan 3022 is 360×240 pixels.  The horizontal scanner 

scans in lines with 360 pixels and vertical scanner scans with 240 pixels each being recorded at a 

frequency of 135Hz. This scanner operates as a resonance oscillator driven by a DC motor. (InfraTec 

manual, 2005). The focal length (f) of the scanner is 35mm. Its scanned object field is 300(H) ×200(V) 

with an operating wavelength from 2-5 micrometer. The imaging optics of varioscan camera can measure 

temperature of the object surface from a distance of 0.2m to infinity and temperature measuring range is 

from (-10C0 to +1200C0).  

The performance of an IR thermographic system is customary evaluated in terms of accurate information 

obtained per unit time through thermographs. It can be expressed by: thermal sensitivity, scan speed, 

image resolution, intensity resolution (Giovanni et al; Waldemar et al., 2009; Astarita et al., 2000; Tropea 

et al., 2007).    

In a typical set up for infrared thermographic analysis temperature mappings, the incident radiation onto 

the infrared detector comprises the radiation form the test surface, atmospheric transmittance and 

radiation from the surroundings. Therefore, in fact the measured radiation consists of the following 

relation according to the manufacturer (InfraTec) of the Varioscan 3022 IR camera and Maria and 

Gennaro (2010). 

b

atmT

b

ambT

b

objTme IIII ,,, )1()1(    

Where  is the transmissivity [-] of the atmosphere between the surface and the camera,  is the 

emissivity [-],
b

objTI ,  is the radiation intensity corresponding to a black body at the object temperature 

objT ,   surface from the test surface, 
b

ambTI ,  is the black body radiation intensity corresponding to the 

ambient temperature ambT,  and  
b

atmTI ,  is the black body radiation intensity corresponding to atmospheric 

temperature atmT, . Generally the transmissivity of the atmosphere is assumed to be unity and radiation 

intensity is measured in W/m2. 
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3.5 Laws for radiative heat transfer 

A body that emits the maximum amount of energy in the form of radiation at a given temperature is called 

a black body. There are some laws that describe the energy emitted in the form of radiations per 

wavelength for a given black body.  

In 1901, Plank derived a law of radiation that relates the energy flux per wavelength (energy rate per unit 

area per wavelength measured in W/m3), emitted by a black body in the hemisphere outside its surface. 
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Figure 3.7: Temperature distributions in the thermocouples used for calibration of the system a) for 

q1=1×10-4 ms-1 at 50C0 water bath temperature b) for q2=5×10-5 ms-1 at 50C0 water bath temperature 

c) for q1=1×10-4 ms-1 at 50C0 water bath temperature with salt concentration i.e.3 gL-1 
d) for q1=1×10-

4 ms-1 at 70C0 water bath temperature 
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1C (W/m2) and 2C (mK) are the first and second rate universal radiation constants, T  is the absolute 

temperature,  is the wavelength of the radiation, 
pI is monochromatic radiation intensity (energy flux 

per wavelength). 
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Where h denotes Plank’s constant, 0c speed of light, Bk is the Boltzmann constant 

Plank’s law is integrated over the entire spectrum to give Stefan-Boltzmann’s law (1879). It prescribes 

that the total energy radiated per unit surface area of a black body per unit time (the total hemispherical 

emissive power or black body irradiance) is directly proportional to the fourth power of absolute 

temperature (thermodynamic temperature).  

Equation (1) describes the maximum amount of radiation emitted by a black body at a given temperature. 

But real objects normally emit only a part of it. The ratio of the radiation emitted by a real object and the 

black body radiation is called emissivity coefficient. According to Stefan, for a perfect black body the 

radiation emittance yields 

4

0

),()( TdTITE pS   


 

Where  is Stefan-Boltzmann’s constant (derived from other constants of nature) which is equal to 5, 

5707×10-8 W/m2K4. For real bodies the above equation has to be corrected with the emissivity coefficient

 , yielding  

4TE S   

Where  (-) is the emissivity of the body. In our experiments, we used plexiglass plates to build the 

experimental tank. The emissivity of the plexiglass surface is 0.92. 

Plank’s law is differentiated with respect to wavelength to achieve maximum radiation intensity. This is 

described by Wien’s displacement law. 

T/2898max   

(2) 

(3) 

(4) 
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Plank’s law is applicable for infrared thermography as infrared camera detectors use a limited range of 

the electromagnetic spectrum (Maria et al., 2010; Astarita et al., 2000) 

 

3.6 Basic equations (Mathematical Description) 

3.6.1 Equations for fluid flow (macroscopic scale) 

A porous medium is a complex medium that is comprised of interconnected voids or pore space and solid 

particles. Fluid flows in these interconnected pores under the influence of applied hydraulic head and/or 

pressure gradient.  Thermal convection is a mechanism of energy transfer associated with bulk 

movement of water.  It happens extensively in practice.  

The convective heat transfer analysis is dependent on three fundamental physical laws: conservation of 

mass, momentum and energy. The distribution of three variables (pressure, velocity and temperature) in 

the domain of interest based on continuous function is determined to predict the heat transfer rates 

through fluid saturated porous media. The principles of conservation of mass, conservation of momentum 

(Newton’s law) and conservation of energy (first law of thermodynamics) representing the physical 

behavior of the system are employed in order to determine the distributions of  pressure, velocity and 

temperature respectively (Patrick et al., 1999).  

The mass balance equation for 3D fluid flow in a non-deformable (incompressible) porous medium yields 

  0



q

t
n f
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                  (5) 

Where n the porosity of the porous medium is, f is the fluid density [kg/m3], t is the time and q is the 

Darcy velocity vector [m/s]. Mass balance equation is supplemented with constitutive equations to 

overcome the deficit of information. 

For homogeneous and incompressible (non-deformable) fluids, equation [5] reduces to the continuity 

equation which yields in 2D  
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Where xq  and yq  are the horizontal and vertical Darcy velocity components respectively. 

Henry Darcy (1856) derived a momentum balance equation at steady state for a fluid flow through a non-

deformable, homogeneous and isotropic porous medium. The standard Darcy’s law is extended to more 

modern and fundamental one in which fluid density is treated as a variable.   It gives a linear relationship 

between Darcy velocity (filtration velocity) and pressure gradient that yields 



















 zf

f

y

f

x ge
y

pk
q

x

pk
q 


          ;                            (7) 

 

Where k  is intrinsic permeability [m2], a property of the solid phase, p the fluid pressure [N/m2], g  is 

acceleration due to gravity [m/s2], f  is the dynamic viscosity of the fluid [kg/(m.s)], ze is the unit vector 

in the z-positive direction. With the assumption of constant fluid density, the flow Equation (7) is solved 

in terms of hydraulic head rather than pressure. Darcy velocity vector (specific discharge) q  is measured 

as volumetric flow rate per unit area with units’ length per time.  

According to dimensional analysis, intrinsic permeability k  is related with hydraulic conductivity K  

(property of solid and fluid) by 
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In the Darcy model, the rate of change of momentum through the control volume and the viscous forces 

acting on the control volume surfaces are disregarded compared to the drag force on the particles.  

When Darcy’s law is recast into the form, it yields  

)( zf
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gep
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The bulk resistance to flow is characterized by the permeability of the solid material, dynamic viscosity of 

the fluid i.e.  d

f
F

k
q


drag force (bulk resistance) acting on the fluid-solid interfaces.  

(8) 
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For isotropic media, velocity vector and pressure gradient are parallel while in case of anisotropic media 

these vectors are not parallel and a linear transformation is made using permeability [m2] that accounts for 

the interstitial area (Kaviany,M. 1995; Waren et al., 1998). 

 Darcy velocity is related to effective porosity n  of the medium to give average linear velocity 

(interstitial velocity or relative velocity) in a porous medium that yields 

 

 

v  is always higher than q  because flow is not through the entire cross section of the domain but effective 

area for flow is reduced Expression (7) is linear in q  and is valid when velocity is sufficiently small

 1Re  .  

A flow field satisfying 0 qcurl  is called irrotational. If the fluid density is a function of the vertical 

coordinate z  only, driving force is irrotational (Schotting 1998). 

 

3.6.2. Equation of state (EOS) 

The equation of state (EOS) is a thermodynamic equation that gives a mathematical relation between state 

variables of a system under a given set of physical conditions.  It is utilizable in describing the properties 

of fluids, solids, and their mixtures.  

Important properties of the fluid are density, salt concentration (composition), dynamic viscosity, pressure 

and temperature which cannot be specified independently of the others. These parameters are related by 

the state constitutive equations (equation of state) providing the relations among the material properties 

which are determined experimentally. Equations of state are only applicable at equilibrium or at dynamic 

conditions when deviations from equilibrium are small (Pinder and Wiliam Gray 2008, pp. 89). 

In general, density is a function of temperature, salt concentration and pressure yielding. 
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q
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 pT ,,   

Where  is the salt mass fraction [-], defined as mass concentration/fluid density.  

In case of fluid density changes with temperature disregarding the fluid volume changes due to pressure 

variations and volume changes due to the presence of dissolved solute, the equation of state is expressed 

as  

    00 exp TTT T  
     

 

 Where 0 , 0T , T  are reference density [kg/m3], reference temperature [K], and volumetric thermal 

expansion coefficient [1/K] or phase compressibility,  ./1105.2 04 KT
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Equation (10) is applied to compute fluid density for experimental runs for thermal convection in 

saturated porous media under different velocities and temperature sources. Dynamic viscosity presented 

in Equation (7) is typically a function of temperature (viscosity decreases when temperature increases). 

The equation of state is used to write the equations in terms of temperature. 

Viscosity of the water decreases almost 240% when temperature is increased from 10 to 50 0C (Hooman 

et al., 2008). There is also an exponential relation for viscosity dependency on species concentration and 

temperature for fluid convection through a saturated porous medium. 

       0000 1exp TTTTT tt    

Where  is the dynamic viscosity [kg/m.s] at some temperature, 0 is the reference dynamic viscosity, 

t is the volumetric thermal expansion coefficient [1/K] and 0T is a reference temperature [K]. 
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3.6.3. Fourier’s law of thermal conduction (1822) 

Fourier’s law is an empirical relationship based on experimental observations and is used to determine the 

temperature distributions in a medium. Fourier’s law of heat conduction, Darcy’s law for fluid flow and 

Fick’s law of mass transfer are based on the same principle. At a macroscopic scale, conductive heat flux 

(heat per unit area per time) is directly proportion to the thermal gradient in a medium. It is also applied to 

determine thermal conductivity of a medium 

In vector form, Fourier’s law takes the form 

TF mcond  .  

Where .condF  is the conductive heat flux (W/m2), m  (W/m.K) is a constant of proportionality called 

thermal conductivity of a medium and T is the thermal gradient (K/m).   

 

3.6.4 Equations for heat transfer (macroscale) 

The main physical phenomena in a porous media are advective (convective) heat transfer, conduction of 

the porous medium and the energy carrier (fluid) and transfer of heat between them (Zarubin 1991). Heat 

convection is one of these modes of heat transfer. The other two are conductive (diffusive) and radiative 

heat transfer.  An energy balance equation is needed for non-isothermal fluid flow. Similar to mass 

transport in porous media, there is heat transport in the permeable material with only the difference that 

heat is also conducted through the solid, in addition to conductive and advective heat transport with 

flowing fluid simultaneously. The basic theory of heat flow in groundwater applications is reviewed by 

Bear (1972); Domenico et al., 1998; Waren et al., 1998.  

There are two types of models employed for modeling thermal convection in porous media. First one is 

the one temperature equation (OTE) model. Second is the two equations model (TEM) or two medium 

treatment which considers non-equilibrium and there is net transfer of heat locally from one phase to the 

other (solid to fluid/fluid to solid). It is applicable when there is significant heat generation in any one of 

the phases either in fluid or solid. It is still assumed that each phase is continuous and represented by an 

effective total thermal conductivity (Waren et al., 1998; Kaviany, M. 1995).  A modeling parameter called 

heat transfer coefficient in the modeling equations is introduced. One temperature equation is preferable 

for small values of Peclet number (Zarubin 1991). Criteria for the validity of local thermal equilibrium 

(13) 
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have also been presented by (Carbonell et al., 1984). We use one temperature model assuming local 

thermal equilibrium (LTE) between the fluid and solid phase temperatures. It is a valid assumption and 

has been widely used (Zarubin 1991) because the temperature difference  
pT  between fluid and solid 

at pore level is less than the temperature difference   revT  at representative elementary volume which is 

very less than temperature difference  sdT  over the system dimensions. We also assume that viscous 

dissipation and work done by pressure changes are negligible. Heat conduction in solid and fluid phases 

takes place in parallel so that there is no net heat transfer from one phase to the other. (Nield and Bejan 

2006; Kaviany1995).  Overall heat transfer is executed by amalgamation of at least two of the modes of 

heat transfer 

For saturated porous media with local non-thermal equilibrium, averaged energy conservation equations 

without sink and source terms neglecting the viscous dissipation (justifiable assumption for flow with low 

Reynolds number) in 3D are given as follows (Nield and Bejan 2006) 
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In the above equations, subscripts s  and f  are employed to indicate solid and fluid phases respectively, 

T is phase temperature (fluid or solid), n =porosity [-] = volume of the void/total volume,  n1

=volume of the solid/total volume of the medium, n =unit normal vector, pc = isobaric specific heat 

[J/(kg.K)]. Heat capacity of water is about 4 times the heat capacity of dry rock. When a phase has high 

volume fraction, its coupled thermal conductivity is a stronger function of its own thermal conductivity 

(14) 

(15) 
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than the thermal conductivity of the other phase (Fourie et al., 2002), pc =heat capacity per unit volume 

[J/K..m3] generally considered as a phase constant but in reality it is a function of temperature, 

 
ffp Tqc  =rate of change of thermal energy per unit volume of the fluid as a result of convective flux, 

At local thermal equilibrium, 

sf TTT    

 Equations (14) and (15) are combined to give one temperature model equation at thermal equilibrium for 

conductive-convective heat transport in a saturated porous medium is expressed as 
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The right sides of Equations (14 and 15) represent the transport of heat by conduction (similar to the 

diffusion of mass transport).  

effk is the effective (equivalent) thermal conductivity [W/(m.K)] of the saturated porous medium 

(transport property) taken as a constant considering the variation is small upto  100 C0. The effective 

thermal conductivity is dependent on the thermal conductivities of the phases (solid and fluid) and 

physical properties of the rock.
 

According to effective thermal conductivity model (ETCM) in a simple parallel arrangement 

  sfeff knnkk  1  

Effective thermal diffusivity is also based on volume fraction of both solid and fluid phases.  

      
spfpeffp cncnc   1   

Effective thermal conductivity and diffusivity are briefly explained in Chapter 2
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 The tortuous nature of the porous medium changes thermal conduction (diffusion) and heat is also 

dispersed by a parameter called thermal dispersion that is analogous to mass dispersion in solute 

transport. Therefore the temperature and velocity non-uniformity are taken into account by including 

thermal diffusion with the continuum assumption. 

The above Equation (17) can be expressed taking into account the thermal dispersion effects due to 

convective heat transfer with fluid movement as follows  
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T  is transverse thermal dispersivity [m], L  longitudinal thermal dispersivity [m] , I is a unit matrix, 
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 effective (equivalent) thermal diffusivity [m2/s],  

effpc = effective (average) heat 

capacity per unit volume of the porous medium, q  is the magnitude of fluid velocity vector q , 
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  Mechanical thermal dispersion [m2/s] 

This thermal dispersion is zero in Equation (21) in the absence of water movement and there is only 

conductive heat transfer which means effThD   

Heat contents of the saturated porous media are calculated by the summation of the heat contents of 

porous media and fluid constituents on mass fraction basis. There is no evidence that the intimate contacts 

of the fluid and solid material alter the heat contents of individual constituents of the saturated porous 

media (Somerton 1992 p. 23).
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For 2D energy transport coupled with uniform fluid flow in x-direction i.e. q= (qx, 0).  Equation (20) 

reduces to 
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 LThD  and TThD  are the longitudinal and transverse thermal dispersion coefficients respectively,  xq is the 

horizontal component of Darcy velocity. 
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3.7  Results and Discussion 

3.7.1 Experimental results 

A uniform and constant flow is introduced to the experimental tank filled with saturated sand. There 

is injection of cold water through the 19 inlet channels of the tank while one channel is used to inject 

hot water at constant temperature continuously. The results of experiments with the continuous point 

heat source in saturated coarse sand are presented here. The thermocouples and thermographic data 

recorded at same position were used for calibration. These calibration curves for four different cases 

at steady state are presented in Figure 3.5. The resulting evolution of the temperature at the position 

of the thermocouples at two different flow rates and point source temperatures is shown in Figure 3.7. 

 

 

 

     

 

Figure 3.8: Three dimensional (3D) surface temperature distributions  a) q1=1×10-4 ms-1 at 50C0 

water bath temperature b) q1=1×10-4 ms-1 at 50C0 water bath temperature with salt concentration i.e.3 

gL-1 
c) q1=1×10-4 ms-1 at 70C0 water bath temperature d) q2=5×10-5 ms-1 at 50C0 water bath 

temperature  
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Figure 3.6 presents the mechanism of data extraction out of the thermograph for the calibration of 

infrared thermographic system and its quantification for analysis. 

Figure 3.8 gives comparison of the entire surface temperature distributions (steady state) of four cases 

with point heat sources at different flow rates and water bath temperatures. Shades of different colors 

are representing different temperature values. 

 Figure 3.9 presents comparison in thermal contours of two cases at same velocity and inlet 

temperature with the difference that 3g/L NaCl salt is added to the injected hot water in one case. This 

salt is chosen because its ions are found in many salt affected soils. In Fig. 3.9, contours at 0.75 and 

0.5 value of normalized temperaure have very small difference in  horizontal and vertical positions 

while contours at 0.25 temperature have 20cm difference. The contour of V1T50 without salt is 20 

cm ahead of V1T50 with salt.There is 3cm difference in the thickness of contours at 0.25. 

 

 

 

 

 

Figure 3.9: Comparison of temperature contours for q1=1×10-4 ms-1 at 50C0 water bath 

temperature with and without salt (3gL-1)  
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These results are in agreement with (Shainberg and Otoh.1968; Noborio and McInnes. 1993; Nidal 

and Randall. 2000) as the presence of salt in the solution decreases the thermal conductivity of the 

fluid. 

Analogous to solute transport, the behavior of Figure 3.9 can also be explained by important 

dimensionless number that gives the relative strength of convective to conductive (ratio) heat transfer 

known as the thermal Peclet number 

eff

fpt

k

qLc
Pe

)(
  

Where fpc )( is the volumetric heat capacity [Jm-3K-1], q denotes Darcy velocity, L is a 

characteristic length and effk is the effective thermal conductivity based on volume fraction. Heat 

transport is convection dominated when 
tPe >1 and conduction dominated when 

tPe <1. The values 

of thermal and solute Peclet number must differ by orders of magnitude for the same Darcy velocity 

(Gabriel et al, 2012; Marsily1986). It can also be explained by the difference in thermal front and 

solute front velocities. According to Gabiel et al., (2012) the solute front velocity is given by 

Equation (9). While thermal front velocity yields 

 

 
q

c

c
v

eff

ft 



 

Where 
t

v denotes thermal front velocity. In Equation (9) and (24), Darcy velocity is same which 

allows expressing the thermal front velocity in terms of solute front velocity yielding 
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It is observed that the thermal front velocity is retarded more as compared to the solute front velocity 

(Gabriel 2012). Retardation factors of solute and heat are briefly explained in Chapter 2 of this 

Thesis.  

Figure 3.10 shows comparison of thermal contours at same velocity (q1=1.0×10-4 m/s) but at two 

different water bath temperature (50C0 and 70 C0). It shows that there is more thermal plume length 

and noise at low temperature warm water injection as compared to injection at high temperature at 

same flow rates.  

 

(23) 

(24) 

(25) 
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Figure 3.11 shows comparison in the thermal distributions at two different flow rates but at the same 

temperature. There is difference of 15 cm in the length of the thermal contour at 0.25 temperature 

when compared at same temperature T1 but two different flow velocity. The length of the plume for 

velocity V2 is short and its thickness is more as compared to V1.  

At low flow rate, the length of the thermal plume is less and width is more. This is because the fluid 

in the porous medium   has more time to conduct heat in all directions as shown in Figure 3.11 in 

which normalized contours at same bath temperature (50C0) are presented at two different flow rates. 

The buoyancy effects decrease with an increase in flow rate and forced convective effects are 

enhanced. The heat transfer rate is increased in the forced convection case and the value of maximum 

temperature is relatively higher. 

 

 

Figure 3.10: Comparison of progression of thermal contours at q1=1×10-4 ms-1 at 50C0 and 

70C0 water bath temperature  
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3.7.2 Comparison of experimental results with numerical simulation 

For a better understanding of thermal convection in porous media, numerical results are used. In 

analogous to solute dispersion, thermal dispersion is also important due to enhanced spreading of 

thermal energy resulting from vigorous (pronounced) and forced convective heat transfer. So, thermal 

dispersivity should be included in the mathematical description as it is given in Section 3.6 of this 

Chapter.  In order to analyze numerically, we solve the proposed set of equations using the finite 

element package; Earth Science Module of Comsol, version 3.5a. The mathematical description and 

the equations with and without variable fluid density and viscosity used for numerical analysis are 

presented in Section 3.6. The medium is considered as homogeneous and isotropic. Initially, the 

saturated medium is at room temperature. All boundary conditions are in line with the experimental 

setup. When the flow rate is small, the temperature field and flow have the characteristics of 

buoyancy flow (natural convection/mixed convection).  

Figure 3.12a shows the comparison of dimensionless (normalized) temperature contours of 

experimental results in case of V1=1.0×10-4 m/s at 70C0 and V2=5.0×10-5 m/s at 50C0 water bath 

Figure 3.11: Comparison of progression of thermal contours at q1=1×10-4 ms-1 and q2=5×10-5 

at same temperature (50C0 water bath temperature) 



76 

 

temperature and representative numerical simulations with and without dispersive effects on 

temperature distributions. Figure 3.12 shows numerical simulations at variable fluid density and 

viscosity. There are small discrepancies in the numerical and experimental results given in Figure 

3.12 that can be due to the porous media as we assumed homogeneous porous medium but in fact it 

has heterogeneity as is shown in close view of Figure 3.3b. The possible better approximation of 

experimental data is achieved with variable fluid density and viscosity when transverse dispersion 

length is 1 mm for V1=1.0×10-4 m/s and dispersion has negligible effect on temperature distributions 

for low flow rate case V2=5.0×10-5 m/s. The standard deviation and variance of experimental data for 

V1 at T=70C0 are 0.070 and 0.0049 respectively. The length of the thermal plume with dispersion 

effects is 8% less than the numerical results obtained without thermal dispersion contribution (see 

Figure 3.12) for high flow rate V1 and there is negligible difference in the plume length and width at 

low flow rate at V2. 
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The parameters used for modeling are given in Table 3.1.The length of the thermal plume with 

variable fluid density and viscosity including dispersive effects is approximately the same as the 

experimental thermal plume. While in case of dispersive effects on temperature distributions, the 

length of thermal plume is less with increasing transverse dispersivity. Only the effects of transverse 

dispersivity are analyzed in this work. As longitudinal dispersion effects are disregarded at steady 

state (Ham et al., 2004) and transverse dispersion is higher and attains its maximum value in steady 

state (Metzger et al., 2004). 

 

 Effects of other parameters are also investigated through sensitivity analysis. Main contributing 

parameters are flow rate, intrinsic permeability and thermal conductivity and transverse dispersion 

length of a porous medium.  

 

Figure 3.12: Comparison of experimental dimensionless temperature contours with numerical 

simulations at variable fluid density and viscosity including thermal dispersion and without 

dispersion effects on temperature distributions a) at q1=1×10-4 ms-1 at 70C0 water bath temperature: 

Black color indicate experimental contours; blue color shows numerical contours without 

dispersion but with variable density and viscosity; red color indicates contours at transverse 

dispersion length mm 1T , b) at q2=5×10-5 ms-1 at 50C0 water bath temperature  
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Figure 3.13 shows a good comparison in vertical temperature profiles between experimental and 

numerical results at three horizontal positions (x = 2 cm, 3 cm, 5 cm) with variable fluid density and 

viscosity as the thermal contours of  Figure 3.12 are with 1mm transverse dispersivity.  
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Figure 3.13: Comparison of dimensionless experimental vertical profiles and numerical 

results at three horizontal positions (x=2cm, 3cm and 5cm) at q1=1×10-4 ms-1 at 70C0 water 

bath temperature  

Figure 3.14: a) Thermal Rayleigh number is plotted versus change in fluid density which is a 

linear function of temperature, b) Change in fluid density is plotted versus height of the tank at 5 

different horizontal positions (x=1cm, 3cm,5cm, 10cm  and 20cm) at q1=1×10-4 ms-1 at 70C0 water 

bath temperature  
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In Figure 3.14a, thermal Rayleigh number is calculated using Equation (38) in Chapter 2. In Figure 3.14b, 

vertical distribution in fluid density is maximum at 1cm as this position is near the source. Progression of 

thermal plume gives less change in fluid density and Rayleigh number as we move ahead vertically or 

horizontally. 

 

3.8 Conclusions 

Infrared thermography (IRT), a non-intrusive and contactless technique has been applied for temperature 

measurement of the surface. The basic principle of infrared thermography and in-situ calibration 

procedure are briefly explained. A rectangular structure cooled in refrigerator is put at the boundaries of 

the tank leaving the concerned area for temperature measurement at the time of making thermographs as 

shown in Figure 3.6. It helps to determine the boundaries of the tank saturated with porous media out of 

the thermograph which is an important step to quantify the surface temperature. A combination of contact 

and contactless thermal sensors is applied to achieve more accurate calibration relations. The numerical 

values of thermocouples located at specified positions are used to calibrate the data of thermographs and 

then this calibration relation is applied to get the entire surface temperature distributions. This work 

demonstrates that in-situ calibration experimental method provides two dimensional temperature 

measurements by a contactless technique. This method offers a great flexibility to measure 

temperature/flux at any location at the same instant. Two different injection rates are applied to visualize 

and quantify the temperature distributions and also to investigate the effects of transverse thermal 

dispersion on temperature distributions under variable fluid density and vicosity. The thermal plume 

length and thickness are reduced when salt is added to the solution as thermal conductivity of the solution 

is reduced in the presence of salt. This reduction in plume length is in agreement with the previous work 

done by (Stainberg and Otoh.1968; Noborio and McInnes. 1993; Nidal and Randall et al., 2000)  

It is clear that infrared thermography is a highly effective, valuable and powerful technique to achieve 

entire surface temperature distribution if more accurate in-situ calibration procedure is practiced. In-situ 

calibration reduces the errors caused by deviations from ideal measuring situation. Infrared thermal 

sensors can give an in-depth understanding of the heat transfer processes. 

 Experimental results and their comparison with numerical simulation provide a better approximation 

including thermal dispersion. At high flow rate, the thickness of the thermal plume is less and length is 
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more as compared to low flow rate  as heat has more time to be conducted in different directions in case 

of low flow rate.  

Comparison of experimental results with numerical simulations with and without including dispersive 

effects at variable fluid density show that thermal dispersion should not be ignored in heat transfer 

analysis. For high flow rate, the length of thermal plume with dispersive effects is 8% less than the 

thermal plume without thermal dispersion.  Excluding thermal dispersion contribution, the numerical 

results show that the length of the plume is increased for high flow rate. There is a disagreement in the 

earth science community over the importance of thermal dispersivity which is dependent on the properties 

of porous media.  We found that with variable fluid density and viscosity, thermal dispersion should be a 

part of the conductive-convective model. Sensitivity analysis shows that the main controlling parameters 

are flow rate, intrinsic permeability, thermal conductivity and transverse dispersion length of a porous 

medium. 
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An expert is a man who has made all the mistakes which can be made, in a narrow field 

Niels Bohr 

 

Foreword: To investigate the effects of fluid density and viscosity variations induced by temperature, a 

series of experiments is conducted in a two dimensional rectangular tank filled with either saturated glass 

beads or coarse sand. Experiments are conducted with a non-invasive and contactless temperature 

measuring technique: infrared thermography. Different temperatures and injection rates are used. All inlet 

channels of the tank inject water with room temperature and heat source is applied along the whole 

bottom of the tank to induce temperature variations. These experiments were simulated by a model used 

for heat conduction-convection in porous media (Comsol version 3.5a and 4.2a) under the assumption of 

local thermal equilibrium. Modeling of these experiments yielded good insight and information about the 

interplay among fluid density, viscosity and velocity fields. Effects of thermal dispersion on temperature 

distributions in three porous media at different temperatures and flow rates are also analyzed in this 

Chapter. Experiments in glass beads (PM1 and PM2) yielded a good approximation at transverse thermal 

dispersivity of 2mm and 1mm respectively while in natural porous media PM3 (coarse sand) experimental 

results are approximated at 1mm dispersion length. 

 

4.1 Introduction 

Worldwide increased focus on environment pollution, depletion and over exploitation of fossil fuel 

resources, and their high inflation rates demand to consider alternative sources of energy. Geothermal 

energy is a clean, environment friendly (nonpolluting), economical, and sustainable natural source of 

energy. The earth is a hotbed of geothermal energy. The amount of geothermal energy in the earth is 

CHAPTER 4 

                     Two-dimensional lab experiments with thermographic 

analysis in saturated porous media heated from below 
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wondrous (Shepherd and Shepherd D. 2003, pp. 193). Due to different groundwater and industrial 

applications of heat, it is important to have a thorough understanding of heat transfer mechanisms to use 

them in an economically efficient way. Understanding and predicting the thermal dispersion effects on 

temperature distributions is one of the concerns for both fluid mechanics and thermal science researchers 

(Jianhua et al. 2003). Experiments have shown that all the hydrodynamic effects are not accurately 

accounted by mere inclusion of convective term in the energy equation. The effects of pore level velocity 

and temperature variations must be included (Kaviany 1995, pp. 175) by a complex phenomenon called 

thermal dispersion coefficient [m2/s] which is similar to Taylor dispersion in tubes.  

Dispersion is a well-known irreversible phenomenon primarily for forced and vigorous natural convective 

heat and mass transfer in porous media coupled with fluid flow. Dispersion is a second order tensor and a 

positive–definite which depends on another fourth order tensor: intrinsic dispersivity of the porous media 

(Bear 1972; Hillen.  1974; Bear 1961). It is identical to diffusion of mass or heat but is always associated 

with fluid flow and porous media (Kambiz and Hamid 2005, pp. 82-99). It is valid only under continuum 

assumption.   

Natural porous media is rather complex, and non-uniformly distributed. Only some statistical properties 

of the porous medium are known (Delgado 2007). Continuum hypothesis produces evenly distributed 

temperature, velocity fields and controlling the pore scale variations to provide closely related parameters 

to physical observations. Dispersion in porous media is different than the dispersion in regularly shaped 

constant cross section- area straight channels (Kaviany 1995, pp. 182). It is the increase in spreading 

observed at the interface between two miscible fluids (with different composition) flowing through a 

porous medium depending on flow velocity. It is decomposed into longitudinal (parallel to the flow 

direction) and transverse (perpendicular to the flow direction) components with respect to its velocity 

components.  

Mass dispersion is a ubiquitous phenomenon that is resulted from the combination of molecular diffusion 

and convection. While thermal dispersion is assumed to be the combined effect of thermal diffusion both 

in the fluid and solid phases of the porous medium. It is the result of thermal gradient and transfer of 

kinetic energy among the colliding molecules and convection induced mechanical thermal dispersion in 

interstitial fluid flow depending on the nature of saturated porous media. Mass dispersion has received 

great attention for decades but there exists limited amount of work on thermal dispersion. Whitaker 

(2009) suggested that heat transfer by conduction both in the fluid and solid plays a significant role in 

transferring heat energy. While in convective heat transfer; it is predominately transferred by the fluid in 

the porous media. 
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Heat transfer though conduction in solids is an important phenomenon confederated with a broad range of 

scientific and engineering problems. Conduction in solids has been extensively studied for many years 

(Carslaw and Jaeger 1959, Bear and Bachmat 1990; Chongbin and Hobbos 2008). In a porous medium, 

heat can be transferred through the relative movement of the fluid to the solid material. 

According to (Anderson 2005; Garbriel et al. 2012; Rau et al 2010) importance of thermal dispersion in 

heat transport is controversial. But in case of thermal doublet system (concurrent production and 

injection), thermal dispersion is important and may not be neglected. Thermal dispersion has numerous 

applications comprising geothermal energy technology, packed bed reactors, underground disposal of 

chemicals, nuclear waste, and petroleum recovery underground storage of solar energy and filtration 

processes (Ibrahim et al., 2009). Sauty et al (1982); Papadopuloss and Larson (1978); and Molson et al 

(1992) included hydrodynamic dispersion in thermal doublet system and showed that there is a correlation 

between thermal dispersion and Darcy velocity (macroscopic). Strong arguments have been given by 

(Sauty et al. 1982) to include thermal dispersion term in modeling convection- conduction heat transport 

coupled with fluid flow. Literature gives conflicting descriptions of the relationship between thermal 

dispersion and fluid velocity. Linear dependence of thermal dispersion on Darcy velocity (upscaled) has 

been proposed by several researchers (Ibrahim et al. 2009; Cheng 1981; Plumb 1983; Georgiadis 1988; 

Christine et al 2006; John  et al 2007; Alexander and Luc 2010; Rau et al 2010. Metzger et al. 2004) 

determined thermal dispersion coefficients using a line heat source (wire) for a packed bed of glass 

spheres with flowing water upto Peclet number (Pe) 130. They determined transverse thermal dispersion 

coefficient with lower accuracy. 

(Hsu and Cheng 1990) derived a conductivity tensor for convection in porous media based on volume 

averaging of the velocity and temperature variations in the pores. They found that thermal dispersion 

conductivity has different dependencies on velocities and porosities for high and low Reynolds number 

(Re) flow in porous media. For low pore Reynolds number flow, they proposed the thermal dispersion 

conductivity tensor as 

2

2

1
df Pe

n

n
kDk


 

 

This quadratic dependence on dPe . has not yet been confirmed experimentally. 

Local transverse thermal dispersion conductivity Tk '
is given by (Cheng and Hsu 1986; Cheng and Hsu 

1986; Cheng 1987; Cheng and Zhu 1987; Cheng et al 1988; Cheng 1987) 

(4.1) 

http://www.sciencedirect.com/science/article/pii/S0022169406006354
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m

dTT

u

u
lPeDk '

 

In the above equation dPe is the Peclet number, TD is a constant, 
D  is another constant, l  is the 

dimensionless dispersion length normalized with respect to the particle diameter, mu is average linear 

velocity, fk thermal conductivity of the fluid, n = porosity [-] = volume of the void/total volume. 

(Nelson et al. 2011) performed column experiments to determine transverse thermal dispersion coefficient 

as a function of water flux, yielding  

9.0

wTTh qD   

 Where T  fitting parameter (transverse dispersivity) which is related to porous medium and wq  is water 

flux. 

But recently, (Gabriel et al. 2012) did experiments using saturated natural porous media under typical 

groundwater flow velocities (Darcy range, Re < 2.5). It was the first time that they evaluated the heat as a 

tracer under the similar conditions as solute tracer experiments and made their comparison. They gave an 

empirical relation for thermal dispersion with Darcy flow in natural porous media. Their results showed a 

systematic discrepancy of 20% between the Darcy velocity estimates independently derived from heat 

and solute experiments and thermal dispersion results show significant scatter.  

(Koch and Brady 1985) proposed a correlation between transverse and longitudinal thermal conductivity. 

Levec and Carbonell 1985, Bear 1961 estimated the longitudinal and transverse thermal dispersion 

coefficients in a stationary state with local thermal equilibrium (LTE) using glass beads.  

Limited experimental work has been performed on mixed convection (Lai and Kulaicki 1991; Kumari 

2001; Prasad et al. 1988; Park et al. 2006). (Lai and Kulaicki 1991) conducted experiments with localized 

heating using three different sizes of heat sources to study free and mixed convection in horizontal porous 

layer heated from below. However, their numerical analysis is based on stagnant thermal conductivity 

(dispersive effects have not been taken into account). There is 20% difference in numerical and 

experimental results.  

To the best of our knowledge, the subject of thermal dispersion in homogeneous and heterogeneous 

porous media with experimental determination of dispersion lengths has not been well addressed in the 

(4.2)

2) 
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literature. Review of the existing literature on heat transfer shows that rigorous solutions are not available 

on thermal dispersion tensor. Thermal dispersion needs to be well addressed due to its applications in heat 

transfer in different fields. 

The present work aims at the experimental determination of thermographic temperature distributions in a 

2D laboratory experimental system using IR thermographic system. The impact of transverse thermal 

dispersion coefficient (DT) on heat transfer characteristics under mixed convective flow in saturated 

porous media (glass beads and sand) is investigated. Other part of this Chapter deals with comparison of 

experimental results with the numerical simulations by using one equation temperature model that 

describes the local thermal equilibrium between the solid and fluid phases temperature. 

 

4.2 Experimental material and methods 

 

4.2.1 Experimental setup 

The experiments were conducted in a rectangular plexiglass tank constructed using two parallel plexiglass 

plates each of 4 mm thickness. The inner dimensions of the tank are 33 cm long, 20 cm height and 1cm 

wide, with inlets and outlets as shown in Figure 4.1. The top of the tank is sealed with a plexiglass lid that 

could be removed during filling the tank system with soaked glass beads. Mechanical support to the tank 

is also provided at the top and bottom to avoid bending of the side walls. 

A schematic drawing of the apparatus used in experiments for continuous heat source applied at the 

bottom of the tank is shown in Figure 4.1. The junctions of 24 thermocouples  



CrNi

AlNi
K  

 
 each with 0.7 mm 

in diameter are inserted from the back side of the tank upto the middle of the inner side of the tank. These 

thermocouples are used to measure temperature distributions at different positions of the tank for in-situ 

calibration of the thermographic system. The influence of thermocouples on flow field is minimized by 

choosing thermocouples with relatively small diameters.  
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The thermocouples are linked with Pico data acquisition software and their signals are directly converted 

to temperature readings on a laboratory PC.  Schematic arrangement of thermocouples is shown in Figure 

4.2. 

 

 

 

 

 

Figure 4.1: Schematic representation of experimental setup used for thermal convection in water 

saturated porous media heated from below 
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4.2.2 Porous medium and its cleaning  

The spherical glass beads of two commercially available sizes (1.7-2.0 mm and 0.7-1.0 mm) expressed as 

PM1 and PM2 are used as standard porous media. These are chemically inert silica glass beads. The 

porous media (glass beads) were first washed thoroughly with bleach (Sodium hypochlorite (NaCIO)) and 

then washed with demi water several times to remove debris and attached particles from the surface of 

glass beads.  Coarse sand with grain diameter 0.5-1.0 mm as a natural porous medium is referred to PM3. 

The PM3 (sand) was washed with demi water several times. The hydraulic and thermal properties of the 

three porous media are shown in Table 4.1.Washed glass beads and sand were soaked in Argon treated 

demi water before filling the tank. 

 

 

x =33 cm 
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Figure 4.2: Arrangement of thermocouples for calibration (cases with heater with variable heat 

flux at the bottom) 
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Type of porous 

media 

d50(mm) Permeability 

(m
2
) 

Porosity 

(%) 

Solid density 

(kg/m
3
) 

Thermal 

conductivity 

(W/(m. K)) 

Specific 

heat 

(J/(kg. K)) 

PM1 (glass 

beads) 

1.85 3.15×10-9 38.5 1470 0.8 1450 

PM2 (glass 

beads) 

0.85 6.4×10-10 37 1480 1.0 1400 

PM3 (coarse 

sand) 

0.83 3.3×10-10 35 2000 2.5 900 

 

 

4.2.3 Homogeneity and packing of the porous media 

The tank was packed under water saturated conditions. To avoid trapping of air bubbles in the saturated 

medium, soaked porous medium was sprinkled in standing water inside the tank and pressed with a 

stainless steel hammer to compact and homogenize the medium. 

A medium is homogeneous if permeability and porosity are constant from point to point over the medium 

in a REV sense. The macroscopic homogeneity of the porous medium was monitored by visualizing the 

development of the colored plumes along the tank with a trustworthy dense and uniform packing as 

shown in Figure 4.3 for PM2. The colored plumes were created by injecting colored water (no salt, only 

non-conducting color indicator ResazurinNatriumsalzm.Zert; pH 3.8-6.5) to the tank through channels 4, 

8 and 12 (Figure 4.3 a) that displaces fresh water under miscible displacement. In other case, tracer is 

injected through the lower 4 channels to visualize the tracer distribution (Figure 4.3 b). The shape, size 

and development of the plume give visual indication of the medium homogeneity with uniform 

distribution. Whenever there is problem in the size and shape of the plume, tank is emptied and refilled to 

achieve more homogeneous distribution of the tracer. PM3 (coarse sand) saturated with water and its 

zoom in view is shown in Figure 4.4.  

 

Table 4.1: Hydraulic and thermal properties of water and three porous media PM1, PM2 and PM3  
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A porous filter was placed at the inside of the inlet and outlet to prevent the entry of solid particles into 

the channels which could clog the system. Once the tank is filled with saturated glass beads, it is vibrated 

and leveled gently.   

 There are 20 capillary channels at the left (inlet) and 20 on the right (outlet) side. Hot water is circulated 

along the bottom of the tank though a tube. Two IPC 24 channels ASMATECH peristaltic pumps having 

option for variable flow rate have been used. On either side, water is pumped (forced flow) through 

capillaries (TYGON R3607 with ID: 1.02mm and wall: 0,86mm) by peristaltic pumps. There are three 

water containers at the inlet side: a) to inject colored water b) to inject brine in case of thermo-haline 

convection and c) to inject demi water. Argon gas (inert gas) has been used in each container to substitute 

the dissolved gasses (oxygen, nitrogen etc.) in water.   

The aforementioned setup ensures uniform flow in the container. The effluent was collected over time at 

the outlet in a plastic storage container to calculate bulk volumetric flow. For the observation (qualitative 

analysis) of the flow patterns, digital images by using Logitech webcam were taken at proper intervals of 

time. 

 

Figure 4.3: Visualization of the homogeneity of the porous medium by injecting dye through some 

of the channels (PM2): a) Injection of water with dye through three channels b) injection of water 

with dye through lower 4 channels 
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Heat losses from the set up were carefully identified and minimized to avoid experimental errors. At the 

end of each experimental case, the saturated medium was flushed with several pore volumes of demi 

water to ensure that there is clean cold water at room temperature for the next run of experiments. Figure 

4.5 presents the physical configuration of the system used for thermal convection in saturated porous 

media heated from below. 

All the experiments were carried out in a laboratory at a constant room temperature of 21C0 (±1.5C0) 

 

 

 

 

 

 

 

 

Figure 4.4: a) Representation of PM3 after packing b) magnified part of PM3 

 
Plexiglass tank with water saturated P.M. Cold water with   

ri Tu at  Outlet 

 

g 

0,0 





y

T
v

Heat source at the bottom 

Figure 4.5: Physical configuration of the system 
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4.2.4 Measurement of the porosity and permeability of porous media 

a) The volume of water to saturate a given volume of each porous medium was used to measure 

porosity of the porous media. This gravimetric relation yields 

%100
total

water

V

V
n  

The measured values of porosity for PM1, PM2 and PM3 from this relation are presented in 

Table 4.1. 

Second method to calculate porosity is  

total

mp

b

s

b

V

M
n

.
     ;      %1001 










 



 

Where b is the bulk density of the porous media and s  is its mass density, mpM .  mass of the 

porous medium.  

b) It was not possible to use piezometers during experiments in the tank system to measure the 

hydraulic gradient because it could cause heat losses at the position of piezometer insertion. So, 

hydraulic conductivity and permeability were determined using another plexiglass tank with 

dimensions of 25cm×15cm×1cm. This new tank was equipped with two piezometers to measure 

hydraulic gradient at given specific flow rates (q).  Darcy’s Law for a uniform flow of fluid states 

that specific discharge is expressed as 

x

h
Kq



  

Where q is the Darcy velocity (specific discharge) measured in [m/s], K  is the hydraulic conductivity 

[m/s] and 
x

h




is the hydraulic gradient [-] in the x-direction (i.e. uniform flow direction in the tank). The 

hydraulic gradient is plotted versus specific discharge to calculate the hydraulic conductivity. Once 

hydraulic conductivity is determined, it is used to calculate intrinsic permeability k [m2] using following 

relation  

f

f gk
K




  

(4.3) 

(4.4) 

(4.5) 

(4.6) 
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The permeability is kept constant for each medium during the whole experiments. These values for the 

three porous media that we used are presented in Table 4.1 

 

4.2.5 Measurement of flow velocity and its regulation 

The volume of total effluent for a given time lapse in each experiment was measured to determine the 

volumetric flow rate. This volumetric flow rate is used to calculate the pore velocity (interstitial velocity). 

The relation between the effective velocity and the Darcy velocity is given by 

 

 

Darcy law is valid when the velocity is sufficiently small i.e.  1Re  . As velocities increase, a non-linear 

drag (quadratic drag) term has to be included according to Forchheimer relationship but flow is still 

assumed to be laminar  10Re1  . 

 

4.2.6 Thermographic measurement of temperature distributions 

 

Temperature is the most frequently measured physical property (Bolf N. 2004). There are different 

techniques available for temperature measurements. Most of them yield point or space averaged values 

e.g. thermocouples, thermometers, resistance temperature detectors (RTD), pyrometers, thermistor etc. 

Interpolation and extrapolation are used to determine the temperature evolution. These invasive 

techniques are critically reviewed by (Astarita T. et al., 2006). 

A non-invasive and contactless technique, infrared thermography to measure the temperature distributions 

in saturated porous media is used. It is a useful and viable technique to give spatially resolved surface 

temperature distributions non-intrusively. The basic principle of infrared thermographic technique is 

briefly explained in previous Chapter 3. The critical step in using thermography is the calibration of data 

obtained from thermal images. The thermographs made for experiments have also surroundings of the 

tank under observation. The real data to quantify the surface temperature distributions is extracted from 

n

q
v  (4.7) 
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the thermographs by determining the boundaries of the tank in the thermal images. Total no. of horizontal 

and vertical pixels according to the tank size is determined and used to determine the pixel size. The 

thermocouples and IR values at specific position of the tank in correspondence with thermocouple 

position are used for calibration of the thermographic systems. Some of the calibration curves are 

presented in Figure 4.8. These calibration relations are employed to achieve the entire surface temperature 

distributions for different experimental cases. 

 

4.3 Experimental results and discussion 

Two dimensional (2D) laboratory experiments are conducted in homogeneous porous media characterized 

by an average porosity and permeability. Three porous media (two types of glass beads and one type of 

coarse sand) are used for the experiments for thermal convection in porous media heated from below.  

The details of the different experimental runs performed in three porous media types are shown in Table 

4.2. 

 

Diameter (mm) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

 

1.75-2.0 (2D) 

Glass beads (PM1) 

 

V1T1 

 

 

 

V2T1 

 

 

 

V3T1 

 

 

 

V1T2 

 

 

 

V2T2 

 

 

 

V3T2 

 

 

 

0.75-1.0 (2D) 

Glass beads (PM2) 

 

V1T1 

 

 

 

V2T1 

 

 

 

V3T1 

 

 

 

V1T2 

 

 

 

V2T2 

 

 

 

V3T2 

 

 

 

0.5-1.0mm (2D) 

Coarse sand (PM3) 

 

 

V1T1 

 

 

 

V2T1 

 

 

 

V3T1 

 

 

 

  

 

  

 

  

 

00

554

45T2,35T1 

m/s,100.1V3  m/s,100.5V2   m/s,100.1V1

CC 

 

 

First column of Table 4.2 represents type of porous medium including its particle diameter range. The 

other six columns indicate the number and nature of the experimental case carried out. Six experiments 

Table 4.2: gives different experimental cases performed when heated from below 



98 

 

are performed with PM1 (glass beads with diameter 1.75-2 mm), six with PM2 (glass beads with diameter 

0.75-1 mm) and three with PM3 (coarse sand with 0.5-1 mm diameter). Three different velocities at two 

different temperatures (as shown in Table 4.2) are used to investigate the effects of velocity, pore size and 

temperature of the source on the temperature distributions in saturated porous media heated from below. 

So, in total there are 15 cases heated form below. V is used for Darcy velocity and T is the temperature of 

hot water in water bath. It implies V1 > V2 > V3 and T2 > T1. Note that we have employed V and q for 

Darcy velocity in this Thesis but v  is used for effective velocity (interstitial velocity). 

Figures 4.6 and 4.7 give the measurement of continuous evolution of thermocouple temperatures for some 

cases used for calibration of the thermographic system at the start of the experiments to the end at steady 

situation. In these Figures (4.6 and 4.7), thermal evolution in only some of the thermocouples is plotted 

for clarity as the curves located in the region of small temperature gradients overlap each other and makes 

a problem in understanding the comparison among different curves. In each run, time to attain steady state 

depends on the flow rate of fluid being injected and the temperature at the bottom. 
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 Figure 4.6: Temperature evolution of thermocouples a) V1T1PM1 b) V1T2PM1 c) V2T1PM2 d) 

V2T2PM2 
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There is mixed thermal convection (combination of natural and forced convection) in these experiments. 

The top most curve represents the temperature of the hot water coming from water bath and being used 

for circulation measured just at the start of inlet of the tube near tank inlet. The curve lower to the top 

most curve indicates the temperature of the hot water measured at the outlet side of the tube used for 

providing heat to the bottom of the experimental tank. The difference in temperature of the top two curves 

in all cases is less than 0.5C0 as warm water is circulated at high volumetric flow rate. This ensures a 

constant temperature at the bottom of the tank. The measured outflow velocities show small discrepancies 

in different cases. This implies these experiments are carried out at constant flow rate. Fluid density and 

viscosity vary linearly as a function of temperature. At high flow rates V1 and V2, there are less 

buoyancy effects. So, there are no wiggles (instabilities due to gravity effects) in the evolution of 

thermocouple temperatures as shown in Figure 4.6  in cases a), b), c), d) and case a) and b) in Figure 4.7. 

Figure 4.7: Temperature evolution of thermocouples; a) V1T1PM3 b) V2T1PM3 c) 

V3T1PM3 d) V3T1PM2 
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While in case of low flow rate V3, the hot water heating from below has more time to conduct heat. There 

are wiggles and more buoyancy effects as shown in Figure 4.7 c) and d) due to unstable miscible 

displacement. Heat transfer rate from the bottom heat source increases with increase in flow rate. 

 

 

 

In situ calibration is applied to achieve a more accurate and reliable temperature data for the entire surface 

of the tank. This calibration technique is briefly explained in Chapter 3. There is linear relationship for all 

cases between the infrared temperature and temperature measured with thermocouples inserted from 

backside of the tank. Figure 4.8 a), b), c) and d) show calibration curves for four cases.  

 

Figure 4.8: Calibration curves at: a) V2T1PM1 b) V3T1PM1 c) V1T2PM2 d) V3T1PM3 
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Figure 4.9 gives the entire surface temperature distributions for three of the experimental cases 

V1T1PM1, V2T2PM2 and V3T1PM3. 

 

4.3.1 Effect of velocity, diameter of the particles and temperature of the source 

In order to investigate the effects of flow rate, diameter of the solid particles and temperature of the heat 

source at the bottom of the tank, vertical profiles of the temperature at different x positions are plotted in 

Figure 4.10 a), b), c), d), and Figure 4.11 a), b), c), d). 
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Figure 4.9: Surface temperature distributions of calibrated experimental data for a) 

V1T1PM1, b) V2T2PM2, and c) V3T1PM3 
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Figure 4.10 a) and b) shows the temperature profiles at 3 different x positions (x = 10, 20 and 30 cm) 

carried out at V1T1 in PM1 and PM2 (glass beads). Due to different diameter of the glass beads, there is 

small discrepancy in the temperature profiles but that difference is not significant. In Figure 4.10 c) 

conditions are same as in Figure 4.10 a) and b) but now the porous medium is coarse sand in Figure 4.10 

c). Thickness of the thermal plume in a) and b) of Figure 4.10 is 7.5 cm while thickness is increased to 

about 15 cm in case of coarse sand as shown in Figure 4.10 c). The physical reason behind this increase in 

thickness of 4.10 c) is the higher thermal conductivity of the coarse sand. The thermal conductivity of 

sand particles has higher value as compared to glass beads. The thermal and hydraulic properties of the 

porous media are presented in Table 4.1. 

 

Figure 4.10: Vertical temperature profiles: a) at 5 different x position with V1T1PM1 b) at 5 different x 

position with V1T1PM2 c) at 5 different x position with V1T1PM3 d) at 5 different x position with V2T1PM1 
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Figure 4.10 d),   Figure 4.11 a), b) show the thermal profiles for V2T1 in three porous media PMI, PM2, 

PM3. If the flow rate V2 < V1, the heat has more time to conduct in all directions. Therefore, the plume 

thickness is more at V2 than V1 when other conditions are the same. Analogous to V1T1 in PM3, 

thickness of the thermal plume in case of V2T1PM3 is higher when compared with PM1 and PM2 at 

same flow rate V2 and temperature T1. Same flow pattern behavior is achieved for V3T1 in three porous 

media PM1, PM2, PM3 as shown in Figure 4.11 c), d) and Figure 4.12 a).  

  

Figure 4.11: Vertical temperature profiles: a) at 3 different x-position with V2T1PM2 b) at 3 

different x- position with V2T1PM3 c) at 3 different x-position with V3T1PM1 d) at 3 different x-

position with V3T1PM2 
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Case V1T1 V2T1 V3T1 V1T2 V2T2 V3T2 V1T1 V2T1 V3T1 V1T2 V2T2 V3T2 V1T1 V2T1 V3T1 

Medium PM1 PM1 PM1 PM1 PM1 PM1 PM2 PM2 PM2 PM2 PM2 PM2 PM3 PM3 PM3 

StDev 0.2 0.22 0.23 0.24 0.22 0.23 0.22 0.22 0.24 0.22 0.23 0.24 0.24 0.24 0.24 

R
2
 0.98 0.99 0.99 0.98 0.99 1.0 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

 

 

Figure 4.12: Vertical temperature profiles: a) at 3 different x-positions with V3T1PM3 b) 

comparison of temperature profiles at V1T1 at position 20 cm in 3 porous media c) comparison of 

temperature profiles at V2T1 at position 20 cm in 3 porous media d) comparison of temperature 

profiles at V3T1 at position 20 cm in 3 porous media. 

Table 4.3: Standard deviation and quality of fit R2 for calibrated data of different experimental 

cases in three porous media when heated from below 
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To have a better understanding of the comparison of temperature distributions in three different porous 

media, thermal profiles are plotted in Figure 4.12 b), c) and d) at x=5 and 20cm in PM1, PM2, PM3. The 

profiles at x = 20 cm in PM1 and PM2 coincide with each other but curves for PM3 at x = 20 cm are 

shifted upward in all three cases at V1, V2 and V3 which is again explained by high thermal conductivity 

of the coarse sand (PM3). 

 

 

 

 

 

Figure 4.13: Comparison of dimensionless temperature contours : a) contours in case of V1T1 in 

three porous media PM1, PM2, PM3: black lines indicates PM1; red is for PM2 and blue lines are 

representing PM3 b) contours in case of V2T1 in three porous media PM1, PM2, PM3: black lines 

indicates PM1; red is for PM2 and blue lines are representing PM3c) temperature contours  in same 

porous  medium PM1 at three different velocities V1, V2, V3 d) temperature contours  in same 

porous medium PM2 at three different velocities V1, V2, V3 
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Figure 4.13 shows three contours comparison in dimensionless temperature distributions of different 

experimental thermal convection cases in saturated porous media heated from below. Figure 4.13 gives 

the same behavior of temperature distributions as we see in vertical profiles of temperature distributions 

in different porous media at different flow rates. 

 

4.4 Comparison of experimental results with numerical results 

Convective heat transfer analysis is based upon three fundamental physical laws: conservation of mass, 

momentum and energy. The distribution of three variables (pressure, velocity and temperature fields) in 

the domain of interest is determined to predict the heat transfer rates through (fluid) saturated porous 

media. Once these quantities (variables) are determined, the variation in other quantity can be obtained. 

The principles of conservation of mass, conservation of momentum (Newton’s law) and conservation of 

energy (first law of thermodynamics) representing the physical behavior of the system are employed in 

order to determine the distributions of  pressure, velocity and temperature respectively (Patrick et al., 

1999). 

In order to analyze numerically, we solve the proposed set of equations using the finite element package; 

Earth Science Module of Comsol, version 3.5a. The governing equations used for thermal conduction-

convection with thermal dispersive effects and fluid flow in saturated porous media are presented in 

Chapter 2. In writing these equations, thermo-physical properties are assumed constant in correspondence 

to the temperature range we used. 

The temperature variations change the fluid density and viscosity. Change in fluid density as a function of 

temperature is given by an (empirical) equation of state and Oberbeck-Boussinesq approximation which 

is briefly explained in next Section 4.4.3.  

Dimensionless temperature for experimental and numerical results is obtained using the following relation 

minmax

min

TT

TT




  

Where T is the observed/simulated temperature, minT is the minimum temperature and maxT denotes 

maximum temperature of the system under given conditions. 
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4.4.1 Application of Oberbeck-Boussinesq approximation  

The contemporary studies on natural and mixed convective flows (density dependent flow) in porous 

media are generally performed by using an Oberbeck-Boussinesq approximation, pioneering works done 

by Oberbeck (1883) and Boussinesq (1903). It is a powerful approximation for density dependent flow.  

Incompressible Navier-Stokes equations have been applied to derive Oberbeck-Boussinesq equations. 

Different approaches to derive Boussinesq equations for ordinary fluids have been overviewed by 

(Rajagopalet al. 1996). The variation in density as a function of temperature and salt concentration is 

linearized.  Gravity effects may not be neglected in many practical scenarios where density dependent 

fluid flow processes play a critical role. e. g. natural and mixed convection driven by temperature 

(thermal gradient), salt concentration gradient: salt water intrusion, combined (thermo-haline) heat and 

mass convection, aquifer thermal energy storage (ATES), use of heat for petroleum recovery etc. The 

linearized equation of state for density dependence on temperature is presented with Oberbeck-

Boussinesq approximation. According to this approximation, density variations are neglected in all the 

properties of the medium except gravity term (reduced gravity) in Darcy’s law. This approximation is 

valid provided the density changes are small in comparison with f  and have insufficient changes on the 

properties of the medium to vary them from their mean values (Nieldand Bejan. 2006). The correct formal 

limits in which gravity term for transport in porous media is retained and other density effects are 

neglected have been presented by (Landman and Schotting 2007) illustrated with three different cases: 

isothermal brine transport, transfer of thermal energy in fresh water and simultaneous transport of heat 

and brine (thermo-haline convection). Oberbeck-Boussinesq approximation has been revisited by 

(Landman and Schotting 2007; Barleta 2009) to explicate the thermodynamic aspects for the formulation 

of energy balance.  

This approximation is applicable under following premises (Landman and Schotting 2007) 

i. Variations in fluid density induced by temperature and/or salt mass concentration are neglected in 

all equations except for gravity term in momentum equation of Darcy’s law as shown in Equation 

(3) in Chapter 2. 

ii. Fluid properties like viscosity and molecular diffusivity are considered constant 

iii. Negligible viscous dissipation 

iv. Equation of state is linearized as depicted in Equation (9) and (10) in Chapter 2 
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For isothermal brine transport, a condition is fulfilled to take gravity term using Oberbeck-Boussinesq 

approximation into account with a dimensionless number, independent of characteristic discharge and 

density differences. This dimensionless number is here with following condition; 

    1  Penumber peclet   and number gravity  ofProduct 0f

molf D

gkx
NPeN





 

Two conditions must be met to include gravity term with Oberbeck-Boussinesq approximation for heat 

transfer disregarding the volume changes in porous media:  

.sport)(heat tran              and  1   qNNPe
Le

Pe
N T (10) 

Le  is the Lewis number. Lewis number is used for combined heat and mass transfer, and N is the gravity 

number which is defined as qkgN ff  . These dimensionless numbers are explained in the 

Section about dimensionless equations in Chapter 2. molD  is molecular diffusion of salt [m2/s] which is 

almost two orders of magnitude less than thermal diffusion (Bear, 1972). When there is simultaneous 

transport of heat and mass, the fluid volume changes are considered by simply a sum of the volume 

changes caused by heat and concentration.  

 

4.4.2 Initial and Boundary conditions 

Initial and boundary conditions are required for a given configuration of the heat transfer and flow system 

to get a particular solutions from the equations given in Chapter 2 for thermal analysis and fluid flow.  

Figure 4.14 gives the model geometry used in our numerical simulations. Initially tank filled with water 

saturated porous medium is stagnant at temperature Ti=22C0. Hydrostatic pressure distribution is assumed 

at the beginning. The problems are simulated at steady state at different temperatures and flow rates. 

The numerical results for all 15 cases are compared with the respective experimental results at steady 

state with buoyancy and variable viscosity effects using volumetric average values for thermal 

conductivity and heat capacity. 

In case of homogeneous one layer saturated porous medium, the pressure at the top is atmospheric and 

pressure boundary at the bottom is atmospheric pressure plus hydrostatic pressure (Chongbin 2008). 

Isothermal brine transport 
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Top and bottom boundaries are taken as impermeable as shown in Figure 4.14.  Convective flow is very 

sensitive to boundary conditions.  

 Plexiglass tank with water saturated P.M. 

Initially at Ti=22C0and hydrostatic pressure  

-Inward flux  

with qin at Ti 

-Outward flux with 

qin 

-Convective heat flux 

 

g 

Zero flux/symmetry 

Constant source of temperature at the bottom 

Zero flux/symmetry;  

 

x=33cm 

y=20c

m 

Figure 4.14: Domain geometry: initial and boundary conditions for thermal convection in saturated 

porous media heated from below 
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Figures 4.15, 4.16 and 4.17 show comparison of different experimental cases with numerical simulations 

at different transverse dispersion lengths and without dispersion in three porous media (PM1, PM2 and 

PM3) at three different flow rates and two temperatures.  

Figure 4.15: Comparison of experimental  and numerical dimensionless temperature contours with 

and without thermal dispersion effects: a) contours comparison of V1T1PM1 with transverse 

dispersivity= 0,1 and 2 mm b) contours comparison of V2T1PM1 with transverse dispersivity= 0,1 

and 2 mm c)  contours comparison of V3T1PM1 with transverse dispersivity= 0, 1 and 2 mm d) 

comparison of thermal contours of three cases with flow rate V1, V2 and V3 at the same 

temperature T1 in PM2 with 1mm transverse  dispersivity 
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 Figure 4.16: Comparison of experimental dimensionless temperature contours with numerical 

simulations: a) contours comparison of V1T2PM1 at three values (0, 1 and 2mm) of transverse 

dispersivity b) contours comparison of V2T2PM1 at three values (0, 1 and 2mm) of transverse 

dispersivity c) contours comparison of three cases at V1, V2 and V3 at the same temperature T2 in PM2 

at 1mm transverse dispersivity  d) contours comparison of three cases at V1, V2 and V3 at the same 

temperature T2 in PM2 without thermal dispersion effects  
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In last three figures, it is clear that transverse thermal dispersivity effect on temperature distributions 

increases with increase in velocity. For low flow rate e.g. V3, dispersivity has very weak influence on 

temperature distributions. For glass beads PM1 (d50 = 1.85 mm) and PM2 (d50 = 0.85 mm), experimental 

results are approximated at transverse dispersion length of 2mm and 1mm respectively. Numerical 

simulations carried out without taking into account thermal dispersion effects result into a thermal plume 

of short thickness. Other important observation that can be described from the comparison of results with 

three flow rates and two temperature in PM1 and PM2 is that there is less scattered data (a kind of 

Figure 4.17: Comparison of experimental dimensionless temperature contours with numerical 

simulations : a) contours at three flow rates V1, V2 and V3 at T1 in PM2 with 1 mm dispersivity effects  

b) contours at three flow rates V1, V2 and V3 at T1 in PM1 with 2 mm dispersivity effects c) contours at 

three flow rates V1, V2 and V3 at T1 in PM3 with 1 mm dispersivity effects d) contours at three flow 

rates V1, V2 and V3 at T1 in PM3 without thermal dispersion effects 
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stabilizing effect) in case of T2 temperature which is higher than T1. Temperature distributions of PM1 

and PM2 at same velocity and temperature are same but in same numerical analysis to get same 

temperature distributions, transverse dispersivity is different for PM1 and PM2 as PM1 is more porous 

and has higher intrinsic permeability. 

Experimental results for natural porous media (PM3 coarse sand) are also approximated at transverse 

dispersion length 1mm. In order to get best approximation, sensitivity analysis shows that temperature 

distribution is significantly influenced with porosity, permeability, velocity, thermal conductivity of the 

porous medium and dispersivity (particularly transverse dispersivity at steady state). According to 

Equation (17) in Chapter 2, we have seff kk  if 0n or feff kk  if 1n . Thermal conductivity of 

porous media is higher than fluid. 

Our results show thermal dispersivity is dependent on average grain diameter and properties of the porous 

media (heterogeneity etc.).  

 

4.5 Conclusions 

The work reported here uses first time Infrared thermographic analysis for heat transfer in saturated 

porous media heated from below (unstable miscible displacement).  There is mixed convective heat 

transfer. Steady state analysis depends on the injection rate and heat applied at the bottom. For high flow 

rates, it takes less time to get steady state. Comparison of dimensionless thermal profiles and contours in 

three porous media shows that curves obtained in coarse sand are shifted upward when compared to glass 

beads as artificial media (glass beads) have different diameter and thermal conductivity. Thermal 

conductivity of sand is about 4 times the thermal conductivity of glass beads. 

Numerical analysis is performed using finite element based software, Comsol version 3.5a under the 

assumption of local thermal equilibrium. Thermal profiles in glass beads PM1 and PM2 under same 

conditions coincide with each other but in numerical analysis dispersivity value is different to get same 

temperature profiles as PM1 has high porosity and intrinsic permeability when compared to PM2.  

To achieve best approximations sensitivity analysis shows temperature distributions are significantly 

influenced by porosity, intrinsic permeability, injection rate, thermal conductivity of the porous media and 

transverse dispersivity at steady state. Experimental results of PM1 and PM2 are approximated with 2 
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mm and 1mm transverse dispersion length respectively while PM3 coarse sand results are approximated 

at 1mm transverse dispersivity.  

Influence of transverse thermal dispersion on propagation of temperature decreases with decrease in 

velocity as shown in Figures 4.15, 4.16 and 4.17.  

In case of high flow rate, the thickness of the thermal plume  is less when compared with low flow rate as 

thermal dispersion is the combined effect of diffusion and mechanical thermal dispersion. At low flow 

rate, buoyancy effects are important. 

The diameter d50 of PM2 glass beads and PM3 coarse sand are almost the same. Small discrepancies in 

numerical and experimental results can be explained by pore scale heterogeneities in the porous media 

and artifacts in heat propagation caused by the plexiglass plates as thermal properties of the plexiglass are 

different than the fluid and porous media.  
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The true method of knowledge is experiment 

  William Blake 

 

Foreword: This chapter deals with two dimensional laboratory experimental studies of thermohaline 

convection in water saturated porous, its background, results of a series of experiments in coarse sand 

under different flow rates, injection of dissolved NaCl salt concentrations through lower 4 channels and 

heated from below. Dimensionless thermal contours, vertical temperature profiles at known horizontal 

positions and dimensionless concentration profiles under the temperature influence are presented and 

compared. Thermohaline cases are numerically analyzed with variable fluid density and viscosity using 

Oberbeck-Boussinesq approximation for heat and salt. It shows there are no effects of concentration on 

temperature distributions while concentration is affected with temperature of the hot water circulated at 

the bottom of the tank  

5.1 Introduction  

Thermohaline convection (THC) is the combined transfer of heat and mass driven by buoyancy forces. 

Density gradients that drive the buoyancy forces are induced by the combined effect of temperature and 

salt concentration in saturated porous media. It is a fundamental fluid dynamic process that represents the 

simultaneous transfer of thermal energy and dissolved chemical substances. Buoyancy effects in the 

momentum equation are considered to be due to two contributions: temperature gradients and 

concentration gradients.  Thermal and solutal buoyancy induced convection alone (individually) has been 

well addressed and documented in the literature (Combarnous and Bories, 1975; Cheng, 1978; Kaviany 

1995; Nield and Bejan 2006). But thermohaline convection (THC) in porous media has been rarely 

addressed. It is also called double diffusive convection (DDC) or thermo-solutal convection (TSC). 

Double diffusive convection occurs in seawater flow, contaminant transport in groundwater, mantle flow 

in the earth’s crust, brine hydrothermal reservoirs, exploitation of geothermal reservoirs, astrophysics, 

CHAPTER 5 

Thermohaline convection bench mark study in saturated 

porous media 
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metallurgy, electrochemistry and many other engineering applications (Kambiz and Hamid., 2005; 

Mojtabi and Marie 2005). Stratified layers of a single component fluid with density that deceases upward 

(stable case), can develop an unstable scenario if the same layer consists of two component fluid which 

have different diffusion relative to each other in a thermo-haline case (Diersch and Kolditz 2002; Nield 

and Bejan 2006).  

The state of knowledge regarding thermo-haline convection in saturated porous media and reviews are 

given by (Nield and Bejan 2006; Ingham and Pop 2000, 2002; Mamou 2002b; Mojtabi and Marie 2005). 

Studies on thermohaline convection processes in porous media were performed by (Nield 1968; Taunton 

1972; Rubin 1976; Rubin and Roth 1979; Tyvand 1980; Griffith 1981; Rubin and Roth 1983; Viskanta et 

al., 1986; Imhoff and Green 1988; Murray and Chen 1989; Charrier et al. 1997; Scott et al., 2002). 

Griffith (1981) carried out experiments in sand tank models and Hele Shaw models. 

 

The first extensive studies on the onset of thermal instability heated from below analog to Rayleigh-

Benard convection in horizontal layers of porous media saturated with Newtonian fluids were conducted 

by Horton and Rogers (1945) and Lapwood (1948) independently. Wooding (1957) extended these 

studies. Fundamental research on this topic is reviewed by Cheng 1978 and Caltagirone 1981. Nield 

(1968) studied the thermohaline generalization of Horton-Rogers and Lapwood problem.  

In terms of temperature T and concentration C, the density of the mixture is given by  

 

 

 )()(1 000 CCTTTf     

 

Where f is the calculated fluid density, 0 reference fluid density, T  thermal expansion coefficient 

and  is the expansion due to dissolved salt concentration, 0T and 0C are the reference temperature and 

concentration respectively. 

 

There are three conditions that must be met for thermohaline convection to occur (Diersch and Kolditz 

2002) as shown in Figure 5.1. 

 

1) Vertical gradient in two or more properties affecting the fluid density should be there (e.g. 

concentration of a chemical species and temperature) 
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2) Gradients in fluid density must have opposing signs e.g. temperature deceases density and salt 

increases fluid density. 

3) Diffusivities of the properties must be different e.g. diffusion of mass and temperature is 

different. Thermal energy is diffused faster than dissolved chemical species. 

 

 

 

         

 

    

  

 

 

 

Other features of thermohaline convection 

a. It often occurs in the systems which are hydrostatically stable i.e. the total density of the fluid 

increases with depth 

b. Large  vertical fluid motions can be produced due to variations in fluid density as function of 

temperature and dissolved salt concentration simultaneously 

c. Potential energy always decreases and therefore vertical density gradient increases 

There are two commonly distinguished scenarios (regimes) that can be developed in thermohaline 

convection based on the destabilizing component. 

1. Diffusive regime is developed if the destabilizing potential is results from the component with 

higher diffusivity (m2/s), e.g. stable salinity gradient heated from below in a horizontal cell 

2  

Figure 5.1: Two different density components with different diffusion coefficients and total 

density  
f  as a function of depth   

+ 

 

z 

= 
 

Component 1  

(Heavy at bottom) 

Component 2  

(Heavy at top) 

Total density distribution 

(Hydrostatically stable) 
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2. Fingering regime is developed when the destabilizing potential is results from the component 

with lower diffusivity (m2/s), e. g. a heated saline fluid on top of a stable temperature gradient. 

There is also emergence of both regimes represented as mixed thermo-haline convection (MTHC) if 

both properties destabilize or stabilize the fluid motion completely as shown in Figure 5.2. 

These regimes can be further subdivided into the subcritical and supercritical. In supercritical 

situations destabilizing forces exceed the stabilizing force while in subcritical situations stabilizing 

forces dominate over destabilizing forces. 

Thermal diffusivity is much pronounced than mass diffusivity. Therefore a displaced fluid loses any 

excess heat more rapidly than any excess solute and the resulting buoyancy force may increase the 

displacement from its original position causing instability (Mojtabi and Marie 2005).  

 

 

 

 

 

 

 

The present Chapter deals with two dimensional laboratory experimental studies using IR thermographic 

analysis for temperature measurement and measuring EC to determine the dissolved salt concentration. It 

aims at investigating the combined effects of thermal and mass induced buoyancy (mixed double 

convection) in saturated porous media (coarse sand: a natural porous medium) as it has rarely been 

addresses in the literature. 

 

  

Figure 5.2: Depth profiles of salt mass concentration and temperature for different thermo-haline 

regimes a) diffusive regime, b) finger regime, c) mixed regime as both components are 

destabilizing, d) mixed regime as both components are completely in stabilized situation (Hansen 

and Yuen 2013)  
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5.2 Experimental material and method 

These thermohaline convective experiments were conducted in a rectangular plexiglass tank constructed 

using two parallel plexiglass plates each of 4 mm thickness. Plexiglass is a brand name and in formal 

notation it is called PMMA (Poly Methyl Meta-Acrylate). The inner dimensions of the tank are 33 cm 

long, 20 cm height and 1cm wide, with inlets and outlets as shown in Figure 4.1. The top of the tank is 

sealed with a plexiglass lid that could be removed during filling the tank system with soaked glass beads. 

Mechanical support to the tank is also provided at the top and bottom to avoid bending of the side walls. 

The experimental setup is same as shown in Figure 4.1 in Chapter 4. The only difference is that in 

thermohaline convection, NaCl salt is dissolved in demineralized water which is being injected through 

the lower 4 channels of the experimental plexiglass tank while rest of the channels were injecting water at 

room temperature with no salt. Three different concentrations (C1=3 kg/m3, C2=20 kg/m3 and C3=29 

kg/m3) are used to investigate  the effects of salt concentration on temperature distributions in saturated 

porous media heated from below at different temperatures (one prescribed temperature at a time). Table 

5.1 presents a list of experimental cases performed in a water saturated porous medium. Note that: 

T4T2T1T3 and  321;123  VVVCCC  

 Figure 5.3 gives the physical configuration of the thermo-haline cases performed in a natural porous 

medium (PM3). Thermo-haline cases are performed only in sand PM3. 

The details of the measurements of different parameters (porosity, permeability, hydraulic conductivity, 

solid density) of the porous media, thermal properties, method of packing and getting a homogeneous 

medium are briefly explained in Chapter 4.   
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Cases with 

C2 

Cases with 

C2 

Cases with 

C3 

V1C1 V1C2 V1C3 

V1C1T1 V1C2T1 V1C3T4 

V3C1T1 V1C2T4 V3C3T1 

V3C1T4 V3C2T1 V3C3T4 

-------- V3C2T3 V3C3 

-------- V3C2T4 -------- 

-------- V3C2 -------- 

 

 

 

 

 

 

 

 

 

Table: 5.1 indicating different thermohaline cases in coarse sand (PM3) 

Where V1=1×10-4 m/s, V2=5×10-5 m/s, V3=1×10-5 m/s; C1=3 kg/m3, 

C2=20 kg/m3, C3=29 kg/m3; T1=35C0, T2=45 C0, T3=2 C0, T4=50 C0  

 

Figure 5.3: Physical configuration of the thermo-haline experimental cases 
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Figure 5.4: Calibration curves for 4 cases out of 11 thermohaline cases: a) V1C3T4, b) 

V3C2T3, c) V3C3T1 and d) V1C2T4 
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5.3 Results and discussion 

5.3.1 Experimental Results 

5.3.1.1 Measurement of salt concentrations 

In order to measure the dissolved salt mass concentration, an EC (electrical conductivity) meter was used 

which measures EC depending upon the dissolved ionic species to determine the salt concentration. Five 

standard solutions (Stock solution) by carefully weighing chemically pure NaCl salt with concentration 

ranging from 2-20g/L were prepared each in a 100ml glass flask with demineralized water, thoroughly 

dissolved and kept at room temperature. EC of these standard solutions was measured and recorded at 

different times during experimental runs to obtain a good calibration curve (EC versus salt concentration)  

to determine salt concentration and to observe the stability in the instrumentation as can be observed in  

Figure 5.5, the instrument (EC meter) gives stable measurement. 

 

 

 

 

The samples of the effluent were collected in 3 ml plastic bottles by connecting them to the capillaries of 

the lower 7 channels pumping water at tank outlet side. Electrical conductivity was measured by directly 

inserting EC meter into the bottles and converted to salt mass concentration using the calibration relation. 
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Figure 5.5: Calibration of EC meter to measure salt concentration for different experimental runs 
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Figure 5.6 shows the flow pattern when salt is being injected into the lower 4 channels while the tank 

bottom is heated. Figure 5.6 b), d), e), g) and h) are at steady state while c) and f) represent the movement 

of colored salt solution at the same time instants (t = 15minutes), velocity (V1) and temperature (T1) but 

different concentration in order to observe the effects of high concentration on fluid movement under 

stable miscible displacement. 

 Normalized concentration profiles are shown in Figure 5.7 to compare and investigate the effects of 

temperature on salt concentration distribution.  

The plotted profiles are at steady state. To be sure that steady state was reached; EC was measured at 

different pore volumes until subsequent EC measurement showed constant readings. Time to acquire a 

steady state depends on the injection rate, salt concentration and temperature of the hot water circulating 

through the tank bottom. In case of high flow rate, low concentration and low temperature, it took less 

time to reach steady state as shown in Figure 5.8. After getting results at steady state in each experimental 

case, the tank was washed by injecting demineralized water at room temperature through all the inlet 

channels. 
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Figure 5.6:  Comparison of flow patterns, distribution of tracer, salt under different cases when salt 

solution is injected in lower 4 channels and hot water is circulated through the tube located at the tank 

bottom: a) Tank filled with saturated sand, b) steady state V1C1, c) V1C1T1 at t=15 minutes, d) steady 

state V1C1T1, e) steady state V3C1T1, f) V1C2T1 at t= 15 minutes , g) steady state V1C2T1, h) steady 

state V1C2T4, i) front surface of the tank covered with foam  
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 Figure 5.7: Comparison of normalized concentration profiles at different concentration of salt 

solution injected in lower 4 channels and two different temperature of hot water used in the tube 

for circulation 
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In our thermohaline convective experiments, there is not natural convection (free convection) but we have 

developed mixed double convective flow which is more complicated as there is external flow and system 

is heated from below. An increase in external flow reduces buoyancy effect and increases forced 

convection. It is seen from Figure 5.7 that the experimental concentration profiles without heating are 

compared with the same conditions with heating from below. In case of heating, concentration curve is 

shifted down in the lower y position and shifts upward in upper y position. The reason behind this shifting 

is that when concentration is moved up due to instability of heat as heat is more conductive than salt mass 

and concentration is increased in the upper portion. Thickness of the plume is less in case of high 

concentration of the salty water being injected because under high concentration gradients, there is 

suppression and stabilization of the plume. So, plume thickness is reduced under high concentration 

gradients. Hassanizadeh and Leijnse 1995 gave non-linear theory of mass dispersion under high 

concentration gradients. This non-linear theory of Hassanizadeh and Leijnse 1995 is briefly explained in 

Chapter 2. 

 

5.3.1.2 Measurement of temperature 

Twenty four K type thermocouples are inserted from the backside of the tank. A non-invasive infrared 

thermographic analysis is applied to get the entire front surface temperature distributions. The 

thermocouples and IR readings are recorded simultaneously and continuously to get temperature of the 

entire surface under observation through in-situ calibration.  Procedure of the in-situ calibration and 

infrared thermography are briefly explained in Chapter 3. Some of the calibration curves are shown in 

Figure 5.4 

Temperature measurements of all the thermocouples are used for calibration of the system. But, Figure 

5.8 gives the evolution of the temperature in some of the thermocouples from start of the experiment to 

the end (steady state). It is done for clarity in observing the thermal evolution in thermocouples. The 

curves of the thermocouples located in region of small temperature gradients overlap each other and 

makes it difficult in understanding the comparison of temperature evolution in thermocouples. Therefore 

these curves are excluded in Figure 5.8. Figure 5.8 a), b) and c) gives temperature evolution under stable 

salt distribution scenarios heated from below (component with more diffusion coefficient is 

destabilizing). There are no wiggles (gravity effects) in V1C2T4 case. While in the other three cases 

performed at V3 (low flow rate), wiggles are there as under low flow rate, heat and salt have more time to 

diffuse in all directions and irregularities exist. These irregularities (gravity effects) are not seen in steady 
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state results. There exists mixed stable double diffusive convection in Figure 5.8 d) as both components 

are stabilizing i.e. salt is being injected in the lower 4 channels and cold water at 2C0 waterbath 

temperature is circulated through the tube at the tank bottom but still there are weak irregularities due to 

heterogeneities in natural porous media. The water bath temperature is 2C0 but temperature detected in 

the thermocouples 1 and 6 is about 4C0. 

 

Case V1C1T1 V3C1T4 V3C1T1 V1C2T1 V1C2T4 V3C2T1 V3C2T3 V3C2T4 V1C3T4 V3C3T1 V3C3T4 

StDev 0.24 0.26 0.25 0.24 0.26 0.25 0.25 0.27 0.26 0.25 0.27 

R
2
 0.99 0.99 0.99 0.99 0.99 0.98 0.98 0.99 1.0 0.98 0.99 

 

 

 

Table 5.2: Standard deviation and quality of fit R2 for calibrated data of different experimental cases in 

three porous media when heated from below (temperature data) 
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Figure 5.8: Temperature evolution in the thermocouples in 4 out of 11 cases a) V3C1T1b) 

V3C3T1 c) V1C2T4 d) V3C2T3 
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Figure 5.9: Entire surface temperature distributions for 4 out of 11 cases a) V3C1T4 b) 

V1C2T4 c) V3C2T1 d) V3C3T4 
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Figure 5.9 gives the entire surface temperature distributions for 4 out of 11 cases. It is seen that at 

temperature T2, surface temperature is less dispersed as compared to surface temperature distributions at 

temperature T1 which is lower than T2. 

Figure 5.10 shows 3 contours comparing the dimensionless experimental temperature calculated 

according to the following relation as given in Chapter 4 

minmax

min

TT

TT




  

Figure 5.10: comparison of 3 dimensionless experimental thermal contours in different cases: a) 

V3C1T1, V3C2T1, V3C3T1, b) V1C2T4, V1C3T4, V1C2T1 c) V3C1T4, V3C2T4, V3C3T4 d) 

V3C1T1, V3C1T4, V3C3T1 and V3C3T4 
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It is observed from the dimensionless temperature contours in Figure 5.10 and vertical dimensionless 

temperature profiles in Figure 5.11 that there are no effects of salt concentration on the temperature 

distributions when three different concentrations (3, 20 and 29 gL-1) are used. The fact that addition of salt 

(impurities) increases boiling point of the water but it has no effect on temperature at certain location of 

the domain (Noborio and McInnes. 1993; Nidal and Randall. 2000) 

 

 

 

 

 

 

A small decrease in the temperature of the profiles is observed at the beginning of vertical profiles at 

different x positions due to a boundary effect. Other reason could be the non-uniform application of the 

material that was used to construct the experimental tank at the bottom to connect the lower sides of 

Figure 5.11: Comparison of experimental dimensionless vertical temperature profiles in different x 

positions: a) V3C1T1, V3C2T1, and V3C3T1 at x=10cm b) V3C1T1, V3C2T1, V3C3T1 at x=20cm 

c) V3C1T4, V3C2T4, V3C3T4 at x=20cm d) V3C1T4, V3C2T4, V3C3T4 at x=30cm 
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plexiglass plates with a more conducting copper tube. It is clear from Figure 5.10  and Figure 5.11 (a, b) 

that in all cases at T1, there exists more dispersed temperature distribution and more noise is there even 

experimental data is filtered, calibrated and then used for analysis. However, in case of hot water 

circulated at temperature T4 which is higher than T1, data are less dispersed and there is a kind of 

suppression of irregularities (gravitation affects). More smooth profiles are obtained (see Figure 5.11 c 

and d).   

 

5.3.2 Modeling of thermohaline convection in a porous medium 

Convective heat and mass transfer analyses are based upon three fundamental physical laws: conservation 

of mass, momentum and energy. The distribution of four variables (pressure, velocity, temperature fields 

and dissolved salt concentration) in the domain of interest is determined to predict the heat and mass 

transfer rates through (fluid) saturated porous media. Once these quantities (variables) are determined, the 

variation in other quantity can be obtained. The principles of conservation of mass, conservation of 

momentum (Newton’s law), conservation of energy (first law of thermodynamics), Fick’s law of 

diffusion and dispersion for mass transfer representing the physical behavior of the system are employed 

in order to determine the distributions of pressure, velocity, temperature and mass respectively.  

In order to analyze numerically, we solve the proposed set of governing equations using the finite element 

package; Earth Science Module of Comsol, version 3.5a. The governing equations and dimensionless 

number employed for fluid flow, thermal conduction-convection with thermal dispersive effects, and 

mass transfer with dispersive effects in saturated porous media are presented in Chapter 2. In writing 

these equations, thermophysical properties are assumed constant in correspondence to the temperature 

range we used. 

The temperature and salt concentration variations change the fluid density and viscosity. Change in fluid 

density as a function of temperature and salt concentration is given by an (empirical) equation of state and 

Oberbeck-Boussinesq approximation which is briefly explained in 4th Chapter (Section 4.4.1)  

Dimensionless temperature  T  for experimental and numerical results is obtained using the following 

relation  

minmax

min

TT

TT
T
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Where T is the observed/simulated temperature, minT is the minimum temperature and maxT denotes 

maximum temperature of the system under given conditions. 

Dimensionless concentration  M  distribution is given by   

0C

C
M   

Where C  is the observed or simulated concentration [kg/m3] and 0C is the concentration used for 

injection. 

 5.3.2.1 Initial and Boundary conditions 

Initial and boundary conditions are required for a given configuration of the heat  and mass transfer and 

flow system to get a particular solutions from the equations given in Chapter 2 for heat, mass analyses 

and fluid flow.  

Figure 5.3 gives the model geometry used in our numerical simulations. Initially tank filled with water 

saturated porous medium is stagnant at temperature Ti=22C0 and concentration Ci=0. Hydrostatic pressure 

distribution is assumed at the beginning. The problems are simulated at steady state at different 

temperatures, salt concentrations and flow rates as given in Table 5.1 representing different experimental 

cases for thermohaline convection. 

The numerical results for few cases are compared with the respective experimental results at steady state 

with buoyancy and variable viscosity effects using volumetric average values for thermal conductivity 

and heat capacity. 
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5.3.2.2 Comparison of numerical and experimental results 

In order to investigate the effects of different concentrations on temperature distributions, Figure 5.12 

gives comparison of experimental V1C1T1, V1C2T1 with numerical simulations at same velocity but at 

temperature T1 (C0 ) and T4 (50C0). There is no difference in the temperature distributions at the same 

temperature but at different concentration. Blue curve in Figure 5.12 is at temperature T4 at concentration 

C1. It is shifted upward as compared to T1 as T4 is higher than T1. More buoyancy effects shift curve for 

T4 upward. 

 

 

 

 

Figure 5.12: Comparison of experimental dimensionless temperature contours of 

V1C1T1 case with corresponding numerical simulations at different concentrations but 

at same temperature 
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The concentration contours in Figure 5.13 show the effect of temperature on concentration distributions. 

It shows concentration is influenced with the temperature applied at the bottom of the tank. In case at 

temperature T4 (50C0), there is more upward shift in the concentration distributions in the domain and 

concentration curve at the bottom gives less concentration which is resulted from buoyancy effects. 

Figure 5.13 a) gives concentration contours at V3C1T1. The flow rate V3 < V1 which gives the salt more 

time to diffuse resulting more thickness of the thermal plume. The temperature decreases fluid density 

while concentration increases fluid density. Same behavior is observed in Figure 5.7 of experimental 

results. 

Figure 5.13: Comparison of dimensionless numerical concentration contours and 

surfaces at different concentrations and temperatures: a) V3C1T1, b) V1C1T1, c) 

V1C3T1, d) V1C1T4 
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Negligible effects of concentration on temperature distributions might be due to low concentration (3-29 

kg/m3) that we used for our experiments. We observed the same results when some experimental cases 

were repeated to observe the reproducibility of the results.  

 

5.4 Conclusions 

Thermohaline convection (THC) in coarse sand saturated with water has been studied experimentally at 

steady state by heating from below at a constant temperature and injecting salt through the lower 4 

channels of the inlet side of the experimental tank. Infrared thermography with a more accurate in-situ 

calibration to obtain the entire surface temperature distribution has been applied for temperature 

measurement and EC is used to get concentration in the effluent at outlet. It has been found that addition 

of salt does not influence the temperature distributions as shown in the vertical temperature profiles and 

dimensionless temperature contours in Figure 5.8, Figure 5.9 and Figure 5.12. It might be due to low 

concentration in the injected salt solution or due to salt solution injection in just 4 lower inlet channels 

and tank is heated from below. It needs to be addressed at high concentration (bine injection) at different 

temperatures in different porous media. Concentration distributions are solely the result of the 

temperature as given in experimental results in Figure 5.7 and numerical results in Figure 5.13. Curves 

are shifted as a result of heating from the bottom. Data obtained at low temperature (e.g. at T1) more 

dispersed as compared to the curves obtained at high temperature of the hot water used for circulation at 

the bottom. Negligible effects of concentration on temperature distributions might be due to using low 

concentration in our experimental cases. It needs to be addressed well at high concentration (brine etc.) 

and temperatures to investigate the effects of temperature on concentration profiles. 

These results can be applied in investigating seawater flow, contaminant transport in groundwater, 

dynamics of hot and salty sea springs, mantle flow in the earth’s crust, brine hydrothermal reservoirs, 

exploitation of geothermal reservoirs, nuclear power plants, chemical industry and some other fields. 

Application of Infrared thermography for thermal analyses give better understanding as it is non-invasive 

and nondestructive technique. In case of using only thermocouples for temperature measurements, point 

values are interpolated and averaged to give temperature profiles. There is uncertainty in the position of 

the thermocouple which is reduced statistically.   
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Geology gives us a key to the patience of God 

Josiah Gilbert Holland 

 

 

Foreword: This chapter deals with 2 dimensional laboratory experimental results conducted in 3 porous 

media (PM1, PM2, PM3) under stable miscible displacement of injected water at room temperature and 

cold water circulated at the bottom of the experimental tank. Results achieved for stable heat scenarios are 

compared with the results of Chapter 4, which were conducted for unstable miscible displacements cases. 

In the second part of this Chapter, results of one case of natural convection in PM2 and one case in PM3 

heated from below at T4 (50C0) with no external flow are briefly presented.  

 

6.1 Introduction 

Many researchers have focused on density dependent flow processes in porous media during last few 

decades due to its wide spectrum applications in thermal and saline transport problems in different   

research disciplines. Reviews of prior work are presented in e.g. Combarnous and Borries 1975; Bejan 

1984; Gebhart et al. 1988; Tien and Vafai 1990; Kaviany 1995; Holzbecher 1998; Nield and Bejan 1999; 

Diersch and Kolditz 2002 and Vafai 2005. 

Miscible displacement is a physical condition that permits mixing between two more liquids in all 

proportion without the existence of an interface i.e. no interfacial tension (Holm 1986). Displacement 

may be stable or unstable depending viscosity and density differences between the displaced and 

displacing fluid (Hill 1952). The increased salt concentration and cold water injection through the lower 

region of experimental system leads to increase in fluid density and viscosity, which are stable miscible 

displacement scenarios.  There is much more literature available on the stable miscible displacement 

experiments using dissolved matter. For stable miscible displacement, several authors have reported their 

work. Amongst others we mention, Brigham et al. 1961; Slobod and Howlett 1964; Hassanizadeh et al. 

CHAPTER 6 

Thermal convection in saturated porous media when cooled 

from below (stable miscible displacement) 
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1990; Hassanizadeh and Leijnse 1988, 1995; Schotting et al. 1999; Watson et al. 2002a, 200b; Jiao and 

Hotzl 2004; Schotting and Landman 2004 and Nick et al. 2009. 

Thermal energy flow (non-isothermal flow) into a system results in temperature differences. Convective 

heat transfer occurs in almost all branches of engineering (Patrick 1999). There is lack of experimental 

work on stable miscible displacement of thermal convection in saturated porous media to assess and 

understand the effects of injection rate and temperature applied at the bottom to cool the system. 

The purpose of this Chapter is to present the experimental results to investigate the impact of circulating 

denser and more viscous cold water at the bottom of the experimental tank saturated with porous media in 

stable gravity flows. Experiments are done to investigate the influence of fluid velocity, pore diameter 

and temperature applied at the bottom. Stable experimental results are compared with unstable cases as 

presented in Chapter 4 performed with circulation of hot water to heat the tank bottom under different 

injection rates through the inlet channels. Moreover, results of two natural convection cases at 

temperature T4 (50C0 water bath temperature) in porous media PM2 and PM3 are shown, compared and 

discussed.  

 

6.2 Experimental method and setup 

In order to investigate the mechanisms of thermal convection, a series of two dimensional stable miscible 

displacement laboratory experiments were conducted. The considered system consists of water at room 

temperature used for injection through all the inlet channels and cold water at 2C0 water bath temperature 

is used to circulate in the tube below the tank bottom. The physical configuration of the system is shown 

in Figure 6.1. The experiments performed are given in Table 6.1. The detailed experimental setup with its 

components and systematic arrangement of thermocouples to calibrate the infrared thermographic system 

is presented in Figure 4.1 and Figure 4.2 respectively in Chapter 4.  

Three porous media: chemically inert glass beads of two different diameters represented in the thesis as 

PM1 and PM2, and a natural porous medium (coarse sand) denoted as PM3 were used. The measured 

properties of fluid and porous media are summarized in Table 4.1 of Chapter 4. The basic principle of 

infrared thermography used for temperature analysis of the thermographs obtained at regular interval and 

at steady state, and laws for radiative heat transfer are also briefly explained in Chapter 3. 
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Cases in PM1 Cases in PM2 Cases in PM3 

V1T3 V1T3 V1T3 

V2T3 V2T3 -------- 

V3T3 V3T3 V3T3 

-------- N.C. at T4 N.C. at T4 

 

 

 

Three experiments (V1T3, V2T3 and V3T3) with cooling at the bottom of the flow container are 

performed in PM1 and PM2 medium, while two runs (V1T3 and V3T3) are conducted in PM3 to give 

comparison of thermal plume development in artificial and natural porous media. So, in total there are 

eight cases with cooling in three porous media and two natural convection scenarios in PM2 and PM3 

heating the entire bottom of the tank.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1: Cases performed with cooling at the bottom in 3 porous media and natural 

convection in PM2, PM3 

 
Plexiglass tank with water saturated coarse sand  

Cold water with ui at 

room temperature 

through all channels  

Outlet 

 

g 

0,0 





y

T
v

Circulation of cold water below the tank bottom in a tube 

Inlet 

q 

Figure 6.1: Physical configuration of the system used for cooling 

at the bottom 
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6.3 Experimental results and discussions 

A) Cooling from below 

Figure 6.2 represents, digital pictures for visualization of the movement of tracer at steady state (6.2 a), 

b),c), d), e)). Water with dye at room temperature is injected into channels 1, 7, 13 to visualize the 

thermal plume development. 

  

 

 

 

 

 

Generally, it is believed that the glass beads with this diameter range macroscopically are homogeneous 

but in reality there are small scale heterogeneities that result in small scale perturbations to the 

displacement front and Darcy scale flow is affected (Perkins and Johnston, 1963, Abdullah et al., 2011). 

Figure 6.2: Visual behavior of fluid movement under different temperature and velocity in 

saturated PM1 (coarse glass beads). Tracer is added through channels 1, 7, 13 a) steady state 

V1T3, b) steady state V2T3, c) steady state V3T3, d) steady state V1T1, e) steady state V2T1 f) 

V3T2 at t=11hours, g) V3T2 at t=14 hours, h) V3T2 at t=20hours, i) steady state V3T1 
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Figure 6.3 shows the visualization of the dye movement injected through three channels at the same 

velocity and temperature as all other channels in glass beads of other diameter (PM2). However, three 

tracer plumes are shifted upward at steady state which is obtained after 20 hours in case of V3T1. 

Actually, the time to reach steady state depends on the injection rate, temperature of the water circulated 

and nature of the porous medium.  These buoyancy effects in mixed heat convection in PM2 can be seen 

in Figure 6.3 c) when water with dye is injected though the three channels after stopping V3T1 case at 

steady state. The newly entered water is moving lower to the previous obtained thermal plumes at steady 

state, which shows density effects. 

Convective heat transfer is influenced significantly by both the medium heterogeneity and thermal 

conductivity (Chongbin et al., 2008). 

The results are presented in the form of normalized temperature obtained from calibrated experimental 

data versus vertical position of the tank. The relation for normalized temperature is presented in Chapters 

4 and 5. 

Figure 6.4 a) gives temperature evolution in the thermocouples in one (V3T3 in PM3) of the experimental 

cases of the stable miscible displacement of cold water by hot water.  For almost 90 minutes, there is 

more evolution in the temperature and then the steady state is reached. The temperature of the water being 

circulated is 2C0 in waterbath but when it reaches to the tank bottom it becomes (around 4C0) as a result 

of getting heated between water bath and the inlet side of the tube. In Figure 6.4 a), the lowest curve 

represents the temperature detected in the thermocouple just at the end of the tube out of the experimental 

Figure 6.3: Visualization of the tracer movement under heat source at the tank bottom in fine 

glass beads PM2 for one (V3T1) of the cases a) V3T1 at t=15 hours, b) V3T1 at t=20 hours 

(steady state), c) cleaning of V3T1 (after 3 minutes of starting cleaning at V1) 
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tank and the next curve gives the temperature measured close to the injection point of cold water (see 

arrangement of thermocouples in Figure 4.2). Other parts b), c) and d) of Figure 6.4 show in-situ 

calibration curves and relations.  

 

 

 

 

 

Figure 6.5 gives comparison of the temperature distribution of the entire surfaces of two experimental 

cases being cooled from the bottom with two other cases being heated from the bottom. 

Figure 6.6 illustrates three contours comparison of dimensionless temperature for different cases in 3 

porous media. It can be seen in Figure 6.6 a) and b) that the contours of PM1 and PM2 (glass beads) 

coincide (just a very small difference) while contours in PM3 are above to the contours of PM1 and PM2. 

Figure 6.4: gives comparison of a) Thermocouple temperature evolution in case V3T3PM3 b) 

calibration curve for V2T3PM2, c) calibration curve for V1T3PM3, d) calibration curve for 

V1T3PM1 
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This upward shifting in contours of PM3 is due to the nature, composition and thermal conductivity of the 

natural medium (coarse sand). Thermal conductivity of sand is almost 2-3 times the thermal conductivity 

of glass beads due to different pore sizes, diameters and orientation during packing. 

Ordonez and Alvarado (2012) investigated the effect of pore shape on the thermal conductivity of porous 

media. They found that the effect of pore shape becomes stronger as porosity increase and their results 

can be applied for porous media with low as well as high porosity. Randomly oriented spherical grains 

take maximum value of thermal conductivity.  

Figure 6.6 c) and d) represents comparison of V1T3 and V2T3 cooling cases with heating from below 

V1T1, V1T2 and V2T1, V2T2. It is observed that in case of heating from below, instabilities at  

temperature T1=35 C0 and T2=45C0 give rise to the water that gets heated from below and their contours 

are above than the contours of cooling cases which are under stable miscible displacement. 

 

 

 

 

a) 
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b) 

c) 
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Figure 6.5-: Entire surface temperature distributions a) V3T3PM2, b) V3T2PM2 c) 

V1T3PM3, d) V1T1PM3 

d) 
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Figure 6.6: comparison of the normalized temperature contours of a) V1T3 in three porous 

media PM1, PM2, PM3, b) V1T3 in three porous media PM1, PM2, PM3, c) V1T3, V1T1 and 

V1T2 in same porous medium PM2, d) V2T3, V2T1 and V2T2 in same porous medium PM2 

Figure 6.7: comparison of 3 normalized thermal contours of a) cooling case V3T3 with V3T1 

and V3T2 in PM2 b) cooling case V1T3 with V1T1 in PM3 porous medium. 
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Figure 6.8: Comparison in vertical profiles of normalized temperature of cooling cases at two different 

x positions a) V1T3 at x=10cm in three porous media PM1, PM2, PM3, b) V3T3 at x=10cm in three 

porous media PM1, PM2, PM3, c) V1T3 at x=20cm in three porous media PM1, PM2, PM3 and d) 

V3T3 at x=20cm in three porous media PM1, PM2, PM3 

Figure 6.9: Vertical profiles of normalized temperature of a) cooling case V1T3 with  heat at bottom 

V1T1 at x=10, 20cm in PM3 b) cooling case V1T3 with  heat at bottom V1T1 at x=10, 20cm in PM2 
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Comparison of vertical profiles of normalized temperature versus vertical position of the tank at two 

different horizontal positions (x=10, 20cm) in Figure 6.8 and Figure 6.9 also give the same conclusions as 

drawn from Figure 6.6 and Figure 6.7. Slopes are negative in case of heating from below and positive 

when the tank is cooled from below as seen in Figure 6.8 and 6.9.  

The more difference in fluid density and viscosity between the injected water and water being cooled, the 

more pronounced are the stabilizing effects, and the decrease in the height of thermal plume. The water 

attains its maximum density at 4C0. The water attains its maximum density at 4 C0 due to shrinkage of the 

bond as temperature increases from 0 to 4 C0 then there is expansion and water density starts decreasing 

as temperature goes up or down of 4 C0.    
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B) Natural convection in saturated porous media heated from below 

In systems where fluid is moving by external forces, the transport is called forced convection. In other 

type of fluid motion, called natural or free convection, motion is induced by change in fluid density due to 

temperature or salt concentration variations.  In previous Chapters 3, 4, 5 and first part of this Chapter, 

there is mixed convection which is the combined effect of forced convection and natural convection. But 

in this part, results of two natural convection cases performed in the same set up given in Figure 4.1 

heated uniformly from below are presented. One case is performed in PM2 for two hours and other case is 

in PM3 for four hours. In these natural convection cases, there is no external force causing fluid 

movement, both inlet and outlet peristaltic pumps are not turned on and there is continuous circulation of 

hot water through the tube located at the tank bottom. The mathematical description of fluid transport, 

heat and mass transport under forced and natural convection with dispersive effects are presented in 

Chapter 2.  

 

 

 

a) 
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Figure 6.11: Normalized thermal contours of natural convection (N.C.) a) at t= I hour and 2 

hours in PM2, PM3 with warm water at T4 at the tank bottom, b) Natural convection at t= 60, 

120, 240 minutes only in PM3 

b) 

Figure 6.10: Surfaces giving entire surface temperature distributions for natural convection (N.C.) 

cases in coarse sand PM3 when warm water at T4 (50C0) is used at the tank bottom a) at t= I hour 

b) at t= 4 hours  
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Figure 6.11 shows the comparison of the evolution of normalized temperature contours at time 60, 120 

minutes in both PM2 and PM3. Red and black contours of PM3 are above the blue and green contours of 

PM2 which is due to different thermal properties of PM3 (coarse sand). In two component fluid as is in 

our case, thermal conductivity is determined by the volumetric fraction of both components (fluid and 

porous media) as given in ‘effective thermal conductivity and diffusivity’ see Section of Chapter 2 . There 

is maximum heat transfer during first 60 minutes, and then there is slow development in the thickness of 

the thermal plume as can be seen in Figure 6.11 a) and b). 

Figure 6.12 presents comparison of the vertical dimensionless temperature profiles at three horizontal 

positions (x=10, 20, 30 cm) in both natural convective cases of PM2 and PM3. In Figure 6.12a) vertical 

profiles are at 3 different x positions but at the same time have very small difference. This difference in 

vertical profiles at the same time instant but at different horizontal positions in natural porous medium 

PM3 is not seen as heat is equally conducted from below to the upward position of the tank due to higher 

thermal conductivity, low porosity and more density of the solid particles    

 

 

 

 

 

The results of both natural convective cases suggest that with hot water circulating along the whole 

bottom, instabilities in flow pattern or in temperature distributions are not seen. As in most of the natural 

convection cases, heat is not provided along the whole bottom but only a part of the bottom is heated. In 

case when a part of the system is heated from below, there is cold water that replaces the hot water that 

Figure 6.12: Natural convection comparison heated from below at T4  a) vertical profiles of 

normalized temperature versus vertical position  at two times (1 hour and 2 hours) in  PM2 b) 

vertical profiles of normalized temperature versus vertical position  at t= 60, 120 and 240 in  PM3 
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gets heated and rises, surrounding water sinks, convective cells and instabilities are seen clearly. If we 

compare our natural convective results with Figure 6.2 f), g) and h), unstable effects are seen and the flow 

pattern is affected as there is mixed convective flow at continuous low injection rate through all channels. 

The injected cold water with dye just after injection moves down to displace the heated water which is 

moved upward makes the convection process complicated. 

 

6.4 Conclusions 

Following conclusions can be drawn from the results discussed in this Chapter. 

 Stable thermal experiments give less thickness of the thermal plume due to stabilizing density and 

viscosity effects when compared with unstable thermal convection experiments in the same 

porous media but heated from below 

 This study can applied to geothermal exploitation when cold water is pumped with circulation of 

water with room temperature through the reservoir (aquifer), Aquifer Thermal Energy Storage, 

convection in the snow layers etc. 

 No buoyancy effects and instabilities are observed in the results of natural convection when the 

whole bottom of the tank is heated from below and there is no injection of water (cold/warm).  

 Vertical profiles of normalized temperature versus vertical position of the tank at three given 

horizontal positions at the same time instant in glass beads show small variation but in sand there 

is no difference in curves drawn at the same time at three different positions and these curves 

coincide. 
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Physical geography and geology are inseparable scientific twins 

Sir Roderick Impey Murchison 

 

7.1 Summary (English) 

Worldwide increased focus on environment, depletion and over exploitation of fossil fuel resources, and 

their high inflation rates demand to look for sustainable alternative sources of energy.  Geothermal energy 

is a clean, environment friendly (nonpolluting), economical, and sustainable natural source of energy. It is 

the energy available in the natural underground (subsurface) reservoirs of hot water known as 

hydrothermal systems (aquifers). Moreover, thermal energy is available in general in permeable 

subsurface rock formations. Thermal energy is continuously produced inside the earth’s core as a result of 

slow decay of radionuclides. The heat produced in the core is transported by thermal conduction into the 

earth’s mantle. The earth is a hotbed of geothermal energy. The amount of useable geothermal energy in 

the earth is enormous. At present, only a very limited amount is exploited for e.g. heating purposes and 

production of electricity. For using a geothermal reservoir in an economically efficient way, it is required 

to have large scale thermal water resources and in addition a thorough understanding (insight) of the 

phenomena related to heat transfer. Density-dependent flow processes in porous media are important in a 

wide range of saline and thermal problems in different fields of applications. 

This thesis is an experimental hydrogeological analysis of thermal and thermohaline convection in 

saturated porous media using a noninvasive and contactless temperature measuring technique known as 

infrared thermography (IRT). 

This thesis is organized as follows: 

CHAPTER 7 

SUMMARY 
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 In introductory Chapter 1, the background of the topic and its relevance for the society is briefly 

described. The structure of the earth, types of geothermal reservoirs and basic modes of heat transfer are 

addressed. This Chapter concludes with the research questions addressed in the thesis and outline of the 

other Chapters. 

Chapter 2 addresses the basic equations of heat transfer under thermal/salt gradient and fluid flow in 

homogeneous saturated porous media. Microscopic heterogeneities are smoothed out and effective 

parameters are considered in the governing equations used for fluid flow and heat transfer in porous 

media. Equations for thermohaline convection in saturated porous media are discussed.  This Chapter 

deals with the basic philosophy used in thermographic analysis of different systems, basic radiation 

theory and how temperature distributions can be quantified in saturated porous media. 

Infrared thermography has increasingly gained importance and is applied in different disciplines related to 

non-isothermal flow.  It is rarely used for thermal analysis in saturated porous media. In Chapter 3, 

infrared thermography is applied to obtain surface temperature distributions in water saturated porous 

media. Continuous point heat sources at two different flow rates and three different temperatures are used 

and infrared thermal analysis is applied with in-situ calibration for a better understanding of the heat 

transfer processes and obtaining entire surface temperature distributions. A combination of contact and 

contactless thermal sensors is applied to achieve more accurate calibration relationships. This method 

offers a great flexibility to measure temperature/flux at any location at the same instant. Dimensionless 

experimental results are compared with dimensionless numerical simulations using the one temperature 

model (OTM) equation for heat conduction-convection with and without thermal dispersion effects. 

Inclusion of thermal dispersive effects in fluid conduction-convection model at variable density and 

viscosity yields a close approximation of the experimental results. Finally, vertical distributions of fluid 

density at different horizontal positions and thermal Rayleigh number as a function of temperature are 

presented. 

The work reported in Chapter 4 comprises first time Infrared thermographic analysis for heat transfer in 

saturated porous media heated from below (unstable miscible displacement).  To investigate the effects of 

fluid density and viscosity variations induced by temperature, a series of experiments is conducted in a 

two dimensional rectangular tank filled with either saturated glass beads or coarse sand. Fifteen 

experimental runs at different temperatures and injection rates are performed. All inlet channels of the 

tank inject water with room temperature and heat source is applied along the whole bottom of the tank to 

induce temperature variations. These experiments were simulated using a model for heat conduction-

convection in porous media (Comsol version 3.5a) under the assumption of local thermal equilibrium. 
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Modeling of these experiments yielded good insight and information about the interplay between fluid 

density, viscosity and velocity fields. Effects of thermal dispersion on temperature distributions in three 

porous media at different temperatures and flow rates are also analyzed in this Chapter. Experiments in 

glass beads (PM1 and PM2) yielded a good approximation at transverse thermal dispersivity of 2mm and 

1mm respectively while in natural porous media PM3 (coarse sand) experimental results are 

approximated at 1mm dispersion length. 

Chapter 5 This chapter discusses two dimensional laboratory experimental studies of thermohaline 

convection using infrared thermographic analysis for temperature measurement and measuring EC to 

determine the dissolved salt concentration in water saturated porous medium. This chapter deals with the 

background of thermohaline convection, results of a series of experiments (16 cases) in coarse sand under 

different flow rates, and injection of dissolved NaCl salt concentrations through lower 4 channels when 

saturated medium in the tank is heated from below.  Three different concentrations C1=3 kg/m3, C2=20 

kg/m3, C3=29 kg/m3 are used.  It aims at investigating the combined effects of thermal and mass induced 

buoyancy (mixed double convection) in saturated porous media (coarse sand) as it has rarely been 

addresses in the literature. Dimensionless thermal contours, vertical temperature profiles at known 

horizontal positions and dimensionless concentration profiles under the temperature influence are 

presented and compared. These experimental cases are numerically analyzed with variable fluid density 

and viscosity using Oberbeck-Boussinesq approximation for heat and mass transfer. 

Chapter 6 deals with 2 dimensional laboratory experimental results conducted in 3 porous media (PM1, 

PM2, PM3) under stable miscible displacement of injected water at room temperature and cold water 

circulated at the bottom of the experimental tank. Results achieved for stable heat scenarios are compared 

with the results of Chapter 4, which were conducted for unstable miscible displacements cases. Stable 

thermal experiments give less extend of the thermal plume due to stabilizing density and viscosity effects 

when compared to unstable thermal convection experiments in the same porous media but heated from 

below. 

 In the second part of Chapter 6, results of one case of natural convection in PM2 and one case in PM3 

heated from below at T4 (50 C0) with no external flow are presented. No buoyancy effects and 

instabilities are observed in the results of natural convection when the whole bottom of the tank is heated 

from below and there is no injection of water (cold/warm).  
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7.2 Samenvatting 

Wereldwijd toegenomen aandacht voor het milieu en de uitputting en overexploitatie van fossiele 

brandstoffen vormen de noodzaak om te zoeken naar duurzame alternatieve energiebronnen. 

Geothermische energie is een schone, milieuvriendelijke, zuinige en duurzame natuurlijke bron van 

energie. Het is de energie die beschikbaar is in de natuurlijke ondergrondse  porueze reservoirs van warm 

water, de zogenaamde hydrothermale systemen (aquifers). Bovendien is thermische energie beschikbaar 

in hete, vaak diepgelegen en impermeabele rotsformaties. Thermische energie wordt continu 

geproduceerd in de kern van de aarde als gevolg van de langzame verval van radionucliden. De warmte 

die in de kern wordt getransporteerd door thermische geleiding richting de aardmantel. De aarde is een 

bron van geothermische energie. De hoeveelheid bruikbare geothermische energie in de aarde is enorm. 

Op dit moment wordt slechts een zeer beperkte hoeveelheid van deze energie benut voor bijvoorbeeld 

verwarmingsdoeleinden (gebouwen, kassen, etc.) en de productie van elektriciteit.  Voor het zo efficiënt 

mogelijk benutten van geothermische energie, en ook opslag van warmte en koude in de ondiepe aquifers, 

is een goed inzicht in de warmtetransportprocessen in de ondergrond van groot belang. Verschillen in 

dichtheid, warmtegeleiding (diffusie) en hydrodynamische dispersie van thermische energie spelen hierbij 

een belangrijke rol. 

Dit proefschrift betreft een experimenteel hydrogeologisch onderzoek van thermische en thermohaliene 

convectie in verzadigde poreuze media met behulp van een niet-invasieve techniek die bekend staat als 

infrarood thermografie (IRT). De resultaten kunnen van belang zijn voor het kalibreren en verifiëren van 

(numerieke) modellen voor warmtetransport in poreuze media. 

Dit proefschrift is als volgt georganiseerd: 

 In het inleidende Hoofdstuk 1 wordt de achtergrond van het onderwerp en de relevantie ervan voor de 

samenleving in het kort beschreven. De structuur van de aarde, de soorten van geothermische reservoirs 

en elementaire vormen van warmteoverdracht komen aan de orde. Dit hoofdstuk sluit af met de 

onderzoeksvragen die in dit proefschrift aan de orde komen. 

Hoofdstuk 2 gaat in op de fundamentele vergelijkingen van warmteoverdracht onder de invloed van 

thermische / zout gradiënten en gekoppelde vloeistofstroming in homogene verzadigde poreuze media. 

Microscopische heterogeniteit wordt vertaald in effectieve parameters en geïntroduceerd in de geldende 

vergelijkingen voor transport van thermische energie in poreuze media. Bovendien worden de 

vergelijkingen voor thermohaliene convectie in verzadigde poreuze media gepresenteerd. Dit hoofdstuk 
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besluit met de basisfilosofie van thermo grafische analyse van de verschillende systemen, eenvoudige 

straling theorie en hoe temperatuur distributies kunnen worden gekwantificeerd in verzadigde poreuze 

media. Infrarood thermografie is steeds belangrijker geworden en wordt toegepast in verschillende 

disciplines met betrekking tot niet-isotherme stroming. Het wordt zelden gebruikt voor thermische 

analyse in verzadigde poreuze media.  

In Hoofdstuk 3, wordt infrarood thermografie toegepast om de oppervlaktetemperatuurverdelingen van  

niet-isotherme water-verzadigde poreuze media te verkrijgen. Continue puntwarmtebronnen in het geval 

van twee verschillende stroomsnelheden en drie verschillende brontemperaturen worden bestudeert en 

infrarood thermische analyse wordt toegepast door middel van in-situ kalibratie voor een beter begrip van 

de warmteoverdracht processen, en het verkrijgen de gehele oppervlak temperatuurverdelingen. Een 

combinatie van contact en contact loze thermische sensoren wordt toegepast om een meer nauwkeurige 

kalibratie te bewerkstelligen. Deze methode biedt een grote flexibiliteit om temperatuurverdelingen te 

meten op elke locatie op hetzelfde moment. Dimensie loze experimentele resultaten worden vergeleken 

met dimensie loze numerieke simulaties met behulp van een temperatuur-model (OTM) vergelijking voor 

warmtegeleiding-convectie met en zonder thermische dispersie effecten. Opnemen van thermische 

dispersieve effecten in het vloeistof geleiding-convectie model met variabele dichtheid en viscositeit 

levert een nauwkeurige raming van de experimentele resultaten.  

Het werk beschreven in Hoofdstuk 4 betreft de infrarood thermografische analyse van warmteoverdracht 

in verzadigde poreuze media die van onderen  verwarmd worden (instabiele mengbare verplaatsing). Om 

de effecten van door dichtheid- en viscositeitvariaties geïnduceerde processen te onderzoeken, wordt een 

reeks experimenten uitgevoerd in een twee dimensionale rechthoekige tank gevuld met verzadigde 

glasparels en grof zand. Vijftien experimenten met verschillende temperaturen en injectiesnelheden zijn  

uitgevoerd. Deze experimenten werden gesimuleerd met behulp van een model dat wordt gebruikt voor 

de warmtegeleiding-convectie in poreuze media onder de aanname van lokaal thermisch evenwicht. 

Modellering van deze experimenten leverde goed inzicht en informatie over de interactie tussen fluïdum 

dichtheid, viscositeit en de snelheidsvelden. Effecten van thermische spreiding van de temperatuur 

distributies in drie poreuze media bij verschillende temperaturen en debieten worden ook geanalyseerd in 

dit hoofdstuk. Experimenten met glazen kralen (PM1 en PM2) leverde een goede benadering op met een 

transversale thermische dispersiviteit van 2 mm en 1 mm respectievelijk, terwijl in natuurlijke poreuze 

media PM3 (grof zand) de experimentele resultaten worden benaderd met een  1 mm dispersie lengte. 

Hoofdstuk 5 Dit hoofdstuk behandelt tweedimensionale laboratorium experimenten van thermohaline 

convectie in water verzadigde poreuze media. Bovendien worden de achtergrond, de resultaten van een 
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serie experimenten (16 gevallen) in grof zand onder verschillende debieten, de injectie van opgeloste 

zoutconcentraties (NaCl) door de  4  onderste kanalen en verwarming van onderen. Drie verschillende 

concentraties: C1 = 3 kg/m3, C2 = 20 kg/m3, C3 = 29 kg/m3 zijn gebruikt. De dimensie loze thermische 

contouren van de verticale temperatuur profielen op verschillende horizontale posities en dimensie loze 

concentratieprofielen onder de temperatuur invloed worden gepresenteerd en vergeleken. 

Hoofdstuk 6 behandelt 2-dimensionale laboratorium experimenten uitgevoerd in drie poreuze media 

(PM1, PM2, PM3) onder stabiele mengbare verplaatsing van geïnjecteerd water bij kamertemperatuur en 

koud water gecirculeerd onderin de experimentele tank. Resultaten worden vergeleken met de resultaten 

van Hoofdstuk 4. In het tweede deel van Hoofdstuk 6, de resultaten van een geval van natuurlijke 

convectie in de PM2 en een geval in de PM3 verwarmd van onderen op T4 (50C0) zonder externe 

stroming  worden  gepresenteerd. Geen instabiliteiten worden waargenomen in de resultaten van 

natuurlijke convectie wanneer de gehele bodem van de tank wordt verhit onder en er geen injectie van 

water (koud / warm) plaats vindt. 
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