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Abstract 

Knowledge about heat transport processes in natural porous media such as aquifers or 

streambeds is of high interest in various fields of research and engineering applications. Gen-

erally, when modeling heat transport, a local thermal equilibrium (LTE) between the fluid and 

solid phases is assumed. Yet, the mathematical and hydrogeological conditions and implica-

tions of the LTE simplification have not been fully established for natural porous media. Addi-

tionally, the implications of a deviation from the LTE assumption are so far unknown for heat 

transport modeling in the field. Furthermore, a widely used concept to determine water 

fluxes, mean transit times, and other parameters from heat tracer experiments is the use of 

the thermal retardation factor which, assuming LTE conditions, describes the ratio of the seep-

age velocity to the thermal velocity. This thermal velocity can be determined by different 

methods, depending on the input signal, from thermal breakthrough curves (BTCs) which have 

not been systematically compared yet. As a consequence, this thesis aims to clarify the fol-

lowing research questions: (i) Are local thermal non-equilibrium (LTNE) effects likely to occur 

in natural porous media? (ii) What are the induced errors and uncertainties if an LTE model is 

used under conditions in which the LTE assumption is not valid? (iii) Are estimations of param-

eters, such as the seepage velocity and the heat capacity, determined by using the thermal 

retardation factor, influenced by LTNE effects and which methods, e.g. utilizing the peak ve-

locity or an analytical model, can be used to evaluate the thermal velocity from thermal BTCs? 

To address these questions, in the first part of the thesis, one-dimensional column experi-

ments were performed, and in the second part a numerical parameter study was conducted. 

More specifically, 43 one-dimensional column experiments with saturated gravel of grain size 

7–15 mm were used to compare the transport of a conservative solute tracer with a thermal 

tracer transport. The measured, effective thermal retardation, possibly influenced by LTNE 

effects, was compared with the computed thermal retardation predicted by the apparent 

thermal retardation factor which assumes LTE. The results demonstrate that for scenarios 

with a step input of the heat tracer (continuous input), the effective thermal retardation for 

thermal velocities derived by an analytical model, and additionally the mean between injec-

tion temperature and initial temperature, can be predicted by the apparent thermal retarda-

tion factor. This indicates that possible LTNE effects do not significantly influence the derived 

velocities within the investigated range of seepage velocity between 5 and 50 m d−1 for the 
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used gravel. This is in accordance with the results of the numerical parameter study which 

show that LTNE effects do not significantly influence the advective thermal velocity. The other 

selected methods to derive the advective thermal velocity from thermal BTCs resulted in a 

constant deviation from the apparent retardation factor at higher seepage velocities. In sce-

narios with a pulse input of finite duration of the heat tracer, the effective retardation derived 

by the peak velocity showed deviations from the apparent retardation of up to 35% at seepage 

velocities lower than 10 m d−1. At higher seepage velocities, the peak velocity could be pre-

dicted by the apparent retardation factor. 

Subsequently, a numerical parameter study was conducted to extent the investigation of pos-

sible LTNE effects to other parameter settings expected in natural porous media. The condi-

tions of forced convective heat transport in porous aquifers, under which the assumption of 

LTE applies and when it is expected to fail, were examined. To quantify the occurrence and 

effects of local thermal disequilibrium during heat transport, thermal breakthrough curves 

from an LTE model with those calculated using an LTNE model, explicitly allowing for different 

temperatures in the fluid and solid phases, were systematically compared. For the LTNE 

model, a new correlation for the heat transfer coefficient representative of the conditions in 

natural porous aquifers was developed using six published experimental results. By conduct-

ing an extensive parameter study (>50,000 simulations), it was shown that LTNE effects do 

not occur for grain sizes smaller than 7 mm or for seepage velocities that are slower than 

1.6 m d−1. The limits of LTE are likely exceeded in gravel aquifers or in the vicinity of pumped 

bores. For such aquifers, the use of an LTE model can lead to an underestimation of the effec-

tive thermal dispersion by a factor of 30 or higher, while the advective thermal velocity re-

mains unaffected for most conditions. Thus, the results of the laboratory experiments were 

confirmed by the result of the numerical simulation. Based on a regression analysis of the 

simulation results, we provide a criterion which can be used to determine whether LTNE ef-

fects are expected for particular conditions. 

To summarize, the results of the thesis clarify (i) that the LTE assumption can fail under con-

ditions expected in natural porous media and (ii) that using an LTE model in LTNE favorable 

conditions results in a significant underestimation of the effective thermal dispersion, while 

the advective thermal velocity remains mostly unaffected. To the best of our knowledge, for 

the first time an LTE criterion is presented based on the influence of LTNE effects on a common 
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modeling parameter, the effective thermal dispersion, rather than theoretical temperature 

differences between the fluid and solid phases. Furthermore, (iii) it is revealed that methods 

for determining the advective thermal velocity from thermal BTCs, such as the peak velocity, 

can lead to significant deviations in flux estimates. 
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Zusammenfassung 

Die exakte Vorhersage und ein genaues Verständnis von Wärmetransportprozessen in natür-

lichen porösen Medien wie Aquiferen sind in zahlreichen Feldern der Wissenschaft aber auch 

im angewandten Ingenieurwesen von großer Wichtigkeit. Generell wird dabei fast immer von 

der Gültigkeit einer fundamentalen Annahme ausgegangen, nämlich einem lokalen thermi-

schen Gleichgewicht (LTE) zwischen der festen und der flüssigen Phase. Dabei wird angenom-

men, dass die Zeit, die nötig ist, damit sich feste und flüssige Phase thermisch ausgleichen, 

vernachlässigbar ist. In der Literatur gibt es allerdings Hinweise, dass die Annahme eines ther-

modynamischen Gleichgewichtes zwischen den beiden Phasen u.a. nicht für alle hydrogeolo-

gischen Systeme zutrifft. Des Weiteren beruhen viele Verfahren zur Auswertung von thermi-

schen Tracerversuchen auf dem thermischen Retardationsfaktor, der unter LTE-Bedingungen 

das Verhältnis zwischen der Abstandsgeschwindigkeit des Fluids und der thermischen Fließ-

geschwindigkeit beschreibt. Hierbei werden verschiedene Methoden in der Literatur beschrie-

ben, um aus Temperatur-Durchgangskurven thermische Geschwindigkeiten abzuleiten, bei-

spielsweise die Nutzung des Temperaturmaximums oder eines analytischen Modells. Daher 

ist das Ziel dieser Arbeit zu klären, (i) ob, die LTE-Annahme in natürlichen porösen Medien 

gültig ist, (ii) welche Konsequenzen und Implikationen sich für die Wärmetransportmodellie-

rung ergeben, falls ein LTE Modell genutzt wird, wenn die LTE Annahme aber nicht gültig ist, 

und (iii) ob die Parametern, die über thermische Tracerversuche bestimmt werden, durch Ab-

weichungen von LTE Bedingungen beeinflusst sind. Darüber hinaus soll geklärt werde, welche 

Methoden, wie die Nutzung des Temperaturmaximums oder eines analytischen Modells ge-

eignet sind, um die thermische Geschwindigkeit aus Temperatur-Durchgangskurven zu be-

stimmen. 

Um diese Hypothesen zu überprüfen, wurden zunächst eindimensionale Säulenversuche 

durchgeführt, die anschließend mit einer numerischen Parameterstudie erweitert wurden. In 

den Laborversuchen wurden systematisch verschiedene experimentelle Ansätze zur Bestim-

mung der thermischen Geschwindigkeit miteinander verglichen. Durch eine Gegenüberstel-

lung des effektiven thermischen Retardationsfaktors und des theoretischen thermischen Re-

tardationsfaktors konnte der Einfluss lokaler thermischer Ungleichgewichtseffekte (LTNE) auf 

die thermische Geschwindigkeit untersucht werden. Hierzu wurden 43 eindimensionale Säu-



 

V 

 

lenversuche mit wassergesättigtem Kies mit einer Korngröße im Bereich von 7-15 mm durch-

geführt. Uranin wurde als konservativer Tracer genutzt, um die Abstandsgeschwindigkeit zu 

bestimmen. Diese wurde dann mit der aus den thermischen Durchgangskurven bestimmten 

Abstandsgeschwindigkeit verglichen. Die Ergebnisse zeigen, dass bei einem kontinuierlichen 

Eintrag des thermischen Tracers die effektive thermische Retardation mit Hilfe des theoreti-

schen thermischen Retardationsfaktors korrekt vorhergesagt werden kann. Dies gilt, wenn die 

thermische Geschwindigkeit durch ein analytisches Modell oder durch Ansetzen der mittleren 

Temperatur zwischen Eingabe- und Ausgangstemperatur als thermischer Durchbruch be-

stimmt wird. Diese Ergebnisse zeigen, dass LTNE Effekte für die untersuchten Abstandsge-

schwindigkeiten von 5-50 m d-1 und die untersuchte Korngröße die thermische Geschwindig-

keit nicht signifikant beeinflussen. Die Beobachtungen werden auch durch die Ergebnisse der 

numerischen Parameterstudie bestätigt. Bei thermischen Tracern mit zeitlich begrenzten 

Temperaturpulsen weicht die effektive thermische Retardation, die durch die Geschwindig-

keit des Temperaturmaximums bestimmt wird, um bis zu 35 % von der theoretischen thermi-

schen Retardation bei Abstandsgeschwindigkeiten von weniger als 10 Metern pro Tag ab. Bei 

höheren Abstandsgeschwindigkeiten konnte die Geschwindigkeit des Temperaturmaximums 

mit dem erwarteten thermischen Retardationskoeffizienten vorhergesagt werden.  

Um mögliche LTNE Effekte für den gesamten Parameterraum poröser Aquifere zu untersu-

chen, wurde im zweiten Teil eine numerische Parameterstudie durchgeführt. Dabei wurde ge-

prüft, unter welchen Bedingungen die LTE Annahme gültig ist und unter welchen Randbedin-

gungen die Annahme nicht mehr gegeben sind. Um Auftreten und Auswirkungen möglicher 

LTNE Effekte zu quantifizieren, wurden systematisch thermische Durchgangskurven eines LTE 

Modells mit denen eines LTNE Modells, das Temperaturunterschiede zwischen fester und flüs-

siger Phase berücksichtigt, verglichen. Dazu wurde zunächst ein für die Bedingungen von po-

rösen Aquiferen geeigneter Wärmeübergangskoeffizient auf Basis der experimentellen Daten 

von sechs Veröffentlichungen bestimmt. Die umfangreiche Parameterstudie (> 50 000 Simu-

lationen) zeigt, dass LTNE Effekte bei Korngrößen kleiner als 7 mm und Abstandsgeschwindig-

keiten von weniger als 1,6 Metern pro Tag nicht zu erwarten sind. Diese Grenzwerte können 

allerdings in kiesigen Aquiferen oder in der Nähe von Grundwasserbrunnen überschritten 

werden. Unter diesen Bedingungen kann die Nutzung eines LTE Modells somit zu einer Unter-



 

VI 

 

schätzung der effektiven thermischen Dispersion bis zu einem Faktor von über 30 führen, wäh-

rend die advektive thermische Geschwindigkeit durch LTNE Effekte meist unbeeinflusst bleibt. 

Diese Resultate bestätigen auch die Ergebnisse der durchgeführten Laborversuche. Auf Basis 

einer Regressionsanalyse der Simulationsergebnisse wurde ein Kriterium entwickelt, das es 

ermöglicht zu überprüfen, inwieweit LTNE Effekte für die vorherrschenden, hydrogeologi-

schen Verhältnisse zu berücksichtigen sind. 

Zusammenfassend konnte gezeigt werden, dass (i) die LTE Annahme bei hohen Fließgeschwin-

digkeiten und Korngrößen, wie sie zum Beispiel in Kiesaquiferen zu erwarten sind, nicht gültig 

ist. (ii) Die Nutzung eines LTE Modells kann dann zu einer Unterschätzung der thermischen 

Dispersion bis zu einem Faktor von über 30 führen, während die advektive Geschwindigkeit 

kaum beeinflusst wird. Hierzu wird ein Kriterium vorgestellt, dass es erlaubt einfach abzu-

schätzen, ob LTNE Effekte zu erwarten sind. Während bisherige Kriterien meist auf theoreti-

schen Temperaturdifferenzen zwischen fester und flüssiger Phase basieren, ist dies das Erste, 

das auf dem Einfluss von LTNE Effekten auf einen üblichen Modellierungsparameter basiert, 

der effektiven thermischen Dispersion. Außerdem wird gezeigt, (iii) dass manche Methoden 

zur Bestimmung der thermischen Geschwindigkeit aus Temperaturdurchgangskurven wie die 

Nutzung des Temperaturmaximums zu signifikanten Abweichungen bei der Berechnung der 

Grundwasserfließgeschwindigkeit führen können. 
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Notations 

Nomenclature      

𝐴𝐴 [m²] 
cross-sectional area of the 

column 
𝐿𝐿𝑝𝑝 =

ℎ𝑠𝑠𝑠𝑠𝑑𝑑𝑝𝑝
λ𝑠𝑠  [-] Nusselt number 

𝑣𝑣𝑠𝑠𝑠𝑠 [m-1] 
specific surface area solid-

fluid per unit volume 
𝑃𝑃𝑖𝑖  i-th root of eq. (46a-d) 

𝐿𝐿 [J kg-1 K-1] specific heat capacity 𝑃𝑃𝐷𝐷 [-] dispersion parameter 

𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠 [m² s-1] 
effective longitudinal ther-

mal dispersion, eq. (3)  
𝑃𝑃𝑝𝑝 =  

𝛽𝛽𝐿𝐿𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠 [-] 
thermal Péclet number  

L as characteristic length 

𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 [m² s-1] 

effective thermal disper-

sion fitted with analytical 

LTE model, eq. (41) 

𝑃𝑃𝑠𝑠 = 
𝜂𝜂𝐿𝐿𝑠𝑠
λ𝑠𝑠  [-] Prandtl number 

𝐷𝐷𝑙𝑙 =  𝛽𝛽 �𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 𝛽𝛽�2 [m² s-1] 

longitudinal thermal me-

chanical dispersion model 

with square velocity rela-

tionship 

𝛽𝛽 [m s-1] specific discharge 

𝑑𝑑𝑓𝑓𝑝𝑝𝐿𝐿𝑣𝑣𝑛𝑛𝐿𝐿𝑝𝑝𝑃𝑃𝑓𝑓100 [m] 
distance of temperature 

sensor from inflow 
𝑄𝑄 [m³ s-1] volume flow 

𝑑𝑑𝑝𝑝 [m] particle diameter 𝑅𝑅𝑎𝑎𝑝𝑝𝑝𝑝 [-] 
expected / apparent thermal 

retardation eq. (7) 𝑝𝑝 [J K-1 m-2 s-0.5] thermal effusivity 𝑅𝑅𝑒𝑒𝑠𝑠𝑠𝑠 [-] effective thermal retardation 

ℎ𝑠𝑠𝑠𝑠 [W m-2 K-1] heat transfer coefficient 𝑠𝑠 [m] radius of the column 

𝐿𝐿 [m] characteristic length 𝑅𝑅𝑝𝑝 =  
𝜌𝜌𝑠𝑠𝑣𝑣𝑎𝑎𝑑𝑑𝑝𝑝𝜂𝜂  [-] Reynolds number 

LTNE [-] 

Measure to quantify de-

gree of local-thermal non 

equilibrium 

𝐿𝐿 [s] time 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 [-] 
Criterion to estimate de-

gree of LTNE, eq. (55) 
𝐿𝐿𝑐𝑐ℎ𝑎𝑎𝑎𝑎 [s] characteristic time 

𝑀𝑀 [g] mass of tracer 𝐿𝐿0  [s] mean transit time  

𝐿𝐿𝑖𝑖  i-th root of eq. (45) 𝐿𝐿 [-] 
normalized temperature eq. 

(41) 

𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠 [-] 

effective porosity (fluid vol-

ume fraction contributing 

to fluid flow) 

𝐿𝐿𝑏𝑏 [°C] 

bulk temperature of REV 

𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓  [-] 
total porosity, fluid volume 

fraction 
𝐿𝐿0 [K] initial temperature 

𝐿𝐿 [-] Number of time steps 𝐿𝐿0,𝐶𝐶𝑒𝑒𝑙𝑙𝑠𝑠𝑖𝑖𝐶𝐶𝑠𝑠 [°C] initial temperature 
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      𝐿𝐿𝑑𝑑𝑒𝑒𝑑𝑑𝑎𝑎𝑒𝑒𝑒𝑒 [K] temperature 𝜂𝜂 [kg m-1 s-1] dynamic viscosity 

𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖,𝐾𝐾𝑒𝑒𝑙𝑙𝐾𝐾𝑖𝑖𝑖𝑖 [K] 
injection temperature in 

Kelvin 
𝜌𝜌 [kg m-3] specific density 

𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖,𝐶𝐶𝑒𝑒𝑙𝑙𝑠𝑠𝑖𝑖𝐶𝐶𝑠𝑠 [°C] 
injection temperature in 

degree Celsius 
𝜏𝜏 [s] 

time period for analytical solu-

tion of LTNE model eq. (42-48); 

long enough to reach T = Tinj 

𝐿𝐿𝑒𝑒𝑖𝑖𝑑𝑑 [°C] 
injection temperature after 

the pulse 
𝜏𝜏𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 [s] 

pulse duration of injection in 

column experiments 𝑣𝑣𝑎𝑎 [m s-1] seepage velocity    

𝑣𝑣𝑖𝑖   
Part of analytical solution 

LTNE see eq. (47)  

 

Subscripts: 
  

𝑣𝑣𝑓𝑓  [m s-1] advective thermal velocity s  solid 

𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓 [m s-1] 

advective thermal velocity 

fitted with analytical LTE 

model eq. (41) 

f  fluid 

𝑣𝑣𝑓𝑓ℎ𝑒𝑒𝑎𝑎𝑒𝑒 𝑝𝑝𝑒𝑒𝑎𝑎𝑝𝑝  [m s-1] thermal peak velocity b  bulk saturated porous media 

𝑣𝑣𝑓𝑓ℎ𝑒𝑒𝑎𝑎𝑒𝑒 𝑝𝑝𝑒𝑒𝑎𝑎𝑝𝑝 𝑑𝑑𝑓𝑓/𝑑𝑑𝑑𝑑 [m s-1] 
thermal velocity of peak of 

first time derivative 
LTE  

local thermal equilibrium 

model 

𝑣𝑣𝑓𝑓ℎ𝑒𝑒𝑎𝑎𝑒𝑒 𝑑𝑑25 |𝑑𝑑50 | 𝑑𝑑75 [m s-1] 

thermal velocity corre-

sponding to 

0.25|0.50|0.75 of normal-

ized thermal BTC 

LTNE  
local thermal non-equilibrium 

model 

𝑤𝑤  
Part of analytical solution 

LTNE see eq. (43) 
eff  

referring to volume averaged 

effective property  

𝑤𝑤𝑖𝑖  
Part of analytical solution 

LTNE see eq. (48) 
method  method used to quantify LTNE 

𝑥𝑥 [m] distance analytical  modeled with analytical model 

𝛼𝛼𝑙𝑙𝑠𝑠  [m] 
longitudinal solute disper-

sivity 
numerical  modeled with numerical model 

𝛽𝛽 [s-1] thermal dispersivity    

λ [W m-1 K-1]  thermal conductivity    

κ [m² s-1] thermal diffusivity    
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Chapter 1 Introduction 

1.1 Importance of heat transport modeling in natural porous media  

Knowledge of heat transport in aquifers and surface water-groundwater interactions is of pri-

mary interest in many areas of hydrogeological research and practice. The following sections 

give a short overview of the various applications of heat transport modeling in this field to 

emphasize the importance of a fundamental understanding of its processes, i.e. thermal ad-

vection, thermal dispersion, and the heat transfer between the fluid and solid phases. 

Shallow geothermal energy systems often use groundwater to exchange heat with the sub-

surface for domestic or industrial heating or cooling purposes (Fig. 1a). These induced changes 

in the groundwater temperature are strongly influenced by the relative dominance of heat 

conduction or advection. In aquifers, especially with high seepage velocities (i.e. pore-water 

velocity or interstitial velocity), advective heat transport can generate far-reaching thermal 

plumes (Banks, 2015; Seibertz et al., 2016; Muela Maya et al., 2018). While robust estimation 

of the governing hydraulic and thermal parameters is crucial for system performance predic-

tion (Hermans et al., 2018), it is also relevant for management of multiple adjacent installa-

tions. For example, reliable prediction of thermal plumes in shallow geothermal energy sys-

tems is crucial for a sustainable operation, especially in densely used aquifers (Ferguson, 2009; 

Hähnlein et al., 2013; Böttcher et al., 2019; Attard et al., 2020; Pophillat et al., 2020). Fig. 1b 

shows the spreading of thermal plumes of groundwater heat pump systems in a scenario anal-

ysis for a residential area (Urich et al., 2010). The utilization of the shallow geothermal energy 

in the groundwater is limited by possible thermal breakthroughs between adjacent systems. 

Thermal interference can mitigate technological performance and can yield temperature 

changes in the shallow groundwater beyond environmentally and regulatory critical thresh-

olds (Epting et al., 2017; Böttcher et al., 2019). As the exact values of an environmentally crit-

ical increase of groundwater temperatures are still not fully clear (e.g. Brielmann et al., 2009; 

Bonte et al., 2013a; Casasso and Sethi, 2019) the legislation framework in European countries 

is also very heterogeneous ranging from minimum distances between such systems from 5-

300 m and tolerable temperature changes in the subsurface from 3-10 K (Haehnlein et al., 

2010; Tsagarakis et al., 2018; García-Gil et al., 2020). In order to prevent negative influences, 

a precise prediction of heat transport processes is fundamental to ensure a sustainable usage 

of these systems. 
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Fig. 1: a) Schematic operation scheme of a groundwater heat pump system. Groundwater is extracted 

at the abstraction well and used by the heat pump as an environmental energy source for 

heating or cooling purposes. The heated or cooled groundwater is reinjected into the aquifer, 

causing a thermal plume (www-01). b) Example of a densely used aquifer with several thermal 

plumes depicted in blue and buidlings outlined in gray (modified after Urich et al., 2010). 

 

Aside from the rising interest in groundwater effects of geothermal applications, the thermal 

conditions in aquifers are also studied in other contexts. Using natural or actively stimulated 

temperature changes in hydrogeological settings as a thermal tracer is a common approach. 

Thermal tracers commonly utilize the advective heat transport of groundwater flow which 

affects the temperature distribution. Groundwater fluxes are usually estimated by measuring 

the deviations of subsurface temperatures from what would be expected under purely con-

ductive conditions (Kurylyk and Irvine, 2019).  
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Using heat has several benefits as summarized by multiple authors (Anderson, 2005; 

Constantz, 2008; Rau et al., 2014; Kurylyk et al., 2017; Kurylyk and Irvine, 2019): 

• Readily available, often natural temperature signals are present (diurnal, seasonal etc.) 

• Inexpensive to measure in high temporal and spatial resolution (e.g. fibre-optic distrib-

uted temperature sensing) without time consuming laboratory analysis 

• Environmentally benign as no artificial substances are injected 

A common field for utilizing heat as a tracer are surface water-groundwater interactions. The 

mixing zone between groundwater and surface water flow systems, often called hyporheic 

zone, is of high ecological significance and plays an important role in riverine ecosystem ser-

vices (Kurylyk et al., 2015; Ren et al., 2018). Furthermore, it is a critical pathway for contami-

nants and can represent a natural bioreactor for oxic and anoxic biotransformation and exerts 

a major control on river water quality (Weatherill et al., 2018; Lewandowski et al., 2019). 

Knowledge about spatial and temporal flow patterns, transient storage and other processes 

in this zone is especially needed to understand ecological habitats (Findlay, 1995; Kurylyk et 

al., 2015), to manage water resources (Brunke and Gonser, 1997; Boulton et al., 1998) and 

can be vital to determine the fate and transport of groundwater contaminants (Conant, 2004). 

The spatiotemporal variability in the surface water-groundwater exchange fluxes and direc-

tions are difficult to characterize and to quantify accurately, which is largely attributed to the 

high spatiotemporal heterogeneity in streambed hydraulic properties. Heat can serve as one 

valuable tracer to quantify these surface water-groundwater interactions and is frequently 

used in this context (Rau et al., 2010, 2012a, 2017; Irvine and Lautz, 2015; Halloran et al., 2016; 

Kurylyk et al., 2019; Irvine et al., 2020). Heat tracing methods are used in diverse environments 

and various spatiotemporal scales (Fig. 2) and have become a very valuable tool in many fields 

(Kurylyk et al., 2019). 
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Fig. 2: Heat as a tracer and temperature depth profiles are used in different time and spatial scales. 

These scales can be local processes (a), e.g., to estimate local short timed, surface-

groundwater interactions in a streambed environment, to intermediate and regional scales (b) 

investigating seasonal effects (modified after Kurylyk et al., 2019). 

Besides in surface water-groundwater interaction, temperature patterns are often utilized as 

thermal tracers in managed aquifer recharge systems and riverbank filtrations. While 

knowledge of the mean transit time is also important in the afore mentioned applications, it 

is essential in water resources management for the evaluation and the reduction of the con-

tamination risk, as longer residence times lead generally to higher pathogen inactivation and 

biodegradation (Toze et al., 2010; Bekele et al., 2014; Ahmed and Marhaba, 2017). The water 

temperature of the infiltration ponds or the river varies with the ambient temperature. These 

diurnal or seasonal temperature variations are reflected in the aquifer (Fig. 3). Variations in 

the amplitude ratios and phase shifts between the pond or river temperature and the ground-

water temperature at the observation point can be used to estimate the mean transit time by 

applying analytical or numerical methods (Laws et al., 2011; Vandenbohede and Van Houtte, 

2012; Seibert et al., 2014; Irvine et al., 2017; Moeck et al., 2017).  
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Fig. 3: Simplified schematic of a managed aquifer recharge system and a riverbank filtration. 

Temperature signals originating from the infiltration pond or the river can be used in the aquifer 

to estimate mean transit times. 

When modeling heat and solute transport in aquifers, the spatial heterogeneity of the hydrau-

lic conductivity distribution is often the most uncertain parameter (Vienken and Dietrich, 

2011). Apart from direct measuring methods such as pumping tests, slug tests, borehole flow-

meter tests etc., the hydraulic conductivity field can also be inversely estimated as a calibra-

tion target in a numerical model. While often hydraulic head data is used for calibration, 

groundwater temperatures proved also to be an additional or alternative valuable source of 

information (e.g. Irvine et al., 2013; Colombani et al., 2015; Djibrilla Saley et al., 2016). Fur-

thermore, active thermal tracer experiments showed very positive results in estimating the 

hydraulic conductivity field in a tomographic setup (Fig. 4) within advection dominated condi-

tions (Seibert et al., 2014; Somogyvári et al., 2016; Somogyvári and Bayer, 2017).  
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Fig. 4: Experimental design of a thermal tracer field experiment by Somogyvári & Bayer (2017). In this 

study, the thermal tracer was used to estimate the hydraulic conductivity field. (modified after 

Somogyvári and Bayer, 2017) 

 

1.2 Modeling approaches (LTE and LTNE) 

To summarize, knowledge of heat transport in natural porous media is of high importance in 

various fields and disciplines in practice and research, as described above. However, in all of 

the above mentioned applications the fundamental assumption of a local thermal equilibrium 

(LTE) is generally applied (e.g. Hoehn & Cirpka, 2006; Markle & Schincariol, 2007; Stauffer et 

al., 2013; Bekele et al., 2014; Irvine et al., 2015; Sarris et al., 2018). LTE is defined as an instant 

exchange of thermal energy between the solid and the fluid phases of a porous medium, an 

assumption which neglects potential temperature differences between these phases 

(Quintard et al., 1997). This means in other words that it is assumed that heat diffusion into 

the matrix is sufficiently quick at the thermal front, so that any kinetic effects from delayed 

intra-particle diffusion can be ignored.  

Previous work about the general validity of the LTE assumption in porous media focused on 

engineering applications such as packed bed reactors (Amiri and Vafai, 1998; Al-Nimr and Abu-

Hijleh, 2002; Khashan and Al-Nimr, 2005; Al-Sumaily et al., 2013). While several criteria, often 

theoretically derived formulas using involved parameters such as thermal conductivity of the 

fluid and solid phase, exist to examine the appropriateness of the LTE assumption for such 

applications (Amiri and Vafai, 1998; Minkowycz et al., 1999; Kim and Jang, 2002; Khashan and 

Al-Nimr, 2005; Zhang et al., 2009; Dehghan et al., 2014a; Zanoni et al., 2017; Hamidi et al., 
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2019; Novak, 2019), a thorough investigation of the conditions under which LTE is valid for 

flow in porous aquifers and surface water-groundwater interactions is currently lacking. In 

fact, adopting the criteria developed for engineering purposes is not straightforward, as the 

experimental conditions and reference parameters are not representative for those typical of 

flow in porous aquifers. For example, the required “characteristic length” in technical applica-

tions is commonly defined as channel length or width and cannot easily be determined for 

heat transport in subsurface environments.  

Some of the few studies focusing on geotechnical applications showed that the LTE assump-

tion can fail (i) in geothermal systems hosted in fractured rocks (Shaik et al., 2011; Heinze and 

Hamidi, 2017; Heinze et al., 2017), (ii) in partly saturated systems for example during infiltra-

tion of rain or melt water in frozen soil (Heinze and Blöcher, 2019), (iii) in fractured rocks as 

heterogeneous porous media with large permeability contrasts (Hamidi et al., 2019), and (iv) 

under streambed conditions with very low Reynolds numbers (Roshan et al., 2014).  

In these cases, a local thermal non-equilibrium (LTNE) model should be applied. LTNE models 

use two separate energy equations to describe the temperature in the fluid and solid phases 

that are coupled through a heat transfer term, which is dependent on the heat transfer coef-

ficient and the heat transfer area (Sözen and Vafai, 1990). The heat transfer coefficient, com-

monly described in a dimensionless form as the Nusselt number, is a fundamental physical 

parameter whose value is usually determined experimentally (Kaviany, 1995). Again, available 

experimental work stems from the engineering field and the derived parameter values and 

correlations are valid only under certain conditions (Tavassoli et al., 2013; Sun et al., 2015; 

Tavassoli et al., 2015; Singhal et al., 2017a, 2017b; Zhu et al., 2019). For instance, these corre-

lations are mostly derived from air or gas as the fluid, using high Reynolds numbers and wider 

porosity ranges than are commonly found in porous aquifers (Gunn, 1978; Tavassoli et al., 

2015; Zhu et al., 2019). In addition, most of these models assume perfect spheres with a single 

size (Sun et al., 2015) which should not be assumed for a heterogeneous and anisotropic aq-

uifer.  

Furthermore, it is difficult to identify and to quantify the errors and uncertainties induced by 

using an LTE model with the currently available LTNE measures. Standard criteria such as the 

temperature difference between fluid and solid phases (Khashan and Al-Nimr, 2005; Khashan 

et al., 2006; Al-Sumaily et al., 2013; Abdedou and Bouhadef, 2015) or the difference between 
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the local fluid temperatures of both models (Lu and Xiang, 2012; Hamidi et al., 2019) have a 

technical meaning and the transition to a natural environment is difficult. The implications for 

heat transport modeling in the field are mostly unknown. 

Besides the uncertainty from the LTE assumption, different methods are used to evaluate the 

above described use cases (section 1.1). In prediction related applications, typically numerical 

or analytical methods are used (e.g. Zhou et al., 2013; Lo Russo et al., 2016; Ganguly et al., 

2017), for example, when assessing the thermal impact induced by geothermal applications. 

Most of the commonly applied simulation codes only consider LTE models.  

When using heat as a tracer to determine water fluxes, mean transit times, or other parame-

ters such as the volumetric heat capacity from heat tracer experiments, thermal breakthrough 

curves (BTCs) are commonly analyzed (e.g. Becker et al., 2015; Moeck et al., 2017; Somogyvári 

and Bayer, 2017). In many of these applications, the thermal velocity is of high interest, as it 

is a proxy for the groundwater flux. The groundwater flux is estimated by applying the thermal 

retardation factor which describes the ratio of seepage velocity to thermal velocity 

(Bodvarsson, 1972; Woods and Fitzgerald, 1993, 1997; Shook, 2001). Different methods are 

available to determine the thermal velocity from thermal BTCs depending on the input signal. 

For example some studies with pulse input of finite duration use the peak velocity (modal 

velocity) (e.g. Taniguchi and Sharma, 1990; Lewandowski et al., 2011; Wagner et al., 2014) 

while others use lag times from maximum cross correlations (Hoehn and Cirpka, 2006; Moeck 

et al., 2017). Whether these methods give accurate estimates of the advective thermal veloc-

ity has not been thoroughly examined, as studies which systematically investigate the seepage 

velocities derived from heat tracers and solute tracers are scarce (Taniguchi and Sharma, 

1990; Rau et al., 2012a, 2012b; Irvine et al., 2013; Bandai et al., 2017). Their results are also 

not consistent: some works reveal a good agreement (Irvine et al., 2013), while others found 

systematic over- or underestimation of the derived seepage velocities (Rau et al., 2012a, 

2012b; Bandai et al., 2017). Other studies used both heat and solute tracers, but did not make 

a systematic comparison between heat- and solute-derived velocities (Constantz et al., 2003; 

Vandenbohede et al., 2009; Ma et al., 2012; Seibert et al., 2014; Wildemeersch et al., 2014; 

Bakker et al., 2015; Becker et al., 2015; Klepikova et al., 2016; Bonner et al., 2017; Sarris et al., 

2018).  
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1.3 Aims and objectives  

Collectively, it is revealed that the commonly applied LTE assumption for heat transport has 

not yet been thoroughly investigated for natural porous media, especially for highly permea-

ble aquifers. The implications of using an LTE model and the effects to be expected when it 

fails remain unclear. Suitable Nusselt correlations for conditions expected in porous aquifers 

to determine the heat transfer coefficient necessary for applying an LTNE model do not exist. 

Furthermore, methods for the determination of the advective thermal velocity from thermal 

BTCs have not been systematically compared.  

Considering this background, the key questions of this thesis are: 

• (i) Are LTNE effects likely to occur in natural porous media such as aquifers and 

streambeds and under which hydrogeological conditions is the LTE assumption valid? 

• (ii) How does a deviation from LTE conditions affect heat transport modeling? What 

are the arising errors and uncertainties if an LTE model is used but the LTE assumption 

between fluid and solid phase is not valid? 

• (iii) Are estimations of parameters, such as the seepage velocity and the heat capacity, 

determined by using the thermal retardation factor, influenced by LTNE effects and which 

methods, e.g. utilizing the peak velocity or an analytical model, can be used to evaluate 

the thermal velocity from thermal BTCs for different types of injections such as a step 

input (continuous load) or a pulse input of finite duration? 

The scientific approaches to answer these questions are described in the following. 

To investigate the influence of LTNE effects on the advective thermal velocity (ii) and, there-

fore, on estimates of seepage velocities or the bulk heat capacity (iii) one dimensional (1D) 

column experiments with heat as a tracer, and Uranine as a conservative solute tracer to cal-

culate the hydraulic and sediment parameters are conducted. The role of the applied thermal 

signal under varying hydraulic conditions is assessed and different methods such as utilizing 

the peak velocity or fitting of an analytical model are contrasted to determine the thermal 

velocity (iii). We hypothesize that LTNE effects lead to a deviation between the measured ef-

fective thermal retardation and the expected thermal retardation which assumes LTE. To 

reach this goal the fluorescence dye Uranine was used as conservative tracer to determine 

the seepage velocity 𝑣𝑣𝑎𝑎 . This true velocity obtained from the tracer experiments with Uranine 
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was subsequently compared with the advective thermal velocity derived from the thermal 

breakthrough curves.  

To extent this investigation to other parameter settings expected in natural porous media (i) 

such as different porosities, thermal conductivities, particle sizes etc., a numerical parameter 

study was conducted. We examine the conditions of forced convective heat transport in nat-

ural porous aquifers under which the assumption of LTE applies and determine when it is ex-

pected to fail. To achieve this, we systematically compared thermal breakthrough curves cal-

culated using LTE and LTNE models for a range of parameter values that are typical of realistic 

aquifer conditions and evaluated the influence of LTNE effects (ii). Finding an appropriate 

Nusselt number (Nu) correlation, a dimensionless form of the heat transfer coefficient, for 

porous aquifers is difficult as the existing correlations are developed for technical applications. 

Therefore, we developed a new Nu correlation to determine the heat transfer coefficient rep-

resenting the conditions expected in porous aquifers using all available datasets. Finally, we 

present discrete limits for the conditions under which the commonly used LTE model is appli-

cable when heat transport in porous aquifers is quantified. 

 

1.4 Structure of the thesis 

This thesis is organized into five chapters. The first chapter introduces the problem, the re-

search gap, and its significance. The thesis objectives and aims are set out. Chapter two pre-

sents the state of the art in heat transport modeling in natural porous media focusing on LTE 

and LTNE models and existing LTE criterions and heat transfer coefficients. Chapter three de-

scribes the methods and the materials used to address the research questions. The first part 

of chapter three describes the setup, the procedure, and the evaluation methods of the con-

ducted laboratory experiments. Chapter 3.2 lays out the procedure and the approach of the 

numerical parameter study. The results and discussion of the laboratory experiments and the 

numerical parameter study are given in the fourth part of the thesis. Chapter five synthesizes 

the main findings of the results and discusses their implications in a broader scientific context 

and concludes the thesis with a short outlook on future research objectives. 
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Chapter 2 State of the art 

The following section gives first a short overview of the theoretical basis of heat transport 

modeling in porous media. Extensive explanations on this broad topic are for example given 

in Bear (1972), Carbonell and Whitaker (1984), Domenico and Schwartz (1998), Kaviany 

(1995), Nield and Bejan (2017) and Whitaker (1999). Then the current state of the art on the 

validity of the LTE assumption, LTNE models and evaluation of thermal breakthrough curves 

is summarized.  

 

2.1 Volume averaging of a porous medium  

A porous medium is generally regarded as a composite medium containing mostly intercon-

nected voids and a solid matrix (Nield and Bejan, 2017). In the context of aquifers and 

streambeds the porous medium usually consists of two or three phases, the solid phase, e.g. 

gravel and a gaseous (air) and or a liquid phase (water) (Bear, 1972). On the pore scale level a 

description of the heat transport and fluid dynamics is very complex requiring an exact de-

scription of the geometry of the pore structures and solid surfaces (Bear, 1972). To overcome 

this difficulty, simplifying approaches are used to describe fluid flow and heat transport in 

porous media (Quintard, 2015). One of the most common methods used is volume averaging 

with homogenization to reach a macroscopic continuum domain. This requires a definition of 

volume averaged expressions of the relevant parameters such as velocity, pressure, temper-

ature of the fluid and solid phases etc. (Kaviany, 1995; Obembe et al., 2016). This is usually 

done by starting with the pore scale equations and spatially averaging over volumes or areas 

to reach a macroscopic scale (Nield and Bejan, 2017). A prominent example would be the 

derivation of Darcy’s law by the methods of volume averaging over the velocity field in pore 

space described by the Navier-Stokes’ equations (e.g. Whitaker, 2000). This necessitates the 

definition of a representative elementary volume (REV) which allows to describe a pore scale 

variable as an appropriate mean over a sufficiently large volume, the REV. The length scale of 

the REV should be much larger than the pore scale but significantly smaller than the length 

scale of the macroscopic flow domain (Fig. 5). The scale of the REV is highly dependent on the 

heterogeneity of the porous medium, usually increasing with the heterogeneity of the phase 

distribution and particle size (Bear, 1972). 
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Fig. 5: Concept of the representative elementary volume for a heterogeneous phase distribution of a 

natural porous media. In the microscopic domain, the property varies strongly, with increasing 

system length reaching an apropriate mean value in the REV domain (modified after Rau et al., 

2014). 

When an appropriate REV is defined, the macroscopic heat flow can be described by effective 

volume averaged parameters such as the thermal and hydraulic conductivities, porosity, heat 

capacity etc. (Kaviany, 1995). These effective parameters can be influenced by several factors, 

the effective thermal conductivity of the solid phase for example depends on its structure and 

continuity, the contact resistance between adjacent particles, the material itself etc. There-

fore, defining appropriate effective parameters is not straightforward and often relies on la-

boratory experiments or simplified approaches.  
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2.2 Local thermal equilibrium model 

Generally, at the pore level there will be a difference at a point in the REV between the fluid 

temperature and the solid temperature ∆𝐿𝐿𝑠𝑠𝑠𝑠. The same applies to temperatures across the 

REV ∆𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅. The local thermal equilibrium approach assumes that these temperature differ-

ences are much smaller than the temperature over the whole system ∆𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑒𝑒𝑒𝑒 (Kaviany, 1995) 

and can be neglected:  

LTE:  ∆𝐿𝐿𝑠𝑠𝑠𝑠 ≪ ∆𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅 ≪ ∆𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑒𝑒𝑒𝑒   𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅 =  𝐿𝐿𝑠𝑠 = 𝐿𝐿𝑠𝑠  

(1) 

The LTE assumption allows for merging of the two separate energy equations describing tem-

perature in the fluid and solid phases into one, simplifying the modeling procedure by volu-

metric averaging (Whitaker, 1991). In other words, instead of describing the temperature de-

velopment in the fluid and solid phase separately, the LTE approach uses one temperature for 

both phases by assuming a negligible temperature difference between the solid and fluid 

phases. The LTE model is sometimes also referred to as homogenous model, one-temperature 

model or one-equation model (Rees and Pop, 2005; Singh et al., 2006; Obembe et al., 2016).  

Three processes influence heat transport in a porous medium, conduction, radiation and ad-

vection which is in the engineering literature often named convection (Nield and Bejan, 2017). 

Conductive heat transport can be described by Fourier’s law where heat from regions of high 

temperatures is transferred to those of low temperatures analogue to the molecular diffusion 

process described by Fick’s law in solute transport (Domenico and Schwartz, 1998). Advective 

heat transport is the thermal energy transported with the moving fluid which can be macro-

scopically described by Darcy’s law in a porous medium (Bear, 1972). Radiative heat transport 

is generally neglected in heat transport processes in the subsurface due to the very low part 

in the overall heat transport (Halloran et al., 2016). Advective heat transport also induces 

thermal mechanical dispersion which acts macroscopically similar to thermal conduction 

(Anderson, 2005). Thermal mechanical dispersion is thought of as a result of the pore level 

temperature and velocity variations due to the nonuniformity of the flow field (Özgümüš et 

al., 2013). The role of thermal mechanical dispersion in heat transport processes in porous 

media is not fully clear (Bear, 1972; Hopmans et al., 2002; Stonestrom and Constantz, 2003; 

Irvine et al., 2013; Park et al., 2015, 2018). Specifically, this is the case regarding its relationship 

to the specific discharge (linear or power law) and with respect to scale dependency (Yagi et 
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al., 1960; Metzger et al., 2004; Anderson, 2005; Vandenbohede et al., 2009; Rau et al., 2012b; 

Bandai et al., 2017; Afshari et al., 2019). Rau et al. (2012b) investigated the thermal dispersion 

with extensive coupled solute and heat tracer experiments and concluded that a power law 

relationship is suited for describing the thermal dispersion behavior in porous media. Follow-

ing these suggestions, the propagation of thermal energy in a porous medium under local 

thermal equilibrium can be described by the advection-conduction equation (Kaviany, 1995; 

Nield and Bejan, 2017). The equations are as follows: 

𝜕𝜕𝐿𝐿𝜕𝜕𝐿𝐿 = 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠 𝜕𝜕2𝐿𝐿𝜕𝜕𝑥𝑥2 − 𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅 𝜕𝜕𝐿𝐿𝜕𝜕𝑥𝑥  (2) 

𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠 =  𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 � λ𝑠𝑠𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 + 𝐷𝐷𝑙𝑙� +
(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)λ𝑠𝑠𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏  (3) 

𝐷𝐷𝑙𝑙 =  𝛽𝛽 �𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 𝛽𝛽�2 (4) 

κ =
λ𝜌𝜌𝐿𝐿 

(5) 

λ𝑏𝑏 = n𝑓𝑓𝑡𝑡𝑓𝑓λ𝑠𝑠 + (1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓) λ𝑠𝑠 (6) 

The first part on the right side of eq. (2) is the effective thermal dispersion coefficient 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠 [m² s-1] (eq. 3) consisting of the thermal diffusivity κ [m² s-1] (eq. 5) and thermal me-

chanical dispersion coefficient 𝐷𝐷𝑙𝑙  [m² s-1] (eq. 4) described by a power law with the specific 

discharge 𝛽𝛽 [m s-1], the thermal dispersivity 𝛽𝛽 [s-1], 𝜌𝜌𝑠𝑠,𝑠𝑠,𝑏𝑏 [kg m-3] as the specific density of the 

fluid, solid or bulk porous media, 𝐿𝐿𝑠𝑠,𝑠𝑠,𝑏𝑏 [J kg-1 K-1] as the specific heat capacity of the fluid, solid 

or bulk porous media, and 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 [-] as the total porosity (Rau et al., 2012b). 

The thermal diffusivity κ [m² s-1] (eq. 5) is the ratio of thermal conductivity λ [W m-1 K-1] to 

volumetric heat capacity 𝜌𝜌𝐿𝐿 [J m-3 K-1]. The thermal conductivity is here based on an arithmetic 

mean model of the effective thermal conductivity (eq. 6) which is frequently used (e.g. 

Whitaker, 1991; Quintard and Whitaker, 1995; Nield and Bejan, 2017) with λ𝑏𝑏[W m-1 K-1] as 

the effective thermal conductivity of the saturated porous medium and λ𝑠𝑠,𝑠𝑠 [W m-1 K-1] as the 

effective thermal conductivity of the fluid and solid phase. As described above, defining ap-

propriate effective parameters is not straightforward and influenced by many factors such as 
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the structure and continuity of the solid phase, the contact resistance between adjacent par-

ticles, the material itself etc. (Van Antwerpen et al., 2010). Numerous other models to derive 

an effective thermal conductivity exist e.g. the geometric mean or harmonic mean model etc. 

An extensive overview showing over 30 other mixing law models to determine an effective 

thermal conductivity is given in Abdulagatova et al. (2009).  

The second part on the right side of eq. (2) describes the advective heat transport process 

based on (eq. 7 and 8):  

𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅 =  
𝑣𝑣𝑎𝑎𝑅𝑅𝑎𝑎𝑝𝑝𝑝𝑝 =

𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 𝛽𝛽𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 =
𝛽𝛽𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏  (7) 

𝑅𝑅𝑎𝑎𝑝𝑝𝑝𝑝 =
𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 = 1 +

(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠  (8) 

with 𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅 [m s-1] as the advective thermal velocity, 𝑣𝑣𝑎𝑎 [m s-1] as the seepage velocity and 𝑅𝑅𝑎𝑎𝑝𝑝𝑝𝑝 [-] as the apparent thermal retardation factor. 

 

2.3 Validity of the LTE approach in porous media 

When LTE is assumed for heat transport, the temperature difference between the solid and 

the fluid phase within a representative elementary volume (REV) is considered negligible. Nu-

merous studies investigated the validity of this assumption mostly focusing on engineering 

applications. A thorough investigation of the conditions under which LTE is valid for flow in 

porous aquifers and surface water-groundwater interactions is currently lacking. Besides gen-

eral packed beds (Whitaker, 1991; Kuznetsov, 1998; Lee and Vafai, 1998; Al-Nimr and Abu-

Hijleh, 2002; Kim and Jang, 2002; Singh et al., 2006; Zhang et al., 2009), often special condi-

tions are examined like: LTNE in pulsatile flow over a cylinder embedded in a porous channel 

(Al-Sumaily et al., 2013); LTNE in the presence of internal heat generation in the solid phase 

(Nouri-Borujerdi et al., 2007; Yang and Vafai, 2010; Fathi-kelestani et al., 2020); LTNE effects 

at the porous media – fluid boundary (Aguilar-Madera et al., 2011; Yang and Vafai, 2011); 

LTNE in microchannels filled with porous media (Buonomo et al., 2014), LTNE in condensing 

flow of a gas through a porous medium (Sözen and Vafai, 1990); LTNE in forced convection 

with non-Newtonian fluids through porous channels (Khashan and Al-Nimr, 2005); LTNE in 

free surface flow through porous media (Alazmi and Vafai, 2004); LTNE in packed beds with 
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conduction only (Carbonell and Whitaker, 1984; Quintard and Whitaker, 1995; Virto et al., 

2009); LTNE in conditions with free convection in porous media (Bortolozzi and Deiber, 2001); 

LTNE in highly transient conditions in porous media (Minkowycz et al., 1999) and others 

(Dehghan et al., 2014a). Many of these studies are based on theoretical considerations or on 

analytical or numerical modeling with only a few using laboratory experiments (Wong and 

Dybbs, 1976; Levec and Carbonell, 1985a, 1985b; Yokoyama et al., 1997; Singh et al., 2006; 

Virto et al., 2009).  

A few studies investigated LTNE effects for geotechnical applications mainly focusing on frac-

tured rock, unsaturated conditions and the influence of heterogeneity. Heinze and Hamidi 

(2017) proposed a dual porosity LTNE model for fractured porous media for geothermal ap-

plications. Heinze et al. (2017) developed a dynamic heat transfer coefficient for an LTNE 

model of fractured rock which accounts for spatial heterogeneity and temporal changes in the 

flow and temperature field. Lu and Xiang (2012) investigated LTNE effects for a single fracture 

impermeable rock by analyzing the temperature difference between the LTE temperature and 

the LTNE fluid temperature using semi-analytical models. They concluded that significant tem-

perature differences can occur at locations close to the heat source and at early times of the 

process. Shaik et al. (2011) investigated the role of LTNE effects on the economic potential of 

geothermal systems in a fractured host rock using a numerical model. They showed that an 

LTE model can lead to an underestimation of the hot water production temperatures. 

Yokoyama et al. (1997) used laboratory experiments and numerical modelling to investigate 

LTNE effects on aquifer thermal energy storage systems in free aquifers taking water level 

fluctuations into account. They concluded that LTNE effects resulted in an enlargement of the 

thermal block with less density of heat. Heinze and Blöcher (2019) developed an LTNE model 

for dynamic partly saturated porous media, for example for the infiltration of rainwater into 

cold soil. Novak (2019) studied LTNE effects during evaporation in soils defining a new LTE 

criterion for these conditions. The role of heterogeneity on LTNE effects was studied by Hamidi 

et al. (2019). They concluded that large permeability contrasts can lead to a deviation between 

the LTE temperature and LTNE fluid temperature of up to 7 %. Roshan et al. (2014) investi-

gated the validity of the LTE assumption for streambed conditions with very slow flow condi-

tions. They concluded that inferred pore water velocities assuming LTE conditions can be sig-

nificantly overestimated due to LTNE effects and that this will be limited to very low seepage 

velocities. They reasoned that increasing seepage velocities lead to higher advective fluxes, 



Chapter 2 - State of the art 

 

 

17 

which increase the LTNE between the fluid and solid phase, but that this effect is significantly 

smaller than the increase of the heat transfer coefficient which comes along with increasing 

seepage velocities leading to LTE conditions. 

To summarize, LTNE effects have been investigated for engineering applications and for spe-

cial conditions in natural porous media. But the validity of the LTE assumption in common 

aquifer and streambed conditions and the consequences of a deviation from the LTE condi-

tions are still unclear. 

Some of the above-mentioned studies proposed criterions to examine the appropriateness of 

the LTE assumption. An overview is given in Table 1. These criteria are based on different 

constraints like a maximum allowed temperature difference between the fluid and solid 

phase, a maximum ratio between the time needed to reach thermal equilibrium and the prob-

lem time scale or a maximum allowed error in the determination of a heat transfer coefficient. 

While these criteria can be relevant for engineering applications the consequences for mod-

eling results like a temperature plume of a thermal groundwater use remain unknown. 

Whether a temperature difference in the solid and fluid phase leads to an overestimation of 

the plume length or has other implications is not clear. Furthermore, adopting the criteria, 

which were developed for engineering applications to aquifers or streambeds is difficult, as 

the experimental conditions and reference parameters are not representative for natural con-

ditions. The commonly required “characteristic length” usually defined as length or height of 

the packed bed (Table 1) cannot be easily determined for heat transport in the subsurface. 

Table 1: Overview of different LTE criterions found in literature.  

Author LTE Criterion  

(Whitaker, 
1980) 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 = 𝑃𝑃𝑝𝑝 

𝑠𝑠ℎ𝐿𝐿2 �1 +
λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠𝑑𝑑𝑝𝑝
λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠ℎ� ;≪ 1 𝑤𝑤𝑓𝑓𝐿𝐿ℎ: 𝑠𝑠ℎ =  𝑝𝑝𝑜𝑜𝑠𝑠𝑝𝑝 ℎ𝑦𝑦𝑑𝑑𝑠𝑠𝑣𝑣𝑝𝑝𝑝𝑝𝑓𝑓𝐿𝐿 𝑠𝑠𝑣𝑣𝑑𝑑𝑓𝑓𝑝𝑝𝑝𝑝 𝑣𝑣𝑛𝑛𝑑𝑑 𝐿𝐿 𝑣𝑣𝑝𝑝 ℎ𝑝𝑝𝑓𝑓𝑒𝑒ℎ𝐿𝐿 𝑜𝑜𝑒𝑒 𝐿𝐿ℎ𝑣𝑣𝑛𝑛𝑛𝑛𝑝𝑝𝑝𝑝 

General criterion for LTE 

LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 ≪ 1 

(Whitaker, 
1991) 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 = �𝑛𝑛(𝑛𝑛 − 1)�𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 − (𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝐿𝐿𝑐𝑐𝑡𝑡𝑖𝑖𝑑𝑑2 )��𝑛𝑛λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠 + (𝑛𝑛 − 1)λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠�𝐿𝐿∗ �Ʌ;≪ 1 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 = �𝑛𝑛(𝑛𝑛 − 1)𝑃𝑃𝑝𝑝 �𝐿𝐿𝑐𝑐𝑡𝑡𝑖𝑖𝑑𝑑𝑑𝑑𝑝𝑝 ��𝐿𝐿𝑐𝑐𝑡𝑡𝑖𝑖𝑑𝑑𝐿𝐿𝑐𝑐𝑡𝑡𝑖𝑖𝐾𝐾� � λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠𝑛𝑛λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠 + (𝑛𝑛 − 1)λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠��Ʌ;≪ 1 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 = �[𝑛𝑛(𝑛𝑛 − 1)]�λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠 − λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠��𝑛𝑛λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠 + (𝑛𝑛 − 1)λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠� � Ʌ;≪ 1 𝑤𝑤𝑓𝑓𝐿𝐿ℎ: 𝐿𝐿𝑐𝑐𝑡𝑡𝑖𝑖𝑑𝑑 𝑜𝑜𝑠𝑠 𝐿𝐿𝑐𝑐𝑡𝑡𝑖𝑖𝐾𝐾 𝑣𝑣𝑝𝑝 𝐿𝐿ℎ𝑣𝑣𝑠𝑠𝑣𝑣𝐿𝐿𝐿𝐿𝑝𝑝𝑠𝑠𝑓𝑓𝑝𝑝𝐿𝐿𝑓𝑓𝐿𝐿 𝐿𝐿𝑜𝑜𝑛𝑛𝑑𝑑𝑝𝑝𝐿𝐿𝐿𝐿𝑓𝑓𝑣𝑣𝑝𝑝 𝑜𝑜𝑠𝑠 𝐿𝐿𝑜𝑜𝑛𝑛𝑣𝑣𝑝𝑝𝐿𝐿𝐿𝐿𝑓𝑓𝑣𝑣𝑝𝑝 𝑝𝑝𝑝𝑝𝑛𝑛𝑒𝑒𝐿𝐿ℎ 𝐿𝐿∗ 𝑣𝑣𝑝𝑝 𝐿𝐿ℎ𝑣𝑣𝑠𝑠𝑣𝑣𝐿𝐿𝐿𝐿𝑝𝑝𝑠𝑠𝑓𝑓𝑝𝑝𝐿𝐿𝑓𝑓𝐿𝐿 𝐿𝐿𝑓𝑓𝐿𝐿𝑝𝑝;Ʌ 𝑝𝑝𝑝𝑝𝑝𝑝 (Whitaker, 1991) 

General criterion for LTE 
based on theoretical con-
sideration of the volume 
averaging approach; 
LTE if all 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 ≪ 1 
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Author LTE Criterion  

(Lee and 
Vafai, 
1998) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =  
λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠
λ𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠 +

𝐵𝐵𝑓𝑓
4

;≫ 10 Validity of LTE for Nusselt 
estimation for a packed 
bed with heated walls 
LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 ≫ 10 

(Minkowycz 
et al., 
1999) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =  
𝑆𝑆𝑝𝑝𝑃𝑃𝑝𝑝 =  

𝐿𝐿𝑝𝑝 λ𝑓𝑓,𝑒𝑒𝑓𝑓𝑓𝑓
λ𝑏𝑏,𝑒𝑒𝑓𝑓𝑓𝑓 � 𝐿𝐿𝑎𝑎ℎ�2𝑃𝑃𝑝𝑝 ;≪ 100 𝑤𝑤𝑓𝑓𝐿𝐿ℎ: 𝑠𝑠ℎ =  𝑝𝑝𝑜𝑜𝑠𝑠𝑝𝑝 ℎ𝑦𝑦𝑑𝑑𝑠𝑠𝑣𝑣𝑝𝑝𝑝𝑝𝑓𝑓𝐿𝐿 𝑠𝑠𝑣𝑣𝑑𝑑𝑓𝑓𝑝𝑝𝑝𝑝 𝑣𝑣𝑛𝑛𝑑𝑑 𝐿𝐿 𝑣𝑣𝑝𝑝 ℎ𝑝𝑝𝑓𝑓𝑒𝑒ℎ𝐿𝐿 𝑜𝑜𝑒𝑒 𝐿𝐿ℎ𝑣𝑣𝑛𝑛𝑛𝑛𝑝𝑝𝑝𝑝 

Porous medium subjected 
to rapid transient heating 
or cooling as a sinusoidal 
boundary condition; 
LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓  ≪ 100 

(Bortolozzi 
and Deiber, 
2001) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =  𝐷𝐷𝑣𝑣;≪ 10−5 Heat transfer under natu-
ral convection in porous 
media; 
LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 ≪ 10−5 

(Al-Nimr 
and Abu-
Hijleh, 
2002) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =  𝑝𝑝−� 𝐵𝐵𝐵𝐵𝐶𝐶𝑅𝑅(1−𝑛𝑛)
�(𝑓𝑓𝑑𝑑𝐵𝐵𝑑𝑑−𝑖𝑖𝑥𝑥𝑑𝑑𝐵𝐵𝑑𝑑)𝐼𝐼0 �2� 𝐵𝐵𝑓𝑓2𝑥𝑥𝑑𝑑𝑖𝑖𝑒𝑒𝐶𝐶𝑅𝑅(1 − 𝑛𝑛)

(𝐿𝐿𝑑𝑑𝑖𝑖𝑒𝑒 − 𝑛𝑛𝑥𝑥𝑑𝑑𝑖𝑖𝑒𝑒)�0.5�
≪ 𝐵𝐵𝑓𝑓𝐶𝐶𝑅𝑅(1− 𝑛𝑛)

Ψ 𝑤𝑤𝑓𝑓𝐿𝐿ℎ:  𝐵𝐵𝑓𝑓 = 𝐵𝐵𝑓𝑓𝑜𝑜𝐿𝐿 𝑛𝑛𝑝𝑝𝐿𝐿𝑛𝑛𝑝𝑝𝑠𝑠;  𝐿𝐿 𝑣𝑣𝑝𝑝 𝑤𝑤𝑓𝑓𝑑𝑑𝐿𝐿ℎ 𝑜𝑜𝑒𝑒 𝐿𝐿ℎ𝑣𝑣𝑛𝑛𝑛𝑛𝑝𝑝𝑝𝑝 𝐼𝐼0 𝑣𝑣𝑝𝑝 𝐿𝐿𝑜𝑜𝑑𝑑𝑓𝑓𝑒𝑒𝑓𝑓𝑝𝑝𝑑𝑑 𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑒𝑒𝑝𝑝𝑛𝑛𝐿𝐿𝐿𝐿𝑓𝑓𝑜𝑜𝑛𝑛 𝑜𝑜𝑒𝑒 𝑒𝑒𝑓𝑓𝑠𝑠𝑝𝑝𝐿𝐿 𝑘𝑘𝑓𝑓𝑛𝑛𝑑𝑑 𝑣𝑣𝑛𝑛𝑑𝑑 𝑧𝑧𝑝𝑝𝑠𝑠𝑜𝑜 𝑜𝑜𝑠𝑠𝑑𝑑𝑝𝑝𝑠𝑠 𝑑𝑑𝑓𝑓𝐿𝐿𝑝𝑝𝑛𝑛𝑝𝑝𝑓𝑓𝑜𝑜𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐿𝐿𝑓𝑓𝐿𝐿𝑝𝑝  𝐿𝐿𝑑𝑑𝑖𝑖𝑒𝑒 =
𝐿𝐿𝛽𝛽𝐿𝐿 𝑣𝑣𝑛𝑛𝑑𝑑 𝑝𝑝𝑝𝑝𝑣𝑣𝐿𝐿𝑝𝑝𝑥𝑥𝑑𝑑𝑖𝑖𝑒𝑒 =

𝑥𝑥𝐿𝐿 ; 

Ψ = � 𝑝𝑝−� 𝐵𝐵𝐵𝐵𝐶𝐶𝑅𝑅(1−𝑛𝑛)
�𝑞𝑞𝑓𝑓𝑑𝑑𝐵𝐵𝑑𝑑−𝑖𝑖𝑥𝑥𝑑𝑑𝐵𝐵𝑑𝑑

0 𝐼𝐼0 �2�𝐵𝐵𝑓𝑓2𝑥𝑥𝑑𝑑𝑖𝑖𝑒𝑒𝛽𝛽𝐶𝐶𝑅𝑅(1− 𝑛𝑛)
�0.5� 𝑑𝑑𝑝𝑝 

Packed bed under transi-
ent forced convection 

(Kim and 
Jang, 
2002) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =  𝑃𝑃𝑠𝑠𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠𝑅𝑅𝑝𝑝𝑑𝑑𝑝𝑝𝐷𝐷𝑣𝑣1/2 𝑛𝑛𝐿𝐿𝑝𝑝 ;≪ 1 General criterion, tested 
for packed beds with 
heated top wall and 
cooled bottom wall;  
LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓  ≪ 1 

(Byun et 
al., 2006) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =
(1− 𝑛𝑛)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑤𝑤ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠  ;≪ 1 𝑤𝑤𝑓𝑓𝐿𝐿ℎ: 𝑤𝑤 𝑣𝑣𝑝𝑝 𝐿𝐿ℎ𝑝𝑝 𝑒𝑒𝑠𝑠𝑝𝑝𝛽𝛽𝑝𝑝𝑝𝑝𝑛𝑛𝐿𝐿𝑦𝑦 𝑜𝑜𝑒𝑒 𝐿𝐿ℎ𝑝𝑝 𝑜𝑜𝑝𝑝𝐿𝐿𝑓𝑓𝑝𝑝𝑝𝑝𝑣𝑣𝐿𝐿𝑓𝑓𝑛𝑛𝑒𝑒 𝑒𝑒𝑝𝑝𝑜𝑜𝑤𝑤 

LTE criterion for a semi-
infinite porous medium 
under oscillating flow from 
a cold side to a hot side 
and reverse. Based on 
the ratio of the problem 
timescale to the thermal 
inertia time scale: 
LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 ≪ 1 

Zhang et 
al. (2009) 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =  𝑃𝑃𝑠𝑠𝑠𝑠,𝑒𝑒𝑠𝑠𝑠𝑠𝑅𝑅𝑝𝑝𝑑𝑑𝑝𝑝𝐷𝐷𝑣𝑣12 λ𝑠𝑠,𝑒𝑒𝑓𝑓𝑓𝑓

λ𝑓𝑓,𝑒𝑒𝑓𝑓𝑓𝑓
1− λ𝑠𝑠,𝑒𝑒𝑓𝑓𝑓𝑓

λ𝑓𝑓,𝑒𝑒𝑓𝑓𝑓𝑓
𝐿𝐿𝑝𝑝−1  

1

6(1− 𝑛𝑛)
;≪ 1 

𝑤𝑤𝑓𝑓𝐿𝐿ℎ: 𝐷𝐷𝑣𝑣 =  
𝑑𝑑𝑝𝑝2𝐿𝐿2 ; 𝐿𝐿 = 𝑝𝑝𝑝𝑝𝑛𝑛𝑒𝑒𝐿𝐿ℎ 𝑜𝑜𝑒𝑒 𝑝𝑝𝑣𝑣𝐿𝐿𝑘𝑘𝑝𝑝𝑑𝑑 𝑛𝑛𝑝𝑝𝑑𝑑 

General criterion, tested 
for packed beds with con-
stant wall temperature; 
LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓  ≪ 1 
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Author LTE Criterion  

(Dehghan 
et al., 
2014a, 
2014b) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 = ��𝜃𝜃𝑠𝑠 − 𝜃𝜃𝑠𝑠�ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠2𝐿𝐿2
λ𝑏𝑏,𝑒𝑒𝑠𝑠𝑠𝑠𝐿𝐿𝑝𝑝 �  ;≪ 1 𝑤𝑤𝑓𝑓𝐿𝐿ℎ: 𝜃𝜃𝑠𝑠,𝑠𝑠𝑣𝑣𝑝𝑝 𝑑𝑑𝑓𝑓𝐿𝐿𝑝𝑝𝑛𝑛𝑝𝑝𝑓𝑓𝑜𝑜𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐿𝐿𝑝𝑝𝐿𝐿𝑝𝑝𝑝𝑝𝑠𝑠𝑣𝑣𝐿𝐿𝑝𝑝𝑠𝑠𝑝𝑝 𝑒𝑒𝑝𝑝𝑝𝑝𝑓𝑓𝑑𝑑 𝑜𝑜𝑠𝑠 𝑝𝑝𝑜𝑜𝑝𝑝𝑓𝑓𝑑𝑑, 

 𝐿𝐿 𝑣𝑣𝑝𝑝 𝑠𝑠𝑣𝑣𝑑𝑑𝑓𝑓𝑝𝑝𝑝𝑝 𝑜𝑜𝑒𝑒 𝐿𝐿𝑝𝑝𝑛𝑛𝑝𝑝 

Based on a perturbation 
analysis, for a porous me-
dia in a tube heat ex-
changer; allows to esti-
mate importance of LTNE; 
 LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 ≪ 1 

(Zanoni et 
al., 2017) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 =  
6ℎ𝑠𝑠𝑠𝑠𝛽𝛽𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 ;≫ 1 Packed bed with sand 

and air in convection 
dominated conditions; 
 LTE if 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑖𝑖𝑓𝑓 ≫ 1 

 

2.4 LTNE models 

When the LTE approach is not suitable, a local thermal non-equilibrium (LTNE) model, some-

times also named non local thermal-equilibrium model, heterogeneous model, two-tempera-

ture model or two-equation model (Rees and Pop, 2005; Singh et al., 2006; Obembe et al., 

2016) can be used. LTNE models are rarely used the environmental field and more common 

in engineering applications. These models apply two separate energy equations to describe 

the temperature in the fluid and solid phases (Fig. 6) and allow temperature differences be-

tween them, loosening the required assumptions (eq. 9): 

LTNE:  ∆𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅 ≪ ∆𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑒𝑒𝑒𝑒   𝐿𝐿𝑠𝑠 ≠ 𝐿𝐿𝑠𝑠 

(9) 

with ∆𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅 [-] as the normalized temperature difference in the REV and ∆𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑒𝑒𝑒𝑒 [-] as the 

normalized temperature difference in the whole investigated system. 

While the LTE model disregards any kinetic disequilibrium effects, the LTNE model allows to 

account for these dynamic processes induced by the temporal temperature differences (Fig. 

6). Similar to the LTE model, they are typically derived by volume averaging and assume that 

each phase is continuous and can be represented by appropriate effective parameters 

(Kaviany, 1995). The thermal coupling between the fluid phase and the solid phase is con-

trolled by a heat transfer coefficient ℎ𝑠𝑠𝑠𝑠. The accurateness of the results is highly dependent 

on an appropriate value of this parameter, which is either derived by the examination of a 

simplified microstructure like a grid of spherical particles or based on empiric relationships 

derived in laboratory experiments or particle resolved direct numerical modelling (Wakao et 

al., 1979; Tavassoli et al., 2015).  
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Fig. 6:  a) Qualitative temperature development for steady state injection of a fluid, which is injected 

into a porous medium of different temperature. In the early phase, the temperature between 

solid and fluid phase is unequal. After a certain amount of time thermal equilibrium is reached. 

The red dotted line shows the simplification made by the LTE model neglecting any kinetic 

effects from delayed intra particel diffusion. b) Depiction of the assumption made by the LTE 

approach in a simplistic aquifer representation. c) Thermal breakthrough curves of an LTE and 

LTNE model. The LTE model constitutes an averaged temperature between the fluid and solid 

phase while the LTNE model provides the temperature development of both phases.  

Different LTNE models exist, the three most common LTNE models are the Schumann model, 

the continuous solid phase model (C-S) and the dispersion-concentric model (D-C) (Table 2). 

The Schumann model and the C-S model are easier to handle and analyze as both fluid and 

solid phase temperature equations are only functions of distance and time while the D-C 

model introduces another dimension, the center symmetric radial position inside the particle 

(Kaguei et al., 1976; Levec and Carbonell, 1985a). The Schumann model is the simplest model, 

only considering plug flow in the fluid phase neglecting fluid and solid heat conduction and 

thermal mechanical dispersion (Wakao et al., 1979). The C-S model describes both the fluid 

and solid temperatures as a continuum, considering thermal mechanical dispersion and heat 

conduction in the fluid phase and axial heat conduction in the solid phase. The D-C model also 

accounts for thermal mechanical dispersion and heat conduction in the fluid phase, but the 

temperature in the solid phase is radial symmetric in the particle, neglecting axial heat con-

duction of the solid phase (Kaguei et al., 1976; Wakao and Kaguei, 1982). The most common 

LTNE model is the C-S model as it accounts for the axial heat conduction in the solid phase.  
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Table 2: Overview of different LTNE models and their limitations (Kaguei et al., 1976; Wakao et al., 1979; Obembe 

et al., 2016). 

Model Schematic Governing equations Description 

Schu-
mann 
model 

 
 

𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 = 𝑣𝑣𝑎𝑎 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥 +
ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠�1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 �𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑠𝑠� 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 =

ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠
(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 �𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑠𝑠� 

- fluid in plug flow, only ad-
vection considered, fluid 
conduction and dispersion 
neglected 

- heat exchange between 
fluid and solid phase 

- no temperature gradient in 
particle 

- no axial heat conduction 

Continu-
ous 
solid 
phase 
model 
(C-S) 

 
 

𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 = � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 + 𝐷𝐷𝑙𝑙�𝜕𝜕2𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥2 − 𝑣𝑣𝑎𝑎 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥
+

ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 �𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑠𝑠� 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 = � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠� 𝜕𝜕2𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥2 − ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠
(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 �𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑠𝑠� 

- fluid in dispersed plug 
flow, fluid conduction and 
dispersion considered 

- heat exchange between 
fluid and solid phase 

- axial heat conduction in 
solid phase  

Disper-
sion 
concen-
tric 
model 
(D-C) 

 

𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 = � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 + 𝐷𝐷𝑙𝑙�𝜕𝜕2𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥2 − 𝑣𝑣𝑎𝑎 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥
+

ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 �(𝐿𝐿𝑠𝑠)𝑎𝑎 − 𝐿𝐿𝑠𝑠� 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 = � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠� 𝜕𝜕2𝐿𝐿𝑠𝑠𝜕𝜕𝑠𝑠2 +
2𝑠𝑠 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝑠𝑠  

𝑣𝑣𝐿𝐿 𝑠𝑠 = 𝑅𝑅𝑠𝑠,   � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠� 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝑠𝑠 = ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠�𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑠𝑠� 

- fluid in dispersed plug 
flow, fluid conduction and 
dispersion considered 

- heat exchange between 
fluid and solid phase 

- radial symmetric particle 
temperature 

- no axial heat conduction 
in solid phase 

The resulting partial differential equations for a continuous-solid LTNE model are given in eq. 

(10) & (11) (Amiri and Vafai, 1994). The two temperatures are interlinked by a coupling term 

(Wakao et al., 1979) based on the heat transfer coefficient ℎ𝑠𝑠𝑠𝑠 [W m-2 K-1] (eq. 12) and the 

specific surface area 𝑣𝑣𝑠𝑠𝑠𝑠 [m-1] (eq. 13), here assumed for a bed of spherical particles (Dullien, 

1979). The equations are as follows 

𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 = � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 + 𝐷𝐷𝑙𝑙� 𝜕𝜕2𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥2 − 𝑣𝑣𝑎𝑎 𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥 +
ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑛𝑛𝐿𝐿𝑜𝑜𝐿𝐿𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 �𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑠𝑠� (10) 

𝜕𝜕𝐿𝐿𝑠𝑠𝜕𝜕𝐿𝐿 = � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠� 𝜕𝜕2𝐿𝐿𝑠𝑠𝜕𝜕𝑥𝑥2 − ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠
(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 �𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑠𝑠� (11) 

ℎ𝑠𝑠𝑠𝑠 =
𝐿𝐿𝑝𝑝 λ𝑠𝑠𝑑𝑑𝑝𝑝  

(12) 
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𝑣𝑣𝑠𝑠𝑠𝑠 =
�6(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)�𝑑𝑑𝑝𝑝  

(13) 

with 𝑑𝑑𝑝𝑝 [m] as the particle diameter and 𝐿𝐿𝑝𝑝 [-] as the Nusselt number. 

The effective thermal dispersion in the fluid phase consisting of the thermal conductivity of 

the fluid and the thermal mechanical dispersion is described by the first part on the right hand 

side in eq. (10), the advective part is the second term and the heat transfer between the fluid 

and solid phase is described by the last part. The temperature development in the solid phase 

can be described by the axial heat conduction as defined by the first term in eq. (11) and the 

coupling term between fluid and solid phase temperature.  

 

2.5 Heat transfer coefficients 

The heat transfer coefficient (eq. 12) is a vital parameter for LTNE models, as it describes the 

heat transfer rate between the fluid and solid phases. As seen above ℎ𝑠𝑠𝑠𝑠 [W m-2 K-1] depends 

on Nu [-], the particle size 𝑑𝑑𝑝𝑝 [m] and the thermal conductivity of the fluid λ𝑠𝑠 [W m-1K-1] 

(Wakao et al., 1979). While λ𝑠𝑠 and 𝑑𝑑𝑝𝑝 are usually known in ideal packed beds, Nu must be 

estimated using an appropriate correlation which commonly depends on the particle Reynolds 

number, 𝑅𝑅𝑝𝑝 [-] (eq. 14) , and the Prandtl number, 𝑃𝑃𝑠𝑠 [-] (eq.15) (see Table 3 for examples).  

𝑅𝑅𝑝𝑝 =  
𝜌𝜌𝑠𝑠𝑣𝑣𝑎𝑎𝑑𝑑𝑝𝑝𝜂𝜂  

(14) 

𝑃𝑃𝑠𝑠 = 
𝜂𝜂𝐿𝐿𝑠𝑠
λ𝑠𝑠  (15) 

With 𝜂𝜂 [kg m-1 s-1] as the dynamic viscosity of the fluid. 

Generally, such a correlation is empirically derived from laboratory experiments (Shent et al., 

1981; Wakao and Kaguei, 1982; Achenbach, 1995; Collier et al., 2004; Nie et al., 2011; Naghash 

et al., 2016; Zanoni et al., 2017) or more recently by particle resolved direct numerical mod-

eling (Sun et al., 2015; Tavassoli et al., 2015; Singhal et al., 2017b; Chen and Müller, 2019; Zhu 

et al., 2019). As natural porous aquifers are typified by Re < 50 and a porosity (fluid volume 

fraction) n < 0.5, the correlations established by previous studies are covering much broader 
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ranges. Table 3 shows an overview of these correlations and demonstrates that no single 

model appropriately describes the conditions expected in a porous aquifer. 

Table 3: Overview of different Nusselt correlations where Reynolds number and porosity constraints are within the 

range of conditions typical of porous aquifers. 

Author Correlation Data in range  

Nelson 
and 
Galloway 
(1975)  𝐿𝐿𝑝𝑝 =  

2ζ + � 2ζ2(1−𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡)
13�1−(1−𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡)
13�2 − 2�𝐿𝐿𝑣𝑣𝑛𝑛ℎζ

ζ1−(1−𝑖𝑖)1/3 − 𝐿𝐿𝑣𝑣𝑛𝑛ℎζ  

with ζ = 0.3 � 1

(1− 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)13 − 1� 𝑅𝑅𝑝𝑝1/2𝑃𝑃𝑠𝑠1/3 
 

0.01 < Re 
<100 

developed new model with 
no lower boundary limit for 
Nusselt and test this vs ex-
isting data (air/gas as fluid) 

Wakao et 
al. (1979) 

𝐿𝐿𝑝𝑝 =  2 + 1.1 𝑃𝑃𝑠𝑠13 𝑅𝑅𝑝𝑝0.6 
 

15 < Re < 
8500 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓= 0.4 

widely used, reevaluated 
most of the correlations and 
data up to that date; but fluid 
always gas/air 

 

Achenbach 
(1995) 

𝐿𝐿𝑝𝑝
= [(1.18 𝑅𝑅𝑝𝑝0.58)4
+ �0.23 � 1

1− 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 𝑅𝑅𝑝𝑝�0.75�4]1/4 

 

1 < Re < 104 

0.26 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 
0.9 

experimentally determined 
by mass transfer experi-
ments, naphthalene sublima-
tion in air, spherical particles 

Nie et al. 
(2011)  

𝐿𝐿𝑝𝑝 = (0.049 ± 0.0236) 𝑅𝑅𝑝𝑝0.8572±0.0937 𝑃𝑃𝑠𝑠13 
 

5 < Re < 280 

0.327 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 
0.418 

experimentally determined 
by fitting a numerical model 
to transient step responses 
for airflow through different 
beds of particles (glass, 
lead, and steel) 

Roshan et 
al. (2014)  

𝐿𝐿𝑝𝑝 =  2.4𝑥𝑥10−5 + 285.6( 𝑃𝑃𝑠𝑠13 𝑅𝑅𝑝𝑝2.7) 

 

0.001 < Re < 
0.01 
0.34 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 
0.44 

based on data from Kunii 
and Smith (1961) (water – 
sand based), but this data of 
Kunii & Smith is criticized by 
e.g. Wakao and Kaguei 
(1982) due to an improper 
mathematical model 

 

Tavassoli 
et al. 
(2015, 
2013)  

𝐿𝐿𝑝𝑝 = (7− 10𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 + 5𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓2 ) �1 + 0.1𝑅𝑅𝑝𝑝0.2 𝑃𝑃𝑠𝑠13�
+ (1.33− 2.19𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓
+ 1.15𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓2 )𝑅𝑅𝑝𝑝0.7 𝑃𝑃𝑠𝑠13 

0 < Re < 100 

0.35 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 1 

modified the Gunn (1978) 
correlation based on particle 
resolved direct numerical 
simulations for gas - solid for 
monodispersed spheres and 
non-spherical particles (by 
choosing proper effective di-
ameter) 

Sun et al. 
(2015)  𝐿𝐿𝑝𝑝 =

(−0.46 + 1.77𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 + 0.69𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓2 )𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓3
+ (1.37− 2.4𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓
+ 1.2𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓2 )𝑅𝑅𝑝𝑝0.7 𝑃𝑃𝑠𝑠13 

 

1 < Re < 100 

0.5 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 
0.9 

based on particle resolved 
direct numerical simulations 
for gas - solid (monodis-
persed spheres) 
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Author Correlation Data in range  

Naghash 
et al. 
(2016)  

𝐿𝐿𝑝𝑝 = (0.00119 ± 0.00273) 

  �𝑅𝑅𝑝𝑝 � 2𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓
3(1− 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)��1.647±0.501

 𝑃𝑃𝑠𝑠13 
 

40 < Re < 100 
0.33 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 
0.66 

experimentally determined 
by fitting a numerical model 
to transient step responses 
for airflow through a bed of 
microporous silica gel parti-
cles 

Zanoni et 
al. (2017)  

𝐿𝐿𝑝𝑝 =  0.001( 𝑃𝑃𝑠𝑠13 𝑅𝑅𝑝𝑝1.97) 

 

0.5 < Re < 31 
0.36 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 
0.37 
 

based on laboratory experi-
ments (air-sand) fitted to a 
numerical model (Comsol) 

Singhal et 
al. (2017)  

𝐿𝐿𝑝𝑝 =  2.67(±1.48) + 0.53( 𝑃𝑃𝑠𝑠0.53 𝑅𝑅𝑝𝑝0.77) 

 

9 < Re < 180 
0.351 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 
<0.367 

based on particle resolved 
direct numerical simulations 
for gas - solid (monodis-
persed spheres) 

Chen and 
Müller  
(2019)  

𝐿𝐿𝑝𝑝 = 2 + 0.77(1− 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓) + 0.64(1− 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)2
+ �0.6

+ 1.1(1− 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)�𝑅𝑅𝑝𝑝0.5𝑃𝑃𝑠𝑠13 
Re < 100 
0.5 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 1 

numerically determined Nu 
with a thermal lattice Boltz-
mann method for gas-solid 
(monodispersed spheres) 

Zhu et al. 
(2019)  

𝐿𝐿𝑝𝑝 = (−0.83 + 16.21𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 − 14.67𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓2) �1− 0.01𝑅𝑅𝑝𝑝0.2 𝑃𝑃𝑠𝑠13�+ (1.5− 2.6𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓
+ 1.31 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓2 )𝑅𝑅𝑝𝑝0.7 𝑃𝑃𝑠𝑠13 

0 < Re < 550 
0.35 < 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 < 1 

review and reevaluation of 
Nu correlations based on 
particle resolved direct nu-
merical modelling  

 

2.6 Quantification of LTNE 

Different methods have been used to describe and quantify LTNE effects on heat transport in 

porous media. One type of LTNE measures is based on the normalized temperature difference 

between the fluid and solid phase (Amiri and Vafai, 1998; Khashan and Al-Nimr, 2005; Khashan 

et al., 2006; Al-Sumaily et al., 2013; Abdedou and Bouhadef, 2015). This LTNE measure can be 

either defined as the maximum (eq. 16) or the average (eq. 17) of the temperature difference 

at a point in the packed bed (Amiri and Vafai, 1998; Virto et al., 2009) or across the whole 

packed bed (Khashan and Al-Nimr, 2005; Khashan et al., 2006; Al-Sumaily et al., 2013; 

Abdedou and Bouhadef, 2015)  

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑠𝑠𝑙𝑙𝐶𝐶𝑖𝑖𝑑𝑑 𝑠𝑠𝑡𝑡𝑙𝑙𝑖𝑖𝑑𝑑 ,𝑒𝑒𝑎𝑎𝑥𝑥,𝑥𝑥 =  𝐿𝐿𝑣𝑣𝑥𝑥𝑁𝑁�𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥� (16) 

and 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑠𝑠𝑙𝑙𝐶𝐶𝑖𝑖𝑑𝑑 𝑠𝑠𝑡𝑡𝑙𝑙𝑖𝑖𝑑𝑑,𝑒𝑒𝑒𝑒𝑎𝑎𝑖𝑖,𝑥𝑥 =  
∑ �𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,s,x�𝑁𝑁1 𝐿𝐿  (17) 
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With 𝐿𝐿 as the number of time steps, 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥 [-] as the normalized fluid temperature of the 

LTNE model at the distance 𝑥𝑥 [m], and 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,s,x [-] as the normalized solid temperature of the 

LTNE model at the distance 𝑥𝑥. 

Another approach to measure the LTNE intensity is to compare the maximum and average 

temperature difference between the normalized temperature obtained using the LTE model 𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅,𝑥𝑥 [-] and the fluid temperature of the LTNE model (Lu and Xiang, 2012; Hamidi et al., 

2019) for each evaluated distance x (𝐿𝐿= number of timesteps). 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅−𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑒𝑒𝑎𝑎𝑥𝑥,𝑥𝑥 = 𝐿𝐿𝑣𝑣𝑥𝑥𝑁𝑁�𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥� (18) 

and 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅−𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑒𝑒𝑒𝑒𝑎𝑎𝑖𝑖,𝑥𝑥 =
∑ �𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥�𝑁𝑁1 𝐿𝐿  (19) 

The threshold value which defines the boundary between LTE and LTNE conditions is com-

monly set to a difference of 5 % in the above explained measures (Khashan and Al-Nimr, 2005; 

Khashan et al., 2006; Al-Sumaily et al., 2013; Abdedou and Bouhadef, 2015). This value is cho-

sen rather arbitrarily, the consequences for heat transport modeling in the field if one of these 

measures exceed this value are not clearly stated.  

 

2.7 Prediction modeling 

When heat transport in porous media has to be predicted, e.g. in geothermal applications, 

numerical and analytical solutions of the heat transport equations are used. Analytical solu-

tions have the advantage of usually being faster to solve, numerically exact and continuous in 

time and space (Anderson et al., 2015). But as analytical solutions typically require simple ge-

ometry and simple boundary conditions, their application is very limited. In addition, analyti-

cal solutions do not exist for all problems (Olver, 2016). Therefore, often numerical models 

are used in prediction related applications.  

Numerical models use an approximate form of the governing heat transport equation. This 

allows to solve fully transient, 3D, heterogeneous and anisotropic problems under complex 

initial and boundary conditions (Anderson et al., 2015). Different numerical methods exist, the 
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most common ones are the finite-element, finite-differences and finite-volume methods 

(Diersch, 2014). As the finite-element technique is very often used in groundwater related 

numerical approaches and thought of as the most general and powerful method (Diersch, 

2014), the following section gives a short overview of the basic principles of this method. De-

tailed explanations of the fundamentals of numerical modeling are for example given in Reddy 

and Gartling (2010), Diersch (2014), and Olver (2016). Following Bear (1972) and Reddy and 

Gartling (2010) the major steps in the finite element formulation are as follows: 

1. The problem domain is divided into a finite number of elements that are defined by 

nodes. Arbitrary and irregular geometries can be represented by finite elements which 

makes the method readily applicable to various problems. The dependent variable is 

defined as a continuous solution within the elements, this means, that the value of the 

dependent variable can be obtained by the values of the variable at the nodes of the 

element and the position. 

2. Generation of the approximation function, often a weighted integral or a weak-form 

statement of the differential equation over a typical element and development of the 

finite element model by taking the derivative with respect to the dependent variable 

at all nodes of the element. Different finite element models can exist for the same 

differential equation based on the method of approximation, e.g. Galerkin, least-

squares etc. 

3. Merging of the equations of all elements to obtain a global system of algebraic equa-

tions. 

4. Definition of the boundary conditions in terms of nodal values. 

5. Integration of the boundary conditions into the equations and solution of the equa-

tions. 

Different simulation codes are frequently used to solve heat transport problems numerically 

in natural porous media like aquifers. These are for example the finite-element codes Feflow 

(Diersch, 2014), Comsol Multiphysics and OpenGeoSys (Kolditz et al., 2012), the finite-differ-

ences codes SEAWAT (Langevin et al., 2008) and TOUGH2 (Pruess et al., 1999) and some finite-

volume codes like ANSYS FLUENT and PFLOTRAN (Mills et al., 2007). An overview of available 

simulation codes is for example given in (Hecht-Méndez et al., 2010). While some of these 
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codes are capable of solving LTNE problems e.g. Comsol, to the authors knowledge LTE models 

are nearly always used in prediction modeling in natural porous media. This demonstrates 

that LTNE effects have not been considered in depth for prediction modeling in natural porous 

media. 

 

2.8 Evaluation of thermal breakthrough curves 

Naturally occurring or anthropogenically induced thermal signals in the groundwater or in the 

streambed can be used to estimate different parameters such as groundwater fluxes and 

mean transit times (e.g. Becker et al., 2015; Moeck et al., 2017; Somogyvári and Bayer, 2017). 

This can be done by comparing thermal signals at different observation wells or by using tem-

perature depth profiles to estimate vertical fluxes and similar approaches. In many of these 

applications the thermal velocity is of high interest as it is a proxy for the groundwater flux. 

The advective thermal velocity is related to the seepage velocity by an effective thermal re-

tardation factor Reff which describes the ratio between the seepage velocity to the advective 

thermal velocity (Shook, 2001; Stopa and Wojnarowski, 2006). If LTE is valid, Reff equals an 

apparent retardation factor Rapp (eq. 8), that is estimated by relating the ratio of heat capaci-

ties between the bulk porous media and the fluid (Bodvarsson, 1972; Woods and Fitzgerald, 

1993, 1997; Shook, 2001). 

Determining the advective thermal velocity is therefore often a key component when using 

heat as a tracer. Neglecting effective thermal dispersion would result in a breakthrough curve 

with a sharp temperature front, which can easily be used to determine the advective thermal 

velocity (Shook, 2001). However, in previous experimental studies, measured thermal BTCs 

are influenced by conduction and thermal mechanical dispersion, resulting in a differently 

shaped BTC, depending on the used temperature signal. So, these differences should be ac-

counted for, when thermal BTCs from heat tracer experiments are evaluated. 

Different methods are available to determine the thermal velocity from thermal breakthrough 

curves depending on the input signal. Typical input signals are a step input, which can be de-

scribed as a continuous input of a constant load, a pulse input of finite duration, where a con-

stant load is applied for a finite duration, and a periodic signal, often diurnal or seasonal tem-

perature changes in a sinusoidal form. A common approach independent of the input signal is 
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to use an appropriate analytical model with the advective thermal velocity as a fitting param-

eter (e.g. Bakker et al., 2015; Bandai et al., 2017; Caissie and Luce, 2017; Rau et al., 2012a). In 

scenarios with a pulse input of finite duration, the thermal peak velocity, defined by the move-

ment of the maximum of the temperature signal, is frequently utilized (e.g. Constantz et al., 

2003; Lewandowski et al., 2011; Somogyvári and Bayer, 2017). When periodic signals are an-

alyzed, characteristic peak and trough matching (e.g. Markle and Schincariol, 2007; Laws et 

al., 2011; Becker, Clark and Johnson, 2015) and lag times from maximum cross correlations 

(e.g. Hoehn and Cirpka, 2006; Bekele et al., 2014; Taylor, Banks and Watson, 2016) are used 

to evaluate the thermal velocity. An overview of the used approaches in experimental studies 

is given in Table 4.  

Table 4: Methods for different source signal types used to derive the thermal velocity, vtherm fit as the velocity ob-

tained by fitting an analytical model to a BTC, the peak velocity vtherm peak and the peak velocity of the first 

time derivative vtherm peak dT/dt from heat tracer experiments.  

Source signal type Methods to determine 
vtherm 

Examples from literature 

Finite duration pulse 
signal 

Fitting parameter in an-
alytical model (vtherm fit) 

Bakker et al. (2015) 

Peak time (vtherm peak) Constantz et al. (2003); Lewandowski et al. (2011); 
Somogyvári & Bayer (2017); Taniguchi & Sharma (1990); 
Wagner et al. (2014)  

Peak of first time deriv-
ative (vtherm peak dT/dt) 

Somogyvári & Bayer (2017) 

Step signal Fitting parameter in an-
alytical model (vtherm fit) 

Bandai et al. (2017); Rau et al. (2012a)  

Self-defined value be-
tween initial and injec-
tion temperature  

Park et al. (2015) 

Mean value between 
initial and injection tem-
perature 

Irvine et al. (2013) 

Peak of first time deriv-
ative (vtherm peak dT/dt) 

Somogyvári et al. (2016) 

Periodic signal Fitting parameter in an-
alytical model (vtherm fit) 

Caissie and Luce (2017); Halloran et al. (2016); Rau et al. 
(2017, 2012b); Schneidewind et al. (2016) 

Lag time from maxi-
mum cross correlation 

Bekele et al., (2014); Hoehn and Cirpka (2006); Markle 
and Schincariol (2007); Moeck et al. (2017); Taylor et al. 
(2016); Vandenbohede and Van Houtte (2012)  

Characteristic peak 
and trough matching 

Becker et al. (2015); Laws et al. (2011); Markle and 
Schincariol (2007) 
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Whether these methods give accurate estimates of the advective thermal velocity has not 

been thoroughly examined, as studies which systematically investigate the seepage velocities 

derived from heat tracers and solute tracers are scarce (Taniguchi and Sharma, 1990; Rau et 

al., 2012a, 2012b; Irvine et al., 2013; Bandai et al., 2017). Their results are also not consistent: 

some works reveal a good agreement (Irvine et al., 2013), while others found systematic over- 

or underestimation (Rau et al., 2012a, 2012b; Bandai et al., 2017). Other studies used both 

heat and solute tracers, but did not make a systematic comparison between heat- and solute-

derived velocities (Constantz et al., 2003; Vandenbohede et al., 2009; Ma et al., 2012; Seibert 

et al., 2014; Wildemeersch et al., 2014; Bakker et al., 2015; Becker et al., 2015; Klepikova et 

al., 2016; Bonner et al., 2017; Sarris et al., 2018).  
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Chapter 3 Material and methods 

3.1 One-dimensional column experiments to estimate LTNE effects on ther-
mal retardation 

The following section lays out the experimental setup of the laboratory experiments which 

were used to compare different methods to evaluate the thermal velocity from thermal BTCs 

and assess the influence of LTNE effects on the advective thermal velocity. This chapter is 

based on the methods section of Gossler et al. (2019) but has been extended and adapted. 

3.1.1 Experimental method 

3.1.1.1 Experimental setup 

The laboratory setup illustrated in Fig. 7 was developed to study one-dimensional (1D) heat 

and solute tracer transport through a cylinder-shaped sample at seepage velocities of 

va = 1 - 50 m d-1 and at temperatures of 5 – 70 °C.  

The experiments were considered as one-dimensional because the heated water and the so-

lute tracer were injected throughout the whole cross section of the column perpendicular to 

the flow direction which is a frequently applied assumption (Leibundgut et al., 2009; Maier et 

al., 2015; Bandai et al., 2017). Furthermore, even if the inflow into the column is not perfectly 

uniform, influences of non-uniform boundary conditions in laboratory soil columns should dis-

sipate at 3/2 of the radius of the column (Barry, 2009). Assuming that the inflow into the col-

umn is uniform across the whole cross section, the heat and solute concentration gradients in 

the y and z directions equal zero: 

∂𝐿𝐿𝜕𝜕𝑦𝑦 =
𝜕𝜕𝐿𝐿𝜕𝜕𝑧𝑧 = 0     |     

∂𝐶𝐶𝜕𝜕𝑦𝑦 =
𝜕𝜕𝐶𝐶𝜕𝜕𝑧𝑧 = 0      (20) 

which allows to reduce the three-dimensional heat transport and solute transport equations 

to the one-dimensional equations given in Chapter 2. This means that the effective thermal 

dispersion and the effective solute dispersion in the z and y axis perpendicular to the flow 

direction x are neglected because neither a temperature gradient respectively a concentration 

gradient nor an advective flux which could cause mechanical dispersion exist in these direc-

tions. 
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To enable an instant change between hot-water injection and cold-water injection, two refrig-

erated bath circulators (Witeg WCR-P22) were used. The two devices have an accuracy of 

± 0.1 K. They can be used independently for heating and cooling and served here as cold and 

hot water tanks. An eight-channel peristaltic pump (Ismatec Ecoline) was used to control the 

volume flow into the column. A three-way valve was installed at each of the inflow tubes close 

to the column to allow tempering of the tubes without injection into the column. Further-

more, the three-way valves were used to inject a solute tracer. 

 
Fig. 7: Schematic experimental setup of the laboratory experiments. The refrigerated bath circulators 

served as a hot and cold water storage. The volume flow was controlled by an eight-channel 

peristaltic pump. The red dots mark the positions of the Pt100 temperature sensors. The column 

can be installed in a vertical and horizontal configuration. 
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Fig. 8: Aluminium framework of the laboratory setup containing the acrylic glass column, here in the 

vertical setup. The thermal insulation is not displayed. The construction allows to change 

between a horizontal and a vertical experiment setup. 

The sample was inserted in an acrylic glass column with an inner diameter of 0.29 m and a 

length of 1.5 m within an aluminum framework (Fig. 8). Uniform inflow and outflow of the 

column was ensured by eight radially arranged inlets (CPC couplings) in the lid and the bottom 

of the column (Fig. 9), and by an inflow distributor consisting of a perforated plate with a 

distance of 4 cm after the lid. A vertically movable perforated stabilization plate mounted on 

the lid prevented shifting of the sample during tilting of the column (Fig. 9) The column was 

thermally insulated by a 5-cm-thick layer of K-Flex 25 (λ = 0,034 W m-1 K-1) insulation. In addi-

tion, the inflow tubes were thermally insulated by a K-Flex tube (wall thickness 10 mm). A tank 

at the end of the outflow tubes was installed to ensure the same pressure level at each out-

flow tube. A tank at the outflow was used to determine the volume flow through the column.  
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Fig. 9:  a) lid of the column with a movable perforated stabilization plate to prevent shifting of the sample 

during tilting of the column. b) top view of the lid with dimensions. The bottom lid of the column 

is similar without the threaded bars and threads.  

3.1.1.2 Data acquisition system for heat and solute 

The temperature development of the fluid in the laboratory setup was monitored with four-

wire Pt100 sensors (Omega Engineering) with an accuracy class 1/10 of IEC 751 / EN 60751 

resulting in an accuracy of ±0.03 K. Two kinds of Pt100 sensors were used: sheathed ones with 

a total length of 18 cm and a diameter of 3 mm, and hermetically sealed wire sensors with a 

diameter of 1 mm. During the packing of the column, these sensors were inserted from the 

outside of the column with thermo fittings. The sheathed sensors were positioned at the cen-

ter of the column. Calibration was done using high precision bath circulators. In addition to 

the column itself, the temperature in the circulation thermostats and the room temperature 

were monitored. The positions of the sensors are shown in Fig. 7. The data acquisition at a 3 s 

interval was handled by Pt104A modules (Omega Engineering).  

To determine seepage velocities and solute dispersivity, the fluorescence dye uranine (color 

index 45350) was used. It is assumed that uranine has conservative properties in the experi-

mental setting as adsorption processes mainly take place in environments containing abun-

dant organic matter and uranine showed very low adsorption in batch experiments with lime-

stones (Smart and Laidlaw, 1977). Uranine has been proven to be thermally very stable with 

a decay of less than 10 % for a duration of one month in geothermal reservoirs up to 210 °C 
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(Adams and Davis, 1991). Furthermore, it was successfully used as a tracer in geothermal sys-

tems with temperature above 150°C (Rose et al., 2001). Nevertheless, as the solubility is tem-

perature dependent, the measured intensity can also be affected (Smart and Laidlaw, 1977). 

The calibration curve to determine the uranine concentrations from the measured intensities 

was created at room temperature of around 20 °C. The maximum temperature difference is 

therefore around 10 °C. Using the correction formula and coefficients for temperature de-

pendency for uranine (Smart and Laidlaw, 1977; Leibundgut et al., 2009), the resulting relative 

difference in intensity is less than 5 %. 

The tracer was injected into the column with the fluid using syringes which were connected 

to the inflow tube to the column using three-way valves (Fig. 10). The samples were taken at 

the outflow of the column in varying time intervals depending on the applied volume flow. 

The solute tracer was analyzed with a fluorescence spectrometer (Perkin Elmer LS 45). To each 

fluid sample, 20 µl of 20 wt.% EDTA was added to reach a pH-value of approximately 9 to 

prevent influences of the pH-value on the fluorescence (Smith and Pretorius, 2002) and to 

avoid precipitation of interfering particles. A dilution series from a known concentration was 

measured to create a calibration curve using the measured intensities and the concentration 

(Appendix Fig. B 1). A linear regression of the calibration curve was used to calculate the con-

centration from the measured intensity. The measurement setup of the fluorescence spec-

trometer was: fluorescence excitation wavelength of 491 nm and fluorescence emission 

wavelength of 512 nm (Leibundgut et al., 2009). 
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Fig. 10: a) Three way valve for uranine injection in position 1 which allows a throughflow from the 

peristaltic pump to the column and blocking the connection for the uranine injection. b) Three 

way valve in position 2 allowing the injection of the uranine tracer into the inflow to the column.  

3.1.1.3 Properties of the porous media 

The gravel used as the sample in the laboratory setup was sieved Carrara Marble, with a grain 

size distribution in the range of 7-15 mm. The following properties are needed to calculate the 

apparent thermal retardation for the porous medium: The total porosity ntot [-] (fluid volume 

fraction) of the saturated gravel was experimentally determined three times in a two-step 

procedure. First, the specific density of the marble was obtained by measuring the volume 

(water displacement) and the weight. In the second step, a circular vessel with a diameter of 

26 cm and a height of 25 cm was filled with gravel and compacted with the same method as 

during column packing. The weight of the gravel (around 8.5 kg) was measured. Then, water 

was added until the surface of the topmost gravel was covered, and the total weight was de-

termined. The specified parameter values were used to derive the volume of the gravel and 

the water and thereby, ntot. The temperature during the experiments was 24.5 °C, the accu-

racy of the scale was ± 0.1 g. The resulting calculated total porosity was ntot = 36 ± 1 %. The 

effective porosity neff [-] (fluid volume fraction contributing to fluid flow) was determined by 

solute tracer experiments, as described below in section 3.1.2.4. The volumetric heat capacity 𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 of the gravel was estimated by a modified transient plane source method with a com-

mercial device (C-therm) by:  

𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 =
𝑝𝑝𝑠𝑠2
λ𝑠𝑠  , (21) 
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whereas the solid thermal effusivity, 𝑝𝑝𝑠𝑠 [J K-1 m-2 s-0.5], and thermal conductivity λ𝑠𝑠 [W m-1 K-1] 

of the saturated solid phase were measured (He 2005). The used contact agent was distilled 

water and the measurement time was 1 s. Three pieces of gravel with a diameter of approxi-

mately 40 mm were cut in half, resulting in 6 samples. The surface was polished until smooth 

to assure optimal contact to the sensor. Before the measurement, the pieces of gravel were 

saturated in water for 24 hours.  

The bulk volumetric heat capacity of the saturated porous media 𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 [J m-3 K-1] is defined as 

(Buntebarth and Schopper, 1998; Schärli and Rybach, 2001): 

𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 = 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 + (1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 (22) 

The thermal conductivity of the saturated gravel λ𝑏𝑏 can for example be estimated by the arith-

metic mean model (Whitaker, 1991): 

λ𝑏𝑏 = n𝑓𝑓𝑡𝑡𝑓𝑓λ𝑠𝑠 + (1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓) λ𝑠𝑠 (23) 

Table 5: Parameter values of the porous medium, measured or taken from literature. 

Parameter Unit Value Procedure / Source 

Particle size 𝑑𝑑𝑝𝑝 [mm] 7-15 based on vendor information (purchased 
material) 

Total porosity 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 [%] 36 ± 1 measured 

Effective porosity 𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠 [%] 35 ± 2 measured (solute tracer experiments eq. 
35) 

Vol. heat capacity of solid 𝜌𝜌𝑠𝑠𝐿𝐿s [MJ m-3 K-1] 2.06 ± 
0.02 

according to eq. (21) 

Thermal conductivity of solid λ𝑠𝑠 [W m-1 K-1] 3.2 ± 0.2 measured (modified transient plane 
source) 

Thermal effusivity of solid 𝑝𝑝𝑠𝑠 [J K-1 m-2 s-

1/2] 
2584 ± 93 measured (modified transient plane 

source) 

Thermal conductivity of fluid λ𝑠𝑠 
(20 °C) 

[W m-1 K-1] 0.598 taken from literature (VDI, 2013) 

Thermal conductivity of sat. porous 
media λ𝑏𝑏 

[W m-1 K-1] 1.75 according to eq. (23) 

Vol. heat capacity of fluid (20 °C) 𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 [MJ m-3 K-1] 4.18 taken from literature (VDI, 2013) 

Vol. heat capacity of sat. porous me-
dia 𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 

[MJ m-3 K-1] 2.87 ± 
0.02 

according to eq. (22) 

Resulting Rapp [-] 1.88 according to eq. (25) 
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3.1.1.4 Experimental preparation 

The column was set up vertically for the filling procedure. The gravel was packed in the column 

in layers of approximately 5 cm from bottom to top. Each layer was compacted by mechanical 

force using a metal plate. The Pt100 sensors were installed during the column packing by in-

serting the sensors through fittings into the column. A thin, perforated aluminum plate was 

placed on top of the gravel after filling. This plate was attached to the lid by threaded rods, 

allowing it to be moved in a vertical direction. This prevented the gravel from shifting during 

the tilting of the column (Fig. 9). To establish a uniform initial temperature, the column was 

injected with water until a uniform temperature was reached at all temperature sensors.  

Prior to the start of the experiment, the three-way valves close to the inflow were adjusted to 

block the inflow to the column and to dispose the water. This was done to ensure that the 

water in the inflow tubes was the same temperature as the inflow temperature. As this was 

established, the three-way valves were adjusted to enable inflow into the column. 

3.1.1.5 Experimental procedure 

Two different experimental setups, step input (Fig. 11a) that gives a continuous, constant in-

put of heated water, and a pulse input of finite duration, a continuous input of heated water 

for a finite duration (Fig. 11b), were used to evaluate which methods can be used to determine 

the advective thermal velocity for estimation of the apparent retardation factor, Rapp [-]. For 

the step input experiments (Fig. 11a), the column was positioned vertically and the injection 

and flow of the water was from top to bottom. The initial temperature was set to T0,Celsius = 

10 °C. The water from the water tap flowed through both heat exchangers into one tank of 

the second thermostat. When the temperature in the tubes reached Tinj, the three-way valves 

were adjusted to start the injection of the tempered water into the column. This step was 

defined as the experimental start time (t = 0). The injection temperatures were either set to 

30 °C or 15 °C, to evaluate any influence of different injection temperatures. The experiments 
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were stopped when the center temperature sensor most distant from the inflow reached a 

constant value close to Tinj.  

  
Fig. 11: Experimental procedures for (a) step input and (b) pulse input of finite duration experiments. 

The second setup was a pulse input of finite duration (Fig. 11b). A heat pulse was created by 

injecting hot water (Tinj) for a defined time τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 into the column. The pulse time τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 was 

30 minutes for all experiments. This value was chosen, as it allows a sufficiently measurable 

temperature signal. Furthermore, it does not significantly affect the results. This was investi-

gated prior to the experiments using eq. 13 to calculate BTCs for varying values of τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 and 

va. The effective retardation for the peak velocity is only significantly affected, if the ratio 

τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 to the expected mean transit time exceeds values of 0.5 (Fig. 12). The maximum value 

in the investigated range in the experiments is 0.5 for the experiment with the highest seepage 

velocity of 35 m d-1. In the range of the experiments with lower seepage velocities (va < 10 m 

d-1), the ratio is below 0.2. 
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Fig. 12: Influence of the injection time τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 on the thermal retardation. The effective retardation of the 

peak velocity (see section 3.1.2.1 for a definition) is only significantly influenced if the ratio of 

τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 to the expected mean transit time is higher than 0.5. The black horizontal lines indicate 

the scatter which was observed in the experiments. 

When t = τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 was reached, the injection temperature was changed back to T0,Celsius. The ex-

periments where conducted in a vertical and in a horizontal setup. The pulse input of finite 

duration was carried out by setting one of the thermostats to the injection temperature Tinj. 

The other thermostat was set to the initial temperature T0,Celsius. When the temperature in the 

inflow tubes reached Tinj, the three-way valves were adjusted to start the injection into the 

column. Again, this was the experimental start time (t = 0). When t was equal to τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒, the 

injection temperature was set back to the initial temperature by changing the inflow from the 

first thermostat (Tinj) to the other thermostat (T0,Celsius). Due to varying ambient temperatures, 

and despite thermal insulation of the tubes from the thermostats to the column, the meas-

ured injection temperature after the pulse (Tend) did not always exactly match the initial tem-

perature. This means that Tend varied slightly (maximally by 0.1 of normalized temperature) 

from T0,Celsius (Fig. 11b). To minimize the free convection in the horizontal setup, reduced tem-

perature differences were used. The injection temperature Tinj was set to 25 °C and the initial 

and end temperature to 20 °C. The experiments were stopped when the center temperature 

sensor most distant from the inflow reached a constant value near Tend. The experiment du-

ration varied depending on the volume flow between 3 h and >15 h. Altogether, 43 experi-

ments were conducted, as summarized in Table 6.  
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In the coupled heat and solute tracer experiments, the three-way valve at each inflow tube 

was employed to inject 2 ml of a 10-5 kg L-1 uranine solution, resulting in a total injected mass 

of 0.16 mg uranine per experiment. In the step input experiments, the solute tracer was in-

jected simultaneously with the start of the hot water injection (tsol inj = 0). In the finite duration 

pulse experiments, the uranine was injected when 50 % of the heat pulse was reached 

(tsol inj = 0.5τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒). The samples were taken at the outflow of the column in varying time inter-

vals depending on the applied volume flow.  

Table 6: Details of the conducted experiments. The experiment duration varied between 3 h and >15 h depending 

on the volume flow. The duration of the pulse τ was 30 minutes for all finite duration pulse experiments.  

Experiments Pulse input of finite duration Step input 

Seepage velocities ~6-34 m/d ~5-50 m/d 

Setup vertical horizontal vertical 

Flow direction top to bottom 
left to right = bottom 
to top (but horizon-

tal) 
top to bottom 

Initial temperature ~15-20 °C ~20 °C ~10 °C 

Input temperature ~25 °C ~25 °C ~15°C / ~30°C 

Number of heat ex-
periments  8 11 14 

Coupled heat and 
solute experiments 

- 8 2 

3.1.2 Evaluation of thermal and solute breakthrough curves 

To evaluate possible LTNE effects, the measured, effective thermal retardation (eq. 24) which 

is potentially influenced by LTNE effects, is compared with the predicted, apparent thermal 

retardation (eq. 25) which assumes LTE:  

𝑅𝑅𝑒𝑒𝑠𝑠𝑠𝑠 =
𝑣𝑣𝑎𝑎𝑣𝑣𝑓𝑓   

(24) 

where 𝑣𝑣𝑓𝑓 [m s-1] is the advective thermal velocity. The effective fluid or seepage velocity 𝑣𝑣𝑎𝑎 [m s-1] is defined as 𝑣𝑣𝑎𝑎 =
𝑞𝑞𝑖𝑖𝑒𝑒𝑓𝑓𝑓𝑓, with the specific discharge 𝛽𝛽 [m s-1] and the effective poros-

ity 𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠 [-]. The specific discharge is defined as 𝛽𝛽 =  
𝑄𝑄𝐴𝐴 

, with the volume flow 𝑄𝑄 [m³ s-1] and the 

cross-sectional area 𝐴𝐴 [m²]. The predicted, apparent thermal retardation factor is defined by: 
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𝑅𝑅𝑎𝑎𝑝𝑝𝑝𝑝 =
𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 = 1 +

(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠  (25) 

where 𝜌𝜌𝑠𝑠,𝑠𝑠,𝑏𝑏 is the specific density of the fluid, solid or bulk porous media, 𝐿𝐿𝑠𝑠,𝑠𝑠,𝑏𝑏 is the specific 

heat capacity of the fluid, solid or bulk porous media, and 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 is the total porosity.  

The relative contributions of convective to conductive heat flow can be expressed by the ther-

mal Péclet number 𝑃𝑃𝑝𝑝 [-] (De Marsily, 1986): 

𝑃𝑃𝑝𝑝 =  
𝛽𝛽𝐿𝐿𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠  (26) 

where 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠 [m² s-1] effective longitudinal thermal dispersion, and L [m] is the characteristic 

length, usually set to the mean particle diameter (Rau et al., 2014). 

3.1.2.1 Thermal breakthrough curves 

In the step input experiments, five thermal velocities were calculated for each sensor and ex-

periment by: 

𝑣𝑣𝑓𝑓ℎ𝑒𝑒𝑎𝑎𝑒𝑒 =
𝑑𝑑𝑓𝑓𝑝𝑝𝐿𝐿𝑣𝑣𝑛𝑛𝐿𝐿𝑝𝑝𝑃𝑃𝑓𝑓100𝐿𝐿𝑐𝑐ℎ𝑎𝑎𝑎𝑎  (27) 

with 𝑑𝑑𝑓𝑓𝑝𝑝𝐿𝐿𝑣𝑣𝑛𝑛𝐿𝐿𝑝𝑝𝑃𝑃𝑓𝑓100 [m] as the distance of the temperature sensor from the inflow. The char-

acteristic time tchar [s] for vtherm T25, vtherm T50 and vtherm T75 [m s-1] is defined as the time when 

the normalized temperature reached 25 %, 50 %, 75 %, respectively. The tchar for 

vtherm peak dT/dt [m s-1] is defined as the time, when the first time derivative of the thermal BTC 

reaches its maximum. The tchar for the peak velocity in the finite duration pulse experiments 

is the time when the maximum temperature of the thermal BTC for each sensor is reached. 

These or similar approaches are common to determine the thermal velocity from thermal 

BTCs (Table 4) and were therefore chosen in this study. 

 

Moreover, an analytical model for each setup was used to determine the longitudinal effective 

thermal dispersion coefficient 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 [m² s-1] (De Marsily, 1986) and the thermal velocity 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓 [m s-1] as explained in the following sections. 
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3.1.2.2 Analytical solution – step input 

An analytical solution is used to derive the thermal velocity and the longitudinal effective ther-

mal dispersion from the thermal BTC. The solution of the 1D convective dispersive heat 

transport equation for a step input is given by eq. (28) (van Genuchten and Alves, 1982; 

Runkel, 1996) and eq. (29) with the boundary and initial conditions listed in eq. (30a) and 

(30b), respectively:  

𝐺𝐺𝑥𝑥,𝑓𝑓 = �1
2
𝑝𝑝𝑠𝑠𝑒𝑒𝐿𝐿 � 𝑥𝑥 − 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿

2�𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿� + � 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓2𝐿𝐿𝜋𝜋𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 𝑝𝑝𝑥𝑥𝑝𝑝 �− (𝑥𝑥 − 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿)2
4𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿 �

− 1

2
�1 +

𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓𝑥𝑥𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 +
𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓2𝐿𝐿𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓� 𝑝𝑝𝑥𝑥𝑝𝑝 � 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓𝑥𝑥𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓� 𝑝𝑝𝑠𝑠𝑒𝑒𝐿𝐿(

𝑥𝑥 + 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿
2�𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿)� 

(28) 

𝐿𝐿(𝑥𝑥,𝑓𝑓) = 𝐿𝐿0,Celsius + (𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐿𝐿0,Celsius)𝐺𝐺𝑥𝑥,𝑓𝑓  (29) 

𝐿𝐿(𝑥𝑥,0) = 𝐿𝐿0,Celsius (30a) 

𝐿𝐿(0,𝑓𝑓) =  𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖   (30b) 

where 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 [m² s-1] is the longitudinal effective thermal dispersion coefficient and 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓 [m s-1] is the thermal velocity, t [s] is the time, x [m] is the distance, Tinj is the injection 

temperature and 𝐿𝐿0,𝐶𝐶𝑒𝑒𝑙𝑙𝑠𝑠𝑖𝑖𝐶𝐶𝑠𝑠 is the initial temperature. 

3.1.2.3 Analytical solution – multiple pulse input 

As described in 3.1.1.5, due to varying ambient temperatures and despite the thermal insula-

tion of the tubes from the thermostats to the column, the initial temperature did not always 

exactly match after the end of the pulse duration. For this reason, the analytical solution for a 

multiple pulse input boundary condition was used instead of a solution for a pulse input of 

finite duration. The analytical solution for multiple pulse input conditions can be written as 

the sum of the solutions for the individual pulses (eq. 31) (van Genuchten and Alves, 1982; 

Toride et al., 1995). This results in eq. (32) for the multiple pulse input conditions (eq. 33a, b, 

c) applied in the present study: 
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𝐿𝐿(𝑥𝑥,𝑓𝑓) = �(𝐿𝐿𝑖𝑖,0 − 𝐿𝐿𝑖𝑖−1,0)

𝑖𝑖
𝑖𝑖=1 𝐺𝐺(𝑥𝑥,𝑓𝑓−𝜏𝜏𝐵𝐵,𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑒𝑒−1) (31) 

𝐿𝐿(𝑥𝑥,𝑓𝑓) =  � 𝐿𝐿 ≤  𝜏𝜏𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒:   𝐿𝐿0 + (𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐿𝐿0)𝐺𝐺(𝑥𝑥,𝑓𝑓)𝐿𝐿 >  τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒;    𝐿𝐿0 + �𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐿𝐿0�𝐺𝐺(𝑥𝑥,𝑓𝑓) + (𝐿𝐿𝑒𝑒𝑖𝑖𝑑𝑑 − 𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖)𝐺𝐺(𝑥𝑥,𝑓𝑓−𝜏𝜏𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑒𝑒)
 (32) 

𝐿𝐿(𝑥𝑥,0) = 𝐿𝐿0,𝐶𝐶𝑒𝑒𝑙𝑙𝑠𝑠𝑖𝑖𝐶𝐶𝑠𝑠 for x ≥ 0 (33a) 

𝐿𝐿(0,𝑓𝑓) =  𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 for τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 ≥ t ≥ 0 (33b) 

𝐿𝐿(0,∞) =  𝐿𝐿𝑒𝑒𝑖𝑖𝑑𝑑 for t > τ𝑝𝑝𝐶𝐶𝑙𝑙𝑠𝑠𝑒𝑒 (33c) 

where τi,pulse [s] represents the duration of the pulse i, x [m] is the distance, t [s] is the time, 

Tinj [°C] is the injection temperature, and T0 [°C] is the initial temperature. The normalized ver-

sions of eq. (29) and eq. (32) were used to determine the longitudinal effective thermal dis-

persion, Dl,eff,fit , and to fit the thermal velocity, vt,fit . This was done by minimizing the sum of 

squared differences between the normalized measured temperatures and the normalized 

modeled temperatures for each sensor with the corresponding distance, x.  

3.1.2.4 Solute breakthrough curves – Dirac input 

To determine the hydrodynamic flow conditions and parameters of the experiments, the rec-

orded solute BTCs were examined. The analytical solution to the 1D advection dispersion 

model for an instantaneous injection is given by (Lenda and Zuber, 1970), eq. (34) based on 

eqs. (35) and (36), given the initial and boundary conditions listed as eqs. (37a, b, c): 

𝐶𝐶(𝐿𝐿) =  
𝑀𝑀𝑄𝑄𝐿𝐿0 1�4𝜋𝜋𝑃𝑃𝐷𝐷(

𝑓𝑓𝑓𝑓0)3 exp [−�1− 𝑓𝑓𝑓𝑓0�2
4𝑃𝑃𝐷𝐷 𝑓𝑓𝑓𝑓0 ] (34) 
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𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠 =  
𝑄𝑄𝐿𝐿0𝜋𝜋𝑠𝑠2𝑥𝑥 (35) 

𝛼𝛼𝑙𝑙𝑠𝑠 = 𝑥𝑥𝑃𝑃𝐷𝐷  (36) 

𝐶𝐶(𝑥𝑥,0) =
𝑀𝑀𝑄𝑄 𝛿𝛿(𝐿𝐿) for x ≥ 0 (37a) 

𝐶𝐶(0,0) =  0  (37b) 

lim𝑥𝑥→∞𝐶𝐶(𝑥𝑥,∞) =  0 (37c) 

where 𝛼𝛼𝑙𝑙𝑠𝑠 [m] is the solute longitudinal dispersivity, Q [m³ s-1] is the volume flow, r [m] is the 

radius of the column, M [g] the injected tracer mass, t0 [s] is the mean transit time and PD [-] 

is the dispersion parameter. The values of t0 and PD were determined by least-square based 

fitting of eq. (34) to the measured solute BTC. The seepage velocity is determined via 𝑣𝑣𝑎𝑎 =
𝑥𝑥𝑓𝑓0, 

where x is the distance between injection and the sample point, which here is equal to the 

length of the column (1.5 m). 
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3.2 Mathematical modeling to quantify LTNE effects using numerical and ana-
lytical solutions 

The following section lays out the setup of the numerical parameter study used to evaluate if 

LTNE effects are likely to occur in conditions expected in natural porous media such as aquifers 

and streambeds. This chapter is based on the methods section of Gossler et al. (2020) but has 

been extended and adapted. 

3.2.1 Heat transfer coefficient 

As shown in section 2.5 the existing heat transfer coefficients do not represent the conditions 

expected in natural porous media. Therefore, a new regression using only the experimental 

data representative for conditions in porous aquifers (Re < 50 and 𝑛𝑛𝐿𝐿𝑜𝑜𝐿𝐿< 0.5) is carried out. We 

found only one study (Kunii and Smith, 1961) inspecting Nu values for very low Re (Re < 0.1), 

and their study was disregarded because the mathematical model was criticized by several 

authors (Littman et al., 1968; Gunn and De Souza, 1974; Wakao et al., 1979). Because the raw 

data of all of the published experiments were determined with a Pr [-] of 0.7-1 (gas), we cor-

rected the Nu [-] values based on the correlations of Wakao et al. (1979) and Zhu et al. (2019) 

(Table 3) using the Pr value of 9 (water, 10°C) for each Nu of the respective Re value z:  

𝐿𝐿𝑝𝑝𝑐𝑐𝑡𝑡𝑎𝑎,𝑅𝑅𝑒𝑒=𝑧𝑧 = �𝐿𝐿𝑝𝑝Pr=9,𝑅𝑅𝑒𝑒=𝑧𝑧 − 𝐿𝐿𝑝𝑝Pr=0.7,𝑅𝑅𝑒𝑒=𝑧𝑧� + 𝐿𝐿𝑝𝑝𝑡𝑡𝑎𝑎𝑖𝑖𝑑𝑑,𝑅𝑅𝑒𝑒=z (38) 𝐿𝐿𝑝𝑝𝑡𝑡𝑎𝑎𝑖𝑖𝑑𝑑,𝑅𝑅𝑒𝑒=z [-] gives the originally measured Nu [-] value at a Re [-] of z. To correct for the 

higher Pr of water, the amount of increase of the Nu due to the higher Pr is added. This amount 

is calculated as �𝐿𝐿𝑝𝑝Pr=9,𝑅𝑅𝑒𝑒=𝑧𝑧 − 𝐿𝐿𝑝𝑝Pr=0.7,𝑅𝑅𝑒𝑒=𝑧𝑧�. To limit the influence of this adaption, the 

data of Achenbach (1995) and Wakao et al. (1979) were adapted using the correlation of 

Wakao et al. (1979) as their correlations cover approximately the same Re range. The data of 

Sun et al. (2015), Tavassoli et al. (2015), Singhal et al. (2017b), and Chen and Müller (2019) 

were adapted by using the correlation of Zhu et al. (2019) who used their data to build a new 

correlation. 

Theoretical considerations for heat transfer between a sphere and a fluid flowing around it 

show that Nu must have a minimum value of 2 (Ranz and Marshall, 1952; Shent et al., 1981). 

As argued for example by Nelson & Galloway (1975), lower Nu numbers may occur in a packed 

bed of spheres. In our work, due to the low range of Pr expected in groundwater conditions 

(Pr1/3 ≈ 2.08 at 10°C and Pr1/3 ≈ 1.94 at 20 °C), the common dependency of Nu on Pr1/3 is not 
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resolved. Therefore, following the common dependency of Nu on Re with a lower limit (see 

e.g. Table 3) a correlation of 

𝐿𝐿𝑝𝑝 = 1 + 𝑣𝑣𝑅𝑅𝑝𝑝𝑏𝑏 (39) 

is fitted to all available data using a and b as free parameters.  

In addition to the parameter study of the new correlation, a parameter study is conducted for 

five (Wakao et al., 1979; Achenbach, 1995; Singhal et al., 2017b; Zanoni et al., 2017; Zhu et 

al., 2019) other Nu correlations, to evaluate the influence of the Nu correlation choice. 

 

3.2.2 Numerical solution of the LTE and LTNE model 

In the simulations conducted as part of our work, the LTE (eq. 2) and LTNE (eqs. 10 & 11) 

models with the following initial (eq. 40a) and boundary conditions (eq. 40b) were used. 

𝐿𝐿𝑠𝑠(𝑥𝑥,0) = 0; 𝐿𝐿𝑠𝑠(𝑥𝑥,0) = 0  at t = 0 (40a) 

𝐿𝐿𝑠𝑠(0,𝑓𝑓) =  1;  
𝜕𝜕𝑑𝑑𝑠𝑠𝜕𝜕𝑥𝑥 = 0 at t > 0, x = 0 (40b) 

The LTE and LTNE models explained above (section 2.2 & 2.4) were solved using the MATLAB 

function “pdepe” which utilizes a finite-element, piecewise nonlinear Galerkin/Petrov-Ga-

lerkin method with second-order accuracy in space (Skeel and Berzins, 1990). The time dis-

cretization is automatically adapted. A Linux Cluster (at the Leibniz Supercomputing Centre of 

the Bavarian Academy of Science and Humanities) was utilized to run the simulations in par-

allel. The MATLAB and R scripts used to run the simulations are available as stated in Gossler 

et al. (2020) at the mediaTum data repository (https://media- tum.ub.tum.de/1543886; 

10.14459/2020md1543886). 

 

3.2.3 Grid / mesh independency  

To avoid boundary effects, the model domain was setup with 15 m length. The spatial discreti-

zation was 0.0025 m for distances less than 4.5 m (1.5 ∙ maximum distance of interest = 3 m) 

and increased along the remaining distance. The fine numerical discretization and the chosen 
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input parameter range leads to simulations in which the nodal distance was smaller than the 

used grain size. While the representative elementary volume is usually larger than the mean 

grain size in the volume averaging approach (Rau et al., 2014), we do not consider this prob-

lematic, as we consider homogenous parameter conditions within the whole model domain 

(see also Appendix A for a further discussion). This computationally demanding configuration 

was chosen as conservative setup to assure mesh independency, but a sensitivity analysis re-

vealed that the results are still acceptable at spatial discretization up to 0.01 m and when re-

ducing the model domain length to 5 m. See Appendix A for the results of the mesh independ-

ency study. 

 

3.2.4 Analytical solution for validation of numerical model 

The breakthrough curves (BTCs) of the numerical LTE model are compared with the BTCs de-

rived from the following analytical solution (eq. 41) (van Genuchten and Alves, 1982): 

𝐿𝐿𝑥𝑥,𝑓𝑓 =  
𝐿𝐿𝑑𝑑𝑒𝑒𝑑𝑑𝑎𝑎𝑒𝑒𝑒𝑒,𝑥𝑥,𝑓𝑓 − 𝐿𝐿0𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐿𝐿0 =  

1

2
𝑝𝑝𝑠𝑠𝑒𝑒𝐿𝐿 �𝑥𝑥 − 𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅,𝑠𝑠𝑖𝑖𝑓𝑓

2�𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿� +
1

2
exp �𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅,𝑠𝑠𝑖𝑖𝑓𝑓𝑥𝑥𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 � 𝑝𝑝𝑠𝑠𝑒𝑒𝐿𝐿 �𝑥𝑥 + 𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿

2�𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓𝐿𝐿 � (41) 

with 𝐿𝐿𝑥𝑥,𝑓𝑓 [-] as the normalized temperature, 𝐿𝐿0 [K] as the initial temperature, 𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 [K] as the 

injection temperature, 𝐿𝐿𝑑𝑑𝑒𝑒𝑑𝑑𝑎𝑎𝑒𝑒𝑒𝑒,𝑥𝑥,𝑓𝑓 [K] as the temperature at distance x [m] at time t [s], 𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅,𝑠𝑠𝑖𝑖𝑓𝑓 [m s-1] as the advective thermal velocity and 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 [m-2 s-1] as the effective ther-

mal dispersion.  

The BTCs of the numerical LTNE model are compared with the BTCs of the analytical solution 

(eqs. 42-48) (Wakao and Kaguei, 1982): 

𝐿𝐿𝑥𝑥,𝑓𝑓 =
1

2
+

2𝜋𝜋� 1

2𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 − 1
𝐼𝐼𝐿𝐿𝑣𝑣𝑒𝑒[(𝐹𝐹(𝑤𝑤))𝑝𝑝𝑤𝑤𝑓𝑓]∞

𝑖𝑖=1  (42) 

With 𝑤𝑤 and 𝐹𝐹(𝑤𝑤) defined as: 

𝑤𝑤 = 𝑓𝑓(2𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓 − 1)𝜋𝜋/𝜏𝜏 (43) 
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𝐹𝐹(𝑤𝑤) =  �𝑃𝑃𝑖𝑖𝑝𝑝𝑒𝑒𝐵𝐵4
𝑖𝑖=1  (44) 

 𝑓𝑓 is the unit imaginary number and 𝜏𝜏 [s] as a time period long enough to reach 𝐿𝐿 = 𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 
mi is the i-th root of the following equation: 

𝐿𝐿𝑖𝑖4 − 𝑣𝑣𝑎𝑎𝑥𝑥� λ𝑓𝑓𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓 + 𝐷𝐷𝑙𝑙�𝐿𝐿𝑖𝑖3 − �𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑤𝑤 + ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 � λ𝑓𝑓𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓 + 𝐷𝐷𝑙𝑙� +
(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑤𝑤 + ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠

(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)λ𝑠𝑠 � 𝑥𝑥2𝐿𝐿𝑖𝑖2
+

𝑣𝑣𝑎𝑎𝑥𝑥3� λ𝑓𝑓𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓 + 𝐷𝐷𝑙𝑙� (1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)λ𝑠𝑠 �(1 − 𝑛𝑛)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑤𝑤 + ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠�𝐿𝐿𝑖𝑖
+ � 𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠� λ𝑓𝑓𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓 + 𝐷𝐷𝑙𝑙� λ𝑠𝑠𝑤𝑤2 +

𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 + (1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 � λ𝑓𝑓𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓 + 𝐷𝐷𝑙𝑙� (1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)λ𝑠𝑠 ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑤𝑤� 𝑥𝑥4 = 0 

(45) 

Pi is an i-th root of  

��1− 𝑛𝑛𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 � λ𝑓𝑓𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓 + 𝐷𝐷𝑙𝑙�𝑛𝑛𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑣𝑣𝑎𝑎𝑥𝑥 𝐿𝐿𝑖𝑖�4
𝑖𝑖=1 𝑃𝑃𝑖𝑖 = 1 (46a) 

��𝑣𝑣𝑖𝑖 +
ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑥𝑥2

1 − 𝑤𝑤𝑖𝑖 �4
𝑖𝑖=1 𝑃𝑃𝑖𝑖 = 0 (46b) 

�𝐿𝐿𝑖𝑖𝑝𝑝𝑒𝑒𝐵𝐵4
𝑖𝑖=1 𝑃𝑃𝑖𝑖 = 0 (46c) 

��𝑣𝑣𝑖𝑖 +
ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑥𝑥2

1 + 𝑤𝑤𝑖𝑖 � 𝑝𝑝𝑒𝑒𝐵𝐵4
𝑖𝑖=1 𝑃𝑃𝑖𝑖 = 0 (46d) 

and  

𝑣𝑣𝑖𝑖 = 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 � λ𝑠𝑠𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠 + 𝐷𝐷𝑙𝑙�𝐿𝐿𝑖𝑖2 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝑣𝑣𝑎𝑎𝑥𝑥 �𝐿𝐿𝑖𝑖 + �𝑤𝑤 +
ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠� 𝑥𝑥𝑣𝑣𝑎𝑎� (47) 
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𝑤𝑤𝑖𝑖 =
(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)λ𝑠𝑠𝐿𝐿𝑖𝑖

(1 − 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓)ℎ𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑥𝑥 (48) 

3.2.5 Parameter study 

Table 7 shows the range of values used in our investigation. The parameters are independent 

of each other, e.g. the porosity does not constrain the seepage velocity etc. Dependent fluid 

properties, such as the thermal conductivity λ𝑠𝑠 [W m-1 K-1], the density 𝜌𝜌𝑠𝑠 [kg m-³] and the specific 

heat capacity 𝐿𝐿𝑠𝑠 [J kg-1 K-1], were calculated from the fluid temperature 𝐿𝐿𝑠𝑠  (Furbo, 2015). Nu was 

computed through the new correlation given by eq. (39) (Fig. 25b). The resulting Re [-] ranges 

between 0.015 and 70 with 95 % of the simulations within the range of 1 to 50. 

Table 7: Range of modeling parameter values as used in the parameter study representing typical porous aquifer 

ranges (Banks, 2012) . The thermal dispersivity is based on the power law relationship with the specific 

discharge 𝛽𝛽 (Rau et al., 2012b).  

Parameter Range 

Thermal conductivity solid λ𝑠𝑠: 1.5 – 8 W m-1 K-1 

Fluid temperature 𝐿𝐿𝑠𝑠 :  2°C – 40°C 

Seepage velocity 𝑣𝑣𝑎𝑎:  1 – 30 m d-1  

Porosity 𝑛𝑛𝑓𝑓𝑡𝑡𝑓𝑓: 0.1 – 0.45 

Particle size 𝑑𝑑𝑝𝑝: 1 mm – 15 cm 

Thermal dispersivity 𝛽𝛽: 0.1 – 10 s-1 

Vol. heat capacity solid 𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠: 1.5*106 – 3.5*106 J m-3 K-1 

 

To investigate the entire parameter space, first a uniformly distributed random sample for 

each independent parameter (Table 7) was created. To decrease the computational cost of 

the sensitivity analysis the random parameter sets were extended using Saltelli’s scheme 

(Saltelli, 2002). Then, the dependent fluid parameters were calculated. The number of param-

eter sets was varied from 48 to 32,000 resulting in 50,608 different parameter sets for each 

Nu correlation. Each parameter set was used in a model run where a unit step boundary con-

dition was applied to create thermal BTCs for the LTE and LTNE models. The thermal BTCs 

were analyzed for the distances of 0.5 m, 1 m, 2 m, and 3 m. 
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3.2.6 Quantification of local thermal non-equilibrium 

Three methods were used to quantify the magnitude of the effect of LTNE. Method 1 was 

newly developed in this study and compared to the two existing methods (Method 2 & 3), as 

explained in section 2.6. To enhance the comprehensibility and distinguishability of the meth-

ods, the terms introduced in the state of the art have been adapted from 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅−𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅 to 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑2 and from 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑠𝑠𝑙𝑙𝐶𝐶𝑖𝑖𝑑𝑑,𝑠𝑠𝑡𝑡𝑙𝑙𝑖𝑖𝑑𝑑 to 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑3. 

Method 1: Comparison of the difference of effective thermal dispersion and advective thermal 

velocity between the LTE and LTNE model via the following approach: 

1. Simulation of fluid temperature BTC with the LTNE model; 

2. Estimation of the effective thermal dispersion coefficient 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 and the advective 

thermal velocity 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓 from the LTNE calculation (previous step) by fitting the analytical 

LTE model (van Genuchten and Alves, 1982) (eq. 41) using a standard non-linear least 

square fitting procedure; 

3. Comparison of the estimated 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 and 𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓 from the LTE model with the used 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠 (eq. 3) and 𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅 (eq. 7) in step 1. 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝 =  
𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠  (49) 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐾𝐾 =  
𝑣𝑣𝑓𝑓,𝑠𝑠𝑖𝑖𝑓𝑓𝑣𝑣𝑓𝑓,𝐿𝐿𝑑𝑑𝑅𝑅 (50) 

Method 2: Maximum and average temperature difference between the normalized temper-

ature obtained using the LTE model 𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅,𝑥𝑥 [-] and the fluid temperature obtained using the 

LTNE model (Lu and Xiang, 2012; Hamidi et al., 2019) 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥 [-] for each evaluated distance 

x (𝐿𝐿= number of timesteps). 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑2,𝑒𝑒𝑎𝑎𝑥𝑥,𝑥𝑥 = 𝐿𝐿𝑣𝑣𝑥𝑥𝑁𝑁�𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥� (51) 

and 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑2,𝑒𝑒𝑒𝑒𝑎𝑎𝑖𝑖,𝑥𝑥 =
∑ �𝐿𝐿𝐿𝐿𝑑𝑑𝑅𝑅,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥�𝑁𝑁1 𝐿𝐿  (52) 
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Method 3: Maximum and average normalized temperature difference between fluid and solid 

(Khashan and Al-Nimr, 2005; Khashan et al., 2006; Al-Sumaily et al., 2013; Abdedou and 

Bouhadef, 2015) obtained using the LTNE model for each distance x:  

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑3,𝑒𝑒𝑎𝑎𝑥𝑥,𝑥𝑥 =  𝐿𝐿𝑣𝑣𝑥𝑥𝑁𝑁�𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥� (53) 

and 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑3,𝑒𝑒𝑒𝑒𝑎𝑎𝑖𝑖,𝑥𝑥 =  
∑ �𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,𝑠𝑠,𝑥𝑥 − 𝐿𝐿𝐿𝐿𝑑𝑑𝑁𝑁𝑅𝑅,s,x�𝑁𝑁1 𝐿𝐿  (54) 

3.2.7 Global parameter sensitivity analysis 

To identify the dominant LTNE parameters a global parameter sensitivity was calculated using 

the function “sobolSalt” as part of the R package “sensitivity” (Iooss et al., 2019). This imple-

ments the Monte Carlo estimation of the variance-based sensitivity indices (Sobol indices) of 

the first and total order for each independent parameter.  
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Chapter 4 Results and discussion 

4.1 Investigation of thermal retardation and local thermal non-equilibrium ef-
fects using one-dimensional column experiments 

In the following part, the results and discussion of the laboratory experiments are described. 

This chapter is based on the results and discussion section of Gossler et al. (2019) but has been 

extended and adapted. 

4.1.1 Solute transport experiments 

The solute tracer experiments were carried out to examine the correlation between the seep-

age velocity (mean solute velocity) va [m s-1], the volume flow Q [m³ s-1] and the effective po-

rosity neff [-] of the porous media (Table 8). The tracer mass recovery was calculated as given 

in Klotz et al. (1988). The calculated high tracer mass recoveries indicate that most of the 

tracer mass was successfully injected into the column, and sorption or degradation did not 

take place at a significant amount. The loss in tracer mass could be due to stopping the meas-

urements too early, photolytic degradation or trapping of small amounts of the tracer in the 

injection valve. The difference between the effective porosity neff (0.35) and the measured 

total porosity ntot (0.36) (see section 3.1.1.3) is very small and in line with known values for 

well sorted materials (Davis and De Wiest, 1966). Similar estimates of effective porosity values 

derived from solute tracer experiments for gravel aquifers are reported in the literature rang-

ing from 0.36 – 0.42 (Perlmutter and Lieber, 1970) and 0.35 - 0.39 (Garabedian et al., 1991).  

Table 8: Measured and calculated parameters derived from the solute tracer experiments. 

Parameter neff Tracer mass 
recovery 

Longitudinal solute 
dispersivity 

 [-] [-] [mm] 

Mean 0.35 0.92 38 

Standard devia-
tion 

0.02 0.08 5 

 

The analytical model in eq. (34) successfully reproduces the solute BTCs from the laboratory 

measurements at all volume flows (Fig. 13). As expected, the determined values of va showed 

a linear dependency on Q. A linear regression (through origin) was applied (Fig. 14) to predict 

the values of va based on the applied volume flow for the “heat only” experiments . The re-

gression curve based on the analytical modeling results matches well with the corresponding 
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va calculated by the specific discharge. The regression from the velocities determined with the 

analytical model from the solute BTCs shows nearly the same slope as the expected value from 

the specific discharge (Fig. 14). This indicates that the flow through the column was nearly 

uniform with negligible effects of increased fluid flow along the column wall or preferential 

flow paths within the porous system.  

 
Fig. 13: Solute BTCs for 9 experiments with different volume flows. In each experiment 0.16 mg of 

uranine was injected. The black continuous line shows the fitted model and the black crosses 

are the measured uranine concentrations from the laboratory experiments.The mass recovery 

(continous green lines) varies between 0.79 and 1 with a mean value of 0.92. 
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Fig. 14: The fitted solute velocities 𝑣𝑣𝑎𝑎 derived from the uranine BTCs show a linear dependency (blue 

continuous line) on the volume flow Q (R² > 0.99). The black dashed line shows the expected 

linear dependency of the seepage velocity on the volume flow through the column, if the velocity 

is calculated with the effective porosity, the cross-sectional area of the column and the volume 

flow. 

4.1.2 Heat transport experiments 

4.1.2.1 Comparison of thermal velocities for step input scenarios 

The effective thermal retardation in the step input experiments demonstrates good agree-

ment with the apparent thermal retardation for vtherm fit and vtherm T50 indicating that LTNE ef-

fects do not significantly influence the derived thermal velocity. An example of the thermal 

BTCs of the center temperature sensors from a step input experiment are shown in Fig. 15. 

The black lines indicate the modeled temperatures for each sensor, whereas the colored lines 

show the measured temperatures. The modeled temperatures from the analytical solution fit 

well with the measured temperatures for all step input experiments. With rising distance from 

the inflow, the differences between measured and modeled temperatures increase at the end 

of the BTCs (max. 0.08 of normalized temperature as highest deviation of all experiments). 

We interpret this as being due to slight heat loss from the column due to lower room temper-

atures.  
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The thermal BTCs of the off-center temperature sensors were used to check for uniform flow 

through the column. Fig. 16 shows the thermal BTCs of different vertical profiles, at ± 8 cm 

from the center (see Fig. 7 for sensor location), at 10 cm and 30 cm (top-to-bottom experi-

ment (a)) and 110 cm and 130 cm (bottom-to-top experiment (b)). The bottom-to-top exper-

iment was carried out to check for uniform flow in close proximity to the inflow area. The off-

center temperature sensors delineate a nearly simultaneous increase with the temperature 

of the center locations. The + 8 cm sensors show a slightly faster increase. The mostly simul-

taneous rise of the temperature indicates that a uniform flow through the column was 

achieved. 

 

 
Fig. 15: Example of the thermal BTCs of a step input experiment with a seepage velocity of 37 m d-1. 

The colored lines show the measured temperatures with each color indicating a different 

distance from the inflow. The black lines are derived by the fitted model for each sensor. 
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Fig. 16: Thermal BTCs for the lateral positions ± 8 cm from the center and center sensors showing 

similar behavior and indicating mostly uniform flow through the column; a) illustrates the BTCs 

in a top-to-bottom setup, with the sensors at + 8 cm showing a slightly faster increase; b) depicts 

the thermal BTCs for a bottom-to-top experiment. 

The effective thermal retardation factors, Reff obtained by eq. (24) for the different experi-

ments are shown in Fig. 17a. The corresponding apparent retardation factor, Rapp (eq. 25) de-

termined for the different thermal velocities in relation to the seepage velocity is 1.88. The 

normalized deviation of Reff from Rapp is shown in Fig. 17b. While vtherm T25 and vtherm peak dT/dt 

generally deliver lower values of Reff than of Rapp, vtherm T75 yields higher values. The deviations 

increase at seepage velocities lower than around 10 m d-1. However, the discrepancy between 

Reff and Rapp were small for vtherm fit and vtherm T50 for all investigated velocities. These systematic 

deviations between Reff and Rapp for the different calculation procedures result in systematic 

deviations in the derived seepage velocities or heat capacities (Table 9), if the thermal veloci-

ties are used with Rapp (eq. 25). 
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Fig. 17: a) Determined effective thermal retardation calculated by eq. (24) from the measured thermal 

velocities and seepage velocities for all step input experiments. The apparent thermal 

retardation of 1.88 calculated by eq. (25) from the heat capacities and total porosity is shown 

as the gray line. Fig. 17b): shows the normalized deviation from Rapp. The error bars indicate 

the standard deviation when all distances are compared in one experiment. 

Table 9: Overview of the deviations between the apparent thermal retardation Rapp and the effective thermal retar-

dation Reff for the step input experiments and the resulting consequences if these thermal velocities are 

used to infer seepage velocities or heat capacities. 

Thermal velocity Reff vs. Rapp Mean deviation 
[%] 

Impact on evaluation if vtherm is used to infer seep-
age velocities / heat capacities. 

vtherm T25 Reff < Rapp -11.1 Overestimation of seepage velocities / underestima-
tion of heat capacity of porous media; deviation in-
creases with lower seepage velocities (<10 m/d). 

vtherm T75 Reff > Rapp 14.1 Underestimation of seepage velocities / overestima-
tion of heat capacity of porous media; deviation in-
creases with lower seepage velocities (<10 m/d). 

vtherm peak dT/dt Reff ~< Rapp -4.3 Overestimation of seepage velocities / underestima-
tion of heat capacity of porous media. 

vtherm fit Reff ~ Rapp -0.7 Can be used to infer seepage velocities and heat 
capacity. vtherm T50 Reff ~ Rapp -0.2 
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The absolute values of Reff and deviations from Rapp for the different thermal velocities vary 

among the experiments and show scatter (Fig. 17). These variations cannot be explained by 

non-ideal input conditions, as the influence of non-uniform boundary conditions in laboratory 

soil columns should dissipate at 3/2 of the radius of the column (Barry, 2009), meaning for this 

setup at distances higher than 21.75 cm. The relative differences between the thermal veloc-

ities are quite constant. Fig. 18 shows the normalized deviation from vtherm fit for each thermal 

velocity and in relation to the seepage velocity. The value of vtherm fit is chosen as the reference 

velocity. Obviously, these fitted values can be seen as the most reliable to estimate the ther-

mal velocity as the analytical model accounts for both advective and dispersive conductive 

heat transport. For seepage velocities > ~10 m d-1 the deviations from vtherm fit are quite con-

stant, with around 10 % overestimation of the seepage velocity for vtherm T25 and 10-15 % un-

derestimation for vtherm T75. At lower seepage velocities, the differences from vtherm fit rise, es-

pecially for vtherm T25 and vtherm T75. The vtherm peak dT/dt vary between vtherm fit and vtherm T25, and ex-

hibit the highest variability among one (Fig. 17) and also all experiments (Fig. 18). 

 
Fig. 18: Normalized deviation from the thermal velocity determined by the analytical model (vtherm fit) of 

the different vtherm for the step input experiments. The error bars indicate the standard deviation 

for the velocity of all distances. 

The constant relative differences of the determined thermal velocities from vtherm fit (Fig. 18) 

indicate that the scatter in Reff (see Fig. 17a) could also be caused by the experimental setup. 

A possible explanation could be the occurrence of wall flow in some of the experiments. Wall 
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flow could lead to an overestimation of the seepage velocity in the center of the column. Other 

studies (such as Bandai et al., 2017), using a column with saturated porous media to investi-

gate heat and solute dispersivities experienced the occurrence of wall flow, but it was consid-

ered negligible. Another explanation could be non-uniform heat flow due to the large grain 

sizes. Rau et al. (2012b) observed non-uniform heat flow due to preferential flow paths in 1D 

tank experiments with grain sizes of 2 mm and hypothesized that these effects could be con-

siderably more significant in sediments with larger grain sizes. However, as these variations 

are relatively small compared to the total deviations of Reff from Rapp, this is not considered as 

a relevant bias for the results here.  

In this study, the thermal velocity determined with the analytical model results in a good 

agreement between Reff and Rapp for all investigated seepage velocities. As a comparison, in 

the experiments of Rau et al. (2012b), the seepage velocities derived from the thermal BTCs 

with an analytical model demonstrated a systematic overestimation of the solute derived ve-

locities by approximately 20 %, which was explained by spatial heterogeneities. Another rea-

son for their systematic overestimation could be the occurrence of LTNE effects. As discussed 

in Rau et al. (2014), the LTE assumption might be flawed in natural materials in the Darcy 

range. Our results showed a reasonably good agreement between the expected and effective 

thermal retardation. Hence, if LTNE effects occur within the investigated porous medium of 

our experiment, they are masked by the scatter in the effective thermal retardation possibly 

caused by non-uniform flow induced by the large grain sizes or the laboratory setup. This 

means that LTNE effects, if they occur within the examined experimental conditions, do not 

significantly influence the resulting thermal velocity determined by fitting the analytical solu-

tion to the thermal BTCs of the step input experiments. But LTNE effects could influence ther-

mal mechanical thermal dispersion, as Bandai et al. (2017) showed that effective thermal dis-

persion is particle-size dependent, while solute dispersion is not. Fig. 19 depicts the summary 

of the effective thermal dispersion coefficients of the step input experiments of our study 

compared with the data from Bandai et al. (2017). This comparison confirms the dependency 

of the normalized thermal dispersion coefficient on the grain size. Smaller grain sizes appear 

to lead to higher normalized dispersion coefficients for the same Péclet number.  
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Fig. 19: Comparison of the normalized thermal dispersion coefficient 𝑫𝑫𝑫𝑫 / κ𝒃𝒃 for different grain sizes with 

data from Bandai et al. (2017). The values for the best fit for the power law equation between 

normalized thermal dispersion and thermal Péclet number (eq. 26) as suggested by Metzger et 

al. (2004) & Bandai et al. (2017) is shown in the legend. 

As argued by Rau et al. (2012b), non-uniform flow could introduce lateral heat fluxes, which 

are violating the 1D assumption of the analytical model. This could also cause different longi-

tudinal thermal dispersion values derived from the 1D analytical model. 

The effective thermal retardation factor Reff for the thermal velocity vtherm T50 matches the ex-

pected Rapp. This is in agreement with the results of the numerical study of Irvine et al. (2013), 

where solute and heat derived velocities from the mean value between injection and initial 

temperature/concentration showed little deviation. This demonstrates that the thermal ve-

locity determined by the mean between the injection and initial temperature is mainly influ-

enced by advection. The difference between thermal conduction and solute diffusion and the 

differences in solute and heat mechanical dispersion obviously have no relevant effect on this 

thermal velocity (vtherm T50) for the range of seepage velocities investigated in the present ex-

periment.  
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The thermal velocities from vtherm T25, vtherm T75 and vtherm peak dT/dt show systematical deviations 

between Reff and Rapp. These velocities are therefore influenced by thermal dispersion. Using 

these velocities with Rapp to derive the seepage velocity or heat capacities (eqs. 24 and 25) 

results in erroneous values. However, as the measured deviations were nearly constant at 

seepage velocities higher than 10 m d-1, these deviations could be compensated by applying 

a correction factor (here around 0.86 for vtherm T75 and 1.11 for vtherm T25, see Fig. 18) if the de-

viations are known or determined by prior experiments. Such an approach was used by 

Somogyvári & Bayer (2017) to reduce the measurement time of thermal BTCs in a field exper-

iment to reconstruct aquifer heterogeneity with a thermal tracer experiments in a tomo-

graphic setup.  

4.1.2.2 Comparison of thermal velocities for finite duration pulse scenarios 

The experiments with a pulse input of finite duration were conducted to evaluate if the peak 

velocity in a finite duration pulse heat tracer setup can be used to infer the seepage velocity 

and involved bulk heat capacity. At seepage velocities higher than 10 m d-1, the effective ther-

mal retardation for the peak velocity and the fitted velocity demonstrates good agreement 

with the apparent thermal retardation. At seepage velocities lower than 10 m d-1, the effec-

tive thermal retardation is lower than expected for the peak velocity (Fig. 23).  

In the vertical setup of the pulse input of finite duration experiments, the BTCs depict unex-

pected tailing and multiple peaks (Fig. 20). This behavior is interpreted as an influence of free 

convection. These effects were observed even at temperature differences between Tinj and T0 

smaller than 5 K. The finite duration pulse setup leads to situations where water with higher 

temperature (Tinj) and therefore lower density was located beneath the colder and denser 

water (Tend).  
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Fig. 20: Measured thermal BTCs of the center temperature sensors in an experiment with a pulse input 

of finite duration in vertical setup with water flow from the top of the column with an expected 

seepage velocity of 32 m d-1, Tinj. = 23.5 °C, T0 =18 °C, Tend = 18 °C. The red vertical line 

indicates the start of the pulse and the blue vertical line the end of the hot water injection. The 

thermal BTCs showed unexpected behavior like multiple peaks. This was interpreted as 

influence of free convection. The experiments with a pulse input of finite duration in the vertical 

setup where not included in further analysis. 

Free convection can occur due to thermally induced density differences of the water. Some 

studies concluded that density effects can be neglected, if the temperature difference is lower 

than 15 °C (Ma and Zheng, 2010; Russo and Taddia, 2010). Nagano et al. (2002) investigated 

the influence of natural convection on forced horizontal flow experimentally. They developed 

a criterion based on the Reynolds number and the modified Rayleigh number under which 

natural convection exerts an obvious influence for a system of forced flow. According to this 

criterion, which depends among other parameters on the permeability, the kinematic viscos-

ity, particle diameter and temperature difference, the experiments should not be influenced 

by free convection. Schincariol & Schwartz (1990) concluded in an experimental study that 

buoyancy effects occur at density difference higher than 0.8 kg m-3. Due to the nonlinear de-

pendency of the water density on temperature, density effects can occur at lower tempera-

ture differences if the absolute temperature is higher. The used temperatures of 20 °C initial 

temperature and 25 °C injection temperature lead to density differences of 1.16 kg m-3 which 

would explain the observed effects according to the findings of Schincariol & Schwartz (1990). 

Density driven free convection has also been observed in a field experiment with temperature 
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differences of 8 °C (ambient temperature 17 °C injection temperature 9 °C) and advection 

dominated conditions (Ma et al., 2012). Therefore, density effects should be accounted for if 

heat is used as a tracer, keeping in mind the nonlinear dependency of the water density on 

temperature. 

As these effects generate biased BTCs where the 1D modelling approach assumed in this study 

is flawed, only the experiments in the horizontal setup are used in the further investigation. 

In the horizontal setup, the free convection is not acting in the same direction as the forced 

convection. 

Fig. 21 shows the thermal BTCs for an experiment with a pulse input of finite duration. The 

highest pulse temperature is reached at the first temperature sensor at a distance of 10 cm 

from the inflow. With increasing distance, the pulse temperature decreases and the BTCs 

spread. The modeled values show the best fitted temperatures from the analytical model (eq. 

32). While in the step input scenario, the fit of the analytical model is very good, the analytical 

model in the scenarios with a pulse input of finite duration is not able to match the observed 

temperatures at all distances and experiments. This could be caused by the temperature dif-

ferences in vertical direction, which developed in the experiment shortly after the inflow (Fig. 

22). With increasing distance from the inflow, the differences in temperatures increased. Nev-

ertheless, the peak velocities are similar and as the solute tracer experiments showed homog-

enous flow, we consider the peak velocities as unbiased. As normalization of the temperature 

was done with the injection temperature and initial temperature, negative normalized tem-

peratures can occur (Fig. 22) when the end temperature Tend differed from the initial temper-

ature T0. As explained in 3.1.1.5 this did occur to a lesser extent in some of the experiments 

due to varying room temperatures. 
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Fig. 21: Thermal BTCs and fit of the analytical model of a finite duration pulse experiment with a seepage 

velocity of 20.2 m d-1. The colored lines are the measured temperatures for the center 

temperature sensors in different distances to the inflow. The vertical red, blue and gray line 

indicate the start of the pulse, the end of the pulse and the stop of the volume flow, respectively.  

 

 
Fig. 22: Thermal BTCs for the lateral positions ± 8 cm from the center at 10 cm and 30 cm after inflow 

for an experiment with a pulse inpute of finite duration with a seepage velocity of 22 m d-1. The 

temperature sensors at the top position (+ 8cm) show the highest temperatures, and the bottom 

sensors (-8 cm) show the lowest temperature during the pulse. The vertical red and blue line 

indicate the start and stop of the temperature pulse. 

Fig. 23 shows the effective thermal retardation Reff for all experiments with a pulse input of 

finite duration, if the thermal velocity is determined by either the peak velocity or an analytical 

model (eq. 32). For higher seepage velocities, values of Reff determined with the peak and 
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analytical model are in the range of the apparent retardation Rapp. At seepage velocities lower 

than 10 m d-1, Reff referring to the thermal peak velocities generally decreases, reaching values 

of less than 30 % lower than Rapp. This demonstrates that the peak velocity does not represent 

a purely advective velocity. As heat losses would lead to a delayed peak arrival time (Pan et 

al., 2019), the peak velocity is influenced by conduction at seepage velocities lower than 

10 m d-1 for the investigated porous medium. One experiment with a seepage velocity of 

around 6.3 m d-1 deviates from this behavior (gray triangle in Fig. 23). This experiment is con-

sidered as an outlier, and a possible explanation could be an error in the determination of the 

volume flow. The measured Reff for the thermal velocity determined by the analytical model 

showed lower deviations from Rapp. Nevertheless, the overall deviation of Reff is clearly higher 

than in the step input experiments (Fig. 23). A possible reason for this is the influence of the 

free convection in the horizontal experiments. The boundary conditions of the analytical so-

lution would be violated by the temperature differences induced by free convection.  

Similar results, that the peak velocity was overestimating the thermal velocity compared to 

the velocity derived from an analytical model in slow flow conditions (~8.1 m d-1), were found 

by Becker et al. (2013). They used fiber optic distributed temperature sensing to measure in-

filtration rates in a recharge basin. A good agreement between thermal peak transit times and 

solute tracer transit times was reported by Becker et al. (2015), who employed peaks of diur-

nal temperature signals and bromide and B10-enriched boric acid in a managed aquifer re-

charge system to determine mean transit times. However, seepage velocities were not deter-

mined. The deviations of Reff for the peak velocity from Rapp at lower seepage velocities can 

most likely be explained by the influence of thermal conduction on the thermal peak velocity. 

With decreasing seepage velocities, the influence of thermal conductivity increases as ex-

pressed by the thermal Péclet number (eq. 26).  
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Fig. 23: Influence of the seepage velocity on effective thermal retardation (va / vtherm) for the horizontal 

experiments with a pulse input of finite duration. The thermal velocity is either determined as 

fitting parameter of an analytical model (eq. 32) or as the peak velocity. The apparent thermal 

retardation of 1.88 calculated by eq. (25) from the heat capacities and total porosity is shown as 

the gray line. The error bars represent the standard deviation for the velocity of all distances. The 

gray triangle is considered as an outlier. With lower seepage velocities, the effective thermal 

retardation for the peak velocities starts to differ from the apparent retardation. 
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4.2 Short summary conclusion paper 1 

The experimental part of this thesis systematically compared the apparent thermal retarda-

tion Rapp with the effective thermal retardation Reff to evaluate possible influences of LTNE 

effects on the heat transport in conditions of a highly permeable porous aquifer. Furthermore, 

different methods to determine the advective thermal velocity were evaluated. Overall, 43 

one-dimensional heat and coupled heat and solute tracer experiments with a step input sce-

nario and a scenario with a pulse input of finite duration were conducted in laboratory exper-

iments, using a gravel filled column.  

The results show that when a step input signal is interpreted, the thermal velocities deter-

mined by an analytical model or the mean between the injection and the initial temperature 

can be used with Rapp to predict the seepage velocities or bulk heat capacity of the porous 

medium in one-dimensional settings. These findings also reveal that LTNE effects do not re-

markable influence the resulting thermal velocities from these two methods. However, the 

normalized thermal dispersion coefficient seems to be dependent on particle size, which could 

be governed by LTNE.  

In the step input experiments, the effective thermal retardation of thermal velocities derived 

by the peak of the first time derivative or self-defined values between injection and initial 

temperatures (e.g. vtherm T25 / vtherm T75) deviate from Rapp because these velocities are not 

strictly advective and influenced by the thermal dispersion coefficient. The effective thermal 

retardation by these methods shows a systematical deviation of 10-15 % from Rapp. However, 

the results suggest that these deviations are nearly constant at seepage velocities higher than 

10 m d-1, and that these deviations could be compensated by applying a correction factor 

(here ca. 0.86 for vtherm T75 and 1.11 for vtherm T25) if the deviations are known or determined by 

prior experiments. This would allow reduction of the measurement time in future thermal 

tracer experiments, since the complete thermal BTC is not needed for evaluation.  

The peak velocity appears to be significantly faster than predicted by Rapp in cases with seep-

age velocities lower than 10 m d-1 leading to higher thermal velocities and an overestimation 

of the seepage velocity if Rapp is applied. This is most likely due to the influence of thermal 

conduction on the thermal peak velocity. This has implications when heat is used as a tracer, 

for example in managed aquifer recharge systems, which could lead to an overestimation of 

the seepage velocity and therefore an underestimation of the mean transit time.  
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4.3 Mathematical modeling of local thermal non-equilibrium effects using nu-
merical and analytical solutions 

In the following part, the results and discussion of the numerical parameter study are pre-

sented. This chapter is based on the results and discussion section of Gossler et al. (2020) but 

has been extended and adapted. 

4.3.1 Adapted Nusselt correlation 

The available Nu values found in literature with conditions expected in natural porous aquifers 

(Re < 50, n < 0.5) are shown in Fig. 24. As all available data on Nu values are determined with 

gas or air as fluid (Pr = 0.7), the original Nu values were adapted for water as fluid (Pr = 9) 

using the Nu correlations and eq. (38). To limit the influence of this adaption, the data of 

Achenbach (1995) and Wakao et al. (1979) were adapted using the correlation of Wakao et al. 

(1979) as their correlations cover approximately the same Re range. The data of Sun et al. 

(2015), Tavassoli et al. (2015), Singhal et al. (2017b), and Chen and Müller (2019) were 

adapted by using the correlation of Zhu et al. (2019) who used their data to build a new cor-

relation. 

 
Fig. 24: Summary of literature based Nusselt values for the Reynolds (Re < 50) and porosity (n < 0.5) 

range expected in natural porous aquifers. As most studies were conducted with gas as a fluid, 

the Nusselt numbers were corrected for the Prandtl number of water using eq. (38). 

Some correlations and data (Nie et al., 2011; Naghash et al., 2016; Zanoni et al., 2017) result 

in very low Nu numbers for the investigated Re range (Fig. 25a). A reason for the discrepancy 
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in Nu values between some publications (Nelson and Galloway, 1975; Nie et al., 2011; 

Naghash et al., 2016; Zanoni et al., 2017) (first group) and other studies (Wakao et al., 1979; 

Achenbach, 1995; Sun et al., 2015; Singhal et al., 2017b; Zhu et al., 2019) (second group) is not 

obvious and, therefore, the unrealistic data for porous aquifers from the first group was not 

included in our regression. The new regression based on the available data and eq. (39) is 

shown in Fig. 25. This correlation with best fit values a = 3.1 and b = 0.57 is used in all of the 

presented analysis.  

 
Fig. 25: a) Comparison of different Nusselt correlations with the respective data points. b) Used data for 

the new correlation based on the Prandtl corrected Nusselt values of published experimental 

data. 

4.3.2 Validation of numerical model with analytical solution 

The numerical LTE model demonstrates an excellent match to the analytical LTE model under 

all conditions (Fig. 26 & Fig. 27). Further, the numerical LTNE model matches the analytical 

LTNE model very well under most conditions (Fig. 26 & Fig. 27). Results from the analytical 

and numerical LTNE model deviate only for low flow conditions and small particle sizes. We 

assume that this deviation arises from a failure to compute the analytical solution for which 

we identified two possible reasons: (1) The function used to find the 4 complex roots of the 

analytical solution (eq. 45) sometimes fails to find all four roots under these conditions; (2) 

some roots can have values that are higher than 600 which leads to infinite values in the next 

step of the analytical solution and requires solving of the system of equations (eqs. 46a-d) 

including exp(root) (eq. 46c). To continue the computations in the latter case, values exceed-

ing 600 were capped. A further indication of the failure to calculate LTNE fluid temperatures 
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using the analytical solution was a deviation of the results from that calculated using the ana-

lytical and numerical LTE solution. The numerically derived LTNE fluid temperature and solid 

matched the LTE solution as expected (Fig. 28). 

 
Fig. 26: Comparison of thermal BTCs calculated by the numerical and analytical LTE and LTNE models 

for 0.5 m, 1 m and 2 m distances. The numerical model fits the analytical solution very well. 

Here, we used a grain size and velocity that lie in the center of the total range considered. The 

Nusselt number is based on the correlation developed in this work (eq. 39 & Fig. 25b). 
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Fig. 27: Comparison of thermal BTCs derived from the numerical and analytical LTE and LTNE models 

for 0.5 m, 1 m and 2 m distances. The numerical and analytical models match very well. Here, 

we use LTNE favorable conditions with a grain size and velocity at the upper end of the range 

considered. The Nusselt number is based on the correlation developed in this work (eq. 39 & 

Fig. 25b). 
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Fig. 28: For conditions of seepage velocity and particle sizes on the lower end of the range considered 

in this work, the numerical LTNE fluid temperature is identical to the analytical and numerical 

LTE model. The deviation of the analytically calculated LTNE fluid likely originates from 

problems associated with the calculation (see section 4.3.2 for an explanation). 
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4.3.3 Comparison of thermal breakthrough curves obtained from the LTE model and 
LTNE models 

Significant differences between the modelled thermal BTCs calculated using the LTE and LTNE 

models can be found within the assumed parameter ranges representative of the conditions 

in natural porous aquifers. As an example, Fig. 29 highlights the thermal BTCs obtained from 

the LTE and LTNE models for particle sizes (< 0.5 cm) with slow seepage velocities (< 2 m d-1) 

at the lower end of the investigated parameter range (Fig. 29a, b & c) and for large particles 

sizes (> 7.5 cm) with high seepage velocities (> 20 m d-1) (Fig. 29d, e & f). Furthermore, the 

three different methods used to evaluate the degree of LTNE are illustrated. For low seepage 

velocities and small particle sizes, the LTE and LTNE models result in similar (visually the same) 

thermal BTCs regarding effective dispersion and advective thermal velocity (method 1). The 

computed normalized temperature differences between the LTE and LTNE fluid temperature 

(method 2) and LTNE fluid and solid temperature (method 3) are very low (< 0.005). In con-

trast, in the simulations for large particle sizes and high seepage velocities, the thermal BTCs 

from the two models differ significantly. The solid and fluid temperature of the LTNE model is 

noticeably more dispersed (method 1) and significant temperature differences between the 

LTE temperature and LTNE fluid temperature (method 2) as well as solid and fluid temperature 

(method 3) can be observed. 
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Fig. 29: Example of thermal BTCs illustrating the three different methods used to quantify LTNE. The 

plots a), b) and c) summarize conditions with small particles sizes dp and low seepage velocities 

va. The plots d), e) and f) display large particle sizes and high seepage velocity conditions. 

Method 1 uses a normalized temperature BTC. The degree of LTNE is measured as the 

difference in thermal dispersion (blue arrows) and advective thermal velocity between the LTNE 

fluid temperature and the LTE model. Method 2 uses the temperature difference between the 

normalized LTE temperature and normalized LTNE fluid temperature. Method 3 measures the 

maximum and average temperature difference between the normalized solid and fluid 

temperatures. The blue triangles indicate the position of the maximum absolute values. 

4.3.4 Influence of the Nusselt correlation on LTNE effects 

To investigate the influence of the Nu correlation choice, the parameter study was extended 

to the Nu correlations suggested by Zanoni et al. (2017) as well as four others (Wakao et al., 

1979; Achenbach, 1995; Singhal et al., 2017b; Zhu et al., 2019). For the Nu correlation by 

Zanoni et al. (2017) (very low Nu values), nearly all tested conditions lead to strong LTNE ef-

fects (Fig. 30 & Fig. 31).  



Chapter 4 - Results and discussion 

 

 

75 

 
Fig. 30: Comparison of the LTNE effects for the newly developed Nusselt correlation and the Nusselt 

correlation of Zanoni et al. (2017) as an example of the group of correlations leading to very low 

Nusselt values. All simulations with the Zanoni et al. correlation lead to significant LTNE effects 

(e.g. LTNEmethod2,max always larger than 0.1). 
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Fig. 31: Comparison of the LTNE effects for all investigated Nusselt correlations. All simulations with the 

Zanoni et al. (2017) correlation lead to significant LTNE effects and deviate highly from the other 

correlations. 

As an example, Fig. 32 a & b show the thermal BTCs using different Nu correlations for the 

identical conditions as in Fig. 29 a, b & c. It is clear that the fluid temperature front calculated 

using the LTNE model with the Nu correlation of Zanoni et al. (2017) shows no significant re-

tardation compared to the fluid front. By contrast, the solid phase temperature increases 

much slower due to the very low heat exchange between the fluid and solid phases as caused 

by the low Nu values from this correlation (Table 10 for values of Nu). Both fluid and solid BTCs 

obtained from the LTNE model for the Nu correlation of Zanoni et al. (2017) differ significantly 

from the temperature calculated using the LTE model. In fact, fitting the analytical LTE model 

to the fluid temperature BTC obtained from the LTNE model fails to achieve a satisfactory 

result (Fig. 33). All other Nu correlations lead to similar BTCs. This shows that Nu correlations 
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leading to very low Nu numbers are not suitable for natural conditions when simply adjusting 

the Pr to a value appropriate for water. 

In conditions with large particle sizes and high seepage velocities (Fig. 32 c & d), all break-

through curves of the different Nu correlations differ from the LTE model showing higher dis-

persion, while slightly differing from each other. Therefore, the general outcome that LTNE 

conditions lead to higher thermal dispersion is nearly independent of the choice of the Nu 

correlation. 

 
Fig. 32: Comparison of the thermal breakthrough curves for different Nu correlations for identical 

parameter sets as in Fig. 29. In conditions with small particles sizes dp and low seepage 

velocities va (a & b), the breakthrough curves for the second group of Nu correlations are 

identical and also match the LTE temperature. For conditions with large particle sizes and high 

seepage velocity conditions (c & d), the breakthrough curves for all Nu correlations differ 

significantly from the LTE model.  
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Table 10: Overview of the different resulting Nu values for the parameters of Fig. 32. 

Parameter Setting Lower row 

Nusselt [-] 

Upper row 

Nusselt [-] 

Wakao et al. (1979) 2.23 20.50 

Achenbach (1995) 0.145 10.80 

Singhal et al. (2017) 2.76 25.90 

Zanoni et al. (2017) 1.49e-06 3.15 

Zhu et al. (2019) 3.35 19.90 

newly developed correlation 1.39 28.40 

 

 
Fig. 33: Example thermal BTCs with the Nu number determined by the correlation of Zanoni et al. (2017) 

with identical parameters (𝑑𝑑𝑝𝑝 = 0.016 m, 𝑣𝑣𝑎𝑎 = 1.91 m d-1) for the LTE and LTNE model. The fluid 

temperature front calculated by the LTNE model is significantly faster compared to the fluid 

temperature front of the LTE model. The analytical LTE model fails to properly fit the thermal 

BTC of the LTNE fluid. 
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4.3.5 Analysis of the parameter sensitivity 

The parameter sensitivity analysis converged within the investigated number of parameter 

settings (Fig. 34). It reveals that when evaluating all three methods the most sensitive param-

eters are the seepage velocity, the particle size and the porosity (Fig. 35). The least sensitive 

parameters are found to be the fluid temperature, the volumetric heat capacity of the solid 

and the thermal dispersivity (Fig. 35).  

 
Fig. 34: Convergence plot of the sensitivity analysis for the newly derived Nu correlation. The sensitivity 

analysis converged for all methods except for the velocity of method 1. This shows a high 

variation of the sensitive parameters which is likely due to the very small influence of LTNE 

effects on the advective thermal velocity. Different methods illustrate little deviation of the sobol 

indices when the number of model runs is increased. 
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Fig. 35: Sensitivity of the many parameters in the different methods required to quantify LTNE effects. 

Note that we use our newly developed Nusselt correlation. Particle size and seepage velocity 

have a high influence on the results calculated by all methods. 

In many engineering applications the ratio of fluid to solid phases thermal conductivities is 

reported as an important LTE criterion (Lee and Vafai, 1998; Minkowycz et al., 1999; Dehghan 

et al., 2014b). The ratio between the thermal conductivity of water (Huber et al., 2012) and 

common aquifer materials (Côté and Konrad, 2005) is usually in the range 0.1 - 0.5. The differ-

ences between the thermal conductivities in engineering applications with air as fluid and 

metals as a solid phase span a much broader range. We believe that our analysis did not find 

this to cause sensitivity because of the limited range of thermal conductivities expected in 

aquifer settings, as was the focus in our study. 

4.3.6 Influence of LTNE effects on the advective thermal velocity 

The modeled against the fitted thermal velocity is shown in Fig. 36a, highlighting an excellent 

fit (R² > 0.99) with generally very small differences (for 95 % of the simulations the deviation 

is smaller than 5 %). A small number of simulations at low Peclet numbers and large particle 

sizes deviate from the expected thermal advective velocity (Fig. 36b). Aside from these condi-

tions the influence of LTNE effects on the advective velocity is generally very low. The fitted 

advective thermal velocities exceed the modeled velocities slightly (< 5%) at very high veloci-

ties. The results also illustrate that this is not flow distance dependent, as the correlations are 

similar for all investigated distances (Fig. 37).  
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Fig. 36: (a) The differences between the fitted advective thermal velocity and the modeled advective 

thermal velocity are very small for most simulations. For 95 % of the simulations the deviation 

is smaller than 5 %. The fitted velocity deviates at very high velocities by a small amount (< 5 %) 

from the modeled advective thermal velocity. This shows that the influence of LTNE effects on 

the advective thermal velocity is generally very small. b) For a small part of the simulations at 

low Peclet numbers in combination with large particle sizes, the fitted velocity is smaller than 

the modeled thermal velocity. This deviation at low Peclet numbers, representing conduction 

dominated situations at small flow distances, is contributed to the differences in the boundary 

conditions immanent in the chosen LTE and LTNE models. 
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Fig. 37: The differences between the fitted advective thermal velocity and the modeled advective 

thermal velocity are very small for all investigated distances. This shows that the influence of 

LTNE effects on the advective thermal velocity is very limited. 

These observations are in agreement with the experimental results of section 4.1. No signifi-

cant influence on the advective thermal velocity could be observed within the analyzed range 

of seepage velocities expected in gravel aquifers (5-50 m d-1). In a numerical study, Roshan et 

al. (2014) investigated the influence of LTNE effects on velocity estimates from the damping 

and phase shifting of the diel temperature signal with depth in a streambed for flux conditions 

leading to 0.001 < Re < 0.01. They come to an opposite conclusion, stating that LTNE effects 

are limited to very slow seepage velocities but can lead to velocity deviations up to a factor of 

150. A possible explanation of these findings is their choice of the Nu correlation which leads 

to very low Nu numbers at low seepage velocities but increases significantly at higher veloci-

ties. Furthermore, the mathematical model used to derive the Nu values (Kunii and Smith, 
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1961) on which the correlation of Roshan et al. (2014) is based, was criticized by several au-

thors (Littman et al., 1968; Gunn and De Souza, 1974; Wakao et al., 1979). 

4.3.7 Influence of LTNE effects on the thermal dispersion 

In contrast to the advective thermal velocity, the effective thermal dispersion can be signifi-

cantly influenced by LTNE effects. We evaluate that an increase by a factor of over 30 

(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝) is possible within the range of parameters investigated in this study (Fig. 

38). Increasing flow velocities and particle sizes also lead to increasing LTNE effects and con-

sequently, to a higher effective thermal dispersion. Similar results are obtained for all investi-

gated distances (Fig. 39).  

 
Fig. 38: The influence of Darcy flux on the normalized deviation of the thermal dispersion difference 

(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝) caused by LTNE effects. Each grey dot is the result of one simulation. The 

solid colored lines show the smoothed median values (dashed lines 0.25/0.75 quartile) of the 

normalized dispersion deviations for groups of simulations with different particle size ranges. 

Larger particle sizes and higher Darcy fluxes lead to higher LTNE effects resulting in a 

significant increase in the thermal dispersion. 
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Fig. 39: Influence of the distance on the LTNE measure based on the deviation of thermal dispersion 

(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝). The count for each category is very similar which means that the observation 

distance does not significantly influence the degree of LTNE. 

To elucidate the conditions under which this increase in thermal dispersion can be expected, 

the LTNE effects on thermal dispersion have been categorized in Table 11. As the thermal 

dispersion is generally an uncertain parameter in modeling, we considered an increase up to 

50 % as within the usual uncertainty range. An increase above a factor of 10 is considered as 

highly influenced by LTNE effects. Following this categorization and the grain size-based aqui-

fer types according to Table 11, we reveal that LTNE effects can be expected in gravel aquifers 

with high Darcy fluxes (Fig. 40). This tendency can be observed for all Nu correlations of the 

second group (see section 4.3.1) of Nu correlations (Fig. 41). 

Furthermore, we identify the following threshold values considering all combinations of pa-

rameters for which no significant LTNE effects (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝 < 1.5) could be observed: If 

either the particle size is < 7 mm or the seepage velocity is < 1.6 m d-1 no significant LTNE ef-

fects (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝 < 1.5) should be expected. A previous laboratory study (Bandai et al., 

2017) observed increasing thermal dispersion values with increasing particle sizes and sus-

pected LTNE effects as the cause for this. The presented results confirm the assumption that 

LTNE effects can significantly enhance the effective thermal dispersion coefficient which is 

also in accordance with the results of the laboratory experiments (section 4.1.2). 
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Table 11: Categorization of the LTNE effects and typical aquifer types 

Aquifer 
type 

Seepage  
velocity 
[m d-1] 

Particle  
size 
[mm] 

Porosity 
[-] 

 LTNE  

categorization 
Quasi-
LTE 

Low 
LTNE 

Medium 
LTNE 

High 

 LTNE 

sand 1-3 1-2 0.1-0.2  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑙𝑙
=  

𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠  <1.5 1.5-3 3-10 >10 
sand – 
gravel 2-10 1.5-30 0.15-0.3 

 

gravel 5-30 20-150 0.25-
0.45 

 

 

 
Fig. 40: Categorized LTNE effects based on Darcy flux and particle size. Increased thermal dispersion 

due to LTNE effects is mainly expected for conditions with high flow velocities and large grain 

sizes like gravel aquifers.  
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Fig. 41: LTNE effects categorized by Darcy flux q and particle size dp for different Nusselt correlations. 

These plots show that LTNE effects become significant in gravel aquifers for all Nusselt 

correlations. The results are very similar to the ones derived using our newly developed Nu 

correlation. 

4.3.8 Comparison of methods to quantify LTNE effects 

The comparison of the results of the three methods for all simulations shows a significant 

relationship between them (Fig. 42). Yet, for some parameter settings (low Pe and large dp) 

the differences between the LTE and fluid LTNE temperatures (LTNEmethod2) are large while the 

differences between solid and fluid temperature (LTNEmethod3) are close to zero. These findings 

are in accordance with the results of some other studies (Rees et al., 2008; Hamidi et al., 2019) 

which showed, that LTE and LTNE models can differ even if the temperature differences be-

tween the fluid and solid phase are nearly equal. Interestingly, while LTNEmethod1,Dl does not 

capture these LTNE effects, LTNEmethod1,v shows a strong correlation with LTNEmethod2,max (Fig. 

42b). These deviations are limited to conditions of low Pe numbers (Fig. 36b & Fig. 42b).  
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A possible explanation for these discrepancies at low Pe are the differences in the boundary 

conditions between the LTE and LTNE models. When trying to model a scenario in which a hot 

or cold fluid is injected into a porous medium, the boundary condition necessary for the LTE 

model and the assumption inherent to the LTE model induce that under conduction-domi-

nated conditions (low Pe), the thermal conductivity of the solid phase also contributes signif-

icantly to heat transport at the boundary. The LTNE model allows to set more appropriate 

boundary conditions, allowing to only affect the fluid phase at the boundary. 

 
Fig. 42: Relationship between the different LTNE quantification methods. a) While the methods show a 

significant correlation between them, LTNEmethod2,max detects increased differences between the 

LTE and LTNE fluid temperature for low Péclet conditions in which the difference between fluid 

and solid temperature (LTNEmethod3,max) is negligible and the dispersion is not significantly 

increased (LTNEmethod1,Dl). b) LTNEmethod1,v shows an overestimation of the advective velocity of 

the LTE model for these low Péclet conditions and a correlation with LTNEmethod2,max. 

4.3.9 Criterion to estimate LTNE conditions 

To estimate if LTNE effects are likely to occur in porous aquifers, we use the four most sensi-

tive parameters, particle size dp, porosity n, seepage velocity va and thermal conductivity of 

the solid phase λs, as explanatory variables to derive a new equation in a two-step regression 

procedure. First, to find the best model formula, an exhaustive screening approach with the 
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R package “glmulti” (Calcagno and de Mazancourt, 2010) was applied on the normalized (or-

dered quantile normalization (Peterson and Cavanaugh, 2019)) 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝 value and the 

scaled explanatory variables (min-max normalization). In other words, the above-mentioned 

explanatory variables are used to predict the value of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝. The value of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝, predicted by the regression is called 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓. All possible models including 

pairwise interactions were considered up to a maximum number of seven terms. The selection 

was based on the Bayesian information criterion which penalizes models with higher number 

of parameters to prevent overfitting (Schwarz, 1978). The regression analysis was conducted 

with the results for the flow distance of 1 m as the influence of the distance on 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝 
is very limited. Note that using all distances would introduce ties in the dataset. These ties 

cause problems in the ordered quantile normalization (Peterson and Cavanaugh, 2019) which 

was applied to achieve a normal distribution for the 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝 value. The model formula 

in eq. (55) with six terms shows the best results concerning limited complexity and adequate 

accuracy (adjusted R² = 0.89). In order to enable a practical application, the regression coeffi-

cients were determined by applying this model to the original data (not normalized and 

scaled) (adjusted R² = 0.64) resulting in: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 = 0.42 − 0.04𝑣𝑣𝑎𝑎 − 1.45𝑛𝑛 + 0.21λ𝑠𝑠 + 2.15𝑑𝑑𝑝𝑝𝑣𝑣𝑎𝑎 + 118.11𝑑𝑑𝑝𝑝𝑛𝑛 − 8.38λ𝑠𝑠𝑑𝑑𝑝𝑝 (55) 

The predicted value 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 (eq. 55) was compared with the associated LTNE category (Table 

11) for each simulation in a cumulative distribution plot (Fig. 43). The boundaries of the cate-

gories (Table 3, Fig. 43) are based on the 5% and 95% quantiles of this cumulative distribution. 

This can be viewed as a probability measure, e.g. if 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 is < 1.4 it is likely that no LTNE 

effects occur. 95 % of the simulations which show low LTNE effects are above this value. No 

simulation with medium or high LTNE effects results in an 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 < 1.4. If 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 is in the 

low LTNE – medium LTNE range (3.3-4.6) both categories are equally possible, as simulation 

with parameter sets resulting in this range can be within both categories (Fig. 43). The accu-

racy of this approach is reasonable, as 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 gives only a qualitative assessment of the 

LTNE conditions. 
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Table 12: Categories of the LTNE effects and the corresponding values of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓.   
LTNE category 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 Boundaries based on quantiles 

quasi-LTE < 1.4 < 5% quantile low LTNE 

quasi-LTE – low LTNE 1.4-2.2 5% quantile low LTNE – 95 % quantile quasi LTE  

low LTNE 2.2-3.3 95 % quantile quasi LTE – 5% quantile medium 
LTNE 

low LTNE – medium LTNE 3.3-4.6 
5% quantile medium LTNE – 95 % quantile low 

LTNE 

medium LTNE 4.6-6.5 95 % quantile low LTNE – 5% quantile high LTNE 

medium LTNE – high LTNE 6.5-7.8 5% quantile high LTNE – 95 % quantile medium 
LTNE 

high LTNE > 7.8 >95 % quantile medium LTNE 

 

 
Fig. 43: Cumulative distribution of the LTNE categories based on Table 11 and the predicted values by 

eq. (55). The 5% and 95% quantile values of LTNEcat of the different LTNE categories are used 

to determine the boundary values of the LTNE categories Table 12. 

To verify the assumption of the limited influence of the distance, the regression analysis was 

performed for all four distances. The resulting parameters (a1-a6) of the formula provided by 

this screening approach (eq. 56) causes the mean of all four models to vary less than 6 % with 

the quantile boundaries remaining similar (Fig. 44). 
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𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 = 𝑓𝑓𝑛𝑛𝐿𝐿𝑝𝑝𝑠𝑠𝐿𝐿𝑝𝑝𝑝𝑝𝐿𝐿 + 𝑣𝑣1𝑣𝑣𝑎𝑎 + 𝑣𝑣2𝑛𝑛 + 𝑣𝑣3λ𝑠𝑠 + 𝑣𝑣4𝑑𝑑𝑝𝑝𝑣𝑣𝑎𝑎 + 𝑣𝑣5𝑑𝑑𝑝𝑝𝑛𝑛 + 𝑣𝑣6λ𝑠𝑠𝑑𝑑𝑝𝑝 (56) 

 
Fig. 44: Influence of flow distance on the regression parameters. The percental variation of the fitting 

parameters a1-6 and the standard deviation (sd) of the absolute values is very small. 

4.3.10 Evaluation of laboratory experiments with the LTNE criterion 

To check if LTNE effects are likely to occur in the laboratory experiments of the first part ac-

cording to the results of the numerical parameter study, the properties and conditions of the 

step input laboratory experiments are used in the derived LTNE criterion (eq. 56). Using the 

parameters and uncertainties of the laboratory experiments (Table 5 and Table 6) with a sim-

ple Monte-Carlo estimate (106 runs), the resulting 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 is around 0.75 (Fig. 45) and there-

fore quasi-LTE conditions are expected. To evaluate if LTNE effects influenced the effective 

thermal dispersion of the laboratory experiments, the newly developed 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑙𝑙 (eq. 

49) was calculated for the step input scenarios. Fig. 46 shows the fitted effective thermal dis-

persion 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 (eq. 28) values of the step input experiments which were used to calculate 

the thermal dispersivity 𝛽𝛽 (Fig. 47a) with eq. (3). This is based on the power law relationship 

with the specific discharge (eq. 4) as suggested in Rau et al. (2012b). The resulting thermal 

dispersivity values vary significantly and decrease with increasing seepage velocities. As the 

thermal dispersivity is considered a material property this behavior is unexpected. Using the 
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median of the calculated thermal dispersivity (~ 88 s-1) the resulting 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑙𝑙 are within 

the range of 0.75-1.5 (Fig. 47b) and, therefore quasi-LTE conditions. Whether the relationship 

between the thermal dispersivity and the specific discharge is based on a power law or a linear 

relationship is not fully clear (see section 2.2) (e.g. Afshari et al., 2019; Anderson, 2005; 

Metzger et al., 2004; Rau et al., 2012b; Vandenbohede et al., 2009). Hence, using eq. (57) 

which describes the thermal mechanical dispersion based on a linear relationship with the 

specific discharge (e.g. Anderson, 2005) the resulting values of 𝛽𝛽𝑞𝑞 𝑖𝑖𝑡𝑡𝑓𝑓 𝑠𝑠𝑞𝑞𝐶𝐶𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑 are shown in Fig. 

47c displaying a lower variance and no significant correlation of the thermal dispersivity with 

the specific discharge. The 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑙𝑙 using the median value of 𝛽𝛽𝑞𝑞 𝑖𝑖𝑡𝑡𝑓𝑓 𝑠𝑠𝑞𝑞𝐶𝐶𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑 (~0.015 m) 

are again within the quasi-LTE range (0.75-1.5) (Fig. 47d).  

𝐷𝐷𝑙𝑙 =  𝛽𝛽𝑞𝑞 𝑖𝑖𝑡𝑡𝑓𝑓 𝑠𝑠𝑞𝑞𝐶𝐶𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑 �𝜌𝜌𝑠𝑠𝐿𝐿𝑠𝑠𝜌𝜌𝑏𝑏𝐿𝐿𝑏𝑏 𝛽𝛽� (57) 

Collectively, this indicates that the thermal dispersion of the laboratory experiments in this 

study can be better described by a linear relationship of the thermal dispersivity with the spe-

cific discharge as 𝛽𝛽 based on a power law shows a significant correlation with the seepage 

velocity. Furthermore, the predicted quasi LTE conditions of the developed LTNE criterion for 

the laboratory experiments are confirmed as neither the advective thermal velocity nor the 

effective thermal dispersion are significantly influenced by LTNE effects.  
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Fig. 45: Distribution of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 for the laboratory experiments (see Table 5 and Table 6 for parameters 

and uncertainties) based on a simple monte carlo estimate (106 runs). The 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑎𝑎𝑓𝑓 value 

indicates that LTNE effects are unlikely to occur in these settings. 

 

 
Fig. 46: Fitted effective thermal dispersion 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 from the laboratory experiments. As expected, the 

effective thermal dispersion increases with increasing seepage velocities. The error bars 

indicate the standard deviation when all distances are compared in one experiment. 
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Fig. 47: a) Thermal dispersivity of the step input laboratory experiments values based on the fitted 

effective thermal dispersion 𝐷𝐷𝑙𝑙,𝑒𝑒𝑠𝑠𝑠𝑠,𝑠𝑠𝑖𝑖𝑓𝑓 and eq. (4). b) Calculated 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑙𝑙 values for the 

step input laboratory experiments. The median of the thermal dispersivity β of all experiments 

(~88) is used in the calculation. c) and d) are the equivalent plots of a) and b) but with the 

thermal mechanical dispersion 𝐷𝐷𝑙𝑙 not based on a squared relationship with the specifc 

discharge q (eq. (57)). The median value of 𝛽𝛽𝑞𝑞 𝑖𝑖𝑡𝑡𝑓𝑓 𝑠𝑠𝑞𝑞𝐶𝐶𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑 used to calculate 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑙𝑙 is 

~0.015 m. The error bars indicate the standard deviation when all distances are compared in 

one experiment. 

4.3.11 Limitations of the used approach 

Our study focuses on a 1D setup with homogenous parameter settings in each simulation to 

investigate LTNE effects. Even though most of the parameter settings expected in porous aq-

uifers are covered, the influence of macroscopic heterogeneity on LTNE effects remains un-

clear. A recent publication investigated LTE and LTNE approaches for fractured porous media 

(Hamidi et al., 2019). They showed that high permeability and porosity contrasts can lead to 

significant LTNE effects resulting in a difference of up to 7 % in local fluid temperatures. This 

indicates that macroscopic heterogeneity could additionally increase LTNE effects. 
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Furthermore, we used the arithmetic mean particle size as a referential particle size in our 

simulations. The sensitivity analysis showed that the particle size is a highly influential param-

eter for LTNE effects. Similarly, Heinze and Blöcher (2019) revealed that the particle size is a 

crucial parameter for LTNE effects during infiltration processes. For transferring the results to 

aquifers with unsorted grain size distributions, further research is necessary to reveal if for 

instance a representative grain size would be suitable. Candidates are statistical grain size val-

ues such as the geometric or harmonic means as common for calculation of thermal or hy-

draulic conductivity. 

Another assumption of our study is that we consider most parameters independent of each 

other (see section 3.2.5). Certainly, some parameters such as particle size and porosity can be 

correlated (e.g. Urumović & Urumović, 2014), but these correlations depend on many influ-

ences such as grain size distribution, shape of the grains, and compaction. Therefore, we have 

not elaborated further on which conditions are more or less frequent in natural aquifers, and 

rather provide the full range of parameter combinations. 
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4.4 Short summary paper 2 

The limitations of the LTE assumption in heat transport modeling for natural porous aquifers 

have been investigated by an extensive 1D parameter study comparing thermal BTCs of local 

thermal equilibrium (LTE) and local thermal non-equilibrium (LTNE) models. A new correlation 

to determine the Nusselt number based on available literature data tailored to porous aqui-

fers was derived. As all available data on Nu are determined with air as fluid, more laboratory 

studies measuring the heat transfer with water as a fluid are required. 

While LTNE effects do not occur for grain sizes smaller than 7 mm or for seepage velocities 

that are slower than 1.6 m d-1, LTNE effects can occur within the conditions expected in porous 

aquifers such as gravel aquifers with high seepage velocities and large grain sizes. The effective 

thermal dispersion can be increased by a factor of over 30 caused by LTNE effects. The advec-

tive thermal velocity is not significantly influenced even in conditions with strong LTNE effects. 

Only at low Pe conditions in combination with large particle sizes, the LTE model can lead to 

an overestimation of the advective thermal velocity. A criterion to predict if LTNE conditions 

will occur is developed based on the most influential properties, the porous media particle 

size, seepage velocity, porosity, and thermal conductivity of the solid phase. Our results can 

be used as a guide towards more accurate modeling of heat transport in natural porous media. 
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Chapter 5 Conclusion  

A fundamental understanding of heat transport in natural porous media is crucial in many 

areas of research and applied fields. Using laboratory experiments and numerical modeling, it 

is shown that the commonly used assumption of local thermal equilibrium can lead to a sig-

nificant underestimation of the effective thermal dispersion in conditions expected in natural 

porous media such as gravel aquifers with large grain sizes and high seepage velocities. This 

can cause a substantial deviation between the modeled and the actual temperature develop-

ment, for example in the prediction of the spreading of thermal plumes in groundwater heat 

pump systems. The effects of local thermal non-equilibrium on the advective thermal velocity 

are minor (< 10 % deviation) even in conditions in which the thermal dispersion is significantly 

influenced. Only at low Pe conditions in combination with large particle sizes, the LTE model 

can lead to an overestimation of the advective thermal velocity. Using the thermal retardation 

factor to estimate water fluxes, mean transit times or the bulk heat capacity of the aquifer 

from thermal tracer experiments requires the determination of the advective thermal velocity 

from the thermal breakthrough curve. Using thermal velocities which can be influences by the 

thermal dispersion such as the peak velocity, can lead to deviations over 30 % resulting in 

erroneous flux estimates and mean transit times. 

 

5.1 Implications for heat transport modeling in natural porous media  

The increased thermal dispersion caused by LTNE under certain conditions such as high seep-

age velocities and large grain sizes can have significant consequences for the modeling and 

management of geothermal groundwater use, such as groundwater-based heat pump sys-

tems, which cycle groundwater by operating extraction and injection well doublets. With a 

steady increase of such systems leading to densely used aquifers (Pophillat et al., 2020), there 

is a growing need for reliable prediction of the induced thermal plumes (Ferguson, 2009; 

Hähnlein et al., 2013; Herbert et al., 2013; Epting et al., 2017; Böttcher et al., 2019). To delin-

eate a thermal range or a thermally affected zone in an aquifer, the value for thermal disper-

sion is of crucial importance (Molina-Giraldo et al., 2011; Park et al., 2015, 2018; Pophillat et 

al., 2020). The relative difference of the length, width and stabilization time of a 1 K thermal 

plume can vary over 100 % due to different transversal and longitudinal thermal dispersivity 

values when compared to a reference scenario (Pophillat et al., 2020). This also affects the 
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overall potential of thermal groundwater use in aquifers, as it is a spatially limited resource, 

inter alia constraint by a minimum distance of adjacent systems to prevent a thermal break-

through between them (Böttcher et al., 2019). Consequently, the processes, such as the heat 

transfer between the fluid and solid phases, that determine the magnitude of LTNE effects 

must be well understood. For example, we expect that LTNE effects can occur even in aquifers 

with low natural seepage velocities as the flow velocity increases significantly towards injec-

tion and extraction wells (Park et al., 2015). Using a commonly applied formula (e.g. Houben, 

2015) (Fig. 48) to estimate the induced seepage velocities shows that the influence of extrac-

tion and injection can easily reach more than 10 m distance for frequently found extraction or 

injection rates (Fig. 48). This demonstrates that seepage velocities which can induce LTNE ef-

fects can be easily reached in the vicinity of such wells. 

 
Fig. 48: Influence of water injection or extraction on the seepage velocity and distance for an aquifer of 

M = 10 m saturated height with an effective porosity of neff = 0.2 for different extraction rates. 

Seepage velocities in which LTNE effects can be expected are easily reached in the vicinity of 

pumped bores and LTNE effects should therefore be taken into consideration. 

Additionally, the highly transient operation typical for groundwater-based heat pump systems 

(Muela Maya et al., 2018) can enhance the effects of LTNE (Minkowycz et al., 1999). Therefore, 

an increase in effective thermal dispersion due to LTNE effects should be carefully considered 
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under the conditions depicted in Fig. 40. Thermal non-equilibrium potentially also affects the 

storage of thermal energy in aquifers composed of large particle sizes. The increased spread-

ing of the thermal front in the fluid phase due to an incomplete storage in the solid phase 

leads to an initially lower energy density in the area of interest than is expected when an LTE 

model is used. 

In dynamic interfaces with surface-water bodies, such as when aquifers interact with rivers, 

groundwater can reach velocities higher than 10 m d-1 (e.g. Angermann et al., 2012; Cremeans 

et al., 2018; Rau et al., 2014). These systems are potentially influenced by LTNE effects. While 

several studies investigated the influence of heterogeneity (Irvine et al., 2015a) or the devia-

tion from the assumptions of the analytical model (Reeves and Hatch, 2016) on the flux esti-

mates, it remains unclear, how an increase of effective thermal dispersion due to LTNE condi-

tions affects flux estimates from phase shift or amplitude ratios from diurnal temperature 

time series (e.g. Irvine et al., 2015b). As the groundwater velocities for interactions with lakes 

are usually well below 1 m d-1 (Rosenberry et al., 2015), the LTE assumption is mostly applica-

ble for these conditions. Only at low Pe numbers in combination with large particle sizes an 

LTE model can overestimate the advective thermal velocity. 

When using thermal breakthrough curves to estimate the mean transit time for example in 

managed aquifer recharge applications (Becker et al., 2013, 2015; Bekele et al., 2014) care 

should be taken regarding the thermal peak velocity. The thermal peak velocity can differ sig-

nificantly from the advective thermal velocity in conditions with slow seepage velocities lead-

ing to an underestimation of the mean transit time.  

Even in conditions with strong LTNE effects, for some of these cases, i.e. when the advective 

component is of interest, the LTE model is appropriate (Fig. 40) because the LTNE effects do 

not significantly influence the advective thermal velocity in advection dominated conditions.  

Recommendations for practical use: 

When heat transport in natural porous media such as porous aquifers is modeled, one should 

consider if LTNE effects are likely to occur in the expected conditions in the area of interest. 

This can be done using Fig. 40 and the LTNE criterion (eq. 55 and Table 12) developed in sec-

tion 4.3.9 by roughly estimating the relevant parameters particle size, seepage velocity, po-
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rosity, and the thermal conductivity of the solid phase. Besides considering the natural condi-

tions, anthropogenic influences on the seepage velocity such as extraction and injection wells 

should be taken into account (Fig. 48). If only the advective part of the heat transport is of 

interest, an LTE model can be appropriate even in LTNE favorable conditions as the advective 

thermal velocity is not significantly influenced. If all heat transport processes are relevant, for 

example in estimating the thermal plume of a thermal groundwater application, the usage of 

an LTNE model is in order. Using an LTE model in LTNE favorable conditions can lead to a 

significant underestimation of the thermal dispersion. Vice versa, using an LTNE model in LTE 

favorable conditions does not influence the results as both model outcomes are identical. 

Consequently, using an LTNE model can be considered as being on the safe side if one is un-

sure if LTNE effects could occur. The heat transfer coefficient, necessary when using an LTNE 

model, can be readily estimated by using the new correlation to determine Nusselt number 

given in Fig. 25 which is based on available literature data and tailored to porous aquifers. 

 

5.2 Future developments and outlook 

Detailed knowledge about heat transport processes in natural porous media is of high im-

portance in multiple fields. The currently applied methods and models all rely on certain con-

ditions and assumptions. These assumptions should be constantly checked and adapted if nec-

essary. The steady increase of computational power and availability in recent decades enables 

to continuously increase the representable level of detail in numerical modeling, even allow-

ing particle resolved direct numerical modeling approaches. Furthermore, developments like 

fiber optic distributed temperature sensing allow for continuous and spatially highly resolved 

in-situ temperature measurements in field applications enabling a comparison between mod-

eling results and field measurements. These advances can be utilized to increase the under-

standing of heat transport in natural porous media. 

Possible future research could address finding an appropriate Nusselt correlation with water 

as fluid and for conditions expected in natural porous media, either with laboratory experi-

ments or with a particle resolved direct numerical modeling approach. Furthermore, an inves-

tigation of LTNE effects in the field is still lacking. This could be accomplished by monitoring 

thermal breakthrough curves in the vicinity of wells of geothermal applications in aquifers 

with large grain sizes. Additionally, this study investigated LTNE effects in a one-dimensional 
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approach in the laboratory experiments and in the numerical parameter study. The influence 

of heterogeneity and the transition from 1D to 3D regarding possible LTNE conditions is still 

unclear.  
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Appendix A Mesh and model domain independency 

To investigate the mesh independency and possible boundary effects of our results we set up 

a parameter grid of the four most sensitive parameters as shown in Table A 1 resulting in 34 = 

81 parameter sets. 

Table A 1: Parameter setting of the simulations used to investigate the influence of the nodal distance. 

Parameter Values Unit 

Thermal conductivity solid λ𝑠𝑠: 1.5; 4.75; 8 W m-1 K-1 

Seepage velocity 𝑣𝑣𝑎𝑎:  1; 15.5; 30  m d-1 

Particle size 𝑑𝑑𝑝𝑝: 0.1; 7.5; 15 cm 

Porosity 𝑛𝑛: 0.1; 0.275; 0.45 - 

 

The remaining model input parameters are random values within the investigated ranges (see 

main document Table 7 for ranges). The spatial discretization was changed in the following 

procedure. First in nine steps from 0.002 m to 0.2 m with equal distances in the whole domain. 

Then in a second approach with increasing nodal distances in the model domain. Exemplary 

thermal BTCs for different equal distance spatial discretization are shown in Fig. A 1: While a 

finer mesh does not influence the thermal BTCs, the numerical model can show instability at 

nodal distances of 0.04 m and larger (Fig. A 1) for some parameter combinations.  
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Fig. A 1: Thermal breakthrough curves of the LTNE fluid, LTNE solid and LTE model for different spatial 

discretization and flow distances. Up to a nodal distance of 0.01 m the resulting breakthrough curves 

are identical indicating the mesh independency up to this spatial discretization. Beginning with the nodal 

distance of 0.1 m the numerical model starts to show instability. 

If one considers a deviation of up to 5 % of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑡𝑡𝑑𝑑1,𝐷𝐷𝑝𝑝 acceptable, the nodal distance 

could be increased up to 0.03 m (Fig. A 2) with an equal distance mesh. The results for a nodal 

distance lower than 0.01 m are identical, proving that the chosen nodal distance of 0.0025 m 

does not influence our results.  
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Fig. A 2: Influence of the nodal distance of the numerical model on the results. At a spatial discretization 

of 0.04 m and higher the values start to deviate from the expected value for more than 5 % for some 

parameter combinations. At nodal distances of 0.03 m and smaller the simulation results are very similar 

(deviation <5 %). At a nodal distance of < 0.01 m the results are identical, proofing the mesh 

independency of our chosen nodal distance of 0.0025 m. 

When relating the nodal distance to the particle size (Fig. A 3) one can see that the results for 

the small particle size (upper row Fig. A 3) do not deviate for ratios up to a factor of 35 of 

nodal distance to particle size. This proves that the deviation at a spatial discretization larger 

than 0.03 m is based on numerical instability and not on the relationship between particle size 

and nodal distance. The deviations for larger particle sizes are therefore a result of the numer-

ical instability due to the spatial discretization.  
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Fig. A 3: Influence of the ratio of the nodal distance to the particle size on the numerical model on the 

results. At higher spatial discretization, the simulations with larger particle sizes and higher seepage 

velocities start to deviate from the expected results due to numerical instabilities.  

To further demonstrate this, we used a second approach constantly increasing the nodal dis-

tance in the model domain, which improves the numerical stability while allowing larger nodal 

distances with increasing flow distances. The nodal distance 𝑥𝑥𝑒𝑒𝑒𝑒𝑠𝑠ℎ was increased using the 

following function  

 𝑥𝑥𝑒𝑒𝑒𝑒𝑠𝑠ℎ; 𝑖𝑖 = 𝑥𝑥𝑒𝑒𝑒𝑒𝑠𝑠ℎ; 𝑖𝑖−1 + 𝑥𝑥𝑒𝑒𝑒𝑒𝑠𝑠ℎ; 𝑖𝑖−1 ∙ 𝑘𝑘 (A1) 

with four values of k (0.01; 0.025; 0.05; 0.1) and an initial step length 𝑥𝑥𝑒𝑒𝑒𝑒𝑠𝑠ℎ,𝑖𝑖=1 of 0.01 m. The 

resulting nodal distances xmesh versus the flow distance are shown in Fig. A 4. This approach 

allows a higher nodal distance at higher flow distances due to a higher numerical stability. Fig. 

A 5 shows the influence of the ratio of nodal distance to particle size at a flow distance of 5 m. 
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For the finer particle sizes, the nodal distance can be increased until the ratio between nodal 

distance and particle size reaches around 50. At larger nodal distances, the numerical model 

becomes instable. The results are not influenced by the mesh size up to this factor. For me-

dium and large grain sizes, a ratio of nodal distance to particle size of around 2 can be reached 

until the numerical model becomes instable. This again shows that our results are not influ-

enced by the choice 0.0025 m as a nodal distance. 

 

 

 
Fig. A 4: Increasing nodal distance for different values of k with increasing flow distance. 
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Fig. A 5: Influence of the ratio of the nodal distance to the particle size at a flow distance of 5 m on the 

results of LTNEmethod1,Dl. 

 

Investigation of possible boundary effects 

The model domain length of 15 m was chosen to assure that boundary effects can be avoided. 

To verify that the results are not influenced by boundary effects, the same 81 parameter set-

tings as explained above (Table A 1) were used. The model domain length was varied between 

5 m and 15 m. The breakthrough curves (Fig. A 6) and results (Fig. A 7) are identical for all 

investigated model domain lengths. This demonstrates that the model domain length is suffi-

ciently large to avoid any influence of boundary effects.  
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Fig. A 6: Thermal breakthrough curves for different model domain lengths. The resulting breakthrough 

curves are identical for all investigated model domain lengths. 
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Fig. A 7: Influence of the model domain length on the results. All simulations results are identical showing 

that the model domain length can be decreased to 5 m without influencing the results. 
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Appendix B Calibratrion curve of uranine 

 
Fig. B 1: Linear regression of the calibration curve to determine the uranine concentration from the 

measured intensity. 
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