UNIVERSIDAD POLITÉCNICA DE MADRID
ESCUELA TÉCNICA SUPERIOR DE INGENIEROS INDUSTRIALES

COAXIAL BOREHOLE HEAT EXCHANGER: MODELING, THERMAL
AND HYDRONIC ANALYSIS
TRABAJO DE FIN DE MÁSTER
EMILIO GIMÉNEZ POLO

Tutores
Prof. Hossein Nadali Najafabadi,
Prof. Javier Muñoz Antón

Máster Universitario en Ingeniería Industrial
Departamento de Ingeniería Mecánica (DIM)
Madrid, Julio 2020

2

Resumen ejecutivo
Actualmente, el sector de producción de calefacción y refrigeración de espacios domésticos
supone casi la mitad del consumo final de energía en la Unión Europea. Además, solo un cuarto
de esa energía proviene de fuentes que no se basan en combustibles fósiles. Se estima que el
porcentaje atribuido a fuentes renovables es de tan solo el 7%. En este contexto, una
generación de calefacción y refrigeración doméstica de origen renovable es necesaria para
poder llevar a cabo una transición energética en Europa.
Entre las distintas energías renovables, muchas tienen asociadas importantes desventajas tales
como la disponibilidad geográfica, sufrir interrupciones o necesitar grandes superficies para
su explotación. La energía geotérmica, entendida como la energía térmica contenida bajo la
superficie, solventa estas dificultades: no es intermitente, está disponible en cualquier lugar
del planeta y, en general, está orientada a instalaciones de poca superficie y gran profundidad.
Este trabajo se centra en el intercambiador de calor geotérmico de configuración coaxial del
cual se muestra una imagen descriptiva en la Figura I. Este, también conocido como colector
coaxial de energía geotérmica, es un dispositivo cerrado por el que circula un fluido de trabajo,
normalmente agua o una mezcla anticongelante, que permite el intercambio de energía térmica
con el interior de la Tierra. Este intercambio se ve favorecido cuando el fluido se encuentra en
condiciones de régimen turbulento, incrementando la cantidad de energía intercambiada por
convección gracias a un mayor coeficiente de película. En el diseño coaxial, el fluido de trabajo
puede entrar indistintamente por la región anular o por la tubería interior, desplazándose entre
ellas al final del intercambiador como se muestra en la figura. En este trabajo, se considera la
tubería interior como la entrada del fluido de trabajo.

Figura I: Esquema del colector coaxial y dirección del fluido de trabajo

Esta configuración es relativamente reciente en el campo de la geotermia y son muchos menos
los estudios realizados sobre el colector coaxial frente a otros diseños tradicionales como por
ejemplo el colector estándar denominado “U-pipe”. Frente a este último, el diseño coaxial
muestra ventajas como menores pérdidas de presión y menor resistencia térmica de
perforación. Entre los estudios existentes, son varios los que inciden en su buen rendimiento
térmico. Sin embargo, la gran mayoría de estos estudios no comparan el desempeño hidráulico
al mismo tiempo, es decir, las pérdidas de presión. Este factor es clave en la aplicación real de
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la tecnología ya que el consumo eléctrico de la bomba hidráulica que permite circular el fluido
de trabajo es directamente proporcional al valor de la caída de presión en el colector.
Por tanto, en este trabajo se pretende llevar a cabo una investigación de como los distintos
parámetros típicos de un colector coaxial afectan a su rendimiento térmico e hidráulico. Los
objetivos de este trabajo se pueden resumir en tres grandes metas. La primera se trata de
implementar un modelo analítico de transferencia de calor en Matlab ®. Debe ser capaz de, al
menos, calcular los perfiles de temperatura del fluido, el calor total intercambiado y la pérdida
de presión en el colector. La segunda es diseñar e implementar un modelo bidimensional
axisimétrico del colector en COMSOL Multiphysics ®. Este modelo es validado con el modelo
analítico de Matlab. Ambos modelos son utilizados para alcanzar la tercera y última meta del
trabajo: el desarrollo de estudios paramétricos en el colector coaxial. Estos estudios deben
incluir parámetros de diversa índole tales como geométricos, térmicos o aquellos propios del
flujo del fluido.
La versión de Matlab® utilizada en este trabajo es la r2019b y la de COMSOL Multiphysics ®
corresponde a la 5.5.
En relación con la metodología seguida, el modelo matemático propuesto por (Beier, Acuña,
Mogensen, & Palm, 2013) es utilizado para cumplir con el primer objetivo propuesto. Se trata
de modelo analítico que permite obtener los perfiles de temperatura del fluido en el colector y
la resistencia térmica de perforación. En el trabajo mencionado, un test de respuesta térmica
(TRT) es realizado en Estocolmo, Suecia. Este TRT es elegido entonces como caso de referencia
y es simulado en ambos modelos de Matlab® y COMSOL® para su validación. En concreto, se
trata de una inyección de calor en la tierra en la cual un flujo térmico constante de 6380 𝑊
entre el colector y el entorno y un caudal volumétrico también constante de 0.58 𝑙/𝑠 son
impuestos. La duración total del test es de aproximadamente 70 horas, el fluido de trabajo
utilizado es agua y la tubería exterior del colector está realizada en polietileno siendo flexible y
con un espesor alrededor de 4 𝑚𝑚. Una vez el colector es llenado con agua, la tubería flexible
se amolda a las paredes de la perforación, lo cual lleva a un mejor contacto entre fluido y roca
y, por tanto, un mejor intercambio térmico.
Al implementar el modelo analítico en Matlab® las mismas hipótesis tomadas en el trabajo
original son consideradas. Entre las más destacables se encuentran una temperatura del
terreno constante e igual a 8.4ºC y el hecho de no tener en cuenta los primeros 17 metros del
colector, ya que en la instalación real se detectó la presencia de un pequeño acuífero en los
primeros metros, el cual no reflejaría de manera fiel el intercambio térmico entre el fluido y el
terreno.
Las ecuaciones descritas por (Beier, Acuña, Mogensen, & Palm, 2013) para el cálculo de los
perfiles de temperatura en el colector, particularizadas para una temperatura constante del
terreno y con el fluido de trabajo entrando por la tubería interior, son las mostradas a
continuación.

𝑇𝐷1 (𝑧𝐷 ) = 𝐶1 𝑒 𝑎1 𝑧𝐷 + 𝐶2 𝑒 𝑎2𝑧𝐷
𝑇𝐷2 (𝑧𝐷 ) = 𝐶3 𝑒 𝑎1 𝑧𝐷 + 𝐶4 𝑒 𝑎2 𝑧𝐷
Donde 𝑇𝐷1 es la temperatura adimensional del fluido en la tubería interior y 𝑇𝐷2 es la
correspondiente a la región anular. Las constantes que aparecen en sendas ecuaciones pueden
ser consultadas en este trabajo, las cuales dependen de parámetros tales como el caudal del
fluido, sus propiedades térmicas, la longitud y otros parámetros geométricos del colector y
características físicas y térmicas del terreno, entre otros.
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Las caída de presión en el colector es atribuida a las pérdidas por fricción, las cuales se pueden
expresar a través de la ecuación de Darcy-Weisbach.

𝐿 𝜌 𝑣2
∆𝑝𝑓 = 𝑓𝐷
𝐷𝐻 2
Donde el factor de fricción que aparece se corresponde con el factor de fricción de Darcy. Este,
es calculado mediante la correlación de Petukhov, la cual es una modificación de la
originalmente propuesta por (Gnielinski, 1976) y se conforma por dos expresiones
dependiendo de la presencia de flujo laminar o turbulento en el colector. El factor de fricción
es también de gran relevancia en el cálculo del comportamiento térmico del colector, pues es
usado para el cálculo del número de Nusselt y el correspondiente cálculo de calor transferido
por convección. Aunque en el trabajo original de (Beier, Acuña, Mogensen, & Palm, 2013) la
correlación de Churchill es utilizada para el cálculo del factor de fricción, esta muestra no ser
precisa al comparar con datos empíricos las pérdidas de presión para valores altos de caudal.
Con el objetivo de validar el modelo analítico, la resistencia térmica de perforación es
calculada. Para ello, tras integrar la temperatura del fluido en la región anular a lo largo de la
longitud del colector la siguiente ecuación no lineal debe ser resuelta.

𝑁𝑠2 𝐹 −

𝑄
=0
𝑤 𝐶𝑤 (𝑇𝑖𝑛 − 𝑇𝑠 )

Donde el equivalente a la conductancia térmica del terreno, denotado como 𝑁𝑠2 , constituye la
incógnita de la ecuación. Para resolver dicha ecuación, la técnica para resolución de ecuaciones
no lineales conocida como regla falsa o regula falsi es utilizada. Se trata de una combinación
de los métodos de la secante y la bisección que es globalmente convergente siempre que el
intervalo [𝑥𝑘 , 𝑥𝑘−1 ] evaluado cumpla la condición 𝑓(𝑥𝑘 ) ∙ 𝑓(𝑥𝑘−1 ) < 0, donde 𝑓 es la ecuación
no lineal.
Con respecto al modelo del colector coaxial diseñado en COMSOL ®, un modelo bidimensional
aprovechando la simetría axial de la geometría del colector es preferido sobre una simulación
tridimensional. Aunque esta suposición implica que la transferencia de calor, así como los
distintos fenómenos fluidodinámicos, están restringidos a ser simétricos respecto del eje, la
simulación bidimensional resulta beneficiosa debido a un menor coste computacional. Esta
suposición, por tanto, no permite la simulación de heterogeneidades en el terreno o efectos
tales como torbellinos en el flujo del fluido de trabajo.
Entre otras importantes suposiciones para simular el colector en COMSOL®, se encuentran la
consideración de estado estacionario y el hecho de no modelar la tubería exterior del colector.
En primer lugar, durante el test de respuesta térmica, el cambio en la temperatura del fluido a
la entrada del colector es suficientemente lento como para considerar válido el estado
estacionario, variando solo en unas décimas de grado en periodos de tiempo de horas. En
segundo lugar, modelar la tubería exterior del colector de apenas medio milímetro de espesor
complicaría la tarea del mallado de la geometría y apenas influiría en la transferencia total de
calor entre el fluido y el terreno.
La geometría diseñada en el software de simulación, así como las condiciones de contorno
seleccionadas para el intercambiador de calor son mostradas en la Figura II.
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Figura II: Esquema de las condiciones de contorno aplicadas en el dominio

Las físicas utilizadas en el software son Transferencia de Calor en Sólidos y Fluidos y Flujo
Turbulento. Ambas son acopladas por medio del módulo Flujo No-isotermo. Con respecto al
módulo de fluidomecánica, las condiciones originales del caso de referencia expuesto por
(Beier, Acuña, Mogensen, & Palm, 2013) indican régimen turbulento tanto en el flujo interno
como en el anular, con números de Reynolds de aproximadamente 18.000 y 4200,
respectivamente. El modelo de turbulencia elegido corresponde al k-ω. Frente a otros modelos
habituales para la simulación de flujos internos en tubería, como por ejemplo el k-ε, el modelo
k-ω se considera adecuado cuando hay separación de la pared (de la tubería) por parte del
fluido, como ocurre al final del colector coaxial cuando el fluido debe cambiar su dirección
180º. Otros estudios, como el propuesto por (Canli, Ates, & Bilir, 2018), enuncian las virtudes
de este modelo de turbulencia en problemas en los que los fenómenos que toman lugar cerca
de la pared de la tubería, como es en este caso la transferencia de calor, son relevantes. Por
último, el uso de funciones de pared es preferido sobre el enfoque Low-Reynolds con el
objetivo de no elevar significativamente el tiempo de computación necesario, sacrificando
precisión en la zona cercana a la pared de la tubería al no simular la capa de amortiguación del
flujo turbulento.
En cuanto a la malla bidimensional creada para el colector, un estudio de independencia de
malla es llevado a cabo para reducir al máximo posible la incertidumbre asociada a la
discretización del dominio. Finalmente, una malla compuesta por aproximadamente 205.000
elementos es elegida como adecuada, ofreciendo un compromiso equilibrado entre precisión y
coste computacional. Algunos detalles del mallado de la geometría se pueden ver a
continuación en las figuras Figura III, Figura IV y Figura V.

Figura III: Malla estructurada de cuadriláteros

Figura IV: Detalle malla triangular al final del colector
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Figura V: Mallado de la capa límite en las paredes de la tubería

Como se puede observar en las figuras, una malla estructurada de cuadriláteros es elegida para
el dominio completo excepto para la zona inferior que malla el fluido, en la cual elementos
triangulares son seleccionados. Los cuadriláteros resultan una manera eficiente de mallar el
dominio, implicando menor coste computacional que una malla formada por elementos
triangulares y capturando los gradientes más importantes a lo largo de casi todo el colector, los
cuales están orientados en dirección radial. Los elementos triangulares se consideran
adecuados para capturar los elevados gradientes de las distintas magnitudes en la parte final
del colector, en particular, los de velocidad y las variables turbulentas. También es posible
percatarse del elevado espesor del mallado de la capa límite. Esto se debe a que las funciones
de pared requieren el uso de un número adimensional de pared (o y+) igual o superior a 30, lo
cual conlleva a un espesor del primer elemento de la capa límite de la malla significativamente
grueso.
En relación con los estudios paramétricos llevados a cabo, estos son agrupados en tres grupos:
A, B y C. En el estudio A se pretende determinar la influencia en el comportamiento térmico e
hidráulico de distintos parámetros geométricos de colector, tales como la longitud, el espesor
de la tubería interior y el diámetro de la tubería exterior. En el estudio B, distintos fluidos de
trabajo son simulados para identificar las bondades y debilidades de cada uno. Finalmente, en
el estudio C la conductividad térmica del material de la tubería interior es variada para
contrastar su efecto en la cantidad total de calor intercambiado entre el fluido y el terreno.
Los resultados obtenidos por el modelo analítico de transferencia de calor simulado en
Matlab® son comentados a continuación.

Figura VI: Comparación del perfil de temperaturas obtenido con Matlab® y el original
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En la Figura VI se puede observar como el perfil de temperatura obtenido en Matlab ® para 63
horas de TRT coincide con el obtenido por (Beier, Acuña, Mogensen, & Palm, 2013). Otros
resultados, como el número de Reynolds obtenido en los flujos interno y anular, así como el
valor de la resistencia térmica encontrado al resolver la ecuación no lineal anteriormente
comentada, validan el código implementado. La tendencia lineal entre la temperatura y el
logaritmo del tiempo durante el TRT es también verificada como se muestra en la Figura VII.

Figura VII: Evolución de la temperatura con el logaritmo del tiempo

La distribución de temperaturas en el colector y el terreno calculadas con COMSOL® pueden
ser observados en las siguientes figuras mostradas bajo este párrafo.

Figura VIII: Detalle de la distribuación de temperatura al inicio del colector

Figura IX: Distribución de temperatura en la superficie del colector
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Figura X: Distribución de temperatura a 165 metros de profundidas

Al calcular el perfil de temperatura con el modelo bidimensional, un menor calor
intercambiado por el fluido es obtenido, apreciable en la Figura XI por el menor salto térmico
del fluido de trabajo. Esto se debe a las distintas incertidumbres asociadas a la simulación en
este software, desde la discretización del dominio hasta la elección del modelo de turbulencia,
pasando por la imposibilidad de simular fielmente las irregularidades de la pared de la
perforación que existen en la instalación real.

Figura XI: Comparación de los perfiles obtenidos en Matlab ® y en COMSOL®

Al comparar las pérdidas de presión entre los modelos de Matlab® y COMSOL®, solo un 4% de
diferencia es encontrado, lo cual confirma que la correlación de Petukhov para el factor de
fricción es adecuada en este modelo.
Los estudios paramétricos arrojan interesantes resultados, mostrando diferencias entre los
obtenidos con un u otro software, como se puede observar a continuación. En primer lugar, se
muestra el efecto de la longitud del colector y el caudal utilizado como ejemplo del estudio A.

vii

35000

2500

30000

Pressure losses (kPa)

Exchanged heat (W)

2000
25000
20000
15000
10000

1500

1000

500
5000
0

0
0,1

0,5

1

1,5

2

2,5

3

0,1

Flow rate (l/s)

0,5

1

1,5

2

2,5

3

Flow rate (l/s)

EH Matlab - 165m

EH Matlab - 300m

EH Matlab - 800m

EH COMSOL - 165m

EH COMSOL - 300m

EH COMSOL - 800m

PL - 165m
PL - 300m
PL - 800m

Figura XII: Efecto de la longitud del colector y el caudal en el calor intercambiado y las pérdidas de presión

Cómo se puede apreciar, un mayor intercambio térmico es posible con una mayor profundidad
del colector, al igual que incrementando el caudal. Sin embargo, las pérdidas de presión
aumentan proporcionalmente con ambos, imposibilitando el uso de altos caudales en
profundas instalaciones debido al alto coste que supondría bombear el fluido. Por otro lado, el
modelo de COMSOL® muestra una sobrestimación del calor intercambiado para caudales
elevados, efecto que disminuye con el aumento de la profundidad del colector.
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Figura XIII: Calor intercambiado por distintos fluidos simulados en el colector
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Figura XIV: Pérdidas de presión de distintos fluidos simulados en el colector

En las figuras Figura XIII y Figura XIV un ejemplo del estudio B es mostrado. Los fluidos
simulados son agua y dos mezclas de anticongelantes para bajas temperaturas: glicol 20% y
Kilfrost GEO® 30%. Una vez más, el modelo de COMSOL® predice un mayor intercambio de
calor para caudales elevados. Aunque para altos caudales las dos mezclas anticongelantes
muestran un mejor rendimiento térmico, debido a su mayor viscosidad dinámica y densidad,
ambas penalizan el comportamiento hidráulico con unas mayores pérdidas de presión.
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Figura XV: Efecto de la conductividad térmica de la tubería interior en el calor intercambiado

En el estudio C la conductividad térmica de la tubería interior es variada para dos valores de
caudal, como se muestra en la Figura XV. Como se puede apreciar, reducir la conductividad
térmica aumenta el calor total intercambiado. Esto se debe a que se restringe la transferencia
de calor entre el flujo interior y el de la región anular, efecto conocido como cortocircuito
térmico e indeseado en los colectores geotérmicos.
Los resultados obtenidos en estos estudios paramétricos están en consonancia con estudios
previos, tales como los presentados por (Holmberg, Acuña, Sønju, & Næss, 2016), (Raymond,
Mercier, & Nguyen, 2015) y (Gagné-Boisvert & Bernier, 2017).
Finalmente, es posible concluir que los objetivos inicialmente propuestos en este trabajo han
sido alcanzados. El modelo analítico de Matlab® ha sido correctamente validado y además ha
demostrado ser una herramienta muy eficaz para llevar a cabo los estudios paramétricos,
requiriendo un tiempo de computación mínimo comparado con la simulación del dominio
bidimensional en COMSOL®. Además, la nueva correlación elegida para el cálculo del factor
de fricción resulta ser precisa tanto para obtener los perfiles de temperatura como para el
cálculo de las pérdidas de presión. Por su parte, el modelo bidimensional también ha sido
validado, mostrando resultados similares a los obtenidos en Matlab® y también a los del TRT
original de (Beier, Acuña, Mogensen, & Palm, 2013). Las pérdidas de presión obtenidas en este
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último software resultan muy similares a las obtenidas con las expresiones analíticas. Los
estudios paramétricos han revelado las variables que mayor impacto tienen para lograr una
mayor transferencia de calor con el terreno, siendo la profundidad del colector y el caudal
utilizado. Sin embargo, ambos deben ser optimizados dependiendo de qué pérdidas de presión
son aceptables en el intercambiador geotérmico. En cuanto a los fluidos simulados, a pesar de
ofrecer un menor rendimiento térmico, el agua debe ser elegida como fluido de trabajo si no
hay riesgo de congelación ya que en todos los estudios ha resultado ser el fluido que menores
pérdidas de presión muestra.
De cara a una futura continuación de este trabajo, algunas recomendaciones son sugeridas. El
modelo analítico debería ser validado simulando otros TRT llevados a cabo en configuraciones
coaxiales con distintos fluidos de trabajo y diferentes dimensiones del colector. Por otro lado,
el modelo bidimensional debe incrementar todavía más su precisión por medio de: una
reducción de la incertidumbre asociada al mallado del dominio y encontrar una manera de
representar fielmente la resistencia térmica de perforación en el modelo en 2-D. Se propone
además continuar los estudios paramétricos con el fin de encontrar una relación de la
transferencia de calor entre los dos flujos del colector coaxial con el caudal aplicado y la
longitud del colector.
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Abstract
Nowadays, the use of low-carbon energy sources results fundamental to achieve an energy
transition towards a cleaner energy production in the European Union. Among today’s
accessible and efficient renewable energies many of them are constrained by geographical
availability, intermittent operation or large required areas for installation. Geothermal energy
can overcome some of these withdraws being available almost anywhere, supposing a constant
supply of energy without interruptions and not needing a large area, as geothermal systems
are often aimed for small cross-sectional areas and long depths. Geothermal energy systems as
the ground source heat pumps (GSHP) are positioned as reliable systems which main aim these
days is covering part of the heating and cooling energy demands in several countries. These
systems exchange heat with the surrounding ground by means of a borehole heat exchanger
(BHE). Among different types of BHE, the U-pipe configuration has dominated the geothermal
market for many years. More recent designs as the coaxial pipe-in-pipe configuration are still
mainly used for research purposes. The coaxial borehole heat exchanger shows some
interesting advantages over the U-pipe design: much lower pressure losses and in some cases
even a lower borehole thermal resistance. Therefore, the coaxial heat exchanger, which
constitutes the case study of this work, has still a long path of investigation and improvement
to walk.
In this work the thermal and hydraulic performance of the coaxial borehole heat exchanger are
studied by implementing an analytical heat transfer mathematical model in Matlab® and a 2dimensional axisymmetric computational domain in COMSOL®. Both are used to conduct
parametrical studies in which the influence of geometrical factors, different circulating fluids
and the thermal conductivity of the pipe are examined. The analytical model implemented in
Matlab® shows to be an effective tool to compute the temperature profiles with a short required
computational time. The CFD-CHT simulation allows a deeper study of the fluid flow and it
provides detailed results in which how the heat is transferred inside the flows can be assessed,
though at relatively higher computational effort. When comparing the results from both
models, very similar findings are obtained in terms of thermal and hydraulic performance.
Nevertheless, different sources of uncertainty are identified and they must be investigated in
further studies.
The results of the parametrical studies of both models are put together to compare and discuss
them, with the aim of extracting common learnings when variating certain borehole and fluid
flow parameters. The influence of the borehole length and the flow rate inside the coaxial
channels results to effect drastically on both the total exchanged heat and the obtained
pressure losses. Though other parameters, as the outer pipe diameter or the inner pipe
thickness, show to have a slight effect on the thermal performance in the coaxial configuration,
their variation have a significant impact on the hydraulic behaviour. Furthermore, diverse
circulating fluids are simulated, as water and different antifreeze solutions. Even if they
exchange a similar amount of heat with the ground, the water results to offer the lowest
pressure loss in the heat exchanger.

Keywords
Coaxial Borehole Heat Exchanger, Fluid dynamics, Geothermal energy, Ground Shallow Heat
Pump, Heat transfer, Parametrical studies, Renewable energy
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𝑣𝑝

Annulus flow velocity
Inner pipe flow velocity

𝑤
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m
-
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ℎ𝑝𝑖
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m
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Abbreviations and Acronyms
Letter
BC
BHE
CAD
CBHE
CFD
CHT
COP
DTRT
FEM
FVM
GSHP
HDPE
MDPE
PE
RANS
TRT

Description
Boundary Condition
Borehole Heat Exchanger
Computer Aided Design
Coaxial Borehole Heat Exchanger
Computational Fluid Dynamics
Computational Heat Transfer
Coefficient Of Performance
Distributed Thermal Response Test
Finite Element Method
Finite Volume Method
Ground Source Heat Pump
High Density Polyethylene
Medium Density Polyethylene
Polyethylene
Reynolds-averaged Navier-Stokes
Thermal Response Test
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Coaxial Borehole Heat Exchanger: Modeling, Hydronic and Thermal Analysis

1. Introduction
In this chapter the thesis background, the overview of the relevant literature and the
intended objectives of this work are presented.

1.1 Thesis overview
Through this chapter the reader can find useful information about the context in which this
work is placed in as well as a revision of the most relevant literature, from the available
technology in geothermal applications to the mathematical approach taken in this field. The
objectives are also presented to the reader with the purpose of stating the guidelines of this
thesis. The analytical heat transfer model implemented in Matlab®, the CFD simulation model
created in COMSOL® and the conducted parametrical studies of the CBHE are described in
Method chapter. The made assumptions and settings as well as the experiment that is
simulated in both software, which is named reference case, are explained in detail in the
mentioned chapter. The most relevant outcomes are presented in Results chapter in which the
thermal and hydraulic performance of the CBHE are carefully examined along with the
verification and validation of both Matlab® and COMSOL® models. Finally, most important
remarks are gathered in the Discussion chapter and main reflections of the work are presented
in Conclusions chapter.

1.2 Background
In this section the importance of renewable energies like geothermal energy as well as an
introduction of the technology used in this field are covered.

1.2.1 Cooling and heating situation in the European Union
Nowadays, in the European Union heating and cooling for domestic as well as for industrial
applications entails almost the half of final energy consumption. It constitutes the biggest
energy end-use sector, not even surpassed by transport or electricity production sectors.
Moreover, around 75% of heating and cooling in EU comes from fossil energy sources such as
gas, coal, oil or electricity produced by the former ones. Retrieving the remaining percentage,
around 7% comes from nuclear power which leaves only circa 18% for renewable energy
sources, as it can be seen in Figure 1.
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Figure 1: Primary energy for heating and cooling in 2012. Copyright (European Comission website, 2016).

In this context, reducing the contaminant emissions from the current technologies used for
heating and cooling purposes is needed. Cleaner energies, intended as those which generate
much lower contaminant emissions than the current ones, result crucial to satisfy the heating
and cooling energy demand with a lower impact on the environment and may lead to
contribute with the acclaimed energy transition within the European Union.

1.2.2 Shallow ground geothermal energy
Shallow ground geothermal energy can bring one of the best compromises between availability
and carbon neutrality for heating and cooling generation within the renewable energies. The
explanation lies on the fact that shallow ground geothermal energy can be utilised almost
anywhere (as it does not depend on the place, the shallow ground temperature is usually near
to the annual mean ambient temperature) and the efficiency of the ground shallow systems are
often greater than 1, as it will be explained later in this work; allowing a decrease of the
contaminant emissions related to heating and cooling technologies.
A shallow ground source of rock or soil undergoes both processes of heating (in winter) and
cooling (in summer) during one natural year. This kind of energy source maintains almost
constant its temperature making it reliable and being much less dependent on the climate
conditions, as for example relatively less stable renewable energy sources as sun or wind
energies. Even if the requested heat and cooling loads in both seasons are not equal, the shallow
ground source can be considered as a renewable system. As (Chen & Dai, 2008) suggests, they
(the shallow ground sources) should not be confused with geothermal resources (as hot springs
and geysers), which always experiment a natural heat degradation process.
The exploitation of shallow ground geothermal energy is often carried out with a heat pump
closed loop, where a circulating fluid extracts or rejects heat in the surrounding soil. (Bose,
Smith, & Spitler, 2002) points out that the latest researches have focused on reducing initial
costs, determining ground properties and modelling of the heat pump systems. Among the
applications is common space heating and cooling, crop drying and agricultural greenhouses.
The technology behind shallow ground geothermal energy is well-known both in Sweden and
United States, where its development began around 1950’s and 1970’s, respectively.
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1.2.3 Ground source heat pumps
One of the most common systems in this field is the GSHP system, which does not depend on
the location as heat content of shallow ground can be exploited almost anywhere. It is a central
heating or cooling system in which the heat is transferred from or to the ground. The task of
the heat pump is to warm up a fluid using external energy: electricity is used to move thermal
energy around a closed loop, normally using an electric compressor. It relies on the
thermodynamic fact that a fluid becomes warmer after being compressed.
Regarding the heat pump, this device contains a low boiling point medium commonly known
as refrigerant and it can be seen as a system with a “hot side” and a “cold side”. In the cold side
the refrigerant is evaporated by the heat coming from the heat source. Then, the vapor moves
to the hot side passing through a compressor which rises its temperature and pressure. After
that, the hot fluid exchanges heat with the heating system and the vapor condenses. Finally,
the liquid moves again to the cold side through an expansion valve, which decreases its
pressure and temperature. A schematic figure of a heat pump is shown below this paragraph
in Figure 2.

Figure 2: Heat pump

The power input to run the compressor is often electricity, its consumption must be kept as
low as possible according to economic and ecological criteria. The efficiency measure in GSHP
is the coefficient of performance (COP), which expressions depending on the case of heating
or cooling are shown in equations (1) and (2), respectively.

𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =

𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
|𝑊|

𝑄𝑟𝑒𝑚𝑜𝑣𝑒𝑑

|𝑊|

(1)

(2)

In equation (1), 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 is the amount of useful heat produced while in equation (2),

𝑄𝑟𝑒𝑚𝑜𝑣𝑒𝑑 refers to the amount of heat rejected. In both, 𝑊 is the amount of consumed energy
by the hydraulic pump and the heat pump compressor. COP values are higher than 1 and often
reach 3-4.
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1.2.4 Shallow geothermal systems and borehole heat exchangers
Once that the energy source (shallow geothermal) and the available technology (GSHP) have
been introduced, the next step is knowing how these two concepts can be connected. A shallow
geothermal system refers to this connection between the source and the technology. These
systems can be classified as “open” loops, if the heat exchanger is placed above the ground; and
“closed” loops, in case the heat exchanger is buried in the ground. In open loop systems,
groundwater is pumped from or injected through water wells. On the contrary, closed loop
systems pump a circulating fluid, chosen according to its fluid and thermal properties, which
moves inside a pipe’s loop exchanging heat with the surrounding ground, and not extracting
or rejecting groundwater.
Within the closed systems is possible to distinguish between vertical and horizontal loops
depending on how the heat exchanger is placed. In the closed loop horizontal systems, the
pipes are normally buried just one meter below the surface which leads to lower investment
costs compared to systems in which drilling is necessary. The vertical closed loop systems,
usually known as borehole heat exchangers, can reach higher energy trade-offs, taking
advantage of the relative elevated temperatures at higher depths.
Nowadays, the BHE can also take advantage of the energy content of the ground much below
what is considered as shallow geothermal energy. There is not a clear and universal definition
of until where an installation can be considered as a shallow geothermal system. To have a
reference, governmental definitions in several countries establish shallow geothermal systems
as those of less than 400 meters of depth.
Usually, BHE installations are constituted by the named heat exchanger below the surface and
a GSHP above it. The heat exchanger is placed after a deep drilling (from 80 and up to 1000
meters) borehole. Afterwards, the remaining space between the heat exchanger and the
borehole wall is filled with some grouting material, like sand or bentonite; or naturally by the
surrounding groundwater flow as it is a common practice in Scandinavian countries. In the
latter case, some considerations must be kept in mind, as the presented ones next in this work
(reader is referred to subsection 1.3.3). Among secondary fluids (which are the fluids inside the
BHE pipes, also referred as working or circulating fluids), it is typical to use water, but also
brine and antifreeze solutions if there is risk of freezing for water due to below 0º𝐶
temperatures.
A wide range of BHE have been developed thus far. In terms of research, U-tube borehole heat
exchanger has been a well-known device within the geothermal field since this technology is
used. Nevertheless, the coaxial design, in which this work is focused on, is a relatively new
geometry in this field which still has a long way of investigation and improvement. Also known
as pipe-in-pipe configuration or coaxial borehole heat exchanger (CBHE), a tube is placed
inside a larger one, forming an annular space between them that serves for the circulation of
the fluid. (Beier, Acuña, Mogensen, & Palm, 2013) proved that this type of BHE have some
advantages in decreasing the thermal resistance related to the borehole and, as consequence,
increasing the heat transfer between the circulating fluid and the ground.
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1.3 Literature review
A deeper insight of the technology and the pragmatic mathematical approach for geothermal
energy is presented in this section through a literature overview.

1.3.1 Thermal response tests
Simulating systems and its performance to know beforehand how efficient and/or expensive
they can be is a common practice in the engineering field. In the case of borehole heat
exchangers, their simulation requires the most realistic input values for the ground thermal
properties, particularly, the thermal conductivity and volumetric specific heat of the ground
result crucial. The named simulation strongly relies on the correct estimation of these
parameters. Three procedures are common to obtain these thermal properties: extracting the
properties from tabulated data once the type of rock or soil is determined, conducting
laboratory experiments to determine them or carrying out thermal response tests (TRT).
The withdraw of extracting the properties from tabulated data is that a broad range of values
are given in the specialised literature, even for the same type of rock or soil. On the other hand,
laboratory experiments may sometimes offer values far different from the real ones, due to
diverse reasons. As way of example, the collected ground for an experiment may not represent
the different soil and rock layers of the ground, as well as it may not take into account the likely
land inhomogeneities.
Nowadays, TRT constitute the most attractive choice to determine critical parameters in the
BHE design. As (Witte, van Gelder, & Spitler, 2002) explain, thermal parameter values in TRT
are inferred from temperature and heat flux experimental measurements and they (the tests)
encompass a considerable volume of the actual rock/soil in which the heat exchanger will be
placed. In these circumstances, the tests are performed under the most realistic conditions.
After the ground heat exchanger is installed and connected to the rest of the system (abovesurface channels, heater, data collection system, etc.) a constant heat flux is imposed in the
borehole. The temperature response, understood as the difference of the circulating fluid
temperature between the inlet and the outlet, is measured along with the used flow rate. In the
specialized literature tests of at least 50 hours are recommended (Spitler, Yavuzturk, & Rees,
In Situ Measurement of Ground Thermal Properties, 2000). Water or a mix of water with
antifreeze solution are usually used as circulating fluid in these tests.
The mentioned heat flux in the last paragraph may be positive or negative in terms of heat
exchange, depending if it is a heat rejection or extraction, respectively. For a TRT carrying out
a heat rejection the inlet and the outlet temperatures are always increasing during the test,
while for a heat extraction these temperatures are constantly decreasing (never reaching a
steady state in both cases). It is indicated that if the heat flux and the fluid flow rate are kept
constant, the difference between inlet and outlet temperatures is also a constant value during
the TRT.
A variant of TRT is the distributed thermal response test (DTRT), which is found in works as
the one by (Palm & Acuña, A Novel Coaxial Borehole Heat Exchanger: Description and First
Distributed Thermal Response Test Measurements, 2010). In DTRT, temperature
measurements are made along the length of the BHE using fibre optic cables. An optical
method must be used to provide the temperature thanks to the scattering sequence of the laser
light.
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Along with these tests, a mathematical model to derive the ground thermal parameters must
be chosen. The analytical line source model ( (Kelvin, 1882); (Ingersoll, Zobel, & Ingersoll,
1954)) is often preferred according to (Witte, van Gelder, & Spitler, 2002). Other common
mathematical models for parameter estimation are presented later in subsection 1.3.4.
To conclude with, TRT has been a common procedure since the 1980s and 1990s when
geothermal energy became attractive after the energy crisis of 1970s. United States and Sweden
may have been the two countries that have taken advantage of this technology the most,
carrying out several full-scale response tests from that time. The reader is referred to (Gehlin
& Spitler, 2015) for descriptions of the most notable TRT back in the days, like the rigs
manufactured after the collaboration between the Oklahoma State University and the company
Ewbanks and Associates in 1995 in United States; or the construction of the first actual mobile
TRT rig the same year in Luleå University of Technology (Sweden).

1.3.2 Significant phenomena in BHE
Natural convection in groundwater grout
Regarding the installation of BHEs, once that the heat exchanger is inserted into the borehole,
the remaining space is filled with some type of grout or water coming from the surrounding
rocks. Boreholes naturally filled with groundwater in the space between the heat exchanger
and the borehole wall can present some advantages in comparison with the ones that use solid
backfilling as grouting. Apart from being an eco-friendlier installation, the buoyancy-driven
natural convection in the ground water enhances the heat transfer resulting in significantly
lower borehole thermal resistances.
In some of the first studies addressing this topic, (Claesson & Hellström, 1988) observed with
an in-situ 25-borehole field that the borehole thermal resistance was 25% lower than in the
cases were no natural convection in the grouting had been simulated. (Gehlin & Hellström,
2003) discussed that this phenomenon can also lead to unexpected high thermal conductivities
of the ground in TRT, as for example the BHE in Norway mentioned in their work. In such
installation ground thermal conductivities 4 to 10 times higher than the ones predicted by the
rock studies were found.
In order to quantify the natural convection in the grouting, some works like the one by (Spitler,
Javed, & Ramstad, Natural convection in groundwater-filled boreholes used as ground heat,
2016) correlates Nusselt number against modified Rayleigh number in order to provide
expressions which accounts for this phenomenon and predict correctly the heat transfer in this
region.

Groundwater flow
Another significant phenomenon that may take place in a borehole apart from the natural
convection in the grout is the presence of groundwater flow. Effects of groundwater flows on
BHEs which use natural groundwater as grouting can be significant in their thermal
performance. The energy transfer between ground and borehole is enhanced by these flows
since the expected pure conductive phenomenon in the grouting turns to be coupled with an
advective-diffusive heat transfer phenomenon. Thus, it can be considered as a positive effect
that may alleviate the heat loads that a borehole must bear with.
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Addressing TRT, when measuring ground thermal properties in-situ, sometimes it is possible
to find artificially high ground thermal conductivities, exactly like in the case of the natural
convection in the grout. In these cases, the reason can underlie in the presence of groundwater
flow. In tests in which these flows are present the temperature difference between the inlet and
the outlet of the borehole is decreased since some amount of heat is extracted by them. If steady
groundwater flow exists around the borehole, not considering these effects may typically lead
to an overdesign of the dimensions, which implies a higher cost of both the heat exchanger
manufacturing and its installation.
A finite-element numerical model that includes the impact of groundwater flow in the
temperature of the circulating fluid in a U-pipe heat exchanger is proposed by (Chiasson, Rees,
& Spitler, 2000). In the mentioned work, initial assessments based on the dimensionless Peclet
number of the flow and numerical simulations of borehole field are made.

1.3.3 BHE configurations
U-pipe
The U-pipe is the most common configuration and it consists of two parallel pipes where the
fluid come downwards through one of them and upwards through the other. In this design, the
pipes are connected at the bottom by a 180º bend pipe. Common materials in which these
channels are manufactured are high-density polyethylene (HDPE) and medium-density
polyethylene (MDPE). A schematic figure of a U-pipe is shown in Figure 3.

Figure 3: U-pipe. Copyright (Fadejev et al., A review on energy piles design, sizing and modelling, 2017).

For U-tubes the annular region that remains between the channels and the borehole wall is
normally backfilled with grout to prevent groundwater contamination. The grouting can be
solid, as for example bentonite clay; or fluid, as natural groundwater coming from the
surrounding area. In the latter, when fluid forms the grouting of the BHE natural convective
heat transfer may occur. In such relative big space the role of the natural convection is
significant, affecting the thermal performance of the heat exchanger as it has been outlined in
subsection 1.3.2.
They are usually drilled at depths between 20 and 300 metres with values for the borehole
diameter between 100 and 150 millimetres. A combination of several of them forms a borehole
field. Each borehole field must be examined to set an adequate distance between the individual
boreholes. According to (Florides & Kalogirou, 2007), a separation of around 5 meters is usual
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in practice. These borehole fields are normally sized with the aim of obtaining a typical heat
extraction rate of 50 𝑊/𝑚.
U-pipes are relatively inexpensive and its installation does not present major difficulties
compared to other type of BHEs, which have leaded to an almost completely dominance in the
geothermal market these days.
However, one of the main withdraws of the U-tube is the thermal exchange that takes place
between the upward and the downward flows. This heat exchange between the channels is
undesirable and it is known as short-circuiting effect or thermal shunt. Then, for this type of
BHE the leg-to-leg thermal resistance is defined. In addition, the fact of not precisely
controlling the position of the channels of the U-pipe along the borehole can make worse this
phenomenon in terms of a minor separation of the channels and the subsequent increased heat
exchange between them.
Another disadvantage of the U-tubes is the high mass flow rate that must be applied in order
to have turbulent flow inside the channels. Being the flow rate directly proportional to the
pressure losses due to friction in the tubes, considerable pressure losses that lead to a high
consumption of the pump are common in these BHEs.
U-pipes can be object of one-dimensional calculations modifying its geometry and some of its
thermal properties in an equivalent manner as (Spitler & Xu, Modeling of Vertical Ground
Loop Heat Exchangers with Variable Convective Resistance, 2006) describes. In their
numerical method, it is shown how the two channels of the U-tube can be modelled as only one
allowing one-dimensional heat transfer studies for any cross-section of the borehole.
(Liang, et al., 2013) developed the conformal-mapping method to predict the circulating fluid
outlet temperature in U-shaped heat exchangers. In their work, results of the effect on the
outlet temperature of changing several variables (one at a time) in a heat rejection test are
given. According to them, increasing the length of the borehole leads to a lower outlet
temperature, improving the thermal exchange. The effect of separating the two channels of the
U-tube is also observed as beneficial, reducing the short-circuiting or thermal shunt. Another
interesting result is that the heat backflow (when the temperature in the upwards flow rises
and surpasses the bottom temperature) can be reduced separating the U-pipe branches,
reducing the depth of the borehole and increasing the flow rate. Finally, increasing the flow
rate leads to higher outlet temperatures, being then detrimental for the heat exchange of the
fluid.
Variants of the traditional U-pipe have been presented as the one proposed by (Bouhacina,
Saim, & Oztop, 2015) which consists of a finned inner surface of the pipe in the longitudinal
direction, which cross section is shown in Figure 4. In the mentioned work, the finned pipe is
compared with the classical smooth surface commonly used. Applying the same flow rate for
both, greater axial velocities are found in the finned pipe heat exchanger because of the
hydraulic diameter reduction. Hereby, the finned model could use lower flow rates maintaining
the same axial velocity as the smooth U-pipe. The studies carried out with this novel
configuration for the inner surface conclude that, compared with the traditional smooth
surface, the fins favoured the heat transfer with the surrounding soil, with a faster decrease of
the temperature in the channels and a more efficient heat performance as consequence.
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Figure 4: Finned U-pipe. Copyright (Bouhacina et.al, Numerical investigation of a novel tube design for the
geothermal borehole heat exchanger, 2015).

Double U-pipe
The double U-pipe configuration is constituted by two U-pipes that are inserted in the same
borehole and in which the parallel channels are equally spaced with the adjacent ones. A figure
of the double U-pipe configuration is shown in : Double U-pipe.

Figure 5: Double U-pipe. Copyright (Fadejev et al., A review on energy piles design, sizing and modelling, 2017).

It can be seen in Figure 5 that in the double U-pipe configuration the extra U-pipe replaces the
region that would be filled with grout.
As it happens for the U-pipe collector, the selected grout that backfills the borehole plays a
significant role in this configuration. (Matthey & Pahud, 2001) describes measured borehole
thermal resistances up to 32% lower changing from bentonite to quartz sand, which has a much
higher thermal conductivity.
(Conti, Testi, & Grassi, 2016) compared the performance of the double U-pipe with single Upipe configuration for equal operative conditions (i.e. flow rate, inlet temperature, borehole
temperature). The double U-pipe showed a better ratio between the heat transfer and pumping
power and a lower borehole thermal resistance. This behaviour is strengthened as the
diameters of the pipes are increased.
Other studies, as the one presented by (Fang, Diao, Fang, Zhu, & Zhang, 2017), simulate the
heating and cooling demand from a building and compare the needs of drilling and the total
cost depending on the election of the BHE. Different configurations of single and double Upipes are compared in the mentioned work, being always the single design the one with higher
drilling needs. The explanation lies on the fact that for fulfilling the same thermal performance,
the double U-pipe has a larger surface to exchange heat with the surrounding ground. In
addition, even if the double U-pipe requires of two tubes per borehole, the total costs remain
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lower than for the single U-pipe as long as the drilling cost is at least 2 times the cost of 1 meter
of the heat exchanger length.

Coaxial
The coaxial borehole heat exchanger is a pipe-in-pipe configuration in which a tube is
positioned coaxially inside other of larger diameter, as shown in Figure 6. The latter is inserted
in a borehole of similar diameter to the one of the external pipe, leaving a small gap between
the borehole wall and the outer diameter of the pipe. As it happens for the previously
mentioned configurations, the pipes are typically made in polyethylene and the working fluid
can be a mix of water and antifreeze if there is risk of below 0º𝐶 temperatures. The CBHE
started to consolidate at the beginning of the 2000s as feasible alternative to the U-pipe.

Figure 6: Coaxial pipe. Copyright (Fadejev et al., A review on energy piles design, sizing and modelling, 2017).

Among the advantages of using CBHE the reduced pressure loss compared to U-pipes is one
of the most significant. This good hydraulic characteristic is possible thanks to the use of lower
flow rates, even allowing laminar flow inside the channels. The thermal performance is also
improved respect to the mentioned U-pipe, having a more balanced heat exchange of the fluid
coming downwards and upwards. In addition, a closer contact with the borehole wall may lead
to lower borehole thermal resistances.
However, it must be reminded that the coaxial configuration still offers some major
disadvantages mainly in the installation and dismantling phases compared to the U-pipe heat
exchanger. The requirement of placing as close as possible the outer pipe to the borehole wall
sometimes leads to difficulties when moving the outer pipe through the borehole, getting stuck
in some occasions.
Different experimental designs have been proposed. (Palm & Acuña, A Novel Coaxial Borehole
Heat Exchanger: Description and First Distributed Thermal Response Test Measurements,
2010) describes a CBHE where the outer pipe consists in a flexible hose that once that it is filled
remains almost completely attached to the borehole wall, allowing a lower borehole wall
thermal resistance. Other studies, as the one by (Raymond, Mercier, & Nguyen, 2015), shows
the advantages of using a thermally enhanced external pipe made of carbon nanoparticles and
high-density polyethylene, with the aim of increasing the heat exchange with the ground and
reducing the required borehole length. More CBHE designs are given by (Palm & Acuña, First
Experiences with Coaxial Borehole Heat Exchangers, 2011), including an insulated inner pipe,
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also known as TIL (Thermal Insulated Leg) and first proposed by (Platell, 2006); and a
multichamber outer pipe concept of trapezoidal section.
CBHEs are specially indicated for deep installations, in the range between 300 and 1000
metres. The explanation lies in the larger fraction of cross-sectional area of the borehole
occupied by the borehole in comparison with for example the U-pipe design. This fact allows
using higher flow rates to avoid undesirable effects as the thermal shunt. (Holmberg, Acuña,
Sønju, & Næss, 2016) determined that for deep CBHEs it is desirable use as inlet the inner pipe
for heat injections and the annular region for heat extractions. Regarding the thermal
performance, this can be increased by means of increasing the thermal resistance of the inner
pipe or increasing the mass flow rate.
(Raymond, Mercier, & Nguyen, 2015) conducted several calculations to evaluate the impact of
parameters such as the flow rate, the borehole length, the thermal conductivity of the pipe and
the standard dimension ratio (SDR), which is the ratio between the pipe outer diameter and
the pipe thickness. Increasing the flow rate reduced up to 35% the borehole thermal resistance,
mainly due to the transition from laminar to turbulent flow. An increase of 200 metres in the
borehole length leaded to an increase of 2% in the borehole thermal resistance. While small
variances in these parameters were observed modifying the SDR and the thermal conductivity
of the inner pipe, a reduction of 32% of this thermal resistance was achieved increasing the
SDR (from 11 to 17) and the thermal conductivity (from 0.4 to 0.7 𝑚 𝐾/𝑊) of the external pipe.
Nevertheless, these studies conducted in CBHE are still few compared with the investigation
carried out for the U-pipe configuration. More detailed analyses of the pipe-in-pipe design are
needed with the purpose of enhancing the knowledge about the thermal performance of these
relative novel heat exchangers. In the same manner, further studies on reducing the required
power to run these systems are missing, addressing how certain parameters effect on the
hydraulic performance and on the needed pump work as consequence.

Helical
To conclude with, the last BHE type presented in this work is the recent helical configuration.
It consists of a coaxial tube coiled over itself following a helical pattern. It is normally used for
shallow depths. It has been one of most novel case studies within the geothermal field,
revealing some advantages over other borehole configurations. Its geometry can be observed
in Figure 7 below these lines.

Figure 7: Helical pipe. Copyright (Fadejev et al., A review on energy piles design, sizing and modelling, 2017).

Among the key drivers of the helical BHE, it can take advantage of short boreholes, as they
present a larger thermal contact surface to exchange heat comparing with, for example,
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individual U-pipes. “Short” borehole refers to those in which the length is comparable with the
surface ground thickness affected by the climatological conditions.
Manufacturing a helical BHE may result way more expensive than traditional configurations
due to its more complex geometry. This fact rises the initial installation costs which for the
geothermal technology are already high compared with other renewable energies.
(Zarrella, Capozza, & De Carli, 2013) carried out a research to assess the effects of the
environment on the ground surface and consequently in the borehole. They used a numerical
model for the helical BHE and also for a U-pipe in order to compare the respective
performances. The results showed a better performance of the helical configuration, offering
the same thermal performance in the long period with a shorter length than the double U-pipe.
Similar conclusions after laboratory tests are stated by (Saéz-Blázquez, et al., 2017), presenting
required lengths up to four times smaller for the helical configuration. For helical borehole
fields, the distance between heat exchanger is studied by (Dehghan, Sisman, & Aydin, 2015),
as well as the influence of the pitch between the turns of the helical pipe.

1.3.4 Mathematical models for BHE
Predicting the thermal behaviour of borehole heat exchangers and estimating ground thermal
properties has been a case study that has derived several analytical and numerical models of
diverse complexity. Depending on their capacity to predict long or short response times for the
expected heat loads in the borehole they can be classified in long-term and short-term response
models.
Long-term response models, which have been the predominating application over the years,
are aimed at calculating a steady-state temperature response. They generally imply less
mathematical complexity than the short-term response models. In this work, a long-term
response model that will be introduced later is used. Short-term response models are closer to
the real-world situations in which the boreholes show transient thermal responses. They
enable predicting the performance during energy peak loads, which may lead to reduce costs
related to an oversized borehole length. Although the short-term response models are not truly
relevant for the current work, some of these models are presented for possible future
continuations of this work.
On the one hand, numerical models are convenient when very accurate solutions are searched.
They are more common in the research field due to its large computational costs associated.
On the other hand, analytical models suppose coarser assumptions which lead to a lower
precision when compared with numerical models. However, they use to be preferred in the
industry since they show much better computational time efficiencies.
Next, a brief introduction of the most noteworthy long-term and short-term models is
presented. The reader is referred to (Javed, Fahlén, & Claesson, 2009) for a more detailed
review of the state-of-art of BHE mathematical models.

Long-time response models
•

Infinite Length Line Source

It is an analytical model implemented by (Ingersoll, Zobel, & Ingersoll, 1954) who developed a
radial heat transfer modification from the line source theory proposed by (Kelvin, 1882). In
this model, the borehole is considered as an infinite linear heat source which is surrounded by
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a homogeneous medium. Between the model limitations, the end effect of the line source is
ignored and it is recommended only when Fourier numbers are greater than 20.
•

Cylindrical Source

This analytical model is similar to the line source model presented before but in this case the
borehole is modelled as a cylindrical volume which surface is equivalent to the outer surface of
the borehole. A constant heat flux is imposed in this boundary simulating the heat rejection or
extraction in the ground. The solution of the model includes the integral known in the literature
as the g-factor. This model have had contributions from (Ingersoll, Zobel, & Ingersoll, 1954),
(Bernier, Labib, Pinel, & Paillot, 2004) and (Kavanaugh, 1985).
•

Finite Length Line Source – Numerical method

Developed by (Eskilson, 1987) this model accounts the influences between boreholes in the
long-term superposing numerical solutions for the radial and axial heat conduction. The gfunctions here presented are only valid for times greater than (5 𝑟𝑏2 ⁄𝛼 ), where 𝑟𝑏 is the borehole
radius and 𝛼 is the ground thermal diffusivity.
•

Finite Length Line Source – Analytical solution

With the objective of making more flexible the numerical method of the Finite Length Line
Source, (Eskilson, 1987) itself developed analytical g-functions which are determined using a
line heat source of finite length.

Short-time response models
•

Implicit Numerical Method

This method is proposed by (Yavuzturk, 1999) as an extension of Eskilson’s response functions
in which the short-term analysis is considered in terms of a two dimensional implicit finite
volume numerical approach. Yavuzturk noted that short-term g-functions are commonly
applied for times between 2.5 minutes and 200 hours, while the long-term g-functions are
applicable for times longer than 200 hours.
•

Analytical Buried Electrical Cable Analogy

This analytical model developed by (Young, 2004) is a modification of the (Carslaw & Jaeger,
1959) method to study steady current in electrical cables. In this analogy the equivalent
diameter pipe fluid, the resistance and the grout of the borehole substitute the core, the
insulation and the sheath of an electrical cable from the original model.
•

Analytical Solutions for Composite Media

(Lamarche & Beauchamp, 2007) developed an analytical solution in which the cylinder, the
grout and the ground represent different media having each one its own thermal properties.
Two different cases are introduced: a first one where constant flux is present and a second one
with convective heat transfer for a known mean fluid temperature.
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•

Analytical Virtual Solid Model

Lastly, in the (Bandyopadhyay, Gosnold, & Mann, 2008) short-time response model the fluid
inside the heat exchanger is modelled as a “virtual solid” surrounded by a homogeneous
medium which transfers heat uniformly with depth. It accounts for the thermal capacity of the
working fluid and also for the convective heat transfer using the dimensionless Biot number.

1.4 Objectives
Three principal objectives constitute the main outcome of this work: creating a validated CBHE
simulation model in COMSOL®, implementing a CBHE heat transfer mathematical model in
Matlab® and conducting parametrical studies to assess the impact of variating diverse borehole
and fluid flow parameters on the performance.
Addressing the first mentioned objective, modelling an accurate representation of the coaxial
borehole heat exchanger is needed to investigate later the performance conducting
parametrical studies. Hereby, a computational domain that simulates the heat transfer in the
coaxial borehole and represents a validation model must be designed. Being a simulation of a
fluid flow heat exchange, using CFD software results appropriated. COMSOL Multiphysics ® is
chosen to simulate the CBHE. The behaviour shown by the COMSOL® simulation model must
be in line with the results provided by a previously selected publication. Its thermal behaviour
must be carefully examined, in terms of how the heat is transferred among the working fluid,
the pipes and the close ground. The hydronic behaviour also constitutes a case study:
examining the flow regime becomes a crucial task of this work since the heat transfer in fluid
flows is drastically affected by the flow conditions
Among the other main objectives, it is intended to implement a CBHE analytical heat transfer
model that enables the prediction of the temperature profiles in the heat exchanger. This
mathematical model is implemented not only to validate the COMSOL® simulation model but
also to obtain quick evaluations of the thermal behaviour for the parametrical studies. Which
are the assumptions and the limitations for both Matlab® and COMSOL® models must be
clearly stated.
Lastly, quantifying the effect of the coaxial borehole parameters into its thermal and hydronic

performance by means of conducting parametrical studies is the most relevant aim of this work.

This work is aimed to cover missing parametrical studies previously mentioned in subsection
1.3.3 for the pipe-in-pipe configuration. This task is developed not only from the point of view
of the thermal performance, as usually it has been done in the literature, but also considering
the hydraulic performance and how they correlate. These parametrical investigations must
encompass the variations of different type of parameters such as geometrical parameters (i.e.
borehole length), thermal properties (i.e. pipe thermal conductivity), flow parameters (i.e. flow
rate) or even the choice between one type of secondary fluid or another (i.e. water or antifreeze
solution). The pressure loss along a BHE is often an important design factor since the pumping
power is directly proportional to it, but, surprisingly, it is barely included in the current
research publications of the coaxial heat exchangers. Thus, the pressure loss in the heat
exchanger is included in the parametrical studies as one of the main variables to consider.
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2. Theory
In this chapter a description of the involved physics corresponding to fluid mechanics
and heat transfer are presented.

2.1 Fluid mechanics
The fluid mechanics is the physics discipline which concerns with the mechanics of fluids and
the forces on them. The most relevant concepts for this work are presented in this section.

2.1.1 Conservation laws of fluid motion
The movement of a fluid can be described by balances in mass, momentum and total energy.
These balances are expressed in the continuity equation, the Navier-Stokes equation and the
total energy equation, respectively.
In first place, the continuity equation is written as indicated in equation (3).

𝜕𝜌
+ ∇ ∙ (𝜌ᴠ) = 0
𝜕𝑡

(3)

Where 𝜌 is the density of the fluid and ᴠ is the velocity vector.
In second place, Navier-Stokes equation for momentum balance can be expressed in a general
form as expressed in equation (4).

𝜕𝜌ᴠ
+ ∇ ∙ (𝜌ᴠᴠ) = −∇𝑝 + ∇ ∙ 𝜏 + 𝐅
𝜕𝑡

(4)

Where 𝜏 is the viscous stress tensor, 𝑝 is the pressure field and 𝐅 is the net force applied.
In third and last place, the energy conservation equation, which is defined from the first law of
thermodynamics, is expressed in equation (5).

𝜕
1
1
[𝜌 (𝑒 + 𝑣 2 )] + ∇ ∙ [𝜌ᴠ (𝑒 + 𝑣 2 )] = −∇ ∙ q + ∇ ∙ (σ ∙ ᴠ) + 𝜌ᴠ ∙ 𝐅
𝜕𝑡
2
2

(5)

Where 𝑒 is the internal energy per unit mass, 𝑣 2 is the square of the velocity magnitude, q is
the conductive heat flux vector, σ is the total stress tensor and 𝐹 is the body force per unit mass.
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2.1.2 Pipe flow and boundary layer concept
Viscous effects on fluid flows have a crucial importance since they cause huge gradients in the
fluid properties, effecting in addition on the thermal exchange of the system.
It is possible to compare the dynamic and viscous scales using the dimensionless number
known as Reynolds number. It is the ratio between the macroscopic (dynamic) transport and
the microscopic (diffusive) transport or, in other words, the comparison between inertial and
viscous forces. Reynolds number is defined in equation (6).

𝑅𝑒 =

𝑉𝐿
𝑣

(6)

Where 𝑉 is the fluid velocity, 𝐿 is the characteristic length of the geometry and 𝑣 is the
kinematic viscosity of the fluid. In the case of pipe flow the characteristic length correspond to
the hydraulic diameter.
For the next reasonings, a Newtonian, viscous and incompressible fluid is assumed.
When a free-stream viscous turbulent fluid flow with a certain Reynolds number enters in an
inner cavity its uniform velocity profile varies with the distance to the entry due the friction
influence (Schlichting, 1955). For the case of pipe flow, Figure 8 shows the evolution of the
profile as the fluid flow enters through a circular conduit.

Figure 8: Velocity profile in pipe flow. Copyright (E. Patterson, Real Life Examples in Fluids Mechanics, 2011)

In the vicinity of the solid surface very rapid variations in its velocity magnitude occurs as the
distance with the surface decreases, as it can be seen in Figure 8. In that region, is possible to
define a very thin layer of thickness 𝛿𝑣 = 1⁄√𝑅𝑒 ≪ 1 where the viscous effects dominate the
fluid motion (Rieutord, 2014). Such region is known as viscous boundary layer, where large
property gradients appear. The boundary layer can be subdivided in three smaller regions: the
wall proximity where for no-slip condition the velocity is theoretically zero, the viscous
sublayer and the buffer layer. This viscous boundary layer implies the existence of a similar
concept for the velocity magnitude: the velocity boundary layer.
With the aim of visualizing the different velocity layers that can found, a schematic image
showing a fluid flow that becomes turbulent after falling upon a flat-plate surface can be seen
in Figure 9. The same regions are found near the wall for pipe flow.
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Figure 9: Boundary layer regions. Copyright (Y. Cengel & J. Cimbala, 2004).

The buffer region supposes a transition region between the “free” turbulent flow far from the
solid surface and the viscous sublayer where the viscous effects dominate the fluid behaviour.
In the buffer layer thus, the turbulent stresses begin to govern the fluid motion over the viscous
stresses.
It has to be emphasized that the presence of the viscous boundary layer effects drastically on
the heat transfer from the fluid flow to the surface, defining the thermal boundary layer which
is explained later in this work.

2.1.3 Friction factor and pressure losses for circular and annular conduits
When designing GSHP, another significant magnitude is the friction factor coefficient, being
the pressure loss of a fluid flow directly proportional to it. This becomes truly relevant since
the required pump power for BHE depends mainly on the frictional pressure losses, instead of
depending on pressure variations caused by different heights of the hydraulic components.
The friction factor can be understood as the ratio between the dissipated mechanical energy
because of frictional effects to the kinetic energy of the flowing fluid. Today, it is common to
find two different friction factors: Fanning’s friction factor, commonly used by chemical
engineers; and Darcy’s friction factor, commonly used by mechanical and civil engineers. The
relationship between these two factors is presented in equation (7).

𝑓𝐷 = 4 𝑓𝐹

(7)

Where 𝑓𝐷 is the Darcy’s friction factor and 𝑓𝐹 is the Fanning’s friction factor.
In this work, with the aim of calculating the friction factor for the flow inside the BHE the
correlations proposed by (Gnielinski, 1976) depending on the presence of laminar (𝑅𝑒 < 2300)
or transitional and turbulent flow (𝑅𝑒 ≥ 2300), are used. Both correspond to Darcy’s friction
factor for laminar and both transitional and turbulent flow. They are presented in equations
(8) and (9), respectively.

64
𝑅𝑒

(𝑓𝑜𝑟 𝑅𝑒 < 2300)

(8)

1
(0,79 𝑙𝑛(𝑅𝑒) − 1,64)2

(𝑓𝑜𝑟 𝑅𝑒 ≥ 2300)

(9)

𝑓𝐷 =

𝑓𝐷 =
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In a circular or annular conduit, is possible to quantify the pressure loss caused by frictional
effects of the flow along the solid surfaces of the geometry. This pressure loss is typically added
to the pressure loss caused by the elevation difference between the inlet and the outlet of the
conduit and the pressure loss generated in geometrical singularities (as elbows or non-constant
cross sectional regions) to estimate the total pressure loss of the system. The frictional pressure
loss, depending on which friction factor is considered, is expressed by the Darcy-Weisbach
equation, shown below this paragraph in equation (10).

𝐿 𝜌 𝑣2
𝐿
∆𝑝𝑓 = 𝑓𝐷
= 2𝑓𝐹
𝜌 𝑣2
𝐷𝐻 2
𝐷𝐻

(10)

Where 𝐿 is the characteristic length of the system, 𝐷𝐻 is the hydraulic diameter, 𝜌 is the fluid
density and 𝑣 is the fluid velocity. For a circular conduit 𝐿 is assumed to be the length of the
conduit in the longitudinal axis direction. For circular pipes, the hydraulic diameter is the
diameter of the conduit, while for annular pipes the hydraulic diameter is the difference
between the outer and the inner diameter that define the annular region.
Finally, the pump power 𝑊𝑝𝑢𝑚𝑝 (also known as hydraulic power) is directly proportional to the
pressure drop and the volumetric flow rate. It can be estimated as shown in equation (11).

𝑊𝑝𝑢𝑚𝑝 =

∆𝑝 ∙ 𝑤
𝜂

(11)

Where 𝜂 stands for the pump efficiency and 𝑤 is the flow rate.
For a further reading of fluid mechanics theory, the reader is referred to (Rieutord, 2014)

2.1.4 Computational fluid dynamics
Computational fluid dynamics (CFD) is the discipline of discretizing and solving the partial
differential equations known as the continuity equation, the Navier-Stokes equations and the
conservation of energy equation in fluid motion. Therefore, CFD enables the analysis of
systems involving fluid flow, heat exchange and other associated phenomena such as chemical
reactions using computer-based simulation.
CFD codes are composed by numerical algorithms and in them three fundamental structures
are found: a pre-processor (with functions such as the definition of the computational domain,
the grid generation, the selection of the involved phenomena, etc.), a solver (in which a
numerical solution technique is applied, as the finite element method (FEM) or the finite
volume method (FVM)) and a post-processor (which include post-processing data and modern
visualization tools).
Independently of the discretization method incorporated in the CFD software, all of them
follows a common and well-established methodology. First, the geometry is specified, which
can be carried out thanks to a computer aided design (CAD) software. Once that the
computational domain is defined in the selected CFD software, its volume is divided into
discrete elements also known as cells. The clustering of all the cells which conform a domain
is called grid or mesh. The involved physics are specified to define which equations control the
nature of the problem. The fluid flow characteristics and material properties are also specified,
which are known as boundary conditions (BC). Moreover, if a transient problem is being
resolved, initial conditions must be defined as BC. When the simulation begins, the equations
are solved iteratively in each one of the grid points or nodes.
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Some of the fluid flow fundamental equations in CFD are the conservation laws, which have
been defined before in this work in the subsection 2.1.1. Other important fluid flow equations
that are relevant in CFD problems can be consulted at (Rieutord, 2014).
The mesh generated to discretise a computational domain can be composed by different types
of geometrical shapes. For 2-dimensional domains triangular and quadrilateral shapes are
common, while for 3-dimensional domains a wider range of elements can be used such as
tetrahedrons, hexahedrons, pyramids, etc. The selection of one type of element or another
must be decided by the user depending on the geometry and physics complexity. Regarding
the importance of a well-designed mesh, the accuracy of the equation solutions found by the
solver strongly depends on the created mesh.
Generally, the quality of the mesh can be improved using different techniques: increasing the
grid density, choosing the most appropriate type of elements for the particular geometry and
involved physics, checking the mesh quality metrics such as the skewness, the aspect ratio, the
smoothness, etc. The user has always to keep in mind that the use of finer grids may lead to
quite higher computational requirements for solving the equations, and not necessarily to quite
more accurate results. Therefore, not only the physics and the geometry have to be considered
when creating a mesh, but also the available computational resources.
In practice, a well discretized domain helps the CFD solver to converge faster to the solution
while compromising the least possible computational resources. A well discretized domain is
intended as the domain meshes that effectively adapts to the problem physics requirements
and the solver’s numerical algorithm. The mesh must capture the physics problem in a discrete
manner with enough detail to provide the desired level of accuracy for the solution.
Ensuring independent solutions on CFD problems of the used mesh is a must. Mesh
independence studies are carried out to verify that the obtained solution is not being altered
by changes in the discretization of the domain. The process consists in refining the mesh
elements once a preliminary study has been conducted. If the results of interest have not
changed, or they have changed within an acceptable range criterion, they can be considered as
independent from the mesh. If there is a variation in the results that is not acceptable, then the
mesh must be refined. Generally, the coarsest mesh that provides a mesh independent solution
is recommended to use with the aim of optimizing the simulation.
Many of the flows of engineering interest are turbulent flows which are controlled by eddies
motion. CFD is capable to simulate these flow regimes thanks to diverse turbulent flow models
which predict the Reynolds stresses and the scalar transport terms. Most of these turbulence
models are based in the Reynolds-averaged Navier-Stokes (RANS) equations. Some of the
most well-known turbulence model are briefly described in the next paragraphs, stressing in
the k-ω model which is relevant for this work.
The mixing length turbulence model is one of the simplest ones in terms of computing
resources and does not need any additional transport equation than the RANS equations. Even
if it can result adequate to describe certain types of flows as mixing layer or jet flows, is
incapable of describing separation and recirculation in more complex flows.
The Spalart-Allmaras turbulence model is typically used in aerofoils applications and has
proved to be an efficient model to describe boundary layers with adverse pressure gradients.
Nevertheless, the model is unsuitable to describe more general internal flows and lacks
accuracy in transport processes with rapidly changing flows.
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The k-ε turbulence model is the simplest model for which only initial and/or boundary
conditions need to be supplied. It is the most widely validated turbulence model, which
explains being the most used model for industrial applications. However, it is not advised to
use the k-ε model for some unconfined flows or rotating and swirling flows.
The k-ω turbulence model is similar to the k-ε model but it solves for the specific rate of
dissipation of kinetic energy, being thus more difficult to converge than that turbulence model.
The k-ω model is advised when the flow exhibits strong curvature, as well as for separated and
jet flows. It is a low Reynolds number model, which means that the limiting behaviours of
various flow quantities as the distance to the wall approaches to zero is considered. Thus, the
term “low Reynolds” does not refer to the global scale but to the proximities of the wall.
The SST turbulence model, which acronym stands for “shear stress transport”, is an hybrid
model in which the k-ε model is switched to a k-ω model in the near-wall region and the
standard k-ε model is used in the fully turbulent region far from the wall surface. Thus, in this
model the unsatisfactory performance of the k-ε model near the wall.
Retrieving the velocity boundary layer introduced in subsection 2.1.2, some CFD software are
capable to simplify the simulation complexity of this region introducing wall functions. Wall
functions are semi-empirical expressions for the boundary layer flow used in turbulence
models. They ignore the flow field in the buffer layer and compute a non-zero velocity at the
wall, assuming an analytical solution for the flow in the viscous layer. For diverse engineering
applications this analytical approach to the boundary layer treatment leads to significant lower
computational requirements.
For a further reading about CFD, the reader is referred to (Malalasekera & Versteeg, 2007).

2.2 Heat transfer
The heat transfer discipline concerns the generation, use, conversion and exchange of thermal
energy between physical systems. The most important concepts for this work are presented in
this section.

2.2.1 Conduction
Heat transfer by conduction is understood as the heat exchange from matter to adjacent matter
by direct contact.
The energy equation shown in equation (5) can be expressed in terms of temperature to obtain
the temperature equation, as it is presented in equation (12).

𝜌𝐶𝑝

𝜕𝑇
𝜕𝑝
+ 𝜌𝐶𝑝 ᴠ ∙ ∇𝑇 = −∇ ∙ 𝑞 + 𝛽𝑇 ( + ᴠ ∙ ∇𝑝) + 𝜏: ∇ᴠ + Ԛ
𝜕𝑡
𝜕𝑡

(12)

Where 𝑇 is the temperature, 𝐶𝑝 is the specific heat at constant pressure, 𝛽 is the bulk expansion
coefficient and Ԛ is the internal heat source term.
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Generally, for 1-dimensional heat transfer, without heat generation, assuming a constant
material thermal conductivity and when steady state is considered; heat transfer by conduction
can be expressed by Fourier’s law as seen in equation (13).

𝑞̇ 𝑥 = −𝑘 𝐴

𝑑𝑇
𝑑𝑥

(13)

Where 𝑞̇ 𝑥 is the heat transfer rate in the considered 𝑥 direction, 𝐴 is the area normal to the heat
flow direction, 𝑑𝑇⁄𝑑𝑥 is the thermal gradient in the 𝑥 direction and 𝑘 is the material thermal
conductivity. The minus sign in the equation indicates that the heat flow goes from hot to cold
regions, and not the opposite.
The thermal conductivity of a material is defined as the heat passing through a cube of such
material of 1 𝑚3 of volume and resulting in a temperature difference of 1 𝐾. Thermal
conductivities are temperature dependent and they can be found on a broad range of values.
For example, SO2 gas thermal conductivity is circa 0.01 𝑊 ⁄𝑚 𝐾 while copper’s thermal
conductivity is around 380 𝑊 ⁄𝑚 𝐾 (Levenspiel, 2014).
In general, it is common to apply the electric resistance analogy in heat transfer problems. It
allows a visualization and better understanding of the heat transfer modes and different heat
flows involved in a specific problem by means of using the thermal resistance concept, 𝑅. As
way of example, the conductive thermal resistance from an inner radius (subscript a) to an
outer one (subscript b) in a cylinder of length 𝐿 is expressed in equation (14).

𝑅𝑐𝑜𝑛𝑑 =

𝑟
ln (𝑟𝑏 )
𝑎

(14)

2𝜋𝑘𝐿

Being the total heat transfer rate the temperature difference between 𝑎 and 𝑏 divided by the
thermal resistance, as expressed in equation (15).

𝑞̇ 𝑎→𝑏 =

−∆𝑇
𝑅𝑐𝑜𝑛𝑑

(15)

2.2.2 Forced convection
Heat transfer by convection implies the transfer of energy by bulk fluid motion. While the
driving force of natural convection is the density difference, in the case of the forced convection
the source of the fluid motion is an external agent, like a mechanical agitator or a pressure
difference.
When a fluid is flowing near to a surface, Prandtl defined the concept of thermal boundary
layer as the region in which the heat resistance to heat transfer is located. Then, using the
idealized thickness 𝛿𝑡 of the thermal boundary layer and Fourier’s law expressed in equation
(13), is possible to write equation (16).

𝑞̇ = −𝑘 𝐴
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𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝛿𝑡

(16)
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As 𝑘 can not be estimated independently from 𝛿𝑡 , the heat transfer coefficient ℎ is defined as
follows in equation (17).

𝑞̇ = −

𝑘
𝐴 (𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ) = −ℎ 𝐴 (𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 )
𝛿𝑡

(17)

As it has been done before for conductive heat transfer, the thermal resistance for convective
heat transfer can be defined in a similar way, as expressed in equation (18).

𝑅𝑐𝑜𝑛𝑣 =

1
ℎ𝐴

(18)

The Nusselt number is typically used in engineering to solve for the heat transfer coefficient.
This dimensionless number measures the increase of heat transfer from a fluid flow to a surface
compared with the heat transfer if only conduction heat transfer would take place. In the
literature, Nusselt number correlations are presented for different fluid flow conditions and
geometrical shapes. The Nusselt number expression is given in equation (19).

𝑁𝑢 =

ℎ𝐿
𝑘

(19)

Where 𝐿 is the characteristic length of the geometry and 𝑘 is the thermal conductivity of the
fluid. Then, the Nusselt number can be understood as a ratio between convection to
conduction, where values greater than 1 indicate that convection heat transfer mode is
dominant and a value equals to 1 means that only conduction is present.
Before defining how the Nusselt number can be obtained to solve for the heat transfer
coefficient, a further description of the thermal boundary layer and the introduction of the
Prandtl dimensionless number are convenient.
The flow regime effects on the thermal exchange between a fluid flow and a solid surface. As it
has been introduced in the previous section, the viscous boundary layer effect on the thermal
behaviour defining also what is known as thermal boundary layer.
The convective heat coefficient ℎ increases radically when the fluid flow pass from being
laminar to being turbulent, enhancing the heat transfer between the fluid and the surface as
consequence. An approximation of the thermal boundary layer thickness can be expressed as
𝛿𝑡 = 0.99 (𝑇∞ − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ), being 𝑇∞ the fluid temperature far enough from the solid surface and
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 the temperature of the solid surface. Therefore, in BHEs it is important the presence
of turbulent flow regime as it improves the heat exchange between the pipes and the
surrounding rock or soil.
The Prandtl dimensionless number is the ratio of the fluid kinematic viscosity to its heat
diffusivity. It is specific of each fluid. However, it may vary with fluid density and pressure
changes as it depends on the thermodynamic state of the fluid. Prandtl number is defined in
equation (20).

𝑃𝑟 =
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Where 𝑣 is the kinematic viscosity and 𝛼 is the thermal diffusivity. If 𝑃𝑟 ≪ 1 it means that
thermal diffusivity is dominant, which is common in gases; while if 𝑃𝑟 ≫ 1 it means that the
momentum diffusivity is dominant, which is common for example in engineering oils.
At this point Nusselt number can be inferred from correlations that typically involve the
Prandtl and Reynolds dimensionless numbers and the fluid viscosity. Multitude of correlations
can be found in the specialized literature. In this work, the correlation provided by Petukhov
equation modified by (Gnielinski, 1976) for the Nusselt number when the flow regime is
turbulent in smooth pipes is used. Such correlation is shown in equation (21). For laminar flow
the Nusselt number is set to a value equal to 4.364.

𝑁𝑢 =

(𝑓𝐷 ⁄8) (𝑅𝑒 − 1000) 𝑃𝑟
1 + 12.7 (𝑓𝐷 ⁄8)1⁄2 (𝑃𝑟 2⁄3 − 1)

(21)

Where 𝑓𝐷 is the Darcy’s friction factor, 𝑅𝑒 is the Reynolds number and 𝑃𝑟 is the Prandtl
number.
For a further reading of heat transfer theory, the reader is referred to (Levenspiel, 2014).
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3. Method
In this chapter the introduction to the considered reference case, the description of the
implemented heat transfer Matlab® model, the setup for the 2-dimensional COMSOL®
model and the intended parametrical studies are presented.

3.1 Overview
In the geothermal field, the thermal response tests are widely extended as it has been
commented in subsection 1.3.1. The paper presented by (Beier, Acuña, Mogensen, & Palm,
2013) and named Borehole resistance and vertical temperature profiles in coaxial borehole
heat exchangers addresses a distributed thermal response test and it describes an analytical
heat transfer mathematical model, explaining in detail how it can be implemented. This
mathematical model allows to obtain the ground thermal properties and the temperature
profiles for the circulating fluid along the heat exchanger for any moment of the test. Its results
are compared with a test from a borehole field installed in Stockholm, Sweden. The
mathematical model is then validated showing that its results match with the ones collected
from the field experiment.
The experiment described in the named publication is then adopted as reference case. In first
place, computing the analytical mathematical model in Matlab® and validating its correct
implementation constitute the first task of this work. In second place, a 2-dimensional
simulation model of the CBHE is created in COMSOL®. The results coming from the latter are
contrasted with the ones predicted by the mathematical model. In third and last place,
parametrical studies are conducted in both the analytical heat transfer Matlab® model and the
2-dimensional COMSOL® model to investigate their influence in the heat exchanger
performance.

3.2 Reference case
The coaxial borehole configuration presented by (Beier, Acuña, Mogensen, & Palm, 2013) is
replicated in order to validate both the code of the analytical heat transfer model in Matlab®
and the subsequent results of the COMSOL® model. It is a pipe-in-pipe configuration with the
particularity of a thin hose as outer pipe termed as “energy capsule” of 0.4 𝑚𝑚 of thickness.

3.2.1 Overview
The previously mentioned publication by (Beier, Acuña, Mogensen, & Palm, 2013) describes
an analytical mathematical model that enables to obtain the distributed temperature profiles
for the circulating fluid during a heat rejection in a CBHE. Furthermore, it allows to find the
borehole thermal resistance, which is one of the most critical parameters in BHEs design.
Equations of the different thermal resistances and temperature profiles are explained in detail
in this paper. Therefore, the analytical heat transfer model is based on this publication but
applying some own techniques to solve the proposed equations. Likewise, some small
modifications are implemented that will be explained later in this work.
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Addressing the setup of the installation, the coaxial borehole heat exchanger is constituted of
a MDPE pipe that serves as inner pipe and a flexible thin hose of larger diameter that is used
as outer pipe, being this one longer than the first. The latter is almost completely attached to
the borehole wall once it is filled with water, moment in which the inner pipe is inserted in a
coaxial position. Thus, it is not considered grouting in the configuration. The circulating fluid
enters the inner pipe and travels upwards through the annular region located between the two
pipes.

3.2.2 Borehole and fluid flow parameters
The values for the physical properties and fluid flow properties are presented in Table 1.
Domain

Parameter

Symbol

Value

Heat source
(electric heater)

Heat input rate

𝑄

6380

W

Water density (at 15ºC)

𝜌𝑤

999

kg m-3

Water volumetric heat capacity (at
15ºC)

𝐶𝑤

4190 ∙ 103

Water thermal conductivity (at 15ºC)

𝑘𝑤

0.59

Water dynamic viscosity (at 15ºC)

𝜇𝑤

1.138 ∙ 10−3

Pa s

Water volumetric flow

𝑤

0.58

l s-1

Water Prandtl number (at 15ºC)

𝑃𝑟

8.09

-

Inner pipe thermal conductivity

𝑘𝑝

0.40

W m-1 K-1

Inner pipe inner diameter

𝑑𝑝𝑖

35.2

mm

Inner pipe outer diameter

𝑑𝑝𝑜

40

mm

Inner pipe total length

𝐿

182

m

Inner pipe effective length

𝐿𝑝

165

m

External pipe (PE)

Outer pipe outer diameter

𝑑𝑒𝑜

113.6

mm

Borehole

Borehole radius

𝑟𝑏

115

mm

Ground volumetric heat capacity

𝐶𝑠

2240∙ 103

Ground thermal conductivity

𝑘𝑠

3.15

W m-1 K-1

Average ground temperature

𝑇𝑠

8.4

ºC

Circulating fluid
(water)

Inner pipe (MDPE)

Ground

Unit

J m-3 K-1
W m-1 K-1

J m-3 K-1

Table 1: Parameters for the CBHE

The term referred as “effective length” is used to account for the borehole length where the
temperature measurements are made in the original experiment. In this setup, the first
measurement is made at 17 metres depth. The chosen value of 165 metres correspond to the
distance from 17 metres depth until the end of the inner pipe, at 182 metres depth.
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In Figure 10 the most relevant geometrical parameters of the mentioned CBHE are shown.

Figure 10: Borehole scheme

3.2.3 Thermal resistances
In order to understand better the analytical heat transfer model, it results convenient to clarify
some of the thermal resistances that appear in the coaxial configuration. Figure 11 shows the
thermal resistances that are considered in the energy exchange between the fluid flow and the
ground.

Figure 11: Borehole thermal resistance scheme
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In Figure 11, subscript 1 stands for the fluid coming downwards, through the inner pipe; and
subscript 2 for the fluid coming upwards, through the annular section. The subscript 𝑠 stands
for soil or ground, and the subscript 𝑏 stands for the borehole wall. Then, a thermal resistance
with, for example, subscript 𝑏2 indicates the heat transfer between the fluid going upwards and
the borehole wall.
About the thermal resistances, R12 is the thermal resistance between the fluid in the inner pipe
and the annulus, 𝑅𝑏2 is the borehole thermal resistance and 𝑅𝑠2 is the ground thermal
resistance. 𝑅𝑏2 includes the convective thermal resistance at the inner wall of the outer pipe,
the conductive thermal resistance through this pipe, and all the thermal resistances related to
imperfect contacts between the outer pipe and the borehole wall. If there is any grout material
or groundwater, the associated thermal resistances are also included in 𝑅𝑏2 . 𝑅12 is possible to
be subdivided in three smaller resistances: 𝑅𝑓𝑖 , the convective heat transfer resistance in the
inner wall of the inner pipe; 𝑅𝑝𝑤 , the conductive heat transfer thermal resistance of the inner
pipe; and 𝑅𝑓𝑜 , the convective heat transfer thermal resistance in the outer wall of the inner
pipe.
From a pragmatic point of view for coaxial configurations, it is interesting to have a R12 as high
as possible. This allows to restrict the heat transfer between the inner and annulus flow through
the inner pipe, constraining then the thermal shunt effect. This can be achieved decreasing the
thermal conductivity of the pipe material or increasing the pipe thickness, as it can be
corroborated in the next section. On the other hand, it is convenient to reduce as much as
possible 𝑅𝑏2 , as it implies a more effective energy exchange with the ground, both to absorb or
reject heat. This task can be accomplished using a material with a high thermal conductivity,
reducing the thickness of the outer pipe or improving the contact between the outer pipe and
the borehole wall.

3.3 Analytical heat transfer model
Disposing of a mathematical model to know beforehand the thermal profiles of the fluid inside
the heat exchanger before designing the 2-dimensional model in COMSOL® is strongly
desirable. The software Matlab® is chosen to simulate the analytical heat transfer model
because the previous user experience of the author with this program. The version used in this
work is the R2019b.

3.3.1 Assumptions
The assumptions made when implementing the code for the analytical heat transfer model in
Matlab® are the following ones:
-

The simulated length does not consider the first 17 𝑚 of the borehole depth.
The heat input rate for 17 𝑚 depth is constant and equals to 6380 𝑊.
The logarithm of time exhibits a linear trend against the temperature.
The thermal properties are constant, not variating with temperature.
The far field ground temperature is constant and equals to 8.4º𝐶.
The bottom part of the heat exchanger (beyond the effective length) is neglected.

As it has been commented in subsection 3.2.1, the first measurements available to compare
with are made at a depth of 17 𝑚. Then, the temperature profiles from both the inner and the
annulus flow calculated by the analytical heat transfer model start at that depth.
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The assumption of having a constant heat input rate supposes an ideal energy input where the
small power variations due to the grid connection of the heat source are neglected. It is
considered that the selected heat rate represents the mean value during the test.
Commonly, at the start of the TRT and DTRT the water inside the GSHP is at the same
temperature that the ambient. Then, the first hours from the tests are normally skipped for the
studies of the boreholes. According to this reasoning, the model must only be considered as
valid when the logarithm linear trend of the time against temperature is reached.
Typically, in whichever configuration of a BHE, no big temperature jumps are reached. They
are commonly low, oscillating around 2 − 7º𝐶 the difference between the inlet and the outlet
temperatures. Hereby, the thermal properties are not considered as temperature dependent.
Regarding the selected constant temperature for the ground, according to (Beier, Acuña,
Mogensen, & Palm, 2013) the obtained temperature profiles “are nearly the same” if
considering constant or variable temperature profile for the ground. Thus, it is chosen as
constant since it significantly reduces the mathematical complexity of the mathematical model
equations.

3.3.2 Equations and development of (Beier, Acuña, Mogensen, & Palm, 2013) heat
transfer model
The model allows calculating both temperature profiles (for the circulating fluid coming
downwards and upwards) for a given initial temperature at the inlet. The model is developed
for a constant temperature in the ground, which simplifies some of the expressions.
Furthermore, all the equations are specified for the case in which the fluid goes downwards
through the inner pipe (subscript 1 in the equations) and upwards through the annulus
(subscript 2 in the equations). In the next paragraphs the equations are explained in detail.
Expressions for the dimensionless temperature and depth are presented in equations (22) and
(23), respectively.

𝑇𝐷 (𝑧𝐷 ) =

𝑇(𝑧𝐷 ) − 𝑇𝑠
𝑇𝑖𝑛 − 𝑇𝑠

𝑧𝐷 =

𝑧
𝐿𝑝

(22)

(23)

Where 𝑇(𝑧𝐷 ) is the temperature of the fluid at the considered dimensionless depth, 𝑇𝑆 is the
considered ground temperature or far field temperature, 𝑇𝑖𝑛 is the inlet temperature of the
circulating fluid, 𝑧 is the depth coordinate and 𝐿𝑝 is the effective length of the inner pipe. Notice
that for the beginning of the pipes 𝑧 = 0 and then 𝑧𝐷 = 0, while for the end of the pipes 𝑧 = 𝐿𝑝
and then 𝑧𝐷 = 1.
Energy balances for the entering and the exiting flow on an elemental length if the flow enters
the heat exchanger through the inner pipe are expressed in equations (24) and (25).

𝑑𝑇𝐷1
= 𝑁12 (𝑇𝐷2 − 𝑇𝐷1 )
𝑑𝑧𝐷
28
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−

𝑑𝑇𝐷2
= 𝑁12 (𝑇𝐷2 − 𝑇𝐷1 ) + 𝑁𝑠2 (𝑇𝐷𝑠 − 𝑇𝐷2 )
𝑑𝑧𝐷

(25)

Where 𝑇𝐷1 is the dimensionless temperature of the fluid in the inner pipe, 𝑇𝐷2 is the
dimensionless temperature of the fluid in the annulus, 𝑇𝐷𝑠 is the dimensionless temperature of
the ground, 𝑁12 is the conductance representing the heat transfer between the fluids in the
inner pipe and the annulus and 𝑁𝑠2 is the conductance representing the heat transfer between
the fluid in the annulus and the ground, including grouting if it is the case. The conductance
can be understood as the reciprocal of the thermal resistance.
The conductance presented in equations (24) and (25) are defined in equations (26) and (27).

𝐿𝑝
𝑤 𝐶𝑤 𝑅12

(26)

𝐿𝑝
𝑤 𝐶𝑤 (𝑅𝑏2 + 𝑅𝑠2 )

(27)

𝑁12 =

𝑁𝑠2 =

Where 𝑤 is the volumetric flow rate of the circulating fluid, 𝐶𝑤 is the volumetric heat capacity
of the circulating fluid, 𝑅12 is the thermal resistance between the fluid in the inner and the
outer pipe, 𝑅𝑏2 is the thermal resistance from the borehole and 𝑅𝑠2 is the time dependent
ground thermal resistance.
The thermal resistance written as 𝑅12 encompasses three different thermal resistances,
presented in equation (28).

(28)

𝑅12 = 𝑅𝑓𝑖 + 𝑅𝑝𝑤 + 𝑅𝑓𝑜

Where 𝑅𝑓𝑖 is the convective heat transfer resistance of the inner wall of the inner pipe, 𝑅𝑝𝑤 is
the conductive heat transfer resistance of the inner pipe and 𝑅𝑓𝑜 is the convective heat transfer
resistance of the outer wall from the inner pipe.
The aforementioned thermal resistances can be read in equations (2929), (30) and (31).

𝑅𝑓𝑖 =

1
𝜋 𝑑𝑝𝑖 ℎ𝑝𝑖

𝑑𝑝𝑜
)
𝑑𝑝𝑖
=
2𝜋 𝑘𝑝
ln (

𝑅𝑝𝑤
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𝑅𝑓𝑜 =

1
𝜋 𝑑𝑝𝑜 ℎ𝑝𝑜

(31)

Where 𝑘𝑝 is the thermal conductivity of the inner pipe material, 𝑑𝑝𝑖 is the inner diameter of
the inner pipe, 𝑑𝑝𝑜 is the outer diameter of the inner pipe and ℎ𝑝𝑖 and ℎ𝑝𝑜 are the convective
heat transfer coefficients for the inner and outer wall of the inner pipe, respectively.
The definitions for the flow Reynolds and Nusselt number inside the channels are similar to
the ones provided before in this work but modified to fit the reference case parameters. They
are presented in equations (32) and (33).

ℎ 𝐷𝐻
𝑘𝑤

(32)

𝜌𝑤 𝑣 𝐷𝐻
𝜇𝑤

(33)

𝑁𝑢 =

𝑅𝑒 =

In which ℎ is the convective heat transfer coefficient, 𝐷𝐻 is the hydraulic diameter, 𝑘𝑤 is the
thermal conductivity of the fluid, 𝜌𝑤 is the density of the fluid, 𝑣 is the mean velocity of the
fluid and 𝜇𝑤 is the dynamic viscosity of the fluid.
In order to obtain the heat transfer coefficient, the Nusselt number can be calculated using
equation (19), expression presented in the previous chapter of this work. In such expression,
the friction factors can be calculated using equations (8) and (9) depending on the flow regime.
These are not the original correlations for the friction factor used by (Beier, Acuña, Mogensen,
& Palm, 2013), but when comparing with experimental data for high Reynolds number the
Petukhov equation modified by Gnielinski (1976) provide more accurate results.
According to (Beier, Acuña, Mogensen, & Palm, 2013) and the given boundary conditions, for
the annulus and the inner flow the Reynolds number values are circa 4200 and 18000,
respectively. Thus, turbulent regime is present in both conduits of the heat exchanger.
The hydraulic diameters are 𝐷𝐻𝑝 = 𝑑𝑝𝑖 and 𝐷𝐻𝑎𝑛𝑛 = 𝑑𝑒𝑖 − 𝑑𝑝𝑜 for the inner pipe and the
annulus, respectively. The velocity in the inner pipe, 𝑣𝑝 , and in the annulus, 𝑣𝑎𝑛𝑛 , for a given
volumetric flow rate 𝑤 are defined as expressed in equations (34) and (35).

𝑣𝑝 =

𝑣𝑎𝑛𝑛 =

4𝑤
2
𝜋 𝑑𝑝𝑖
4𝑤

2
2 )
𝜋 (𝑑𝑒𝑖
− 𝑑𝑝𝑜

(34)

(35)

Retrieving equation (27) there are still two missing thermal resistances. The first one, 𝑅𝑠2 , is
defined in equation (36).

𝑅𝑠2 =
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𝛾𝑟𝑏

(36)
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Where 𝑘𝑠 is the thermal conductivity of the ground, 𝛼𝑠 is the thermal diffusivity of the ground,
𝑡 is the time which accuracy is better than 2% for 𝑡 > (𝑟𝑏2 ⁄𝛼𝑠 ) according to the original
publication, 𝛾 is a constant equals to 1.78 and 𝑟𝑏 is the borehole radius.
Finally, 𝑅𝑏2 is the borehole resistance and represents the thermal resistance between the outer
pipe and the ground, including the convective film and the external pipe wall conductive
resistances and also the grouting and possible imperfections of the borehole wall. Its value is
found solving the analytical heat transfer model, as it is explained later in this work.
Both first-order differential equations (24) and (25) have solutions according to (Spiegel,
1968). These solutions, that particularized for a constant temperature in the surrounding
ground, are shown in equations (37) and (38).

𝑇𝐷1 (𝑧𝐷 ) = 𝐶1 𝑒 𝑎1 𝑧𝐷 + 𝐶2 𝑒 𝑎2 𝑧𝐷

(37)

𝑇𝐷2 (𝑧𝐷 ) = 𝐶3 𝑒 𝑎1 𝑧𝐷 + 𝐶4 𝑒 𝑎2 𝑧𝐷

(38)

The constants in the latter equations are defined next for the case of constant ground
temperature. They are presented in equations (39), (40), (41), (42), (43) and (44).

𝑎1 =

𝑁𝑠2 + [𝑁𝑠2 + 4 𝑁12 𝑁𝑠2 ]1⁄2
2

(39)

𝑎2 =

𝑁𝑠2 − [𝑁𝑠2 + 4 𝑁12 𝑁𝑠2 ]1⁄2
2

(40)

1
𝐶1 = −𝑎
1 𝑎1 −𝑎2
+1
𝑎2 𝑒

(41)

𝐶2 = 𝐶1 − 1

(42)

𝐶3 = (1 +

𝑎1
)𝐶
𝑁12 1

(43)

𝐶4 = (1 +

𝑎2
)𝐶
𝑁12 2

(44)

If the ground temperature is constant and the fluid is going upwards through the annulus, the
heat transfer rate can be obtained as the integral of the dimensionless temperature of the
circulating fluid in the annulus along the dimensionless length of the borehole, as it is shown
below in equation (45).
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1

𝑄𝐷 = ∫ 𝑇𝐷2 𝑑𝑧𝐷

(45)

0

Where the dimensionless heat transfer rate is expressed in equation (46).

𝑄𝐷 =

𝑄 (𝑅𝑏2 + 𝑅𝑠2 )
(𝑇𝑖𝑛 − 𝑇𝑠 ) 𝐿𝑝

(46)

Being 𝑄 the heat input rate at 17 𝑚 depth.
𝑄 can also be obtained with the equation (47).

𝑄 = 𝑤 𝐶𝑤 (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 )

(47)

Where 𝑇𝑜𝑢𝑡 is the fluid temperature at the outlet, then, in the annulus for 𝑧𝐷 = 0.
Multiplying both sides of equation (45) by 𝑁𝑠2 , the inlet temperature can be related directly
with the annulus dimensionless temperature according to equation (48).
1
𝑄
= 𝑁𝑠2 ∫ 𝑇𝐷2 𝑑𝑧𝐷
𝑤 𝐶𝑤 (𝑇𝑖𝑛 − 𝑇𝑠 )
0

(48)

Equation (48) allows to solve for the value of 𝑁𝑠2 for a given set of boundary conditions. Being
a non-linear equation, it can be solved using an iterative procedure. When this task is
completed, the value for the borehole thermal resistance 𝑅𝑏2 is obtained using equation (27).
Nevertheless, a rough estimation of the borehole thermal resistance 𝑅𝑏 is possible if the
temperatures at the wall of the borehole and in the annulus are known. The estimation is given
in equation (49).

𝑅𝑏 =

(𝑇𝑎𝑛𝑛 − 𝑇𝑏 ) 𝐿𝑝
𝑄

(49)

Where 𝑇𝑎𝑛𝑛 is the temperature in the annulus, 𝑇𝑏 is the temperature at the borehole wall, 𝐿𝑝 is
the effective length and 𝑄 is the heat input rate which can be calculated using equation (47).
“Temperature in the annulus” is understood as the mean temperature of the circulating fluid
in this part of the heat exchanger.

3.3.3 Validation
In terms of validation of the analytical heat transfer model code, different results are compared
with the ones provided in the original publication by (Beier, Acuña, Mogensen, & Palm, 2013).
The most accurate validation of the model implies calculating the borehole thermal resistance
as it was done then for the data coming from the TRT. Other graphic and numerical results as
the temperature profiles and the Reynolds numbers for the inner and annular flows are also
used to validate the code. How the borehole thermal resistance can be obtained is explained
next.
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Observing the available data from the TRT in the original publication, the borehole thermal
resistance is solved for 𝑡 = 63 ℎ when the inlet temperature is 16º𝐶. The time value is used in
equation (36) while the inlet temperature at that time is imposed in equation (48).
Solving for 𝑅𝑠2 can be done finding the value of 𝑁𝑠2 and substituting it in equation (27). With
the aim of applying later an iterative procedure to solve for 𝑁𝑠2 , the integral in equation (48)
must be solved. The integral is solved using the definition provided by equation (38), and it is
expressed in equation (50).
1

1

𝐹 = ∫ 𝑇𝐷2 𝑑𝑧𝐷 = ∫ 𝐶3 𝑒
0

1
𝑎1 𝑧𝐷

𝑑𝑧𝐷 + ∫ 𝐶4 𝑒 𝑎2 𝑧𝐷 𝑑𝑧𝐷 =

0

0

𝐶3 𝑎 𝑧 1
𝐶4 𝑎 𝑧 1
[𝑒 1 𝐷 ] 0 +
[𝑒 2 𝐷 ] 0
𝑎1
𝑎2

(50)

Using the expressions for the constants defined in equations (41), (42), (43) and (44) is
possible to define 𝐹 as dependent only on constants 𝑎1 and 𝑎2 . These two, are only dependent
on 𝑁12 (which value is known for the given boundary conditions) and 𝑁𝑠2 .

Regula falsi
In order to find 𝑁𝑠2 value in equation (48) the regula falsi method is applied. It is a trial and
error technique used for solving non-linear equations with one unknown, being a combination
of the bisection and secant methods.
As the secant method, for a scalar equation 𝑓(𝑥) = 0 and an interval [𝑥𝑘 , 𝑥𝑘−1 ] where 𝑓 is a
continuous function, 𝑓 is approximated by its secant line in the points 𝑥𝑘 and 𝑥𝑘−1 . The
difference between the secant and the regula falsi method is that in the latter [𝑥𝑘 , 𝑥𝑘−1 ] must
constitute a bracket, that is to say, that 𝑓(𝑥𝑘 ) ∙ 𝑓(𝑥𝑘−1 ) < 0. For a given bracket, this method is
globally convergent. The expression for calculating the iteration 𝑥𝑘+1 with regula falsi method
is presented in equation (51).

𝑥𝑘+1 = 𝑥𝑘 −

𝑓(𝑥𝑘 )(𝑥𝑘 − 𝑥𝑘−1 )
𝑓(𝑥𝑘 ) − 𝑓(𝑥𝑘−1 )

(51)

If 𝑓(𝑥𝑘 ) ∙ 𝑓(𝑥𝑘+1 ) > 0 then 𝑥𝑘 = 𝑥𝑘+1. If 𝑓(𝑥𝑘 ) ∙ 𝑓(𝑥𝑘+1 ) < 0 then 𝑥𝑘−1 = 𝑥𝑘+1 . The bracket can
be refined until a defined tolerance where the considered error respect to the exact solution of
the equation is acceptable. For this work, the tolerance is adjusted to 10−5.
Eventually, the equation to apply regula falsi is provided modifying (48) and using the
expression for the integral shown in equation (50), and it is written as follows in equation (52).

𝑁𝑠2 𝐹 −

𝑄
=0
𝑤 𝐶𝑤 (𝑇𝑖𝑛 − 𝑇𝑠 )

(52)

It is convenient to plot first equation (52) in order to give a bracket for the equation.
Other possible methods to solve equation (52) are the Newton’s method and the secant
method. Newton’s method (for a scalar function, must not be confused with the one for
equation systems) has a faster convergence speed than the secant and regula falsi methods but
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it is computationally more expensive as in each iteration also the derivative of the function is
evaluated. The secant method has a lower convergence speed to the solution than the regula
falsi method and it is not globally convergent. For a further understanding of the mentioned
methods of numerical analysis the reader is referred to (Cheney & Kincaid, 1994).

Mathematical flowchart
In Figure 12 the calculation steps that the analytical heat transfer model follows for calculating
R b2 are presented. It has to be emphasized that once R b2 and Ns2 values are obtained for a
particular time, the temperatures for any other time of the TRT (as long as the temperature
shows a linear trend against the logarithm of time) can be obtained.

Figure 12: Rb2 mathematical flowchart
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3.4 2-dimensional COMSOL® model
The coaxial borehole 2-dimensional model is created using the software COMSOL®. With the
aim of designing the simulation as accurate as possible, the particular CBHE described in
section 3.2 of this work is replicated here. Once that similar results are obtained, the
2-dimensional COMSOL® model can be used for evaluating the impact of diverse parameters
into the performance.
The software COMSOL® is chosen because of its intuitive interface and the wide range of
simulation tools available on it. COMSOL® is a simulation software platform based on the finite
element method which encompasses from the definition of geometries, to application of
conjugated physics and results postprocessing. The version used in this work is the 5.5.
The coaxial borehole model is designed as a 2-dimensional axisymmetric computational
domain. Taking advantage of the assumed axial symmetry from the heat exchanger, this option
allows to save computational cost compared with 3-dimensional modelling.

3.4.1 Assumptions
The several assumptions that allow to simplify the complexity of the simulation are presented
below these lines.
-

The simulated length does not consider the first 17 𝑚 of the borehole depth.
The thermal properties are constant, not variating with temperature.
The far field ground temperature is constant and equals to 8.4º𝐶.
The external pipe thickness is neglected due to its small value.
The variation of the inlet temperature during the TRT is slow enough to consider
steady state.
The fluid flow movement and the heat transfer are axisymmetric.
The velocity profile of the flow at the inlet is fully developed.

The three first assumptions are already included in the analytical heat transfer model and the
same reasonings can be applied here.
Regarding the external pipe, its thickness (0.4 𝑚𝑚) is not considered as, even if it adds some
uncertainty regarding the thermal exchange, it would add a tricky geometry to create the mesh
for.
The simulation of a specific moment of the TRT can be carried out considering steady state
involving a minor error with it. During TRT which consists in a heat rejection in the ground
applying a constant heat flux implies that the inlet temperature is always increasing. The point
is that variations of just hundredths of Celsius can take several hours if the heat flux value is
not excessive, as it is the case here.
With the purpose of taking advantage of the axial symmetry that this CBHE presents, this
assumption is made to consider a 2-dimensional domain that leads to a lower computational
cost of the simulation. Of course, this implies that possible variations in flow velocity or heat
transfer which are not in the axis or radius directions are not captured.
As the inlet in the model simulates the region at 17 𝑚 depth, it is considered that the flow
arrives to this section already developed in terms of the velocity profile.
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3.4.2 Setting in COMSOL®
Physics
The first selected physic is the Heat Transfer in Solids and Fluids module. According to the
Reynolds number values presented in the subsection 3.3.2, modelling the flow with the
Turbulent Flow module seems reasonable so it is added. Both are coupled together with the
Nonisothermal Flow module.
About the Turbulent Flow module, k-ω is the turbulence model selected for this work. This
turbulence model is recommended when the flow presents strong curvature as it is the case for
the bottom part of the borehole, where the flow must reverse 180º to enter in the annular
region. Regarding the wall treatment, wall functions are used to solve for the region close to
the pipe walls and subsequently ignoring the buffer layer of the flow.
The set of equations used in both modules can be consulted at the appendix A in subsections
1.A.3.1 and 1.A.3.2.

Study
Stationary study is chosen for the simulation, as it has been justified in the subsection 3.4.1.

Geometry
The CBHE computational domain is designed with a 2-dimensional configuration build with
different rectangles and selecting the edge that constitutes the symmetry axis. The physics are
solved in this 2-dimensional domain and afterwards a 360º revolution is made respect to the
symmetry axis. Thus, the results will be homogeneous for a specific radius at a specific depth.
A schematic model is shown in Figure 13 with the aim of clearly visualizing the diverse parts of
the geometry.

Figure 13: Domain scheme
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As it can be noticed in Figure 13, the external pipe thickness is not modelled due to its very
small value (around 4 𝑚𝑚), which would not suppose a big difference in the heat exchange. In
addition, some of the domains shown are subdivided in smaller subdomains. This is done to
create later different meshes inside the same region, being coarser meshes for domains where
the temperature and velocity gradients are expected to be smaller and finer for domains where
these gradients are supposed to be larger.
Moreover, the domain geometry in the COMSOL® modelling cannot capture the irregularities
that the borehole wall would have in a real installation. Thus, this fact adds uncertainty to the
obtained temperature profiles and total exchanged heat.

Materials
Three materials are used: water, MDPE and granite. The water properties are defined as
constant with temperature. This is done in order to approximate the behaviour of the heat
exchanger in COMSOL® to the one observed in the analytical heat transfer model in Matlab®,
in which its properties are constant. Thus, the water properties do not vary with temperature.
Most of the implemented properties can be found in Table 1 presented in subsection 3.2.2. The
missing material properties requested properties by the software are shown in Table 2.

Material

Domain

MDPE

Inner pipe

Granite

Ground

Property

Symbol

Value

Unit

Density

𝜌𝑝

938.5

kg m-3

Specific heat capacity

𝐶𝑝

2300

J kg-1 K-1

Density

𝜌𝑠

2915

kg m-3

Table 2: Material properties specified in COMSOL®

These properties are obtained using EduPack® software. How they can be found in the
mentioned software can be consulted at the appendix 1.A.3.2.

Boundary conditions
The boundary conditions are divided in those imposed in the Heat Transfer in Solids and
Fluids module and those for the Turbulent Flow module.
Regarding the heat transfer module, to define the heat transfer as symmetrical respect from
the axis located in the centre of the inner pipe, the coordinate 𝑟 = 0 is selected for Axial
Symmetry boundary condition. Inflow and Outflow boundary conditions are selected to
indicate the entry and exit of the fluid in the model. In the Inflow a temperature of 16º𝐶 is set.
Temperature boundary condition is chosen for the lateral and lower limits of the geometry,
simulating the far field temperature with a value of 8.4º𝐶. These BC are indicated in Figure 14
shown below.
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Figure 14: Boundary conditions scheme

In Figure 14, the BC corresponding to the Heat Transfer in Solids and Fluids module are
indicated with the acronym “HT”, and those corresponding to the Turbulent Flow module are
indicated with the acronym “TF”. As it can be seen, Symmetry BC is chosen for the remaining
domains in the upper part, with the aim of avoiding an adiabatic BC. Even if it is not completely
realistic applying a symmetry BC, it is expected that an adiabatic BC could have a more adverse
result in the flow temperatures.
The effect of gravity is included in the study as the circulating fluid has to go through a
significant length in each channel, and then, the effect of the gravitational force is not
expendable. Furthermore, the water is also defined as incompressible in the software, as the
expected changes in the water temperature would lead to insignificant variations in its density.
The symmetry axis is again positioned in 𝑟 = 0. Inlet and Outlet boundary conditions are
added. For Inlet BC the flow is set as fully developed from the its entry in the CBHE. The
average velocity is specified by means of equation (34) which corresponds to an approximated
value of 0.596 𝑚⁄𝑠. Regarding the last two boundary conditions, they are positioned in the
same edges as the Inflow and Outflow boundary conditions in the heat transfer module.
The values for the mentioned numeric boundary conditions for both modules are gathered in
Table 3.

Module
Heat Transfer in
Solids and Fluids
Turbulent Flow

BC

BC name

Value

Fluid temperature at the inlet

Inflow

16

º𝐶

Far field temperature

Temperature

8.4

º𝐶

Fluid velocity at the inlet

Inlet

0.596

Unit

m s-1

Table 3: Boundary conditions
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Mesh
The created mesh for the CBHE domain consists of 2-dimensional triangular and quadrilateral
elements. The triangular elements correspond to circa 14% of the total mesh elements and they
are used at the bottom of the heat exchanger where the fluid is expected to undergo strong
variations in terms of velocity and flow direction. Furthermore, their size is relatively small
compared to the quadrilateral elements used.
The strategy made to mesh the domain consist in meshing first the regions in which a
structured quadrilateral mesh (known as Mapped in COMSOL®) is convenient due to the
problem physics and, after that, a fine triangular mesh for the remaining entities is created.
Finally, boundary layers are placed in the regions of the geometry where the fluid goes along
the wall. The complete mesh consists of 221400 elements, of which 13330 are edge and vertex
elements related to the boundary layers. The total domain area meshed is 845 𝑚2.
On the one hand, a structured quadrilateral mesh is created for the fluid inside the inner and
annular channels except for the last meter before the bottom where effects of the flow reverse
are reflected in its velocity profile. The choice of this element type is justified because of the
insignificant expected variation in the flow direction in the pipes, aligning the elements in the
direction of the relative larger temperature gradients (radial coordinate) as well as in the
direction of the flow (depth coordinate). In these regions (the first 164 𝑚 from the surface for
both inner and annulus flow) the velocity profile is expected to be more or less uniform, even
for the inlet as it has been explained in subsection 3.4.1. In Figure 15 a portion of this region of
the mesh at the upper part of the CBHE is shown.

Figure 15: Structured quadrilateral mesh detail

The high aspect ratio of the elements can be seen at first glance in Figure 15, with the aim of
capturing the large gradients in the z coordinate. This grid is made of 8 and 15 elements in the
radial coordinate for the inner and the annular flow, respectively; and 2200 elements for both
in the z coordinate.
On the other hand, the remaining fluid contained in the last meter of the pipes and in the
bottom part of the CBHE where the 180º turn takes place is meshed with an unstructured
triangular mesh. In this zone, the velocity of the flow must decrease until zero once that it exits
the inner pipe and the fluid reverses to enter the annular region, increasing its velocity in the
opposite direction. Thus, in this area the largest gradients for the turbulence variables are
expected. The aspect of this mesh at a depth of 165 m (where the inner pipe ends) can be seen
in Figure 16.
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Figure 16: Triangular mesh detail

As it can be noticed in Figure 16, this region is constituted of much more refined cells due to
the complex physical phenomena involved here. For both the bottom and the pipe flow mesh
a maximum element growth rate of 1.1 is chosen. The maximum element size for the bottom
and for the pipe flows are 0.005 and 0.003 𝑚, respectively.
The inner pipe and the ground are meshed with a structured quadrilateral mesh. The inner
pipe is composed by a 4𝑥2600 element grid. The ground is meshed with the mentioned
quadrilateral elements with the particularity of being smaller elements in the radial direction
close to the borehole. The explanation lies on the fact that larger temperature gradients in the
ground are expected in the proximities of the heat exchanger.
Once that the whole domain is meshed, boundary layers are added in the pipe’s walls, for both
the inner and the external pipe. Including boundary layers becomes crucial for a much more
accurate calculation of the heat transfer process close to and through the pipe’s wall. As it has
been previously explained in subsection 3.4.2, wall functions are used to solve for the viscous
layer with a low Reynolds approach, which implies that the regions where the fluid is close to
walls must be meshed carefully. A close-up of a region where the boundary layers of the inner
pipe and the external pipe are visible is shown in Figure 17.

Figure 17: Boundary layers detail
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The number of layers for the inner pipe and external pipe boundary layers are 7 and 8 layers,
respectively. The stretching factor is of 1.15 and 1.08, in the same order. The thickness of the
first layer is approximated to a suitable calculation for the wall functions, being 1 and
5 millimetres for the inner and the annular flow, respectively.
Addressing the quality of the mesh, the skewness is chosen as quality metric to evaluate the
mesh, where 0 corresponds to a degenerated element and 1 represents a perfectly regular
element. The skewness values for the diverse domains of the mesh are collected in Table 4.
How the skewness is defined and more quality mesh measures can be consulted at (COMSOL,
2020).
Domain

Number of mesh
elements (%)

Skewness –
Average element
quality

18

0.8236

39

0.9881

4

1

Fluid bottom part
(triangular mesh)
Fluid in the
channels
(quadrilateral
mesh)
Inner pipe
Ground

39

1

Total

100

0.9704

Table 4: Domain skewness

To conclude with, an average value of 0.9704 is considered acceptable to assess the mesh
quality.
All the presented mesh properties correspond to the mesh names as Normal, which is chosen
after the mesh independence study that is explained in the subsection 3.4.4 of this work.

3.4.3 Solver and convergence criteria
The convergence criteria or as defined in COMSOL®, relative tolerance, is set to 10−4 in the
conducted simulations.
Regarding the solver, the multiphysics software chooses the most suitable one related to the
physics, the mesh and the study type selected. In this case the direct solver PARDISO is used.
Direct solvers show better robustness but higher computational cost in terms of memory
requirement than iterative solvers. The system of equations that COMSOL® solves for follows
a segregated solution approach. This means that multiple equation systems that depend one
on each other are solved in a separate manner in different segregated steps.

3.4.4 Verification
The 2-dimensional COMSOL® model must provide grid-independent results. Therefore, a
mesh with grid independence is intended in this work with the aim of providing the lower result
deviation coming from the domain discretization.
In addition to the variation of the temperature at the outlet, the skewness as metric quality is
also examined to quantify the effect of using different meshes. Three different meshes named
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as Coarse, Normal and Fine are created. Special attention is paid to the first 164 𝑚 of the
domain (more than the 97% of the borehole length), variating for each mesh characteristics
such as:
•
•
•

Number of elements in the radial direction for the inner and annular flow regions.
Number of elements in the radial direction for the ground region.
Number of elements in the axial direction for the annulus and inner flow, the inner pipe
and the ground.

3.4.5 Validation
The numerical and graphic results of the 2-dimensional COMSOL® model are validated using
the analytical heat transfer Matlab® model as reference to compare with.
The validation task is carried out comparing the thermal profiles along the borehole depth for
different moments of the TRT. Not only the temperature profile for 63 hours of TRT is chosen
but also 12, 25, 58 and 68 hours temperature profiles are used to assess the quality of the
results provided by the 2-dimensional COMSOL® model.

3.5 Parametrical studies
In this section how the parametrical studies are conducted on the CBHE and which are
the variables included in them are explained.

3.5.1 Overview
Carrying out parametrical studies allows to figure out how weak or strong is the correlation
between two or more parameters when the value of one of them is altered. In them it is common
to find: the fixed parameters, which are those variables which value remains constant; the
control variables, which value is modified by the user; and the objective variables, in which the
effect of the control variables variation is evaluated. All the parameters which are not variated
during the studies have the same value as presented in section 3.2 in the reference case.
Both the hydraulic and thermal behaviour are evaluated at once, providing results which are
not often presented in the scientific geothermal publications. This way, it is possible to examine
the hydraulic and thermal compromise, i.e. revealing configurations with excellent thermal
behaviours but undesirable hydraulic performance, and vice versa. Both Matlab® and
COMSOL® models are used to compare their results.
Regarding the thermal evaluation, the heat exchanged with the ground constitutes the
objective variable of this analysis. For some cases, the temperature profile along the depth is
examined too in order to verify if phenomena as the thermal shunt takes place. For the
hydraulic performance, the total pressure loss of the borehole between the different
configurations is compared.
Generally, a higher thermal exchange implies a better thermal performance as the temperature
difference in the circulating fluid that enters the heat pump have increased. However, great
thermal exchanges do not always lead to efficient GHSP systems. In deep boreholes, it might
occur that hundreds of meters of the return pipe are useless in the sense of not collecting or
rejecting more heat and promoting the thermal short circuiting with the inlet pipe. On the
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other hand, lower pressure losses in the borehole always implies less work required to the
compressor of the hydraulic pump and then a good hydraulic performance.
The carried out parametrical studies are clustered in three categories: a first one including
variations in geometrical parameters, the study A; a second one comparing the effects of using
diverse circulating fluids, the study B; and a third one for different thermal conductivities for
the inner pipe, the study C. They are presented next.

3.5.2 Study A: Geometrical parameters
The effects of variating geometrical parameters such as the length, the borehole diameter and
the inner pipe thickness on the exchanged heat and pressure losses are evaluated.
The coaxial configuration is specially focused on its advantages as deep BHE, as they provide
lower pressure losses than other configurations. Therefore, lengths up to 1 𝑘𝑚 are simulated.
The borehole diameter can also constitute an interesting variable, as its increase implies a
bigger contact surface with the ground. Borehole radii of 60 and 80 𝑚𝑚 are compared. Finally,
the inner pipe thickness plays the role of balancing a low pressure drop for the inner flow while
not promoting the thermal shunt in excess. The simulated inner pipe thickness range in this
work covers variations from 1.8 up to 6 𝑚𝑚. As circulating fluid in this study, water is chosen.

3.5.3 Study B: Circulating fluid influence
The choice of using one type of fluid or another in a GSHP depends mainly on the ambient
conditions. If there is risk of below 0º𝐶 temperatures, an antifreeze solution must be used as
circulating fluid.
The different secondary fluids and their characteristics that are compared in these
parametrical studies are shown in Table 5.
Circulating
fluid

Density
(Kg/m3)

Water
E15%
E20%
E25%
KG30%

999
979.9
975.7
971
1116

Dynamic
viscosity (Pa
s)
0.0012
0.0042
0.0055
0.0061
0.0039

Thermal
conductivity
(W/m K)
0.590
0.474
0.448
0.414
0.482

Volumetric
heat capacity
(J / m3 K)
4.19 · 106
4.37 · 106
4.36 · 106
4.27 · 106
3.72 · 106

Freezing
point (ºC)
0
-7
-10
-15
-15

Table 5: Circulating fluids properties

The secondary fluids in Table 5 correspond to the most common working fluids used as
secondary fluids. If there is no risk of below 0º𝐶 temperatures, water is commonly used for its
good hydraulic and thermal behaviour and being eco-friendlier and cheaper compared to other
secondary fluids. The use of aqueous solution of ethyl alcohol or also known as ethylene glycols
(E15%, E20% and E25%) is the most spread between the antifreeze solutions. The numbers
refer to the percentage in mass of ethyl alcohol. Lastly, KG30% stands for Kilfrost GEO® 30%
volume dilution, an engineering fluid of low viscosity and low-freezing point designed for
GSHP systems.
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3.5.4 Study C: Inner pipe thermal conductivity
The inner pipe thermal conductivity may play an important role avoiding the thermal shunt
phenomenon. If the thermal conductivity of the inner pipe is low, the heat transfer between
the downwards and upwards flows is decreased. This effect is particularly important in the
upper part of the heat exchanger, where the temperature difference between the two flows is
maximum.
Feasible thermal conductivities are used in the parametrical studies, in a range from 0.18 to
0.42 𝑊 ⁄𝑚 𝐾. Common materials as the MDPE have thermal conductivities around
0.4 𝑊 ⁄𝑚 𝐾 , while lower values can be reach for example insulating the inner pipe with
corrugated plastic. As circulating fluid in this study, water is chosen.
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4. Results
In this chapter the main results from the analytical heat transfer Matlab® model, the
2-dimensional COMSOL® model and the parametrical studies are shown.

4.1 Analytical heat transfer model
In this section the results coming from computing the analytical heat transfer model in
Matlab® for the reference case previously presented are shown. An inlet temperature equals to
16º𝐶 and a time equals to 63 ℎ are used in equations (5252) and (36), respectively, to solve the
model for 𝑅𝑏2 .

4.1.1 Validation
The regula falsi method finds a solution for 𝑁𝑠2 solving equation (52) equals to 0.4785 𝑊/ 𝑚 𝐾
which can be ascertained plotting that equation. In Figure 18 it can be seen where the solution
of the non-linear equation is placed, confirming that the analytical heat transfer model is giving
the correct value for the thermal conductance of the ground.

Figure 18: Solution of non-linear equation (52)

Once that 𝑁𝑠2 has been calculated, the value of the borehole thermal resistance can be obtained.
The value for the thermal resistance 𝑅𝑏2 obtained after computing the analytical heat transfer
model is 0.00609 m K/W, being almost the same as the one provided by (Beier, Acuña,
Mogensen, & Palm, 2013) for the case of an effective length of 165 𝑚. In their work, the thermal
resistance value results to be 0.006 𝑚 𝐾⁄𝑊 , which implies a difference of less than 2%.
The borehole temperature against depth graph for a test time equals of 63 ℎ is shown below
this paragraph in : Comparison of temperature profiles for L=165m and t=63h. The results
are superimposed to those that (Beier, Acuña, Mogensen, & Palm, 2013) found for their
experiment, where apart of the experimental and theoretical profiles they also show two more
predicted profiles using the mean temperature method (in which the fluid temperature in the
Emilio Giménez Polo
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borehole is assumed to be the mean of the inlet and the outlet temperatures) and considering
a non-constant ground temperature. These last two temperature profiles can be ignored since
they have no relevance for this work.

Figure 19: Comparison of temperature profiles for L=165m and t=63h

In Figure 19 the results from the computed analytical heat transfer model are coloured with
red for the flow coming downwards, and in blue for the flow coming upwards. The original
results can be identified in black. As it can be seen, the temperature profiles match seamlessly
except for a little deviation at the bottom of the borehole. This is due that in this work an
effective length of 165 𝑚 have been modelled while in the original work a length of 168 𝑚 was
chosen.
When applying an effective length of 168 𝑚 the two temperature profiles match seamlessly, as
it can be observed in Figure 20.

Figure 20: Comparison of temperature profiles for L=168m and t=63h

Regarding the flow regime, the Reynolds numbers for the inner pipe and for the annulus can
be compared with the results obtained in original publication. In the named publication,
average values equal to 18000 and 4200 are affirmed to be obtained for the inner and the
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annulus flow, respectively. Thus, there is a small discrepancy with the Reynolds values given
in this work, with differences around 2.3 and 0.5% for inner pipe and annulus, in that order.
It can be concluded that the selected friction factor correlations, which are not the original
correlations proposed by (Beier, Acuña, Mogensen, & Palm, 2013), are properly implemented
for the Nusselt number calculation.

4.1.2 Thermal performance
When solving the model, the values for the diverse thermal resistances are obtained. It must
be pointed out that the values for all the thermal resistances are constant except for 𝑅𝑠2 which
varies with time and that is initially solved for 𝑡 = 63 ℎ. The outlined values are gathered in
Table 6.
Thermal
resistance
𝑅𝑏2

Value (m K W-1)
0.00609

𝑅𝑓𝑖

0.00372

𝑅𝑝𝑤

0.05086

𝑅𝑓𝑜

0.02839

𝑅𝑠2

0.06163-0.13874

Table 6: Thermal resistances values

As it has been explained before, 𝑅𝑠2 is a time dependent thermal resistance and the given
interval for their values in Table 6 correspond to the extremes of the considered time interval
(3 and 70 hours of TRT).
Other relevant magnitudes obtained when solving the analytical heat transfer model can be
consulted in Table 7.
Domain

Magnitude

Symbol

Value

Unit

𝑣𝑝

0.5960

m s-1

𝑅𝑒𝑝

18417

-

Friction factor

𝑓𝑝

0.0066

-

Convective heat transfer coefficient

ℎ𝑝

2428.24

W m-2 K-1

𝑣𝑎𝑛𝑛

0.0653

m s-1

𝑅𝑒𝑎𝑛𝑛

4220

-

Friction factor

𝑓𝑎𝑛𝑛

0.0100

-

Convective heat transfer coefficient

ℎ𝑎𝑛𝑛

280.25

W m-2 K-1

Velocity
Inner flow

Reynolds number

Velocity
Annulus flow

Reynolds number

Table 7: Inner and annulus flow magnitudes

Once that the model has been solved for 𝑡 = 63 ℎ and 𝑅𝑏2 has been found, the temperature
profiles are calculated for the rest of the TRT. The calculated curves that are shown next
encompass from 𝑡0 = 11755.5 𝑠 (around 3 hours, as it is recommended by the authors of the
analytical heat transfer model for the given borehole radius and thermal diffusivity, see
equation (36) from subsection 3.3.2) to 𝑡𝑓 = 70 ℎ.
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During the DTRT if the heat flux input is held constant along with the circulating volumetric
flow rate, then the temperature difference between the inlet and the outlet of the borehole is
also constant. Such behaviour can be noticed in Figure 21. If the simulation is run for a longer
period the increasing trend would continue present, never reaching a final situation or steady
state.

Figure 21: Temperature variation during the TRT

The inlet, mean and outlet temperatures are marked in red, yellow and blue in Figure 21,
respectively. As it can be easily noticed in the figure, the slope of whichever of the three
presented curves decrease with time. This is due to a decreasing heat transfer exchange
between the borehole and the ground, reducing the slope of the curve smoothly in time. The
key driver of this phenomenon is an increasing ground thermal resistance with time, which
follows the behaviour outlined by equation (36) and it is shown in Figure 22.

Figure 22: Rs2 variation during the TRT

For the considered interval of time, the temperature is linear with the logarithm of time,
fulfilling one of the main requisites stated in the assumptions of the model. This performance
can be ascertained in Figure 23.
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Figure 23: Temperature variation against time in logarithm scale

4.1.3 Pressure losses and pump work
Addressing the pressure losses in the coaxial borehole, equation (10) is used to calculate the
frictional pressure losses. These losses are strictly related to the underground pipes of the heat
exchanger, not considering the likely losses in the rest of the channels in the surface or those
corresponding to the hydraulic pump. The obtained pressure loss for the effective length of the
inner pipe is 22.22 𝑘𝑃𝑎 while for the effective length of the annulus is approximately 0.20 𝑘𝑃𝑎,
which brings a total of 22.42 𝑘𝑃𝑎. Notice that these values are calculated for the effective length
(165 𝑚) and they would be slightly higher if the total length of the borehole (taking into account
the first 17 metres) would be considered.
To conclude this section, using equation (11) and supposing a pump efficiency of 70% the
necessary pumping power is 18.6 𝑊. The relatively small value for the hydraulic power is
explained because of the small pressure drop, which is common in coaxial configurations and
not very high flow rates. In addition, this pump work only considers the buried part of the
system. For a more precise estimation, pressure drops in the heat pump and in other parts of
the system above the surface should be considered.
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4.2 2-dimensional COMSOL® model
In this section the main results from computing the 2-dimensional COMSOL® model
replicating the reference case are shown.

4.2.1 Verification
The characteristics of the three meshes created for the mesh independence study and their
results when computing the fluid flow problem are collected in Table 8.
Mesh

Nº of
elements

Skewness

Outlet
temperature
(ºC)

Relative
difference
(%)

Computational
time (s)

Coarse

122k

0.9515

14.172

0.96

480

Normal

205k

0.9523

14.067

0.22

850

Fine

316k

0.9758

14.036

-

7080

Table 8: Mesh independence study results

The named mesh Normal is chosen as the most suitable domain discretization choice due to
its good compromise between a result low deviation compared with the finest created mesh
and a reasonable computational time to conduct later parametrical studies on it.

4.2.2 Validation
Temperature profiles
The simulation in the multiphysics software is run for an inlet temperature of 16º𝐶 and a fluid
velocity of 0.596 𝑚/𝑠 as explained in the previous section. The temperature profile of the
circulating fluid against depth is shown in Figure 24. Moreover, in this figure the result
obtained with the 2-dimensional COMSOL® model is compared with the predicted profile by
the analytical heat transfer Matlab® model.

Figure 24: Temperature profiles for t=63h

50

Escuela Técnica Superior de Ingenieros Industriales (UPM)

Coaxial Borehole Heat Exchanger: Modeling, Hydronic and Thermal Analysis

Although the difference of the outlet temperature is only of 0.66 º𝐶 different shapes of the
profiles as well as different bottom temperatures are noticeable. Nevertheless, the
2-dimensional COMSOL® model is considered of predicting acceptably well the thermal
behaviour of the heat exchanger. It can be seen how COMSOL® predicts a lower thermal
exchange for both the inner and annular flows compared to the analytical heat transfer model.
The temperature is evaluated each 10 meters for both inner and annulus flow using 2dimensional cut lines and applying a line average option in COMSOL ®. The obtained data is
plotted using Matlab®.
The results from the 2-dimensional COMSOL® model are compared with the ones from the
analytical heat transfer model for different times of the test. Thus, the imposed BC of the inlet
temperature for a different time in COMSOL® is adjusted to the value predicted by the
analytical heat transfer model of the inlet temperature for that specific moment of time. In
Figure 25 and Figure 26 the temperature profiles for 58 and 68 hours are shown. These
correspond to times equal to 5 hours before and after the one considered in Figure 24.

Figure 25: Temperature profiles for t=58h

Figure 26: Temperature profiles for t=68h

The COMSOL® modelling overestimates the temperature at the outlet and bottom for the last
hours of the TRT, as it can be seen in the figures. As in the case for 𝑡 = 63 ℎ, the heat exchange
is lower for both the inner pipe flow and the annulus flow. Below these lines, the temperature
profiles for times closer to the start of the test are shown in Figure 27 and Figure 28.

Figure 27: Temperature profiles for t=12h
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In both figures is observed how the 2-dimensional COMSOL® model predicts higher outlet
temperatures respect to the analytical heat transfer Matlab® model for closer times to the
initial hours of the TRT. Hereby, the profiles tend to match as the test time elapses. For
example, the difference in the temperature jump from the inlet to the outlet between the two
models for 𝑡 = 12 ℎ is circa 28 %, while for 𝑡 = 68 ℎ this difference is reduced circa 20 %.
One of the assumptions to simulate the CBHE in COMSOL® was computing a steady state,
justifying that the variation of the inlet temperature with time was slow enough to consider it
valid. The next procedure demonstrates that such assumption is valid for this case. The inlet
temperature for 𝑡 = 62 ℎ and 𝑡 = 64 ℎ are calculated with the analytical heat transfer model.
In a time period of 2 ℎ the inlet temperature variation results to be less than 0.03º𝐶, which
means less of 0.2% of difference. Therefore, the made assumption is considered valid.

4.2.3 Thermal performance
Temperature distribution
The temperature distribution in the domain can be addressed in Figure 29, Figure 30 and
Figure 31.

Figure 29: Detail temperature distribution at the surface of the coaxial heat exchanger

Figure 30: Temperature distribution at the surface of the simulated domain
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Figure 31: Temperature distribution at 165 m depth

As it can be seen, the highest temperatures are those from the fluid inside the heat exchanger
while the lowest correspond to the ground far from the borehole.

Thermal contours
The thermal exchange of the different flows can be noticed in the sequence of two-dimensional
thermal contours of both inner and annulus flow for different depths, shown below this
paragraph.

Figure 32: Thermal contours at 0m depth

Figure 34: Thermal contours at 110m depth
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Figure 33: Thermal contours at 55m depth

Figure 35: Thermal contours at 165m depth
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As it can be seen at first glance, the greater temperature difference is for 0 m depth shown in
Figure 32, where the inner flow displays a homogeneous temperature of 16ºC and the annulus
mean temperature for that depth corresponds to the outlet temperature. For the other thermal
contours displayed, it can be seen how the temperature of the fluid inside the inner pipe and
the annulus start to assimilate as deeper lengths are visualized.
Singular thermal contours for inner and the annular flow are also shown in Figure 36 and
Figure 37 for a depth equals to 100 m, with the aim of examining better the heat exchange in
each flow.

Figure 36: Annular flow at 100m depth

Figure 37: Inner flow at 100m depth

In Figure 36 it can be seen how the annular flow temperature is greater close to the inner pipe,
which is logic in this CBHE installation where the hot fluid enters through the inner pipe. On
the contrary, in Figure 37, it can be seen that for the inner flow the coldest temperature is
located near the wall of the pipe, as the flow in the annular region is always colder than the
inner flow.

Exchanged heat
Regarding the total heat transferred to the ground, using equation (47) a total heat exchange
of 4848 𝑊 for the 2-dimensional COMSOL® model is obtained for 𝑡 = 63 ℎ. In the analytical
heat transfer Matlab® model a heat exchange equals to 6380 𝑊 was imposed, which implies a
difference of circa 24%. Of course, this difference is determined by the temperature jump from
the inlet to the outlet, which differs in the same percentage.

4.2.4 Velocity profiles
Regarding the flow velocity in the channels, in Figure 38 different velocity profiles for the inner
flow are shown. The initial assumption of the fully developed flow at the entry is ascertained,
as it can be observed for the velocity profile at 0 𝑚 of depth, which matches reasonably well
with other velocity profiles for deeper sections.
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Figure 38: Inner flow velocity profiles for different depths

As it is shown, the use of the wall functions for the wall treatment compute a non-zero velocity
in the vicinity of the pipe wall. It also seems that the velocity profiles are identical one to each
other, maintaining a constant shape, but a small deceleration occurs for the inner flow. This
phenomenon can be noticed in the close-up shown in Figure 39.

Figure 39: Inner flow velocity detail for different depths

Nevertheless, the difference between the inlet velocity and the profile when the flow is fully
developed at 160 𝑚 is small, being less than 1%.
On the other hand, the velocity profiles for the annular flow are shown in Figure 40.

Figure 40: Annular flow velocity profiles for different depths
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As it happens for the inner flow, the annular flow stabilizes after few metres, showing quite
similar profiles near the annular entry, at a depth of 164 𝑚 and marked in blue in the figure;
and at the outlet of the BHE, at 0 𝑚 and marked in cyan.
When the flow enters the annular region, it can be noticed that a higher velocity is present close
to the inner diameter of the external pipe. This is due to the flow that comes more developed
from the bottom close to that wall, while close to the outer diameter of the inner pipe the flow
arrives decelerated almost directly from the 180º turn. This last effect can be verified in the
streamline graph in Figure 41, where the positive velocities in the depth coordinate (then, when
the fluid is going upwards) are displayed.

Figure 41: Velocity streamlines at the end of the CBHE

The velocity streamlines close the inner pipe wall display lower velocities, coming from a
smaller depth compared with the streamlines that are close to the external pipe wall.

4.2.5 Pressure losses
Regarding the pressure losses in the CBHE, the 2-dimensional COMSOL® model provides
slightly lower values contrasted with the ones predicted by the analytical heat transfer Matlab®
model. The total pressure loss expected in the coaxial heat exchanger equals to 21513 𝑃𝑎,
which supposes only 4% less than the value calculated with Matlab® for the analytical heat
transfer model. It is important to keep in mind that when estimating here the pressure drop of
the coaxial configuration only the pressure loss corresponding to the considered heat
exchanger length is obtained. For the complete system, extra pressure losses would take place
in the rest of the GSHP and channels above the ground surface.
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is very hard to find the real values, as secondary pressure losses always take place in other part
of the systems not considered in the simulation.

4.3 Parametrical studies
In this section the results coming from computing the analytical heat transfer model in
Matlab® and the 2-dimensional COMSOL® model for the parametrical studies A, B and
C are presented.

4.3.1 Study A: Geometrical parameters
Length influence
The length influence on the exchanged heat and the pressure losses can be assessed in Figure
42 and Figure 43.
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Figure 42: Length and flow rate effect on EH
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Figure 43: Length and flow rate effect on PL

In this first study it can be observed that the thermal exchange is enhanced reaching greater
depths. The exchanged heat for the case of 800 𝑚 is more than three times the observed for the
original length of 165 𝑚.
This thermal exchange is also enhanced increasing the flow rate inside the pipes. Nevertheless,
the trend seems to be asymptotic, reducing the rate of injected heat as the flow rate increases.
In practice, for each borehole a flow rate limit should be set as the one that allow an optimal
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percentage of heat injection. Beyond this flow rate limit, the heat injection would not increase
significantly and the hydraulic performance would penalize the total system efficiency.
The pressure losses show an exponential increase with the increase of the flow rate. As it is
predictable, higher pressure drops are found for higher depths.
It can be appreciated that Matlab® and COMSOL® results are not matching quite well. In the
cases of 165 and 300 𝑚 the predicted exchanged heat by the analytical heat transfer model is
higher for low flow rates, and lower for high flow rates. In the case of the borehole of 800 𝑚
this trend is not observed.

Inner pipe thickness influence
The influence of thickness of the inner pipe on the exchanged heat and the pressure losses can
be evaluated on Figure 44 and Figure 45.
10000

Inner flow pressure losses (kPa)

400

Exchanged heat (W)

9000

8000

7000

6000

5000

4000

350
300
250
200
150
100
50
0

1,2 1,8 2,4

3

3,6 4,2 4,8

6

Inner pipe thickness (mm)
EH Matlab - 0.6 l/s

EH COMSOL - 0.6 l/s

EH Matlab - 1.5 l/s

EH COMSOL - 1.5 l/s

Figure 44: Thickness and flow rate effect on EH
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Figure 45: Thickness and flow rate effect on PL

To compare the influence of the inner pipe thickness two different flow rates are chosen, 0.6
and 1.5 𝑙/𝑠.
The exchanged heat increases as the wall of the inner pipe is thicker according to the analytical
heat transfer Matlab® model. Somehow, the behaviour for the thermal performance predicted
by the 2-dimensional COMSOL® model is not clear, increasing at the beginning but decreasing
for bigger thicknesses.
Once again it can be observed that for low flow rates as i.e. 0.6 𝑙/𝑠 the exchanged heat predicted
by the analytical heat transfer model overestimates COMSOL®’s prediction, while, for higher
flow rates as i.e. 1.5 𝑙/𝑠 it is underestimated.
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Regarding the pressure losses, only the present ones in the inner flow are presented. When
applying the flow rate equals 1.5 𝑙/𝑠, it can be seen how the pressure loss in this region of the
heat exchanger reach almost 350 𝑘𝑃𝑎, being 4 times the pressure drop reached for the flow rate
of 0.6 𝑙/𝑠.

Outer pipe diameter influence
How the outer pipe diameter has effect on the exchanged heat and the pressure losses can be
seen in Figure 46 and Figure 47.
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Figure 46 : Outer pipe diameter and length effect on EH
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Figure 47: Outer pipe diameter and length effect on PL

The results for two different outer pipes diameters are shown in this study, for 60 and 80 𝑚𝑚.
Even if it seems a little difference when observing the exchanged heat results, the difference
between using one or another drastically effects on the borehole hydraulic performance.
Choosing a larger outer pipe diameter implies disposing of a larger surface for the annular flow
to exchange heat. This can be seen in both predictions by Matlab® and COMSOL® models, with
similar trends for the exchanged heat with the ground but always higher for the diameter
equals to 80 𝑚𝑚. The flow rate used in this study is the one presented in the reference case,
0.58 𝑙/𝑠. Therefore, for this relatively low flow rate the 2-dimensional COMSOL® model
underestimates once again the exchanged heat predicted by the analytical heat transfer model.
Maintaining a constant flow rate leads to a stabilization of the exchanged heat that starts
approximately after 500 𝑚 depth. Deeper boreholes do not achieve to exchange much more
heat on the ground after that depth.
For a constant flow rate, the pressure losses are quite sensitive to the cross-sectional area
available for the fluid flow. The smaller annular region for the outer pipe diameter of 60 𝑚𝑚
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leads to vast pressure losses, with not feasible values for a real installation even for very short
boreholes.

4.3.2 Study B: Circulating fluid influence
The five different circulating fluids presented in the previous chapter are simulated. On the
one hand, the three different aqueous solutions of ethyl alcohol are compared separately for a
better understanding of the difference on its results. On the other hand, with the aim of
showing a clear comparison and easy visualization in this study, only “E20%” circulating fluid
is chosen among the ethylene glycols to compare with the rest of secondary fluids.

Flow rate influence
The effect of the flow rate on the exchanged heat and the pressure losses is evaluated for the
different circulating fluids and can be seen in Figure 48 and Figure 49 for the water, Kilfrost
GEO® and ethylene glycol 20%, and in Figure 50 and Figure 51 for the ethylene solutions.
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Figure 48: Circulating fluid and flow rate effect on EH
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Figure 49: Circulating fluid and flow rate effect on PL

Regarding the exchanged heat, the analytical heat transfer model barely predicts differences
between the water, KG30% and E20%, mainly for high flow rates when the three curves
converge almost in the same region of the graph. For low flow rates, the water is the circulating
fluid with lower exchanged heat while the ethylene glycol solution is the fluid with a better
thermal performance. The 2-dimensional COMSOL® model does not show a clear trend of the
exchanged heat by the three different fluids, and again it overpredicts the exchanged heat for
high flow rates.
There is a clear difference with obtained pressure losses: using water as circulating fluid offers
up to 50% less pressure drop. Ethylene glycol 20% and Kilfrost GEO® show higher pressure
losses due to a much higher viscosity in the case of former, and a higher density in the case of
the latter.
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Figure 50: Ethylene glycol and flow rate effect on EH
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Figure 51: Ethylene glycol and flow rate effect on PL

For the three different ethylene glycols, it occurs the same as when comparing water, KG30%
and E20%. Low differences are appreciated in the results provided by the analytical heat
transfer Matlab® model, while for the 2-dimensional COMSOL® model results it seems difficult
to observe a clear trend. According to these results, E25% offers the highest thermal exchange
for low and high flow rates, while for moderate flow rates the best thermal performance is
found for E15%.
The increase in viscosity as the percentage of ethyl alcohol increases leads to higher pressure
losses. Nevertheless, this difference is not very significant, mainly for low flow rates.
Differences of only circa 10% between the pressure losses of E15% and E25% are found for
high flow rates

Length influence
The influence of the borehole length is compared between the different circulating fluids and
it is shown in
Figure 52 and Figure 53 for the water, Kilfrost GEO® and ethylene glycol
20% and in Figure 54 and Figure 55 for the aqueous solutions of ethyl alcohol.
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Figure 52: Circulating fluid and length effect on EH

Figure 53: Circulating fluid and length effect on EH

The exchanged heat by the different circulating fluid increases with the borehole length as it
can be seen. According to the results from both Matlab® and COMSOL® models, the water is
the secondary fluid with the lowest injected heat on the ground, for any of the simulated
lengths. The ethylene glycol solution is the fluid that provides a better thermal performance
while KG30% offers an intermediate behaviour between the other two.
When it comes to the pressure losses, KG30% and E20% curves seem to almost overlap offering
very similar results. On the contrary, the pressure losses when using water as secondary fluid
are 42% lower when the depth is close to 1 𝑘𝑚.
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Figure 54: Ethylene glycol and length effect on EH
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Figure 55: Ethylene glycol and length effect on PL

For the three ethylene glycol mixes small variations in the total exchanged heat are found
among them. Both Matlab® and COMSOL® models predict a quite similar thermal behaviour
between E15%, E20% and 25% for all the simulated lengths.
As it happened when presenting the results for different flow rates, the lower pressure losses
correspond to the solution with the lowest concentration of ethyl alcohol. E15% provides
pressure losses 8% lower than E20% and 12% lower than E25%.
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4.3.3 Study C: Inner pipe thermal conductivity
Lastly, the effect on the exchanged heat for different inner pipe thermal conductivities is
evaluated in Figure 56.
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Figure 56: Inner pipe thermal conductivity and flow rate effect on EH

Two different flow rates, 0.5 and 1.5 𝑙/𝑠, are used to show the effects of the thermal conductivity
of the inner pipe and compare the results coming from the analytical heat transfer Matlab®
and the 2-dimensional COMSOL® models.
The effect of increasing the thermal conductivity of the mentioned element is a decrease in the
exchanged heat with the ground. Restricting the heat transfer between the downwards and the
upwards flows reduce the thermal shunt phenomenon and avoids a degradation of the energy
transfer on the ground. For the case of flow rate equals to 0.5 𝑙/𝑠, differences of circa 3% in the
exchanged heat are found by the analytical heat transfer model between the lowest and the
highest thermal conductivities simulated. For this flow rate, the 2-dimensional COMSOL®
model predicts a decrease of circa 6% when the inner pipe thermal conductivity is increased
from 0.18 to 0.42 𝑊 ⁄𝑚 𝐾. When the flow rate is 1.5 𝑙/𝑠, lower influence is found: around 1%
less of exchanged heat according to the analytical heat transfer model and even a lower
percentage according the 2-dimensional COMSOL® model.
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5. Discussion
In this section the results found in the previous chapter are interpreted and its
significance is assessed, indicating if the proposed initial objectives are fulfilled or not.

5.1 Analytical heat transfer model
The analytical heat transfer model results are discussed in first place, assessing its accuracy
and limitations.

5.1.1 Validation
The implemented analytical heat transfer model in Matlab® is considered validated because of
the coherence of its results with the ones published by (Beier, Acuña, Mogensen, & Palm,
2013).
The regula falsi method used to solve iteratively equation (52) leads to a value of borehole
thermal resistance that differs in less than 2% with the provided reference value. As the
difference between the two values lies on the fifth significant digit, it can be thought that a
rounded value is given in the original publication. The computational time needed to solve
equation (52) with the regula falsi method is completely trivial, being less than 1 second for
this non-linear equation. The major withdraw is providing a valid bracket where the solution
is included, needing of plotting before the equation.
When plotting the distributed temperature profiles for 63 hours of the TRT, the two curves
overlap one over the other, proving that correct values have been found. The obtained profile
shape coincides with common temperature profiles in coaxial boreholes as the ones presented
by (Palm & Acuña, A Novel Coaxial Borehole Heat Exchanger: Description and First
Distributed Thermal Response Test Measurements, 2010). The results presented for the
effective length of 168 𝑚 match seamlessly with those from the original publication.
Regarding the Reynolds number obtained for the inner and the annular flow, similar values to
those calculated by (Beier, Acuña, Mogensen, & Palm, 2013) are found. The calculation of both
numeric values is quite straightforward and implies really low uncertainty, reasons which may
indicate that again rounded values were given in the original publication.
Summing up, the first objective of this work is considered completely fulfilled. However, this
heat transfer mathematical model should be compared with more field experiments to assess
its precision for different boreholes, to detect its weaknesses and to establish its limitations.

5.1.2 Thermal performance
When obtaining the thermal profiles respect to time for the conducted TRT a damped
behaviour is obtained. This result is in consonance with the temperature profiles obtained
conducting TRTs at the city of Linköping (Sweden) by (Hellström, 1997). This behaviour
reflects how the capacity of the ground to absorb heat decreases with time. It can be also
ascertained observing the increase with time of the ground thermal resistance.
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Obviously, the model is restricted to a homogeneous ground of which mean properties are
known. Simulation of aquifers, groundwater flows, or other singularities in the surroundings
is not possible with this analytical heat transfer model. In addition, comparing with the
numerical model first proposed by (Eskilson, 1987), the analytical heat transfer model
implemented in this work is not able to simulate a borehole field neither.
The hypothesis of linear trend of the inlet and outlet temperatures with the logarithm of time
agrees with previous results in this field as the ones by (Gehlin S. , 2002), showing a perfect
linear relation between them. This constitutes an important result as the analytical heat
transfer model could not have been considered correctly implemented if other tendency would
have been obtained.

5.1.3 Pressure losses and pump work
Regarding the results related to the hydraulic performance of the borehole heat exchanger, one
has to keep in mind that both the pressure loss and the required pump power to overcome the
former are smaller compared to complete systems.
The pressure loss, and as consequence the consumption of the hydraulic pump; is higher in
real installations as some significant pressure drops take place in the system above the surface
and in elements not considered in the analytical calculations. Elbows, changes in crosssectional areas and other geometrical singularities increase the total value of the pressure loss
in the system. According to (Palm & Acuña, Experimental comparison of four borehole heat
exchangers, 2008), it is common to find higher experimental pressure drops than those
analytically calculated due to some of the mentioned reasons as well as bends and even the
bottom part of the collector.

5.2 2-dimensional COMSOL model
The results from the 2-dimensional model implemented in COMSOL® are discussed in
this subsection, evaluating the discrepancies with the expected values.

5.2.1 Assumptions
Some of the made assumptions before running the simulation must be assessed with the aim
of verifying that they are correct.
One of the most important assumptions that have been made for the 2-dimensional COMSOL®
model is that a steady state could be considered. This implies that the inlet temperature
variation occurs enough slow in time. When simulating a 2 hours period with the analytical
heat transfer model a difference of less than 0.2% for inlet temperature is found. Even if this
difference can bring some uncertainty to next calculations and results of the model, is
considered enough small to have a trivial impact on them.
As it happens for the analytical heat transfer model, the 2-dimensional COMSOL® model
supposes an axisymmetric transfer of the heat and flow development. Other studies, as the one
presented by (Zanchini, Lazzari, & Priarone, 2010) already take advantage of this singularity
from the coaxial configuration corroborating that it is a trustworthy choice to model the heat
exchange and the fluid flow. In this case, considering a 2-dimensional domain does not allow
to represent singularities in the ground (i.e. the presence of an aquifer) as well as swirling flows
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or similar fluid flow phenomena. Nevertheless, the saving in computational time of the
simulations is noteworthy compared to computing a 3-dimensional model, allowing the
conduction of several parametrical studies later in a relative short time. This assumption is a
simulating advantage of the coaxial pipe-in-pipe configuration, not being possible to make in
other cases as the U-pipe or even other coaxial configurations.

5.2.2 Verification
The 2-dimensional COMSOL® model is simulated for three different meshes with the aim of
verifying mesh independency of the obtained results.
The selected mesh for the coaxial model, with which the parametrical studies are conducted
later, provides a little deviation in the outlet temperature compared with the finest mesh. This
error is accepted as the required time to run a simulation is more than 7 times lower than using
the finest mesh and results are still considered satisfactory comparing with those found by
(Beier, Acuña, Mogensen, & Palm, 2013). Thus, accuracy is partially sacrificed for the sake of
saving computational effort. In addition, when using the selected mesh for deeper
configurations in the parametrical studies a major percentage of error is assumed.
Nonetheless, no extremely exact values have been searched in this work but showing the
general trend and the impact on the performance when variating borehole and fluid flow
parameters.

5.2.3 Validation
The 2-dimensional COMSOL® model underestimates the heat transfer that takes places in the
heat exchanger for the given boundary conditions for all the simulated cases. It predicts with
less error the temperature profiles for times of the TRT closer to the end of it, offering a higher
uncertainty for initial times.
Several factors add uncertainty to the COMSOL® simulation. One of the most important
sources of uncertainty is not modelling the real shape of the annular region. Being a flexible
material that adapts its form to the borehole cavity, the annular region in the real case can not
be considered as a perfect annular cross-section. This would lead to a different borehole
thermal resistance value in COMSOL®, likely obtaining a value greater than the 0.006 𝑊 ⁄𝑚 𝐾
mentioned in the original publication. In the 2-dimensional COMSOL® model, a perfect
cylindrical shape is modelled for the borehole wall, loosing little cliffs and cracks of the rock
that would increase the total contact surface of the fluid with the rock.
Other factors which also add uncertainty to the simulation are the discretization domain and
the selected turbulence model. About the discretization of the domain, even if the error related
to the mesh has been tried to reduce to the minimum, it has a clear impact in the accuracy of
the model which can be easily assessed observing the difference in the outlet temperature. The
choice of the model k-ω in the multiphysics software is considered as the most adequate
between the available turbulence models. As (Canli, Ates, & Bilir, 2018) argue, in CFD
problems regarding conjugate heat transfer in turbulent flows developed in circular pipes k-ω
model is preferred if near wall region is especially important, as it is in this work. However, it
is considered that still a better simulation is possible if a low-Reynolds approach is taken for
the wall treatment instead of using wall functions.
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5.3 Parametrical studies
In this subsection the obtained data in the parametrical studies is analysed as well as
its importance in the coaxial borehole performance.

5.3.1 Study A: Geometrical parameters
In this first study a trend in the 2-dimensional COMSOL® model is revealed. The exchanged
heat predicted with the COMSOL® model underestimates the results of the analytical heat
transfer model for low flow rates and the opposite for high flow rates. This is especially
perceptible when comparing later the different circulating fluids. This deviation is also affected
somewhat by the borehole depth, predicting higher heat transfer for lower flow rates when
length is smaller.
In the different studies all the parameters except of the ones that are selected as control and
objective variables have the same value that in the reference case. This leads in some occasions
to configurations that would not be feasible in real installations in terms of high pressure
losses, as for example when simulating deep boreholes. (Holmberg, Acuña, Sønju, & Næss,
2016) also show how these deep configurations up to 1 kilometre deep may entail unrealistic
high pressure losses. However, it is reminded that the purpose of the studies is correlate the
influence of the different borehole parameters with the thermal and hydraulic performance,
rather than showing viable installations.
The inner pipe thickness demonstrates to be an important parameter to pay attention to when
designing CBHE installations due to its impact on the pressure loss in the inner flow. Moreover,
an increase of the thickness leads to slightly higher thermal exchanges according to the
analytical heat transfer model, which is logic as the thermal shunt between the inner and the
annular flow is decreased. The little impact on the thermal performance of variating the inner
pipe thickness agrees with the studies presented by (Raymond, Mercier, & Nguyen, 2015). The
2-dimensional COMSOL® model does not show a clear trend when variating this parameter
for any of the simulated flow rates. In real life boreholes, lower thicknesses are usually
preferred, putting ahead the hydraulic of the thermal performance.
When decreasing the outer pipe diameter, the exchanged heat with the ground is reduced
because of the smaller surface to exchange energy. In addition, the lower cross-sectional area
leads to vast pressure losses, which are drastically increased when simulating larger borehole
lengths. Citing again the study carried out by (Holmberg, Acuña, Sønju, & Næss, 2016), similar
findings are presented, showing also a big increase of the pressure losses when reducing the
borehole diameter. Therefore, higher outer pipe diameters drive to a better thermal and
hydraulic performance in this case. However, if the borehole diameter is really large the
velocity in the annular region decreases promoting the thermal shunt between flows and
limiting the amount of heat that is possible to inject in the ground. Lastly, it results very useful
to check when the exchanged heat stabilizes after reaching a certain depth. This can help to set
optimum drilling lengths for the chosen borehole diameter.

5.3.2 Study B: Circulating fluid influence
In this second study the mentioned trend remains present as it can be seen when comparing
water, Kilfrost GEO® and the intermedium ethylene glycol: the 2-dimensional COMSOL®
model underestimates the exchanged heat for low flow rates and vice versa. This happens in
the simulations carried out varying the flow rate for all the circulating fluids.
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Only for high flow rates there is a clear difference between them regarding the heat that they
are capable to exchange with the ground. KG30% is the secondary fluid that exchanges the
highest amount of heat according to COMSOL®, which is logic because of its high thermal
conductivity and its low specific heat capacity. Regarding the hydraulic performance, it results
that water provides a pressure drop way lower than Kilfrost GEO® and ethylene glycol, which
is in line with the comparison between water and different antifreeze solutions carried out by
(Gagné-Boisvert & Bernier, 2017). Hereby, in real installations with no risk of below 0º𝐶
temperatures water should be chosen, despite exchanging less amount of heat.
The highest the percentage of ethylic alcohol is, the highest exchanged heat with the ground
and pressure losses are. As (Gagné-Boisvert & Bernier, 2017) indicate, the fluid viscosity is one
the factors that effect the most on the pressure losses and it is corroborated in this study, as
E15% has the lowest dynamic viscosity and E25% the highest. In their study, similar findings
are shared when comparing different ethylene glycol solutions. The choice between one or
another of these ethylic alcohols as secondary fluid must obey ambient temperatures and the
need of lower freezing point fluids.
Regarding the borehole length variation, clear results are obtained by both Matlab® and
COMSOL® models. E20% is the secondary fluid with the highest thermal exchange, followed
by KG30% and water is in the last place. This trend is quite marked when increasing the
borehole length between 100 and approximately 600 metres, stabilizing after that depth and
not injecting much more heat on the ground, especially for the water. Thus, the thermal
performance that is expected to accomplish must be balanced with the drilling cost for deep
coaxial boreholes. Once again, if there is no risk of freezing, water should be chosen as
circulating fluid.

5.3.3 Study C: Inner pipe thermal conductivity
In this last study, the only objective variable included is the exchanged as there is no variation
in the pressure loss.
Incrementing the inner pipe thermal conductivity leads to a lower thermal exchange with the
ground. This is explained as the thermal shunt increases when increasing the thermal
conductivity of inner pipe, promoting the heat transfer between the two flows specially in the
first meters of the pipes where the downwards flow has the maximum temperature and the
upwards flow has the minimum temperature. Nevertheless, this effect barely decreases the
total exchanged heat. Such a little impact is in agreement with (Raymond, Mercier, & Nguyen,
2015) findings, where the variation of the thermal conductivity of the inner pipe shows to have
an almost negligible effect on the thermal performance.
With the aim of avoiding the thermal short-circuiting between the two pipes, it seems more
effective to increase the inner pipe thickness. However, this would imply an increase in the
pressure losses in the inner flow, which does not happen when decreasing the thermal
conductivity. Therefore, which pressure losses are acceptable in a coaxial borehole must be set
to decide if it is worthy to increase the pipe thickness in order to improve the thermal
performance of the installation.
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6. Conclusions
In this work, two different approaches have been taken to simulate and study the performance
of the coaxial borehole heat exchanger: implementing an analytical heat transfer model in
Matlab® and a 2-dimensional axisymmetric model in COMSOL®. The proposed objectives
have been fulfilled achieving the validation of both models. The analytical heat transfer model,
originally proposed by (Beier, Acuña, Mogensen, & Palm, 2013), has proved to be a quick
evaluation tool to calculate the temperature profiles and the pressure losses in the CBHE. The
implemented Petukhov friction factor correlation in this model resulted to be as accurate as
the Churchill correlation for the Nusselt number calculation and more precise when calculating
the pressure loss in the coaxial heat exchanger. Nevertheless, it is necessary to prove its
reliability simulating other coaxial borehole field experiments with different dimensions and
secondary fluids. The 2-dimensional COMSOL® model has predicted a similar trend regarding
the thermal performance of the fluid in the borehole. The computed temperature profiles tend
to match the ones provided by the analytical heat transfer model for the last hours of the TRT,
showing higher mismatches for the initial times of the test but being still satisfactory.
Regarding the hydraulic behaviour, the obtained pressure loss in this model shows little
deviation compared with the pressure loss calculated using the analytical expressions.
The conducted parametrical studies have brought interesting results. The effects of
incrementing both the borehole length and the flow rate have been identified as key factors to
increase the exchanged heat with the ground. However, the increase of both shows an
asymptotic behaviour as the increase of the total exchanged heat tends to stabilize. Their
increase also increments drastically the pressure loss; thus, both must be optimized to balance
the thermal performance, the electricity consumption of the pump and the drilling cost of the
installation. On the other hand, variating the borehole diameter and the inner pipe thickness
slightly alters the exchanged heat but they have a significant impact in the pressure loss in the
annular and inner flow, respectively. The pressure loss has been decreased increasing the
cross-sectional fluid flow area, then, increasing the borehole diameter and decreasing the inner
pipe thickness. From using different circulating fluids, it can be concluded that, if there is no
risk of below 0º𝐶 temperatures, water provides the best compromise between the thermal and
the hydraulic performances. It has also been found that decreasing the inner pipe thermal
conductivity has not been an effective method to reduce the thermal shunt and subsequently
increase the heat exchange with the ground.
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7. Perspective
Geothermal energy is considered a renewable energy which may contribute to reduce
contaminant emissions in the heating and cooling production sector. However, several aspects
regarding its environmental impacts have to be taken into account when designing GSHP
systems.
GSHPs consume a considerable amount of electricity and they contain refrigerants of high
greenhouse potential in the case of leakage in the environment. Moreover, when fracturing the
rock in the drilling phase, micro-seismic activity can occur. In the described CBHE installation
from this work there is no grout material between the heat exchanger and the borehole wall.
Nevertheless, cross-contamination of the surrounding rock is possible if an antifreeze solution
is being used and the flexible outer pipe breaks because of a rock sharp cliff or a collapse of the
borehole wall. Using eco-friendly antifreeze solution must become a common practice for each
new installation of borehole heat exchangers in which this type of secondary fluids is necessary.
The impact on near vegetation or even wildlife must be studied too, as BHEs alters the nearby
ground temperature causing what is known as thermal pollution.
Some further studies and continuation of this work are proposed next.
Regarding the analytical heat transfer model implemented in Matlab®, its capability to
simulate the heat exchange in CBHE should be compared with more field experiments data. It
would be suitable to choose boreholes of different pipes dimension, both of length and
diameter. It would be also very helpful to validate its effectiveness when other secondary fluids
apart from water are used to extract or inject heat on the ground. An easy upgrade of the model
would be achieved adding a proper correlation for the friction factor when transitional flow
regime is present in the pipes of the heat exchanger. To ascertain the accuracy of the proposed
formula of the ground thermal resistance for other types of rock or soil is advisable, mainly if
simulating CBHE installed in rocks different from granite. For simulations in which the ground
temperature gradient is significant the analytical model should be developed as outlined by
(Beier, Acuña, Mogensen, & Palm, 2013) to take into account this phenomenon.
In relation with the 2-dimensional COMSOL® model, the mesh independence study is
conducted for CBHE which length is the one given in the reference case. For higher lengths, as
the ones simulated later in the parametrical studies, the mesh independence study is not
carried out for the sake of saving higher computational efforts. Quantifying the percentage of
error related to the domain discretization when simulating deeper configurations is desirable
in further continuations of this work. Retrieving the borehole wall shape, which in reality has
not a cylindrical perfect shape and thus effects on the borehole thermal resistance value, two
tasks are proposed for further studies. In first place, an effective method to calculate the
mentioned thermal resistance in the COMSOL® model would be desirable. Once this labour is
accomplished, modelling an outer pipe which offer the same value for the thermal resistance
between the annular flow and the ground would represent faithfully the real case.
Finally, there are still lack of studies in which the heat loss that occurs mainly in the upper part
of the heat exchanger due to the thermal shunt is quantified. How this heat loss can be
effectively measured and how can be controlled or optimized when increasing the borehole
length or decreasing the flow rate are interesting parametrical studies that could be conducted
next for CBHEs.
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Appendix A
A.1 Timing planning and budget
A.1.1 Timing planning
This project has been carried out completely during 2020. The idea of this thesis is proposed
by the supervisor at the beginning of February.
The first phase consisted in a review of the most important literature which started at the
beginning of February and ended at the beginning of March. During that month, the analytical
heat transfer model implementation in Matlab® and the calculation of the pressure losses in
the heat exchanger are carried out. The next phase, which consisted in simulating the heat
exchanger in COMSOL®, took almost the whole month of April, including a half-term
presentation of the project. The parametrical studies as well as the validation and verification
processes were done in the first half of June, at the same time that the report was being written.
Preparing the report to send it to the student home university and the presentation in such
institution supposed a time period that lasted until 22nd July.
The Gantt chart of the thesis is shown in Figure A. 1.

A.1.2 Budget
The estimated budget for this work is calculated based on the dedicated time by the student
and the supervisor as well as the equipment and software utilized.
On the one hand, the dedicated time on this work is estimated as approximately 140 days with
a daily dedication of 8 hours. Having into account that this work covers 30 ECTS, the estimated
time is considered as suitable according to the requirements by the European Higher
Education Area. The dedicated time by the supervisor of this thesis is estimated as 36 hours.
Supposing a student and thesis advisor salaries of 12 and 30€/h, respectively, it brings a total
equal to 14.520€.
On the other hand, the equipment used for this work is a personal computer valued in 800€.
Considering a useful life of 43.800 hours and that it has been utilized for the total time of the
thesis, the amortized cost is 20,45€. The annual licenses for Matlab® and COMSOL
Multiphysics® have a cost of 800 and 1500€, respectively. The annual license for the Microsoft
365 Personal® package also utilized in this work is valued in 70€.
The grand total results to be 16.910,45€ as the necessary budget for this work.
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Figure A. 1: Thesis Gantt chart
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A.2 Analytical heat transfer model – Matlab code
A.2.1 Main code
%DEFINITION OF PARAMETERS, CONSTANTS AND LENGTH
format short
%Heat source (electric heater) and pump
Q=6380;
%Heat input rate in [W]
eff=0.7;
%Pump efficiency
%Fluid (water)
rho_fluid=999;
kappa_fluid=0.59;
Cp_fluid=4.19*10^6;
mu_fluid=1.138*10^-3;
w=0.58;
Tin=16;
Pr=8.09;

%Water
%Water
%Water
%Water
%Water
%Water
%Water

%Inner pipe (MDPE)
kappa_p=0.4;
dpi=0.0352;
dpo=0.04;

%Inner pipe thermal conductivity in [W*m^-1*K^-1]
%Inner pipe inner diameter in [m]
%Inner pipe outer diameter in [m]

density at 15ºC in [Kg*m^-3]
thermal conductivity at 15ºC in [W*m^-1*K^-1]
volumetric heat capacity at 15ºC in [J*m^-3*K^-1]
dynamic viscosity at 15ºC in [Pa*s]
mass flow in [l*s^-1]
inlet temperature for t=255600s in [ºC]
Prandtl number at 15ºC [-]

%Annulus (flexible polyethylene)
dei=0.1136;
%Annulus inner diameter in [m]
L=165;
%Active length in [m]
%Borehole
db=0.115;

%Borehole diameter in [m]

%Ground/soil (granite)
kappa_soil=3.15;
Cp_soil=2.24*10^6;
gamma_soil=1.78;
Ts=8.4;

%Ground thermal conductivity in [W*m^-1*K^-1]
%Ground volumetric heat capacity in [J*Kg^-1*m^-3]
%Non-specified constant
%Average ground temperature in [ºC]

%Simulation
tsim=255600;
at t0=12000s)

%Seconds of simulation in [s] (consider that TRT useful data starts

%Other variables and conversions
dH_p=dpi;
dH_ann=dei-dpo;
w=w/1000;
rb=db/2;

%Hydraulic diameter of inner pipe in [m]
%Hydraulic diameter of annulus in [m]
%Water volumetric flow in [m^3*s^-1]
%Borehole radius in [m]

%Length array, with elements from 0 to L in 5 meters segments
if mod(L,10)~=0
%The length value does not end in 0.
neL=floor(L/10);
%Initial number of elements for length array.
if mod(L,10)>5
%The remainder of dividing by 10 is superior to 5.
neL=neL*2+3;
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z=zeros(neL,1);
z(1,1)=0;
z(neL,1)=L;
for i=2:1:(neL-1)
z(i,1)=z(i-1,1)+5;
end
else
neL=neL*2+2;
z=zeros(neL,1);
z(1,1)=0;
z(neL,1)=L;
for i=2:1:(neL-1)
z(i,1)=z(i-1,1)+5;
end
end
else mod(L,10)==0
neL=floor(L/10)*2+1;
z=zeros(neL,1);
z(1,1)=0;
z(neL,1)=L;
for i=2:1:(neL-1)
z(i,1)=z(i-1,1)+5;
end
end

%0 meters.
%Total depth.
%Filling the rest of the length array.

%The remainder of dividing by 10 is lower or equal to 5.

%The length value ends in 0.

%Dimensionless depth array
zD=z/L;
%DEVELOPMENT OF THE MATHEMATICAL MODEL
%Calling N12 function
[N12, Re_p, Re_ann, hpi, hpo, Deltapressure_p, Deltapressure_ann,
Deltapressure_T,f_p,f_ann,W]= N12calc (w, dpi, rho_fluid, dH_p, mu_fluid, Pr, kappa_fluid,
dei, dpo, dH_ann, kappa_p, Cp_fluid, L, eff)
%Time equals to 63 hours of TRT
t=226800;
%Calculating temporary Rs2 for t=226800s
[Rs2]=Rs2calc(kappa_soil, Cp_soil, gamma_soil, rb, t)
%Calling Rb2 function
[Rb2]=Rb2calcv3(neL,Rs2,N12,Q,w,Cp_fluid,Tin,Ts,L,z,zD)
%Time vector, simulating around 71 hours in 1000 seconds time-periods and starting from 12000s
t0a=floor(tsim/1000);
net=t0a-12;
t=zeros(1,net);
t(1,1)=12000;
for j=2:1:net
t(1,j)=t(1,j-1)+1000;
end

%Number of elements of t array
%Creation of the time array
%First value fot t array, 12000 seconds

%All the vectors are defined as matrices to take into account time dependency
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T1=zeros(neL,net);
T2=zeros(neL,net);
TD1=zeros(neL,net);
dependent
TD2=zeros(neL,net);
dependent
Ns2=zeros(1,net);
Tin=zeros(1,net);
a1=zeros(1,net);
a2=zeros(1,net);
C1=zeros(1,net);
C2=zeros(1,net);
C3=zeros(1,net);
C4=zeros(1,net);

%Inner pipe temperature profile array, time dependent
%Annulus temperature profile array, time dependent
%Inner pipe dimensionless temperature profile array, time
%Annulus dimensionless temperature profile array, time
%Time dependent ground conductance array
%Time dependent inlet temperature array
%Time dependent mathematical constants from the model

for j=1:1:net
Rs2=Rs2calc(kappa_soil, Cp_soil, gamma_soil, rb, t)
Rs2f=Rs2(1,j);
Ns2(1,j)=L/(w*Cp_fluid*(Rb2+Rs2f));
x=Ns2(1,j)*(((exp(0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5))1)/(0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5)))*(1+(0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1
,j))^0.5))/N12)*(1/((-(0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5))/(0.5*(Ns2(1,j)(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5)))*exp((0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5))(0.5*(Ns2(1,j)-(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5)))+1))+((exp(0.5*(Ns2(1,j)(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5))-1)/(0.5*(Ns2(1,j)(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5)))*(1+(0.5*(Ns2(1,j)(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5))/N12)*(1+(1/(((0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5)
)/(0.5*(Ns2(1,j)(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5)))*exp((0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5))(0.5*(Ns2(1,j)-(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5)))-1))));
Tin(1,j)=Ts+(Q/(w*Cp_fluid*x));
a1(1,j)=0.5*(Ns2(1,j)+(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5);
a2(1,j)=0.5*(Ns2(1,j)-(Ns2(1,j)^2+4*N12*Ns2(1,j))^0.5);
C1(1,j)=1/((-a1(1,j)/a2(1,j))*exp(a1(1,j)-a2(1,j))+1);
C2(1,j)=1-C1(1,j);
C3(1,j)=(1+a1(1,j)/N12)*C1(1,j);
C4(1,j)=(1+a2(1,j)/N12)*C2(1,j);
%Obtaining dimensionless temperature profiles
for i=1:1:neL
TD1(i,j)=C1(1,j)*exp(a1(1,j)*zD(i,1))+C2(1,j)*exp(a2(1,j)*zD(i,1));
for uniform ground temperature
TD2(i,j)=C3(1,j)*exp(a1(1,j)*zD(i,1))+C4(1,j)*exp(a2(1,j)*zD(i,1));
for uniform ground temperature
end
%Obtaining actual temperatures from dimensionless temperatures
for i=1:1:neL
T1(i,j)=Ts+TD1(i,j)*(Tin(1,j)-Ts);
obtain actual temperature from the dimensionless one
T2(i,j)=Ts+TD2(i,j)*(Tin(1,j)-Ts);
obtain actual temperature from the dimensionless one
end

%Equation (16)
%Equation (17)

%Equation (2), to
%Equation (2), to

end

Emilio Giménez Polo

81

APPENDIX
th=t/3600;

%Converting t array from seconds to hours

Tout=zeros(1,net);
for k=1:1:net
Toutvalue=T2(1,k);
Tout(1,k)=Toutvalue;
end

%Outlet temperature array

Tmean=zeros(1,net);
for k=1:1:net
Tmean(1,k)=(Tout(1,k)+Tin(1,k))/2;
end

%Mean temperature array

%Dimensionless heat rate
QD=zeros(1,net);
for k=1:1:net
QD(1,k)=(Q*(Rb2+Rs2(1,k)))/((Tin(1,k)-Ts)*L);
end
figure(3)
plot(th,Tin, 'r')
hold on
plot(th,Tmean, 'y')
hold on
plot(th,Tout, 'b')
set(gca, 'FontName', 'Georgia')
xlabel('Time (h)')
ylabel('Temperature (ºC)')
legend('T_i_n','T_m_e_a_n','T_o_u_t')
title('Inlet and outlet temperatures against time')
grid on
hold on
figure(4)
plot(th,Rs2, 'r')
set(gca, 'FontName', 'Georgia')
xlabel('Time (h)')
ylabel('Ground thermal resistance ( m K W^-^1 )')
title('Ground thermal resistance over time')
grid on
hold on
tlog=log(th);
figure(5)
plot(tlog,Tin, 'r')
hold on
plot(tlog,Tmean, 'y')
hold on
plot(tlog,Tout, 'b')
set(gca, 'FontName', 'Georgia')
xlabel('Logarithm of time (h)')
ylabel('Temperature (ºC)')
legend('T_i_n','T_m_e_a_n','T_o_u_t')
title('In and out temperatures against log(t)')
grid on
hold on
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A.2.2 N12 function
%N12 function calculation
function [N12, Re_p, Re_ann, hpi, hpo, Deltapressure_p, Deltapressure_ann,
Deltapressure_T,f_p,f_ann,W]= N12calc (w, dpi, rho_fluid, dH_p, mu_fluid, Pr, kappa_fluid,
dei, dpo, dH_ann, kappa_p, Cp_fluid, L, eff)
%Convective heat transfer resistance inner pipe inner diameter
v_p=(w*4)/(pi*dpi^2);
%Water
velocity in the inner pipe in [m/s], velocity equals to volumetric flow rate divided by area
Re_p=(rho_fluid*v_p*dH_p)/mu_fluid;
%Reynolds
number in the inner pipe
if(Re_p>5*10^6)
%Checking that
Reynolds number is within the valid Nusselt correlation interval
fprintf('The Reynolds number for the inner pipe is outside of the valid interval\n')
return
end
if(Re_p<2300)
f_p=64/Re_p;
friction factor for the inner pipe (laminar flow)
Nu_p=4.364;
number laminar flow for the inner pipe
else
f_p=1/((0.79*log(Re_p)-1.64)^2);
friction factor for the inner pipe (turbulent flow)
Nu_p=((f_p/8)*(Re_p-1000)*Pr)/(1+12.7*(f_p/8)^0.5*(Pr^(2/3)-1));
number turbulent flow for the inner pipe
end
hpi=(Nu_p*kappa_fluid)/dH_p;
coeeficcient for the inner pipe in [W*m^-2*K^-1]
Rfi=1/(pi*dpi*hpi);
%Darcy-Weisbach equation for inner pipe (Deltapressure_p=p1-p2)
Deltapressure_p=(rho_fluid*f_p*0.5*L*v_p^2)/(dpi);
for inner pipe in [Pa]

%Darcy's
%Nusselt

%Darcy's
%Nusselt

%Convective

%Pressure loss

%Convective heat transfer resistance inner pipe outer diameter
v_ann=(w*4)/(pi*(dei^2-dpo^2));
%Water
velocity in the annulus in [m/s], velocity equals to volumetric flow rate divided by area
Re_ann=(rho_fluid*v_ann*dH_ann)/mu_fluid;
%Reynolds
number in the annulus
if(Re_ann>5*10^6)
%Checking that
Reynolds number is within the valid Nusselt correlation interval
fprintf('The Reynolds number for the annulus is is outside of the valid interval\n')
return
end
if (Re_ann<2300)
Nu_ann=4.364;
number laminar flow for the annulus
f_ann=64/Re_ann;
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friction factor for the annulus (laminar flow)
else
f_ann=1/((0.79*log(Re_ann)-1.64)^2);
friction factor for the annulus (turbulent flow)
Nu_ann=((f_ann/8)*(Re_ann-1000)*Pr)/(1+12.7*(f_ann/8)^0.5*(Pr^(2/3)-1));
number turbulent flow for the annulus
end
hpo=(Nu_ann*kappa_fluid)/dH_ann;
coeeficcient for the annulus in [W*m^-2*K^-1]
Rfo=1/(pi*dpo*hpo);

%Darcy's
%Nusselt

%Convective

%Darcy-Weisbach equation for the annulus (Deltapressure_p=p1-p2)
Deltapressure_ann=(rho_fluid*f_ann*0.5*L*v_ann^2)/(dH_ann);
loss for annulus in [Pa]

%Pressure

%Pipe wall resistance
Rpw=log(dpo/dpi)/(2*pi*kappa_p);
%N12
R12=Rfi+Rpw+Rfo;
N12=L/(w*Cp_fluid*R12);
%Total pressure loss
Deltapressure_T=Deltapressure_p+Deltapressure_ann;
%Pumping power
W=Deltapressure_T*w/eff;
end

A.2.3 Rs2 function
function [Rs2]=Rs2calc(kappa_soil, Cp_soil, gamma_soil, rb, t)
alfa_soil=kappa_soil/Cp_soil;

%Thermal diffusivity in [m^2*s^-1]

Rs2=(1/(4*pi*kappa_soil))*log((4*alfa_soil*t)/(gamma_soil*(rb^2)));
end

A.2.4 Rb2 function
function [Rb2]=Rb2calcv3(neL,Rs2,N12,Q,w,Cp_fluid,Tin,Ts,L,z,zD)
%Calling Ns2 function
x1=Q/(w*Cp_fluid*(Tin-Ts)); %Left side of equation (34)
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%This long function is equation (34) equals 0, once the integral is solved and constants are
substituted so it is only dependent on N12 and Ns2
fun=@(Ns2)Ns2*(((exp(0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))1)/(0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5)))*(1+(0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))/N12)*(1/(((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))/(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))*exp((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))-(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))+1))+((exp(0.5*(Ns2-(Ns2^2+4*N12*Ns2)^0.5))-1)/(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))*(1+(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5))/N12)*(1+(1/(((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))/(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))*exp((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))-(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))-1))))-x1;
bracket=[0.3,0.6];
positive solution is

%After checking figure(2), provide a bracket where the
%contained for case t=226800s

[y,niter,hist, a1, a2, C1, C2, C3, C4]=Ns2calc(N12,x1,fun,bracket)
Ns2=y;
%Obtaining dimensionless temperature profiles for t=226800s
for i=1:1:neL
TD1(i,1)=C1*exp(a1*zD(i,1))+C2*exp(a2*zD(i,1)); %Equation (16) for uniform ground
temperature
TD2(i,1)=C3*exp(a1*zD(i,1))+C4*exp(a2*zD(i,1)); %Equation (17) for uniform ground
temperature
end
%Obtaining actual temperatures from dimensionless temperature for t=226800s
for i=1:1:neL
T1(i,1)=Ts+TD1(i,1)*(Tin-Ts); %Equation (2), to obtain actual temperature from the
dimensionless one
T2(i,1)=Ts+TD2(i,1)*(Tin-Ts); %Equation (2), to obtain actual temperature from the
dimensionless one
end
%Plotting temperatures in the coaxial BHE against depth for t=226800s
z=z*-1;
figure(2)
plot(T1,z-17, 'r', 'LineWidth', 2)
hold on
plot(T2,z-17, 'b', 'LineWidth', 2)
set(gca, 'FontName', 'Georgia')
xlabel('Temperature (ºC)')
ylabel('Depth (m)')
legend('Inner pipe','Annulus')
title('Temperatures against depth for t=63h')
grid on
hold on
z=z*-1;
Rb2=(L/(w*Cp_fluid*Ns2))-Rs2;
end
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A.2.5 Ns2 function
%Ns2 function calculation - Iterative method: Regula falsi
function [y,niter,hist, a1, a2, C1, C2, C3, C4]=Ns2calc(N12,x1,fun,bracket)
if fun(bracket(1))*fun(bracket(2))>=0
fprintf(1,'The given bracket is not valid')
y='N';
niter='N';
hist='N'
else
v=[bracket];
a=0;
i=2;
while (a~=1)
xk1 = v(i) - (((fun(v(i))-fun(v(i-1)))/(v(i)-v(i-1))).^-1)*fun(v(i));
if fun(xk1)*fun(v(i))>=0 xk1=v(i-1);
end
v=[v,xk1];
a = or (norm(fun(v(i+1)))<=10.^(-5) , norm(v(i+1)-v(i))<=10.^(-5));
i=i+1;
end
y = v(i) ;
niter = i;
hist = v;
end
figure(1)
h=@(Ns2)Ns2*(((exp(0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))1)/(0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5)))*(1+(0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))/N12)*(1/(((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))/(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))*exp((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))-(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))+1))+((exp(0.5*(Ns2-(Ns2^2+4*N12*Ns2)^0.5))-1)/(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))*(1+(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5))/N12)*(1+(1/(((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))/(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))*exp((0.5*(Ns2+(Ns2^2+4*N12*Ns2)^0.5))-(0.5*(Ns2(Ns2^2+4*N12*Ns2)^0.5)))-1))))-x1;
ezplot(h,[-5 5 -5 5])
title('Equation RF')
set(gca, 'FontName', 'Georgia')
xlabel('x axis')
ylabel('y axis')
grid on
hold on
%Once Ns2 is solved, the rest of constants can be calculated
a1=0.5*(y+(y^2+4*N12*y)^0.5);
a2=0.5*(y-(y^2+4*N12*y)^0.5);
C1=1/((-a1/a2)*exp(a1-a2)+1);
C2=1-C1;
C3=(1+a1/N12)*C1;
C4=(1+a2/N12)*C2;
end
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A.3 2-dimensional COMSOL model
In this section of the appendix COMSOL® equations of the two implemented physics module
and the material properties extracted from EduPack® are presented.

A.3.1 COMSOL® Heat Transfer in Solids and Fluids module equations
The set of equations solved in COMSOL® for the Heat Transfer in Solids and Fluids module
in this work are given next in this subsection.

𝜌 𝐶𝑝 𝐮 ∙ ∇𝑇 + ∇ ∙ 𝐪 = 𝑄

(A.1)

𝐪 = −𝑘 ∇𝑇

(A.2)

As it can be noticed, both equations have been already defined in this work, being (A.1) the
temperature equation, particularized for the existent heat transfer problem in this work; and
(A.2) is the Fourier’s law for heat conduction.

A.3.2 COMSOL® Turbulent flow, k-ω module equations
The set of equations solved in COMSOL® for the Turbulent flow, k-ω module in this work are
given next in this subsection.

𝜌(𝐮 ∙ ∇)𝐮 = ∇ ∙ [−𝑝𝐈 + 𝐊] + 𝐅 + 𝜌𝐠

(A.3)

𝜌∇ ∙ 𝐮 = 0

(A.4)

𝐊 = (𝜇 + 𝜇T )(∇𝐮 + (∇𝐮)T )

(A.5)

𝜌(𝐮 ∙ ∇) 𝑘 = ∇ ∙ [(μ + μT 𝜎𝑘∗ )∇𝑘] + 𝑃𝑘 − 𝛽0∗ 𝜌𝜔𝑘

(A.6)

𝜌(𝐮 ∙ ∇) 𝜔 = ∇ ∙ [(μ + μT 𝜎𝜔∗ )∇𝜔] + 𝛼
𝜇T = 𝜌

𝜔
𝑃 − 𝜌𝛽0 𝜔2
𝑘 𝑘

𝑘
𝜔

𝑃𝑘 = μT [∇𝐮: (∇𝐮 + (∇𝐮)T )]

(A.7)
(A.8)
(A.9)

It can be seen that equations (A.3) and (A.4) correspond to the energy conservation law and
the continuity equation, particularized for the existent fluid flow problem in this work. The
remaining equations correspond to the Wilcox revised k-ω model.
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A.3.3 Material properties obtained using EduPack®
Some of the required material properties for COMSOL® are not previously specified in the
original reference. This is the case for the inner pipe density 𝜌𝑝 and specific heat capacity 𝐶𝑝 ;
and the ground density 𝜌𝑠 . These values are obtained using the software EduPack®. The version
of the software used in this work is the 2019 version.
For both density values, the MDPE (Polymers: plastics, elastomers → Plastics →
Thermoplastics → PE (Polyethylene → Medium density → PE-MD) and the granite (Ceramics
and glasses → Non-technical ceramics → Minerals and stone → Stone → Granite) an
arithmetic mean is calculated for the interval displayed in the software for these magnitudes.
For the case of the specific heat capacity of the MDPE one specific value is given.
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