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Abstract The heat transfer performance of a vertical two-phase closed thermosyphon (TPCT)
used in a geothermal heat pump was experimentally investigated. The TPCT is a vertical plain steel
pipe with inner diameter of 114 mm and bored 368 m deep underground. Carbon dioxide (CO2) is
used as working fluid. In the TPCT there is no condensation section. CO2 is condensed by the
evaporator of the heat pump, flows into the head of the TPCT and runs down as a falling film
along the inner wall of the pipe. For the heat transfer simulation in the TPCT, a quasi-dynamic
model in which the mass transfer between the liquid and vapor phases as well as the conduction
heat transfer from the surrounding soil towards the pipe is treated dynamically. However the film
flow modeling is based on the Nusselt theory of film condensation. The comparison of the
experimental data with the numerical simulation is presented and discussed.
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1. Introduction

Geothermal heat is an effective heat source for heat
pumps used for space heating. Especially in winter heat
pumps using geothermal heat by a two-phase closed
thermosyphon (TPCT) are very reliable. Current geothermal
thermosyphons have a length of 100 � 150 m, which is
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Nomenclature

Cf Darcy friction factor
cp specific heat at constant pressure (unit: J/(kgUK))
D inner diameter of the heat pipe (unit: m)
Do outer diameter of the heat pipe (unit: m)
g gravitational acceleration (unit: m/s2)
Gr Grashof number
Δhfg evaporation enthalpy (unit: J/kg)
L length of the heat pipe (unit: m)
m fluid mass in a cell (unit: m)
mtotal total filling mass in the heat pipe (unit: kg)
m ̇f g mass transfer rate from liquid to vapor (unit: kg/s)
m ̇l liquid mass flow rate (downward) (unit: kg/s)
m ̇v vapor mass flow rate (upward) (unit: kg/s)
p pressure (unit: Pa)
Pr Prandtl number
q̇ heat flux (unit: W/m2)
r radial coordinate (unit: m)
R inner radius of the pipe (unit: m)
Re Reynolds number
t time (unit: s)
T temperature (unit: K)
wl liquid velocity (downward) (unit: m/s)
wl,δ liquid velocity at film/vapor interface (downward)

(unit: m/s)
wv vapor velocity (upward) (unit: m/s)
y coordinate perpendicular to the pipe wall (unit: m)
z downward axial coordinate (unit: m)

Greek letters

α heat transfer coefficient (unit: W/(m2UK))
β volumetric thermal expansion coefficient (unit: 1/K)
δ thickness of falling liquid film (unit: m)
ε void fraction
λ thermal conductivity (unit: W/(mUK))
μ dynamic viscosity (unit: PaUs)
ρ density (unit: kg/m3)
τ shear stress (unit: Pa)

Subscripts

cr critical point
f working fluid
fg phase change from liquid to vapor
i upper interface of a cell
iþ1 lower interface of a cell
l liquid
lam laminar
m mean value
pb pool boiling
s saturation
tur turbulent
v vapor
w wall
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sufficient to supply a heat pump for a single-family house
[1]. However, these systems do not meet the needs of an
urban heating system because their thermal power is low
and the amount of sites for boreholes is limited in urban
areas. Therefore, geothermal thermosyphons with higher
thermal power for urban application are demanded.
A lot of research work has been done on the thermal

performance of TPCTs for geothermal heat pumps. Dobran
[2] presented an analytical model for determining the
steady-state characteristics and stability thresholds of a
TPCT. His analytical model was based on a lumped
parameter description of the system that includes the
thermohydraulics of vapor core, liquid film and liquid pool
of the evaporator. Reed and Tien [3] presented a thermo-
syphon model consisting of the transient one-dimensional
governing equations for mass, momentum and energy
balances in the liquid film and vapor core coupled with
the correlations for shear stress and heat transfer coefficients
to predict the steady-state and transient performance of the
TPCTs. Harley and Faghri [4] developed a transient two-
dimensional model in which the vapor flow as well as the
heat conduction in the pipe wall were treated as two-
dimensional and were solved numerically with SIMPLE
scheme. A quasi-steady Nusselt solution was used for
modeling the liquid film. Pan [5] developed a condensation
model for a TPCT by considering the interfacial shear due
to mass transfer and interfacial velocity, which showed the
significance of the interfacial shear on the condensation
inside the thermosyphon. Jiao et al. [6] conducted a set of
experimental measurements and developed their theoretical
model for condensation and film evaporation considering
the interfacial shear stress between the liquid film and vapor
flow in the Nusselt condensation theory. A drift flux model
for void fraction was used for modeling the pool boiling.
Shabgard et al. [7] developed a mathematical model for the
transient performance of vertical thermosyphons. The flow
and heat transfer in the vapor space were solved numeri-
cally by the use of a finite volume scheme. The condensate
film was modeled using a quasi-steady Nusselt solution
taking into account the effects of pressure gradient and
interfacial shear stress. Recently, Xu et al. [8] developed a
CFD model, which coupled the volume of fluid model,
phase change model and continuum surface force model for
a numerical simulation of heat transfer and fluid flow in a
TPCT. By using transient mass transfer time relaxation
parameters, their numerical results agree well with the
experimental data. Jafari et al. [9] presented a review of
experimental tests and applications, and summarized the
correlations for calculation of condensation and evaporation
in TPCTs. The experimental investigations were also
performed on the vertical tubes with large diameter.
Pashkevich and Muratov [10] performed the experiments
on upward steam flow condensation inside a vertical
duralumin tube with the internal diameter of 200 mm. It



Figure 1 Schematic of the field test plant in operation.
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is worth noting that their experimental data were much
lower than the Nusselt solution, which might be due to non-
uniform distribution of falling film.

Experimental investigations on TPCTs as a heat source for
heat pumps with carbon dioxide have been carried out by
Kruse [11]. Storch [12] made very detailed investigations on
geothermal heat pipes using propane as a working fluid. A
fundamental study on the heat transfer inside a thermosyphon
and its thermal limits was given by Groß [13]. Ebeling et al.
[14] reported their experimental results of two geothermal
carbon dioxide heat pipes drilled about 400 m deep under-
ground, which are compared to a simulation for the steady
state. One is a plain steel pipe with an inner diameter of
114 mm and the other is a helically corrugated pipe with an
inner diameter of 98 mm. Because carbon dioxide is a natural,
non-flammable and environmentally friendly working fluid it
can be installed in water protection areas. Due to its high
liquid and vapor density at a working pressure of about 35–
60 bar, pipes with low diameters can be used. Such a kind of
the geothermal heat pipe is a TPCT, however the condensa-
tion takes place in the evaporator of the geothermal heat
pump, and only the evaporation occurs in the vertical pipe in
the liquid film/vapor region and pool region.

A sufficient simulation of the heat and mass transfer inside
a geothermal heat pipe coupled to the surrounding soil is not
published yet. A first simulation procedure for the investiga-
tion of the dynamic behavior of a plain steel heat pipe was
developed and presented in Ref. [15] by Ebeling et al. This
MATLAB code for modeling the transient heat transfer
inside the pipe coupled with heat conduction in the pipe wall
and surrounding soil was further elaborated. In the present
work, more experimental data is used for validation. Earlier
simulations revealed that the modification of pool boiling
heat transfer coefficient with the void fraction [6] would
underestimate the pool boiling heat transfer. The Cooper
correlation [16] could well predict the pool boiling in the
TPCT with large inner diameter. The present work describes
the current status of the model and simulation procedure. The
model is validated with measured data taken from the field
test rig installed in Nienburg/Weser (Germany), see Figure 1.
2. On-site experiments

A field test project with two CO2-TPCTs within 50 m
distance from each other is successfully in operation in
Nienburg/Weser (Germany). The helically corrugated pipe
was set up on site continuously from a coil in one piece,
while the plain steel pipe had to be welded using pipes of
10 m length. The present work is focused on the plain pipe,
which has a length L¼368 m, inner diameter D¼114 mm
and outer diameter Do¼127 mm, and is designed to collect
about 22 kW of heat from the surrounding soil. Carbon
dioxide (CO2) is used as the working fluid of the TPCT.
The total filling mass of CO2 is 642 kg.

The TPCT is connected to a vapor-compression heat
pump using the refrigerant R410A as working fluid. The
compressor of the heat pump has an electrical consumption
of about 7.5 kW. During the test runs, the evaporation
temperature of the refrigerant was between 0 � 5 1C with a



Figure 2 Calculation regions of the geothermal heat pipe.
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heat load of about 25 kW. The refrigerant entering the
condenser had an overheated temperature of 80–90 1C and
was cooled in the condenser to the condensation tempera-
ture of 35 1C. Meanwhile, the water was heated in the
condenser from 35 1C to 45 1C for space heating.
As is shown in Figure 1, the heat load needed for

evaporating the refrigerant in the evaporator of the heat pump
is supplied by condensating the gaseous CO2 leaving the
TPCT. The CO2 vapor condenses inside a plate heat
exchanger and the condensate (liquid CO2) runs back to the
TPCT and falls down along the inner wall of the pipe. While
the liquid CO2 flows down, it is heated by the surrounding soil
through the pipe wall and evaporates. The rest of the liquid
flow might reach the pool region where the liquid is further
heated and boils. Due to the density difference the vapor rises
up to the pipe head and is available for condensation by the
evaporator of the heat pump. Figure 1 shows a schematic
flowchart of the geothermal heat pump plant.
The test rig is equipped with resistive temperature sensors

(PT), thermocouples (TC), pressure transducers (P), a flow
meter (V) and an electric power meter (Pel) for the
compressor motor, see Figure 1. The temperature distribution
along the pipe wall is measured with a fiber optic tempera-
ture measurement technique (FOM). Therefore, a fiber optic
cable used in communication technology is attached to the
outside of the pipe. The two resistive temperature sensors
attached to the outer pipe surface (PT103, PT104) are used
for validating the data gathered by the FOM solely.
For modeling the transient heat transfer process of the

TPCT, some measured test data are taken as the input data
of the simulation, such as the pressure at the head of the
TPCT, as well as the measured temperature variation of the
pipe wall at the ground surface position (z¼0 m), which is
taken as the boundary condition at z¼0 m and
0.0571 mrr r 50 m, see Figure 2. More details about
the experiments can be found in Ref. [14].
3. Theoretical model

The heat transfer process for the geothermal thermosy-
phon consists of four parts: (1) boiling or convective heat
transfer in the pool region, (2) evaporation/condensation or
vapor convective heat transfer in the liquid film/vapor
region, (3) heat conduction in the pipe wall, (4) heat
conduction in the surrounding soil region. The four
corresponding calculation regions are shown in Figure 2.
The whole region is divided into 500 subsections in the
vertical direction (denoted by index i). In the radial
direction, the fluid and pipe wall occupy one subsection
for each, and the soil region is divided into 48 subsections
(denoted by index j). Totally there are 25,000 cells.

3.1. Conservation of mass

For convenience we define that the vapor flow direction
is upward, and the liquid flow direction is downward. In
each cell the conservation equation of mass for the vapor
phase and liquid phase can be written as.

dmv

dt
¼mḟg þ m ̇v;iþ1�m ̇v;i ð1Þ

dml

dt
¼ ṁl;i�m ̇l;iþ1�ṁf g ð2Þ

where mv and ml are the mass of vapor and liquid per cell,
mv̇;iþ1 and ṁl;i are the mass flow rates of the vapor and
liquid entering the cell, mv̇;i and m ̇l;iþ1 are those leaving the
cell. Following from:

Q ̇¼ ṁf g UΔhf g ¼ q ̇UA ð3Þ
the mass transfer rate from the liquid phase to the vapor
phase, ṁf g, can be calculated by Eq. (4) if there is a phase
change (evaporation or condensation),

mḟg ¼
q ̇πDΔz
Δhf g

ð4Þ

where Δhfg is the evaporation enthalpy, D is the inner
diameter of the pipe, and q ̇ is the heat flux,

q ̇¼ αðTw�Tf Þ ð5Þ
Eqs. (1) and (2) are applied to all cells inside the pipe.

The transient terms at the left side of the equations can be
discretized with an implicit scheme,

dm

dt
� m�mð0Þ

Δt
ð6Þ

where m can be either ml or mv and “(0)” denotes its value
at the last time level.

3.2. Model for pool region

In the pool region, whether the boiling would happen
depends on the excess temperature ΔTe ¼ Tw�Ts. For
simplicity we assume a zero excess temperature ΔTe ¼ 0,
that means, if the wall temperature Tw is higher than the
saturation temperature Ts, pool boiling occurs, otherwise
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there is only a natural convection heat transfer. The
calculation consequence in the pool region is upward,
beginning from the pipe bottom with the bottom cell of
the pipe. The heat transfer coefficient for the bottom surface
of the pipe is calculated according to the correlations
[17,18],

αnatural;bottom ¼ λl;m
R

� CðGrPrÞ1=6l ð7Þ

in which C ¼ 1.076 for heating and C ¼ 0.747 for cooling.
For the natural convection heat transfer inside a vertical

cylinder we use the equation of Elenbaas [19] and rewrite it
for each cell in the pool region as

αnatural;l ¼ λl;mðGrPrÞl
16ðziþ1�ziÞ

exp �16
0:5ðL�ziþ1Þ
RðGrPrÞl

� �3=4
" #(

�exp �16
0:5ðL�ziÞ
RðGrPrÞl

� �3=4
" #)

ð8Þ

where

ðGrPrÞl ¼
ρ2l;mcp;l;mgβl;mR

3ΔT
μl;mλl;m

: ð9Þ

If the wall temperature is lower than or equal to the
saturation temperature, no boiling occurs. In this case the
liquid temperature should be calculated with the energy
equation for single phase pipe flow. We formulate the
convective heat transfer in the energy equation for the pool
region with an upwind scheme,

d

dt
ðcp;mmlTf ;iÞ þ ½ maxð�m ̇l;i; 0Þ þ maxðm ̇l;iþ1; 0Þ�cp;mTf ;i

¼ cp;m½ maxðm ̇l;i; 0ÞTf ;i�1� maxð�ṁl;iþ1; 0ÞTf ;iþ1�
þ απDΔzðTw;i�Tf ;iÞ:

ð10Þ
According to the assumption of a zero excess tempera-

ture, pool boiling occurs if the wall temperature is higher
than the saturation temperature. In such a case the fluid
temperature remains at the saturation temperature and the
Cooper correlation [16] can be used for calculating the heat
transfer coefficient,

αpb ¼ 55q ̇0:67M�0:5ð p=pcrÞð0:12�0:2 lgðRpÞÞð� lgð p=pcrÞÞ�0:55

ð11Þ
in which the units of αpb and q ̇ are W/(m2UK) and W/m2,
respectively. M is the molar mass of CO2, M ¼ 44.01 kg/
kmol, pcr is the critical pressure of CO2, pcr ¼ 73.773 bar,
and the surface roughness Rp ¼ 0.4 μm.

In the pool region, the mass of vapor or liquid in a cell is
given by Eqs. (12) and (13),

mv ¼ ερv
π

4
D2Δz ð12Þ

ml ¼ ð1�εÞρl
π

4
D2Δz: ð13Þ
The void fraction ε in Eq. (13) is calculated with the drift
flux model of Kataoka and Ishii [20],

ε¼ jv
C0 jv þ Vvj

; ð14Þ

in which the superficial velocity of gas and liquid in Eq.
(14) are defined as jv ¼ 4mv̇= ρvπD

2
� �

, and Vvj is the drift

velocity, Vvj ¼ Vþ
vj

�
σgðρl�ρvÞ1=2=ρl

�1=2
. C0 is a distribu-

tion parameter. For a round tube, C0 ¼ 1:2�0:2
ffiffiffiffiffiffiffiffiffiffiffi
ρv=ρl

p
.

The dimensionless drift velocity Vþ
vj can be calculated with

the correlation [20]:

Vþ
vj ¼ 0:0019D

�ð ρl=ρvÞ0:157N �0:562
μ ð15Þ

D
� ¼ min D=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ

gð ρl�ρvÞ
r

; 30

	 

ð16Þ

Nμ ¼ min μl ρlσ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ

gð ρl�ρvÞ
r� ��1=2

; 2:25� 10�3

( )
:

ð17Þ
With known heat transfer coefficient and the vapor mass

flow rate entering the cell ðṁv;iþ1Þ, the vapor mass flow rate
leaving the cell ðm ̇v;iÞ can be obtained with Eq. (1) and other
related equations. In the same way, the liquid flow rate
entering the cell ðml̇;iÞ is determined by Eq. (2) with known
ṁl;iþ1.
3.3. Model for liquid film/vapor region

In the liquid film/vapor region different forms of heat
transfer can occur along the pipe, mainly evaporation,
condensation or single phase convective heat transfer
(vapor). The cells in this region can be treated as wet cells
(two-phase) and dry cells (single phase).
3.3.1. Wet cell
If a liquid film exists, the vapor in a cell is saturated.

Whether an evaporation or condensation occurs depends on
whether the wall temperature is higher than the saturation
temperature. In both cases the heat transfer coefficient is
dominated by the thickness of the liquid film. In the present
work, the quasi-steady Nusselt-type solution procedure used
by Refs. [4–7] is adopted for modeling the falling film. In
this procedure the following assumptions are made: (1) The
transient term and fluid inertia in the momentum equation is
neglected. (2) The velocity component in horizontal direc-
tion is neglected. (3) The liquid film thickness is much
smaller than the vapor space radius. Based on these
assumptions, the momentum equation for the liquid film
is simplified to

d2wl

dy2
¼ � ð ρl�ρvÞg

μl
ð18Þ



Johann-Christoph Ebeling et al.112
y¼ 0 : wl ¼ 0; y¼ δ :
dwl

dy
¼ � τδ

μl
ð19Þ

in which τδ is the interfacial shear stress between the liquid
film and vapor flow,

τδ ¼ Cf

4
ρv
2
ðwl;δ þ wvÞ2� m ̇f g

πDΔz
ðwl;δ þ wvÞ ð20Þ

As has been mentioned afore, the velocity direction of the

liquid (wl) is downward, and that of the vapor flow (wv) is
upward. Integrating Eq. (18) twice with respect to y using
the boundary condition (19), we obtain the liquid mass flow
rate and velocity at the interface as follows, respectively,

ṁl ¼
πDρlδ

2

μl
½gðρl�ρvÞδ=3�τδ=2� ð21Þ

wl;δ ¼
δ

μl
gðρl�ρvÞδ=2�τδ
� �

: ð22Þ

With given liquid mass flow rate m ̇l, the film thickness δ
can be obtained by solving Eq. (21).
The correlations of Darcy friction factor appearing in Eq.

(20) are taken from the literature for different Reynolds
numbers:
Laminar flow:

Cf ¼ 64=Rev
Revr2000ð Þ ð23aÞ

Blasius:

Cf ¼ 0:3164Re�0:25
v

ð3000oRevr105Þ ð23bÞ

Hermann:

Cf ¼ 0:0054þ 0:3964Re�0:3
v

ð2� 104oRevr5� 107Þ ð23cÞ

Gnielinski:

Cf ¼ 1:819 log10 Revð Þ�1:64
� ��2

ð106oRevr5� 107Þ ð23dÞ

Prandtl-Karman:

Cf ¼ 2 log10
ffiffiffiffiffiffi
Cf

p
Rev

� �� ��2

ð2� 106oRevÞ
ð23eÞ

For the transition region 2000oRevr3000, an inter-
polation between Eqs. (23a) and (23b) is used. The
Reynolds number for the vapor flow is calculated as:

Rev ¼
4mv̇

μvπD
: ð24Þ

The heat transfer coefficient for falling film evaporation
and condensation are based on the following Eq. [21]:

αlam ¼ ρ2l gλ
3
l πD

3μlṁl

� �1=3

¼ 4
3

� �1=3 ρ2l gλ
3
l

μ2l

� �1=3

Re�1=3
f ilm ð25Þ
αwave�lam ¼ 0:606
ρ2l gλ

3
l

μ2l

� �1=3
Ref ilm
4

� ��0:22

ð26Þ

αtur ¼ 3:8� 10�3 ρ2l gλ
3
l

μ2l

� �1=3

Re0:4f ilmPr
0:65
l ð27Þ

in which the film Reynolds number is calculated as:

Ref ilm ¼ 4ml̇

μlπD
: ð28Þ

We have to enhance the ratio of heat transfer coefficient due
to capillary waves on the film surface and turbulent flow,

Cwave ¼
αwave�lam

αlam
¼ 0:74693Re1=3�0:22

f ilm ð29Þ

Ctur ¼
αtur

αwave�lam
¼ 4:6223

�10�3Re0:62f ilm

cp;l;mμl;m
λl;m

� �0:65

ð30Þ

which yields,

αf ilm ¼CwaveCturλl=δ: ð31Þ
The calculation consequence in the liquid film/vapor region

is downward, beginning from the top end of the pipe. For each
cell in this region, Eq. (2) is used to determine the liquid mass
flow rate leaving the cell and entering the next cell,

m ̇l;iþ1 ¼ml̇;i�ṁf g�
dml

dt
ð32Þ

in which ṁfg is calculated with Eqs. (4), (5) and (31).
At the pipe inlet (the top end of the pipe) the liquid mass

flow rate entering the first cell is at first assumed and then
modified according to the calculated total filling mass of
CO2 in the TPCT,

m ̇l;1 ¼mv̇;1 þ
mtotal�m�

total

Δt
;

m�
total ¼

Xnz
i ¼ 1

ðml;i þ mv;iÞ ð33Þ

where nz is the number of cells in the fluid. For each time
step the inlet liquid mass flow rate is adjusted until the
deviation between m�

total and mtotal is small enough.

3.3.2. Dry cell
For a dry cell, if the wall temperature is lower than the

saturation temperature, the vapor will condense on the wall
surface. We use the classical Nusselt solution presented in
Harley [4] to estimate an initial value of the mean film
thickness of the cell,

δ¼ 1
2

4μlλlðTs�TwÞΔz
gρ2l Δhf g

 �1=4
ð34Þ

and then treat the cell as a wet one.
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For the case of single phase convective heat transfer (the
wall temperature is higher than the saturation temperature),
the Gnielinski correlation [22] is used,

αf orced;v ¼ λv
D

ðf =8ÞðRev�1000ÞPrv
1þ 12:7

ffiffiffiffiffiffiffi
f =8

p
ðPr2=3v �1Þ

ð35Þ

for a forced convection heat transfer, in which

f ¼ ½1:82 log10ðRevÞ�1:64��2: ð36Þ
The Reynolds number for vapor flow Rev from Eq. (25)

is used.
The equation of Elenbaas [19] for natural convection heat

transfer is expressed as

αnatural;v ¼ λv GrPrð Þv
16Δz

exp �16
0:5 zpool�ziþ1

� �
R GrPrð Þv

� �3=4
" #(

�exp �16
0:5ðzpool�ziÞ
RðGrPrÞv

� �3=4
" #)

: ð37Þ

The larger one between αforced,v and αnatural,v will be
used. The vapor temperature is calculated with the upwind
scheme similar to Eq. (10).

3.4. Model for pool level

The cell containing the pool interface is denoted by the
index ipool ðzipool rzpoolrzipoolþ1Þ. This cell is divided into
two parts: pool sub-cell ðzpoolrzrzipoolþ1Þ and liquid film/
vapor-sub-cell ðzipool rzozpoolÞ. The calculation methods
have been discussed afore. However, in this cell the liquid
mass flow rates entering and leaving the cell are determined
by the calculation for its upper and lower adjacent cells.
Applying Eq. (2) approached with the implicit scheme of
Eq. (6) to this interfacial cell would yield

ml ¼mð0Þ
l þ ðml̇;i�ṁl;iþ1�m ̇f gÞΔt: ð38Þ

The new pool level can be evaluated by

zpool ¼ zipoolþ1�
ml

ml; max
Δz ð39Þ

in which

ml; max ¼ ð1�εÞρl
π

4
D2Δz: ð40Þ

Obviously, the negative value of ml indicates that the
pool level should fall into the lower cell. If the calculated
value of ml is larger than its maximal value, ml,max, the pool
level should rise into the upper cell.

3.5. Model for pressure distribution

The pressure drop of vapor flow consists of frictional
pressure drop Δpf, static pressure drop Δpg and pressure
drop due to acceleration Δpa,
Δp¼Δpf þ Δpg þ Δpa: ð41Þ
In the liquid film/vapor region the pressure drop is
determined according to the vapor flow,

Δpf ¼
CfΔz
D�2δ

ρv
2
ðwl;δ þ wvÞ2; ð42Þ

Δpg ¼
4

πD2 gmv; ð43Þ

Δpa ¼
4

πD2 ðm ̇v;iwv;i�m ̇v;iþ1wv;iþ1Þ: ð44Þ

In the pool region the relative velocity between the two
phases is low. Therefore the frictional pressure drop in the
pool can be neglected. The static pressure drop and pressure
drop due to acceleration are evaluated with Eqs. (45) and
(42), respectively,

Δpg ¼
4

πD2 gðml þ mvÞ ð45Þ

Δpa ¼
4

πD2 ðm ̇v;iwv;i�m ̇v;iþ1wv;iþ1

þm ̇l;iwl;i�ṁl;iþ1wl;iþ1Þ: ð46Þ

we take the measured pressure as the inlet pressure p1 and
calculate the pressure distribution beginning from the pipe
inlet,

piþ1 ¼ pi þ Δpi ði¼ 1; 2;⋯; nzÞ: ð47Þ
3.6. Model for heat conduction in pipe wall and soil

A transient two-dimensional energy equation is applied
to the coupled heat conduction in the pipe wall and
surrounding soil region.

ρcp
∂T
∂t

¼ 1
r

∂
∂r

λr
∂T
∂r

� �
þ ∂

∂z
λ
∂T
∂z

� �
: ð48Þ

The temperature distribution at the boundary far away
from the TPCT is taken from earlier measurements, when
the geothermal heat pipe had not been filled with CO2.

r¼ 50 m : Tsoilðz; 50; tÞ ¼ Tsoil;1ðzÞ: ð49Þ
This temperature distribution is also used as the initial

temperature,

t¼ 0 s : Tsoilðz; r; 0Þ ¼ Tsoil;1ðzÞ: ð50Þ
The measured temperature variation of the pipe wall at

the ground surface position is taken as the surface tempera-
ture of the whole calculation region

z¼ 0 m : Tsoilð0; r; tÞ ¼ Twð0; tÞ: ð51Þ
At the bottom boundary of the soil region, we simply set

an adiabatic boundary condition as

z¼ 500 m :
∂Tsoil

∂z
¼ 0: ð52Þ

At the interfaces between the fluid and inner wall of the
pipe, the boundary conditions are expressed with



Figure 3 Measured pressure (p1) and liquid mass flow rate (ṁl,1) at the
pipe inlet and simulated liquid mass flow rate.

Figure 4 Measured and simulated wall temperatures (Tw) and simulated
fluid temperature (Tf) at different pipe depths.
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r¼ 0:0571 m : λw
∂TW

∂r
¼ αðT�Tf Þ; ð53Þ

z¼ 368 m : λw
∂TW

∂z
¼ αðT�Tf Þ: ð54Þ

The boundary conditions at the interfaces between the
outer wall of the pipe and the soil are given for the pipe wall
region and surrounding soil region.
Pipe wall region:

r¼ 0:0635 m : λw
∂TW

∂r
¼ λsoil

∂Tsoil

∂r
; ð55Þ

z¼ 374:43 m : λw
∂TW

∂z
¼ λsoil

∂Tsoil

∂z
: ð56Þ

Soil region:

r¼ 0:0635 m : Tsoil ¼ Tw; ð57Þ

z¼ 374:43 m : Tsoil ¼ Tw: ð58Þ
The properties of the pipe and the soil used in the

simulation are as follows:
λw ¼ 40W/(mUK), ρw ¼ 7800 kg/m3, cp,w ¼ 470 J/(kgUK).
λsoil ¼ 1.2 W/(mUK), ρsoil ¼ 2285 kg/m3, cp,soil ¼

1480 J/(kgUK).
4. Results and discussions

Two sets of the experimental data to be investigated were
taken from the on-site experiment in May and June 2015,
respectively. The measurement started before the heat pump
was turned on and ended after the heat pump was turned off.
Therefore, the start-up and shutdown periods are included.
The measured data and simulated results during the whole
test period of the first test are shown in Figures 3(a)–5(a), and
those of the second test are given in Figures 3(b)–5(b). In the
first test, the heat pump was shortly turned off after the start-
up and then turned on again. Figure 3(a) shows the
corresponding liquid flow rate and pressure of CO2 at the
pipe inlet. In the simulation the measured inlet pressure and
the wall temperature at ground surface (z¼0 m) are taken as
input boundary conditions for the simulation.

Figure 3 shows a good agreement between the measured
inlet liquid mass flow rate and its predicted value except in
the start-up period, where a large deviation appears. Due to
the lack of CO2 and R410A flow meters, the mass flow rate
of the condensed CO2 at the inlet of the pipe is indirectly
evaluated using the heat load of the water cycle. The
dynamics of the heat pump have not yet been considered in
the present simulation. Additionally the temperature dis-
tribution inside the soil is considered to be given by the
temperature distribution taken before the pipe was filled



Figure 5 Measured and simulated wall temperatures (Tw) and simulated
fluid temperature (Tf) along the pipe.

Figure 6 Measured and simulated development of the pool surface (zpool).
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with CO2. This assumption leads to a non-existing tem-
perature gradient in radial direction. Thus the effect the heat
pipe has on the temperature distribution inside the soil due
to heat transfer in axial and radial direction is neglected.
This might be the reason for the deviation between the
measured and simulated mass flow during the start-up
period. Further experimental work to investigate the
dynamic behavior of the heat pump and the initial tem-
perature distribution in the soil region will be carried out.

The progression of wall temperature at four different
depths during the whole test are shown in Figure 4. From
the measured data, one can see the propagation of the film
front during the start-up period indicated by a sudden drop
in the local wall temperature. So far the simulated
propagation of the film line does not match the one obtained
by the measurements, which are presented in Ref. [14]. The
temperature profiles at t ¼ 60 min, 120 min and 240 min
are shown in Figure 5. The measured profile of the wall
temperature taken by FOM is a little higher than the
simulated one. This might be due to the contact heat
resistance between the pipe wall and the temperature sensor.
The deviation between the measured wall temperature and
simulated results also occur in the start-up period, which
might be caused by the assumption of the zero excess
temperature used in the present simulation and should be
further modified.

Figure 6 shows the development of the pool surface
inside the geothermal heat pipe. The simulated results are
compared to the measured pool surface, which is obtained
by interpreting the change of the temperature profile taken
by the FOM [14]. The simulated results are in very good
correspondence with the measured ones. The difference of
the simulated and measured pool surface averages to 4 m.
From both data it can be seen that the pool surface rises
during operation. This is on the one hand due to nucleate
boiling inside the pool. On the other hand, the total mass of
vapor inside the heat pipe declines with decreasing vapor
density. Thus the liquid mass of CO2 inside the pipe has to
rise. Due to the low filling level of the heat pipe the
detection of the pool surface by FOM is not always very
accurate. For the purpose of a better validation of the
simulation the filling level of the TPCT will be increased.
5. Conclusions

A dynamic simulation model for predicting the heat
transfer performance of a vertical TPCT used in a geother-
mal heat pump was developed. Unlike common TPCTs, the
geothermal thermosyphon has no condensation section in
the pipe region. The working fluid is condensed inside the
evaporator of a geothermal heat pump.

To validate the results of the dynamic simulation two sets
of measurement data are used. The developed model shows
good agreement with the measured data for long term
operation. However, the phenomena during the start-up
process are not represented very precisely yet. Nevertheless
some interesting phenomena can be seen. (1) In the start-up
period the soil temperature might be lower than the
saturation temperature of the fluid, therefore, condensation
especially in the upper regions of the pipe might occur,
rather than evaporation. (2) Because of low heat conduc-
tivity of the soil, the heat transfer of the whole process is
dominated by the heat conduction through the soil. It might
be meaningful to carry out more tests to predict the initial
soil temperature distribution and to evaluate the effective
heat conductivity of the soil. (3) Because of a high vapor
density of the CO2, the vapor Reynolds number could be
very high, and the vapor flow would be fully turbulent. The
correlations used in the model should cover the high
Reynolds number range. (4) The development of the pool
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surface due to nucleate boiling inside the pool and the
change in vapor density can be predicted reliably.
Until now we have not checked other correlations, i.e.

those listed in Ref. [9] and other literature. A further
investigation on the modeling of heat transfer performance
of the geothermal thermosyphon based on more experi-
mental data is demanded.
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