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Abstract. In this work 3D CFD analysis of a fluid flow problem within vertical ground
heat exchanger is discussed. Both downward and upward pipes of the heat exchanger are
made of polyethylene (PE100) and they are equipped with internal micro-fins. These fins
form a sort of threads with the pitch varying between 1200 mm and 1600 mm. Both pipes
(almost 250 meter long each) are connected at the lowest point either by standard U-turn
or by specially designed bottom chamber. Two different water-ethanol solutions circulate
within the pipes of the heat exchanger.

Because of the heat exchanger length the whole computational domain was divided
into three parts: inlet part, reversal or both pipes connection and remaining pipes for
which pressure drops depend linearly on the pipe length. These three parts were analysed
separately and obtained solutions have finally been coupled iteratively.

1 INTRODUCTION

Ground is an attractive source of heat and one of the most popular way of extracting
heat from the ground is the application of a vertical ground heat exchangers. Such
heat exchanger consists generally of two vertical pipes, i.e. downward and upward ones,
connected by the reversal as shown schematically in Fig. [I} Typically they are classified as
either closed loops or open loops depending on how they utilise the fluid flowing through
the system. Overview of the most frequently used models and systems can be found
elsewhere, for instance in [I]. No matter which solution is considered, the operating costs
of the heat exchanger (and in consequence of the whole installation) depends strongly on
the pumping power which is proportional to the total pressure drop of the installation,
the volume flow rate of the working fluid and energy efficiency of the pumps. From these
three parameters the first on, i.e. the total pressure drop is the most difficult to be
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determined. This task is particularly challenging if pipes of the ground heat exchanger
are equipped with some internal fins or installation contains reverse or bottom chamber
of special design. Example of such application can be found for instance in [2].

The main aim of this work is to propose a numerical procedure to determine the pressure
drop within the ground heat exchanger, including pressure drops caused by classical U-
turn but also special bottom chamber. The heat exchanger is built of the internally finned
pipe, or more precisely riffled pipe. The riffled pipe (its cross-section is shown in Fig. [2)) is
frequently applied in Scandinavia to build vertical-borehole ground-coupled heat pumps.

Collector:

Borehole wall+2,5 °C *

Grout '~
+ Bottom
. chamber
—iﬁr] 4
— Borehole length )
Rock temperature +8.5°C D - Full 360° revolution along the length
Figure 1: Sketch of the vertical ground heat ex- Figure 2: Cross-section of the riffled pipe.

changer.

The next section of this work presents details of the solution methodology including
governing equations, adopted turbulence model and boundary conditions. All geometri-
cal data as well as material and transport properties of working fluid required to perform
all computations are collected in Section 3. In Section 4, selected numerical results ob-
tained using Ansys/Fluent package are presented and discussed together with dimension-
less equation allowing one to estimate a total pressure drops in ground heat exchanger.
Concluding remarks are formulated at the end of the paper.

2 COMPUTATIONAL MODEL OF THE SOLUTION FLOW WITHIN RIF-
FLED PIPE AND BOTTOM CHAMBER

2.1 General approach and flow equations

The ground heat exchanger considered in this work is made of polyethylene PE100
riffled pipe [3]. The Standard Dimension Ratio (SDR) of this pipe is 17. The pipe has
16 small triangle internal fins (their height is roughly 1 mm) placed symmetrically along
the pipe circuit as it is shown in Fig. The fins form a sort of threads with the pitch
varying between 1200 mm and 1600 mm.

The heat exchanger consists generally of two vertical pipes, i.e. downward and upward
ones, connected by the U-turn either made of two 90° elbows called U-turn A in this work
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and shown in Fig. or having a form of the bottom chamber called U-turn B in this
work and shown in Fig. Bl It should be noted that pipes being a part of the U-turns do
not have any fins.

In typical working conditions temperature changes of the heat transfer carrier (water-
ethanol solution) are generally small. Therefore, in the analysis performed here, it is
assumed that the average temperature of the fluid is equal to +1°C and can be treated as
constant. It is also assumed that the concentration of the water-ethanol solution is either

24% or 35%.

— The borehole length can be even as long as 250 meters therefore
numerical discretisation of vertical pipes of the ground heat ex-
changer would result in a huge number of volume cells certainly
exceeding the capacity of modern computer memory and accept-
able computing time. Therefore, modelling water-ethanol solution
flow, the whole collector has been divided into following three basic
parts shown schematically in Fig. |3f

e entrance distance of the downward pipe having length big-
ger than 50 diameters of the pipe. This part is marked by
— magenta colour in Fig.

[
[

— e U-turn with the long enough outflow (upward) pipe. Its
length should again be bigger than 50 diameters of the pipe.
This part is marked by green colour in Fig. [3|

il e long downward pipe as well as long upward pipe (marked
by blue colour in Fig. [3) in which pressure drops depend

U linearly on the pipe length. The pressure drop along 1 meter

of the pipe was determined modelling solution flow within
repeatable segment of the pipe having the length equal to

Figure 3: Three ba- the pitch of the thread. The pipe with the thread pitch of
sic parts of the heat ex- 1200 mm is denoted as Pipe A, while the riffled pipe with the
changer. thread pitch of 1600 mm is denoted as Pipe B.

Modelling of the flow field within repeatable segment of the pipe, one has to determine

both inlet and outlet velocity fields. This requires iterative calculations in which outflow
field obtained in the current iteration is prescribed as the inlet flow field in the next
iteration. That iterative loop is terminated if difference between two successive flow fields
is smaller than acceptable calculation accuracy.

The framework for the development of the above discussed steady-state flow models
is based on standard balances of mass and momentum [4], 5], i.e. continuity and Navier-
Stokes equations which for a Newtonian fluid can be written as:

V-(o-v)=0 (1)



Andrzej J. Nowak, Jacek Smolka, Michal Palacz, Michal Haida and Jeremi Wos

0-(v-V)v=0-g—Vp+ (u+m) Vv (2)

where v denotes the velocity vector that (in general) is a function of time and position (i.e.
geometrical coordinates). The fluid density is represented by o, p and p; stand for the
fluid dynamic viscosity and turbulent viscosity, respectively. The term Vp represents the
gradient of the static pressure and g is the gravitational acceleration vector. Equations
(1)) and (2)) need to be solved using Ansys/Fluent commercial CFD software [6].

2.2 Adopted turbulence model

It is commonly accepted that the working fluid nominal flow that occurs in the riffied
pipe should be around beginning of turbulent regime and relevant Reynolds numbers are
generally fairly low. Therefore, the turbulence model eventually adopted in this work was
k — w model utilising the turbulence kinetic energy, k, and the specific dissipation rate,
w. These two quantities can be obtained from the transport equations proposed either by
standard k — w or share-stress transport (SST) k& — w. The details of both models can be
found for instance in [6] and [7]. It should be emphasised that in fact both & — w models
produce very similar results. Turbulent viscosity pu; is then obtained from the following
relationship: By

My = 0 o (3)
and substituted to Equation . It should also be stressed that in this work, the tur-
bulence intensity is additionally used to identify a degree of the flow turbulence. This
problem will be discussed in Section [4

2.3 Prescribed boundary conditions

In all three basic parts of the collector considered in this work, a standard no slip
boundary condition was prescribed on all physical walls. For the entrance distance of the
downward pipe marked by magenta colour in Fig. [3] uniform inlet velocity was assumed,
while the outlet velocity profile has been obtained as a result of the numerical modelling.

The inlet velocity profile for U-turn A or B (marked by green colour in Fig. |3) was de-
termined analysing the flow of the water-ethanol solution through the repeatable segment
of the pipe marked by blue colour in Fig.

As already mentioned, modelling of flow field within repeatable segment of the pipe
requires iterative calculations in which the outflow field obtained in the current iteration
is prescribed as the inlet flow field in the next iteration.

2.4 Determination of pressure drop

Solving system of Equations and , one obtains the information about many
physical fields including the pressure field. A result related to the repeatable segment of
the riffled pipe needs to be multiplied by the length of the pipe in which pressure drop
is linear to get a total pressure drop within that pipe. Summing up that result with the
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local pressure drops for entrance distance and U-turn, one obtains the total pressure drop

for the whole heat exchanger.

3 MODEL INPUTS

3.1 Geometrical data and transport properties of the solutions

The main geometrical data characterising riffled pipe and U-turns are given in Figs. [2]

[ and 5] together with Tables [I] and [2|
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Figure 4: Cross-section of the U-turn A.

Table 1: The main geometrical data of the riffled pipe.

PE 40mm SDR-17

Figure 5: Cross-section of the U-turn B.

Pipes PE-100
Dimension Par. Name Unit Value
Inner pipe diameter Al m 0.0352
Wall thickness A2 m 0.0024
Single rib width B m 0.0015
Single rib height C m 0.0015
Full 360° inner pipe revolution along pipe axis D m 1.2 1.6
Table 2: The main geometrical data of U-turn B.
Bottom chamber
Dimension Par. Name Unit Value
Quter pipe diameter E m 0.04
Inner pipe diameter F m 0.0352
Bottom chamber thickness G m 0.0055
Bottom chamber radius H ° 39.5
Distance between the pipes axis I m 0.0438
Outer width of the pipe inlet J m 0.0462
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The main thermal and transport properties of the 24% and 35% water-ethanol solutions
[8] are collected in Tables

Table 3: The main thermal and transport properties of the 24% and 35% water-ethanol solutions.

#1 Water - Ethanol Concentration : 0.24 #2 Water - Ethanol Concentration : 0.35
Properties Unit Value Properties Unit Value
Temperature oC 1.00 Temperature oC 1.00

Density kg/m3 972.00 Density kg/m3 957.40
Specific heat kJ/ (kg K} 4.292 Specific heat kl/(kg K) 4.051
Conductivity W/ ({m K) 0.4285 Conductivity W/(m K) 0.375

Dynamic viscosity Pas 0.005484 Dynamic viscosity Pas 0.006515

Kinematic viscosity mh2/s 5.64E-06 Kinematic viscosity m”2/s 6.80E-06

3.2 Numerical mesh

As already mentioned in Section [I| the generated numerical mesh needs to be fine
enough to guarantee the mesh-independent results of computer simulations. In addition,
dimensions of numerical cells neighbouring to the pipe wall have to be appropriate to
represent well so-called boundary layer.

Taking into account above constrains, the numerical mesh created for fluid flowing
within riffled pipe is very dense in the vicinity of fins and is twisted along threads lines.
This is demonstrated in Fig. [6] Fig. [7] presents the details of the mesh cross-section that
is perpendicular to the pipe axis. The mesh for Pipe A (the thread pitch of 1200 mm)
consists of almost 10 mln elements, while similar mesh for Pipe B (the thread pitch of
1600 mm) contains 15 mln of cells.

Figure 6: Numerical mesh for fluid in the riffled Figure 7: Cross-section of the numerical mesh
pipe. for fluid in the riffled pipe.

The numerical mesh for U-turn A made of two 90° elbows was generated in a very
similar way. It consists of 130 thous. of volume cells and is shown in Fig. [§ and [9] The
upward pipe (right one) is longer to determine fully developed outflow field.

6
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Jd U

Figure 8: Numerical mesh for fluid in U-turn A Figure 9: Numerical mesh for fluid in U-turn B
having a form of the standard two elbows. having a form of the bottom chamber.

4 SELECTED RESULTS AND THEIR DISCUSSION

Although as mentioned in Section [2, the computations were performed for two compo-
sitions of the working fluid, i.e. the 24% and 35% water-ethanol solution flowing through
the considered vertical ground heat exchanger, mainly results for the the first concen-
tration are presented here due to limited space. The results are presented along two
diameters of Pipe A (1200 mm for a full thread revolution) and Pipe B (1600 mm for a
full thread revolution). The location of those diameters is presented in Fig. . In this
figure, the diameters denoted as Diameter 1 and Diameter 2 connect the fin tips (contin-
uous line) and the internal walls between fins (dotted line), respectively. In addition, the
local pressure loss determined for the U-turns is discussed. These parts are referred to as
U-turn A for the two 90° elbows shown in Fig. [f] and U-turn B for the bottom chamber
shown in Fig.

Dharerior 15

The considered flow cases cover six values
of the Reynolds number of 2750 (on-design
case), 2110, 1700, 1500, 1200 and 1000 for
the concentration of the 24% water-ethanol
solution and the Reynolds number of 2300
(on-design case), 1750, 1400, 1200, 1000
Figure 10: Diameter position for the results pre- and 800 for the concentration of the 35%
sentation along the pipe diameter in Section [4 water-ethanol solution.

Figs. present axial, radial and tangential velocities along Diameter 1 and 2 for
all the considered flow cases in Pipe A and B, respectively. When the velocity profiles in
these figures are compared, it becomes clear that the axial velocity dominates over the two
remaining velocity vector components in the flow core. In particular, the axial velocity is
by two order of magnitute larger than the radial and tangential velocities. The situation
drastically change in the near wall layer. In this region, the axial velocity component is
substantially reduced. This also means that the other velocity components play a more
important role resulting in the swirl flow.

Another observation is related to the shape of the axial velocity profile presented in
Figs. and [12] For higher Re numbers, the steeper axial velocity profile near the walls

7
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Figure 11: Axial velocity in m/s along the pipe Figure 12: Axial velocity in m/s along the pipe

diameter for all the considered cases in Pipe A. diameter for all the considered cases in Pipe B.
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Figure 13: Radial velocity in m/s along the pipe Figure 14: Radial velocity in m/s along the pipe
diameter for all the considered cases in Pipe A. diameter for all the considered cases in Pipe B.

occurred in both pipe types. In contrary, the results obtained for low Re numbers showed
a more flat profile. These profile shapes are consistent with the theory.

In Figs. [I7 and [I8] the turbulence intensity along both pipe diameters of Pipe A and
B is presented, respectively. For both pipe types, the turbulence intensity profile was of
the saddle shape. This means that the parameter has a noticeable lower value in the pipe
axis than in the region of the pipe fins.

Another observation that can be made is the shape of the turbulence intensity profile
for the low and high Re numbers. It can clearly be seen that the profile saddle shape is
much more flat for low Re flow when compared with the high Re flow.

The computed pressure drop in Pipe A and B per each meter of the pipe length is
presented in Figs. and [20] As shown in both figures, the pressure drop is almost
identical for both pipes. It should also be noted that the pressure drop is constant within
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Figure 15: Tangential velocity in m/s along the = Figure 16: Tangential velocity in m/s along the
pipe diameter for all the considered cases in Pipe pipe diameter for all the considered cases in Pipe
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Figure 17: Turbulence intensity along the pipe Figure 18: Turbulence intensity along the pipe
diameter for all the considered cases in Pipe A. diameter for all the considered cases in Pipe B.

both pipes at the given Re number. The linear behaviour of the pressure loss in the
considered pipes is consistent with the theory and the pressure loss in Pa/m can be
approximated by the following formula (with R squared above 0.999):

Ap — 14677 [ 2E 2+35309 Re N o190 (4)
p= 1000 ' 1000 '

The local pressure drop caused by both U-turns occurred in the U-turn itself and the
first part of the upward pipe. To distinguish those pressure losses, the pressure loss was
separately presented in Figs. and 22| for the local pressure loss in the U-turn A and B
itself and in Figs. and [24] for the first segment of the upward pipe after U-turn A and
B.

These figures show that the local pressure loss is significantly larger in the U-turn itself
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Figure 19: Pressure drop along 1 m of the pipe
segment for all the considered cases in Pipe A.
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Figure 21: Local pressure drop in U-turn A for
all the considered cases.
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Figure 20: Pressure drop along 1 m of the pipe
segment for all the considered cases in Pipe B.
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Figure 22: Local pressure drop for in U-turn B
all the considered cases.

when compared to the other local loss. However, the local losses in the upward pipe are
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Figure 23: Local pressure drop in the pipe after
U-turn A for all the considered cases.
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Figure 24: Local pressure drop in the pipe after
U-turn B for all the considered cases.
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noticeably larger for U-turn A and smaller for U-turn B when compared to the losses that
occurred in the developed flow in a straight pipe segment of 1 m.

In Figs. and [26] a sum of the local pressure loss for U-turn A and B, respectively is
presented. These data are just summution of relevant data from Fig. or Fig. and
data from Fig. 23] or 24
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Figure 26: Sum of the local pressure drop for all
the considered cases in U-turn B.

Figure 25: Sum of the local pressure drop for all
the considered cases in U-turn A.

The total pressure drop in the vertical ground heat exchanger can be calculated by
summing up the linear pressure drop presented in Figs. and [20| for a particular length
of Pipe A and Pipe B, respectively and the local pressure drop presented in Figs.
and [26| for U-turn A and U-turn B, respectively. For example, the vertical ground heat
exchanger that consists of both downward and upward pipes of type Pipe A with the
length of 200 m each and U-turn A working at the on-design conditions, i.e. the Re
number of 2750, is characterised by the total pressure loss of 80.4 kPa.

Many computer simulations also proved that ovality of the pipe which may occur in
transport, storing of pipes in coils, applying of clamping devise, etc. does not noticably
changing above results.

5 GENERAL CONCLUSIONS

On the basis of the performed CFD analysis, it can be said that computer modelling
of the water-ethanol solutions flow within the vertical ground heat exchanger (collector)
is a very challenging task mainly because of length of analysed object. In a consequence,
the object had to be divided into three parts and then the obtained solutions have to be
coupled. Presence of micro-fins within the riffled pipe complicate considerably generation
of the numerical mesh which requires a lot of attention.

The velocity field showed that the axial flow dominates over the radial and tangential
flow in the flow core in both Pipe A and B. The flow character changes in the near wall
region where the axial velocity is significantly reduced, while the radial and tangential
velocities reach their maximum values. This means that near the boundary the flow is
also swirled. As expected, the swirl flow is more intensive in Pipe A. However, these

11
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differences are not large.

The turbulence intensity showed that for the flow with Re number above 2100, this
parameter is higher by 1% in the near wall region than in the pipe axis. For lower Re
numbers, this difference is much lower. These observations are the same for Pipe A and
B.

The pressure drop obtained for the straight segments of Pipe A and B showed that
these pressure losses are practically the same. In addition, the pressure loss decreases
almost linearly with the decreasing Re number. The total pressure drop in the whole heat
exchanger is mainly due to the losses that occur in the straight pipes. Even for shorter
pipes, e.g. of 100 m in length, the local pressure loss in the U-turn is not important when
compared to the total pressure loss.

In general, the observations of the results obtained for both water-ethanol concentra-
tions are very similar qualitatively. However, it can be noticed that all type pressure
losses for Concentration 2 are higher than that of Concentration 1 for the corresponding
Re numbers.
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