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Abstract: The heat transfer rate and borehole design
represent great challenges to the thermal equipment
designer of the ground-coupled heat pump. The present
model represents a mathematical numerical technique
implemented to tackle such a problem. A thermal
assessment was established to estimate the total energy
dissipated to the ground zone for a heat pump utilized for
cooling purposes in the summer season. Comsol
Multiphysics 5.4 software was used to build a 3-dimensional
model to assess the thermal performance of single and
double U-tube boreholes that circulate water as a thermal
transfer medium. The (Heat Transfer) module has been
implemented for this investigation under the (Stationary)
study option. The model couples both of the heat
conduction in solids including tube metal, grout, and soil
regions, and that of thermal medium fluid flow inside the U-
tubes. The numerical solutions were compared for both heat
exchangers at fixed borehole geometry, diameter and depth,
and constant operating conditions at a steady-state mode.
The double U-tube heat exchanger was tested in parallel
circuiting orientation of the U-tubes. The total mean
resistance of the single U-tube borehole was higher than
that of half loading double U-tube heat exchangers by (14.6)
%. The results also revealed that the heat transfer rate
enhancement for the double U-tube was in the range of (10-
14) % when operates at the same fluid mass flow rate and
inlet temperature for a given borehole design.
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Introduction

The ground is considered as one of the most importantly
clean, cheap, and sustainable natural energy sources on
earth. The ground has been utilized since the forties of the
last century as an energy source, an energy sink, or for
energy storage. Hence, it has received great attention from
the scientists to develop a proper technology to be coupled
with earth and make the advantage of its privilege as a
natural energy source. The ground heat exchanger plays a
vital role in the energy transmission philosophy to or from
heat storage. Qualitative and quantitative efforts were
focused on the thermal design of the ground heat
exchanger, vertical and horizontal orientations. The
enhancement of the thermal performance of ground-
coupled heat pumps led to tremendous research to optimize
the borehole design and grouting methods.

The borehole depth is much larger than its diameter;
hence, the heat transfer mechanism in the borehole and
heat exchanger is usually formulated by a 1-dimensional line
source, Ingersoll et al. [1]; Muttil and Chau [2]. It was also
analyzed as cylindrical-source theory, Ingersoll et al. [3],
Carslaw et al. [4]; Kavanaugh [5]. Zeng and Fang [6] and Zeng
et al. [7] have presented a 2-dimensional model of the finite
line-source to consider the axial heat flow in the ground for
longer durations. The heat transfer in the borehole region
being approximated as a steady-state process has been
proved suitable and described by a constant borehole
thermal resistance, except for analysis dealing with dynamic
responses within a few hours, Yavuzturk et al. [8]. This was
because the temperature variation inside the borehole is
usually slow and minor. Li and Zheng [9] developed a 3-
dimensional finite-volume model for vertical ground heat
exchanger. The surrounding soil was divided into several
layers to evaluate the effect of fluid temperature with depth
on the thermal process.

Chiasson et al. [10] developed a model in the TRNSYS
modeling environment and coupled to other GSHP system
component models for a short time step (hourly or less)
system analyses. It was implemented for modeling the
performance of a shallow pond as a supplemental heat
rejecter in ground source heat pump systems. The model has
been validated by comparing simulation results to
experimental data collected from two test ponds. Daniel and
Rees [11] presented models of a water-to-water heat pump
and ground loop heat exchanger implemented in a building
annual energy simulation program (EnergyPlus). The
operation of this model was verified by comparing results to
analytical values. They concluded that with these models it is
possible to represent ground-source heat pump systems
flexibly, and examine their performance over the extended
periods required for proper analysis. Zanchini et al. [12, 13]
utilized the software package Comsol Multiphysics 3.4 to
study the effects of flow direction and thermal short-
circuiting on the performance of small and 100 m long
coaxial ground heat exchangers. A 2-dimensional
axisymmetric unsteady heat conduction and convection
problem have been considered. The results pointed out that
the annulus-in flow direction (fluid inlet in the outer annular
passage) is more efficient than the center-in flow direction
(fluid inlet in the inner circular tube) and that, on account of
the small length, the effect of thermal short-circuiting is not
important, especially if the annulus-in flow direction is
employed. On the contrary, for the long heat exchanger, the
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results revealed that the effect of thermal short-circuiting on
the performance of long coaxial borehole heat exchangers is
relevant.

Bauera et al. [14] presented a 3-dimensional numerical
simulation model for U-tube borehole heat exchangers. They
postulated that their approach provides accurate results
while substantially reducing the number of nodes and the
computation time compared with fully discretized
computations such as finite element models. The model was
used to evaluate thermal response test data by the
parameter estimation technique. A comparison of the model
results with those of an analytical model based on the line-
source theory further establishes the advantage of the
developed transient model, as the test duration can be
shortened and results are more accurate. Rees and He [15]
presented a 3-dimensional numerical model, includes
explicit representations of the circulating fluid and other
borehole components, and so allows calculation of dynamic
behaviors over short and long timescales. At long timescales,
borehole heat transfer seems well-characterized by the
mean fluid and borehole wall temperature if the fluid
circulating velocity is reasonably high but at lower flow rates
this is not the case. The study of the short timescale
dynamics has shown that nonlinearities in the temperature
and heat flux profiles are noticeable over the whole velocity
range of practical interest.

Song et al. [16] developed a 3-dimensional steady-state
numerical model for a U-tube geothermal heat exchanger.
The influences of depth, porosity, permeability, and
heterogeneity of the formation on the performance of heat
exchanger were investigated. Simulation values were
validated by results obtained from field tests. The results
indicated that the overall velocity in the geothermal
reservoir is relatively low when compared with the flow in
the wellbore mainly due to the high flow resistance. They
concluded that it is better to install the single U-tube in the
homogeneous area of the reservoir to obtain a better heat
extraction effect.

One-dimensional heat transfer models were developed by
several investigators to create a general formula for
borehole thermal resistance prediction [17, 18, and 19]. Gu
and O’Neal [17] utilized a steady-state heat transfer
simulation based on the cylindrical source model to produce
a correlation for the grout resistance for a vertical U-tube
ground heat exchanger in the form:
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Shonder and Beck [18] have formulated the borehole
thermal resistance in the form of:

Dp
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In this expression, the value of (n) is equal to (2) for a single
U-tube heat exchanger. Tarrad [19] developed a correlation
for the prediction of the borehole total thermal resistance

(R:); it was based on the grout thermal resistance estimation
from:

R, = Ry + R, (3.a)
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In these mathematical expressions, the equivalent diameter
(d.) was derived to be:
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In eq. (4), a value of (0.053) m.K/W was assigned for ground
thermal resistance (R,) per unit depth as suggested by Garbai
and Méhes [20] for a steady-state condition. Tarrad [21]
presented a correlation for the borehole thermal resistance
based on the equivalent tube diameter technique. He has
stated that the equivalent concentric tube has the
expression:

de=%z‘/§do (6)

More recently, Tarrad [22] developed an analytical
correlation to predict the borehole thermal resistance of a
single U-tube. He has derived an expression for the heat
transfer obstruction factor accounts for the presence of the
second leg of the U-tube inside the borehole.

In this study, a model was built to predict the thermal
resistance of double U-tube borehole. The tube spacing (S,)
was ranged between (2) and (4) times the U-tube outside
diameter producing geometry factor defined as the ratio of
tube spacing to borehole diameter (Dg) in the range of (0.29-
0.6) for different configurations.

In the present study, Comsol Multiphysics 5.4 [23] was
utilized to build a 3-dimensional numerical model to
investigate the overall heat transfer rate in a ground single
and double U-tube heat exchangers operating at steady-
state conditions. The double U-tube was arranged in a cross-
orientation as shown in Figure 1. A comparison of results
between these heat exchangers was based on the amount of
heat transfer to the ground at the steady-state condition.
This was deduced from the assessment of the water exit
temperature from the borehole zone. This model was
investigated for cooling mode; the ground was implemented
as a heat sink for water cooling medium utilized in the
condenser of a heat pump. Special attention was paid to
focus on the water flow temperature profile and its variation
with borehole depth for the U-tube, upward, and downward
leg sides.



Model Geometry Presentation

The heat exchanger, borehole, and ground zone system
is illustrated in Figure 1 for both of the investigated
geometry orientations, single and double U- heat
exchangers.
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Figure 1.a. Single U-tube heat exchanger
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Figure 1.b. Double U-tube heat exchanger
Figure 1. Investigated heat exchanger geometry orientations.

The operating conditions for heat exchangers and their
combination with the borehole and soil zones are listed in
table 1.

Table 1. Properties and operating conditions of the geothermal

system.
Zone material Physical Parameter Value
Water (Tin), (°C) 33
(Tout)r (oc) -
(Pin), (bar) 1
(Vin), (m/s) 0.2-0.5
m, , (kg/s) 0.14-0.34
(HDPE) High (Kuiope), (W/m K) 0.4
density (Prore), (kg/m’) 940
polyethylene pipe (cpuope), (1/kg K) 2300
Grout’ (kg), (W/m K) 0.78
(o), (kg/m’) 1000
(cpg), (1/kg K) 1600
Ground” (ks), (W/m K) 2.42
(os), (kg/m’) 2800
(cps), (J/kg K) 840
Ground (Ty), (°C) 16

" Data were taken from reference [24].

Many investigators [25, 26, and 27] have outlined the
operating conditions and recommended a range of potential
driving force, temperature difference, between the
downward and upward streams of a ground heat exchanger.
A temperature difference of (3) degrees is the least
permissible temperature difference between the two flow
streams in the heat exchanger to ensure its proper
operation, while bigger temperature differences are
desirable. Kavanaugh and Rafferty [27] suggested that the
heat carrier fluid flowing through the ground heat exchanger
should typically be between (5-11) °C below the undisturbed
ground temperature in heating mode and (11-17) °C above it
in cooling one.

Model Building

The geometrical parameters for the numerical model
and the combination of different zones are shown in table 2.
The grouting layer thickness beneath the U-tube was kept at
(100) mm. The computational domain has included the
surrounding soil in diameter of (5) m, as well as a (2.5) m
thick soil layer beneath the U-tube heat exchanger. Heat
transfer in solids and heat transfer in fluids with Multiphysics
coupling were selected from the Comsol Multiphysics
software to solve the built model.

Table 2. Physical dimensions of different zones

Zone Material Parameter Value
(HDPE)* High density (d,), (mm) 33.4
polyethylene pipe (d)), (mm) 29.5

(tp), (mm) 2.0
(WF), () 17
(Sp), (mm) 66.8
(HU-tube)l (m) 50
Borehole (Grout) (dp), (mm) 120
(Hp), (m) 50.1
Ground (d,), (m) 5.0
(Hs) (m) 52.5

" Dimensional data for the tube were taken from reference
[24].



Governing Equations

The governing equations of the present work for both of
the solid and fluid domains are described in appendix (A).
The conduction and convection heat transfer modes for the
suggested model are controlled by the stated equations in
this appendix.

Boundary Conditions

The top ground face of the borehole was assumed as an
insulated boundary for the numerical assessment. The far
distant surface boundary of the soil was fixed at a constant
temperature at (5) m diameter for the whole borehole depth
and the bottom portion of the borehole at the (52.5) m
depth. The exit ports of the U-tubes were considered as
outflow boundaries for the water flow domain and it
possesses a specified entering temperature and flow
velocity.

Materials

The thermal properties of all domain materials were
specified according to the user-defined category, table 1,
except the water domain for which the built-in library was
utilized.

Geometry Meshing

The meshing process of the geometry model was
conducted by implementing the tetrahedral element type,
figure 2. The water domain was meshed according to the
fluid dynamic predefined finer element size. The ground or
soil domain meshed with the predefined coarser element
size. The other two domains meshing were performed
according to the custom element sizes, which were
conducted with specified element sizes.

Figure 2.b. Soil Meshing

The element size was selected according to the domain type,
fine for the tube, grout, and fluid and large size for the
ground domain to minimize the calculation time, figure 3.

Figure 3. Element Size for meshing
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Figure 4. U-tubes meshing
Assessment Methodology

Zhu et al. [28] tested a ground heat exchanger in the
range of (0.1) m/s and (0.5) m/s for water velocity. They
recommended the value of (0.3) m/s for a borehole depth of
(55) m. In the present work, the following operating
conditions were examined for a steady-state condition:

e Fixed physical dimensions of all zones of the system,
U-tube, grouting, and soil portion as illustrated in
table 2.

e Fixed water inlet temperature at (306.15) K as
depicted in table 1. The flow region fell within the
turbulent zone and the (k-g) turbulence model was
implemented to solve the energy and flow
characteristic equations.

e Variable flow velocity at the inlet leg of the U-tube,
it was ranged between (0.2) m/s and (0.5) m/s. This
velocity range produced a mass flow rate fell within
the range of (0.136) kg/s and (0.34) kg/s
respectively.

e For the double U-tube system, the following cases
were investigated:

i The mass flow rate of the single U-tube was
utilized for comparison. The tube loading of the
single U-tube was divided equally between the
two U-tubes. Here, the flow velocity was
ranged between (0.1) m/s and (0.25) m/s.



Results

Keeping the tube loadings constant for each U-
tube as that of the single U-tube one. In effect,
double the water mass flow rate of the double
U-tube heat exchanger as compared to the
single U-tube one was used. The same water
flow velocity ranged was utilized as that of the
single U-tube model.

and Discussion

The output of the Comsol Multiphysics 5.4 software will be

divided i

nto two categories, as follows:

Water Temperature Distribution

Figu

re 5 depicts the variation of temperature for both

legs of the U-tubes, downward and upward sides, with the
depth of the borehole for the double U-tubes model at a
single U-tube operation.
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Figure 5. Water temperature distribution comparison at different

flow velocities for the single U-tube

The corresponding values of (§) for the single U-tube
model was ranged between (53) % and (66) % as estimated

by eq. (7).

These

§ ==Y % 100
t

(7)

numerical values of (§) revealed a heat load

enhancement for the downward flow leg range to fall within

Temperature (K)

(15) % and (43) % respectively when it was calculated by eq.
(8).

_ ATleg—DW_ ATleg—UW x 100

Ne Micgow (8)
The higher values were achieved at the lower flow

velocities and vice versa for both heat exchangers.

Figure 6 depicts the variation of temperature for both
legs of the U-tubes, downward and upward sides, with the
depth of the borehole for the double U-tubes model at a half
loading operation. The temperature difference for the
downward flow at the half loading was ranged between (60)
% and (76) % of the total temperature difference through
the double U-tube heat exchanger as calculated by eq. (7).
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Figure 6. Water temperature distribution comparison at different

flow velocities for the half loading double U-tube

gure 7 depicts the comparison between both geometry

orientations at different flow velocities.
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Figure 7. Comparison of water temperature variation with
depth for various flow orientations at different flow velocities in
the downward side of single U-tube

The highest temperature difference between the inlet
port and exit side of the water was experienced at the
lowest examined mass flow rate, which is (0.136) kg/s which
corresponds to (0.2) m/s. It was (5) °C and (5.7) °C for the
single and half-loading double U-tube heat exchangers
respectively.

The values of temperature difference revealed that the
cooling load achieved by the downward flow was higher
than that of the upward flow side. The values of (&)
produced a heat transfer load enhancement in the
downward leg ranged between (35) % and (68) % as
calculated from eq. (8).

The heat transfer load of the heat exchanger is predicted
from the operating conditions of the water stream as
follows:

QH—E = mw CPw (Tw,in - Tw,out) (9)

The heat exchanger enhancement heat transfer rate is
defined by:
Ep s = QDou.ble_QSingle % 100 (10)
Qpouble
For a parallel double U-tube system, the mass flow rate of
water was equally divided for both U-tubes to produce the
half loading scheme of the heat exchanger. The heat
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exchanger enhancement of the double U-tube as compared
with the single one is shown in table 3.

Table 3. Heat transfer rate enhancement factor of the double U-
tube heat exchanger

Uy m,, | HeatLoad (kW) Ep_s Heat Ep_s
(m/s) | (kg/s) (%) Load (%)
Half (kW) Full
Single | Double | Loading Full Loading
Loading
0.5 0.36 | 3.30 3.82 13.6 4.03 18.2
0.4 | 0.272 | 3.22 3.72 13.5 3.98 19.2
0.3 | 0.204 | 3.10 3.55 12.5 3.89 20
0.2 | 0.136 | 2.90 3.23 10.4 3.72 22

Temperature Drop (K)

Surprisingly, the double U-tube didn’t exhibit much heat
transfer enhancement despite increasing the heat transfer
area by a factor of (2). This enhancement fell within the
range of (10.4) % and (13.6) % for the examined operating
conditions. This could be attributed to the obstruction of the
tube legs to the heat transfer flow between the fluid and the
soil. Further, there is a short-circuiting of heat transfer mode
between the hot and cold legs of the U-tubes. The
implementation of full loading of fluid flow in the double U-
tube has shown only (18-22) % of load enhancement as
shown in table 3.

The comparison of the temperature drop of water as it
passes through the ground heat exchanger is shown in
Figure 8.
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Figure 8. A comparison for the water temperature drop across the
single and the half loading double-U-tube heat exchanger

The double U-tube heat exchanger has shown a higher
water temperature drop than that of the single U-tube one
by (10.4) % to (14.5) % for the investigated operating
conditions.

The total resistance of the borehole per unit depth could
be estimated from the energy balance between the fluid
flow and the ground surface from:

R, = +m (11)
qH-E

Here (qy_g) represents the heat transfer rate per unit

length of the heat exchanger depth. The mean temperature

difference (AT,,) is defined as:




AT, =Tym — T (12.a)
The mean water temperature is calculated by:
_ Tw,int Tw,out
Tym = B (12.b)

The mean total resistance per unit depth for the single
and half loading double U-tube heat exchangers were
(0.246) m.°C/W and (0.21) m.°C/W respectively. Equation
(13) predicts the deviation of the single U-tube thermal
resistance from that of the double U-tube one:

,BS—D — RSingle_RDouble x 100 (13)
RSingle
These results showed that the single U-tube resistance
was higher than that of the double U-tube one by about
(14.6) %.

The single U-tube total resistance per unit depth was
compared to those predicted when utilizing eqs (1, 2, and
3.c). The calculated resistances were (0.292) m.°C/W, (0.298)
m.°C/W, and (0.28) m.°C/W by Gu and O’Neal [17], Shonder
and Beck [18], and Tarrad [19] respectively. All of these
correlations overestimated the total thermal resistance by
(15.8) %, (17.4) %, and (12) % respectively. These numerical
magnitudes illustrate that Tarrad [19] correlation predicted a
closer value to that of the present 3-dimensional model
results. The numerical values of the thermal resistance of
both heat exchangers were essentially independent of the
water flow velocity. This is because the heat conduction
term is predominant than that of the heat convection part in
the borehole heat transfer process. The half loading heat
exchanger showed a specific heat transfer rate ranged
between (65) W/m and (76) W/m with a mean value of
(71.6) W/m based on borehole depth. The respective values
for the single U-tube heat exchanger were ranged between
(58) W/m and (66) W/m with a mean value of (62) W/m.
These values of the specific heat transfer rate showed that
the double U-tube heat exchanger achieved only (13.4) %
enhancement when compared to that of the single U-tube
one.

Model Temperature Distribution

The temperature distributions in the solid and water
domains were deduced from the postprocessing of the
software numerical computation and the utilization of the
available flexible technique for data assessment. Figures (9
and 10) illustrate the temperature distribution at the lower
portion of the U-tube and grout zones as deduced at various
water flow velocities for both heat exchangers.

Figure 9.b. Water velocity of (0.4) m/s
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These figures show that there is a temperature variation
for the U-tube/grout system with borehole depth. The lower
experienced temperature is shown to be at the bottom
portion of the borehole for both geometries. The results for
both investigated geometries didn’t reveal a circumferential
variation. Hence, the temperature at the borehole wall is
essentially independent of the circumferential angle. This is
due to the low-temperature difference of water in both U-
tube legs.

Conclusion

The present work revealed the following findings:

1-

A 3-dimensional steady-state model for a single and
double U-tube borehole heat exchangers of a
ground —heat pump integrated system was built.
Adding the second U-tube in parallel circuiting
didn’t show much heat transfer enhancement of
that of the single U-tube borehole heat exchanger.
It was ranged between (10) % and (14) % for flow
velocity of (0.2) m/s and (0.5) m/s respectively.

The mean resistance per unit length for the single
and half loading double U-tube heat exchangers
were (0.246) m.°C/W and (0.21) m.°C/W
respectively. This revealed that the single U-tube
resistance was higher than that of the double U-
tube by about (14.6) %.

Downward water flow experiences a higher
temperature drop than that of the upward stream
for both heat exchangers. Its range fell within (53-
66) % and (60-76) % of the total temperature drop
(AT,) for the single and double U-tube boreholes
respectively.

The double U-tube heat exchanger showed a higher
water temperature drop (AT,) than that of the single

U-tube one by (10.4) % to (14.5) % for the
investigated borehole operating conditions.

The temperature distribution at the borehole
surface didn’t show a significant circumferential
variation. Hence, it is essentially independent of the
circumferential angle.

The utilization of a full loading scheme for the
double U-tube showed a higher heat transfer rate
enhancement than that of the half loading one. The
performance enhancement fell in the range of (18)
% and (22) % when compared to that of the single
U-tube one.

Nomenclature

Parameter Definition

cp Heat capacity at constant pressure, (kJ/kg K)
d Diameter, (mm)

g Gravitational acceleration, (m/sz)

H Depth, (m)

k Thermal conductivity, (W/m.K)

m Mass flow rate, (kg/s)

n Number of tubes, (2) for a single U-tube
p Pressure, (Pa) or (bar)

q Heat generation per unit volume, (W/m?)
q Specific heat transfer rate, (W/m)

0 Heat transfer rate, (kW)

1,0,z Cylindrical-coordinate variables

R Specific thermal resistance, (m.K/W)
Sp Tube or pipe spacing, (mm)

t Time, (sec)

tp Pipe thickness, (mm)

T Temperature, (K)

AT Temperature difference, (K)

Uy, Ug, Uy Cylindrical velocity components, (m/s)
v Water flow velocity, (m/s)
Subscripts

Subscript Definition

b Borehole

c Cooling

DF Double U-tube flow

Double Double U-tube value

D-S Double to single U-tube

DW Downward flow direction

e Equivalent

g Grout

H-E Heat exchanger

i Inside

in Inlet

leg U-tube leg

m mean

o Outside

out Outlet

p Pipe

s Soil or ground

S-D Single to double U-tube

Single Single U-tube value

t Total

uw Upward flow direction

w Water



Greek Letters

Parameter Definition

a Thermal diffusivity, (m°/s)

B The percentage increase of resistance, (%)
£ Heat transfer rate enhancement, (%)

& Temperature ratio percentage, (%)

n Temperature drop increase percentage, (%)
U Fluid dynamic viscosity, (Pa.s)

[} Viscous dissipation rate, N/(m”s)
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Appendix
Fluid Domain

The following mathematical expressions describe the conservation equations for the fluid domain, continuity, Navier-Stokes,
and energy in an incompressible flow as cited in Bird et al. [29]:

Continuity Equation

10Cu) , 10up , Ouz _
r or + r 96 az 0 (A1)
Navier-Stokes Equation
dur dur | ug Our %_u_ez)_ _o [li( BL) 1 9%y &_iﬁ_ﬁ]
p(6t+ur ar V7 e T g, P ) TPI T T )t e e Yo T e (A.2.2)
dug dup | up ug dup urue)_ _1 [11( %) 1 ug | Oug , 2 Jur  up
p(at + Uy 6r+ r 96 t U, az+ r = PYe r06+'u r or r or +r2 862+622+r2 a0 r2 (A.2.b)
dug duz | g duz %)_ _ o [11( 61) 1 uy 62uz]
p(6t+ur ar+ r 96 Uz 5, ) =PIz 09+“ rar \I' o +r2 692+622 (A.2.c)
Energy Equation
T oT | ug 9T T _ 4 [1 9 ( "_T) 19’1 | 9T i
at +ur or + r a0 Z9z  ¢cp @ r or or r2 902 = 9z2 + pcp (A.3.2)

Where the viscous dissipation rate is:

_ ouy 2 1 dug U 2 duy 2 1 Juy Jdug Ug 2
®= 2“[(5) (G5 + (59 |+ |G+ 5=
These equations represent the complete forms of the handled expressions in the fluid domain for the transient mode. In the
present model, the time-dependent parameters were dropped together with the heat generation (4) and gravity terms (pg).

PGt (e 2)] s

Solid Domains

In the solid domains of the model, the following general Fourier’s law is applicable:

18 aT 1 9 aT 8 (0T . _ 19T

e G F N G R R B (A4)
Again in this expression, the energy generation per unit volume (q') and the temperature variation with time set to zero for a
steady-state condition.
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