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Abstract: To keep pace with advancements, we also need the energy to keep on running the
system. Sustainable development has now become an integral part of development and thus
renewable energy is getting the attention that was required for a long. The Ground Source
Heat Pump (GSHP) is a passive energy system that can be installed in buildings to reduce
the overall HVAC load. A novel pipe design is used to increase the overall heat transfer
thus leading to a high heat transfer rate. The novel spirally corrugated pipe design is then
tested for different working fluids numerically. The results show that spirally corrugated
pipe receives higher temperature drop as compared to the plain pipe. A significant pressure
drop is also observed for the spirally corrugated pipe. In cooling mode, a COP of 5.02 and
4.42 is observed for the spirally corrugated pipe and plain pipe respectively. The most
economic and the most efficient combination are found.

Keywords: Ground Heat Exchangers, Spirally Corrugated Pipe, GSHP, Heat Transfer
1. INTRODUCTION

Energy is the primary source for the development of a country. Especially in countries like
India, the continuous power supply is one of the biggest challenges. The scenario of energy
consumption has been increasing in a few years as the population and the economy are
increasing. Currently, our primary fuel for power generation is coal, which is a fossil fuel,
which causes pollution and global warming. Out of total energy generation, the infrastructure
sector alone consumes almost 40% of total generated energy, and a further rise up to 76% is
estimated by the year 2040 [1]. A significant portion of energy consumption is for
maintaining thermal comfort within a building.

Renewable energy technology can reduce net energy consumption. There are active and
passive technologies for doing this. Ground Source Heat Pump (GSHP) is one of them. They
have applicability in a variety of buildings and are most appropriate to reduce environmental
impacts [2]. A thorough review of GSHP is done by many researchers [3]-[6]. Ground Heat
Exchanger (GHE) is the critical component of a GSHP. This fluid either absorbs or releases
heat from the ground, depending on the operating condition. GSHP system has been growing
continuously, with a range of 10 to 30% in the past few decades [7].

The operating principle of a GHE is straightforward. Since the ground temperature, after a
certain depth, does not vary much and remains relatively constant

2280



throughout the year. For a shallow GHE, the ground temperature is found to be almost
constant at a depth of 1 m [2]. Although the temperature varies as per the geographical
location. The performance of GSHP depends on its GHE, which can be arranged vertically or
horizontally with different pipe layouts [8] as in Figure 1. There are a variety of basic pipe
loop systems [6]. The primary hurdle is the high installation cost associated with the digging
of a well or borehole [9]. Therefore, the horizontal-GSHP becomes vital due to low
installation cost as only a trench of 1-2 m deep is required. However, the large area
requirement for installing pipe loops is not cost-effective. In most of the studies, water or
water-antifreeze mixture is used as working fluid in GHE [10-12].

Ground Source Heat
Pump unit
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Figure 1: Different configurations of GHE.

Working fluid is also one of the primary components of a GHE and it is directly related to the
performance of GHE. Various other working fluids have been tested for heat exchangers and
have performed well in all parameters. Kumar et. al. [13] experimentally evaluated the
thermohydraulic performance of AI203- water-based nanofluid. An increase in performance
was observed with an increase in particle concentration. A low concentration of particles
resulted in a low-pressure drop. Diglio et. al. [14] conducted a numerical study to evaluate the
best low nanoparticle concentration (0.1-1%). A high concentration of nanoparticles resulted
in a 3.8% rise in performance when compared to base working fluid i.e., water. Massimo et.
al. [15] observed the behavior of nanofluid to be similar to that of single-phase fluid.
Empirical relations were also formulated to evaluate the optimal particle loading. Effective
thermal conductivity, Nusselt number, and viscosity results of various experimental and
analytical studies have been presented by Huminic et. al. [16] in their review. Also,
microencapsulated phase change material slurry (MPCMs) has been studied as heat transfer
fluid by few researchers. Microencapsulation means when tiny particles of phase change
material (PCM) are encapsulated in capsules. Due to the encapsulation of PCM, handling it
becomes simple. For manufacturing MPCM, if the particle size is less than 100um then the
chemical process is used otherwise the physical process is used. Fabrication and
characterization of MPCMs have been reviewed by Zhao et. al. [17]. Governing equations for
heat transfer in MPCMs for circular duct were formulated by Charunyakorn et. al. [18].
Numerical analysis showed 2-4 times high heat flux in MPCMs as compared to single-phase
working fluid. Various materials used and heat transfer studies of MPCMs by various
researchers were reviewed by Delgado et. al. [19]. Due to its high thermal performance as
compared to other single-phase fluids, MPCMs are one of the better options for heat
exchanger application. MPCMs behave as Newtonian fluid at higher concentrations of up to
10.6% [20]. Jessica et. al. [21] have summarized the types, methods, and techniques of
MPCMs and the detail of thermal properties can be found in their article. The latent heat of
fusion of PCM enhances heat carrying capacity when its phase changes. Also, MPCMs have
shown high pumping durability by showing resistance towards shearing due to pumping [22].
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Also, a comparison for two different pipe geometries is done (Figure 2). A novel six-start
spirally corrugated pipe has been compared to the plain smooth round pipe. The spirally
corrugated pipes have shown good thermal enhancement characteristics [23], [24]. The
thermohydraulic performance of various multi-start corrugated tubes can be found in this
paper [25]. The effect of pitch and depth were analyzed by Jin et al. and they developed a
relationship among them [26].

Figure 2: Novel spirally corrugated pipe (left) and plain smooth pipe (right) mesh.

Table 1: Properties of working fluids

Mass/ Effective Specific
volume Density Viscocity Thermal HF:eat
Fraction (kg/m?) (mPa-s) Conductivity (I/Kg-K)
(%) (W/m-°C) g

Water - 998.2 1.003 0.6 4182

MPCM Slurry

CT02 [1] 6 982.4 1.76 0.589 1700

Al O, —water

[2]2 s =W 0.6 1068.99 1.89 0.451 3485.30

In this research, an effort has been made to reduce the overall size of GHE by improving its
thermal performance. Since the working fluid has the most influence over thermal
performance, three different working fluids, i.e., water, nanofluid (AlI-203), and
microencapsulated phase change material (MPCM) slurry are studied numerically. Properties
of fluids are given in Table 1.

2. NUMERICAL MODELLING AND VALIDATION:

A pipe length of 1 m was considered for this study. The pipe geometry was created using
Creo parametric. Computational fluid dynamic (CFD) analysis was done using Ansys
workbench as it is the most reliable and accurate software package available. The tetrahedral
mesh was generated with the help of Fluent (Fig. 2). The standard k-¢ turbulence and k-o
turbulence model were tested and the difference in outlet temperature was less than the order
of 10-4. Thus, the standard k-& turbulence model was selected along with scalable wall
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functions (these shows better results when the flow is also rotating). Details of various
parameters for the numerical model are given in Table 2. A simple method was used for
numerical simulation. All the residuals are set to an order of 1le-06. Convergence was

observed when the outlet temperature of the pipe stabilizes

Table 2: Parameters considered for the numerical study.

Parameter

Pipe Length 1m

Depth of burial 1.5m
Internal pipe diameter 0.0254 m
Thermal conductivity of the soil 1.41 W/imK
Thermal diffusivity of soil 0.0036 m?/h
Thermal conductivity of water 0.567 W/mK
Thermal conductivity of HDPE pipe 0.38 W/mK
Specific heat of the water 3.9 KJ/Kg-°C
Velocity 0.5mf/s

3. GOVERNING EQUATION:
3.1.Continuity equation:

%4_&4_;%_{_8”)(:0 (l)
or r r ol ox

3.2.Momentum equation r component:

Yo 1 M R e w

2 2 2 2
ur%Jrugaur Uqu”—f P ooy, lau u_r Loy, 20y 6_(2)
a raog r x

3.3.Momentum equation component:

I~ 4 -
P AP ARV AEEYRY

o rod r

A 2 '\2 2
[au U, & +,_€+u%]_ 12; [a Sy 10 28 G j(3)
r

3.4.Momentum equation X component:

A L e S, 1 o, a u,
plU U =t et |(4)
o r o0 ox 00 or? r or r’ o0

3.5.Energy equation:

oT u,oT oT 1 a oT 10T 0T
pC,| U —+2—+u — |=k| = — |+ 5=+
"or r o0 tox ar or r-o00° ox

()

2283




26.6 26.4
26.4
26.2

o
)

25.74
25.8 25.58
256

254
o 25.2
25

UTLET TEMPERATURE

50 20 10
ELEMENT MINIMUM SIZE (MM) Tout (degree celcius)

Figure 3: Grid Independence Test
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Figure 4: Temperature output as compared to the experimental results.

A Grid independence test was done to check the independence of results from the grid. The
results are shown in Figure 3. Out of three meshing sizes, the medium was chosen to save
computation time without losing accuracy. The numerical model was also experimentally
validated by the experimental results. The errors were found to be well within the range of
5% (as shown in Figure 4).

4. RESULTS AND DISCUSSION:

At five different sections of the pipe (at every 0.25m), the temperature was calculated (Fig.
5). It can be seen from the contours that the fluid temperature decreases near to the surface.
From the above comparison, the temperature drop is caused by the mixing of the flowing
fluid because the turbulence is increased by this mixing. We can see the change in the
temperature drop in the two pipes (Fig. 6). As the flow develops, it can be observed that
turbulence helps increase the heat transfer rate. The difference in temperature drop is found to
be 0.11 °C.
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Figure 5: Temperature contours for both pipes Figure 6: Temperature drop for both the pipes

4.1.Velocity distribution:

Velocity contours can be seen in Fig. 7. The velocity becomes maximum at the central axis
because the directional velocity component increases as fluid flow along the spiral section of
the pipe. Secondary flow distributions from various perspectives for better analysis of flow
conditions are observed. At first 300 mm, the fluid particles near the wall are much faster
than the other parts. A fluid flow is a developing flow profile that eventually transforms into
a fully evolved periodic profile. While the fluid flows, the range of the accelerating fluid
extends to the core of the spiral tube. The spiral tube produces additional swirling motion not
found in smooth tubes.

Figure 7: Velocity distribution in both pipes

4.2.Pressure drop:
Pressure drop refers to the amount of pressure head lost. This pressure drop is primarily due
to friction. If the flow is laminar, these losses are less compared to turbulent flow.
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Figure 8: Pressure drop for Plain pipe.

4.3.Plain Pipe:

The calculations show that the pressure drop in the plain pipe for nanofluid is 3.9 times
greater than the water. Also, the MPCM slurry faces significantly less pressure drop, i.e., 1.3
times that of water (Fig. 8).

4.4.Spirally Corrugated Pipe:

The pressure drop in the spirally corrugated pipe for nanofluid is 2.9 times greater than the
water. The MPCM slurry faces significantly less pressure drop, i.e., 1.25 times that of water,
which is almost similar to plain pipe (Figure 9).
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Figure 9: Pressure drop for Spirally Corrugated pipe.

Thus, it can be concluded that MPCM slurry is the best suited working fluid as its pressure
drop is almost to that of water with a significant heat transfer coefficient. The primary reason
for the high-pressure drop for nanofluid is the high particle concentration. A 6%
concentration was chosen to compare it with a 6% MPCM concentration fluid. A comparison
for pressure drop among both geometries, i.e., plain and spirally corrugated pipe, was made
separately for each fluid. The pressure drop in the spiral pipe is 5.81, 7.15, and 7.7 times that
of plain pipe, water, nanofluid and MPCM slurry as working fluid, respectively, as shown in
Figures 27, 28, and 29.
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4.5.Comparison of thermal performance in the spirally corrugated pipe for different
working fluids in summer season

In Figure 10, we can see the variation of temperature drop for the plain pipe. We can observe
that the maximum temperature drop is observed for MPCM slurry as working fluid. The
difference in temperature drops of Nanofluid and water is 0.405 °C. Meaning, Nanofluid
rejects more heat than the water in a plain pipe under the same conditions. Similarly, the
temperature difference in the temperature drop of MPCM slurry and Nanofluid is 0.58°C.
Meaning, MPCM slurry rejects more heat than the Nanofluid in a plain pipe under the same
conditions.

In Figure 11, the variation of temperature drop for the spirally corrugated pipe can be seen.
The maximum temperature drop for MPCM slurry as working fluid is observed. The
difference in temperature drops of Nanofluid and water is 0.549 °C. Meaning, Nanofluid
rejects more heat than the water in a plain pipe under the same conditions. Similarly, the
temperature difference in the temperature drops of MPCM slurry and Nanofluid is 0.647 °C.
Meaning, MPCM slurry rejects more heat than the Nanofluid in spirally corrugated under the
same conditions. If we compare the temperature drop of nanofluid among both the pipes, we
can see that spirally corrugated tube outperforms by 0.155 °C. This can be seen in Figure 12;
similarly, for MPCM slurry as working fluid, again spirally corrugated pipe gains 0.222°C
(Figure 13).
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Figure 10: Temperature drop in the plain pipe for different working fluids.
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Figure 11: Temperature drop in the spirally corrugated pipe for different working fluids.

The COP of the system for the cooling can be seen in Table 2. If we compare the COP of
water for plain pipe and spirally corrugated pipe, we can see a percentage increase of 3.4%. If
we compare the COP of all three fluids for plain pipe, then we can see that again, COP of
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MPCM slurry is the highest. The difference between COP of water and MPCM slurry is
almost three times. Also, the difference between COP of water and Nanofluid is 1.18 times
more or slightly higher than double.

Table 3: COP of fluids for the summer season.

Summer Plain pipe Spirally Corrugated pipe
Water 1.76 1.79
Al2O3 - water nanofluid 2.8 3.27
MPCM slurry 4.42 5.02
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Figure 12: Temperature drop in both pipes for nanofluid as the working fluid.

Also, when we compare the Spirally corrugated pipe, we find that COP of MPCM slurry is
3.6 times higher when compared to the water. Also, the COP of nanofluid is found to be 1.65

times higher than that of water.

We can see that the difference in COP of nanofluid for the plain pipe and spirally corrugated
pipe is 33%, and the difference in COP of MPCM slurry for the plain and spirally corrugated

pipe is 27% high.
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Figure 13: Temperature drop in both pipes for MPCM slurry as the working fluid.
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5. CONCLUSION

» The simulations were carried out to evaluate cooling performance. The results show that there
was an obvious temperature change of 0.11 0C when comparing the two pipe designs. Based
on the results of the CFD simulation, the shape of the pipe can have a significant impact on
the performance of the GHE system.

 Surface modifications are commonly used because they are very effective in improving heat
transfer in heat exchangers. Spiral corrugations promote secondary recirculating flow by
causing an axial velocity component. As the fluid passes, the vortex of the secondary flow
and the curvature improves heat transfer as well as pressure loss.

» In terms of COP, it is seen that COP of the system having MPCM slurry as working fluid is
the top-performing fluid. It gives a cooling COP of 5.02 when used in spirally corrugated
pipe GHE compared to 4.42 for the plain pipe. Also, the difference in COP of nanofluid for
spirally corrugated pipe and the plain pipe is 0.47 which is less when compared to pressure
drop.

So, from this study, it can be concluded that the best combination for enhancing the overall
thermohydraulic performance of a GHE will be the one using MPCM slurry with the plain
pipe. It will help in reducing overall cost and it will be simple to manufacture.
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