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Abstract 

A small amount of scholars began to pay attention to the 

use of nanofluids instead of the traditional fluids (water, 

ethylene glycol solution, etc.) of the ground heat 

exchanger (GHE). However, there is a lack of long-term 

heat transfer studies on the GHE using nanofluids. In this 

study, based on the principle of thermal similarity, a 

vertical GHE thermal similarity model experimental 

system and a three-dimensional numerical model were 

established. Through the similar numerical model, the 

effects of six sets of 𝐶𝑢–water nanofluids with different 

nanoparticle sizes and volume fractions as heat transfer 

fluids of the ground heat exchangers (GHEs) were 

investigated. Maintaining the same fluid pressure drop 

and thermal power, compared with pure water, it proved 

that the difference in outlet temperature of the GHE 

between nanofluid and pure water conditions ∆T was up 

to 0.074 °C (summer)/0.083°C (winter) when 𝑑𝑛 is 50 nm, 

𝜑𝑛 is 1.5%  and the thermal power of GHEs is 30W/m., 

which generally reached a stable value in 24h operating 

time (equivalent to the actual operating time of 64 days). 

The energy saving potential of nanofluids for GHEs is 

small. The method will provide reference for further study 

of the effects of nanofluids on the long-term heat transfer 

of the GHEs.   

Introduction 

As a renewable energy technology, ground source heat 

pump (GSHP) has been widely used and developed in 

recent years, of which the GSHP system with vertical 

GHEs is the most widely used. GHSP is an air 

conditioning technology that can save building energy 

consumption. The operating effect of the vertical GHEs 

of GSHP system depends on the heat transfer 

performance of the GHEs. 

Scholars have conducted extensive research on nanofluids 

heat transfer enhancement (Gupta et al., 2014; Lomascolo 

et al., 2015; Murshed et al., 2017). Nanofluid is a kind of 

new working medium with uniform and stable high 

thermal conductivity. And it is formed by suspending a 

small amount of nanoscale (about l00nm) solid particles 

with high thermal conductivity in a pure liquid base fluid 

(water, oil, alcohol aqueous solution, etc.) (Choi et al., 

1995).Therefore, the use of nanofluids as a heat transfer 

fluid for vertical GHEs has gradually attracted attention. 

Faizal et al. (2016) first proposed that nanofluids could be 

used in GHE to enhance convection heat transfer of the 

fluid.  

Although the nanofluid has a high thermal conductivity, 

it also increases the viscosity of the fluid. It means that 

nanofluids increase the flow resistance while enhancing 

heat transfer. At the same time, the increase in density and 

the decrease in specific heat capacity will also affect the 

heat transfer. Therefore, the study of the effects of 

nanofluids on GHEs heat transfer requires a 

comprehensive consideration of the changes in physical 

properties.Narei et al. (2016) used the Multi-objective 

Flower Pollination algorithm to optimize the thermal 

conductivity and viscosity combination of nanofluids. It 

demonstrated that employing 𝐴𝑙2𝑂3 − 𝑤𝑎𝑡𝑒𝑟  nanofluid 

instead of water as heat transfer liquid reduced less than 

1.3% of the bore length. Diglio et al. (2018) studied the 

effect of nanofluids containing different types of 

nanoparticles on the performance of GHEs through a heat 

transfer numerical model. When the nanoparticle volume 

fraction was 1%, the copper nanoparticles reduced the 

thermal resistance of the borehole most compared with 

the base fluid, and its value could reach about 3.8%. 

However, there is no literature to study the effects of 

nanofluids applied in the GHEs with different 

nanoparticle sizes and volume fractions Moreover, there 

is a lack of research on the effects of nanofluids on the 

long-term heat transfer conditions of GHEs. 

Therefore, in this study, based on the principle of thermal 

similarity (Novikov et al., 1979), the scale of time and 

space were reduced, and the effect of nanofluids on the 

long-term heat transfer of vertical single U-tube GHEs 

was explored. 

Numerical model of a single U-tube GHE 

Mathematical model thermal similarity conversion 

Defining the similarity ratio 𝐶𝑥  of some parameter 𝑥 as 

the ratio of the similar model value to the prototype value 

(Eq. (1)). Utilize the thermal similarity principle 

(Novikov et al., 1979) to perform similar transformations 

on the energy balance equations of buried pipes or soils 

and the convection heat transfer equations of the fluid in 

the pipes. The four criteria numbers proved to be equal: 

𝑅𝑒 , Reynolds number; 𝐹𝑜 , Fourier number;  𝑃𝑟 , Prandtl 

number; 𝑁𝑢, Nusselt number. 
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𝐶𝑥 =
𝑥𝑚

𝑥𝑜
                                        (1) 

 

Table 1: The design parameters of the similar model 
     

Parameters Prototype Similar 

model 

Inner diameter of the U-tube 40 mm 5 mm 

Distance between centers of 

pipe 
120 mm 15 mm 

Length of the U-tube 50 m 6.25 m 

Distance between two adjacent 

U- tubes 
4 m 0.5 m 

Note: The vertical buried pipe is a single U-shaped heat 

exchange pipe. 
   

If we keep the prototype with the same physical properties, 

Eq. (2) and Eq. (3) are obtained. Based on a practical 

project, the design parameters of the similar model (Table 

1) could be obtained when the geometric similarity ratio 

𝐶𝑙 was 1/8 (the time similarity ratio was 𝐶𝜏=1/64). 

𝐶𝑢 =
1

𝐶𝑙
                                 (2) 

𝐶𝜏 = 𝐶𝑙
2                                (3) 

Where 𝐶𝑙 is the geometric similarity ratio, 𝐶𝑢 is the speed 

similarity ratio, and 𝐶𝜏 is the time similarity ratio. 

Experiment system 

Based on Table 1, a similar experiment system was 

constructed (Fig. 1a). The size of the experiment system 

box was 6.25m × 1m × 1.5m.  Taking into account the 

small influence of gravity and the convenience of the 

experiment, the two vertical single U-tubes were installed 

horizontally. Two U-tube copper GHEs connected in 

parallel, the diameter was 5 mm, the tube center distance 

was 15 mm, and  a single-pass length was 6.25 m of each 

U-tubes. The inlet and outlet lines of tube 1 and tube 2 

were parallel and perpendicular to the x-axis, respectively. 

The U-tubes, water tank, and water pump constituted a 

closed loop. There were four 300W electric heaters in the  

water tank that could be independently started and 

stopped.  

87 T-type thermocouples for temperature measurement 

were set: one for the outdoor atmosphere, six for the pipes 

outside the soil box, 26 for the U-tubes in the soil box, 36 

for the soil, and 18 for the far boundary. Fig. 1b shows the 

layout of the thermocouples temperature points on the XY 

section of the test bench. F1~F4 were far-boundary 

measurement points, which were arranged at depths Z = 

1m, 2.5m, 4.5m, and 6m, and additionally two points at 

coordinates (0, 0, 0), (0, 0, 6.25). S1~S5 and S2# were soil 

measuring points and were arranged at depths Z=1m, 

2.1m, 2.9m, 3.1m, 3.9m, and 5.75m. P1~P4 were U-tubes’ 

wall measuring points and were arranged at depths Z = 

0m, 1m, 2.1m, 2.9m, 3.9m, 5.75m, and additionally two 

points at the elbows of the two U-tubes. The T-type 

thermocouples were connected to a computer through the 

Keysight 34970A/34972A data acquisition device for 

data reading. The thermocouple measurement has a basic 

accuracy of 1.0°C. 87 T-type thermocouples were 

calibrated with a mercury thermometer to obtain a 

temperature correction formula. Two LWGYC-4 turbine 

flowmeters (Fig. 1a) were installed at the outlet of the two 

U-tubes respectively. The flow rate range was 0.04 m3/h 

~0.4m3/h, and the relative error was 1%. 

The soil box was built with a 240mm-thick brick wall, and 

30mm-thick insulation mortar was added inside the brick 

wall. In the middle, a stainless steel box was used to 

separate the soil layers (Fig. 2a); a 50mm-thick 

polystyrene plate was added to the outside; a 100mm 

polystyrene plate was used for the closure on the top (Fig. 

2b). The purpose of using a polystyrene plate as an 

insulation board was to ensure that the outdoor 

temperature had no effect on the far boundary during the 

experiment. Wires were used to position thermocouples 

and copper tubes (Fig. 2c). Fig. 2d shows the case where 

the soil  was divided into a sand layer (Z = 0m ~ 3m) and 

a clay layer (Z = 3m ~ 6.25m). The fluid of U-tubes was 

pure water, and the properties of the soil and U-tube are 

shown in Table 2. 

     

(a)                                                                   (b) 

(1-Electric heater; 2-Water tank; 3-Water pump; 4-Thermocouple; 5-Turbine flow meter; 6-Soil box 1; 7-Soil box 2; 8-Soil box 

3; 9-Soil box 4; 10-U-tube 1; 11-U-tube 2) 

Figure 1: Schematic diagram of the experimental system: (a) Principle of the experimental system, (b) Arrangement of 

temperature measurement points for xy section. 
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(a)                                   (b) 

              

(c)                                 (d) 

Figure 2: The actual situation of the experimental 

system: (a) Enclosure structure, (b) Experimental box, 

(c) Thermocouple and brass positioning, (d) Soil 

stratification. 

 

Table 2: Physical properties of the experimental system 
 

Material 

type 

𝝆 

𝐤𝐠/𝐦𝟑 

𝒄 

 𝐉/(𝐤𝐠 ∙ ℃) 

𝝀  

 𝐖/(𝐦 ∙ ℃) 

U-tube 8979 381 387.6 

Sand 1925 1200 1.5 

Clay 1430 1439 0.862 

Note: The physical parameters of sand reference standard 

(ASHRAE, 2011).Where 𝜌 is density, 𝑐 is specific heat capacity 

and 𝜆 is thermal conductivity. 

Numerical model 

Based on the experimental system, a three-dimensional 

similarity numerical model (Li et al., 2018) was 

established by FLUENT 15.0. The meshing situation is 

shown in Fig. 3, and the number of grids is 620920. 
 

 
 

Figure 3:  The mesh of the three-dimensional numerical 

model 

 

Validation 

Numerical model validated through experimental test data. 

Experimental test conditions: the inlet speed of the U- 

tube 1 and the U- tube 2 was 0.64 m/s; the heating power 

of the water tank maintained 300W of power, and the 

operating time was 24 h. The data acquisition instrument 

collected thermocouple temperature data every 10 

minutes.  

Numerical model settings: the initial soil temperature was 

13.8°C; the far boundary was set as the adiabatic 

boundary type; the U-tube inlet velocity was 0.64m/s; the 

measured inlet temperature was introduced into the model 

in the form of the FLUENT user-defined functions 

(UDFs); the time step was set to 120s. 

Taking U-tube 1 as an example, the measured and 

simulated values of the outlet water temperature and soil 

temperature were analyzed. Available from Fig.4a, we 

can obtain an average relative error of the outlet 

temperature (Fig.4a: Exp-outlet1, Sim-outlet1) of 1%, and 

the average relative error of the inlet and outlet 

temperature differences (Fig.4a: Exp-Pipe1, Sim-Pipe1) 

is 8%. The soil measuring point S3 was located in the 

middle of two U- tubes (Fig. 1b) and were affected by the 

heat transfer of the two U-tubes. Fig. 4b shows the change 

of excess temperature with time of measuring point S3. 

The time was taken as three times of 8h, 16h and 24h. 

Measured and simulated values proved to be in good 

agreement (Li et al., 2018). 

Nanofluid 

Studies have shown that the convection heat transfer 

coefficient of nanofluids can be predicted by the formula 

of pure liquid single-phase heat transfer, after considering 

the actual viscosity and effective thermal conductivity of 

nanofluids (Prabhat et al., 2012; Yu et al., 2012). In other 

words, nanofluids can be regarded as a kind of fluid with 

new physical parameters. This section introduces the 

theoretical calculation models for the four important 

physical parameters affecting the convection heat transfer 

of nanofluids: density, specific heat capacity, thermal 

conductivity, and viscosity.  

Density and specific heat capacity 

The prediction of density and specific heat capacity of 

nanofluids has been successful (Khanafer et al., 2011). 

Based on the physical principle of the mixture rule, the 

density of nanofluids can be predicted by Eq. (4). Based 

on the heat balance of solid and liquid phases, the specific 

heat capacity of nanofluids can be predicted by Eq. (5). 

𝜌𝑛𝑓 = (1 − 𝜑𝑛)𝜌𝑏𝑓 + 𝜑𝑛𝜌𝑛                    (4) 

𝜌𝑛𝑓 =
(1−𝜑𝑛)𝜌𝑏𝑓𝑐𝑏𝑓+𝜑𝑛𝜌𝑛𝑐𝑝

𝜌𝑛𝑓
                      (5) 

Where the subscripts 𝑛, 𝑏𝑓 and 𝑛𝑓 are nanoparticle, base 

fluid, nanofluid, respectively, 𝜑𝑛  is the nanoparticle 

volume fraction without considering the adsorption 

layer, 𝜌𝑛𝑓 , 𝜌𝑏𝑓 , 𝜌𝑛 , 𝑐𝑛𝑓 , 𝑐𝑏𝑓  and 𝑐𝑛  are the density and 

specific heat capacity of nanofluid, base fluid, and 

nanoparticle, respectively.
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(a)                                                                           (b) 

Figure 4:  Comparison of measured and simulated values: (a) Water temperature of U-tube 1, (b) Excess temperature 

of soil measuring point S3. 
 

Thermal conductivity 

Ding et al. (2010) proposed a general model to predict the 

thermal conductivity of nanofluids based on the Maxwell 

model, as shown in Eq. (6). This model can predict the 

thermal conductivity of the nanofluids containing 

spherical nanoparticles or nanotubes. 

𝜆𝑛𝑓 = 𝜆𝑏𝑓

[9−𝐷(
𝑑𝑐
𝑑𝑛

)
𝐷−3

]𝜆𝑏𝑓+𝐷(
𝑑𝑐
𝑑𝑛

)
𝐷−3

𝜆𝑛−2𝐷𝜑𝑒(𝜆𝑏𝑓−𝜆𝑛)

[9−𝐷(
𝑑𝑐
𝑑𝑛

)
𝐷−3

]𝜆𝑏𝑓+𝐷(
𝑑𝑐
𝑑𝑛

)
𝐷−3

𝜆𝑛+𝐷𝜑𝑒(𝜆𝑏𝑓−𝜆𝑛)

    (6) 

Where 𝜆𝑛𝑓  ,  𝜆𝑏𝑓 , 𝜆𝑛 are the thermal conductivity of 

nanofluid, base fluid nanoparticle, respectively, 𝐷 is the 

fractal dimension of the agglomerate, preferably 2.64 

(WeitingJiang et al., 2009), 𝜑𝑒  is the effective volume 

fraction of the nanoparticle in consideration of the 

adsorption layer (Calculated by Eq. (7) and Eq. (8)) 

(Sundar et al., 2013; Wang et al., 2003). For nanofluids 

containing spherical nanoparticle agglomerates: 𝑑𝑛 is the 

diameter of a single spherical nanoparticle, 𝑑𝑐  is the 

agglomerate diameter, which is preferably 2.4 μm (Hong 

et al., 2006); for nanofluids containing nanotube 

agglomerates: 𝑑𝑛  is the nanotube diameter, 𝑑𝑐  is the 

length of nanotube. 

𝜑𝑒 = 𝜑𝑛(1 + 2
𝑑𝑛𝑓

𝑑𝑛
)𝑎                       (7) 

𝑑𝑛𝑓 =
√3

3
(

4𝑀

𝜌𝑏𝑓𝑁𝐴
)

1

3                       (8) 

Where 𝑑𝑛𝑓 is the thickness of the adsorption layer formed 

on the solid surface by fluid molecules, 𝑀 is the mass of 

base fluid, and 𝑁𝐴 is the Avogadro number, 6.02 × 1023. 

For nanofluids containing spherical nanoparticle 

agglomerates: a is 3; for nanofluids containing nanotube 

agglomerates: a is 2. 

The thermal conductivity calculation Eq. (6) was verified 

based on the measured data of the thermal conductivity of 

𝐴𝑙2𝑂3  nanoparticles (average diameter 71 nm, volume 

fractions of 1.86%, 3.00%, and 3.99%, respectively) by 

Beck et al. (2009). The base fluid thermal conductivity 

was calculated by taking the corresponding values at the 

experimental temperature. The result is shown in Fig. 5, 

and it is proved that the average relative error between the 

experimental value and the calculated value is 3.66%, 

which is within the acceptable error range. 
 

 

Figure 5: Verification of calculation model of 

thermal conductivity of nanofluids 
 

Viscosity 

The viscosity of nanofluids was calculated by The 

Renewed Ward Model (Eq. (9)) proposed by Kerenyi et 

al (2007). The model considered the volume fraction of 

nanoparticles, size, and the adsorption of fluid molecules 

on a solid surface to form a fluid molecule adsorption 

layer. 

  
𝜇𝑛𝑓

𝜇𝑏𝑓
= 1 + 2.5𝜑𝑒 + (2.5𝜑𝑒)2 + (2.5𝜑𝑒)3 + (2.5𝜑𝑒)4 +

⋯      (9) 
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Where 𝜇𝑛𝑓  is the viscosity of nanofluid, 𝜇𝑏𝑓  is the 

viscosity of base fluid. 

Nanofluid simulation setup 

The nanofluid was considered as a homogeneous 

incompressible fluid with new physical properties. In this 

study, 𝐶𝑢–water nanofluids were selected as the research 

object, and the particle size and volume fraction of 

nanoparticles were based on the value in the literature 

(Xuan et al., 2003). The physical properties (Table 3) of 

nanofluids were calculated by Eq. (4) ~ Eq. (9). The 

density of Cu nanoparticles is 8933kg/m3, the specific 

heat capacity is 0.385 kJ/(kg ∙ ℃ ), and the thermal 

conductivity is 401 W/(m ∙ ℃) (Diglio et al., 2018).  

The heat transfer effect of GHEs using nanofluids as the 

heat tranfer medium were simulated by a similar 

numerical model verified. Model No. 0 (pure water) flow 

rate was taken as 0.64 m/s, and the nanofluids pressure 

drop value remained the same as that of pure water. The 

average thermal power per borehole length is 20W/m, and 

the initial soil temperature is 15°C for all numerical 

models in table 3. The perating time is 24h.

 

Table 3: Fluid properties parameters for summer (heat release) and winter (endothermic) conditions 
 

Model 

number 
𝝋𝒏 

 

𝒅𝒏  

(𝐧𝐦) 

𝝆𝒇(𝐤𝐠/𝐦𝟑) 𝒄𝒇(𝐤𝐉/(𝐤𝐠 ∙ ℃)) 𝝀𝒇(𝐖/(𝐦 ∙ ℃)) 𝝁𝒇(𝐏𝐚 ∙ 𝐬) 

Summer Winter Summer Winter Summer Winter Summer Winter 

0 —— —— 995.7 999.8 4.174 4.197 0.618 0.567 8.02×10-4 1.45×10-3 

1 1.5% 50 1114.8 1118.8 3.719 3.740 0.665 0.610 8.45×10-4 1.53×10-3 

2 1.5% 100 1114.8 1118.8 3.719 3.740 0.650 0.596 8.39×10-4 1.52×10-3 

3 1.5% 150 1114.8 1118.8 3.719 3.740 0.645 0.591 8.37×10-4 1.51×10-3 

4 0.5% 100 1035.4 1039.5 4.011 4.033 0.629 0.577 8.14×10-4 1.47×10-3 

5 1.0% 100 1075.1 1079.1 3.859 3.881 0.640 0.587 8.26×10-4 1.49×10-3 

6 2.0% 100 1154.4 1158.5 3.715 3.737 0.660 0.606 8.52×10-4 1.54×10-3 

Note: The fluid temperature for summer condition was calculated as 30°C.The fluid temperature for winter condition was calculated 

as 7°C. 

 

Results and discussion 

The effects of different fluid 

Under the condition of the same pressure drop and 

thermal power, the difference temperature ∆𝑇 (Eq. (10)) 

of the outlet temperature of U-tube 1 in each nanofluid 

model is defined to evaluate the heat transfer effect of 

different nanofluids. Moreover, Mouromtsedd number 

(𝑀𝑜) calculated by Eq. (11) can be used as an evaluation 

index of heat transfer. A high 𝑀𝑜 value represents a better 

heat transfer effect (Olson, 2013).  

∆𝑇 = 𝑇𝑓−𝑠𝑢𝑚𝑚𝑒𝑟 − 𝑇𝑛𝑓−𝑠𝑢𝑚𝑚𝑒𝑟  

∆𝑇 = 𝑇𝑛𝑓−𝑤𝑖𝑛𝑡𝑒𝑟 − 𝑇𝑓−𝑤𝑖𝑛𝑡𝑒𝑟                  (10) 

Where 𝑇𝑓−𝑠𝑢𝑚𝑚𝑒𝑟 ,  𝑇𝑛𝑓−𝑠𝑢𝑚𝑚𝑒𝑟 , 𝑇𝑓−𝑤𝑖𝑛𝑡𝑒𝑟 , 𝑇𝑛𝑓−𝑤𝑖𝑛𝑡𝑒𝑟  

are the U-tube outlet temperature of pure water, 

nanofluids in summer condition and winter conditions, 

respectively.  

𝑀𝑜 =
𝜌𝑛𝑓

0.8𝜆𝑛𝑓
0.67𝑐𝑛𝑓

0.33

𝜇𝑛𝑓
0.46           (11) 

The calculation results of ∆𝑇 and  𝑀𝑜 are shown in Fig. 

6, and ∆𝑇 is taken as the average of the operating time. 

From Fig. 6 positive ∆𝑇 and 𝑀𝑜 values greater than pure 

water conditions indicate that nanofluids play a positive 

role in heat transfer. In addition, the change trend of ∆𝑇 

matches 𝑀𝑜 forecast curve in model No.1~3 ( 𝝋𝒏 =1.5%) 

or model No.4~6 (𝒅𝒏 =100nm), that means the 𝑀𝑜  can 

predict the heat transfer effect (∆𝑇) of different nanofluids 

to a certain extent. However, the 𝑀𝑜 is failed to predict 

the ∆𝑇 of No.3 and No.6. As far as the simulation of this 

paper was concerned, the highest ∆𝑇 and  𝑀𝑜 were model 

No.1 (𝑑𝑛 =50 nm, 𝜑𝑛 =1.5%). The ∆𝑇 and 𝑀𝑜 of model 

No.1 were 0.046 °C (summer)/0.052°C (winter), 

5618(summer)/4090(winter), respectively. 
  

 

Figure 6. Comparison of different fluids 
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The effects of operating time 

Take Model No.4 as an example to obtain the image (Fig. 

7) of its ∆𝑇 change with operating time (24h). It can be 

seen that the ∆𝑇  is small at the beginning of the operation, 

and then it is stable. The reason may be that the heat input 

at the beginning of the operation is mainly used to heat or 

cool the fluid and then heat exchange with the earth. The 

inlet temperature (Tin) or outlet temperature (Tout) of 

No.4 change with operating time in Fig.7 that can reflect 

this point of view. The inlet temperature (Tin) or outlet 

temperature (Tout) change significantly at the beginning 

and then change gently. It shows that the enhancement of 

the heat transfer of the nanofluid to the GHE is stable with 

the operating time. 

 

Figure 7: The  ∆T  and inlet or outlet temperature of No.4 

change with operating time 

 

The effects of thermal power 

In order to explore the effect of the average thermal power 

per borehole length on the heat transfer of nanofluids, the  

∆𝑇  under different thermal powers (10W/m, 20W/m, 

same time, the percentage of borehole length reduction 

was calculated by Eq. (12). 

∆𝐿 =
𝑐𝑛𝑓 𝑚𝑛𝑓 ∆𝑇

𝑃𝐿
× 100%  (12) 

Where ∆𝐿  is the percentage of borehole length 

reduction, 𝑃 is the average thermal power per borehole 

length, W/m, 𝐿 is the borehole length of pure water,  𝑚𝑛𝑓  

is the mass flow of nanofluids. 

Fig.8 shows the  ∆𝑇  and  ∆𝐿  of No.1 at different 

powers,and the ∆𝐿𝑐  and ∆𝐿ℎ  are the percentage of 

borehole length reduction for summer and winter 

condition, respectively. From Fig.8, the  ∆𝑇  and   ∆𝐿 

increases with time. The maximum ∆𝑇 and ∆𝐿 of model 

No.1 are 0.074 °C (summer)/0.083°C (winter) and 

2.81 %( summer)/3.15 %( winter), respectively, when the 

average thermal power per borehole length is 30W/m. The 

increase of thermal power increases the positive effect of 

nanofluids on enhanced heat transfer. 

  

Figure 8: The  ∆T and  ∆L of  No.1 at different powers 

 

Comparison of literature 

According to the latest research on the nanofluids Used in 

vertical GHEs (Narei et al., 2016; Diglio et al., 2018), 

research methods and findings are presented in table 4.  

In terms of control and evaluation methods, No. 2 takes 

control of the Reynolds number and inlet temperature 

constant, and evaluates the heat transfer effect of 

nanofluids through pressure drop (△P) and thermal 

resistance reduction (△R). It is feasible to evaluate the 

effect of heat transfer between different nanofluids. 

However, it is lacking in evaluating the comprehensive 

role of nanofluids in heat transfer in GHE. The increase in 

pressure drop has a negative effect and it causes changes 

in the flow rate. And the reduction in thermal resistance 

produces a positive effect, which causes changes in the 

heat transfer coefficient. Flow and heat transfer 

coefficient affect the heat transfer of GHEs at the same 

time. It leads us to not intuitively obtain the combined 

effects of nanofluids. But, However, if we use the method 

of controlling pressure drop and thermal power, we can 

obtain the combined effect of nanofluids only by 

comparing the outlet temperature of U-tubes. The same 

pressure drop represents the same power consumption of 

the water pump, and the same thermal power guarantees 

the same heat transfer. It means that the energy provided 

and the energy obtained are the same. By this method, the 

decrease in the outlet temperature in the summer and the 

increase in the outlet temperature in the winter are 

obtained for nanofluids compared with the pure water. 

The △T will affect the energy efficiency of the heat pump 

unit. 
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As for the evaluation index △L of  No.3,the dynamic 

effective thermal resistance of the ground was considered 

by the calculation method of △L. The calculation method 

of △L in this paper is based on the result of numerical 

simulation of long-term operation, and it is equivalent to 

comprehensively considering the change of heat transfer 

capability of the earth over time. 

Focus the results, △Lh of  No.1 is lower than No.2 when 

the nanoparticle volume fraction is 1.0% when the 

nanoparticle of the same type and volume fraction. On the 

one hand, No. 1 and No. 2 adopt different control methods. 

On the other hand, the physical properties of nanofluids 

are also affected by factors such as the size of 

nanoparticles. And △L calculation method is different. 

Although different calculation methods were used, the 

results showed that the percent reduction (△Lc and △Lh ) 

in borehole length was relatively small. 

Table 4: Literature Data Comparison of Nanofluids Used in vertical GHEs 
     

 

No. Nanofluids 
Calculation 

method 

Flow 

control 

Heat input 

control 

Evaluation 

index 
△Lc  △Lh 

Nanoparticle 

volume 

fraction 

Data 

Source 

 

1 Cu-water 
Numerical 

Solution 

Pressure 

drop 

Thermal 

power 
△T，△L 

2.81% 3.15% 1.5% This 

paper 1.20% 1.30% 1.0% 

 

2 Cu-water 
Numerical 

Solution 

Reynolds 

number 

Inlet 

temperature 
△P，△R，

Tout 
—— 2.33% 1.0% 

Diglio-

2018 

 

3 Al2O3-water 
Analytical 

solution 
—— 

Air 

conditioning 

load 
△L 1.30% —— 5.0% 

Narei-

2016 

Note: About the calculation method of △L No.2 and No. 3 are the same. 

 

Energy saving potential 

As mentioned earlier, the energy efficiency of a heat 

pump unit will be affected by the outlet temperature of the 

GHEs. Because the outlet temperature of GHEs will affect 

the evaporation temperature or condensing temperature of 

the heat pump unit, it will affect the energy efficiency of 

the unit. Literature (Zhou et al., 2005) shows that for 1°C 

of change in condensing temperature and evaporation 

temperature, the energy efficiency of the heat pump unit 

changes 4.1% and 2.4%, respectively. Assuming a heat 

pump unit with an energy efficiency ratio of 4, taking 

Model No.1 as an example, the energy efficiency 

improvement percentage is calculated to be 0.19% 

(summer) and 0.13% (winter). 

Narei et al. (2016) analysed that the limit of the reduction 

of the GHEs thermal resistance of nanofluids was 3.7% 

and  the reduction of bore length △L is 1.34% under the 

engineering conditions adopted in the article.  The 

proportion of the thermal resistance affected by the fluid 

to the total thermal resistance is small, which is why the 

nanofluid has a positive effect on the heat transfer, but the 

effect is not significant. 

Conclusion 

In this paper, through the similar numerical model of 

vertical GHEs, the effects of six different nanoparticle 

sizes and volume fractions of Cu–water nanofluids as heat 

transfer fluids of the GHEs were investigated. 

Maintaining the same fluid pressure drop and thermal 

power, compared to pure water, get the following 

conclusion: 

(1) The difference in outlet temperature of the GHE 

between nanofluid and pure water conditions ∆T was 

up to 0.074 °C (summer)/0.083°C (winter) when 

𝑑𝑛 is 50 nm, 𝜑𝑛 is 1.5%  and the thermal power of 

GHEs is 30W/m. 

(2) The ∆T is small at the beginning of the operation, and 

then it.generally reaches a stable value in 24h 

operating time (equivalent to the actual operating 

time of 64 days). 

(3) The energy saving potential of nanofluids for GHEs 

is small because the reduced thermal resistance of 

nanofluids accounts for a small proportion of the total 

thermal resistance of GHEs. 
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