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ABSTRACT 

 

The present work dealt with the thermal assessments of the ground-coupled 

heat pump heat exchangers utilized in the field of geothermal energy source. A 

model was performed to predict the overall thermal resistance of a single 

vertical heat exchanger embedded in the borehole. The philosophy of the U-

tube replacement with a single equivalent tube size was implemented with new 

development. Four tube sizes were used to build several borehole geometry 

configurations, they were (9.53) mm, (12.7) mm, (15.88) mm, and (19.05) mm 

accommodated in borehole sizes of (65) mm, (75) mm, (90) mm, and (100) mm 

respectively. Twelve borehole geometry configurations were examined as DX 

condensers circulate R410A refrigerant. These geometry assemblies produced a 

range of (0.29-0.57) for tube spacing to borehole ratio tested at (0.73) W/m K to 

(1.9) W/m K filling thermal conductivity range. The results of the present 

correlation showed good agreement with previously published correlations in 

the open literature. A mean temperature difference between the condensed 

vapor refrigerant and soil was assumed to have existed as (14) °C. Increasing the 

tube spacing from (2) to (3) times the tube diameter exhibited an augmentation 

in the heat loading of the borehole. This rise in the heat loadings of the U-tube 

was (8-10) % and (13-17) % for the geometry configurations of (9.53) mm and 

(12.7) mm tube sizes respectively. The tube diameter has also shown its 

importance in the thermal process of the borehole. At (75) mm borehole size 

and tube spacing of (2) times tube outside diameter, the predicted borehole 

thermal resistance for (9.53) mm tube diameter was higher than that of (19.05) 

mm one by (78-80) % for the test range of grout thermal conductivity.  

Keywords : Single U-tube, Borehole Thermal Resistance, Correlation, DX Heat 

Exchanger, R410A 

 

I. INTRODUCTION 

 

The geothermal energy source is conceived as one of 

the best sustainable energy sources because it is a 

clean, cheap, and inexhaustible. Manufacturers have 

focused on the utilization of ground-coupled heat 

pumps for heating and cooling in residential and 
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commercial buildings. This is because of the fast 

payback of their installation cost and power 

consumption cost. The (GHE) plays a major role in 

the assessment of the performance of the ground-

coupled heat pumps. Hence, qualitative and 

quantitative research was conducted to understand, 

optimize the (GHE) design and size to achieve the 

best thermal performance.  

 

There is quite a good number of researches have been 

conducted to model the borehole design analytically. 

Zeng and Fang [1], Zeng et al. [2], and Zanchini et al. 

[3, 4] built 2-dimensional models for the ground heat 

exchangers to simulate the thermal aspects in the 

borehole. Li and Zheng [5], Bauera et al. [6], and Rees 

and He [7] presented a 3-dimensional numerical 

simulation model for U-tube borehole heat 

exchangers. Song et al. [8] developed a 3-dimensional 

steady-state numerical model for a U-tube 

geothermal heat exchanger. The influences of depth, 

porosity, and geological factors on the performance of 

heat exchanger were investigated.  

 

Yavuzturk et al. [9] have proved that the 

approximation of the heat transfer in the borehole 

region being a steady-state process was suitable and 

described by a constant borehole thermal resistance, 

except for analysis dealing with dynamic responses 

within a few hours. 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. [10]; Muttil and Chau [11]. It was also 

analyzed as cylindrical-source theory, Ingersoll et al. 

[12], Carslaw et al. [13]; Kavanaugh [14]. 

 

Most of the available correlations for the 

prediction of the thermal resistance of the vertical U-

tube borehole depend on the replacement of the U-

tube by single equivalent tube geometry. The 

equivalent diameter of the U-tube can be presented 

in the form of: 

de =  ϕ do                                                                (1)                                                                                            

Where (ϕ) is an equivalency coefficient greater than 

(1.0). A value of (ϕ) for equal tube leg diameters was 

found as (√2)  for two buried horizontal pipes by 

Claesson and Dunand [15]. The same value was also 

suggested by Bose et al. [16]. A one-dimensional heat 

transfer model was built by Shonder and Beck [17] 

for the U-tube heat exchanger. They replaced the U-

tube legs by an equivalent concentric tube at the 

borehole and arrived at the following expression for 

the filling thermal resistance: 

Rf=  
ln(

DB
de
)

2 π kg
    (2.a) 

 In which the equivalent diameter corresponds to: 

de = √n do   (2.b)                                                                                                  

 

Where (n) is equal to (2) for a single U-tube system. 

A steady-state heat transfer simulation for a 

cylindrical source was accomplished by Gu and 

O’Neal [18]. They arrived at a correlation for the 

grout resistance of a vertical U-tube ground heat 

exchanger in the form:  

 

Rf=  
ln(

DB
 do
 √
do
Sp
)

2 π kg
   (3.a) 

 

This form of equation reveals that the equivalent 

diameter was expressed as: 

 

𝑑𝑒 = √𝑆𝑝 𝑑𝑜   (3.b)                                                                                                                  

 

Remund [19] has formulated the borehole thermal 

resistance for three different cases of the two tube 

legs spacing. These conditions were described 

according to the U-tube leg spacing as, close, average 

and along the outer wall of the borehole in the form: 

 

𝑅𝑓 = 
1

𝛽0 𝑘𝑔 (
𝐷𝐵
𝑑𝑜
)
𝛽1
 

                                   (4)                                                                                                           

 

The values of the coefficient (β0) and the index (β1) 

were (17.44) and (-0.6052) respectively for the 
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average tube spacing case in the borehole. Sharqawy 

et al. [20] developed a correlation for the grout 

thermal resistance as:  

 

𝑅𝑓 =
(−1.49 

𝑆𝑝

𝐷𝐵
+0.656 𝑙𝑛(

𝐷𝐵
𝑑𝑜
)+0.436)

2 𝜋 𝑘𝑔
                            (5)                                                                                         

Koenig [21] has performed an analytical model for 

the heat transfer problem in a borehole with single 

and multi-vertical U-tube loops. He postulated a 

correlation for the borehole thermal resistance of a 

single U-tube heat exchanger is: 

 

𝑅𝐵 =
𝛽 𝑅𝑝

2 
   (6.a)                                                                                                                 

𝛽 =
𝑅𝑓+𝑅𝑝

𝑅𝑝
   (6.b)                                                                                

 

Tarrad [22] has reported a simple correlation for the 

prediction of a borehole thermal resistance in a 

vertical single U-tube ground heat exchanger. It has 

incorporated the U-tube and borehole diameters, and 

tube spacing in the following expression for the 

concentric equivalent diameter: 

 

𝑑𝑒 =
𝐷𝐵

(𝑥+√𝑥2−1)
    (7.a)                                                                                                      

𝑥 =
𝐷𝐵

2+ 𝑑𝑜
2−𝑆𝑝

2

2 𝐷𝐵 𝑑𝑜
                           (7.b)  

 

The correlation showed an acceptable agreement 

with previously published ones in the open literature. 

Tarrad [23] developed a correlation for the borehole 

thermal resistance based on the equivalent tube 

diameter technique. He has arrived at an expression 

for the equivalent concentric tube as:  

 

𝑑𝑒 = 
√2 𝑑𝑜+2 𝑑𝑜

2
≈ √3 𝑑𝑜   (8)                                                                                                 

 

 

In this expression, the equivalency coefficient (𝜙) in 

eq. (1) is equal to (√3). 

 

Tarrad [24] developed an analytical model for the 

prediction of the borehole thermal resistance of a 

single U-tube loop. It included the effect of an 

obstruction factor for the heat conduction flow in the 

borehole geometry in the following expression: 

 

𝑅𝑓 =
1

𝜎
 
𝑐𝑜𝑠ℎ−1{

𝐷𝐵
2+ 𝑑𝑜

2−4 𝑙𝑝
2

2 𝐷𝐵 𝑑𝑜
}

2 𝜋 𝑘𝑔
                                  (9)                                                                                          

 

The obstruction factor was expressed for the single 

loop by: 

𝜎 = 1 −

2 (𝐷𝐵+ 𝑆𝑝) 𝑡𝑎𝑛
−1

(

 
 𝑑𝑜

2  √𝑆𝑝
2−(

𝑑𝑜
2
)
2

)

 
 

𝜋 𝐷𝐵
  (10)                                                                              

𝑅𝐵 =
𝛽 𝑅𝑝

2 𝜎
     (11)                                                                                  

𝛽 =
𝑅𝑓+𝑅𝑝

𝑅𝑝
    (12)                                                                                                               

     

The obstruction factor value lies in the range of (0 <

𝜎 ≤ 1) .  It is equal to unity when there is no 

obstruction object.  

 

In this study, the thermal resistance of the grout was 

coupled with the tube resistance to accomplish a 

model for the assessment of borehole effective 

thermal resistance in a single U-tube assembly. The 

tube spacing (Sp) corresponded to (2), (2.5), and (3) 

times the U-tube outside diameter. These tube 

spacing factors produced a geometry factor defined as 

the ratio of tube spacing to borehole diameter (DB) in 

the range of (0.29-0.57) for different configurations. 

 

 

II. MODEL PRESENTATION 

 

2.1. Equivalent tube methodology 

 

Consider a vertical U-tube ground heat exchanger as 

shown in Fig. 1 is to be transformed into an 

equivalent geometry configuration. 
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Figure 1: A schematic presentation of a single vertical 

U-tube heat exchanger 

 

The replacement of the U-tube is sought to be in the 

form of keeping the same filling volume as that of the 

original geometry, Fig. 2. The mathematical 

presentation of this statement is expressed in the 

following relation: 

 
𝜋

4
{𝐷𝐵

2 −  2 𝑑𝑜
2} 𝐿 =

𝜋

4
{𝐷𝐵

2 −  𝑑𝑒
2} 𝐿  (13) 

 

Solving this equation yields to: 

 

𝑑𝑒 = √2 𝑑𝑜   (14)                                                                                                         

 

This result is similar to that stated by Claesson and 

Dunand [15] and Bose et al. [16].  

 

 
Figure 2: A representation for the equivalent 

borehole geometry 

 2.2. Equivalent tube eccentricity 

 

The transaction of the equivalent diameter (𝑑𝑒 =

 √2 𝑑𝑜)  to the offset position was achieved by 

keeping the shank diameter as a constant: 

 

𝐷𝑆 = 𝑆𝑝 − 𝑑𝑜 = 𝑆𝑝,𝑒 − 𝑑𝑒   (15)                                                                                               

 

This expression gives the eccentricity of the 

equivalent tube as: 

 

𝑙𝑝,𝑒 =
1

2
 {𝑆𝑝 + (√2 − 1) 𝑑𝑜}    (16.a)                                                                                              

 

Hence 

𝑙𝑝,𝑒 ≈ 𝑙𝑝 + 0.207 𝑑𝑜                (16.b)                                                                                                   

 

2.3. U-tube and borehole sizes 

 

The outer circle diameter of U-tube installation in a 

borehole for practical applications is controlled by 

the following expression, Koenig [21]:  

 

𝐷𝑠 + 2 𝑑𝑜 ≤ 0.75 𝐷𝐵     (17)                                                                                             

 

Rearranging this relation in terms of the tube spacing 

(Sp) gives: 

 

𝑆𝑝 + 𝑑𝑜 ≤ 0.75 𝐷𝐵    (18)                                                                                                          

 

This expression shows that the maximum tube 

spacing inside the borehole is controlled by: 

 

𝑆𝑝,𝑚𝑎𝑥 = 0.75 𝐷𝐵 − 𝑑𝑜    (19)                                                                                                     

 

The U-tube legs spacing in the borehole is usually 

designated in terms of the outside diameter of the 

tube as: 

 

𝑆𝑝 =  𝛼 𝑑𝑜    (20)     
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Here, the coefficient (α) is defined as the tube 

spacing factor. 

 

2.4. Thermal resistance 

 

The filling thermal resistance per unit length is 

estimated with the aid of the expression cited in 

Holman [25] for an offset pipe having the equivalent 

geometry physical dimensions as: 

 

𝑅𝑓 =
𝑐𝑜𝑠ℎ−1{

𝐷𝐵
2+ 𝑑𝑒

2−4 𝑙𝑝,𝑒
2

2 𝐷𝐵 𝑑𝑒
}

2 𝜋 𝑘𝑔
                                    (21)                                                                                       

 

The pipe thermal resistance composes of the heating 

or cooling medium that flows inside the pipe and the 

conduction term of tube wall metal, it is estimated 

per unit length from: 

 

𝑅𝑝 =
1

𝜋 𝑑𝑖 ℎ
+ 

𝑙𝑛(
𝑑𝑜
𝑑𝑖
)

2 𝜋 𝑘𝑝
    (22)                                                                                                   

 

This term is in a series circuit heat transfer resistance 

analogy with that of the filling portion. Hence the 

borehole thermal resistance may be estimated from: 

𝑅𝐵 = 𝑅𝑓 + 𝑅𝑝    (23)                                                                                                     

 

2.5. Assessment Methodology 

 

2.5.1. Case study  

 

Table 1 illustrates the examined geometry 

configurations of the borehole in the present work. 

 

 

 

 

 

 

 

 

 

Table 1: Examined geometry configurations 

 

Conf. do 

(mm) 

WF 

(----) 

α 

(--) 

DB 

(mm) 

Sp/DB 

(----) 

𝑺𝒑 + 𝒅𝒐

𝑫𝑩
 

G1 9.53 12.5 3 65 0.44 0.59 

G2 9.53 12.5 2.5 65 0.37 0.51 

G3 9.53 12.5 2 65 0.29 0.44 

G4 12.7 14.29 3 75 0.51 0.68 

G5 12.7 14.29 2.5 75 0.42 0.59 

G6 12.7 14.29 2 75 0.34 0.51 

G7 9.53 12.5 2 75 0.25 0.38 

G8 15.88 15.63 2 75 0.42 0.64 

G9 19.05 17.86 2 75 0.51 0.76 

G10 9.53 12.5 3 75 0.38 0.51 

G11 15.88 15.63 3 90 0.53 0.71 

G12 19.05 17.86 3 100 0.57 0.76 

 

2.5.2. Grout thermal conductivity 

 

Sagia et al. [26] presented a tabulated list of the 

thermal conductivity of several grout mixtures as 

deduced from Gaia Geothermal [27]. 

 

Table 2. Thermal conductivity of grout mixtures, 

Gaia Geothermal [27] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Grouts Thermal 

Conductivity 

(W/m K) 

20% Bentonite  0.73 

30% Bentonite  0.74 

Cement Mortar  0.78 

Concrete 2100 kg/m3  1.04 

30% Bentonite - 30% 

Quartzite  

1.3 

30% Bentonite - 40% 

Quartzite  

1.47 

60% Quartzite- Flowable Fill 

(Cement+Fly Ash+Sand)  

1.85 

Concrete (50% Quartz Sand)  1.9 
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This range of filling thermal conductivity was 

implemented in the present model verification. 

 

2.5.3. Operating conditions 

 

The condensation heat transfer coefficient for R-

410A refrigerant is fixed at (3000) W/m2 °C as a 

typical reference value deduced from Huang et al. [28] 

and Kim and Shin [29]. Garbai and Méhes [30] found 

that the ground thermal resistance approaches a 

steady-state value after a one-year operation. They 

estimated the ground thermal resistance as (0.053) 

m.°C/W for a ground thermal conductivity of (2.42) 

W/m. °C. Hence, this magnitude was used to estimate 

the total borehole thermal resistance as: 

 

𝑅𝑡 = 𝑅𝐵 + 𝑅𝑠𝑜𝑖𝑙    (24)                                                                                                                   

 

The heat loading of the borehole is estimated from: 

𝑞𝑙 =
∆𝑇𝑚

𝑅𝑡
    (25)                                                                                                         

 

A typical value of (14) °C for the mean temperature 

difference between the condensed refrigerant vapor 

and soil was assigned at the present work. This value 

was assumed for the cooling mode of the heat pump 

in which the ground heat exchanger acts as a 

condenser. 

 

III. RESULTS AND DISCUSSION 

 

3.1. Present work comparison 

 

The present correlation is compared with the 

previously published work of other investigators in 

Fig. 3. The results showed that the predicted 

borehole thermal resistance by Bose et al. [16] and 

Koenig [21] was the higher and lower among other 

examined models regardless of borehole geometry 

configuration.  

 
Figure 3.a: (G1) geometry configuration of (9.53) mm 

tube size, DB=65 mm, Sp=3 do  

 
Figure 3.b: (G4) geometry configuration of (12.7) mm 

tube size, DB=75 mm, and Sp=3 do 

 
Figure 3.c: (G11) geometry configuration of (15.88) 

mm tube size, DB=90 mm and Sp=3 do 
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Figure 3.d: (G12) geometry configuration of (19.05) 

mm tube size, DB=100 mm and Sp=3 do  

 

Figure 3: Comparison of the present work borehole 

resistance with existing models 

 

The Bose et al. [16] correlation is a conservative 

thermal design one, it predicted about twice as much 

as that of the Koenig [21] model. The predicted 

numerical values of the borehole thermal resistance 

by Bose et al. [16] fell in the range (0.29-0.36) 

m.°C/W and (0.12-0.15)  m.°C/W estimated at grout 

thermal conductivity of (0.73) W/m. °C and (1.9) 

W/m. °C respectively. The respective values of the 

Koenig [21] predictions were within (0.14-0.19) 

m.°C/W and (0.06-0.08) m.°C/W estimated at grout 

thermal conductivity of (0.73) W/m. °C and (1.9) 

W/m. °C respectively. The present work predicted 

(RB) in the range of (0.14-0.29) m.°C/W and (0.06-

0.12) m.°C/W calculated at (kg) of (0.73) W/m. °C and 

(1.9) W/m. °C respectively. The higher range value 

was usually obtained at the smaller tube size (9.53) 

mm whereas, the higher was assigned for the larger 

examined tube size of (19.05) mm. This is due to the 

greater grout layer in the borehole around the 

smaller tube than that of the bigger tube size and 

hence revealed a higher thermal resistance. 

 

The predicted values of the borehole thermal 

resistance by Gu and O’Neal [18] and Tarrad [23] 

were identical for the test tube sizes when the tube 

spacing factor (𝛼) is equal to (3). This condition leads 

to equal values of the equivalent tube diameters (de) 

as shown in equations (3.b) and (8). Hence, the same 

grout and borehole thermal resistances will be 

obtained for both correlations. Remund [19] and 

Tarrad [24] predicted close magnitudes of the 

borehole thermal resistance and the divergence 

between these correlations increases as the U-tube 

diameter increases.  

 

The data revealed that the thermal resistance 

experiences a significant reduction as the grout 

thermal conductivity increases. All of the examined 

correlations exhibited a similar variation trend with 

grout thermal conductivity. In general, the estimated 

(RB) at (1.9) W/m. °C by the tested correlations and 

models showed that their numerical magnitudes were 

about (40-42) % of those predicted at (0.73) W/m. °C. 

Hence, it is expected to have more heat loading of the 

U-tube heat exchanger at the higher tested grout 

thermal conductivity. 

3.2. Effect of tube size 

 

The role of the U-tube size is inferred from the 

comparison illustrated in Fig. 4. 

 

 
Figure 4: Comparison of borehole thermal resistance 

at fixed DB=75 mm and Sp=2 do 

 

A borehole diameter of (75) mm was selected to 

investigate this parameter with a variety of outside 

tube diameter as stated in (G6-G9). The thermal 

resistance of the borehole exhibits a reduction as the 

tube size increases. Hence, the (19.05) mm showed 

the lower (RB) than the others due to the reduction of 
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the grout layer around the tube. The bigger tube size 

showed a minor variation with the grout thermal 

conductivity because it is located closer to the 

borehole wall. This phenomenon was also confirmed 

by the previous work of Remund [19], Gu and O’Neal 

[18], and Tarrad [23]. The predicted (RB) for the (9.53) 

mm was higher than that of the (19.05) mm tube size 

by about (70) % and (79) % estimated at (kg) of (1.9) 

W/m. °C and (0.73) W/m. °C respectively. For the 

present operating conditions, the bigger U-tube is 

expected to transfer or absorbs more energy than that 

of the smaller ones. 

 

The gradient of the borehole thermal resistance with 

grout thermal conductivity (ΔRB/Δkg) was steeper as 

the tube size decreases. The bigger tested tube of 

(19.05) mm exhibited a flatter variation trend as the 

grout thermal conductivity increases. This is mainly 

because the tube boundary is closer to the borehole 

wall than other tube sizes.  

3.3. Effect of tube spacing 

Fig. 5 depicts a comparison for the borehole thermal 

resistance estimated at different U-tube legs spacing. 

 

 
 

Figure 5.a: Geometry configuration of (9.53) mm tube 

size and DB=65 mm 

 

 
Figure 5.b: Geometry configuration of (12.7) mm 

tube size and DB=75 mm 

 

Figure 5: Comparison of borehole thermal resistance 

at various tube spacing 

 

The results show that the borehole thermal resistance 

exhibits deterioration as the tube spacing increases 

for the same geometry configuration. The predicted 

(RB) at tube spacing (Sp) of (2 do) were higher than 

those at (3 do) by (11) % for the (9.53) mm U-tube 

size and (65) mm borehole diameter. The 

corresponding value for the (12.7) mm tube size and 

(75) mm borehole size was within (20) %.  It seems 

that the reduction percentage of the borehole 

thermal resistance is a function of the U-

tube/borehole sizes combination. 

The predicted heat loadings for these geometry 

configurations are shown in Fig. 6; it is constructed 

depending on the assumed operating conditions 

utilized in the present work 

 

 
Figure 6.a: Geometry configuration of (9.53) mm tube 

size and DB=65 mm 
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Figure 6.b: Geometry configuration of (12.7) mm 

tube size and DB=75 mm 

 

Figure 6: Comparison of borehole heat loading at 

various tube spacing 

 

The heat loading pattern of the U-tube illustrates that 

it increases as the grout thermal conductivity and U-

tube spacing increase. The predicted heat loadings at 

(kg) of (1.9) W/m. °C was as much as twice those at 

(0.73) W/m. °C for both borehole geometry 

configurations at all of the examined tube spacing. 

Increasing the tube spacing revealed an augmentation 

in the heat loading for both test geometry 

configurations. The enhancement factor was ranged 

between (8) % (10) % for the small tube size of (9.53) 

mm and fell between (13) % and (17) % for the (12.7) 

mm tube size where the enhancement factor is 

defined as: 

 

𝜂 =
(𝑞𝑙)3− (𝑞𝑙)2

(𝑞𝑙)3
             (26) 

 

The indices (3) and (2) indicate that the parameters 

were taken at (Sp) of (3 do) and (2 do) respectively. 

 

3.4. Effect of borehole size 

 

Fig. 7 was constructed to investigate the effect of the 

borehole size on the thermal performance of the U-

tube heat exchanger. 

 

 
Figure 7: Comparison of borehole thermal resistance 

for (9.53) mm tube size at various borehole diameter 

and tube spacing 

 

The results revealed that the borehole thermal 

resistance exhibited an increase as the borehole 

diameter increases and vice versa for fixed tube size. 

Increasing of the borehole size from (65) mm to (75) 

mm with (9.53) mm tube configurations causes an 

increase for (RB) in the range of (10-11) % at (Sp) of (2 

do). The increase percentage values for the case of 

tube spacing of (3 do) were higher, the estimated 

values were within (14-15) % for the whole 

examined range of grout thermal conductivity. 

 

IV. CONCLUSION 

 

A correlation for the prediction of the borehole 

thermal resistance was derived and verified with 

previously published ones. The results showed that 

the borehole thermal resistance depends on the 

geometry configuration and grout thermal 

conductivity. Increasing of the grout thermal 

conductivity from (0.73) W/m. °C to (1.9) W/m. °C 

has doubled the heat loading of the U-tube. The 

predicted (RB) for the (9.53) mm was higher than that 

of the (19.05) mm tube size when are installed in a 

(75) mm borehole size by about (70) % and (79) % 

estimated at (kg) of (1.9) W/m. °C and (0.73) W/m. °C 

respectively. The present work revealed that the 

estimated (RB) at (1.9) W/m. °C was about (40-42) % 

of that at (0.73) W/m. °C for all examined geometry 

configurations. The heat loading of the borehole 
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showed an increase as the U-tube legs spacing 

increases for fixed borehole size. The heat loading 

enhancement factor (η) was within (8-10) % for the 

tube size of (9.53) mm and (65) mm borehole 

geometry configuration. The corresponding value for 

the (12.7) mm and (75) mm borehole diameter 

geometry configuration fell in the range of (13-17) %. 

Borehole geometry configurations that have a fixed 

tube size with bigger borehole diameter gave a higher 

borehole thermal resistance and lower heat loading. 

 

V. NOMENCLATURE  

 

Parameter Definition 

d Tube diameter, m 

D Diameter, m 

GHE Ground heat exchanger 

h Convection heat transfer coefficient, 

W/m2 K 

k Thermal conductivity, W/m.K 

L Length, m 

𝑙𝑝 Tube offset distance, m 

ql Heat loading, W/m 

R Thermal resistance per unit length, 

m.K/W 

S Geometry shape factor, m 

Sp Tube legs spacing, m 

t Thickness, m 

ΔT Mean temperature difference, K 

WF Wall factor=do/t 

 

Subscribes 

B Borehole 

cond Condenser 

e Equivalent 

f Filling 

g Grout 

i Inside 

m Mean 

max Maximum value 

o Outside 

p Pipe 

s Shunt 

t Total 

x Parameter defined in eq. (7.b) 

 

Greek Letters 

 

α Tube spacing factor 

𝛽 Factor defined in eq. (6.b) 

β0 Coefficient in eq. (4) 

β1 Index in eq. (4) 

𝜂 Enhancement factor defined in eq. 

(26), % 

σ Obstruction factor defined in eq. (10) 

𝜙 Equivalency coefficient 
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