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Abstract: This article presents an investigation of a low curvature coiled tube with double discrete inclined ribs for an 

application to ground heat exchanger used in ground heat pump systems. Computational fluid dynamics is employed to analyze 

the heat transfer and fluid flow with several ribs. The analysis performs detailed study involving flow behavior, pressure drop, 

heat transfer rate, wall heat flux, absolute vorticity flux for a range of ribs height (0.45 mm, 0.75 mm, and 1 mm) and flowrate 

(ranging from 6 L/min to 10 L/min) on curvature of coil 2.22 m
-1

. COP improvement factor, which is a function of heat transfer 

enhancement and pressure loss increase, is evaluated. The increasing of ribs height can deviate secondary flow, which contributes 

to heat transfer and pressure drop enhancement. In the case of higher ribs, circumferential heat flux distribution tends to be more 

fluctuated. The heat flux distribution also becomes smaller with the increasing of axial distance. The COP improvement factor 

significantly improves with the increase of ribs height. On the other hand, the COP Improvement factor tends to decrease with the 

increase in flow rate. The application of ribs in a low curvature coil is attractive and has the potential for Slinky-coil ground heat 

exchangers. 
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1. Introduction 

The increase in global warming has triggered a rise in the 

use of renewable energy sources. The Ground Source Heat 

Pump (GSHP) system is a technology which utilizes 

renewable energy. This system can improve the efficiency of 

cooling and heating in commercial buildings. GSHP is 

connected to Ground Heat Exchanger (GHE) with vertical or 

horizontal configurations. GHE is used to reject heat to the 

ground or to absorb heat from the ground. Vertical 

configurations are usually installed at depths from 15 to 150 

m while horizontal configuration can be installed in trenches 

with depths from 1 to 2 m. 

One of GHE horizontal configuration is slinky. The 

slinky GHE has better thermal performance compared to 

straight pipes [1-4]. The slinky pipe curvature is capable 

of producing secondary flow resulting from centrifugal 

force. The amount of research on slinky-coil GHE is not 

as much as research on GHE straight pipes. The use of 

two GHE slinky-coil sets in a long time and the number of 

different loop angles compared to the heat transfer 

capability has been investigated by Fujii et al. [5]. 

However, the complexity of the slinky-coil, mathematical 

models have never been used to predict the performance 

of slinky GHE in a long time. 

Several developments were made to improve the slinky 

performance of GHE. These include the vertical and 

horizontal configurations while geometry-based variations 

on coil pitch distance, coil diameter, tube diameter, tube 

material, the length between slinky and ground composition. 
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Chong et al. [6] researched the effect of slinky performance 

on numerical vertical and horizontal configurations. The 

results of this study indicate that both configurations produce 

differences in thermal performance with a maximum of less 

than 5%. 

Ali et al. [7] researched slinky in experimental vertical and 

horizontal configurations. They stated that vertical 

configuration tends to perform more superior than horizontal 

configuration on the heat extraction rate. Wanda et al. [8] 

observed the effect of the number of loops, tube material, 

and the distance between loops. They stated that the 

operation of the double and triple loops produced higher 

thermal performance 83% and 162%, respectively, compared 

to one loop at the same pump power. The use of copper pipes 

results in an average heat transfer increase of 48% compared 

to HDPE pipes. In parallel operations, thermal performance 

can increase from 10% to 14% when there were distances 

between loops available. Mostly slinky GHE is low 

curvature coil. Hardik et al. [9] researched several curvatures 

of the coil. They concluded that large curvature has high heat 

transfer. Strong secondary flow contributes to high heat 

transfer. 

Some researchers observed the flow pattern of the coil 

pipe. Some articles depict hydrodynamic characters such as 

velocity fields, secondary flow, and pressure drop in theory 

[10-12], experiments [13-14], or numeric [15-16]. Some 

process parameters are examined with several different 

boundary conditions, such as constant heat flux, constant 

temperature, or convection heat transfer [17-19]. 

Wang and Sunden [20] studied the heat transfer and flow 

of fluid in a square channel with broken V-shape ribs using 

the LCT and PIV techniques. They concluded that broken 

ribs had better performance at high Reynolds numbers. Meng 

et al. [21] found that the use of the discrete double inclined 

rib tube (DDIR-tube) generates multiple vortexes on the 

laminar flow so that heat transfer increases. Li et al. [22] 

inject ink to see flow patterns inside the DDIR-tube. Tang et 

al. [23] observed the flow structure and heat transfer in the 

rectangular pipe with the addition of discrete rib arrays using 

numerical simulations and experiments. Kathait and Patil [24] 

conducted experiments on heat transfer and friction factors 

of a corrugated tube with gaps. Zheng et al. [25] investigated 

DDIR-tube effect of three pairs of v-type ribs by using 

numerical simulation. They concluded that ribs could 

produce three pairs of counter-rotating vortex and 

mainstream flow divided into six helical streams. This flow 

makes the intense turbulent mixing between the wall and the 

core of the flow. 

As far as the author's knowledge, no research has been 

carried out in the modeling of modified coil pipe shapes to 

improve GHE performance. The purpose of our study is to 

overcome low curvature coil by adding DDIR on the coil 

wall. This research is to clarify the impact of DDIR use on 

improving the performance of heat transfer and fluid flow for 

ground-source heat pump system applications. 

 

 

2. Simulation of DDIR in Low Curvature 

Coil 

2.1. Model Description 

As shown in Figure 1 (a)-(d), the tube is divided into three 

parts, namely the entrance, ribbed coil, and exit region. 

Entrance and exit regions have a length (l) of 200 mm while 

the axial length of the ribbed coil section is 3.53 m. The inner 

diameter of the tube (d) is 14.46 mm tube thickness is 0.71 

mm, coil pitch (P) is 100 mm, coil diameter (D) is 900 mm 

(curvature of coil 2.22 m
-1

), the double discrete inclined ribs 

details are ribs pitch (p) is 22 mm, then number of 

circumference of ribs was 4, inclination angle of ribs is (α) 45
o
, 

three values height of ribs 0.45 mm (RHC1), 0.75 mm (RHC2) 

and 1 mm (RHC3), were used to investigate on 

thermo-hydraulic performance on coil ribbed tube. Coil plain 

tube (PC) was used to see improved performance of the 

DDIR. 

2.2. Numerical Method 

Numerical simulations were carried out by utilizing 

commercial CFD software, ANSYS FLUENT 17.2, to 

examine the ribbed coil. 

The governing equations of flow and heat transfer inside 

the tube are as follows [26]: 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 1. (a) General view of the computational domain and several 

cross-sections of the coil for data collection; (b) view from top and side; (c) 

Location of ribs outside view; (d) Location of ribs inside. 
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Turbulence Kinetic Energy Equation: 
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Where ρ , T , λ and pc are density, temperature, thermal 

conductivity, and heat capacity specific, respectively. 

The boundary conditions used in this simulation are as 

follows. On the inlet side, uniform velocity is used, while the 

outflow boundary condition is used on the outlet side. 

Assumption of non-slip and uniform wall temperature 

conditions on the wall and ribs are used. Water is selected as a 

working fluid. All simulations use the steady flow approach 

with Reynolds numbers from 6172 to 10288. The SIMPLE 

algorithm is used for velocity-pressure coupling. 

Discretization of the governing equation utilizes the 

second-order upwind scheme. The minimum convergence 

criterion was 10
-3

 for continuity, velocity and turbulence 

equations and 10
-7

 for energy equation. 

2.3. Data Reduction 

Based on the simulation results of velocity and temperature 

filed, the average heat transfer coefficient can be determined 

by applying logarithmic mean temperature difference (LMTD) 

on heat transfer rate where: 
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p o iQ mc T T= −                  (5) 
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Where LMTD can be written as follows 
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Where m, To, Ti, Tw and cp are is mass flowrate, the bulk 

temperature at upstream, downstream and wall of the coil, and 

specific heat capacity, respectively. The use of LMTD is valid 

because based on the assumption, the property value of the 

working fluid is constant. Wall temperature is set as same as 

ground Temperature on our previous research [7]. 

Reynolds number, Nusselt number, friction factors are 

determined as follows: 

Re
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Where µ , h , and l  are dynamics viscosity, heat transfer 

coefficient, axial length tube. 

Ito's Critical Reynolds number is used to calculate the 

transition from laminar to turbulent flow. 

0.32
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d

D
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             (11) 

DDIR of the coil is evaluated by the Coefficient of 

Performance (COP) improvement factor that has been 

developed by Jalaluddin and Miyara [27] in equation 12. 
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where HQ , 
'
HQ , V, 

'p∆ , p∆ are heating rate (W/m), an 

increase of heating rate (W/m), volumetric flow rate (m
3
/s), 

an increase of pressure drop (Pa), and pressure drop (Pa), 

respectively. 

All of the COP improvement factors are evaluated based on 

heat transfer and fluid flow of straight tube by using Nusselt 

number and friction factor in a smooth straight tube. 

2.4. Mesh Elements Independence Test 

Ansys Meshing 17.2 is used to produce three-dimensional 

meshing. Fluid domains are discretized using unstructured 

mesh elements. The mesh distance near the tube and ribs wall 

is calculated based on y
+
 = 1 to produce a more accurate 

result. 

Table 1. Grid Independence Test. 

GHE Type Coarse Medium Fine+ 

DDIR Coil 

(Number of Elements) 
18168327 181645194 19008154 

Pressure Drop (Pa/m) 589.471 592.568 592.929 

Relative Deviation 0.077% 0.060% - 

Heat Transfer Coefficient 

(W/(�
�K)) 

3172.4 3169.6 3172.15 

Relative Deviation 0.007 % 0.080% - 

+ Fine mesh results are selected as the base of relative deviation. 

3. Results and Discussion 

To give a good explanation of the thermo-hydraulic effect 

DDIR on coil tube, we investigate temperature and velocity 

contour, circumferential heat flux, and vortex intensity. 

3.1. Model Validation 

The simulation results were compared with the Gnielinski 

correlation for the Nusselt number and Petukhov correlation 

for friction factors in the turbulent flow through smooth pipe 

To verify the accuracy of the numerical simulation procedures 

applied in this research.  

 

Figure 2. Validation of smooth tube friction factor and Nusselt number. 

Figure 2 illustrates the comparison between simulation 

results and correlation. The simulation results confirm the 

correlations within 1% and 7.6% for friction factor and 

Nusselt number, respectively. 

3.2. Fluid Flow Characteristics 

In this analysis, cold water at 280 K with a Re = 8230 

enters the helical pipe with a predetermined boundary 

condition. The working fluid is made to heat up when it 

flows along with the coil with a wall temperature of 291 K. 

The critical Re in the coil is 5332. The turbulent intensity is 

calculated based on the empirical correlation for pipe flows 

as follows [26]. 

( ) 1/8
0.16 Re

HDI
−

=                (13) 

 

(a) 

 

(b) 

Figure 3. Evolution of velocity contour along the axial length of the coil at Re 

= 8230, top and downside of the tube are outer side and inner side of the coil 

(a) PC; (b) RHC2. 

Figure 3 shows the evolution of velocity contour in several 

axial positions along the length of the coil (every 90
o
, i.e., ¼ 

turns) from 0
o
 to 450

o
. It can be seen that both PC and RHC2 

have reached fully developed flow at first � = 90
o
, the further 

velocity contours keep a constant shape. Both tubes also 

indicate the high velocity shifted from the center of the tube at 

�= 0
o
 to outside of the coil. This phenomenon is caused by the 

secondary flow of the coil. However, the velocity magnitude 

contour of the ribbed tube is somewhat distorted. It may be 

caused by flow by the ribs. Figure 4 shows the effect DDIR on 

pressure drop at various flow rates. An apparent trend is found 

where pressure drop increases with the increase of ribs height. 

PC and RHC1 have similar pressure drop values, especially at 
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a low flow rate when compared to RHC2 and RHC3. The 

RHC2 and RHC3 suffer more pressure drop than that of PC. 

Higher flow rate effect could be more domination in this 

phenomenon, although the higher flowrate leads to smaller 

friction factors in all tubes. The pressure drop could be 

triggered by ribs generated flow generated. The maximum 

frictional pressure drop of RHC3 is about 124% greater than 

that of PC at � ̇= 10 L/m.  

 

Figure 4. Comparison of pressure drop in different configuration of ribs. 

3.3. Heat Transfer Characteristics 

The thermal performance of DDIR in the coil was studied 

concerning heat transfer rate and temperature distribution 

within several cross-sections of the tube. Figure 5 shows the 

effect of flow rate on the heat transfer rate for PC and RHC. 

It can be seen that heat transfer rate almost linearly increases 

with an increase in flowrate for curved tube ribs as well as 

curved tube plain. However, the amplitude of variation of all 

variation of RHC is more significant than that of for PC, 

which can attribute to the better mixing caused by 

longitudinal swirls flow in the ribs. The highest heat transfer 

rate is obtained by RHC3, which relatively larger about 27 % 

greater than that of PC at V ̇= 10 L/m. 

 

Figure 5. Comparison of heat transfer rate in different configuration of ribs. 

Figure 6, It can be seen that longer axial distance or more 

significant coil angle tend to have more uniformity 

temperature profile. The colder fluid in the core of the tube at 

θ= 0
o
 tends to move to the outer side of the coil at θ= 90

o
 on 

both tubes by increasing coil angle. However, the temperature 

profile of the ribbed tube is somewhat distorted. The 

temperature profile of curved tube ribs looks hotter compared 

to the curved tube plain at the same position above θ= 90
o
. It 

could be caused by thermal mixing of flow generated by the 

ribs. 

 

(a) 

 

(b) 

Figure 6. Evolution of temperature contour along axial length of the coil at 

Re = 8230, top and downside of the tube are outside and inner side of coil (a) 

PC; (b) RHC2. 

3.4. Wall Heat Flux 

Figure 7 shows the circumferential distribution (β) of heat 

flux surfaces calculated from the local wall temperature, local 

bulk temperature, and fluid-side local heat transfer coefficient. 

The overview of this distribution of Figure 8(a) is following 

the Xin and Ebidian [28] and Hardik et al. [9] studies on the 

plain coil. Surface heat fluxes have varying sinusoidal values 

in the circumferential direction. Heat flux distribution is a 

mirror of the temperature difference distribution between the 

wall and fluid near the wall. Therefore, a small difference 

from the difference in temperature between fluids near walls 

and walls can result in significant changes to the surface heat 

flux. 
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Figure 7. Circumferential surface heat flux distribution at different axial point of coil at Re = 8230 (a) PC; (b) RHC1; (c) RHC2; (d) RHC3. 

On the outside and inside of the coil, the surface of the heat 

flux is sinusoidal. Surface heat transfer is the maximum value 

on the outermost side at 0
o
 or 360

o
, while the minimum value 

is on the inner side at 180
o
. 

In Figure 7 (b)-(d), all RHC variations have higher 

fluctuation of wall heat flux than that of PC. The higher height 

of ribs can contribute to the more considerable change of wall 

heat flux distribution. Generally, the increment of the height 

of ribs indicates lower wall heat flux at each axial location. 

This trend shows decrement in heat transfer caused by the 

bulk temperature approaching wall temperature. It can be seen 

that there are significantly bottomed out of surface heat fluxes 

in several circumferential locations. The distribution pattern 

could be contributed by proper thermal mixing due to the flow 

generated by the ribs. 

3.5. Secondary Flow Pattern 

Figure 8 illustrates the variation of the vortex location for 

different ribs at the same Reynolds number. Based on Zheng 

et al. [25] research, the use of double discrete inclined ribs 

(DDIR) on straight pipes can generate several vortices. 

However, in our research, we did not find any additional 

vortexes in ribs application on low curvature coil. In general 

view, vortex deflection has increased with increasing size of 

ribs, streamlined changing from smooth pattern to distorted 

pattern. The distorted pattern could be resulted by the merge 

of the main flow and DDIR’s induced flow. Based on the 

above analysis at the same Reynolds number, vortex 

deflection will increase with increasing height of ribs, and 

pressure loss will be more significant and more distorted 

vortex deflection conditions than the smaller ribs. The more 

distorted vortex could contribute to enhanced heat transfer. 

To find out the influence of secondary flow in this study, 

our research use method, which was proposed by Lin et al. [29] 

and Tang et al. [30]. They apply absolute vorticity flux 

intensity to relate improvement of heat transfer and pressure 

drop on the pipe. The intensity can illustrate the flow field in 

the coil. This parameter is a crucial factor for secondary flow 

typical features. It can be described as eq (14) 

1n n
ABSJ dA

A
ω= ∫∫               (14) 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 8. Secondary flow in Re = 8230 top and downside of tube are outer 

side and inner side of coil, respectively (a) PC; (b) RHC1; (c) RHC2; (d) 

RHC3. 

Where A, n, and ω are cross-section area (m
2
), the direction 

of the normal cross-section and vorticity, respectively. 

Vorticity is a curl of u-velocity in the flow field. The vorticity 

can be stated as follows 

uω =∇×                 (15) 

Figure 9 shows changes in absolute vorticity flux. 

Secondary flow intensity gradually increases with increasing 

flow rate, which occurs both at curved tube plain and curved 

tube ribs. RHC1 tend to perform slightly better than the PC 

on the same flow rate. What is interesting in this graph is the 

dramatic increase in vortex intensity in RHC2 and RHC3. 

This phenomenon could be affected by the significant 

deviation of secondary flow, as shown in Fig 8. The 

characteristics of absolute vorticity flux could be the reason 

why pressure drop and heat transfer, in Figure 4 and 5, PC 

and RHC1 have almost similar value meanwhile RHC2 and 

RHC3 tends to have higher pressure drop and heat transfer 

than PC. 

 

Figure 9. Variation of absolute vorticity flux with type of coil and flow rates. 

 

Figure 10. Effect of double discrete inclined ribs on COP Improvement factor 

at various flowrates. 

Generally, COP improvement factors, as shown in Figure 

10 are always positive. The use of higher ribs results in a COP 

Improvement factor that is very significant compared to the 
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plain coil. However, the increase in flowrate decreases the 

COP improvement factor slowly. This could be caused by an 

increase in energy from the use of ribs compensated with 

energy loss due to pressure drop. The rate of this COP 

Improvement factor will probably level off at higher flow rate. 

4. Conclusion 

The results of numerical study of heat transfer and pressure 

drop enhancement in DDIR applied to low curvature coil are 

described in this paper. Based on the result, the following 

conclusions are drawn. 

1. Pressure drop and heat transfer dependent on ribs height 

of low curvature coil. 

2. Circumferential wall heat flux on PC is varying 

sinusoidal form. Meanwhile, the heat flux distributions 

of RHC tend to fluctuate. Higher ribs contribute higher 

fluctuation of heat flux. The longer axial distance 

contributes to the lower heat flux due to the bulk 

temperature approaching to wall temperature. 

3. The usage of higher ribs could contribute a higher 

deviation vortex than that of PC. 

4. The characteristics of pressure drop and heat transfer 

could be related to the absolute vorticity flux. 

5. The higher ribs can enhance COP improvement factor. 

Maximum improvement at given flow rate COP is 

RHC3 eightfold higher than PC. However, increasing 

flowrate tends to decrease COP Improvement factors. 
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