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In order to maximize the thermal efficiency of shell and coil heat exchangers, substantial 

research has been done and geometrical modification is one way to improve the 

exchange of thermal energy between two or more fluids. One of the peculiar features of 

coiled geometry is that the temperature distribution is highly variable along the 

circumferential section due to the centrifugal force induced in the fluid. Moreover, most 

researchers are concentrated on using a shell and single helical coil heat exchanger to 

enhance the heat transfer rate and thermal efficiency at different operating parameters. 

Therefore, the aim of this study is to investigate temperature variation ((T-1, T-2, T-3 

and T-4) across a shell and single/double coil heat exchanger at different coil pitches, 

hot water flow rate, and cold-water flow rate along the outer surface of the coil using 

experimental and numerical analysis. For single and double coil heat exchangers, 

Computational Fluid Dynamics (CFD) is carried out using pure water with a hot water 

flow rate ranging between 1-2 l/min for the coil side heat exchanger. For single coil heat 

exchangers, the numerical analysis findings showed a good agreement with 

experimental four-temperature measurement results (T-1, T-2, T-3 and T-4) with an 

error rate of 1.80%, 3.05%, 5.34% and 2.17% respectively. Moreover, in the current 

double coil analysis, the hot outlet temperature decreased by 3.07% compared to a single 

coil (baseline case) at a 2.5L/min hot water flow rate. In addition, increasing the coil 

pitch will increase the contact between the hot fluid and the coil at a constant hot water 

flow rate and thereby decrease the hot fluid outlet temperature. Finally, a computational 

analysis was carried out to examine the flow structure inside single and double coil heat 

exchangers, and the findings indicated that the effect of centrifugal forces in double coil 

heat exchangers at various coil pitches caused the secondary flow to be substantially 

reduced. 
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1. Introduction 

As one of the passive heat transfer 

improvements, helically coiled tube heat 

exchangers have been widely researched and 

have applications in diverse industries: 

pharmaceutical, biological, petrochemical, 

mechanical and biomedical [1]. Different 

experimental and computational methods 

studies have conducted to analyze the effects of 
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secondary flow motion induced by curvature 

and centrifugal force in helical coils, these 

studies clarified the flows within helically coiled 

by laminar and turbulent flows [2-6]. Eustice [7] 

has introduced experimental study to investigate 

the flow within the helical coil tube made of 

glass and full of water, and it has been noted that 

the centrifugal force induces secondary flow, 

and this is the essence of curved flow. Later, 
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Dean [8] has given the first approximation of the 

laminar flow into an infinitely long curved pipe 

with a circular cross-section with a 

mathematical analysis used to investigate the 

fluid motion through a coil pipe. This effect has 

established to be a dimensionless quantity to 

describe the secondary flow magnitude, called 

Dean Vortices, as seen in Figure 1. It laid the 

basis for further studies [9,10] and greatly 

contributed to the understanding of the flow 

through curved pipe.  

In order to verify the distribution of 

velocity, pressure field and secondary flow at 

various coil parameters, Lingdi el at [11] 

investigated the numerical efficiency of flow 

characteristics inside a helical coil (i.e., Dean 

number, curvature radius, and coil pitch). The 

results revealed that the velocity gradient 

increases in the helical coil tube and the 

secondary flow is the main reason for reduction 

of flow causing turbulent flow inside the coil. 

 

  

Figure 1. Flow pattern in helical coil showing the 

secondary flow 

Anwer et al [12, 13] examine the influence 

of laminar flows on the coil friction factor and 

wall shear stress using numerical simulation at 

coil pitch varies from 0.01 to 0.025m. They 

observed that the 0.05m coil pitch was not 

significantly different from the 0.01m coil pitch, 

where the maximal pressure fell from 71 Pa for 

0.01m coil pitch and 68.8 Pa for 0.05m coil 

pitch. Due to the extra helix length, the 

percentage of rise in pressure as the coil pitch 

increased from 0.25m to 0.05m is almost 47%. 

In order to demonstrate the influence of varying 

coil pitch on the coil friction factor and wall 

shear tension, the same authors [14] performed 

a theoretical investigation of turbulent flow 

within the helical coil. Two turbulence models 

were used to test the turbulence model that could 

capture the flow characteristics (STD (k-ε) and 

STD (k-w)). The findings revealed that the Dean 

number had a greater effect on decreasing the 

coil friction factor in turbulent flows than on 

increasing the pitch dimension. Moreover, a 

CFD analysis was used by Kumar and 

Chandrasekar [15] to measure the heat transfer 

and pressure drop under laminar flow of the 

double helically coiled tube heat exchanger at 

Dean number ranged between 1300 to 2200. The 

results revealed a good agreement between the 

CFD and the experimental findings and 7.2% 

and 8.5% respectively were considered to be the 

difference between the Nusselt number and 

decreased pressure. A shell and coil heat 

exchanger were also studied by Jayakumara [16] 

using both numerical and experimental analysis 

to investigate the effect of different coil 

parameters on the thermal performance. In the 

heat transfer forming field, the results showed 

that the coil pitch is important. Also, a 

correlation was proposed to determine the heat 

transfer coefficient in the coil tube. 

According to the previous studies and to 

the best of the authors knowledge, most 

researchers are concentrated on using a shell and 

single helical coil heat exchanger to enhance the 

heat transfer rate and thermal efficiency at 

different operating parameters. Therefore, in 

order to examine the ability to improve the heat 

transfer rate by increasing the contact area of the 

coil surface, the current study compared single 

(baseline case) and double coil heat exchangers 

in terms of four temperatures distributed along 

the coil surface (T-1, T-2, T-3, and T-4). This 

improvement can be performed by the use of 

double helical coil with three different coil pitch 

arrangements (p = 30, 60 and 90), water flow 

rate of coil side and water flow rate of shell side. 

Meanwhile, to examine flow structure inside the 

single and double helical coil, the secondary 

flow output is studied with multiple Reynolds 

number coil side under turbulent flow. 
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2.  Experimental work 

2.1 Materials and setup 

The schematic diagram and picture of the 

experimental setup are illustrated in Figure 2 

and 3. The heat exchanger included an acrylic 

shell and helical coil tube made from copper. In 

addition, there are a variety of components in the 

setup for the heat exchanger: eight 22 K 

thermocouples (±1.5 °C uncertainty) connected 

to the data logger and PC, 500 L electrically 

heated water, pump, ball valves and LZM flow 

meter (±0.25 L/min uncertainty). The eight 

thermocouples were separated into four from the 

bottom of the coiled tube and then attached to 

the coil surface, while the other four were used 

to measure the hot water inlet and outlet T (h, i) 

and T (h, o) and the cold water inlet and outlet 

(Tco, i, Tco,o). The thermocouple distribution 

can be seen in Figure 2. The findings were 

recorded using an NI Compact DAQ 4 data 

loggers attached to a PC, and the data was 

analyzed using LabVIEW. 

First of all, to ensure that all thermocouples 

(T-1, T-2, T-3 and T-4), T-(h,i) and T-(h,o) 

attached to the outer surface coil read the same 

result, the hot water was inserted into the coil 

before the cold water was incorporated into the 

shell side such that it was noticed all 

thermocouples attached to the outer surface coil 

read the same temperature. In four cases used in 

the current study, the hot water flow rate and 

inlet temperature were maintained at 1L/min 

and 65 °C, respectively. To avoid heat loss and 

to maintain hot water at the appropriate 

temperature, a 4 cm thick sheet of laminated 

glass wool was used as a thermal insulator 

around the storage tank. Where the hot water 

from the water storage tank 500 L was supplied 

for the coil side, and this water would be 

returned to the storage tank from the coil for 

reheating. The cold water is pumped into the 

shell side with variable flow rates ranging from 

2 - 8 L/min with an inlet temperature of 36 ° C 

through the heat exchanger's base. For the 

control of the flow rate on both sides, two ball 

valves were used. 

 

 

 

 

 

Figure 2.  Model design and experimental set-up 
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Figure 3. Schematic diagram of the experimental set-up

3. Numerical study 

Figure 4 shows the vertical shell 

configuration with double coil heat exchanger. 

The shell and helical coil heat exchanger was 

designed and transferred to ANSYS in order to 

measure the temperature distribution along the 

coil surface (T-1, T-2, T-3 and T-4). Moreover, 

the single coil was modified into double coil to 

make eight turns for each coil, keeping the first 

coil diameter (curvature diameter) constant at 

Dc1=114 mm with the second double coil 

diameter (Dc2) modified many times (i.e., Dc2 = 

57, 95, 130, 140 and 150 mm). As it was 

mentioned in the previous research [17], the 

appropriate position of the second curvature 

diameter at 150 mm produces the optimum heat 

transfer rate. Therefore, a double coil with a 

second coil curvature diameter of 150 mm was 

selected in this research at coil pitch 60 mm. 

Figure 5 depicts the dimensions of single and 

double coil heat exchangers.

Figure 4. Schematic of the shell and double coil heat exchanger 
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Figure 5. The design of single and double coil heat exchanger 

3.1 Mesh independency check 

Due to the complicated structure of the 

shell and coil heat exchanger, the shell and coil 

domain were meshed with tetrahedral meshes. 

Also, the mesh at some regions was refined such 

as the inlet and outlet of the shell and the 

relatively close region of the outer surface of the 

coil as show in Figure 6. In order to validate the 

precision of the numerical results, Mesh 

independency study was performed by applying 

six different numbers of grids. Figure 7 indicates 

the hot and cold temperature outlet determined 

by the six grid systems for the coil and shell 

sides, and the 1657963 grids scheme is suitable 

for grid independent solutions.  Therefore, the 

1657963 grids were used in the current study 

because further mesh refining has no significant 

effect on the monitoring values. 

 

Figure 6. Generated mesh for a) Shell side, b) Coil pipe 
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Figure 7.  Mesh sensitivity analysis temperature vs grid number 

3.2 Governing equations, boundary condition 

and assumptions 

       The numerical analysis was carried out 3D 

at steady state with solving the governing 

equations include continuity, momentum, and 

energy equations [18]. The section provides 

these equations:  

Continuity equation: 
𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖)=0                                                                   (1) 

Momentum equation: 
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑢𝑖)= −

𝜕𝜌𝑟𝑒

𝜕𝑥𝑖
+  

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
                                          (2) 

Energy equation: 
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗(𝜃 +  

1

2
𝑢𝑗𝜏𝑖𝑗)) = 

𝜕

𝜕𝑥𝑗
(𝑢𝑖 𝜏𝑖𝑗) +

𝜕

𝜕𝑥𝑗
 (𝑘 

𝜕𝑇

𝜕𝑥𝑗
)   (3) 

where τij is the viscous stress tensor defined as 

follows:  
𝜏𝑖𝑗 = 2𝜇𝑆𝑖𝑗                                                                  (4) 

𝑆𝑖𝑗 is the strain rate tensor which can be written 

as: 

𝑆𝑖𝑗 =  
1

2
 ( 

𝜕𝑢𝑖

𝜕𝑥𝑗
+  

𝜕𝑢𝑗

𝜕𝑥𝑖
 )                                                  (5) 

whereas to simulate turbulent flow the RNG k–

ε turbulence model was used [16].  

Turbulent kinetic energy k: 
𝜕

𝜕𝑥𝑖
(𝑝𝑘𝑢𝑖) = 𝐺𝑘 + 

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) − 𝜌𝜀                 (6) 

Energy dissipation rate ε: 
𝜕

𝜕𝑥𝑗
(𝜌𝜀𝑢𝑗) =  

𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) +  𝐶1𝜀

𝜀

𝑘
𝐺𝑘 − 𝜌𝐶2𝜀

𝜀2

𝑘
−

 𝑅𝜀                               (7) 

The boundary conditions were set as 

shown in Table 1 with a constant temperature of 

36 ℃ for cold water and 65 °C for hot water.  

The inlet boundary condition was set as 

the mass flow rate for cold and hot water, the 

outlet boundary condition was select as pressure 

outlet with zero back flow pressure. In addition, 

to solve the coupling between pressure and 

velocity fields, the Basic (Semi Implicit Method 

for Pressure Related Equations) algorithm was 

used. For discretization pressure, momentum, 

energy and RNG k-ε turbulence equations, the 

first-order upwind system was used. Moreover, 

Only the cold-water flow rate (shell side) was 

varied due to the experimental limitation of the 

hot water flow rate that reaches the coil side. 

However, the hot water flow rate used in the 

numerical simulation (coil side) can be adjusted 

if desired, therefore, the hot water flow rate was 

varied from 1 to 2.5 L/min for single and double 

coils with a constant cold-water flow rate of 2 

L/min which can be used to study the effect on 

hot outlet temperature. 
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Table 1: Boundary conditions for validation and 

numerical analysis 

Parameters Shell side Coil side 

Working fluid cold water Hot water 

Material  acrylic Copper 

Inlet temperature 36  ℃ 65 ℃ 

Inlet (mass flow 

rate kg/s) 

0.0333 – 

0.1331 

0.01664 – 

0.0416 

Outlet Pressure outlet Pressure outlet  

wall No slip  

No heat flux 

Coupled 

 

 

 

 

4. Results and discussions 

4.1 Numerical simulation validation 

     Validation of the Numerical model 

developed in ANSYS Fluent was done by 

comparing the Numerical results for 

temperature along the outer surface of the coil 

(𝑇1, 𝑇2, 𝑇3 𝑎𝑛𝑑 𝑇4) with that obtained from 

experimental data. As shown in Figure 8, the 

numerical results with experimental results for 

the temperatures (𝑇1, 𝑇2, 𝑇3 𝑎𝑛𝑑 𝑇4) are in 

good agreement within an error of 1.80%, 

3.05%, 5.34% and 2.17% respectively. 

 

 

 
Figure 8. Comparison between the numerical simulation and experimental results of shell side flow rate vs temperature 

4.2 Comparison between single (baseline case) 

and double coils  

      The effect of the second coil curvature 

diameter (Dc2=150mm) on the temperature 

distribution along the outer surface of the coil 

was numerically investigated. Results of this 

section have obtained for various hot water flow 

rate and constant cold-water flow rate as shown 

in Table 1. According to the Figs. 9a-e, 

increasing the hot flow rate (coil side) with the 

same cold flow rate (shell side) (2L/min) 

increases the hot outlet temperature and the 

temperature distribution along outer coil surface 

(𝑇1, 𝑇2, 𝑇3 𝑎𝑛𝑑 𝑇4) for single and double coil. 

The figures clearly demonstrate that increasing 

the hot flow rate by retaining a constant cold 

flow rate contributes to a reduction in the heat 

exchange between hot water and cold water 

(shell side). This is due to the short period of 

time when hot water comes into contact with 

cold water. 

In comparison, the hot outlet temperature 

of hot fluid T (h, o) and temperature (T-1, T-2, 

T-3 and T-4) decreased in the double coil by 

3.07%, 3.01%, 2.14%, 2.25% and 2.64% 

respectively from the single coil (baseline case) 

at 2.5 L/min hot water flow rate. The lower 

temperatures in the double coils more than the 

single (baseline case) is owed to the change in 

coil pitch from 30mm to 60mm [19]. The coil 

35.0

40.0

45.0

50.0
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pitch was changed to 60 mm after it was 30 mm 

in the single coil to occupy the same coil height 

inside the shell while turning a single coil into a 

double coil. Therefore, a double coil was studied 

at 30 mm pitch coil, its height was 240 mm 

inside the shell, then compared to the double 

coil at 60 mm and 90 mm coil pitch. 

 
Figure 9. Variation of hot flow rate against temperature between single and double coil at cold flow rate 2 L/min. a) 

outlet temperature hot fluid  𝑇ℎ,𝑜. b) T1. c) T2. d)T3. e) T4. 
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4.3 Effect of Coil Pitch 

This section addresses the effects of 

different coil pitches on the temperature of the 

heat exchanger. The schematics of models 

studied that have different coil pitches are 

shown in Figure 10. The geometrical 

dimensions of the shell and the double coil heat 

exchanger are constant, and the coil pitch is 

varied from 30 mm to 90 mm as seen in Table 1. 

 
Figure 10. Studied models with different coil pitch a) 

P=30mm b) P=60mm c) P=90mm. 

 

Increasing the hot-water flow rate in a 

constant coil pitch increases the temperature as 

explained in Figure 11. The figure also shows 

that the hot fluid outlet temperature of P= 90 

mm coil pitch was reduced by 4.80% relative to 

the other two pitch numbers. Since the hot fluid 

outlet temperature drops at P= 90 mm by 2.84% 

and 2.16% compared to the hot fluid outlet 

temperature at p= 30 mm and 60 mm, 

respectively. Moreover, by increasing the coil 

pitch at a constant flow rate, the temperature of 

the hot fluid outlet was decreased. This is 

because that if the coil pitch increases, stronger 

interaction takes place between the hot fluid and 

the coil suggesting that the heat transfer between 

the hot and cold fluids strengthens, resulting in 

a drop in the temperature of the hot fluid outlet 

at the 90 mm coil pitch. It has been suggested 

that one of the reasons for the decrease in the 

temperature at P = 90 mm coil pitch is a shell 

height change from 500 mm to 780 mm, 

resulting in the fluid lingering within the heat 

exchanger long before leaving. 

 

Figure 11. Variation of hot flow rate against outlet hot fluid temperature for single and double coil at cold flow rate 2 

L/min  

        Figures. 13a-c introduce the velocity 

distribution at different coil pitches using 

various planes at different locations on the coil 

side (see Figure 12) with different hot water 

flow rate (1, 1.5 and 2 L/min). It is observed 

from the figures that the lower velocity near to 

the wall is subject to non-slip boundary 

conditions and the velocity of the moving fluid 

(water) starts to rise from the inner wall to the 

outer wall. Moreover, as the velocity increased 

due to the centrifugal force, the effect of the 

curved pipe allows the secondary flow to be 
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generated. A pair of counter-rotation vortices 

are produced that force the high velocity moving 

fluid to the outer edge of the tube and the 

slower-moving fluid to the inner side of the 

tube, allowing the distribution of velocity to be 

irregular. However, the velocity contours 

between single and double coils appear very 

different. It can be seen that despite the use of 

different Reynolds number to achieve the 

distribution of velocity that has an effect on the 

structure of Dean vortices in double coils, the 

impact of a centrifugal forces in double coil at 

different coil pitch (30, 60 and 90 mm) causing 

the secondary flow significantly decreased. This 

is due to an increase in curvature diameter, 

which is proportional to the dean number in the 

opposite direction (De = Re (di/Dc)). Therefore, 

the flow structure within a helical coil is 

influenced by the coil pitch and curvature 

diameter.   

Owing to the geometry of a double coil, 

the explanation for the difference in temperature 

between a single and double coil might be 

because counter flow between the hot and cold 

fluid occurs in a single coil. But a counter flow 

between hot and cold fluid occurs in a double 

coil in the first coil, while a parallel flow 

between hot fluid and cold fluid occurs in the 

second coil. In comparison, relative to a single 

coil, the surface area of the double coil is 

expanded by 0.5 m, which helps heat transfer to 

be enhanced.  

 

 
Figure 12. Plane positions for single and double coils 

Double coil 

Single coil P =30mm P= 60mm P= 90mm 

(a) 1 L/min 

  
 

 

  

(b) 1.5 L/min 
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(c) 2 L/min 

 

  

 

 

Figure 13. Various plane velocity contours for single and double coils at various hot water flow rates a) 1L/min, b) 1.5 

L/min and c) 2 L/min 

5. Conclusions and future work 

An experimental validation and numerical 

investigation are provided in the present study 

for a shell and single/double coil heat exchanger 

and the effect of operating parameters (hot and 

cold flow rate) on the hot outlet temperature and 

temperature distributed along coil surface (T-1, 

T-2, T-3 and T-4) has studied. The experimental 

and numerical findings showed that the four 

temperatures (T-1, T-2, T-3, and T-4) were in 

good agreement. According to the findings of 

this study, when a single coil is converted into a 

double coil, the hot outlet temperature and the 
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temperature distributed along the coil 

surface decreases at high hot water flow rate 

(2.5 L/min). Also, the results showed that the 

influence of coil pitch 30, 60 and 90 mm on a 

double coil heat exchanger was found to have a 

minimum temperature of 4.80% at p= 90 mm 

compared to the other two pitch numbers. In 

addition, the coil parameters (coil pitch and 

curvature diameter) have a significant impact on 

secondary flow within the coil. Future research 

can quantify LMTD and NTU to evaluate shell 

and double coil heat exchangers.  
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