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Abstract.  The present work is focused on studying the transition between the laminar and turbulent 

flow regime in coiled tubes. Wall curvature is a popular heat transfer enhancement technique since it 

gives origin to the centrifugal force in the fluid. This phenomenon, both in the laminar and the turbulent 

flow regime, promotes local maxima in the velocity distribution that locally increase the temperature 

gradient at the wall by enhancing the heat transfer and, at the same time, leading to a significant variation 

in the convective heat-transfer coefficient along the circumferential angular coordinate. However, this 

geometry delays the transition from laminar to turbulent regime, transition that, in the majority of the 

papers available in the scientific literature, has been investigated on the basis of pressure drop data 

behaviour. In the present work the estimation of the local convective heat transfer coefficient 

distribution, based on the solution of the inverse heat conduction problem in the tube’s wall, is proposed 

as a complementary and detailed tool to investigate the transitional flow regime. Moreover, the present 

research gives additional information on the phenomenon of the transition in coiled tubes by monitoring 

the local convective heat transfer coefficient. 

 
Keywords: transition to turbulence, coiled tubes, local convective heat transfer coefficient, inverse 

heat conduction problem. 

 

 

 



1. Introduction  

Wall curvature is one of the most frequently used techniques to enhance the convective heat 

transfer [1,2] since it gives origin to the centrifugal force in the fluid: this phenomenon induces 

local maxima in the velocity distribution that locally increase the temperature gradient at the 

wall by maximising the heat transfer [3-5]. Dean [6-7] solved the simplified Navier–Stokes 

equations for a coiled pipe of small curvature showing that the flow is governed by the Dean 

number De = Re ∙ δ0.5, where Re is the Reynolds number and  is the curvature ratio, defined as 

the ratio of the pipe diameter to the coiling diameter. Moreover, the curvature induces a 

secondary flow that causes the fluid to be pushed from the tube core region toward the outer 

wall where it bifurcates and drives the fluid near the wall toward the inner wall of the tube, thus 

forming a pair of recirculating counter-rotating vortices, usually named as Dean vortices. This 

promotes an additional convective transport that increases both the heat transfer and the 

pressure drop with respect to the straight tube behaviour. 

Both in the laminar and the turbulent flow regime, the curvature produces an irregular 

distribution of the velocity field over the cross-section of the tube which leads to a significant 

variation in the convective heat-transfer coefficient along the circumferential angular 

coordinate: it presents higher values at the outer bend side of the wall surface than at the inner 

bend side [5,8,9].  

For what concern the transitional regime in coiled tubes, to the present Authors’ knowledge, 

there are neither experimental nor numerical data in terms of local heat transfer coefficient, 

although, in curved pipes, the process of transition to turbulence differs qualitatively from that 

in straight ones. 

Almost the totality of the tests performed with the purpose of detecting the transition to 

turbulence in coiled tubes concerned the analysis of pressure drop characteristics. In the early 

studies on this topic, the earlier departure from the linear pressure drop/flow rate behaviour 

observed in curved tubes with respect to straight pipes, was interpreted as an indication of the 

transition to turbulence [10]. Dean [6,7] with his work otherwise demonstrated that this 

departure from the linearity in the relationship between the pressure drop and the flow rate 

wasn’t the signal of an anticipated transition to turbulence but an indication that the flow in 

curved tubes is not self-similar [10]. On the other hand, it is currently accepted that coil 

curvature suppresses turbulent fluctuations arising in the flowing fluid, smoothing the 

emergence of turbulence and increasing the value of the Reynolds number required to attain a 

fully turbulent flow, with respect to a straight pipe [10,11].  

White [12] in his experimental work, analysed pipes with different curvature ratio  and 

described the existence of a critical Reynolds number that defines the emergence of turbulence. 

Many other studies [13-16] were carried out on the same topic and they all pointed out that the 

flow in curved pipes remains laminar up to Reynolds numbers higher at least by a factor of two 

than in straight pipes. 

Ito [15] conducted a wide set of experimental tests for an ample range of curvature ratio and 

Reynolds number values investigating the transition to turbulence. The experimental results 

were reduced in order to find the following equation for the critical Reynolds number value:  

 

 6.02.1312000 crRe , (1) 

valid in the range 5∙10-4 <   < 0.2. 



Also the paper of Srinivasan et al. [16] showed that the effect of curvature is to delay transition 

to turbulence with respect to straight pipes finding a similar correlation for the critical Reynolds 

number in curved tubes. 

Cioncolini and Santini [11] carried out an experimental analysis of the friction factor in helical 

pipes in an wide range of curvature ratio and of Reynolds number. For values of curvature ratio 

higher than 0.0416 the transition to turbulence was more gradual than in straight pipes and it 

was indicated only by a change in slope of the curve of the friction factor as a function of 

Reynolds number. The critical Reynolds number value was approximated by the following 

equation: 

 
47.04103 crRe , (2) 

in the range 0.0416 <   < 0.143. 

Moreover, they found that the transition exhibits a more complex behaviour for lower curvature 

ratio values (2.7∙10-3 <   < 0.0416). The friction factor presents a first discontinuity in 

correspondence of: 

 
31.0

, 12500 IcrRe . (3) 

Beyond this point, the friction factor profile exhibits a local minimum followed by a local 

maximum; this second discontinuity was individuated by the following equation: 

  
57.0

, 120000 IIcrRe . (4) 

After this second discontinuity the slope of the friction factor presented a constant profile 

marking in this way the end of the turbulence emergence process [11]. 

For what concern the thermal analysis, to the present authors knowledge, there are not any 

works that investigate the transition between laminar and turbulent flow regimes throughout 

the study of neither the average nor the local heat transfer coefficient.  

Nevertheless, many authors investigated either the laminar or the turbulent regimes in terms of 

average Nusselt number finding various correlations that, even if they don’t focus on the 

specific study of the transition, remark a distinction between the two regimes. A wide review 

on helically coiled tubes and other curved pipes was conducted by Naphon and Wongwises [3].  

Rainieri et al. [17] studied experimentally the forced convective heat transfer in helically coiled 

tubes with different curvature ratio values in the Reynolds and Dean number ranges 70-1200 

and 12-290 respectively, by adopting ethylene glycol as working fluid. The experimental data 

were correlated by considering a dependence of the Nusselt number on the curvature ratio, 

Reynolds and Prandtl numbers for the helically coiled tubes. Also Xin and Ebadian [18] 

investigated experimentally the heat transfer and the fluid motion inside helically coiled pipes 

both in the laminar and turbulent regimes. The study was carried out adopting different fluids 

(air, water and ethylene glycol) on five uniformly heated helical pipes with different 

geometrical parameters (pipe diameter and pitch to coil diameter ratio).  

The behaviour of the helically coiled tubes in turbulent regime was analysed also by Yildiz et 

al. [19] and the effect of placing spring-shaped wires inside that tubes was considered. 

Both the average Nusselt number and the local Nusselt number have been never adopted in 

literature as an instrument to analyse the transition between laminar and turbulent flow regimes.  



In the present work the local convective heat transfer coefficient distribution analysis is 

proposed as a complementary and detailed tool to investigate the transitional regime. 

The estimation procedure presented in [20], is hereby applied to estimate the local convective 

heat-transfer coefficient at the fluid-wall interface in coiled tubes: the temperature distributions 

on the external wall of the coiled tube, acquired using the infrared technique, are adopted as 

input data of the inverse heat conduction problem in the wall of the pipe. 

The local convective heat transfer coefficient has been already investigated in the past but 

nevertheless, to the Authors’ knowledge, only five papers [18,20-23] have presented 

experimental results and only three of them reported the actual local values for the convective 

heat transfer coefficient [20-22] while the others, neglecting heat conduction in the tube wall, 

estimated only apparent values [18, 23]. 

Bai et al. [21] experimentally found that the local heat-transfer coefficient was not evenly 

distributed along the periphery of the cross section and that, in particular, at the outside surface 

of the coil, it was three or four times higher than that at the inside surface.  

Bozzoli et al. [20] focused their investigation on the fully developed region for the laminar flow 

regime showing that, at the outside surface of the coil, the Nusselt number was approximately 

five times larger than that at the inside surface and this ratio, in the conditions under test, was 

independent of Re. 

Regarding local heat-transfer coefficient, some experimental data were discussed by Seban et 

al. [22] investigating the laminar flow of oil and the turbulent flow of water in coils. These 

Authors correctly drew the attention to the difference between apparent and true local values: 

apparent heat transfer coefficient were obtained neglecting the circumferential heat conduction 

in the tube wall, that means considering the average value of the convective heat flux instead 

of the local value. In terms of true heat transfer coefficient, the ratio of the outside to the inside 

coefficient found in this experimental campaign was about four for both the laminar flow case 

and the turbulent flow case. However, no details about the approach adopted to estimate the 

local convective heat flux were given in this paper. 

Extending the bibliographical research to the numerical approaches, there are many others 

papers in which heat-transfer coefficient distributions are estimated for a wide range of 

conditions. 

In particular, the laminar fluid flow in coiled tubes was locally investigated in [24-30]. Among 

these papers, the results of Yang et al. [29] are particularly relevant: the Authors presented a 

numerical investigation on the fully developed laminar convective heat transfer in a helicoidal 

pipe, with particular attention to the effects of torsion on the local heat-transfer coefficient. In 

particular, these Authors reported the Nusselt number distribution varying the coil pitch, and 

they showed that, due to torsion, the local heat-transfer coefficient, compared to the case of an 

ideal torus, is increased on half of the tube wall while it is decreased on the other half.   

Regarding the turbulent fluid flow in coiled tubes numerical results, reported in terms of local 

heat-transfer coefficient, are present in [31-35]. The papers of Jayakumar et al. [32], Di Piazza 

and Ciofalo [33] are particularly interesting. Jayakumar et al. [32] numerically analysed the 

turbulent heat transfer in helically coiled tubes and presented the local Nusselt number at 

various cross sections along the curvilinear coordinate. The results showed that, on any cross 

section, the highest Nusselt number is on the outer side of the coil, and the lowest one is 

expected on the inner side. Moreover, these Authors proposed a correlation for predicting the 

local Nusselt number as a function of the average Nusselt number and the angular location for 

both the constant temperature and the constant heat-flux boundary conditions. Di Piazza and 

Ciofalo [33] obtained computational results for turbulent flow and heat transfer in curved pipes, 



representative of the configuration found in helically coiled heat exchangers. Following a grid 

refinement study, grid independent predictions from alternative turbulence models (k–ɛ, SST 

k–ω and RSM–ω) were compared with direct numerical simulation results and experimental 

data also in terms of local convective heat-transfer coefficient.  

In the present work the estimation of the local convective heat transfer coefficient distribution 

based on the inverse problem data processing approach applied to infrared thermographic maps, 

is proposed as a powerful tool to investigate the transitional flow regime.  

 

2. Experimental setup and Estimation Procedure 

A helically coiled stainless steel type AISI 304 tube was tested: it presented smooth wall and it 

was characterised by eight coils following a helical profile along the axis of the tube. The tube 

internal diameter was 14 mm, and the wall thickness measured 1.0 mm. The helix diameter was 

of approximately 310 mm while the pitch was about 200 mm. This geometry yields a coiled 

pipe length L of approximately 8 m and a dimensionless curvature δ of 0.045.   

The working fluid was conveyed by a volumetric pump to a holding tank, and it entered the 

coiled test section equipped with stainless-steel fin electrodes, which were connected to a power 

supply, type HP 6671A. This setup allowed investigating the heat transfer performance of the 

tube under the prescribed condition of uniform heat flux generated by the Joule effect in the 

wall.  

 

 
Figure 1. Sketch of the experimental setup. 

 

Further details on the experimental setup, sketched in Fig.1, are given in [5]. 

To investigate the heat transfer performance of coiled tubes in the laminar, transitional and 

turbulent flow regime, water was used as working fluid in the Reynolds number range 

300−15000. In the temperature range characterising the experimental conditions, the Prandtl 

number of the working fluid varied in the range of 5-9.  

The investigation was firstly devoted to measure the average performance of the coiled pipes 

in terms of both the heat transfer effects and the pressure drop penalties. 

The whole length of the heat transfer section was thermally insulated to minimize the heat 

transfer to the environment. Both the wall and the inlet fluid temperature were measured 

through type T thermocouples. Regarding the wall temperature, the sensors were attached at 



different circumferential locations to the external tube’s surface and at different axial locations 

along the heated section. In particular, the thermocouples were placed along the external and 

internal side of the coil. The inlet temperature was measured by a thermocouple probe placed 

on the tube’s wall upstream the starting heating section. The bulk temperature at any location 

in the heat transfer section was calculated from the energy balance on the heated pipe as follows, 

by assuming the power supplied in the tube wall distributed uniformly per unit length over the 

heat transfer surface area: 

 

e
p

b T
L

z

cm

Q
T 





 

(5) 

 

where Q is the heat power provided to the pipe, m and cp are the fluid mass flowrate and specific 

heat, respectively, Te is the bulk temperature of the fluid at the inlet section of the coil, L is the 

coiled pipe length and z is the distance from the inlet section of the coil, taken along the 

curvilinear coordinate.  

Pressure drop throughout the coiled section was measured in isothermal conditions by a 

Rosemount-3051S differential pressure transducer. 

For the tests performed to estimate the local heat transfer a small portion of the external tube 

wall was made accessible to a thermal imaging camera by removing the thermally insulating 

layer, and the wall portion was coated with a thin film of high emissivity paint. Starting from 

the temperature distribution acquired on the external wall surface it was possible to estimate 

the local convective heat transfer coefficient at the fluid-internal wall interface by solving the 

Inverse Heat Conduction Problem (IHCP) in the wall. 

As it is well known, however, this procedure approach presents some complications due to the 

fact that the IHCP is an ill-posed problem and, consequently, it is very sensitive to small 

perturbations in the input data. In order to bypass the ill-posedness of inverse problems, many 

techniques based on the processing of the experimental data have been suggested and validated 

in literature.   

Among these techniques, the function specification methods [36,37], iterative methods [38–

40], methods based on filtering proprieties [41–44], regularisation techniques [45-49] and 

probabilistic methods [50,51] are found. Regarding the regularisation techniques, Tikhonov 

regularisation method [46] is one of the most commonly employed. 

In order to estimate the local convective heat transfer coefficient, the procedure presented in 

[20] was adopted. The temperature distribution maps on the external coil wall were employed 

as input data of the linear inverse heat conduction problem in the wall under a solution approach 

based on the Tikhonov regularisation method. The surface temperature distribution was 

acquired by means of a FLIR SC7000 unit, with a 640 x 512 pixel detector array. Its thermal 

sensitivity, as reported by the instrument manufacturer, is 20 mK at 303 K, while its accuracy 

is ±1 K.  

To measure the temperature distribution on the whole heat-transfer test section surface, 

multiples images were acquired, moving the infrared camera around the section, and they were 

conveniently cropped, processed by perspective algorithms and merged together in Matlab® 

environment to obtain continuous temperature functions on the tube wall versus the 

circumferential angular coordinate. A sketch of the laboratory facility is shown in Fig. 2.  

 

 



a) b) 

Figure 2. Picture (a) and sketch (b) of the laboratory facilities. 

 

The estimation procedure is based on a simplified 2-D model of the test section (sketched in 

Fig. 3) formulated by assuming that the temperature gradient in the tube wall is almost 

negligible along the axis of the tube. 

 

a) b) 

Figure 3. Coiled section (a) and 2-D model of the test section (b). 

 

The direct formulation of the problem is concerned with the determination of the temperature 

distribution on the tube external wall when the convective heat flux on the tube internal wall is 

known. In the inverse formulation considered here, the convective heat flux is instead regarded 

as being unknown, whereas the surface temperature is measured. 

As the inverse problem is ill-posed, in order to cope with the presence of noise in the measured 

temperature, some type of regularisation is required. The Tikhonov regularisation method, 

successfully applied in the inverse heat-transfer literature [46, 47, 52, 53], makes it possible to 

reformulate the original problem as a well-posed problem by minimising a specified objective 

function that represents a trade-off between the fidelity of the fit and the stability of the solution. 

The best balance between these two goals it is obtained in this paper by the adoption of the 

fixed-point method proposed by Bazán and co-workers [52, 53].  



Once the heat-flux distribution at the fluid-wall interface compatible with the experimental 

temperature data has been determined through this strategy, described in detail in [21], the local 

convective heat transfer coefficient can be easily determined, as follows: 

 

bTrrT
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where q(α) is the heat flux distribution estimated under the solution approach based on the 

Tikhonov regularisation method with the support of fixed-point iteration techniques, T(α, r=rint) 

is temperature distribution on the tube internal wall, efficiently estimated by numerically 

solving the direct problem by imposing a convective heat flux equal to q(α) and Tb is the bulk-

fluid temperature at the test section. 

 

3. Results and discussion 

The experimental conditions were designed in order to estimate the local convective heat 

transfer coefficient (Eq. (6)) in coiled pipes not only in transitional flow regime but also in 

laminar and turbulent flow regimes. The tests were performed by varying the Reynolds number. 

According to the correlations reported in Eqs. (1,2), the values of the critical Reynolds number, 

for the geometry considered in this work, varies in the range 6000 < Recr   < 7500. 

Before analysing the local convective heat transfer characteristics of the coiled tubes, it was 

investigated how the curvature impact on the overall thermo-fluid dynamics performance of the 

pipes under test at different flow regimes.  

3.1 Average Thermal and fluid dynamics performance 

The heat transfer performance and the pressure drop penalty were quantified by means of the 

Nusselt number and Darcy friction factor respectively defined as follows: 
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where kf is the fluid thermal conductivity, w is the mean fluid axial velocity and Δp is the 

pressure drop along the coiled section having length L. The asymptotic Nusselt number, which 

is reached in the downstream region of the heated section, is reported in Fig. 4 vs. the Reynolds 

number. In the same figure the correlations proposed by Rainieri et al. [17] for laminar regime 

and by Yildiz et al. [19] for turbulent regime in helical coiled pipes are shown. In order to take 

into account the adoption of different fluids to obtain the various correlations, the Nusselt 

number values were divided by Pr0.4. 



  

Figure 4. Asymptotic Nusselt number vs. Reynolds number for the helically 

coiled tube under test and comparison with the correlations proposed by 

Rainieri et al. [17] for laminar regime and by Yildiz et al. [19] for turbulent 

regime.  

 

The data reported in Fig. 4 show a satisfying correspondence with both the correlations 

proposed by Rainieri et al. [17] for laminar regime and by Yildiz et al. [19] for turbulent regime, 

respectively. The transitional regime results more difficult to be identified by the average 

Nusselt number because only a slight change of slope is possible to be appreciated in the range 

1000 < Re < 2000.  

In Fig. 5 the average Darcy friction factor, defined in Eq. (8) for the helically coiled tube under 

test is reported vs. the Reynolds number. 

 

Figure 5. Darcy friction factor vs. Reynolds number for the helically 

coiled tube under test and comparison with the behaviour in a straight 

pipe. 

 



In the same figure the analytical solution for the laminar fully developed flow, holding for the 

straight tube is reported [55] together with the distribution of the Darcy friction factor for 

turbulent regime in a straight pipe.  

The pressure drop study gives several information about the transition from laminar to turbulent 

regime in coiled pipes. First of all, the data confirm that, as observed by several authors [10,11], 

the transition to turbulence is more gradual than in straight pipes and exhibits a more complex 

behavior. The friction factor presented various discontinuity in its slope and the transitions 

seems to be characterised by different intermediate steps [10,11]. A first change in the friction 

factor trend appears in correspondence of Re ≈ 600 probably due to the fact that the intensity 

of the secondary flow induced by the centrifugal force starts to become significant; then it is 

possible to notice another change of slope in correspondence of approximately Re ≈ 2500 and 

a third one in the range 6000 < Re < 7000. These last two discontinuities could be interpreted 

as the beginning and ending of the transition. This evidence is in partial agreement with the 

correlations proposed by Cioncolini and Santini [11] and by Ito [15] that suggest, for the 

geometry considered in this work, a critical Reynolds number value in the range 6000 < Recr  < 

7500. Anyway, pressure drop distribution analysis doesn’t enable to identify exactly the 

beginning and ending of the transition. 

 

3.2 Local convective heat transfer coefficient  

A further insight into the phenomena correlated to the transition from the laminar to the 

turbulent flow regime in coiled pipes was found in the analysis of the distribution of the 

convective heat transfer coefficient along the wall circumference. 

This information was hereby derived by solving the linear IHCP in the tube wall by adopting 

the temperature infrared maps on the external coil wall as input data.  

 

a)  b) 

Figure 6. A 3D view of the temperature distribution at the test section (a) and the corresponding 

temperature unwrapped distribution on the tube wall versus the circumferential angular coordinate 

(b) for the Re=364 case. 
 

Fig. 6a reports, for a representative case, the three-dimensional representation of the 

temperature distribution at the test section. In Fig. 6b the corresponding temperature unwrapped 

distribution on the tube wall versus the circumferential angular coordinate is reported. 



These data clearly reveal that the temperature distribution exhibits significant variations along 

the circumference, while the temperature gradient is almost negligible along the axis of the 

pipe. This observation confirms that adopting a 2-D numerical model for this type of problem 

is appropriate for the condition under test. 

The relative temperature distribution, defined as the difference between the wall and the bulk 

temperature, over the whole wall circumference is reported in Fig. 7 for three representative 

Reynold number values: the angular coordinate origin was taken at the inner side of the coil. 

For all the three Reynolds number values the temperature presents a distribution with a 

maximum in correspondence of the inner side of the coil where the axial velocity of the fluid, 

due to the centrifugal force is expected to be lower and thus also the heat transfer rate.  

 

Figure 7. Relative temperature distributions on external wall of the coil. 

 

The distributions of the Nusselt number restored by the estimation procedure presented above 

and divided by Pr0.4 are reported in Fig.8 for the same three Reynolds number values of Fig.7 

 

 
Figure 8. Restored Nusselt number distribution. 

.    



For all the three cases, the variation of the Nusselt number along the boundary of the duct 

section indicates that Nu reaches very low values close to the inner bend side of the coil, while 

it reaches significant high values at the outer bend side, due to the onset of the secondary flows 

induced by the wall curvature.  

The data also show the effect of torsion induced by the coil pitch: the two vortices induced in 

the fluid flow by the wall curvature are not symmetrical [11]. 

To locally compare the heat transfer coefficient and Nusselt number distributions for the 

different Re values, the shifting effect of the torsion was compensated by introducing a relative 

angle α* into the analysis, whose origin was taken where the heat transfer coefficient reaches 

its minimum. In Fig. 9 the Nu/Pr0.4 distributions for Reynolds number values representative of 

laminar, transitional and turbulent flow regimes are reported.  
 
Table 1: The 95% confidence interval of the main physical quantities involved in the estimation 

procedure 
 

Y (K) α (°) 𝒌 (W/m·K) 𝑻𝒆𝒏𝒗 (K) 𝑹𝒆𝒏𝒗 (m2·K/W) 𝒒𝒈 (W/m3) 𝑻𝒃 (K) 

±0.1 K ±4° ±5% ±0.1 K ±50% ±4% ±0.2 K 

  

The accuracy associated with the estimated values was assigned by the parametric bootstrap 

method [56,57]: the input data of the estimation procedure are re-sampled from their respective 

probability distributions and, from these values, the unknowns are calculated by the estimation 

procedure presented above; this process is repeated many times, and the results are processed 

using standard statistical techniques for evaluating 95% confidence intervals. The assumed 

uncertainties in the input data are reported in Table 1.  

 

  



  

  

  



  

  

  
Figure 9. Restored Nu/Pr0.4 distributions with a 95% confidence interval. 

 

Before analysing the effects produced on the local convective heat transfer by the transitional 

flow regime, it is compulsory to study what happens both in laminar and in turbulent regimes. 

In order to compare the various distribution hereby obtained in the different test conditions, as 

suggested by Bozzoli et al. in [20], the Nu/Numax ratio is computed. In Fig. 10 it is analysed the 



laminar regime: the normalised Nusselt number distribution is reported for some representative 

cases for Reynolds number characteristics of the laminar regime and compared with the 

correlation obtained in the laminar regime in a previous study [20] where ethylene glycol was 

used as working fluid. By accounting for the experimental uncertainty, it can be stated that 

Nu/Numax ratio is almost independent from the Reynolds number and at the outside surface of 

the coil, the Nusselt number is approximately five times the one at the inside surface. It could 

be noticed that the pattern is particularly sharp and Nu/Numax is above 0.8 for approximately 

75% of the circumference.  

 Figure 10. Normalised local Nusselt number for laminar flow regime. 

 

Fig. 11 instead, reports the Nu/Numax ratio for various Reynolds number values characteristics 

of the turbulent flow regime: by accounting for the experimental uncertainty, it can be stated 

that, analogously to the laminar fluid flow case, this ratio is almost independent of the Reynolds 

number also for this flow condition, as observed by Jayakumar et al. [32].  

 

 
Figure 11. Normalised local Nusselt number for the turbulent flow regime. 



 

The best fit of these experimental Nu/Numax distributions is plotted in Fig. 12 along with the 

distribution found for the laminar regime in [20]. Some differences between the two behaviours 

can be observed: in the turbulent regime, at the outside surface of the coil, the Nusselt number 

is about ten times larger than that at the inside surface while in the laminar regime it is only five 

time larger.  

 
Figure 12. Comparison between the normalised local Nusselt 

number pattern in the laminar [20] and the turbulent flow regime.  

 

Moreover, in turbulent regime the Nu/Numax pattern shows a typical “V-shape” profile while in 

the laminar regime the pattern is more flat near the outside surface of the coil.  

This result is somewhat unexpected for the turbulent regime, where a more uniform heat 

transfer coefficient distribution is awaited, due to the fluid mixing produced by turbulence. This 

means that the fluid mixing promoted by turbulence is overcome by the distortion effect 

produced by the centrifugal force. This uneven distribution was somewhat observed by Di 

Liberto et al. [56]: by conducting a numerical study on turbulence in coiled pipes the Authors 

found out that turbulent fluctuations were clearly more intense near the outer region, where they 

were comparable in amplitude with those characteristic of the straight tube. On the inner wall 

they observed much lower fluctuations and they suggested that the flow remains laminar longer.   

Then, considering Figs. 10-12, it is clear that laminar and turbulent regimes are characterised 

by different specific shapes of the local convective heat transfer coefficient distribution. In Fig. 

13 the Nu/Numax ratio for four representative Reynolds numbers in the transitional flow regime 

(Reynolds number range 2500-6000) is reported together with the best fit of the data associated 

to the laminar [20] and turbulent regime. 



  

  Figure 13. Normalised local Nusselt number and comparison with the data for the laminar [20] and 

turbulent regimes. 

 

As it was highlighted by different Authors [10-16] and also as confirmed by the data reported 

in Section 4.1, the transition to turbulence doesn’t seem to be as abrupt as in straight pipes but 

intermediate stages in the flow seems to occur. There isn’t neither a sudden appearance nor a 

rapid development of turbulence and this is probably the reason why the only analysis of 

pressure drops doesn’t allow to properly identify the starting of the turbulence: the turbulence 

emergence is so gradual that the only discontinuity that can be observed in friction factor profile 

marks the end of the process [11]. 

The results of Fig. 13 clearly show the gradual transition between the two behaviors: with the 

progression of the Reynolds number, the Nu profile approaches the “V-shape” pattern typical 

of the turbulent flow regime. At first an oscillating behavior is observed in correspondence of 

the outer bend accompanied by an increasing of the ratio between the Nusselt number at the 

outer position with respect to that at the inner position. This could be interpreted, as suggested 

by Di Piazza and Ciofalo [10], by the onset of an unsteadiness that interest the Dean vortex 

region. The ratio between the Nusselt number at the outer bend respect to that at the inner bend 

increases with the augmentation of the Reynolds number and the oscillating behaviour starts to 

affect a larger zone of the section. The increasing of the ratio could be interpreted, as suggested 



[58], as a consequence of the fact that the turbulence emerges in correspondence of the outer 

bend while on the inner wall the flow remains laminar up to higher Reynolds number values.   

Then finally the Nu/Numax distribution for Re ≈ 5400 starts to present a pattern very close to the 

“V-shape” that characterized the turbulent flow regime. 

The local Nusselt number distributions confirmes what was in part observed by the averaged 

friction factor (Fig. 5): in correspondence to approximately Re ≈ 6000 for the hereby tested 

geometry the emergence of the turbulence occurs. Moreover, this powerful approach permits to 

add information regarding the different steps that occur in transitional flow regime in coiled 

pipes that are difficult to be highlighted by the classical methodologies of analysis based on the 

study of pressure drops. 

 

5. Conclusion 

In this paper, the local convective heat transfer coefficient distribution analysis is proposed as 

a complementary and detailed tool to investigate the transitional flow regime in coiled pipes.  

In the majority of the papers available in the scientific literature, the transition to turbulence in 

curved pipes has been investigated on the basis of pressure drop behaviour but this approach 

showed some limits which have been overcome by the new methodology presented in this work. 

In the present analysis, the temperature distribution maps on the external coil wall were 

employed as input data of the IHCP in the wall and a solution approach based on the Tikhonov 

regularisation method is implemented to restore the local convective heat transfer coefficient. 

At first, local heat transfer behaviour in laminar and turbulent flow regimes was studied and 

some differences were found between the two regimes: in the turbulent regime, at the outside 

bend of the coil, the Nusselt number is about ten times larger than that at the inner bend while 

in the laminar regime it is only five time larger; in turbulent regime the Nu/Numax pattern shows 

a typical “V-shape” while in the laminar regime the pattern is more flat near the outer bend side 

of the coil. 

Then the transitional regime was analysed and the results clearly showed the gradual transition 

between the two behaviors: transition to turbulence is not as abrupt as in straight pipes but 

intermediate stages in the flow occur and with the progression of the Reynolds number, the 

Nu/Numax profile gradually approaches the “V-shape” pattern of the turbulent flow regime 

where the rate of production of fluctuations is expected to exceed the rate of damping due to 

the centrifugal force. 

The present analysis demonstrates that the IHCP approach provides very interesting and 

promising tools for detecting and studying complex phenomena such as the transition between 

the laminar and turbulent flow regimes. Moreover, it permits to add information regarding the 

different steps that occur in transitional flow regime in coiled pipes that are difficult to be 

highlighted by the classical methodologies based on average heat transfer or pressure drop 

measurements. 

Eventually, these data could be employed also as a useful benchmark for CFD results and in 

the design of coiled tube heat exchangers as well. 
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Nomenclature 

Symbol Quantity SI Unit 

cp  J/kg·K 

D Tube diameter m 

f Darcy friction factor  

h Convective heat-transfer coefficient W/m2·K 

k Thermal conductivity W/mK 

l Coil pitch m 

p Pressure Pa 

ṁ Mass flowrate kg/s 

q Convective heat flux per unit area W/m2 

qg Internal heat generation per unit area W/m2 

r Radial coordinate m 

w Mean axial velocity m/s 

z Axial coordinate m 

De Dean number  

Nu Nusselt number  

Re Reynolds number  Re=ρ∙w∙D/μ - 

T Temperature K 

Q Convective Heat flux W 

𝑅𝑒𝑛𝑣 Overall heat-transfer resistance between the external     

tube wall and the surrounding environment 

m2·K / W 

Nu Nusselt number  

α Angular coordinate rad 

δ Curvature ratio  

μ Dinamic viscosity Pa·s 

ρ Density Kg/m3 

Subscripts,superscripts  

b Bulk  

e Entrance  

env Environment  

ext External  

f Fluid  

int Internal  
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