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Abstract

This paper analyses 23 circular helicoidal wire-coils with different geometric characteristics
ranging from: dimensionless pitch p/d=[0.25-3.37], dimensionless thickness e/d=[0.071-0.286]
and a Reynolds number interval from 50 to 8000. This interval widely includes the Reynolds
number range in which rigid wire-coil inserts- present better performance as passive
enhancement technique for tubular heat exchanger applications Re=[200-2000]. Based on their
hydraulic performance, the wire-coil inserts are categorized according to a new dimensionless
parameter: the Transition Shape Parameter (TSP). A new set of correlations are obtained to
predict the Fanning friction factor coefficient as a function of Reynolds number and geometrical
characteristics of the insert within the three flow regimes: laminar, transitional and low
turbulent. Additional correlations are proposed to estimate the critical Reynolds number at the
beginning and ending of the transition region, which allows to select the most adequate friction
factor correlation as a function of the operational Reynolds number for a heat exchanger design
application. Finally, a comparative between the proposed and the published correlations in the
open literature for laminar and turbulent regimes is presented. This brings to light the need and
interest of having the suitable and reliable set of correlations presented in this paper to compute
the friction coefficient covering all the wire-coil applicability range as an enhancement
technique.

Keywords: Wire-coil-inserts, friction factor correlations, critical Reynolds numbers, transition
flow, laminar flow, low turbulent flow
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Nomenclature

Cp [J/kgK]
d [m]

dh [m]

e [m]

f -

fo -

G [kals]
k [WImK]
le [m]

Iy [m]

p [m]

Ap [Pa]

t [°C]

tm [°C]
Special Characters
p [K™]

p [kg/m’]
u [Pa.s]
Parameters

Re

Pr

TSP

Subscripts

CL

CT

H

I

in
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S

T

Tr

Specific heat

Internal tube diameter

Hydraulic diameter

Wire-coil diameter

Fanning friction factor

Darcy-Weissbach friction factor.

Mass flow rate

Thermal conductivity

Entrance pipe length in test pressure

Distance between pressure tapes in pressure tests
Wire-coil pitch

Pressure drop

Static temperature

Mean static fluid temperature in pressure tests

Coefficient of thermal expansion
Fluid density
Fluid dynamic viscosity

Reynolds number
Prandtl number
Transition Shape Parameter

Critical conditions (ending laminar flow regime)
Critical conditions (beginning low turbulent flow regime)
High TSP

Intermediate TSP

Inlet static fluid temperature in test pressure
Low TSP

Mean static fluid temperature in test pressure
Outlet static fluid temperature in test pressure
Smooth

Turbulent fluid flow regime

Transition fluid flow regime



1. Introduction

Heat exchangers are widely used in the process industry. The shell and tube configuration is the
most commonly employed due to its robustness, wide operational working fluids, pressure and
volumetric flow ranges, mechanical reliability and availability. For this configuration, there
exists many well-established and reliable design procedures and computational codes. The vast
majority of these exchangers have smooth tubes; nevertheless, the use of enhancement
techniques allows to build more compact and efficient designs.

Webb and Kim [1] claim that the most economically viable enhancement techniques are
roughness surfaces and insert devices. Amongst roughness surfaces, the corrugated and dimpled
tubes stand out due to its structural simplicity and low cost characteristics. These integral
roughness tubes are widely used in turbulent flow and they are thoroughly usedin single-phase
and two-phase flows. Regarding conventional insert devices, they are grouped into five types:
twisted tapes, extended surfaces, wire-coils, meshes and wall separated insert devices. The most
studied insert device is twisted-tapes. Many design correlations are available for laminar,
transitional and turbulent flow regimes that ease the practical implementation of twisted-tapes as
enhancement technique.

Liu and Sakr [2] and Sheikholeslami et al. [3] carried out literature reviews of the different
enhancement techniques used in heat exchangers.. They enumerate the advantages and
disadvantages of them and specify the feasible engineering applications. Regarding the
applicability of wire-coils, the insert device studied in this work, they are currently employed in
low Reynolds number applications such as: solar water heating, oil cooling devices, or pre-
heaters and fire boilers [2], whereas in [3] are also mentioned: chemical process plants,
refrigeration systems and air conditioning, food and dairy processes and heat recovery
processes.

2. Literature review

Webb and Kim [1] established that the determining factor to employ an enhanced heat
exchanger is the cost (including manufacturing and installation costs). They criticized the search
of greater and greater complex geometric designs, without taken into account manufacturing
difficulties-and the corresponding repercussion on equipment cost. From this perspective, and
considering that wire-coil use is less spread (mainly in laminar flow regime), an in-depth study,
about this conventional insert device, has a special interest, due to their three inherent
interesting advantages. First, wire-coils have lower pressure drop than other inserts that produce
a more severe flow obstruction under similar flow conditions. Second, regarding artificial
roughness techniques manufactured by cold external deformation, wire-coils do not modify the
mechanical properties of the smooth tube, a key factor within petrochemical plants. Third, wire-
coils can be inserted within smooth tube heat exchangers “in operation” conditions and can be
easily removed in case of soiling or fouling, which make them very competitive in terms of ease
of manufacturing and implementation and maintenance costs.

In this section, the most important experimental works in wire-coil inserts are summarized.
These studies address the wire-coil thermal-hydraulic behaviour as an enhancement technique
for heat exchanger applications, and, some of them provide correlations to obtain friction factor
in laminar and/or turbulent flow regimes. For the transition region, friction factor correlations
are not available in the open literature. Furthermore, a brief summary of combined inserts, non-



conventional complex techniques, or nanofluid studies are reported, and the corresponding
available correlations for friction factor calculation are summarized.

2.1 Studies on conventional wire-coils under laminar and transition regimes

The first notable work was carried out by Uttarwar and Rao in 1985 [4]. The authors obtained
the friction factor coefficient in tubes fitted with wire-coil inserts using Servotherm Qil as the
working fluid for the Reynolds number range [30-700]. They reported very low pressure-drop
augmentations with regard to the smooth tube, between 5-8%. Nevertheless, their tests were
carried out under non-developed fluid flow conditions, fact that may jeopardize the reliability of
the results.

Obot et al. [5] employed other authors results in tubes with transversal ribs,to study the friction
factor in the transition region. They established the lack of available data within this flow
region. They confirmed that enhancement surfaces create an early transition. Oliver and Shoji
[6] compared different insert devices: meshes, twisted-tapes and wire-coils using sodium
carboxymethylcellulose in water, as the working fluid for Reynolds humbers [200-2000]. They
obtained similar pressure drop values than reported in {4], but they neither provide data
correlations. They concluded that for Re<200 the best.insert was the mesh specimen, and for
Re>200, the wire-coils increase heat transfer coefficient similarly to twisted tapes, but with a
lower increase in pressure losses.

Chen and Zhang [7], Inaba et al. [8], and Nazmeev et al. [9], carried out experimental studies for
wire-coils with different geometric characteristics, using different working fluids, covering the
laminar, transition and low turbulent flow regime. They proposed the first friction factor
correlations. It should be outlined that the correlation proposed in [8] is only valid in the
turbulent flow region. Reference [9] provides the only available correlation in the open literature
to define the critical Reynolds number for laminar-turbulent transition.

Tauscher and Mayinger [10] showed the effectiveness of roughness elements in the transition
region, as later confirmed by Bergles [11]. Wang and Sunden [12], and Dewan et al. [13]
compared different enhancement techniques and obtained pressure drop augmentations of only
8% using wire-coils inserts for Re=2000. Correlations were not provided.

Garcia et al. [14, 15] studied wire-coil behaviour in laminar, transition and low turbulent
regimes providing specific correlations attending to each wire-coil geometry in laminar flow
and a’ generalized correlation for turbulent flow and the set of wire-coils studied. They
concluded that for Re<200, flow remains almost unaltered, accelerating the transition to
turbulence at critical Reynolds numbers down to 700. Wire-coils were reported as the best
performance inserts in the transition region, which was significantly modified regards to smooth
tube. Based on wire-coil geometry, different trends were observed, covering a wide region from
Re [300, 3000]. Wire coil inserts exhibit significant advantages over other enhancement
techniques offering a predictable transition region.

Akhavan-Behabadi [16], and Roy and Saha [17] gave correlations for friction factor. The
proposed correlation in [16] is valid for wire-coils of 2 mm thickness and only depends on
Reynolds numbers from [20-500]. In [17] a generalized correlation is presented as a function of
the wire-coil helix angle and the dimensionless thickness, valid for Re [15-1000], despite testing
only three wire-coils.



In summary, the available correlations to predict friction factor in laminar regime are scarce and
were obtained by testing a limited number of wire-coils (see

Table 1). In some cases, the validity ranges (Reynolds numbers) of the correlations are not
specified, and in others, the correlations are only valid for the singular wire-coil geometries
tested in their study. Furthermore, sufficient information utterly verified is not provided to
adequately determine the critical Reynolds numbers at the beginning and ending of the
transition region. In this work, a novel set of correlations for friction factor under laminar
regime was obtained and compared with the correlations available in open literature. The
proposed correlations will be applicable to a significant wider geometrical range than previous
works. Moreover, a correlation for the critical Reynolds number where laminar flow region ends
was provided.



Authors Nwire Re p/d e/d d (mm) Working fluid (Pr) Correlation proposed/Comments
Chen and Zhang (1993) [7] 8 2732456 | 033—-13 | 0.056—0.133 10 Turbine oil (194 — 464) f - 95.049Re~012% 023 /40848 /e) 1428 Non-isothermal
Nazmeev et al. (1994) [9] 7 40-2000 | 0.71-43 | 0.071-0.17 14 Transformer oil Re™ = 415(p/d)°* 73 exp(- 7.8 (¢/d))
fp = 64/Re-expl(— p/d)°-5]exp[5.5(e/d)°-4J for Re<Re”
fp =530/Re%36 (g/aft4 expk— p/d)o'GSJ for Re>Re”
Garcia et al.. (2007) [15] 6 40 - 8.10° 1.25-3.37 | 0.076 18 Water and Water - Friction coefficient correlation only for specific wire coils e/d=0.076
Propylene Glycol mixtures | ¢ _145/re®93 valid for wire W01 p/d=1.25 [Re<400]
0, —
50%(3.9-8.2) f —14.8/Re095. valid for wire W02 p/d=172 [Re<450]
=13.3/Re®97" valid for wire W03 p/d=3.37 [Re<700]
Akhavan-Behabadi (2010) [16] 7 10 - 1500 0.46 — 2.65 0.08-0.13 26 Engine oil (120 — 300) f :16.8/R€O'96 valid for an specific wire of e=2mm [20<Re<500]
Roy and Saha (2015) [17] 3 15-1000 0.77-1.54 | 0.0526,0.0625, | 13,16 and Servotherm oil f-Re = 3,55827 Re 03228 sin a)o.zsslj(e)o.swsg with “e” in (mm)
0.07692 19
Table 1. Available correlations in laminar flow regime for tubes fitted with wire-coils




2.2 Studies on conventional wire-coils under turbulent flow

The earliest remarkable works on turbulent flow were developed by Kumar and Judd [18], and
Klaczak [19]. Both studies employed water as the working fluid for Reynolds numbers ranging
from [7-10° - 1-10°] and [1.7-10° - 2-10], respectively. The results obtained by Kumar and Judd
showed an increase on pressure drop of 15 times regarding smooth tube. Afterwards, Chiou [20]
carried out an extensive experimental work testing a wide number of wire-coils under turbulent
flow regime. Nevertheless, in these three works friction factor correlations were not given.

The first friction factor correlation for turbulent flow in pipes with wire-coil inserts was
developed by Sethumadhavan and Rao [21]. These authors tested wire-coils with different
geometries for the Reynolds number range [4-10° - 1-10°]. They reported relatively low pressure
drop increments, around 3-fold relative to a smooth tube. They correlated the experimental
results using friction similitude laws, which are only valid for integral roughness techniques, but
not for wire-coil inserts.

Zhang et al. [22] tested a wide number of wire-coils. Their work is considered as one of the
most rigorous and reliable on this topic. They studied circular and rectangular wire-coils and did
not report significant differences among them. The pressure drop increment obtained was
between 4 and 9-fold relative to a smooth tube. They employed air as the working fluid and
covered a Reynolds number interval [6-10° - 1-10°], obtaining a set of correlations for both
wire-coil types as a function of dimensionless pitch and Reynolds number.

Rabas [23] analysed a broad experimental pressure drop data set in wires from previous authors,
and evaluated the convenience of employing the discrete-element method to predict wire-coil
friction factor. However, he finally advised against using this method. In a later paper,
Ravigururajan and Rabas [24] presented heat transfer and friction factor data for different
enhanced tubes (extruded . tubes, ribs or disruptions with transverse and intermediate helix
angles, spirally indented tubes, and tubes fitted with coil inserts) in turbulent flow regime. The
authors only reported the data corresponding to a p/d=9.5 and e/d=0.038 wire-coil but
concluded that interms of performance wire-coil inserts were very similar to discrete extruded
disruption tubes.

Inaba et al. [7] and Garcia et al. [14], as mentioned in subsection 2.1, tested a wide set of wire-
coils, using water as the working fluid and for Reynolds number ranging from [200 - 6000] and
water and propylene-glycol mixtures as the working fluid [80 — 9-10], respectively. Both
studies covered laminar, transitional and low turbulent regimes. The proposed correlations
depended on Reynolds number, (p/e) [7], (p/d) [14] and (e/d) and were only valid for turbulent
regime.

Naphon [25] studied heat transfer and friction factor in a concentric tube. The inside tube was
fitted with a wire-coil separated from the wall. The author defined a non-isothermal friction
factor correlation for the inside enhanced tube flow valid for Reynolds numbers from 5000 to
2.5-10%



Authors Nwire Re p/d e/d d (mm) Working fluid (Pr) Correlation proposed/Comments
Sethumadhavan and Rao | 8 4000 - 1.10° 0.4-2.64 0.08 - 0.12 25.0 Water/glycerol 5 With sl (o 018+ P12
(1983) [21] (5.2-32) f= Rl tanay 029 f
(R(h*)— 2.5l0gy¢(2e/Dp )-3.75

h* roughness Reynolds number

Zhang et al. (1991) [26] 32 6000 — 1.10° 0.35-4.6 0.035-0.18 56.3 Air (0.7) Wire coil with circular cross-section [0.037<e/d<0.1] [0.35<p/d<2.5]
(12 Circ. fp =62.36(log Re ) 27 7%(e/d)*816(p /d) 0689 [6000<Re<1.5-10"]
secton) fo -5.153(0gRe L7/ P7o5p ) 0707 [15+10°Re<1 107

Inaba et al. (1994) [7] 19 400 - 6000 0.25-6.5 0.1-0.1875 16 and 20 Water (3.9 - 8.2) fp =115 Re—DO.SQ(p/e)4J.87 [400<Re<6-10%]
Ravigururajan and Data- 5000 —2.5.10° 01-7 0.01-0.2 Database o o o o b
Bergles (1996) [34] base f/f :[1+ {29.1Re 1(p/d)R2(e/d)3 (0,/90)7 4 (1+2.94/n )sin Bﬂ

fo. Ry, Rz, R3, Ry, a and b requires additional correlations. For circular wire-

coils n=c0 and f=90°C
Garcfa et al. (2005) [14] | 6 80 -9.10° 1.17-2.68 0.07-0.10 18 Water and Water - f=6.76Re ™02 7(p/d) - ?!(e/d)9° [2000=Re<3-10']

Propylene Glycol 0217/ 116
mixtures (2.8 -150) | f=9-35Re (p/e)
Jafari Nasr et al. (2010) 4 1100 - 5.10° 0.156 —0.354 0.027 — 0.094 16 Water f =3.2348Re 03904 g, | 0-3039(e /g, )0-1674
[26]
San et al. (2015) [27] 9 3967 - 19245 13-232 0.0725-0.134 | 128,134, | Air and water fp =36.16Re 038 (e/dlIn(p/dp ) ©52
13.8

Sharafeldeen et al. 9 1.4.10° - 4.3.10° 1-5 0.04-0.13 45 Air (0.7)

(2016) [28]

f = 0.3251Re 0-10Y(g/1)0196(p /) 0211

Table 2. Available correlations in turbulent flow regime for tubes fitted with wire-coils




Jafari Nasr et al. [26] applied artificial neural networks (ANNS) to characterize the thermo-
hydraulic behaviour of helical wire-coil inserts inside tubes. They obtained heat transfer and
pressure drop experimental data for four different wire-coil inserts. These data were employed
to validate the prediction model. Finally, applying this methodology, they derived a correlation
for friction factor, and concluded that the use of these techniques provided better results than
employing the non-linear conventional correlations.

San et al. [27] obtained heat transfer and pressure drop data in smooth tubes with wire-coil
inserts using air and water as the working fluids. The authors proposed a single correlation for
friction factor for water and air flows. They concluded that friction factor was proportional to
e/d and increased with decreasing Reynolds numbers or p/d. More recently, Sharafeldeen et al.
[28] carried out a pressure drop experimental study in turbulent flow. They also proposed a
friction factor correlation in terms of Reynolds number and inserts geometry.

In summary, the number of available turbulent flow correlations in the open literature is higher
than the corresponding to laminar flow. Besides, they are more reliable. Nevertheless, in the
wire-coil optimal performance region (transition and low turbulent region, Re<4000) [29], the
information is scarce. To the best authors knowledge, there are not available correlations in the
transition region. Thus, the ones proposed in the present work will be of special interest, since
this is the region in which wire-coils show an optimal thermohydraulic performance. Likewise,
there are not reliable correlations to determine critical Reynolds number at the end of transition
(the beginning of low turbulent region). The new set of proposed correlations in low turbulent
flow will be compared with the correlations published by the aforementioned authors
summarized in Table 2.

2.3 Studies on combined devices and/or non-conventional working fluids

In this subsection, the most significant works that define friction factor correlations using
separated-wall wire-coils as a part of a combined insert, in non-circular tubes or using
nanofluids as working fluid are listed.

In laminar flow regime, Saha et al. [30] studied different insert types in square and triangular
tubes. They proposed friction factor correlations for circular and non-circular tubes, but the
number -of wire-coil specimens tested was very limited. Regarding nanofluid and non-
Newtonian fluid studies, the works of Chandrasekar et al. [31] using Al,Oz/water al 0.1% and
Saeedinia et al. [32] employing oil and the nanofluid CuO/Qil with different concentrations are
noteworthy. In addition, Martinez et al. [33] compared the friction factor coefficient in tubes
with wire-coil inserts, using different types of non-Newtonian fluids (high and medium
viscosity CMC solutions in water) and pure propylene-glycol.

In turbulent flow regime, Ravigururajan and Bergles [34] obtained global correlations for the
friction factor, using air as working fluid, valid for triangular wire-coils separated from the tube
wall. Promvonge [35] studied the effect of square cross section wires acting as a turbulator
using also air as working fluid. He tested two wire-coils with different pitches and compared
their friction coefficient data with the conventional correlation valid for smooth tube. However,
no correlations were proposed. The author concluded that the best operating regime for the
coiled square wire turbulator was found at lower Reynolds number.



Gunes et al. [36, 37] tested three triangular and circular wire-coils separated from the wall at
two different distances. They concluded that for decreasing pitches and increasing wall distance,
friction factor and heat transfer increase. They obtained correlations as a function of
dimensionless pitch and dimensionless wall distance (dividing by tube diameter). Eiamsa-ard et
al. [38] studied a tube fitted with combined devices (non-uniform wire-coil and twisted tape
inserts) in turbulent regime. They proposed friction coefficient correlations for the combined
devices studied. Eiamsa-ard et al. [39] also studied the effect of inserting a tandem of wire-coil
elements, but in this case, they did not present any correlations.

Saha [40] studied experimentally turbulent flow of air through rectangular and square ducts with
internal transverse rib turbulators on the two opposite duct surfaces and with wire-coil inserts.
He proposed correlations for friction factor based on duct aspect ratio, coil helix angle and wire
diameter of the coil, rib height and rib spacing, Reynolds number and Prandtl number. The
author concluded that the transverse ribs in combination with wire-coil inserts performed much
better than either ribs or wire-coil inserts acting alone, and recommended the rib-coil
combination for enhancing turbulent flow heat transfer.

Chang et al. [41] studied the influence of grooved or/and ribbed square wire-coils with five
pitch ratios. The authors proposed a general correlation with specific coefficients for each
grooved and/or ribbed square wire-coils studied. They concluded that the friction factor
increased when using smooth-coil tube, “due to flow interactions between the tube-core vortices
and the bursting or/and separated flows induced by the 90° or 45° grooves/ribs along the wire-
coils”.

Keklikcioglu and Ozceyhan [42] tested a circular tube with wire coil inserts separated 1 and 2
mm from the inner tube wall.- The wire inserts had an equilateral triangular cross-section
(constant side length). They concluded that these triangular wire-coils were effective destroying
the laminar sublayer and proposed a friction factor correlation as a function of pitch and
dimensionless wall distance (dividing by tube diameter). Naik et al. [43] studied the effect of
using CuO/Water nanofluid under turbulent conditions for twisted tape and wire-coil inserts
fitted in tubes. They carried out a complete and interesting work, reporting correlations from
other authors employing nanofluids in twisted-tape and wire-coil fitted tubes and proposed a
single correlation for all type of inserts as a function of nanofluid concentration and
dimensionless pitch. Besides, the wire-coil inserts increased friction factor in 1.19 times
compared to water flowing in a tube at Re=20000 . According to the authors, wire-coils were
considered to be more effective than twisted tape inserts under same particle loading and flow
rate.

In conclusion, there are many studies on combined devices and/or using nanofluids as working
fluids, using non-circular section conducts and other modified geometries.

Table 3 presents a summary including the friction factor correlations. However, it is important
to stress the opinion of Webb and Kim [1] against the search of increasing complex designs
without accounting for manufacturing difficulties and the corresponding repercussion on
equipment cost.

In light of this literature review many works address wire-coil inserts as an enhancement
technique. However, in laminar, transition and low turbulent flow regions, where wire-coils
present their best performance, the studies are very limited and a high friction factor data



dispersion is encountered. This implies that there are not reliable and validated correlations for
friction factor computation, which can be partially conditioning the use of wire-coils as an
enhancement technique in heat exchangers. On the other hand, the most recent works present
very complex combined devices, using nanofluid as a common working fluid and ignoring
manufacturing practical difficulties and the corresponding costs.



Authors [ Nuire | Re p/d eld d(mm) | Working fluid (Pr) Correlation proposed/Comments
Laminar and transition
Saha (2010) [30] 4 20 - 1000 0.44-1.47 | 0.0441,0.0735 13,17.3 Oil (195 < Pr < 525) Square (AR=1) and rectangular ribbed duct (AR=0.5 and 0.333) with wire coil
and 19.5 insert
fcir —1.896 Re—04258(e/dh )0'0532(tan 0{)0.187
fron-cir = feir (0:283+/AR)*12
Chandrasekar et al. (2010) 2 <2300 2-3 0.11 4.5 Nanofluid Al,-Os-Water Nanofluid
[31] ¢ =0.1% f =530.8Re~0-90%(p/d) 1388 1 ) 51226
Saeedinia etal. (2012) [32] | 4 10-120 1.78-25 0.064 —0.107 14 Nanofluid CuO/Qil Nanofluid
¢ =[0-03]% f =198.7Re~070%(p /) 094%(e a1 )0-362(, ., 1058
f=108.7 Re4).708Pr%).ZS(p/d)—0.943(e/d)0.362(ps /Hm )0.58
Turbulent
Ravigururajan and Bergles | 5 5000 — 2.5.10° 06-1.2 0.02 -0.05 68.0 Air (0.7) Separated wire coil with triangular cross-section
(1996) [34] f =3.970492Re 036748 )0-31187(5 g D16771¢
Gunes et al. (2010) 9 Triangular 1,2,3 0.0714,0.0892. | 56 Air (0.7) Separated wire coil with triangular and circular cross-section
[36][37] 3500 -2.7.10* 0.1 f =83,70024 Re~0-30526§; /y)-0.388(g g 1.319018
ﬂr(;:g Iiarz.ﬁ.104 - 3.970492 Re 0367485y 4031187 ) 01577 1¢
Eiamsa-ard et al. (2010) 3 4600 — 2.10* 4-8 4.8 475 Air (0.7) Correlations for combined device between twisted-tape and non-uniform
[38] varying pitch ratio wire coil
f =12.313Re 0232y-0.302 Decreasing pitch coil and Twisted Tape (TT)
f =133.366 Re 0-277y~0449 Decreasing/increasing pitch coil and TT
Where Y=tape twist length (180° rotation),m/width of tape,m
Saha (2010) [40] 12 1.4.107-7.10* 0.22-1.47 | 0.077- 0.01 51, 68 and Air (0.7) Square (AR=1) and rectangular ribbed duct (AR=0.5 and 0.25) with wire coil
40.8 insert. Correlations for only wire coil
feir = 0.1384Re 027 e/d), 078 %tan o )0253
fron-cir = feir (0271+1/AR) 139
Chang et al. (2015) [41] 7 1.10"-4.10° 05-25 Air Grooved or/and ribbed square wire coils
f=Co+Ce C2Re  with Co, Cy, Co=E+K-exp™®?
Values for E, K and M are provided for each grooved and/or ribbed square wire
coils
Keklikcioglu and 6 3429 - 26663 1,2,3 0.107 56 Air Separated 1, 2 mm wire coil with equilateral triangular cross-section
Ozceyhan (2016) [42] f = 6.423Re~030Y(p /) 0.587(5 ) 0.106
Naik et al. (2014) [43] 2 4000 — 2.10* h/d=5, 10 0.1428 14 Nanofluid CuO/Distilled Correlation valid for twisted and wire coil inserts
2 Fz)/g; 1.97, water. Conc. ¢ [0-03]% | -0.3345Re 0251+ ¢)*19(1+ hyd)0 09381 + p i)

Table 3. Available correlations on combined devices and/or non-conventional working fluids




This work is aimed at studying the friction factor coefficient in tubes fitted with wire-coils, a
simple and low-cost specimen, avoiding complex devices that complicate final implementation
stage. Water was used as the working fluid and a wide and representative set of wire-coils was
analysed for a dimensionless pitch range of p/d= [0.25-3.37] and dimensionless thickness range
of e/d=[0.071-0.286], for Reynolds number from 50 to 8000, covering laminar, transition and
low turbulent regimes. A new dimensionless parameter, “Transition Shape Parameter” (TSP),
will be defined to categorize the hydraulic behaviour of these insert devices. The TSP is able to
distinguish the different patterns on transition to turbulence region, and allow to group the wire-
coils to obtain the most suitable correlations according to their geometric characteristics.

3. Wire-coil geometrical characteristics and experimental set-up

Table 4 summarizes the geometrical characteristics of the 23 wire-coils studied. The A, B, C
and D wire-coil types are tested in the present work. They are characterized by a constant
nondimensional thickness and a variable nondimensional pitch for each group. All of them
present an internal tube-side diameter of 7 mm. The wire-coil types E and F were tested by
Garcia et al. [14], and they all present a variable nondimensional thickness and nondimensional
pitch, and a constant internal diameter of 18 mm.

d p e p/d e/d ple d p e p/d e/d ple
(mm) (mm) (mm) (mm) (mm) (mm)
WI1A 7.00 1.75 0.50 0.250 0.071 3.500 WI1E 18.00 21.12 1.34 1.173 0.074 15.761
W2A 7.00 3.50 0.50 0.500 0.071 7.000 W2E 18.00 48.32 1.45 2.684 0.081 33.324
W3A 7.00 7.00 0.50 1.000 0.071  14.000 W3E 18.00 30.66 140 1703 0.078 21.900
W4A 7.00 1050 0.50 1500 0.071 21.000 W4E  18.00 46.22 168 2568 0.093 27.512
W5A 7.00 14.00 0.50 2.000 0.071  28.000 W5E 18.00 33.57 1.79 1865 0.099 18.754
W1B 7.00 1.75 0.70 0.250 0.100 2.500 W6E 18.00 2531 1.84 1.406 0.102 13.755
W2B 7.00 3.50 0.70 0.500 <« 0.100 = 5.000 WI1F  18.00 2250 137 1250 0.076 16.400
W3B 7.00 1050 0.70 1500 0.100 15.000 W2F 18.00 30.96 137 1720 0.076 22.632
wiaB 7.00 14.00 0.70 2.000 0.100  20.000 W3F 18.00 60.66 1.37 3.370 0.076 44.300
wicC 7.00 1.75 1.40 0.250 < 0.200  1.250
W2C 7.00 7.00 1.40 1.0000 0.200  5.000
w3cC 7.00 7.50 1.40 1.071 0200  5.357
W1D 7.00 7.00 2.00 1.000 0.286 3.500
W2D 7.00 8.50 2.00 1.214 0286  4.250

Table 4. Geometrical characteristics of the wire coils studied

The main characteristic of the experimental set-up is its capability to stablish under steady,
isothermal and reproducible conditions, a continuous Reynolds numbers range from 50 to 8000.
This range covers laminar, transition and low turbulent regimes in detail, and allows to identify
the different flow patterns reliably.

The experimental set-up for friction tests consists of two circuits connected through a heat
exchanger (2) from Cipriani Scambiatori, model 2C2 (Fig.1). The main circuit (left) is used to
carry out the pressure drop tests in the tube fitted with the corresponding wire-coils under
isothermal conditions. The secondary circuit (right) is used for regulating the tank temperature
to a desirable value. The cooling machine (1) model HRS050-W is manufactured by SMC.

The working fluid is distilled water (Type Il) which is driven by a variable speed centrifugal
pump model TPE by Grundfos (3) to the test section. The corresponding mass flow rate is
regulated by an electro-valve AVM105SF132 by Sauter (4) and measured with a Coriolis
Micro-Motion® F-series F025S mass flow-meter (5). Pressure drop is acquired using
differential pressure sensors (7) of different ranges to cover the full range from 50 to 500 mbar.
Two differential pressure transducers of different full scales are duly employed to assure the
accuracy of the experiments. Inlet and outlet tube temperatures are measured by RTD Pt-100



class B 1/10 DIN sensors (6) and (8) to obtain fluid properties. Inlet fluid temperatures range
from 10 °C to 50 °C were tested.

! !
©) | e l Io |
©) (4) 3)

Figure 1. Schematic diagram of the experimental set up. (1) Cooling machine, (2) Plate heat exchanger, (3) In-line
pump, (4) Electro-valve, (5) Coriolis mass flow-meter, (6), and (8) RTDs, (7) Differential pressure transducer.

(1

NN
AN

The measurement sections consist of four pressure taps separated by 90° and connected to the
suitable SMAR® LD-301 differential pressure sensors according to the fixed mass flow rate.
The test section length is I, = 200d and is preceded by a hydrodynamically developing region of
le = 60d length. All the experimental data are collected through an Agilent® data acquisition
model 34980A. The measurement errors are 0.075% for pressure measurements, 0.2% for mass
flow rate measurements, and 0.1 and 1 mm in diameter measurement and testing section length
measurements, respectively.

Once the target temperature is reached steady conditions have to be assured. Each wire-coil
specimen was tested varying the operating mass flow rate in order to continuously cover the
laminar, transition and turbulent region. Based on measuring the mass flow rate, the pressure
drop, and the inlet and outlet fluid temperatures, the fluid properties are evaluated at the mean
testing temperature T= (Tin + Tou)/2. Reynolds number is computed according to Eq. (1) and
friction factor coefficient-by Eq. (2).
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The total uncertainty of the friction factor coefficient was calculated according to Kline and
McClintock [44] work based on a 95% confidence level. A maximum value of uncertainty of
1.5% for friction factor for Re=80 was shown.

4. Analysis of results

In order to validate the experimental procedure, isothermal flow tests were carried out to obtain
the smooth tube friction factor for Reynolds numbers from 50 to 8000, covering laminar,
transition and low turbulent flow regime. The experimental results are compared with the
analytical solution for laminar flow f s=16/Re and the Blasius equation for turbulent flow
fr<=0.079-Re"*. The average error reported was lower than 3%.



The smooth tube tests were employed to contrast the methodology that allows computing two
critical Reynolds numbers: the first Rec, for which the transition region is reached from
laminar flow, and the second Recr, that establish the end of transition and the beginning of low
turbulent flow regime. To estimate both critical Reynolds numbers, the relative fluctuation in
the friction factor was analysed as proposed in [45].

4.1 Tests in tubes fitted with wire-coil inserts. Friction factor

This paper reports the study of 23 helicoidal wire-coils with circular cross section and.different
geometric characteristics, covering a dimensionless pitch range of p/d=[0.25-3.37] and a
dimensionless thickness range of e/d=[0.071-0.286], for Reynolds numbers from 50 to 8000,
covering laminar, transition and low turbulent regimes. This interval widely includes the
Reynolds numbers range in which wire-coils show better performance as a passive enhancement
technique in heat exchangers Re=[200-2000] [29].

This section reports the results obtained for friction factor, grouping the studied wire-coils
according to the dependence of the friction factor with Reynolds number. With this aim in mind,
and taking into account the analysis of the results, a new dimensionless parameter is defined:
the Transition Shape Parameter (TSP) (Eq. 3). The TSP only depends on the wire coil
geometric characteristics and allows to predict the different evolution of the friction factor
coefficient with Reynolds number in the transition region, compared to smooth tubes.

Tep— /0 @
(e/dy
d (mm) p (mm) e (mm) p/d e/d ple TSP
wicC 7.00 1.75 1.40 0.25 0.200 1.25 2.441E-02
W1B 7.00 1.75 0.70 0.25 0.100 2.50 9.766E-02
WI1A 7.00 1.75 0.50 0.25 0.071 3.50 1.914E-01
W2B 7.00 3.50 0.70 0.50 0.100 5.00 3.125E+00
W2A 7.00 3.50 0.50 0.50 0.071 7.00 6.125E+00
W1D 7.00 7.00 2.00 1.00 0.286 3.50 1.225E+01
W2C 7.00 7.00 1.40 1.00 0.200 5.00 2.500E+01
w2D 7.00 8.50 2.00 1.21 0.286 4.25 3.234E+01
W3C 7.00 7.50 1.40 1.07 0.200 5.36 3.530E+01
W3A 7.00 7.00 0.50 1.00 0.071 14.00 1.960E+02
WI1E 18.00 21.12 1.34 117 0.074 15.76 4.013E+02
W6E 18.00 25.31 1.84 141 0.102 13.76 5.260E+02
WI1F 18.00 22.50 1.37 1.25 0.076 16.40 5.284E+02
W3B 7.00 10.50 0.70 1.50 0.100 15.00  7.594E+02
W4A 7.00 10.50 0.50 1.50 0.071 21.00 1.488E+03
WS5E 18.00 33.57 1.79 1.87 0.099 18.75  2.282E+03
W3E 18.00 30.66 1.40 1.70 0.078 21.90  2.370E+03
W2F 18.00 30.96 1.37 1.72 0.076 22.63 2.606E+03
W4B 7.00 14.00 0.70 2.00 0.100 20.00 3.200E+03
W5A 7.00 14.00 0.50 2.00 0.071 28.00 6.272E+03
WAE 18.00 46.22 1.68 2.57 0.093 27.51 1.281E+04
W2E 18.00 48.32 1.45 2.68 0.081 33.32 2.148E+04
W3F 18.00 60.66 1.37 3.37 0.076 4430  7.525E+04

Table 5. Wire-coil classification according to the Transition Shape Parameter

According to this definition, the TSP allows to establish a wire-coil classification. When a wire-
coil insert with a low TSP is employed (TSP<10) as an enhancement device, the friction factor
curve mimics the smooth tube behaviour. Consequently, an abrupt increase in the friction factor
is obtained in the transition region. On the contrary, for wire-coils with a high TSP (TSP>750)



the lack of the characteristic abrupt discontinuity that typically and clearly represents turbulence
onset for the smooth tube is observed and a softer transition is reported. Finally, for intermediate
values 10<TSP<750 the friction factor evolution presents different trends but dominated by the
nondimensional thickness. Hence, for an e/d<0.1 the friction coefficient smoothly increases in
the transition region, whereas for e/d=0.2 it remains constant in the transition region and for
higher thicknesses e/d=0.286, a turbulent nature flow is exhibited from very low Reynolds
numbers and there is a linear friction factor variation with a characteristic slope of turbulent
flow. Table 5 summarizes the studied wire-coils classified according to their TSP values in
ascending order.
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Figure 2. Fanning friction factor results in tubes fitted with wire-coil inserts with TSP<10

Fig. 2/ depicts the Fanning friction factor for the studied wire-coils with TSP<10 and in
comparison with smooth tube friction factor obtained experimentally. An increase in pressure
drop under laminar and turbulent flow regimes in contrast to the smooth tube is observed.

In the laminar region, parallel curves are obtained regarding to smooth tube. The recirculations
originated downstream by the helical roughness increase the pressure drop. Within low
turbulent region, the friction factor coefficient is weakly dependent on Reynolds number. For
this geometrical group, the most remarkable characteristic is the presence of a sudden transition
to turbulent flow.

Fig. 3 depicts the Fanning friction factor for the wire-coils tested with TSP>750. For these wire-
coils, the friction factor in laminar regime is very close to the smooth tube values, but a non-
parallel trend is observed. The friction factor values are lower than the previously reported for
TSP<10. This is founded on the lower swirl introduced. For turbulent flow, the friction factor is
also lower and it depends on the Reynolds number. This is due to the increase in the wire-coil



pitch. Flow overtakes the helical roughness with a higher angle, the wire-coil cross section is
elliptic, and the downstream recirculations are reduced or even vanished. An outstanding
characteristic is that transition occurs smoothly and extends over a broad Reynolds numbers
region, in which friction factor does not show abrupt discontinuities. This behaviour of the wire-
coils with a high TSP allows to simplify and make more reliable the design steps of an enhanced
heat exchanger, due to the existence of a predictable friction factor coefficient for a wide range
of Reynolds numbers.
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Figure 3. Fanning friction factor results in tubes with wire-coil inserts with TSP>750

In Fig. 4 the Fanning friction factor is represented for a wire-coils set in the geometrical range
10<TSP<750.This group of wire-coils can be subdivided according to nondimensional
thickness, whereas the nondimensional pitch stops being the dominant geometric parameter. For
¢/d<0.1, the behaviour in laminar regime resembles the wire-coils with TSP>750. However, in
turbulent regime the friction factor is higher, due to the upper friction factor values reached at
the end of transition region.
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Figure 4. Fanning friction factor results in tubes with wire-coil inserts with 10<TSP<750

Nevertheless, for the highest nondimensional thickness wire-coils, the behaviour is completely
different. For e/d=0.2, the friction factor significantly increases and presents a wide transition
region in which the friction coefficient remains constant. In this type of insert, the flow is
dominated by the helical roughness and the downstream recirculations. For the highest
thickness, e/d=0.286, there is-a turbulent flow nature from very low Reynolds numbers and
there are no appreciable friction factor trend changes, yielding an almost linear evolution on a
logarithmic scale with Reynolds number.

According to the experimental data reported in Figs. 2, 3 and 4, a wide and reliable
experimental data set is available. This allows to stablish a wire-coil classification according to
the TSP as a function of the geometric characteristics and make possible to propose a universal
correlation set. Fig. 5 summarises the working range covered by this study in comparison with
previous authors and divide the field of study according to the TSP limit values for the three
established categories.
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Turbulent flow regime studies



5. Data correlations

In this section, the correlations proposed are presented for the critical Reynolds numbers and for
the friction coefficient as a function of Reynolds number and dimensionless pitch and thickness.

5.1 Critical Reynolds number for laminar flow

Firstly, the correlation for tubes fitted with wire-coil inserts is provided to obtain the critical
Reynolds number Rec, for which the laminar flow region ends. To obtain Rec, the evolution of
friction coefficient as a function of Reynolds number for the different wire-coils studied is
analysed together with the experimental standard deviation of the friction factor itself [45]. In
Fig. 6, the critical laminar Reynolds number is experimentally defined and estimated by means
of the proposed correlation (Eqg. 4), with a validity range of p/d=[0.25-3.37] and e/d=[0.071-
0.286], and with an average and maximum error of 4.6% and 12.4%, respectively. It is observed
how the critical laminar Reynolds number decreases as the dimensionless pitch increases,
reaching an asymptotic value between 200 and 600, depending on the wire-coil thickness.
Nazmeev et al. [9] proposed a correlation to obtain the critical Reynolds number, but the values
provided are a 64% lower in average, and the trend as a function of the increase in
dimensionless pitch is inverse.

Recp =5.710(p/d) > +144.229(p/d) ' (e/d) 7 (4)
1200 T T T T T r T
® <01
® (.1<e/d<0.2
° ® ¢/d=0.2
1000 - ¢/d=0.286
Eq.(4)
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Figure 6. Critical laminar Reynolds number experimentally obtained and
predicted by the proposed correlation (R?=0.977)
5.2 Critical Reynolds number for turbulent flow

Fig. 7 represents the Reynolds number for which the turbulent flow regime begins (Rect). This
value is experimentally obtained and predicted by the proposed correlation (Eg. 5), with a



validity range of p/d=[0.25-3.37] and e/d=[0.071-0.2], and with an average and maximum error
of 6.8% and 7.7%, respectively. The wire-coils with e/d=0.286 are not included, due to the
turbulent flow nature from very low Reynolds numbers, and without a clearly defined transition
region. For an increasing dimensionless pitch and regardless of the wire-coil thickness, the
beginning of the turbulent flow regime occurs at increasing Reynolds numbers without reaching
an asymptotic value for the p/d interval studied. This brings to light, as previously mentioned,
that at increasing dimensionless pitch the transition from laminar to turbulent flow takes place
more smoothly, and the transition region is extended covering a wider Reynolds number
interval.
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Figure 7. Critical turbulent Reynolds number obtained experimentally and
predicted by the proposed correlation (R?=0.92)

5.3 Correlations for the friction factor in tubes fitted with wire-coil inserts

In this section, the correlations derived to compute friction factor as a function of the wire-coil
geometric parameters p/d and e/d and the Reynolds number are presented. For practical
purposes, once the wire-coil is selected with their geometric characteristics by using Eg. (4) and
(5), RecL and Recr are obtained, being usable the corresponding correlations in laminar region
within Re<Rec,, in the turbulent region within Re>Recr and in the transition region within
Rec <Re< Recr.

a) Low TSP group (TSP<10)

For the wire-coils group with TSP<10, there is a slight difference in the evolution of the friction
factor in the transition region, compared to the smooth tube. Correlations for the friction factor
in laminar, transition and turbulent flow regimes are proposed. Due to the abrupt discontinuity



in the transition region, an accurate prediction is not viable affecting the complexity of the

proposed correlation (

Table 6). In the laminar region, parallel curves are obtained as a function of the geometric
characteristics of the inserted wire-coil, whereas for the turbulent region a notable increase in
the friction factor is observed but with a lower slope in comparison with the smooth tube. Fig. 8
compares the proposed correlations for each flow region with the experimental data.

Regime, range and correlation proposed for TSP<10 R? Av. Max.
Dev. Dev.
Laminar
Re<Rec
— -0.969 -1.033 2.928 -0.894
Transition
Rec. <Re<Rect
froy=-4.68-10°Re™ %! (p/d) 00004 (e /d) !
+2.51-10°Re™ %4 (p/d) 0078 (e/d) 998 +0.052 0971  16,5% 23.4%
(7)
Turbulent
Re>Rect
fr)=1442.197Re™'7 (p/d)'** (e/d)***+0.09 1R *
0.998 3.1% 6.9%

(©)]

Table 6. Proposed correlations for wire-coil inserts with TSP<10. Low TSP group

10 E T T T T T T U k T T T T T T T k T T T T U U T
10" E
— 10-1:'
, wic
10 v wB .
N B OW2A ]
N Eq.(6)(7)(8) W1C TSP=0.0244 ]
- = Eq.(6)(7)(8) W2B TSP=3.125 -
N Eq.(6)(7)(8) W2A TSP=6.125 -
10° : b o r ¢ orcc r b+ o recf r et ocororcr
10" 10° 10°

Re

Figure 8. Comparison between experimental data and proposed correlation. Low TSP Group

b) High TSP Group (TSP>750)



The TSP>750 wire-coils group is characterized by a smooth transition, a diverging laminar
region with increasing Reynolds numbers and a turbulent region with a moderate rise in friction
factor regarding the smooth tube. For this range of TSP numbers, there is a specific friction
factor evolution. The transition from laminar to turbulent takes place smoothly and along a wide

range of Reynolds numbers. The proposed correlations are summarized in Table 7.

Regime, range and correlation proposed for TSP>750 R®  Av. Dev. Max.
Dev.
Laminar
Re<Rec
— -0.924 -0.071 0.426
fLan=40.568Re™"(p/d) " (e/d) o 0.993 6.5% 9.3%
Transition
Rec. <Re<Rect
_ -0.048 -0. R
froen=1.12Re* ™ (p/d) 044 (e/d) 106! 0.960 9,2% 22.9%
(10)
Turbulent
Re>Rect
fran=12.907ReCO3TT O/ ) (141794 (¢/0)%965.1.0 297 (p /) >:528
(11) 0.955 8.4% 23.6%

Table 7. Proposed correlations for wire-coil inserts with TSP>750.. Group High TSP

In Fig. 9, the proposed correlations are compared for each region with the experimental data.
The proximity of the curves in the laminar regimes diverging for increasing Reynolds numbers
is observed. In the turbulent regime, based on the wire coil geometry, approximately parallel
curves are obtained, but with a decreasing slope as Reynolds number rises. For these wire-coils,

the friction factor coefficient remains almost constant within the transition region.
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Figure 9. Comparison between experimental data and proposed correlation. High TSP group

c) Intermediate TSP Group (10<TSP<750)



This group comprises the wire-coils with an intermediate behaviour between the two previous
groups. It contains the wire-coils in which the TSP ranges from 10 to 750. Here, the friction
factor evolution exhibits different behaviours based on wire-coil dimensionless thickness. For
the wire-coil set studied there are three subgroups. The first subgroup comprises those wire-
coils with e/d<0.1, with a similar behaviour to high TSP group. For this subgroup, the transition
still being smooth, but the friction factor slightly increases with increasing Reynolds numbers,
and, in turbulent flow regime, the friction factor coefficient is significantly higher. The second
subgroup contains the wire-coils with e/d=0.2 whose main characteristic is the very broad
transition region. Friction factor coefficient remains practically constant, covering the range
from 300<Re<3000, and can be computed as the average value obtained using the laminar and
turbulent regions correlations for critical Reynolds numbers Rec. and Recr, respectively.
Finally, the third subgroup is comprised by the e/d=0.286 wire-coils, which present a turbulent
behaviour for the whole Reynolds number range studied. The proposed correlations for each
region are summarized in Table 8.

Regime, range and correlation proposed for 10<TSP<750 R?  Av. Dev. Max.
Dev.
Laminar
Re<Rec
e/d<0.1 f; ;,=163.84Re™*** (p/d) **'* (e/d) "7 0990  77%  121%
(12)

0.997 1.5% 1.8%
e/d=0.2 f, ;,)=13.66Re ****(p/d)"*

(13)

Transition

RecL <Re<Rect

e/d<0.1 fr,(y=0.163Re***(p/d)*>*(e/d)" "+

1.294Re™* (p/d)> %38 (e/d) 606 0.971 6.7 % 14.1%

(14)

e/d=0.2 f,;)=Constant

Turbulent

Re>Rect

e/d<0.1 fT(D=7.926Re_0'182 (p/d) 0848 (e/d)!-267 ) 0.990 77% 14.9 %

0 0

e/d=0.2 fm)=113.469Re'0‘4°9(p/d)'l'819(e/d)l'645 0.996 3.3% 4.0%

(16)

Re> Rec,
£/d=0.286 " 1, = Eq. (16)

Table 8. Proposed correlations for wire-coil inserts with 10<TSP<750. Intermediate TSP group.

In Fig. 10, the proposed correlations are compared with the experimental data for each flow
region and subgroup of wire-coils. The need to obtain correlations available for each wire-coils
subgroup is noticeable due to the different experimental data trend observed. For e/d=0.2, the
friction factor coefficient in the transition region was obtained by averaging the limit values for
Rec, replacing values in Eg. (13) and Recr replacing values in Eq. (16). For the wire-coils
e/d=0.286, the Eq. (16) is used in the whole interval of Reynolds number studied. As
aforementioned, the wire-coils with a high thickness exhibit a fully turbulent flow behaviour in
the entire Reynolds numbers range studied.
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Figure 10. Comparison between experimental data and proposed correlation. Group Intermediate TSP

5.4 Comparison with other correlations
5.4.1 Comparison with correlations for laminar flow

The number of available correlations for laminar flow is scarce. A specific wire-coil will be
selected to analyse the agreement between the correlations published and the correlations
proposed in the present study. The summary of the correlations is shown in Table 1. The
selected wire-coil for comparative purposes is the W3A (p/d=1, e/d=0.071 and TSP=196), as
this insert meet the validity requirements in terms of p/d and e/d for all the correlations.

Fig. 11 shows a‘comparison of the correlations available in the open literature for wire coils
working in the laminar region. The Fanning friction factor experimentally obtained for W3A,
and the proposed correlation in the present work (Eg. 12) are compared with the correlations
published in open literature. The correlation from Chen and Zhang [7] was obtained under non-
isothermal flow conditions and using a working fluid with Pr=300. This correlation retrieves the
worst results. The slope is very different from the proposed correlation in this work Eq. (12).
The correlation from Nazmeev et al. [9] over-predicts the friction factor coefficient by over a
50%, and the slope is slightly higher. Roy and Saha correlation [17] presents a unit
inconsistency that has to be taken into consideration. As presented in Table 1, it provides poor
results, since the friction coefficient intersects the smooth tube line. Finally, the correlations
from Garcia et al. [15], and Akhavan-Behabadi [16] were not used due to their lack of
generality.
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Figure 11. Correlations comparison valid for laminar region. Wire-coil with TSP=196

As a conclusion, the available correlations do not predict adequately the experimental data
behaviour, and new correlations are required to estimate accurately the friction factor coefficient
as a function of the geometric characteristics of a wire-coil insert. The proposed correlations
developed in the present work (Egs. (6), (9) (12) and (13)) significantly contribute to this aim.

5.4.2 Comparison of correlations for turbulent flow

In turbulent regime, there is a larger number of available studies. The proposed correlations in
the open literature cover a broader range of dimensionless pitch and thickness. Thus, two wire-
coils of low.and intermediate TSP were chosen for comparative purposes. This enables the use
of the most suitable insert attending to its geometric characteristics, according to the application
range of the analysed correlation. The selected wire-coils were the W6E and the W2B. The
W6E is defined by p/d=1.41, ¢/d=0.102 and TSP=526, whereas W2B by p/d=0.5, ¢/d=0.1 and
TSP=3.125, therefore, they are significantly different from one another.

Fig. 12 plots the correlations available for wire coils in the turbulent regime. The Fanning
friction factor experimentally obtained for W6E, and the proposed correlation in the present
work (Eg. 15) are compared with the correlations published in open literature. The correlations
by Inaba et al. [7] and Zhang et al. [22] under predict the experimental values. Their trends are
very similar and show a different slope regarding the data tested. The predictions by
Sethumadhavan and Rao [21] and Ravigururajan and Bergles [34] also present lower friction
factors, but follow the experimental data trend. The correlations defined by San et al. [27] and
Sherafeldeen et al. [28] over predict the friction factor coefficient. However, the San et al.
correlation [27] presents a slightly higher slope, probably due to the larger validity of Reynolds
numbers range. The correlation in [28] predicts a much lower slope. This may be due to the
narrow Reynolds numbers validity range, and to the dimensionless pitch wire-coils studied by



the authors that ranges between 1 and 5. Finally, it should be underlined that the correlation
defined by Garcia et al. [14], as the one proposed in the present study (Eq. 15), perfectly fit the
experimental data obtained. However, the correlation in [14] is valid for a group of wire-coils
with more limited geometric characteristics, whereas the new correlation proposed in the
present work covers a much wider geometrical range.
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Figure 12. Correlations comparison valid for low turbulent region. Wire-coil with TSP=526

Fig. 13 shows the correlations comparison valid for low turbulent region. The Fanning friction
factor experimentally obtained for W2B (TSP=3.125) and the proposed correlation in the
present work (Eg. 8) are compared with the correlations published in open literature. The
specimen W2B exhibits very different hydraulic behaviour to the previously analysed W6E. For
this type of wire-coils, the correlations proposed by Inaba et al. [7], Zhang et al. [22],
Sethumadhavan and Rao [21], Ravigururajan and Bergles [34] and Jafari Nasr et al. [26] are
applicable. Although, the last correlation is slightly out of range. All the correlations, excluding
[34], provide acceptable results in reasonable agreement with the proposed correlation by the
authors (Eq. 8). This may be due to the fact that is a very general correlation obtained to be used
for very different enhancement techniques (ribbed tubes and wire coil inserts), which contribute
to a non-accurate prediction of friction factor. The present work, focused on wire-coil inserts
with circular cross-section, allow to obtain more accurate results for this specific geometry.
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For the transition region, a great interest area for employing wire-coils, a comparison was not
carried out, due to the lack of available correlations in the open literature. Nevertheless,
attending to Fig. 8, 9 and 10, the correlations proposed in this work show a good agreement
with the experimental data.

The extensive number of wire-coils studied with a wide range of p/d and e/d and the vast
experimental data obtained for each specimen covering laminar, transition and low turbulent
regimes has allowed to identify three different patterns of flow development in the transition
region. The dimensionless Transition Shape Parameter defined is able to distinguish these
patterns attending to the wire-coil geometric characteristics and to classify these inserts. The set
of correlations derived for critical Reynolds numbers and for friction factor, allow to obtain
accurately pressure drop in enhanced heat exchanger under any operating condition in which
these inserts can be employed. The approach described in the present paper represents a major
difference regards to previous studies.

6. Conclusions

e A group of 23 helicoidal wire-coils was studied with different geometric characteristics
covering the intervals p/d=[0.25-3.37] and e/d=[0.071-0.286], for Reynolds numbers
ranging from 50 to 8000 under laminar, transition and low turbulent flow regimes. This
range widely covers the Reynolds numbers in which wire-coils show better performance as
an enhancement passive technique in shell and tube heat exchanger applications Re=[200-
2000].

e A novel non-dimensional parameter is defined: the Transition Shape Parameter (TSP), able
to predict the degree of change of the friction factor evolution with Reynolds number in the



transition region, compared to the smooth tube. This new parameter allows to categorize
wire-coils in three groups: Low, Intermediate and High TSP. The Low TSP (TSP<10) group
presents an abrupt transition and the friction factor evolution mimics the smooth tube,
whereas the High TSP group (TSP>750) presents a transition region very softened with a
significant variation in friction factor evolution regarding smooth tube. This phenomenon
contributes to an accurately prediction of the friction factor coefficient. Finally, the
Intermediate TSP (10<TSP<750) includes three wire-coil subgroups characterized by a
dependent hydraulic behaviour on its dimensionless thickness.

e New correlations to predict the critical Reynolds numbers of the beginning (Rec.) and
ending of the transition region (Recr) are proposed. These correlations depend on the
geometrical characteristics of the wire-coils and play an important role in selecting the most
appropriate correlation of the friction factor as a function of the Reynolds humber.

o A set of Fanning friction factor experimental correlations was obtained, for laminar,
transition and low turbulent regions and compared with those proposed by other authors.
The applicability limit values are established in terms of critical Reynolds numbers and the
defined Transition Shape Parameter (TSP).

e To the best of the authors knowledge, this work provides the first correlation set for wire-
coil inserts within the transition region. This fact is of special relevance, as wire-coils
exhibit optimal thermohydraulic performance in this region, and may contribute to extend
the employment of wire-coils as heat transfer enhancement devices.
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Highlights

- 23 Wire-coils were tested for: p/d=[0.25-3.37], e/d=[0.071-0.286] and Re=[50-8000]
- Wire-coil were categorized with a new dimensionless Transition Shape Parameter

- TSP is able to distinguish three different patterns on transition to turbulence region

- Critical Reynolds and friction factor correlations for all flow regimes are given



