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Five wire-coil inserts with fixed wire diameter and different pitches, fitted inside 
a round tube have been experimentally studied in a transitional and low turbu-
lent flow. Water was used as a working fluid at a wide range of flow conditions:  
103 < Re < 104 and 3.9 < Pr < 10.0. The geometrical parameters of the inserts are: 
e/Di = 0.070, and p/e = 6.7, 9.0, 10.0, 12.5, and 15.0. The variation of the friction 
factor and heat transfer coefficients have been obtained and compared with those 
of the smooth pipe. Performance evaluation criteria for the cases FG-1a, FG-2a, 
and VG-2a have been used to evaluate the maximum and real benefit that can be 
obtained. The greatest benefit can be achieved with the pitch of the wire-coil insert 
p/e = 10.0.
Key words: heat transfer enhancement, transitional and low turbulent flow,  

pitch of wire-coil insert, benefits.

Introduction

There are many heat exchangers provided with smooth tubes and fluids such as water 
that operate in transitional or low turbulent flow regimes. These heat exchangers are very ap-
propriate to implement some heat transfer enhancement techniques such as wire coils or twisted 
tapes to improve the thermodynamic behaviour of the tube-side in single-phase transitional and 
low turbulent flow, Webb and Kim [1]. Wire-coil inserts possess some advantages compared to 
other techniques since they allow an easy and low cost installation in an existing heat exchanger 
with smooth tubes. The experimental works on heat transfer enhancement in transitional and 
low turbulent flow using wire-coil inserts, however, are not so much, Garcia et al. [2, 3], 
Martinez et al. [4]. 

The liquid solar collectors are also potential candidates for enhancing heat transfer, 
but only a few studies have been focused on [5-9], since most of the previous studies have been 
performed with twisted tapes as inserted devices. As Garcia et al. [2, 3] mentioned, the wire 
coils are especially suitable for enhancing heat transfer in the low turbulent and laminar flow 
domain, close to the operating flow rate in flat-plate solar collectors [10]. 

* Corresponding author, e-mail: hristovmeister@gmail.com
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Garcia et al. [11] reported an experimental study on the use of wire-coil inserts to en-
hance heat transfer in typical flat-plate solar water collectors using wire-coil inserts for a wide 
range of operating conditions (different mass-flow rates and temperatures). The geometrical pa-
rameters of the wire coils are chosen according to the best thermodynamic behavior as observed 
in their previous works [2, 3], namely e/Di = 0.072,  and p/e = 13.9.  

The purpose of this research is to extend the study of Garcia et al. [2] towards the use 
of wire-coil inserts with smaller p/e than those examined by Garcia et al. [2], i.e., p/e < 15.0, 
and find out the optimal value of p/e for which the greatest real benefit can be obtained. 

Experiments and data reduction

Details of the experimental program, set-up design (counter-current water flow dou-
ble-pipe heat exchanger), and verification of the results have been presented in Zimparov  
et al. [12-14]. The geometrical parameters of the smooth tube and the wire coils under study are 
presented in tab. 1, with the ratios e/Di, p/e, and p/Di. 

Table 1. Geometrical parameters of the smooth tube  
and wire-coil inserts 

Di [mm] p [mm] e [mm] p/e [–] e/Di [–] p/Di [–]

14.30 15.0 1.0 15.0 0.070 1.049
14.30 12.5 1.0 12.5 0.070 0.874
14.30 10.0 1.0 10.0 0.070 0.699
14.30  9.0 1.0  9.0 0.070 0.629
14.30  6.7 1.0  6.7 0.070 0.469

Figure 1 presents the variation of the average 
values of fa with Reynolds number, together with 
the curve of fs for the smooth pipe (noted with s). 
It is obvious that fa depends on p/e and Reynolds 
number, but in a different way in the ranges 103 < 
Re < 3⋅103, and Re > 3⋅103. In the range 103 < Re 
< 3⋅103, two different correlations can be derived. 
The performance of each correlation has been as-
sessed by the root mean square (RMS) deviation. 

The two correlations are: eq. (1) and fig. 2:

( ) 0.198 0.248
a 0.0219 / Re

6.7 / 9.0
f p e

p e

−=

< <
(1)

with RMS deviation of 6.7%. The relative de-
viations of all 44 experimental points from the 
correlation, eq. (1), are in the range ±10%, and  
eq. (2), fig. 3:

( ) 0.402 0.067
a 0.128 / Re , 10.0 / 15.0f p e p e−= < < (2)

with RMS deviation of 2.2%. The relative deviations of all 58 experimental points from the 
correlation, eq. (2), are in the range ±5%. 

Figure 1. The variation of  
friction factor with Re
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For Re > 3⋅103, the variation of fa can be 
presented by one correlation, eq. (3), fig. 4, with 
RMS deviation of 4.4%. The relative deviations 
of all 76 experimental points from the correla-
tion, eq. (3), are in the range ±8%:

( ) 0.422 0.199
a 1.183 / Re

6.7 / 15.0
f p e

p e

− −=

≤ ≤
(3)

Figure 5 shows the variation of friction 
factor augmentation ratio f* = fa/fs with Reynolds 
number. The tendency of the friction factor be-
haviour is very clearly expressed in this figure, 
and it confirms that of other studies, Garcia et al. 
[2], Vicente et al. [15], and Olivier [16]. As seen, 
the augmentation ratio f* shows a strong depen-
dence on p/e and Reynolds number. The values 
of f* decrease with the increase of p/e and there 
are different variations of  f* within the rang-
es  p/e = 6.7-9.0 and p/e = 10.0-15.0. In the first 
range, f* experiences two maxima in the curve  
f* = f(Re, p/e), for Re~2⋅103, and Re~5⋅103, and 
two minima for Re~3⋅103 and Re~6⋅103, whereas 
in the second range, p/e = 10.0-15.0, the curve of 
f* experiences only one maximum for Re~2⋅103 

and one minimum for Re~3⋅103. Afterwards the 
curves gradually slowly increase with the increase 
of Reynolds number. This different behavior can be explained by the different nature of the flow 
between the ribs, a boundary-layer with or without separation, and reattachment. 

Figures 6 and 7 show the variation of Nua with Reynolds and Prandtl numbers for  
p/e = 6.7 and 15.0 (similar images have been obtained for the rest of p/e). Similarly to fa,  
different variations of Nua with Reynolds and Prandtl numbers are observed in the ranges  
p/e = 6.7-9.0 and p/e = 10.0-15.0. In this regard, two simple correlations can also be developed 
for Re > 3⋅103. In the range p/e = 6.7-9.0:

Figure 2. The variation of 
f 1a = fa(p/e)0.198 with Re

Figure 3. The variation of  
f  2a = fa(p/e)0.402 with Re

Figure 4. The variation of  
f  3a = fa(p/e)0.422 with Re

Figure 5. The variation of f* with Re
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0.70 0.90 0.17
aNu 0.060Re Pr ( / )p e −= (4)

with RMS deviation of 4.6% (144 experimental points), fig. 8. The relative deviations of all 144 
experimental points from the correlation, eq. (4), are in the range ±10%.

In the range p/e = 10.0-15.0: 
0.825 1.124 0.096

aNu 0.0115Re Pr ( / )p e −= (5)

with RMS deviation of 4.2% (186 experimental points) for p/e = 10.0-15.0, fig. 9. The relative 
deviations of all 186 experimental points from the correlation, eq. (5), are in the range ±10%. 

The heat transfer augmentation is defined by the ratio Nu* = Nua/Nus at the same 
Reynolds and Prandtl numbers. The maximum value of this ratio Nu*

max appears at Re~1.8⋅103 
and depends on Prandtl number and p/e. Figure 10 shows Nu*

max for the wire-coil inserts studied. 
It is obvious that the most effective relative pitch is close to p/e = 10 and with the in-

crease of Prandtl number the Nu*
max also increases. Using eqs. (4) and (5), and with the variation 

Figure 6. The variation of Nua with Re for 
different Pr (p/e = 6.7)

Figure 7. The variation of Nua with Re for 
different Pr (p/e = 15.0)

Figure 8. The variation of  
Nu1

a = NuaPr–0.90(p/e)0.17 with Re 
Figure 9. The variation of   
Nu2

a = NuaPr–1.124(p/e)0.096 with Re
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of Nusselt with Prandtl number for the smooth 
tube, Nu~Pr0.42 [12, 13], the heat transfer aug-
mentation ratio can be presented in the form:

0.48 0.17Nu (Re) Pr ( / )f p e −
∗  (6)

for p/e = 6.7-9.0, and 103 < Re < 104, and 
0.70 0.096Nu (Re) Pr ( / )f p e −

∗  (7)

for p/e = 10.0-15.0, and 103 < Re < 104.
Figures 11 and 12 show the variation of 

Nu+
* with Reynolds number for two regions  

p/e = 6.7-9.0 and p/e = 10.0-15.0. As seen all 
points collapse on two similar curves Nu+

* = f(Re). 

Figure 11. The variation off  
Nu+

* = Nu*Pr–0.48(p/e)0.17 with Re
Figure. 12. The variation of  
Nu+

* = Nu*Pr–0.70(p/e)0.096 with Re

Performance evaluation 

Many performance evaluation criteria (PEC) have been developed for evaluating the 
performance of heat exchangers, based on the first law, Yilmaz et al. [17], or criteria based on 
the Second law of thermodynamics, Yilmaz et al. [18]. A real assessment of the benefit can be 
obtained only by the PEC developed by Webb [19]. The evaluation of the benefit by Second law 
analysis has been proposed by Bejan [20] in developing the entropy generation minimization 
method, which has been further extended by Zimparov [21, 22]. A recent critical review on the 
use of PEC has been presented by Zimparov et al. [14].

In this regard, following Webb [19], the most important equation is that for the rela-
tive overall heat conductance:

( )
s

1/31 1 2 1
* ** * *

1
( )

St
UA

f P A A

β

β
∗

− − − −

+
=

+
(8)

where β and βs the are thermal resistances, P* = Pa/Ps, A* = Aa/As, St* = Sta/Sts. When the objective 
is increased heat duty, Q* = Qa/Qs > 1:

iQ W Tε ∗
∗ ∗= ∆ (9)

Figure 10. The variation of Nu*
max  

with p/e for Pr = 6.7-10.0 
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where W* = Wa/Ws, ε* = εa/εs,  ΔT *i = ΔTi,a/ ΔTi,s, Webb [19]. In this study, we consider only 
the case FG-1a, where the objective is the increased heat duty, Q* > 1, for an existing heat 
exchanger, where the smooth pipes are furnished with wire-coil inserts. 

The case FG-1a seeks Q* > 1  and Ns,a < 1,  for W* = 1, A* = 1. As a consequence 
the pumping power will increase, P* > 1. If the entering fluid temperature differences are 
fixed, ΔTi = 1, eq. (9) gives Q* = ε* and this is the benefit that can be obtained. If Rext = 0, and  
β = βs = 0, eq. (8) yields: 

*( ) StUA ∗ = (10)
Equation (10) gives the maximum increase of the overall thermal conductivity of the 

heat exchanger. In this case, Ns,a, [14, 22], becomes:
2

o,s* *
s,a o 5

o * o,a *

1
1 Nu

TQ fN
T D

φ
φ

 
= +  +  

(11)

Figure 13 presents the variation of Q*, 
with Reynolds and Prandtl numbers. The first 
curve (at the top) presents the maximum thermal 
conductivities (UA)*

max ≡ (hA)* = Nu*. 
As seen, 

the maximum value of Nu* 
reaches almost 5.5 at  

Re ≈ 1.8 ⋅ 103 and Pr = 10.0. However, this is not 
the real benefit. The second curve (in the middle) 
presents the maximum possible increase of heat 
flow, Q*

max (the case for Rext = 0). The maximum 
possible profit is Q*

max = 3.0, and can be achieved 
at Re ≈ 1.8 ⋅ 103 and Pr = 10.0. In reality, since  
Rext ≠ 0, the real benefit is much smaller. The third 
curve (in the bottom) presents the real profit that 
has been obtained, Q*

real ≈ 1.70, for Re ≈ 1.8 ⋅ 103 

and Pr = 10.0.  
Figure 14 presents the variation of Ns,a 

(upper part of the figure) and N +s = Ns,a/Q* (lower  
part) with Reynolds number, only for Q* = Q*

real 
(Rext ≠ 0), since for Q* = Q*

max (Rext = 0) Ns,a > 1 
and the objective Ns,a < 1 has not been achieved. 
This is due to the greater increase of the heat flow 
which increases  the entropy generation due to 
heat flow, NT and consequently Ns,a. However, 
for a real counter flow heat exchanger Rext ≠ 0, 
Q*

real < Q*
max, and particularly in this study, the two 

objectives Q* > 1 and Ns,a < 1 have been achieved, 
despite the increase in pumping power, P* > 1. 

The variation of N +s (lower part of fig. 14) 
with Reynolds number shows a minimum of  
N +s ≈ 0.3 for Re ≈ 1.8 ⋅ 103. This value can be used 
for comparison with the performance of other 
heat transfer enhancement techniques. 

Figure 13. The variation of Q* with Re,  
p/e = 10.0 

Figure 14. The variation of Ns,a and N +s  with 
Re and Pr for Q*

real, p/e = 10.0 
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Figure 15 presents the variation of N +s 
with Reynolds and Prandtl numbers (6.8 < Pr 
< 10.0) for different p/e. As seen: 
 – all curves have a minimum around Re ≈ 1.8 ⋅ 103, 
 – for Re < 2.3 ⋅ 103, the best performance pos-

sesses the wire-coil insert with p/e = 10.0,  
whereas for Re > 2.3 ⋅ 103, the wire-coil in-
serts with p/e = 6.7, 9.0, and 10.0 perform 
with equal effectiveness, and 

 – when p/e > 10.0 the effectiveness of the 
wire-coil inserts gradually decreases. 

Conclusions 

An experimental study has been per-
formed to find out the influence of the pitch of 
wire-coil inserted in a smooth tube, for transi-
tion and low turbulent flow regimes. The max-
imum and real benefits have been assessed for the case FG-1a. The results can be summarized. 

 y For Re > 3 ⋅ 103, the increase of f and Nusselt number can be presented by simple power 
correlations for p/e = 6.7-9.0 and p/e = 10.0-15.0.

 y The ratios f* = f(Re, p/e) and Nu* = f(Re, Pr, p/e) experienced maximum for Re ≈ 1.8 ⋅ 103. 
 y Correlations in the form N +s  = f(Re) can be obtained. 
 y The greatest benefit can be achieved by the use of pitch of wire-coil insert p/e = 10.0, and 

new design heat exchanger. 
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Nomenclature
A  – heat transfer surface area, [m2]
D  – tube diameter, m 
e  – rib height (wire diameter), [m]
f  – Fanning friction factor 
h  – heat transfer coefficient, [Wm–2K–1]
Nu  – Nusselt number 
Ns  – number of entropy production units 
Ns,a  – augmentation entropy generation number 
P  – pumping power, [W]
p  – pitch of wire-coil, [m]
Pr  – Prandtl number 
Q  – heat transfer rate, [W]
Re  – Reynolds number 
St  – Stanton number
T   – temperature, [K]

ΔT – temperature difference, [K]
U – overall heat transfer coefficient, [Wm–2K–1] 
W  – mass-flow rate in heat exchanger, [kgs–1]

Greek symbols

β  – sum of thermal resistances, [m2KW–1]
ε  – heat exchanger thermal effectiveness
ϕo  – irreversibility distribution ratio

Subscripts 

a  – augmented tube
i  – inside 
o  – outside
s  – smooth tube
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