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ABSTRACT

Turbulent forced convection in a corrugated tube with spring tape is investigated
experimentally, for Reynolds numbers from 10,000 to 50,000. The working fluid is air.
Experiments are performed for different pitch and spring ratios. Results show that Nusselt
numbers can be increased considerably, depending on pitch and spring ratios. An overall
assessment, considering the friction losses, is achieved using the thermo-hydraulic
performance parameter. The latter is observed to take values larger than unity for all cases,
were quite high values around 2.8 occur for cases with smallest pitch and spring ratios.
Predictive Nusselt number and friction factor correlations are proposed.
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1. Introduction

Heat transfer enhancement is a focus with extensive concern to researchers and
engineers to save power requirement and expenditure, in a wide range of technical applications
[1]. Passive and active heat transfer augmentation methods in channels of such devices have
consequently been a focal point of intensive experimental and computational research [2-12].
Swirling devices have been among the leading members of heat transfer enrichment techniques
[12]. As the swirl increases, the near-wall velocity and, consequently, the wall shear stress
increase in magnitude, enhancing the convective transport ability of the fluid, with higher
demands on the computational modelling [13], however, due to the increased anisotropy of the
turbulence structure.

Researches were also performed on other passive improvement methods, like channels
with artificial roughness and inlet disturbances. Delta-wing/winglet type vortex generators on
heat transfer surfaces have been among the intensively investigated passive heat transfer
augmentation methods [14-18], which interrupt the boundary layer and enhance turbulence by
generating stream wise longitudinal vortices. Fiebig et al. [19] assessed the consequence of
delta-winglet vortex generators on heat exchange and flow stream characteristics of a fin-
channel heat exchanger with flat and round channels. The consequences furnished that the
strong longitudinal vortices generated by the delta-winglet vortex generators increase both the
heat exchange and pressure penalty of the fin-channel heat exchanger. The results also showed
that the rate of heat exchange was higher by 20% while the friction penalty quadrupled for the
fin-round channel heat exchanger compared with those for the fin-flat channel heat exchanger.
Coiled wire inserts have been used, where the tube boundary layer is interrupted and turbulated
as the near-wall flow trips over the wire [20,21], or around it, if the wire is slightly separated
from the wall [22]. As the twisted tape (also called as screw tape) inserts have been quite

intensively analyzed as a heat transfer enhancement technique, auxiliary measures such as



louvres, perforations, and surface roughness on the tape, as well as eccentricity between the
tape and the tube have also been applied in combination to achieve a performance improvement
[23-29].

Wongcharee and Eiamsa-ard [30] studied the effect of CuO-water nanofluid and twisted
tape with alternate axis (TA) on thermo-hydraulic characteristics. The experimental data
furnished that the use of TA resulted in heat transfer enrichment up to 12.8 times of that of
water in the plain channel. Eiamsa-ard et al. [31] conducted experiments on twisted tape having
twisting ratio of 6 to 8 for full length tape and free space ratio 1, 2 and 3 for evenly spaced
twisted tape insert. Results indicated that the coefficient of heat exchange rises with drop off
in twist ratio and space ratio. Eiamsa-ard et al. [32] investigated short length twisted tape
inclusions. They engaged twisted tape with constant twist ratio and different length ratio. Short
length inserts generated powerful swirl at channel entry while the full length tape produced
strong swirl flow over the entire length. Sarada et al. [33] observed that width of twisted tape
considerably affects the rate of heat exchange. It was found that heat transfer enriches as per
the increase in the width of insert. Piriyarungrod et al. [34] found that taper was not an effective
measure to further increase the heat transfer using twisted tape inclusions. Esmaeilzadeh et al.
[35] assessed the consequence of thickness of twisted tape with nanofluid by showing that the
raise in thickness increases the heat transfer rate, the friction factor and the thermo-hydraulic
performance. Eiamsa-ard and Promvonge [36] extensively investigated the performance of
subsequently clockwise and counterclockwise twisted tape inclusions. They included tapes in
assessments having twist ratios of 3, 4 and 5 each with three twist angles 30°, 60° and 90°.
Results indicated that the heat transfer rate and thermo-hydraulic performance of alternate
twisted tape are superior to typical twisted tapes under similar operating conditions.

Naik et al. [37] examined the convective heat exchange improvement and friction factor

behaviors in channel inserted with twisted tape and using CuO-water nanofluids with different



concentrations of 0.25%, 0.1% and 0.5% by volume as the working fluids. The use of twisted
tape with the nanofluid with concentrations of 0.5% by volume resulted in the maximum
increases of heat exchange rate by 76% and friction penalty by 26.6% as evaluated to those of
the base fluid. Morteza and Eskandari [38] combined the consequences of non-uniform twisted
tape and Cu-water nanofluid for heat exchange augmentation. Their result indicated that the
twisted tape together with Cu-water nanofluid (0.3. wt. %) enriched the overall improvement
ratio up to 87%. Maddah et al. [39] executed assessments to study the heat exchange
augmentation by customized twisted tapes with different geometrical progression ratios (GPR)
and Al203-water nanofluid. Their results showed that the use of the reducer geometrical
progression ratio (RGPR<1) with Al203-water nanofluid could promote heat transfer up to
52% as compared to those of the typical twisted tape.

Bhattacharyya et al. [40,41] and Saha et al. [42] experimentally studied center-cleared
twisted tapes with artificial rib roughness and achieved considerably higher than the individual
enrichment method individually for laminar regime flow through a circular channel up to a
definite quantity of twisted-tape center-clearance. Bhattacharyya et al. [43,44] reported on
numerical work circular twisted tape elliptical twisted tube type swirl producers. Thianpong et
al. [45] assessed compound heat exchange improvement methods of a dimpled tube with
twisted tape inclusions. Mengna et al. [46] reported on thermo-hydraulic consequences of a
converging-diverging channel with tape inserts. Sivashanmugam et al. [47] experimentally
reported on thermo-hydraulic characteristics of laminar flow in circular channel fitted with
screw tape.

The foremost intention of the present work is to experimentally determine the thermo-
hydraulic performance of corrugated tubes with spring tape inserts as a measure to further
enhance the heat transfer in turbulent forced convection. Air is used as the working fluid. The

investigation is performed for a Reynolds number range between 10,000 and 50,000.



In the reviewed literature, one can see that corrugated tubes lead to an increase of the
Nusselt number compared to the plain tube, however, with an over-proportional increase of the
pressure drop, leading to thermo-hydraulic performance values smaller than unity. In the
present work, we combine the corrugated tube with a spring tape, in effort of obtaining a
configuration with improved thermo-hydraulic performance. The work is innovative in so far,
that this combination, i.e. corrugated tubes with spring tape, has not been investigated by the
researchers before. On the other hand, there has been considerable work on twisted tapes, ribs,
delta winglet inserts, and etc. in various types of modified tubes [48]. The special feature of
the present configuration, which relies on a spring tape, compared to the mentioned alternative

arrangements, lies in its simplicity in production and application.

2. The experimental rig and the procedure

Fig. 1 shows the schematic diagram of the experimental setup. The atmospheric air is sucked
by a 7.0 kW blower. After passing through a poly vinyl chloride made pipe and an adjustable
bypass valve, the air flow reaches a rotameter that can measure flow rates varying between 120
and 540 liters per hour, with an error of 0.052%. The air velocity was continuously adjusted by
adjusting the valve opening to obtain approximately the same Reynolds numbers for the
different cases. A U-tube manometer is used to measure the pressure drop across the test
section. In order to measure the pressure drop, two pressure taps are placed at inlet and outlet
of the test section, with a net distance of 2.10 m in between, and differential U-tube manometer
is used, ranging from 0 -150 mm Hg. Steady-state conditions were reached one and half hours
after start-up. Steady-state conditions were assumed once there was no significant change in

the mass flow rate, temperature, current, pressure drop and the energy balance readings.
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Fig.1. Schematic diagram of experimental setup

The heat transfer test section was electrically heated by a nichrome heater wire wrapped
around the tube wall, covered by a porcelain bead insulation preventing a direct contact with
the duct wall. Fiber glass, glasswool, asbestos layers are applied to the test section that are
finally covered by a jut bag. A selector switch box is used to measure the temperature of the
inlet and outlet test section and the duct wall temperatures. The wall temperature is measured
by 28 copper-constantan thermocouples that are fitted on the tube outside wall by brazing. The
thermocouples are installed at 7 axial locations distributed equidistantly along the tube length.
At each axial position, 4 thermocouples are used that are equidistantly placed around the
circumference. The high thermal conductivity of the tube wall out of brass (124 W/mK)
facilitated to achieve a quite uniform inner wall temperature with variations remaining below
+4%. Specifications of some major measuring instruments are shown in Table 1 and
uncertainties of some major experimental variables are given in Table 2. The uncertainty in
Reynolds number, friction factor and Nusselt number were estimated as + 4.1 %, + 5.4 % and

+ 6.4 %, respectively following the procedure of Saha et al. [42].



Table 1. Specifications of major measuring instruments.

Instruments Range

DC power supply 0-1,500 W
Thermocouples —100°C to 350°C
Rotameter i) 0-120 L/h, and ii) 0-540 L/h
U-tube Manometer 0-150 mm Hg

Table 2. Uncertainties of major parameters.

Name of variables Errors (%)
Flow velocity, v 0.18
Voltage on the heater, V 0.15
Electrical resistance, R 0.33
Heat transfer coefficient, h 1.19
Current on the heater, / 0.23
Ambient temperature, T, 0.1
Electrical power on the heater, P 0.17
Average temperature, T 0.6

For validation purposes, the experiment is carried out, first, in a circular plane tube
without any corrugation and inserts. This baseline tube geometry has an inner diameter (D) of
22.0 mm and a length (L) of 2.0 m. The geometry of the corrugated tube is displayed in Fig. 2.
In choosing the size and arrangement of the tube and tape inserts is, we have been inspired by
the work of Thianpong et al. [45], who investigated twisted tape inserts. In difference to this
work, we are investigating, however, the applicability of a tape in the form of a spring, which
has never been examined before, although it is essentially the simplest configuration of a tape

insert.

Fig. 2. Views of corrugated tube with spring tape insert, (a) layout of a corrugated tube in combination with

spring tape insert, (b) photographic view of spring tape, (c) photographic view of corrugated tube
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The corrugation depth (d) is kept at 3.0 mm, while different numbers of corrugations
are used along the tube length, with a pitch (P). The corrugation “pitch ratio” (y) is defined as
y=P/D. Two values of the pitch ratio are investigated: y = 0.7, 1.0. The spring material has a
flat cross section (5.7 mm x 1.0 mm) and is winded to lead to a spring diameter of 12 mm,
which is called, here as the width (W) of the spring. The pitch between the windings is denoted
by H, and a “spring ratio” (s) is defined as s=H/W. Three values of the spring ratio are

investigated: s = 3.0, 5.0, 7.0.

3. Data reduction

The rate of heat transferred to the air, Q , is obtained from
Q=mcp (To-Ti) 1)

where m and C,, denote the mass flow rate and the mean isobaric specific heat capacity of air,

while Tj and T, stay for the inlet and outlet temperatures, respectively.

The energy balance error (EBE), was used to compare the measured heat transfer with

the electrical energy supplied, Qe=IV, and is given as :
— Q.- Q
EBE = [ > ]x 100 )

The average EBE for the entire experimental investigation was less than 2.5% -3.0%, which

was considered to be due to the heat leakage from the duct wall

The wall heat flux, quw, is calculated by

=2 3)

where, A is the tube inner wall surface area.



The bulk fluid temperature, T, is calculated as the arithmetic average of the inlet outlet

temperatures as

To+ Tj
T, = ot (@

The average temperature at the outer tube wall, Tow, is obtained from the arithmetic average of
all temperatures measured by the thermocouples. The average inner wall temperature, T, is,
then, obtained from the average outer wall temperature (Tow) using the measured heat flow rate

(Q) and the tube wall thermal resistance (Rw) from
Tw = Tow - QRW (5)

The tube wall thermal resistance is calculated form the outer and inner tube diameters (Do, D),

tube length (L) and the thermal conductivity of the tube material (brass) tube as:

_ In(D,/D)
W 2mkprassL ©)
The heat transfer coefficient, h [1], is, then calculated as,
Qw
h=—W 7
Tw Ty Q

and the Nusselt number (Nu) [1] is obtained from

hD
Nu=— 8
u=" ®)
where k denotes the fluid thermal conductivity.

The Darcy friction factor (f) [1] is evaluated from

Fo AP ©)



In the above equation, Ap and p denote the static pressure drop across the tube and fluid
density, respectively, while V denotes the bulk fluid velocity based on the turbulator-free and
uncorrugated tube cross-section. The Reynolds number (Re) is also defined based on the
inner diameter (D) of the turbulators-free and uncorrugated plain tube and V. The air material
properties are evaluated at the bulk fluid temperature (Tp).

For a combined assessment of the heat transfer augmentation and the associated
pressure drop, the thermo-hydraulic performance factor () suggested by Chang et al. [24] is

used:

Nu / Nug
y = Nu/NUo (10)
(F/£q)>3

where the subscript 0 denotes the turbulator and corrugation free, circular plain tube.

4. Results and discussion

As an initial step, a smooth tube without any turbulator is investigated experimentally.
As the present configuration (with L/D = approx. 45) does not necessarily imply a fully develop
flow throughout, the present measurements are compared with the correlations proposed by by
Thianpong et al. [45] for developing pipe flow based on the measurements obtained on a similar
configuration. The comparisons of the measured Nusselt numbers (Nu), and friction factors (f)
with the correlations of Thianpong et al. [45] are presented in Fig. 3. A very close agreement

between the present measurements and correlations can be observed (Fig. 3).
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Fig. 3 Measurements compared with correlations of Thianpong et al. [45] for plain tube without insterts (a)

Nusselt number, (b) friction factor

The effect of the corrugation pitch ratio (y=0.7 and 1.0) on the Nusselt number without
and with spring tape (for s=3.0) is shown in Fig. 4(a). As expected, all cases exhibit an increase
in Nusselt number with increasing Reynolds number, and all geometry augmentations provide
an increase of Nusselt number compared to the plain tube without inserts. While the heat
transfer enhancement for y=1.0 without spring tape is only marginal compared to the plain
tube, a reduction of the corrugation pitch ratio to y=0.7 achieves a remarkable increase in Nu
as this geometry (y=0.7) is more effective in interrupting the boundary layer and increasing
turbulence intensity compared to the case with y =1.0. Insertion of the spring tape with s=3.0
causes an additional, and substantial increase in the Nusselt number, due to the additional
turbulation by the spring tape and the induced secondary, swirling flows. The dependence of
the Nusselt number on the corrugation pitch ratio y, is observed to be similar without and with
spring tape (s=3.0). Fig. 4(b) presents the results for the friction factor, corresponding to the
cases considered in Fig. 4(a). As expected, the friction factors decrease with increasing Re, and

the cases with higher Nu are more strongly penalized in terms of the friction factor. The
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assessment of the overall performance will be presented, later on, based on the thermo-

hydraulic performance parameter.
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Fig. 4 Effect of pitch ratio (a) Nusselt number, (b) friction factor.

Fig. 5 shows the effect of the spring ratio (s =3.0, 5.0 and 7.0) for corrugated tubes with
the pitch ratios y=1.0 (Fig. 5(a)) and y=0.7 (Fig. 5(b)). The Nusselt number (Fig. 5a) increases
as the Reynolds number increases, and this trend gets stronger with decreasing spring ratio. For
the same Reynolds number, the Nusselt number increases with the decreasing spring ratio. This
is due to increasing turbulence intensity, swirl generation and, also, residence time with the
decreasing spring ratio. For the higher pitch ratio (y=1.0), a considerably large heat transfer
enhancement is already achieved by the insertion of the spring tape with largest spring ratio
(s=7.0), where a further decrease of the spring ratio is observed to cause rather marginal
increases of the Nusselt number (Fig. 5(a)). In comparison, for the lower pitch ratio (y=0.7),
the case with the largest spring ratio (s=7.0) does not seem to cause a that abrupt increase of
the Nusselt number, but seems to approximately double the effect of the corrugated case
without inserts. Further decreases of the spring ratio affects the Nusselt number also more

remarkably (Fig. 5(b)), in comparison.
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Fig. 5 Effect of spring ratio (a) Nusselt for y=1.0, (b) Nu fory=0.7

The results of all investigated cases are presented, collectively, in Fig. 6. Corrugation
of the tube without spring tape leads to a comparably moderate heat transfer enhancement,
whereas the insertion of spring inserts allows larger values to be achieved. One can see that the
combination of the low spring and low pitch ratios lead to larger Nusselt numbers, and friction
factors (which was also obvious in the previous comparisons). Please note that the cases with
high pitch ratio and low spring ratio (y=1.0, s=3.0) and low pitch ratio and high spring ratio
(y=0.7, s=7.0) lead to very similar Nusselt numbers, so that the curves are practically covering
each other (Fig. 6a). For the friction factor, this situation (very close values) is observed
between the cases y=0.7, s=5.0 and y=0.7, s=5.0. For pure tube wall corrugation without
inserts, an increase of the Nusselt number of about 15% is obtained for y=1.0 where this ratio
becomes approx. 70% for y=0.7, compared to the plain tube. With spring tape inserts, the
weakest Nusselt number increase is given by the case y=1.0, s=7.0, which offers an
enhancement of about 145% compared to the plain tube. The strongest increase of the Nusselt
number is provided by the case y=0.7, s=3.0 which leads to an increase of the Nusselt number

of approx. 235%, overall, compared to the plain tube.
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Fig. 6 Collective representation of results (a) Nusselt number, (b) friction factor

The Nusselt numbers and friction factors of the investigated cases in comparison to
those of the plain tube are presented in Fig: 7, in terms of the ratios Nu/Nug (Fig. 7a) and f/fo
(Fig. 7b). One can see that both parameters don’t necessarily show a significant Reynolds
number dependence, apart from local fluctuations. It can be seen in Fig. 7a that the use of small
values of pitch and spring ratio leads to an increase in Nu/Nuo, while the rise of pitch and spring
ratio yields the reduction of the Nu/Nuo values. In Fig. 7b, one can visualize that the rise in the
pitch and spring ratio value results in lower f/fo values, whereas small pitch and spring ratios
lead to higher f/fo.

An overall assessment of the heat transfer enhancement can be achieved by the thermo-
hydraulic performance factor, n, (Eg. 10). The variations of thermal performance factor with
Reynolds number for corrugated tubes with spring tape inserts are presented in Fig. 7. It is
interesting to note that the thermo-hydraulic performance seems to be nearly independent of
the Reynolds number for all cases considered, and all geometry augmentations lead to a

performance improvement, i.e. to n > 1.
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The performances of the three cases: y=1.0, s=5.0; y=1.0, s=3.0; y=0.7, s=7.0 turn out

to be very similar so that their curves in Fig. 8 are nearly congruent. The highest performance

parameter, approx. 2.8, is observed for the case y=0.7, s=3.0. The performance of the case with

y=0.7, s=5.0 is smaller, but rather close. Roughly, one can recognize four performance

categories, with rather small internal differences compared to the others: 1) plain tube and

y=1.0 (without spring tape); 2) y=0.7 (without spring tape); 3) y=1.0, s=7.0; y=1.0, s=5.0;

y=1.0, s=3.0 and y=0.3, s=7.0; 4) y=0.7, s=5.0 and y=0.7, s=3.0. The performance

improvement from one category to the next turns out to be similar, i.e. by increments of approx.

0.6.
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Fig. 8 Thermo-hydraulic performance parameter

The experimental results can be used to derive correlations for corrugated tubes with
spring tape inserts, which express the Nusselt number (Nu) and the friction factor (f) that as
functions of the Reynolds number (Re), the pitch ratio (y) and the spring ratio (s). These
correlations that are derived for turbulent forced convection through corrugates tubes with
spring tape inserts, for the presently considered range of parameters (10* < Re < 50%; Pr ~0.7;

0.7<y<1.0;3.0<s5<7.0) are provided below.

f=142Re 031y 01447013 (12)
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Please note that the Nusselt number depends, in general, on the Prandtl number too [1].
However, the present experiments have been carried out for the same fluid, i.e. for air, where
the differences in the bulk fluid temperatures have also not been leading to any significant
variations in the Prandtl number to provide a basis for a correlation. Therefore, the Nusselt
number correlation given by Eq. (11) does not embody a Prandtl number dependence, and is
valid for Pr = 0,7 (e.g. atmospheric air for bulk fluid temperatures between approx. 300 K —
700 K).

The above correlations for the Nusselt number (5) and the friction factor (6) are
compared with the experimental values in Fig. 9. One can see that the correlations agree quite
well with the experimental data, within approx. +10% deviation for the Nusselt number and

+5% for the friction factor.

300 +$08
0.07
250 4
0.06

£ 200 +
2 S 0.05
s s
5150 § 0.04 +5%
)
= 20,03 -5%
=100 4 .-
0.02
50 -
0.01
0 A< . y 4 0 v ~
0 100 200 300 0 0.02 0.04 0.06 0.08
Nu by experiments f by experiments
3 b

Fig. 9 Comparison of proposed correlations with experimental data (a) Nusselt number, (b) friction factor

In Figure 10, the thermo-hydraulic performance obtained provided by the present
configuration is compared with the thermo-hydraulic performances of different configurations
out of the literature. For comparison, the following configurations are selected: corrugated tube

[49], finned tube [50], twisted tri-lobed tube [51], propeller type swirl generator [52], double
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helical tape [53], wire coil inserts [54], broken twisted tape [55], multiple square perforated
twisted tape (TT) [56], and V-pattern dimple obstacle [57]. Usually, a range of thermo-
hydraulic performance factors is always obtained, depending on the parameter variations of the
considered configuration, like in present study (Fig. 8). Thus, a direct comparison of different
configurations is not very straightforward. In the present comparison (Fig. 10), the maximum
values obtained for each configuration are considered. One can see that the present
configuration performs quite well, providing higher thermo-hydraulic performance values
compared to many of the alternative configurations. The double helical tube of Bhuiya et al.
[53] performs similar to the present configuration for the lower values of the Reynolds number
of its considered range (Re ~ 30000) and performs increasingly better for increasing Re.
However, its performance for lower Reynolds numbers (Re < 30000) is not evidenced, whereas
the present data covers also lower Reynolds numbers. Multiple square perforated twisted tape
of Suri et al. [56] and V-pattern dimple objects of Kumar et al. [57] show a better performance
compared to the present configuration. These configurations are, however, tested for rather low
Reynolds numbers (Re < 20000 for [56], Re < 30000 for [57]), whereas the present data covers
a broader range of Reynolds numbers including larger values up to 50000. It shall also be
emphasized again that the present configuration relying on a spring tape is much simpler to
design, produce and install compared to the devices encountered in alternative arrangements
[53, 56, 57]. Thus, the present configuration can be considered to be a useful alternative for

heat transfer enhancement.
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Fig. 10 Comparison of presently obtained thermo-hydraulic performance values with previous studies

5. Conclusions

Experimental investigations of turbulent flow and heat transfer in a corrugated tube in
combination with spring tape inserts are performed. The impacts of the pitch ratio, y, and the
spring ratio, s, on thermo-hydraulic characteristics are analyzed. The Nusselt number and the
friction fsctor are observed to increase with y and s. It is observed that the thermo-hydraulic
performance parameter, ), increases for all considered geometry modifications, within the
lowest value of approx. n=1.2 for the corrugated tube without spring tape insert with y=1.0,
and the highest value of approx. n=2.8 for the corrugated tube with spring tape insert with

y=0.7, s=0.3. Predictive correlations for the Nusselt number and the friction factor for the

investigated cases are proposed.
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Nomenclature

A tube inner wall surface area, m?

b breadth of spring tape, m

Cp  mean isobaric heat capacity, J/kgK
d corrugation height, m

D  inner diameter of test tube, m

f Darcy friction factor
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h convective heat transfer coefficient, W/m2K
H  winding pitch of spring, m

I current, A

k fluid thermal conductivity, W/mK
L  tube length, m

m  mass flow rate, kg/s

Nu  Nusselt number

Ap  pressure drop, N/m?

P corrugation pitch of tube wall, m

Pr  Prandtl number

Rw  Wall thermal resistance, K/IW

gw Wall heat flux

Re  Reynolds number based on D and V
S spring ratio

T  temperature, K

V  bulk velocity for plain tube (corrugation and spring tape free), m/s; voltage V
W width of spring tape, m

y pitch ratio

Greek Symbols

p  fluid density, kg/m®

Subscripts

b bulk

e electric

i inlet

0 outlet
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ow outer wall
w inner wall

0 plain tube (corrugation and spring tape free)
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