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ABSTRACT: Experimental investigation is carried out to study the forced convection heat transfer in a
uniformly heated tube inserted with stationary and rotating twisted tape as a turbulator. The study covered two
twisted tape ratios (Y=6 and 7.2), three Reynolds numbers (8000, 10000, and 13000), and three rotating
velocities (0, 200, and 400) RPM. It is found that the twisted ratio (Y) and the rotating velocity of twisted tape
have a significant effect on the thermal performance. The results illustrated that the usage of rotating twisted
tape inserted in tube produces a higher heat transfer rate than that produced by the stationary twisted tape.
Empirical correlations of Nusselt number, friction factor, and enhancement efficiency as a function of Reynolds
number were deduced. The results show that the heat transfer rate and friction factor increase with rotational
velocity of twisted tape increase and twisted tape ratio decrease. It is concluded from experimental study that the
maximum increasing in Nusselt number at Y=6, RPM=400, and Re=8000 was 65.55% higher than that in a
plain tube, while the maximum increasing in the fraction factor at Y=6, RPM=400, and Re=13000 was 78.83%
higher than that in a plain tube. The maximum performance factor was 1.455 at Y=6, Re=8000, and RPM=400.
KEYWORDS: Forced convection, Turbulent, Twisted tape, tube.
INTRODUCTION
The aim from studying the heat transfer enhancement technology in the past, present, and the future,
investigations is to producing power with a low loses for saving the energy. Heat transfer augmentation
techniques can be applied on the heat exchangers designs in many different industrial applications like, the
refrigeration, automobiles, solar collectors, and chemical applications. Many researchers studied the passive
heat transfer enhancement methods because no needed to the external power to operating. The passive technique
generally is consisted of using a turbulator surface like (treated, extended, rough, helical, additives, and …etc.)
surfaces as swirl flow. The most variables that effected by the turbulator inserts are the overall heat transfer
coefficient and the pressure drop. Frequently the heat transfer enhancement techniques operate in a turbulent
swirling flow application because its produce high heat transfer rate compared with the laminar flow at same
conditions.
The heat transfer enhancements by insertion of turbulator to generate the swirl flow in fully developed, laminar
and turbulent inside a test section. Ahmed et al. (2005), [1] used different typical twisted tape ratios inside tube.
The results show that the heat transfer coefficient is increased by using twisted tape inserts. Watcharin et al.
(2006), [2] used twisted type inserted inside tube with different twist ratios and different Reynolds numbers. The
Results show that the smallest twisted ratio has given maximum Nusselt number. Murugesan et al. (2009), [3]
used a full length twisted tape with trapezoidal -cut fitted inside a circular tube. The results show that the
trapezoidal-cut twisted tape had a high increasing in heat transfer coefficient and friction factor, and the thermal
performance was more than the plain tube case. Kumar and Prasad (2009), [4] used twisted tape inserted in a
solar water heater tubes with different pitch ratios. They showed that maximum collector efficiency was
increased by about 30% than that of plain one at same operation condition. Smith Eiamsa-ard et al. (2010), [5]
studied the heat transfer enhancement and the pressure losses by insertion of (single, full-length dual and
regularly-spaced dual) twisted tapes as tabulators in a circular tube. Three different twist ratios for a single, and
full-length dual twisted tapes were used with many space ratios for regularly-spaced dual twisted tapes.
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The results explain that the heat transfer rate of dual twisted tapes was higher than that for plain tube with and
without single twisted tape. Akeel and Ameer (2011), [6] used a six different types of twisted tape (typical
twisted tape, regularly spaced twisted tape, triangular-cut twisted tape, rectangular-cut twisted tape,
semicircular-cut twisted tape, and drilled twisted tape) inserted inside a tube with different twisted ratios and
different Reynold numbers. The results show that the increasing in the heat transfer enhancement followed the
type of insert from one to six, consequently, and developing empirical correlations for Nusselt numbers, friction
factors and enhancement efficiencies for each type of twisted tape inserts. Promvonge and Eiamsa-ard (2007),
[7] used combined twisted tape and conical ring passive techniques to increase the forced convection heat
transfer in a circular tube. Two twisted-tapes inserted with different twist ratios. The results show that the
combined technique increases the Nusselt number from 4 % to 10 % and the enhancement efficiency from 4 %
to 8 % higher than that used with the conical-ring technique alone.
A maximum heat transfer rate was 367% and enhancement efficiency was 1.96 for using the both devises at
twisted ratio (Y=3.75). Kenan and Bayram (2014), [8] used a conical-ring turbulators to enhance the heat
transfer in heat exchangers with several pitch ratios and different Reynolds numbers. The results showed that the
Nusselt number increases as Reynolds number increases, and the rate of heat transfer increases by 250 % at 10
mm pitch ratio. Akeel and Asmaa (2015), [9] studied the effect of inclination angle on the heat transfer process
inside tube fitted with conical nozzles of constant diameter ratio of swirl generator (d/D=0.538) and three
twisted-tape ratios for a different Reynolds numbers. It was noticed that the heat transfer process enhances as
the tube position changing from the vertical to the horizontal position. The heat transfer rate and friction factor
increase by about 270% and 195% for vertical position (𝜃 = 90𝑜 ), and by about 280% and 207% for horizontal
position (𝜃 = 0𝑜 ); respectively. Durgesh et al. (2017), [10] used a copper and aluminum conical rings with
different pitch ratios to enhance heat transfer process inside tube with different Reynolds numbers.
It was concluded that the aluminum conical ring has given higher Nusselt number by 8% than copper conical
rings, and 58% than the plain tube. Many numerical investigations were carried out by many researchers to
study the fully developed, laminar and turbulent heat transfer and fluid flow in a tube inserted with twisted tape.
Liu et al. (2010), [11] used a finite difference method to implementation the velocity and temperature
distributions simulation to study the heat transfer in laminar and turbulent water flow inside a tube fitted with
swirling vane inserts as an enhancement device. The wall temperature was kept constant, and different Reynolds
numbers were used. The results show that the heat transfer process in the flow core enhances using swirl vane.
Mohanty et al. (2014),[12] studied the forced convection heat transfer in a counter double pipe heat exchanger
fitted with twisted tape insert with different Reynold numbers and several twist ratios.
It was shown that the enhancement in heat transfer coefficient is higher than that in the case of smooth tube with
increase of friction factor. Liu, W. and Bai. (2015), [13] studied the heat transfer and the friction factor in a tube
fitted with a helical vortex of short twisted tape. The results show that the helical vortices intensities increase
with increase in Reynolds number, and the direction had agreement with the intensities of the swirl. The helical
vortices decay intensity was slowly when it compared with the swirling flow intensity. Fagr et al .(2020),[14]
studied experimentally and numerically the effect of twisted tapes with decreased tapered configurations
inserted inside a tube on thermal and hydrodynamic properties. The flow was turbulent with Reynolds number
ranged between 10000 and 40000. The results explained that no significant difference in thermal performance
factor between decreased tapered twisted tape and the typical twisted tape in some inserting cases of the study.
It is clear from the available literatures that there are no experimental or theoretical studies concerned with the
heat transfer enhancement in tube using rotating twisted tape inserts. So, this lack in literature has motivated the
present work. The present work includes an experimental study to investigate the effect of rotating twisted tape,
twisted ratio, and Reynolds number on the heat transfer and pressure drop in a tube with constant heat flux as a
boundary conditions. The study covered two twisted tape ratios (Y=6 and 7.2), three Reynolds numbers (8000,
10000, and 13000), and three rotating velocities (0, 200, and 400) RPM.
EXPERIMENTAL SETUP
A schematic diagram for the experimental rig is shown in Figure (1), and the experimental rig shown in Figure
(2). The open air lope consists of (6.5 KW) air blower (1), pitot tube (2) to measure the flow rate velocity, a
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circular Aluminum tube as a test section (3) with (1200 mm) length, (54 mm) inner diameter, and (60 mm) outer
diameter. The tube was heated electrically by a (60 m) Nickel–Chrome wire(4) that turned around the test
section in replicated turns in order to get a uniform heat flux, then it was insulated by using a (10mm) pitch
ceramic beads. The test section was insulated thermally by coated it with (60 mm) and (5.7 mm) as thickness of
asbestos rope layer and fiber glass (5), sequentially in order to reduce the heat losses. The surface temperature of
the test section was measured by eighteen (type K) thermocouple (6), with measuring range of temperature
ranged between (-200 C° and 1300 C°). The thermocouples were consisted of two wires (Chromel 90 % Ni- 10%
Cr; Alumel 95%Ni- 2% Al- 3%Mn. A Teflon bell mouth(7) was designed to get a symmetric flow and uniform
velocity profile that fitted at the first end of aluminum cylinder and in the other side it was stepped in the settling
chamber (9).
Another Teflon piece (8) was installed in the second end of aluminum cylinder. The low thermal conductivity of
the Teflon leaded to choose it for decreasing the heat losses from the ends of the test section. The test section
insulated by using three layers of insulation(10), the first one of viper glass thread woven on the test section
with (15mm) thickness, the second layer was a (5mm) of aqueous calcium sulfate (CaSO4.H2O), and the third
layer was Teflon adhesive type that warped on the Gibson layer. Two thermocouples were fixed in the test
section ends ordered to determine the heat losses from each Teflon piece. Two ball bearings(11),and (12) used
to fixing the twisted tape between them, one before the test section in the beginning of settling chamber, and the
other after the second Teflon piece in the end of the test section that connected to the first end of a short
shaft(13). The second end of the small shaft connected with a pulley (14) that connected by a robe (15) with the
(1100 watt) (AC) electrical motor (16) to rotate the twisted type. Figures (3) and (4) shows the twisted tape used
and its dimensions. The twisted tapes(17) were made of iron with a (1200mm) length and (25mm) width (w) and
(6mm) thickness with two different twisted ratios (Y =6 and Y=7.2).

Figure 1. The rig Diagram.

Figure 2. The experimental rig.
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Figure 3. The twisted tape dimensions.

Figure 4. The experimental twisted tapes.
DATA REDUCTION
In the experiment, air used as working fluid that flows inside the test section. The heat transfer calculations for
air flow inside a tube were simplified when its surface was subjected to uniform heat flux.
The total input power supplied to the test section cylinder can be calculated:
Qt = V. I

(1)

The heat transfer by convection and radiation from the test section cylinder is:
Qcr = Qt – Qcond

(2)

Where Qcond is the heat loss from conduction can be calculated from the following equation:
Qcond= (

𝛥 𝑇𝑜𝑖

𝑟
𝑙𝑛 𝑟𝑜
𝑖
2𝜋𝑘 L

)

(3)

The heat flux of the convection and the radiation can be represented by:
qc,r = Qc,r/Ao,s

(4)

The local heat flux from radiation can be calculated from the following expression:
̅ + 273)4
qr = F1-2 . ε σ [( Ts + 273)4 - (T

(5)

F1-2 ≈ 1
Noting that the heat flux from convection at any position can be calculated from the following equation:

(6)
The local heat transfer coefficient can be calculated as a following:
h=

𝑞

(7)

𝑇𝑠 −𝑇𝑏

𝑇𝑠 = local surface tempreture.
𝑇𝑏 = Local bulk temperature the air.
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All the air properties are evaluated at the mean film temperature of air.
Tf =

𝑇𝑠 −𝑇𝑏

(8)

2

Then the Nusselt number (Nu) that determined [14] as a following:
Nu =

Re =

ℎ . 𝐷ℎ

(9)

𝑘

𝜌 . 𝑢 .𝐷

(10)

𝜇

All physical properties of the air ρ, μ, ν, and k were evaluated at the average mean film temperature ( T ).
f
The fraction factor (𝑓) can be calculated as a following:
The fraction factor is calculated from the following equation [14]:
𝑓=

𝛥𝑃

(11)

4𝐿 𝜌𝑢2
[ ][
]
𝐷ℎ
2

Where u is the mean velocity and the other variables calculated at the bulk temperature.
The thermal performance factor (η) [14] is defined as the ratio of the heat transfer increasing to the friction
factor increasing as given below:
𝜂=

(12)

RESULTS AND DISCUSSION
Validation model
The heat transfer and friction certification of the plain tube is performed by comparing with previous
correlations under the same conditions as shown in in Figures (5) and (6); respectively. The present work data of
the plain tube relatively agree with the previous correlations of Dittus and Boelter [14], and Petukhov [14] for
Nusselt number and the friction factor. The empirical correlations of the Nusselt number and the friction factor
of the present work were deduced with a difference ±4% and ±5% relative to Dittus and Boelter correlation for
Nusselt number, and Petukhov’s correlation for friction factor
Nu=0.032 Re0.8 Pr0.4
ƒ= (0.79ln Re-1.64)-2

(Dittus and Boelter correlation [14])
(Petukhov’s correlation)

(13)
(14)

Nusselt number
Figure (7) shows the variation of average Nusselt number versus Reynolds number in tube inserted or not
inserted with stationary/rotation twisted tape at twisted ratio Y=6 and 7.2, rotation velocity RPM=0, 200, and
400. It is noticed that the mean Nusselt number increases as Reynolds number increases. Moreover, the mean
Nusselt number in tube inserted with rotating twisted tape is relatively higher than that in tube inserted with
stationary twisted tape and plain tube alone. The figure shows also that the average Nusselt number increases as
the rotating velocity RPM of the twisted tape is increased and twisted ratio is decreased. Increasing both RPM
and Reynolds number leads to obtaining higher values of average Nusselt number. It is observed that the highest
value of average Nusselt number was obtained at rotation velocity of twisted tape equated to 400 RPM and
twisted tape ratio equated to Y=6 because of increase in flow mixing and forced convection currents. The
maximum percentages increasing in the Nusselt number was 65.55% at Reynolds number 8000 with RPM=400
rpm and Y=6. While, the minimum Nusselt number increasing was 3.8% at Reynolds number 13000 with
RPM= 0 rpm and Y=7.2.
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Figure (8) explains the increasing in Nusselt number [14] against the Reynolds number for rotating velocities (0,
200, and 400) RPM and twisted ratios (Y=6 and Y=7.2); respectively.
Fraction factor
Generally, the friction factor proportional inversely with Reynolds number, and with increase in twisted tape
ratio (Y). The decreasing of twisted ratio leads to increasing the swirling flow. As a result, a high friction factor
occurs. Figure (9) explains the variation of friction factor versus Reynolds number with and without insertion of
stationary/rotating twisted tape for different rotating velocities (0, 200, and 400) rpm, and two twisted ratios
(Y=6 and 7.2); respectively. The maximum friction factor occurs at twisted ratio Y=6 with largest twisted tape
rotating velocity of 400 rpm, and Reynolds number equals to 8000. This is related to increasing the rotating
velocity of twisted tape leads to force the working fluid along the test section path and increasing the swirl
generation causing an increase in the pressure drop (friction factor). While, the minimum friction factor occurs
at twisted ratio Y=7.2 with stationary twisted tape (RPM=0) at Reynolds number Re=13000. The maximum
percentages increasing in the friction factor (pressure drop) was 78.83% at Reynolds number 13000 with
RPM=400 rpm and Y=6. While, the minimum friction factor increasing was 19.15% at Reynolds number 8000
with RPM= 0 rpm and Y=7.2. Figure (10) explains the increasing in the fraction factor against the Reynolds
number, [14] for rotating velocities (0, 200, and 400) RPM and twisted ratios (Y=6 and Y=7.2); respectively.

Figure 5. Average Nusselt number versus Reynolds number (plain tube case) for the present work and the work
of Dittus and Boelter [14].

Figure 6. Friction factor versus Reynolds number (plain tube case) for the present work and the work of
Petukhov [14].
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Figure 7. Average Nusselt number against Reynolds number for different twisted ratios and rotating velocities.

Figure 8. Enhancement in Nusselt number for different twisted ratios and rotating velocities.

Figure 9. Variation of friction factor with Reynolds number for different twisted ratios and rotating velocities.

Figure 10. Friction factor increasing against Reynolds number for different twisted ratios and rotating
velocities.
Performance Evaluation
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It can be seen from Figure (11) that the thermal performance factor increases with decrease in twisted ratio and
Reynolds number. This can be expressed that the rotating twisted tapes inserts are feasible in terms of energy
saving at higher Reynolds number values. It is noted that the thermal performance factor (𝜂) for the cases of
rotating twisted tape gives a highest enhancement efficiency compared with the fixed twisted tape insert cases.
The maximum thermal performance factor reaches to 1.455 when the Reynolds number 8000 with RPM=400
rpm and Y=6. While, the the3rmal performance factor was 0.91 at Reynolds number 13000 with RPM= 0 rpm
and Y=7.2.

Figure 11. Thermal performance factor against Reynolds number for different twisted ratios and rotating
velocities.
Experimental Correlations
General empirical correlations for Nusselt number and the friction factor are deduced as a function of Reynolds
number (Re), rotational Reynolds number (Rew), Prandtl number (Pr, for Nu only), and twisted ratio (Y). They
are applied for the cases of fixed and rotating twisted tapes inserts at any twisted ratio and rotating velocity,
respectively as follows:

Nu= 1.093 [1+ (

ƒ= 0.2378 [1+ (

Re

Re

) 0.2]0.314 .Re0.314 .Y0.3. Pr0.4

(15)

) 0.2]0.0291 .Re0.0291 .Y -0.3

(16)

CONCLUSIONS
1. Twisted tapes can be inserted inside the tube heat exchanger in order to heat transfer enhancement, but, the
pressure drop should be increase.
2. Nusselt number, friction factor and enhancement efficiency experimentally Correlated.
3. Heat transfer coefficient and friction factor increased with the twist ratio decrease when compared to the plain
tube.
4. The fixed and rotating twisted tapes inserted inside the test section tube gives higher heat transfer rates than
that tube plain tube alone.
5. In all the cases, the heat transfer rates increase but with the friction losses increase.
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