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The improvement in heat transfer and energy savings in two-phase (gas-liquid) flow in 
tubes occupies a wide area of research interest. In this work, the effect of modified 
twisted tape turbulators on heat transfer augmentation in vertical tubes is studied 
numerically by using the CFD technique. A vortex generator (twisted tape) was used as a 
passive method to raise the rate of heat transfer. The variants of the water flow rate, air 
flow rate, heat flux, and twisted ratio of a twisted tape tabulator were considered. This 
work provides a superficial water Re No. With ranges of 6300–10500, considering three 
different water and airflow rates. Additionally, the superficial gas Re range was 6000-
16000. Three distinct twist ratios (TR) of 7.8, 3.9, and 2.6 were considered for the iron 
twisted tape to examine the impact of the twist ratio on the tube's thermo-hydraulic 
characteristics. The test section consisted of an insulated copper vertical tube subjected 
to three constant heat fluxes. This paper investigated three variants: the friction factor, 
Nusselt number, and performance evaluation factor. A strong turbulent vortex flow with 
an increase in secondary flow in the tube's radial direction was significantly intensified 
in the presence of the twisted tape inserted. Also, an increase in Reynold's number for 
both water and air and increased heat flux led to a proportional increase in heat transfer 
while the friction factor decreased. The presence of the modified twisted tape showed 
an improvement in the heat transfer and the pressure loss reduction when compared 
with the plain tape for all twisting ratios and for all cases where the highest value of the 
performance evaluation factor was two at the twisted ratio of 2.6 with an increase 
percentage of 81%. Conclusively, this investigation concludes that using modified twisted 
tape can greatly enhance the heat transfer rates and reduce pressure resistance, 
increasing the performance evaluation factor of heat exchanger systems. 

Keywords: 
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1. Introduction 
 

Researchers are looking into ways to improve the efficiency of energy systems due to 
consumerism and the limitations placed on energy sources [1,2]. Heat exchanger-based energy 
systems have drawn much attention because they are essential to using and transferring energy [3,4]. 
For engineers and researchers working on thermal systems, improving the performance of heat 
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exchangers has grown in importance and interest [5]. Active and passive heat transfer enhancement 
techniques are the two main categories, and their classification is based on real-world applications. 
[6]. Active techniques to improve the heat transfer coefficient depend on external force, representing 
additional energy consumption, which is the main negative point of this technique [7]. 

On the other hand, passive methods are those where the main means of improving the heat 
transfer is through surface modification, coiled tubes (augmented, rough, and extended) surfaces, 
liquid additives, and swirl flow devices, such as twisted ducts, twisted tape and ribs, and other 
modifications without any energy consumption, so it is better to use and improve them [8]. The 
twisted tapes as a passive method have attracted research attention in recent years due to their high 
thermal performance and compact structure, ease and low cost of manufacture in different sizes, 
shapes, and suitability for the types of flow [9]. 

These extensive studies of heat transfer via two-phase flow are connected to the research by 
Bhagwat and Ghajar [10] and Khorasani and Dadvand [11]. Their research discovered that the form, 
shape, orientation, flow pattern, and other factors of the tube are all strictly related to the thermo-
hydraulic properties of the air/water two-phase flow. Additionally, they noted that the two-phase 
flow's heat transfer coefficient increases noticeably with an increase in the gas Reynolds number. 
The use of twisted tapes has drawn much interest in passive techniques [12]. The Reynolds number 
and heat transfer coefficient are raised by the twisted tape turbulators, which create swirling flows 
inside the mainstream [13]. Different kinds of plain twisted tapes, double-twisted tapes, and cut-
twisted tapes have all been proposed by researchers [14-16]. 

In order to increase heat transmission, three alternative strategies were employed: wave-strip 
turbulator (WST), gas bubble injection, and water-CuO nanofluid [17]. When applying the three 
adjustments simultaneously, the thermal transmission increased from 33% to 144%. The results 
demonstrated that the vortex generators raised heat transfer to 17%. The pressure drop for the two-
phase boiling flow of the refrigerant R-407C was experimentally investigated by Jadhav et al., [18]. 
Employing the plain twisted tape inserted in the horizontal pipe with (TR = 9, 14) and varying heat 
flux range and refrigerant mass flux. The findings demonstrated that at TR = 9, the pressure losses 
reached their highest value due to increased turbulence. The experimental investigation on two-
phase (air-water) flow in a pipe with discrete ribs positioned on an angle to the twisted tape axis 
covered by Tarasevich et al., [19] led to increased heat transfer from 14% to 21%. By utilizing the 
plain twisted tape turbulators and air bubble injection, Pourahmad et al., [20] integrate passive and 
active approaches to improve the flow's thermal efficiency in pipes. Comparing the Nu  number to all 
other cases, using both approaches together can boost it by (98 to 114%, 3 to 14%, and 20 to 39%). 
The effects of using twisted tapes with twisted ratio =4, 10, and 15 in a horizontal tube with the two-
phase flow (x = 0.1–0.7) for isobutane (R600a) condensation were covered by Moghaddam et al., 
[21]. The tube set TTI (twisted ratio =10) yielded the best performance, increasing the performance 
factor from 0.39 to 1.05. In their experimental study of the condensation flow through plain and 
twisted cassette tubes, Sajadi et al., [22] used the R1234yf as the working medium with TR = 6, 9, and 
12. Based on the fulfilment of (TR = 6), the highest increment in h was found to be 42%, and the 
maximum increment in the pressure drop was 235%. In their experimental discussion of using plain 
twisted tape to promote the transfer of heat for a heat exchanger using two-phase flow, Sarmadian 
et al., [23] employed a horizontal copper channel test evaporator with TR (4, 10, and 15) applied at 
(x = 0.1 to 0.8). The working fluid was R600a. The experiment's findings demonstrated that the 
performance factor varied from 0.44 to 1.09 when twisted tape was used. Yan et al., [24] studied the 
CHF of boiling subcooled water via a tube with a vertical position. The twisted tape was inserted and 
heated. The findings demonstrate that when TRs 2 and 4 were applied, CHFs in twisted-tape tubes 
improved to 1.25 and 1.75 times, respectively, better than those in smooth tubes. 
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The primary goal of this study was to enhance convective heat transfer by altering the geometry 
of the twisted ribbons and choosing the optimal design to minimize the pressure drop and maximize 
the heat transfer in two-phase flow across tubes fitted with twisted tape by increasing turbulence 
intensity and higher mixing of liquid. Considering the literature review above, thus far, there has been 
no research available, both theoretically and experimentally, that can consider the twisted tape's 
wavy edge when inserting the vertical pipe with a two-phase flow. Consequently, this work attempts 
to close this gap and explore the effect of the modified twisted stripe inside tubes on heat transfer. 
The present work has been done with three different geometrical cases, namely: (i) a pipe without a 
twisted stripe, (ii) a pipe with a plain twisted stripe, and (iii) a pipe with a modified twisted stripe with 
a wavy edge. The effects of water and airflow velocities, twisted ratio, and heat flux on the Nusselt 
number, friction factor, and performance evaluation factor have been analyzed for all cases. Thus, it 
would be important to comprehend the impact of the abovementioned modifications on the two-
phase flow applications in many thermal industrial processes, such as heat exchangers. 
 
2. Mathematical Analysis 
2.1 Governing Equations 
 

The formula for governing equations for mass (continuity), momentum (in 3D), and energy 
equations were as follows [25] 
 
Continuity equation 
 
∂u

∂x
+

∂v

∂y
+

∂w

∂z
=  0             (1) 

 
Momentum equations in 3-D (x, y, z) 
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Energy equation 
 

u
∂Tf

∂x
+ v

∂Tf

∂y
+ w

∂Tf

∂z
=

k

ρcp
(

∂2Tf

∂x2 +
∂2Tf

∂y2 +
∂2Tf

∂z2 )         (5) 

 
2.2 Turbulent Model 
 

The turbulent flow model was the Realizable k-ε with Thermal near-the Wall Treatment (R k-ε 
EWT), which was used for swirling flow because [11] 

There are two key distinctions between the standard model and the realizable model: 
i. A different turbulent viscosity formula is included in the realizable model. 

ii. An exact formula for the transport of the mean-square vorticity fluctuation was used to create 
the modified transport equation for the dissipation rate. 
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The term "realizable" refers to the model's ability to satisfy specific mathematical restrictions on 
the Reynolds stresses, which is in line with the workings of swirling turbulent flows, which 
distinguishes this model. Represented in the Eq. (6) and Eq. (7) [26]. 
 

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗 =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘        (6) 

 
𝜕

𝜕𝑥𝑗
(𝜌𝜀𝑢𝑗 =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘+√𝜗𝜀
+ 𝐶1𝜀

𝜀

𝑘
𝐶3𝐺𝑏 + 𝑆𝜀      (7) 

 
where 
 

𝐶1 = 𝑀𝑎𝑥 [0.43
𝜂

𝜂+5
] , 𝜂 = 𝑆

𝐾

𝜀
   , 𝑆 = √2𝑆𝑖𝑗  

 
Gk generated turbulence kinetic energy due to the mean velocity gradients. Gb was a generation 

of turbulence kinetic energy due to buoyancy. Ym represents the contribution of the fluctuating 
dilatation in compressible turbulence to the overall dissipation rate. C2, C1, and ε were constants. σk 

and σε were the turbulent Prandtl numbers for k and ε, respectively. Sk and Sε were user-defined 
source terms. The model constants were: 
 
𝐶1𝜀 = 1.4, 𝐶1 = 1.9, 𝜎𝑘 = 1, 𝜎3 = 1.2  
 
2.3 Data Reduction 
 

To calculate the hydrothermal parameters for fluids flow in a tube, we can use the following 
expressions Eq. (8) to Eq. (14) [27]: 
 

𝑓 =
𝛥𝑃

(𝐿/𝐷)((𝜌𝑚𝑣2)/2)
             (8) 

 
where f is the friction factor, ∆P is the pressure difference between the inlet and outlet of a test tube. 
 
𝛥𝑝 =  𝑝𝑖𝑛 − 𝑝𝑜𝑢𝑡             (9) 
 
Pin and Pout were the tube inlet and outlet pressures. 

A dimensionless parameter, Reynolds number, is used to measure the velocity of fluids, mass flow 
rate, and the fluids flow types, which can be calculated using Eq. (10) [27]. 
 

Re =
𝜌𝑚∗𝑢∗𝐷ℎ

𝜇𝑚
                        (10) 

 
A dimensionless parameter average Eq. (11) can be used to calculate the Nusselt number, a 

crucial parameter for assessing convective heat transfer performance [25]. 
 

𝑁𝑢 =
ℎ∗𝐷ℎ

𝑘𝑚
                        (11) 

 
km was the fluid's thermal conductivity, Dh was the hydraulic diameter, and h was the convective 

heat transfer coefficient, which can be calculated using Eq. (12) [25]. 
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ℎave =
𝑞𝑓

𝐴con. (𝑇𝑤 −𝑇𝑏 )
                       (12) 

 
where, 𝐴𝑐𝑜𝑛., the area of convection heat transfer (test tube wall), Tw average temperature of the test 
tube wall, and Tb average fluid temperature of the mixture. 𝑞𝑓 The amount of heat the fluid gains 

from the pipe's hot walls can be calculated using Eq. (13) [25]. 
 

𝑞𝑓 = 𝑚°𝐶𝑝𝑚(𝑇𝑜 − 𝑇𝑖𝑛)                      (13) 

 
where To Tin were a fluid temperature at outlet and inlet, respectively. 

The overall hydrothermal heat enhancement can be evaluated using a suitable index named the 
Performance Evaluation Factor (PEF), which is related to the heat convective and pressure loss along 
the stream, so this factor can be defined as Eq. (14) [25]: 
 

𝑃𝐸𝐹 = (
𝑁𝑢

𝑁𝑢°
)/(

𝑓

𝑓°
)1/3                       (14) 

 
where 𝑁𝑢° ,𝑓° The test tube's Nusselt number and friction factor were not twisted. 
 
3. Numerical Simulations 
3.1 Physical Modeling 
 

A 3D numerical modelling and conjugate heat transfer simulation was solved with the finite-
element method based on the CFD software package ANSYS Fluent 2022 R1, which solves coupled 
hydrothermal problems like multiphase phenomena. The numerical model consists of an entrance 
tube connected to a copper test tube that was assumed to be completely thermally insulated, in 
which two types of twisted tapes were inserted into the test tube (normal and modified made from 
iron with three twisting ratios TR1=7.8, TR2= 3.9 and TR3=2.6) respectively for each type. Figure 1 
shows the entrance, test tube, three twisted ratios of the modified and plain twisted tapes, and tapes 
before twisting. The Solid Work program was used to build the structure of this study. Table 1 shows 
the dimensions that were used in building the numerical model. Table 2 shows the material 
properties of the twisted tapes, the entrance, and the test tube used. 
 

Table 1 
The dimensions of geometry used in the numerical model 
Type element D (mm) L (mm) W (mm) t (mm) 

Test tube 50 1200 ---- ---- 
Entrance 50 500 ---- ---- 
Twisted tape ---- 1200 38 2 

 
Table 2 
The material properties of the twisted tapes, the entrance, and the test tube 
Materials Density, 𝝆 [kg/m3] Thermal conductivity k [W/(m.K)] Specific heat Cp [J/(kg .K)] 

Copper entrance and 
test tube 

8978 387.6 381 

Iron twisted tape 8030 16.27 502.48 
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Fig. 1. (a) Entrance, (b) test tube, (c) modified twisted tapes 3TR, (d) plain twisted tape 3TR, and (e) tapes 
before twisting 

 
3.2 Boundary Conditions 
 

At the tube inlet, uniform velocity profiles were taken into account for water; there were three 
quantities of velocities Rew1=6300, Rew2=8400, and Rew3= 10500 for air Rea1= 6000, Rea2=10500 and 
Rea3= 16000. The fluid outlet was at the atmospheric condition, which comprises zero relative gauge 
pressure and an ambient temperature of 291 K, at the outlet because the pressure outlet boundary 
condition was applied with an adiabatic test tube wall surrounding, the test tube wall was subjected 
to a constant heat flux q1= 2750W/m2, q2=4000 W/m2 and q3=5250 W/m2. The internal tube walls 
are configured to be non-slip, and the outlet condition is static pressure with zero setting. 
 
3.3 Assumptions 
 
The governor equations are solved under the following presumptions [25]: 

i. a fully developed, turbulent, incompressible, and steady fluid flow. 
ii. Ignore the thermal contact resistance and radiation-induced heat transfer between 

components. 
iii. The characteristics of the fluid and solid domains never change. 
iv. Ignore viscous dissipation as well as gravitational force. 

 
3.4 Grid-independent Analysis 
 

In this research, Nusselt's number was considered a variable parameter whose value depended 
on the number of elements, which was used to validate the accuracy of numerical solutions. The 
sweep method grid was used for mesh, as shown in Figure 2. The Nu number's stabilizations were 
considered a standard for calculation convergence. The mesh dependency testing shown in Figure 3 
used a turbulence model (R k – ε EWT) with wall heat flux 5250 W/m2 using modified twisted tape. 
To determine whether the chosen mesh was sufficient, many grid sensitivity tests were performed 
to ensure that the results were grid-independent, and for this work, 2,350,000 nodes were selected 
for all the computations. 
 

a 

c d 

e 

b 
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Fig. 2. Mesh with sweep method grid  

 

 
Fig. 3. Mesh independence results by using turbulence model (R k – ε EWT)  

 
3.5 Model Validation 
 

The computational fluid dynamics were validated when compared with numerical results from 
Mashayekhi et al., [26] for tubes without twisted PT and stationery plain twisted STT, two-phase flow 
with a Reynolds number range of 250-1000 at a constant wall heat flux of 5000 W/m2. The Root 
Mean Square error (RMSE) measure was used to assess the agreement between the present work 
and the results of Mashayekhi et al., [26]. The results for PT were 0.559, and for STT were 0.519. Also, 
the maximum difference of the Nu number between the results of the present work and the result 
from Ramin for plain tube was one at Re = 250, while the maximum difference of Nu for tube with 
stationary twisted tape was 0.7 at Re = 525, corresponding to the Reynolds numbers taken as shown 
in Figure 4, which is very clear from the comparison between Mashayekhi et al., [26] and the present 
work that all curves had the same trend for these outcomes, which illustrates the reliability of these 
models. Figure 5 is a flowchart illustrates the steps followed to build the mathematical and 
engineering model of the modeling process to solving the CFD simulation model. 
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Fig. 4. Validation of Nusselt number between present work and 
Mashayekhi et al., [26] 
 

 
Fig. 5. flowchart of the adopted methodology 
for solving the CFD simulation model 
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4. Results and Discussions 
4.1 Nusselt Number Variation 
 

Figure 6(a) to Figure 6(c) show a comparison of the Nu numbers values at the range of Rew (6000 
- 10500) when using the plain twisted tape for three twist ratios TR1, TR2, TR3, and at three values of 
heat flux q1, q2, q3. It is evident that when the twisted tape ratio increases, the enhancement 
percentage in the average Nusselt number also increases, increasing turbulent flow. This is because 
the increased swirl flow intensity led to increased centrifugal force, shifting the core flow of mixing 
fluids toward the heated wall and increasing the contact between the fluid mixture and the hot wall. 
Also, when the velocity of air and water increases, the Nusselt numbers increase due to the increase 
in the flowing mass and the turbulent, which increases the heat transfer coefficient according to Eq. 
(13). We notice from the curves in the figure that the twist ratio has the highest effect on Nusselt, as 
the highest value obtained in the Figure 6(c), Rea3, TR3, q3, and Rew3 was 218, while the lowest value 
in the same conditions was 157 for q1, TR1, with an increase rate of 38.8%. As for the modified twisted 
bar, Figure 7(a) to Figure 7(c) showed a uniform increase of the Nusselt numbers when increasing TR, 
Rea, and Rew heat fluxes and for all cases. The highest value reached (278) in Figure 7(a) at conditions 
of TR3, q3, Rea3, and Rew3, while the lowest value reached (184) under the same conditions and at TR1, 
an increase of 52%. In general, the modified twisted tape showed a clear improvement in heat 
transfer by increasing the Nusselt number compared to the plain twisted tape. 
 

  
(a) Nu for Qa1 at dif. Plain TR & dif. Q (b) Nu for Qa2 at dif. Plain TR & dif. Q 
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(c) Nu for Qa3 at dif. Plain TR & dif. q 

Fig. 6. Nu variation in plain twisted 

 

  
(a) Nu for Qa1 at dif. Modi. TR & dif. Q (b) Nu for Qa2 at dif. Modi. TR & dif. Q 

 
(c) Nu for Qa3 at dif. Modi. TR & dif. q 

Fig. 7. Nu variation in modified twisted 
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Figure 8(a) to Figure 8(c) compared the Nusselt numbers between the modified and plain twisted 
tape at the same twist ratios TR1 and Rew = 6000 and the range of Rea between 6000 and 16000 for 
three heat flux values. In general, the modified twisted tape showed a clear superiority in the heat 
transfer process compared with the plain twisted tape for all shapes; this is due to the increase in the 
amount of heat transferred due to the increase in heat flux through the tube walls. The highest value 
of the Nusselt number was 218 in Figure 8(c). It was for the modified twisted tape at Rea = 16000, q3, 
while the value of the Nusselt number for the plain twisted tape under the same conditions was 172, 
with an increase of 26.7%, and it is a good improvement that can be adopted. 
 

  
(a) Nu for Qw1 at 3q, TR1 Plain & modi. (b) Nu for Qw2 at 3q , TR1 Plain & modi. 

 
(c) Nu for Qw3 at 3q, TR1 Plain & modi. 

Fig. 8. Comparison of modi. and plain at TR1 

 
Nusselt numbers for the modified twisted tape and the plain twisted tape with the same twist 

ratios (TR1 and Rew = 8450) and the Rea range (6000–16000) for three different heat flux values were 
displayed in Figure 9(a) to Figure 9(c). According to Nusselt values, the modified twisted tape 
demonstrated good heat transfer enhancement for all shapes compared to the plain twisted tape. In 
Figure 8(c), the modified twisted tape's Nusselt number reached 240 at Rea = 16000, q3, while the 
plain twisted tape's Nusselt number under the same conditions was 186, representing a 29% 
increase. 
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(a) Nu for Qw1 at 3q, TR2 Plain & modi. (b) Nu for Qw2 at 3q, TR2 Plain & modi. 

 
(c) Nu for Qw3 at 3q, TR2 Plain & modi. 

Fig. 9. Comparison modi. and plain at TR2 

 
Figure 10(a) to Figure 10(c) showed a comparison between the modified twisted tape and plain 

twisted tape for values of Nusselt numbers at the same twist ratios TR3 and Rew = 10500 for three 
heat flux values and the range of Rea between 6000 and 16000. The modified twisted tape showed a 
high superiority in the heat transfer compared with the plain twisted tape for all cases; this is due to 
the increase in the amount of heat transferred due to the increase in heat flux through the walls of 
the tube where the highest value of the Nusselt number 210 in Figure 9(c) was for the plain twisted 
tape at Rea = 16000, q3, while the value of the Nusselt number for the modified twisted tape under 
the same conditions was 278, with an increase of 28.5%. 
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(a) Nu for Qw1 for Plain & modi. (b) Nu for Qw2 for Plain & modi. 

 
(c) Nu for Qw3 for Plain & modi. 

Fig. 10. Comparison between modified twisted and plain at TR3 

 
4.2 Variation of Friction Factor 
 

Figure 11(a) to Figure 11(c) showed a comparison of the friction factor values at the range of Rew 
(6000 - 10500) when using the plain twisted tape for three twist ratios TR1, TR2, TR3, and at three 
values of heat flux q1, q2, q3. From the results, it is apparent that the average friction factor values 
increase with increasing twisted tape ratio; the reason for that was that when the twisting rate 
increases, the collision rate increases between the mixture of flowing fluids (water-air) and the 
surface of the twisted tape, which acts as a crossbar, leading to an increase in the coefficient of 
friction. This phenomenon is considered one of the most important defects of twisted tapes. Also, 
when the velocity of both air and water increases, the friction factor decreases, and the results also 
indicate a slight decrease in the coefficient of friction when the heat flux increases due to the 
decrease in the density of the flowing fluids when the temperatures of the test tube walls rise, and 
this was consistent with Eq. (8). From the curves in Figure 7, the twist ratio has the highest effect on 
the coefficient of friction compared to the rest of the factors (fluids velocity (water-air), heat flux), as 
the highest value obtained in Figure 11(a), at Rea1, TR3, q1, and Rew3 was 0.77, while the lowest value 
in the same conditions was 0.6 for q3, TR1, with a decrease rate of 28.3%. 
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(a) f for Qa1 at dif. Plain 3TR & dif. Q (b) f for Qa2 at dif. Plain TR & dif. Q 

 
(c) f for Qa3 at dif. Plain TR & dif. Q 

Fig. 11. Friction factor variation in plain twisted tape 

 
Figure 12(a) to Figure 12(c) showed a comparison of the friction factor values when using the 

modified twisted tape for three twist ratios TR1, TR2, TR3, and at three values of heat flux q1, q2, q3 at 
the range of Rew (6000 - 10500). The results showed that the average friction factor values increase 
with increasing twisted tape ratio. On the other hand, when the velocity of both air and water 
increases, the friction factor decreases, and the results also indicate a slight decrease in the friction 
factor when the heat flux increases. From the curves in Figure 7, the twist ratio has the highest effect 
on the friction factor compared to the rest of the factors (fluid velocity (water-air), heat flux), and 
this was the same behaviour as the plain twisted tape, but with lower values for all cases, which was 
a good indicator add to the modified twisted tape, the highest value obtained in Figure 12(a), at Rea1, 
TR3, q1, and Rew3 was 0.62, while the lowest value in the same conditions was 0.51 for q3, TR1, with a 
decrease rate of 21.5 %. 
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(a) f for Qa1 at dif. Modi. 3TR & dif. Q (b) f for Qa2 at dif. Modi. TR & dif. Q 

 
(c) f for Qa3 at dif. Modi. TR & dif. Q 

Fig. 12. Friction factor variation in modified twisted tape 

 
Figure 13(a) to Figure 13(c) shows a comparison of the friction factor values between the 

modified and plain twisted tape for a twisted ratio of TR1 and at three values of heat fluxes q1, q2, 
q3 in the range Rea (6000 - 1600) at Rew1. The results showed that the average value of the friction 
factor for the modified tape was significantly less than that of the plain twisted tape. The difference 
in the highest value for the plain twisted tape was 0.62, while the modified twisted tape under the 
same conditions was 0.55, with a decrease rate of 12.7%. 
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(a) f for Qw1 and TR1 plain and modi. (b) f for Qw2 and TR1 plain and modi. 

 
(c) f for Qw3 and TR1 for plain and modi. 

Fig. 13. Comparison between modified and plain twisted at TR1 

 
In Figure 14(a) to Figure 14(c), the friction factor values for the twisted ratio of TR2 and Rew2 

under the same conditions as in Figure 8 are compared between the modified and plain twisted tape. 
According to the results, the modified tape had a lower average friction factor than the plain twisted 
tape. The modified tape had a decrease rate of 20.7%, whereas the plain twisted tape had the highest 
value of 0.7 at q1 and Rea1 the modified had 0.58. 
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(a) f for Qw1 and TR2 Plain & modi. (b) f for Qw2 and TR2 Plain & modi. 

 
(c) f for Qw3 and TR2 for Plain & modi. 

Fig. 14. Comparison between modified and plain twisted at TR2 

 
Under the same circumstances in Figure 13, Figure 15(a) to Figure 15(c) compares the friction 

factor values for the twisted ratio of TR3 at Rew3 between the modified and plain twisted tape. The 
modified tape had a lower average friction factor than the plain twisted tape, with a 13.1% decrease 
rate. The plain twisted tape had the highest value of 0.69 at q1 and Rea1, while the modified tape 
had a 0.61 friction factor at the same conditions. 
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(a) f for Qw1 and TR3 Plain & modi. (b) f for Qw2 and TR3 Plain & modi. 

 
(c) f for Qw3 and TR3 Plain & modi. 

Fig. 15. Comparison of friction factor between modified and plain twisted at TR3 

 
4.3 Variation of the Performance Evaluation Factor 
 

The performance evaluation factor is the most important criterion for deciding whether or not 
heat exchangers can be used. It balances the improvement processes in heat transfer due to using a 
specific technology (twisted tape inserted in this case), indicated by the Nusselt number. The friction 
factor indicates the resulting increase in pressure required for flow due to using that technology 
when the two indicators are divided by the normal condition values without any technology under 
the same conditions. Figure 16(a) to Figure 16(c) shows the performance evaluation factor values for 
the plain twisted tape at the range of Rew of 6000 - 10500 for three heat flux values with three 
twisting ratios and three Rea. The results were close and somewhat overlapping, but in general, it 
can be said that the highest twisting ratio TR3 achieved the highest performance rating out of the 
rest of the types, and the reason was the strong effect of the increase in the intensity of the swirling 
flow generated by the presence of the twisted tape on heat transfer compared to the rest of the 
factors (heat flux, water, and air velocities). The highest value of the performance evaluation factor 
was 1.3 at the Rea1, Rew1, and the twist ratio of TR 3, while the lowest value under the same 
conditions was 0.97, with an increase of 34%. 
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(a) PEF for Qa1 at 3 TR Plain (b) PEF for Qa2 3TR Plain 

 
(c) PEF for Qa3 3TR Plain 

Fig. 16. Performance evaluation factor variation in plain twisted tape 

 
Figure 17(a) to Figure 17(c) show the performance evaluation factor values for the modified 

twisted tape at the range of Rew 6000 - 10500 for three heat flux values with three twisting ratios 
and three Rea. The highest value of the performance evaluation factor was 1.88 at the q2, Rea1, 
Rew1, and the twist ratio of TR 3, while the lowest value under the same conditions was 1.31, with 
an increase of 43.4 %. 
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(a) PEF for Qa1 at 3TR Modi. TR (b) PEF for Qa2 at 3TR Modi. 

 
(c) PEF for Qa3 at 3TR Modi. 

Fig. 17. Performance evaluation factor variation in modified twisted tape 

 
Figure 18(a) to Figure 18(c) displays the comparison of the results of the performance evaluation 

factor values between the modified and ordinary twisted bar at the twist ratio TR 1 with three values 
of Rea for each case with three values of heat flux and a Rew range of 6000-16000. The results 
showed that the modified twisted tape was superior to the plain twisted tape by a large and 
noticeable difference for all values and all cases, as the highest value obtained for the modified 
twisted tape was 1.51 in case C at Q3, Rew1, while the highest value obtained for the plain twisted 
tape was 1.2 in same conditions, an increase of 25.8%, which was a strong and positive indicator of 
the efficiency of the modified twisted tape. 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 124, Issue 2 (2024) 13-38 

33 
 

  
(a) PEF for Qw1 at 3q , TR1 Plain & modi. (b) PEF for Qw2 at 3q, TR1 Plain & modi. 

 
(c) PEF for Qw3 at 3q, TR1 Plain & modi. 

Fig. 18. Comparison between modified and plain twisted at TR1 

 
The comparison of the modified and plain twisted tapes performance evaluation factor values at 

the twist ratio TR2 with three values of Rew for each case with three values of heat flux and a Rea 
range of 6000-16000 was shown in Figure 19(a) to Figure 19(c). The highest value obtained for the 
modified twisted tape was 2 in case b at Q3, Rew2, while the highest value obtained for the ordinary 
twisted tape was 1.01, with an increase of 81.8% under the same conditions. The results 
demonstrated that the modified twisted tape outperformed the plain twisted tape by a significant 
and noticeable difference for all values and cases, which was a very significant and encouraging sign 
to adopt the modified twisted tape. 
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(a) PEF for Qw1 at 3q, TR2 Plain & modi. (b) PEF for Qw2 at 3q, TR2 Plain & modi. 

 
(c) PEF for Qw3 at 3q, TR2 Plain & modi. 

Fig. 19. Comparison between modified and plain twisted at TR2 

 
Figure 20(a) to Figure 20(c) compares the performance evaluation factor values results between 

the modified and plain twisted tape at the twist ratio TR3 under the same conditions as Figure 14. 
The modified twisted tape outperformed the plain twisted tape by a noticeable difference for all 
values and all cases, as the highest value obtained for the modified twisted tape was 1.78 in case an 
at Q2 Rew1, while the highest value obtained for the plain twisted tape was 1.21 under the same 
conditions with an increase of 48.3 %. 
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(a) PEF for Qw1 at 3q, TR3 Plain & modi. (b) PEF for Qw2 at 3q, TR3 Plain & modi. 

 
(c) PEF for Qw3 at 3q, TR3 Plain & modi. 

Fig. 20. Comparison between modified and plain twisted at TR3 

 
The results presented in Figure 14, Figure 15, and Figure 16 clearly and strongly demonstrated 

that the work of the modified twisted tape in improving heat transfer for two-phase flow in vertical 
pipes was good and can be adopted in applications despite the presence of pressure losses as a result 
of the use of the tape. However, improving heat transfer efficiency kept the performance evaluation 
factor high. 
 
5. Conclusions 
 

This study aimed to enhance heat transfer and minimize the pressure drop in two-phase flow 
across tubes by altering the geometry of the twisted tapes inserted and choosing the optimal design 
of twisted tape with a wavy edge that increases turbulence intensity and higher mixing of liquid. The 
present work has been done with three different geometrical cases, namely: (I) a pipe without a 
twisted tape, (ii) a pipe with a plain twisted tape, and (iii) a pipe with a modified twisted tape with a 
wavy edge. The effects of water and air flow velocities, twisted ratio, and heat flux on the Nusselt 
number, friction factor, and performance evaluation factor have been analyzed for all cases. The 
results confirmed that: 

i. When the amounts of heat fluxes and the Reynolds numbers of water or air increased, the 
Nusselt number and the friction factor decreased in all cases. 
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ii. When using twisted tapes (plain or modified), the Nusselt number improved significantly, but 
at the same time, the coefficient of friction also increased. It was observed that the 
introduction of the twisted tape led to increased turbulence intensity, increased vortex 
generation, and converted the flow into vortex flow. 

iii. The modified twisted tape has proven to be highly effective in improving heat transfer 
compared to the plain twisted tape under all conditions and for all cases, as the highest value 
of Nusselt number reached 278 for the modified, while for the plain was only 210, with an 
increase of 28.5% at TR3, Rew3, Rea3, q3.  

iv. The friction factor increased when the twisted tape of all types was inserted. It also increased 
as the twisted ratio decreased, but, in general, the modified twisted tape was found to reduce 
the friction factor compared to plain tape, as the highest value for the plain was 0.62, while 
for the modified under the same conditions was 0.55, with a decrease rate of 12.7%. 

v. The highest value obtained for PEF for the modified twisted tape was 2, while for the plain 
twisted tape was 1.01, with an increase of 81.8% under the same conditions. 

vi. In general, there was more thermal enhancement when reducing the tape twisted ratio, as 
the highest value of Nu for the plain twisted for TR3 was 210 at Rew3, Rea3, q3, while the 
lowest at TR1 was 175 at the same conditions. For the modified twisted under the same 
conditions, the highest at TR3 was 278, while the lowest at TR1 was 220. 

 
Understanding the effect of the mentioned modifications was important to heat enhancement in 

applying two-phase flow in many thermal industrial processes, such as heat exchangers. 
 
6. Scope for Future Work 
 

According to a critical review and results, there has not been much research done on the following 
twisted bar shapes, though future studies on them should be more interesting: 

i. Variable cross-section twisted tapes as opposed to plane ones. 
ii. Several coaxial cross-twisted tapes featuring various perforated inserts (oval, rhombic, and 

square). 
iii. Standard twisted tapes with edges that are regularly zigzag. 
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