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ABSTRACT: Turbulent flow forced convection heat transfer and pressure drop in a uniformly heated tube 

equipped with perforated conical ring (PCR) and typical conical ring (TCR) with divergent arrangement inserts 

at different angles of tube inclination has been investigated experimentally. These characteristics includes 

Reynolds number (Re), Prandtl number (Pr), pitch ratio of conical ring (PR), and angle of inclination (𝜃). Wide 

range of Reynolds number has been used to extend from 4000 to 24000 under constant wall heat flux, and three 

angles of inclination ; 𝜃 = 0𝑜 (horizontal position), 𝜃 = 45𝑜(inclined position), and 𝜃 = 90𝑜(vertical position). 

Three values of PR were used; PR=4, 7, and 10. Correlations for friction factor and mean Nusselt number have 

been deduced as a function of Re, Pr, and PR at each angle of inclination. Results show that the thermal 

performance factors at constant pumping power in the case of tube fitted with PCR are higher than that in a 

tube fitted with TCR by 22%; and it improves as the angle of inclination moves from vertical to horizontal 

position  by 3.25% for the case of PCR and vice versa for TCR case by 2.46%. 
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INTRODUCTION 

Heat exchangers are used in different processes taken place in many industrial and engineering applications 

such as conversion and recovery of thermal energy in various industrial, domestic applications, steam 

generation and condensation in power plants, cooling in chemical thermal processing, etc. So, the design 

procedure of heat exchangers needs exact analysis of heat transfer rate and pressure drop characteristics that 

gives high performance and an economic aspect of the equipment using minimum pumping power. The need to 

increase the thermal performance of heat exchangers, material and cost savings leads to development of many 

techniques termed as heat transfer enhancement or augmentation which relevant to several engineering 

applications. The main idea of these techniques are referred to the optimization of thermo-hydraulic 

performances. 

Tube insert devices embrace twisted tape inserts [1-10], wire coil inserts, mesh inserts [11], baffle inserts [12 & 

13], conical ring inserts [14-24], etc. Regularly or continuous twisted tape inserts with different shapes and 

twisted ratio cause spiral of flow inside the tube without thermal contact with the tube wall. There are many 

literatures deal with heat transfer enhancement in a tube, heat exchanger, and solar collector by using twisted 

tape passive techniques. Conical and circular wire coil inserts work as a non-integral roughness and act as an 

extended surface. Since the present study deals with conical ring enhancement technique, so we will talk about 

some of important literatures deal with this object. Kittisak Yongsiri1 et. al (2006), [14] used nozzle turbulators 

and swirl generator inside uniformly heated tube at different pitch ratios. They concluded that the maximum 

heat rates were higher than that in the plain tube by 374%, 342% and 309% for PR= 2.0, 4.0, and 7.0; 

respectively. Nishidha and M. Basavaraj (2015), [15] used conical spring passive heat transfer augmentation 

technique and gave an increasing in the heat transfer coefficient by 54.63%, in comparison with the plain tube. 

Somchai et al. (2016), [16] used modified hexagonal conical rings as a turbulator by cutting V-shaped at the tip 

of cone for reducing frictional losses and generating the vortex flow inside a heat exchanger tube. They 

concluded that this modifying enhances heat transfer rates more than the typical hexagonal conical rings insert 

and gives lower pressure drop. Promvonge and Eiamsa-ard (2007), [17] used conical-ring turbulators and a 

twisted-tape swirl generator to examine heat transfer and pressure drop characteristics in a uniformly heated 

tube. The results show that the using of conical-ring and twisted-tape gives higher heat transfer rates of 367%  

and enhancement efficiency around 1.96 than that in the tube fitted with the conical-ring alone with twisted 

ratio Y= 3.75. Tirupati Rao et al. (2017), [18] used the conical ring and a twisted tape fitted inside a plain tube. 
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They concluded that the maximum Nusselt number by using these devices is 370% higher than that in the plain 

tube at the twisted tape of Y=2.5. Kongkaitpaiboon, et al. (2010), [19] used perforated conical-ring (PCR) as a 

turbulator device in a heat exchanger with three different pitch ratios (PR= 4, 6 and 12) and three different 

numbers of perforated holes (N=4, 6 and 8 holes). The results show that the using of PCR gives the heat 

transfer rates higher by 137% than that in the plain tube. Sapana Pokhriyal, et al (2018), [20] used three 

different conical ring shapes; solid conical ring inserts, perforated conical ring inserts and slotted conical ring 

inserts to enhace heat transfer rate inside tube. The system performance with typical conical ring inserts, 

perforated conical ring inserts, and slotted conical ring inserts is respectively 6.95, 5.48, and 3.52 times that of a 

plain tube. The maximum value of thermo-hydraulic performance was found to be 2.18 for typical conical ring 

inserts. Ibrahim and El-Kashif, (2012), [21] used trapezium–nozzle inserted inside tube with PR=2, 4, and 7. 

They concluded that the heat transfer enhancement with trapezium - nozzle at pitch ratio (PR=2) gives around 

202% to 257% higher than that in the plain tube, and the pitch ratio of 2 gives highest entropy generation 

number. Akeel (2019), [22] used six different arrangements of nozzle turbulators and three different 

modifications to enhance the heat transfer process inside tube. It was shown that the heat transfer coefficient 

and friction factor in the tube fitted with combining the nozzle-turbulator and perforated plate CNDP are 4.08 

and 35 times that in a plain tube; respectively. Also, the perforated nozzle-turbulators with triangle holes gave a 

thermal performance factor of 1.7. 

There are very few available literatures talk about angle of apparatus inclination and perforated conical ring. 

The present study is a new attempt to investigate the effect of inclination angles of tube inserted with divergent 

typical and perforated conical ring on the enhancement efficiency which represents the balance line between the 

heat transfer coefficient and the friction factor. In addition to this primary objective, the effects of Re, PR, and 

type of conical ring on the heat transfer and pressure drop characteristics have been studied. 

EXPERIMENTAL SETUP 

The experimental apparatus in the present study is shown schematically in Fig. 1. The open loop consists of 

calming tube contains orifice meter (British standard unit) to measure the flow rate which is controlled by using 

a control valve, then a 7.5 kW blower pumps the air throughout flexible hose to test section. The test section 

consists of copper test tube having a length of L=1300 mm and 2 mm thickness (t) with inner diameter 46 mm 

as shown in Fig. 2(a). The tube was heated uniformly by electrical heater Nicele-chrome bend wires and the 

electrical input power was adjusted as required by changing the supply current and voltage by an electrical 

transformer to obtain a uniform heat flux along the entire length of the tube test section. Two Teflon rings were 

placed at inlet and outlet tube to reduce thermal losses by conduction at these positions. Sixteen Chromel-

Alumel thermocouples were placed along the upper surface of horizontal tube to measure the local wall 

temperature. The outer surface of copper tube was carefully insulated to reduce convective heat losses to 

surroundings. The heat loss by conduction was computed to be equated to about 4% of total input power. One 

thermocouples at inlet of test section and two thermocouples at outlet test section were placed to measure the 

inner and outer bulk air. All terminals thermocouples were connected to data logger, calibrated within ±0.1C 

deviation. The apparatus rig is placed on wooden board and iron frame with a movable part to adjust the angle 

of inclination as required. The pressure difference is measured by pressure transducer through the two taps 

placed at inlet and outlet of test section. 

The perforated nozzle-turbulators (perforated conical ring) with divergent arrangement used in the present 

experimental work are shown schematically in Fig. (2) and photographically in Fig. (3). In the present work, the 

conical-rings were perforated by holes distributed uniformly throughout the surface with the same number for 

each ring. The length and diameters of aluminum conical ring were 20 mm, 26 mm, and 46 mm. The 

turbulators were placed inside the test tube with three different pitch ratios, having PR=4, 7, and PR=10, for 

each run of the experiments. 
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Figure 1. Schematic of experimental Apparatus. 

 

 

 

 

 

Cold air 

Hot air 

Thermocouples set 

air 

Centrifugal fan 
Valve 

Orifice 

Heating Section 

Pressure 

tap 

Ameter 

Voltmeter 

Vaiac 

Manometers 

Flexible 

hose 

Data 

Logger 

L 
z 

Inflow 

Figure 2. Sketch of perforated conical ring arrangement inside test tube 

d 

l 

D 

insulation 



Heat transfer Augmentation in an Inclined Tube Using Perforated Conical Ring Inserts   

 

207 

 

       
(a) Typical conical ring                             (b) perforated conical ring 

Figure 3. Photos of enhancement devices 

EXPERIMENTAL PROCEDURE 

In the apparatus setting shown in schematically in Fig. (1), the inlet bulk air at 25 °C is suctioned by a 7.5kW 

blower from an orifice pipe section to pass into test section throughout flexible hose. Firstly, the angle of 

inclination is adjusted as required position, and the type of conical ring with required pitch ratio is selected and 

inserted inside the tube. The blower is switched on, and the air flowed from the blower is adjusted by regulating 

valve placed at the beginning   of orifice section tube and measured by the orifice meter to obtain the suitable 

velocity that gives required Reynolds number that extends from 4,000 to 24,000 which was measured by U-

tube manometer. During the experiments, the bulk air was heated by an adjustable electrical heater wrapping 

along the test section. It was necessary to measure the temperature at 16 points along the outer surface of the 

heat transfer test tube. The type of conical ring used, pitch ratio, data of temperatures, volumetric flow rates and 

pressure drop of the bulk air at steady state condition must be recorded for each test run. 

DATA REDUCTION 

The average heat flux from the tube wall to the fluid is defined in terms of surface area. The total heat flow rate 

is: 

𝑄 = ℎ𝐴(𝑇𝑠 − 𝑇𝑏)              (1) 

Which is equated to the following equation:   

𝑄 = �̇� 𝑐𝑝 (𝑇𝑜 − 𝑇𝑖)             (2) 

The bulk temperature variation of the fluid 𝑇𝑏  along the axial tube position is assumed to be linear due to the 

linear distribution of the outer surface temperature. 

𝑇𝑠 =
∑ 𝑇𝑛

∞
𝑛=1

16
          (3) 

And 

𝑇𝑏 =
𝑇𝑖 + 𝑇𝑜

2
           (4) 

Where 

𝑇𝑛 𝑎𝑛𝑑 𝑇𝑠 is the local and average surface temperature of tube. 

The steady state takes approximately from two to three hours for each run. The heat transfer coefficient h is 

calculated using Eqs.(1 & 2) as follows: 

ℎ =
�̇� 𝑐𝑝 (𝑇𝑜 − 𝑇𝑖)

𝐴(𝑇𝑠 − 𝑇𝑏)
          (5) 

       

The mean Nusselt number is calculated as follows: 
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𝑁𝑢 =
ℎ 𝐷

𝑘
              (6) 

The friction factor ƒ is calculated from the following equation: 

𝑓 =
∆𝑝

[
4𝐿
𝐷ℎ

] [
𝜌𝑢2

2
]

            (7) 

Where 

u, is the mean air velocity in the tube. 

The thermo-physical properties of the air are determined at the mean bulk temperature (Equation 4). 

It is important to evaluate the performance factor for each enhancement technique used in the present study to 

find the technique that gives higher performance factor. This evaluation is done by calculating both the heat 

transfer rate and the pressure drop characteristics together by presenting them in the thermal performance factor 

(η) at constant pumping power which is:  

𝜂 =
(𝑁𝑢𝑑𝐸 𝑁𝑢𝑃𝑇⁄ )

(𝑓𝑑𝐸 𝑓𝑃𝑇⁄ )1 3⁄
          (8) 

where:  

𝑁𝑢𝑑 𝐸 = average Nusselt number with the enhancement device. 

𝑁𝑢𝑃𝑇  = average Nusselt number for the plain test tube. 

𝑓𝑑𝐸 = friction factor with the enhancement device. 

𝑓𝑃𝑇 = friction factor for the plain test tube.  

RESULTS AND DISCUSSION 

Validation of plain tube data  

The experimental setup was validated by carrying out heat transfer and friction factor measurements in the plain 

tube and comparing the relations between the present results of Nusselt number and friction factor with those 

predicted by Promvonge [17] and correlation of Dittus and Boelter [23] as shown in Fig.(4) and Fig.(5); 

respectively. As can be shown, the Nusselt number and friction factor of present work agree well with these two 

works within deviation of ±7% and ±5%; respectively. 

The empirical turbulent forced convection correlations for average Nusselt number and friction factor for plain 

tube at three angles of inclination have been deduced in the present work as follows: 

at θ = 0o (horizontal position)     

 NuPT = 0.242 Re0.7296Pr0.4       (9) 

 

at θ = 45o (inclined position)      

 NuPT = 0.202 Re0.7662Pr0.4         (10) 

 

at θ = 90o (vertical position)      

 NuPT = 0.176 Re0.7932Pr0.4         (11) 

 

at θ = 0o (horizontal position)   
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   fPT = 1.0066 Re−0.3786                (12) 

 

at θ = 45o (inclined position)     

 fPT = 1.052 Re−0.3709                    (13) 

 

at θ = 90o (vertical position)     

  fPT = 1.142 Re−0.4247                    (14) 

 

 

Figure 4. Validation of average Nusselt number of plain tube. 

Nusselt number 

The variation of average Nusselt number versus Reynolds number for uniformly heated tube fitted with 

perforated and typical conical rings are shown in Fig.(6) and Fig.(7); respectively, at three pitch ratios (4, 7, and 

10) and three angles of inclination (0o, 45o, and 90o). As can be shown, the mean Nusselt number values 

increase with increasing Reynolds number, decreasing pitch ratio, and as the angle of inclination deviates from 

vertical to horizontal position. It is noticed from the experimental results that the inserted of perforated and 

typical conical ring inside tube increase the surface area of heat transfer and make the flow more turbulent that 

it reverses in the regions around the conical ring leads to enhance convection heat transfer. Fig.(8) shows 

variation of Nusselt number against Reynolds number for PT, TCR, and PCR cases at horizontal position and 

different pitch ratios for PCR and TCR. It is clear that, the PCR case give higher heat transfer rate than TCR 

and PT for all pitch ratios, respectively. The using of perforated conical ring PCR makes part of the flow to 

pass through the holes. As a result,  a recirculating near the wall regime is created, and the thermal boundary 

layer is redeveloped. This process gives better mixing of the flow inside tube which increases as the number of 

conical ring number increases (lower value of pitch ratio). The average Nusselt numbers for employing the 

TCR and PCR turbulators at horizontal position and PR=4 are found to be about 311% and 197%; respectively, 

over the plain tube. While these percentages decrease to 242.8% and 142.8 % for PR=7, and to 182% and 103% 

for PR=10; respectively. The measured data of Nusselt falls within ±9% of the presented empirical equations 

for tube inserted with PCR and TCR which have been deduced as follows: 

at 𝜃 = 0𝑜 (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)    

  𝑁𝑢𝑇𝐶𝑅 = 0.918 𝑅𝑒0.6055𝑃𝑅−0.36𝑃𝑟0.4       (15) 

at 𝜃 = 45𝑜 (𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)    
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   𝑁𝑢𝑇𝐶𝑅 = 0.831 𝑅𝑒0.6253𝑃𝑅−0.36𝑃𝑟0.4         (16) 

at 𝜃 = 90𝑜 (𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)      

 𝑁𝑢𝑇𝐶𝑅 = 0.816 𝑅𝑒0.6248𝑃𝑅−0.36𝑃𝑟0.4          (17) 

 

at 𝜃 = 0𝑜 (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)   

   𝑁𝑢𝑃𝐶𝑅 = 0.866 𝑅𝑒0.5883𝑃𝑅−0.36𝑃𝑟0.4         (18) 

at 𝜃 = 45𝑜 (𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)     

  𝑁𝑢𝑃𝐶𝑅 = 0.808 𝑅𝑒0.5992𝑃𝑅−0.36𝑃𝑟0.4           (19) 

at 𝜃 = 90𝑜 (𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)      

 𝑁𝑢𝑃𝐶𝑅 = 0.664 𝑅𝑒0.6418𝑃𝑅−0.36𝑃𝑟0.4           (20) 

 

 

Figure 5. Validation of friction factor through plain tube. 

 

Figure 6. Nusselt number versus Reynolds number for PCR case at different angles of inclination 

(𝜃 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒) and pitch ratios z/D. 
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Figure 7. Nusselt number against Reynolds number for TCR case at various angles of inclination 

(𝜃 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒) and pitch ratios z/D. 

 

Figure 8. Nusselt number versus Reynolds number for PT, TCR, PCR cases at horizontal position and different 

pitch ratios. 

Friction Factor 

The variation of average friction factor versus Reynolds number for uniformly heated circular tube fitted with 

perforated and typical conical rings torbulators are shown in Fig.(9) and Fig.(10); respectively, at three pitch 

ratios (4, 7, and 10) and three angles of inclination (0o, 45o, and 90o). As can be shown, the friction factor 

decrease with increase in Reynolds number and increasing pitch ratio. The values of friction factor seem to be 

close to each other at a certain value of Reynolds number for all angles of inclination. The increasing of pitch 

ratios means decreasing the number of conical ring leads to decreasing the drag and friction factor. Fig.(11) 

shows variation of friction factor with Reynolds number for PT, TCR, and PCR cases at horizontal position and 

different pitch ratios for PCR and TCR. It is clear that, the PCR case give higher heat transfer rate than TCR 

and PT for all pitch ratios, respectively. It is noticed that, the friction factor decreases with increasing Reynolds 

number. The decrease in friction factor of PCR turbulators is nearly about 79%, 83%, and 88% for PR=4,7, and 

10 (horizontal position) below that of TCR turbulators. The values difference of friction factors due to using 

different angles of inclination is small compared with above percentages. The maximum friction factor occurs 

where the TCR is used at PR=4. 

The presented data of friction factor falls within ±8% of the presented empirical correlations for tube inserted 

with PCR and TCR which have been deduced as follows: 

at 𝜃 = 0𝑜 (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)    
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 𝑓𝑇𝐶𝑅 = 48.487 𝑅𝑒−0.6857𝑃𝑅−0.75                  (21) 

at 𝜃 = 45𝑜 (𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)   

 𝑓𝑇𝐶𝑅 = 51.121 𝑅𝑒−0.7018𝑃𝑅−0.75                   (22) 

at 𝜃 = 90𝑜 (𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)      

 𝑓𝑇𝐶𝑅 =  45.81 𝑅𝑒−0.6805𝑃𝑅−0.75                    (23) 

at 𝜃 = 0𝑜 (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)     

 𝑓𝑃𝐶𝑅 = 6.443 𝑅𝑒−0.3676𝑃𝑅−0.75                    (24) 

at 𝜃 = 45𝑜 (𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)     

  𝑓𝑃𝐶𝑅 =  6.443 𝑅𝑒−0.3676𝑃𝑅−0.75                   (25) 

at 𝜃 = 90𝑜 (𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)    

   𝑓𝑃𝐶𝑅 = 6.269 𝑅𝑒−0.3586𝑃𝑅−0.75                   (26) 

 

Figure 9. Friction factor versus Reynolds number for PCR case at different angles of inclination 

(𝜃 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒). 

 

Figure 10. Friction factor versus Reynolds number for TCR case at different angles of inclination 

(𝜃 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒) and pitch ratios z/D. 
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Figure 11. Friction factor versus Reynolds number for PT, TCR, PCR cases at horizontal position and different 

pitch ratios. 

Thermal Performance 

The enhancement quality depends on the performance ratio. The variation of this ratio with Reynolds number 

for the forced convection heat transfer inside uniformly heated circular tube fitted with perforated and typical 

conical rings are shown in Fig.(12) and Fig.(13); respectively, at three pitch ratios (4, 7, and 10) and three 

angles of inclination (0o, 45o, and 90o). It is worth noting that the thermal performance factor decreases with the 

increase of Reynolds numbers and pitch ratio, and as the angle of inclination deviates from vertical to 

horizontal position. The horizontal position provides slightly higher thermal performance factor than that of 

inclined and vertical positions because the secondary currents becomes stronger in horizontal position than that 

in other positions. As explained before, the perforated and typical conical ring inserts increase the surface area 

of heat transfer but with increasing of frictional losses. Fig. (14) shows variation of thermal performance factor 

versus Reynolds number for PT, TCR, and PCR cases at horizontal position and different pitch ratios for PCR 

and TCR. It is clear that, the PCR case give higher thermal performance factor than TCR at a certain values of 

pitch ratio and Reynolds number. The fictional losses are reduced by using of perforated conical ring PCR 

which help the flow to pass through the holes, so a recirculating of flow near the wall regime leads to 

enhancement of thermal performance factor. The thermal performance factor values for employing the PCR 

turbulators at horizontal position and PR=4, 7, and 10 are higher by 28%, 20.8% and 30%; respectively, than 

that in the case of using TCR. The presented data of thermal performance factor falls within ±8% of the 

presented empirical equations for tube inserted with PCR and TCR which been deduced as follows: 

at 𝜃 = 0𝑜 (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 

𝜂𝑇𝐶𝑅 = 1.160 𝑅𝑒−0.0226𝑃𝑅0.13                      (27) 

at 𝜃 = 45𝑜 (𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 

𝜂𝑇𝐶𝑅 =  1.049 𝑅𝑒−0.0476𝑃𝑅0.13                    (28) 

at 𝜃 = 90𝑜 (𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 

𝜂𝑇𝐶𝑅 =  1.046 𝑅𝑒−0.0676𝑃𝑅0.13                     (29) 

at 𝜃 = 0𝑜 (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 

𝜂𝑃𝐶𝑅 = 1.575 𝑅𝑒−0.1428𝑃𝑅0.13                     (30) 

at 𝜃 = 45𝑜 (𝑖𝑛𝑐𝑙𝑖𝑛𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 

𝜂𝑃𝐶𝑅 = 1.652 𝑅𝑒−0.1564𝑃𝑅0.13                      (31) 

at 𝜃 = 90𝑜 (𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 
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𝜂𝑃𝐶𝑅 = 1.784 𝑅𝑒−0.1771𝑃𝑅0.13                     (32) 

 

Figure 12. Enhancement efficiency versus Reynolds number for PCR case at different angles of inclination 

(𝜃 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒) and pitch ratios z/D. 

 

Figure 13. Enhancement efficiency versus Reynolds number for TCR case at different angles of inclination 

(𝜃 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒) and pitch ratios z/D. 

 

Figure 14. Enhancement efficiency against Reynolds number for TCR and PCR cases at horizontal position 

and different pitch ratios. 

CONCLUSION 
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The experimental investigation has been carried out to study effect of passive enhancement devices (typical and 

perforated conical-ring) on heat transfer rate inside a uniformly heated circular tube. The following remarks can 

be concluded: 

The angle of inclination has slight effect on the forced convection heat transfer and pressure drop inside circular 

tube. The horizontal position gives better heat transfer enhancement than inclined and vertical positions. 

The perforated conical rings inserted inside a tube give an enhancement efficiency higher by 28%, 20.8% and 

30%; for PR=4, 7, and 10; respectively, than that in the case of using TCR due to high mixing process. 

Empirical correlations for the average Nusselt number, friction factor, and enhancement efficiency have been 

deduced for PT, PCR, and TCR cases to use in the direct applications 

NOMENCLATURE 

A       Surface area (𝑚2) 

𝑐𝑝      Specific heat (kJ/kg °C) 

d       Small diameter of conical ring, m 

𝐷     Inner tube diameter (m) 

𝑓       Friction factor 

ℎ       heat transfer coefficient (W/m2 °C) 

𝑘       Thermal conductivity of air (W/m.K)  

�̇�       Mass flow rate of air (kg/sec) 

Nu     Nusselt number (ℎ. 𝐷ℎ/𝑘) 

Pr      Prandtl number (𝑐𝑝 𝜇/𝑘) 

PR     Pitch ratio, z/D 

∆p     Pressure drop through tube (N/m2) 

𝑄       Heat gained by air (W) 

𝑞        heat flux (𝑊 𝑚2)⁄  

Re     Reynolds number (
𝑢𝐷ℎ

𝜗
) 

𝑇𝑖        inlet air temperature (℃) 

𝑇𝑏       balk air temperature (℃) 

𝑇𝑜      outlet air temperature (℃) 

z       Space between rings, m 

𝑢        mean velocity inside tube (𝑚 𝑠⁄ ) 

 

Greek Symbols 

σ       Stefan – Boltzmann constant 

η       Performance efficiency 

ɛ        Emissivity of tube material (copper) 

ϑ       kinematic viscosity of air (m2 s⁄ ) 

μ       dynamic viscosity of air (N.
s

m2) 

ρ       density of air (kg/m3)  
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