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Abstract 

Three.corrugated.tubes.with various corrugation.depths are.experimentally and 

numerically. investigated. Air. is used  as a working. fluid. in. tube .side. heated .by 

saturated. steam. passing. through. the. shell. of heat. exchanger where. constant wall 

temperature. at the. tube side was achieved. The dimensionless corrugation depth (e/Dh) 

are 0.0216, 0.0469 and 0.0798. However, the corrugation angle (θ) and pitch to diameter 

ratio (p/Dh) were kept nearly constant of 9ο and 0.5, respectively. The experiments were 

carried out over the turbulent range of Reynolds number from 5000 to 50,000. The 

results reveal that the average Nusselt number is increased by 46%, 67% and 105% for 

corrugation depth ratios of 0.0216, 0.0469 and 0.0798, respectively compared with the 

smooth tube. However, the average friction factor of the corrugated tube with e/Dh = 

0.0216, 0.0469 and 0.0798 are 90%, 135% and 500% higher than of smooth tube, 

respectively. At the same pumping power, the optimum Nusselt number ratio was 1.4 

obtained by corrugated tube with intermediate depth ratio (e/Dh =0.0469). To. visualize 

the. Flow behavior of flow. inside corrugated. tubes, the numerical.approach.was 

used.to solve three-dimensional. governing equations. with. shear stress transport k-ω 

model by using ANSYS, Fluent 15. Solid work was used to generate the physical 

domain of corrugated tube. The numerical.result showed.that .there is .main vortex. 

Generated in.the main .flow .due to rotational flow induced .along the helical path. In 

addition, secondary vortex is originated behind the rib. These .two vortices .can 

promote .flow .mixing between .the flow.layers.and break.the boundary layer. 

Consequently, achieve high heat transfer improvement.  

Key words: Corrugated tube, Friction factor, Heat transfer, Performance evaluation 

criteria. 
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1.  Introduction 

Shell and tube heat exchanger are widely used in petrochemical industries, power 

plants, heating and cooling equipment and other. Several tube shapes and heat transfer 

enhancement technique have been introduced to improve the overall thermal-hydraulic 

performance of heat exchangers in order to reduce the heat exchanger size and the 

operational cost. One method of enhancing the tube convective heat transfer is to limit 

the growth of the thermal boundary layer associated with turbulent flow inside the tube. 

The thermal boundary layer can be made thinner or partially broken by flow 

disturbance. Disruption of the laminar sub layer in the turbulent boundary layer is an 

effective method for augmenting heat transfer.  This disruption can be obtained by using 

micro-fin tube, coiled wire inserts, twisted tape insert, turbulator/ swirl generator 

devices [1]. These inserts are materials added to a tube which will impact on 

manufacturing cost and it will be more costly for corrosive gases and high temperature 

application. An alternative method to improve heat transfer enhancement is the surface 

modification which prompting earlier transition to turbulence, creating vortices that 

increase mixing or restarting the thermal boundary layer. The concept of using surface 

modification instead of inserting devices has gained attention since it has the 

combination of high heat transfer and a lower pressure loss penalty. Accordingly, many 

tube shapes have been proposed and used in shell and tube heat exchanger such as 

dimpled tube, corrugated tube, fluted tube, helical tube and elliptical axis tube.   The 

studies have been reported extensively on the heat transfer and pressure drop 

characteristics in fluted and corrugated tubes for different parameters such as flow 

region, type of fluid, and shape of the fluted tube. [2] evaluated the heat transfer and 

pressure  drop .for fluid .food and. high. viscous. fluid. Inside .corrugated .tubes. 

Beside. augmented .heat .transfer .rate, they .also .noted .that .corrugated .tubes .have 

an advantageous .of easy .to .clean .and decrease .in .fouling .behavior .in .compare. 

with other.surface.modification. Laminar flow of ethylene glycol in the entry region of 

corrugated tubes have been examined by [3]. It was .discovered that .the heat transfer 

.does not significantly .influence by .the hydro-dynamically .developing region. [4] 

reported the heat transfer and isothermal friction characteristics in corrugated tubes with 

different roughness geometries. It was found that the Nusselt number and friction factor 

coefficient of the corrugated tubes are higher than those of the smooth tube around 

250% and 300%, respectively. [5] investigated the heat transfer and pressure drop in a 

corrugated tube for single-phase flow using ethylene glycol as the working fluid. The 

friction factor of corrugated tube was up to 2.45 times above the smooth tube.   18 

helically corrugated tubes .were experimentally .carried out .by [6]. It was .studied the 

influence of corrugated .pitch, corrugated height .and corrugated .angle on heat transfer 

augmentation. [7] examined experimentally the effects of pitch to diameter ratio and 

rib-height to diameter ratio of turbulent flow in helically corrugated tubes on thermal 

performance. It was reported that the pitch ratio was dominant only for the friction 

factor while the rib-height ratio was a key factor controlling the value of the Nusselt 

number and thermal performance factor characteristics. Non-isothermal .friction factor 

and thermal .performance criteria .in tube side heat exchanger were also examined. 

They showed .that the heat transfer .and thermal performance .of the corrugated tube 

.was increased .compared with those of smooth tube, subject .to rib pitch/height .ratio, 

and corrugated .angle and Reynolds .number. The.results show an.increase in 

friction.factor within .the range of 1.5 .and 3.5 higher .than that.obtained for smooth 

tube. Isothermal friction.factor and heat.transfer of.two three-start corrugated.tubes 

combined.with five twisted .tapes inserts.examined by .[8]. The results .show that the 
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tube side .heat transfer coefficient was .particularly high .when corrugated .tube was 

combined .with a twisted tape. [9] investigated .the heat .transfer and .friction factor .of 

a discrete .corrugated rib roughed tubes experimentally. The .results showed that .the 

maximum .value of thermo-hydraulic performance .was 1.95 .corresponding to the 

corrugated  tube.with pitch to rib height.ratio of 10 .at the Reynolds .number of 7343. 

[10], [11] and [12] were examined the heat .transfer and friction .factor of gas .flow 

inside enhanced .surface. [10] tested .corrugated tubes .at a relative .lower ratio of 

corrugation .pitch to corrugation .height. [11] concentrated .on a higher .ratio. [12] 

tested .cross corrugated and single corrugated .tubes for .exhaust gas numerically.and 

experimentally. They.increased.the inlet .temperature up to. 450°C and employed.water 

as cooling.fluid (for gas.cooling). They .also examined .the effect of .tangential velocity 

existed along the.helical.ribs on friction .and heat .transfer.  

The .main target .of this work .is to further .investigate the .influence of 

corrugation .depth on the performance.of shell and tube heat.exchanger with.turbulent 

range of Reynolds.number experimentally.and.numerically.    

2. Tested Tubes 

Corrugated tubes tested in this study were manufactured by cold forming. The 

deformations were achieved with a device containing one roller. Thus, one roller 

performs spirally corrugated tubes with one start per perimeter. The corrugated tubes 

tested in the current work are depicted in Figure 1. This figure also demonstrates the 

corrugation parameters of corrugated tube which characterized by corrugation pitch (p), 

corrugation depth (e) and the corrugation angle (θ). Whose corrugation angle depends 

on values of e, p and outer diameter (do) as follows [6]:  

𝜃 = tan−1 (
𝑃

𝜋(𝑑𝑜 − 2𝑒)
)                                                                                              (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Photo of tested corrugated tubes and definition of corrugation parameters 
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Further details about dimensions of tested tubes are listed in Table 1. The 

corrugated tubes were made of the copper tubes with 32.6 mm inner diameter, 1.2 mm 

in thickness and 1600 mm in length,  where the effective test length is 1250 mm.  

Table 1: The dimensions of tested tubes: hydraulic diameter (Dh), corrugation pitch (p), 

corrugation depth (e), corrugation angle (θ). 

NO. hD 

(mm) 

e 

(mm) 

P 

(mm) 
he/D 

(-) 
hp/D 

(-) 

p/e 

(-) 

θ 

(°) 

0 32.6 Smooth tube     

1 32.36 0.7 16 0.0216  0.494 22.85 8.6 

2 31.93 1.5 16 0.0469 0.5 10.66 9 

3 31.32 2.5 16 0.0798 0.51 6.4 9.6  
 

3. Experimental Facility and Procedure  

3.1 Experimental Set-up 

Figure 2 and Figure 3 show the photo and the schematic diagram of the present 

experimental work. The test rig mainly comprises of a blower, air flow pipe, developing 

pipe, test section, exit section. The test section is shell and tube heat exchanger which 

consisted of two circular tubes; the inner tube of 35 mm in diameter made from copper 

is used as tested tube. The test tube is jacketed by tube of 76 mm in diameter. the jacket 

is sealed from both sides of the tube to achieve the require saturation steam temperature 

and pressure. The air flow rate through test section was measured by using orifice plate 

which manufactured according to British standard B.S 1042. Water U-tube manometer 

and micro-manometer were employed to measure pressure drop across orifice and test 

section, respectively. In order to evaluate the correct bulk fluid temperature at the exit 

of test section, a traverse mechanism was installed in the exit of test section as shown 

in Figure 4. The thermocouple and Pitot tube were connected with moving jaw of the 

traverse mechanism to measure the local temperature and local dynamic pressure 

distribution at the exit section. Consequently, the bulk fluid temperature can be 

evaluated. The pressure drop across test section was measured by two static pressure 

tapes located at the tube inlet and outlet. Also, the temperature in the inlet of test section 

was recorded.  

1-Steam valve.  2-Digital thermometer.  3-Bourdon gauge.  4-Pressure tapping.       

5-Traverse mechanism.  6-Drain valve.  7-Thermocouple reader. 

8-Micromanometer.  9-Coupling spool.  10-Developing pipe.  11-Water manometer.  

12-Orifice plate.  13- Air control valves. 

Figure 2: Photo of test rig 



Journal of University of Babylon for Engineering Sciences, Vol. (26), No. (7): 2018. 
 

168 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 4: Traverse mechanism and the exit-coupling spool  

Figure 3: Schematic diagram of test rig 
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3.2 Data Reduction 

1- Heat transfer calculation: 

A- Outlet air temperature (Ta out) calculation: 

Due to heat transfer to the air stream, a thermal boundary layer will create along 

the flow, therefore temperature is varied in the flow radial direction. To evaluate the 

bulk fluid temperature at the outlet section, energy equation and perfect gas equation 

were combined, and the following equation was obtained.              

𝑇𝑎 𝑜𝑢𝑡 =
 ∫    √ 𝑇(𝑟) 𝑃𝑑(𝑟)    𝑟 𝑑𝑟

𝑅

0

 ∫ √ 
𝑃𝑑(𝑟)
𝑇(𝑟)

     𝑟
𝑅

0
 𝑑𝑟

                                                                                  (2) 

Where, Pd = dynamic pressure = total pressure - static pressure                        … (3) 

The outlet air temperature is calculated by using Simpson integration [13]. 

∫ 𝐹(𝑟)𝑑𝑟 =
𝑠𝑡𝑒𝑝

3

𝑅

0

[𝐹(𝑟𝑜) + 2 ∑ 𝐹(𝑟2𝑗) + 4∑𝐹(𝑟2𝑗 − 1) + 𝐹(𝑟𝑛)

𝑛 2⁄

𝑗=1

𝑛 𝑛−2⁄

𝑗=1

]            (4) 

 

Step = 1 mm (traverse step along the radial direction measured by caliper) 

B – Heat transfer coefficient calculation:  

According to the first law of thermodynamic, for flow with constant specific heat, 

the heat transfer gained by the air can be estimated [14].  

𝑄𝑎 = 𝑚̇𝑎 𝐶𝑝𝑎 (𝑇𝑎 𝑜𝑢𝑡 − 𝑇𝑎 𝑖𝑛)                                                                                         (5) 

Where, 𝑚̇𝑎 is air mass flow rate, 𝐶𝑝𝑎 is air specific heat, 𝑇𝑎 𝑜𝑢𝑡 is outlet air 

temperature, 𝑇𝑎 𝑖𝑛 is inlet air temperature. 

To express the convective heat transfer from the tube wall to the air, one can apply 

the newton’s law of cooling [14].    

𝑄𝑤 = ℎ𝑎 𝐴𝑤 𝐿𝑀𝑇𝐷                                                                                                          (6) 

Where, ha is an air heat transfer coefficient, Aw is surface area, however LMTD 

denotes  logarithmic mean temperature difference, it is estimated as follow [14]: 

𝐿𝑀𝑇𝐷 =
(𝑇𝑤 − 𝑇𝑎 𝑜𝑢𝑡) − (𝑇𝑤 − 𝑇𝑎 𝑖𝑛)

𝐿𝑛 (
𝑇𝑤 − 𝑇𝑎 𝑜𝑢𝑡

𝑇𝑤 − 𝑇𝑎 𝑖𝑛
)

                                                                       (7) 

 

According to conservation of energy (Qw=Qa), i.e. the heat gained by the air is 

the heat released by the tube wall. By combining equations (5) and (6), the convective 

heat transfer coefficient can be evaluated.  

ℎ𝑎 =
𝑚̇𝑎 ∗ 𝑐𝑝𝑎 ∗ (𝑇𝑎 𝑜𝑢𝑡 − 𝑇𝑎 𝑖𝑛)

𝐴𝑤 ∗ 𝐿𝑀𝑇𝐷
                                                                                  (8) 
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C- Nusselt number (Nu): 

Nu =
ℎ𝑎 𝐷ℎ

𝑘𝑎
                                                                                                                   (9) 

2- Friction factor ( f ) calculation: 

The air friction factor can be estimated by measuring pressure drop through the 

test section.  

∆𝑝 =
𝐺2

2𝜌𝑖𝑛
[2 (

𝜌𝑖𝑛

𝜌𝑜𝑢𝑡
− 1) + 𝑓

𝐿

𝐷ℎ
𝜌𝑖𝑛𝑣𝑚                                                               (10) 

Where, 𝐺 =
𝑚̇

𝐴𝑐
  represents the fluid mass velocity and  f  in above equation means 

the Darcy-Weisbach friction factor. The mean specific volume 𝑣𝑚 is calculated from:  

𝑣𝑚 =
1

2
(

1

𝜌𝑖𝑛
+

1

𝜌𝑜𝑢𝑡
)                                                                                              (11) 

Equation (10) is obtained by applying Newton's second law of motion on 

differential element of test tube. Further detail about this equation is presented by [15]. 

The pressure drop analysis was done under non-isothermal condition. This was 

achieved because of the change of the fluid thermo-physical properties through the 

boundary layer due to temperature variation.               

4. Numerical simulation 

The numerical simulation or computational fluid dynamic CFD allows analysis 

of complicated flow characteristics without resort to a costly prototype for flow 

visualization with sophisticated experimental measurements. ANSYS, Fluent 15 

software was used to simulate the complicated flow through the corrugated tubes.  

4.1 Physical Geometry Description and Boundary Condition 

Solid work software was used to generate the physical model of corrugated tube. 

The computational domain used in this study comprises of three sectors with a total 

length of 36 cm, as shown in Figure 5. The effective corrugated section has a length of 

30 cm with 3 cm of plain tube connected at the upstream and downstream of the 

corrugated sector to eliminate the effect of disturbance in this region. In present 

investigation, one plain tube and three corrugated tubes were designed with same 

dimensions as those of tubes used in the experimental work.   

The velocity distribution at the inlet is set as fully developed velocity boundary 

condition; this was achieved by implementing the developed equation 12 with Fluent 

using user defined function option. The inlet air temperature is set to be constant of 36 
oC. The outlet condition is set as the pressure outlet boundary condition with a pressure 

of 0 KPa. No-slip wall conditions is adopted with constant wall temperature set to 115 

oC. 
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𝑢

𝑢𝑚𝑎𝑥
= 0.1626 𝑙𝑛 (1 −

𝑟

𝑅
) + 1.0391                                                                        (12) 

 

4.2 Mesh and Grid Independent Test 

The flow field close to the surface is quite complex in corrugated tube, however 

this region has great impact on the friction factor and Nusselt number values. To 

achieve accurate flow prediction of flow characteristic, boundary layer mesh technique 

(prism mesh) is provided while tetrahedral mesh is employed for surface and body as 

shown in Figure 6.  

To find the optimum mesh density for accurate solution with less possible time 

consumption, grid independent test is conducted. The grid independence test of 

corrugated tube is shown in Table 2: Grid independence analysis 

. Four different mesh densities generated for corrugated tube. The results showed 

that the variation in Nusselt number and friction factor does not exceed 0.45% and 

0.92%, respectively, when the number of mesh changes from 2,965,492 elements to 

3,601,783 elements. The mentioned variation is small. So, to take the time consumption 

into consideration, mesh 3 was selected to solve this model.    

 

 

 

 

 

 

Prism mesh Tetrahedral element 

Figure 6: Mesh for the computational domain 

Figure 5: Computational domain and boundary condition 
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Table 2: Grid independence analysis 

4.3 Assumptions and Governing Equations  

In the current simulation, the flow characteristics are assumed to be as Three-

dimensional, steady state flow, constant thermal conductivity and specific heat, ideal 

gas flow, body force and dissipation term were neglected. 

By taking the aforementioned assumptions into account, the governing equations 

characterizing the three-dimensional flow can be written as follow:  

Conservation of mass: 

∇ ∙ 𝜌𝑢⃗ = 0                                                                                                                 (13) 

Momentum equation: 

∇ ∙ (𝜌𝑢⃗ 𝑢⃗ ) = −∇𝑝 + ∇ ∙ (𝜇∇2𝑢⃗ )                                                                          (14) 

Energy equation:  

∇ ∙ (𝜌𝑢⃗ 𝑐𝑝𝑇) = ∇ ∙ (𝑘∇𝑇)                                                                                    (15) 

4.4 Chosen of Turbulence Model 

Shear stress transport k-ω (SST k-ω) model has ability to predict the separation 

and reattachment better when compared to k-ε and the standard k-ω [16]. In the present 

work, the corrugated tube is predicted to generate a flow swirling and separation in the 

flow boundary layer, therefore the SST k-ω model is expected to be more appropriate 

in this case.  

5. Results and Discussions 

5.1 Heat Transfer  

The presence of corrugation in tube normally induces flow disturbance and 

breaking of thermal boundary layer. consequently, increase the temperature difference 

between the surface temperature and the flow temperature close to it. Figure7 A shows 

the effect of three tubes of different corrugation depth ratios (e/Dh = 0.0216, 0.0469 and 

0.0798) on heat transfer rate in term of Nusselt number.  The results show that depth 

has a significant effect on the heat transfer, whereas the average Nusselt number is 

increased by 46%, 67% and 105% for corrugation depth ratios of 0.0216, 0.0469 and 

0.0798, respectively compared with the smooth tube. The Nusselt number ratio 

(Nu/Nus) is shown in Figure7B. The results indicated that Nusselt number ratio is 

influenced by Reynolds number, where at lower value of Reynolds number, the 

enhancement ratio is strongly depending on the Reynolds number while at higher 

Reynolds number, the enhancement ratio becomes relatively independent. This is due 

to larger boundary layer thickness induced at low Reynolds number in smooth tube and 

implementing of corrugation in this region became more active on the flow mixing, 
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resulting in a sharp increase in Nusselt number ratio. While at higher Re, the boundary 

layer of smooth tube is thinner and the effect of flow separation and reattachment on 

the enhancement ratio at the wake region of the corrugated tube are relatively constant.  

The reason behind the fact that Nusselt number increase with increase corrugation 

depth is related to the effect of secondary vortex that originate downstream of the ribs, 

as shown in Figure 7. The flow streamlines indicated that the vortex region and flow 

circulation are increasing with increase the corrugation depth. This is because of high 

adverse pressure induce at high corrugation depth. These recirculation regions between 

ribs play an important role to draw the core flow from the cold region to hot region and 

pushing the hot flow to the core region. Rotational flow streamlines of three tubes of 

different corrugation depths at cross section z = 300 mm and at Re = 5000 are 

demonstrated in Figure 8. The results reveal that the helical shape of the ribs creating 

rotational flow along the flow direction for different corrugation depth. In general, low 

rotational velocity induces at a region near the tube center, while the rotational velocity 

increases gradually in the region away from the tube center except the region very close 

to the tube surface, which have lower rotational velocity due to existing of velocity 

boundary layer. It is important to notice from Figure 8 that the rotational velocity 

increases with increase the corrugation depth. This is because at high corrugation depth, 

the high amount of flow rate adjacent to the ribs and follow the helical bath of the ribs 

resulting to increase the momentum of rotational flow in the entire flow. Both the 

secondary vortex generated behind the ribs and rotational flow (main vortex) generated 

due to the existing of the helical ribs affect on the temperature distribution and then 

flow mixing. Temperature contour of three tubes with different depths are presented in 

Figure 9. These results showed that when the corrugation depth increased, the cold 

region of core flow (the blue region in Figure 9) is decreased, which means that this 

core region of cold flow is mixed with the hot region of flow close to the surface 

resulting to increase the temperature difference between the wall and the flow close to 

it, thus  a higher rate of heat transfer is achieved. 
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Figure 8: Rotational velocity streamline for different depths at Re = 5000 

0.0216=  h/Do.1, eN 0.0469=  h/Do.2, eN =0.0798h/Do.3, eN 

Main vortex 

Smooth tube 0.0216=  h/Do. 1, eNTube  

0.0469=  h/Do. 2, eNTube  0.0798=  h/Do. 3, eNTube  

Figure 9: Temperature contour for corrugated tubes with different depths 

0.0798=  h/D3, e ube No.T(c)  0.0469=  h/Dube No. 2, eT(B)  

0.0216=  h/Dube No. 1, eT(A)  

Figure 7: Velocity streamline for various depths at Re = 5000 

Secondary vortex 
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5.2 Friction Factor  

The flow inside corrugated tube is quite complicated. However, the pressure drop 

across the corrugated tube is caused by: (1) drag forces implemented on the fluid flow 

by the helical rib, (2) rotational flow generated by the helical rib, (3) frictional drag 

augmentation and (4), flow blockage related to reducing the cross-sectional area of tube. 

All these parameters would effect on the value of pressure drop and friction factor 

simultaneously, however, because the corrugated surface is an obstacle in the flow 

direction, the pressure drop due to drag is the main concern in this type of tube. 

Figure 10A views the influence of corrugation depth ratio on the non-isothermal 

hydrodynamic losses of three different corrugation depths (e/Dh = 0.0216, 0.0469 and 

0.0798). The non-isothermal hydrodynamic losses are exhibited in term of friction 

factor. In general, the trend of friction factor of corrugated tube is dissimilar to that of 

smooth tube. This is related to the effect of pressure drag as well as the effect of friction 

drag existed in corrugated tube, while in smooth tube, the only friction drag effects on 

the friction factor value, thus the trend of friction factor in corrugated tubes exhibit 

different behaviors. To evaluate the effect of the existing corrugated tubes with respect 

to the smooth tube, the friction factor ratio is presented in Figure 10.B. The results 

showed that the friction factor ratio is increasing significantly with increase Reynolds 

number for all corrugated tubes. The increasing in friction factor ratio with increase 

corrugation depth is significant at high Reynolds number. This is attributed to high rate 

of increase of pressure drag and rotational velocity with increase corrugation depth at 

high Reynolds number. At fix Reynolds number, the friction factor ratio is increasing 

with increase corrugation depth. This is because of the following reasons: 

1- With increasing the corrugation depth, the secondary vortex region behind the rib is 

increased, see Figure 7, since this region induces high flow disturbance and high 

dissipation in flow energy. 

2-  The flow blockage is increasing with increase the corrugation depth, i.e.  reducing 

the cross-sectional flow area, resulting higher flow velocity and then higher flow 

losses. 

3- As the corrugation depth increased, the pressure gradient along the helical path of 

rib increased, resulting a large flow sweeping in the helical path which creates a high 

rotational flow as shown in Figure 8, this will lead to:     

I- Increase the velocity gradient of flow close to the wall, leading to increase the shear 

stress between the flow and the wall, consequently, increase the drag due to friction. 

II- Increase flow disturbance, this is because the rotational flow generates main vortex 

in the main flow, this vortex induces a high fluctuation in flow layers, hence high 

turbulence intensity. 

These reasons make the friction factor increase with increase corrugated depth. 

Quantitatively, the mean friction factor of the corrugated tube with e/Dh = 0.0798, 

0.0469 and 0.0216 are 500%, 135% and 90% higher than of smooth tube, respectively.  
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Figure 11 demonstrates the turbulence kinetic energy contour of corrugated tubes 

with three different corrugation depths. Physically, the turbulence kinetic energy is 

evaluated by measuring root mean square (RMS) velocity fluctuations which is 

produced by flow shear force, vortex generation and through exerting the force on the 

flow [17]. So, Turbulent Kinetic Energy (TKE) values can give an indication of the 

disturbance level in flow field. It is obvious from Figure 11 that the high TKE is 

produced from the tube with a higher corrugation depth, this is due to large secondary  

vortex generated behind the ribs, review Figure 7, and high rotational flow induced 

from tube with a high corrugation depth, review Figure 8, these flow patterns lead to 

increase the flow turbulence intensity. The maximum turbulence kinetic energy for tube 

with a corrugation depth ratio of 0.0216, 0.0469 and 0.0798 are 0.07 J/kg, 0.3 J/kg and 

0.6 J/kg, respectively. Also, it can be noticed from Figure 11, for a certain corrugation 

depth ratio, the minimum TKE region is noticed at the core flow region of the tube 

which is the farthest region from roughness region, while the maximum value of TKE 

is observed at the location near the ribs. This was due to the high drag force exerted 

from the ribs on the flow, resulting a higher flow disturbance intensity in that region, 

but in region very close to the surface, TKE is decreased significantly due to viscosity 

effect. In addition, TKE continues to increase along the main flow direction. This fact 

is related to the accumulation of flow disturbance when the flow passes across the 

number of ribs along the corrugated tube. The similar basic pattern of the turbulence 

kinetic energy contours is obtained with different corrugation depth ratios, but the scale 

increases with increase the corrugation depth ratio. 
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Figure 10: Friction factor and friction factor ratio versus Reynolds number for various 

corrugation depth ratio 
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5.3 Performance Evaluation Criteria 

To evaluate the performance of rough surfaces, [18] suggested the R3 criteria. 

This criterion characterizes the heat transfer augmentation of enhanced tube relatively 

to that of smooth tube at the fix pumping power in term of Nusselt number.  

𝑅3 =
𝑁𝑢

𝑁𝑢𝑠
                                                                                                                     (16) 

The limitation of fix pumping power is defined by: 

𝑅𝑒𝑠 = 𝑅𝑒 (
𝑓

𝑓𝑠
)

1
3
                                                                                                          (17) 

Figure 12 reveals the performance of tubes No. 1, 2, 3 (e/Dh = 0.0216, 0.0469, 

0.0798). The tube with highest corrugation depth (e/Dh = 0.0798) achieves the best 

performance at lower Reynolds number value (Re = 5000-18000), while the tube with 

intermediate value of depth (e/Dh = 0.0469) provides better performance at higher value 

of Reynolds number (Re >18000). The enhanced tubes with e/Dh = 0.0798, 0.0469 and 

0.0216 produce the maximum performances (R3) of 1.28, 1.4 and 1.32, respectively. 

This indicates that using the corrugated tube of e/Dh = 0.0469 and p/Dh = 0.5 can save 

30 % of area at the same pumping power comparing with the smooth tube heat 

exchanger.  

     

 

 

Figure 11: Turbulence kinetic energy contour for different corrugation depths 
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6. Conclusions 

Three corrugated tubes with different corrugation geometries have been tested 

experimentally and numerically. Heat transfer enhancement, friction factor and 

performance of corrugated tube have been analyzed. The effects of the corrugation 

depth, corrugation pitch, corrugation angle and Reynolds number on thermo-hydraulic 

performance of the corrugated tube were studied. The result of this work can be outlined 

as follows: 

 For all corrugated tubes the Nusselt number increases with an increase in Reynolds 

number, while friction factor decreases with increases Reynolds number for a wide 

range of Reynolds number. Higher value of friction factor and Nusselt number 

obtained by enhanced tubes in comparing with smooth tube based on the same 

condition. 

 The Nusselt number and friction factor increases with increase in corrugation depth. 

Tube No. 3 with e/Dh = 0.0798, p/Dh = 0.51, θ = 9.6°, has highest average value of 

Nusselt number and friction factor of 2 and 6 times smooth tube, respectively.  

 The highest value of the performance evaluation criteria (R3) is 1.4 corresponding 

to corrugated tube No.2 with e/d=0.0469, p/d= 0.5, θ = 9°, at Reynolds number of 

50,000. 

 

 

 

 

 

 

 

 

 

 

Figure 12: Performance against Reynolds number for three corrugated tubes with 

different depth ratios. 
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k            Thermal conductivity 

𝑚̇           Mass flow rate 

p            Corrugation pitch 

pd                dynamic pressure 

Q           Rate of heat transfer 
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