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An experimental study was conducted to examine the impact of a single dimple with an 
arch-type turbulator on heat transfer and fluid friction. The square duct has a 4:1 aspect 
ratio. Reynolds numbers range from 10,000 to 35,000 depending on hydraulic diameter, 
maintaining as 0.5 aspect ratio between duct height and dimple diameter. Dimple depth 
to print diameter ratio is 0.3, which is maintained constant. Two different types of arch 
turbulators are tested in the first half of the dimple to improve the fluid velocities and 
heat transfer. The turbulators used in the investigations are both curved and straight type. 
Curved arch turbulators included angles are 45°, 60°, or 90°, whereas straight arch 
turbulators are inclined to the surface at a 12° angle. At the dimple's leading edge, an arch 
turbulator is installed. The experimental findings are displayed as Nusselt number, 
normalized Nusselt number, friction factor, normalized friction factor, and thermal 
performance. According to the experimental findings, turbulators with a 60° curved arch 
operate better than those with 45° and 90° curved arches. Compared to all other arch 
turbulators, the straight arch turbulator achieves the highest thermal performance. 
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1. Introduction 
 

Passive methods, such as different types of ribs, can be used to increase the rate of heat transfer 
inside the duct like dimpled surface and pin fins. These techniques are used for combustion chamber 
liners, internal cooling of turbine blades, solar air heaters, electronic cooing devices, medical 
equipment’s and industrial heat exchangers. Now days dimpled surfaces are used cause of 
considerable heat transfer rate at lesser pressure penalty. Along with dimpled surface some 
compound techniques are also tried to improve heat transfer rate. Available literature provides data 
about effect of different dimple parameters. 

Russian aerodynamic society utilizes dimpled surface for reduction of drag as well as heat transfer 
enhancement. They employ regular arrays of dimpled surface, staggered array of dimpled surface in 

 
* Corresponding author. 
E-mail address: sandeep.kore@viit.ac.in 
 
https://doi.org/10.37934/arfmts.115.1.206216 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 115, Issue 1 (2024) 206-216 

207 
 

annular passage, flow through converging and diverging dimple and flow through narrow duct with 
spherical dimples placed on two opposite walls with change in relative position [1-4]. Heat transfer 
enhancement of 150 percent compared to flat plates is reported sometimes with lesser pressure 
penalty [5]. Another recent study demonstrates that over a range of Reynolds numbers, a 2.5-fold 
increase in the rate of heat transfer is observed in comparison to a smooth plate. The pressure 
penalty is roughly half of what is produced by various types of rib turbulators. 

According to Moon et al., [6], the pressure penalty and increase in heat transfer rate are roughly 
consistent over a wide range of Reynolds numbers and duct heights. Mahmood et al., [7] identified 
the mechanisms underlying local and regionally averaged heat transfer enhancement on plain duct 
surfaces with an array of dimples on one wall. 

Isaev et al., [8] considered the heat transfer and fluid flow in a single spherical dimple. He 
described the internal flow pattern of the dimple. Ligrani et al., [3,9] investigated the effects of 
dimple depth on vortex shape and surface heat transfer, as well as the impacts of relative dimple and 
protrusion position on opposing duct walls. Depth of dimple influence on a surfaces local 
environment aspect ratio, and flow structure all acting together, Nusselt number distributions, 
Nusselt number distributions alone, and flow structure resulting from dimple depressions on a 
channel surface [2,3,7]. Patil et al., [10] and Yadav et al., [11] investigated heat exchanger tube for 
different flow blockages with wall attached circular ring turbulator and twisted tape with Fe3O4 
nanofluid.   

Researchers are investigating the techniques like jet impingement cooling in a heat exchanger, 
twisted tape inserts and circular ring turbulator for heat exchanger tube heat transfer enhancement 
[12-14]. 

The present investigation is based on heat transfer enhancement from single dimple with arch 
and straight type of turbulator. The ratio of dimple depth to dimple print diameter ‘δ/D’ is 0.3, kept 
constant. The curved and straight arch turbulator is kept at leading edge of the dimple. The 
experimental results are presented for different arch turbulator with included angle 45 °, 60 °and 90° 
for curved and 12 ° for straight turbulator. The ReDh based on hydraulic diameter is varied from 10,000 
to 35,000. Data on average Nusselt number, normalized Nusselt number, friction factor, normalized 
friction factor, and thermal performance are reported in this study. 
 
2. Experimental Investigations 
2.1 Experimental Set Up 
 

In order to research the impact of a dimple with an arch turbulator on heat transfer and fluid 
attribute in a rectangular duct, an experimental facility has been designed and produced. The 
experimental facility's schematic layout is depicted in Figure 1(a). 

The setup is an open system type. The following elements are linked on the blower's suction side; 
the setup is an open system type. 1) Development section, 2) Test section, 3) The exit section with 
the mixing chamber, 4) A flow measuring instrument (orifice), 5) A micro manometer (LC=1Pascal) 
for gauging pressure drops over the test duct. 

The dimpled surface is formed within the aluminium block by CNC machining. The print diameter 
of the dimple is 50 mm while dimple depth is 15mm kept constant through the experiment. The exit 
and entry lengths of the test facility are 250 mm (6.25Dh) and 1000 mm (25Dh) respectively. The exit 
section is of 250mm consisting of mixing chamber. The mixing chamber is used after the test section 
for proper mixing of hot and cold air and to minimize the end effects. During the experimentation 
constant heat flux boundary condition is imposed, while inlet velocity of the air is changing with 
respect to Reynolds number. To provide uniform heat flux boundary condition of 7500W/m2, 
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cylindrical electric heaters of size 10 mm x 12 mm are used. The heaters are located below the 
dimpled surface. The test plate is housed in Bakelite box of size 160 x 160 x 12 mm and is clamped to 
test air duct. In order to minimize heat losses from all directions glass wool insulation is used. The 
test plate is insulated from all four sides by glass wool insulation of 25 mm thick. The bottom of the 
test section is insulated by 6mm asbestos sheet followed by 40 mm glass wool insulation. An orifice 
meter is used to measure mass flow rate of air. For adjusting the flow rate, a flow control valve is 
provided in the line with duct. The surface temperature is measured with 14 calibrated k-type 
thermocouples (24 SWG). For measuring inlet air temperature two thermocouples are used and for 
exit air temperature three thermocouples are used. The locations of thermocouples on the test plate 
are shown in Figure 1(b). The thermocouple emf is measured by mili-voltmeter. A differential micro-
manometer of least counts 0.1WC is used to measure the pressure drop across the duct. 
 

 
1. Inlet section 7. Rigid pipe 13. 2hp, 2880 rpm motor Mv. Milli voltmeter 
2. Honeycomb section 8. Orifice meter 14. 3ф, 440V powers supply S. Selector switch 
3. Development section 9. Control valve 15. Servo stabilizer W. Watt meter 
4. Test section 10. Flexible hose 16.1ф, 230V power supply Ve. Variac 
5. Outlet section 11. Pressure reducer VM. Vertical manometer P. Pressure taps 
6. Transition piece 12. Centrifugal blower MM. Micro manometer  

 

(a) 

 
 

(b) 

Fig. 1. (a) Schematic diagram of experimental set up, (b) Locations of thermocouples 
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2.2 Flow Structure Due to Dimple Surface 
 

In the present investigations dimple surface of print diameter 50 mm and depth 15 mm is used. 
For the flow simulation Ansys Fluent was used. The numerical formulation and boundary conditions 
are used as per Suhas [15]. The velocity inlet boundary condition is employed at the inlet of the duct. 
At the duct outlet pressure out let (atmospheric pressure) boundary condition is employed. The 
constant heat flux boundary condition is employed at the bottom of the duct based on projected 
area. The flow structure and temperature field due to dimple surface is presented in Figure 2. 
 

  
Fig. 2. Flow structure and temperature field due to dimple surface 

 
It is observed from Figure 2, if the fluid enters inside the dimple there is sudden enlargement due 

to which velocity of the fluid decreases and flow reverse in backward direction. It is shown in Figure 
2 two symmetric vortices are formed within the dimple. These vortices cause jetting of the fluid 
because inside the dimple pressure is high compared to outside. These vortices impinge on the 
trailing edge of the dimple which is clearly shown in Figure 2. These vortices develop high heat zone. 
It is observed in the temperature profile where vortices are formed there temperature is higher. The 
Figure 3(a), indicates variation of ‘u’ velocity within dimple surface at mid and trailing plane. It is 
observed that within dimple at the bottom normalized ‘u’ velocity is lower due to formation of 
vortices. It is going to increase at the center of the dimple. At the trailing edge of the dimple also we 
observe variation of normalized ‘u’ velocity due to ejection of the fluid. 

Figure 3(b) indicates variation of ‘w’ velocity at the mid plane and trailing edge of the dimple. It 
is seen that positive and negative component of ‘w’ velocity is observed within dimple. Which shows 
flow is moving in downward and upward direction. This is due to formation of vortices and ejection 
of the fluid from the dimple. Figure 3(c) indicates the velocity gradient and shear stress at the 
symmetry plane of the dimple surface. It is seen that these is sudden drop of velocity gradient and 
shear stress at the leading edge of the dimple due to sudden expansion of the fluid. The gradually 
velocity gradient and shear stress increases and become maximum at the trailing edge. 
 

  
(a) 
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(b) 

  
(c) 

Fig. 3. (a) U velocity due to dimple at mid plane and trailing plane, (b) W velocity due to dimple at mid plane 
and trailing plane, (c) Velocity gradient and shear stress at the plane centre plane 

 
Due to formation of low velocity and high temperature zone at the leading edge of the dimple, 

an arch and straight type of turbulator is designed. The purpose of using arch and straight type of 
turbulator is to increase the localized velocity within initial part of the dimple. In the following section 
details of the turbulator are discussed. 
 
2.3 Turbulator Geometry 
 

An arch and straight turbulator is developed to break the viscous sub layer in number of ways. 
The straight arch turbulator is manufactured from thin aluminum sheet of 0.5 mm thickness and 
placed at leading edge of the dimple. The curved arch turbulator is made from aluminum pipe that is 
2 mm thick, has an inner radius of 50 mm, and a turbulator height of 3.5 mm. There are three different 
total inclusive curved arch angles: 45°, 60°, and 90°. Aluminum glue is used to affix the turbulators to 
the base plate. Both turbulators are intended to shear or break viscous flow and accelerate flow in 
the first half of the dimple when fluid velocity is lower. Figure 4 shows details of curved arch 
turbulator. 

Figure 5(a) shows the details of straight arch turbulator. The height of the straight arch turbulator 
is 12 mm, while open passage below the turbulator is 1.5 mm. Its top and bottom curved edge breaks 
the shear layer. The two side legs cause also cause mixing of primary and secondary flow. Figure 5(b) 
shows plausible flow structure. The bottom and top horizontal edge of straight arch turbulator breaks 
the viscous layer by two ways. The horizontal edge (open passage) may force the flow inside the 
dimple with higher intensity and more reattachment points. The two legs of the turbulator break the 
boundary layer by four ways casing mixing of the primary and secondary flow. 

 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 115, Issue 1 (2024) 206-216 

211 
 

 
Fig. 4. Details of curved arch turbulator placed on test plate 

 

 

 
(a) (b) 

Fig. 5. (a) Details of straight arch turbulator geometry, (b) Plausible flow structure due to straight arch 
turbulator 

 
The following correlations are developed using excel programming used to find out heat loss from 

the test section shown by Eq. (1). The heat utilized to change the enthalpy of air is find out by 
subtracting loss from heater input supplied. To measure the heat loss eight thermocouples from all 
the four sides are placed. 
 
Ql = 0.687 (Tbs-Tai) + 0.08 x 10-4 (Tbs-Tai)2          (1) 
 
3. Results and Discussion 
3.1 Validation Test for Smooth Duct 
 

The test set up is validated with available equations from the literature. For the heat transfer 
Gnielinski and Dittus-Boelter equation are used while for friction factor modified Blasius equation is 
used. The Nusselt number obtained from smooth plate is used to normalize the Nusselt number 
obtained from dimpled plate. Figure 6 shows comparison of Nusselt number obtained from 
experimental results and available correlations for smooth plate. The predicted values of Nusselt 
number are given by Eq. (2). 
 

50mm 

2.2mm 

12mm 
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Fig. 6. Baseline Nusselt No. for smooth plate 

 
Nu = 0.0214(ReDh

0.8 – 100) Pr0.4 [1+ (Dh/L) 2/3] and Nu = 0.023 Re0.8 Pr0.4      (2) 
 

It can be seen from the graph that experimental data agrees with Gnielinski equation with 
maximum deviation of +6% and -3 %. A friction factor characteristic of smooth plate is compared with 
modified Blasius equation given by Eq. (3). 
 
f = 0.085 Re-0.25             (3) 
 

From Figure 7, it is observed that variation of friction factor for smooth plate with modified 
Blasius equation is within 7% compared to experimental results. The experimental friction factor of 
smooth plate is used to normalize the friction factor obtained from dimpled surfaces. 
 

  
Fig. 7. Baseline friction factor for smooth plate 

 
3.2 Effect of Arch Turbulator on Nu and Nu/Nu0 

 
The Nu and Nu/Nu0 rise with an increase in ReDh for all geometries, as seen in Figure 8 and Figure 

9, is as expected. For all arch turbulators, the rise in Nu and Nu/Nu0 is greater than for dimple 
geometry with δ/D=0.3. Straight arch turbulators have bigger increases in Nu and Nu/Nu0 than all 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 115, Issue 1 (2024) 206-216 

213 
 

other types of turbulators at all ReDh. In comparison to the 45° and 90° curved arch turbulators, the 
60° curved arch turbulator exhibits higher Nu and Nu/Nu0. The rise in flow velocities inside the 
leading portion of the dimple is what causes the heat transfer rate for the 60° curved arch turbulator 
to increase. The 60° curved arch turbulator may forces larger volume of fluid with increased velocity 
inside the dimple. Compared to other curved arch turbulator geometries, this increases the rate of 
heat transfer. The flow may be diverted away from the dimple by the 45° curved arch turbulators 
legs, which results in a slower rate of heat transfer. The turbulator legs’ ability to shear the boundary 
layer may be decreased in the case of turbulators with 90° arches. The increase in heat transfer rate 
caused by turbulators with straight, 45°, 60°, and 90° curved arches are 2.12, 1.8, 1.96, and 1.83 times 
flat plate, respectively. 
 

 
Fig. 8. Nu as a function of ReDh for different arch turbulator 

 

 
Fig. 9. Nu/Nu0 as a function of ReDh for different arch turbulator 

 
3.3 Effect of Arch Turbulator on f and f/f0 

 
Figure 10 and Figure 11 depict how the straight and curved arch turbulators affect fluid friction. 

As ReDh rises, all of the arch turbulators as depicted in Figure 8 experience expected friction factor 
decreases. This can be because the viscous sublayer is suppressed. For 45° curved arch turbulators, 
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the 'f' and 'f/f0' are at their lowest values. The 'f' and f/f0' are higher for 90° curved arch turbulators 
than for other curved arch turbulators. This is because, in comparison to other curved arch 
turbulators, 90° curved turbulators occupy a longer curved length or restrict a larger flow area. The 
'f' and 'f/f0' for the straight arch turbulator are between the 60° and 90° curved arch turbulator. In 
comparison to 60° and 90° curved arch turbulators, the straight arch offers less flow resistance 
because it is angled at 12° to the flat surface at the entry of the dimple. 
 

 
Fig. 10. f as a function of ReDh for different arch turbulator 

 

 
Fig. 11. f/f0 as a function of ReDh for different arch turbulator 

 
3.4 Effect of Arch Turbulator on ηth 

 
Figure 12 compares the thermal performance of all arch turbulator configurations with dimple 

depth δ/D=0.3 and all other variants. The thermal performance factor is found out using 
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Given that it offers more flow resistance, the 90° curved arch turbulator performs thermally less 

well than one with a dimple depth of δ/D=0.3. It also changes the direction of the fluid flow to avoid 
the indentation. As a result, the amount of fluid entering the dimple and ejecting from the dimple is 
reduced. In comparison to dimple depth δ/D=0.3, the thermal performance of curved arch 
turbulators at 45°, 60°, and straight angles is higher. Straight arch turbulators provide the maximum 
thermal performance when compared to curved ones. The maximum thermal performance values 
are 1.75 for a straight arch turbulator and 1.59, 1.62, and 1.47 for curved arch turbulators at angles 
of 45, 60, and 90. The uncertainty in the measurement is calculated using method suggested by Kline 
and McClintock [16] and error in measurement is considered using Miller [17]. The uncertainty in the 
calculation of ReDh, ‘h’, Nu and ‘f’ is 4.11%,7.29%,7.85% and 6.16% respectively. 
 

 
Fig. 12. ηth as a function of ReDh for different arch turbulator 

 
4. Conclusions 
 

The thermal performance and augmented heat transfer rate from the straight arch and curved 
arch turbulator for dimple depth δ/D=0.3 is presented in this paper. The several salient points emerge 
from this study as summarized as below 

i. Compared to all curved arch turbulator configurations, the thermal performance of 90° 
curved arch turbulator is lower the dimple depth of 0.3. While thermal performance of 
45°and 60° curved and straight arch turbulator is higher than the dimple depth of 0.3. 
Compared to curved arch, the performance of straight arch turbulator is higher.  

ii. The thermal performance of 45°and 60° curved and straight arch turbulator is higher due 
to top and bottom straight and curved edges breaks the shear layer and force the fluid 
inside the dimple with higher intercity to reduce low velocity zone and enhance heat 
transfer.  
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iii. The two side legs form the secondary flow, which disturbs the growth of boundary layer 
before the dimple and enhances the rate of heat transfer within the dimple. As well as 
increases the intensity of formation of vortices at trailing edge.  

iv. The turbulator provides a very simple but promising compound augmentation technique 
with moderate pressure penalty. 
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