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Abstract— The present research was conducted to 

determine the heat transfer visualization of swirling 

impinging jets (SIJs) induced by nozzle with centrally 

hollow helical-tape using a thermochromic liquid crystal 

(TLC) sheet. The effects of jet-to-plate spacing ratios (L/D= 

2.0, 4.0, 6.0 and 8.0) and Reynolds numbers (10,000  Re  

20,000) on the radial uniformity and intensity of convective 

heat transfer were investigated. The experimental results of 

SIJs were compared with those of conventional impinging 

jets (CIJs). The formation of swirl flow of swirling 

impinging jet (SIJs) helped in improving the uniformity of 

local heat transfer or Nusselt number (Nu) and also average 

Nusselt number, as compared to those of conventional 

impinging jets (CIJs). Furthermore, the average Nusselt 

number (Nu) increased as jet-to-plate spacing ratio (L/D) 

decreased while Reynolds number (Re) increased for both 

conventional impinging jets (CIJs) and swirling impinging 

jets (SIJs). The highest Nusselt number (Nu) of swirling 

impinging jet (SIJ) was obtained at the jet-to-plate spacing 

ratio (L/D) of 4.0 and Reynolds number (Re) of 20,000. The 

maximum Nusselt number (Nu) of swirling impinging jet 

(SIJ) was higher than that of conventional impinging jets 

(CIJs) at similar conditions by around 5.3%. 

 

Index Terms— Heat transfer, centrally hollow helical-tape, 

swirl flow, swirling impinging jet 

 

I. INTRODUCTION 

Impinging jet is one of the active heat transfer 

enhancement method that have been widely various fields 

instant, automotive, gas turbine cooling, electronic 

cooling food-processing (including drying, toasting and 

freezing), glass quenching and paper drying due to its 

direct, localized heating or cooling and high heat fluxes. 

To extend its applications, some researchers have focused 

on the effect of swirling impinging jet (SIJ) on the heat 

transfer enhancement [1-10].   

Sharif [11] studied the heat transfer from a heated 

plane circular surface using round turbulent submerged 

swirling jet impingement. They found that at low-to mid-

                                                           
Manuscript received July 7, 2019; revised April 1, 2020. 

range swirl strength, the heat transfer rate dropped mildly 

as swirl number was increased.  Xu et al. [12] reported 

the effect of a novel swirler (circumferential screw 

grooves) on the uniform cooling at high heat transfer 

rates. Their results showed that the novel swirler was 

effective in improving the radial uniformity of heat 

transfer as compared to that of a multi-channel 

conventional impinging jet.  Mohamed Illyas et al. [13] 

generated swirling impinging jets by using helicoid 

inserts. They observed that the axial component of 

velocity of jet leaving triple helicoid at the stagnation 

region was relatively lower than those obtained by using 

single and double helicoids due to the presence of axial 

recirculation zones and the increased tangential velocity 

component.  Eiamsa-ard et al. [14] reported the effect of 

swirling impinging jet (SIJ) induced by nozzle fitted with 

helical rod inserts on the radial uniformity of heat transfer 

and average heat transfer rate. Their results revealed that 

the swirling impinging jet (SIJ) at the larger diameter 

ratio (d/D) of 0.64 provided higher heat transfer rate than 

that with smaller diameter ratio (d/D) of 0.46 by around 

6.4% and higher than that of the conventional jet (CIJ) by 

around 35%. The literature review shows that various 

swirlers possess different effects on jet impingement and 

heat transfer performance.  

For the present study, centrally hollow helical-tape was 

employed for swirling flow inducing. The thermochromic 

liquid crystal (TLC) sheet was applied to visualize the 

temperature-field and heat transfer behavior on the 

impinging surface.  The study focused on enhancing heat 

transfer uniformity. The effects of jet-to-plate spacing 

ratios (L/D) of 2.0, 4.0, 6.0 and 8.0) and Reynolds 

number (10,000  Re  20,000) on the radial uniformity 

and intensity of convective heat transfer were 

investigated. 

II. EXPERIMENTAL FACILITY 

The schematics of the experimental facility for thermal 

visualization and the nozzle are shown in Fig. 1(a) and 

1(b).  
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(a) 

 
(b) 

Figure 1. Layout of experimental facility and nozzle with centrally 

hollow twisted tape 

In the present investigation, the heated impinged 

surface was cooled by the swirling impinging jets (SIJs) 

or conventional impinging jets (CIJs). The swirling 

impinging jet was induced by the centrally hollow 

helical-tape inserted into the nozzle. The impinged 

surface was made of a stainless-steel foil (SUS304) with 

the length, width and thickness of 250 mm, 250 mm and 

0.03 mm, respectively. A thermochromic liquid crystal 

(TLC) sheet was attached on the rear of the thin stainless 

foil sheet with binder. A thermochromic liquid crystal 

(TLC) sheet is temperature sensitive, its color changes 

from black to brown, red, yellow, green and blue when 

temperature changes from 29°C to 36°C. The nozzle 

having a diameter of 20 mm was made of UPVC clear 

pipe with the length of 500 mm. The swirl generator 

(centrally hollow helical-tape) had four multi-channels 

with swirl angle of θ = 15°) and tape thickness of 0.4 mm.  

Direct current was supplied to the stainless-steel foil from 

a power supply unit via the copper bus bar electrodes, 

which were attached to a stainless-steel foil and an acrylic 

plate. The experimental results indicated that the 

boundary condition of uniform heat flux could be 

achieved on the impinged surface. The input power to the 

stainless-steel foil was evaluated from the power supply 

electric current and the resistance of stainless foil. When 

the temperature distribution on impinged surface, as 

indicated by the color pattern of the TLC, reached a 

steady state, the color pattern on TLC sheet was recorded 

by a digital camera. Because the stainless-steel foil used 

in this study was extremely thin, the temperature of the 

target could be assessed from the color pattern of the 

thermochromic liquid crystal (TLC) sheet on the rear side.  

The recorded image was then converted from RGB (red, 

green, blue) to HSI (hue, saturation, intensity) color 

domain. Subsequently, the distribution of hue was 

converted to surface temperature via calibration curve 

between hue and temperature. The correlation of the 

curve was achieved by calibration against thermocouples. 

Heat transfer results are presented in the form of Nusselt 

number.  Local heat transfer results are presented in the 

form of local Nusselt number (Nu). The local convective 

heat transfer coefficient (h) and local Nusselt number are 

determined from 

h = q /Tw-Tj
 (1) 

 

Nu = hD/k (2) 

III. RESULTS AND DISCUSSION 

To assess the reliability of the results obtained in the 

present work, the local Nusselt number at jet-to-plate 

spacing ratio (L/D) of 8.0 were validated with previous 

standard data under the similar test conditions as depicted 

in Fig. 2.  Evidently, the local Nusselt number of the 

present conventional impinging jet (CIJs) agree well with 

those obtained from Barkirci and Bilen [15] work within 

16.5% (0 < r/D < 2) at Reynolds number (Re) of 10,000 

and 8.1% (0 < r/D < 2) at Reynolds number (Re) of 

20,000. 
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Figure 2. Comparison between the present and previous studies. 

 

The local Nusselt number, temperature field and 

Nusselt number distributions in the impinged plate of 

both conventional impinging jets (CIJs) and swirling 

impinging jets (SIJs) are demonstrated in Figs. 3-5.  For 

the conventional impinging jets (CIJs), Nusselt number 

diminished along the radial direction and the secondary 

peak heat transfer appeared in donut shape (Fig. 4) 

especially at low jet-to-plate spacing (L/D).  This is 

attributed to the transition of the low turbulence in a 

stagnation region to a turbulent wall jet.   
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Figure 3. Temperature distribution on impinged plate. 
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(a)                                                                                         (b) 

Figure 4. Effect of the nozzle-to-plate spacing (L/D) on local Nusselt number distribution of the conventional impinging jet (CIJ). 
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Figure 5. Nusselt number distribution on impinged plate. 
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(a)                                                                                         (b) 

Figure 6. Effect of the nozzle-to-plate spacing (L/D) on local Nusselt number distribution of the swirling impinging jet (SIJ) 
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For the swirling impinging jets (SIJs), the intensified 

heat transfer regions were separated due to the blockage 

by nozzle fitted with centrally hollow helical-tape. The 

separation became notable as the jet-to-plate spacing 

decreased.  The impinged areas for conventional 

impinging jets (CIJs) were in symmetrical shape while 

those for swirling impinging jet (SIJ) were in 

asymmetrical shape, due to the swirling effect. The 

formation of swirl flow of swirling impinging jets (SIJs) 

helped in improving the uniformity of local heat transfer 

or Nusselt number and also average Nusselt number, as 

compared to those of conventional impinging jets (CIJs).  

At similar test conditions, the swirling impinging jets (SIJ) 

impinged at jet-to-plate spacing (L/D) of 2.0, 4.0 and 6.0 

yielded higher averaged Nusselt number than the 

conventional impinging jet (CIJs) up to 3.7%, 5.3% and 

1.4%, respectively. However, at jet-to-plate spacing (L/D) 

of 8.0, the swirling impinging jets (SIJs) yield lower 

average Nusselt numbers than the corresponding 

conventional impinging jet (CIJ) by around 3.9% at 

Reynolds number (Re) of 20,000. 
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Figure 7. Effect of multi-channel twisted tape on average Nusselt 

numbers. 

 

Influences of the jet-to-plate spacing ratio (L/D) and 

Reynolds number (Re) on the average Nusselt number 

(Nu) of both conventional impinging jet (CIJs) and 

swirling impinging jets (SIJs) are shown in Fig. 7. For 

both conventional impinging jet (CIJs) and swirling 

impinging jets (SIJs), average Nusselt number (Nu) 

increased as jet-to-plate spacing ratio (L/D) decreased 

while Reynolds number (Re) increased since jets 

possessed higher axial velocity or higher jet momentum 

when impingements occurred. The results showed that 

the average Nusselt numbers (Nu) of conventional 

impinging jet (CIJs) impinged at jet-to-plate spacing (L/D) 

of 2.0, 4.0 and 6.0 were higher than that impinged at the 

jet-to-plate spacing (L/D) of 8.0 by around 3.4%, 2.7% 

and 2.3% at Reynolds number (Re) of 20,000, 

respectively while those of swirling impinging jets (SIJs) 

impinged at jet-to-plate spacing (L/D) of 2.0, 4.0 and 6.0 

were higher than that impinged at the L/D of 8.0 by 

around 11.6%, 12.5% and 7.9% at Reynolds number (Re) 

of 20,000, respectively. 

IV. SUMMARY 

In the present work, the temperature field and Nusselt 

number distribution on the impinged surface of 

conventional impinging jets (CIJs) and swirling 

impinging jets (SIJs) induced by nozzle with centrally 

hollow helical-tape were compared. Experiments were 

carried out at various jet-to-plate spacing ratios and 

Reynolds numbers.  The formation of swirl flow of 

swirling impinging jet (SIJs) helped in improving the 

uniformity of local Nusselt number (Nu) and also average 

Nu, as compared to those of conventional impinging jets 

(CIJs).  At similar test conditions, the swirling impinging 

jets (SIJs) impinged at jet-to-plate spacing (L/D) of 2.0, 

4.0 and 6.0 yielded higher averaged Nusselt number than 

the conventional impinging jets (CIJs) up to 3.7%, 5.3% 

and 1.4%, respectively.  However, at jet-to-plate spacing 

(L/D) of 8.0, the swirling impinging jet (SIJ) yield lower 

average Nusselt numbers than the corresponding 

conventional impinging jet (CIJ) by around 3.9% at 

Reynolds number (Re) of 20,000. In addition, average 

Nusselt number (Nu) increased as jet-to-plate spacing 

(L/D) decreased while Reynolds number (Re) increased 

for both conventional impinging jets (CIJs) and swirling 

impinging jets (SIJs). 
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