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Abstract Effect of inclined angle on heat transfer by two air jets is studied. The inclined angel is varied from 0, 

10, 15, and 20. The Reynolds numbers of 5000, 4000, 3000, 2000, and 1000. The spacing distance is ranged 

from 2 to 8. The result showed that the heat transfer is enhancement by using the incline angle of (θ = 10) than 

vertical position (θ = 0) at spacing distance (S/D =4). With spacing distance increase to (S/D ≥ 6), the heat 

transfer is maximum value at vertical positions. 
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1. Introduction 

Inclined jet impingement is utilized in many industrial applications due to its ability to produce high rates of 

heat transfer. It is being used in inclined turbine blade, film cooling, bearing cooling, electronics cooling, 

automobile windshield deicing/defogging, drying of paper, and glass tempering [1–3]. A considerable number 

of research studies on impingement heat transfer, both in numerical and experimental aspects, have been 

published [4–18]. The majority of the available information on the heat transfer characteristic of impinging jets 

is for normal impingement of jet on the flat surface. 

However, the studies of heat transfer for an inclined jet to a surface have received relatively little attention. This 

is perhaps a reflection of the fact that normal impingement has more extensive applications. Fundamental 

understanding of the complexities of heat transfer of the impingement process attributable to the inclined jet is 

unexplained [6,7]. 

A few studies have investigated the effect of jet inclined angles on flow field and heat transfer. The heat transfer 

from a flat plate to an air jet impinging obliquely from a circular nozzle using the preheated wall, transient 

liquid crystal technique is studied by [2]. Their results showed that the point of the maximum heat transfer shifts 

away from the geometrical impingement point toward the uphill side of the plate. The fluid flow and heat 

transfer distribution to an obliquely impinging air jet is reported by [4]. They proved that the velocity stagnation 

point (zero velocity) shifted to an uphill direction with a decreasing inclined jet angle[6]. In addition, the surface 

heat transfer decreases sharply toward the uphill direction and more gradually in the downhill direction. The 

wall pressure and shear stress in the impingement region of an oblique circular turbulent jet is investigated [8]. 

The jet Reynolds number ranged from 35,000 to 10,000. The results showed that the shear stress components 

normal to the radial plane were small [19-20]. 

The present paper studied the effect of inclined angle on heat transfer rate of pair impinging jets. Four angle are 

considered (0, 10, 15, 20), spacing distance (S/D = 2, 4, 6, and 8). In present study the two jets is considered 

confined jets, therefore the vertical distance between jets and impinging plate is constant (H/D = 2). Reynolds 

number (Re) is varied from 1000, 2000, 3000, 4000, and 5000.  
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2. Experimental Set-Up 

The main part of the experimental test section is consisting on some parts as shown in Fig. 1. The two jets are 

formed from perforated plate with 10 mm thickness. The inner diameter of two jets is 10 mm. the spacing 

distance between jets (S) are varied (20 mm, 40 mm, 60 mm, and 80 mm). The two jets are formed by drilling 

with four difference inclined angle (θ)(0- considered a vertical position, 10, 15, and 20). 

In the present study three zones are developed on impinging plate. The first zoon is interaction zoon, and can be 

defined the zoon between two jets. Second zoon is called downhill zoon, and last zoon is uphill zoon. Because 

the nozzles are not perpendicular on plate, so the geometry points I and II are shown in present study. These two 

geometry points are shafted to uphill zoon.  

 

 
Figure 1: Schematic diagram of Test Section 

The local Nussel number over the impinging plate could be calculating by the following equation; 

𝑁𝑢 =
ℎ .𝑑

𝑘
                                                                                                             (1) 

where h is the heat transfer coefficient (W/m
2
.K), calculated by the following equation: 

ℎ =
𝑄𝑐𝑜𝑛

𝑇𝑠−𝑇𝑗
                                                                                                          (2) 

where Ts and Tj are surface and jet temperatures, respectively. 

The heat transfer rate between the impinging jet and target plate Qconv is estimated as 

𝑄𝐶𝑜𝑛 = 𝑄𝑒𝑙𝑒 − 𝑄𝑙𝑜𝑠𝑠                                                                                           (3) 

Where  

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑟𝑎 + 𝑄𝑙𝑜𝑛𝑎𝑡𝑠𝑠                                                                                       (4) 

𝑄𝑒𝑙𝑒 = 𝑉𝐼                                                                                                           (5) 

𝑄𝑟𝑎𝑑 = 𝜀𝜎 𝑇𝑠
4 − 𝑇∞

4                                                                                          (6) 

 

3. Results and Discussion 

The present study carried out to invest aged the effect of inclined angle on average Nusselt number of a pair jet 

impinging into flat plate.  The average Nusselt number is considered the main value at middle point in the hot 

sheet (inter action zoon).  

The distribution of average Nusselt number versus inclined angle (θ) at three practical Reynolds number (Re = 

1000, 3000, and 5000) with differences spacing distance (S/d = 2, 4, 6, and 8) are observed in Fig. 1, Fig. 2, and 

Fig. 3, respectively.  
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Figure 1: Average Nusselt number versus inclined angle with different spacing distance a Reynolds number of 

1000 

It can be observed that there exists a maximum value of average Nusselt number for inclined angle of θ = 10. 

Where the value of average Nuuselt number is 26 for spacing distance of S/d = 8 at inclined angle of θ = 0 

(vertical position). This increase with inclined angle increase utile θ = 10. Then this value of average Nusselt 

number decreases with increase of inclined angle. The value of average Nusselt numbers at incline angle of 10 

are 28, 34, 36, and 41 for spacing distance of S/d = 2, 4, 6, and 8 respectively. For inclined angle increase to θ = 

20, the values of average Nusselt number are 24, 29, 31, and 34 for same spacing distance (2, 4, 6, and 8) 

respectively. For case of Reynolds number increase to Re = 3000, the value of average Nusselt number increase 

also as shown in Fig. 2. Where the value of average Nusselt number is 158 for spacing distance of S/d = 8 and 

inclined angle of θ = 10. On the other hand, the value of average Nusselt number decrease to 141 for inclined 

angle of θ = 15.  

 
Figure 2: Average Nusselt number versus inclined angle with different spacing distance a Reynolds number of 
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For case of spacing distance of S/d = 4, 6, and the values of Nusselt number are increasing to 192, 203, and 231 

at incline angle of θ = 10 respectively. T incline angle increase to θ = 15, the values of average Nusselt number 

are decreases slowly. Where the values of average Nusslt numbers are 141, 175, 192, and 219, for spacing 

distance of 2, 4, 6, and 8 respectively. 

For case of Reynolds number increase to Re = 5000, the trend of average Nusselt number is the same of Re = 

1000, 3000 as shown in Fig. 3. 

 
Figure 3: Average Nusselt number versus inclined angle with different spacing distance a Reynolds number of 

500 

The effect of spacing distance S/d on heat transfer rate at different inclined angle for three Reynolds umber of 

1000, 3000, and 5000 respectively is shown in Fig. 4. Where the value of average Nusselt number is showed 

maximum value for spacing distance of S/d = 4, for all values of Reynolds number and inclined angles. Where 

the value of average Nusselt is 36, 231, and 691 for three Reynolds number of 1000, 3000, and 5000 respectively 

at inclined angle of θ = 10 at spacing distance of S/d  =4. In addition it can be seen that, the value of average 

Nusselt number is increase with increase Reynolds number.   

 
Figure 4: Average Nusselt number versus spacing distance with inclined angleat difference Reynolds numbers 
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4. Conclusions 

The effect of inclined angle on heat transfer of two impinging jets is experientially studied. The main conclusion 

can be summarized as flowing: 

 The average Nusselt number increase with increase Reynolds number for all value of inclined angles 

and spacing distance. 

 The average Nusselt number is improved by 9.4 % of incline angle of θ = 10 than vertical positions. For 

case of inclined angle of θ = 15, the value of average Nusselt number decrease about 2.5 % than vertical 

positions. 

 The average Nusset number is enhancing by 12.5 % when used spacing distance between jets is S/ =4 

than other spacing distances and inclined angle of θ = 10. 

 Finally, the best conditions for two inclined impinging jet are spacing distance od S/d = 4 and inclined 

angle of θ = 10. 
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