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ABSTRACT 

The paper deals with an experimental study carried out to determine the effect of spent air confinement on the wall -static pressure distribution 
(Cp) over a flat plate normal to a single row of impinging air jets. The jet after impingement is constrained t o exit from one side, two opposite 
sides and all sides. The parameters used in the study are jet Reynolds number (Re = 10000), dimensionless nozzle -exit to target-plate spacing 
(z/d = 1, 2, and 3), stream-wise jet-to-jet spacing (s/d = 2 and 4), and dimensionless length of the jets (l/d = 1.0). The flat target plate is 
mounted on a 2D traverse table which also facilitates setting up the nozzle-exit to target-plate spacing. The pressure distribution is measured 
in the stream-wise direction by using a single column manometer. The cross-flow effect is found to be maximum when the spent jet is free to 
exit from one side only.  
Keywords: confinement effect, multiple jets, streamwise pitch, spanwise pitch, wall Corresponding pressure coefficient. 

1. INTRODUCTION 
Jet impingement is a high-performance technique for forced-convection drying, heating, and cooling of surfaces. Over the past 

few decades, the impinging jet technology has established itself as arguably the most efficient heat transfer enhancement technique 
in comparison to other single-phase heat transfer configurations, and subsequently, this technology is used in myriads of industrial 
applications. Few of its applications being: drying of papers and textiles; the cooling of various gas turbine combustor walls; glass 
tempering; annealing of metals; the freezing of tissue in cryosurgery; and the cooling of electronic components, particularly for 
applications like the gas turbine blade cooling where heat flux is very high.  Impingement cooling is highly appreciated due to its 
inherent characteristics of a high heat transfer rate. This kind of impinging flow device provides short flow paths and a relatively 
high rate of cooling for relatively small surface areas and provides localized cooling and heating.   

Multi-jet system is made up of individual single jets, subsequently, multiple jets have the same jet structure or jet flow regions as 
the single jets. However, the multi-jet system differs from the single jet system in the following two ways: Firstly, the interference 
between the adjacent jets can occur before impingement on the surface Katti and Prabhu[1]. This is usually seen for smaller jet-to-
jet spacing and/or when the nozzle exit to target plate spacing is high. Secondly, the collision of wall jets on the target surface after 
the impingement of jets as they move out in the radial direction resulting in static pressure rise at the point of collision. This interaction 
is possible for smaller jet-to-jet spacing and/or when the nozzle exit to target plate spacing is small, but when the jet velocity is 
higher. Also, another important occurrence in the multi-jet system is the presence of cross-flow, which is the flow of fluid normal to 
that of the impinging jets. The cross-flow can be externally induced into the system (initial cross-flow) or it can be due to the flow 
of accumulated spent air. The cross-flow may be in all directions, two opposite directions or just one direction. Because of these 
complications, the data obtained for the single jet cannot be scaled up to use for the designing of the multi-jet system. Therefore, the 
current study is to explore how different amount of spent air confinement affects the pressure distribution over a flat plate. Wolf et 
al. [2] studied the effect of the impinging jet arrays for drying of the pressed cake to determine the overall heat transfer coefficient 
of the system. Chang et al. [3] Experimented over the cooling of the electronic chipset by using impinging jets as well as a dimpled 
surface. They found that the Nusselt number will indicate that increasing the heat transfer rate. The experimental investigation from 
the cooling hot surface was carried out by Karwa [4] using an array of jets underwater medium. The cooling can increases when the 
arrays of jet increase. The experimental investigation of forced convection cooling from 3 x 3 square electronic chips using FC-72 
was carried out by Wadsworth and Mudawar [5]. They observed that rectangular jets maintain nearly isothermal conditions at the 
chip surface, and the chip-cooling rate was independent of channel height whereas the average Nusselt number was strongly 
dependent on jet velocity and jet width. The experimental studies for the cooling of protruding discrete heat sources mounted at 
different positions on a substrate board using air as the working medium was carried out by Hotta et al [6]. The study confirms the 
effect of surface radiation, which reduces the temperature of electronic components by as much as 12%. Casano and Piva [7] pointed 
out that, internal heat removal from electronic devices is the foremost problem or else it leads to immediate failure. Some of the 
foremost experimental work on impinging jets is reported by Gardon and Cobonpue [8],  Gardon and Akfirat [9] and Viskanta [10] 
providing a comprehensive review of the same. Colucci and Viskanta [11] investigated the influence of nozzle geometry on heat 
transfer distribution to a confined impinging air jet. The experimental parameters were: z/d = 0.25 to 6.0 and Re = 10000 to 50000. 
They reported that for all the nozzles under consideration, the Cp is independent of Reynolds number, nonetheless, it is influenced 
by z/d. They also reported that at lower z/d’s like z/d = 0.25, the wall static pressure becomes sub-atmospheric and observed that: at 
even lower z/d’s (z/d < 0.25) there exists a relatively larger and stronger region of sub-atmospheric pressure with a larger size of 
recirculation zone. Huang et al. [12] observed that the local Nusselt number on the whole of the target plate is dependent on the 
average jet Re and that it increases with an increase in Re. A spent jet scheme wherein the spent air is allowed to exit in two-opposite 
directions performs better than the other spent jet schemes investigated as it yields the highest value of heat transfer coefficients on 
the target plate.  Brevet et al. [13] pointed out that an optimum impinging distance for maximum performance would be in the range 
of z/d = 2 to 5 and also suggested that a value of z/d equal to 3 would be a worthy design consideration. Adimurthy and Katti [14] 
investigated experimentally the local distribution of wall static pressure and the heat transfer coefficient on a rough flat plate impinged 
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by a slot air jet. They observed that enhancement is found to decrease with the increase in the rib width. The results of the study can 
be used in optimizing the cooling system design, they also found that Wall static pressure coefficient decreases with increasing jet to 
plate distance due to entrainment of surrounding quiescent air. He and Wen [15] investigated experimentally the cooling performance 
of multiple impinging jets with different nozzle arrangements in a ground fast cooling simulation device. They proposed an overall 
performance evaluation indicator RU. RU ratio is flexible in weighing both the cooling rate and cooling uniformity. Based on the 
evaluation result, the N-4 nozzle arrangements prove to be the best when nozzle height H = 5 cm and H = 7.5 cm while the N-16 
arrangement is optimum when H = 3.5 cm. They found Cooling performances of different nozzle arrangements vary a lot under 
different working conditions and are greatly dependent on air tank pressure and nozzle height conditions. An experimental 
investigation is carried out by Kumar et al [16] using slot jet with the parameter ranges from Reynolds number based on slot width 
is varied from 4200 to 12,000 and jet-to-plate spacing (z/b) is varied from 0.5 to 12. They identified three regions on plate namely 
They are stagnation region (0  ≤ x/b ≤  2), transition region (2 ≤ x/b ≤  5) and wall jet region (x/b ≥ 5), and also found that For a 
particular z/b, increase in the Reynolds number increases the heat transfer coefficient at all the points in the stream-wise direction. 
Adimurthy and Katti [17] studied the local distribution of wall static pressure and heat transfer on a smooth flat plate impinged by a 
normal slot air jet. They varied parameters jet-to-plate spacing (Z/Dh) (0.5–10) and Reynolds number (2500–20,000) aspect ratio 
(l/b) of about 22. They found that Heat transfer coefficients are maximum at the stagnation point(x/Dh = 0) for a given jet-to-plate 
distance and Reynolds number. Also, they observed that for the lower jet to plate distances and higher Reynolds number, secondary 
peaks are observed in the heat transfer distributions. These secondary peaks may be due to fluid transiting from laminar to turbulent 
flow on the target plate. However, the existence of secondary peaks is not prominent at the lower Reynolds number. 

An experimental investigation is carried by Chambers et al.,[18] to determine the cross-flow effect of the jets cooling of a gas 
turbine blade. It was shown that initial crossflow strongly influenced the heat transfer performance with just 10 percent initial 
crossflow able to reduce the mean target plate jet effectiveness by 57 percent. Investigate experimentally to determine the effect of 
arrays of jets on various application is carried out by Geers et al., [19] they found that The measurements indicated that the 
interaction between the self-induced cross flow and the wall jets resulted in the formation of a system of horseshoe-type vortices 
that circumscribe the outer jets of the array. He et al.[20] Investigated experimentally the heat transfer characteristics of single- 
steady slot jet and synthetic slot impinging jets on a 25.4mm  X 25.4mm vertical surface. The dynamic Re number was introduced 
to correlate heat transfer characteristics between synthetic jets and steady jets. Xing et al.[21] experimentally and numerically 
investigated the heat transfer characteristics within an array of impinging jets. The overall agreement of the results was very good 
and the local heat transfer coefficients were predicted at high accuracy. 
  A comprehensive review of turbulent flow characteristics of impinging jets and heat transfer is presented by Shukla and 
Dewan[22]. They observed that the majority of RANS based turbulence models did not predict impinging flows accurately and its 
complexities except a few. Many authors have reported that LES is capable of predicting the flow field and heat transfer data within 
the accepted accuracy limits. DNS can be applied to simple geometry with a low Reynolds number. Kanna et al.[23] Experimented 
on the cooling of an electronic device by thermosyphon method. In this method, they have used two-phase closed-loop 
thermosyphon to cool the electronic device under three working fluids (acetone, alcohol,  and petrol). They found the maximum 
heat removal rate of about 65.4 % at 60 W is carried away by acetone in comparison with alcohol and petrol. This mainly because 
of the low boiling point and high latent heat of evaporation. Zeiny et al.[24] numerical analyzed the swirling effect of impinging 
jet on turbulent convective heat transfer over the hot plate containing obstacles. To create the swirling flow, a twisted tape was 
placed in the nozzle. They found that  Nusselt number increases by 29 percent over the conventional impinging jet (CIJ) and in 
b/D=4, the heat transfer with the swirling flow would be more than CIJ. 
Motevasel et al.[25] experimented to determine the heat transfer from Nano-fluids(Mgo/Water) nanofluids of various 
concentrations(0.02 to 0.12), and with different Reynolds number (11000 to 49000). It was found that at about 12 %, the heat 
transfer coefficient was increased compared with the base fluid. The complete review of discrete heated modules is carried out by 
Patil and Hotta [26]. The performace studies  of the jet plate on solar collector is carried by Goel and Singh. [27]. They used the 
logitudinal fin arrengement to increses the perfoemce effect. They observed that the enhancement of 3–14.7% in thermal efficiency. 
also. Suhas et al [28]. They carried the numerical analysis on the different pipe bends at different curvature using micro and nano 
particle errsion. They observed that erosion depends mainly on Particle impact angle, Turbulence secondary flow. Mathew and 
Hotta [29] carried out the experimental and numerical studies on the cooling of the IC chips mounted on the SMPS board at different 
orientation. They found that 300 will give temperature drop of 3-5% compared with horizontal orientation.  

From the literature reviewed, it is observed that most of the work has been carried out with a single jet, But very few studies 
with the multiple jets with confinement effects are scarce.  Their study considers two types of streamwise pitches of 2d, 4d at z/d 
=1.0 and 3.0 which result in local variations in wall static pressure coefficients. With an intention to partially fill the void in the 
literature reviewed, the following objectives were framed for the present study: 

 To study the influence of nozzle-exit to target-plate spacing (z/d) on wall static pressure distribution (Cp) from 
impingement by an inline row of jets on a flat surface. 
 

 To study the influence of spent air confinement on wall static pressure distribution (Cp) from impingement by an inline 
row of jets on a flat surface. 
 

 To study the influence of streamwise pitch and cross-flow effect on wall static pressure coefficient (Cp) distribution under 
the impingement of multiple jets on a flat surface. 

2. EXPERIMENTAL  SETUP 
2.1 Experimental Test rig 



 
 

A schematic illustration of the experimental layout is shown in Fig. 1. The experimental work is carried out for different 
configurations to study the wall-static pressure distribution over a smooth flat plate under different spent air exit schemes, shown 
in Fig. 2. The experimental parameters are listed in Table 1. Air is supplied to the plenum chamber by a blower through a calibrated 
venturi meter. The plenum chamber having a cross-section of 200mm*100mm and length of 430mm made up of galvanized iron 
sheet houses three meshes or flow straighteners which serve the purpose of conditioning the fluid flow by removing any flow 
disturbances present in it. The volumetric discharge of air is regulated by a control valve located downstream of the venturi meter 
which subsequently sets up the required jet Reynolds number. An acrylic jet orifice plate (220mm*140mm*5mm thick) with an 
inline array of five orifice jets is fastened to the exit of the plenum chamber. The air via the supply channels, through the plenum 
chamber, exits the orifice plate in the form of five jets with high velocity and impinges on the target flat surface mounted on a 2-D 
traverse system. The 2-D traverse system also facilitates the setting up of the nozzle-exit to target-plate spacing. 

The target plate (220mm*220mm*10mm thick) houses an acrylic strip, 10 mm thick, comprising of 0.5 mm pressure tap drilled 
into it for the length of 4 mm with its remainder of length being counter-bored for a diameter of 4 mm. The pressure-tap strip is 
free to move in the radial direction thereby facilitating the measurement of pressure distribution along the same. The experimental 
work involves constraining the spent-air exit to one side, two opposite sides, and all the four directions. The one-side and two-side 
spent-air exit schemes are achieved with the help of acrylic spacers glued on to the jet plates for three different nozzle-to-plate 
spacing (z/d’s). 

2.2 Methodology 

The air for the experimental study is supplied from a blower and the desired jet Reynolds number is set by setting the corresponding 
manometric deflection in the U-tube manometer connected to a calibrated venturi meter which is having Pipe diameter (d1) 
=25.4mm, Throat diameter (d0) =12.2mm, Beta ratio (β) =0.4815, Co-efficient of discharge (Cd) =0.9415 by carefully operating 
the flow regulating control valve. The venturi meter is designed in such a way that for all Reynolds number range studied the local 
fluid velocity is well below the local sonic velocity, i.e. the fluid flow Mach number is less than 0.3. Hence, air can be approximated 
as incompressible (constant density) fluid for all the parameters studied and subsequently a constant jet temperature throughout the 
supply channels leading to the orifice plate would be a fair assumption. Therefore, the jet air temperature is measured by employing 
a calibrated Chromel–Alumel Thermocouple (K-type) (Fig 1b) positioned at the inlet of the jets. The output of the thermocouple is 
measured by MECO millivoltmeter, Thermocouple placed upstream of the diffuser leading to the plenum chamber can be taken as 
the jet temperature at nozzle-exit. The stream-wise or radial Cp distribution over the target plate for all parameters and for all 
configurations is recorded with pressure tap housed in the movable strip which is part of the target plate with the pressure tap 
connected to a single column manometer via appropriate tube piping. The strip housing the pressure tap is moved in the radial or 
stream-wise direction in step lengths of 1mm to record the gauge wall-static pressure by reading the manometric deflection from 
the single column manometer.  

 
1) Air blower 2) Venturimeter 3) U-tube manometer 4) Control valve 5) Diffuser 6) Air plenum chamber 7) Flow straighteners (mesh-screens) 8) 
Jet plate 9) target plate 10) Support 11) 2-D Traverse system 12) Single water-column manometer. 
Figure 1. Schematic illustration of the experimental layout. 

 
Figure 1.a Photographic view of Experimental test rig 
Table 1. Experimental Parameters. 



 
 

Jet-diameter (d) 5 mm 

Nozzle exit to target plate spacing (z/d) 1, 2 and 3 

Jet Reynolds number (Re) 10000 

Jet length (l/d) 1.0 

Stream-wise jet-to-jet spacing (s/d)  2 and 4 

Number of jet orifices (n) 5 
 

 
Figure 1.b Validation for K type Thermocouple  

 
 
a) All side exit of spent air 

 
b) One side exit of spent air 
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c) Two opposite side exit of spent air 

Figure 2.  Different spent air exit schemes 

2.3 Data reduction 
All the data reduction are standard which is used to calculate the discharge, velocity and head  [14, 17] 
Actual flow rate through venturimeter is given by,  

                       

                             (1) 

Qact = actual flow rate of air (m3/s); Cd = coefficient of discharge; a1 = cross sectional area at inlet section (m2); a2 = cross sectional 
area at throat section (m2); g = acceleration due to gravity = 9.81 m/s2   

 H = equivalent head = , m 

ρw = density of water (kg/m3); ρa = density of air (kg/m3); X = manometer deflection (m)  
 

Mean velocity of jet (uj):  

                        
            (2) 

Aj = cross section area of jet (m2) 
Jet Reynolds number (Re) based on nozzle diameter is given by:    

                           


 du j
Re             (3) 

uj= mean velocity of jet (m/s); d = diameter of jet (m); μ= dynamic viscosity of air (pas or N-s/m2) 
 

Wall static pressure coefficient (CP): 

                            

                          (4) 

2.3 Experimental Uncertainty 

The uncertainty in the primary quantities has been obtained by calibration of the instruments, and for derived quantities it has 
been calculated, based on the uncertainty of primary quantities Venkateshan S P [30], and is shown in Table 2 The ISO guide has 
been followed for the calculation of uncertainty of derived quantities, as given in Kessel W [31]. The uncertainty in the Cp 

measurement is 2.7% at Reynolds number 10000.  The formula for calculation of uncertainty is given in Eq 5 
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Table 2. Uncertainty Physical quantity 

Sl No Physical quantity   % Uncertainty  
1 Temperature  ±0.5% 
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2 Flow rate ±1.2% 
3 Displacement ±1% 

 

3. RESULTS AND DISCUSSION 

3.1 Influence of z/d and spent air confinement on the distribution of wall-static pressure coefficient (Cp) over a flat surface 
at s/d of 2 
Fig. 3 shows the variation in the distribution of wall-static pressure coefficient with the change in nozzle-exit to target-plate spacing 
(z/d) over a flat smooth surface at s/d of 2 for three different spent air exit schemes. As can be seen in Fig. 3. for all z/d’s studied, 
the maximum in Cp occurs at all stagnation points on the target surface and the Cp value decreases with the increase in the radial 
distance (r/s) from the respective stagnation points of each of the five jets. Inferring from the Fig 3b and 3c, the jets down-stream 
before impinging on the surface are deflected by incoming flow of the spent air upstream to them in the direction of the crossflow. 

 
a) 

 
               b) 

 
c) 

Figure 3. Influence of z/d on the distribution of wall-static pressure coefficient (Cp) over a flat surface at s/d of 2 with spent air 
constrained to exit from: a) all sides, b) one side, c) two opposite sides 
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 The shift in stagnation point Cp increases with the decrease in z/d and shifts away from their respective geometric centers in 
the direction of the spent air cross-flow. Also in Fig. 3., a secondary peak in the value of Cp can be seen for all z/d’s, the location of 
which is approximately in between the two adjacent stagnation points. These secondary peaks in Cp are attributed to the formation 
of fountains or up-wash on the target surface, the formation of which in turn is attributed to the collision of the neighboring wall-jets 
as they move out in a direction tangential to the target surface after their impingement on it. These secondary peaks also suffer a 
deflection as that of the primary peaks in the direction of the cross-flow. There exists a minimum value of Cp between two consecutive 
stagnation points. The magnitude of these minimum Cp’s: “increases with increase in z/d for the case with all sides exit scheme, 
decreases with increase in z/d for the case with one side exit and remains more or less the same for the case with two side exit 
scheme”, as seen in Fig. 3. These minimum Cp’s also suffer deflection in the direction of the spent jet flow corresponding to the 
deflection in primary peaks. 

 The influence of nozzle-exit to target-plate spacing (z/d) on the Cp distribution is more pronounced in cases where there is 
appreciable confinement of the spent air exit flow, seen in Fig.  3b (spent air exit from one side) and Fig. 3c (spent air exit from two 
opposite sides) compared to Fig. 3a where z/d has a negligible influence on the Cp distribution, as the spent air is allowed to exit in 
all directions. This is perhaps because of the cross-flow effect of spent air, which increases with the increase in the confinement of 
spent air exit flow. As can be seen in Fig. 3b, here the spent air is allowed to exit in one direction, the value of Cp at all radial locations 
(r/s) decreases as z/d increases. This is probably because the amount of air flowing across the main jet flow direction i.e. the cross-
flow effect increases with increase in z/d and subsequently more of the jet’s momentum is carried away by the spent air, as can be 
inferred from corresponding drop in the value of Cp and subsequently the jets also suffers a deflection from their respective geometric 
centers. Also in Fig. 3b, for z/d = 3 there is a monotonic decrease in the value of stagnation point Cp unlike in the case of z/d = 1 & 
2 as you move downstream in the direction of the spent jet flow. This is because the jets downstream have to face more and more 
accumulated spent air of the jets upstream to them, therefore the jet which is far downstream suffering a maximum drop in the value 
of Cp as it encounters the maximum amount of accumulated spent air.  

3.2 Influence of z/d and spent air confinement on the distribution of wall-static pressure coefficient (Cp) over a flat surface at 
s/d of 4 

Fig. 4 shows the variation in the distribution of the wall-static pressure coefficient with a change in nozzle-to-plate spacing (z/d) 
over a flat surface at a stream-wise jet-to-jet spacing of 4d for three different spent air exit schemes. As can be seen in Fig. 4., for all 
z/d’s studied, the maximum in Cp occurs at all stagnation points on the target surface and the Cp value decreases with the increase in 
the radial distance (r/s) from the respective stagnation points of each of the five jets. Inferring from the Fig 4b, the jets downstream 
before impinging on the surface are deflected by incoming cross-flow of spent air from the jets upstream to them in the direction of 
the cross-flow. These shifts in stagnation point Cp increases with an increase in z/d and they have deflected away from their respective 
geometric centers in the direction of the spent air cross-flow. However, referring to Fig. 4c, the shift in the stagnation point Cp’ are 
not as pronounced (relatively less) in the case where the spent air is allowed to exit from two opposite directions in comparison to 
the case wherein the spent air is allowed to exit in one direction only. This is because in the latter case the spent air has a longer path 
to travel and as it travels downstream, the cross-flow associated with it only becomes stronger and stronger which is unlike in the 
former’s case where spent air has to travel a lesser path to escape out and subsequently having relatively lesser cross-flow effect. 
Also, referring to Fig. 4b and 4c, the stagnation point Cp’s decrease as z/d increases. This could be because the amount of accumulated 
spent air flowing across the direction of impinging jets increases with an increase in z/d. Inferring from Fig. 4, out of all the spent air 
schemes studied the strongest cross-flow effect can be seen in the case where the spent air is constrained to escape out from one side 
only as the jets are seen to undergo maximum shifts in their stagnation points relative to their respective geometric centers. The z/d 
has a minimum effect on the Cp distribution for the case with all sides exit scheme, the medium effect on Cp distribution for the case 
with two opposite sides exit scheme and maximum effect on Cp distribution for the case with one side exit scheme. 
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Figure 4. Influence of z/d on the distribution of wall static pressure co-efficient  With spent air constrained  (Cp) over a flat surface 
at s/d of 4d to exit from a) all sides, b) one side, c) two opposite sides  
 
3.3 Influence of s/d on the distribution of wall-static pressure coefficient (Cp) at different z/d over a flat smooth surface with 
spent air exit from all directions. 

Fig 5  shows the effect of s/d on the distribution of wall-static pressure coefficient (Cp) over a flat smooth surface with 
spent air exit from all directions at different z/d’s. As can be seen in the figure 4.7a, 4.7b and 4.7c, for all z/d’s studied and both s/d 
of 2 as well as 4, the maximum in Cp occurs at all stagnation points on the target surface and the Cp value decreases with the increase 
in the r/s from the respective stagnation points of each of the five jets and reaches a value of zero (i.e. atmospheric pressure) at 
sufficient distance from centers of the jets at the extreme ends. 

Referring figures 5.a, 5.b and 5.c, it is seen that the  Cp distribution over the flat smooth surface is a function of s/d. The 
stagnation points Cp of all the five jets increase with the increase in s/d for all z/d’s studied. Also from figure 5, it can be noted that 
the value of secondary peaks in Cp decreases with the increase in the s/d for all z/d’s studied. This perhaps has to do with the fact 
that, jets after impinging and then turning tangential to the target surface i.e., wall jets have a longer distance to travel before they 
collide with each other on the target giving rise to secondary peaks. The wall jets lose more momentum with the distance traveled. 
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Figure.5 Effect of s/d on Cpdistributionover a flat smooth surface with spent air exit from all directions at; a) z/d = 1, b) z/d = 2, 
c) z/d = 3 
 
As the distance wall jets have to travel and subsequently the momentum they lose before their collision is directly proportional to 
the stream-wise jet-to-jet spacing, the values of secondary peaks in Cp are less at a jet-to-jet spacing of 4d than that at 2d. 
 
4. CONCLUSIONS 
The conclusions from the present experimental study are as summarized below: 
 



 
 

 The maximum wall-static pressure coefficient (Cp) occurs at stagnation points of all the five jets corresponding to their 
respective geometric centers over the flat plate at all z/d’s studied when the spent air is allowed to escape out from all 
directions while it occurs slightly off their geometric centers when the spent air is constrained to escape out from one and 
two opposite directions. 

 Secondary peaks in Cp as a consequence of the collision of wall jets over the target surface are seen approximately between 
two successive stagnation points for all z/d’s studied and are deflected in the direction of the spent airflow for the cases 
where the spent jet is constrained to exit from one and two opposite directions. 

 There is a gradual decrease in the value of Cp from closed-end to exit end when spent air exits from one direction owing 
to the crossflow effect i.e., the jets downstream have to face more and more accumulated spent air from their upstream 
counterparts. 
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 NOMENCLATURE 
Aj       Cross-section area of the jet, m2 

Cp    Wall static pressure coefficient,   

d     Diameter of the jet, m 
l/d    Non-dimensional length of the jets 
r/s  Non-dimensional radial distance 

Re   Reynolds number, 


 du j
Re  

uj         mean velocity of the jet,  m/s 
 
s/d    Non-dimensional streamwise jet-jet spacing  
z       Distance between nozzle exit plane and 
         target plate plane 
z/d    Non-dimensional distance between nozzle 
         exit plane and target plate plane 
Greek symbols  
µ       Dynamic viscosity of air (pas or N-s/m2) 
ρ       Density kg/m3 
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