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A B S T R A C T  
 

 

Examining the cooling rate using impingement of air jet finds a wide application in electronic 
packaging and micro-scale fluid heat interaction systems, While the prediction of Nusselt profile at low 

nozzle-target spacing is a big issue. The plot of area average Nusselt number magnitude against the 

nozzle-target spacing (Z/d) shows a gradual decrement in the profile upto Z/d = 1 and beyond that is 
steady. The present work aims in anticipating the profile of Nusselt number using semi-empirical 

relations. These semi-empirical relations are derived using using regression analysis which is carried 

out between Re, Z/d and local Nusselt number.The data required for regression are obtained through 
computation. Numerical simulations are accomplished for different impinging and geometric 

parameters. The semi-empirical power law relations are correlated between Z/d and Re. These are 
predicted differently for four distinct region of heat sink (stagnant point, near jet region, far jet region, 

near wall region). The developed correlations are found to bear negative exponent with Z/d and 

positive exponent with Re. The negative power of r/d and Z/d varies from 0.23 – 0.64 and 0.0025 – 
0.38, respectively, While the exponents of Re varies in the positive range of 0.4-0.76.       

doi: 10.5829/ije.2019.32.01a.18
 

 

NOMENCLATURE 
Q Heat flux (w/m2) Z Nozzle target spacing (m) 

K Thermal conductivity (w/m-k) Re Reynolds number 

ΔT Temperature difference (0C) Cond Conduction 

t Thickness (m) Conv convection 

h Heat transfer Coefficient (w/m2-k) rad Radiation 

d,D Diameters of nozzle (m) Greek Symbols  

v Velocity of jet (m/s) ρ Density (kg/m3) 

A,p,q Regression constants ε Emissivity 

r Radial distance (m) σ Stefan-Boltzmann constant (Wm-2k-4) 

Nu Nusselt number γ Gamma model 

b Base plate θ Theta model 

a Ambient condition   

 
1. INTRODUCTIONм 
 

The demanding challenges in electronic packaging 

system and various material processing industries have 

                                                           
*Corresponding Author Email: umair.siddique@nmims.edu (S. Mohd 

Umair)  

given a paramount task to the research area of localized 

cooling technology. Generally, a characterized cooling 

rate in such systems is achieved by impinging a well 

confined air jet. The cooling in electronic packaging 

system has recently demanded the practice of non-

uniform cooling rate. The non-uniformity in the cooling 
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rate is achieved by generating huge velocity gradient at 

the target side. The study of non-uniformity achieved in 

the cooling is of great significance. The trend of 

studying the cooling rate through flat plate and pin fin 

heat sink has started since 1980. Up-till date and during 

the intervening time, most of the works are focused on 

experimental study. The present study focuses over the 

determination of local Nusselt magnitude in the Nusselt 

profile, which is generated at low nozzle-target spacing. 

It is well known that when jet is impinging on the 

surface and the free jets exhausted to the atmosphere 

will have different flow field and the pressure energy 

associated with them. 
 

1. 1. Literature Overview          Katti and Prabhu [1] 

examined the local Nusselt distribution over a 0.05mm 

steel foil under a constant heat flux. The impinging Re 

varies from 12000 to 28000. The work has completely 

discussed the semi-empirical relations for local Nu 

value. Here, the semi-empirical relations are defined 

separately on either side of Z/d = 4. Not only this, the 

regions formed over the target surface were classified as 

stagnation region, near jet region, far jet region and near 

wall region [1]. Alimohammadi et al. [2] numerically 

plotted the Nusselt profile for wide range of nozzle-

target spacing and impinging Reynolds number. The 

secondary peaks are observed initially at low Z/d. 

Alimohammadi et al. [2] successfully gave the semi-

empirical relation for stagnant point Nusselt number in 

terms of impinging Reynolds number and nozzle-target 

spacing. Also the article suggested the use of Shear 

Stress Transport (SST) + Gamm-theta model for 

running the simulations in commercial CFX solver. 

Gorji et al. [3] examined various types of turbulence 

models in determining the flow profile. SST model 

proves well in capturing the heat transfer delay in 

transition region. Hence, with use of other turbulence 

model the temperature profile seems to be inaccurately 

plotted. Robin and Florain [4] concluded, the exact 

augmentation of coolingrate by invoking Gamm Theta 

turbulence model along with SST. This incorporates the 

effect of intermediancy and instant changeover of 

Reynolds magnitude. 

Paul et al. [5] numerically validated, the combine 

effect of Gamma-Theta turbulence model along with 

SST on flow behavior and corresponding Nusselt 

number. The study of flow profile was carried out over 

the flat plat and airfoil geometry, also the onset 

transition regions were far accurately captured when 

compared with experimental results. 

Angioletti et al. [6] observed the stagnation zone of 

flow profile by impinging air jet over heat sink 

numerically and compared the velocity contours with 

that recorded through PIV. Far appreciable agreement 

was reported using SST + Gamm-Theta model. 

Hung et al. [7] experimentally calculated the heat 

impedance for different heat sink at different impinging 

and geometric parameters. Wide range of dependency 

on these parameters where observed on the Nusselt 

profile. 

Hani and Suresh [8] came up with the concept of 

area average heat transfer rate for pinned and unpinned 

surface by calculating the area under the Nusselt profile 

curve. 60% enhancement in cooling rate for the use of 

pinned surface was observed. Semi-empirical relation 

for area average Nusselt number was proposed as Nu = 

3.361 Re 0.724 Pr 0.4 (De/d)-0.689 (S/d)-0.10. 

Suresh and Vincent [9] came up with local Nusselt 

number concept. Experiments were carried out for 

different impingement and geometric parameters. Also 

the use of multi-jet was incorporated. Large variation in 

local Nusselt profile in form of secondary peaks were 

observed. According to Suresh and Vincent [9] 

correlation representing the cooling rate for stagnant 

point is given as Nus = 0.161 Re 0.707 Pr 0.4 (H/d)-

0.104. 

From the previous survey it is well understood that 

the study of area average Nusselt profile and Local 

Nusselt profile are done enormously. Also the study of 

secondary peak is done to quite a large extend. But the 

numerical study with validation of experimental results 

lags. Also the study of different contours in analyzing 

the physical effect behind the occurance of abnormality 

in Nusselt profile lags. Chougle et al. [10] came forward 

and analyzed the velocity and pressure contour of heat 

sink under the impingement of air jet and gave the 

physical significance of occurrence of transition region 

for the abnormal secondary rise. 

Luis and Suresh [11] came up with the comparison 

of single and multiple jet nozzle impingement over the 

bare and modified heat sink. The conclusion for the 

optimum nozzle-target spacing and penetrating 

momentum was concluded. Luis and Suresh [11] tried 

to get the optimum nozzle target spacing and impinging 

Reynolds number for maximum heat transfer, but failed 

to do so. 

Umair and Gulhane [12] examined the occurrence of 

secondary peak in the Nusselt profile by varying Re and 

Z/d. The ratio of Re and Z/d was treated as a non-

dimensional number in examining the occurrence of 

secondary peaks. Above 6000 value of this constant the 

secondary peak in the Nusselt curve arises. For 

evaluating the Nusselt profile Umair and Gulhane [13] 

considered a 2-D axi-symmetric geometric model with 

appropriate boundary conditions for simulating purpose 

[12]. The simulation is carried out in commercial CFX 

solver by the use of SST + Gamma-theta turbulence 

model. Whereas Umair and Gulhane [13] investigated 

the consequence of target surface material in inducing 

the non-uniformity in Nusselt profile. Here, pseudo 

Prandtl number of heat sink was subjected to variation 

and different Nusselt profile was recorder at Z/d = 4 and 

Re = 10000. The cause behind the rises in the average 
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Nusselt magnitude with decrease in thermal diffusivity 

was the abnormal distribution of heat flow in the target 

surface [13]. The grid size use in the study consist of 

two critical length having edge division of 550 by 400 

[12, 13]. SST + Gamma-theta were the corresponding 

turbulence model used for numerical simulations [13]. 

Not only this Umair and Gulhane carried out the 

numerical study over pin fin heat sink [14]. Here, the 

grid independence study, turbulence modeling, 

turbulence intensity and turbulence Prandtl number 

study was reported [14]. No doubt, the implementation 

of SST + Gamma-theta proved to capture the best 

results. 

Khameneh et al. [15] reported an accurate prediction 

of single phase laminar flow in micro-channel using 

Fluent solver. Also the forced convection heat transfer 

was accurately predicted. Here the physics of area 

average Nusselt number was of great concerned. 

Sundaram and Venkatesan [16] analyzed the flow field 

over the pin fin surface using RNG turbulence model 

and reported an error of 0.3% in the evaluation of 

average temperature. On the other hand, Khoshravan 

and Soleimani [17] reported the interaction of radiation 

and conduction rate of heat transfer on natural 

convection. The distribution of local Nusselt magnitude 

was found to be far effected due to the radiation heat 

loss. The novelty of this paper lies in determining the 

local Nusselt magnitude when the nozzle-target spacing 

is below the critical value. The critical value is the one 

below which Nusselt profile shows drastic increment 

with the decrease in its value. After studying the above 

survey and looking into the research gap, the authors of 

the present paper concludes the existences of research 

gap in determination of Nusselt number magnitude in 

empirical form for lower value of nozzle-target spacing. 

 

1. 2. Objectives          The present work work aims in 

determining the semi-empirical relation representing 

local Nu number magnitude. These empirical relations 

are determined in terms of nozzle target spacing, 

Reynolds number and non-dimensional radial distance. 

These are the functional Pi terms present in semi-

empirical relations. The computational simulations are 

achieved by solving the 3-D axis symmetric geometry in 

the commercial CFX solver. The semi-empirical 

relations are determined separately for r/d = 0 (stagnant 

region), r/d < 1 (near jet region), 1< r/d < 2.5 (far jet 

region) and r/d > 2.5 (near wall region). 
 
 

2. EXPERIMENTAL STUDY 
 

The current experimental setup is designed to generate 

the temperature profile across the flat plate by 

impinging air jet (Figure 1). The experimental setup 

consists   of   inlet   nozzle,   plenum,   blower,  by   pass  

 
Figure 1. Photograph of experimental setup 

 

 

facility, variable heat flux input and heat sink. The 

nozzle is 16mm in diameter and length of 105mm which 

confines the air jet and generates a velocity profile 

which impinges on the heat sink. The heat sink consists 

in form of flat plate (100mm × 100mm) for the current 

setup and is provided with constant heat flux input 

(1500W/m2). All though the value of heat input doesn’t 

play any significant role in altering the value of Nusselt 

number, as stated by Katti and Prabhu [1]. The inlet 

blower carrying capacity of 0.5 m3/s forces the 

atmospheric air into the plenum, which carries many 

open tubes. This helps in streamlining the air and reduce 

the consequence of turbulence intensity on the 

developed Nusselt profile. 

Here the radiation component of heat loss at 500C of 

steady temperature for base plate rounds to 8.39 W/m2 

(Equation (2.3)). Since an aluminum sheet is used as a 

target surface, the corresponding emissivity is selected 

as 0.032 for the present calculation [1]. However the 

heat loss due to the radiation and natural convection 

from the back surface is not considered, since the back 

side of the target surface is exposed to constant heat flux 

input (1500 W/m2). Still, Katti and Prabhu [1] estimated 

these components of back side loss and concluded a 

very less magnitude.  However for the present work, the 

magnitude of radiation loss in comparison with the 

supplied heat input (1500 W/m2) approximates to 

0.01%. Looking into the conduction component of heat 

loss, the geometric thickness (t) which happens to be in 

the denominator of Equation (2.2) possesses a very less 

magnitude. This may boost up the conduction heat lost. 

But the magnitude (ȹT ) which represents the 

temperature difference between the top and bottom 

surface of target heat sink is examined to be very small. 

This is due to the low value of geometric thickness 

possessed by the target surface. No doubt, the 

corresponding heat lost due to conduction approximates 

to 33.4 W/m2 (Calculated using Equation (2.2)). Hence, 

around 2.2% of heat loss occurs due to conduction from 
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side wall. This is a very small in comparison with the 

supply heat input (1500W/m2). 5 K type thermocouple 

radial mounted below the plate carrying the precision of 

±0.10C and measuring range between 0 – 4000C. The 

readings of thermocouples are recorded using data 

logger system. Since the position of thermocouples are 

fixed, hence a decreasing nature temperature profile is 

observed. 

Energy balance equations are as followings: 

cond conv radQ Q Q Q= + +        (2.1) 

ȹ
cond

T
Q K

t

å õ
= æ ö
ç ÷

      (2.2) 

4 4( )rad b aQ T Tes= -  (2.3) 

As per the calculation, the approximated radiation 

component of heat loss is found to be 8.39 Watts per 

square meter (Equation (2.3)), Whereas the heat loss 

due radiation from back surface rounds to 0.01% [1]. 

Since, the temperature gradient across the thickness of 

heat sink is very small, the conduction rate of heat lost 

from the plate can be neglected. Hence, the overall 

cooling rate due to convection dominates. Also, the time 

required for achieving the steady temperature profile 

over the plate is too large, hence computational 

simulations are recommended for the present setup  

 

2. 1. Measurement of Cooling Rate         The overall 

cooling rate due to conduction is calculated using 

Equation (2.4), while the non-dimensional Nusselt 

number representing the magnitude of cooling rate is 

calculated using Equation (2.5).      

( )b a

Q
h

A T T
=
³ -

 
(2.4) 

a

d
Nu h

k
= ³  (2.5) 

Uncertainties in the measurement of heat transfer 

coefficients are carried out using the method suggested 

by Moffat [18] and are around 3.4% and 2.9%, 

respectively, at Reynolds number of 12,000 and 28,000. 

Whereas the uncertainty recorded due to variation in 

heat flux input is neglible as reported by katti and 

Prabhu [1]. 

 

2. 2. Computational Methodology         In the Present  

work, numerical simulation using ANSYS CFX solver 

[12–14] is done by importing the grid independent 

geometry from the commercial mesh design modeler. 

Umair and Gulhane has massively published the article 

based on the numerical modelling [13–15], hence he 

grid independence test is not repeated in the present 

work. However, the mesh size used for simulation is 

defined in the later part of the work. The commercial 

CFX solver is based on the continuity and naiver-stoke 

model along with a flow model. The equation and its 

relevance is widely discussed in the previous article of 

Umair and Gulhane [13-15]. 

 

2. 3. Computati onal Domain, Turbulance Model 
and Optimum  Grid Size         The present work 

simulates a 3-D model as shown in Figure 2. This model 

is rotated by 1 deg along Z – axis in order to fulfil the 

three dimensional concept of solver. A constant velocity 

input is given to the input of nozzle which in turn 

generates a velocity profile at the exit. The opening wall 

of the domains to atmosphere are treated as adiabatic 

wall, while the bottom surface of flat plate given a 

constant heat flux input.  

The length L1 is defined as a symmetry line. Here, 

spacing between nozzle and target (Z/d) and the radial 

length of the heat sink are marked L1 and L2 

respectively, since the grid independence study is of 

great concerned with these distances. During the process 

of simulation, the bottom face of the target surface is 

provided with constant heat flux (1500W/m2), while the 

exit of nozzle is given the velocity inlet (Figure 3) [12-

14]. The opening of the computational domains is set to 

atmospheric pressure [12–14]. Actually the structuring 

of the computational domain is extensively carried out 

by the same authors in the previous publications. Hence, 

emphasizing on the selection of turbulence model and 

grid independent geometry is not necessary for the 

present paper. Umair and Gulhane [12–14] have 

investigated the flow behavior and heat transfer 

phenomenon using different turbulence model. The 

aggregate solution of heat transfer using SST + 

Gamma–theta model has proved to capture the most 

accurate value. Based on the extensive study carried out 

by Umair and Gulhane [12–14], the present work 

implements the SST + Gamma-Theta model, in order to 

predict the exact Nusselt profile. 

 

 

 
Figure 2. Layout of three dimensional computational domain 

L1 

L2 

 Computational air domain 

Nozzle       

 Target surface 

Velocity inlet           

Heat Input 
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Not only has this, Umair and Gulhane [12–14] carried 

the grid independence study of the same computational 

domain (Figure 3). Umair and Gulhane [12–14] 
recommended the use of grid size which accommodates 

550 divisions on L1 and 400 divisions on L2 (provided 

Z/d = 4) with the growth rate of 1.08 and 1.03 

respectively to be the most optimum grid in accurately 

predicting the Nusselt profile. To maintain 

orthogonality, tetrahedral mesh is used in the current 

study. In order to optimize the computational cost, the 

far wall regions are adopted with coarse mesh with a 

sufficient magnitude of y+ distance [12–14]. Also, it is 

suggested to alter the division over the edges L1 by 

keeping the growth rate constant, if Z/d is subjected to 

variation. Looking into the previous study [12–14], the 

present work doesn’t demonstrate the grid independence 

and turbulence modeling study. The geometric model 

with 550 and 400 number of edges over L1 and L2 is 

selected with a growth rate of 1.08 and 1.03. SST + 

Gamma-theta model is used for the simulations. 

Also, the present computational domain is compared 

with experimental results carried out at Z/d = 2 – 4 and 

Re ranging from 5000 to 10000. Quite good 

arregrement of numerical work with experimental work 

is observed. The difference in the numerical and 

experimental result arises due to itemedianacy and onset 

transition of Reynolds number. This is not weakly 

predicted using numerical model. 

The designed geometry is further imported into the 

commercial mesh modeler (ANSYS CFX), where the 

domains are subjected to fine grids size. Generally 

tetrahedral meshing with appropriate number of 

divisions over the critical edges (L1, L2) and flexibility 

in growth rate is being materialized for the present 

geometry. Also the number of divisions over the critical 

edges can be varied as and when the geometry is 

subjected to the change in size. 
 

 

 
Figure 3. Schematic layout of experimental setup 

Hence it is recommended to alter the number of 

divisions as and when the computational geometry is 

subjected to the change in geometric parameters (Z/d). 

However the grid independency in the present case is 

done for Z/d = 4. During the process of meshing, the 

edges containing air jet and base plate are intentionally 

divided into more number of division as compared to 

the other edges (Figure 4). 

Figure 5 and 6 shows the validation of numerical 

model with experimental results at Z/d = 2 -4 and Re = 

5000 -10000. On the other hand Figure 7 shows the 

validation of numerical results with ethat experimentally 

repoerted by Katti and Prabhu [1]. 

 

2. 4. Compuatational Ranges of Different 
Parameters           The computational of Z/d varies 

from 2 – 4, as below and above this value the parameter 

doesn’t plays any significant effect in disturbuing the 

Nusselt profile. On the otherhand the value of Re is 

ranging from 5000-15000, above 15000 the turbulence 

model needs more time for computation in order to 

predict the adverse pressure gradient and onset 

transition of Reynolds number. This is shown in Table 

1. 

 

 

 
Figure 4. Schematic diagram of grid 

 

 

 
Figure 5. Comparison of experimental and computational 

Nusselt profiles at Re = 5000 and Z/d =2 and 4 

Air Jet 

Target 

Surface 

Nozzle 
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heat flux 

input 

Velocity Inlet 

Air from 

blower 

                           Digital 

temperature recorder 
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Figure 6. Comparison of experimental and computational 

Nusselt profiles at Re = 10000 and Z/d = 2 and 4 

 

 

 
Figure 7. Comparison of computational Nusselt profile with 

experimental one, reported by Katti and Prabhu [1] at Re = 

12000 and Z/d = 4 
 
 

TABLE 1. Ranges of different parameters 

Parameters Range 

Velocity of impinging jet 5 m/s – 15 m/s 

Nozzle-Target spacing (Z/d) 2 – 6 

Diameter of nozzle 16 mm 

Area of base plate 100 mm³ 100 mm 

Heat input 15 Watts 

Thickness of base plate 0.05 mm – 1mm 

 

 

3. RESULTS AND DISCUSSION 
 

Nusselt profiles can be easily predicted using a 

commercial solver, but the prediction of local Nusselt 

values in terms of functional parameter becomes an 

issue. The semi-empirical relation in the present work is 

defined between the Nusselt number and functional Pi 

terms. The functional Pi terms are Reynolds number 

(Re) and nozzle-target spacing (Z/d) (Equations (3.1), 

and (3.2)). Also the semi-empirical relation reported 

through  regression analysis is given by Equation (3.3) 

1

Z
Pi

d
=

 
(3.1) 

2

ɟ
(Re)

ɛ

VD
Pi =

 
(3.2) 

p q

1 2( ) ( )Nu A Pi Pi= ³ ³  (3.3) 

In order to determine the constants A, p, q regression 

analysis performed for Nu between Z/d and Re. For the 

purpose of regression, Z/d ranges between 0.1 -1 (with 

difference of 0.1) while the individual nozzle-target 

spacing is subjected to a variation in Reynolds number 

of 10000, 20000, 30000, 40000 and 50000. It is not 

feasible to reported the Nusselt profile for every 

Reynolds number, however the present work reports the 

Nusselt profile for Re = 10000. As seen from Figure 8, 

for less Z/d the Nusselt profile elevates and resembles 

small secondary rise. Also the nature of profile is 

gradually decreasing and meets at r/d = 2.5, this is the 

point of relaminarisation. Hence, the semi-empirical 

relations are proposed separately for different regions 

over the target surface (r/d = 0 (stagnant region), r/d<1 

(near jet region), 1< r/d < 2.5 (far jet region), r/d > 2.5 

(far wall region)). However, the area average Nusselt 

profile against Z/d can be reported for different 

Reynolds number (Figure 9). It is very clear from Figure 

9, the area average Nusselt number decreases with 

increase in Z/d. This is valid for lower Z/d’s (Z/d <1), 

whereas above Z/d = 1 the area average Nusselt value 

almost remains independent of it. The present work is 

totally inclined towards the determination of local Nu 

value at lower Z/d (Z/d<1). Also an elevation in the 

profile is observed for increasing Re value. 

  

3. 1. Semiemperical Relations         The functional 

representation of semi-empirical equation for different 

range of r/d is shown in the Table 2. 

 

 

 
Figure 8. Nusselt profiles at Re = 10000 and Z/d = 0.1-1.5 

Near Jet 

region r/d 
< 1 

Far jet 
region, 1 < 

r/d < 2.5 
Near wall 

region, r/d > 2.5 
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Figure 9. Area average Nusselt profile versus Z/d 

 

 
TABLE 2. Functional representation of semi-empirical 

relations for different ranges of r/d 

r/d Semiemperical functions 

r/d=0 f1(Pi1, Pi2) 

r/d <1 2(Pi1, Pi2) 

1< r/d < 2.5 f3(Pi1, Pi2) 

r/d > 2.5 f4(Pi1,Pi2) 

 

 

The result of regression yields the value of constants A, 

p, q for different range of r/d. Regression is performed 

between Nu, r/d, Z/d and Re. The semi-empirical 

relations are tabulated against the corresponding 

functional parameter in Table 3. Also Figures 10, 11, 12 

and 13 represents the graphical plot of f1(Pi1, Pi2), f2(Pi1, 

Pi2), f3(Pi1, Pi2) and f4(Pi1, Pi2) against the local Nu 

value respectively. 

As shown in Table 3, r/d is inversely proportional to 

local Nu number and the magnitude ofr negative power 

varies from -0.23 to -0.64. This implies that with 

increase in the r/d value from stagnation region the 

negative power also increases.    

Also, Z/d carries a negative power ranging from -

0.38 to 0.162 for r/d < 2.5, but for r/d >2.5, Z/d carries a 

positive power magnitude of 0.0025. On the other hand, 

Re carries a positive power relation with local Nu 

magnitude and the power ranges from 0.482 – 0.66 for 

different ranges of r/d. 

 

 

TABLE 3. Semi- empirical relations for different 

ranges of r/d 

r/d 
Functional 

representation 
Semi-empirical relation 

r/d=0 f1(Pi1, Pi2) 
482.038.0 (Re))/(2.1 -= dZNu  

r/d<1 f2(Pi1, Pi2) 
52.012.023.0 (Re))/()/(713.0 --= dZdrNu  

1<r/d<2.5 f3(Pi1, Pi2) 
768.0162.086.0 (Re))/()/(45.0 --= dZdrNu  

r/d>2.5 f4(Pi1,Pi2) 
66.00025.064.0 (Re))/()/(113.0 dZdrNu -=  

 
Figure 10. Best curve fit for Nu versus f1 (Pi1, Pi2) 

 

 

 
Figure 11. Best curve fit for Nu versus f2 (Pi1, Pi2) 

 

 

 
Figure 12. Best curve fit for Nu versus f3 (Pi1, Pi2) 

 

 

In order to draw a feasible conclusion relating the power 

of different parameter, a complication of powers of 

different parameters is presented in Table 4. Also in 

order to predict the flow behaviour the present work 

also reports the plot of velocity contour at Z/d = 4 and 

Re = 10000. Also the work takes an initiative in 

reporting the velocity development acroos nozzle-target 

spacing, hence a contour foe velocity in air is shown in 

Figure 14. 
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Figure 13. Best curve fit for Nu versus f4 (Pi1, Pi2) 

 
 

TABLE 4. Power of different functional parameters (Pi terms) 

present in semi-empirical relations 

r/d A Power of  r/d P (Z/d) Q (Re) 

r/d = 0 1.2 0 -0.38 0.482 

r/d <1 0.713 -0.23 -0.12 0.52 

1 <r/d <2.5 0.45 -0.86 -0.162 0.768 

r/d > 2.5 -0.64 -0.64 0.0025 0.66 

 

 

 
Figure 14. Velocity contour at Z/d = 4 and Re = 10000 

 

 

4. CONCLUSION 
 

The outline of the present work lies in numerically 

computing the Nusselt profile for different ranges of 

parameter using turbulence model in CFX solver. Since 

the research gap of the present work lies in predicting 

the Nusselt profile at lower Z/d. Hence, the key 

objective of the present work lies in determination of 

semi-empirical relations which is stated in Table 3. In 

order to discuss the magnitude of dependency of various 

functional parameters, the powers are summarized in 

Table 4. The inverse variation of r/d with the Nusselt 

number magnitude justifies the gradual decrement of 

Nusselt profile as the radial increases away from the 

stagnant point. The power magnitude of r/d initially 

increases in the negative co-ordinate from -0.23 to -

0.86. This is because of the gradient in cross velocity 

magnitude over the heat sink. The increase of negative 

power takes place in near jet (r/d <1) and far jet region 

(1 < r/d < 2.5), while the magnitude of the exponent 

decreases as the Nusselt profile approach the near wall 

region (r/d > 2.5). This intermediate decrease in the 

exponent magnitude occurs due to re-laminarization in 

the flow field. As far as Z/d is concerned, the negative 

power variation with the Nusselt magnitude justifies the 

increase in the developing flow length decreases the 

local Nusselt number magnitude. This physics is 

applicable only for Z/d < 1. At lower Z/d the impinging 

air generates more turbulence which results in the 

enhancement of heat transfer rate. This enhancement in 

heat rate is comparatively more as than that achieved 

due to relaxation in developing flow length (Z/d). 

Above all, the Nusselt magnitude carries a positive 

variation with the power of Re. The magnitude of this 

power increases with the radial distance away from 

stagnant point. Magnitude of the power is the least at 

stagnant region, since the generation of back flow and 

swirl restricts some heat transfer. The power magnitude 

increases with the radial distance, since the velocity 

gradient occurring after the stagnant point plays a vital 

role in trapping the air flow in contact with the target 

plate. On behalf of this, the contact magnitude of air is 

more in near jet, far jet and near wall region; hence the 

heat flow rate is dominant from these regions as far as 

the impinging Reynolds number is concerned. 
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