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ABSTRACT 
An experimental investigation was carried out to investigate the pressure distribution and the 

local and average Nusselt number due to impinging of a circular air jet over uniformly heated rough 

flat surfaces. The present investigation shows the dependence of the pressure on jet exit Reynolds 

number, relative roughness of the surfaces and nozzle-to-surface spacings. It was observed that the 

overall pressure co-efTicient,c increases with the increase of jet exit Reynolds number and decreases 

with the increase of surface roughness and nozzle-to-surface spacings. It also observed that theco-

efficient pressure at the stagnation point remains constant for the lower values of surface roughness 

but increases beyond a specific value of surface roughness. 

In this investigation the nature of dependence of heat transfer on various parameters namely, jet 

ace and nozzle-to-surface spacings are 
exit Reynolds number, relative roughness of the surf  

identified Jet exit Reynolds numbers of 6000. 8700. 16520 and 23400 
, relative surface roughness of 

smooth. 0.01306, 0.01338, 0.01806. and 0.01952 and dimensionless nozzle-to-surface spacings of 

1.61. 2.41, 3.22. and 4.03 are considered for the investigation. It was observed that the local Nusselt 

number increases with the increase of jet exit Reynolds number and surface roughness, but decreases 

with the increase of nozzle-to-surface spacings. It also observed that the stagnation point Nusselt 

number remains constant for the lower values of surface roughness but increases beyond a specific 

value of surface roughness, which predicts that there is a critical value of surface roughness. 

The average Nusselt number was calculated and a correlation developed in terms of jet Reynolds 

number, relative roughness of the surface and nozzle-to-surface spacings. The correlation yields 

±10% accurately in context with experimental findings, however shows singularity for smooth 

surface. 

Experimental results provided useflul intbrmatiofl which have significant of potential industrial 

applications regarding the radius of the heat transfer area, nozzle-to-surface spacing atid surface 

roughness for maximizing the average Nusselt number. 
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PREFACE 
Air jet impingement is a common method of heating or cooling the 

solid surfaces. Considerable works have been done on impingement heat 

transfer due to air jet on flat smooth or modified surfaces but 

comparatively little work is found to exist on rough surfaces. For this 

reason, this problem was selected as project work for partial ftilfillment of 

the requirements of the degree of Master of Engineering. 

The materials presented in this report is based on the author's research 

experience. 

However, the materials presented in this report are as follows 

In chapter-i, Introduction, motivation to select the problem, outline of the 

research work, jet description and surface characteristics are 

presented. 

In ehapter-2, Theory on jet and surface roughness and their measuring 

processes are described. 

In chapter-3, the literature concerned with the impingement jet are 

described. 

I Chapter-4, is concerned with the experimental setup and experiment 

procedure. 

Chapter-5, is concerned with the results and discussion. 

Lastly, Chapter-6, is concerned with conclusion. 

I 
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NOMENCLATURE 

A Heat transfer area ,in m2. 

1-1 Dimensionless nozzle-to-surface spacing. hid. 

1. Total radial distance over which heat transfer considered (m) 

Nu Local Nusselt number, q.d/kc('F-1). 

Nu Average Nusselt number, 
P-P8  Measured pressure,kN/m2. 

Pr  Prandtl number t C/k1  

R Dimension less radial distance from stagnation point, r/d. 

Re Reynolds number based on the diameter of the jet, vdiv. 

R0  Dimensionless radius on heat transfer surface, rjd. 

R8  Center line average roughness. in rim. 
Temperature of air jet( °K). 
Local temperature of the heat transfer surface(. °K). 

T Local temperature after jet impingenient( °K). 

1, Temperature of heated surface at point I. 

12 Temperature.of heated surface at point 2. 

c Pressure co-efficient, (P-P8 )/O.5pv1 2. 

d .Jet diameter in m. 
d E)istance between points on rough surface (m). 

€ Dimensionless relative roughness, R8/d. 

Ii Nozzle-to-surface distance in m. 
kf  Thermal conductivity of fluid (air). ( WI m. °K) 

k8  Thermal conductivity of surface. 

q Surface heat flux (k W/m2) 
r Radial distance from stagnation point, in rn. 
r0  Radius of the jet, in m. 
v Velocity of air jet in rn/sec. 

Shear velocity of fluid. 
GREEK ALPHABETS 

0 Dimensionless temperature, (T-T )/(T % -Tj). 

p Air density in kg/rn3. 
Ii Dynamic viscosity of air in kg/m.sec 
v Kinematic viscosity of air in kg/m.•sec. 

y Specific weight of manometric fluid of manometer in N/rn3. 
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CHAPTER ONE 

INTRODUCTION 

1.LGENERAL 

jet impingement is a common method of heating or cooling the solid surfaces. Heat transfer 

under impinging jet is generally superior to that of conventional methods. Because, fluid flow 

in the form of jet impingement drastically increases its momentum. In turbulent flow, the 

molecules in the flowing fluid move in a random manner. The molecules of flowing fluid 

transfer momentum and energy from one place to another by mixing of the fluid particle, 

typically termed as eddy mixing. Generally the rate of heat transfer is high in turbulent flow 

because of increased and random mixing. Thus, most practical application of jet impingement 

occur in industries, where the heat transfer requirements have exceeded the capacity of 

ordinary heating and cooling techniques. Industrial jet impingement includes, drying of paper, 

textiles and veneer, tempering of glass, annealing of metals and cooling of gas turbine blades, 

electronic components and drying of films in film industries, vapor deposition on cylindrical 

surface in combustion chamber, exhaust of effluents in power plants. 

Numerous investigations have been reported in last few decades emphasized on various aspects 

of fluid mechanics and heat transfer of impinging jet. However, most of the earlier studies are 

confined with jet impingement on smooth surfaces. Recently, jet impinging on arrays of block 

mounted on other flat surfaces has attracted considerable attention. Many investigators have 

observed that relatively high heat transfer characteristics of impinging jet is associated with 

high turbulence levels in the flow of fluid. 



A variety of turbulence promotingschemes have been used to enhance heat transfer.The new 

investigation of jet impingement combined with extended and modified surfaces have shown 

promising results. The present study has been encountered to investigate the pressure 

distribution and heat transfer characteristics due to impingement of circular air jet over flat 

smooth and rough surfacesin this case, heat transfer between uniformly heated rough flat 

surfaces and impinging circular air jet was investigated experimentally to determine the values 

of local and average Nusselts numbers and pressure distribution. Different jet exit Reynolds 

numbers, nozzle-to- surface spacings and roughness of sheet surfaces have been considered 

to identify their influence on pressure distribution and heat transfer. 

1.2. OBJECTIVES 

The study of impingement heat transfer due to circular air jet is important due to its 

numerous practical engineering applications. In previous significant amount of work has been 

done on impingement heat transfer due to jet of air on flat smooth or modified surfaces. In the 

literature no remarkable work is found related to distribution of pressure and heat transfer over 

rough surfaces. This is one of the prime motivations behind the present investigation. 

The objectives of the present investigation are as follows: 

Investigation of the pressure distribution for impinging jet of air over smooth and rough 

surfaces at various nozzle -to -surface spacings, jet exit Reynolds numbers and surface 

roughnesses and compare the obtained results with smooth surface. 

Investigation of the local temperature of each sheet at various nozzle- to- surface spacings, 

jet exit Reynolds numbers and surface roughnesses. 

To calculate the local and average Nusselt numbers over rough surfaces. 

To develop a correlation for average Nusselt number in terms of surface roughness 

of the impingement surface, jet exit Reynolds number and nozzle-to-surface spacings. 

2. 
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CHAPTER TWO 

[THEORY] 

2.1. Fluid Mechanics oft: Ajet is created by the now of fluid through an orifice 

or nozzle into the 
stagnant reservoir or co-current stream of fluids. Jets are of three types, 

namely, 

Confined or Bounded jet 

Wall jet 

Free jet 

2.1.1 Cnjincdor Bounded jet: in the case of hounded jet the fluid is discharged 

from a nozzle or an orifice into a confined region bounded by solid surface. So, no entrainment 

will add to the main stream. 

2.1.2 Wall 
j: When fluid flows from an opening over the solid surface along the axis of 

the jet and parallel to the solid surface than an wall jet is formed. Entrainment will add to the 

main flow stream. Therefore, momentum of the main flow will increase. 

2.1.3 FreeJ.c: 
It forms when the jet flows in an infinite fluid reservoir having no 

influence or contact of solid surface. Entrainment will influence the main now stream. Free 

jets are: 

2.1.3. 1. Plane jet: Fluid is discharged from a plane nozzle of large length into a large 

stagnant mass of the same fluid. 

2.1.3.2.AxiSymmetric jet 
: Fluid is discharged from a circular nozzle, orifice or pipe 

into a large stagnant mass of the same fluid. The jet spreads axially and radially in the 

surrounding fluid only. 
3 



2.1.3.3. Cross flow jet : Any free jet when discharged in a moving sfteam of fluid 

whose direction is other then parallel to the axis of the jet. 
.4 

2.2. Flow phenomena of impinging jet : When a free jet impinges on a flat solid 

surface as shown in Figure 2.1, the entire flow field is conventionally divided into four regions, 

the potential core region 

the free jet region, 

the stagnation region 

the wall jet region. 

Potential core region : In this region, the velocity at every point have the same 

magnitude as the nozzle exit velocity are considered as the inviscid fluid. The velocity of jet is 

self-preserving. This region retains 5 to 6 times the jet diameter from the nozzle exit. 

Free jet region : In the free jet region, the jet flows freely afler potential core 

region . In the free jet region, the fluid mixes with the surrounding fluid and the flow is 

considered as inviscid flow. But jet spreads slightly laterally and becomes thicker. 

Stagnation region: In the stagnation region, the jet strikes the solid surface and 

the velocity of flow grows rapidly from zero at the stagnation point to the jet velocity within 

one jet diameter. The radial dimension of the stagnation region is of the order of the jet radius 
•1 

r and the boundary layer thickness is of the order of (Ivr0RI), where v is the kinematic 

viscosityof the fluid. 

4.) Boundary layer region: In the boundary layer region, where the radial distance is 

greater than r0 . In this region, the velocity outside the boundary layer remains constant and the 

flow is of the boundary layer type. 

4 



5) Transition region: In the transition region where the boundary layer becomes as 

thick as the whole fluid layer. The boundary layer reaches the free surface and the viscous 

stresses become important for the whole flow field. In this region the Blasius type velocity 

profile does not exists. 

6) Similarity region: In the similarity region where the whole flow is of the boundary 

layer type and there exists a similarity solution to the velocity field. In this region, the flow 

become independent of the way in which it originated, that is, the influence of jet geometry and 

initial condition completely vanishes. 

The impinging jet behaves essentially like a free jet ahead of stagnation point. The 

pressure does not remain constant. Pressure increases as the flow approaches the stagnation 

region. The mixing induced turbulence, penetrates towards the center of the jet. The potential 

core extends up to 5 to 6 times the nozzle diameter for a circular jet. The turbulence intensity 

has two peaks as either sides of the jet exit. As the width of potential core decreases, the peaks 

move closer to the axis of the jet. A turbulent jet has fully developed turbulence at the end of 

potential core region and the turbulence intensity reaches a peak value. The centerline velocity 

beyond this point in turbulent jet, decays as (x/d)-' for a circular jet. Ultimately a wall jet region 

is formed. 

23. Surface roughness and its measurement :-A little consideration will show that 

surfaces produced by different machining operations are of different characteristics. They show 

a remarkable variation when compared with each other. The variations judged by the degree of 

smoothness. A surface produced by super finishing is the smoothest while that by planing is the 

roughest. In the assembly of two mating parts, it becomes absolutely necessary to describe the 

surface finish in quantitative terms which is the measure of micro-irregularities of the surface 

and expressed in microns. 

5 



Classification of Rough surfaces: The surface roughness encountered in practice vary in 

their shape, size, distribution and arrangement, micro-scopical surface property, characteristics 

behavior with flow etc. For convenience they are classified asfollows. 
The roughness formed by sand particles or stone chips are called sand roughness. 

Nikurades [33] described the sand roughness from technical point of view. The average 

absolute protrusion height of the roughness elements or the relative roughness heights with 

respect to some significant length are used to describe such roughness. 

Rib roughnesses are employed by putting rectangular or cylindrical ribs on the surface 

transverse to the flow direction. I)epending on the ratio of the height of the roughness ribs and 

pitch, such roughness can he divided into D- type and K-type roughness. When the error in the 

origin is proportional to the height of the roughness elements then the roughness is called K-

type or sand grain roughness. For a D-type roughness the error in origin is a linear function of 

the distance in the downstream direction. For specific engineering purposes the roughness 

elements for different geometrical shape are sometimes used, these are defined by their 

characteristic length. Another type of roughness termed as "tuft roughness" are also sometimes 

encountered. The examples of these types of roughness are grassy lands, green bushes, 

cornfields, green mosses grown in the ship hull. The behavior of these types of roughness 

varies with the flow velocity and hence their analysis becomes complicated. The tuft roughness 

elements may show sticking character due to capillary action of narrow space present in 

between the fibers. 
Different types of roughness can again he divided into two types, depending on how the 

surface roughness change is brought about. If the crest of the roughness elements lie above the 

preceding smooth surface, it is termed as upstanding surface roughness and if the crests lie 

below the smooth surface it is termed as the depressed type surface roughness. 

The surface roughness of all types can again be expressed in terms of "equivalent sand 

grain roughness" as proposed by Nikuradse. 

A surface is said to he hydraulically smooth when the roughness protrusions are contained 

within the laminar sublayer and it is said to he rough when the protrusions are partly outside 

laminar sub layer. This is indicated by the roughness Reynolds number,kv/v. 

0<(K5U'/v) < 5 hydraulically smooth regime 

5<(KsIJ*IV) < 70 transition regime 

(KsU*/v) > 70 hydraulically rough 

6 



There are many ways of calculating the surface roughness mathematically, but the following 

two methods are commonly used: 

Centerline Average Method (C.L.A.method) 

Root Mean Square Method (R.M.S.method) 

Center line average method:- The center line average method is defined as the average 

value of the ordinates between the surface and the mean line, measured on both sides of it. The 

surface finish is measured in terms of C.L.A. value and it is denoted by Ra. Mathematically, 

C.L.A.or 

h,+h2+h1±----+h 

Ra (in microns) = 

n 

where, h1  , h2  , h3  --------- h11 , are the ordinates measured on both sides of the mean line and I , 2, 

3........n , are the number of ordinates. 

This method is conventionally used to measure or calculate the surface roughness. 

Root mean square method :- The root mean square method is defined as the square root 

of the arithmetic mean of the square of the ordinates. Mathematically, 

/ h12+h22+h2+--.----+h2. 

R.M.S.(in microns) =J 
n 

where, h1 , 1`12  h1  ------------ h,, are the ordinates measured on both sides of the mean 

line and n is the number of ordinates. 

'V 
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CHAPTER-THREE. 

LITERATURE-REVIEW 

3.1.GENERAL. 

The body of impingement jet literaturc is large. Most early works concentrated on 
4 

jets impinging on smooth flat surfaces. Jet impingement on smooth, curved surfaces also has 

been investigated. 

Gardon and Akfirat [lO], have investigated the effect of turbulence on local heat transfer 

coefficient of impinging jets. They concluded that the heat transfer characteristics of impinging 

jets couldn't be explained in terms of velocity and position dependent boundary layer alone, but 

by accounting for the influence of turbulence. They later appeared to be uniquely dependent on 

the jet Reynolds number. 

Goldstein et al.[12] experimentally investigated the heat transfer between a single circular 

air jet impinging on a heated flat plate that is 0.2405m wide and 0. 107m long. In these high 

Reynolds number experiments(6.2x104  Re 1.24x105), the maximum stagnation Nusselt 

numher(at R=0) occurred at I-I-'8, which is slightly higher than earlier values, 14-6-7, by 

Gardon[llJ and EI-6by Tataoka[411. 

4 Jambunathan ct at [241 did a detailed survey on the impingement cooling of a single air jet. 

They concluded that the simplest correlation's for local covective heat transfer co-efficient is a 

function of the Reynolds number, h/d, r/d and the Prandtl number. 

13ouchez and Goldsticn 151, Investigated the impingement cooling of a circular jet with/ 

without a cross flow. It was fbund that as the jet- to- crossilow mass flux ratio decreases within 

a moderate range, the stagnation point will be deflected by the cross flow consequently the 

stagnation point moves down stream. As the jet-to-cross mass flux ratio increases a 

recirculation and mixing zone was visualized. In the experiment the surface heat flux was in the 
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range of 320-1200 w/m2  and the jet spacing to-diameter ratio was arranged to be 6 and 12 

respectively, since the surface heat flux is low and the jet spacing to- diameter ratio is high. The 

convective heat transfer co-efficient was found to be almost irrelevant to the surface heat flux. 

Sparrow et al [37], investigated the heat transfer of a vertical confined impinging circular 

jet with a crossflow. The velocity of the crossflow was fixed at 12 m/s and the jet mean 

velocity was varied. It was found that the convective heat transfer coefficient with jet 

impingement c be ten times higher than that without an impinging jet. In the result the 

convective heat transfer coefficient was represented as a function of the jet to cross flow mass 

flux ratio, the location and the jet spacing to diameter ratio. For a mass flux ratio more than 

eight, an optimum jet spacing-to-diameter ratio was clearly observed. The optimum ratio 

corresponds to a peak value of the convective heat transfer coefficient. For the condition of jet 

spacing-to-diameter ratio less than the optimum value, the jet is in a potential core. If so, the 
IL 

intensity of turbulence intensity decreases as the jet spacing to diameter ratio decreases. Thus 

the peak convective heat transfer coefficient descends. Alternatively as the jet spacing-to-

diameter ratio is greater than the optimum value, the peak convective heat transfer coefficient 

also decreases due to a strong mixing effect. 

The heat transfer of an unconfined jet impinging on a flat surface with low Reynolds 

number and nozzle-to-surface spacing to jet diameter ratio was investigated by several 

investigators , as 

Huang and ElGank [IS], the heat transfer of an unconfined jet impinging on a flat plate with 

low Reynolds number and nozzle-to-surface spacing to jet diameter ratio was investigated by 

them. In this work the average Nusselt number was found to be proportional to Re°76  

The measurement of the heat transfer of an unconfined impinging jet with the nozzle-to-surface 

spacing to jet diameter ratio less than 1.0 was performed by Lytle and Webh[45}. 

For a nozzle-to-surface spacing less than 0.25 times the jet diameter the effect of fluid 

acceleration between the nozzle wall and impingement surface was seen; this results in a clear 

observation of the secondary maxima in the Nusselt number. 

9 



I-tuber and Vistanta [161, investigated the effect of jet to sheet spacing on convective heat 

transfer to a confined impinging jet array. A thermochromatic liquid crystal technique was used 

to visualize and measure the isotherms on the impingement plate. They found that, for a high 

separation distance between the jet and impingement plate, the adjacent jet interference before 

impingement will cause significant degradation of the convective heat transfer coefficient. The 

effect of a spent air arrangement on the heat transfer was also investigated. It was found that the 

spent air results in a heat transfer enhancement by minimizing adjacent jet interference in the 

wall jet region. 

The diameter dependency on the Nusselt number for ajet impinging on an isothermal plate 

was investigated by 

IJollworth and Gero[17],They investigated that , for the cases with values of hid greater than 

10, the jet diameter has no effect on the Nusselt number. Due to the limitation of the 

measurement, this experiment did not varify this point for cases with a lower valucof h/d 

Stevens and Webb[38] investigated the local heat transfer coefficient for a free liquid jet 

impinging normally on a uniform heat flux surface. The ratio of mean jet velocity to jet 

diameter was proposed, in the correlation, to vanish the nozzle size dependency. 

The local heat transfer from a small heat source to a normally impinging, confined and 

submerged liquid jet was experimentally investigated by 

Garimella and Rice[]3], they investigated that the nozzle-to-heat source spacing, jet Reynolds 

number and nozzle diameter, were explored as variables. The results indicate that at the 

stagnation point, for a given Reynolds number and nozzle-to-heat source spacing, the smaller 

nozzle produces a lower Nusselt number. The correlation for the stagnation point and area-

average heat transfer coefficient were expressed in terms of jet Reynolds number, fluid prandtl 

number, nozzle-to-heat source spacing and nozzle aspect ratio. 

10 



Jung-Yang san,Chih-Hao 1-luang and Ming-Hong shu [251, investigated the local Nusselt 

number of a confined circular air jet vertically impinging on a flat plate. The aspect ratio of the 

jet orifice was 1.0. four different jet hole diameters, namely 3.0, 4.0, 6.0 and 9.0 mm were 

considered individually. The Reynolds number, the surface heating width and the surface heat 

flux, on the heated area were the variables in the measurement. It was intended to realize the 

effect of the jet bole diameter on the heat transfer of a confined jet impingement, for various 

operating conditions. 

Very recently, jet impinging on arrays of blocks mounted on otherwise flat surface 

(simulated electronic packages) have attracted considerable attention. [18-19]. 

A number of investigators have observed that the relatively high heat transfer characteristics 

of impinging jets are related to high turbulence levels in the fluid flow as found in the 

references 7,14, 29,32 & 36 . 
A variety of turbulence promoting scheme have been used to 

enhance jet impingement heat transfer with varying degree of success. 

A few investigations of jet impingement combined with extended surfaces have reported 

generally promising results. 

Ali Khan et a]. [1] positioned a punched plate with circular holes upstream of a heated surface. 

Hrycak [20], studied heat transfer for a jet impinging on a smooth plate modified with spike 

and concentric ring proturbulances. 

Ohot and trabold [34], investigated arrays ofjets impinging on surfaces having repeated square 

ribs with transverse flow of the spent air. 

Uensen and Webb [211 , have performed an experiment to characterize heat transfer to a 

normally impinging air jet from surfaces modified with arrays of fin-type extensions. Heat 

transfer enhancement for six tin geometries was evaluated by comparison with results for a 

smooth, flat surface. Average Nusselt number and overall system effectiveness are reported as 

functions of fin type, jet Reynolds number, and nozzle-to-surface spacing for two nozzle 



diameters. Enhancement of the absolute rate of heat transfer, as compared to the smooth 

surface, was demonstrated by a factor ranging from 1.5 to 4.5. The system effectiveness as a 

function of Re exhibited strong fin type dependence due to significant variations in the total 

surface area and average Nusselt number. The fin type dependence of Nu as a function of Re 

was found to be a result of variations in the turbulence level, fluid velocity, and the percentage 

of total surface area exposed to normal, oblique, and parallel flow. The average Nusselt number 

correlated well in the form Nu = C. Re' . For the modified surfaces, the system effectiveness 

decreased monotonically with increasing z/d in contrast to the smooth surface behavior. 

Pressure distribution over surfaces by impinging jet has been observed by some investigators, 

Hossain. K.A. and Arora. R.C. [22], described that impinging jet behaves essentially like a 

free jet ahead of stagnation point. The pressure does not remain constant. Pressure increases as 

the flow approaches the stagnation region. In the stagnation region, the center line velocity 

decreases to a zero value and pressure approaches to the maximum at the stagnation point. 

All. M.A.T., Hasan.A and Islam. M.T. [21, described that, at the beginning of the rough 

surface the wall static pressure suddenly dropped from its smooth wall pressure gradient. Wall 

shear stress was found to increase more or less proportionately with the roughness height. At 

smooth rough junction, the roughness height caused the near wall flow to deflect upwards 

resulting in the production of secondary current which died out quickly away from the wall. 
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CHAPTER-FOUR 

EXPERIMENTAL SET-UP AND PROCEDURE 

4.1. General 

The experimental program comprised with airflow, static pressure and temperature 

measuring devices. The details of the experimental facilities were discussed later in this 

chapter. 

4.2. Experimental set-I4p. : The experimental set-up is shown in Figure 4.1. The 

different parts of the experimental setup are as follows. 

Air jet and pressure measuring system. 

Jet support frame. 

Impingement surface with traverse mechanism. 

Heater and test surface arrangement. 

Temperature measuring system. 

4.2.1. Air jet and Pressure measuring arrangement.:- The air jet was issued 

from a circular copper tube of inside diameter 6.2 mm. The length of the tube was 320 mm 

which was sufficiently larger than hydraulic diameter (120 ID) to ensure fully developed flow 

[91. The jet system and its different views are shown in Figure 4.1. Photographs taken from 

different angles are shown in Figure 4.3. 

The jet arrangement consisted of an air blower (1.5 hp) , a variac, a filter cum settling chamber, 

a flow straightncr, a pitot tube, an inclined manometer for air, a converging nozzle and a 6.2 

mm diameter copper tube. 

4.2.2. Jet support arrangement : The jet support frame was used to adjust the 

elevation of the jet exit from the heated impingement surface and to maintain the jet in vertical 

position. 
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4.2.3. Traverse mechanism of Impingement surface: The transverse mechanism 

was used to hold the heater and impingement surface arrangement at suitable upper or lower 

position in perfectly flat position and also for center the jet with the center of the rough surface. 

4.2.4. Heater assembly including test surfaces.: The heated plate was of 0.195 mm 

thick (34 gage) M.S. sheet, measuring 140 mm3 140 mm (k = 54 w/m.K). The sheet was laid 

perfectly flat on a 25.4mm thick Bakelite slab (k=0.23 w/m.K ) over laid on 25.4 mm. thick 

cork sheet (k=0.42 w/m.k) and on a temper glass sheet and the perimeter of the M.S. sheet and 

Bakelite was insulated by the cork sheet. The M.S. sheet was heated uniformly using two plate 

type heaters of 150 W, 220 v each. Heaters were connected with 220 volt a.c. supply is series. 

(Figure 4.2.). 

Investigations were performed on 5 (five) test surfaces . One of them was smooth and others 

were of different roughnesses. Surfaces were artificially roughened by scribing the surfaces by 

scribers of various sizes in random manner. Surface roughness was measured by Dial gauge 

indicator and roughness was calculated by using the Center Line Average method (C.L.A 

method). 

4.2.5.Temperatu re measuring-arrangement: Surface temperatures of the sheets 

were recorded by digital temperature recorders. These recorders were connected with sheets as 

shown in Figure 4.2.a and Figure 4.2.h. Thermocouple leads were of K-type (Cromel-Alumel) 

couple [26]. The thermocouple leads were inserted through the upper surface of the Bakelite 

slab and the ends of the thermocouple wire were soldered to maintain in a good contact with 

the underside of the heated sheets during the experiments. 

14 



4.3 Experimental Technique: Throughout the experiments the jet was centered with the 

center of the surface, airflow was adjusted by rotating the knob of the variac. Then velocity of 

the airflow was measured by Pitot tube and manometer (by which velocity of air and jet 

Reynolds number was calculated). Then the nozzle-to-surface spacing (h) between the surface 

and nozzle exit was adjusted .At this position, pressure distribution over sheet surface due to 

jet of air impingement was recorded. Then heater turned on to heat the sheet and after attaining 

steady state condition, sheet surface temperature (before impingement), air temperature at 

nozzle exit, ambient temperature and sheet surface temperature (after impingement) were 

recorded by digital temperature recorders. 

The procedure was followed for each surface ( smooth, e = 0.01306, € = 0.01338, e= 0.01806 

and e =0.01952) at nozzle-to-surface spacing,10 mm, 15 mm, 20 mm and 25 mm and 

Reynolds numbers were 6000, 8700,16500 and 23400. 
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TABLE: 1 

Snecification of the Instruments. 

NAME MANuFACTuRER SPECIFICATION 

Air Blower Aildays & Onion I.A. hp. -1 .5, Rpm-5200. 

Bermingham Amp-I .2,Volts-2201250. 
50Hz. 

Variac The Electric Apperatus Lto Volts-601200,Ohm-500. 

England. Amp.-45. 

Pitot tube Airflow development Ltd one way 

High Wycomh, G . B. 

Inclined manometer Airflow development Ltd. Range- 0-2.5 kN/m2. 

for air. High Wycomb, G . B. 

Plate type heater Made in india 150 W (2 Nos.), 220 volt 

Digital Temperature KKK-MC-03230240 

Recorder. Made in 'l'aiwan. 0°C - 800°  C. 

TABLE-2 

Nominal Experimental Condition: 

1.Amhient temperature and pressure: 30° C 101.325 kN/rn2. 

I A 

6.2 mm. 

140mm. x 140mm x 0.195mm. 

6000, 8700, 16500 & 23400. 

Air at 30°C and of thermal 

conductivity is 0.026 w/m.K. 

Jet diameter 

Sheet specifications 

4.Reynolds number 

5. Fluid 

I 4 

(6 
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CHAPTER-FIVE. 

RESULTS AND DISCUSSION 

5.1. General: In the present study the pressure distribution and heat transfer over smooth 

and rough surfaces due to impinging circular air jet was investigated. Experiments were 

performed for jet Reynolds numbers 6000, 8700,16500 and 23400 for jet diameter of 6.2 mm. 

The dimensionless nozzle-to-surface spacings were 1.61, 2.42, 3.22 and 4.03 and surfaces 

were of relative roughness, smooth, 0.0 1306, 0.01338, 0.01806 and 0.0 1952. 

5.2. Pressure Distribution :- The pressure distribution over the surfaces of different 

roughness was plotted for different Reynolds number and at different nozzle-to-surface 

spacings, in Figure 5.1.1 to Figure 5.1.23. 

5.2.1.Effect of surface roughness on Pressure distribution: in Figures 5.1.1 to 

5.1.4, the effect of surface roughness on coefficient of pressure c1, distribution is presented at 

nozzle-to-surface spacing, 11 H .61 and at different jet Reynolds numbers such as 6000, 8700, 

16500 and 23400 with radial distance R. It was observed that the coefficient of pressure was 

maximum at the stagnation point for different rough surfaces and gradually decreases with the 

increase of radial distance from the stagnation point as shown in the Figure 5.1.1. It also 

observed that the coefficient of pressure, c was decreased with the increase of surface 

roughness for a particular jet exit Reynolds number and nozzle-to-surface spacings due to loss 

of energy of the flow. At a particular radial distance R = 2.5 all the curves coincide in a single 

point and beyond radial distance R = 2.5 all the lines coincides in a single and diffuses 

completely. Similar trends followed by the curves for Re = 8700,16500 and 23400. 
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Figures 5.1.5 to 5.1.6, presented the variation of coefficient pressure, c, with radial distance, R 

at nozzle-to-surface spacing, H = 2.42 and at different Reynolds numbers. It was also observed 

that the coefficient of pressure decreases with the increase of Reynolds number. 

5.2.2 Effect of Reynolds number on pressure distribution Figure 5.1.8 to 5.1.12 

shows the variation of coefficient pressure, c, with radial distance, rid at different Reynolds 

numbers for smooth and rough surfaces at nozzle-to-surface spacing, H ='1.61. the coefficient 

of pressure, c, showed the maximum value at the stagnation point and decreases with the 

increase of Reynolds numbers. The coefficient of pressure. c, decreases with the increase of jet 

exit Reynolds number and at radial distance R 2.5 all the curves coincide in a single point and 

the fluid flows rest of the distance with same energy. Variation of surface roughness does not 

affect coefficient of pressure, c, at the stagnation point. 

Figure 5.1.11 and Figure 5.1. 13 to FigureS. 1.15 shows the variation of coefficient of 

pressure, c, with radial distance, r/d at surface roughness e0.01806 at different Reynolds 

number and different nozzle-to-surface spacings. It was observed that the coefficient of 

pressure c, at the stagnation point decreases with the increase of nozzle-to-surface spacing at a 

particular Reynolds number. It occurs due to the increased rate of mixing of the surrounding 

fluid with the main stream of jet. 

5.2.3 Effect of nozzle-to-surface spacing on pressure distribution: Figure-5. 1.16 shows the 

distribution of coefficient pressure, Cr for smooth surface and at Re '16520 at different n0721e-

to-surface spacings. It was observed that the coefficient of pressure decreases at the stagnation 

point with the increase of nozzle-to-surface spacings. at radial distance R = 2.5 all the curves 

coincide on a single point and gradually goes to zero. Figure 5.1.16 to Figure 5.1.20 shows the 

distribution of coefficient of pressure, Cr at different nozzle-to-surface spacings for various 
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rough surfaces and jet exit Reynolds number, Re 16520. comparing these curves it was 

observed that the coefficient of pressure, c at the stagnation point did not affected by increase 

of surface roughness. But away from the stagnation point and within radial distance R = 2.5, 

the coefficient of pressure, c, affected by the increase of surface roughness. 

Figure-5. 1.21 to Figure-5. 1.23 presented the distribution of coefficient pressure, c with 

radial distance r/d at Reynolds numbers, Re = 6000, 8700 and 23400 and at surface 

roughness,€ = 0.0 1806 for different nozzic-to-surface spacings. Similar trends were observed 

for these curves. 

5.3. Heat transfer characteristics: The experiment was performed to study the heat 

transfer characteristics over the surfaces of various roughness for different Jet Reynolds 

numbers, Re and different nozzle-to-surface spacing , 11 and then measured Nusselt number, 

Nu over the surfaces of different roughness was plotted for different nozzle-to-surface spacing 

and jet Reynolds number in as shown Figures 5.2.1 to 5.2.23. 

Figure 5.2.2 shows the distribution of Nusselt number with radial distance R for different 

roughness at jet exit Reynolds number, Re 8700 and at nozzle-to-surface spacing H 1.61. 

Similar trends are observed in the Figures 5.2.1 to 5.2.4. Comparing these Figures it is observed 

that the Nusselt number increases with the increase of jet Reynolds number. 

Figures 5.2.5 to 5.2.7 show the distribution of Nusselt number with radial distance at Reynolds 

number Re = 16500 and at different nozzle-to-surface spacings. Comparing Figures 5.2.3 and 

5.2.5 to 5.2.7, it is observed that the Nusselt number decreases with the increase of nozzle-to- 

surface spacings. 

Figure 5.2.8 shows the distribution of Nusselt number, Nu with radial distance for smooth 

surface and nozzle-to-surface spacing, Fl = 1.61. It is observed that heat transfer increases with 

the increase ofjet exit Reynolds number but it decreases with radial distance. 
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Figures 5.2.8 to 5.2.12 show the variation of heat transfer characteristics with radial distances 

for different surface roughness at nozzle-to-surface spacing, H = 1.61. Comparing these 

Figures, it is observed that Nusselt number at stagnation point remains same for lower values of 

surface roughness but increase,,, for the higher values of surface roughness due to increase of 

more heat transfer area of the surface. 

Figure 5.2.10 and 5.2.13 to 5.2.15 show the distribution of Nusselt number at different 

Reynolds number at surface roughness e = 0.0 1338 with radial distance for various nozzle-to-

surface spacings. Comparing these Figures, it is observed that the Nusselt number at stagnation 

point decreases with the increase of nozzle-to--surface spacings and heat transfer decreases 

gradually with the increase of radial distance. 

Figure 5.2.16 to 5.2.20 show the distribution of Nusselt number with radial distances at various 

nozzle-to-surface spacings at jet Reynolds number, Re 16520 for various surface roughness. 

It is observed that the Nusselt number decreases with the increase of radial distances. It is also 

observed that the Nusselt number remains constant at stagnation point for lower values of 

surface roughness but shows higher value at the more rough surfaces, this is because of 

increased heat transfer area at higher rough surfaces. 

- 
Figure 5.2.19 and 5.2.21 to 5.2.23 show the distribution of Nusselt number with radial distance 

for various nozzle-to-surface spacings and jet exit Reynolds numbers at surface roughness € 

0.01 806.The Nusselt number at the stagnation point increases with the increase of jet exit 

Reynolds number and decreases with the increase of nozzle-to-surface spacings. The Nusselt 

number also decreases with the increase of radial distances. 

'I 
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5.4. Correlation for Average Nusselt number:- The experimental values of local 

Nusselt number, Nu were used to calculate the Average Nusselt number ,Nu based on the local 

temperature difference, as a function of radial distance, using the relation, 

Nu1.x 

-j;= [1] 

L 

The Correlation for Average Nusselt number has been developed in terms of jet Reynolds 

number (Re), relative roughness (e) and nozzle-to-surface spacing (H), but not applicable for 

smooth surface. The exponents in equation (2) were determined, using the least square curve fit 

method based on the experimental data. The present correlation for Nii is as follows, 

4. 

Nu = 15(iF)  0A3e) 
()060(11) 0A5 [2] 

However, as shown in Fig- 5.3 & Fig-5.4, the agreement of correlation was within ± 100/o  

accuracy of the experimental data covering the complete range of parameters. 
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CHAPTER - SIX 

CONCLUSION 

6.1. General:- In this concluding chapter, the high-light of the findings of the present 

investigations have been presented. The scope of extension of the present research facility is 

also outlined with a view to acquire more knowledge from the same situation. 

6.2.Conclusions:- in light of the discussion of results the following condusions wero 

drawn as a consequence of present work. 

6.2.1.Conc$usion for pressure distribution : Variation of pressure distribution due to 
4. 

impinging air jet over a surface depends on surface roughness, jet Reynolds number and 

nozzi c-to-surface spacing in the foil owing manner. 

Co-efficient of Pressure is maximum at the stagnation point for all surfaces, Reynolds 

numbers and nozzle-to-surface spacings. 

Co-efficient of Pressure increases with the increasing of jet Reynolds number and jet 

Reynolds number has significant effect on pressure distribution. 

Co-efficient of Pressure over surface decreases when nozzle-to-surface spacing increases.. 

Co-efficient of Pressure over surface decreases with the increase of surface roughness but 

pressure is independent of surface roughness at the stagnation point. Co-efficient of 

pressure at the stagnation point remains constant for the lower values of surface roughness 

but increases beyond the surface roughness,€ = 0.01338 which predicts that there is a 

critical value of surface roughness in between e = 0.01338 and e = 0.0 1806. 
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6.2.2 Conclusion for Heat Transfer characteristics: Heat transfer due to circular air 

jet over rough surfaces depends on relative surface roughness,6 jet Reynolds numbers, Re and 

nozzle-to-surface spacings, El in the following manner. 

I. Nusselt number increases with the increase of roughness of the surface. 

Nusselt number decreases with the increase of nozzle-to-surface spacings. 

Nusselt number increases with the increase of jet Reynolds number. 

The stagnation point Nusselt number increases with the increase of surface 

roughness. The stagnation point Nusselt number remains constant for lower 

values of surface roughness but increases beyond the roughness e = 0.0 1338 

which predicts that there is a critical value in between e = 0.0 1338 

and € = 0.01806. 

A correlation has been developed for calculating the average Nusselt number, 

Nu with in ±10% accuracy based on experimental data. 

6.3. Scope of further work.:- the following suggestions are put forward as an extension 

of the present investigation. 

The same work can be repeated with more different size of rough surfaces and at 

higher jet Reynolds number. 

The same experiment can be repeated by using the wall jet. 

The same experiment can be repeated by using the oblique jet. 

14  
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Fig.- 2.1. Schematic Diagram of a Free Impinging Jet System. 
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Fig.-5.1,17. Distribution of pressure over the surface of roughness, d=,01306 for different 
jet-to-plate spacing and at Re1652O, 
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et-to-pate spacing and at Re=16520, 
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jet-to-plate spacing and at Re=16520, 
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NUSSELT NUMBER DISTRIBUTION. 
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Fig. - 5.2.1 Distribution of Nusselt number over the surfaces of different roughness 
at Re= 6000 and at jet-to-plate spacing ,H=1 .61. 
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Fig.- 5.2.2. Distribution of Nusselt number over surfaces of different roughness 
for Re=6700 and at Jet-to-plate spacing, H1 .61. 
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Fig.- 5.2.3. Distribution of Nusselt number over the surfaces of different 
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Fig.- 5.2.4. Distribution of Nusselt number over surfaces of different roughness 
at Re=23400 and at Jet-to-plate spacing, H1 .61. 
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Fig. -5.2.6. Distribution of Nusselt number over surfaces of different roughness 
at Re= 16520 and at Jet-to-plate spacing, H=3.22. 
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Fig.-5.2.7. Distribution of Nusseit number over surfaces of different roughness 
at Re16520 and at jet-to-plate spacing H=4.03. 
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Fig.-5.29 Distr,buton of nusselt number over the surface of roughness eO.013o6 

and at jet-to-plate spacing, H=1 .61 for different Reynolds number. 
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Fig.-5.2.12. Distribution of Nusselt number over the surface of roughness,e0.01952 
for different Reynolds number and at jet-to-plate spacing, H1.61. 
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Fig.-5.2.14. Distribution of Nusselt number over the surface of roughness, e0.01338 
for different Reynolds number and at jet-to-plate spacing,H3.22. 
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Fig.5.2.17.Distribution of Nusselt number over a surface of roughness,e=O.01306 
for different jet-to-p'ate spacings and at Re16520. 
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Fig.-5.2.18. Distribution of Nusselt number over a surface of roughness,e=O.01338 
for different jet-to-plate spacings and at Re= 16520. 
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Fig.-5.2.19. Distribution of Nusselt number over a surface of roughness, e=0.01806 
for different jet-to-plate spacing and at Re=16520. 
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e=0.01 806 for different jet-to-plate spacings and at Re6000. 
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APPENDIX A 

ISAMPLE CALCULATIONI 

Calculation Method : Data were obtained to report average Nusselt numher,Nu as a 

function of jet Reynolds number, Re, relative roughness,e and no7jle-to-surface spacings ,H. 

But jet Reynolds numher,Re, Surface roughness ,Ra Local and Average Nusselt numher,Nu 

and Nu were calculated by the following methods. 

3.4.1 Reynolds numbers calculation :- 

Specific weight of Air= y=p x g1.12 x 9.81=10.98 N/rn2  

4 

Specific gravity of the manometric fluid =0.784 

So, specific weight of manometric fluid,y =9810 x 0.784 

7691 N/ni3  

Kinematic viscosity of air. v = 1.45 x 10 5 m2 /sec. 

Reading from inclined manometer Al-' 

So pressure head. h AP/'(air  

Velocity of air, v =4 2gh 

Reynolds number (Re) v div 
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3.4.2. Surface roughness calculation:- 

Center line average (Ra) in micrometer 

h1 4h2+h- --_-- 

n 

where, h1  , h2  , h ,
h are the ordinates measured on both sides of the 

mean line and n is the number of ordinates. 

Relative roughness, € = R8  I d 

3.4.3 Nusselt number calculation 

Dimensionless temperature. 0 (T-T)f( T, - Ti) 

where, I - local temperature afler impingement 

Ti - Temperature of air at jet exit. 

T- Wall (plate) temperature at steady state. 

Heat flux, q = - k(T2-1')fdx 

Here, k,=54w1m.c for Mild Steel ( olO.50/oc) at 100°c. 

Thus, Average heat flux, q 40 16.25w/rn2. 

Local Nusselt number, Nu q.dIL(T-l'1) 

Here, d = 0.0062 m. 

k, =Thermal conductivity of air at 30
0  c 

- 0.026w/m.k 

Average Nusselt number, Nu Nu.dxIL 

I ,  
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