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CHAPTER I 

INTRODUCTION 

A tangential wall jet is the flow of high velocity 

fluid emanating from a narrow slot and blowing tangentially 

over a rigid wall. The flow of a wall jet mixing with 

an external moving stream has drawn considerable basic 

and applied interest in the past because it incorporates 

the characteristics of both a boundary layer and a free 

jet. Tangential wall jets are generally used in practice: 

(a) to control turbuient boundary layer separation on high 

lift aerofoils and thereby achieve a large increase in 

lift (Williams and Alexander, 19581, (b! to prevent 

separation and improve the pressure recovery in wide 

angle diffusers (Ramaprian, 1969; Nicoll and Ramaprian, 

19701, (c) to cool a surface exposed to a stream of hot 

gas as in the case of combustion chambers and the exhaust 

nozzles of rocket motors (Samuel and Joubert, 1964; Seban, 

1960; Papell and Trout, 19591, (d) to heat a surface 

exposed to cold temperatures (Wieghardt, 1946). 

This thesis is concerned with the behavior of 

two-dimensional incompressible turbulent wall jets sub- 

merged in a boundary layer when they are used to prevent 

boundary layer separation on plane surfaces. The main 



motivation for studying this topic comes from the large 

increase in lift that can be obtained from high lift aero- 

foils if the flow can be kept attached to the aerofoil 

surface by the use of wall jets (Williams and Alexander, 

1958). The effect of the jet from the blowing slot is to 

increase the kinetic energy of the flow in the boundary 

layer near the surface, thereby enabling it to advance into 

a high adverse pressure gradient region without separating. 

1.1 Previous Work 

Wall jets have been investigated quite extensively 

in the past. However, most work is concerned with the case 

where the ratio of jet velocity to free-stream velocity 

is large in the range of 2 to infinity and with a negiigible 

upstream boundary layer at the slot. The reason for the 

concentration of effort on the higher velocity ratios is 

mainly because of the fact that the velocity profiles in 

such cases contain only a velocity maximum instead of also 

a minimum and the flow can be analyzed approximately by 

methods of velocity profile similarity. However, the use- 

ful range 0 f velocity ratios lies between 1 and 2, since 

it is impractical to maintain higher velocity ratios, 

especially in supersonic flows. Even in the cases where 

the study of wall jets at low velocity ratios was attempted, 

the momentum deficit of the upstream boundary layer at the 

slot was small. In practical applications, however, the 

jet usually mixes with a thick upstream boundary layer 

that is approaching separation, giving rise to a velocity 

2 



profile shown in Fig. 1.1(b) rather than that of a "simple" 

wall jet in Fig. 1.1(a). Therefore, the study of wall 

jets submerged in a thick upstream boundary layer is very 

*useful. This class of flows will be referred to 

boundary layers" since the wall jet is submerged 

boundary layer. 

1.1(a) Previous Work on Wall Sets 

With ,Upstream Boundary Layers 

as "blown 

in a 

In describing the previous work, attention will 

be restricted to those authors who have considered a 

wall jet submerged in an upstream boundary layer, which 

was referred to earlier as "blown boundary layer." Irwin 

(1974) gives a fairly comprehensive description of the 

work in the literature on blown boundary layers. 

Carriere, Eichelbrenner and Poisson-Quinton 

(1959) appear to have been the first to measure detailed 

me.an velocity profiles downstream of the slot. They 

attempted to use an empirical integral method to predict 

the development of the flow. Thomas (1962, 1965) gave 

a crude empirical method of determining the blowing momen- 

tum required to prevent separation. Even though Thomas' 

empirical method is simple, it does not seem very sound 

as it is based on very little experimental evidence. 

Bradshaw and Gee (1962) presented mean flow 

measurements in a blown boundary layer along with measure- 

ments in simple wall jets on curved and plane surfaces. 

They identified two essentially different modes of 



Fig. 1.1(a) Velocity Profile for a 
"Simple" Wall Jet 

Fig. 1.1(b) Velocity Profile for a Blown 
Boundary Layer 



"separation," one involving reversed flow at the wall, 

the other having reversed flow in the wake at the velocity 

minimum. McGahan (1965) carried out mean flow measurements 

in blown boundary layers on a cylinder with its axis 

aligned with the flow direction. The pressure gradient 

was adjusted by sticking paper strips on the outside of 

an outer concentric porous cylinder and by placing an 

end plate to block the flow, at the downstream end. 

McGahan proposed an integral calculation method for pre- 

dicting the flow development when the upstream boundary 

layer was thick. It agreed with his data fairly well 

except near to the point of separation at the wall. 

Gartshore and Newman (1969) described an integral 

calculation method for wall jets in arbitrary pressure 

gradients primarily for the use with small upstream 

boundary layers. However they did attempt to account for 

a iarge upstream boundary layer by changing the starting 

conditions properly. They also presented measurements 

of mean quantities for wall jets under zero and adverse 

pressure gradients with small upstream boundary layers. 

Kind (1971) extended Gartshore and Newman's 

calculation method to deal with strongly curved wall 

jets developing in the presence of moderately thick up- 

stream boundary layers. The upstream boundary layer was 

accounted for by using a revised method of starting and 

assuming that the stagnation pressure remains constant 
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along streamlines outside the wall jet. He also presented 

mean flow measurements on wall jets on the cylindrical 

trailing edge of a circulation control airfoil. 

Most of the above mentioned previous work on 

blown boundary layers was mainly concerned with high jet 

velocity ratios (greater than 2.0) and measurements of 

mean quantities under sma.11 upstream boundary layers. 

Goradia and Colwell (1971) measured mean velocity 

profiles of several wall jets under adverse pressure 

gradients in a two-dimensional diffuser with low jet 

volicity ratios in the neighborhood of 1 to approximately 

2. The velocity data were used to formulate empirical 

relationships between parameters such as the form factor 

H and energy form factor and to derive empirical expres- 

sions for the velocity profiles. The measurements were 

also utilized for the calculations of wall shear and shear 

distribution by numerical methods. English (1970) 

considered the flow over a slotted flap which is equiva- 

lent to considering a wall jet with the total head at the 

slot equal to that of the freestream. The measurements 

of mean velocity and shear stress were made under zero 

and adverse pressure gradients. The slot width was some- 

what larger than that usually used for wall jets, so that 

a region of potential flow often exists in the flow from 

the slot over a large portion of the flap surface. 

Kacker and Whitelaw (1968, 1971) investigated wall 

jets under a zero pressure gradient with the jet velocity 
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ratios in the range of 0.75 and 2.74 and with a small 

upstream boundary layer. They made measurements of mean 

velocity, turbulence intensities, turbulent shear stress, 

and spectra. They derived the results of eddy viscosity, 

mixing length and Prandtl-Kolmogorov length scale from 

the measurements. However, the restriction to zero 

pressure gradient conditions limits the usefulness of 

the data. The upstream boundary layer was too small to 

have a very significant influence on the flow. 

Ramaprian (1973, 1975) reported measurements on 

the wall of a conical diffuser with annular injection at 

the entrance and with the jet velocity ratios in the 

range of 1.27 to 2.38. Measurements of mean velocity, 

turbulence intensities, shear stress, and spectra were 

reported. He used Spalding and Patankar's (1967) method 

with a mixing length model for the prediction of his 

flows and the method yielded satisfactory predictions 

of the wall jet development. The empirical constants 

were adjusted to give best agreement with his data. 

Irwin (1974) studied a number of blown boundary 

layers with adverse pressure gradients. Measurements of 

mean velocity, turbulence intensities, shear stress and 

spectra were made for the case of a self-preserving strong 

wall jet under an adverse pressure gradient flow with 

negligible upstream boundary layer. Another case he stud- 

ied was that of a strong wall jet (jet velocity ratio= 3.3) 

under an adverse pressure gradient with a small upstream 

boundary layer. .The effect of the upstream boundary layer 
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in this case persisted quite far downstream of the slot, 

but was eventually absorbed by the wall jet. Measurements 

of mean velocity, turbulence intensities and shear stress 

were reported in this case. Irwin also reported measure- 

ments of mean velocity on two strong wall jets (jet velocity 

ratio -3.3 and 2.5) with highly adverse pressure gradients 

and with large upstream boundary layers. Only one case of 

a wall jet under adverse pressure gradient conditions with 

a relatively smaller jet excess velocity (jet velocity 

ratio ~1.65) and large upstream boundary layer was reported 

by Irwin. In this case, the wall jet was just sufficient 

to prevent separation, but no detailed measurements of 

turbulence were made. Irwin developed a theoretical 

prediction method applicable to blown boundary layers. 

It essentially uses the computing method of Spalding 

and Patankar (1967, 1969) and the turbulence model pro- 

posed by Launder, Reece and Rodi (1973) along with the 

modifications of the turbulence model to account for the 

effect of the wall on the turbulence and the streamline 

curvature. He reported good predictions of his measure- 

ments in blown boundary layers and also other different 

types of flows, which included isolated wall jets, normal 

boundary layers and curved wall jets. 

The above mentioned previous work on blcwn 

boundary layers reveals that previous studies of wall 

jets under thick upstream boundary layers under zero and 

adverse pressure gradients are very limited. In some 

cases where attempts have been made, the data were 
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generally limited to the mean quantities rather than 

detailed data on turbulence. Hence, there is a need for 

the study of wall jets under thick upstream boundary 

layers and with low jet velocity ratios, i.e., less than 

2. 

1.2 Asymmetric Jet Velocity Profile ____ -. 

Almost all of the previous investigators of wall 

jets have used a uniform jet velocity profile shown in 

Fig. 1.2(a) with negligible upper and lower wall boundary 

layers of the jet nozzle. In cases where the jet bound- 

ary layers were considerable, the velocity profile was 

symmetric about the centerline of the slot as shown in 

Fig. 1.2(b). However, it is interesting to see how the 

flow development is affected if the jet velocity profile 

is made asymmetric as shown in Fig. 1.2(c) instead of 

uniform or symmetric for a given value of the total 

jet momentum. For the same total jet momentum, an 

asyntnetric profile will have higher maximum jet velocity 

than a symmetric profile. The idea of using an asymmetric 

velocity profile stems from the following arguments. In 

a practical situation, the upstream boundary layer at 

the slot is the one corresponding to a flow approaching 

separation and has a large deficit of momentum. There- 

fore, it is reasonable to state that a greater part of 

the jet momentum should be made available nearer to the 

slot lip than nearer to the wall to reduce the momentum 

deficit of the upstream boundary layer. However, one 
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might argue that momentum is also needed near the wall 

to prevent separation there. But relatively more momentum 

is required near the slot lip than near the wall and the 

momentum of the jet in the lower half of the jet should 

be sufficient to prevent wall flow separation. In com- 

parison, the symmetric jet velocity profile might be 

able to prevent separationatthe bottom wall, but a large 

momentum deficit region might develop in the outer layer 

far downstream which might eventually lead to separation 

at the lower wall. Also, the asymmetric profile should 

result in less frictional losses at the wall as the 

velocity gradients are relatively smaller at the wall. 

Thus, the jet momentum is more effectively utilized 

in the case of .an asymmetric jet velocity profile 

in reducing the momentum deficit of the upstream boundary 

layer instead of wasting it on wall friction. 

1.3 -Objectives of the Thesis 

The objectives of the present work are. as follows: 

1. To obtain experimental data on low jet 

velocity ratio wall jets in thick upstream boundary lay- 

ers advancing into zero and strong adverse streamwise 

pressure gradients. 

2. To obtain detailed turbulence data on the 

type of wall jets consi dered here in order to aid in the 

future development of turbulence models and prediction 

methods and aiso to supplement the few existing sets of 

turbulence data for this type of flow, 
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3. To investigate the effectiveness of an 

asymmetric jet velocity profile, as compared to a uniform 

profile, in the control of separation and its influence 

on the development of the flow downstream of the slot. 

4. To predict the present class of wall jets 

using an existing theoretical method for such flows 

and to investigate the effectiveness of an asymmetric 

jet velocity profile from a theoretical basis. 

1.4 Outline of the Thesis 

Chapter 2 describes the experimentalapparatus. 

The constructional and performance details of the wind 

tunnel and the wall jet flow system are given as well as 

how the asymmetric jet velocity profile was produced 

at the slot. Chapter 3 is devoted to the description of 

the instrumentation used in obtaining the experimental 

data. 

Chapter 4 gives the experimental results for the 

zero pressure gradient flow. A brief description of the 

flow conditions and the process of setting the zero 

pressure gradient are given. The effect of the asymmetric 

3 'et velocity profile on the flow development as indicated 

by different measured quantities is described. The 

turbulence data for the zero pressure gradient case were 

studied in more detail in order to be useful as an aid 

in developing turbulence models and prediction methods 

in the future. The spectral data were obtained only 

for the zero pressure gradient flow. The measured 
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quantities included mean velocity, turbulence intensities, 

shear stress, spectra and skin 'friction. The derived 

quantities included, turbulent kinetic energy, eddy 

viscosity, Prandtl mixing length, Prandtl-Kolmogorov 

length scale, correlation coefficients, dissipation and 

production rates of turbulent kinetic energy and bursting 

periods. 

Chapter 5 is devoted to the experimental results 

for the adverse pressure gradient flow. The flow condi- 

tions and the process of setting the adverse pressure 

gradient are -given. Fewer turbulence data are presented 

as compared to the zero pressure gradient flow. The 

pressure gradient was adjusted to be representative of 

the practical situation on aerofoils and jet flaps. The 

effect of the asymmetric jet velocity profile on the flow 

development is described for the case of adverse pressure 

gradient flow. 

Chapter 6 is concerned with the description of the 

prediction method used to predict the present flows. The 

prediction method developed by Irwin (1974) fcr blown 

boundary layers was used. Only the salient features of 

the method are given. 

Chapter 7 deals with the computed results. The 

prediction results for the present flows are compared with 

the experimental data. A main distinction is made between 

the predictions using the experimental starting conditions 

and the predictions using the "automatic starting pro- 

cedure" of Irwin. The former represents the experimental 
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asymmetric jet velocity profile and the latter represents 

the uniform jet velocity profile. The advantages of an 

asymmetric profile over a uniform profile are discussed 

on a theoretical basis. Finally, the case of a linear 

jet velocity profile was taken to represent an ideal 

asymmetric profile, which had the greatest momentum 

near the slot top. Computations were made with the 

linear velocity profile and compared with the predic- . 

tions using a uniform profiie for the adverse pressure 

gradient flow. 

Chapter 8 lists the conclusions of the thesis. 

Use of trade names or names of manufacturers in 

this report does not constitute an official endorsement of 

such products or manufacturers, either expressed or implied, 

by the National Aeronautics and Space Administration. 
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CHAPTER II 

EXPERIMENTAL APPARATUS 

This chapter deals with the construction and per- 

formance details of the wind tunnel and the wall jet-flow 

system used in the present work. The function of the 

wind tunnel is to supply the test section with low tur- 

bulence air at a given velocity and temperature. The 

function of the wall jet‘is to supply the secondary 

air necessary for tangential flow injection at the wali. 

Figure 2.1 shows the schematic of the wind tunnel 

including the wall jet system. The wind tunnel is an 

open circuit blower type tunnel and uses the ambient 

air. The important components of the wind tunnel include: 

the heat exchanger for temperature control, the blower, 

the plenum chamber, the contraction and the test section. 

The wall jet flow system consists of the wall jet assem- 

bly and the air supply system. 

The different components of the wind tunnel are 

described below in the order that the flow passes through 

them, followed by a description of the wall jet flow system. 

-Description the Wind Tunnel Components 

2.1.1 Heat Exchanger 

The first component in the path of the airflow 

is the heat exchanger. A passenger car radiator used for 
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Fig. 2.1 Schematic Arrangement of the Wind Tunnel 

1. Heat Exchanger 9. Contraction (4:l) 
2. Blower 10. Roughness 'Element 
3. Damper 11. Top Wall 
4. Plenum Chamber 12. Glass Side Walls 
5. Baffle 13. Bottom Wall 
6. Contraction 14. Wall Jet 
7. Honeycomb 15. Feed Line 
8. Screens 16. Pressure Regulator 



this purpose is a finned tube type with a frontal area 

of 60X48 cm. The heating or cooling cf the ambient air 

was accomplished by allowing hot or cold water through 

the radiator. By suitably controlling the flow rate of 

water it *was possible to control the temperature of the 

air in the test section within kO.l°C at 25OC. The heat 

exchanger was mainly used to cool the air in the present 

experiments. The room air conditioning system, supported 

by two portable heaters each of 1OOOW capacity was used 

to heat the ambient air. By properly controlling the 

heat input to the heaters, it was possible to control the 

temperature of the air in the test section within tO.l°C 

at 25=‘C. 

2.1.2 Blower System 

The next component in the air circuit is a FARR 

HP-2A class 2 type rear access air filter of 61X61X31 

cm size enclosed in a box covered on all four sides. 

This filter is capable of removing dust and foreign 

particles down to 5 microns size and larger with a 95% 

efficiency. With less efficiency, it filters particles 

down to 2 microns size. A damper was placed between the 

heat exchanger and the filter to control the amount of 

air flow and hence the velocity of the air in the test 

section. The damper was made of a Plexiglas sheet that 

slides in an aluminum frame mounted in the access space 

between the filter frame and the heat exchanger. 
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The air then enters the suction side of an Aero- 

vent, BIA Aerofoil type, belt driven, centrifugal, gen- 

eral purpose blower. The blower is driven by a Reliance 

1.49 KW, 1970 RPM, open, drip-proof motor. The blower 

can deliver 40m3jmin of air at 6.6 cm H20 static pressure. 

The blower wheel is 3i cm in diameter and has aerofoil 

type blades. 

2.1.3 _ Plenum Chamber 

The air delivered by the blower enters the plenum 

chamber. The primary function of the plenum chamber is 

to suppress any large scale fluctuations produced by the 

blower and to settle the air. The plenum chamber is made 

of 0.7 mm thick sheet metal and is 99 cm wide, 155 cm 

long, and 114 cm high. The plenum chamber is connected 

to the blower on the upstream side and to the ductwork 

on the downstream side through rubber sheets to avoid 

the transmission of vibrations from the blower to the 

downstream ductwork and finally to the test section. 

The inlet and outlet of the plenum chamber, dimensioned 

55X55 cm and 53X53 cm respectively, were facing each 

other to start with. In this case, the air from the 

blower was entering directly into the downstream ductwork, 

unaffected by the plenum chamber. To eliminate this prob- 

lem, a wooden baffle of 114X112X1.25 cm in size was placed 

inside the chamber between the inlet and the outlet. The 

baffle divides the plenum chamber into two equal compart- 

ments joined by about a 114X41 cm gap at each end of 
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the baffle. The function of the baffle is to circumvent 

the air from the blower to the sides, thereby preventing 

the air from entering directly into the downstream duct 

work. The baffle plate fully covers the height of the 

plenum chamber. 

2.1.4 Transition Section 

The ductwork between the plenum chamber and the 

test section is classified as the transition section. 

It includes two contractions and a rectangular duct 

containing the screens and the honeycomb material. The 

purpose of the first contraction is two-fold: 

1. It serves as a transition piece between the 

plenum chamber and the downstream sections, and 

2. It increases the flow velocity and reduces 

the turbulence level. 

The first contraction has the inlet and outlet dimensions 

of 53x53 cm and 39X23 cm respectively and is 46 cm in 

length. It is made of 0.7 mm thick sheet metal. The air 

after passing through the first contraction enters a 

rectangular duct also made of 0.7 mm thick sheet metal 

with dimensions, 46X28X39 cm. This rectangular duct 

houses the honeycomb material and three screens whose 

primary function is to reduce the turbulence level in the 

air stream. The screens and honeycomb were selected 

according to guidelines given by Bradshaw and Pankhurst 

(1964). The aluminum honeycomb is 3.2 mm in cell size 
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and 4.3 cm in thickness. The honeycomb eliminates the 

large scale turbulence and swirl in the air stream. The 

scale of turbulence is further reduced by three screens 

in series. The first two aluminum screens are 16 (hor- 

izontal) Xl8 (vertical) mesh screens with a wire diameter 

of 0.25 mm and an open area ratio 0.63. The third 

aluminum screen is a 32X32 square mesh screen with a wire 

diameter of 0.18 mm and an open area ratio 0.602. The 

screens are placed 14 cm apart to allow the turbulence 

in the wake of each screen to decay before the next screen 

is reached. 

The next component in the transition section is 

a second contraction made of 0.7 mm thick sheet metal 

with inlet and outlet dimensions of 40X24 cm and 10.2X24 

cm, respectively, giving a contraction ratio of nearly 

4 to 1. This contraction was designed by Simpson and 

Wyatt (1972) according to the design method of Jordinson 

(1961). It further reduces the turbulence intensity of 

the air stream. Measurements made before the test sec- 

tion was installed indicated a very flat velocity profile 

at the outlet of the second contraction. The velocity 

was virtually constant in the spanwise direction. The 

turbulence intensity ut/U, was about 0.2% in the free- 

stream of the test section. 
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2.1.5 Test Section 

The test section is 24 cm wide and has a total 

lengthof 196 cm. The side walls are 6.4 mm thick 

float type plate glass 22 cm in height and 196 cm in 

length. The bottom wall is 1.9 cm thick hard "fin-form" 

plywood with a very smooth surface finish and is made of 

two parts. The first part is 58.5 cm in length and the 

second part is 128.3 cm. The 9.2 cm gap between them is 

filled by the wall jet, the constructional details of 

which are given later. The leveled bottom wall rests on 

a steel platform bolted to the concrete floor. 

A piece of sandpaper 16.5 cm (length) X24 cm 

(width) is glued to the bottom wall at the beginning of 

the test section immediately after the contraction outlet 

This sandpaper is a "NORTON CLOSEKOTE" silicon carbide 

floor sandi.ng paper with 24 grit size (mesh number) and 

with an average particle size of the abrasive grain 

equal to 1.04 mm. Several other types of roughness 

elements such as, (a) 6.4 mm square rod, (b) 2.4 mm 

round rod, (c) a rectangular strip 12.7X3.2 mm and com- 

binations of these were also tried before selecting the 

sandpaper. The purpose of the roughness element is to 

produce a thick turbulent boundary layer at the end of 

the first 58.5 cm of the test section. The velocity 

profile at 45 cm away from the beginning of the test 

section and at the center of the test section was measured 
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with a rectangular mouth boundary layer total head pitot 

tube (Fig. 3.1), and with each of the above mentioned 

roughness elements in position. The present sandpaper 

roughness eiement was selected on the basis of maximum 

momentum thickness Reynolds number and maximum strength 

of the wake component (Coles, 1962) obtained from the 

measurements at 45 cm away from the beginning of the 

test section. The reason for having a large momentum 

thickness Reynolds number is because of the fact that 

the present wall jet experiments were planned to be 

carried out with large momentum deficit upstream boundary 

layer meeting the wall jet. Three brass rods of 1.6 mm 

diameter and of proper length are glued to the side and 

top edges of the contraction outlet. These tripping 

devices fix the point of transition on the top and side- 

wall boundary layers. 

2.1.5(a) Top Wall for the Zero Pressure Gradient Studies 

The top wall used for zero pressure gradient 

studies is a 9.5 mm thick Plexiglas sheet with access 

holes at several stations to insert the measuring probes 

and can be adjusted to various positions. The edges of 

the top wall are sealed against the glass side walls by 

squeezing foam weather stripping in between them. The 

nominal height of the test section between the contraction 

outlet and the wall jet is 9.6 cm. The height of the 

remaining part of the test section can be adjusted-by 
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moving the upper wall to create a zero pressure gradient 

flow. The end section of the tunnel was kept open for 

zero pressure gradient studies. 

2.1.5(b) Top-Wall for the Adverse Pressure Gradient Studies .:-.:. _ ~- .- .>.- __.- - 

A considerable amount of effort has been spent 

in selecting the proper method for producing an adverse 

pressure gradient without inducing strong three-dimensional 

flow effects. Two of the possible methods were: 

1. A test section with a solid top wall and an 

increasing cross-sectional area with an increasing static 

pressure, and 

2. A test section with a perforated top wall 

which allows bleeding off of a portion of the flow in the 

test section thereby increasing the static pressure 

downstream. The second method was selected in view of 

the limitations on the size of the test section and the 

severity of the required pressure gradient. The pressure 

distribution in this method can be varied by suitably 

covering some of the perforations uniformly across the 

tuIlnei. The static pressure difference between the 

inside of the test section and the ambient atmosphere 

necessary to bleed the flow was created by a perforated 

plate attached to the end section of the tunnel. By 

properly covering portions of the end plate, the level of 

static pressure inside the tunnel can be varied. 
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A number of commercially available perforated 

sheets of different materials were considered for the 

top wall of the present application. A 3.4 mm thick 

"masonite" perforated sheet with an open area ratio 0.33 

was finally selected for the present application. 

Figure 2.2 shows the perforated sheet in position. 

Figure 2.3 shows one single cell of the perforated plate 

with a scale in the inset. The cells are square in shape 

and are 19mmin size (center to center). The perforated 

plate was cut to size in such a way that the test sec- 

tion width is spanned by 12 cells. Two aluminum angles 

(25X13X3 mm), one on each side were attached by screws 

to two rectangular (13X3 mm) aluminum strips lying 

above the aluminum angles with the perforated top wall 

sandwiched in between them. The aluminum angle is placed 

inside the flowin such a way that its longer side is 

perpendicular to the tunnel floor and runs all the way from 

the beginning to the end of the tunnel. This aluminum 

angle serves two purposes: 

1. It acts as a reinforcement for the structurally 

fragile "masonite" top wall, and 

2. It assists in side wall boundary layer control 

by acting as a baffle between the main flow and the side 

wall boundary layer. 

The first 4% cells on each side of the center 

of the tunnel at any given streamwise section were open 
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Fig. 2.2 Perforated Top Wall in Position for the Adverse 
Pressure Gradient Flax 
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Fig. 2.3 A Single Cell of the Perforated Plate 
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for flow bleeding. The next half cell was covered with 

the aluminum angle. After the aluminum angle, one cell 

was available for sidewall boundary layer bleeding. 

Small plastic mouldings of a channel cross section with 

air tight rubber beading pressed into them were slipped 

on to the edges of the top wall. The top wall was then 

pushed into position with a.slight pressure against the 

glass side walls to ensure proper sealing at the edges. 

The perforations in the top wall were also used to in- 

sert the various probes without further disturbing the 

flow. 

The end plate of proper size to span the end 

section of the tunnel was cut from the same perforated 

sheet from which the top wall was made. The end plate 

contained six rows of cells. The static pressure level 

inside the tunnel was controlled by properly covering 

these cells with a commercially available duct tape. 

Fig. 2.4 shows the end plate. 

2.2 Description and Performance of 

the Wall Jet Flow System 

The wall jet flow system can be divided into two 

parts: the air supply system and the wall jet assembly, 

each of which is described below in detail followed by 

the details on the performance of the wall jet flow 

system. 
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Fig. 2.4 Perforated End Plate to Span the, End Section of the Tunnel 
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2.2.1 Air Supply System 

The air supply to the wall jet is obtained from 

the compressed air supply available in the laboratory. 

The compressed air supply can provide filtered air at a 

maximum pressure of 2.i6X106 N/m2 and at the flow rates 

suitable tothepresent requirements. This compressed 

air is fed to the wall jet through a 13 mm I.D. copper 

tube. A pressure regulator in the line regulates the 

input pressure to the wall jet so as to maintain a constant 

mass flow rate and it is located 178 cm upstream of the 

wall jet inlet along the copper tubing. The last 41 cm 

of the copper tubing has 25 mm I.D. to suit the inlet 

to the wall jet. 

The temperature of the air entering the wall 

jet assembly was always found to be lower than the 

required level. Two electrical heating tapes were 

wrapped around the copper tubing between the pressure 

regulator and the wall jet inlet to heat the compressed 

air. These heating tapes, supplied by the Fischer 

Scientific Co., are 305X1.3 cm in size with a maximum 

attainable temperature of 249OC. The heating tapes 

operate on 115V supply and have a power output of 340 

Watts. The electrical power input to the tapes is con- 

trolled by a 115V, 10A variable auto transformer. By 

properly adjusting the variable auto transformer, the 

temperature of the air coming out of the wall jet can 

29 



be controlled to the required value within ? 0.3Oc at 

25OC. The temperature of the wall jet air was measured 

by a thermometer fitted into the copper tubing near to 

the wall jet assembly inlet with its bulb located'in the 

flow. Because of the low residence time for the air, the 

heat losses between the point where the thermometer is 

located and the exit of the wall jet were found to be very 

small. This was indicated by the air temperature differ- 

ence between the inlet and the exit of the walljetassembly 

which was found to be of the order of 0.3OC. Because of 

the high mass flow rate of the mainstream as compared to 

the wall jet mass flow rate and both being at the same 

temperature (25OC), the above mentioned temperature dif- 

ference should not cause any appreciable error in measure- 

ments. 

2.2.2 Wall Jet Assembly 

Fig. 2.5 shows the constructional details of 

the wall jet assembly. It is basically a 2-D nozzle 

intended to convert high pressure low velocity fluid to 

a low pressure high velocity fluid. The high velocity 

fluid is then injected into the main flow along the bottom 

wall of the tunnel. 

A specially cut, varnished, poplar wood section 

forms one wall of the nozzle and a 12.7 mm thick aluminum 

divider plate forms the other wall. The flow passage 

between the aluminum divider plate and another poplar wood 

section similar in shape to the first one can be used as wall 

suction system to bleed the upstream boundary layer. 
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Fig. 2.5 Wall Jet Assembp] 

1. and 2. Poplar Wood Sections (B and A) 7. Aluminum Divider Plate 
3. Honeycomb 8. Extruded Aluminum End Piece 
4. Screen 9. Aluminum Angle to Block the Flow 
5. Aluminum Box Sections 10. Feed Pipe 
6. Baffle Plate 11. Static Pressure Tap (located 1.27 cm 

below the bottom surface of the tunnel) 
12. Cylindrical Baffle made of steel sheet 
13. Bottom surface of the tunnel 



However, thi!s flow passage has been blocked at its top by 

a 13X3X1.6 mm aluminum angle in place as shown in Fig. 

2.5. The exact dimentions of the poplar wood sections are 

shown in Figs. 2.6 and 2.7. The poplar wood was chosen 

as it is less susceptible to moisture absorption and 

warpage. 

A specially extruded aluminum end piece attached 

to the aluminum divider plate by screws from the top 

completes the nozzle shape. The dimensions of the ex- 

truded aluminum end piece are shown in Fig. 2.8. The 

primary purpose.of this extruded piece is to turn the 

fluid leaving the bottom portion of the nozzle so that 

the fluid is injected into the main flow, parallel to 

the tunnel wall. This extrusion also serves as an ex- 

tension of the nozzle as there is some.reduction in the 

flow area when the flow passes underneath the extrusion. 

Shims are placed between the aluminum divider plate and 

the extruded end piece wherever necessary to insure a 

uniform opening at the wall jet exit along the length 

of the wali jet. Table 2.1 shows the jet exit gap or the 

"slot height" along the length of the wall jet which has 

a nominal value of 2.72 mm. 

The wall jet assembly is held together by two 

3 mm thick aluminum end plates on each side. The entire 

wall jet assembly is mounted inside a 2.6 mm thick alu- 

minum box section with 114X45 mm outside dimensions and 

with the top face being removed. A threaded hole was 
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Fig. 2.6 Poplar Wood Section "A" 
(Fig. 2.5)(All dimensions 
are in cm.) 
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Fig. 2.7 Poplar Wood Section "B" 
(Fig. 2.5)(AJ.l dimensions 
are in cm.) 
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Fig. 2.8 Extruded Aluminum End Piece 
(All dimensions are in cm.) 



TABLE 2.1 

VARIATION OF THE SLOT HEIGHT ALONG 
THE LENGTH OF THE WALL JET 

0.0 2.72 

12.7 2.72 

25.4 2.72 

38.1 2.72 

50.8 2.72 

63.5 2.72 

76.2 2.72 

88.9 2.72 

101.6 2.72 

114.3 2.72 

127.0 2.72 

139.7 2.72 

152.4 2.72 

165.1 2.72 

177.8 2.72 

190.5 2.72 

203.2 2.72 

215.9 2.71 

228.6 2.69 

241.3 2.69 

2 = Distance from the right YC 
= slot height 

end (looking downstream) 
of the wall jet 
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cut at the bottom of the aluminum box section on the wall 

jet nozzle side to receive the 25 rmn I.D. copper tube 

supplying the air. 

The air from the compressed air supply enters 

the wall jet assembly at its bottom. A baffle plate 

(Fig. 2.9) attached to the aluminum box section diverts 

the flow from the center to the ends, preventing the air 

from being blown directly into the nozzle. The air then 

passes through a 13 mm thick honeycomb with 3 mm cell 

size. After that, the air passes over a 30 square mesh 

steel screen with a wire diameter of 0'.17 mm and an open 

area ratio 0.65. The honeycomb and screen act as resist- 

ance to the flow and help to distribute the flow uniformly 

over the entire cross-sectional area of the nozzle 

entrance. 

2.2.3 Performance of the Wall Jet 

The performance of the wall jet is described 

below from the view points of (a) the significant features 

of the present wall jet, and (b) the two-dimensional 

behavior of the flow coming out of the slot. 

2.2.3(a) Significant Features of the Wall Jet 

Fig. 2.10 shows the flow path inside the wall 

jet nozzle in the assembled position with a scale in the 

inset. The present wall jet design is unique in view of 

the few important considerations given below. 
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Front view facing the wall jet 

Top View 

Fig. 2.9 Wall Jet Baffle Plate 

1. Aluminum Box Section 4. Baffle Plate 
2. Baffle Holdtng Piece 5. Cylindrical baffle made of 
3. Inclined Holes steel sheet 

6. Feed Tube 
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Fig. 2.10 Flow Path Inside the Wall Jet Nozzle Around the Corner 
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This wall jet design produces an asymmetric mean 

velocity profile at the exit of the nozzle with a rela- 

tively larger amount of momentum concentratedinthe top 

portion of the slot than in the bottom portion. Fig. 2.11 

shows the velocity and turbulence profiles measured with 

a hot wire at x/y, = 0.292. It can be seen here that 

the ut profile is typical of a two-dimensional turbulent 

channel flow. The advantages of having an asymmetric 

mean velocity profile at the nozzle exit are spelled out 

in several places in this work. It is one of the ob- 

jectives of this work to investigate the effect of an 

asymmetric jet velocity profile on the downstream dev- 

elopment of the wall jet flow. 

The asymmetric mean velocity profile at the exit 

of the nozzle is produced in the following way. The flow 

takes a steep 90° turn as it passes from the vertical 

section of the nozzle to the horizontal section. In this 

process the flow experiences a strong pressure gradient 

normal to the streamlines as the streamlines are curved 

around the corner with the static pressure decreasing 

as one moves away from the bottom surface of the nozzle. 

The fluid near the bottom surface of the nozzle exper- 

iences more deceleration than the fluid near the top 

surface of the nozzle because the static pressure is 

greater near the bottom surface than at the top. Hence 

the bottom wall boundary layer is much thicker than the 
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Fig. 2.11 Measured Velocity and Turbulence Profiles at the Slot (x/ye = 0.292) 

0 Velocity Profile (lJ/UJmax) 

l Turbulence Profile (ut/UJmax) 



top wall boundary layer, thereby resulting in an asymmet- 

ric velocity profile at the exit. 

Here there is a possibility that the f.low might 

separate near the small radius round corner of the 

bottom wall because of the-strong flow curvature. This was 

prevented by gradually decreasing the cross-sectional 

area of the nozzle around the corner by a ratio of 

approximately 2.5:1. The reduction in the flow area 

keeps the flow from separating. To support this fact, 

flow visualization studies have been made around the 

bottom round corner of the nozzle. The bottom wooden 

surface was first coated with a thin layer of wax. 

Water was sprayed in the form of a fine mist around the 

corner and along the length of the nozzle. The jet was 

turned on with operating velocities typical of our 

experiments. If separation occurs around the corner, 

water droplets should have remained there without being 

carried away by the flow. However, all the water drop- 

lets were carried away by the flow, indicating that the 

flow was not separating around the corner. 

Here it should be mentioned that Bowles (1977) 

took measurements of the exit mean velocity and turbulence 

profiles on a wall jet of a similar design but with a 

larger slot exit gap. The asymmetric velocity profile 

typical of the present wall jet design was observed in 

his case also. However the flow cross-sectional area 
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was kept constant around the corner in his wall jet, 

which increases the possiblity of separation near the 

corner -with reattachment of the flow downstream. More 

evidence of this behavior is given by the shape of the 

turbulence profile since it has a maximum near the wall 

but well above the bottom wall sublayer, as for a 

reattaching turbulent boundary layer. The details of 

Bowles'work are included in the Appendix A. 

The disadvantage o f the present wall jet design 

is that the frictional losses should be higher as com- 

pared to those for the jet design with a uniform velocity 

profile at the exit because of the steep flow curvature 

necessary for producing the asymmetric velocity profile. 

An attempt has been made to estimate the amount of fric- 

tional losses in the present design. An energy balance 

was made on the control volume surrounding the corner 

of the nozzle, using the velocity profile measurements 

at the slot and the static pressure measurements inside 

the nozzle. 

The estimated frictional losses came to approxi- 

mately 15% of the total energy input. Thus, there is 

a trade off between the increased frictional losses in 

producing an asymmetric velocity profile and the advan- 

tages of having an asymmetric velocity profile. Some 

more practical details have to be worked out before 

exploring the present jet design commercially. Analytical 
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details of the estimation of frictional losses are given 

in Appendix B. 

The thickness of the extruded end piece shown in 

Fig. 2.8 at its downstream lip -was kept to a minimum 

value of 0.8 mm within the limits of the commercially 

available manufacturing capabilities. This thin lip 

feature prevents a large region of separation and base 

flow downstream of the lip, which is typical of wall 

jet flows with a thick lip. 

Another one of the useful features of the 

extruded end piece shown in Fig. 2.8 is that the down- 

stream portion of the top surface of this extrusion is 

slanting downwards. This gives rise to an increasing 

flow cross-sectional area as the distance between the 

jet body and the top wall of the tunnel increases as 

one goes downstream. In effect, the flow on this 

slanting surface experiences deceleration, resulting in 

a larger velocity gradient between the jet and the up- 

stream boundary layer flow at the lip, resulting in 

better mixing. There is a possibility of flow separation 

around the crest of the extruded end piece because of the 

sharp edge there. This was checked by making flow visual- 

ization studies around the crest. No observable separa- 

tion of the flow was found there. 



2.2.3 (b) Two-Dimensionality of the Wall Jet Flow 

The uniformity of the dynamic pressure along the 

wall jet exit was used as a check of the two-dimensional 

behavior. The exit dynamic pressure was measured with 

a square brass tube, the dimensions of which are shown 

in Fig. 2.12. The brass tube was kept with its cross 

section perpendicular to the flow and flush with the 

bottom wall of the tunnel. It is connected by a flex- 

ible tubing to an inclined tube manometer. Thus the 

measured dynamic pressure is the average dynamic pressure 

over the opening of the square brass tube. 

The top wall cf the wind tunnel was removed 

during the wall jet flow measurements, thereby ensuring 

that the static pressure at the exit is atmospheric. The 

wall jet flow measurements were made with no external 

stream. The dynamic pressure at the exit of the wall 

jet was measured at 25 mm intervals along the length of 

the jet starting from the center. The average exit 

velocity as measured by the square brass tube was set 

approximately at 42.7 m/set. A second set of measurements 

was also taken at 36.6 m/set. To start with, there was 

a 5% variation in the average exi 't velocity at various 

stations along the length of the wall jet. Particularly, 

there was a deficiency of flow at about 38 mm on each side 

from the center line of the tunnel indicated by the low 

value of the average velocity. To correct this, three 
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Fig. 2.12 Square Brass Tube for Measuring the Wall Jet 
Exit Dynamic Pressure 
(All dimensions are in cm.) 



holes (Fig. 2.9) of 4 mm diameter were drilled into the 

baffle plate at the entrance of the wall jet plenum. 

These holes allow more air to be supplied to the fluid 

deficient area, thus equalizing the average velocity at 

several locations. However, this step alone did not solve 

the problem completely. There was still a significant 

variation in the average dynamic head, although it was 

less than what it was without the above mentioned holes. 

Another modification was made in the wall jet 

plenum to improve flow uniformity. A 0.1 mm thick steel 

sheet was rolled into a cylinder and inserted into the 

copper feed tube with a small portion of the steel sheet pro- 

jecting out as shown in Fig. 2.9. The height of the 

projecting portion of the steel sheet was adjusted to 

produce the least variation in the average value of the 

dynamic head measured by the square brass tube. The steel 

sheet was then glued to the copper tube along its edges. 

The steel sheet acts as a baffle to divert the flow to 

the fluid deficient area. The projecting portion of 

the steel sheet on the left half (looking upstream) is 

approximately 1.6 mm and that on the right half (looking 

upstream) is approximately 0.8 mm. 

With the above modifications, the wall jet main- 

tained a uniform flow indicated by the average velocity. 

The average velocity as measured by the square brass tube 

varied within 20.9% of its value at the center for the 

entire length of wall jet. There was a small region of 
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high velocity at 89 mm from the center to the left (iook- 

ing upstream) where the average velocity was higher than 

the central value by 1.45%. 

2.2.3 (c) Calibration of the Wall Jet Flow 

The static pressure inside the wall jet nozzle is 

related to the amount of the flow at the exit of the wall 

jet. Therefore the wall jet exit flow rate can be cali- 

brated against the static pressure measurements inside 

the nozzle. A static pressure tap was made in the end 

plate on the left side (looking downstream) of the 

wall jet nozzle. The position of the static pressure 

tap is given in Fig. 2.5. The static pressure at this 

location was measured by an inclined tube manometer. 

The wall jet was calibrated for different static 

pressure readings by measuring the velocity profile at 

the center of the wall jet. The velocity profile measure- 

ments were made with a rectangular mouth boundary layer 

total head probe shown in Fig. 3.1. The measurements were 

made after removing the top wall of the wind tunnel and 

without the external stream. The static pressure inside 

the wall jet was altered by adjusting the pressure regulator 

in the air input line. The nominal values of the maximum 

velocities in the velocity profile at the center of the jet 

were 30.5, 36.6, and 42.7 m/set, corresponding to the three 

different static pressure settings for which the measurements 

were made. Thus for a given static pressure inside the 

wall jet, the flow rate can be calculated from the measured 
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velocity profiles at the jet exit. By means of this method, 

the wall jet nozzle can also be used as a flow meter. 

As a further check on the two-dimensional behavior 

of the wall jet, velocity profiles were also taken at 

2.5 cm and 7.6 cm on each side of the center and for the 

above mentioned static pressure settings. The maximum 

variation in velocity at any given height from the floor 

of the tunnel and at any given static pressure setting 

was within 3%. In all the above mentioned velocity 

profile measurements the asymmetric nature of the jet exit 

velocity profile was observed. 
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CHAPTER III 

INSTRUMENTATION 

This chapter describes the different instruments that 

were used for measuring the mean and turbulent components 

of velocity, the Reynolds shear stress, and the skin 

friction. The instrumentation includes the pitot probes, 

Preston tubes, hot-wire probes, and the hot-wire signal 

processing equipment. A brief description of the calibra- 

tor is also included. The estimated uncertainties in 

the measurements using the above instrumentation are pre- 

sented. 

3.1 Pitot Probes and Preston Tubes 

Pitot tube traverses were made only to check the 

two-dimensionality of the flow. The pitot tube used for 

this purpose is shown in Fig. 3.1. It is a total head 

rectangular-mouth boundary layer probe. The same pitot 

tube was also used 

1. For measuring the jet exit velocity profile 

during the calibration of the wall jet, and 

2. For the upstream boundary layer velocity 

profile measurements necessary for selection of the 

roughness element as described in Chapter 2. 
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Fig. 3.1 Rectangular Mouth Boundary Layer Pilot (total head) Tube 
(All dimensions are in cm.) 



~11 other static and total pressure measurements.were made 

with a United Sensor and Control Corporation model 

PAA-8-KL pitot tube. It had proper connections for mea- 

suring both the total head and the static head. 

The skin friction was measured by means of a 

Preston tube using Patel's (1965) calibration curve. 

The Preston tube used in the zero pressure gradient 

studies has the mouth dimensions of 0.5 mm I.D. and 

0.6 mm O.D. The Preston tube used in the adverse pressure 

gradient studies has the mouth dimensions of 0.78 mm I.D. 

and 0.88 mm O.D. 

3.2 Hot-wire Probes 

A TSI model 1274-10 normal hot-film probe was 

used to measure the mean velocity U and the turbulence 

intensity ut/Uo, l A TSI model 1273-T 1.5 slant hot- 

wire was used to measure the Reynolds shear stress -G 

and the turbulence intensities vJ"oa and wt/UoO . The 

45O slant wire probe is rotatable about its axis through 

a rotating mechanism described below. The shear stress 

and the normal stresses were deduced from the slant-wire 

measurements at seven angular positions about its axis. 

The choice of a single rotatable slant-wire over X wires 

was made for three reasons: 

1. Any uncertainty about possible interaction 

between two wires and four prongs is eliminated. 
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2. The need for two anemometers and two linearizers 

together with a critical matching of the two hot-wire 

calibrations is avoided 

3. wt can also be measured with the rotatable 

single slant wire. 

A TSI model 1210-20 rake hot wire probe was used 

to measure the velocity in the freestream at several 

locations which was required to adjust the pressure grad- 

ient in the case of zero pressure gradient flow. 

3.2.1 Slant-wire Rotating Mechanism 

Fig. 3.2 shows the slant-wire rotating mechanism 

with the probe mounted in it. The probe is free to rotate 

inside a cylindrical steel guide with its face turned 

smooth on a lathe to reduce the flow blockage. The steel 

guide is firmly attached to a rectangular rod which in 

turn is attached to another round rod in the traversing 

mechanism through a swivel joint. This swivel joint 

helps in rotating the slant wire probe about a horizontal 

axis through the joint. The probe can also be rotated 

about a vertical axis by turning the round rod in the 

traversing mechanism. These two movements are needed for 

the alignment of the probe with the free-streamlines. The 

probe stem itself passes through another slotted spindle 

with 12 slots cut on its rim at 30' intervals and can be 

attached to the probe stem by a set screw. The probe 

stem then passes through a rectangular steel block with 
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Fig. 3.2 Slant-Wre Rotating Mechanism with the Probe Mounted 
on It. 

1. Probe Stem 5. Rectangular Steel Block 
2. Cylindrical Steel Guide 6. Steel Strip 
3. Rectangular Rod' 7. Probe 
4. Slotted Spindle 8. Steel Steps 
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a passage hole for the probe stem. This steel block is 

held in position by means of the rectangular rod mentioned 

above. A small steel strip that fits exactly into the 

slots of the slotted spindle is hinged to the steel block 

and can be raised or lowered into the slot by means of 

a fishing line attached to it and brought outside the 

tunnel through one of the probe holes. By raising the 

steel strip, the probe is free to rotate about its axis 

and by lowering the steel strip into a slot, the probe 

position can be locked at any one of the twelve orientations. 

Two small steel stops, one on each side of the steel 

block, prevent any horizontal movement of the probe. The 

first stop is attached to the rectangular rod by a 

spring and the second stop is attached to the probe stem 

by a set screw. The probe is rotated from the end of 

the tunnel by the cable carrying the hot-wire signal. 

With the above mechanism for rotating the slant wire, 

it was possible to rotate the probe with only an eccentri- 

city of 0.25 mm between the probe stem axis and the axis 

of the mechanism. 

3.2.2 Traversing Mechanism 

The traversing mechanism used for the traversal 

of different probes consists of a brass screw having a 

movement of 0.635 mm per turn along with proper mountings. 

The probe can be set to an accuracy of .0254 mm by means 

of this traversing mechanism. The traversing mechanism 

is shown in Fig. 3.3. 
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Fig. 3.3 Traversing Mechanism 
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3.3 Electronic Siqnal Processing 

A TSI-model constant temperature anemometer control 

unit and a TSI 1055 linearizer were used to produce the 

hot-wire signals. The root-mean-square voltages were 

measured using a HP model 400E voltmeter connected in 

series to a true integrating voltmeter, consisting of 

a Tektronix model DC503 counter. The signal was averaged 

over a 10 second interval. Two readings were taken for 

each data point and then an average was taken giving an 

effective averaging time interval of 20 seconds. The mean 

voltages were measured with a true integrating voltmeter, 

consisting of a Wavetek model 131 function generator 

with a voltage controlled frequency circuit, connected 

in series to an Anadex model CF600 counter. The mean 

voltages were also averaged over 10 second intervals. Two 

readingsweretaken for each data point and then an average 

was taken giving an effective averaging time interval of 

20 seconds. The spectra were measured with a Princeton 

Applied Research Inc. model 4512 FFT real time spectrum 

analyzer. This spectrum analyzer was used over a frequency 

analysis range of 1OHz to 40KHz and a sensitivity range of 0.1 

to 10 volts. The output of the spectrum analyzer was 

recorded on a Honeywell 320 XY recorder. 

3.4 Calibrations 

The calibration of different probes was done in 

a TSI mcdel 1125 calibrator which can supply nearly 
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turbulence free air at a given temperature. The calibrator 

is connected to a filtered compressed air supply available 

in the laboratory. The temperature of the air coming 

out of the calibrator can be electrically controlled by 

a heat exchanger in the flow path. The calibrator has 

different sets of nozzles that can be fitted in position 

for different velocity ranges and also it has two inner 

chambers for low velocity calibration of the probes. 

The linearizer was adjusted to give a linear 

calibration within 21% between the velocity and the output 

voltage of the linearizer. The linear calibration curve 

was obtained by a least square fit of the calibration 

points. During most of the experimental runs, the anemo- 

meter remained drift free. This was indicated by the 

calibrations done before and after each experimental 

run. The anemometer circuit had a flat frequency response 

in the range of frequencies (0 - 10 KHz) encountered in 

the present flows. 

3.5 Uncertainties in the Measurements 

The method of Kline and McClintock (1953) was 

used to estimate the uncertainties in the calculated data 

obtained from the primary measurements. The uncertainty 

of a particular variable R is denoted by AR. The uncertainty 

figures given in table 3.1 are the maximum possible values 

calculated for the cases of maximum possible error. 
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TABLE 3.1 

UNCERTAINTIES IN THE DATA 

Measurement Uncertainty Device Used 

U AU = kO.4 m/set Pitot tube 

U 

cf 

7 

7 
7 

AU = +O.l5m/sec 

ACf = +.00033 

,(7)/;-z = 23% 

A(-=)/-= = +lo% Slant hot-wire 

A(&;;z = ?12% Slant hot-wire 

2-T A(w )/w = 212% 

Normal hot-film 
and hot-wire 

Preston tube 

Normal hot-film 

Slant hot-wire 

The uncertainties in the mean velocity measure- 

ments with pitot tube and the skin friction measurements 

with Preston tube are mainly due to the uncertainties 

in the pressure measurements. The uncertainty in the probe 

calibration is the main source of uncertainty in the 
-2 measurements of U and u with the normal hot-film. The 

2 -2 data of -E, v , and w are mainly affected by the un- 

certainty in the probe calibration, uncertainty in the 

determination of the constant Xl (Appendix C) and the 
-2 uncertainty in the measurement of u . 
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CHAPTER IV 

EXPERIMENTAL RESULTS FOR THE ZERO 

PRESSURE GRADIENT FLOW 

The experimental results for the 'zero pressure 

gradient flow are presented in this chapter. The objec- 

tives of the experiments are: 

1. To obtain experimental data with thick 

upstream boundary layers and with low jet velocity ratios, 

2. To obtain detailed turbulence data which would 

aid in the future developemnt of turbulence models and 

3. To observe the effect of an asymmetric jet 

velocity profile on the flow development downstream of 

the slot. 

The measured quantities presented here are the 

mean velocity, turbulence intensities, shear stress, 

skin friction and spectra. The derived quantities pre- 

sented include the integral and profile parameters, eddy 

viscosity, mixing length, Prandtl-Kolmorgorov length 

scale, turbulent kinetic energy, correlation coefficients, 

production and dissipation rates of turbulent kinetic 

energy and bursting periods. A brief description of the 

flow conditions is given first followed by the presenta- 

tion of the measured and derived experimental results. 
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4.1 Flow Conditions 

The method of setting the zero pressure gradient 

flow, the two-dimensional nature of the flow and the 

qualities of the upstream boundary layer are described 

below in sequence. 

The flow was set for a zero pressure gradient 

condition by measuring the free-stream velocity at several 

stations beginning from the slot by means of a rake hot- 

wire probe. The top wall of the tunnel was adjusted to 

give the same free-stream velocity at different stations 

along the tunnel. The initial adjustments of the pressure 

gradient were done by measuring the free-stream velocity 

with a pitot tube and the final setting was done with a 

rake hot-wire probe. The variation of the free-stream 

velocity measured with the hot-wire probe is shown in 

Table 4.1. The free-stream velocity was constant from the 

slot to the exit of the tunnel with an average variation 

of 21%. The measured free-stream turbulence intensity 

ut4a was found to be about 0.2%. The height of the top 

wall above the bottom wall at different locations is shown 

in Fig. 4.1. The wall jet was adjusted to have a maximum 

velocity in the slot velocity profile approximately 

equal to 37.8 m/set for the measurements under zero 

pressure gradient. The flow rate through the jet slot 

was kept constant during the measurements by maintaining 

a constant static pressure difference between the inside 

of the jet nozzle and the free-stream above the jet exit. 
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TABLE 4.1 

VARIATION OF THE FREE STREAM VELOCITY MEASURED 
WITH THE RAKE HOT-WIRE PROBE 

X/Ye 

16.51 1.000 

35.05 1.001 

53.74 0.998 

74.48 0.997 

92.29 0.996 

108.36 0.996 

146.18 1.001 

182.83 1.000 

220.65 1.000 

260.80 0.998 

289.72 0.993 

337.33 0.984 

360.40 0.985 

399.54 0.982 

440.42 0.992 

('=h6.5 = 25.97 m/set 

- 
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BolNHI’I Well / 

Fig. 4.1 Position of the Top Wall for the Zero Pressure Gradient Flow 

(All dimensions are in cm. The numbers in the brackets are the distances measured from the tip of the 
bottom wall near the end of the contraction.) 



The important consideration which affects the 

quality of the flow in the present situation is the two- 

dimensional nature of the mean flow. The two-dimensional 

behavior of the flow was checked 

1. Upstream of the slot 

from the contraction exit 

at 

at 

several points: 

approximately 45 cm 

2. Downstream of the slot at approximately 

5 cm from the slot exit, and 

3. Downstream of the slot at approximately 

cm from the slot exit. 
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These checks were made with the pitot tube traversals after 

setting the pressure gradient and the wall jet velocity 

to proper values. The velocity profiles were measured 

at the center of the tunnel and at 7.6 cm from the center 

on each side at each of the locations mentioned above. 

The velocity at any given y location on either side of 

the center was found to be within a maximum of +4% and 

within an average of 21.5% of the velocity at the center 

of the tunnel. A further check on the two-dimensional 

nature of the flow was made in section (4.2.3) by examin- 

ing the two-dimensional integral momentum equation with 

the present measurements. 

One of the objectives of the present measurements 

is to obtain data with a large upstream boundary layer at 

the slot. Therefore, the nature of the upstream boundary 

layer was studied by making velocity profile measurements 

with a normal hot-film at 21 cm upstream of the slot. 

Fig.4.2 shows the velocity profile at 21 cm upstream of-the 
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slot plotted on the conventional semilogarithmic co- 

ordinates. The skin friction was determined from the 

Preston tube measurements. The velocity profile measure- 

ments are compared with the logarithmic law of the wall 

represented by the solid line in Fig. 4.2. The constants 

recommended by Pate1 (1965) were used in the logarithmic 

law of the wall given below: 

U u-ry - = 5.5 Loglo T + 5.45 . 
uT 

(4.1) 

The velocity profile data agree well with the logarithmic 

law of the wall at the upstream station mentioned above. 

The momentum thickness Reynolds number is equal to 3142 

at this station. The strength of the wake component A(U/Ur) 

(Coles, 1962) is equal to 2.2. This value of A(U/U=) agrees 

within 10% of its value given by Coles, for the same momentum 

thickness Reynolds number and for a "normal" turbulent bound- 

ary layer under a zero pressure gradient. Therefore, the 

boundary layer upstream of the slot is a developed turbulent 

boundary layer. 

4.2 Mean Flow Data 

The mean flow data presented here include the 

skin friction, the mean velocity profiles and the integral 

and profile parameters. 

4.2.1 Skin Friction Cf 

The variation of skin friction coefficient Cf 

obtained from the Preston tube measurements is shown in 

Fig. 4.3 (a). Fig. 4.3 (b) shows the variation of Cf 

with x/ye on a logarithmic scale. It can be seen that 
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Fig. 4.2 Mean Velocity Profile in the Wall Coordinates at 
21 cm Upstream of the Slot 

- Logarithmic law of the wall (Equation 4.1) 

0 0 0 

Fig. 4.3(a) Variation of Skin Friction 

65 



there is a power law variation between skin friction 

coefficient Cf and x/y,. 

It has been found in the literature that 'for self- 

preserving.wall jet flows with and without pressure 

gradients, the skin friction varies according to the 

following relation: 

TW 
U maxYmax 

B 
= 

4PU;ax 
A 

( ) 
V 

(4.2) 

where A and B are constants. 

This relation holds only for self-preserving wall 

jet flows with only a velocity maximum and with a negli- 

gible upstream boundary layer. Irwin (1974) suggested 

on the basis of the recommendations made by Guitton (1970), 

Pate1 (1962), Bradshaw and Gee (1962), Kruka and Eskinazi 

(19641, and McGahan (1965) that A = 0.026 and B = -0.18 in 

the equation (4.2). Fig. 4.3 (c) shows the variation of 

'fm = Tw/ MJ;ax ) in the present case in comparison with 

the above equation for Cfm. The present data also show a 

power law variation of Cfm. However, the constants A and 

B are different than those suggested by Irwin. For the 

present data, A = 0.102 and B = -0.33. The difference 

in the constants A and B may be due to the non-self- 

preserving nature of the present flow. 

4.2.2 Mean Velocity U 

Figs. 4.4 (a-e) show the normal hot-film measurements 

of mean velocity profiles in the U/U, vs y/d coordinates. 

The negative sign on the x/y, values in Fig. 4.4 (a) 
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Fig. 4.3(b) Variation, of Skin Friction in Logarithmic Coordinates 

Fig. 4.3(c) Yariation of Skin Friction Coefficient Cfm 

---- Bquation 4.2 with a = 0.026 and b = 3.18 

- Line fitting the experiment& data 
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Fig. 4.4(b) Mean Velocity Profile at the Slot (x/y, = 0.292) 
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indicates that they are the distances measured upstream 

of the slot. The value x/ye = -16.4 corresponds to the 

crest of the extruded aluminum end piece (section 2.2.2) 

and x/y= = -77.1 corresponds to a position 21 cm upstream 

of the slot. 

Fig. 4.4(b) shows the velocity profile at x/y, = 

0.292. Here it can be seen that the velocity profile 

in the jet is asymmetric with a relatively greater con- 

centration of momentum in the upper half of the wall jet. 

This asymmetric velocity profile in the jet is typical 

of the present wall jet design as discussed in Chapter 

2. By comparing the upstream boundary layer velocity 

profiles at x/y== -77.1 and x/y, = 0.292, one can see 

that the wall jet body did not introduce any major changes 

in the mean velocity profile of the upstream boundary layer. 

The upstream boundary layer above the slot shown in Fig. 

4.2(b) is very thick and it has a large deficit of momentum, 

satisfying one of the conditions under which the present 

measurements were intended to be made, as given in Chapter 

1. Figs. 4.4 (cl, (d) and (e) show the mean velocity 

profiles fromx/yc = 7.45 and onwards. The upstream 

boundary layer has been completely absorbed by the jet 

as the flow proceeds in the downstream direction. The 

velocity maxima and minima cannot be identified after 

X/Ye = 146.2. At x/ye = 435.2, the velocity profile 

looks similar to a normal turbulent boundary layer. 

73 



Figs. 4.5(a) and (b) show the velocity profiles 

plotted on a conventional semilogarithmic plot with 

U/UT and TJ=y& as the co-ordinates. The velocity profiles 

were shown for stations x/ye = 7.45 and onwards. The friC- 

tional velocity uTS wasobtained from the Preston tube 

measurements. The velocity profile measurements were 

compared with the logarithmic law of the wall (Equation 

4.11, with the constant recommended by Pate1 (1965). It 

can be seen from Figs. 4.5 (a) and (b) that the experi- 

mental data agree well with the logarithmic law of the 

wall for all the stations, except at x/y, = 7.45 where a 

defined logarithmic region hasnotbeen formed yet because 

of its proximity to the slot. 

The good agreement between the logarithmic law 

of the wall and the mean velocity data indicates that the 

skin friction measurements are accurate. This also 

indicates that the uncertainty in the skin friction 

measurements given in Chapter 3 may have been over 

estimated. The momentum thickness Reynolds number and 

the wake component A(U/UT) (Coles, 1962) are equal to 

6312 and 3.0, respectively, at x/ye = 435.2. The wake 

component at x/y, = 435.2 is 10% higher than its value 

given by Coles for a normal zero pressure gradient tur- 

bulent boundary layek at the same or higher momentum 

thickness Reynolds numbers. The mean velocity data 

are tablulated in Appendix D along with the data of uto 
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Fig. 4.5(a) Mean Velocity Profiles in the Wall Coordinates 
at x/ye = 7.45 to 108.4 

- Logarithmic law of the wall (Equation 4.1) 
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Fig. 4.5(b) Mean Velocity Profiles in the Wall Coordinates 
at X/Y= = 146.2 to 435.2 

Logarithmic law of the wall (Equation 4.1) 



Fig. 4.5 (c) shows the streamline pattern around 

the slot lip. It shows that there is no appreciable 

variation of the static pressure in the direction normal 

to the bottom wall of the tunnel as the streamlines are 

not steeply curved in the region of the'slot lip. 

4.2.3 Integral Parameters 

The integral parameters evaluated are the boundary 

layer thickness (6), displacement thickness (6l), momentum 

thickness (62),shape factor (H), and the momentum thick- 

ness Reynolds number (Re2). Figs. 4.6 (a-e) show the 

development of the integral parameters 6, 61, 82, H, and 

Re2 respectively. The rates of increase of the momentum 

thickness, displacement thickness, and the boundary 

layer thickness seem to be very slow in the present ex- 

periments. The shape factor H tends to become a constant 

approximately equal to 1.35 at far downstream stations, 

which closely agrees with the value of H = 1.4 indicated 

by Schubauer and Klebanoff (1955, 1956) for a flat 

plate turbulent boundary layer. 

The two-dimensional nature of the flow was exam- 

ined by applying the two-dimensional integral momentum 

equation (4.3) to the present data. 

dRe2 
= --- dy 

dRe, 
(4.3) 
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Fig. 4.5(c) Streamline Pattern Around the Slot Lip 

Fig. 4.6(a) Growth of the boundary Layer Thickness 
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--- Re2 obtained using the two-dimensional 
integral momentum equation (4.3) 
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or, 

X/Y= m X/Ye 

Re2 = 

where 

I 
C 
f dRex 
2 

x/y,=16.5 

+ (Re2) 

X/Ye =16.5 

Yo62 
Re2 = - uwx 

and Re = - 
V X 

V 

-- 
Yo u2-v2 
T- 

P 
U2 

10 w 

dY 3 
dY c =16.5 

The contribution of the normal stresses term 
r 

7 [(u - 7, /Uf 1 dy 

to the integral momentum equation was found t?o be smaller 

than 5% and hence it was neglected. The measured skin 

friction coefficients were used in the equation (4.3). 

Fig.4.6@ shows the values of Re2 obtained from the two- 

dimensional integral momentum equation (4.3) along with 

the experimental values of Re2. The experimental values 

of Re2 agree with the values of Re2 obtained from equation 

(4.3) within 210% on the average, establishing the two- 

dimensionality of the flow. 

4.2.4 Effect of the Asymmetric Jet Velocity 

Profile on the Mean Flow 

The effect of the asymmetric jet velocity profile 

on the mean flow development is discussed below. A crude 

comparison of the development of the mean velocity profile 

for the present flow with that of similar flows in the 
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literature (Kacker and Whitelaw, 1968) shows that the 

development of the jet requires a greater x/y, distance 

in the present case. The flow takes a longer distance in 

the present case to achieve the state of a normal turbulent 

boundary layer. The effect of the jet momentum can be 

seen even as far as x/ye = 435.2 due to the low value of 

Re2 there, This can be attributed only to the asymmetric 

nature of the jet velocity profile. The asymmetric 

velocity profile spreads the jet momentum more uniformly 

in the layer by supplying more momentum to the momentum 

deficient upstream boundary layer than wasting the same 

jet momentum in the form of friction at the wall. In 

comparison, the uniform jet velocity profile has a 

relatively large concentration of momentum near the wall 

which results in greater frictional losses. Thus the 

momentum of the jet is carried away to a much longer 

distance in the case of an asymmetric jet velocity 

profile. 

The rates of increase of momentum thickness, 

displacement thickness and boundary layer thickness seem 

to be very slow for the present case where a highly 

momentum deficient upstream boundary layer is meeting a 

wall jet of moderate momentum. In a case like this, 

one wouid expect the integral thicknesses to increase 

rapidly, indicating deficiency of momentum if it was a 

uniform profile in the jet. The uniform jet velocity 

profile cannot meet the momentum requirements of the 
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upstream boundary layer as efficiently as an asymmetric 

jet velocity profile. This results in the development of 

momentum deficient regions in the case of a uniform jet 

velocity profile. Hence the integral thicknesses can be 

expected to increase rapidly in the case of uniform jet 

velocity profile. Therefore, the present slow growth rate 

of the integral thicknesses can only be attribututed to the 

asymmetric nature of the jet velocity profile. 

4.2.5 Profile Parameters 

The profile parameters are the quantities related 

to the mean velocity profile. The profile parameters pre- 

sented here include Ymax, Y- . mm' 
reference to Fig. 1.1 (b), Ymax 

imum velocity Urnax, Ymin is the 

U min' and Y half is the position 

'half' 'max and 'min. With 

is the position of the max- 

position of minimum velocity 

,where U = (Urnax + Umin)/2. 

The velocity maximum and the velocity minimum could not be 

identified after x/ye = 146.2. Hence, all the profile para- 

meters were plotted only up to x/ye = 146.2. 

4.2.5 (a) Development of Ymax, Yhalf, and Ymin 

Fig. 4.7 (a) shows the development of Ymax and 

'half' Fig. 4.7 (b) shows the development of Ymin. The 

developments of Ymax and Yhalf are of particular interest 

here. It has been found in previous research that Ymax 

can be expressed as a universal linear function of the 

distance x/ye for self-preserving wall jet flows under 

zero and adverse pressure gradients. The survey of the 

existing data on self-preserving wall jets by Narayan 
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Fig. 4.7(b) Development of Ymin 
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and Narasimha (1973) confirms the universal behavior of 

the 'max distribution. The data of Irwin (1973) also 

reveal the universal behavior of the Ym,x distribution. 

The universal Ymax distribution for the self-preserving 

wall jet flows is shown in Fig. 4.7 (a). However, it 

is not clear whether the non-self-preserving wall jets 

exhibit similar universal behavior for the Ymax develop- 

ment. The data of Ramaprian (1973) show that even for 

non-self-preserving wall jets under adverse pressure 

gradients, the Y,,, development is universal. The data 

of Irwin (Newman and Irwin, 1975) do not indicate a 

universal behavior for the Ymax development in the case 

of non-self-preserving adverse pressure gradient flows. 

The present flow is a non-self-preserving flow. 

The 'max distribution for the present flow does not seem 

to follow the universal distribution as revealed by the 

Fig. 4.7 (a). The growth rate of Ymax in the present 

case is higher than that of the universal Y,,, distribution. 

This can be partly attributed to the asymmetric jet 

velocity profile as explained below. The experimental 

asymmetric jet velocity profile has its maximum velocity 

located nearer to the slot lip to start with. Hence, 

the asymmetric velocity profile has relatively more 

momentum near the slot lip. The inner layer correspond- 

ing to the region of maximum velocity spreads out more 

rapidly in an effort to meet the momentum requirements 
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of the upstream boundary layer. Therefore, the position 

of maximum velocity (Ymax) moves more rapidly into the 

outer layer. In comparison, a wall jet with uniform jet 

velocity profile has its momentum distributed evenly 

across the slot. Hence, the growth rate of Y,,, is 

relatively slow for a uniform jet'velocity profile. 

Also, a wall jet with uniform jet velocity profile retains 

a considerable part of injected momentum nearer to the 

wall, thereby losing a relatively larger amount of momen- 

tum as surface frictional losses. 

The data of Irwin (19731, Irwin (Newman and 

Irwin, 1975), Ramaprian (19731, Gartshore and Newman 

(19691, and the data of various authors presented in 

Narayan's (1973) work indicated that the growth rate of 

Yhalf is always higher than that of Y,,, for wall jets 

with uniform injection at the slot. The above data 

also indicate that the development of Yhalf is not 

universal and it depends strongly on the conditions 

upstream of the slot and the ratio of the jet velocity 

to the free-stream velocity. However, the growth rate of 

Yhalf in the present experiments is almost the same as that 

Of 'max shown in Fig. 4.7 (a). The slower growth rate of 

Yhalf in the present experiments can be attributed to the 

asymmetric jet velocity profile. The experimental 

asymmetric profile has relatively higher concentration of 

momentum in the upper half of the jet and nearer to the 

86 



momentum deficient region in the outer layer. Therefore, 

the outer layer tries to extract more momentum from the 

inner layer rather than extracting momentum from the free- 

stream. This results in slower growth of the outer layer 

and hence the slower growth rate of Yhalf. 

4.2.5 (b) Variation of Urnax and Urnin 

Fig. 4.8 (a) shows the variation of U max'UJave and 
U min/UJave with x/Y~- Fig. 4.8 (b), shows the variation 

of (Urnax - Umin)/UJdve with x/y,. UJave is the uniform 

jet velocity for an equivalent jet with uniform profile 

and having the same momentum as the experimental asymmetric 

jet. Wall jet data in the literature show that the varia- 

tion of Urnax and Urnin depends on several parameters like 

the ratio of jet velocity to the free-stream velocity, 

thepressuregradient and the conditions upstream of the 

slot. Hence an attempt has not been made to compare the 

present variation of Urnax and U,i, with the data in the 

literature. It can be seen from Fig. 4.8 (a) that the 

rate of decay of Urnax is greater than the growth rate of 

U min' Ramaprian's (1973) data for different non-self- 

preserving wall jets under adverse pressure gradients 

show that for a given ratio of jet velocity to free- 

stream velocity, the decay of maximum velocity is the 

same as that for plane self-preserving wall jets under 

zero pressure gradient. However, this is not true in 

general. 

87 



1 
l . l 

U min %avo I 

. 

4’ 

-5 
I 

I 

50 500 

x/k 

Fig. 4.8(a) Variation of Umax and Umin 
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4.3 Turbulence Data 

The measured turbulence data include the results 

of the measured turbulence intensities (ut/UcD, vt/UW and 

w&J I the measured turbulent shear stress -z and the 
7 measured spectra of.u . The quantities derived from the 

measured turbulence data include the eddy viscosity, 

mixing length, Prandtl-Kolmogorov length scale, turbulent 

kinetic energy, correlation coefficients, production and 

dissipation rates of turbulent kinetic energy and bursting 

periods. The results of the measured and derived turbulent 

quantities are given below in detail. 

4.3.1 Turbulence Intensity ut/Um 

The ut data were obtained from normal hot-film 

traversals atseveral stations starting from x/y, = 0.292. 

Figs. 4.9 (a-c) show the variation of ut/UoD vs y/, for 

different x locations. The negative sign on the value of 

X/Y, indicates that those stations are located upstream 

of the slot. The positions of the stations x/y, = -16.4 

and x/ye = -77.1 are as given in section 4.2.2. The pro- 

file of ut/Um at x/y, = 0.292 shows that the flow inside 

the jet is not an inviscid one, instead it is a fully 

turbulent flow, because of the high turbulence intensities 

existing there. The level of turbulence intensity grad- 

ually decreases as one proceeds downstream starting from 

the jet. 

Fig. 4.10 (a) and (b) show the variation of ut 

in wall coordinates. Most of the data are limited to 
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90 

.I ,.. . . . _-_..-.... - . . . .___... _..._--_.,._. -.-.- .._- _ _-..-..- ------ 
-- 



El 
c 

al 
El 

al 
m 

El 

cl 

[3 

L!! 

13 

!- 
iia 

- .-. .-. 
25 

7.Fxi 
In m 

.5ia -15 iga i.25 l.5a 
v.aEilT 
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Fig. 4.9(c) Distribution of the Turbulence Intensity u,/V, at 
X/Y= = 146.2 to 435.2 

-w-s ut/Um data by Klebanoff (1955) for a turbulent 

boundary layer on a flat plate (reproduced from 
Rotta (1962)) 
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Fig. 4.10(a) Distribution of ut in the Wall Coordinates 

at x/ye = 7.45 to 108.4 
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Fig. 4.10(b) Distribution of ut in the Wall Coordinates 

at X/Y= = 146.2 to 435.2 
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the outeredgeof the viscous sublayer with few stations 

as exception. The point of ,first maximum in ut was 

always found to be near the wall and at the edge of the 

viscous sublayer. The point of minimum ut in the inner 

layer generally corresponded with the region of maximum 

velocity even though the exact position was generally 

nearer to the wall than the point of maximum velocity. 

Sufficient slant-wire data were not available in the inner 

layer to describe the location of mimimum ut with respect 

to the point of zero shear stress. The point of second 

maximum in u t was found to be in between the points of 

velocity maximum and the velocity minimum and nearer to 

the maximum velocity gradient. The ut was found to be 

either minimum or constant around the point of velocity 

minimum. The steep drop in ut far away in the outer 

layer was found to begin from the point of maximum velocity 

gradient between the velocity minima and the freestream. 

The data for ut are given in Appendix D. 

4.3.2 Turbulence Intensities v,/U,, wt/UoD 

And Shear Stress -G 

A rotatable slant-wire (Chapter 3) was used to 

obtain vt, wt, and the shear stress -K. The 7 data 

obtained from the normal hot-film were used in the solution 
-- 

of the simultaneous equations for -F, v 2 2 and w . The 

details of obtaining vt, wt, and -G from the slant wire 

data including the relevant mathematical details are given 

in Appendix C. The data of vt, wt, and -K for all the 
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slant-wire data stations are tabulated in Appendix E. 

Appendix E also shows the interpolated data of ut and 

a(U/U=)/a(y/s) obtained from the normal hot-film data. 

Because of the size limitations set by the slant-wire 

probe supports, the slant-wire data at almost all the 

stations were taken only above the point of velocity 

maxima with a few exceptions. The results of the tur- 

bulence intensities vt/UOD, wt/UcD, and the shear stress 

-G are described below in detail. 

4.3.2 (a) Turbulence Intensities vt/UODand wt/Um 

Figs. 4.11 (a), (b) and 4.12 (a), (b) show the 

variation of vt/Um and wt/Um respectively at several 

stations, starting from x/ye = 16.5. The slant wire 

data at x/y, = 0.292 and x/y, = -16.4 were not shown on 

the plots. 

The point of maximum in vt and wt between the 

points of velocity maximum and velocity minimum has been 

found to be in the region of maximum velocity gradient. 

The level of magnitude of vt and wt dropped very rapidly 

between x/ye = 16.5 and x/y, = 74.5 and then the level 

of magnitude remains the same further downstream. For 

stations up to x/y, = 108.4, the magnitudes of both vt 

and wt remained nearly equal at a given station. However, 

for stations beyond x/y, = 108.4, wt was found to be 

higher than vt indicating the tendency to become a normal 

boundary layer (Klebanoff, 1955). 
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4.3.2 (b) Shear Stress -G 

Figs. 4.13 (a) and (b) show the distribution of 

-K7/u~ at different stations. The slant-wire data at 

X/Y, = 0.292 and x/y, = -16.4 were not shown on the plots. 

The points of zero shear can be seen distinctly in the 

-K distributions shown in Figs. 4.13 (a) and (b). At 

a given station, there should be two points of zero 

shear corresponding to the two points of zero velocity 

gradients. The two points of zero velocity gradients 

refer to the points of maximum and minimum velocities 

in the velocity profile. The first point of zero shear 

encountered as one goes away from the bottom wall is called 

the inner point of zero shear and the second zero shear 

point is called the outer point of zero shear. 

In the present -G data, both the inner and outer 

points of zero shear can be observed only at stations 

X/Y, = 108.4 and x/ye = 146.2. Only the outer point of 

zero shear can be observed for the stations upstream of 

X/Ye = 108.4, since it was not possible to make slant 

wire measurements closer to the wall at those stations. 

This was because of the size limitations set by the slant 

wire probe supports. The points of zero shear do not 

coincide with the points of zero velocity gradients. Both 

the inner and outer points of zero shear were found to be 

closer to the bottom wall than the corresponding points 

of zero velocity gradient. This result is in agreement 
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Fig. 4.13(b) Distribution of the Shear Stress at 
X/Ye = 74.48 to 435.2 

---- Shear stress data by Klebanoff (1955) for 
a turbulent boundary layer on a flat 
plate (reproduced from Rotta (1962)) 
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with a similar fact reported in the literature on wall 

jet data. 

The velocity maxima and minima cannot be identified 

beyond x/y, = 146.2. Therefore, the -G profiles beyond 

X/Y, = 146.2 do not show points of zero shear. The points 

of maximum shear stress between the inner point of zero 

shear and the freestream were found to be in the region 

of maximum velocity gradients. 

4.3.3 Effect of the Asymmetric Jet Velocity Profile on 

The Turbulent Quantities 

The profiles of utr vt, wt., and -Z, at X/Y = 435.2 
C 

are compared with those of a turbulent boundary layer on 

a flat plate by Klebanoff (1955) in Figs. 4.9 (c), 4.11 

(b) , 4.12 (b), and 4.13 (b) respectively. The present 

profile of ut at x/y, = 435.2 is significantly different 

from that of a flat plate boundary layer. A region of 

constant ut can be found in the present data at x/y, = 

435.2. The profiles of vt and wt at x/ye = 435.2 also 

differ considerably from those for a flat plate boundary 

layer. The infiuence of the jet seems to persist as far 

as X/Y, = 435.2. This was indicated by the departure of 

the turbulence profiles from that of a flat plate boundary 

layer. Kacker and Whitelaw's (1968, 1971) experiments 

show that the distribution of the turbulence intensities 

approach normal flat plate boundary layer patterns in a 

much shorter distance for flows similar to the present 
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flow and with a uniform jet velocity profile. This supports 

the fact that an asymmetric profile carries the influence 

of the jet to a much longer distance than a uniform jet. 

The shape of the -z distribution at x/y, = 435.2 

shown in Fig. 4.13 (b) is not comparable to that of the 

flat plate boundary layer by Klebanoff. The -G drops 

to a very small value even at y/b = 0.5, indicating that 

there are no appreciable velocity gradients beyond y/6= 

0.5. It means that the momentum of the jet is distributed 

evenly across the layer thereby reducing the momentum 

deficient region and the large velocity gradients associ- 

ated with it. This is caused by the asymmetric velocity 

profile in the jet which mainly distributes the momentum 

evenly across the layer instead of concentratingitin the 

region very near the wall as in the case of a uniform jet 

velocity profile. 

Kacker and Whitelaw's (1968, 1971) experiments 

on flows similar to the present flow show that the -G 

distribution approaches the present distribution for 

X/Y, = 435.2 at a much shorter distance. This indicates 

that the flow with a uniform jet velocity profile has a 

tendency to return to a normal boundary layer pattern at 

a much shorter distance than an asymmetric profile. Hence, 

the asymmetric profile carries the jet momentum to a much 

longer distance than a uniform profile, since one can see 

the effect of the jet as far as x/y, = 435.2 in the case 

of asymmetric profile. 
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4.3.4 Turbulent Kinetic Energy k 

Figs.4.14 (a) and (b) show the distribution of 

turbulent kinetic energy. The point of maximum kinetic 

energy coincides with the region of maximum ut, vt, and 

wt and also the region of maximum velocity gradients. A 

region of constant turbulent kinetic energy can be seen 

in the profiles starting from x/y, = 53.74. The turbulent 

kinetic energy decreases rapidly up to x/y= = 53.74; 

later on the decrease is more gradual. 

4.3.5 Correlation Functions Ruv and al 

The correlation function RUv is defined as 

R = uv -uv/(ut Vt) . The correlation function al, also 

called the Bradshaw's turbulence intensity parameter, 

is defined as a = -z/(u 2 
1 t + v 2 2 

t + Wt). These two coeffi- 

cients show the correlation between the different fluctuating 

components of velocity at the same point. The above 

correlation functions are very useful in understanding the 

structure of turbulence. The distributions of RUv and al 

for the present flow are given below. 

4.3.5 (a) Correlation Function RUv 

Figs. 4.15 (a) and (b) show the distribution of 

the correlation function RUv at different stations. This 

function is either negative or positive depending on the 

sign of -E and it is zero at the point of zero shear stress. 

The value of R,, reaches a maximum value lying between 
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+0.4 and +0.5 for points beyond the outer point of zero 

shear. The minimum value of RUv between the inner and 

outer points of zero shear is around -0.5 to start with, 

gradually decreasing in absolute value as the value of 

X/Y, increases. R uv is always positive at x/y, = 220.7 

and beyond. At X/Y, = 435.2, RUv is nearly a constant 

varying between +.35 and +.45 up to y/6 = 1.0 and then 

gradually decreasing to zero in the freestream. 

The distribution of RUv at x/y= = 435.2 is compared 

in Fig. 4.15 (b) with the distribution of RUv for a tur- 

bulent boundary layer on a flat plate (Klebanoff, 1955). 

The distribution of RU, at x/y, = 435.2 is similar in 

pattern to the turbulent boundary layer on a flat plate. 

The magnitudes of RUv at x/ye = 435.2 also compare well 

with those of a flat plate boundary layer. 

4.3.5 (b) Correlation Function al 

Figs. 4.16 (a) and (b) show the distribution of 

the correlation function al. The distribution of al ex- 

hibits similar features as in the case of R,,. The value 

of al becomes zero when the shear stress is zero. The value 

of al reaches a maximum value ranging between +.15 and 

+.18 for points beyond the outer point of zero shear. The 

minimum value of al between the inner and outer points of 

zero shear is around -0.2 to start with, gradually decreas- 

ing in absolute value as x/y, increases. At x/y, = 435.2, 
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al is nearly a constant, varying between +.ll and +.15 up 

to y/b = 1.0 and then gradually decreasing to zero in the 

freestream. The distribution of al at x/y, = 435.2 is 

compared in Fig. 4.16 (b) with the distribution of al for a 

turbulent boundary layer on a flat plate obtained by Hinze 

(1959) from the data of Klebanoff (1954). The distribu- 

tion of al at x/y, = 435.2 is similar in pattern to the 

turbulent boundary layer on a flat plate. The magnitudes 

of al at X/Y, = 435.2 also compare well with those of 

a flat plate boundary layer. 

4.3.6 Eddy Viscosity veff 

The study of the eddy viscosity distributions is 

very useful in the development of turbulence models and 

prediction procedures. Fig. 4.17 (a-c) shows the distri- 

butions of eddy viscositg veff = -F/(aU/ay) 

non-dimensionalized with (UoD81). The trends of the ex- 

perimental results are indicated by the dashed lines. It 

can be easily seen that there is a region of singularity 

exhibited at each station up to x/ye = 146.2. The eddy 

viscosity becomes either negative or undefined in these 

singular regions because of the following reasons. 

As mentioned earlier (section 4.3.2 (b)), the 

points of zero shear do not coincide with the points of 

maximum or minimum velocity. Therefore, the value of -G 

is different from zero and XJ/ay is equal to zero at the 

point of maximum or minimum velocity. Hence the eddy 
111 
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viscosity becomes undefined at the point of maximum or 

minimum velocity. Also, -G and au/ZIy are of different 

sign in the region between the point of zero shear and the 

point of velocity maximum or minimum. Hence the eddy 

viscosity becomes negative there. 

The eddy viscosity finally drops to zero in the 

freestream. The eddy viscosity distributions at x/ye = 

108.4 and x/ye = 146.2 exhibit two regions of singularity, 

as they are the only stations where the slant wire measure- 

ments cover both the points of maximum and minimum velocity. 

The above mentioned features of the eddy viscosity dis- 

tributions were also observed by Kacker and Whitelaw 

(1968) in their wall jet experiments. 

At X/Y, = 435.2, the eddy viscosity is nearly 

constant over most of the layer,up to y/d = 0.6. The eddy 

viscosity starts increasing after y/6 = 0.6 and it attains 

a maximum value near y/6 = 0.8. Afterwards, it gradually 

goes to zero in the freestream. The eddy viscosity dis- 

tribution at x/y, = 435.2 is compared in Fig. 4.17(c) 

with the eddy viscosity distribution for a flat plate tur- 

bulent boundary layer obtained by Hinze (1959) from the 

data of Klebanoff (1954). The residual effect of the jet 

may be responsible for the different patterns of the eddy 

viscosity distributions for the flat plate boundary layer 

and for the present wall jet at x/ye = 435.2. On the whole, 

there does not seem to be any similarity behavior in 

the present viscosity distributions. 
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4.3.7 Length Scales Lmix and Lk 

Two length scales were calculated from the present 

measurements. They are the Trandtl mixing Length LmiX, 

defined as Lmix = [v,,f/ilgl)] +f and the Prandtl-Kolmogorov 

turbulent length scale Lk defined as Lk = Veff/ y/E) l 

C 

lJ 

is a constant and k is the turbulent kinetic energy 

equal to *(u: + v: + wf) . Both these length scales are 

very useful in the prediction methods. 

4.3.7 (a) Prandtl Mixing Length Lmix 

Figs. 4.18 (a-c) show the distribution of the 

Prandtl.mixing length non-dimensionalixed with 6. Here 

also, the singularity can be observed around the points 

of zero shear as in the case of the eddy viscosity. The 

trends of the experimental results are indicated by the 

dashed lines. 

At X/Y, = 16.5, the mixing length is essentially 

constant in the outer layer beyond the outer point of 

zero shear which is due to the effect of upstream boundary 

layer. Two distinct regions, i.e., the outer and inner 

regions, can be found in the distributions of Lmix. The 

length scale in the outer region is in general approximately 

twice that of in the inner region, and this ratio Is much 

higher for x/ye = 146.2 and beyond. At x/ye = 435.2, 

the value of L mix" in the inner region is nearly a con- 

stant equal to around 0.04 and in the outer region it is 
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around 0.14 with a smooth transition between them. In 

general the tendency of Lmix ia in the outer region is to 

approach a uniform value of around 0.08 at higher values 

of y/6. However, the value of L mix/6approaches a uniform 

value of around 0.12 at x/y, = 257.9 and 435.2 for large 

values of Y/C?. The mixing length distributions do not 

show any similarity behavior among themselves. Kacker and 

Whitelaw (1968, 1971) observed similar mixing length 

distributionsin their experiments on wall jets and the 

order of magnitudes of Lmix /6were found to be the same 

as the present data. 

4.3.7 (bj Prandtl-Kolmogorov Length Scale Lk 

Figs. 4.19 (a-c) show the distribution of Prandtl- 

Kolmogorov length scale Lk, non-dimensionaliged with 6. 

A value of C 
?J 

= 0.2 (Kacker and Whitelaw, 1968, 1971) was 

used in the evaluation of Lk. The length scale Lk ex- 

hibits similar features as the mixing length, except that 

that magnitude of Lk is different. At x/ye = 146.2 and 

beyond, the magnitude of Lk in the outer region is about 

four times that of the inner region. At x/ye = 435.2, the 

value of Lk/6 is around 0.13 in the inner region and around 

0.35 in the outer region with a smooth transition in 

between them. The Prandtl-Kolmogorov 'length scale dis- 

tributions do not show any similarity behavior among 

themselves. Kacker and Whitelaw (1968, 1971) observed 
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similar Prandtl-Kolmogorov length scale distributions in 

their experiments on wall jets, and the order of magni- 

tudes of Lk/6 were found to be the same as the present . 

data. 

Both the Prandtl mixing length model and the 

Prandtl-Kolmogorov model fail near the point of zero 

shear. The length scales Lmix and Lk as defined above, 

become either negative or imaginary around the point of 

zero shear. This is because vefG becomes negative around 

the point of zero shear due to the different signs of the 

velocity gradient and the shear stress. 

Therefore, there is a necessity for a turbulence 

model that is suitable for wall jets where the point of 

zero shear and the point of velocity maxima or minima do 

not coincide. Launder (1969) has proposed an expression 

for the effective viscosity based on the Prandtl-Kolmogorov 

model which includes the second order terms like a2U/ay2 

to take care of the region around the point of zero shear. 

However, no attempt has been made here to test the applic- 

ability of the Launder's expression for the effective 

viscosity to the present flow. 

4.3.8 Production of Turbulent Kinetic Energy 

The equation for the conservation of turbulent 

kinetic energy (Rotta, 1962) involves the advection, 

production, diffusion and the dissipation terms. A full 

scale energy balance has not been attempted here. However, 
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an attempt has been made to evaluate the production and 

dissipation terms in the equation for the turbulent kinetic 

energy from the present measurements. The dissipation rate 

is evaluated from spectral measurements and the dissipation 

results are presented in the next section. The production 

of turbulent kinetic energy can be divided into normal 

stress production and the shear stress production. The 

shear stress production is given by -G z and the normal 
7 stress production is given by (u - 7, 

aY 
g Both the shear . 

stress and the normal stress production terms were evalu- 

ated from the present measurements and the results are 

shown below. 

Figs. 4.20 (a-c) show the distribution of the 

shear stress production of turbulent kinetic energy 

given by -ii? 5 (6/U:) on a semi-logarithmic scale. It 

can be seen here that there are two distinct levels of 

turbulent energy production corresponding to the inner 

and outer regions. These two production levels differ by 

an order of magnitude to start with and they gradually 

become equal. At x/ye = 108.4, the production level in 

the region between the two points of zero shear is of the 

same order of magnitude as in the region beyond the outer 

point of zero shear. As mentioned earlier (section 4.3.61, 

there is a small region around the points of zero shear 

where -z and z 
aY 

are of different sign. In this region, 

the shear stress production becomes negative and these 
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negative production points are not shown in the plots. 

The negative production terms were found to be in the order 

of -E 22 6 U3) 
ay (', = o.3x1o-5. At X/Y, = 146.2 and there- 

after, the slant-wire measurements extend into the layer 

near the wall and the production is maximum near the wall 

at those stations. Also, there is a minimum production 

region representing small velocity gradients for stations 

X/Ye = 146.2, 220.7 and 257.9. For these stations, the 

production attains a maximum also in the outer region. 

At x/ye = 435.2, the distribution of shear stress produc- 

tion is almost linear in the semi-logarithmic co-ordinates 

with a maximum near the wall and the shear stress production 

gradually decreases to zero in the freestream. 

The normal stress production term obtained from 

the present measurements was generally found to be two 

orders 

term. 

higher 

4.3.9 

of magnitude lower than the shear stress production 

The normal stress terms were found to be relatively 

for stations very close to the slot. 

Spectra and Dissipation Measurements 

The results of the spectral measurements are pre- 

sented in this section along with the results of the 

dissipation rate of turbulent kinetic energy and the burst- 

ing frequencies. 

4.3.9 (a) Spectra Measurements 
-z The spectrum function F(n) of u is defined as 

-2 F(n)dn = u 
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where n is the frequency in Hz. The spectrum function 

F(n) was obtained at several points across the layer at 

each streamwise location. 

Figs. 4.21, 4.22, and 4.23 show various spectra of 

7 representing the present flow at various stations. 

The spectra shown are smooth lines drawn through the ex- 

perimental curves. Only representative spectra are 

presented here. F(n) is presented here in the non- 

dimensional form of NO F(n). No is a constant of the 

spectrum analyser equal to 20 Hz for the 10 KHz range. 

The magnitudes of No F(n) are not given on the No F(n) 

axis. The position of each spectrum with respect to the 

No F(n) 

showing 

that is 

ordinate can be fixed with the aid of Table (4.21, 

the magnitude of No F(n) at 1 KHz for each spectrum 

presented in Figs. 4.21, 4.22 and 4.23. 
-7 

The u- spectra were taken in the present case with 

two points in view: 

1. To find out the range of frequencies where 

n F(n) is constant, (i.e., F(n) = n-l) which correspond to 

the most energetic frequencies and 

2. To loca,te the range of frequencies where F(n) a 
-5/3 n . 

The two points given above lead to the determination of the 

dissipation ratee as discussed later in this section. 

Figs. 4.21 (a) and (b) show the spectra at x/y, = 

0.292 for different values of y/y,. It can be seen from 
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TABLE 4.2 MAGNITUDES OF N.0 F(n) at 1 KHz 

FOR THE SPECTRA PRESENTED IN 
I FIGS. 4.21, 4.22, 4.23 

- 

Spectra at x/ye = 0.292 

(Fig. 4.21) 

Y/Y, 

0.075 

0.16 

0.38 

1.19 

1.32 

1.50 

2.02 

3.93 

7.67 

NO F(n) at 

1 KHz x lo3 

10.56 

7.62 

6.19 

12.73 

9.43 

7.7 

7.55 

8.12 

14.65 

Spectra Representing Spectra Representing 
the Inner Layer the Outer Layer 

(Fig. 4.22) (Fig. 4.23) 

No F(n) at No F(n) at 

X/Ye Y/6 1 KHzX103 X/Ye Y/6 1 KHzX103 

7.45 0.079 4.56 7.45 0.493 7.04 

16.5 0.082 7.73 16.5 0.682 7.92 

35.05 0.089 10.54 35.05 0.773 8.24 

74.5 0.135 12.64 74.48 0.683 7.20 

108.4 0.171 10.78 108.4 0.911 11.17 

182.8 0.151 10.08 182.8 1.023 12.33 



Fig. 4.21 (a) that inside the jet a considerable amount 

of energy was contained in the high frequency range be- 

yond 3 KHz. A series of high frequency peaks were 

observed very near to the slot lip in the range of 3 to 

10 KHz. These peaks diminished away from the lip. One 

of the spectra taken near the lip has a peak at 756 Hz. 

This spectrum was not presented here. However, the energy 

contained in that peak was relatively' small compared to 

the total energy under the spectral curve. As shown in 

Fig. 4.21 (a), the spectra inside the jet exhibit two 

ranges of n -1 slope. The first range corresponds to the 

low frequencies below 3 KHz and the second range corre- 

sponds to the high frequencies beyond3KHz. Beyond the 

liF, the spectra at x/ye = 0.292 (Fig. 4.21 (b)) aresimilar 

to that of a normal turDulent boundary layer representing 

the upstream boundary layer. The region of n -1 slope was 

in the high frequency range for spectra immediately above 

the lip corresponding to the wall region of the upstream 

boundary layer. The energy content of the higher frequen- 

cies decreased away from the lip. The -5/3 slope was 

observed over a greater region of the spectrum for spectra 

far away in the outer layer. 

Fig. 4.22 (a) and (b) show the spectra representing 

the inner layer at various stations starting from x/y, = 

7.45. A peak was observed at 4.3 KHz for x/y, = 7.45 
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and at the y/g indicated. The range of -1 slope slowly 

shifts from high to low frequencies as one goes downstream 

in the inner layer. It should be noted that this shift 

is only relative and from an absolute viewpoint, the range 

of -1 slope at x/y= = 182.8 in the inner layer still lies 

on the high frequency side around 1 KHz. The -S/3 slope 

was found over a greater region in the inner layer spectra 

at stations farther from the jet than at stations nearer 

to the jet. 

Fig. 4.23 (a) and (b) show the spectra represent- 

ing the outer layer at various stations starting from 

X/Y, = 7.45. It can be clearly seen that at all stations 

a considerable region of -S/3 slope exists. The region 

of -1 slope can be found only in the low frequency range 

between 200 to 700 Hz. 

It has been found in general that more energy is 

contained in the higher frequencies for the spectra near 

to the wall. As the value of y increased towards the 

freestream, the energy content of the higher frequencies 

decreased. This result is in accord with findings of 

Klebanoff (1954), for the developed zero pressure gradient 

turbulent boundary layer. The spectra also indicated that 

the -S/3 slope is found over a greater region of the spec- 

trum for points away from the wall than close to the wall. 

This result is also in accord with the findings of 
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Klebanoff (1954) for the developed zero pressure gradient 

turbulent boundary layer flow. 

4.3.9 (b) Dissipation Rate & -.----... 

The dissipation rate of turbulent kinetic energy 

was estimated from two different methods, the -S/3 spec- 

tral law and the Tchen's high mean velocity spectral model 

(Hinze, 1975). The -S/3 law of the inertial subrange 

states that 

7 F(n) = KE 2/3 (2+-2,'3 ,-S/3 (4.4) 

where K is a constant equal to 0.49 (Corrsin, 1964; 

Bradshaw, 1967a) and U is the local mean velocity. The 

-S/3 law was used to obtain the dissipation rate in places 

where a clear -S/3 region was found. The same method was 

used even when clear -S/3 region was not found, by draw- 

ing a tangent of appropriate slope to the spectrum. How- 

ever, the region of -S/3 slope did not exist at all for 

some spectra near the jet and in the inner layer. No 

attempt has been made to evaluates-using -S/3 law in those 

cases. Bradshaw (1967b) suggested that the turbulence 
+i 

Reynolds number Reh= (7) X/v where A= (lSvu2/s) 3 must 

be greater than 100 for an inertial subrange to exist. 

In the present case, 25 <ReA< 98 for most spectra where 

-S/3 region has been fcund. 

Tchen's high mean vorticity model (Hinze, 1975) 

relates F(n) to the turbulent dissipation&by 
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3 z 
2 = ;a [n F(n)] 3 af 

arl (4 -5) 
03 co 

where f TJ = U/U, and n = v and ais a constant. 

In the present results cc= 0.8 was used, which is in accord 

with the value of a for Klebanoff's (1955) flat plate 

boundary layer. Here the value of nF(n) to be used in 

the equation (4.5) is the value corresponding to -1 slope. 

The dissipation rate~was also evaluated using the 

equilibrium relationship 

which naturally holds good only in the logarithmic velocity 

profile region where turbulence dissipation equals produc- 

tion (Rotta, 1962). The -z measured from slant-wire 

data was used in this method of evaluating E. 

Figs. 4.24 (a), (b) and (c) show the distribution 

of EV/$ at various stations starting from x/y, = 0.292. 

The three different values of E obtained from the three 

different methods mentioned above were plotted in these 

figures. It should be noted that sv/Ut is plotted on 

a full logarithmic scale against y/6. At points where 

two ranges of n-l slopehavebeen found, the values of E 

obtained from Tchen's theory for the second range corre- 

sponding to high frequencies were shown as solid symbols. 

In general E has a maximum value near the wall and then 
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it decreases rapidly by about three orders of magnitude 

as one goes towards the freestream. Tchen's theory gives 

higher values of E as compared to the -S/3 law at points 

very near to the wall. Beyond y/b = 0.01, Tchen's theory 

agrees very well with the -S/3 law although there is some 

scatter in the far region of the outer layer. This region 

where Tchen's theory agrees with the -S/3 law generally 

corresponded with the logarithmic region in the velocity 

profile. 

The 

dissipation 

than either 

most of the 

equilibrium assumption between production and 

was generally found to give lower value of E 

Tchen's theory or the -S/3 law. However, 

slant wire data used in the evaluation of E 

using equilibrium assumptionweretaken beyond y/6 = 0.1 

where no logarithmic velocity profile exists and the valid- 

ity of the equilibrium assumption there is doubtful. 

The dissipation length scale LE = k3/2 /E: was 

calculated using the value of E obtained from the -S/3 law. 

Here IX is the turbulent kinetic energy. No definite 

pattern has been observed in the distribution of LE. 

However, it starts with a low value in the inner region 

and gradually increases as one goes towards the freestream. 

4.3.9 (c) Bursting Frequency 

Strickland and Simpson (1973, 1975) have shown that 

there is a one to one correspondence between the bursting 

frequency of wall shear stress spectra in the turbulent 
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boundary layer and the peak of the nF(n) spectral dis- 

tribution. This principle is used in the present case to 

obtain the bursting frequencies across the layer. However, 

most of the spectra taken here have shown a range of fre- 

quencies where -1 slope is valid instead of a defined 

peak. Therefore, it is difficult to select a precise 

single frequency at which nF(n) is a maximum for a given 

spectral distribution. Hence the bursting frequency was 

chosen as the frequency corresponding to the center of the 

range of frequencies over which -1 slope is valid. 

The bursting frequency was normalized with Ua 

and 6 giving rise to a non-dimensional bursting period 

u&,~, where n b is the bursting frequency. Figs. 

4.25 (a), (b) and (c) show the distributions of the 

bursting period in semi-logarithmic co-ordinates. For 

spectra where two ranges of -1 slope have been observed, 

the bursting periods for the second range corresponding 

to the high frequencies were shown as solid symbols. It 

can be seen that the bursting period starts tiith a value 

lying between 0.5 and 2.0 for points very close to the 

wall (y/6 < .Ol) and then decreases rapidly to about half 

of its starting value at a point somewhere in between 

y/6 = 0.01 and y/6 = 0.1. After y/b = O.l,the bursting 

period increases rapidly to values up to 4.0. This means 

that in the inner layer most of the energy is contained in 

the high frequency range. In comparison, the outer layer 
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has the most energetic frequencies in the low frequency 

range. However, within the inner layer two ranges of 

bursting frequencies can be found, one being for points 

very close to the wall (y/d < . 01) and the other for 

points lying between 0.01 < y/6 < 0.1. 

It was mentioned above that the bursting period 

in the region .Ol <. y/6 < 0.1 was found to be half of 

its .value forpoints very close to the wall (y/d < .Ol). 

The region 0.01 < y/6 < 0.1 corresponds to approximately 

20 < y+ + Ty < 300 where y = ?. The first spectral data 

point for most of the stations corresponds with a yi value 

approximately equal to 9 and was taken at the closest 

possible distance from the wall. Therefore, the bursting 

period for points lying between 20 < y+ -C 300 is half 

of that at y+=9. This is in agreement with a similar 

result for plane turbulent boundary layer by Ueda and Hinze 

(1975). 

At x/y, = -77.1, the bursting periods for y+=lO.O 

and y + = 95.0 were found to have values around 4.8 and 2.3 

respectively. These bursting periods for the upstream 

boundary layer at x/y, = -77.1 also agree with those 

reported by Ueda and Hinze (1975) for a plane turbulent 

boundary layer. 
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CHAPTER V 

EXPERIMENTAL RESULTS FOR THE ADVERSE 

PRESSURE GRADIENT FLOW 

The experimental results for the adverse pressure 

gradient flow are presented in this chapter. The objec- 

tives of the experiments are: 

1. To obtain experimental data on a wall jet 

under an adverse pressure gradient with a thick upstream 

boundary layer and with a low jet velocity ratio; 

2. To obtain turbulence data on such a wall 

jet flow for future use in the development of turbulence 

models: and 

3. To further observe the effect of an asymmetric 

jet velocity profile on the flow development downstream 

of the slot under an adverse pressure gradient. 

The measured quantities presented here are the 

mean velocity, Reynolds stresses, and skin friction. 

The derived quantities presented include the integral 

and profile parameters, eddy viscosity, mixing length, 

Prandtl-Kolmogorov length Scale, turbulent kinetic energy, 

correlation coefficients and the rate of productionofturbu- 

lent kinetic energy. Abrief description of the flow conditions 
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is first given, followed by the presentation of the meas- 

ured and derived experimental results. 

5.1 Flow Conditions 

The selection of the required adverse pressure 

gradient and the method of setting the pressure gradient 

are described below in detail. 

One of the important considerations in selecting 

the proper pressure gradient or the external velocity 

distribution was that it should represent a typical 

free-stream velocity distribution that occurs in practice 

such as on aerofoils and jet flaps. An external velocity 

distribution which has a steep decrease in velocity ini- 

tially followed by a more gradual decrease is generally 

typical of the external velocity distributions on aero- 

foils and jet flaps (Irwin, 1974). The external velocity 

falls between 0.5 and 0.3 of its value at the slot in 

normal external velocity distributions on jet flaps 

(Irwin, 1974). The other considerations in selecting the 

proper pressure gradient were: 

1. To keep the ratio of the jet velocity to the 

free-stream velocity around 1.5 because it falls in the 

practical working range, especially for high speed flows: 

2. To have the most severe pressure gradient that 

the flow can withstand without flow reversal at the above 

mentioned ratio of the jet velocity to the free-stream 

velocity. 
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The strength of the pressure gradient can be 

increased by increasing the level of the static pressure 

inside the tunnel. One can easily see that the higher 

the static pressure level inside the tunnel, the greater 

is the amount of flow through the perforations in the top 

wall and hence the stronger is the perssure gradient. 

However, the capacity of the blower limits the static 

pressure level that can be maintained inside the tunnel 

without drastically reducing the free-stream velocity 

at the slot. 

In order to satisfy the above requirements, a 

trial and error method had to be adopted to set up the 

proper pressure gradient. The flow through the perforated 

top wall was tailored by adding or removing duct tape 

of proper width uniformly across the upper wall of the 

tunnel at several streamwise locations. The perforated 

top wall was completely covered with the duct tape from 

the contraction exit to the slot. Also, the last 51 cm 

of the top wall was completely covered with duct tape. 

The height of the top wall (Fig. 5.1) above the bottom 

wall was approximately the same as that for the zero 

pressure gradient case except that it slightly increases 

with distance in the downstream direction. This gradual 

increase in the height of the top wall continues the 

process of reducing the free-stream velocity even after 

the flow bleeding stops in the last 51 cm of the tunnel 
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Fig. 5.1 Position of the Top Wall for the Adverse Pressure Gradi.ent Flow 

(All dimensions are in cm. The numbers in the brackets are the distances measured from the tip 
of the bottom wall near the end of the contraction.) 



length. The static pressure level inside the tunnel was 

tailored by blocking the perforations in the end plate 

with a duct tape. 

Flow visualization studies were first performed 

using dried tea leaves and tufts to observe flow reversal 

for a given distribution of the duct tape on the top 

wall and the end plate. These studies have shown that the 

sidewall boundary layers were separating and prevention 

of it became the main concern. The side wall boundary 

layers were then sucked off by using false Plexiglas 

side walls with a sharp leading edge. These false side 

walls are 4.8 mm in thickness and are attached to the 

aluminum angle that reinforces the top wall. The bottom 

edges of the false side walls were sealed against the bot- 

tom wall with foam weather strip. The distance between 

the false side walls was 19.4 cm compared to the distance 

of 24 cm between the glass side walls. The false side 

walls start at 21 cm from the slot and extend all the way 

to the end of the tunnel. The flow between the false 

side walls and the actual glass side walls was bled from 

the top wall through 13 cm long openings located at 95 cm 

from the slot and on either side of the center of the 

tunnel. The remaining portions of the top wall between 

the false and actual side walls was completely covered 

with duct tape. Upstream of the false side wall, the 

duct tape strips extended across the tunnel from one 

glass side wall to the other. 
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At this stage, several trials were made with the 

distribution of the duct tape on that portion of the 

top wall where the main flow was being bled and on the 

end plate. These trials were made in view of the three 

important considerations mentioned at the beginning of 

the chapter. Flow visualization studies were simultan- 

eously made with tufts to observe any flow reversal. Figs. 

2.2 and 2.4 show the final positions of the duct tape on 

the top wall and the end plate respectively. After fix- 

ing all the different parameters involved, the wall jet 

velocity was increased slightly to prevent any flow sep- 

aration due to the flow blackage by the measuring probes. 

The final free-stream velocity at the slot was 

approximately 18.3 m/set and the maximum velocity in 

the wall jet velocity profile was 30.4 m/set. The wall 

jet velocity was kept constant during the experiments by 

keeping a constant static pressure difference between 

the inside of the jet nozzle and the freestream at the 

slot. The free-stream velocity at different x locations 

was calculated from the static pressure measurements in 

the freestream, assuming that the total pressure was 

constant along a streamline in the freestream. The final 

free-stream velocity distribution along the tunnel is 

given in Fig. 5.2 There is a steep decrease in the ex- 

ternal velocity initially followed by a more gradual 

decrease. The external velocity fell to 0.4 times its 
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value at the slot in about 360 slot heights. The flow 

upstream of the slot was maintained under zero pressure 

gradient. It should be mentioned here that the flow was 

separating from the bottom wall at a point very close 

to the slot when no fluid was introduced through the jet 

and the entire downstream flow on the lower wall was 

separated. 

5.2 Mean Flow Data 

The mean flow data presented here include the skin 

friction, mean velocity profiles and the integral and pro- 

file parameters. 

5.2.1 Skin Friction Cf 

The variation of skin friction coefficient Cf 

obtained from the Preston tube measurements is shown in 

Fig. 5.3 (a). Fig. 5.3 (b) shows the variation of Cf with 

X/Y, on a logarithmic scale. It can be seen that there 

is a power law variation between Cf and x/ye up to x/ye = 

143.0. 

It has been found in the literature (section 4.2.1) 

that for self-preserving wall jets under pressure gradients, 

the skin friction Cfm = r,/(fpU~,,) varies according to 

the equation (4.2). Fig. 5.3 (c) shows the variation of 

'fm with U maxYmax/v for the present case. No definite 

pattern is found in the distribution of Cfm except that 

it follows a power law in the initial region. The failure 

Of 'fm to follow a power law all the way unlike the case 

147 



b 

Q 
e 

4 

Fig. 5.3(b) Variation of Skin Friction in Logarithmic Coordinates 

. - I 
10 loo ------7oo 

10 
2 

x U,,,~AX/1) 

Fig. 5.3(c) Variation of Skin Friction Coefficient Cfm 

148 

NH 



of zero pressure gradient flow can be explained in the 

following way. Because of the severity of the adverse 

pressure gradient, the value of Ymax increases very rapid- 

ly at far downstream stations. Therefore, at farther 

downstream stations, the Ymax point cannot be considered 

as part of the inner layer and hence a defined correlation 

between Cfm and U,,,Y,,,/v cannot be found. 

5.2.2 Mean Velocity U 

Figs. 5.4 (a-c) show the normal hot-film meas- 

urements of mean velocity profiles in the U/Uo3vs y (cm) 

co-ordinates. The negative sign on the x/y, value in 

Fig. 5.4 (a) indicates that it is the distance measured 

upstream of the slot. The value x/y, = -16.4 corresponds 

to the crest of the extruded aluminum end piece (section 

2.2.2). 

Fig. 5.4 (a) also shows the velocity profile at 

X/Ye =' 0.292. Here it can be seen again that the velocity 

profile in the jet is asymmetric with a relatively greater 

concentration of momentum in the upper half of the wall 

jet. We will see in the later sections of this chapter 

how this asymmetric jet velocity profile helps in better 

control of separation compared to a uniform velocity 

profile in the jet. The upstream boundary layer at the 

jet (Fig. 5.4 (a)) is very thick and has a large deficit 

of momentum satisfying one of the proposed conditions 

under which the present measurements were intended to be 

made as given in Chapter 1. 149 
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Figs. 5.4 (b) and (c) show the mean velocity 

profiles from x/ye = 15.92 and onwards. It should be 

mentioned here that the entire height of the tunnel was 

almost completely filled with the shear layer at x/ye = 

177.7 and onwards. Therefore, the experimental data at 

X/Ye = 177.7 and beyond have to be treated with caution 

from every point of view. The data beyond x/ye = 177.7 

are especially useful in finding out the effectiveness 

of an asymmetric jet velocity profile in the control of 

separation. The boundary layer thickness 6 could not be 

determined beyond x/ye = 143.0 since no freestream was 

observed. Hence, the velocity profiles were plotted 

against y in cm. The free-stream velocity used in the 

data reduction at stations beyond x/ye = 143.0 was only 

an imaginaryonethat would produce the measured static 

pressure in an irrotational freestream. 

As mentioned in section 5.1, the present pressure 

gradient was the most severe one that the flow could with- 

stand with a ratio of jet velocity to free-stream velocity 

at the slot around 1.5. In other words, any stronger 

pressure gradient beyond the present case, keeping the 

jet velocity to free-stream velocity ratio constant, 

-would lead to flow separation downstream. Because of 

the severe pressure gradient imposed on the flow, the 

shear layer rapidly became thicker and eventually filled 

the whole tunnel as shown in Figs. 5.4 (b) and (c). The 
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upstream boundary layer was not absorbed completely by 

the jet, unlike in the case of the zero pressure gradient 

flow. The velocity maxima was observed throughout the flow 

and the velocity minima could be observed until x/y, = 

285.9. 

Fig. 5.5 (a) and (b) show the velocity profiles 

plotted on a conventional semi-logarithmic plot with 

u/u, and U,y/v as the co-ordinates. The velocity pro- 

files are shown for stations x/y, = 15.92 and onwards. 

The shear velocity UT was obtained from the Preston tube 

measurements. The velocity profile measurements were 

compared with the logarithmic law of the wall, 

U Yy 
7 = 5.5 Loglo T + 5.45 (5.1) 

with the constants recommended by Pate1 (1965). It can 

be seen from Figs. 5.5 (a) and (b) that the experimental 

data agree well with the logarithmic law of the wall up 

to x/y, = 143.0. The exception is at station x/ye = 

15.92, where a defined logarithmic region is not present 

because of its proximity to the slot. A defined logarith- 

mic region can be observed even beyond x/ye = 143.0. 

However, the constant in the logarithmic law of the wall 

has to be different from 5.45 to fit the data. At far 

downstream stations, the data extended considerably into 

the viscous sublayer. The mean velocity data are tabulated 

in Appendix F along with the data of ut. 
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Fig. 5.5(b) Mean Velocity Profiles in the Wall Coordinates 
at x/ye = 177.7 to 360.8 

- Logarithmic law of the Wall (Equation 5.1) 
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5.2.3 Integral Parameters 

The integral parameters evaluated are the boundary 

layer thickness (6), displacement thickness (611, momentum 

thickness (62), shape factor (H) and the momentum thick- 

ness Reynolds number (Re2). 

Figs. 5.6 (a-e) show the development of the in- 

tegral parameters B/ye., 61/y,, 62/ycr H and Re2 

respectively. The value of 6 beyond x/y, = 143.0 was 

taken equal to the value of y at the last data point. 

Because of the severe adverse pressure gradient imposed 

on the flow, 61 and 62 increased very rapidly in the ini- 

tial region up to x/ye = 177.7. The displacement thickness 

increased more rapidly than the momentum thickness up to 

X/Ye = 177.7. The growth of 61 and 62 decreased beyond 

X/Ye = 177.7. This was partly due to the fact that the 

outer edge of the outer layer was already touching the 

top wall of the tunnel at x/y, = 177.7 and hence the full 

velocity profile was not accounted for in the evaluation 

of 61 and d2 at x/ye = 177.7 and beyond. The reduction 

in the growth rates of 61 and 62 at far downstream stations 

was also partly due to dUoD/dx being small there compared 

to the region near the jet. 

The two-dimensional nature of the flow was exam- 

ined by applying the two-dimensional integral momentum 

equation (5.2) to the present data. 

157 



0 c 

Fig. 5.6(a) Growth of the Boundary Layer Thickness 
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-z-B - (u 
dx Urn dx 2 J 3 dx o 

- &dy (5.2) 

or, 

+($-if dyjxx: 

c=15.92 

The contribution of the normal stress terms (T-&U21 dy OD 

to the integral momentum equation was found to be smaller 

than 5% and hence it was neglected. The measured distribu- 

tions of the skin friction coefficient, external velocity 

and displacement thickness were used in the equation 5.2. 

Fig. 5.6 (e) shows the values of Re2 = Um"2/v obtained 

from the two-dimensional integral momentum equation (5.2) 

along with the experimental values of Re2. The values of 

Re2 obtained from the equation (5.2) agree with the ex- 

perimental values of Re2 within 15% on the average up 

to X/Y, = 177.7. The failure of the experimental data of 

Re2 to agree with the values of Re2 obtained from the 

integral momentum equation beyond x/ye = 177.7 was mainly 

due to the fact that the entire tunnel height was filled 

by the shear layer beyond x/y, = 177.7. Because the shear 

layer was spread over the entire tunnel height, the full 
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velocity profile was not accounted for in the evaluation 

of Re2 from the experimental data. 

5.2.4 Effect of the Assymetric Jet Velocity 

Profile on the Mean Flow 

The effect of the asymmetric jet velocity profile 

on the mean flow development is discussed below. A pre- 

liminary comparison of the present flow with similar flows 

in the literature (Irwin, 1974; Goradia and Colwell, 1971; 

and Ramaprian, 1973, 1975) has shown that the present flow 

was able to withstand much more severe adverse pressure 

gradient without separation even with a modest jet momen- 

tum. Even though a direct comparison cannot be made, 

there was an indication from the references mentioned 

above that with the present pressure gradient and the 

injection velocities, the flow will separate downstream 

if a uniform velocity profile was used in the jet. 

The asymmetric jet velocity profile used in the 

present case was mainly responsible for the prevention of 

separation even under the severe adverse pressure gradient 

employed and the low injection velocities used. As 

mentioned earlier (section 4.2.41, the asymmetric jet 

velocity profile helps in distributing the jet momentum 

evenly across the layer by supplying more momentum to the 

momentum deficient upstream boundary layer than a uniform 

profile. The asymmetric profile also reduces the momentum 

losses due to friction at the wall by keeping a higher 
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concentration of jet momentum in the upper half of the 

jet than the lower half. In comparison, the uniform jet 

velocity profile tries to retain more momentum near the 

wall instead of supplying sufficient momentum to the mo- 

mentum deficient upstream boundary layer. This might 

result in the development of a large momentum deficient 

region downstream near the point of minimum velocity and 

eventual flow reversal there. The relatively large con- 

centration of momentum near the wall results in greater 

frictional losses at the wall in the case of a uniform 

profile. The above conditions might lead to eventual flow 

separation at the bottom -wall in the case of the uniform 

jet velocity profile. An additional proof of the advan- 

tages of the asymmetric jet velocity profile over the 

uniform jet velocity profile was obtained from the theo- 

retical prediction of the present flows using uniform 

and asymmetric jet velocity profiles (Chapter 7). 

The development of 61 and 62 for the present 

flow was compared with that of a similar flow by Irwin 

(1974). Irwin's flow has a ratio of jet velocity to 

free-stream velocity of the same order and a relatively 

less severe pressure gradient. An exact comparison cannot 

be made because the exact flow conditions are different 

in each case. The increase in 61 and cS2 for a given 

X/Y, distance was found to be lower for the present flow. 

The asymmetric jet velocity profile is mainly responsible 

for the slow growth of 61 and ~5~ in the present flow. 
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The asymmetric profile distributes the momentum more 

evenly than a uniform jet and prevents build-up of a 

large momentum deficient region downstream near the min- 

imum velocity point, thereby resulting in slow growth 

of 61 and 62. In comparison, the uniform jet velocity 

profile might result in a large momentum deficient region 

downstream near the minimum velocity point as mentioned 

above. This will lead to large values of 6l and 62 in 

the case of a uniform jet velocity profile, which is an 

unwanted effect in the efforts to prevent separation. 

5.2.5 Profile Parameters 

The mean velocity profile parameters presented 

here include Ymax 
I 

Yhalf 
I 

Ymin, Urnax and Urnin. The sig- 

nificance of these parameters was given in section 4.2.5. 

No minima in velocity was found at x/y, = 360.84. There- 

fore, the last data point near the top wall was taken as 

the point of minimum velocity. 

5.2.5 (a) Development of Ymax, Yhalf and Ymin 

Fig. 5.7 (a) shows the development of Ymax and 

'half' Fig. 5.7 (b) shows the development of Ymin. Fig. 

5.7 (a) also shows the development of Ymax for the zero 

pressure gradient flow. It can be seen that the rate of 

growth of Ymax is almost the same for both zero and ad- 

verse pressure gradients and the pressure gradient does 

not seem to influence the Ymax development. The universal 

Y max development found in the literature (section 4.2.5 (a)) 
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Fig. 5.7(a) Development of Ymax and Yhalf 

Experimental data of Ymax and Yhalf respectively for dP/dx :* 0 

Experimental data of Ymax for dP/dx = 0 

Universal distribution of Ymax 

a 

Fig. 5.7(b) Development of Ymin 
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for self-preserving flows with and without pressure grad- 

ients was also shown in Fig. 5.7 (a). As mentioned in 

section 4.2.5 (a), it is not clear whether the 

non-self-preserving wall jets exhibit universal behavior 

for the Ymax development. However, the increased Ymax 

growth rate in the present case as compared to the univer- 

sal line for self-preserving flotis can be partly attributed 

to the asymmetric jet velocity profile. The physical ex- 

planation for the increased Ymax growth rate for an 

asymmetric jet velocity profile was given in detail in 

Chapter 4 under the section 4.2.5 (a). The development 

of YL-7, is affected considerably by the pressure gradient. 

The growth rate of Yhalf is higher than that for the zero 

pressure gradient case and also it is higher than the 

growth rate of Ymax for the adverse pressure gradient case. 

A comparison of the ratio of the growth rates 

Of 'max and 'half for the adverse pressure gradient flow 

with that of similar flows in the literature (Irwin, 1974; 

Ramaprian, 1973; Gartshore and Newman, 1969) shows that 

the present growth rate of Yhalf is not very large compared 

to the Ymax growth rate. The relatively slow growth rate 

of Yhalf can be attributed to the asymmetric jet velocity 

profile. The physical explanation for the relatively slow 

growth rate of Yhalf for an asymmetric profile was given 

in detail in Chapter 4 under the section 4.2.5 (a). 
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5.2.5 (b) Variation of Urnax and Urnin 

Figs. 5.8 (a-c) show the variation of U max'UJave, 

Umin/UJave, and (Umax^Umin)/UJave respectively with x/y,- 

'Jtive is the uniform jet velocity for an equivalent jet 

withan uniform profile and having the same momentum as 

the experimental asymmetric jet. Wall jet data in the 

literature 

on several 

ity to the 

show that the variation of Urnax and Urnin depends 

parameters, such as the ratio of the jet veloc- 

free-stream velocity, the pressure gradient, 

and the conditions upstream of the slot. Hence an attempt 

has not been made to compare the present variation of Urn,, 

and Urnin with the data in the literature. However, the Urnax 

decay seems to follow a power law variation (Equation 5.3) 

as shown in Fig. 5.8 (a). 

U max 3.513 (x/y,) -.474 - = 
'Jave (5.3) 

5.3 Turbulence Data 

The measured turbulence data include the turbulence 

intensities (u,/U,, vt/U,, and w,/U,) and the turbulent shear 

stress -uV. The quantities derived from the measured tur- 

bulence data include, the eddy viscosity, mixing length, 

Prandtl-Kolmogorov length scale, turbulent kinetic energy, 

correlation coefficients and the rate of production of 

turbulent kinetic energy. The results of the measured and 

derived turbulent quantities are given below in detail. 
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5.3.1 Turbulence Intensity ut/Uo, 

The ut data were obtained from the normal hot-film 

traversalsatseveral stations starting from x/y, = 0.292. 

Figs. 5.9 (a-c) show the variation of ut/U03 vs. y(cms). 

The negative sign on the value of x/y, indicates that 

those stations are located upstream of the slot. The pos- 

ition of x/ye = -16.4 is the same as given in section 

5.2.2. 

Figs. 5.10 (a) and (b) show the variation of ut 

in wall coordinates. For the stations near the slot, 

all of the data were out of the viscous sublayer, whereas 

for far downstream stations the data extend considerably 

into the sublayer. The point of first maximum in ut is 

always near the wall and at the outer edge of the sub- 

layer. The point of minimum ut in the inner layer gen- 

erally corresponds with the region of maximum velocity 

even though the exact position was generally nearer to the 

wall than the point of maximum velocity. The point of 

second maximum in ut was found to be between the points 

of velocity maximum and the velocity minimum and nearer 

to the point of maximum velocity gradient. The point of 

minimum u t in the outer layer was found to be around the 

point of minimum velocity. The steep drop in ut far away 

in the outer layer was found to begin from the point of 

maximum velocity gradient between the velocity minima and 

the freestream. Some of the above features are not applicable 
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Fig. 5.9(a) Distribution of the Turbulence Intensity ut/Um 
at x/ye = -16.4 and 0.292 
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Fig. 5.10(b) Distribution of u in Wall 'Coordinates at 
X/Ye = 143.0 to 3tO.8 
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to ut profiles beyond x/y, = 177.7, since the outer edge 

of outer layer was already touching the top wall at x/y, = 

177.7. Most of the above mentioned features of the ut 

profiles have been observed in the case of zero pressure 

gradient flow also. The ut data are given in Appendix F. 

5.3.2 Turbulence Intensities vt/U,, wt/UEO 

And the Shear Stress -G 

A rotatable slant-wire was used to obtain vt, 

Wt and the shear stress -z, as in the case of zero pres- 

sure gradient flow (section 4.3.2). The details of 

obtaining the turbulence intensities and the shear stress 

from the slant wire data are given in Appendix C. The 

data of vt, wt, and -F are tabulated in Appendix G. 

Appendix G also shows the interpolated data of ut and 

a(U/UW)/a(y/6) obtained from the normal hot-film data. 

Because of the size limitations set by the slant wire 

probe supports, the slant wire data at some of the stations 

were taken only above the point of the velocity maximum. 

Slant-wire data were obtained only at four stations, 

compared to a greater number of slant-wire data stations 

for the case of zero pressure gradient flow. As mentioned 

in the Appendix C, the angle between the flow vector and 

the axis of the probe in the vertical plane was higher in 

the case of the adverse pressure gradient flow than for 

the zero pressure gradient flow. Details on the accuracy 

of the slant-wire data with respect to the flow inclina- 

tion are given in the Appendix C. The results of the 
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turbulence intensities v,/U,, w,/V,, and the shear stress 

-K are described below. 

5.3.2 (a) Turbulence Intensities vt/Ua and wt/Um 

Figs. 5.11 and 5.12 show the variation of vt/TJm 

and wt& at different stations. Generally, the positions 

of the maximaandminima in v t and w t were not well defined 

with respect to other variables. The maxima in vt and 

wt were found to be nearer to the region of maximum ve- 

locity gradients for the stations x/y, = 15.92 and 44.39. 

5.3.2 (b) Shear Stress -G 

Figs. 5.13 (a) and (b) show the distribution of 

-E at different stations. The significance of the inner 

and the outer points of zero shear was explained in Chap- 

ter 4 under section 4.3.2 lb). In the present -z data, 

the inner point of zero shear was observed only at x/y,= = 

100.3 and 177.7. It was not possible to make slant wire 

measurements up to the inner point of zero shear for sta- 

tions x/ye = 15.92 and 44.39. This was mainly because of 

size limitations set by the slant-wire probe supports. 

The outer point of zero shear is shown in Figs. 5.13 (a) 

and (b) only for stations x/ye = 15.92, 44.39, and 100.3. 

The outer point of zero shear for x/y= = 177.7 can be 

observed nearer to the last data point in the tabulated 

data (Appendix G) and it was not shown in the plots. 

The inner point of zero shear was observed to be closer 

to the bottom wall than the point of zero velocity 
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gradient corresponding to the velocity maximum. The outer 

point of zero shear was also found to be closer to the 

bottom wall than the point of zero velocity gradient cor- 

responding to the velocity minimum for stations x/ye = 

15.92 and 44.39. The above results concerning the posi- 

tion of the points of zero shear are in agreement with 

similar results reported in the literature on the wall 

jet data. However, the outer point of zero shear at 

X/Y, = 100.3 and 177.7 was found to be farther from the 

bottom wall than the point of zero velocity gradient 

corresponding to the minimum velocity. The slant-wire 

data were not corrected for the flow inclination (Appendix 

Cl l The flow inclination angle near the outer point o,f 

zero shear was found to be higher at x/y, = 100.3 and 

177.7. Therefore, the increased flow inclination angle 

may be responsible for the observed discrepancy in the 

position of the outer point of zero shear at x/ye = 100.3 

and 177.7. The points of maximum shear stress were found 

to be in the region of maximum velocity gradients between 

inner and outer points of zero shear and also between the 

outer point of zero shear and the freestream. 

5.3.3 Turbulent Kinetic Energy k _. 

Fig. 5.14 shows the distribution of turbulent 

kinetic energy. Generally, the positions of the maxima 

and minima in the turbulent kinetic energy were not well 

defined with respect to other variables. The point of 
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maximum kinetic energy falls in the range of maximum 

velocity gradients and the maximum shear stress. 

5.3.4 Correlation Functions RUv and al 

The significance and the definition of the correla- 

tion functions Ruv and al are given in Chapter 4 under 

section 4.3.5. Figs. 5.15 and 5.16 show the distribu- 

tions of the correlation functions RUv and al respectively. 

Both the functions become zero at the points of zero 

shear and they change sign according to the sign of -E. 

The maximum value of R,, between the outer point of zero 

shear and the freestream is around +0.57 to start with, 

gradually decreasing to about +0.27 at x/y, = 100.3. 

At X/Y, = 177.7, no positive values of RUv can be ob- 

served since the slant-wire data did not extend far beyond 

the outer point of zero shear. The minimum value of RUv 

between the inner and outer points of zero shear lies be- 

tween -0.7 and -0.55. 

Similarly, the maximum value of al between the 

outer point of zero shear and the freestream is around 

+0.15 to start with, gradually decreasing to about +0.09 

at x/y, = 100.3. The minimum value of al between the 

inner and outer points of zero shear lies between -0.23 

and -0.17. Both Ru, and al tend to become zero in the 

freestream. 
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5.3.5 Eddy Viscosity 

Fig. 5.17 shows the distributions of eddy viscosity 

V eff = --uv (aJ/3y). The trends of the experimental 

results are indicated by the dashed lines. It can be 

easily seenthatthere is a.regionofsingularity exhibited 

at each station. As discussed earlier (section 4.3.61, 

the eddy viscosity becomes either negative or undefined 

in these singular regions. The eddy viscosity distribu- 

tion at x/ye = 100.3 exhibits two regions of singularity 

corresponding to the points of maximum and minimum 

velocity. The eddy viscosity finally drops to zero in 

the freestream. The present eddy viscosity distributions 

do not show any similarity behavior. 

5.3.6 Mixing Length Lmix and Prandtl-Kolmogorov Length 

Scale Lk 

The significance and the definitions of the Prandtl 

mixing length Lmix and the Prandtl-Kolmogorov length scale 

Lk were given in Chapter 4 under section 4.3.7. A 

value of C IJ = 0.2 (Kacker and Whitelaw, 1968, 1971) 

was used in the evaluation of Lk. Fig. 5.18 and 5.19 show 

the distributions of Lmix and Lk respectively. The trends 

of the experimental data are shown in dashed lines. As 

in the case of eddy viscosity, both the length scale 

distributions show regions of singularity. The length 

scales become either negative or imaginary in these sing- 

ular regions. The length scale distributions at x/ye = 100.3 
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Fig. 5.17 Distributions of the Eddy Viscosity 

---- Trends exhibited by the experimental data 
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exhibit two regions of singularity corresponding to the 

points of maximum and minimum velocity. The length 

scales (Lmix and Lk) beyond the outer point of zero 

shear were about three times higher than the length scales 

in between the inner and outer points of zero shear at 

X/Ye = 15.92. These length scales gradually become near- 

ly equal at x/y, = 100.3. Similarly, the length scales 

(L mix and Lk) in between the inner and outer points of 

zero shear were about three times higher than the length 

scales below the inner point of zero shear at x/y, = 100.3 

and 177.7. The present length scale distributions do not 

show any similarity behavior, 

5.3.7 Production of Turbulent Kinetic Energy 

The significance of the shear stressproduction term 

-uv au 
ay was given in Chapter 4 under section 4.3.8. The 

shear stress production term was evaluated using the pre- 

sent measurements. 

Fig. 5.20 shows the distribution of the shear 

stress production of turbulent kinetic energy given by 

-iv $f (S/U:) on a logarithmic scale. A small region 

was observed around the points of zero shear where the 

production became negative. This is because of the fact 

that the points of zero shear do not coincide with the 

points of zero velocity gradients due to which z 
ay 

and --uv 

assume different signs in the region around the points of 

zero shear. The negative production terms were found 
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Fig. 5.20 Distributions of the Shear Stress Production of 
Turbulent Kinetic Energy 

----- Trends exhibited by the experimental data 
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to be in the order of -G z ay (s/Uz) = 1.5x1o-4. The 

negative production points were not shown on the plots. 

It can be seen that the production level in the layer 

between the points of zero shear is about two orders of 

magnitude higher than that of in the layer beyond the 

outer point of zero shear to start with. Gradually, 

this difference in the production levels decreases as 

one goes downstream. 
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CHAPTER VI 

PREDICTION METHOD 

The objectives of the theoretical prediction of 

the present flows are as follows: 

1. To investigate the applicability of an exist- 

ing prediction method to the present flows 

2. To investigate the ability of the theoretical 

prediction method to show the difference in the flow 

development between a uniform jet velocity profile and 

an asymmetric jet velocity profile 

3. To establish that the asymmetric jet velocity 

profile has distinct advantages over uniform jet velocity 

profile. 

6.1 Selection of the Prediction Elethoc 

A preliminary survey was made of the existing pre- 

diction methods for blown boundary layers in viewofthe above 

mentioned objectives. The integral methods, for example 

Kind (19711, tend to be disqualified in view of the second 

and third objectives mentioned above. The asymmetric jet 

velocity profile is a detail connected with the initial 

velocity profile, and integral methods are insensitive 

to such details of the profiles, since they perform inte- 

gration over a region. In comparison, differential methods 
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can incorporate the details of the initial velocity pro- 

files like the asymmetric profile into the computational 

scheme. 

Among the available differential methods, the 

method of Irwin (1974) was found to be the best suited 

for the present case of blown boundary layers. In con- 

trast to other methods such as those of Launder and 

Spalding (19721, Ng and Spalding (19651, Hanja1i.c and 

Launder (1972), and Rodi (1972), Irwin's method is 

particularly suited for wall jets and blown boundary 

layers and it involves relatively less empiricism. For 

most of the other differential methods, different empiri- 

cal constants are required in going from plane flows to 

axisymmetric flows, from "strong" shear flows to "weak" 

shear flows, and from plane flows to flows with streamline 

curvature. In comparison, the empirical constmts in 

Irwin's method were found to be independent of the above 

restrictions. 

Irwin has tested his prediction method for a 

variety of flows. They include wall jets in still air, 

blown boundary layers with pressure gradients, conventional 

boundary layers with and without pressure gradients and 

curved wall jets. Irwin's method gave accurate predictions 

of blown boundary layers with pressure gradients. The 

position of zero shear stress was predicted to be nearer 

to the wall than that of the velocity maximum in accord 
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with the experimental data. Most of the other differen- 

tial methods fail to predict this result since the 

turbulence models used in them imply that -z = 0 at 

au= 0. 
SY 

Irwin's prediction method also gave good results 

in the case of conventional boundary layers, curved wall 

jets, and wall jets in still air. Therefore, Irwin's 

method has been chosen as the best available method for 

the prediction of the present flows. 

6.2 Description of the Theoretical Method 

The prediction method developed by Irwin essen- 

tially uses the finite difference computing method 

developed by Spalding and Patankar (1967, 1969) and the 

turbulence model of Launder, Reece, and Rodi (19731. 

The turbulence model of Launder, Reece,and Rodi was modi- 

fied to take account of the effect of the wall on 

turbulence and the effect of streamline curvature. 

The starting point of Irwin's method is the 

Reynolds-averaged Navier-Stokes eguations for incompress- 

ible fluids without body forces. For steady two-dimensional 

flows, the application of boundary layer approximations 

and the assumption of local isotropy along with the 

relevant mathematical manipulations will lead to the 

following set of equations for the mean momentum and the 

Reynolds stresses. 

194 



DU 1 dP 
EC= -pzz- (6.11 

(6.31 

(6.41 

where 

(6.5) 

P and p are the mean and fluctuating components of pressure, 

E is the dissipation rate, and p is the density. 

The viscous term and the normal stresses term 

have been neglected in the mean momentum equation 6.1 

because of the following reasons. For points away from 
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the wall, the viscous terms were experimentally found to 

be negiigible in fully-turbulent flows. Viscous terms 

are important only at points very close to the wall and 

the law of the wall velocity profile is generally applied 

in that region. The normal stresses term &(> - 7) is 

generally found to be small in comparison with the other 

terms in the mean momentum equation. As mentioned in 

Chapter 4 (section 4.2.3) and Chapter 5 (section 5.2.3). 

the contribution of the normal stresses term to the mean 

integral momentum equation was found to be small even in 

the present experiments. 

6.2.1 Turbulence Model 

The solution of the equation 6.1 to 6.5 requires 

that they should form a closed set. Equations 6.1 to 6.5 

do not form a closed set unless the third order correla- 

tions in the equations 6.2 to 6.5 are expressed in terms 

of Reynolds stresses and the meall velocity. Also, the 

closure of the problem requires an equation for the dis- 

sipation rate s. 

The turbulence model of Launder, Reece, and Rodi 

(1973) was used in the closure of the equations 6.1 to 6.5. 

The original turbulence model of Launder et al. (1973) is 

basically applicable to free turbulent flows. Irwin (1974) 

modified the original model to account for the wall tur- 

bulence. This modification affects mainly the pressure- 

velocity-gradient correlations in the equations 6.2 to 6.5. 
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It should be mentioned here that the later work of Launder, 

Reece, and Rodi (1975) does take account of the wall 

turbulence. 

The important features of the turbulence model of 

Launder, Reece, and Rodi (1973) are given below. This 

model is essentially a modified version of an earlier 

model by Hanjalic and Launder (1972). The major limita- 

tion of the model is that it is applicable only to those 

flow regions where the turbulence Reynolds number is high. 

The turbulence Reynolds number ReX is given by Reh = 

(u2)'A/u I where X = (,,J/d. The requirement of high 

turbulence Reynolds number enables the viscous diffusion 

term in the equations for the Reynolds stresses to be 

neglected. Also, under the condition of high turbulence 

Reynolds number, the very small eddies of turbulence 

responsible for the viscous dissipation are isotropic. 

This local isotropy condition implies that the viscous 

dissipation terms in each of the three equations for 

Reynolds normal stresses are equal to each other, taking 

the value 1/3~. The above assumptions are already incor- 

porated in the equations 6.2 to 6.4. 

The pressure diffusion terms &($$ and &(F)in 

equations 6.3 and 6.5 were neglected since they were found 

to be small from experimental data. The triple velocity 

correlations (equations 6.2 to 6.5) were modelled by 

simplifying the exact transport equation using the 
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gradient diffusion principle. The quadruple velocity 

correlations appearing in the exact transport equation 

for the triple correlations were expressed in terms of 

the second order correlations, by assuming that the triple 

correlations are small and their distribution is Gaussian 

For the dissipation rate E, a simplified transport equa- 

tion obtained from the exact transport equation fors 

was used. A number of approximations were made in obtain- 

ing the simplified transport equation for E. 
Using the condition of approximately homogeneous 

turbulence, and Rotta's (1951, 1962) considerations, the 

pressure-velocity-gradient correlations were expressed 

in terms of the mean velocity, Reynolds stresses and E. 
However, Irwin (1974) introduced additional modifica- 

tions in the pressure-velocity-gradient correlations to 

account for the wall turbulence. 

Thus all the terms on the right-hand side of equa- 

tion 6.2 to 6.5 have been expressed in terms of the 

Reynolds stresses and the mean velocity, resulting in a 

closed set of equations 6.1 to 6.5. 

6.2.2 Computational Procedure 

Irwin (1974) has predicted a variety of flows 

including the blown boundary layers using the method 

described above. The finite difference scheme of 

Spalding and Patankar (1967, 1969) was adopted to solve 

the set of equations 6.1 to 6.5. The "source" term 
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is a terminology typical of the Spalding-Patankar scheme, 

which includes all the terms except the advection and 

diffusion for a given equation among the equations 6.1 to 

6.5. This "source" term has been treated accordingly by 

Irwin for the Reynolds stress equations. However, Irwin 

uses an alternative procedure for the entrainment rate 

which worked well for the kind of flows he predicted. 

Details regarding the treatment of source terms, diffu- 

sion terms, entrainment and the boundary conditions 

as applicable to Spalding-Patankar's scheme, can be 

found in Irwin's (1974) work. 

The step size was taken as a fraction of the total 

flow width. Irwin suggested this fraction to be 0.05 

for blown boundary layers. He also suggested the number 

of grid points to be between 50 and 60. 

6.2.3 Starting Procedure 

The solution of the equations 6.1 to 6.5 using the 

computer scheme mentioned above requires the specification 

of the initial starting profiles. The profiles of mean 

velocity, Reynolds stresses and the dissipation rate are 

to be specified at the starting station as a part of the 

starting procedure. 

Irwin has used two types of starting procedures: 

1. Available experimental velocity and turbulence 

profile data as the starting profiles, and 

2. An "automatic starting" procedure. 

Both of these starting procedures were used in the present 

case in order to examine their effects on the computed 
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results. The first method is straightforward. However, 

the second method involves certain assumptions and needs 

to be studied in greater detail. Therefore, the "auto- 

matic starting" procedure is described in detail in the 

following paragraphs. 

The term "automatic starting" stems from the fact 

that it develops the initial profiles automatically using 

the given integral parameters at the jet slot as input. 

In blown boundary layers, the region near the slot really 

requires the soiution of an elliptic set of equations 

rather than the parabolic set used in the present calcula- 

tions. However, the "automatic starting" procedure assumes 

that the region over which the governing equations are 

elliptic does not extend very far downstream and that fur- 

ther downstream the flow is mainly affected by the initial 

momentum of the jet, the momentum thickness of the boundary 

layer on the slot lip, the value of its form parameter, 

and the logitudinal pressure gradient. The elliptic 

nature of the flow near the slot was thus ignored and the 

parabolic equations were used right from the slot exit 

plane. A problem arises, however, because at the slot 

there is a region of zero velocity on the downstream face 

of the slot lip and the parabolic method cannot handle 

such a region. This was overcome by replacing the real 

starting profile by an equivalent one which was acceptable 

to the paraboiic method. 
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The "automatic starting" procedure of Irwin gen- 

erates the starting velocity profile in two following 

steps: 

1. The real velocity profile at the slot was first 

replaced with a top-hat profile in the jet and a power 

law profile in the boundary layer on the slot lip as shown 

in Fig. 6.1 (a). The velocity UJ in the jet is such that 

the momentum of the jet is the same as the momentum in 

the real jet. The value of 6BL and the exponent l/n of 

the boundary layer region were such as to give the same 

value of 62BL and HBL as the real profile. 

2. The equivalent profile shown in Fig. 6.1 (a) 

was replaced by another profile which has the same momentum 

and mass flux as the first one but contains a mixing layer 

joining the jet and the boundary layer regions. The new 

velocity profile is shown in Fig. 6.1 (b). A cosine 

velocity profile was adopted for the mixing layer. By 

making a mass and momentum balance between the profiles 

shown in Figs. 6.1 (a) and 6.1 (b), the entire velocity 

profile shown in Fig. 6.1 (b) can be generated. The pro- 

file shown in Fig. 6.1 (b) is the actual starting velocity 

profile used in the computations with automatic starting 

conditions. 
'2J This procedure needs - , '2J 

YC 
-, HBL and "a" 
'2BL 

as the input. Here, "a" is the fraction of the slot height 

over which the velocity profile is assumed to be uniform 
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Fig. 6.1 Assumed Velocity Profile for the "Automatic" Starting Procedure 
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as shown in Fig. 6.1 lb), 62BL is the momentum thickness 

of the boundary layer above the slot lip, HBL is the form 

parameter of the boundary layer above the slot lip and 

Irwin recommends a value of a = 0;6. 

6.2.3 (a) Starting Turbulence Profiles -- 

The starting distributions of the Reynolds stresses 

for the automatic procedure were obtained as follows. The 

starting profiles for the mixing layer and the boundary 

layer are given first followed by the profiles for the jet 

portion. 

The -G profile was calculated from -G = veff(aU/ay) 

with empirical expressions for the eddy viscosity in the mix- 

ing layer and the boundary layer. The three normal stresses 

(7, 7 -2 
I and w ) were set equal to each other and equal to 

I-uv1/0.45, with their minimum values not allowed to go be- 

low the free-stream turbulence level. The dissipation rate 

was set equal to the rate of production of turbulent kinetic 

energy, i.e., E = --uV (au/ay). 

For the jet region, --uV is equal to zero. The 
-2-T three normal stresses (u , v , -2 and w ) were set equal to 

each other and equal to (0.03 UJ)2. The dissipation was 
4k3'2 set equal to -- where k is the turbulent kinetic energy. 

Y 
Here it should be noted that the starting turbulence 

profiles used in the automatic starting procedure do not 

represent the actual conditions and involve certain arbi- 

trary assumptions. However, as Irwin (1974) has indicated, 
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the wall jet flows were observed to be fairly insensitive 

to the starting turbulence conditions at the slot. 

6.3 Comments on the Automatic Starting Procedure 

Even though the automatic starting procedure was 

primarily developed for blown boundary layers, Irwin (1974) 

used it satisfactorily for several other types of flows 

also, such as wall jets in still air, self-preserving wall 

jets, curved wall jets, and boundary layers. Hence, the 

automatic starting procedure was used with confidence in 

the present case backed by Irwin's satisfactory predic- 

tions using the automatic starting procedure. It may be 

noted here that for any details regarding the theoretical 

method and the computational procedure, the work of 

Irwin (1974) should be referred to. 
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CHAPTER VII 

COMPUTED RESULTS 

The purpose of this chapter is to present the re- 

sults of the computations using the prediction method 

described in Chapter 6 and to theoretically establish the 

effectiveness of an asymmetric. jet velocity profile over 

the uniform jet velocity profile. 

One of the major assumptions made in the present 

predictions was that the "automatic starting" velocity 

profile described in Chapter 6 and shown in Fig. 6.1 (b) 

represents the case of a uniform jet velocity profile. 

In other words, a uniform jet velocity is assumed to result 

in a velocity profile shown in Fig. 6.1 (b) at a few 

slot heights downstream of the slot. The good quality of 

the predictions made by Irwin (1974) in a number of wall 

jet cases using the automatic starting procedure for a 

uniform jet velocity profile confirms that the above 

assumption is a valid one. 

The present computed results are classified into 

three categories: 

1. Predictions of the zero pressure gradient flow 

were made using the experimental initial velocity and 

turbulence profiles and were compared with the experimental 
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data. The results were then compared with the computa- 

tions using the automatic starting procedure for a uniform 

jet velocity profile with the same jet momentum as the 

experimental asymmetric profile at the slot. 

2. Predictions of the adverse pressure gradient 

flow were made using the experimental initial velocity 

and turbulence profiles and were compared with the ex- 

perimental data. The results were then compared with the 

predictions using the automatic starting procedure for a 

uniform jet velocity profile with the same jet momentum 

as the experimental asymmetric profile at the slot. 

3. Comparison of the computations for the ad- 

verse pressure gradient flow using the automatic starting 

procedure with two different types of jet velocity pro- 

files: uniform jet velocity profile and a hypothetical 

linear jet velocity profile described later in this chap- 

ter to represent the ideal case of an asymmetric jet ve- 

locity profile. 

7.1 Prediction of the Zero Pressure Gradient Flow 

7.1.1 Computations Using the Experimental Initial 

Velocity and Turbulence Profiles 

The computations were done using the prediction 

method described in Chapter 6. The experimental velocity 

and turbulence profiles at x/ye = 16.5 were given as the 

starting profiles. The station x/y, = 16.5 was chosen as 

the starting station because it was the first station 
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Fig. 7.1(a) Initial Profile of -G for the Computations Using 
Experimental Initial Profiles in the case of Zero Pressure 
Gradient Flow 

- experimental distribution; --- assumed distribution 

1. First normal hot-film data point where 
- 

-uv Cf -=- 
uz 2 

2. Point of maximum velocity where -G = 0 

3. Point of maximum i-Z1 

4. First slant-wire data point 

5. Point of minimum velocity 
207 



downstream of the slot and away from the slot where slant- 

wire turbulence measurements were available. 

7.1.1 (a) Initial Mean Velocity -2 and u Profiles 

The measured normal hot-film data of the mean 
2 velocity and u at x/ye = 16.5 were used as the initial 

profiles. The grid points coincided-withthe data points 

in number and position. 

7.1.1 (b) 2-2 Initial Profiles of v , w , -F, and s 
72 The slant-wire data of v , w , and -E were in- 

terpolated to obtain their values corresponding to the 

position of the normal hot-film. However, the slant-wire 

data did not extend as close to the wall as the normal 

hot-film data. Therefore, the following assumptions were 

made for the profiles of v , w 2 2 and -G between the first 

normal hot-film data point and the first slant-wire 

data point. 7 2 and w -2 were set equal to u . A linear 

variation of -z was assumed with -G = 0 at the point 

of maximum velocity. Fig. 7.1 (a) shows the assumed -E 

distribution. The dissipation rate E = 0.3k(au/ay) was 

assumed as suggested by Irwin (1974), where k is the tur- 

bulent kinetic energy. The step size was taken as .03 

times the flow width. 

7.1.1(c) Results 

The computed velocity profiles are compared withthe 

experimental data in Figs. 4.4 (c-e). The computed 

Profiles were shown only at selected representative stations 

to prevent overcrowding. The predictions compare well With 
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the data. Figs. 7.1 (b-d) show the predictions of 61, 62, 

and Cf compared with the data. The agreement between the 

experimental data and the predictions is generally good. 

However, the predicted values of 6l and 62 are lower than 

the data at far downstream stations and the predicted Cf 

values are lower than the data by about a maximum of 10%. 

Fig. 7.1 (e) shows the predicted development of 

profile length scales, Ymax, Yhalf, and Ymin. Fig. 7.1 

(f) shows the predicted variation of Urnax and Urnin compared 

with experiments. Here also the agreement is good. 

7.1.2 Computations Using the Automatic Starting Procedure 

The predicted results using the automatic starting 

procedure for zero pressure gradient flow are shown in 

Figs. 7.1 (b-f) along with the experimental data and the 

computations using experimental starting profiles. A 

value of a = 0.6 was used as suggested by Irwin. The 

fraction of the slot height over which the velocity is 

assumed to be uniform is "a," as shown in Fig. 6.1 (b). 

The number of grid points used was 60. The step size was 

chosen as .015 times the flow width up to x/y, = 15.0 

and . 03 times the flow width after x/y, = 15.0. 

The computations using the automatic starting 

procedure did not show any major difference as compared 

to the computations using the experimental initial profiles. 

On the basis of the arguments given in Chapter 4, it was 

expected that the growth rate of Ymax would be lower, while 

the growth rates of Yhalf, Ymin, 6l and S2 would be higher 
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Fig. 7.1(b) Predicted Developmezlt of the Displacement Thickness for 
the Zero Pressure Gradient Flow 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using the automatic starting procedure 

210 

- 



Fig. 7.1(c) Predicted Development of the Momentum Thickness for the 
Zero Pressure Gradient Flow 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

Predictions using the automatic starting procedure 
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Fig. 7.1(d) Predicted Variation of the Skin Friction for the Zero 
Pressure Gradient Flow 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using the automatic starting procedure 
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Fig.7.l(e) Predicted Variation of the Profile Length Scales for the 
Zero Pressure Gradient Flow 

0, Q, l Experimental Data 

---- Predictions using experimental initial profiles 

- Predictions using the automatic starting procedure 
----- Universal Ymax distribution 
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Fig. 7.1(f) Predicted Variation of Urnax and Umin for the Zero 

Pressure Gradient Flow 

0, 8 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using automatic starting procedure 
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in the case of automatic starting procedure. This is due 

to the unique behavior of an experimental asymmetric jet 

velocity profile as compared with a uniform jet velocity 

profile used in the automatic starting procedure. The 

predictions showed that the. growth rate of Ymax distribu- 

tion was tending towards the universal Ymax distribution 

discussed earlier in Chapter 4. However, the predicted 

growth rates of Yhalf and Ymin were lower instead of being 

higher. The predicted growth rates of 6,. and ~3~ were al- 

most the same as those predicted using experimental 

initial conditions. 

The present discrepancies between the predictions 

using experimental asymmetric jet velocity profile and 

the predictions using uniform jet velocity profile (auto- 

matic starting procedure) might be due in part to the 

inability of the prediction method to show the difference 

in uniform and asymmetric profiles when no pressure grad- 

ient was imposed on the flow. This is further confirmed by 

the predictions in the case of adverse pressure gradient flow. 

The superiority of an asymmetric profile can be 

justified on the following physical grounds even though 

it has not been revealed by the predictions. The asym- 

metric profile has lower velocity gradients at the wall 

than a uniform velocity profile and this feature results 

in reduced momentum losses due to friction at the wall. 

The asymmetric profile has a higher concentration of 

momentum in the upper portion of the slot. This feature 
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provides greater momentum to the momentum deficient 

area of the upstream boundary layer and results in the 

even distribution of momentum. As mentioned later in 

section (7.3.3), the mass flow rate in the case of an 

asymmetric profile is less than that of a uniform profile 

for the same total jet momentum. This feature results in 

savings in mass flow rate in the case of an asymmetric 

profile. 

7.1.2 (a) Universal Ymax Distribution 

According to Narayan (19731, the value of the 

quantity 62s = 62BLU~/(U~aVe y,) should be low to observe 

the universal Ymax distribution mentioned in Chapter 4. 

Accordingly, a few prediction runs were made using the 

automatic starting procedure with UJave and y, values 

higher than in the experiments, thereby reducing the value 

of 62s. The results show that the Ymax distribution does 

not follow the universal Ymax distribution when the momen- 

tum deficit of the upstream boundary layer is relatively 

higher. The value of 62s was of the order of 0.48 in 

the present experiments. 

7.2 Predictions of the Adverse Pressure Gradient Flow -_i_ -~ 

7.2.1 Computations Using Experimental Initial Profiles - -___- 

of Velocity and Turbulence 

Predictions of the adverse pressure gradient flow 

were made using the velocity and turbulence profiles at 

X/Y, = 15.92 as the starting profiles. 
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7.2.1 (a) Initial Mean Velocity 2 and u Profiles -_-..-_- - __ 

The measured normal hot-film data of the mean 
2 velocity and u at x/ye = 15.92 were used as the initial 

profiles. The grid points coincided with the data points 

in number and position. 

7.2.1 (b) T-2 Initial Profiles of v , w , -G ands --_ -- 
-7-z The initial profiles of v , w , -E and E were 

obtained in the same way as'given in section 7.1.1 (b). 

Fig. 7.2 (a) shows the assumed -E distribution. The step 

size was taken as 0.03 times the flow width. 

7.2.1 (c) Results 

The predicted velocity profiles were compared 

with the experimental data in Figs. 5.4 (b) and 5.4 (c). 

The agreement is good up to x/ye = 72.14. The predic- 

tions deviate from the experimental data from x/ye = 

100.3 onwards. However, the predictions were good in the 

outer layer even after x/ye = 100.3. The predictions 

were not shown beyond x/y, = 177.7 because the outer edge 

of the outer layer was already touching the top wall at 

X/Y, = 177.7. However, the computations proceeded all 

the way up to x/ye = 360.8 without any instabilities in 

the calculations. The predicted velocity profile at 

X/Y, = 360.8 was found to be a normal one, without any 

regions of large momentum deficit. 

Figs. 7.2 (b-h) show the various predicted integral 

and profile parameters compared with experimental data. 
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Fig. 7.2(a) Initial Profile of -z for the Computations Using 
the Experimental Initial Profiles in the Case of 
Adverse Pressure Gradient Flop: 

---- Assumed distribution 

- Experimental distribution 

1 -. First normal hot-film data point where 

-uv Cf 
7=--z 

Ccl 
2. Point of maximum velocity where -z = 0 
3. First slant-wire data point 

4. Point of maximum I-uvl 
5. Point of minimum velocity 
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Fig. 7.2(b) Predicted Development of the Displacement Thickness for 
the Adverse Pressure Gradient Flow 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using the automatic starting procedure 
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Fig. 7.2(c) Predicted Development of the Momentum Thickness for the 
Adverse Pressure Gradient Flow 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using the automatic starting procedure 



Fig. 7.2(d) Predicted Variation of Skin Friction for the Adverse 
Pressure Gradient Flw 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using the automatic starting procedure 
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Fig. 7.2(e) Predicted Variation of Urnax for the Adverse Pressure 
Gradient Flaw 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using the automatic starting procedure 
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Fig. 7.2(f) Predicted Variation of Umin for the Adverse Pressure 
Gradient Flow 

0 Experimental Data 

---- Predictions using the experimental initial profil.es 

- Predictions using the automatic starting procedure 
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Fig. 7.2(g) Predicted Variation of Ymin for the Adverse Pressure 
Gradient Flow 

0 Experimental Data 

---- Predictions using the experimental initial profiles 

- Predictions using the automatic starting procedure 
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Fig. 7.2(h) Predicted Development of the Profile Length Scales for 
the Adverse Pressure Gradient Flow 

l , @, 0 Experimental Data 

---- Predictions using the experimental ioitial 
profiles 

- Predictions using the automatic starting 
procedure 
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Here it should be noted again that the experimental data 

beyond xjyc = 177.7 must be treated with caution.because 

the entire tunnel height was filled with the shear layer 

beyond x/ye = 177.7. 6 1and-62 were predicted well up to 

X/Y, = 177.7. The predictions of Cf are lower than the 

experiments. The predicted Urn,, decay is faster than the 

experiments. However, the decay of Urnin and the growth 

rate Of Ymin are predicted well. The agreement between 

the predicted and experimental growth rates of Ymax and 

Yhalf is good up to x/y= = 143.0. 

The disagreement between the predictions and 

the experiemntal data at far downstream stations is 

mainly due to the fact that beyond x/y= = 177.7, the entire 

tunnel height was filled with the shear layer and hence 

the full thickness of the shear layer has not been taken 

into account in the experiments. 

7.2.1 (d) Convergence or Divergence Correction 

Irwin (1974) suggested that for flows under severe 

adverse pressure gradients, a correction term involving 

aW/az has to be applied to the mean momentum equation to 

account for the flow convergence or divergence in the 

lateral direction. Here z is the lateral coordinate and 

W is the lateral component of velocity. The flow con- 

vergence or divergence is caused by the rapid growth of 

the side wall boundary layers and their bleed off by means 

of false side walls. The fact that the flow converges or 
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diverges in the lateral direction depends on whether too 

little or too much of the side wall boundary layer flow 

was being bled. 

Sufficient care was taken in the present experi- 

ments to maintain two-dimensionality. The slant-wire 

measurements (Appendix C) show that the magnitude of W is 

very small even at far downstream stations. This implies 

that the magnitudes of 'aW/az may not be significant to 

apply any convergence or divergence correction. Also, 

it was shown in Chapter 5 (section 5.2.3) that the ex- 

perimental data closely satisfy the two-dimensional integral 

momentum equation up to x/ye = 177.7. The failure of the 

experimental data to satisfy the two-dimensional integral 

momentum equation beyond x/y= = 177.7 is mainly due to 

the fact that the entire tunnel height is filled by the 

shear layer beyond x/y= = 177.7. Because of the above 

arguments, no convergence or divergence correction has 

been applied to the predictions presented in this thesis. 

Also, one of the main objectives of the predictions is to 

compare the performance of the asymmetric jet velocity 

profile with that of a uniform jet velocity profile. Since 

it is only a relative comparison, the flow convergence 

or divergence correction should not influence the conclu- 

sions regarding the asymmetric jet velocity profile. 

7.2.2 Computations Using the Automatic Starting Procedure 

Predictions of the adverse pressure gradient flow 

were made using the automatic starting procedure described 
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in Chapter 6. As mentioned before, the velocity profile 

(Fig. 6.1 (b)) used in the automatic starting procedure 

was assumed to represent the case of the uniform jet 

velocity profile. The step size was chosen as .015 times 

flow width up to x/y= = 15.0 and .03 times the flow width 

beyond x/ye = l5.0. The number of grid points was taken 

to be 60. The value of "a" was taken as 0.6. 

The computations using the automatic starting 

procedure predicted reverse flow near the minimum velocity 

point in the wake region at x/y, = 130.0. The computations 

broke down after the reverse flow was observed since the 

computing method cannot handle regions of reverse flow. 

In comparison, the computations using the experimental 

starting conditions representing the asymmetric jet 

velocity profile proceeded all the way up to x/y, = 360.8. 

Fig. 5.4 (b) shows the predicted velocity profile at 

X/Ye = 100.3 using the automatic starting procedure in 

comparison with the predicted profile using experimental 

starting conditions. A large momentum deficit can be found 

in the minimum velocity region of the predicted velocity 

profile using the automatic starting conditions. Fig. 7.4 

(a) shows a representative predicted velocity profile using 

the automatic starting procedure with uniform jet velocity 

profile just before the occurrence of reverse flow in the 

minimum velocity region. 

Figs. 7.2 (b-h) show the predicted development of 

different integralandprofile parameters using the automatic 
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starting procedure in comparison with the predictions 

using the experimental starting conditions. The momentum 

and displacement thicknesses shown in Figs. 7.2 (b) and 

(c) increase very rapidly near the point where the 

computations broke down. One can see that the increase 

of 6 1 and62 starts from the beginning of the computations, 

even though the increment is more rapid near the point of 

breakdown. Theskin friction near the point of breakdown 

of the computations shows a trend that the flow might 

encounter separation at the bottom wall, if one proceeds 

further downstream. 

Figs. 7.2 (e-g) show the decay of Urnax and Urnin 

and the growth rate of Y,i, respectively. Urnin increases 

rapidly from the start of the computations and eventually 

goes to zero near the point of breakdown. Ymin increases 

rapidly as compared to the predictions using experimental 

starting conditions. Fig. 7.2 (h) shows the development 

of Y max' Y min' and Yhalf' Ymin and Yhalf increase very 

rapidly for the case of automatic starting conditions. 

Y max growth rate is lower than that for the experimental 

starting conditions. 

The above predicted results using the automatic 

starting procedure can be explained in the following way. 

When a pressure gradient is imposed on the flow, the region 

around the junction of the upstream boundary layer and the 

jet needs a considerable amount of momentum to overcome the 

pressure gradient. If sufficient momentum is not supplied 
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to that region by the jet, the res,ult is a .highly momentum 

deficient region near the minimum velocity'point at the 

downstream stations. In the case of uniform jet velocity 

profile used in automatic starting procedure, consider- 

able part of the jet momentum is concentrated near the 

wall and not close to the minimum velocity region. Hence 

the outer layer spreads more rapidly into the free-stream 

in search of momentum as indicated by the rapid increase 

Of Ymin' However, because of the severe adverse pressure 

gradient, the entrainment of the free-stream momentum does 

not occur rapidly enol-lgh to supply momentum to the mo- 

mentum deficient region near the point of velocity 

minimum. Hence, the velocity in the minimum velocity 

region decreases rapidly as indicated by the rapid decay 

Of 'min and eventual reverse flow there. Because of the 

existence of a large momentum deficient region near the 

point of minimum velocity, the momentum and displacement 

thicknesses increase very rapidly. The relative concen- 

tration of the jet momentum near the wall causes increased 

frictional losses, resulting in the rapid decrease of Cf. 

The relatively large momentum and displacement thicknesses, 

the lower values of Cf, and reverse flow in the minimum 

velocity region are all unwanted effects and they might 

lead to eventual flow separation at the bottom wall. 
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In comparison, the flow development in the case 

of the experimental asymmetric jet velocity profile is 

different. Given the same total jet momentum, the asym- 

metric jet velocity profile will have a higher concentra- 

tion of momentum in the upper half of the jet. Hence, the 

momentum requirements of the minimum velocity region is 

more readily 

of the jet. 

as indicated 

met by the higher momentum in the upper half 

The outer layer does not grow very rapidly 

by the slower growth rates of Yhalf and Ymin 

shown in Fig. 7.2 (h). Ymax increases rapidly because of 

the tendency of the inner layer to grow faster to supply 

momentum to the outer layer. ,The decay of Urnin shown in 

Fig. 7.2 (f) is more gradual in comparison to the rapid 

decrease of Urnin to zero in the case of predictions using 

automatic starting procedure. The growth of displacement 

and momentum thicknesses is also gradual. In essence, the 

asymmetric jet velocity profile tries to distribute the 

momentum evenly across the layer, thereby preventing the 

possibility of separation o f the inner layer near the wall. 

The asymmetric velocity profile also results in lower fric- 

tional losses at the wall by keeping the jet momentum away 

from the wall as indicated by the lower values of Cf in 

the region near to the jet. 

Here it should be mentioned that Irwin (1974) has 

documented one case of flow prediction where the computations 

predicted reverse flow in the minimum velocity region with 

231 



the experimental starting conditions, even though the ex- 

periments did not show any flow reversal in the minimum 

velocity region. Irwin gave the explanation that the 

predicted flow reversal in the minimum velocity region 

may be due to either experimental inaccuracy or the failure 

of the boundary layer assumption because of the very low 

velocities reached in the region of velocity minimum. 

It was further indicatedthatthe application of flow con- 

vergence-divergence correction, along with the accurate 

specification of the experimental starting conditions has 

carried the computations farther than without them. But, 

the prediction method still predicts the reverse flow. 

In the present case, it is true that the flow velocities 

are considerably smaller, at far downstream stations. How- 

ever, the difference in flow development between the 

uniform velocity profile and asymmetric velocity profile 

can be observed from the beginning of the computations. 

Therefore, the breakdown of computations in the present 

predictions using the automatic starting procedure is not 

a local effect of low velocities, but it is a result of 

a gradual process which starts at the slot because of 

the uniform jet velocity profile. 

7.3 Comparison of the Performance of Linear and 

Uniform Jet Velocity Profiles 

This part of the predictions has been made to 

isolate the effect of the shape of the jet velocity profile 
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on the flow development. Predictions were made with two 

different types of jet velocity profiles in the case of 

an adverse pressure gradient flow by keeping the other 

initial conditions the same. 

The two jet velocity profiles considered are 

given below. A uniform jet velocity profile shown 

in Fig. 7.3 (a), which is the same as the profile shown 

in Fig. 6.1 (b), was generated by the automatic 

starting procedure and has the same jet momentum as the 

experimental case. A linear jet velocity profile shown 

in Fig. 7.3 (b) was the second profile. This linear jet 

velocity profile was assumed to represent the ideal case 

of an asymmetric jet velocity profile. It was obtained 

by replacing the profile shown in Fig. 7.3 (a) below 

the velocity minimum point by two linear segments with the 

following constraints: 

'. 'min is the same for the profiles shown in 

Fig. 7.3 (a) and 7.3 (b) 

2. U=Oaty=O 

3. U = UJmaxaty/yc = a, where a is the fraction 

of theslotheight over which the flow is uniform 

4. The momentum below the minimum velocity 

point is the same for both cases. 

Referring to Fig. 7.3 lb), UJmax is greater than Uj. 

However, for the particular case where a = 1.0 and there 

is no mixing layer, Ujmax =n UJ as shown in Fig. 7.3 (c). 
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Fig. 7.3(c) Comparison of Uniform and Linear Jet Velocity Profiles 
Without the Mixing Layer 



Here, U Jmax is the maximum jet velocity in the linear 

profile and UJ is the jet velocity in the case of uniform 

profile for the same jet momentum in both cases. The 

above mentioned velocity profiles shown in Figs. 7.3 (a) 

and 7.3 (b) were used as the starting velocity profiles 

in the predictions. 

7.3.1 Selection of the Parameter a 

a is the fraction of the slot height over which 

the flow is uniform with reference to Fig. 7.3 (a). 

Irwin recommends a value of a = 0.6. When a = 0.6 was 

used, the resulting linear profile was such that the ve- 

locity gradients in the mixing layer were lower than the 

velocity gradients in the jet region below the point of 

maximum velocity. This results in greater momentum 

transfer towards the wall than towards the region of min- 

imum velocity. However, in an actual situation of an 

asymmetric profile, the region near the slot can be 

expected to have higher velocity gradients in the mixing 

layer than in the jet region below the point of maximum 

velocity. Therefore, the value of "a" was taken as 0.95 

in generating the profiles shown in Figs. 7.3 (a) and (b!. 

The higher value of "a" makes the width of the mixing 

layer very thin thereby increasing the velocity gradients 

in the mixing layer and simulating the actual conditions 

that might be expected in the case of an asymmetric jet 

velocity profile. 
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7.3.2 Starting Turbulence Profiles 
222 The starting profiles of u , v , w , -z and E 

used inthe.predictions for the uniform jet velocity profile 

were kept the same as for the automatic starting procedure. 
222 The starting profiles of u , v , w used in the predictions 

for the linear jet velocity profile were also kept the 

same as for the automatic starting procedure. 

The starting profile of -z for the linear 

velocity profile was chosen in the following way. The 

-z distribution above the point of minimum velocity 

was kept the same as for the automatic starting procedure. 

The shear stress in the mixing layer was obtained from the 

shear stress distribution in the mixing layer for the 

automatic starting procedure by multiplying with a factor 

equa1 to IUjmax - 'minIlinear '('3 - 'min)uniform ' The 

shear stress distribution below the point of maximum 

velocity was taken as linear with -K = 0 at the point of 

maximum velocity and -i% = v(L9U/ay)linear at the first 

grid point. 

The number of grid points was taken to be 80 

to accommodate the details of the linear velocity profile. 

The step size was taken as 0.015 times the flow width 

up to X/Ye = 15.0 and 0.03 times the flow width after x/y, = 

15.0. 
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7.3.3 Prediction Results 

As mentioned earlier, the predictions using linear 

and uniform profiles were made only for the case of ad- 

verse pressure gradient flow. The theoretical method 

predicts flow reversal in the minimum velocity region for 

the case of uniform profile at x/ye = 102.0. In compar- 

ison, the computations for the case of linear profile 

proceeded all the way up to x/ye = 360.8 without any 

problem. Fig. 7.4 (a) shows a comparison of the predicted 

velocity profiles for'the uniform and linear cases at 

X/17c = 100.3. One can see a large momentum deficient 

region near the minimum velocity point for the case of 

uniform profile. 

The predicted development of the different integral 

and profile parameters is shown in Figs. 7.4 (b-g) 

for both the uniform and linear cases. Most of the pre- 

dictions made in the case of uniform profile are in 

agreement with the results obtained in Section 7.2.2. 

The momentum and displacement thicknesses increase very 

rapidly for the uniform profile in comparison with the 

linear profile. The skin friction shown in Fig. 7.4 (d) 

decreases very rapidly indicating higher momentum loss 

due to friction at the wall for the uniform case. In fact, 

the area between the two skin friction curves up to the 

point where the Cf for both cases become equal indicates 

an increased loss of momentum due to friction for the case 

of uniform profile. 
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Fig. 7.4(a) Predicted Velocity Profiles at x/y = 100.3 
for the Adverse Pressure Gradient 'Flow 

---- Predictions with linear jet velocity 
profile 

- Predictions with uniform jet velocity 
profile 
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Fig. 7.4(b) Predicted Development of the Displacement Thickness for 
the Adverse Pressure Gradient Flow 

---- PredictZons with linear jet velocity profile 

- Predictions with uniform jet velocity profile 
and with the same momentum as in the experiments 

-.- * - Predictions with uniform jet velocity profile and 
with 20% excess momentum than in the experiments 

-x-x- Predictions with uniform jet velocity profile and 
with 30% excess momentum than in the experiments 
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Fig. 7.4(c) Predicted Growth of the Momentum Thickness in the Case 
of Adverse Pressure Gradient Flow 

---- Predictions with linear jet velocity profile 

- Predictions with uniform jet velocity profile 
and with the same momentum as in the experiments 

-.a.- Predictions with uniform jet velocity profile and 
with 20% excess momentum than in the experiments 

-x-x- Predictions with uniform jet velocity profile and 
with 30% excess momentum than in the experiments 
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Fig. 7.4(d) Predicted Variation of Skin Friction for the Adverse 
Pressure Gradient Flow 

---- Predictions with linear jet velocity profile 

- Predictions with uniform jet velocity profile 
and with the same momentum as in the experiments 

-.-.- Predictions with uniform jet velocity profile and 
with 20% excess momentum than in the experiments 

-x-x- Predictions with uniform jet velocity profile and 
with 30% excess momentum than in the experiments 
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Fig. 7.4 (e) Predicted Variation of Umin for the Adverse Pressure 
Gradient Flow 

---- Predictions with linear jet velocity profile 

- Predictions with uniform jet velocity profile 
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Fig. 7.4(f) Predicted Variation of Ymin for the Adverse Pressure 
Gradient Flow 

--- Predictions with linear jet velocity profile 

- Predictians with uniform jet velocity profile 
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Fig. 7.4(g) Predicted Variation of the Profile Length Scales for the 
Adverse Pressure Gradient Flow 

---- Predictions with linear jet velocity profile 

- Predictions with mifkm jet velocity profile 
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The decay Of Umi~ and the growth of Ymin are shown 

in Figs. 7.4 (e) and 7.4 (f). Urnin decreases very rapidly 

to zero and Ymin increases considerably in the case of 

uniform profile. In comparison, the decay of Urnin and the 

growth of Y min are gradual for the linear profile. Fig. 

7.4 (g) shows the relative development of the profile 

length scales Ymax, Yhalf, and ymin. Once again Yhalf and 

Y min develop much faster for the uniform case than for 

the linear case. However, the growth rate of Ymax is 

almost the same for both cases even though the absolute 

value of Ymax is lower in the case of uniform profiie. 

The mechanism of flow development in the case of 

uniform jet velocity profile in comparison with that for 

the asymmetric jet velocity profile is given in detail 

under Section 7.2.2 and the same thing is applicable when 

a comparison is made between the uniform and linear jet 

velocity profiles. However, the flow development with a 

linear profile and with the same starting conditions as 

the uniform profile reveals more clearly the distinct 

advantages of having an asymmetric velocity profile in 

the jet. 

At this point, it is reasonabletoask the question 

of how much extra jet momentum is needed in the case of 

uniform profile to achieve a similar flow development 

as in the case of the linear profile indicated by the 

development of different integral and profile parameters. 

To investigate it, predictions were made with different 
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values of jet momentum higher than the experimental value. 

The flow development was compared on the basis of develop- 

ment of 61 and 62. Figs. 7.4 (b) and 7.4 (c) show the 

predicted development of 6l and 62 using the automatic 

starting procedure with 20% excess momentum and 30% 

excess momentum. With 20% excess momentum, the predic- 

tions broke down at about x/y, = 177.70. Reverse flow 

was predicted in the minimum velocity region near x/y, = 

177.7. With 30% excess momentum, the flow was predicted 

all the way up to x/y, = 360.84 without any reverse flow. 

Therefore, an approximately 30% increase in jet momentum 

is necessary in the case of an uniform profile to achieve 

similar flow development as in the case of a linear 

velocity profile. Also, it should be noted that for a 

given jet momentum, the mass flow rate in the case of 

asymmetric profile is less than the uniform case. This is 

evident from the mass flow calculations for the linear 

and uniform cases shown in Fig. 7.3 (c). The mass flow 

for the linear case is r/2 times the mass flow for the 

uniform case with the same momentum. However, for a sim- 

ilar flow development, the momentum of the uniform jet 

has to be increased by 30%. Therefore the actual savings 

in mass flow in the case of a linear profile for a similar 

Kl flow development is (1 - -- 
2J!iz 

) x 100 or 24% along with 

a jet momentum savings of 30%. Fig. 7.4 (d) shows the 

predicted skin friction using the automatic starting 
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procedure with 20% excess momentum and 30% excess momentum. 

The increased momentum loss due to friction in these cases 

can be observed as indicated by the high values of skin 

friction. 
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CHAPTER VIII 

CONCLUSIONS 

Conclusions 

1. Measurements have been made in a zero pressure 

gradient two-dimensional wall jet with a low jet excess 

velocity and a thick upstream boundary layer. The quan- 

tities measured are the mean velocity, turbulence 

intensities, Reynolds shear stress, spectra and skin 

friction. The derived quantities included turbulent 

kinetic energy, eddy viscosity, mixing length, Prandtl- 

Kolmogorov length scale, correlation coefficients, dis- 

sipation and production 

and bursting periods. 

2. Measurements 

rates of turbulent kinetic energy 

have also been made in an adverse 

pressure gradient two-dimensional wall jet with a low jet 

excess velocity and thick upstream boundary layer. The 

quantities measured and derived included all those listed 

under (1) with the exceptions of spectra, dissipation rate 

and bursting period. 

3. The mean velocity profiles show a defined 

logarithmic region which followed the conventional log- 

arithmic law of the wall with the same constants as 

applicable to normal boundary layers. 
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4. The point of zero shear stress was generally 

found to be closer to the wall than that of zero velocity 

gradient. 

5. The profiles of effective viscosity, Prandtl 

mixing length and the Prandtl-Kolmogorov length scale do 

not exhibit an obvious similarity and consequently pre- 

diction procedures which depend on these concepts are 

unlikely to be wholly satisfactory for blown boundary 

layers. 

6. Tchen's mean vorticity theory with c1 = 0.8 

estimates the dissipation rates which are in good agree- 

ment with -5/3 law in the logarithmic region of the velocity 

profile. 

7. It is possible to produce an asymmetric jet 

velocity profile and it is a unique feature of the present 

wall jet design. 

8. The asymmetric jet velocity profile affects the 

downstream development of the flow considerably. It causes 

the effect of the jet to be carried to a much longer dis- 

tance as compared to a uniform jet velocity profile. The 

asymmetric profile tries to supply more momentum to the 

momentum deficient upstream boundary layer instead of 

wasting it as friction at the wall, resulting in a more 

even distribution of momentum across the whole layer. 

9. The prediction method of Irwin (1974) gave 

satisfactory predictions of the present class of blown 

boundary layers using experimental starting conditions. 
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10. The prediction method used was able to show 

theoretically the advantages of asymmetric jet velocity 

profile over uniform jet velocity profile more clearly 

in the case of adverse pressure gradient flow. 

11. Blown boundary layers under adverse pressure 

gradients with an asymmetric jet velocity profile result 

in much lower values (or more accurately lower growth 

rates) of momentum and displacement thicknesses and pre- 

vent the development of large momentum deficient region 

downstream of the slot as compared to a uniform jet veloc- 

ity profile. It is well known that large displacement and 

momentum thicknesses result in a situation approaching 

separation and cause lower lift on aerofoils. 

Suggestions for Future Work _--.. - 

There is a need for more detailed and accurate 

turbulence measurements taking proper account of high flow 

inclination angles for the present class of flows under 

adverse pressure gradients. A parametric study of the 

effect of asymmetric velocity profile for different slot 

heights and jet velocities can be made. Also, there is 

a need for comparison of measurements with a uniform and 

an asymmetric jet velocity profile under similar conditions 

with the same jet momentum in each case. The skewness of 

the asymmetric jet velocity profile can be enhanced further 

and its effect can be studied on the downstream flow devel- 

opment. 
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MEASUREMENTS 

APPENDIX A 

ON A WALL JET BY BOWLES (1977) 

Bowles (1977) took hot wire measurements of U 

and ut at the exit of a wall jet with a similar design as 

in the present experiments. The slot height in his case 

was 6.35 mm. Fig. A.1 shows the velocity and turbulence 

profiles at the exit of the jet for the Bowles case. 

The asymmetric velocity profile typical of the present 

wall jet design can be observed in this case also. How- 

ever, the turbulence profile is different as compared 

with the turbulence profile at the jet exit in the present 

experiments shown in Fig. 2.11. The turbulence profile 

shown in Fig. A.1 shows a maximum near the wall at about 

0.2Yc which is well above the outer limit of the thin 

sublayer for this high speed flow (UJmax = 35 m/set). 

The cross sectional area of the nozzle around the corner 

in the case of Bowles' jet was kept constant as compared 

to a reduction in the cross-sectional areainthe present 

case. As discussed in Chapter 2, this feature gives rise 

to the possibility of separation around the corner and the 

consequent re-attachment downstream. Therefore, the maxima 

in u t near the wall shown in Fig. A.1 may be the remainder 

252 



m 

~oooocooo -o. 

mm 0 0 
8 n 0 

Q. 0 
n 0 

0 . 
0 

0 
m 

0 

l - n 
0 

0 
8 

n 

n 
l 

8 n 

l m 
rn8O 

n 

0 
m 

Y (mm) 

Fig. A-l Mean Velocity and Turbulence Profiles at the 
Exit of the Jet (Bowl.es) 
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from separation around the corner of the nozzle. The ut 

values in Fig. A.1 are non-dimensionali.zed.with UJmax, the 

maximufi velocity at the jet exit. The hot wire measure- 

ments of Bowles were taken at 0.8 mm from the lip. 
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APPENDIX B 

ESTIMATION OF THE FRICTIONAL LOSSES 

IN THE WALL JET NOZZLE 

The details on the estimation of frictional 

losses in the present wall jet nozzle are given in this 

appendix. The frictional losses are estimated by making 

an energy balance on the control volume surrounding the 

wall jet nozzle. The measured jet exit velocity profile 

and the measured static pressure inside the nozzle are 

used in the estimation of frictional losses. 

Fig. B.l shows the close-up view of the wall jet 

nozzle. The section (1) corresponds to the position where 

the static pressure connection was made in the wall jet 

nozzle as described in Chapter 2. Section (1) is located 

1.27 cm below the surface of the wind tunnel as shown in 

Fig. 2.5. The Section (2) corresponds to the exit of the 

wall jet. Since most of the frictional losses in the noz- 

zle occur between Sections (1) and (2), an attempt has 

been made to estimate those losses. 

Let u2 be the velocity at any given y 

location at Section (2) 

ul be the uniform average velocity at 

Section (1) 
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Fig. B-l Close-up View of the Jet Nozzle 
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bl be the width of the nozzle at Section (1) 

Pl be the static pressure at Section (1) 

above the static pressure at Section (2) 

P be the density of the fluid 

For the unit length of the nozzle: 

Kinetic energy going out at Section (2) = 

Yc 
5 g: dy I 

Kinetic energy coming in at Section (1) = 

Flow work input at Section (1) = 

Let the frictional losses between the Sections 

(1) and (2) = F.L. 

An energy balance on the control volume surround- 

ing the Sections (1) and (2) and the portion of the nozzle 

in between them gives 

F.L. + 8 E 
dy = 2 1 1 u"b +P 1 bl ul (B-1) 

In the equation (B.l), U2 can be obtained from the measured 

velocity profile at the jet exit, and the corresponding 

value of Pl can be measured directly. The velocity Ul at 

Section (1) is obtained by making a mass balance between 

the sections (1) and (2) as follows: 

Let Ml and M2 be the mass flow rates per unit 

length of the nozzle at Sections (1) and (2) respectively. 
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Then 

Ml = PUlbl 

(B.2) 

M2 = P 

Ul can be calculated from the measured distribution of U2 

and the mass balance Ml = M2. Therefore, the frictional 

losses (F.L) in the equation (B.3) can be calculated from 

the measured velocity distribution U2 at the jet exit 

and the corresponding measured static pressure (Pl) 

at Section (1). 

In the present nozzle design, the frictional losses 

between the Sections (1) and (2) were found to be about 

15% of the total energy input at Section (1). These 

frictional losses between Sections' (1) and (2) form a 

significant part of the total frictional losses in the 

nozzle. 
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APPENDIX C 

MEASUREMENT OF TURDULENCE INTENSITIES 

AND THE REYNOLDS SHEAR STRESS 

This appendix gives the details regarding the 

measurement of turbulence intensities vt/U,, and wt/U,, 

and the Reynolds shear stress -w using the slant-wire. 

A brief description of the probe alignment procedures, 

and the estimation of mean V and W are also given. 

The directional sensitivity of the slant-wire 

makes possible the use of it for the measurement of in- 

dividual components of the velocity vector. Several 

investigators, e.g., Andersen, et al. (1972) , have used 

the slant wire successfully to obtain different components 

of the turbulent fluctuations and the Reynolds shear stress 

--uv. A similar method was used in the present experiments 

for the determination of vt, wt, and -E. A general out- 

line of the method of obtaining these turbulent quantities 

will be given here and for greater details one may refer 

to the work of Andersen et al. (1972). The method of ob- 

taining v , w -z T and -G i.s given below. vt and wt can be 

2 obtained using the relations vt = v -z and w2 = 7 t l 
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C.l Theory of the Directional~Sensitivity--of the Hot-Wire 

As shown by Jorgensen (1971), the effective cool- 

ing velocity Ei for a hot-wire may be approximated by 

tT2 i = (u",.J2 + (I$) 2(i721 2 + (K2) (i?,, 2 (C-1) 

where E, is the velocity component perpendicular to the 

wire and lies in the plane of wire supports, v2 is parallel 

to the wire and z2 is perpendicular to the wire and the wire 

supports. Kl and K2 are constants which depend on the hot 

wire probe design and the velocity. These constants are 

experimentally determined for the given probe and the range 

of velocities under consideration. 

Fig. C.l shows the probe geometry and position 

for a slant hot-wire probe. The slant wire makes an angle 

(I with a plane perpendicular to the probe axis. (xl, yl, zl) 

is the mean flow co-ordinate system in which the mean veloc- 

ity vector has the components (Ul, 0, 0). This co-ordinate 

system is in general not completely coincident with the 

laboratory co-ordinate system (x, y, z) in which the mean 

velocity vector is (U, V, W). -2 The measured values of v , 
-2 
w I and -E will strictly speaking be expressed in the 

(Xl, Yl’ zl) co-ordinate system. However, for the flow 

under consideration V and W are small compared with U and 

the measured turbulent quantities can be considered as 

measured in laboratory co-ordinates (x, y,, z) with negli- 

ble error. The hot-wire probe axis will be assumed to be 
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Fig. C-l Geometry and Position of the Slant-Wire Probe 
(schematic). 

Probe shown for 8 - 0. 



aligned with the mean velocity vector, i.e., the probe 

axis is in the direction of xl. 0 is the angle of rotation 

of the probe about its own axis and it is zero when the 

plane of wire supports coincides with the x1, yl plane. 

Referring to Fig. C.l, the relationship between 

the velocity components (El, vl, z,) in the mean flow 

reference system (xl, yl, zl) and the components (52, 72, z2) 

in the wire co-ordinates is given by 

;2 

[I [ 

coso sin@cose sin@sine % 

v2 = -sin@ cos~cose cos@sin8 % (C.2) 

G2 0 -sine case HI 5 

Equation (C.3) is obtained by performing the following steps. 

1. Inserting equation C.2 into C.l. 

2. Resolving the velocity components Ui,Ul,Vl,Wl as 

ci = Ui + Ui 

% = u1 + u1 

;3, = v1 

% =W 1 

3. Recognizing that the mean flow reference 

q, vlr El) is the same as the laboratory frame of refer- 

ence (5, v, %) for the flow under consideration where V and 

W are small compared to U. 

4. Simple mathematical manipulation of the re- 

sulting equations. 

5. Neglecting the higher order terms. 
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u2 7 
1 = Au D2-z F2T+Duv 

+4Av +4Aw (C-3) 

Where 7, 7, 7, and -z are the normal stresses and shear 
-2 stress in the laboratory frame of reference and ui is the 

indicated or measured normal stress at any given position 

of the probe. A, D, F are the coefficients given by 

A= COS2Q + Rl 2 sin20 

D = (l-iK12) sin2$cos0 

F = (l-~~~) sin2$sin6 

For the slant wire used in the present measurements $I = 45'. 
22 C.2 Determination of v , w , and -G 

7 
Equation (C.3) contains four unknowns, i.e., u , 

7, 7, and --uv. Therefore, a minimum of four measurements 
2 of ui are required with the rotatable slant-wire at four 

-z-2-7 
different values of 8 for the determination of u , v , w I 

and --uv. However, the nature of the coefficient A does 
7 

not permit the evaluation of u from equation C.3. This 

is because the value of A does not change with different 

values of 8 for a given value of $, when the probe axis 

is aligned with the mean flow direction. Hence, the nor-mal- 
2 hot film data of u were used in the equation (C.3) to ob- 

tain 7, 7 and -ii??. -2 The u at the slant wire location 

was obtained from the normal hot-film data by interpolating 

a five point quadratic curve fit. With 7 being known, a 
2 minimum of three measurements of ui are required with the 
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rotatable slant wire at three different values of 8 for the 

determination of 7, w , and 2 -iiF. 2 Measurements of ui were 

made at seven different values of 8 = (m-l)r/6 (m = 1,2,3, 

. . . 7) l Seven measurements were made instead of the min- 

imum required three, to make a redundancy check on the 
2-Z quantities v , w , and -z. 

C.2.1 Techniques of Obtaining vt, wt, and -G 

The basic principle used in the calculation of 

the turbulence quantities was to obtain them in a way in- 

volving a minimum amount of mathematical manipulation of 

the direct measurements in order to reduce the errors to 

a minimum. 

-%? was obtained from equation C.3 in three 
-2 different ways from six different measurements of Ui as 

follows: 

1. 

2. (q) e=30 0 - (3) e=150 0 

All three values of -E agreed very well within a maximum 

of 10% variation. The average of the three values of -G 

was finally taken. 

v2 was obtained from the measurements of (<JezoO 

and Cq) e=1800. This set of measurements eliminates the 
7 effect of w on 7 data. -2 A comparison of v obtained 

-7 in this manner with the v obtained from measurements at 
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other values of 8 gave good agreement between them with 

a maximum variation of about 15%. 

7 was obtained from the measurement of (T)e=90D. 
2 This measurement eliminates the effect of v and -iiV on 

-2 w data. -2 A comparison of w obtained in this manner with 
2 the w obtained from measurements at other values of 0 gave 

good agreement between them with a maximum variation of 

about 15%. 
2-Z The variations in v , w , and -z obtained from 

different sets of measurements are mainly due to the mean 

velocity gradients present within the finite space occupied 

by the slant wire and they cannot be calibrated. It should 

be noted here that the uncertainties in the measurement 
2 2 ofv ,w,and -G given in Chapter 3 are smaller than 

the variations due to velocity gradients mentioned above. 

C.3 Determination of Constants K1 and K2 in the Equation C.l 

Knowledge of Kl is necessary to obtain the tur- 

bulence quantities from equation C.3. However, an attempt 

has been made to determine the value of R2 also. The method 

of Jorgensen (1971) was used for the determination of Rl and 

K2' It essentially involves the use of equation C.l and 

the calibration of the slant wire at three different posi- 

tions in the calibrator. The flow in the calibrator described 

in Chapter 2 has the components of velocity (U,O,O) in the 

coordinate system (xl, yl, zl) shown in Fig. C.l. The rela- 

tionship between the non-linearized anemometer output Voltage 

E and the effective velocity Ui can be written as 
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I. 

E2 = A + B Uin (C-4) 

Where n is the exponent of the order of 0.45 and A, B are 

constants. Calibration of the slant wire was done at 

three different positions given below: 

1. The wire is perpendicular the flow and faces 

it with the plane of the wire supports in line with the 

flow, with the corresponding non-iinearized anemometer 

voltage output being Eo. 

2. The axis of the probe is in line with the flow 

and the wire faces the flow, with the corresponding output 

being El. 

3. The plane of the wire supports, the wire and 

the probe axis are all perpendicular to the flow with the 

corresponding output being E3. 

Kl and K2 were evaluated from the following equations ob- 

tained from the equation (C.4). 

The determination of Kl and K2 was done at different 

flow velocities covering the range of velocities encountered 

in the wind tunnel. The value of Kl used in the equation 

(C.3) was chosen according to the magnitude of the mean ve- 

loci.ty at the data point under consideration. The value of 
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Kl for the present slant wire was between 0.3 to 0.39 and 

the value of K2 was almost constant around 1.05 for the 

velocities ranging between 3 and 41 m/set. Kl was gen- 

erally found to increase slowly with the velocity and K2 

was found to vary within a maximum of 1% for the range of 

velocities mentioned above. 

C.4 Alignment of the Probe 

In order to use equation (C.3) for the determina- 

tion of turbulent quantities, the probe axis has to be 

aligned with the mean flow vector. 

C.4 (a) -- Probe Alignment for Zero Pressure Gradient Flow 

In the case of zero pressure gradient flow, the 

alignment was done in the free-stream. To do the alignment, 

the probe was held in the free-stream and then the pitch 

and yaw of the probe were adjusted so that the mean anemo- 

meter output remained the same at any angular position of 

the probe when rotated about its own axis. Afterwards, 

the probe position was not disturbed during the process of 

taking data for that streamwise station. This alignment 

procedure gave rise to a probe position where the probe 

axis was parallel to the free-stream velocity. 

It was not possible to precisely adjust the probe 

alignment with the mean flow vector in the boundary layer 

and to precisely measure the angular change with respect to 

the free-stream alignment. Hence the mean anemometer out- 

puts were different at different values of 8. The 

misalignment of the probe axis with the mean flow in the 

vertical and horizontal planes can be calculated from 
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the mean anemometer outputs at 6 = O", 90' and 180° using the 

misalignment analysis of Andersen et al. (1972). In the 

region of large velocity gradients, part of the difference 

in anemometer output at different values of 8 should be 

attributed to velocity gradients and finite size of the 

wire. However, in the present case, it was assumed that 

the'difference in the anemometer outputs at 8 = O", 

90° and 180" is entirely due to the misalignment of the 

probe. The misalignment angle was never greater than 0.8O 

in the vertical plane, and was never greater than lo in 

the horizontal plane for the majority of the slant wire 

data in the case of zero pressure gradient flow at x/y, = 

16.5 and beyond. As given by Andersen et al. (19721, the 

error introduced in the measured turbulence quantities 

due to these small misalignment angles is very small. 

The misalignment angles for stations x/y, = 0.292 and -16.4 

were relatively higher because the flow near the wall 

jet body is inclined at these stations. This is due to 

the special shape of the wall jet body and no attempt has 

been made to correct the data at these stations for the 

flow inclination. 

C.4 (b) Probe Aliqnment for the Adverse Pressure Gradient Flow 

In the case of the adverse pressure gradient fiOW, 

the stream-lines were inclined towards the top wall since 

the fluid was escaping through the perforations in the top 

wall. The flow inclination was maximum near the top wall 

and it decreased gradually towards the bottom wall. It 
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is not possible to precisely adjust the alignment of the 

probe with the flow at each vertical location. Therefore, 

for reference, the probe was aligned with its axis parallel 

to the bottom wall. 

The misalignment of the probe axis with the flow 

in the horizontal and vertical planes was calculated in 

the same way as for the zero pressure gradient flow. The 

misalignment angle in the horizontal plane was found to 

be small and of the order of lo. However, the misalign- 

ment angle in the vertical plane which is also equal to 

the flow inclination angle was found to be large when 

compared to the zero pressure gradient flow. 

For points near the free-stream, where the shear 

stress was very small, the flow inclination angle reached 

values up to 13O. However, in the region where the tur- 

bulence quantities were significantly large, the flow 

inclination was less than 5O. 

Here, it should be noted that the constant Kl 

varies with the angle of inclination of the flow vector 

with the probe axis. Littlefield (1978) indicated that 
-2 good measurements of v within about 10% error can be 

made by neglecting higher order terms and using constant 

values of Kl inthe equation (C.3) for flow inclination 

angles up to 5O. The error in the --uV measurements is rela- 

tively higher. In the present measurements the flow inclination 

was less than 5O points where the shear stress is significant. 
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For points where the flow inclination was about 5O, the 

shear stress was relatively smaller. Hence, the error in 

the presentmeasurements of -F at points where the shear 

stress is significant should not be more than 10%. How- 

ever, no attempt has been made to correct the present data 

for the flow inclination. 

C.5 Mean Velocities V and W 

An attempt has been made to estimate the mag- 

nitudes of mean V and W with respect to the probe to a 

first order approximation using equations (C.l) and (C.2). 

The principle applied in the calculation of V and W was 

that inside the boundary layer the difference in mean 

anemometer outputs at different angular positions of the 

probe about its axis gives an indication of the magni- 

tudes of V and W. The same principle was also applied in 

the calculation of misalignment angles. It is easier to 

conceive that the misalignment of the probe in the vertical 

and horizontal planes is a measure of mean V and W respec- 

tively. 

A redundancy check was also made on the V and 

w by calculating them from three independent measurements. 

In the case of the zero pressure gradient flow, for stations 

X/Y, = 16.5 and beyond, the values of W were found to vary 

at random within a maximum of +.02U and the values of V were 

found to be within a maximum of +.02U. 
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In the case of adverse pressure gradient flow, 

the flow was inclined towards the top wall and hence re- 

sulted in a larger V as compared to the zero pressure 

gradient flow. However, the nature and magnitude of W 

variation were comparable with that of the zero pressure 

gradient flow. 
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APPENDIX D 

In this appendix the normal hot-film data for the 

zero pressure gradient flow are tabulated. The data con- 

sist of mean velocity U/U, and the turbulence intensity 

ut/Um - The skin friction data are also presented at each 

station. 
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TABLE D 

NORMAL HOT-FILM DATA OF U/U, AND u&J- FOR 

THE ZERO PRESSURE GRADIENT FLOW 
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TABLE D (Cont.) 

l,lE - 7..SO “IW - 27.” n/YE 
cf - .01zzT. XLm - 2.2,. cm 

..10 

.a, 

.016 

.eII 

.020 
423 
.oar 
.02x 
.a. 
.043 
.a,, 
.002 
.064 
.079 
.a.1 
.104 
,817 
.I20 
.I.2 
.a51 
.1U 
.*.a 
* 1.3 
.a,. 
.2.. 
,249 
,292 
.22Q 
.a., 
.27, 
.2.‘ 
A22 
. ..7 
,472 
. ..I 
.122 
.W. 
.,74 
.sw 
.12s 
.*m, 
.,a 
.s*s 
.I70 

1.00‘ 
1.123 
I .2‘O 
,,2.7 
1,s.. 
I ,..a 
I,,‘. 
,.,,I 

:‘E: 
2:276 
2.402 
2.110 
2.*17 

:*::: 
2:292 
LO.6 

i% 
.h 
1.22‘ 
,.I22 
‘.2.0 

..2, 

..” 

.ss, 
AIS 
..7. 
.a2 
.eoI 
.#4. 
.122 
.w, 

::f 
1.212 
I...0 
,.%7 
,..I. 
1 .*.I 
2.202 
a..,. 
2.710 
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TABLE D (Cont.) 

x/rc - 31.740 “‘HF - Zb.07 WsLc 

CF - .OOb17b DELIA - 2.2bP Cl4 

VlCtl#) 

,010 
.OIJ 
.013 
,014 
.020 
.031 
,021 
.031 
.041 
.04J 
.b‘, 
,074 
B0.I 
.I24 
.ISO 
.I71 
.101 
*no 
*III 
.I77 
I101 
.321 
.I16 
.404 
,4aa 
.4?3 
.SSJ 
.b20 
.b43 
,747 
,114 
.J74 
.?,I 

I.00‘ 
I .Ob4 
I.l2J 
1.!91 
1.211 
I1142 
I.JO? 

x: 
2:tl7 
2.27, 
2.121 
2.779 
1.031 
,.2J7 
3.J4‘ 
1.79s 
4.,OJ 
4.J‘l 
5.U? 
s.eu. 
b.011 

.I031 

.I015 
a1024 
*LOO4 
,0?27 
.097J 
.O?JJ *O?U 
.OW? 
.OW, 
.04‘b 
.076J 
.0692 
-0624 
.OJ72 
. OJ29 
,049s 
.047b 
.0470 
.0470 
,047J 
.0492 
*OJO4 
*0510 
.034? 
.OJJ4 
.OJbO 
.OJJ2 
. 0530 
.0505 
.0482 
,046J 
no455 
.045, 
*04b‘ 
.0470 
.047J 
.0401 
a0404 
.046b 
.043* 
.OJ?Z 
*0222 
.OISI 
.OJJP 
.0049 
.003* 
.00?4 
.00?4 
*0”20 
*00‘7 
.OOLS 
*0014 

..POIZ 
.oo,e 

2/n - 74.490 “,YF - 21.74 W4EC 

CF - .00121a BELT4 . 2.411 Clll 

rtcns, 

,010 
.0‘3 
,015 
.O‘O 
,020 
,025 
.0x0 
.OU 
.046 
.05B 
,071 
,094 
,109 
,135 
,171 
.21* 
.249 
-267 
.121 
* 361 
.40, 
*4,9 
,503 
.J66 
.A10 
.7J7 
alA94 

,.01t 
1.114 
1,2‘S 
1.392 
l.Sl? 
1.646 
1.900 
2.LJ4 
2.400 
2.662 
P.PIb 
1.170 
1.424 
3.174 
3.Pl2 
4.101 
4.440 
4.694 
1.?01 
J.4Jb 
0.7‘0 
1.9‘4 

WUINF 

.4‘4 

.S‘O 

.a47 
657, 
,606 
.b39 
*‘IO 
,692 
,721 
.7Sb 
,779 
,799 
.Olb 
.#bb 
.902 
,929 
,947 
.9&O 
,961 
.?A? 
a970 
*?A, 
.9‘2 
,913 
,943 
.92‘ 
.?I‘ 
.,a0 
*lVl 
.B?? 
,907 
.?I7 
.?I2 
**a* 
,977 
,990 
.997 
.?P? 

xi: 
I:000 

.??? 

.??? 
,999 
.,*a 
.??? 
.?,? 
.??? 
,919 

UTIUIW 

.094s 
,096s 
.OS5, 
m0.35 
.O?l4 
.0474 
.OEIJ 
*0110 
.0413 
,078. 
*07*, 
.0741 
I DIPS 
a0147 
.os74 
.OSOb 
*0449 
.04‘2 
.0392 
.034b 
.0380 
,019a 
a0414 
a0424 
~0429 
.0421 
SO191 
.0341 
.0344 
.0402 
.OII? 
.0422 
*04‘3 
.OlSJ 
.b213 
.0137 
.007S 
.0047 
,003, 
.0027 
,002, 
.0021 
.OOl? 
.0017 
*OO‘b 
.00‘S 
.OOlb 
moo17 
.00,7 

WTC - 92.2.0 “lHF - 26.72 “ISEC 

cr - *00470, 

rtcne, 

.O,O 

.O‘, 
SO11 
,011 
,020 
.OP, 
*ON 
.O,, 
,034 
.040 
,061 
.074 
iOBI 
,099 
.124 
.I50 
,175 
.20‘ 
.22b 
,277 
.32. 
.374 
,417 
.4JO 
.s44 
*‘07 
,671 
,734 
.794 
.a*, 
.PZI 
.?J4 

r.ooa 
1.1‘S 
I.179 
1.242 
1.16, 
t.491 
I.‘23 
1.750 
1.877 
2.13‘ 
2.38s 
l.‘,? 
2.49, 
a.147 
3.40‘ 
3.655 
4.lb2 
4.b7‘ 
s.179 
J.b47 
J-94, 

DELTA - z.s,a cn, 

“/“‘HF 

.4,2 
-476 
*JO? 
.JJ” 
.Sd2 
.s44 
.‘I4 
.*40 
.blP 
.**7 
,713 
.7,9 
,757 
.774 
.?OJ 
.830 
$053 
.472 
.lw9 
.9‘8 
.?I0 
.947 
.PS2 
a915 
lS5, 
*P,? 
.etr 
.P,b 
.?l, 
a.24 
.922 
,917 
,914 
.?‘, 
.?,O 
.e:o 
.P,3 
,921 
,927 
.9,7 
.947 
.9‘4 
.es, .??I 
.994 

1.000 
,.ooo 

.?W 

.eos 
*Pm 
.994 
.**a 
*?P. 

u1/u:ltc 

.QIZ‘ 

.O?,‘ 

.0949 
*0933 
.0911 
.O#J7 
,osso 
.0828 
*0407 
.0740 
.07b? 
.07J, 
.0741 
.0722 
10601 
,0*52 
*Ob‘O 
.OS72 
.os,, 
.0457 
.0394 
*O,S‘ 
.OJS. 
.O,,, 
,031, 
.0147 
.0,48 
a0349 
.0349 
.0,44 
*0,41 
.O,,, 
.03,2 
.031‘ 
.0,,4 
.0,17 
.0x0 
00164 
*0,75 
*0374 
.O,SI 
.0293 
.O‘Vl 
.OlOl 
.OJJJ 
.0”40 
*0010 
.0025 
*OOL. 
.oorr 
.OOlS 
.OOlb 
,031, 



TABLE D (Cont.) 

WVC - ‘01,360 U‘“F l 26.72 “IIEC 

CF - l 00443J DEL,4 I 2.171 C”4 

,011 
.Ol¶ 
.OI# 
.020 
,023 
.02s 

:::: 
.041 

:::: 
.OW 
,071 
,044 
.097 
. I22 
.,47 
. ‘13 
.a49 
.a12 
l IIb 
.439 
,103 
,366 
,630 
.A?, 
,757 
..I4 
.947 

I.011 
1.074 
I.134 
1.201 

t:::: 
1.411 
I.102 
I .#,A 
2.091 

::::: 
Z..S, 
a. IO7 
1.36‘ 
1.674 
4.846 
4.694 
¶.I02 
1.710 
b.P‘l 

“/“‘WF 

a 4SO 
.442 
.51‘ 
.Sl# 
.Sb1 
.a91 
.,I‘ 
.A10 
,647 
,660 
,673 
,649 
.709 
a727 
.743 
,772 
.797 
.810 
,073 
*?OS 
,927 
.941 
.917 
.?I? 
.94J 
.94a 
.942 
193s 
.?,, 
.92J 
,926 
et24 
.923 
.923 
.924 
et26 
.?.,I 
,946 
.?A4 
.940 
.??I 
,997 
.999 

1.000 
1 .ooo 

.?V? 

.99e 

.?V4 

.994 

.?PJ 

Ul/U‘NF 

.092l 
8 0933 
,092, 
.oeos 
.W4l 
.oas, 
.OB‘Z 
.074b 
.0770 
a0716 
.O?S2 
,074l 
,071o 
~0724 
.07‘6 
.0695 
,067, 
.062X 
.OS,P 
*0450 
10378 
.0326 
a0302 
.0294 
.0297 
.0300 
.030‘ 
.0301 
*0300 
.0297 
.0296 
.029S 
.0296 
.0298 
.0302 
.Ol‘b 
*0330 
.0138 
.0109 
~0227 
.Ollb 
.0077 
.0044 
.001s 
.0027 
.0020 
.OO‘b 
.oo,, 
.001b 
.0020 

x/W - 146,110 “‘MF - 16.70 “14EC 

cc - .oOIY,s DELfl - 2.796 CIJ 

“,C”., 

,011 
.0‘S 
.0‘4 
a020 
* 02, 
.OZS 
.OJO 
.O,b 
,041 
,046 
,016 
,069 
.04I 
a094 
.I‘? 
.I4S 
.I70 
.I96 
,234 
,297 
a 361 
.424 
*4JE 
.SJl 
.,I$ 
.b7m 
et42 
.DOS 
,469 
.932 
.??A 

IlOST 
1.12, 
I.‘46 
!.ZSO 
1.377 
I.504 
I.631 
I.485 
2.139 
2.393 
2.647 
2.901 
,.‘%I 
3.409 
3.641 
4.196 
4.704 
I.212 
a.720 
6.22B 

U/UIW 

,.422 
.4J3 
.477 
,100 
.S‘U 
.a13 
.I,‘ 
.aa 
,597 
.,I1 
.A31 
.A31 
.A70 
I 687 
.711 
,733 
,712 
.771 
,796 
.B31 
.#A1 
.lEl 
* 903 
,917 
.927 
,933 
,936 
.937 
.93? 
,936 

:::: 
.934 
,931 
.93, 
.*,a 
.*,a 
.?lJ 
.947 
.?A0 
.974 
*?kl, 
.99, 
,997 

1.000 
1.000 
1.000 

.999 
ares 
.?TJ 
,999 

*BIT2 
.OPO? 
. 0906 
.OBJ, 
.0040 
.OJS2 
.04‘S 
.077m 
.07ss 
.075¶ 
.0704 
.0192 
.0697 
.Oblb 
.0644 
.0673 
.ObS7 
*0*40 
.Obb7 
.OJJJ 
.ores 
,043s 
so170 
00314 
.0271 
.024, 
.0234 
.b22b 
.0226 
,022, 
.0224 
.0227 
.0229 
.023l 
.0234 
.024‘ 
.0249 
.bZbO 
.0279 
.0279 
.0243 
.O,?b 
.OlOb 
.0064 
.OOII 
.OOlP 
.OOPI 
.0017 
.OOLb 
,091, 
.0021 

I/“C - ‘“2.130 “l#W - 26.3, “16EC 

CF - .00,44s bEL,A - 2**,, cm 

“‘era, 

*0‘1 
,011 
a014 
,020 
.02, 
.02J 
.oso 
a036 
.04I 
.046 
.OS‘ 
.OSO 
a071 
,044 
a097 
:109 
.I22 
,135 
.¶A0 
.,a5 
.11, 
.236 
.262 
.a12 
.376 
8419 
.so, 
.Sbb 
,630 
.A?, 
*020 
a947 

I.074 
1.20‘ 
I.320 
,.,JJ 
l.SB2 
1.709 
I.961 
2.217 

:‘:‘I * 2 
2.9w 
3.234 
3.488 
3.742 
3.996 
..504 
S.0‘2 
5.120 
6.024 
6.282 

UlUlWF 

,4,S 
.4SJ 
-476 
.494 
.504 
.52‘ 
.s40 
.SS? 
,572 
lSE3 
.SII 
.A07 
.42S 
,641 
aAS4 
,665 
.A76 
,646 
,706 
.723 
*II? 
. 705 
.76, 
-79, 
6022 
.@4J 
.Bl. 
.lB4b 
,901 
.?I3 
,927 
.9,4 
,936 
,937 
,934 
* 919 
-941 
,943 
.?Sl 
.962 
et72 

:::: 
.997 

, .ooo 
I .ooo 
t.000 
I.000 
I .ooo 

.999 

.??? 

.??? 

uI/uIHF 

.009. 
*0.94 
.0842 
.0469 
.oaso 
.0010 
a0791 
.0763 
a0743 
.0?24 
.O?“ 
.o*vs 
.Ob43 
*O&B, 
.ObEl 
,067, 
.0677 
.Ob76 
.0667 
.ObSV 
.064S 
.bblO 
.Ob‘O 
.05?S 
.0534 
,049o 
.044s 
.0194 
.o.l41 
.0294 
,022s 
*0‘“4 
.0192 
.0192 
.OI?J 
*0204 
.0213 
.0223 
.024‘ 
.024S 
a0126 
.OIJZ 
.OlZJ 
.0077 
.OOSl 
.Ob,b 
,002s 
.0020 
*00‘7 
.00‘7 
.0020 
.0023 



TABLE D (Cont.) 

UYC - 120*~30 “1°F - I,*‘, wrrc 

CF - .003244 DELIA - ,*Oll Cll 

VlClW 

,011 
,013 
,018 
,020 
.021 
.OPI 
,010 
.OlL 
,041 

:::: 
,814 
,071 
.OlI 
.I04 

:::: 
,111 

:::: 
.244 
,107 
.a71 
0434 
.4?. 
.%I 
.bZI 
.4om 
.712 
.OI¶ 
a142 

l.Obl 

: ’ ::: 
I:410 
I.577 
I.704 
l.MD 
2.212 
2.4u 
2.720 
2.t74 

:*::: 
i7w 
3.Wl 
4.411 
5.007 
1.011 
b.022 
4.277 

U/UIlu 

,377 
.401 
.421 
,411 
.4b8 
.4BJ 

:::: 
,544 
.wl 
es70 
*ST2 
.bO7 
I b20 
,412 
, b.4 
a412 
*‘71 
.b?4 
.701 
.722 
.?SJ 
,781 
. no4 
a.24 
.mt7 
,844 
.87? 
,013 
,104 
,122 
.?I1 
.lJb 
,131 
.V4l 
.142 
.?*a 
.122 
*lb0 
.lbl 
al70 
*"‘lb 
.Tl4 
,117 
.111 

I BOO0 
.111 
.l.l 
.?lB 
.lll 
.?ll 

.0010 

.OE7b 

.OE7b 
,087, 
.OISI 
*OSll 
.OEll 
*0777 
.07.50 
,073a 
*07Ol 
a0171 
.01SE 
.Ob53 
.ObJb 
*01111 
.OLbO 
.Ob11 
*Oh50 
a0153 
.Ob,S 
.Obl2 
*OS82 
.ONS 
,012l 
.047b 
.O4,7 
.03?7 
.0154 
.0301 
,023v 
.OIlS 
.OlSl 
.0172 
.0130 
*01s1 
.OlT3 
.0211 
so220 
.02lb 
.0114 
.O,b2 
.OlOS 
.0072 
sOO4b 
.OOl¶ 
,002, 
.OOLl 
.OOl. 
.OOll 
*002, 

XIX - 217.180 UlYF - 2b.1, "IEEE 

CF - .00301b DELlA - a.271 cno 

l(CI(Il 

.o,, 
,015 
,010 
.020 
.O2, 
.025 
.028 
.O,b 
.04I 
,041 
.011 
.OSb 
,011 
.Obb 
.07. 
,011 
.I04 
,117 

::f 
,lUO 
,201 
.a11 
,217 
,321 
,184 
-4.7 
,511 
,574 
.b,S 
.7‘S 
.BP2 

I.011 
I.L,b 
1.27, 
I *400 
I.bS4 
I *TOI 
2.lb2 
2.411 
2.b70 
2.924 
I.171 
1.432 
1,bOb 
J.?lO 
,.,a. 
4.154 
5.4b4 
2.172 
4.4.0 

U/UlW 

,141 
.1b7 
.I14 
.4l7 
#*In 
,452 
.4bl 
*SOI 
,518 
,811 
*541 
,112 
,310 
.Sbl 
.SOI 
.Slb 
.bOB 
.blI 
.b27 
,144 
.bSI 
.b72 
.bS4 
.b97 
.721 
.742 
,772 
,712 
,212 
.110 
.2bl 
.OOb 
*TO7 
*T2l 
.9,l 
.13b 
.143 
,141 
.lIb 
.lb4 
.172 
,100 
.lSS 
.llf 
,117 
,111 

I.000 
1.000 
I.000 
1.000 

. l?? 

U7/UIW 

.OSlS 

.00,7 

.0.11 
*02!!7 
.0058 
.0241 
*0138 
a0794 
.O?bb 
l 07,1 
.07lS 
.0700 
.ObEE 
,017O 
.Ob,b 
.0‘S, 
.Ob24 
.Ob?O 
.ObIl 
.Ob25 
.Ob30 
*013¶ 
.Obll 
.Ob,b 
.Ob21 
.Obll 
.01.4 
.os,, 
~0124 
*0502 
SO431 
.O,b# 
.Ollb 
.021b 
.OIlY 
.OISI 
.Ol79 
.Ol#? 
.0200 
.0204 
.Ol11 
.Ol77 
.014v 
.OlO2 
.OO?l 
.005l 
.0010 
.0021 
.a020 
.OOll 
.0021 

WYC - 3~1.410 “WF - Pb.24 “,,EC 

CF. .0027,0 DEL,& - 3.120 cllm 

Ylcnll 

.OOE 
so10 
.Ol, 
.015 
.OlD 
.020 
,021 
,030 
.O,b 
.O,J 
.ozM 
.Obl 
lOE1 
.014 
*I07 
.,,a 
.I57 
. IS, 
.200 
.24b 
,310 
.373 
.437 
.100 
.b27 
,754 
..e* 

I.008 
I.135 
I.262 
I.301 
I.IIb 
l.b4, 
l.SP? 
2.151 
2.40s 
2.bSl 
2.113 
2.117 
1.421 
3.175 
1.121 
4.101 
4.417 
4.blI 

::::: 
2.707 
b.215 

U/UlNF 

.220 

.274 
,301 
,335 
.,bb 
.mm 
,423 
,427 
,470 
.I?, 
.52, 
.54l 
,554 
*167 
as75 
.1,3 
.‘OE 
.120 
.bII 
.‘47 
*bU 
.bED 
* 704 
.721 
,751 
.771 
.804 
.8,0 
.854 
.075 
.ElS 
.lO. 
.923 
.l,O 
*941 
.lSE 
ST44 
,172 
*TOO 
.lEb 
.lV2 
.191 
.lll 

I .OOO 
1.000 
1.000 
1.00’) 
I.000 

.111 

Ul/UIW 

*OS71 
.ObUl 
.0740 
.0781 
.OEOI 
,Oll7 
.OlOd 
.071b 
,0777 
.07,1 
10727 
,070o 
a0113 
.Obb4 
.ObS, 
.013s 
.OAlb 
80103 

::;:: 
.015b 
.OSIO 
*OS22 
*OS31 
.05,7 
.p534 
.oa.lo 
.OSOl 
.04bl 
.0417 
.OlbO 
.0314 
.0217 
.OZlS 
,020, 
.OZOI 
.02Ol 
.OlCl 
.OIUO 
.OlSl 
.Ol,l 
.ootm 
no073 
.OOSb 
*0044 
.OO,b 
.oon 

::"o:: 



T-X3LE D (Cont.) 

WYC - ,vs...e UIW - 2‘.,, FWSEC 

CF - .W2,‘2 DELlh - 3.7Bl CM 

Y‘CMS, 

.0X! 

.Ol, 

.O,O 

.010 
,021 
.0*5 
.t2a 
.030 
.016 
.O.l 
.O.A 
.oaI 
.osA 
.oAl 
.O?, 
.em 
.017 
.I01 
.I22 
,135 
. I.0 
.ms 
.2il 
.23b 
.1‘2 
,217 
.JSl 
..a* 
.47# 
.,41 
.‘,I 
.?32 
.SSl 
.lS‘ 

1.113 
1.240 
1.5‘7 
I.,P, 
I.‘2, 
i.871 
2.121 
2.31, 
2.‘,7 
P.Bll 
,.*,s 
3.311 
l.A!n 
3.*07 
4.1‘1 
l .AU 
,.I77 
s.40, 
*.a93 
A.701 

WUIYT 

.,I, 

.I40 

.I61 

.I01 

..02 

.422 

.*I, 

.44, 

.4‘S 

. a2 

.,,5 

.,O? 

.5,5 

.524 

.337 

.352 

.sA2 

.5?, 

.lSO 

.a17 

.roa 

.blS 

.Azs 

.us 

.A42 

.A53 

.A?, 

.A13 

.701 

.727 

.742 

.772 

.?lO 
.a23 
.O., 
*BA, 
.'OOI 
.WA 
.lLO 
.9,3 
19.7 
,157 
.VA, 
.9?0 
,977 
.*03 
.w, 
et92 
.??I 
.lPl 

l.000 
1 .ooo 
, .OOO 

.lll 

“TIUIW 

.078, 

.OB02 

.0020 

.483‘ 

.OB2P 

.4827 

.0028 

.082. 

.0797 

.0,7‘ 

.0755 

.0732 
,071, 
.0701 
.OA72 
.OASS 
.0‘31 
.OA23 
.OA12 
.0601 
.0‘0‘ 
.OAi, 
,OAiO 
.0‘11 
.OblA 
. OA26 
.OA2A 
.0‘2b 
.0‘L? 
.0‘00 

..01P. 
.05,8 
.0526 
.0509 
.O.,P 
.0454 
.0111 
.035* 
.OllA 
.02,1 
.01P, 
.0175 
.OLAP 
.41‘7 
.OLAO 
.0153 
*OI29 

2%: 
.oo,s 
#GO,2 
.002s 
.0011 
.00*2 

XI,C - 415.1‘0 urm - 2A.3, WBEC 

CF. .oow* OEaTA - zi.soe cm 

,010 
,013 
.010 
.018 
.020 
,023 
,021 
,028 
.o,, 
.O,D 
.043 
.OS, 
.OAl 
.07A 
.OOl 
.a02 
,114 
.,40 
.lAS 
.,.O 
.21A 
.a41 
.2A7 
.I30 
.I94 
.a7 
.521 
.bO4 
.711 
.om 
.lbS 

l.012 
1.2‘1 
1.1,‘ 
I.‘00 
1.854 

z:: . 
2.616 
2.870 
3.124 
3.&l2 
4.140 
4.64s 
1.15‘ 

z:: . 

t::Zi 
l .13. 

.Pl. 

.,24 

.I49 

.372 

.,9, 
,412 
.,2? 
.,,o 
.Ul 
.,,A 
..l, 
.SOA 
.52A 
.542 
.SSl 
.,A, 
.572 
.sa7 
.A041 
.A,, 
.A22 
.‘I2 
.A40 
*AA2 
.A79 
.‘17 
.?11 
.?27 
.756 
.?80 
..o, 
.B2. 
.*4, 
.861 
.O?l 
.921 
* 940 
.*n 
.9‘2 
. PAP 
,175 
. ,07 
.l?S 
.**I 

1.000 
1 .ooo 
,.ooo 
I.000 

.llP 

.lVB 

“TlUIW 

.O,AO 

.0,94 

.OBOI 

.081? 

.002. 

.0824 
a0923 
.0812 
,079* 
.0,?2 
.0755 
.0X2, 
*0184 
.0‘57 
.0‘1, 
.0‘24 
.OA12 
.OAO‘ 
.O‘O. 
.0‘04 
.OAO. 
* OIOl 
. 0‘09 
.0‘17 
.0620 
.Ob22 
.0‘11 
.OIlP 
.057, 
.0540 
.OSl!i 
*OIOI 
.O,A, 
.0442 
.0,,0 
.0219 
.0253 
.Oill 
.Ol,, 
.OlbS 
,015s 
.013S 
.OOW 
.0012 
.003‘ 
.oolI 
.0034 
.oolT 
.OO.A 
.OOAP 
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APPENDIX E 

In this appendix the slant-wire data for the 

zero pressure gradient flow are tabulated. The data 

consist of turbulence intensities vt/Um, wt/Ua and the 

shear stress -F/U 2 Ut 
m l 

The interpolated data of u and 

a(U/U-,)/ 8 (y/6) at each slant-wire location were also 

tabulated. They were obtained from the normal hot-film 

data by interpolating a five point quadratic curve fit. 
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TABLE E 

rtcns, 

.1‘S 
,116 
.1‘7 
.a,. 
.,A, 
.A‘? 
,Sl‘ 
,571 
.A73 
.a00 
a.27 

‘ .054 
1.10‘ 

:*::: 
1:5,1 
l.AS9 
I.811 
I.?,, 
1.‘?7 
1.705 
3.213 
3.721 
4.22? 

SLANT-WIRE DATA FOR THE ZERO 
PRESSURE GRADIENT FLOW 

XIVC - -IA.,00 UINF - ar.so WBEC 

DUDV 
Xl0 

.a31 
I as1 
.SlO 
.70t 
*.I5 
. o‘v 
.a77 
e.7, 
..,A 
,564 
.133 
.7,l 
.AIA 
.4,3 
,290 
.,I, 

-a007 
-.I30 
-.lOA 
-.lA? 
-.lOD 
-.I‘3 
-1122 
-*09A 

DELIA - ,.a,, cm 

UlIUINF -W,IINt? WIU‘HF 
Xl00 x,0000 XI00 

5.2SO 
S.lDO 
5.270 
5.220 
5.140 
s.020 
4.010 

:*::: 
Ai 
4.190 
3.750 
1.120 
1.600 
2.1‘0 
I.‘00 
I .OlO 

*0‘4 
,041 
.?I0 
.l“ 
.I‘1 
.I,7 
.‘I7 

‘0.700 
11.000 
ll.BOO 
Il.900 
12.400 
12.400 
11.200 
‘O.BOO 
9.920 
8.AAO 
7.110 
5,430 
3.880 

::::: 
,487 
.I,, 
.0‘S 
.028 
.OCB 
.oos 
so04 
.oos 

-.OOl 

5.000 
5.240 
5.,*0 
5.220 

~‘:~: 
41740 
4.500 
,.I00 
3.6‘0 
1.050 
2.‘90 
2.090 

‘:::i 
*,s2 
,770 
.A70 

1.0‘0 
.727 
*I25 
.4Bl 
.472 
es00 

YT,“‘“F ““mn, 
Xl00 

5.s10 ,140 
5.890 .JS‘ 
1.070 .,A8 
5.7‘0 ,311 
5.520 ,394 
S.120 ,419 
4.920 ,445 
4.0SO ,470 
4,290 *SOD 
,.Y‘O ,571 
2.9EO #A,1 
1.530 .roe 
I .780 .7Al 

.92, ,089 
0.000 I.011 
0.000 I .170 

.274 IaS,, 

.lOS I.7811 
*BAA 2.042 
*A,2 2.19‘ 
* 459 1.550 
.4s4 1.004 
.447 5.050 
.450 3.I“ 

a.017 

X/N - *a92 UlNF - 25.59 “,E.EC 

DUDV 
XI0 

170.6‘7 
152.804 
177.720 

91.750 
51.02‘ 
37.745 
,0.091 
24.242 
2‘ * 080 
‘7.059 
‘1.708 

9.394 
7.12‘ 
5.121 
4.139 
4.1‘9 
a.347 
l.‘IB 
I .932 
1.255 

*AA‘ 
.27, 
a091 

-.OSl 
-,os, 

DELTA - 1*,17 ens 

4.9‘0 
7.400 
9.160 
S.550 
S.AOO 
0.550 
1.440 
8,110 
B.130 
7.740 
7.330 
7.0‘0 
A.0‘0 
A.650 
A.470 
s.mao 
5.0‘0 
4.070 
1.900 
I.550 

*557 
,312 
.,A1 
.a11 
,124 

72.500 
l‘.,OO 
IP.,OO 
19.200 
l8.VOO 
10.400 
2‘.500 
l,.‘OO 
2l.100 
‘5.300 
‘0.400 

a. 750 
7.710 
9.290 
9.140 

‘0.200 
9.470 
A.300 
2.2‘0 

* 53, 
,070 
*OOA 
,003 
,009 

-a000 

10.200 
7.430 
5.4‘0 
4.420 
a.970 
4.300 
4.980 
s.050 
4.760 
4.290 
3,470 
2.A40 
1.940 
I.310 
0.000 
I.760 
1.490 
2.580 
I.310 
1.380 
1 .a20 
I .OlO 

.7Al 

.‘A0 

.A41 

‘0.400 
7.550 
A.100 
S.440 
5.520 
5.790 
A.400 
1.600 
7.210 
A.290 
5.600 
4.840 
4.350 
3.530 
1.010 
2.300 
1.970 
2.170 
1.110 

,733 
I.100 

,EPS 
.‘I, 
. $70 
.s79 



TABLE E (Cont.) 

X/K - lA.SOO "1°F - 23.70 “/SEC XllE n 35.050 Il‘NF - 24.Sk N/SEC 

a344 -1A.1Bk 
.,A8 
.411 :::*::: . 
,521 -14.177 
*SE, -7.9‘1 
.AkB -1.4“ 
,711 1.158 
,775 a.293 
.901 1.919 

1.019 a.924 
l.ISA J.777 
I.40 s.14* 
1.4‘4 1.409 
1.9lI l.S91 
1.l71 I.191 
1.42‘ .A,5 
1.934 ,098 
1*441 -.ooa 
1.950 -.a04 

DELlA - 1.1‘0 C". DELTA - a.,70 E". 

"rl",NF -""/tl‘N‘P "II"I"F YT/UIW rtcns, DUD, ‘n~‘NF) -""/1,‘NA VIIU‘NF 
Xl00 x,0000 1‘00 Xl00 Xl0 Xl00 X,0000 Xl00 

10.400 -5S.400 9,lAO 
10.100 -S7*‘00 9.470 

T.300 -47.700 9.A20 
7.780 -32.500 9.070 
A.020 -lS.SOO 7.100 
4.490 -4.mo 5.490 
A.SIO 3.100 4.380 
1.570 7.500 4.300 
4.170 II*400 k.SBO 
4.040 ‘2.200 ,a#70 
6.740 11.100 4.780 
4.VSO ‘0.100 4.450 
4.OAO ‘.A10 a.aao 
1.590 l.SlO 2.880 
I .A00 .919 1.900 

.a21 .I10 1.510 

.?A0 -.ooa .A99 
,137 -,OOA .,29 
.lrn7 -.O‘k *a59 

,..20 
9.140 
9.410 
9.490 
7.7‘0 
5.710 
k.SlO 
4.1‘0 
s.070 
1.370 
s.210 
4.890 
3.990 
1.aso 
1.7‘0 
I *a40 

.SEk 
,350 
.,I2 

*a,0 
,404 
,447 
.Sll 
,594 
.A38 
,721 
.7ms 
.@40 
,912 

1.019 
I.lO2 
I.354 
l.A‘O 
l.SAk 
2.11@ 
2.499 
1.007 
1.511 
4.011 

-9.4“ 
-10.445 
-lO.AOS 
-10.00, 

-S.VlA 
-7.‘41 
-4.952 
-1.627 

-.AZO 
.794 

1~20‘ 
l.A33 
a.044 
2.59‘ 
I.SSO 
1.1‘2 

,410 
.Okl 

-.OlO 
-.0‘9 

A.BOO 
7.110 
7.‘SO 
4.9‘0 
4.4‘0 
5.940 
5.540 
s.340 
5.320 
5.4‘0 
1.060 
5.5‘0 
5.070 
4.100 
1.000 
I .m,o 

B‘S9 
,329 
.llk 
.‘A7 

-20.400 
-24.700 
-2A.JOU 
-24.000 
-20.300 
-14.700 

-8.360 
-1.000 

I.“0 
4.850 
9.430 

IO.900 
9.‘00 
1.700 
2.460 

.0‘S 

.051 
*ooa 

-.OOk 
-.OO‘ 

A.040 
‘.A10 
A.940 
4.770 
4.550 
1.120 
5.450 
4.930 
4.450 
4.1‘0 
4.170 
1.990 
3.340 
1.7lO 
I.990 
I.OSO 
I.170 

.SSk 
,441 
.,I2 

Yfl”I”F 
HO0 

5,990 
A.510 
4.950 
4.700 
4.520 
4.200 
S.AIO 
S.2‘0 
4.710 
4.700 
4.710 
,.A20 
3.7lO 

::::: 
.A‘9 

I.010 
.aaa 
.lVA 
,384 



TABLE' E -(Cont.) 

rtcns, 

.lAb 

2:: 
,52, 
.A13 
,714 
.7SO 
*a,, 
,907 
,970 

I .Olk 
I.097 
1.1“ 
1.214 
1.251 
I.4‘5 
1.542 
I.469 
I.791 
2.050 
2.30‘ 
2.55I 
P.S‘l 
3.110 
1.121 

WYC - 51.740 UlW - 15.41 W8CC x/w - 7,.,.0 LUNF - 25.91 IMEC 

WDI 
x10 

-3.940 
-4.923 
-5.941 
-4.275 
-3.704 
-5,lSO 
-4.379 
-2.117 
-2.151 
-1,117 

-.lSA 
*so2 

1.1‘5 
I.108 
I.910 
2.3“ 
1.49‘ 
1.427 

x: 
,:osr 

.SlA 

.I91 
-.025 
-.Oll 

DELIA - 1.19m ENS 

UrlU‘HF -uu/lrlNF P W,"INF 
Xl00 xl0000 Xl00 

il.010 -9.320 
S.lSO 

I::*;;: 5.480 I 
S,SBO -14.900 
S.kAO -13.500 
5.240 -1I.300 
4.9ao -8.450 
4.770 -5.OQO 
4.410 -2.290 
4.540 ,409 
4.140 l.EAO 
4.620 4.160 
4.720 A.100 

xi 
7.9AO 
#.A40 

4.820 9.170 
,.ASO 8.510 
4.320 7.500 
3.870 S.0‘0 
1.770 2.700 
I.AAO .m7 

.7A, .I75 

.459 ,023 

.2S7 .OOl 

.2“ . 000 

4.770 

::::: 
s.410 
s.140 
1.040 
4.000 
4.490 
4.210 
4.020 
4.040 
4.070 
4.140 

X0" 
1.9‘0 
3.410 
1.430 
3.220 

::::o" 
1.210 

.a47 

.SOA 

.393 

Yl/UiNF 1ICNI‘ 
Xl00 

4.930 ,191 
S.290 .455 
3.280 ,111 
S.5AO ,551 
5.180 1641 
5.250 .709 
k.PSO .7bS 
4.710 .848 
4.110 *a99 
4.190 .“A, 
4.1‘0 ‘*02b 
,.I90 1.090 
4.200 l.‘51 
4.140 I.217 
4.‘40 I.280 
1.000 1.407 
a.&30 1.534 
3.3JO l.AAl 
a.voo I.780 
2.050 I.915 
I,000 2.1‘9 

.rze 1.423 
,440 1.477 
.,A, 2.91‘ 
*a21 3.195 

3.191 
4.101 
4.709 

DUD” 
XI0 

,101 
-1.021 
-2.SkS 
-3.303 
-1.12‘ 
-1.15: 
-2.093 
-1.492 
-2.1‘7 
-1~Ak~ 
-“.‘A0 

-.,A7 
-.os7 

.Slk 
*PBS 

1.743 
2.187 
2.302 
l.‘SO 
1.0‘2 
1.54‘ 

,915 
*so7 
.,vs 
.Okl 

-.Oll 
-.OZl 
-.OlS 

DEL,A - 2.404 cnr 

Ulr,,INFJ -UVdUNF f ",,"‘NF 
iroo 

1.880 
4.020 
4.170 
4.260 
4.280 
4.220 
4.1‘0 
A.020 
1.970 
1.ec.o 
3.020 
l.BkO 
l.UAO 
1.v70 
4.010 
4.180 
4.1‘0 
4.070 
a.750 
J.440 
1.490 
I.190 

.s51 

.a71 

.307 

.22A 

. LB4 
,162 

X1b000 

-2.440 
-S.OPO 
-A.SlO 
-7.460 
-s.,,o 
-8.110 
-7.s70 
-A.140 
-s.oao 
-3.520 
-1 .EBO 

-.277 
I.290 

:: $2 
A.000 
7.IBO 
7.210 
A.JAO 
S.480 
l.S‘O 

.94‘ 
,211 
.O,O 
,024 
,001 
.Oll 

-.003 

Xl00 

:*::t 
4:200 
4.410 
,.s90 
k.ASO 
4.480 
4.370 
4.230 
4.100 
3.900 
3.7‘0 
IebB 
1.540 
3.500 
1.490 
1.790 
1.790 
1.780 
a*440 
2.770 
2.110 
l.A90 
1.1‘0 
1.200 
1.0‘0 
‘*Ok0 
I .o,o 

YI/U‘WF 
%I00 

3.950 
4.1‘0 
4.410 
4.530 
4.710 
4.770 
4.740 
4.570 
4.4EO 
4.100 
4.140 
1.940 
3.830 
3.690 
3.470 
S.A70 
3.400 
a.e‘o 
3.770 
1.280 
2.610 
I.950 
1.560 
I.240 
I.090 
1.040 
I.020 
1.030 



TABLE E (Cont.) 

Y‘CNII 

.kll 

2:: 
,599 
.A‘, 
,724 
.msa 
a917 

I.044 
I.171 
1.290 
I.425 
l.SSl 
I.491 
,.I‘9 
1.94‘ 
2.100 
2.434 
1.708 
2.9Al 
1.21‘ 
1.470 
3.97m 
4.4P. 

XllE - ‘01.400 ",NF - 25.7, "ISEC XllC - IkA.200 “1°F - 25.77 “IIEC 

DUDI 
XI0 

:*::: 
117‘4 

.,21 
-.SAA 

-1.041 
-1.472 
-1.417 
-1.12‘ 

-.A37 
-.057 

*441 
*es,- 

I.11‘ 
I .42A 
I .SAS 
1.1‘7 
1.194 

.SIA 

2:: 
.I11 

-.OlA 
-.OkO 

DELIa - ?.A94 CM 

“l/“IHF -UV/fiIliFf VlNlHF 
XI00 %‘0000 x100 

1.520 1.940 2.940 
1.200 *IS9 1.950 
1.9SO -.A#. 1.060 
2.940 -I.)90 a.210 
2.9AO -2.SAO 1.130 
3.000 -3.120 3.440 
3.020 -3.520 3.580 
a.020 -1.320 3.560 
1.900 -1.A‘O 1.490 
2.950 -1.1‘0 3.400 
1.970 .,A3 l.JSO 
1.060 2.0‘0 3.360 
3.200 1.180 3.410 
1.110 k.ElO a.soo 
a.400 5.210 1.120 
3.170 !l.lEO 1.330 
3.020 a.950 P.APO 
2.310 I .a70 I.910 
I.kAO .‘I, ,.,A0 

.EOA ,112 1.300 

.Sll .oa‘l I.100 
,394 .ooa I .OSO 
.140 -.OOl .9?rn 
*IS, .002 .9AO 

YllU‘NF ,tcns, 
Xl00 

3.110 ,311 
a.170 .,EA 
3.120 .450 
3.280 .S‘l 
1,420 m.577 
3.490 .A40 
J.SOO ,701 
1.510 a747 
3.520 .Oll 
1.420 ,894 
1.1JO ,970 
3.380 1,097 
1.340 1.224 
l*kVO l.lSl 
3.270 I.478 
3.2so l.AOS 
2.710 1.712 
1.7‘0 I .a59 
I.270 1.90‘ 
1.1‘0 2.113 
1.090 2.431 

,99? 2.421 
.es, 2.S75 
.942 1.129 

3,383 
3.IFl 
4.199 

DUDI 
%I0 

DEL,A - 2.93, ens 

llr/(lrNFl -UV~1lH R VI/“‘“F 
l‘O0 x10000 XIO” 

‘1.sz5 s.aso 9.7‘0 a.7110 
11.501 4.9‘0 8.040 a.soo 

9.245 4.3‘0 A.090 3.200 
7.20‘ a.700 3.930 2.890 
0.394 a.170 2.4‘0 2.ABO 
1.7‘2 1.7AO I.260 2.580 
2.111 2.5‘0 ,378 2.600 
I.199 2,360 -.23‘ l.StlO 

,441 2.290 -.ASk 1.4‘0 
*O‘O 2.2AO -.92, 2.A90 

-5 2 ‘0 1.260 -1.140 2.720 
-.a41 1.280 -‘*I,0 2.820 
-i21‘ 2.310 -a,00 l*B‘O 
-.003 2.360 -.O‘l 2.810 

.287 2.430 .7Al l.OSO 
#SOS 2.s20 I.690 2.v70 
.019 1.440 2.540 3.010 

I .oaa 1.7‘0 a..320 l.OAO 
*,‘*a l.B‘O 3.8PO 1.000 
1.278 1.m10 4.0‘0 l.PVO 
I.298 2.520 a.190 2.A‘O 
1.204 l.lSO 2.110 1.9AO 

,932 I .A00 .S77 1.440 
.A00 .e,e .,I‘ I.310 
.a42 .,A0 *OS9 I.220 
.oa1 .3“ -no02 ,971 

-.oo. .224 -.O‘l .927 

“l/“,NF 
X100 

4.390 

::::i 
1.120 
l.PSO 
2.140 
2.750 
1.780 
1.7vo 
1*7SO 
2.800 
1.850 
2.850 
2.820 
l.SIO 
l.SkO 
P.EkO 
2.850 
2.940 
2.940 
2,SkO 
1.790 
1.210 
I.150 
I.100 

,931 
,900 



TABLE E (Cont.) 

“‘I%., 

1140 
,311 
,442 
*4,, 
.344 
.a94 
.bIB 
,721 
.b4a 
*,71 

I.102 
:.22v 
I .lSb 
1.11. 
l.Db4 
2.112 
2.372 
2.b2b 
P.B#I 
1.391 
3.091 
4.404 
4.9II 
5.347 

"NC - 220.700 “,NF - as.,r HBEC 

WDI 
XI0 

14.174 
12.112 
Il*Pb? 
1:.a21 

‘:%: 
.:41, 
7.473 
3.743 
4.024 

:*:i: 
:c:o 
,541 
.b7? 
,014 

I .004 
I.072 

‘:E 
,140 
,072 

-.Ol4 
-.OlD 

DELlA - 3.327 C”. 

Ul/UIWf -uvAmwt vr/u:w 
Xl00 x:oooo 

4.120 
S.810 
8.650 
1.410 

z:: 
4:120 
4.l10 
1.370 
2.bRO 

:*::: 
r:7ro 
l.LIO 
I.TlO 
2.100 
a.190 
2.170 
1.030 
I.410 

.s74 

.141 

.24b 
,124 

11.100 
II.400 
IO.700 

T.290 
1.a70 
8.lbO 
7.o:o 

::::: 
I .b7O 

.x7 

.a*. 
,340 
,611 

I .250 
I.920 

:*::: 
I:940 

*SOa 
*OS4 
.007 
.Ob4 

--.bO2 

X,00 

3.180 
4.010 
J.TbO 
1.a10 

:i:: 
1:240 
2.190 
2.100 
I .voo 
I..40 
2.060 
2,030 
2.140 
2.370 
1.470 
2.SPO 
2.320 
I.?00 

,734 
.?(I 
.m34 
,844 
.aa* 

N~/Ultlf I(CNI) 
Xl00 

4.710 .37b 
4.210 ,414 
4.s.o .47a 
4.400 ,541 

:z 
.LOS 

iblO 
.bb1 
,711 

l.O?O 
2.490 2:: 
I .euo et22 
I.940 .?a* 
2.100 I.112 
2.050 I.240 
2.lbO 
2.100 :*::: . 
2.200 I a174 
2.260 2.121 
2.080 2.383 
I.b80 

.070 :*::: 

.a39 1:14s 
,792 l.JW 
,819 
.I,4 :*::: 

4:rrm 
1.b81 

X,"C - 257.100 "1°F - 21.77 WU4C 

DUD9 
XI0 

l2lblJ 
Il.087 
10.1.2 
10.074 

I.221 
a.SbI 
7.2bl 
7. IS2 
1.44: 
5.762 
S*bII 
1.175 
2.131 
1.709 
I.032 

.a74 

.TlJ 
*,a* 

1.030 
1.010 

,022 
,685 
,430 
.,I4 
,029 

-.a14 

DCLTA - ,*32" cw 

Cl;(llNd -LW,,lN Q Vl/UINF 
Xl00 x10000 Xl00 

b.lSO 11.100 2.:10 
b.010 10.100 2.790 
3.740 IO.200 1.440 
3.440 ,.4*0 1.030 
a.170 T.040 l#TlO 
4.SPO @.I30 1.150 
4.580 7.240 3.710 
4.270 5.970 3.440 
1.900 1.310 3.210 
3.570 4.030 1.170 
1.220 3.570 2.930 
2.590 I.770 2.4TO 
2.140 1.140 2.230 
I.130 .7&O 2.130 
l.WO *b73 2.210 
I .mo I.190 2.110 
I es00 1.720 2.sso 
2.040 2.110 2.620 
2.000 2.300 2.400 
I .040 2.040 2.410 
1.510 1.440 2.140 
l.l?O * 741 I.710 

,912 .312 I .a70 
,402 .032 1.270 
,244 .oos I.100 
*I9b -.004 I.OIO 

YT.'V,NF 
FIOO 

2.?20 
3.1ao 
J.fOO 
4,210 
4*310 
4.lPO 
1.910 

:*::II 
3: ,130 
3.130 
2.sso 
2.380 
2.230 
2.220 
2.200 
2.120 
2.400 
2.340 
2.100 
l.TEO 
I *sno 
I.4SO 
1.1~0 
I.030 
1.010 



“(EN., 

.a71 
,414 
.4?I 
,561 
.bZS 
,712 
,879 

:.OOb 
l.l3l 
I.1117 
1.641 
1.29s 
2.:4? 
2.403 
2.bS7 
2.1'1 
1.161 
1.4lT 
1.673 
1.?27 
4.431 
4.bIT 
4.141 
a.4s: 
a.?J? 
6.467 

TAESLE E (Cont.) 

WPC - 431.200 UIW - 26.07 N/WE 

WV? 
XI0 

II.146 

‘X 
.::a, 
S.77a 
7.?0# 
7.2S4 
6.610 
b.OUl 
1.126 
4.114 
l.bb? 
2.770 
I.114 
I.4SO 

::::: 
a#64 
.7s, 
.647 
.42I 
.104 
,216 
aO.2 
.OO, 

-.Ol? 

DcL11 I 4.004 cr. 

"9,"IW -W/fJlN$ VI/UII(F 
X:00 X:0000 Xl00 

b.l?b 

::::: 
6.100 
S.?70 
S.710 
s.450 
s.220 
4.910 
4,450 
l.SlO 
l.l20 
2.SOb 
2.040 
1.200 
1.700 
I.620 
I.530 
I.180 
I.210 

. ..4 

.b78 

.4?2 
,124 
.lOl 
a142 

'0.400 

:*::: 
,:oro 
0.9BO 
0. 150 
7. ?40 
7.050 
7.250 
3.020 
4.?10 
3.170 
2.190 
I.780 
1.490 
I.150 
1.640 
1.320 
I.140 

.SP? 

.273 

.I,? 

.07l 

.O:l 
-.Oll 
-.020 

2,7?0 l.??O 
:.uso 1.060 

,771 2.600 
0.000 I.910 
0.000 I.710 
0.000 1.9’0 

.792 1.800 

. SOS P.lSO 
2.200 2.290 
1.240 3.710 
1.4'0 3.780 
1.100 1.260 
2.640 2.790 
2.350 2.490 
2.230 2.130 
1.220 2.230 
2;170 2.090 
I.170 1,880 
1.1’0 I.660 
l.SlO I.,?0 

,141 .42? 
.ae4 .400 
.bIS ,410 
.SSD ,443 
.I64 .440 
.707 ass4 

Y,,“INF 
Xl00 
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APPENDIX F 

In this appendix the normal hot-film data for the 

adverse pressure gradient flow are tabulated. The data 

consist of mean velocity U/UoD and the turbulence intensity 

upa l The skin friction data are also presented at each 

station. 
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TABLE F 

NORMAL HOT-FILM DATA OF U/Urn AND ut/Um FOR 

THE ADVERSE PRESSURE GRADIENT FLOW 

“OS - -Ib.,b. “ill - l..SO II,‘.% XllC - .292 "IW - 11.SO N,IEC 

bc’16 - I.270 CN. 

I‘CNb, 

.a,, 
,011 
,020 
,423 
.0xs 
.Ol@ 

:::: 
.056 
.Ob, 
,081 
,107 

:::: 
.272 
.,I, 
.SPb 
.bIl 
.710 
*90, 

I.014 
l.2,1 
1.s.2 
‘.I96 

:*::: 
::::: 

1:m 
4.144 
1.160 
6.16. 

::::: 

“/“INF 

-6.2 
.707 
.74, 
,761 
,781 
.WJ 

:::: 
,944 
..92 
.I,7 
..PS 
.297 
.I90 
.942 
..I, 
s.27 
*94: 
m.24 
.9bS 
..I6 
,996 

:.oos 

:-::: 
I:000 

.99, 
*9m 
.,I, 
.*1, 
.9.4 
..Sb 
..I7 
.?IS 

“IIUINF 9,C”W 

,019, 
.0113 
.0.41 
*OB4@ 
.0.71 
.O,., 

::::: 
.ObUl 
.Obl, 
.ObO, 
.os94 

::::i 
.O‘lO 
,059, 
,055, 
.0520 
#0,11 
.b,I, 
.0,02 
.0290 
.Olb: 
,007, 
. ODJO 
.003, 
.OOlb 
.0020 
.04*7 
.OO:b 
.OOPO 
.OOPb 
*0010 
.0107 

.O,S 
,011 
.010 
.021 
.021 
. 02, 

.o,o ,016 
,011 
.04B 
.a*, 
-074 
.OUb 
.099 
.:24 
.lSO 
.I71 
,201 
.22b 
*PSI 
,264 
,277 
.I90 
a242 
.llS 
*,xu 
.,,O 
,101 
.I66 
.a71 
.a.: 
.404 
.42? 
*.,I 
.484 
.so, 
*%9 
..22 
.b96 
.,w 
.92x 
.OSb 
,930 

1.07, 
I.204 
'1331 
1.41. 
l.:SI 
1.712 
,*,A, 
2.220 
2.414 
2.72, 
2.9"2 

::::: 
4.7.4 

:.::: 
GO@ 
1.116 

1.132 
I.211 
1.2.. 

:*::: 
1:4:7 

:*::: 
l:SOb 
I .s,: 
:.ss7 
I.172 
l.SEO 
1.59. 
1.614 
I.626 
I.616 
I.612 

t::: 
r:s2, 
r.r.2 

.17, 

.076 
,071 
.04I 
.031 

:::: 
.a,, 
,401 
.431 
.471 
.so: 
.SP, 
.,*!I 
,600 
.646 
.bBO 
.,04 
.722 
.737 
at49 
,776 
lSD0 
.I26 
*OS, 
e.71 
..,a 
*91l 
.,I9 
e.71 
.9Ul 
.9Ub 
.w, 
.994 

1.002 
I*OIS 
1.034 
I-W? 
I.074 

1,314 
.I416 
.I310 
,110, 
.I201 
.a:40 
. 106. 
.OPS: 
.OSS9 
.0767 
.Obbl 
*o*oo 
.OSSS 
,ISlU 
.0416 

::::: 
.041. 
.049. 
.4744 
.I076 

:::;: 
.0099 
.Ol,b 
.OObl 
.4079 
.0429 
.0710 
,OWb 

22: 
.00.7 
.0.9s 
*owu 
.090X 
.0.76 
.OU?l 
.07b, 
*a774 
*(rll9 
.0X0 
.0750 
so747 
.071‘ 
.bbbl 
.Obl, 
.OIY. 
.PS19 
.0164 
*OPAI 
.OL42 
.0076 
.OO,l 

::3: 
.@019 
.OOLI 
.OOPO 
.ObSI 
.OIbS 

%,“C . IS.970 UINF - lb.60 N/CCC 

CF - ..:7,42 OEL,b - 2.76, CN. . 

“,CNS, 

,011 
,020 
a021 
,OPS 
.021 
.o,o 
.033 
,018 
.041 
.040 
,OS, 
.a, 
,076 
.OB9 
,102 
.I27 
,112 
,l7. 
,201 
.229 
aI.2 
.,I6 
.,I9 
.4B, 
.O,b 
.610 
-671 
.7,, 
.w* 
..b. 
.,I, 
.*91 

leOI 

:*:: . 5 
1.172 
I.499 
I .bZb 

:-::: 
2:ow 
2.74, 
2*,:s 
2.76. 
1.011 
3.277 
1.531 
3.7115 
4.039 
4.191 
4.547 
4.Wl 
s.109 
0.117 

::::: 
. . ..I 

“l”l”F 

..11 
,997 

1.063 
1.116 
l.Ib7 

t*::: 
::2** 
1.2"B 
I .llb 
1.362 
1.402 
1.432 
:.4s1 
1.47, 
,.,a7 
I .48S 
*.a73 
I.110 
1.4,: 
I*130 
1.204 
1.08‘ 

.974 

.w, 
,792 
.736 
.701 
.bII 
.bPU 
*II2 
a722 
.7,2 
a 74S 
,770 
.I"4 
.F70 
,ucl 
*O&I 
,m7 
.909 
-946 
,173 
.WO 
.Wb 

I*001 
I .ms 
1.007 
l.OIO 
1.014 
I.416 
1.020 
I.02S 
l*bJ2 
I .OIO 
I .0.9 
I a016 

“,,“IIc 

::::i 
* ,bD. 
I IWS 
.,,bb 
. :,a, 
. IS,. 
.:s44 
.lSlO 
.I524 
. 'SOS 
.I470 

::::: 
-1344 
.,I29 
*I349 
.,410 

::::: 
.I690 
,169' 
.1,X7 
.lSS~ 
.I376 
.I104 
.0,9. 
.OP.I 
.*117 
*O,ll 
.O.ll 
.0*22 
.D?1S 
.07*1 
.0764 
sOIS 
.o,,. 
.0710 

::::: 
,O,Sl 
,0114 
.ODD4 

3% 
,0"6. 
.WS4 
.0*4s 
.0041 
.40,7 
.00:2 
. oo*. 
.OOPD 
.w21 
.0021 
.QO2? 
**04: 



TABLE F (Cont.) 

u/x - 30.OBO “:NF - ‘4.BI NIEEE 

CT - .OI4:aa WI.16 - l.lSS END 

VUX48U) 

.Ol1 

.020 

.021 

.OPS 
,028 
*a11 
.OlO 
,043 
.04I 
.os, 
.07: 
.004 
.0?7 
. lb? 
,115 
,160 
.‘I¶ 

:::: 
,176 
.41? 
.SOl 
.Sbb 
.blO 
.b?l 
,757 
.n20 
.a04 
.?47 

l.OlI 
I.074 
1.138 
I.ZOI 
1.26s 
I .l?P 
1.11, 
I .b46 
I .771 
I.900 
2.027 
2.211 
2.511 
2.719 
1.041 
1.2?7 
l.SSl 
1.80s 

::::: 
4.021 
S.lP? 
S.#17 
b*l9? 
7.615 
D.bll 
T.13, 

"IUINF 

,771 
.#40 
,091 
.?37 
.?I? 

I.047 
I.019 
I.134 
1.166 
I.201 
I .212 
I.203 
I .a09 
1.321 

:-::: 
1:aao 

::::: 
I.271 
I.20? 
1.141 
I *074 
1.000 

.*a1 
,171 
a120 
.776 
.7*3 
,712 
.7lO 

:::: 
.712 
,713 
.7Sb 
,778 
I7?? 
.a21 
.044 
*no7 
.?22 
.?50 
.?71 
.983 
*??O 
..,I 
,910 
.Wb 
.TTb 
.990 
.9U? 
.?OO 
.?IIb 
*??4 

1.00: 

UlIUlNf 

*IS’3 
.151¶ 
.ISb: 
.I172 
.I163 
.ISO? 
.I446 
* llS2 
.lllS 
,124, 
.I’74 
.I126 
.:Ofb 
.I075 
.lbb? 
. IO64 
.:OES 

2::: 
.I166 
.I414 
.I501 
.1031 
.I484 
.I407 
.I276 
*Ill? 
.OP?? 
. 0956 
.OWB 
.004? 
.OESS 
. b.EbO 
*Owe 
.0887 
,0884 
.091# 
.0826 
.078’ 
.071E 
,bbSl 
.OSba 
.042S 
a0292 
,016s 
.o,:o 
.0078 
.00*: 
.0050 
.0040 
*0014 
.oo,o 
.002? 
,002s 
.0027 
.0020 

x/w - 44*1?0 “INF - 13.24 H/SEC 

Cf - .0:2101 DCLTA - 1.675 EN‘ 

VtCNSl 

.O:I 

.020 
,021 
.02¶ 
,020 
.OlJ 
.031 
.041 
,051 
a064 
,076 
.09? 
,102 
.I27 

:::: 
.22? 
.292 
,356 
.4’? 
.4&u 
,546 
.blO 
.671 
,717 

a044 
a.27 
*??I 

I .OS4 
I.110 
1.1a1 
I .24S 
l.lOU 
1.435 
I .I62 
I.bO? 
I.@:6 
I .?43 
2.117 
2.4SI 
2.701 
2.9ST 
3.211 
1.467 
1.721 
3.175 
4.22, 
..4Sl 
4.7J7 
3.245 
1.7Sl 
6.26: 
6.769 
7.277 
7.7as 
O.t301 
?.lO? 

“/“lNF 

,643 
.7bI 
6767 
.0:a 
*ET7 
*?S? 

I.001 
I .GSb 
I.118 
I.02 
I.197 
1.226 
I.260 

::::: 
I .14? 

::::: 
1.29D 
1.256 
I.211 
I.164 
1.1’2 
I.062 
I.012 

.?64 

.?lS 

.,71 

:::: 
.7bS 
.740 
.721 
,101 
.703 
.71? 
.73# 
.75J 
.a00 
.W? 
,814 
.?I? 
.?46 
.Tbm 
.?@I 
.9oa 
..a9 
.9w 
.W? 
e.86 
..!a 
*.r77 
,170 
,961 
.?Sb 
.?47 
.?SP 

“l/“Ils 

.I107 

.I434 

.lS20 

.ISS? 

.I564 

::i:: 
* 1480 
.I436 
.I360 
.I111 
* IPS? 
.I214 
.I150 
.:lb3 
.lOSrn 
.I047 

2::: 
I IZSJ 
.llUO 
ells4 
.I4?? 
.IS22 
.IJIl 
.:4ss 
.I408 
.I141 
, I292 
.I201 
I II23 
. lb42 
.I024 
.OPS? 
.09:2 
.0924 
.09s2 
.097S 
.0992 

.OEO7 
,071, 
.ObZS 
.0497 
. OJJJ 
,022, 
.*:a5 

2::: 
.ObS2 
.0039 
.oo,o 
.0027 
.0026, 
.0024 
.0”21 
.0022 
.0021 

X,"C - 72.140 “INF - 11.1. NlSEC 

‘X - .0:040S 

“(C)l(l) 

.OlU 

.O?O 

.023 

.O?S 

.02e 

.OlO 
,036 
,041 
*048 
,061 
a074 
,026 

..OP? 
.I12 
,137 
.:*a 
.,ED 
.219 
,102 
.lbb 
.42? 
.4Pl 
.SSb 
,681 
lSl0 
,917 

I.064 
I.191 
1.44s 
I.699 
1.953 
2.207 
2,461 
.2.7:0 
2.969 
3.221 
1.477 
3.71: 
l.?SS 
4.219 
4,4?3 
4.747 
s.001 
s-251 
s.so9 
5.763 
6.271 
6.71, 
7.297 
7.795 
,.301 
I.a:I 
?.ll? 
T.027 

DLLIA - 4..76 CN. 

“IUINF 

.5Jb 

.609 

.bS? 

.700 
,732 
.7U? 
,042 
.OPl 
.9,0 
,991 

1.022 
I .o,u 
1.074 
1.1:: 
I.142 
l.:b? 
I.208 
1.240 
l.2S7 
1.268 
I.212 
I .216 
l.l?O 
I.134 
1.072 
1.011 

-94, 
.a27 
.721 
,660 
.642 
-657 
.692 
,720 
.7b8 
.#I2 
. BS2 
*WI 
.?2S 
,956 
*I74 
.?Ub 
.??l 
.99a 
.??b 
a997 
.?Pb 
,996 
.99b 
.?PS 

I.bOl 
..??l 
.PbO 

“l/“:NF 

. ‘272 

. I380 

.I467 

.I455 

.l4Bl 

::::: 
.l47? 
.I411 
.I341 
. I267 
.I231 
.llO? 
.I171 
.ll1l 
.:I07 
*IO?1 
.lO7? 
,106: 
.I071 
.lll4. 
.I:67 
.I242 
.I128 
.I391 
.I441 
.IlBb 
. ,397 
.I301 
.ll3l 
,092s 
. OUST 
.090: 
.O?bl 
.OPSO 
,097s 
.0940 
.OO?b 
.0771 
ebb24 
,044b 
.034l 
.02:1 
.0131 
.OlOl 
.OOY, 
*ooss 
.0043 
.0017 
.0014 
.0032 
.0010 
,OOlO 
.0066 



TABLE F (Cont.) 

WlC - 100.1’10 “IWF - 10.0: N/SEC 

u- .00?114 DEL94 - 6.:9? CNO 

ItCNO) “/“IN9 "T/"lW YICHE, UlUlW “,,“:NF “(CNO, UlUlNF 

.OlS 

.OlI 

.020 

.021 

.a25 

.030 
,011 
,041 
.bSI 
,061 
,071 
.O.l 
.094 
,107 
.I12 
. IS7 

:::: 
,110 
,371 
.437 
,564 
,b?: 
,110 
a45 

:*::: 
I:126 
I .soo 
I.014 
2.000 
2.342 
2.511 
2.850 
l.Ib4 
3.3am 
1.6'2 
3.066 
4.120 
4.174 
4.628 
S.136 
5.644 
b.lS2 
6.660 
7.170 
7.b76 
a*:04 
#.6?2 

::::: 

-347 
,170 
,413 
,451 

2:: 
,619 
.b?b 
.772 
.o34 
.a71 
.?Ob 
.*37 
.?bl 

l.OOS 
I.OJI 

1:;:: 
1.16s 
I.194 
I.217 
I .2lS 
I.220 
I.204 
I.167 
I.126 
I .bO4 
I .OlE 

a?,? 
,946 
,757 
.678 

2:: 
as94 
.b:b 
.b4? 
,bhl2 
,721 
.7,? 
.a04 
.BOl 
.?4, 
.?17 

1.000 
I .002 

:*::: 
I :OOO 
1.004 

.99? 

,094, 
.:031 
.lIIl 
.I222 
.I316 
.l44? 
.I526 
. :,s4 
,lSOl 
.I426 
.I190 
.I341 
.I317 
,I294 
. l2Sb 
.I220 

::::: 
. ioaa 
.I014 
.0?70 
.0974 
.I050 
.I172 
.1101 
.I363 
.I459 
. I479 
.I497 
.:44: 
.I324 
.'I94 
I l031 
.09:5 
,0927 
.O,bb 
.I006 
*IO39 
.I023 
.0?97 
.OVIb 
,080s 
.os7s 
.0342 
.O,b. 
.0110 
.0082 
.0070 
.bObb 
.OOIO 
.OOS¶ 

.Oll 

.0:7 

.Ol? 
*022 
,024 
,027 
.012 
.017 
.042 
,010 
. OS7 
.070 
.om 
.09S 
.I21 
,146 
.I71 
,210 
~271 
,337 
.400 
.464 
,191 
.7’S 
,141 
.?72 

I.099 
I .226 
l.lSl 
I.490 
I.734 
I,9CC 
2.242 
2.496 
2.750 
3.004 
3.130 
1.1‘2 
1.766 
4.020 
4.274 
4.am 
3.03m 
s.s44 
6.052 
6.160 
7.060 
7.176 
I.OC4 
a.592 
?.I00 
?.bOI 
1.1162 

.2o4 

.a31 
,171 
.412 
,442 
,475 

.S7b 
,612 

.b?S 

.73E 
,772 
.797 
r.37 
,066 

23 
. TIT 
.I96 

1.027 
l.OSO 
I .OCO 
I.114 
l.12? 
I.125 
I*:14 
I .094 
I .072 
1.046 

.9C, 
*.,I 
.Obb 
.#Ob 
.71o 
.677 
.blS 
.Sbb 
,126 
,491 
,402 
,406 
,130 
*ST' 
.bbl 
.710 
*Oil 
,080 
,931 
.?bl 
,?I? 
,175 
,?b7 

.0769 

.bTS4 

.I001 

.llAO 

.I242 

.:29S 
*I340 
,116, 
,*I387 
.:19, 
.I390 
.lllU 
.I204 
*I211 
.I153 
.lIIb 
.I004 
. lb,11 
.I042 
.lblO 
. lb25 
.103l 
.I011 
.O?Ob 
.O?Vb 
.'04? 
.lb9’ 
.:I62 
.I232 
* Ill2 
.:1:7 
.I366 
.I397 
,141, 
*I391 
.I327 
!I224 
.I094 
.:0:1 
-0914 
.OES? 
.bUb2 
.09so 
.lOl? 
.I040 
II042 
,095, 
.0791 
.0¶01 
.0102 
.blSO 
.OI40 
.0:20 

.OlJ 

.OlO 
*020 
,023 
.028 
,013 
.018 
,043 
SO,8 
.061 
.U71 
iOB6 
,099 
*:24 
,150 
.I,, 
.2:1 
,277 
.a40 
-404 
,467 
.Xll 
,658 
.7CS 
.?I2 

1.039 
I.292 
I.547 
I.801 
2.0,s 
2.109 
2.Sbl 
2.0'7 
3.071 
3.32, 
l.S79 
1.821 
4.087 
4.141 
4.SPS 
4.049 
s.101 
1.357 
5.61: 
s.ada 
6.11, 
6,373 
6.W: 
7.39: 
7.C97 
s.405 
0.9% 
T.42' 
T.675 
T.929 

*240 
.264 
.P?S 
,117 
.a71 
* 411 
,477 
.S:O 
.5,3 
.bOl 
.b43 
,676 
.70: 
,711 
,762 
.7C4 
.OlS 
.840 
.07s 
*TOO 
.?23 
.?I1 
,970 

I.005 
I.022 
I .OlS 
I.O,P 
I.077 

.?9a 

.PSb 

.PbO 

2;: 
,760 
.7:3 
,667 
,617 
,57s 
.,SO 
1491 
.467 
.442 
,414 
,421 
.413 
.440 
.474 
.I12 
.s9a 
.b67 
,736 
,016 
.a04 
.?I6 
.?I0 

XlTC - :42.?60 UINF l 0.9: WCEC 

cr - .007701 DELTA - ?.Sb2 C”0 

X/K - '77.720 “INF - 0.43 N/SEC 

CF - .004777 DELlA - ?.?2? CNl 

“T/“,NF 

.0,59 

.Ob13 

.0114 

.0911 

.llO? 

. I205 

.I274 

.I211 

.126? 

.I271 

.I220 
.I197 
.1:00 
.I123 
,I094 

::::: 
.O??b 
.O?W 
.0964 
.0?3¶ 
.0921 
.O?l? 
.0111 
.0096 
.0099 
.092, 
.lOl? 
*II40 
.1210 
.I206 

::::: 
.:40: 
.I172 
.I114 
. ,262 

:1::: 
. l005 
.lb2l 
.09Sb 
.090: 
.09IO 
.0091 
mOTS7 
.I000 
.1060 
, IObS 
,108s 
.IOO? 
.*I78 

::::: 
.0543 



i 

TABLE F (Cont.) 

XllC - 2l1.110 “,NF - 7.Tl N/SEC 

Cf - eOOb222 DELIA - *.a,4 CNO 

“,CNI, 

,011 
,020 
.021 
,020 
.OJO 
,036 
,043 
.OSl 
.O,b 
.bb? 
.OSl 
.094 
.ll? 
.I45 
,170 
.214 
.2?7 
,361 
.424 
asi 
.670 
.oos 
.,a2 

I.106 
1.440 
I.*?4 
I.?40 
1.202 
2.416 
2.7’0 
2.?64 
3.21a 
1.472 
1.900 

::::: 
4.741 
4.??6 
s.250 
o.so4 
a.750 
6.0’2 
6.266 
b.SZQ 
6.774 
7.202 
7.790 
0.290 
0.806 
9.114 

“/“INf 

.2Sl 
,273 
.a01 
.a21 
.a75 
.4lO 
.464 
,504 
,527 
.371 
,607 
,613 
-66, 
-617 
.7'S 
a727 
.7?0 
.eis 
,042 
.a79 
*TO? 
.91, 
,961 
.O?l 

1.006 
1.010 

.?90 

.077 
,910 
.?I6 
,073 
*a40 
.7?0 
*7'? 
.b7? 
.blb 
.bOS 
.Sb2 
.s51 
.4P? 
,472 
,443 
a421 
.405 
,190 
.lVl 
.42L 
.4*s 
.s:7 
.!I99 

",I"Itw 

.0637 
a0736 
.0047 
.091: 

: 1::: 
.I217 
.l23S 
*I211 
.I’?4 
.::s, 
.I126 
.:090 
.I?SI 
.I046 
.:010 
.I034 
.I020 
.I000 
,097, 
.093? 
.0?32 
.0890 
.0940 
.0074 
.09:0 
.0970 
.I051 
.I:b? 
.I221 
.1331 
.I144 
.I177 
.I146 
.llBl 
.I102 
.I290 
.I272 
*I212 
.I222 
*I:09 
.I006 
.lOl? 
. bPS4 
.0920 
.OPO? 
.O?bb 
.I071 
.11:1 
.:I20 

XllC - 203.?20 "INF - 7.37 nIoLC 

Cf - .0044lb DELIA - 10.396 CNO 

,,C”O, “IIUItw 

.OIO 

.Oll 

.ois 
,010 
.020 
,025 
,010 
,016 
,046 
.000 
.07: 
.024 
,101 
.llS 
.I73 
,236 
.lOO 
ml61 
.490 
,617 
*744 
.I90 

l.2S2 
I.006 
I.760 
2.0’4 
2.26a 
2.522 

3:::: 
3.284 
1.792 
4.300 
4.000 
5.1'6 
a.tt24 
6.132 
6.040 
7.140 
7.OSb 
a.164 
0.072 
?.300 
?*~00 

:0.3?6 

.I?0 

.203 

.2:4 
~227 
a244 
,272 
.297 
.a20 
.a*, 
.4lO 
,442 
,464 
.4?b 
.S2l 
,541 
.a77 

:::: 
.bII 
.bbl 
,602 
.722 
.7s7 
,701 
.#I0 
*maI 
*a41 
.a40 
.OSl 
.a42 
.013 
,002 
.770 
.7l? 
.671 
,636 
.S?O 
,542 
.so2 
,461 
.421 
.a07 
.a02 
.lO? 
,410 

.blSl 

.0410 

.0476 

.OSSl 

.0620 

.ObOO 

.0770 

.001? 

.OVlb 

.I014 

.:OlS 
* I047 
. IbO? 
SO944 
.0897 
.*a75 
.OB?: 
.OOb2 
.OOSO 
.0291 
*OBbS 
.0905 
.O?I4 
.0942 
.0920 
.O?lb 
.092I 
.0936 
.0970 
.1013 
. I017 
.I:30 
.llSO 
.l:vo 
.I206 
*I213 
.I217 
.1101 
all66 
.I106 
.l01: 
.b?:? 
.0017 
.0770 
.07lb 

X/W - 360.840 “INF - 7.17 WSEC 

lx - .001173 

",C"#, 

,010 
.Oll 
,011 
.OlO 
.020 
.02S 
.OJO 
.041 
.OSb 
.Ob? 
soa1 
.I07 
I I32 
.:a7 
.I96 
,259 
,123 
.4SO 
.a77 
.704 
*01: 
.?SO 

‘,I’2 
I.466 
1.720 
I.974 
2.228 
2.716 
1.244 
3.752 
4.260 
4.76s 
S.276 
5.704 
b.2?2 
6.800 
7.300 
7.016 
0.124 
0.2,2 
1.340 
T.040 

lO,lSb 

DELIA - ‘0,156 CAS 

"/"INF 

.:a1 

.I?2 
,205 
.217 
,228 
.2bl 
,207 
.342 
.30? 
.42l 
*447 
,427 
.520 
.sa: 
.SSl 
.a03 
.S?O 
.629 
.bS4 
,666 
,687 
,707 
,715 
.759 
,777 
.796 
.Bl4 
,029 
.E29 
.#I? 
.797 
.761 
.73? 
,700 
.b7¶ 
.bSO 
,619 
,686 
.SbO 
,520 
,496 
,472 
.434 

ur/u1w 

.0112 

.0401 

.0464 

.bSla 
.bSSl 
.0680 
.077l 
.0945 
.:003 
.I101 
,113: 
.I167 
*II20 
.IOEb 
*IOZS 
.:03, 
.I017 
.I041 
.I067 
.1005 
.:OlS 
*I040 
* IO52 
.I071 
. IODO 
.,09? 
.I070 
.I114 
.1101 
.I260 
. I291 
.1307 
,144: 
.I310 
.I292 
.I204 
.I227 
.I’70 
.I206 
.:oo: 
.:oao 
.O?~O 
.0~7: 



- 

APPENDIX G 

In this appendix the slant-wire data for adverse 

pressure gradient flow are tabulated. The data consist 

of turbulence intensities vt/Uoo , wt/Uco and the shear 
--uv stress -21 . 

UC0 
The interpolated data of ut/Uoo and 

a(U/U=)/a(y/6) at each slant-wire location were also 

tabulated. They were obtained from the normal hot-film 

data by interpolating a five point quadratic curve fit. 
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TABLE G 

SLANT-WIRE DATA FOR THE ADVERSE 

PRESSURE GRADIENT FLOW 
XIIC - '0,920 “IW - ‘6.60 N/SCC XllC - 44.390 “INF - 11.24 N/SEC 

“‘I%., DUOI 
XI0 

.llO -40.071 

:::: 1:::::: 
*43? -40.20, 
.Sbb -35.067 
.b?l -16.477 
,120 -.I16 
.?47 4.602 

I.014 s.140 
I.201 5.304 
1.410 a.259 
1.7'2 4.?08 
I.?66 4.454 
2.220 3.5?4 
2.474 2.567 
2.720 I.611 
1.216 .aoo 
1.744 ,116 
4.202 .a11 
0.26~ .lS1 

DELIA - 2.76. CNS 

"l/"IN -UVAJlN R YIIUINF WIUIIIF 
Xl00 X:0000 Xl00 Xl00 

17.000 
lb.?OO 
lb.900 
lb.200 
13.:00 
O.bSb 
0.100 
O.PSO 
0.070 
7.770 
7.430 
6.110 
6.410 

::::: 
I.260 

.700 
,464 
a170 
.2Sb 

-140.000 

r:::*;:; 
-l14:000 

-73.000 
-17.600 

a.480 
12.900 
is.200 
lb.400 
lb.200 
'1.100 

T.990 
b.POO 
1.060 
I.440 

.I14 

.02b 
,007 
.OOl 

II.700 Il.200 
12.500 11.000 
11.4bO l4.000 
14.700 14.100 
l21ooo l1.100 

0.470 7.940 
4.710 a.a30 
l.VlO 3.060 
3.620 3.500 
1.710 0.670 
4.770 b.OSO 
4.3bO S.?SO 
4.310 S.420 
4.130 4.oso 
1.300 1.110 
2.140 1.600 
1.1'0 ,730 

.a73 ,x2 

.a14 .l00 

.261 .I,# 

“‘C”Ol ,“D” 
Xl0 

,204 -IuS 
.a23 -?.llb 
.I06 -17.645 
.4so -22.Sbb 
*SIl -25.064 
,640 -20.774 
a767 -21.771 
.I?4 -26.090 

I.02: -21.465 
I.271 -IO.Sbl 

:'::: 
*a44 

2:037 4.A20 6.007 
2.54s 0.7Sl 
l.bSl 4.220 
3.561 2.155 
4.061 .Oll 
4.177 -.ObS 
a.baa -.202 

DELTA - 3.671 CN‘ 

“,/“:NF 
Xl00 

-““c,.!INf? 
Xl0000 

11.100 -21.100 
1l.100 -20.600 
l2.SOb -40.400 
l1.400 -60.600 
14.100 -70. IO0 
is.:00 -TO. 7po 
14.?00 -99.400 
13.000 -07.400 
'2.SOO -63 I 500 

1.060 -21,300 
9.2’0 2.s70 
T.750 1.460 
T.790 ‘4.700 
8.420 16.600 
1.760 0.9’0 
2.110 2.260 
I.070 .226 

.076 .OO? 

.417 .o,a 

“TlUlNF Y,/“:NF 
Xl00 Xl00 

7.000 ‘0.100 
0.070 '1.300 
?.b?O 12.000 

11.000 Il.600 
l1.600 l1.700 
‘2.000 IS.000 
12.200 13.000 
15.600 11.700 
‘1.200 ‘1.1100 

6.420 6.9SO 
2.020 3.490 
0.000 1.4'0 
0.000 4.460 
5.2'0 6.330 
4.6?0 4.050 
2.U40 2.::0 
l.OSb I.170 
1.020 .6’S 

,624 *a17 



TABLE G (Cont.) 

1,CNO: 

.lbI 

.lOl 
,445 
.SOI 
.a72 
.b?? 
.02b 
.?a3 

IlORD 
1.314 

::::: 
2.096 
2.3so 
2.000 
1.166 
3.a74 
4.102 
4.0?0 

X . 

wtc . I00.120 “INF . IO,01 NISCC 

CUD” 
XI0 

20.614 
25.407 
l6.010 

1.640 
1.142 

-b.??b 
-14.112 
-10.441 
-20.026 
-22.?:0 
-21.397 
-22.342 
-I?.79? 
-11.634 

-3.595 
0.77? 
9.012 
?.?I? 
T.2’1 
7.25s 
4.770 

BECLTA - 4.29? CN8 DELtA - 9..29 CN, 

“t,“,M -““,,,,NFf WIVINF YllUlNF 
Xl00 

1,CN.l mm 
XI0 

UtlUlNF -““,‘,llNFf VIIUINF 
11100 “‘0000 "'00 

10.200 20.200 
‘0.100 '7.200 

T-770 9.2lb 
?.b?O I r9,o 
9.7?0 -7.860 

IO.600 -21.100 
I:.800 -10.000 
il.?00 -40.900 
11.?00 -60.500 
14.?00 -7,*100 

::% 
-U4.200 

l3:JOO -74.100 -59.400 
'1.100 -42.600 

1.280 -19.000 
T.660 4.1110 

'0.300 IS1500 
?.8SO 24.100 
:'% 11.000 

4:bbO 
b.740 
-.blO 

,*?OO 
7.720 
0.640 
O.?:O 
T.040 

'0.000 
?.I40 
?.I40 
0,660 
1.720 
,.730 
0.7'0 
T. 020 
0.010 
1.100 
0.000 
0.900 
?.I70 
0.630 
0.260 
s.100 

0.160 
7.900 
0.670 
c.o:o 
0.820 

:O.lOO 
T.350 

10.100 
10.100 
lO.SOO 
lO.SOO 
10,100 

T.?SO 
?.¶?0 
T.100 

:*::: ?:I20 

9.110 
7.160 
S.OSO 

.lPS 

.lbl 

.427 
,554 
.bO: 
.ooo 
.?a5 

1.101 
I I441 
I.697 
I.151 
2.20s 
2.411 
2.167 
3.475 
1.?01 
6.010 4.191 

l_l̂  - - -  _-- . . - . . -  -  _- I.___ “,lC - I,,.,‘” “111b - . ..a “,rnLI 

44.1’0 
39.113 
as.444 
29.OB9 
22.706 
16.711, 
11.379 

2.2:s 
-S.Sbl 

-11.641 
-15.644 
-17.754 
-10.417 
-11.065 
-IS.600 
-17.44, 

-7.074 
b,:?? 

Xl00 xlbooo 

T.810 27.200 
T-720 26.200 
1.150 27.000 
9.2SO 2I.000 
9.070 17.000 _ _ 
0.?70 :O.?OO 
0.920 1.710 
?.0,90 -**a00 
T.100 -I?.600 

II.000 -37.700 
Il.900 -10.500 
12.700 -65.900 
13.300 -S:.bOO 
11.900 -65.200 
11.400 -70,400 
‘2.400 -c3.:00 

?.7SO -4b.100 
1.400 -6.040 

x:00 

6.620 
6.230 
6.2SO 
b.l?O 
5.710 
s.520 
5.670 
6.140 
6.?70 
0.020 
0.150 

'0.100 
b.#20 
0.270 
T.210 

11.700 
11.300 
6.120 

NtIUlNF 
9100 

7.070 
O.PJO 
7.130 
7s4Ab 
6.110 
b.OBO 
5.060 
S.9’0 
6.210 

:‘2: 
IO:400 

7.240 
?.I40 

'1.000 
Il.400 

T.060 
1,010 
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