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xiii. 

SUIRIARY 

A study of a two-dimensional turbulent jet with a combination 

of two wall curvature parameters has been made. The wall consists 

of a plane, a logarithmic spiral and a plane surface. A large amount 

of attention has been paid to establish good two-dimensionality and 

to obtain best possible accuracy in the measurements with the hot- 

wire anemometer system. The development of the mean velocity 

components, the three normal stresses and the shear stress are 

presented. The effects of the sudden changes in curvature on the 

structure of the flow are observed. The corrections of the hot-wire's 

directional sensitivity are also evaluated and applied using third 

order correlations. The correlations on the plane and the curved 

surface show details of the large scale motions at the outer part 

of the jet. The dissipation measurements have also been made. 

These measurements enable the evaluation of the terms of the turbulent 

kinetic energy equation. In addition, an attempt has been made to 

calculate the development of the plane wall jet using the measured 

turbulent kinetic energy balance to evaluate the empirical functions 

in the governing equations. -The measured values have been also used 

for the computation as the starting data. 
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CHAPTER 1 INTRODUCTION 

1-1 Purpose 

The phenomenon a , jet attaches to an adjacent curved surface is well 

known as 'Coanda' effect. - This effect was patented by Coanda (1932); 

however, it had been observed and explained well before by others, for 

example, by Young (1800) and Reynolds (1870). Coanda's intentions were 

to exploit the effect to some practical applications rather than the 

details of the phenomenon; He applied the effect to enhance engine 

combustion chamber scavenging, to produce a nozzle with high thrust 

augmentation and to increase lift on wings. Since then, the Coanda effect 

has been exploited in many ways. In order to produce optimum designs to 

use potential benefits of the effect fully, the details of this phenomenon 

became important. Research work on Coanda effect has been extended in to 

many fields such as boundary layer on curved walls, wall jets on curved 

walls with or without moving streams, re-attachment of inclined jets to 

walls etc. These flows can be laminar or turbulent and can be two or 

three dimensional.. Here we concentrate on two-dimensional turbulent 

wall jets. 

A wall jet consists of inner and outer portions. The inner part 

of the jet is a wall shear layer which is often treated as a boundary 

layer. This portion is expected to be dominated by the wall effects. 

The outer portion can be linked to one half of a two-dimensional free 

jet. The matching of two layers is not simple, because both turbulent 

regions interfere with each other. -Also the shear stress in the wall 

jet is not a simple function of the local mean velocity gradient. This 

is apparent from the fact that the shear stress is not-zero at the point 
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where the velocity is maximum. The first experimental work on the 

simplest form of, a wall jet, i: e. the wall jet on a plane surface, was 

carried out by Förthmann (1934). His work has been followed by many 

others. Plane wall jets in still air and in a moving stream with 

adverse pressure gradient can be self-preserving. Self-preserving 

forms are convenient for study, especially for test cases for computation, 

because the non-dimensional turbulent structures remain unchanged and 

independent of the initial conditions. 

Meanwhile, there are large numbers of reports concerning curved 

wall jets. At first, many studies were made on wall jets over circular 

cylinders; these were soon followed by investigations on jets over 

logarithmic spiral surfaces. The later study was first made by Sawyer 

(1962). He showed that wall jets on logarithmic spiral surfaces could 

also establish self-preserving states exhibiting linear rates of growth. 

These experimental studies, which will be discussed later in this chapter, 

are sufficiently detailed to provide data for test cases for turbulent 

computations. However, there is no detailed study concerning other 

shapes of surface or the combination of surfaces. The practical use of 

the Coanda effect usually involves more complicated shapes of surface or 

a combination of surfaces rather than simply plane, circular or 

logarithmic spiral surfaces. On the other hand, trial and error methods 

are widely used to exploit the effect in engineering fields such as 

high lift devices on wings. Nevertheless these are studies to produce 

optimum designs, so that no serious attempts have been made to observe 

the detail of the structure. Therefore it is considered to be very 

useful to measure the details of structure of wall jets on'more 

complicated shapes. However, these shapes should be simple enough to 

observe the structure under controlled conditions. The measurements 
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should display mean flow quantities as well as turbulence quantities so 

that data can be used for computational purposes. 

The present work concerned the combination of three sections of 

surfaces. The surface consists of plane, logarithmic' spiral and plane 

surface to obtain the effects of step changes in the curvature 

parameter on the jet and its turbulence structure. The following 

measurements have been made to observe the jet in detail. 

1) Mean flow quantities. 

2) Turbulence quantities. 

In order to achieve better accuracy in these quantities, some extra 

care should be taken. These are: 

a) Flow two-dimensionality. 

b) Accuracy of equipment and techniques. 

Some qualitative measurements have also been required to observe 

turbulence structures. These are 

3) Correlations. 

4) Turbulent kinetic energy balance. 

1-2 Surfaces 

It is assumed that the wall friction can be neglected, then the 

jet momentum flux is conserved. In this type of flow, the non- 

dimensional entrainment rate is a function of the curvature ratio 

Y}/R where Y} is the jet width at the point where the velocity is one 

half of the maximum velocity of the. jet Um, and R is the local radius 

of the curvature. ' Entrainment theory was first performed by'Head (1960). 

The relations can be written as: 
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Ulm Y} = Const., (1-1) 

and 
Ulm 

d-d (Um Yj) = E(RS), (1-2) 

where S is the distance round the surface and E is the entrainment 

constant. Self-preserving jets, therefore, have relations 

YJ S 

Um Sa 

and Ra'. S 

where a is slightly smaller than -}. Thus the jets over the surface 

which has the relation 

S/R =K= Const. (1-3) 

can be self-preserving. These have been confirmed by Sawyer (1962), 

Giles, Hays and Sawyer (1966) and Guitton and Newman (1977), with the 

linear growth rates of jet width and velocity profiles independent of 

S. These surfaces are conveniently expressed in the form 

S= So. ee1K (1-4) 

where So is the initial surface arc length and e is the surface 

inclination to an appropriate datum. This is the logarithmic spiral 

surface. 

The wall arrangement is shown in Fig. 1-1 which consists of 

three surfaces. The first surface has the curvature parameter 

K=0,. i. e. a plane surface 131ns (330.2mm) long. The length of the 

first surface has been chosen to give a jet of the correct thickness 

at the end of this surface so as to achieve a constant Y}/R jet on the 
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second surface, after the transition region where the structure of the 

jet responds to the curvature change. The second surface with K=1.0 

and 9.62 in (244.3mm) long. The final part of the surface is again a 

plane surface with K=0 and 26.4 ins (670mm)long . The co-ordinate 

system is shown in fig. 1-2. X is in the streamwise direction, Y is in 

the direction normal to the surface and Z is in the direction normal to 

the streamwise direction and parallel to the surface. The logarithmic 

spiral surface parameters K=1.0 and So = 2.0 ins. (50.8mm) have been 

chosen. The details of the wall and slot arrangements will be shown in 

the later chapter. The distance round the curved surface S has a rather 

complicated definition because of the surface combination. The curved 

surface starts at X= 13 in (330.2mm) where the local radius of curvature, 

i. e. Initial radius So, is 2 ins. (50.8mm). Since S/R =K=1.0 thus 

S=R by definition, S at the start of the curved surface i. e. at X= Din. 

(330.2mm) is 2in (50.8mm). Therefore on the curved surface 

S=X- (13 - 2) ins 

or S=X- (330.2 - 50.9) mm. 

The slot width has been set at b=4 Ins (6.35mm). 

The slot Reynolds number Rs = 2.5 x 104 has been used throughout the 

experiments. 

1-3 Previous work 

There are large numbers of experimental studies of turbulent wall 

jets. These reports have been recently reviewed and summarised by 

Launder and Rodi (1981) and they include various types of wall jets. 

They discussed six different types of wall jets. These are plane wall 

jets in still air, in a moving stream with adverse pressure gradient, in 
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a moving stream without pressure gradient, wall jets on circular 

cylinders, on logarithmic spiral surfaces and three-dimensional wall 

jets. In the present experiment the jet is on the plane and the 

logarithmic spiral surfaces in still air. Therefore the literature on 

these two and also jets on circular cylinders is relevant to this study. 

The plane wall jet in still air which is, in the present experiments, 

established on the first plane surface. Therefore the already known 

results on plane wall jets are very useful to exhibit general credibility 

in comparison with the present data. The very first solutions for, 

both laminar and turbulent, radial and plane wall jets were obtained by 

Clauert (1956) and Bakke (1957). In those early days, research work 

was mainly centred on the growth rates of jets and the maximum velocity 

decays. These studies were soon followed by detailed measurements of 

turbulence quantities. Launder and Rodi insisted that before looking 

at these qunatities two-dimensionality should be checked. From the 

criteria which have been set by them, the measurements of Förthmann 

(1934), Bradshaw and Gee (1960), Patel (1962), Tailland (1967,1970), 

Guitton (1964, -1970) and Verhof (1970) are acceptable. The growth rates 

of jet width are-linear in these measurements and in good agreement. 

Tailland has measured three different slot Reynolds numbers. His data 

indicates a slight decrease in the rate of growth with increase in Reynolds 

number. Also there is a shift in the rate of growth with Reynolds 

number change. These tendencies are also seen in the decay of the 

maximum velocity. The range of streamwise direction in these measurements 

vary from X/b =3 to 1459 and Reynolds numbers from Res = 0.61 x 104 

to Y. 1 x 104. The non-dimensional. ized velocity profiles are in very 

good agreement. These well established results may be used to check 

the general credibility of the present measurements. However, there 
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are considerable variations in turbulence quantities. ' If the flows 

are self-preserving, therefore, they should be independent of the past 

history of the flow. Although the flows seemed to be self-preserving, 

in each case the scatter is large. The variation in non-dimensionalized 

u'2 is relatively small. However, for example, the maximum normalized 

turbulent kinetic energy measured by Tailland is 45% higher than that 

measured by Guitton. This is attributed mainly by the scatter in v'2. 

Therefore previous results are useful to check the turbulence quantities 

generally. However, the large scatter within the results makes for 

more uncertainty than is-the case when comparing mean quantities. 

The previous experiments on wall jets on curved surfaces can be 

divided into two parts. The first is wall jets over circular cylinders 

and the second is jets over logarithmic spiral surfaces. Since 

Nakaguchi's (1961) and Newman's (1961) first detailed measurements on 

the jets over circular cylinders, there have been many reports on both 

concave and convex surfaces. Here we only look at the experiments 

on convex surfaces. Two-dimensionality is again the major problem. 

The surface curvature generates stronger secondary vortices near the 

side walls than for flow with zero curvature. Fekete (1963) undertook 

Newman's original work and re-designed the apparatus to achieve better 

quality flow. His interest was mainly on mean quantities. Detailed 

measurements were made to predict the growth rate of the jet. However, 

only longitudinal turbulent intensity was measured. Cuitton (1964) has 

pointed out the differences between plane wall jets and curved wall jets. 

They are: 

1) The velocity profiles of curved wall jets are fuller. 

2) Curved wall jets grow more rapidly and decay more quickly 

than plane wall jets. 
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3) The turbulence intesities and mixing are higher in curved 

wall jets. 

One of the most extensive studies has probably been made by Alcaraz, 

Charnay and Mathieu (1977). They measured the jet on a large radius 

cylinder. Their work has provided all the important Reynolds stresses 

and triple correlations. Turbulence energy dissipation rates have 

also been measured. These extensive measurements made it possible to 

evaluate all the terms in the conservation equation for the turbulent 

kinetic energy except for the pressure diffusion term which was obtained 

by differences. Because of the very small slot width to radius of 

curvature ratio b/R = 0.0031, the data at X/b = 30 probably provides 

details of the turbulence structure close to that of a wall jet on a 

plane surface. At that station the effect of the surface curvature is 

thought to be minimal. The jet over a circular cylinder is not self- 

preserving; therefore, the development of the jet can also be seen. 

Wall jets over logarithimic spiral surfaces have been extensively 

studied by three groups of researchers. The first detailed measurements 

have been made by Sawyer (1962) and Giles, Hays and Sawyer (1966). 

These were followed by Guitton (1970) and Guitton and Newman (1977). 

Kanemoto (1974) also made experimental work on this subject. All the 

reports have provided the measurements on various curvature parameters K. 

The growth rates are linear in all the cases except the steepest 

curvature K=1.25. This indicates the flows are closely self- 

preserving. The mean quantities agree reasonably well. Kanemoto has 

measured only the longitudinal turbulent intensity and the data have 

been plotted on a very small scale. Therefore not much information can 

be obtained from the turbulent intensity data. The difference between 

the turbulence quantities measured by Giles et al. and Guitton and 
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Newman is large. It is particularly noticeable in the v'L profiles and 

the outer part of the u'2 and-iv'-profiles. Guitton and Newman have 

suggested that there are three possible explanations for the discrepancy 

between the results. These are three-dimensional flow effects, the 

use of rather bulky X-wire probes and the use of unlinearized 

anemometer systems in the measurements of Giles et al. Guitton has 

paid a large amount of attention to achieve two-dimensionality in his 

work. He has also used single wire probes for the Reynolds stress 

measurements to avoid the interference between wires which can not be 

avoided with X-wire probes. These probes have been used in conjunction, 

with a linearized hot-wire anemometer system. Therefore the turbulence 

quantities reported by Guitton and Newman may be trusted most. They 

have measured all the three normal stresses, the Reynolds shear stress 

u'v', the surface pressure distribution, the intermittency distribution 

and the skin friction. These data may be useful for computational 

procedures for complex turbulent flows. 

There is a brief report on the measurement of the jet on combined 

surfaces which has been made by Simpson (1970). The surface consisted 

of plane, logarithmic spiral and plane surfaces which is identical to 

the present arrangement in the streamwise geometry. The aspect ratio 

of the rig was not large and there were severe three dimensional effects. 

The work was done as a final year undergraduate project so that he was 

unable to provide reliable turbulence quantities. Therefore only the 

mean quantities can be used for a reference purpose. Sawyer (1973) 

made a brief report on the prediction method for this jet arrangement. 

The contribution of large eddy motions is expected-to be significant 

in the outer part of the jet. The turbulence structure of this region 
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is thought to have some relation to that of free turbulent jets. 

Since the early study by Townsend (1956), the existence of coherent 

structures in the mixing region of turbulent flows has'been continually 

discussed. He considered that the large scale motion, which contributed 

most to the correlations with large separations, was determined by 

pairs of large but weak energy containing eddies in the wake behind a 

circular cylinder. This theory has been extended further in many ways. 

Bradshaw, Ferriss and Johnson (1964) presented extensive correlation 

measurements in a round free jet. They concluded that the large scale 

motion appeared to be mixing-jet type motion. This mo'Lion was discussed 

first by Grant (1958) with his comprehensive correlation measurements 

in a wake flow and a boundary layer. The contributions of coherent 

structures to turbulent transport of momentum, heat or mass and 

aerodynamic noise can be significant. Recent developments in flow 

visualisation, conditional sampling and data processing techniques have 

resulted in a clearer understanding of the structures. Research work 

on the coherent structures in shear flows has been reviewed by Davis 

and Yule (1975). Since the discovery of strong two-dimensionality in 

these structures by Crow and Champagne (1971) and Brown and Roshko 

(1974) in turbulent mixing layers, there is a controversy about the 

form of these structures. The controversy, which is whether the large 

scale motions are effectively two-dimensional (or axisymmetric) or 

purely three-dimensional has still to be resolved. Bradshaw (1981) has 

summarised this controversy. 

Finally, the accuracy and reliability of measurements is very 

important in the present experiments, because one of the purposes is 

to establish mean and turbulence quantities with the present wall 

arrangement; therefore, some reports on hot-wire measurement have been 
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studied. The development and improvement of constant temperature 

anemometer systems with hot-wire probes have allowed better accuracy 

in turbulence measurements. However, there are some other important 

problems with the hot-wire measurements which have been discussed by 

Hinze (1975). The simplest problems may be the fluid temperature 

change and dust deposition on the wire. The principle of this method 

is based on the thermal loss of heated wires, so that the changes in 

fluid temperature and heat transfer rate caused by dust accumulation 

are serious. Although with the improvements made by manufacturers to 

the systems and probes to achieve little interference to the flow, 

better frequency response, high signal-to-noise ratio etc., these 

difficulties should carefully be removed. The biggest problem of all 

is the directional sensitivity of the hot-wire probes. The effect of 

high intensity turbulence on the response of the probes is large. 

These problems and their counter measures will be discussed in a later 

chapter. An extensive coverage of fundamental principles in hot-wire 

anemometry has been given by Perry (1982). 
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CHAPTER 2 EXPERIMENTAL APPARATUS 

2-1 Test rig 

2-1-1 Construction 

The rig is installed on the upper deck of the Aeronautical 

laboratory of the University of Salford. The general layout is shown 

in figs. 2-1 and 2-2. The rig was made in the workshop of the department 

of Aeronautical and Mechanical Engineering. 

The centrifgual blower is driven by a 10 H. P. induction motor. 

The ductings which follow were made from 1& s. w. g. metal sheet and 

flexible hoses. A heat exchanger is installed just after the blower, 

and this is followed by an electrostatic filter. The heat exchanger 

is fed by Churchill type 0J/CTCHG Chiller and Churchill type CTCV 

Chiller thermocircular water coolers. The heat extraction rates are 

4500 B. T. U/hour at 20°C water and 1000 B. T. U. /hour at 20°C respectively. 

The cooling water contains Ethylene glycol and methanol as antifreeze 

agents. 

The cooled and cleaned air is then supplied to the expansion and 

settling chambers by a flexible hose. There are a series of screens 

and honeycomb cells in the chambers. The final contraction ratio is 

13.3: 1.. 

. The air intake arrangements are shown in fig. 2-3. Air is 

supplied from either outside. the building or from the laboratory to 

the air intake chamber, which is located on the lower floor in the 

laboratory. In the chamber, large dust particles are separated. The 
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air is roughly cleaned by means of fabric filters and supplied to the 

blower via a flexible hose. . 

The slot velocity is controlled by a valve which is installed 

just before the blower. The jet temperature is measured by a 

thermometer at the slot. 

2-1-2 Wall arrangement 

The wall arrangement is shown in fig. 2-4. The wall consists 

of three sections. A plane wall K=0 from X=0 (at the slot) to 

X= 131n. (330.2mm). A logarithmic spiral wall with K=1 from X= 13in. 

to X= 20.62in. (523.7mm). This is followed by a further length of 

plane wall to X= 47 in. (1194mm). 

Both parts of the plane surfaces are made from tin. thick 

aluminium alloy. The logarithmic part of the surface has been carefully 

machined from an aluminium alloy block. The width of the walls is 

44.51n. (1130mm). 

The static pressure tappings are of 0.09381n. (2.38mm) diameter 

and are drilled in the surfaces on its centre. The locations are 

shown in fig. 2-5. 

The side walls are made of kin. (6.35mm) thick perspex and 

bolted on the surfaces. The heights of the side walls are 225mm on 

the ff rst part of the plane surface and 560mm on the second part of 

the plane surface. The distance between the walls is adjustable 

between 530mm and 1000mm. After a series of tests, which are described 
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in a later chapter, in order to obtain the greatest span of flow 

consistent with the best uniformity of the slot width and uniform 

velocity along the slot, 925mm was chosen. 

The slot width can be adjusted by moving the upper part of the 

slot by means of two sets of bolts and nuts. After adjustment, the 

upper part and its casing are screwed together so that there is no air 

leak from the joint. The slot arrangement is shown in fig. 2-6. 

The wall and slot assembly are mounted on an angle iron frame and 

bolted together. In order to adjust the slot width accurately, three 

bolts are mounted on the frame underneath the lower surface of the slot, 

i. e. the lower surface of the fin. thick aluminium alloy wall. 

Tightening or loosening the bolts moves the wall slightly, thus 

controlling the flatness of the wall accurately, The slot width was 

adjusted to tin. (6.35mm). The slot aspect ratio is, therefore, 146. 

2-2 Constant Temperature Anemometer (C. T. A. ) 

2-2-1 Principle of C. T. A. 

The principle of C. T. A. is based on the thermal heat loss from 

an electrically heated fine wire. The heat loss mainly depends on 

velocity, pressure and temperature of the flow. If only the velocity 

of the flow changes, then the heat loss of the wire is a measure of 

the velocity of the flow. 

. The block diagram is shown in fig. 24 which consists of a 

Wheatstone bridge and a servo amplifier. An increase in the flow 

velocity will cause a decrease in temperature of the wire. The 
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resultant resistance change brings the bridge unbalance thus an 

error voltage is produced. Wben the error voltage is fed to the servo 

amplifier input, the output voltage of the servo amplifier is applied 

to the bridge top thus maintaining the original wire temperature. 

Therefore the balanced bridge voltage is directly proportional to 

the change in wire resistance and varies with the velocity. 

Detailed determination of velocity, turbulence intensity are 

described in Chapter 3. 

2-2-2 Instruments 

DISA type 55M01 main units were used in conjunction with type 

55M10 standard bridges. The signals were then fed to type 55D10 linearizers. 

The principle of the operation of a hot-wire is an application 

of the King's Ldw voltage-velocity relationship. It has the form 

E2 =a+ bUý (2-1)' 

where E is the output signal from a C. T. A., U is the flow velocity, 

a, b and n-are constants. When the turbulence intensity is high, the- 

non-linearized signal may produce an excessive error., In the case of 

wall jet measurements, the use of linearizers was recommended by- 

Guitton (1970). 

. The linearizers were followed by either DISA type 55D25 

auxiliary units or D26 signal conditioners. These were used-to 

eliminate noise from the signals by means of low-pass and high-pass 

filters. 
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The signals were fed to appropriate instruments depending on the 

quantity to be measured. 

Mean values of signals were measured by DISA type 55030 D. C. volt 

meters. The mean squared value of a signal was measured by a type 

55D35 R. M. S. volt meter in conjunction with a type U30 U. C. volt meter. 

After some measurements, the type D35 R. M. S. volt meter was found 

inaccurate. Calibrations were made with a sine wave generator and A. C. 

Volt meters. Comparisons with turbulence processor were also made. 

After re-adjustment, the squared output was found to be more accurate 

than the square root output. All the measurements were, therefore, made 

with the squared output. 

Maximum damping of superimposed AC. signal or rapid fluctuations 

of the D. C. signal of type D30 D. C. volt meter was 10 seconds. This was 

found to be too short for the measurements in intermittent regions. 

Additional 6uF capacitors were connected parallel to the 10 sec. 

damping capacitor in the instrument to increase the damping. The 

number of capacitors depended on the requirement of damping. 

Auto-correlations were carried out with the DiSA type 55D70 analog 

correlator in conjunction with a type 55D75 time delay unit, a type 

52801 sweep drive unit and a Bryans type 2500 X-Y recorder. The 

Analog correlator had become over heated after a few hours of operation 

so that an extra cooling fan was installed. 

For higher order correlations, a DiSA type 52825 turbulence 

processor and a type 55A06 random signal indicator and correlator were 
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used. The later instrument was-also used for dissipation measurements. 

A Telequipment type D61 Oscilloscope, a Farnell type L30-5 

stabilised power supply and a Feedback type T. W. G. 300 test wave form 

generator were also used for tests, signal monitoring and calibrations. 

These instruments are shown in fig. 2-8. 

2-2-3 Probes and Probe Supports 

A DiSA type 55P01 straight and a P02 450 slanting single wire 

probes were used for mean velocity and turbulent intensity measurements. 

These probes are shown in fig. 2-9. The probes consist of 5 um - 

diameter and 3mm long platinum plated tungsten wires. Both ends of 

the wire are copper and gold plated to a diameter of approximately 30 um 

to provide a sensitive wire length of 1.25 mm. The plating accurately 

defines the sensing length and reduces the amount of heat loss by the 

prongs. Also wider spacing between the prongs makes less interference 

to the flow field at the sensitive part of the wire. 

Damaged probes are repaired using a gold-plated replacement wire 

magazine with the DISA type 55A13 spot welding equipment. Extreme care 

and concentration are required to spot weld a wire on to prongs 

compared with the non-gold-plated wire replacements. Despite a. lack of 

experience with this technique the limited availability of the spare 

wires meant that spot welding had to be undertaken at times. 

These probes are supported by a DiSA type 55H20 probe support 

with a type 55H153 and a 140 mounting, tube and guide tube respectively. 

These are shown in fig. 2-10. 



18. 

For longitudinal Auto-correlations and dissipation measurements, 

a DiSA type 55A22 straight single, wire probe was used. The probe 

consists of 5 im diameter platinum plated tungsten wire whose length 

is approximately 1.2mm. This is chosen because these measurements 

are qualitative rather than quantitative so that they require less 

accuracy. The probe is also easy to repair. 

The probe was supported by either DISA type 55A20 or 42 support 

with holders to fix the support to the guide tube. These are shown in 

fig. 2-10. 

Other correlations including third order correlations 

(u'v'2 and. u'w'2) were measured by a DISA type 55A32 X-wire probe. 

The wires are perpendicular to each other. The dimensions of the wires 

are the same as type 55A22 probe. The probe was supported by a type 

55A30 probe support and holders to fix it to the guide tube. These 

are shown in fig. 2-11. 

The probes are connected to the anemometer bridge unit with 

5m coaxial cables. 

2-2-4 Calibration Unit 

Several kinds of calibration devices were studied. A 75'H. P. 

motor driven open circuit tunnel was considered. The velocity range 

and turbulent intensity were acceptable, however, temperature of the 

air rose considerably. The air flow from the rig was also considered. 

The air cleanliness and temperature control were the best of all. 

Nevertheless, in order to obtain the required flow velocity range and 

low turbulent intensity, a newly designed chamber and a duct had to be 
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constructed. These were not found to be, practical. Finally, a DISA 

type 55D41 miniature wind tunnel was chosen in conjunction with a 55D42 

variable transformer and an Advance Volstat sine wave output. These 

are shown in fig. 2-12. 

The tunnel had been designed to calibrate DiSA type 55A series 

probes. A special adaptor was, therefore, designed and manufactured to 

calibrate type 55P01 and 02 probes. This was used with the type 55A67 

adaptor section. 

2-3 Manometers 

A Tecquipment multi-probe manometer filled with paraffin of 

specific gravity equal to 0.776 (at 20°C) was used for the static 

pressure measurement. The manometer could be inclined to give a suitable 

range of pressure. The maximum range of pressure which could be 

measured on this manometer was 1050mm paraffin gauge. 

Three Airflow Developments loin. manometers were used to measure 

static pressure differences. These were filled with Airflow Developments 

manometer fluid of specific gravity equal to 0.784 (at 20°C) and 

0.787 (at 16°C). 

One was used to measure static pressure differences between inlet 

section and working section to determine the calibrating velocity in ' 

the DISA calibration tunnel. 

The other two were connected to the rig to measure static pressure 

difference between two different area sections to determine the initial 

slot velocity. One was placed near the instruments to monitor the 
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slot velocity while the measurements were in progress. Another one 

was placed near the, valve to oontrol and adjust the slot velocity. 

2-4 Traversing devices 

2-4-1 Traversing mechanism 

A DISA type 55E40 traversing mechanism was employed for the Y 

direction traverse, except for the Z direction traverse of the longitudinal 

turbulence correlations R11 (0: 0,0, r3). These measurements were 

carried out with a DiSA type 52COI stepper motor to traverse electronically 

which was controlled by the type 52801 sweep drive unit. 

The resolution of this mechanism is 0.1mm with the gear ratio of 

1: 1. A modification has been carried out to extend the maximum 

traversing length from 100mm to 340mm which had been limited by the 

length of the guide tube. 

2-4-2 Traversing frame 

The traversing frame to traverse the DiSA traversing mechanism 

for X and Z directions was designed by the design office and manufactured 

in the work shop of the Department of Aeronautical and Mechanical 

Engineering. The frame consists of the Z direction guide rail, the 

Traverse mechanism mount, the X direction guide rail and the main frame. 

The whole assembly is shown in fig. 2-13. 

The mounting on the Z direction guide rail to which the'DiSA 

traverse mechanism is fixed, can be slid in the Z direction and can be 

fixed in a. desired position by a locking screw. The Z direction guide 

rail itself is on the X direction guide rail and can be slid to a 
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desired position. This is also fixed by locking screws. The t 

direction guide rail can be rotated so that the angle of the probe 

axis is adjustable relative to the surface. 

In order to avoid excessive vibration from the floor, the whole 

assembly is mounted on rubber strips. 

2-4-3 Probe positioning device 

Once the probe is positioned at the appropriate angle and 

located in the X and Z directions, it may be traversed in Y direction 

to an accuracy of 0. lmm by the DISA traversing mechanism. However, 

the accurate initial distance between the surface and the wire is also 

required. This was measured by a hand made device and a scale. 

The device consists of a small microscope of magnitude of 30X 

and a stand. The microscope has a small light and batteries to obtain 

a clear view. The batteries have been replaced by larger capacity ones 

and are fixed in the stand. A cross wire has been installed next to 

the field lens. 

At first the focus is set to the maximum distance to avoid an 

accidental contact with the wire. The distance between the surface 

and the point of focus is measured by means of the adjustable length 

scale, which is brought into view. The length of the scale is adjusted, 

to set the top of the scale at the centre of the cross. Then, the 

length of the scale is measured by a micrometer. When the wire is set 

at the centre of the cross, the distance between the surface and the 

wire is the measurement shown on the scale. The device is shown on 

fig. 2-14. 
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2-5 Two-dimensionality improvements 

2-5-1 Spanwise total pressure distribution 

The total pressure distribution at X= 300mm at Y= Ym 

are shown in fig. 2-15. It can be seen that there is considerable 

scatter, at X= 300mm and non-uniformity at the slot. 

The slot width was carefully adjusted by the three bolts to adjust 

the flatness of the lower slot and the two sets of bolts and nuts used 

to move the upper slot. The width of 41n (6.35mm) was maintained 

within 0.001in (0.0254mm) over the central 700mm of the slot. 

Even after the adjustment, slight non-uniformity of the slot total 

pressure distribution was found. This was thought to be caused by 

non-uniform velocity distribution in the settling chamber. Some 

different mesh size screens were inserted in different positions to 

improve flow uniformity. The final arrangement was made after a series 

of tests. 

Fig. 2-15 also shows the improved total pressure distribution at 

X= 300mm at Y= Ym. It is clearly shown that the spanwise velocity 

distribution has been considerably improved. 

2-5-2 Flow visualization 

Flow visualization tests were mainly made in conjunction with a 

smoke generator. This type of flow visualization was particularly 

useful in observing the flow at the corners of the rig where entrainment 

flow could be separated from the side walls etc. Large secondary flows 

at the downstream parts of the wall could also be seen. The device is 
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portable and easy to use so a number of-tests were made while the two- 

dimensionality improvement tests were in progress. These tests are 

described in a later section. No photos have been taken with this 

method. 

Other flow visualisation tests were made to see the secondary 

flow vortices near the side walls. Some preliminary tests were carried 

out to obtain the best photos. 

The first test was to evaluate the colour effect of the dyes on 

the photo. Yellow, red and black dyes were tested. The dye was mixed 

with clean paraffin and painted on the surface with a brush. Immdediately 

after, the rig was run until the paraffin dried out. Polaroid photos 

were taken to see the contrast of the pattern. Two 100 W lights were 

used. The thickness of the mixture of dye and paraffin was also tested. 

The powder colour full black was found to be the best on the photo. 

The photo is shown in fig. 2-16. A large vortex is clearly 

seen at the corner of the side wall and the surface. 

2.5-3 Momentum Flux 

Launder and Rodi (1981) recommended that two-dimensionality 

should be judged by close satisfaction of the two-dimensional momentum 

integral equation. They also commented that the near uniformity of 

the flow at different spanwise locations was, on its own, not regarded 

as strong evidence of two-dimensionality. For this purpose, the 

momentum flux ratio M/Mo was calculated at the various X stations. 

M122 
Mo = 

U2b 
fo U2 dy = 

(UM) 
-w, 

fo (um) dy/Yl. (2-2) 
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Ten different modifications were tested. The sketches of these 

modifications are shown in'fig. 2-17. 

At first, three tests were made which concentrated on the first 

part of plane surface. 

(1) A higher wall on the slot casing to reduce separation effect. 

(2) Higher side walls to reduce separation effects. 

(3) Extra side walls to cut off boundary layer developments 

on the side walls. 

These tests showed approximately 7% improvement in momentum flux at 

X= 300mm. This demonstrated the possible improvements in two- 

dimensionality. Further tests were carried out. 

(4) The joints between the surface and the side walls were 

not smooth, so that these were carefully smoothed. 

The result was however surprisingly worse. 

(5) The secondary vortex cut off plates were installed. 

The plates were fixed at Y= 2"YJ and the width was Yj. The plates 

made only slight improvement at X= 300mm, however at further downstream 

stages showed impressive improvement. 

(6) (5) was tested with higher walls. . 

There was no effect on the momentum flux. 

(7) Even higher side walls were tested. 

The result showed remarkable change for the worse. 



25. 

(8) The higher wall on the slot was removed and triangle 

panels were fixed to reduce vortex- effects induced 

by the corners of the high walls and original side wails. 

The result was even worse. 

(9) The vortex cut off plates were removed from (8). 

The momentum flux recovered and slightly better than (5). 

Some further tests were carried out with modification (9). 

The final arrangement consisted of two sets of wings and extended 

side walls. The M/Mo versus some X stations graph with no modification, 

(6), (9) and the final arrangement are shown in fig. 2-18. The values 

of Mo is not exactly U2 xb because of the boundary layers on the 

upper and lower surfaces of the slot. Therefore the values of M/Mo 

should be regarded with this fact. 

2-5-4 Spanwise velocity profiles 

Near uniformity of the flow at different spanwise locations gives- 

some kind of evidence for two-dimensionality, althought it is not 

regarded as strong evidence. 

Spanwise velocity profiles were measured at X= 300mm at Z= 

+150,0 and - 150mm. X= 600mm at Z= +125,0 and - 125mm. These 

are shown in fig. 2-19(A) and 2-19(B) respectively. These measurements 

were made after the two-dimensional improvements which have been 

described in section 2-5-3. 
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At X= 300mm, it can be seen that the mean velocity is within 

1.6% even at the edge of the jet. At X= 600mm, the profiles are 

less uniform than those at X= 300mm. The mean velocity varies 

approximately 5% at half-width of the jet. This is thought to be 

caused by the secondary vortices because these vortices are developed 

rapidly on the curved surface as has been shown in the flow 

visualization photos. 
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FIG. 2-9 GOLD-PLATED HOT-WIRE PROBES AND REPLACEMENT WIRE MAGAZINE 

FIG. 2-10 PROBE SUPPORT 
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FIG. 2-11 SINGLE WIRE, X-WIRE PROBES AND THEIR SUPPORTS 

FIG. 2-12 CAL I[RAIION UNIT AND ADA['TERS 
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CHAPTER 3 MEASUREMENTS 

3-1 Hot-wire measurement and its problems 

At the very first stage of the research work, mean velocity 

measurements by total head tube were considered. There is a divergence 

of opinion about the use of hot-wires for mean velocity meausrements 

because of the calibration drift caused by such as dust accumulation 

on the wire or flow temperature change. These problems are discussed 

later in this chapter. 

Fekete (1963) made a'comparison between velocit} profiles taken 

by hot-wires and by total-static probes on a two-dimensional wall jet 

on the outside of a circular cylinder. This showed considerable 

discrepancy. After a further test, he concluded that velocity measurements 

with hot-wire in highly curved flows were likely to be more accurate 

than those measured by total-static tubes. 

Hot-wires were used, therefore, for all velocity measurements. 

3-1-1 Operation procedure and adjustments 

Operations of the hot-wire anemometer and other instruments were 

made under the instructions of the manufacturer's user's manuals. Some 

extra care was taken to obtain better accuracy. 

'The wire was placed under a microscope and its condition such as 

straightness, weldings and cleanliness were examined. If it found to 

be unacceptable, the wire was cleaned or replaced. The cleaning procedure 
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is described in the next. section. 

The wire resistance was measured at room temperature by the 

anemometer after balancing out the cable and support resistances. The 

overheat ratio was chosen to maintain the wire at an air temperature 

difference of approximately 250°C. 

The anemometer's frequency response adjustment was made by means 

of a square wave test. This test was repeated only when a cleaned or 

new wire was introduced. -- 

In a highly intermittent flow, both D. C. and R. M. S. Voltmeters 

had to be set at long time constants. In order to obtain the time 

response of these meters, some tests were made. An example of D. C. 

Volt meter time response is shown in fig. 3-1. In this example, 1 D. C. 

Voltage was supplied, to the meter and the time and the readings were 

taken with the damping rate No. 3 plus one capacitor. 

3-1-2 Temperature effect 

One of the parameters which effects hot-wire measurement is 

temperature. Temperature change or fluctuation, therefore, causes 

significant error. Bradshaw (1971) showed the effect of fluid 

temperature in his book. In air, 10C temperature change may produce. 

an error of 2% in mean velocity. Thus, it is important to keep the Jet 

temperature constant throughout the run. Since the decision to use 

DISH calibration unit, it is also important to keep the-jet temperature 

equal to the room temperature. The air temperature of the working 

section of the calibration tunnel is approximately equal to the room 
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temperature. The advantage which results from the adjustment to keep 

the jet temperature equal to-the room temperature has less effect from 

the temperature fluctuation. Because the temperature difference between 

jet and entrainment flow is small, there is hardly any temperature 

fluctuation. 

In orderýto make the above conditions possible, some modifictions 

to the test rig were made. 

Originally, the rig-was fitted with asmall heat exchanger. The 

device consisted of several brass tubes in a 4in. diameter duct. The 

tubes were parallel to the flow direction. This comparatively small 

area duct made flow velocity very high. This caused a significant flow 

resistance and also required low cooling water temperature because of 

the low heat transfer rate. The lower cooling water caused a thermal 

contraction which led to water leakage. Therefore, an entirely new ducting 

fitted with a car radiator was designed. 

Even after the new arrangement was introduced, it was found to be 

difficult to keep Jet - temperature' low enough, especially on sunny days. 

The reason thought to be likely was the construction of the laboratory. 

The deck, where the rig was placed, had a kind of prefabricated 

construction. This was built after the laboratory itself had been built. 

Therefore, when the air conditioning system was designed there was no 

allowance for an upper deck. As a result of this fact, the upper deck 

is usually 2°C warmer than the lower floor. Also on a sunny day, there 

is an"extra heat from the tinned roof in the laboratory where there is 

no ceiling resulting even higher temperature on the upper deck. 
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As it was mentioned. above, the temperature on the lower floor 

was constantly lower than the upper deck. On the other hand, the 

outdoor temperature was sometimes found even lower than the lower 

floor. The decision was made to carry out another modification. The 

air intake was placed on the lower floor and air could be taken either 

from the lower floor or outdoor. This was dependent on the temperature 

difference between upper deck, lower floor and outdoor. Another small 

water cooler was also added in the system. 

These series of improvements made for satisfactorily result except 

a very hot sunny day in summer. In this case, experiments had to be 

carried out during the night before dawn. 

All the measurements were taken after at least 15 minutes warm up 

run to stabilize the flow temperature. 

3-1-3 Dust effect 

Dust accumulation on the wire can cause large changes in probe 

calibration and the frequency response. Some detailed investigations 

were carried out by Morrow (1972) and Ma Inez-val, Jimenez& Rebollo 

(1982). 

A change in probe calibration without a change in cold resistance 

is usually caused by a thin layer of dirt on the wire. Large particles 

on, the wire are easily detected by microscope. Relatively large dust, 

say larger than 5 pm, can also easily be removed from the flow by means 

of fabric filters. 
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Smaller particles or fume are, on the other hand, very difficult 

to detect and remove. Even after the temperature problem had been 

solved, there was a considerable calibration drift. The drift was 

as much as 10% only after 30 min. exposure in the flow and varied 

day by day. An example of calibrations is shown-in fig. 3-2. These 

calibrations were made just before and after the wire was exposed in 

the jet. 

Several causes were considered. 

(i) Jet temperature change - this was solved. 

(2) C. T. A. cable resistance out of balance - this was found negligible. 

(3) Atmospheric pressure change - this was negligible. 

(4) C. T. A. or linearizer fault - tests were made to compare other 

systems and found no difference. 

(5) Lack of instruments warm up -a comparison was made with 30 min. 

and 4 hours warm ups and found no difference. 

(6) Cold resistance change for some reason - there was negligible 

change in cold resistance. 

(7) Probe failure for some reason - tests were made with some 

various probes and no difference found. 

(8) Electrical connection failure - all connectors and cables were 

cleaned and checked. There was no failure. 

As the result of these considerations,. only wire contamination could 

cause such a large calibration drift. The probe was cleaned and re- 

calibrated. The results on fig. 3-3 show clear evidence of wire 

contamination. 

The best way of cleaning a wire may be to immerse it in an 
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ultrasonic solvent bath. This method is very effective for the 

most types of probes. Nevertheless, the gold-plated wire probes 

are physically weaker than the others because of its'wider spacing 

between prongs. These types of probes could be damaged while in 

the bath. Wyatt (1953) applied a technique, soaking the wire in a 

solvent liquid and vibrating the container by means of a loud speaker. 

This method could remove 80 to 90% of the dust on the wire. Since 

the present tests required only to detect the cause of the drift, a 

simpler technique was chosen. This was suggested by Lim (1980). 

The probe was soaked in a container filled with trichloroethylene 

for several hours. 

All the ducts were cleaned and filters were replaced with new 

Vokes. Air Filters Ltd. Multi-vee fabric air filters. " However, the 

result showed the same amount of calibration drift. 

Finally, the decision was made to install an electrostatic 

filter. The new ducting was designed and made in the work shop. A 

Sturtevant Unicell type 12W 24H electrostatic filter was installed 

just downstream of the heat exchanger. According to the catalogue, 

it is 
_ able to remove over 95% of atmospheric dirt and other debris 

smaller than 511m compared with 50 to 75% with fabric filters. The 

efficiencies depend on the dust particle size and flow velocity. 

The tests showed remarkable achievement on the calibration drift. 

The probe was exposed in the jet over. three hours; which was needed 

to measure turbulence intensity normal to the flow direction, the 

drift of calibration found to be negligible. 
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3-2 Mean velocity and turbulence intensity 

Mean velocities and turbulence intensities in all X, Y and Z 

directions were taken at following X stations. X= 200 and 300mm on 

the first plane surface, X= 350,400,450 and 500 mm on the 

logarithmic spiral surface, and X= 550,600,700,850 and 95Umm on the 

second plane surface. Z= 25.0mm for all stations to avoid the 

interference of the static tappings which were positioned on the 

centre of the surface. Fig. 3-4 shows the measured stations on the 

surface. 

3-2-1 Instrumentation 

No X-wire probe was used for the measurements. Jerome, Guitton 

and Patel (1971) studied the thermal wake interference between wires. 

In a high turbulence intensity flow, the use of X-wire probe may 

cause significant error. In the present work, the jet is indeed a 

high turbulence intensity flow. Accordingly, the measurements were 

made with a straight and a 45° slanting single wire probes.. 

Fig. 3-5 shows the circuit of amemomemtry system. The error which 

may arise from fluctuating signals due to the non-linearity is,., 

conveniently removed by linearizer. The signal has a relationship 

E= Uce/C (3-1) 

where E is the output signal from the C. T. A. . system, Uce is the 

effective cooling velocity which velocity component is normal to 

the wire in a calibration condition and C is the calibration factor. 
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If the velocity in the calibation tunnel is Uc , the calibration 

factor is 

C= Uce/E = Uc sin O/E (3-2) 

where L Is the angle of the wire to the flow, 900 for straight wire 

probe and 450 for slanting wire probe. 

In linearized operations the following positions and values 

are defined. The positions are shown in fig. 3-6. 

Uc1 = C1 E1 (3-3) 

Uc2 = C2 E2 / sin (3-4) 

u0 = C3 E3 / sin p (3-5) 

Uc4 = C4 E4 / sin (3-6) 

Uc5 = C5 E5 / sin '0r (3-7) 

where subscripts C refer to calibration conditions and numbers denote 

the positions. 

The determination of mean velocities and turbulence intensities 

are from the equations 

U Ucl (3-8) 

Uc3 Uc2 

2 cots (3-9) 

u, 
2A 

= Ecl 
2= 2Z 

e1 C. e1 (3-10) 
1 
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12 
(Eo3). e32 + 

ýE°2ý Ti 
e_ 2u'2 

v=32 (3-11) 
2 cot, ' 

22 
U 

c3). e2 _ 
(Ec21 

. e22 

u'v' =34 cot 
2l (3-12) 

22 

' 

Ec5 
e52 + rEc41 

. e42 -2 u'2 l1\J 
W254 (3-13) 

2 cot 

where small letters denote fluctuating portion of the signal. 

The signal from the, linearizer was fed to the signal conditioner 

in which low-pass filter was set 50 kHZ to cut off high-frequency noise. 

This was followed by the R. M. S. Volt meter where e12 was measured. 

The mean value of the signal E was measured by the DC. volt meter. 

The time constants for DC. and RM. S, volt meters depended on the 

X stations. High frequency response adjustment was made in the, 

calibration tunnel. Usually, two-of the slanting wire probe 

measurements of a velocity component, i. e. E2, E3, e22 and e32 

or E4, E5, e4o2 and e52, were made at the same run to reduce 

possible error. This was done by rotating the probe 90° in its probe 

axis and the Y traverse was-repeated. 

3-2-2 Calibration 

The calibrations of gold-plated wire probes were carried out 

in the DISA calibration tunnel, with DiSA adaptor section and a purpose 
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made adapter section. The flow velocity in the working section, whose 

direction is parallel to the probe axis, was calculated from a reading 

of the static pressure difference APs between nozzle inlet and the 

working section. The working section is located at the throat of 

the nozzle, which is the highest velocity region in the tunnel. The 

velocity U is calculated by the formula 

k-1 

U2 = 
kkl 

.R. To 
[1 

- (1 - 
Po) k1 (3-14) 

where k is the isentropic"exponent of the air and R is the gas 

constant, the values used being k=1.4 and R= 287 (3/kg °k). 

To and Po are absolute temperature and pressure respectively. 

The temperature in the working section varies with the velocity of 

the flow in the section. However, even with the maximum flow velocity 

for the experiments, the difference between the flow and room 

temperature was found to be negligible. 

After the probe was set in position, the variable transformer 

was adjusted to obtain the intended flow velocity. The pressure 

difference Ap was measured by a manometer which could be inclined if 

necessary. The Ap(i. e. velocity)was kept constant. We call this the 

"maximum velocity'for convenience. The linearizer output E was 

adjusted to 10 V. Then, the velocity was reduced to half the maximum 

velocity. If the linearizer output was not 5 V, this is an indication 

of signal non-linearity so that'the exponent of the linearizer was 

re-adjusted. This procedure was repeated until the linearizer output 

became 10 V at the maximum velocity and 5 V'when the half maximum 

velocity was applied. This looked somewhat more complicated and time 

consuming than the procedure described in the instruction manual of 
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of the DISA unit. However, once-the approximate value of exponent 

was discovered, the above procedure was simpler and quicker. 

The probe was next rotated-900 and the maximum velocity was 

applied. If the linearizer output departed from 10 V, this'was the 

indication of the probe misalignment. The probe axis angle to the 

flow direction was checked and the whole procedure was repeated. 

This check was especially important for the slanting wire probe 

calibration because probe misalignment could cause significant error. 

The example of a calibration Is shown in-fig. 3-7(A). This shows 

smoothly linearized signal with the flow velocity. The calibrations 

were made just before and after the measurements. Usually, it took 

one and a half hours for aY direction traverse. This meant it took 

approximately one and a half hours for straight wire probe and three 

hours for slanting wire probe between calibrations. If the discrepancy 

between the calibrations was found unacceptable, the experiment was 

repeated. 

Calibrations for fluctuating velocity components were made prior 

to the measurements. These calibrations were carried out in Lim's 

(1980) rig in the same laboratory. The rig was constructed to 

investigate pipe flows in various upstream profiles produced by 

screens of different shapes. Nevertheless, it is known that in fully 

developed pipe flow, the shear stress is proportional to the radial 

distance from the centre of the pipe. This is expressed by the 

equation 

UTV 

_r U2 =R 
T 
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where UT is the wall'friction velocity, r is the distance from, the 

centre of the'pipe and R is the radius of the pipe which is 4.06in (51.5mm) 

for this rig. In order to bbtäin fully-developed flow, the screens were 

removed after the contraction section of the rig. ` The measurements were 

made at 80 pipe diameters downstream from the contraction with a DISA 

type 55P02 slanted wire probe. The anemometer system and the 

procedures were the same as those described for shear stress measurements. 

The probe was positioned at the centre of the pipe with the 

probe axis parallel to the flow direction. After measurements at 

several r stations the probe was rotated 90 degrees and the measurements 

were repeated. The measurements were made with Reynolds numbers 

between 1.0 x 105 and 2.0 x 105. A typical calibration is shown in 

fig. 3-7(B). The values of the wall friction velocities were taken 

from Lim's measurements. The'measured values are approximately 10% 

lower than the values. of u'7/UT = r/R and almost linear. However, 

when the values are corrected for the hot-wire's directional sensitivity 

and high intensity turbulence, the difference becomes only 2.5%. The 

correction factor used is that which has been calculated by Cuitton 

(1968). 

3-3 Corrections for hot-wire's directional sensitivity 

3-3-1 Introduction 

There may be two sources of measurement error in a hot-wire 

measurement. First, for a wire of finite length, the axial flow 

component develops a boundary layer along the wire giving a change 

in the rate of heat transfer. This is the so-called longitudinal 

cooling effect. Second, the effect caused by the wake of the upstream 
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prong. This is called prong interference. The latter effect was 

extensively studied by Gilmore-(1967). He found a DiSA miniature 

hot-wire probe type 55A25 suffer from prong interference effects. 

However, Guitton (1974) found even with the older type probes, the (after 

effect could be neglected when calculating the former effect. 

The two effects could be combined together for the point of view 

of directional sensitivity of a hot-wire. This can be expressed by 

the equation 

Ue2 = UN + k2UT + h2UBN (3-15) 

where Ue is effective cooling velocity, UN, UT and U61 are velocity 

components normal, tangent and bino. r m al to the wire respectively. 

k and h are directional sensitivity coefficients. The experiments of 

Champagne, Sleicher and Wehrmann (1967) indicated k is primarily a 

function of the aspect ratio of the wire. For gold-plated DiSA type 

55F11 probe which is similar to the type 55P01 probe, k=0.2 and 

h=1.04 were taken by Urgensen (1971). He also took values for non- 

gold plated probe, which was k=0.32 and h=1.08. The error 

resulting for the flow field by neglecting directional sensitivity 

could be considerable. This was shown by AcrivIelliS 
- 

(1978). For 

the present calculations k=0.2 and h=1.05 were chosen. The 

value was also chosen by Cuitton (1968). 

There are several methods to evaluate the velocity components 

UN, UT and UBN. In general, so-called conventional methods expand 

the square root signal in a series. Another way is to rotate probes 

in the direction of a flow axis and measure squared signals at several 
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positions. This new approach was first described by Rodi (1975). 

Acrivlellis (1977) presented tAme averaged velocity vectors and the 

turbulence quantities of the flow field in streamline based co- 

ordinates. He represented the improved method soon after (1978). 

However, the validity of this method is subject to some limitations. 

Bartenwerfer (1979) pointed out some remarks on Acrivlellis's method. 

These methods also require greater number of measurements at a position. 

The present experiments required all three velocity components at 

over 240 points. Thus new methods are not practical. 

In the conventional method, on the other hand, as discussed by 

Heskestad (1965), Champagne and Sleicher (1967), Rose (1962) and 

Guitton (1974), higher order correlations were not negligible. 

Guitton (1968,1974) provided corrections to turbulence stresses 

which were measured in a two-dimensional mean flow of high turbulence 

intensity by means of a linearized hot-wire anemometer including 

higher order correlations. The present study followed his method to 

correct directional sensitivity effects on the hot-wire probes. 

3-3-2 Theory 

The flow considered is two-dimensional and has a single 

dominant direction. The coordinate system is shown in fig. 3-e3. 

The wire is positioned in the X-Y plane for simplification, however, 

it may be positioned arbitrarily. The equation 3-15 can be re-written 

'Uce = UCN(1 + k2cot2 Ac)+ (1 +b sin 
2 Bc) (3-16) 

where Uce is the effective cooling velocity in a calibration condition, 
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U CN is the calibration velocity component normal to the wire, Ac is the 

angle between the wire and instantaneous velocity vector and Bc is the 

angle between instantaneous velocity vector and the plane normal to 

the wire containing the wire and prongs. b is defined as 

b +(h2 - 1) (3-17) 

The relationship between signal and velocity is defined by equations 

3-1 and 3-2. The time dependent signal is given by 

e' dge 
E-U 

(3-18) 

where qe is the instantaneous effective normal velocity component 

which is a function of orthogonal velocity components and the wire 

orientation. The equation 3-18 is now written as 

e' dqe dqe 
EB BCN (1 + k2 Cot Ac) (1 +b sin 

2 Bc) 
(3-19) 

where Ac and Bc are obtainable when V=W=0. It is now possible 

to evaluate dqe by carrying out a series expansion. The details of 

expansion are shown in Guitton's original work. 

It is convenient to express the corrected values in terms of 

coefficients. These are defined by 

Coefficient = 
Corrected value 
Measured value 

E, F, G and H represent the coefficients for u'2, v'2, -urv and 

w'2 respectively. These are 
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m 

(3-23) 

where subscript m denotes measured value. That is the value 

calculated from 3-10 to 3-13 without incorporating any correction 

terms. The wire inclination * is 45°. The value H is based on the 

assumption V=0 because of the complexity of the equation. 

There still are values which are difficult to obtain in practice. 

Some approximations are introduced. 

u'4 
_V 

14 

ýu12)2 (V, 2) 2 

u'2v, 
2 

u'2 . v'2 

v_'2 
2_ 

Ww 
os 

(w 12 )2 

2 

V, 
2. 

w'2 

3 (3-24) 

(3-25) 

(3-26) 
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u2w'2 = u'2. w'2 (3-27) 

u'v'w'2 = uv' . 
'W, 2 (3-28) 

v'w'2 u'w'2 (v'2/u'2)f (3-29) 

The justifications of these approximations are also presented in 

Guitton's original work. 

From these assumptions, equations 3-20 to 3-23 can be reduced 

to forms applicable to the present arrangement where b=0.05, 

° k=0.2 and = 45 

V2 V2 V2 2V u'v' 0.2 V u'v' 
- E=1+ U2 - - 

cl u1m U2 u12 ucl u'm u 

u, v ,2+ 2 vi2 
- m 

2 
(v, 2) 

(3-30) 
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u U2 ,2U2 u m 'cl m 
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The final`-form of the equations now requires third order correlations 

u'v'2 and u'w'2. These quantities were measured at X= 300; 550 

and 700 mm. 

3-3-3 Instrumentation 

An x-wire probe was used for the measurements. The block 

diagram is shown in fig. 3-9. Two sets of anemometer systems were 

used which consisted of main anemometer units, linearizers and 

electronic filters. The signals from the'systems'were fed to the 

correlator. This instrument was used simply as an addition and 

subtraction device. The signals from the instrument output eA"B 
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and eA_ B were v' and u' respectively. It must be mentioned that 

both wire calibration lines have to be identical and this was assured 

by adjusting the linearizers. 

The u' signal was squared by the R. M. S. volt meter which had 

the output of instantaneous value of the squared input signal. 

Finally, both u' and v'2 signals were fed into the turbulence 

processor. The function of this instrument was set°A"B°which 

multiplied two input signals. D. C. mode was selected because the 

signal v'2 had a D. C. component. The output of the turbulence 

processor was measured by D. C. volt meter. The time constant was 

selected at an appropriate value for the measurement. 

3-3-4 Calibration 

Calibrations were made with the original DISA calibration unit. 

The procedure was similar to the gold-plated wire probe calibration 

which was described in 3-2-2. However, unlike the gold-plated wire 

probe calibration, it was necessary to compensate for the increased 

cable resistance introduced by the built in probe support. Each 

calibration, the shorting probe was mounted in the unit support and 

cable resistance was balanced out by adjusting the anemometer's 

potentiometer. The same resistance balancing out procedure with the 

probe support was made for the measurements. High frequency response 

adjustment was not possible in the calibration tunnel because of the 

same reason. This was done in a 7.5 H. P. motor driven tunnel whose 

velocity range could be conveniently controlled for the adjustments. 

As it was mentioned in 3-3-3, the output signals from the linearizers 

were adjusted to give the same level at the maximum velocity. 
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3-4 Correlations 

3-4-1 Types of correlations 

Details of the turbulence structure may be provided by correlations. 

The measurement errors are less sensitive for the correlation coefficient 

than turbulence intensity measurements. Most of the previous work is 

mainly on grid generated turbulence, wakes, boundary layers and 

circular jets. 

Grant (1958) studied wakes, boundary layer and grid generated 

turbulence extensively. Townsend (1970) carried out further work with 

Grant's results and some predictions were made. These works may be 

useful for general interpretation of the correlations. 

For convenience we define the correlation coefficients in the 

form of: - 

u! (0: 0,0,0) uý(T: r1, r2, r3) 
R ij (t: r1, r2, r3) _ (3-34). 

Ju12(0: 
0,0,0) 

Jul2Cr: 
ri, r21r3) 

where i and j denote the velocity components. 1,2 and 3 represent 

u, v and w components respectively. T is the time delay and r is 

the separation between two wires. 

For the present experimental arrangement, there is considerable 

difficulties with the space separation in X direction. Because, on 

the curved surface, the curvature ratio changes every millimeter. 

This may give a considerable change in turbulence characteristics. 

There is also difficulty with traversing the probe in X direction. 
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When the probe is traversed in X direction, Y must be changed to 

keep constant Y/Yf value and the probe angle also adjusted to keep 

the same inclination to the surface. 

One solution is to use auto-correlations. If we assume the 

flow is locally isotropic and the turbulence intensity not extreme the 

relation 

at 
-'ta`x (3-35) 

known as Taylor's hypothesis holds. According to this theory, we 

can put 

rl = U"T (3_36) 

where U is local mean velocity. Therefore, auto-correlations were 

taken instead of r1 separation. Measured, calibrations were 

R11 (T: 0,0,0) 

R22 (r: 0, " 0,0) 

R33 (T: 0,0,0) 

R12 (T: 0,0,0) 

at Y= Yl and 0.7Y} at X= 300 and 550 mm. 

R11 (0: 0,0, r3) 

at Y= Y} at X= 300 and 550 mm. 
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3-4=2 Instrumentation" 

V 

The auto-correlations were made using a single wire probe or a 

X-wire probe. Two sets of the anemometer systems were used. For 

R11(T: 0,0,0) correlations, only one system was needed. For R22 and 

R33 correlations, signals from the systems were fed to the first 

correlator. This instrument was used as an addition and subtraction 

device. The output from eA_ B was either v' or w' depending on the 

probe orientation. For R12 correlation, the turbulence processor was 

used for the multiplication of the outputs eA 
-B and eA 4.13 i. e. 

v' and u' from the first correlator. Now, the signal was fed to the 

time delay unit to filter the signal and to avoid overloading the 

second correlator. Then, the signal was fed to the second correlator. 

After amplification of the two identical signals, they were fed to the 

time delay unit again. This time the signals were sampled and converted 

in pulses. This is because the auto-correlation does not require 

the use-of whole analog signals. It is simpler to sample the signal 

for the desired"time delay. The two outputs from this unit carry a 

sample of the original signal and a sample of delayed signal. The 

time delay was controlled by the sweep drive unit. The output from the 

sweep drive unit is proportional to the time delay. The sweep speed 

and time integral-range of the correlator were calculated using the 

information given in the instruction manual for the DiSA T. C. A. system. 

The time delay range was decided after preliminary tests. The signals 

were back into the second correlator again where correlation coefficient 

was proportional to the output of this device. The output signal was 

fed Co a X-Y recorder Y axis input and also was monitored with a D. C. 

volt meter. The X-Y recorder X axis was controlled by the sweep drive 

unit. Therefore, the record chart now represents a time delay r versus 
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correlation coefficient R curve. The calibration of the X-Y 

recorder was made prior to the measurement with a stabilized D. C. 

voltage generator. The circuit diagram is shown in fig. 3-10. 

For R11(0: 0,0, r3) correlation, the time delay unit was removed 

from the system. For this measurement, two single wire probes were 

used. One probe was fixed at a point and the other was traversed in 

Z direction by a stepper motor which was controlled by the sweep drive 

unit. This unit also drove the X-Y recorder. Therefore the output 

from the sweep drive unit, was proportional to r3. It was impossible 

to bring the two wires to exactly the same position at the same time. 

In order to normalize the correlation, on the other hand, an adjustment 

to balance two signals in the correlator was needed. This was made 

first with one wire at r3 =0 then the other at the same position. 

This adjustment should produce maximum correlation coefficient 

R=1.0 if the wires at the the same point. The same adjustment was 

made with the space-time correlation. R11(0: 0,0, r3) correlation 

arrangement is shown in fig. 3-11. 

The space-time correlations were made also with two single wire 

probes. The signals from the anemometer systems were fed to the time 

delay unit. The rest of the signal process system was identical to 

the auto-correlation arrangement. 

3-4-3 Calibration 

-The calibrations concentrated on the-linearization and, in the 

case where two anemometer systems were involved, to make two signals 

identical at the maximum velocity. The correlations were normalised 

so that the calculation of calibration factors were not required. 
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3-5 Dissipation 

3-5-1 Theory 

To explain the magnitude of the nature and mechanics of 

turbulence, the turbulent kinetic energy balance equation is one 

clear indicator. This equation, for the jet flow considered, may be 

reduced to the approximate relation. 

V+ u-'v' 
äy 

+ 
äy 2 

v, (p + 2) -E=0 (3-37) ZU ä-g 

2-+2 

where the first and second terms are called Convection, the third is 

Production, the fourth is Diffusion and the last is Dissipation. 

All the terms can be measured experimentally. However the diffusion 

term is difficult to measure because of the pressure fluctuation term. 

Usually this term is obtained by difference. Therefore the measurement 

of dissipation term is required. 

The dissipation of turbulence per unit mass is given by 

ui au au 
ev (aXi + 

t)1 

1 
(3-38) 

This equation still requires very complicated measurements. Never- 

theless, for local isotropic flow, this may be reduced to: - 

2 
e= 15v(ä 

x) 
(3-39) 

This simple expression was justified even in a two-dimensional channel 

flow except for the region very close to the wall. This was briefly 

discussed by Hinze (1975). 
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The equation 3-39, Is still far from easy to measure. Once again 

it is assumed the local flow is isotropic and Taylor's hypothesis 

equation 3-29 is introduced. Townsend (1956) used this method at the 

very first stages of turbulent research work. The equation 3-29 is 

reformed to 

a to 
TX' - u5 

Hence au 2_1 
(au 

ax .U2at 
(3-40) 

DISA type 55A06 Random Signal indicator and correlator has a 

differentiator., It can provide the time derivative of the input 

signal multiplied by a selective time constant T. The output from 

the instrument, Cout, is given by the form 

Cout = z2 
at2 

Therefore equation 3-40 can be expressed 

feu )2 
_11 

[tj. 
22 at 

U2 T2 
(Cout) 2 (3-41)' 

" Cout was measured at X= 300 and 550mm at Y=Y. 
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3-5-2 Instrumentation 

A single wire probe was used for this measurement. The single 

channel anemometer system output was fed to the random signal 

indicator/correlator. The output signal was read on the built in meter. 

Prior to the measurements, the calibration of the correlators 

were made by means of a wave generator and an oscilloscope. The 

triangle wave i. e. constant derivative signal from the wave generator 

was fed to the correlators. The derivative of the signal was calculated 

from the reading of the oscilloscope and compared with the reading of 

the correlator. Various frequency signals were tested. Only one of 

the three correlators was found usable. The instrument which was 

found to be most accurate still produced approximately 10% error. 

However, the accuracy of the calibration was concerned, it was 

thought to be acceptable. 

Another concern for the accuracy was the filtering of the input 

signal. The derivative of the input signal was entirely dependent on 

the filtering of the signal. In general, the higher frequency signal 

obviously produces the higher level of derivative. For the present 

measurements, we assumed that the smallest eddy which could be detected 

by the hot-wire probe was decided by the wire dimension. Therefore, 

the low-pass filter was adjusted to cut off the higher frequency than 

the calculated frequency F. This frequency F represented the smallest 

measurable eddy size. The calculation form was given by 

F= U/Z (3-42) 

where U is local mean velocity and t is the wire length. The low- 
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pass filter was set on 25 kHZ'for X= 300mm and 10 kHZ for X= 550mm 

measurements. The arrangement for the measurement of dissipation is 

shown in fig. 3-12. 

3-5-3 Calibration 

The calibrations were made with the original DiSA calibration 

unit. The procedure was similar to the higher turbulence correction 

measurement. It was described in section 3-3-4. It was also necessary 

to compensate the cable resistance because of the use of built in probe 

support of the calibration unit. 

3-6 Experimental procedure - General 

The summary of the Chapter 3 can be made with the description of 

the check list. This was made to reduce simple mistakes. Some 

simple mistakes had been made earlier before the check list was 

introduced. For example, the rig was operated while the electro- 

static filter was left inoperative. The consequence was not only 

the calibration'drift but also dust contamination on the probe. This 

could lead wire cleaning or worst case, wire replacement. 

The experiments were carried out in accordance with the list. 

The procedure could vary with experiments. The general procedure was 

as follows. 

3-6-f Before experiment 

(1) The electrostatic and fabric filter were inspected. If the 
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amount of-dust collected in the filters was, excessive, the 

filters were cleaned. 

(2) The instruments were switched on for warm up for at least, 

30 minutes. 

(3) The traverse device was set in position and at the current 

angle. 

(4) The surface was wiped and cleaned. 

(5) The connection between the static tappings and the multi-tube 

manometer was checked. 

(6) Three single tube manometers zero level adjustments were made. 

(7) Atmospheric pressure and temperature were measured. 

(8) Static pressure difference Ap which decides the initial slot 

velocity was calculated. 

(9) All the instruments were adjusted adequately. 

3-6-2 Calibration 

(1) Screens of the calibration, tunnel were-inspected. If necessary 

they were cleaned. 

(2) The inlet of the tunnel was cleaned. , 
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(3) For gold-plated probes, the probe axis was carefully adjusted 

to parallel to the flow 'direction. 

(4) For non-gold-plated probes, cable resistance balance out was 

made. 

3-6-3 Before starting the rig 

(1) Probe was set in position and distance between the probe and 

the surface was measured. 

(2) For, non-gold-plated probes, cable resistance balance out was 

made. 

(3) Water coolers were turned on. 

(4) Electro static filter was turned on. 

3-6-4 Before meter reading 

(1) Warm up run for at least 15 min. 

(2) Jet temperature was checked and if necessary cooling water 

temperature was readjusted. 

(3) Jet initial slot velocity was checked and if necessary 

readjusted. 

(4) Air or water leak was inspected especially around the slot 

assembly. 



57. 

3-6-5 During measurements 

(1) When probe was traversed to a position, readings were taken 

after the specified time for the meter damping rate. 

(2) Frequent checks were made for jet temperature, slot velocity 

and air or water leak. 

3-6-6 After measurements 

(1) Last measurement was made with Y at Umax position. The 

anemometer's mean and R. M. S. output was compared with the 

readings already taken. If large discrepancy was found, the 

experiment was stopped and repeated. 

(2) Calibration was made. 
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CHAPTER 4 RESULTS AND DISCUSSIONS 

4-1 Mean velocity components 

4-1-1 Velocity profiles 

On the first plane surface, the velocity profiles have been 

measured at X= 200 and 300 mm. The profiles have been non-dimensional- 

ized using the maximum mean velocty Um and half-width Yf at each station. 

The flow situation and definition of symbols are shown in fig. 4-1. 

The notations for turbulence intensity profile are the same for other 

Reynolds stresses. For example the maximum v'2 is written as v'm 

and the distance between the position where OT 
m and the surface is 

written as Ymv" 

Some preliminary measurements showed that the velocity profiles 

measured at the stations closer to the slot than X= 200 mm. varied 

with X. This indicates that the velocity profiles do not reach an 

equilibrium state or become fully developed until X= 200 or X/b = 31.5. 

The profiles measured at X= 200 and 300 mm are in good agreement. 

A comparison with profiles measured by other researchers is made. A 

large number-of studies concerning plane wall jets have been published. 

The various sets of. velocity profiles are in good agreement. The 

profile measured by Guitton (1977) is shown in fig. 4-2 with the 

profile taken at X= 300 mm. These profiles are also in very good 

agreement. 

At X= 350 mm, which is the first measured station on the 

curved surface, the velocity profile differs from the profile on the 
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plane surface. The distance between the maximum velocity position. 

across the jet and the surface, Ym, decreases slightly. The profile 

is thinner than the profile on theplane surface. 

The measured stations on the curved surface are X= 350,400, 

450 and 500 mm. From X= 400 to 500 mm, the profiles this time 

become fuller and Ym increases slightly. From X= 500 to 700 mm the 

shapes of the velocity profiles and Ym remain unchanged. The second 

part of the plane surface begins at X= 523.7 mm. so the shapes of 

the velocity profiles and values of Ym are indications that the flow 

settles into another equilibrium state. However, at X= 850 and 

950 mm, the shapes of the profiles become slightly fuller and Ym 

decreases slightly. The velocity profiles are shown in figs. 4-3(A), 

(B), (C) and (D). The comparison between the velocity profile on 

logarithmic spiral surface (in this and following comparisons, 

curvature parameter k=1 for logarithmic spiral sirface) measured 

by Guitton and the profiles at X =, 450,550 and 950 mm is shown in 

fig. 4-4. 

4-1-2 Growth rate of jet and maximum velocity decay 

The growth rate of half-width Yz Is plotted versus X on fig. 

4-5. The same data which is non-dimensionalized by slot width b is 

re-plotted in fig. 4-6. 

On the plane surface, the growth rate is linear. The comparison 

with'the data measured by Forthmann (1934); Patel (1962), Tailland 

(1967,1970) and Guitton (1970) is shown in Fig. 4-7. The three 

data sets produced by Tailland for different Reynolds numbers 
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Indicate there is a shift of the virtual origin. Here the results 

for Reynolds Number Re= 2.5x 104 closest to the present Reynolds 

number Re = 2.54"x-10 4 
are chosen. Launder and Rodi (1981) 

concluded that the growth rate of half-width on the plane wall jet 

falls within the range 

dxl = 0.073 ± 0.002 (4-1) 

The present experiment shows the rate is 0.069. The value is slightly 

out of range, however, the present experiments are not only for 

the study of the plane wall jet and the plane surface extends only as 

far as X/b = 52.0. The measurements on the plane surface were made 

between X/b = 31.5 and 47.2 so that a small'error in Y} could lead'a 

large error in the rate of growth. 

At the very first station on the curved surface, i. e. X= 350 mm, 

the growth of the Jet remains unchanged from the growth at X= 300mm. 

This is followed by a rapid accelerating growth rate until at the end 

of the curved surface. The local growth rate dY#/dx is approximately 

0.39. ' The growth rate Y}/S is approximately 0.32 where S is the 

distance round the surface from the virtual origin of the curvature. 

The study of the jet on a logarithmic spiral surface by Guitton (1977) 

showed the local growth rate and growth rate to be 0.3 and 0.267 

respectively. 

From the end of the curved surface, the growth rate gradually 

decreases. The rate falls close to that on the first plane surface, 

and it nearly settles to a straight line. 
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The decay of maximum velocity Um versus X is shown in fig. 4-8. 

Fig. 4-9 is non dimensionaliseti form of, the decay of max. velocity. In 

this fig. the velocities are squared. 

On the plane surface, the decay is compared with the results 

taken by others which are shown in fig. 4-10. Although the rate of, 

decay is slightly higher than the others, it is clearly linear and in 

reasonable agreement. 

As was seen in the growth rate of jet width, there is a sudden 

change on the curved surface. This time the maximum velocity increases 

at X= 350mm. Then this is followed by a steady decay rate on the 

curved surface. When the flow reaches the second plane surface, the 

rate of decay slowly decreases. Again it does not settle to a straight 

line. 

4-1-3 Discussions of 4-1 

On the first plane surface, the jet is, when only the mean 

velocity components are concerned, in the equilibrium state, although 

the surface extends only as far, as X/b = 52.0. The velocity profiles, 

the growth rate of Jet, width and the max. velocity decay are in good 

agreement with the results of F&hmann, Patel, Tailland and Guitton. 

This equilibrium state is broken by a sudden change of the surface 

curvature. The-flow soon settles into linear rates of growth of jet 

width and maximum velocity decay. The levels of the rates are higher 

than the rates on the plane surface. However, the velocity profiles 

keep changing their shapes on the curved surface. The sudden change at 
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X= 350mm in the velocity profile, growth rate of jet width and 

maximum velocity decay, may be described by the surface pressure 

change. The pressure is shown in fig. 4-11 where the surface pressure 

Ps is non-dimensionalized as (P,,,. - Ps)/pUm. The sudden drop of the 

pressure at X= 350mm is clearly shown. This drop produces the static 

pressure drop across the jet thus accelerates the flow. This pressure 

change settles soon to a nearly equilibrium state on the curved surface. 

Therefore the growth rate of jet and maximum velocity decay maintain 

the linear rates. The surface pressure starts increasing from 

approximately X= 500mm which is just upstream of the end of the 

curved surface. The rate of pressure rise is not as rapid as that in 

the first change at the beginning of the curved surface. 

On the second plane surface, the rates of the growth of jet 

width and the maximum velocity decay gradually decrease. However, 

unlike on the curved surface, these rates do not settle in to a new 

equilibrium type. This is also true for the surface pressure. 

distribution and velocity profiles on the end of the curved surface 

to the second plane surface. 

The very first study concerning this type of combined surfaces 

was carried out by Simpson (1970). He reported that the velocity 

profiles settled in a new shape and the rate of growth of jet width 

was linear on the second plane surface. However, his measurements 

were made by total head and static tubes and did not concern the V 

component. Also his rig had the slot aspect ratio of 72 compared with 

146 for the present rig. Therefore his report should be treated with 

some caution. 
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The reason for this non-equilibrium ending of. the jet is not 

clear. However, it may be caused by a lack of two-dimensionality or 

the second part of plane surface is not long enough for a new 

equilibrium state to be developed. No further study was made concerning 

this matter, since the extent of the rig is limited and the local flow 

velocities in these regions, are difficult to measure with acceptable 

accuracy. 

4-2 Fluctuating velocity components 

4-2-1 Longitudinal turbulence component u'2 

The longitudinal turbulent intensity profiles are shown in figs. 

4-12(A), (B), (C) and (D). The turbulent intensities have been non- 

dimensionalised by the maximum velocity Um. Fig. 4-12(A) clearly 

shows two profiles on the plane surface at X= 200 and 300mm are in 

good agreement. These profiles are compared with the profiles measured 

by Tailland, Wilson and Goldstein and Guitton in Fig. 4-13. The circles 

represent measured values and squares represent the values which are 

corrected for high intensity turbulence with the response of the hot- 

wire. The level of the turbulent intensity is similar to the measurements 

of Wilson and Goldstein. The shape of the profile is in reasonable 

agreement with Cuitton's data. The level of the intensity, however, is 

approximately 19% and 23% higher than the measurement of Guitton when 

the correction is not and is applied respectively. 

At X= 350mm, there is a sudden change in both the level and the 

shape of the turbulent intensity profile. In order to see the levels 

of the intensity against X, the maximum value of turbulent intensities 

um and their positions at each station are plotted against-X in fig. 4-14. 
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There is a sudden decrease in the level of the turbulence at 

X= 350mm. This is followed by a rapid increase in the level which 

stops at X= 550mm. Then, the level gradually decreases. At X= 550mm 

the maximum turbulence level is 2.5 times higher than the maximum 

level on the plane surface. This maximum turbulence level is also 

50% higher than the turbulence level measured on the logarithmic 

spiral surface by Guitton and 64% higher when correction is applied. 

The distance between the maximum value u'm and the surface which 

is Ymu becomes closer to the surface on the curved surface. This 

movement is also observed for the jet On a circular cylinder. After 

X= 550mm i. e. on the second plane surface, the Ymu become larger. 

There are increases in turbulence intensities close to the surface 

I. e. Y/YI < 0.1. These are seen in figs. 4-12(A), (0), (C) and (U), 

however, this tendency is not clear at X= 550 and 600mm. 

4-2-2 Lateral turbulence component v'2 

The lateral turbulent intensity profiles are shown in figs. 

4-15 (A), (B), (C) and (D). Fig. 4-15(A) clearly shows the profiles 

taken on the plane surface at X= 200 and 300mm are in good agreement. 

The comparison with the profiles measured by others is shown in fig. 4-16. 

There is more variation of V'2 in the reported profiles than the 

longitudinal turbulence intensity. The measurements made by Tailland 

show considerably higher levels of v'2 component so that the 

measurement made by Alcaraz who is from the same laboratory is presented 

instead. Large variations both in levels and the shape of the profiles 

are seen in the fig. The profile of the present measurement is similar 

to , Guitton's measurement: however the levels of the turbulence are 

27% and 57%, when corrected, higher than his measurements. On the other 



65. 

hand the level of the measured profile is almost the same as Wilson 

and Goldstein's measurements: The level of the corrected values is 

similar to the measurement of Alcaraz. 

The maximum values vm2 and their positions are plotted against 

X. This is shown in fig. 4-17. The figure shows a sudden increase 

in the level of turbulence intensity at the beginning of the curved 

surface i. e. X= 350mm. vm2 reaches maximum at X= 550mm. The 

level is 4.6 times higher than the level of the plane surface. The 

levels are 25% and 68%, when corrected, higher than the level measured 

by Guitton on the logarithmic spiral surface. The level of vm2 

gradually decreases from X= 550mm towards the end of the surface. 

The values of Ymv change with similar manner as Ymu' 

4-2-3 Lateral turbulence component w'2 

The lateral turbulent intensity w'2 varies with X. 
. 
The 

profiles are shown in figs. 4-18(A), (B), (C) and (D). On the plane 

surface the profiles at X =, 200 and 300 mm agree reasonably well in 

the outer part of the jet. wm2 and their positions, are plotted 

against X in fig. 4-19. The tendency which has been observed in um2 

and vm2 is also seen in the case of wm2 . The maximum wm2 is 

seen at X= 550mm and 3.4 times higher than on the plane surface. 

The levels are also 70% and 230%, when corrected, higher than the 

measurements made by Cuitton on the log. spiral surface. 
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4-2-4 Turbulent shear stress u'v' 

The profiles of turbulent shear stress are shown in figs. 

4-20(A), (B), (C) and (D). Once again the two profiles taken on the 

plane surface are in good agreement. The comparison with the profiles 

measured by others is shown in fig. 4-21. The shape of the profile is 

similar to the profile measured by Tailland. The'level is 5% lower 

and 10%, when corrected, higher than the level measured by Guitton. 

The maximum values u'v'm and their positions are plotted 

against X in fig. 4-22. The result is also very similar to the figs. 

for um2 , vm2 and wm2 . The maximum u'vm is at X= 550mm. The 

levels are 30% and 67%, when corrected, higher than the measurements 

on the log. spiral surface by Cuitton. The position where u'v' =0 

is also shown in fig. 4-22. The position becomes closer to the 

surface for X= 350 to 450mm. This tendency can also be observed 

for the jet on a circular cylinder. The position becomes closest- 

from the surface at X'= 450mm where is still the middle of the 

curved surface. The position moves away from the surface from X= 450 . 

to 600mm. This is followed by a very slow inward movement towards the 

end of the second plane surface. 

4-2-5 Turbulent kinetic energy k 

The turbulent kinetic energy k is defined by the equation 

.k= 
ß(u'2 + v, 

2 
+ w'2) (4-2) 

I. e. the half the sum of the normal stresses. 
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On the plane surface, the profiles taken at X= 200 and 300mm 

agree reasonably well. The profile is shown in fig. 4-23 with the 

profiles measured by Alcaraz, Wilson and Guitton. The profile is 

similar to Guitton's measurement however the levels are 8% and 28%, 

when corrected, higher than his profile. 

The maximum values km and their positions are plotted against X 

in fig. 4-24. The shape of this figure is-similar to the shapes which 

have been observed in the cases of u'2 , v'2 , w'2 and u'v'. 
mmmm 

On the curved surface from X= 400 to 550mm, there is a rapid increase 

in the level of k which reaches its maximum value at X= 550mm. The 

maximum level is 3.2 times higher than on the plane surface and 

42% and 83%, when corrected, higher than the level measured by. Guitton 

on the log. spiral surface. A comparison is made with the corrected k 

profiles on the plane, curved and second plane surfaces and the profiles 

on the plane and log. spiral surfaces measured by Guitton. This is 

shown in fig. 4-25. The figure shows that the profiles are in good 

agreement, however, the levels are higher than the Guitton's data. 

4-2-6 Discussion of 4-2 

The similarity of the profiles of the non-dimensionälised 

normal stresses u'2, v'2 and w'2 and the shear stress u'v' 

distributions at X= 200 and 300mm on the plane surface clearly 

indicates the flow is self-preserving. This confirms the results 

from the mean velocity components which have been discussed in the 

former section. The levels of the stresses on the plane surface, except 

the uncorrected shear stress are all higher than the stresses measured 

by Guitton. However, the comparisons with the measurements made by 
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Tailland, Wilson, Wilson and Goldstein, and Alcaraz are in reasonably 

good agreement. 

The first measured station on the curved surface at X= 350mm, 

there are sudden changes in the turbulence intensities as well as the 

profiles. The decrease in um2 can also be explained by the static 

pressure changes. The drop of the static pressure across the jet 

causes the flow to accelerate thus reducing the longitudinal turbulent 

level. This acceleration affects only the longitudinal turbulent intensity 

because the direction of'the mean flow is most affected by the static 

pressure change. The level of the other stresses i. e. v'2 9 w12 and 

u'v' start increasing at X= 350mm. 

The stresses reach their maximum values at X= 550mm. The 

levels of the stresses vary 2.5 times for the case of u'2 to 4.6 

times for the case of v'2 higher than the levels on the plane surface. 

From X= 550mm the levels of the stresses decrease to the final measured 

station X= 950mm where the levels are still falling. Therefore, 

unlike the results of mean velocity components, the flow does not 

reach the equilibrium state on the curved surface. On the second 

plane surface, both mean velocity components and fluctuating velocity 

components indicate that the flow does not reach the equilibrium stage. 

The positions of the maximum stresses in the profiles become 

closer to the surface when the curved surface begins. The positions 

reach closest to the surface at the end of the curved surface, i. e. 

X= 550mm. On the second plane surface, the positions gradually move 

towards the outside of the jet. The positions vary with the components. 
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In the profiles of u'2 and w'2 across the jet, there is a 

clear sign of increase in the. levels of the stresses in the region 

close to the surface. In boundary layer the intensities of u'2 and w'2 

components increase in the area close to the surface. Therefore the 

22 increase in the level of u': and w' very close to the surface can be 

explained by this fact. The positions of the lowest turbulence 

intensities just outside of the increase which has been explained above 

may be the interfaces between outer and inner portions of the jet. It 

may be mentioned that the size of the increase in w'2 component near 

the surface is larger than the u'2 component. This may be caused by 

an extra effect by vortices similar to C rtler vortices whose axis are 

parallel to the streamwise direction. 

The magnitude of increase in v'2 and w'2 compared with u'2 due 

to curvature is shown in fig. 4-26. The maximum ratios in each station 

(u'2 / v'2)m and (u'2 / w, 
2 )m are plotted against X. (u'2 / v12)m and 

(u'2 / w'2)m are the maximum value of u'2 /_v'2 and u'2 / w'2 in the 

outer part of the jet. Because the region close to the surface the 

v'2 component is restricted by the presence of the solid boundary thus 

the level of the intensity becomes lower, as it approaches the surface. 

The u'2 component is, on the other hand, higher near the surface as 

It is seen in the case of boundary layer. Therefore, the ratio 

u'2 / v'2 has the highest value in the region very close to the 

surface. The profiles of the ratio are shown in fig. 4-27. The 

intensities u'2 and v'2 are corrected for high intensity turbulence. 

In fig. 4-26 a sudden increase in the level of the v'2 component 

at the beginning of the curved surface is clearly seen. The ratio 

reaches the minimum value at X= 400, then gradually increases towards 
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the end of the surface. The level of the ratio is compared with 

Cuitton's data in fig. 4-27. The level of the ratio on the plane 

surface differs from his result. This is because of the higher level 

of measured v'2 component compared with his measurement. However, at 

X= 550mm the level of the ratio agrees well with the measurement on 

the logarithmic spiral surface by Guitton. 

t 
The ralo of the turbulent shear stress and the turbulent kinetic 

energy u'v'/k across the jet is shown in fig. 4-28. The values are 

also corrected for high intensity turbulence. Guitton reported that 

the ratio is insensitive to curvature within the accuracy of the 

measurements. However, the present measurements show that the ratio 

varies with X except on the plane surface. 

4-3 Corrections for hot-wire's directional sensitivity 

The high intensity turbulence effects on the response of hot- 

wires have been discussed in the former chapter. The necessity of 

measurements of higher order correlations has been pointed out in the 

chapter. The measurements of u'v'2 and u'w'2 were made on the plane 

surface at X= 300mm, at the end of the curved surface at X= 550mm 

and on the second plane surface at X= 700mm. The measured values have 

been calculated with the other measured velocity components. The 

final form of the corrections are expressed by the coefficients 

Coefficient Corrected value 
Measured value 

where E, F, C and H represent the correction coefficients for u'2 

v'2, u'v' and w'2 respectively. 
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The results are shown in figs. 4-29(A), (B), (C) and (D). All 

the coefficients are large at"the outer part of the jet except in the 

case of F. These coefficients at the outer part of the jet are suspect 

because the flow is intermittent and the intensities become large so 

that it is necessary to include even higher order correlations. 

Generally the coefficients at X= 300mm are the smallest and at X= 550mm 

are the largest. At X= 700mm, the coefficients fall between those two. 

The corrections for u'2 are relatively small. The coefficients 

at X= 550mm almost coincide the coefficients. at X= 700mm. The 

corrections for v'2 are large especially at X= 550mm. It is 

plausible that the intensity of v'2 increases on the curved surface, 

thus the values of F at X= 550mm are much higher than at X= 300 or 

700mm. This tendency is also observed for the corrections for u'v' 

The values of C at X= 550mm are much higher than the other two 

measured stations. The. corrections for w'2 is the largest. The 

coefficients at X= 300 and 700mm do not differ much. The calculations 

of H is based on the assumption V=0 because of the complexity-of the 

calculation. Therefore, the corrections for w'2 should be regarded 

with some uncertainties. 

The coefficients E, F and H at X= 300mm on the plane-surface - 

have similar profiles to the results-made by Guitton on the plane wall 

jet, although the levels are much higher than his results. The 

coefficients G have different shapes from Guitton's result. On the- 

curved and second plane surfaces, the coefficients across the jet have 

similar profiles to the results made by Guitton. The higher levels of 

coefficients may be due to the higher levels of measured turbulent 

stresses than the values measured by Guitton. 
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The corrected and uncorrected turbulent stresses across-the jet 

are shown in figs. 4-30 to 33: The squares represent corrected 'values 

and triangles represent uncorrected values. 

4-4 Correlations 

All the auto-correlations have been non-dimensionalized by local 

mean velocity U and half-width Y+. R11(0; 0,0, r3) correlations have 

been non-dimensionalized by Y4. There are some arguments about the use 

of U when normalizing auto-correlations. -These will be discussed later. 

The abscissas in the correlograms r. U/YF or r/Y} will be written r' 

for convenience. The ordinates are written Rif. 

4-4-1 On the plane surface 

R11(T; 0,0,0)1.0 
and 0.7 correlations on the plane surface at 

X= 300mm are shown in fig. 4-34(A). The solid line and broken line 

represent the correlations taken at Y/Yf = 1.0 and 0.7 respectively. 

Also the subscripts 1.0 and 0.7, e. g. R1°1(1: 0,0,0)1.0 , indicate the 

positions Y/Y# where the measurements have been made. The two 

correlations are in reasonable agreement. The most notable point is 

that the correlations have negative values. ' In isotropic, homogeneous 

and most inhomogeneous flows, there are no negative values in 

R11(T: 0,0,0) or R11(O: r1,0,0) correlations, 'althought there is no 

mathematical reason why these should be all positive. The curves change 

sign at r' = 2.1 and 2.6 and the minimum values are approximately 

R11 =' -0.05 and - 0.06 at Y/Yf = 1.0 and 0: 7 respectively. 

R22(T: 0,0,0)1.0 
and 0.7 correlations are shown in fig. 4-34(C). 
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The correlations at Y/YJ 1.0 and 0.7 are in good agreement. 

The values also become negative at r' = 1.0. The minimum value is 

approximately R22 = -0.06. 

R33(r: 0,0,0)1.0 
and 0.7 correlations are sho%n in fig. 4-34(D). 

The correlations are again in reasonable agreement. The R33(r) 

correlations are also in reasonable agreement with R22(T) correlations. 

The transverse correlation, R11(0: 0,0, r3)1.0 is measured at 

Y/YJ = 1.0 and this is shown in fig. 4-34(B). The correlation becomes 

negative at r' = 0.55 and has a large negative loop. The minimum 

value reaches Rll = -0.15. 

The shear stress correlations R12(T: 0,0,0)1.0 
and 0.7' are 

shown in fig. 4-35(A). Two correlations are almost identical. The 

value of correlation becomes negative at r' = 0.6 and the minimum 

value is R12 = -0.03. 

In isotropic turbulence, the correlation can be divided by 

longitudinal and transverse correlations. The longitudinal correlation 

f(r) has the velocity components parallel to the separation r of hot- 

wires. In the case of auto-correlation, the separation is parallel to 

the mean flow direction, i. e. approximately X direction. When the 

velocity components are at right angle to the separation, it is the 

transverse correlation g(r). In the initial isotropic turbulence, the 

longitudinal correlation has the form 

f(r) = e_r/Lf (4-3) 

and the transverse correlation has the form 
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r 
g(r) _ Ll-) e 

ýf (4-4) 

where Lf is the longitudinal integral length scale. This scale is 

defined by 

00 
Lf_ 

fo f(r) dr (4-5) 

The correlations which have been presented show that. the flow is 

far from isotropic. For example, the. R11(i: 0,0,0)11.0 correlation, 

which is the longitudinal correlation, has negative values. However 

the longitudinal correlation form 4-3 does not have negative values. 

Therefore it is not possible to fit the measured correlations into 

the isotropic correlation forms. Attempts have been made to fit the 

measured correlations into the modified forms which have two more 

constants. The forms are 

f(r) =a e-r/Lf -b (4-6) 

for the longitudinal correlations and 

g(r) =a (1 - 
4)e-r/Lf 

-b (4-7) 
Lf 

for the transverse correlations. a and b are the constants. These 

approximations are well fitted to the measured correlations except at 

the region of small values of r' where only small eddies contribute 

to the correlations. The small eddies do not contribute much to the . 

kinetic energy therefore it is more important to fit the curves at 

large values of r'. The results are shown, in table 4-1. The table 

also present the values of r' where Rid =0 and Raj = min., the 

measured integral scales and their non-dimensionalized values. 
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The integral scales from the auto-correlations, however, are 

in doubt when they are compared with the scales obtained from space 

correlations. Because the normalization of r' is based on the Taylor's 

"frozen" flow hypothesis and the validity of this hypothesis is on the 

assumpations that the flow is locally isotropic and that the turbulent 

intensities are not high. The turbulence flow pattern may be convected 

by convection velocity Uc instead of local mean velocity U. Wygnanski 

and Fiedler (1969), for example, successfully obtained convection 

velocities which made the difference between auto-correlations and 

space correlations very small. Some problems arise, however, from this 

theory. There are two or more ways to define convection velocities. 

The small-scale motion may be convected faster than the large-scale 

motion and so convection velocities may depend on the size of the eddies. 

The relative comparisons between auto-correlations are not affected by 

these facts. However the comparison between auto-correlations and the 

R11(0; 0,0, r3) correlations should be treated with some allowances. The 

convection velocity at Y/Y+ = 1.0 has been obtained for a reference 

purpose. 

The space-time correlations are shown in fig. 4-36. The 

separations are 5,10,15,20 and 30mm from the X= 300mm station. The 

last station is therefore at the very end of the plane surface. The 

iso-correlation curves are obtained from this figure which is shown in 

fig. 4-37. If the pattern of turbulence is of the "frozen" type, this 

figure should consist of straight lines. The average convection velocities 

can be defined from the conditions 

3R (4-8) 
ar 

aR0 (4-9) 
ar 
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where R is the correlation coefficient, r is the separation, and T 

is the time delay. Two convection velocities tend to the same value 

in this figure. Therefore the convection velocity which represents 

all sizes of eddies and time averaged is Uc = 17.3 m/s. This is 

approximately 12% higher than the local mean flow velocity. 

This value has been compared with the calculated value. 

Wygnanski and Fiedler (1970) calculated the convection velocity from 

a transformation from temporal to spatial derivatives. This is given by: 

a u' 
2a 

iJ' 
22U, 2 

V, 
2 

w' 
2 

Cat) axý 
U 1+ 2+22+2 

(4-10) 
UUU 

The equation is based on the assumptions of isotropy and the independence 

of the large and small scale eddies. The above equation defines the 

convection velocity as 

u= U2 + u'2 + 2v'2 + w'2 (4-11) 

The calculated convection velocity is Uc = 18.1 m/s which is only 

4.6% higher than the measured one. Because of the uncertainties in 

the definition of the convection velocity, this difference is considered 

to be relatively small. 

If it is assumed that the turbulence pattern is convected by the 

convection velocity, the itegral length scale is Lf = 9.69mm and non- 

dimen. sionalized, the scale is Lf/Y = 0.431 compared with the values 

8.68mm and 0.386 respectively when obtained from the local mean velocity. 

The ratio of longitudinal and transverse scales is Lf/Lg = 4.85 compared 
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with 4.34. Such a large value in the ratio is caused by the large 

negative loop in the R1l(0: O, 4, r3) correlation. 

The negative values in R11(T: 0,0,0), R22(T: 0,0,0), R33(T: 0,0,0) 

and_R11(0; 0,0, r3) correlations may be explained by mixing jet type 

large scale motion which has been suggested by Grant (1958). The strong 

negative loops in R11(0: 0,0, r3) and R33(r, 0,0,0) can be, caused by an 

array of large eddies whose axis in the Y-direction. However, from this 

theory, it is difficult to explain why the R11(0: 0,0, r3) negative loop 

is more noticeable than the R11(T: 0,0,0) one. The minimum value in 

R11(0: 0,0, r3) is twice the value of R11(T: 0,0,0) correlation. Bradshaw, 

Ferriss and Johnson (1964). considered that this difference, in correlations 

in the mixing layer in the round jet, was caused by the Y-direction 

velocity component rather than the Z-direction velocity component. 

This Y-direction motion was thought to be a mixing-jet, type motion which 

is in the X-Y plane. From the discussion in the former section it is 

appropriate to expect a similarity with the plane wall jet and the free 

jet. Therefore we consider that the outer portion of the jet on the 

plane surface has a similar structure to the free jet and follow their 

approach. 

If the mixing jet, type motion does exist in the outer portion 

of the jet, it is expected that R11(0: 0,0, r3) should have a more 

moticeable negative loop than that of R11(T: 0,0,0). 

When the mixing jet arrives at the measured point, it has a u' 

velocity component different from the one outside the, mixing Jet 

The negative loop in the correlation which has the separation, In the Z- 

direction is stronger if the mixing jet has a finite width. Because the 
-, - 
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correlations are time averaged values, the R11(T: 0,0,0) correlations 

cannot clearly show the motion since it has random frequencies and sizes, 

unlike the correlations R11(0: 0,0, r3) which correlates the u' velocity 

components between inside and outside of a finite width motion. 

Another support for this is the R11(0: 0,0, r3) correlation which has 

no sign of periodicity. If there is an array of eddies with the axis in the 

Y-direction, the correlation should have a kind of periodicity. There 

are also no signs of periodicity in the R11(T: 0,0,0), R22(T: 0,0,0) 

and R33(T: 0,0,0). However, because of the slow recovery of the 

negative values in the correlations with large T and the scatter of 

the signals, it is not certain whether there are periodicities or not. 

The similar magnitudes of the negative values In R11(T: 0,0,0) and 

R22(r: 0,0,0) correlations indicate a strong connection between them 

which cannot be explained by the array of eddies with axis in the Y- 

direction. Because In the case of the above eddies there should be no 

connection between u' and v' components, while on the other hand there 

should be connections between R33(r: 0,0,0) and R11(0: 0,0, r3), of which 

there is no sign. 

There are approximately the same level of negative values at Y/Y} 

= 1.0 and 0.7 in the R11(r: 0,0,0), R22(T: 0,0,0) and R33(T: 0,0,0) 

correlations. However, the positions of the minimum values vary 

except for the R22(T: 0,0,0) correlations. The positions of the 

minimum correlations take a larger value of T at Y/Y# = 0.7 than at 

1.0. This may be evidence that although the strength of the mixing 

jets is the same at both points, at Y/YJ = 1.0 the position is 

relatively outside of the mixing jets region because the minimum 

correlations appear at smaller values of T than is the case at 

Y/Y1 = 0.7. Thereföre the distance between the boundaries of a mixing 
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Y/ Yl/2 

1.0 

0.7 

jet in a X-direction is smaller-at Y/YJ = 1.0 (see sketch). The 

correlations measured at Y/Y+ = 1.0 and 0.7 show only slight differences. 

If the mixing jet type motion Is large in size or relatively weak in 

strength then the difference between the correlations is expected to 

be large. Another fact is that from the similarity between R22(T: 0,0,0) 

and R33(z: 0,0,0) correlations there is a kind of homogeneity. in X-Y 

plane. Therefore the author's view is that although there is evidence 

for the existence of a mixing jet type motion, it is not as strong or 

as clear as the motion in the free jet. It is very difficult to obtain 

sufficient data to see the details of such structures from statistical 

measurements unless the motion is very strong. 

The R12(T: 0,0,0) correlations are almost identical. This confirms 

the homogeneity of the flow. The integral scale of this correlation 

Is approximately 2.18(mm). The ratios are 0.250 and 0.276 of the integral 

scale of R11(T: 0,0,0)1.0 
and 0.7 respectively. From this, and. the 
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correlogram it is thought that the frequency ranges in the shear stress 

spectra are narrower than those of normal stresses spectra. 

4-4-2 On the curved surface 

R11(T: 0,0,0)1.0 
and 0.7 correlations on the curved surface at 

X= 550mm are shown in fig. 4-38(A). Two curves which have been 

measured at Y/Y+ = 1.0 and 0.7 differ-at large r'. The correlations 

have negative values and change sign at r', = 0.90 and 1.15... The 

minimum values are R1, ý= -0.09 and - 0.06. 

R22(T: 0,0,0)1.0 
and 0.7 correlations are shown in fig. 4-38(C). 

There is a clear difference between the correlations measured at 

Y/YJ = 1.0 and 0.7. The correlations change sign at r' = 0.75 and _., 
0.83. 

The minimum values are R1 = -0.10 and - 0.06. 

R33(T: 0,0,0)1.0 
and 0.7 correlations, on the other hand, are in 

good agreement except at very large r'. The correlations change sign 

at r' = 0.65 and the minimum value is Rij = -0.06. These, are shown in 

fig. 6-38(D). 

The transverse correlation R11(0: 0,0, r3)1.0 is shown in fig. 6-38(B). 

The curve changes sign at r', = 0.4 and the minimum value is R1 = -0.11. 

- The shear stress correlations. R12(T: 0,0,0)1.0 
and 0.7 are shown 

in fig. 6-35(B). The correlations are in reasonable agreement. The 

curves change sign at r', = 0.18. The minimum values are Ri, = -0.01 

and - 0.02. 
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, The space-time correlations are shown in fig. 4-39. From this 

figure iso-correlation curves are plotted which are shown in fig. 4-40. 

The separations between the hot-wires are 10,20,35,50 and 80 mm. 

Therefore the positions are not actually on the curved-surface. -The 

convection velocity at Y/Y} = 1.0 is obtained by the same method as 

has been described before. The measured and calculated convection 

velocities are Uc = 8.4 and 9.5 m/s respectively. The calculated value 

is 13% higher than the measured value. This figure is large even when 

the accuracies and difficulties of the definition and the measurement 

are taken into account. ' This may be the departure from the assumption 

which is required by the equation 4-10 to calculate the convection 

velocity. 

The correlations indicate that the flow is further from isotropic 

than the flow on the plane surface. Therefore, again the equations 

4-6 and 4-7 have been used to approximate the measured correlations. 

The results are shown in table 4-1. 

The integral length scales are Lf = 12.9 and 15.4mm at Y/Y} 

1.0 and 0.7 respectively when calculated from the local'mean velocity. 

The non-dimensionalized scales are Lf/Y+ = 0.137 and 0.164. These 

figures become Lf = 14.6 and Lf/Yf = 0.155 at Y/Y} = 1.0 when 

calculated from the convection velocity. The ratio of longitudinal 

and transverse scales is Lf/Lg = 1.60 and 1.83 when calculated from 

local mean velocity and convection velocity respectively. 

The negative loops in the correlations R1l(T: 0,0,0), R22(T: 0,0,0), 

R33(T: 0,0,0) and R11(0: 0,0, r3) can also be explained by the mixing jet 

type motion. The support for this is the similar levels of negative 
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values in R11(T: 0,0,0)1.0, R22(r: 0,0,0)1.0. It suggests, therefore, 

a, strong relation between the correlations. This relation can only be 

explained by the mixing jet motion. Because if there is an array of 

eddies with axis in Y-direction, there should be a relation between the 

R33(z: 0,0,0) and R11(0: 0,0, r3) correlations. The level of the negative 

loop in R33(T: 0,0,0)1.0 correlation is clearly lower than that of the 

R11(0: 0,0, r3) correlation. The negative loop In R 11 
(0: 0,0, r 3)1.0 

correlation is less noticeable than the correlation on the plane surface. 

This may be the indication either that the strength of the mixing 

jets become weaker or that the variation of the width of the mixing jets 

in Z-direction become wider. The former suggestion is the more difficult 

to justify because the level of the negative loops in the correlations 

become larger than the correlations on the plane surface. One another 

support for the existence of mixing jet type motion is that there seem 

to be periodicities in R22(r: 0,0,0)1.0 
and 0.7 correlations. Because 

of the extreme intermittency of the flow, it is very difficult to obtain 

smooth correlation curves at large r'. Therefore there is no definite 

sign of periodicities; however, from the profiles of-the correlations 

R22(i: 0,0,0) 
1.0 and 0.7 

it is likely that the correlations have 

periodicities. If there are periodicities in R22(T: 0,0,0) correlations, 

it may be strong support for the existence of an array of eddies with 

axis in the Z-direction introduced by the mixing jets motion. 

The positions, i. e. values of r', of minimum values in the 

correlations at Y/Y+ = 0.7 are larger than the r' in the correlations 

at Y/Y# = 1.0. This trend is clearer than the corresponding trend on 

the plane surface. This indicates that the size of the motion relative 

to the half-wdith Y become smaller at X= 550mm than X= 300mm , because 

the differences between the values of r' at minimum correlations measured 
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at Y/Yj = 1.0 and 0.7 are larger on the curved surface, as shown in the 

sketch. This will be discussed in the later section. 

The integral scales of R12(T: 0,0,0)1.0 
and 0.7 correlations are 

again much smaller than the scale of R11(r: 0,0,0)1.0 
and 0.7 correlations. 

The ratios are 0.210 and 0.138 respectively. The two correlations 

differ slightly. 

4-4-3 Comparisons of correlations on the plane and the curved surfaces 

There are obvious structure changes in the flows on the plane and 

curved surfaces. First of all, on the plane surface, there is a kind 

of homogenity in the X-Y plane, however, on the curved surface, there 

is no sign of homogenity in the correlations. This fact on the curved 

surface has been confirmed by the difference between measured and 

calculated convection velocities. The measured correlations show an 

increase in the longitudinal integral length scale Lf on the curved 

surface. However the non-dimensional scale Lf/Y} decreases. This 

tendency is also clearly seen from the values of r' where the correlation 

curves change sign to negative. 
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The ratios, i. e. the integral scales on the plane surface are 

divided by those on the curved surface, are 0.673 and 0.510 at Y/Y# = 1.0 

and 0.7 respectively. The non-dimensional scale ratios are 2.82 and 2.13. 

The integral length scale represents the large scale motion therefore it 

is appropriate to seek a reason from the largest scale eddies in the 

flow. The increase in integral scales with dimension at X= 550mm shows 

the large scale motions are greater in size. The decrease in non- 

dimensional scale, on the other hand, shows the scales relative to 

the jet width Y"J are smaller. Therefore the largest scale eddies, or 

possibly the mixing jet type motions which contribute mainly to the 

correlations, become relatively smaller on the curved'surface for 

some reason. 

The dissipation length scales X at Y/YJ = 1.0 at X= 300 and 

X= 550mm are 1.42 and 2.26mm respectively. These scales are calculated 

from the corrected turbulence energy balances which will be discussed in 

the later section. Because of the uncertainty of the filtering of 

the signals, the corrected values are used here. - The dissipation 

length is defined as 

11 
7U, 

12 
72 ax 

(4-12) -"ý 

The dissipation is defined as 

15v äX (4-13) 

From the values of the corrected dissipation curves, the dissipation 

scales have been calculated. -The non-dimensional dissipation scales 
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X/Y1 are 0.0631 and 0.0240 at X= 300 and 550mm respectively. The 

ratios, i. e. the scales on the plane surface divided by the scales on 

the curved surface, are 0.628 and 2.63 when dimensioned and when made 

non-dimensioned respectively. These values are very similar to the 

values for the integral length scales. It may be suggested that the 

range of the eddy sizes on both surfaces are, when non-dimensionalized, 

approximately the same. On the other hand the non-dimensionalized eddy 

sizes, which mainly contribute to the correlations, become smaller on 

the curved surface. 

This is only true for the longitudinal correlations. The lateral 

integral scales Lg from R11'(0: 0,0, r3) correlations at Y/Y# = 1.0 are 

2.0 and 8.0mm on the plane surface and the curved surface respectively. 

The non-dimensionalized values are 0.089 and 0.085. Though the former 

value is 5% larger, from considerations of the accuracy of the 

measurements this may be negligible. This indicates that the size of 

the eddies in Z-direction become larger on the curved surface but the 

non-dimensionalized sizes are the same. If we assume that there are 

mixing-jets on both plane and curved surfaces, the non-dimensional 

length in the X-direction becomes smaller on the curved surface, which 

may be because of the surface curvature change. However, the length in 

the Z-direction remains unchanged. This tendency is clearly seen in 

the ratios Lf/Lg, which are 4.34 and 1.61 on the plane and curved 

surfaces respectively. 

The integral scales from R22(T: 0,0,0)1.0 
and 0.7 and 

R33(T: 0,0,0)1.0 
and 0.7 correlations on the plane surface are very 

small. In fact the scales of R22(T: 0,0,0)0.7 and R33(T: 0,0,0)0.7 

are negative because of the large negative loops in the correlations. 
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The accuracy of these scales is not likely to be very good because the 

values are so small. On the other hand the integral scales from the 

same correlations on the curved surface are large compared with the 

scales on the plane surface. The ratios, i. e. L are divided by 

longitudical scale Lf, of the scales of R22(T: 0,0,0)1.0 and R33(T: 0,0,0)1.0 

are 0.57 and 0.63 respectively. The ratios at Y/YJ = 0.7 are 0.24 and 

0.14. Once again the values measured at Y/YJ = 0.7 are likely to be 

inaccurate. R22(t: 0, O, 0)1.0 and R33(s: 0,0,0)1.0 correlations change 

sign at r' = 0.7, compared with r' = 0.9 on the curved surface. These 

values are 1.0 and 2.0 on the plane surface. From these facts, it is 

clear that on the curved surface, the v" and w' motions are stronger 

when compared with u' motion. This can be explaned by the inclinations 

of the mixing-jets. On the plane surface, the u' motion is much stronger 

than the v' motion. If we assume that a mixing-jet is inclined in the X-Y 

plane, the steeper inclination causes the stronger u' motion. Therefore 

the inclinations of the mixing-jets may be steeper on the plane surface 

than the curved'surface (see sketch). There is also a considerable 

Y 

I 

X= 300mm X =550mm 

increase in turbulent intensity in Y-direction i. e. . This is 

another reason for the increase in the integral scales of R22(T: 0,0,0) 

on the curved surface. 
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From the correlations we may conclude that there are evidences of 

the existence of the mixing-jets type motions. The jets are inclined 

in X-Y plane and the angle is larger on the plane surface. The sizes 

of the jets in the X-direction are larger on the curved surface. 

However, the non-dimensional sizes i. e. relative to the half-width Y}, 

become smaller on the curved surface. The width of the jets in the 

Z-direction is also larger on the curved surface. Nevertheless, the 

non-dimensional sizes remain unchanged. 

4-5 Turbulent kinetic energy balances 

4-5-1 Theory 

From the measurement of dissipation and other turbulent intensities 

which were described earlier, all the terms of the turbulent kinetic 

energy balance equation can be calculated except for the diffusion term. 

Hinze (1974) described the details of the theory. The present 

investigation. follows his approach. The conservation equation for 

turbulent energy is given by equation (3-37). The terms of this 

equation are 

22 
Advection = ZUäX + Iva--)( 

3i) Um 

Production =- u'v' 
ä U) ( Y3 

m 

Dissipation "_ -15u 
u) ( Y4 } 

ax 131 
m 

(4-14) 

(4-15) 

(4-16) 

Diffusion = -(Advection + Production + Dissipation) 
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where q2 is the sum of the normal stresses i. e. twice the turbulent 

kinetic energy. The terms are non-dimensioned by the half-width Y} 

and the maximum velocity Um. The dissipation term is based on the 

assumption for the Taylor's "frozen" flow which was described in 

Chapter 3. 

4-5-2 Results and discussions 

The measured turbulent energy balances at X= 300mm on the plane 

surface and X= 550mm on the curved surface are shown in figs. 4-41(A) 

and (B). Positive value in the figures means a gain in energy and 

negative value means a loss of energy. 

The magnitude of the dissipation term depends on the filtering 

of the signal, which has been described in the previous chapter. A 

change in the magnitude of the dissipation leads to corresponding 

changes in the level and profile of the diffusion curve since the 

_l14us; orn term is obtained by difference. Because of the uncertainty 

in the measurement of the dissipation, allowances with respect to 

accuracy have to be made. However, the accuracy of the diffusion can 

be assessed, in part, from the requirement that the net diffusion of 

turbulent energy across the jet has to be zero. The two terms i. e. 

the diffusion and dissipation terms, have been obtained by suitably 

scaling the measured dissipation to satisfy the requirement for the 

diffusion. The resulting energy balances are shown in fig. 42(A) and (B). 

The scaling factors of the dissipation term at X= 300 and 550mm are- 

2.3 and 1.2 respectively. The difference between the two factors 

shows that on the plane surface, the contribution to the dissipation by 

the eddies, which are smaller than the hot-wire length, are greater than 
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those on the curved surface. Because the signals from the eddies 

smaller than the hot-wire length have been cut off by the low-pass 

filtering effect of the hot-wire. Therefore on the plane surface the 

'filter' could cut off more signals from the eddies which contribute 

to the dissipation. 

On the plane surface at X= 300mm, the production term is the 

main contributor to the gain of turbulent energy. This term is 

largest near the position of maximum shear stress. The main contribution 

to the loss of energy is given by the dissipation. The diffusion term 

contributes to the loss at 0.2 < Y/Y}. <1.0. The loss of energy by 

diffusion does not completely counter balance the production, neverthe- 

less it is the main contributor to balance the production. At both the 

inner and outer regions of the jet, the diffusion changes sign to 

negative. The advection term also changes sign to negative at Y/Y} = 1.0. 

The magnitude of the negative is, however, very small. The dissipation 

becomes greater near the surface Y/Y+ < 0.1. It can be seen in the 

boundary layer in which dissipation and production dominate the energy 

balance near the surface. These two terms balance each other. In the 

present flow, the production term has not been measured close enough to 

observe this tendency because of the dimensions of the hot-wires. However, 

the advection and the diffusion terms seem to approach zero at Y/Y} <0.1. 

The production term obviously becomes larger when approaching the 

surface, because the term aU/eY becomes negative and very large at 

Y/YJ <0.1 and u'v' becomes also negative and larger (negative) when 

approaching the surface. Thus the production term should become large 

at Y/`f < 0.1. 

On the other hand, in the outer part of the jet, i. e. for 
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Y/Y} > 0.1, the balance of kinetic energy becomes very close to the 

energy balance for a free jer, "e. g. see Bradbury (1965). In the free 

jet, the dissipation'contributes to the loss of energy. ' The diffusion 

changes sign twice and the production dominates the gain of energy. 

The advection has its positive (gain) peak relatively close to the 

inner part of the jet. Therefore it may be said that the plane wall 

jet consists of a wall shear layer which is often treated as a 'boundary 

layer and one half of a free jet'. 

Alcaraz, Charnay and Mathieu (1977) measured the terms of the 

turbulent energy balance equation for the wall jet over a large radius 

cylinder. The levels of the terms increase in the streamwise direction. 

However, the profiles at X/b = 30 may provide the balance terms for 

the plane wall jet because the position corresponding to only 70 of 

arc so that the effects of curvature can be considered as being small. 

This is demonstrated by the level of the maximum shear stress at 

X/b = 30, which is similar to that on the plane surface. The levels of 

the production and the advection terms are almost the same levels as 

the terms on the plane surface. Their measurement for the dissipation 

is, however, very small so that the net diffusion is'not zero. 

If the dissipation term is multiplied by a constant to adjust the net 

diffusion across the jet to be zero, the whole survey balance is in 

very good agreement with the present results. The present results are 

also in good agreement with those measured by Kobayashi and Fujisawa 

(1983) on a plane jet. 

On the curved surface at X= 550mm, there are some differences 

from as well as similarities to the plane surface. Although the terms 

have been non-dimensioned by Y}, and Um, the magnitude of the turbulent 
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energy balance is approximately ten times larger. The profiles of 

the individual terms are quite similar to the profiles on the plane 

surface. The production term is also greatest near the position of 

the maximum shear. This term changes sign to negative (loss) at 

Y/Y}; nevertheless, the magnitude of the loss is very small. This is 

caused by the larger difference between the maximum velocity position 

and the position where u'v' = 0. The dissipation is distributed over 

the whole jet and its graph less undulating than that for the plane 

surface. The most noticeable difference is the advection. This term 

is the main contribution-at the middle to inner part of the jet. The 

turbulence diffusion term no longer changes sign to positive at the 

inner portion of the jet. This term does change sign, however, to 

positive at Y/Y1 = 0.9. Therefore, there is a transfer of energy by 

turbulence diffusion from the inner part of the jet toward the outer 

part. The dissipation and the production terms increase their-levels 

when approaching the surface. Because of the higher level of the 

advection term, however, the balance at inner part of the jet differs 

from the balance in the boundary layer. This is also true for the outer 

part of the jet. The balance is no longer similar to the free jet. 

From these facts it is now clear that the profiles of the energy 

balance on the curved surface are in reasonable agreement with the 

profiles on the plane surface. The magnitudes of the advection term 

and production term are responsible for the differences between two 

balances. 

The lateral advection is very much smaller than the longitudinal 

advedtloh on both surfaces. The magnitude's of the advection and 

'production terms increase in the downstream direction until X= 550mm, 

then decrease further downstream. This tendency is very similar to 
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that of the turbulent stress distributions in the X direction. The 

rate of increase in the adveotion is much larger than the rate in 

the production. Thus the maximums of the advection and the production 

are almost equal at X= 450mm and X= 950mm and between the two 

stations the advection is much larger than the production. Therefore 

at X= 550mm, the kinetic energy transport is more important than 

the energy produced by the mean velocity gradient. 
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CHAPTER 5 NUMERICAL COMPUTATION 

5-1 Introduction 

There have been a 'number of attempts to calculate wall jets. 

Clauert (1956) made a first theoretical analysis on wall jets and 

Newman (1961) made some theoretical approaches on curved'wall jets. 

Sawyer'(1962) and Guitton (1964) used integral methods to calculate 

wall jets and compared with their measurements. In these methods, 

either the eddy viscosity or the mixing length is adjusted to account 

for the curvature effect. Their results are generally in good 

agreement. More recently, differential methods have been applied to 

these flows since fast digital computers have made possible to use 

these methods. Patankar and Spalding (1967) carried out wall jet 

calculations with Prandtl's mixing length theory. They successfully 

predicted the growth rate of a plane wall jet in stagnant surroundings. 

However the constants in their ramp function had to be substantially 

changed to different cases e. g. a radial wall jet. The limitations 

of this hypothesis led to more complicated modelling. Two equation 

models have been widely used recently to calculate various flows. The 

K-E model was used by Jones and Launder (1972) and Launder and 

Spalding (1974). The k-kL model was also used by Rodi and Spalding 

(1970) and Ng (1971) to calculate wall jets. These methods produced 

the results in good agreement with measured ones in wider range of flows 

than the mixing length hypothesis. However, the use of the eddy 

viscosity concept has a fundamental disadvantage on calculations of 

wall jets. With this concept, 'the shear stress has to vanish at the 

point where the velocity is maximum or velocity gradient on Y-axis is 
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zero. This is not the case in wall jets which the points of zero shear 

stress are closer to the wall. than the points where the velocity is 

maximum. 

The first use of the Reynolds stress equation model to a wall jet 

was made by Hanjalic and Launder (1972). Irwin (1974) and Gibson and 

Youmis (1981) calculated the Irwin's (1973) equilibrium wall jet with 

the same type of-models. Rodi, Celik, Demuren, Scheuerer, Shirani, 

Leschziner and Rastogi (1981) used a similar model but used an algebraic 

stress model which the convection and the diffusion are approximated by 

the corresponding transport of kinetic energy. The model used by 

Gibson and Younts (1981) has been used to calculate wall jets on 

moderate curved surface. Rodi et al. (1981) used their method to 

compute the wall jets on logarithmic spiral surfaces. These highly 

complex models gave much better agreements with measured results than 

the results obtained by eddy viscosity concept. The summary of 

computation of turbulent wall Jets has been given by Launder and 

Rodi (1983). 

Although the mixing length formula gives satisfactory results 

for engineering purposes in a wide range of calculations, it fails to 

predict the flow in the conditions where the flows become complicated, 

such as near separation. Bradshaw, Ferriss and Atwell (1967) used 

a new method using a differential equation for the turbulent shear 

stress which is derived from the turbulent kinetic energy equation with 

some empirical functions. The method does not employ the eddy 

viscosity concept, so that, the shear stress does not need to vanish at 

the point where velocity is maximum. This model is similar to the 

exact turbulent stress equation model but simpler because of the 
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assumption that the turbulent energy k is specified by the shear stress. 

The original method was intended for boundary layer computation. The 

method was extended to compute many types of flows including compressible 

adiabatic, compressible heat transfer, unsteady flow, three dimensional 

flow etc. The application of the method is described by Bradshaw and 

Ferriss (1972). This method however cannot accept the condition which 

shear stress goes less than zero. For example a duct flow has a shear 

stress profile which changes its sign. Bradshaw, Dean and ttcEligot 

(1973) successfully applied this method to a symmetrical duct flow 

computation. They calculated a pair of boundary layers on each wall 

which have separate shear stress profiles but have a common velocity 

profile using the same empirical input as for the boundary layer. The 

method is discussed later in this chapter. This interaction hypothesis 

was used to calculate mixing layers, wakes and free jets by Morel and 

Torda (1974). They assumed that the flow which'has a point where 

velocity is maximum may be considered to consist of several interacting 

layers. The empirical functions they have used were the same 

definition as boundary layer ca, tculation, however, are much different 

values. 

The present computation is based on Bradshaw - Ferris - Atwell 

method using Bradshaw, Dean and McEligot's interaction approach. We 

call them Bradshaw's method and Bradshaw's interaction approach 

respectively for convenience. We also call Bradshaw's boundary layer 

calculation program as the B-L program. The original of the present 

computer program was developed by Morel (1972) at Imperial College of 

Science and Technology in London. He developed a computer program for 

mixing layer, wake and free jet calculation with Bradshaw's method using 

Bradshaw's interaction approach. The wall jet program was developed 



96. 

after the development of free jet program however never been completed. 

The program was also developed before the final B-L program so that there 

are a number of differences in numerical procedures. Professor P. 

Bradshaw of Imperial College of Science and Technology has sent us 

Morel's wall jet program as well as the B-L program. The present 

computer program is based on both programs. , 
The differences in both 

programs, limited information about the wall jet program and the 

incompleted wall jet program have made it necessary to carry out major 

modifications of the wall jet program. The details of Bradshaw's 

method and the B-L program are well documented by Bradshaw, Ferris and 

Atwell (1966,1967). Ferris and Bradshaw (1966) and Bradshaw and 

Unsworth (1974). Also details of Bradshaw's interaction approach are 

given by Bradshaw, Dean and McEligot (1973) and the details for mixing 

layer, wake and jet calculation are given by Morel (1972) and Morel and 

Torda (1974). There is, however, no documentation for Morel's wall jet 

program. 

5-2 Theory and Numerical Method 

5-2-1 Equations 

The present method has been developed for the boundary-layer 

calculat. ion; therefore the equations are based on the boundary-layer 

approximation. The momentum equation for two-dimensional boundary- 

layers is 

Uau +vaU 
1 dP aT 

ax ay p dx + a. Y 
(5-1) 

where T= -p u'v'. 
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The equation for continuity for incompressible flow is 

äx + äY 0 (5-2) 

It is commonly known that the shear stress T in equation 5-1 makes 

the equations incomplete without further information - this is known as 

the closure problem. The present method uses the equation for the 

turbulent shear stress which was derived from the Navier-Stokes 

equations to close the equations. 

The turbulent kinetic energy equation for a two-dimensional boundary 

layer is 

22 
IP ýU äX 

+V 
äY 

-T 
äY 

+Y (pv + +P q2v) + Pe =0 (5-3) 

where q2 = u'2 + v'2 + w'2 and e is viscous dissipation. 

This is the equation for the rate of change of turbulent kinetic energy 

along a mean stream line. If we assume that the properties of turbulent 

energy at a given point X is specified by the shear stress profile, there 

are relations between the terms of equation 5-3 and the shear stress t 

which can be simplified by introducing some empirical functions. 

The functions are 

al = r/P q2 (5-4) 

L= (T/P)3/2 /c (5-5) 

G =(E +}-, v 
) /( ý) T (5-6) 

PP 

where Tm is the maximum stress at a given station X, al, L and C are 
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functions of Y/d. Here d is the thickness of the layer. The 

definition of 5-4 shows that the shear stress is assumed to have a 

linear dependence on turbulent kinetic energy. The function L has the 

dimension of length and is similar to the dissipation length scale. 

However, L Is not equal to the mixing length because in wall jets the 

terms of advection and diffusion in equation 5-3 are not negligible. 

The function G shows that the flux of diffusion of turbulent kinetic 

energy is assumed to be proportional to (m) 
'. 

u'v'. Then the 

equation for the turbulent transport becomes 

ýe(Tj+vT_T au 
+ 

Tm a (Cr 
+T 

3/2 

=0 ex 2a1P / 2Y 
ý 

2aif p eY 
ýp 

aY `pL 

(5-7) 

Now the equations 5-1,5-2 and 5-7 can be solved numerically for U, V 

and T. The details of justifications of the assumptions and the method 

are given in Bradshaw's original paper (1967). 

These equations are hyperbolic and therefore can be solved by the 

method of characteristics in which the partial differential equations 

are reduced to ordinary differential equations. The number of 

characteristic directions is the same as the number of equations. 

The angles y between a characteristic and the X-axis are given by 

tan y. _ co (5-8) 

tan y= 
[V 

+ a16Gtm+ (a 
12C 

2 
Tm + a1T) 

3/U (5-9) 

where we write T for Tip for simplicity and the same applies for the 

following descriptions. 
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The equation along the vertical characteristic is introduced by 

substituting equation 5-2 into equation 5-1 

V dY 
-U 

LV 
= Ue/ dx 

dU 
e+ dY (5-10) 

where Ue is the free stream velocity. The equation along the other two 

characteristics are 

d-r ds-fI Grm - (G2Tm + 2r/al) ds 

dUe 
rf dGlr ++2 2r } dx 

lJ 
f 

Ue 
dx + al 

ýL+ Tm dV l Grm - iG Tm + al) 
ý} 

ds 

(5-11) 

where s is measured along the characteristic and dx/ds is unity to the 

boundary layer approximation. 

The method is based on the following approximations: 

(1) The boundary layer approximation: e. g. there is no static 

pressure difference across the layer. 

(2) Functions al, L and C. change much more slowly than the change of 

T and U in the streamwise direction so that they behave like 

coefficients rather than variables. 

From the approximation (1) the equations are not valid for V>U. 

Also the angle of the ingoing characteristic at the outer edge of the 

layer can reach 90 deg. when V becomes large. Therefore the calculations 

for wall jets in stagnant surrounding or very small external stream can 

numerically fail at the edge where U=0. The present calculation is 
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intended for a wall jet in still air.. However, the calculation with 

small external stream can represent the tendencies of wall jet in still 

air. It Is possible to overcome the numerical difficulties with some 

special treatment at the edge. Nevertheless it is more practical to 

carry out the calculations with small external stream. The velocity of 

the external stream will be discussed in the later section. 

5-2-2 Interaction approach 

The method for calculating boundary layers cannot accept a change 

of sign in the shear stress distribution. This is another restriction 

for this method. However Bradshaw, Dean and McEligot (1973) successfully 

calculated interacting symmetrical flow in a duct. This is done by 

calculating two separate boundary layers on each wall having two 

separate shear stress profiles but with a common velocity profile. 

The shear stress of a duct flow changes its sign alternately so that 

the shear stress of one layer has an intermittency region. The width 

of this intermittent region is restricted by the negative energy 

production experienced by positively sheared fluid entering a region of 

negative velocity gradient. This property of the interaction makes 

the superposition of both shear stresses quite plausible. Thus the 

positively and negatively sheared regions can be at the same place but 

not at the'same time. The only information given from one layer to 

another is through the mean velocity profile. The each 'simple' layer 

has the shear stress profile which does not change sign. 

'This interaction concept does not require the restriction that 

the shear stress has to vanish at the point where the velocity is 

maximum. This is an important advantage for wall jet computation 
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because the points where the shear stress is zero do not coincide with 

the points where velocity is Maximum. 

This concept has also been successfully used for mixing layer, 

wake and free jet calculations by Morel and Torda (1974). They used 

the same interaction concept and demonstrated that this approach is 

a workable concept. 

The shear stresses are obtained from two equations and then 

simply added together. The transport equation 5-9 becomes 

Ua( T+) 
+Va (T± )- T+ 

8U 
+ 

It+ý (Cr) +- T+ T+ 
=0 ex 2a eY 2a1 m 5Y L 

(5-12) 

au }a 
äx ý2a) +VY Q2ä) -T aY, + IT-1 

aY(GT) -=0 
11 

(5-13) 
a 

The momentum equation 5-1 becomes 

u äx +v äy -pd+ äy + äy (5-14) 

The present calculation is the combination of a boundary layer and a 

two-dimensional free jet. They will be regarded as Layer 1 and Layer 2 

respectively. The interaction approach is the same method used by ' 

Bradshaw. et al (1973) and Morel and Torda (1974). The details of the 

method are given in their reports. The present calculations are 

concerned with two layers; however, according to this theory three or 

more layers can be calculated. For example, a wall jet or a blown 



102. 

boundary layer in adverse pressure gradient has points where the 

velocity is a maximum and a minimum. In this case three simple layers 

could represent the whole layer. However, the present calculation 

is a new attempt because all the previous computations with this 

Interaction approach have been made with two layers of the same type 

so the present calculation is concerned with two layers. 

5-2-3 Empirical functions 

The values of the functions al, L and C are critical for the 

accuracy of the calculation method. These are fairly universal for 

boundary layer calculations. In fact, Bradshaw et al (1973) used 

exactly the same empirical functions for their calculation of duct 

flows as for boundary layers. The only difference was in the definition 

of the thickness of the layer. The usual boundary layer thickness is 

defined as the distance from the wall to the point where U/Ue = 0.995. 

They introduced a new length scale for the duct flow which is the 

distance from the wall to the point where r/im = 0.05. It is more 

consistent for a complicated layer and Morel and Torda (1974) followed 

this procedure. The empirical functions for the boundary layer were 

obtained from the experimental kinetic energy balances and the shear 

stress profiles. Then the functions were adjusted to give the best 

agreement of mean flow predictions with experiment. In the present 

calculations these values were used for Layer 1 computations. Although 

It is possible to alter these functions the values used for Layer 1 were 

not changed because the change of'values of the functions for Layer 2 is 

much fiore effective than for Layer 1 since'Layer 2 is much thicker 

than Layer 1. 
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The functions are defined to be 

al = 0.15 

L/dl = f1GY/&1) 

G= (Tm/Um)2 f2(Y/dl) 

where 61 Is the thickness of Layer 1. '' 

The functions which were used by Morel and Torda (1974)°for mixing 

layers, -wakes and jets were not universal. The present calculation for 

Layer 2 is a free jet calculation so that only their free jet calculation 

values are concerned. They used the same definition for the functions 

as for a boundary layer. These are 

a1 = 0.15 

L/6 2= f3(Y/d2) 

G_ (Tm/Um f4(Y/d2) 

They reported that the functions, particularly C, are dependent on the' 

spreading ratio of the layer dd2/dX. The spreading ratio for the present 

case, the growth rate of jet, is only 0.017. The growth rate of wall 

jets, is much smaller than free jets because the presence of the wall 

restricts the spread of flow. Therefore function,. G for dS2IdX =0 was 

used for the calculation. The value of al is not far from the 

experimental results when the, data is not corrected for hot-wire's 

directional sensitivity. A constant value. of al is used throughout the 

calculation. The functions L and C which are calculated from the 

experimental kinetic energy balance are far from their functions used by 

Morel. The most notable difference is that the function L'is not constant 
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across the layer, as is assumed by Morel and Torda. They also used the 

function L which was calculated by a length scale equation.. Both results 

were reported to be very close. The sensitivity of calculations to. L 
. 

is the most important, although C and a1 are more important than is the 

case for a boundary layer. 

Several types of profiles of the function L have been tested in 

the present calculations, including Morel and Torda's free jet profile. 

Morel and Torda also reported that the position where the function 

C=0 was an important factor and they fixed this position with respect 

to the position of the shear stress maximum. Several tests have been 

made to find the effect of the various distances between the positions 

where G=0 and the shear stress is maximum. The effects were found to 

be very small for the present case, so that the distance has been fixed 

at 0.096 21 which is the same as for the case of a free jet. Both 

functions G obtained from the experiment and Morel and Torda's have been 

tested. 

There aretwo, types of experimental results which have been 

discussed in the previous chapter. One is the data corrected to balance 

out the diffusion term across the layer and the other is not corrected. 

In the case of the function L both types of data were used to calculate 

function L. However in the case of the function C, the function calculated 

from the corrected kinetic energy balance is somewhat unrealistic so that 

this function has not been used. For the calculations which have been 

carried out with various functions L and G, all other conditions have 

been kept the same. 

The functions which are calculated from experimental results are 
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functions of'Y/Y rather than Y/62. This is because the present 

calculations are made only far a plane wall jet in which the flow is 

self-preserving. Therefore it is best to fix these functions with respect 

to the normalized Y direction rather than the shear stress with ö2. 

L and G functions are based on Y/62 have also been tried but without 

success. These will be'discussed later in this chapter. I 

The functions L and G which are calculated from the experimental 

kinetic energy balance and those used by Morel and Torda are shown in 

Fig. 5-1(A) and (B) respectively. In Fig. 5-1(A) the function L is 

calculated from the corrected and the function G is from the uncorrected 

kinetic energy balance. 

5-2-4 Boundary conditions~ f 

The wall boundary conditions for Layer 1 are the same as Bradshaw 

et al (1967). The boundary conditions are U=0, V=0 and t= Tw. 

We assumed that the first mesh point in Layer 1 is calculated by the 

conditions at the wall andthe shear stress gradient by the logarithmic 

law of the wall 

UY 
UT =k( In y)+B (5-14) 

where k and B are constants. UT is the friction velocity. The first 

mesh point is the first mesh point outside the viscous sub-layer and 

satisfies UTY/v > 40 so that the logarithmic law of the wall should be 

valid. This requirement was not used by Bradshaw et, al (1967) because 

they found this-led to numerical instability and inaccuracy at low 

Reynolds numbers. In the case of the wall jet calculation, however, - 
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Layer 1 is thin compared with the thickness of the jet. If this 

condition is not satisfied, the first few points can be within the 

sub-layer. If the interval of mesh'is large enough for the first mesh 

point to be outside of the sub-layer, the number of mesh points can be 

too few and lead to a large error. Therefore all the calculations have 

been made with this restriction. There are a number of reports 

concerned with the values of-logarithmic law constants. The most 

common values are k=0.41 and B=5.2. These values have been used 

by-. Bradshaw et al (1967) for their boundary layer calculations with 

success. Some different' values have been tested which will be discussed 

later. 
- 

The outer boundary conditions for Layer l , are U, Um and 

0,: and, these are easy to satisfy numerically. The inner boundary 

conditions for Layer, 2 are not those of a free boundary if the layer 

extends into the first mesh point because of the existence of the 

surface. In this case further-extension of the layer is stopped but 

the same conditions apply. The conditions are U=0 and t=0. The 

conditions for the outer edge of Layer 2 are U= Ue and T=0. 

As has'been discussed in the previous section, the present method 

cannot calculate jets in still air. In order to obtain results close 

to those for a wall jet in still air, the following outer stream velocity 

was chosen. A wall jet with an external stream can only be self- 

preserving when the ratio Um/Ue is constant. Ue should be small enough 

compared with Um'to minimise the external'stream effect. The boundary 

layer approximation, on the other hand, cannot accept a situation in which 

V is greater than U. *Morel (1972) recommended that Ue = 0.05Um. Tests 

have been carried out with Ue = 0.05Um and Ue = 0.025Um. The difference 
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was found to be negligible. Therefore, for the present calculations 

Ue = 0.05Um was chosen. Ue was calculated using the experimental 

results along the X direction. 

5-2-5 Initial conditions 

Two separate profiles of shear stress are required to start the 

calculation. The mean velocity profile is derived from the experimental 

results at X= 200mm. The outer edge of the profile is adjusted to 

satisfy the condition Ue = 0.05Um. The choice for input profile of 

shear stress for the outer part of Layer 2 is also straight forward. 

The profile outside the point of maximum velocity is derived from the 

experimental results. The shear. ress profile from the experimental 

data inside the maximum velocity point is changed to decay exponentially 

to zero at Y'= 0. -This is. the input profile for Layer 2 which is 

called T2. The input profile for layer 1 is calculated from the 

experimental profile Ttot and the profile for Layer 2 T2. 

T2 = Ttot - TI 

Both Input profiles are shown in Fig. 5-2. If the boundary 

conditions and the method are correct, the calculated flow should 

settle to an equilibrium type so that the initial conditions are not 

as critical as the boundary conditions. 

In order to decide on the initial skin friction coefficient Cf 

various approximations have been tested. . The final choice was the 

value from Bradshaw's (1960) approximation 
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UY -0.182 
Cf = 0.0315 (mvm (5-15) 

The value of Cf = 0.0628 at X= 200mm was used for the initial input 

throughout the calculations. 

5-2-6 Numerical method 

Equations 5-2 and 5-11 can be written in finite difference 

approximation form., The equations for the outgoing characteristic 

a and ingoing characteristic $ are 

T dUe a1 
Ta(U-UUe) - l"'(t - r2) _ AXUa [ Ue dx 6 La + Catm 

a 

T dU a 
Tß(U-Ule) laa(T-T1c) =AX Uß 

{ Ue de + di C ýß + Gßim ) a8ý (5-16) 

where Qa CT+C G2 Tm + (2ra/a1) ] and 

+ (2rß/al) 1 
Qß c+ G'2T 

m 

and Ulc and U2c are the values of U at either end of the characteristic 

segments. The suffixes a and 6 represent average values on the 

characteristic as distinct from end values. Now the equation 5-16 is 

solved for U and T. The values of V are calculated along the vertical 

characteristic. 

The X step AX has to be chosen subject to"a stability condition. 

This is 

(aXAY) tan a<1.0 
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where 1Y is the Y step and am is the maximum value of the characteristic 

angle in the layer at a given station X. 

The thickness of Layer 1 is much smaller than that of Layer 2. 

If there are enough points to satisfy the stability and the accuracy 

of conditions for Layer 1, there will be too many points to cover 

Layer 2. This leads to an excessive C. P. U. memory and time to calculate 

is thus not practical. In order to provide a reasonable number of mesh 

points for each layer, a variable interval mesh system was introduced. 

The mesh interval starts as fine as 0.004Y# and gradually increases 

towards the outer edge to 0.07Y+ initially. The number of mesh points 

for the initial profiles are 32 points for Layer 1 and 89 points for 

Layer 2. 

The flow chart of the computer program is shown in Fig. 5-3. 

The program has been written in such a way that the flow chart is very 

similar to that for the B-L program. 

5-3 Results and discussions 

5-3-1 Preliminary tests 

The computer program to calculate wall jets, we call it the wall 

jet program, consists of calculations of two separate layers as has been 

discussed in the last section. The calculation starts from Layer 1 

(which is the boundary layer calculation) and then calculates Layer 2. 

It is therefore possible to run the part to calculate Layer 1 only. 

This part of the program was written in the same way as the B-L program 

so that it should produce the identical result or at least an almost 

identical result. If there is a large discrepancy between the two results, 
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there must be an error in the program or simply a mistake in the coding. 

Two programs were run with the identical input data. Many of the routines 

in the wall jet program are commonly used to calculate both layers. 

It is therefore 'a useful way to check the whole program. The data 

used for these tests were AFOSR-IFP-STANFORD Conference data 1300 and 

1400.1300 is the accelerating boundary layer flow data of Ludwieg and 

Tillman. 1400 is the data for the boundary layer with no pressure 

gradient of Wieghardt. The initial momentum thickness, Reynolds number 

Ue 6/v , Cf and the value of Ue along X axis are the main input data 

to start the B-L program: The initial velocity and the shear stress 

profiles are generated by the built-in synthetic routine. This routine 

uses Cole's logarithmic law with cosine wake velocity profiles and a 

mixing length assumption for shear stress profiles. The details are 

given by Bradshaw and Unsworth (1974). The generated velocity and 

shear stress profiles were used to start the wall jet program. The 

details of the test cases of the B-L program have been already given 

by Bradshaw et al (1967). The purpose of this test is to eliminate all 

the possible errors from the wall jet program. The results from the 

B-L program and the wall jet program were almost identical after a 

debugging process. 

The tests for the wall jet program were carried out with various 

parameters. All the tests are calculations of an equilibrium plane 

wall jet in a slow moving stream. The conditions of the flow are the 

same as the experimental conditions except for the presence of an external 

stream. The calculations were started from X= 200mm, where the jet is 

fully developed, to X= 650mm. The parameters changed in preliminary 

tests are the initial skin friction coefficicent Cf, logarithmic law 

constants K and B, the levels of the functions al, L and C. All the 
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comparisons are made with the results of TEST 1. The parameters are 

tabulated in Table 5-1. The results of TEST 1 to TEST 11 are shown 

in Figs. 5-4 to S. The comment 'ESTIMATED' means the values are 

estimated from the experimental results for an equilibrium plane wall 

jet. 

TEST 1 shows results which are typical of the calculations for 

all the test cases. The distance between the maximum velocity Um and 

the wall Ym is larger than that of the experiments. The velocity profile 

is generally fuller and continues to be more full along the X direction. 

The profile does not reach an equilibrium state. The value of Ym from 

the experiments is approximately 0.18Y#. The case of TEST 1, Ym = 0.22Yf 

at X= 300mm and 0.3Y} at X= 600mm. The outermost part of the profile, 

i. e. Y> YZ, is in agreement with the experimental profile. The maximum 

shear stress TM increases along the X direction. The measured Tm 

along X axis however, stays constant because the flow is self-preserving. 

The shear stress is over-estimated at the inner part of the jet, which 

is Y< Ym. The position of T=0, therefore, is closer to the surface 

than that of measured one. The position of rm is also closer to the 

surface. The decay of the shear stress at the outer part of the profile 

is slower than that of the experimental profile. The growth rate of 

the jet is lower than the measured rate. The growth is not linear 

and the rate of dY+/dX is approximately 0.062 between X= 450 and 650mm 

compared with 0.069 for the measured value. The discrepancy is 4.3%. 

However the actual value Yz at X= 650mm is 8.4% lower than that of the 

experiment. The maximum velocity decay is also slower than that of the 

experiments. The normalized velocity decay gradient d(Uf/Um)/d(X/b) 

where Uj is the initial slot velocity and b is the slot width, is 0.057 

between X= 450 and 650mm compared with the measured value of 0.078. 
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The difference is 27%. Both calculated and the experimental results 

are linear. The skin friction coefficient has not been measured 

experimentally so that the estimated values from equation 5-15 were 

used for comparisons. The decay of Cf along X axis does not settle until 

approximately X 450mm. This point is about 170 X steps from the 

start of the calculation. After this point Cf decays much quicker than 

the estimated Cf decay. 

TEST 2 and 3 were calculated with initial Cf plus and minus 

0.001 respectively front the value used for TEST 1. There is almost no 

difference in both cases except for some small differences at the early 

stage of the calculations. 

TEST 4 and 5 were made with two sets of logarithmic law constants. 

The constants used in TEST 1 are k=0.41 and B=5.2. These values 

were changed to k=0.44 and B=7.8 for TEST 4 which were presented 

by Kanemoto (1974). k=0.555 and A=B. 0 were used for TEST 5 

which were suggested by Alcaraz et al. (1977). TEST 4 shows slightly 

slower rate of decay than the case of TEST 1. The rate of decay of 

Cf in the case of TEST 5 Is the same as TEST 1. The values of Cf at 

X= 650mm are 0.00474,0.00408 and 0.00461 for TEST 1,4 and 5 respectively, 

There Is almost no difference In the velocity profiles and the shear 

stress profiles in those three tests. It is Interesting to note that 

the logarithmic law constants have only a minor effect on the results 

except, naturally, on Cf. This indicates that effect of Layer 1 on 

the jet is small compared with the effect of Layer 2. The changes of 

parameters, therefore, are centred on Layer 2. only. The conditions of 

Layer 1 are to be fixed with those oc TEST 1 for all the rest of the 

computations. 
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TEST 6 and"7 were calculated with the shift in the value of al 

plus and minus 10% respectively.. There is only a small difference in 

the velocity profiles from that of TEST 1. The difference in the maximum 

velocity decay and Cf decay in the X-direction are also small. The 

values, of YJ at X= 650mm of TEST 6 and 7 are approximately ± 2% of the 

value of TEST 1. The development of the maximum shear stress rm shows 

the same tendency. Tm of TEST 6 grows faster than that of TLST 1 and 

the opposite is true for TEST 7. 

TEST 8 and 9 are -the tests with plus and minus 25% in the level 

of the function L respectively. The value of L/d for TEST 1, i. e. Morel 

and Torda's, is constant and equal to 0.09 across the layer and at both 

edges of the layer the value decreases to zero exponentially. the change 

in the function L is the most significant factor in every respect. 

The growth rate of jet of TEST 8 is rather strongly non-linear. At 

X= 500mm and onwards the growth rate becomes higher than that for the 

experiment. The case of TEST 9, on the other hand, the rate is nearly 

linear and much lower than that of TEST 1. The maximum velocity of 

TEST 8 lies between the decays of the experiments and TEST 1. The decay 

in TEST 9 is much slower than that of TEST 1. The growth rate of jet 0 

and the maximum velocity decay are clearly in favour of TEST 8. The 

comparisons of the decay of Cf and the development of Tm along X axis 

have however an opposite tendency. The gradient of the Cf decay of TEST 9 

is much closer to that of Bradshaw's approximation. Nevertheless the 

value at X= 650mm is approximately 15% lower than that of the estimated 

value. The value of Cf of TEST 8 is far lower than that for any of the 

tests and the rate of decay is also much higher,. The value of TM of 

TEST 9 along the X direction increases slowly compared with the increase 

of TEST 1, but the level is 21% lower than, the initial value of X= 650mm. 
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In the case of TEST 8, rm rapidly increases and reaches a value 83% 

higher than the initial value at X= 650mm. The velocity profiles of 

TEST 1,8 and 9 are generally similar at X= 300mm. At X= 650mm there 

are some differences. The higher level of the function L produces a 

fuller velocity profile. The profile of TEST 8 is much fuller than that 

of TEST 1. The profile of TEST 9 is, this time, thinner than for TEST 1 

but still fuller than the experimental profile. As the result Ym 

becomes large with the larger value of L/d. The shape of shear stress 

profiles are generally similar but there are significant differences 

in the magnitudes of shear stresses. 

TEST 10 and 11 were carried out with changes in the level of 

the function G. The value of Morel and Torda's function C was used 

but multiplied by factors 1.25 and 0.75 for TEST 10 and 11 respectively. 

The case of TEST 11, the computation failed numerically at approximately 

X= 600mm. The results of TEST 10 are not much different from the 

results of, TEST 1 except for the decay of Cf. The rate of decay is 

roughly the same as of TEST 1 but the level is much lower. The shear 

stress of TEST 10 at outer part of the profile decays slower. than that 

of TEST 1. 

The results of TEST 1 to 12 are summarised as follows: - 

(1) Layer 1 does not have as strong an influence as Layer 2. 

This is the consequence of the interaction approach. Layer 1 

is much thinner than Layer 2 and the mutual influence can only 

be transferred through the velocity profile. Thus the effect 

of Layer 1 on the whole jet cannot'be large. 

(2) Functions a1 and Gare not as critical to the development as 
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the function L. The increase in either function understandably 

produces a higher level of shear stress. As a result it leads 

to a higher growth rate of the jet and a quicker decay of maximum 

velocity. 

(3) A change in the value of the function L is the most significant 

to the results. 

(4) Shifts in the levels of the function al, L or G produce changes 

In the shear stress levels. However the shapes of the shear 

stress and the velocity profiles stay nearly unchanged. 

(5) Changes of the levels of any function do not produce better 

agreement to the experimental results in any of the comparisons. 

For example, the growth rate of jet and the maximum velocity 

decay of TEST 8 is closest to the experiments among the tests 

however the development of Tm and Cf are the farthest. 

The tests indicate that the best functions to bring the calculated results 

close to the measured results are the functions L and C. It is also 
" 

clear that resutls are the more sensitive to the values of the function L. 

For all the test cases the velocity profiles stayed almost unchanged. 

This suggests that the assumption of constant L/6 across the layer may 

not be valid for wall jets. This is understandable because of the 

presence of a solid wall just next to Layer 2. The value of Ym for all 

the cases are larger than that which has been measured. The shape of 

the shear stress profile is also unchanged.. These suggest that the 

shapes of the velocity profiles and the shear stress profiles are not 

determined by the change of values of the empirical functions. This 
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is another support to the idea that the assumption of constant L/d 

across the layer is no longer valid for wall jets. 

It is therefore concluded that further tests with various shapes 

of the empirical functions L and G are required. 

5-3-2 Further tests 

It became clear that the functions L and G are the critical 

factors for the calculations. Further tests have been carried out 

with various shapes of the function L and with the experimentally 

obtained function G. The table of tests are shown in Table 5-2. 

This time we call the tests WJTESTs. 

WATEST 1 same as TEST 1. This example is used for comparisons 

as it has been used in the previous section. 

WATEST 2. Morel and Torda's function C for free jet was used. 

The function L is defined as 

Y <0.225Y+, L/Yf = 0.41Y/Yf, 

Y >0.225Y+, L/Y = 0.09 

WATEST 3. Morel and Torda's function G. The function L was 

calculated from the uncorrected measured dissipation. 

WATEST 4. Same'as WJTEST 3 but the function L is shifted 

0.03Y2 in Y direction towards the surface. This is to examine the 

sensitivity of the function in Y direction. 
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WATEST 5 same as WJTEST 4 but with the shift increased to 0.06Y}. 

WJTEST 6. The function G was calculated from the corrected -- 

experimental diffusion. The function L was calculated from the uncorrected 

measured dissipation. 

WJTEST 7. Same as WATEST 6 but both functions are shifted 0.06Y} 

in the Y direction towards the surface. 

Some other tests have also been carried out. 

(1) Morel and Torda's function G. The uncorrected experimental 

function L for the inner side of the flow within the point where L is 

maximum. L stays constant for the outer layer. 

(2) Same as (1) but L is shifted 0.06Y} towards the surface. 

(3) Morel and Torda's function G. L is calculated from the 

corrected experimental dissipation. 

(4) Both functions L and G are calculated from the corrected 
" 

experimental energy balance. 

These tests have numerically failed during the computations. The results 

of WATEST 2 to 7 are shown in Figs. 5-9 to 12. 

WZJTEST 2 is to examine the applicability of the mixing length to 

Layer 2. However the defined function L is-. not equal to the mixing 

length because even in the region close to the surface, unlike the case 

of boundary layer, advection and diffusion are not-negligible. It is 
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therefore expected that both functions L and G work together in the 

region close to the surface and the function L is not as simple as 

L=0.41Y. The result of WOTEST 2 is remarkably similar to the result 

of WATEST 1 which is shown in Fig. 5-13. The change in the 

function L near the surface does not effect most of the properties of 

the flow in`Layer 2. This indicates that the effect of the presence 

of the surface on the function L is large and it looks as though the 

function L outside 0.225Y# is affected. 

WATEST 3 is the-test to examine how the experimentally obtained 

function L works in the present computation. It must be mentioned that 

L is calculated from the uncorrected measured dissipation which is from 

the experiment on the wall jet, not Layer 2. Therefore no effects from 

the interaction of two layers are accounted for in this function. 

The growth rate of the jet of WJTEST 3 is lower than that of 

WZTEST 1, but is linear. The rate is 26% lower than that of experiments 

and 23Vbelow the value of WATEST 1. The decay of maximum velocity 

is also slower than for WATEST 1. The normalized rate of decay 

d(U2/Um)/d(X/b) Is 44% and 23% lower than those of the experiments and" 

of WATEST 1 respectively. The rate of decay of skin friction Cf is in 

good agreement with that of Bradshaw's approximation. The value of Cf 

at X= 650mm is however 7% lower. 

There are remarkable differences in the velocity profiles 

from thos of WATEST 1 which are shown together with the shear stress 

profiles in Fig. 5-14. The profiles are highly distorted. The profiles 

of velocity at X= 300 and 600mm agree well except at the inner and 

outside of the jet. The points where velocity is maximum become closer 
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to the wall at X= 600mm than that of X= 300mm. The profiles have a 

sharp peak at Um The velocity at the outer edge of the jet, i. e. 

Y> Y¢, decay quicker than those of the experiments and W3TEST 1. 

The shear stress profiles are also notably different from those of 

WOTEST 1. The profile at X= 300mm is rather different from the others, 

. 
but it is thought that at X= 300mm the calculation has not settled to 

an equilibrium state. The profiles of shear stress are in better 

agreement with that of experiments than with the profile of WOTEST 1. 

-The position of r=0 is very close to the position of the measured 

, profile. The shear stress at the outside of the jet, i. e. Y >Y}, however, 

decays slightly faster than that of the experiments. The level of tm 

decreases very slowly along X direction but the value is 22.7% lower than 

the experimental value of X= 650mm. The introduction of the experimentally 

calculated function L demonstrates the effects in the results. 

WJTEST 4 is to examine the effect of the shift of function L 

towards the surface. The amount of shift is only 0.03Y}, however it 

is large enough to make a noticeable change in the velocity profile. 

, The growth rate of-the jet and the rate of maximum velocity decay are 

slightly improved from those of WJTEST 3. The rate of Cf decay stays 

, the same but the value of C. at X= 650mm is only 4% from the experimental 

, value, compared with 7% in the case of WATEST 3. The velocity profile 

is somewhere between those of WATEST 1 and 3 which is shown in Fig. 5-15. 

,, 
A large dent on the profile just outside of Um of WJTEST 3 has almost 

disappeared, however a hollow in the profile between 0.4Y} <Y< Y} is 

larger than that for WATEST 3. The outer edge of the profile is still 

,. under-estimated. The shear stress profile at X= 600mm is similar to 

that of WJTEST 3. The profile is, however, slightly shifted inwards 

as is the position of T=0. The level of Tm is higher than that of 
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W3TEST 3 but still 13.6% lower than the measured Tm. Tm along the 

X-axis is almost unchanged after X= 350mm. 

WATEST 5 is the test with a further L shift. The growth rate 

of the jet is the same as that of WOTEST 4. The rate of maximum velocity 

decay is again slightly improved from that of WOTEST 4. The decay of 

Cf stays almost the same as for WATEST 4. Again there are changes in 

the velocity profile and the shear stress profile which are shown in 

Fig. 5-16. The velocity profile at X= 600mm is in good agreement with 

that of the experiments in the inner region i. e. Y<Ym of the jet. The 

velocity in the region YM<Y< Yf is over-estimated. The quick decay 

of the velocity at the outer edge of the jet is similar to that found in 

WATEST 3 and 4. The shear stress profiles are almost unchanged. The 

level of T at X= 650mm is even higher than that of WATEST 4 and is 
m 

only 6.8% lower than that of the experiments. Tm slightly increases 

along the X direction. 

WATEST 6 has the input functions L and G both calculated from 

the experimental kinetic energy balance. The effect of adding the 

experimental function C is small on the growth rate of jet. However the 

computation failed numerically after X= 600mm so that the result of 

X= 650mm is excluded from the general consideration of the results. 

The values used for comparisons are the estimated values for this 

particular test case, from the results of X= 200 to 600mm. The rate 

of maximum velocity decay becomes a little worse than that of W3TEST 1. 

It is however slightly better than WJTEST 3. The decay of Cf is almost 

the same as that of WATEST 3. The velocity profile is again highly 

distorted. The shape of the profile around Um is even sharper than 

those of WJTEST 3,4 and 5. There is a large dent in the profile at 



121. 

middle of, the jet which is. shown in Fig. 5-17. The faster decay of 

velocity at the_outer, edge of the jet of-WJTEST 3,4 and 5 Is much 

closer to the experimental results but still under-estimates the decay 

of Tm along the X axis. At X 600mm, Tm is 33.3% lower than the 

measured value. The shape of the shear stress profile looks different 

from the measured profile, however, the rate of decay of shear stress 

at the outermost part of the jet, i. e. Y>1.2Y#, agrees well with 

the experiment. The position of T=0 gives the best agreement with 

the experiment of all the calculated results. 

WJTEST 7 is the last one, in the present series of numerical 

tests. It is to examine the effect of the shift of both functions L 

and C inY direction towards the surface. The amount of the shift is 

0.06Y+. The growth rate of the jet stays the same as for WOTEST 6, 

but the value of Yf at X= 600mm is slightly higher. The rate of 

maximum velocity decay is a little worse than that of WOTEST 6, but 

again the value of Um at X= 600mm is slightly better. The velocity 

profile is generally similar to. that of WOTEST 6; however, the large 

dent shown in the profile of WOTEST 6 becomes smaller which is shown in 

Fig. 5-18. The value of TM at, X = 600mm is 19.7% lower than that 

measured. Tm decays very slightly along the X axis. The shear stress 

profile is in very good agreement with that measured. 

5-3-3 Discussion of the results 

The results of WATEST 1 to 7 clearly show the effect of the 

functions L and G, particularly of L. The results are tabulated 

together with the experimental results in Table 5-3. Some of the 

experimental values such as Cf, Um and Y}, are estimated from the 

measured values. 
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The growth rates of the jet are taken from the results between 

X= 450 and 650mm, because Al the calculated growths are non linear. 

The growth rates should be examined with the values of Y} at X= 650mm. 

If only the growth rate is concerned, WATEST 1 and 2 are the best 

match to the measured value. However, it is clear from the preliminary 

tests that the increase in levels of functions al, Land C produce 

higher rates of growth so that it is too early to conclude that the 

functions used for WATEST 1 and 2 are the best. The same can be said 

for the maximum velocity decay. The decay-and the rate of decay of 

WOTEST 1 and 2 are the closest to the measured values. These values 

can also be moved by adjusting the levels of functions al, L and C. 

The normalized rate, of maximum velocity decay gives a clearer picture of 

the difference between the measured and calculated rates. The rates of 

WJTEST 3,4,5 and 7 are not linear. The introduction of the 

experimental function L produces results which are little worse than the 

case of WZTEST 1 for the growth rate of the jet. The addition of the 

experimental function C makes the rate slightly better. The shift of 

functions in the Y direction also brings the rates little better. 

The introduction of the experimental L also makes the maximum velocity 

decay worse than the case of WATEST 1. The addition of the experimental 

C again makes the decay a little better. 

The skin friction coefficients Cf plotted against the X co- 

ordinate shows the improvement made by the introduction of the 

experimental functions L on the rate of decay of Cp. ", The, values of Cf 

at X= 650mm are however a few percent lower'than, those -of`the experiments. 

The addition of the experimental G makes the, development of Ci: a little 

worse. Although the difference in velocity' profile Is small when the 

experimental G is used, there is a clear difference, in Cf. The change 
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in'the diffusion factor G affects the region close to the wall through 

the velocity profile of Layer 1. In the cases of WATEST 1 and 3 the 

velocity profiles close to the wall are different, so that it is expected 

that there'should be different developments in C. The rate of decay 

of Cf can also be adjusted by shifting the levels of the functions. 

However the actual value at X= 650mm is much lower than those of 

WATEST 1 to 7. 

The value of the maximum shear stress Tm along the X axis 

should stay constant because the flow is self-preserving. At least 

when the calculation has settled the value of rm should stay at a 

certain level. This requirement is not satisfied by shifting the 

levels of the functions except for the case of the function L minus 25% 

i. e. TEST 9. The growth rate of the jet and the maximum velocity decay 

of TEST 9 are however far from those of other tests. It suggests that 

the dissipation for this particular calculation across Layer 2 is so 

high that the development of the shear stress is hardly possible. There 

is a remarkable improvement in the development of rm along the X axis 

when the experimental functions are introduced. Tm along the X axis 

does not change much particularly in the cases of WJTEST 3,4 and 7. 
" 

The shift of the'function L in the Y direction also affects the 

development of Tm. 

The velocity profile is not sensitive to the shift of the 

levels of the functions. The introduction of the'experimental function 

L changes the velocity profile remarkably. ' The velocity profile is 

highly distorted and very sensitive to the 'shift of-the function in the 

Y direction. It is clear that the inner half of the profile of the 

-function L is critical to the velocity profile. The outer part of the 
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profile i. e. Y >-Y+, is not sensitive to the shift of the function L. 

The quicker decay of the velocity in this region compared with that 

measured is thought to be caused by the outer half of the function L 

profile. The use of the experimental function G brings the profile of 

this region closer to that of the experiments. This indicates that the 

diffusion at this region plays an important role. The addition of the 

experimental-G also changes the profile at Ym <Y<Y. This is 

another indication that the diffusion at the middle of the jet is not 

negligible, as was seen with the kinetic energy balance. The innermost 

region, however, stays almost the same with or without the use of the 

experimental G. The diffusion in this area therefore may not be as 

important as the dissipation. This is supported by consideration of the 

energy balance close to a wall, e. g. that of a boundary layer in which 

diffusion is very small.. 

The shear stress profile is also in favour of the experimental 

functions L and G. The shift of the levels of the functions only 

changes the magnitude of the shear stress profile. The introduction of 

the experimental function L produces a shear stress profile much closer 

to the measured profile than those of TEST1 to 11. The over-estimated 

shear stress in the innter region of the jet shown in TEST 1 to 11 and 

WATEST 1 has disappeared. In the outer region of the flow, the slower 

decay of shear stress compared with those of the experiments is also 

corrected. The decay in this region is rather faster-than that of the 

experiments. The shift of the function in the, Y direction slightly 

shifts the shear stress profile in the same, direction. - The position of 

T=0 also changes with the shift of the function in the Y direction. 

The position of T=0 however may be affected by the solution of Layer 1. 

The use of the experimental function C produces smaller changes to the 
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shear stress profiles than is the case with the introduction of the 

experimental'L. The shear stress profile in the outer part of the 

jet i. e. Y> YZ agrees well with that of the measured profile. The 

magnitudes of the shear stress are generally lower than the measured 

stress. The shift of both functions in the Y direction mainly affects 

the magnitude of the shear stress at down-stream stations. The level 

of Tm stays the same and there is a little change in the shear stress 

profile. 

The results of these tests are summarized below: 

(1) The effect of the external stream is minimal. 

(2) The functions L and G used by Morel and Torda for the free jet 

produced the closest growth rate of the jet and maximum 

velocity decay among WOTESTs to those measured. The velocity 

and the'shear stress profiles do not agree with those of the 

experiments. -" 

(3) Layer 1 plays a rather minor role in the calculation. 

(4) The function L in Layer 2 is the most effective parameter 

in the calculation but the effect of'the function C is'not 
" 

negligible. 

(5) The shifts in the levels of functions do not alter the profiles 

of velocity and shear stress. 

(6) The introduction of the experimentally obtained function L 

produces the better agreement with experimental results, 

for the shear stress profiles. However the growth rate of the 

jet, the maximum velocity decay and particularly the velocity 

profile become poorer. 



126. 

(7) The velocity profile is very sensitive to a shift'of'the' 

function L in the Y direction. 

(8) The addition of the experimentally obtained function C produces 

even better agreement with measured results for the shear stress 

profile. Although the velocity profile in the outer part of 

the flow is improved, the profile is distorted. 

The function L used for W3TEST 3 to 7 is calculated from the 

experimental kinetic energy balance which has not been corrected to 

balance out the diffusion across the flow. The function C used for 

WJTEST 6 and 7, on the other hand, is calculated from the corrected 

energy balance. Although the two functions were calculated from different 

origins, they produce shear stress profiles in good agreement with the 

measured profile. This indicates that the shapes of these functions 

are basically the right ones. The disagreement in the velocity profiles 

and the shear stress profiles with Morel and Torda's functions suggests 

that the interaction of two different types of layers is more complex 

than that of two similar layers. A wall jet has a thin Layer 1 which is 

assumed to be a boundary layer and a thick Layer 2 which is assumed to be 

a free jet. The inner edge of Layer 2 is close to a solid wall so that Layer 

2 may not be thought as a simple free jet. ßradshatti's interaction-approach 

is therefore a workable concept; however, the interaction of wall jet is not 

as simple as the cases of duct flow, mixing layer, Hake and free jet flows. 

There are still some disagreements between the results of WATEST 6 

and 7, i. e. the experimental L and C, and those of the experiments. 

The 'sensitivity of the shift of the function Lin the Y direction on 

the results suggests that fine adjustments of both functions may be able 

to produce an optimum result in agreement with the experiments. The 
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agreement between the calculated and the measured shear stress profiles 

with both experimental functions is evidence that the assumptions made 

in this method and Bradshaw's method itself are also valid. 
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CHAPTER 6 CONCLUDING REMARKS AND RECOMMENDATIONS FOR'FURTHERWORK 

6-1 Concluding remarks 

(1) A large amount of attention has'been paid to establish a good 

quality flow which was mainly concerned with obtaining good two- 

dimensionality, and to obtain better accuracy in the measurements 

with the hot-wire anemometer system. The mean velocity components 

U and V and the turbulence stresses u'2, v'2, w'2 and u v' have 

been measured. In addition, correlation and dissipation measurements 

have been made. 

(2) The jet on the first plane surface is nearly self-preserving after 

X= 200mm'i. e. X/b = 31.5. The growth rate of the jet is linear 

and is given by dY+/dX = 0.069. This value is slightly lower than 

that reported by Launder and Rodi (1981). The velocity profile 

is in good 'agreement with those measured by other investigators. 

There is a large scatter in the normal and shear stresses profiles 

among those previously reported. However, these profiles are 

reasonably in agreement'with those of present measurements. 

(3) At the first measured station on the curved surface i. e. X= 350mm, 

there is a considerable change in the flow. The maximum flow 

velocity increases and this produces the reduced turbulence 

intensity in the longitudinal direction. The growth of jet 

stays the same as on the plane surface. Other stresses v'ý 

w'2 and u'v' increase at this station. 

(4) On the curved surface, the flow does not reach an 'equilibrium 
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state, nevertheless the mean velocity components show some sign 

of an equilibrium state. The growth rate is 0.39 which is much 

larger than that on plane surface. The rate becomes linear again 

until at just downstream at the end of the curved surface i. e. 

X= 550mm. The velocity profile becomes fuller than that on 

the plane surface. The levels of the stresses u'2, v'2, W 

and u'v' increase, particularly v'2, until X= 550mm and their 

profiles keep changing their shapes throughout on the curved 

surface. 

(5) At the beginning of the second surface, the change is not as 

immediate as is the. case at the beginning of the curved surface. 

The growth rate of the jet becomes nearly linear and reaches 

almost the same rate as on the first plane surface. The velocity 

profile, however, still changes slightly. The levels of stresses 

u'2, v'2 , w'2 and u'v' decrease gradually till the end of 

the surface. This flow also does not settle to an equilibrium 

state. 

(6) The corrections for directional sensitivity on hot-wires are 

not negligible in a high turbulence intensity flow, and they have 

been applied to the stress measurements. The levels of the 

corrections are particularly high at X= 550mm due to the high 

intensity turbulence. The correction involved the higher order 

correlations so that u'v'2 and u'w'2 measurements have been made. 

(7) . The correlations indicate that there-are mixing jet type motions 

of the type which were, reported by Bradshaw et al (1964). The 

jet motions exist in the X-Y plane at middle to outer part of the 
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jet and are inclined. At X= 550mm the size of the motions is 

relatively smaller than those on the plane surface. However 

the relative size in the Z direction does not change, the 

motions are not as strong as those in a round jet. The range of 

{ the eddy size stays unchanged on both the plane surface and at 

the end of the curved surface, however, the normalized integral 

scale Lf/YJ is larger on the plane surface. 

(8) The additional dissipation measurements enable the evaluation of 

the terms of the"turbulent kinetic energy balance equation except 

for the diffusion term. This term has been obtained by difference. 

The energy balances', which have been corrected to balance out the 

diffusion across the flow, have also been evaluated because of 

some uncertainties in the dissipation measurements. The balances 

on the first plane surface and the end of the curved'surface are 

generally in reasonable agreement. The levels of terms are, 

however, much higher at X= 550mm than those on the first plane 

surface. 

(. 9) The Bradshaw-Ferriss-Atwell method has been used together with 

the interaction approach, which was introduced by Bradshaw et al. 

(1973), in order to calculate a wall jet on plane surface. The 

empirical functions used on the outer layer were calculated from 

the measured energy, balances. The results have been compared 

with those calculated with Morel and Torda's (1974) functions for 

a free jet. 

(10) The results, particularly for the velocity profile, are very 

sensitive to the empirical function L. The use of the empirical 
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functions for free jets produced a fuller velocity profile and 

rather different shear stress profile when compared with those 

of experiments. ' 

(11) The results with the functions calculated from the measured 

energy balance produces a rather distorted velocity profile but 

the shear stress profile is in good agreement with those measured. 

The velocity profile Is very sensitive to a shift of the function 

L in the Y direction, so that it may be possible to adjust the 

function to obtain an optimum velocity profile. 

-(12) The good agreement between the measured and the calculated shear 

stress profile indicates that the present method and the 

assumptions made are valid. However, the interaction between- 

layers in wall jets is not as simple as those of duct flows, 

mixing layers, wakes-and free jets so that a special treatment 

of empirical functions is necessary. 

6-2 Recommendations for further work 

(1) The present experiments have been carried out with asingle 

slot Reynolds number = 2.54 x 104. It has been reported that 

there is a shift in the development of the growth of the jet with 

different slot Reynolds numbers. ' The identical measurements 

with''various Reynolds numbers would be interesting In order to' 

observe the effects of Reynolds number change on the flow. 

(2) The turbulence quantities did not settle to an equilibrium state 

on`the curved and the second plane surfaces. It may be useful to 
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carry out measurements with a mild curvature parameter e. g. 

k= 2/3, or longer seeond plane surface. This may provide 

enough evidence to observe the cause of the non-equilibrium 

-'f state on the surfaces. The cause has been suggested as being 

three-dimensional effects or the fact that the surfaces are too 

short'. ' 

(3) In order to carry out the above measurements and/or further 

measurements, it is recommended to develop an on-line data 

acquisition system. The output signals from C. T. A and the 

signal to indicate the current position of the hot-wire could 

be converted to digitel'signals and are fed into a computer. 

The linearization of the C. T. A. signals could be done in the 

computer so that it eliminates the rather complex and awkward 

linearizer operation. It may take some time to develop such 

a system and the software. However in order to collect and 

process much more data than has been obtained in the present 

measurements, it will eventually save a considerable amount of time. 

(4) More correlations such as R11(0: 0, r2,0) and R22(0: 0,0, r3) would 

make it possible to draw more detailed conclusions covering the 

large eddy structures of turbulence. The use of the conditional 

sampling technique is even better. The coherent structures in the 

flow can be understood better with this technique. The 

conditional sampling, however, requires the computer controlled 

data acquisition system. 

(5) There are advantages and disadvantages in each method to correct 

a hot-wire's directional sensitivity in highly turbulent flows. 
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The comparisons between the results of various methods may help 

to evaluate the accuracy of the present method. 

(6) The use of an electrostatic filter and a large capacity flow 

temperature control system are essential if hot-wires are used 

for mean flow velocity measurements. The effect of wire contamination 

by small dust particles, which are difficult to remove with fabric 

filters, is large. The change in flow temperature also affects 

in the accuracy of the hot-wire measurements. 

(7) It seems to be possible to adjust the empirical functions in the 

calculations to obtain a velocity profile close to the measured 

profile. Having established the empirical functions for a plane 

wall jet, the further calculation for a curved wall jet should 

be carried out. 
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