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SUMMARY  

To develop calculation methods for more complex flows, 

apart from well-understood boundary layers and other thin shear layer s, 

an understanding of the main physical features of the flow field and the 

relevant experimental data for testing the calculation results are both 

essential. The present thesis describes the investigation of a flow 

involving separation and reattachment, which is one of the most 

interesting and important of the types of flow that are common in 

engineering practice. The investigation is confined to a low speed flow 

over a simple backward-facing step, where special attention is focused 

on tile reattachment region which is expected to have a great influence 

on the downstream relaxation process. 

The results demonstrate further complications of flow 

of this nature, in particular the complex relationship between various 

parameters. Although the mean-flow measurements agree reasonably 

well with the data of previous workers, the fluctuating-quantity 

measurements show clearly that a more reliable and accurate means 

of measurement than hot-wire anemometry is needed for more effective 

investigation in the separated-flow and reattachment regions. However 

the present turbulence measurements provide an adequate description 

of the part of the free shear layer that is deflected downstream after 

reattachment and determinefthe properties of the relaxing boundary 

layer. It is found that close to the point of separation the free shear 

layer approximates to a plane mixing layer, possessing extremely high 

turbulent intensities, large turbulent shear stress, and large transport 

terms. The reattachment region involves a rapid decrease of most 

turbulence quantities, and the decrease continues to about 4 step heights 

downstream of reattachment. At the end of this region of rapid decrease 

the values of most terms are still much higher than those in the equilibrium 

boundary layer, indicating that a great distance is required for the 
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shear layer to relax to such a state, but the results definitely show the 

trend of monotonic return to that state. The shear layer appears to be 

a hybrid between a mixing layer and an ordinary boundary layer many 

step heights downstream of reattachment. 
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CHAPTER 1 

INTRODUCTION 

1.1. GENERAL REMARKS  

The importance of understanding turbulence has been 

emphasized in many technical reports and text-books. The emphasis 

is almost always on practical applications of the knowledge in 

engineering design, such as ways to overcome or decrease drag for 

economy in power, the usefulness of turbulent mixing in combustion 

processes, and so on. Turbulent flows range from fairly simple 

cases - which we now understand quite well - to very complex flows. 
• 

The rapid development of electronic measuring equipment in the recent 

years has made possible the investigations of turbulent boundary layers 

and other thin shear layers, so that calculation methods for these flows 

are now reliable and well documented. We are therefore in a position 

to attempt extending the state of the art towards the calculation of the 

more complicated flows that occur in engineering practice. As 

suggested by Bradshaw k Wong (1972), an important class of flows, and 

an obvious target for extension of thin-shear-layer studies, is the class 

of strongly perturbed shear layers; both the immediate response to the 

perturbation and the relaxation back to the thin-shear-layer state are of 

interest. The most common perturbations which are strong enough to 

invalidate the boundary-layer approximation are those involving 

separation and reattachment, of which the classical example is flow 

over a backward-facing step. In order to develop calculation methods 

for such flows, firstly an understanding of the main physical features 

of the flow field is necessary, and secondly experimental date are needed 

to test the calculated results. Although a large number of investigations 

of separated flow has been reported in the literature, the phenomena of 

turbulent separation,, reattachment and relaxation are still far from well 

understood; and there is definitely a great need for data to formulate 

and test calculation methods. The present work is an attempt to fulfil 
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both requirements, but only the reattachment and relaxation regions are 

the main interest here; we will return to this point in section 1. 3. 

The complication of the flow of this nature has long 

been realized; it changes from boundary layer to mixing layer after 

separation, and back to boundary layer again after reattachment. A 

closely related flow is that behind a bluff body where the mixing layers 

merge to form a wake which relaxes to a self-preserving form. At low 

speeds the flow is oscillatory but at supersonic speeds it is steady. 

Work on reattaching flows or base flows is more advanced at high speeds, 

partly because the absence of a vortex street makes experiments and 

calctilations easier and partly because of the importance of shock-

induced separation bubbles and the great need for data on drag of bodies 

like bullets and shells, or even space re-entry vehicles at these speeds. 

At high speeds the results of investigation on flow over a simple 

backward-facing step can apply quite well to the blunt-base problems, 

owing to the relatively steady nature of flows involving shock-wave 

interaction. A brief review of work at high speeds will be included in 

the next section. Despite the fact that all high-speed flight must, at 

one time or another, go through a low-speed range, comparatively less 

work at low speed has been so far carried out in the past. One obvious 

reason is that the low-speed base flow is of unsteady nature; while the 

base flow with a splitter plate or the flow over a backward-facing step 

is nominally steady, the results are not directly applicable to the base 

flow. Thus the low-speed separated flow work in the past leaned 

heavily on the investigations of base pressure and wake characteristics 

of mostly cylindrical or blunt-trailing-edged bodies, so that the body 

drag could be estimated or the effects of vortex shedding - e. g. singing-

wire problems - could be understood. Earlier investigations 

involving separation-reattachment were mainly on separation bubbles 

on aerofoils, cavity flows and flows over different types of roughness 

elements, which have more direct engineering applications (see brief 



review in the next section). More recently, investigations of 

separated-reattached flows - such as flow in a sudden expansion of 

channel or pipe, flow over two-dimensional or axisymmetrical backward-

facing step, and a plane jet issuing from a wall - have markedly 

increased in number (although still far from adequate to understand this 

type of flow), because of a great need of such data for more efficient 

designs in many branches of modern engineering. 

It is impossible to describe all flows of this type that 

occur in practice. At best, we can give a few examples of more 

important ones which are readily seen in various applications. In flow 

around an aircraft, there are a number of places that separation - • 
reattachment can occur - for example, leading-edge separation bubbles 

on aerofoils at high incidence, separation bubble behind a shock wave 

at any part of the aircraft, cut-out, badly designed canopy, certain 

types of fuselage, engine cowlings - and an aircraft designer must have 

sufficient data to keep lift and drag penalties to a minimum. The problems 

in mechanical engineering range from separation bubbles on turbine 

blades, sudden expansion of pipe-lines, flame stabilizers, heat transfer 

characteristics at reattachment, down to noise generation by flow 

separation (and possibly reattachment) on cars and other vehicles. A 

civil engineer concerns himself with flow in pipes or water-ways; such 

as flow over weirs, water-gates, and so on. Fluidics control engineers 

live with jet reattachment at smaller scales. Environmental engineers 

should realize the importance of the atmospheric boundary layer flow 

over hills or mountain ranges. 'Banner' cloud forms in the separated 

regions in the lee of mountains because of the reduction in pressure. 

The importance of architectural aerodynamics has been urged for quite 

some time (see for example Owen 1971 a, b) because modern buildings 

are much taller and are built to lower factors of safety than in the 

past. It is obvious that flow round a block of modern buildings will 

undergo numerous separations and reattachments. As a last example 
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unsteady (transitional) separation and reattachment play an important 

part in the dynamics of the aortic valve (Bellhouse & Talbot 1969). 

From the few examples given above, it should not 

be difficult to see the importance of research work on this particular 

type of flow. The brief review of previous work in the next section 

will show clearly the sparseness of data in this area, which are 

desperately needed by many branches of engineering if more 

economical or effective engineering or architectural designs are to 

be achieved. 

1.2k  BRIEF REVIEW OF PREVIOUS WORK  

Most previous work which is relevant to the present 

investigation is discussed in later chapters. This section is designed 

merely to give a general background to the present state of art in 

this area by reviewing a selected number of previous works and 

showing the great need of data. 

As mentioned in the previous section, a great number 

of past investigations of separation-reattachment flow, particularly 

flow over a backward-facing step, w ere at high speeds. Work in 

the supersonic field was related mostly to ballistics research until 

the mixing theory of Crocco & Lees (1952) and the simplified model of 

Chapman et al (1958) emerged, after which much work at high speeds 

followed - for example, Charwat & Yakura(1958), Badrinarayanan(1961), 

Hastings (1963), Roshko & Thomke (19644 Scherberg & Smith(1967), 

Statham(1970). A review paper by Nash (1962) emphasized the need of 

data about base flow at low speeds. Nash et al (1966) carried out an 

investigation on two-dimensional base flow at subsonic and transonic 

speeds, using both blunt-trailing-edge sections and backward-facing 

steps. Some experimenters, e. g. Roshko(1955)and Bearman(1965), 

investigated base flow at low-speeds and found that if splitter plates 

were used and the lengths were sufficiently long, the flow-reattached 

and the oscillating vortex shedding was suppressed. Base flow with a 



splitter plate is in fact a flow over a backward-facing step. The early 

investigations on flow involving separation-reattachment, as already 

mentioned above, were mostly on flow over roughness elements, some 

of which involved two separation bubbles, e. g. Tillmann(1945), Mueller ' 

& Robertson (1963), Plate 	(1964), Petryk & Brundrett (1967); and on 

cavity flow, e. g. Maull/(1963), Kistler & Tan (1967). A number of 

experiments on the reattachment of plane jet to a nearby wall were 

carried out in parallel, such as Bourque & Newman (1960), Sawyer (1963) 

Bourgue (1967), McKee & Edwards (1971), Mathews & Whitelaw (1973). 

Some other experimenters - e.g. Simpson (1975), Perry & Fairlie (1975) -

induced their separation bubbles by imposing adverse pressure gradient, 

in which case the separation lines are not known prior to the experiment. 

Quite a few investigators studied heat transfer characteristics in 

separated-flow downstream of a backward-facing step, e. g. Seban (1964), 

Aung & Goldstein (1971)(All reviewed by Fletcher et al 1974). 

The very limited number of previous works on low-

speed flow over a backward-facing step relevant to the present 

investigation includes Hsu (1950), Moore (1960), Tani et al (1961), Abbott 

& Kline (1962), Bradshaw & Wong (1972) and Gesso (1975). Hsu (1950) 

investigated both mean-flow and turbulent properties of the flow behind 

a suddent expansion at a very low speed and a large step height. Moore 

(1960), on the other hand, in an attempt to correlate the flow over 

backward-facing step with a short leading edge bubble, used step heights 

ranging from very small to the same order as the initial boundary-layer 

thickness (laminar); only pressure distribution, a few mean-velocity 

profiles and reattachment distance were measured in his experiments. 

Tani et al (1961) also used several sizes of step with fixed initial 

boundary-layer thicknesses (both laminar and turbulent) and pressure 

distribution, mean velocity profiles, turbulent intensities and turbulent 

shear stress. Abbott & Kline (1962) measured mean velocity profiles 

for both single and double steps with variable geometry in order to study 
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the stall pattern (recirculation)behind the steps. Bradshaw & Wong (1972) 

whose work is the 'groundwork' for the present investigation used more 

or less the same equipment as that used here, but with smaller step 

height. They measured pressure distribution and mean velocity profiles, 

and also measured turbulent properties at one station only. Their 

working section was extended as far as about 50 step heights in an attempt 

to investigate the relaxation behaviour of the shear layer after 

reattachment. They found that even at 50 step heights from the step the 

shear layer is still very different from the equilibrium boundary layer and 

suggested that the bifurcation of the shear layer at reattachment is the 

main influence on the relaxation process. Gesso (1975), in trying to 

improve the method of hot-wire signal analyses when measured in high 

turbUlence rather than investigating the features of flow over backward-

facing step, measured mean velocity profiles, turbulent intensities, 

turbulent shear stress and autocorrelation. Bradshaw & Wong's conclusion 

shows the need for better understanding of the reattachment region, and 

the scarcity of the existing data cited above shows clearly that a great 

deal of work in this direction is warranted. 

1. 3. PURPOSES AND SCOPE OF PRESENT INVESTIGATION  • 

The present work is a continuation of Wong's (1970) work 

(see also Bradshaw & Wong 1972), and it has been mentioned in the 

previous section that the immediate need would be the investigation of 

reattachment region. The simple backward-facing step seems to be the 

best configuration for inducing separation-reattachment flow, since the 

separation line is fixed on the step edge. Brederode (1975) discusses 

the complications of flows with unconstrained separation lines, with 

special reference to three-dimensional effects. He shows that for the 

aspect ratio (span/step height) greater than 10, the flow over a backward-

facing step is effectively two-dimensional except in the regions close to 

the side walls. Therefore we used an aspect ratio of 15, while Bradshaw 

& Wong used 30. With the same order of the initial boundary-layer 

thickness but with about twice the step height compared with that of 

Bradshaw & Wong, we thus have much stronger perturbation flow than 
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that of Bradshaw & Wong; the larger step height in our case also has an 

advantage of more convenience in traversing. 

The main purpose of the experiments reported in 

the present thesis is to extract as much information as possible on the 

characteristics of the flow over a backward-facing step, with special 

attention focused to the reattachment region, using hot-wire 

anemometers. It is rather unfortunate that laser anemometers, which 

should be more suitable than hot-wire anemometers for measurements 

in very high turbulent intensity, have not been available. Nevertheless, 

hot-wire measurements are expected to be adequately accurate in most 

of the region outside the separation streamline - i.e. the downstream-

going fluid which later relaxes into the equilibrium boundary-layer state. 

As mentioned in section 1,1, 	the direction of research in this area 

should be towards the development of calculation methods, for which better  

understanding of 	the turbulent shear stress transport equation is 

essential. We therefore measured all terms except the pressure 

redistribution terms because there is no reliable method of fluctuating-

pressure measurement known at present. The lateral fluctuating velocity, 

w, was not measured and we have to rely entirely on Castro's (1973) 

results for the ratio of w terms to u terms. Since Castro used the same 

tunnel and tunnel speed and similar equipment as compared to the 

present experiments, the differences in mixing layer at a given 

streamwise distance are ascribable to the step effect more-or-less 

irrespective of experimental error. The recorded signals were digitized 

and used as input data of the computer program. Due to the time 

limitation, so far only conventional and intermittency-conditioned 

averages have been obtained. Since the present experiments also aim 

at providing useful data for future work, the analogue tapes are 

available for further analysis. 
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The experimental arrangements and instrumentation 

are described in Chapter 2, while the experiments and associated 

techniques are discussed in Chapter 3. All experimental results are 

presented in Chapter 4 with some immediate discussion. Detailed 

discussions of the results, with further deduced results, appear in 

Chapter 5, and in the last Chapter a more connected account of the 

main findings is given, together with conclusions and recommendations 

for future work. In this thesis the numbering of sections and figures 

is based on Chapter numbers, e. g. section 3.4 is the fourth section 

in Chapter 3; section 2. 2. 3. is the third sub-section of second section 

in Chapter 2; figure 4. 5 indicates the fifth figure at the end of Chapter 4 

A list of figures is given on page ix. 

5Z. 
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CHAPTER 2  

THE EXPERIMENTAL ARRANGEMENTS AND INSTRUMENTATION 

2.1 THE WIND TUNNEL AND THE TEST RIG  

2.1.1 The Wind Tunnel  

The experimental programme was carried out in the 30" x 5" 

No. 1 open circuit boundary layer blower tunnel of the Department of 

Aeronautics, Imperial College of Science and Technology (figure 2.1). 

A full description of this tunnel is given elsewhere (Wong 1970, Bradshaw 

1972) and will not be repeated here. It is driven by a 121 kW aerofoil-

type centrifugal blower which is in turn driven by a DC motor supplied 

from a variable-output thyristor rectifier giving a speed range of 0 

to about 45 m/s. The speed is kept constant by the Automatic Speed 

Control Unit described in section 2.1.2. 

The tunnel has a two-dimensional contraction of area 9:1, 

with a rectangular exit section 76.2 cm x 12.7 cm (30" x 5"). The 

spatial variation of total pressure at the exit is quoted by Bradshaw (1972) 

to be nearly within the experimental scatter of about 0.002 x dynamic 

pressure with a turbulence level of about 0. 07% at about 30m/s. The 

boundary layer 0.8 mm forward of the lower lip of the exit in the 

presence of the test rig, was found to be laminar and approximately 

2mm thick, as opposed to 2.5 mm quoted by Bradshaw (1972) with a 

conventional parallel-sided working section. 

In the present investigation the static port on the centre 

line of the lower surface at 6. 3 cm forward of the exit lip was chosen 

as reference for measuring the tunnel speed. 

2.1.2 The Automatic Speed Control Unit  

The unit has been designed and developed in this Department, 

mainly by Dr. I. P. Castro with later work by the present author, and 

is shown diagrammatically in figure 2:2. The "sensing box" contains 



-10- 

a light source and photocells in a bridge circuit facing one another 

at each side of the inclined glass tube. This tube is connected at 

one end to the reference static port and the other end to the lower 

part of the unit's manometer reservoir. The top opening of the 

reservoir is connected to a reference total pressure probe. The 

bridge is balanced when the meniscus in the inclined tube is at a 

certain position between the light source and the photocell. A 

displacement of the meniscus away from this position will cause an 

out-of-balance voltage (with different sign for different direction) 

which is fed to an operational amplifier in the auto-control unit, 

driving a Vactric servo motor. The motor rotates a potentiometer 

connected in place of the manual speed control potentiometer of the 

thyristor power supply. Thus the tunnel speed is raised or lowered 

until the meniscus in the inclined tube is brought to the balance position. 

When properly adjusted the unit keeps the tunnel speed constant to 

within ± 0.1 mm water of reference dynamic pressure. 

2. 1. 3 Description of the Test Rig 

The test rig or "working section" (also shown in figure 

2. 1) employed throughout the present investigation was specially 

designed to form a 5. 08-cm (2") backward-facing step at the contraction 

exit when attached to the above-mentioned tunnel. It was constructed 

in the Departmental Workshop and has a streamwise length of 83. 8 cm (33"). 

It is made of 1. 9 cm (4") Weydec board with a removable roof which 

can be held on to the top edge of side walls by sets of embedded studs 

and butterfly nuts. Two interchangeable roofs were used: a Weydec 

one which has a 2. 54 cm (1") guiding slot cut along the centre line for 

traversing purposes, and a Perspex one for flow visualization. Long 

flanged T-shaped wooden pieces of various lengths are used in filling 

the guiding slot for any desired traversing distance from the step, and 

be held firmly in place by two aluminium clamping plates (figure 2. 3). 

These clamping plates are slightly bent into small angles at the inner 

edges to provide a flexible contact when tightened onto the roof by sets 

of studs and butterfly nuts. They also have stud sliding guide-holes for 

easy removal of the covering pieces. 



Unlike Wong's (1970) adjustable roof which was arranged 

to give a zero pressure gradient from soon after reattachment, the 

fixed roof inclination of 1. 7o was designed to simulate a streamline 

in an infinitely high tunnel. The chosen inclination was based on the 

boundary layer displacement thickness of Wong's results and it was 

felt that, due to the very small streamline curvature in question, a 

sophisticated determination of the roof shape was unnecessary. The 

floor of the rig is fitted with five 8. 9cm (31") inside diameter standard 

brass rings at a spacing of 15. 2cm (6") along the centre line (starting 

15. 2cm (6") from the floor leading edge), so that standard brass discs 

with pressure tappings, Preston tubes, Stanton tubes or traverse gear 

can be fitted as desired. 

A black-sprayed 1. 6mm (1/16") aluminium sheet was used 

to cover the floor completely when performing tuft or oil-flow 

visualization. 

The test rig stands on a scaffolding frame. Four 5. lcm -
9. 5mm (2-3/8") L-section aluminium beams screwed on to the leading 

and trailing edges of the rig floor and roof prevent warping of the 

Weydec and reinforce the Perspex, and the one at the front edge of 

the rig floor is also used for clamping the test rig to the tunnel's 

main supporting legs by means of two G-clamps. 

2.1.4 The Working Section for Plane Mixing Layer Experiments  

Two existing working sections of streamwise length 

1. 45m (4. 75ft) were used in the plane mixing layer experiments. They 

are fully described by Wong (1970) and Bradshaw (1972). When the 

adjustable roof is removed and the two sections are attached in a 

streamwise direction they form a channel 2. 9m long with Perspex 

side walls 38cm high, suitable for flow visualization work. The smoke 

injector frame from the smoke tunnel described later in section 2.2.1 

can be sandwiched between the tunnel exit and the working section, 
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so that the inside edge of the smoke injector frame is aligned with 

the upper internal surface of the contraction exit to form a continuous 

surface up to the injector slot. 

The floor and one of the side walls were covered with 

photographic matt black paper to eliminate all possible reflections when 

viewing the illuminated smoke-filled mixing layer and also when smoke 

photographs were taken. 

2. 2 FLOW VISUALIZATION EQUIPMENT 

• 2. 2.1 The Smoke Tunnel, The Smoke Generator and The Light Source  

In the early stage of investigation the 4' x 2' smoke tunnel 

of the Department of Aeronautics was used for studying the overall 

flow behaviour of the flow behind a backward-facing step. This is a 

suction tunnel of constant rectangular cross-section 1. 22 x 0. 61m (4' x 2') 

and llm (6 sections of 6') long with its exit connected to the intake of 

30" x 5" wind tunnel No. 2; thus both the smoke tunnel and the latter 

blower tunnel use the same centrifugal blower and driving motor. The 

smoke tunnel has a bell-mouth, one honeycomb and four screens at 

entry but has no contraction. A removable frame with a narrow slot, 

stiffened with corrugated aluminium, at one of the inside edges is 

situated immediately behind the last screen for injecting a full-span 

sheet of smoke filament horizontally close to the tunnel floor in a 

streamwise direction. The lowest tunnel speed is about lm/s which is 

desirable for most smoke-flow visualization work. The free stream 

turbulence level measured by the present author with an unlinearized 

hot wire was found to be approximately 0. 2% at a free stream speed of 

about 2m/s. 

The backward-facing step used in the smoke tunnel flow 

visualization work was made up of a thin aluminium sheet spanning the 

tunnel floor and bent into an approximately half sine-wave form in the 

streamwise direction. The crest edge of the sheet was screwed on to 
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a 3. 8cm (3") high wooden beam of rectangular cross-section which 

served as a backward-facing step on the tunnel floor while the other 

edge lay flat and held down to the floor by sticky tape close to the 

smoke injector frame. The combination therefore formed a mildly 

contraction section at the tunnel floor up to the step height of 3. 8cm. 

A portable Taylor smoke generator type 3020 was used for 

both the boundary layer flow visualization in the smoke tunnel and the 

plane mixing layer flow visualization in the blower tunnel No. 1. This 

smoke generator has an automatic switch to cut off the mains supply 

when the correct temperature is reached and to switch on again when 

the temperature is lowered. It can produce white smoke by electrically 

heating high grade kerosene fed from the internal supply reservoir 

and forced out at a chosen rate by compressed CO2 supply. The CO2 
used for this purpose may be either from a small cylinder mounted 

within the generator or an external cylinder. The smoke output pipe 

on the generator can be connected directlylusing rubber or plastic tube, 

to the inlet pipe of the smoke injector frame of the smoke tunnel. 

Since our flow visualization work involved observation of 

the illuminated smoke, it was obvious then that an adequate light source 

was essential if photographic records were to be made. A light source 

was designed to replace the temporary one used in earlier work. A 

three-lens arrangement similar to that used by Fiedler & Head (1966) 

(figure 2. 3) was adopted using existing lens available in the Department. 

The design requirement was to obtain as thin as possible a sheet of light 

with maximum possible intensity from a 1000W Halogen mercury bulb. 

Two identical aluminium light boxes as shown in figure 2. 3, were made 

and tried. It was found that the intensity of the light output was poor and 

inadequate for most photographic purposes. The excessively thick lenses 

used were responsible for the unsatisfactory results. The idea of using 

a single lens system suggested by Dr. Falco of Cambridge University 

(figure 2. 3) was considered; the reasoning was that a certain amount 

of light intensity is always lost when passing through a lens and therefore 
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the smaller number of lenses used the better results would be 

obtained. The lenses in each light box was then replaced by a single 

bi-convex Perspex lens, manufactured in the Departmental Workshop, 

with a focal length of approximately lm. This was found to be quite 	• 

satisfactory as it provides a sheet of reasonably intense light of about 

2cm thick, 60cm wide at a distance of 60cm from the end of the box, 

i. e. when the light boxes standing on the Perspex roof of the smoke 

tunnel the focussed part of the beam will be close to the tunnel floor. 

These two light boxes have been used most successfully for smoke-flow 

visualization in the Department during the past three years. 

2.2.2 Oil-flow Mixture And Tufts  

The oil-flow method and tufts were used to observe and 

determine the reattachment distance, fluctuating band of reattachment, 

two-dimensionality and reseparation lines behind the backward-facing 

step. The oil mixture used in all experiments was similar to that used 

by de Brederode (1975) with a slight change to account for the difference 

in surface conditions. The approximate oil mixture proportion used was 

as follows: 

4 parts of 'Plus-Gas', formula 'A' penetrating oil, 

2 parts of 'Speedivac' grade 16 vacuum pump oil, 

1 part of titanium dioxide, 

& small drop of oleic acid. 

Tufts of thin cotton about 2. 5cm long were used mainly 

to observe the width of the fluctuating band of reattachment, which 

oil-flow method would not reveal, and to get a rough idea of the flow 

patterns on the side walls. A tuft fixed to the end of a thin rod, and 

the stethoscope technique, using simply a plastic tube connected to a 

hypodermic tube, were also found useful in checking the flow condition 

at any doubtful point, or in detecting the edges of the boundary layer. 

2.3 'TRAVERSE GEAR  

Exclusive use was made of a "slide rule" type traverse gear 

with a 15cm (6") stroke driven by a Portescap P26 12V DC electric 
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motor (see figure 2. 4 (a) of Dean (1974) or figure 7. 3 of de Brederode 

(1975)). It is fitted with a Sakae linear potentiometer type 20LP100 

with 10cm travel and 0. 04mm resolution. The potentiometer mounting 

is adjustable and can be set at any desired vertical position within the 

traverse gear stroke, which is required when a traverse height greater 

than 10cm is needed. Both the motor and the potentiometer are fed from 

a remote control box, with a built-in voltage stabilizer and zero 

adjustment for the potentiometer. The potentiometer output voltage, 

which is the measure of the traverse distance, can be monitored on 

a digital voltmeter for visual display and/or connected to the Data 

Transfer Unit described in section 2. 5. 

• 
Since in the present investigation all traverses were made 

from the roof of the test rig which is slightly inclined, a special 

T-shaped wooden base of 10 cm long, similar to those used in filling 

the guiding slot on the test rig roof, was made so that the traverse 

gear stood vertically with respect to the plane of the rig floor. 

The traverse gear can be fitted with various probes such 

as Pitot tube, disc-static tube, hot wire or thermocouple. 

2.4 PRESSURE MEASUREMENT INSTRUMENTATION 

2. 4. 1 Surface Pressure Tappings 

Some of the standard brass discs mentioned in section 2.1. 3 

have three 1-mm static ports drilled along a diameter at 3.8 cm (11") 

spacing with the middle one at the centre of the disc. In the early stage 

of the work these 3-tapping discs were used to replace all five plain 

discs and carefully aligned to give fifteen static tappings along the centre 

line of the test rig floor. This number of static tappings was however 

found to be inadequate, particularly in the recirculation region where 

the pressure gradient was extremely high. Six more tappings were 

then drilled on the test rig floor space, along the floor centre line, 

between the rig leading edge and the third ring. Hypodermic tubes of lmm 

outside diameter were inserted flush with the floor surface and held in 
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place by Araldite. In addition, the third disc was later replaced 

by a special disc with 7 tappings equally spaced at 1.25 cm to 

investigate the reattachment region, where the pressure gradient 

was changing signs, in more detail. Consequently, in the final stage 

of the surface pressure measurements 25 static tappings in all were 

used and their distances from the step were as tabulated below: 

Tapping 
No. 

1  2 3 4 5 6 7 8 

x (cm) 3.4 7.15 11.2 15.0 18.8 21.65 23.55 25.9 

Tapping 
No. 

9 10 11 12 13 14 15 16 

x (cm) 27.1 28.35 29.6 30.9 32.1 33.4 36.9 38.8 

Tapping 
No. 

17 18 19 20 21 22 23 24 25 

x (cm) 41.6 45.45 49.3 56.9 60.75 64.6 71.15 76.0 29.85 

2.4.2 Pressure Probes 

a) Pitot Tubes 

In the mean-flow measurements, the velocity profiles were 

first measured with a Pitot tube. A plane-ended circular Pitot tube 

of 1-mm outside diameter was chosen because it was believed that this 

size should give sufficient accuracy in measuring total pressure in the 

present flow configuration and it was easy to manufacture. Originally 

the tube bent into an L-shape with an overhanging length cf 6,7 cm was 

used but found to be unsuitable. In the reverse flow region the 

measurements with Pitot tube facing downstream was more 

appropriate because of the unreliability of the downstream-facing 

calibration of the tube; and with the L-shape configuration 

it was difficult to maintain the tip exactly at the same position 

when turned to face the opposite direction. The Pitot tube 

bent into C-shape with tip exactly at the stem axis was 
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therefore adopted. The C-shape tube also had plane-ended tip of 

1-mm diameter and it had a C-width of 3. 8cm. With this Pitot tube 

the same measuring point at the tip of the tube could be maintained 

whichever direction it was pointed without the necessity of removing 

the traverse gear. 

Both Pitot tubes were made of hypodermic tubes stepped 

down from a 4-mm stem, to suit traverse gear mounting, to lmm at 

the tip as shown in figure 2.4. 

b) Disc-Static Probe  

The preliminary results of the velocity profiles obtained 

from the Pitot traverse, assuming zero pressure gradient across the 

boundary layer, revealed some peculiarities especially in the 

recirculation region. The effects of static pressure gradient across 

the layer was suspected to be the main cause, thus the static pressure 

distribution at the same stations as those in Pitot traverse was 

investigated. A disc-static pressure probe, similar to those described 

in Bryer & Pankhurst (1971), was chosen. It had a brass disc of 

6. 4mm (4") diameter, 0. 9mm thick, attached to the tip of C-shape 

tube with a 0. 38-mm bore hole on both sides of the disc, as shown in 

figure Z. 4. The centre of the disc, where static ports were located, 

was in alignment with the stem axis for convenience in rotating to 

opposite direction in reverse flow. This type of static probe is believed 

to be nearly insensitive to yaw within ± 30  (Bryer & Pankhurst, 1971), 

2.4.3 Preston and Stanton Tubes 

Although the values of local skin friction can be derived from 

the mean velocity profiles using the logarithmic law, direct measurement 

is advisable as a check on accuracy of the velocity measurements and 

of the logarithmic law itself. A Stanton tube mounted on a standard brass 

disc. was used for this purpose. However it was not a conventional 

Stanton tube with a razor blade fence, 'but, similar to that developed 

and used by Sivasgaram. (1971), consisted of two narrow rectangular 

slots on the same diameter each side of the disc centre. One longer 
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edge of each slot was scraped down a few thousandths of an inch 

to provide a small forward-facing step in one slot and a backward-

facing step in the other when placed so that the common axis of 

both slots was perpendicular to the flow direction. When the 

pressure difference between the two openings is properly calibrated, 

this type of Stanton tube is believed to represent the most accurate 

method of friction measurement because no part projects out in 

the flow so that the pressure difference should be determined solely 

by conditions in the sublayer. 

In the present work a set of Preston tubes was used 

merely as a means of Stanton tube calibration. The objection to using 

these Preston tubes to measure directly the skin friction in this case 

was the uncertainty of whether the tubes were totally immersed in 

laminar sublayer. Preston tubes of outside diameters of 0. 9 mm (0. 036"), 
1. 5 mm (0. 058"), 1. 7 mm (0. 065"), 2 mm (0. 080") and 2. 9 mm (0. 115"), 

each mounted on a standard brass disc with two static tappings on 

both sides, were used for the calibration purpose. 

2. 4. 4 Manometers  

The reference speed of the blower tunnel No. 1 was 

monitored throughout the investigation by an AVA Betz manometer 

with accuracy better than 0. 02% in the speed range of the experiment. 

All flow visualization work in the smoke tunnel was 

done at very low speeds, therefore monitoring the much faster speed 

of the blower tunnel No. 2 by inclined Airflow Mk 5 manometer was 

found to be more convenient. The actual smoke tunnel speeds could 

then be easily calculated. A VARIAC transformer controls the motor 

speed so that the voltage setting could be used as a rough guide when 

an accurate measure of the tunnel speed was not essential. 
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In the early stage of the surface-pressure measurements, 

all static tappings were connected to a TEM multi-tube manometer in 

order to visualize the entire pressure distribution. Although a 

number of pressure readings were taken in a preliminary study, the 

severe fluctuation of pressure in the recirculation and reattachment 

regions made this type of manometer unsuitable for more rigorous 

measurements, even with the use of the clamp on the manometer to 

obtain instantaneous pressure readings. The final surface pressure 

distribution (regularly checked throughout the investigation) was 

measured by a Furness Control type MDC multi-range capacitor 

micromanometer as well as in all the Pitot and static pressure traverses. 

The linearity of this manometer was found to be better than 0. 2% 

in the present test range. However, in the high turbulence region 

the peak-to-peak fluctuations at the manometer reached as high as 

15% of the local dynamic pressure, even with long lengths of small 

bore tubing and a large micromanometer time constant. The passive 

RC low-pass filter circuit, as shown in figure 2. 6, was connected 

between the micromanometer output and the DTU (described in section 

2. 5) in order to reduce the total amplitude of fluctuation to less than 

3% (about 0. 5% rms). TEM multi-tube manometer was also used in 

the calibration of Preston tubes. 

As the pressure difference indicated by the Stanton 

tube was very small, a Combist null-displacement manometer was 

employed. The accuracy claimed by its makers is of the order of 

0. 01 mm of water. 

2. 5 THE DATA LOGGING SYSTEM 

Traverses were made at 13 stations at the distance 

as stated in section 3. 4.1 and for each traverse about 50 points were 

taken with several readings at each point to yield good averages. 

Taking these numerous readings by hand would be error-prone as well 

as time consuming, thus the Departmental Data Logging System was 

employed for all traverse work. 
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The system consists of a Solartron Data Transfer 

Unit (DTU), a Solartron LM 1420. 2 Digital Voltmeter (DVM) and 

a Teletype ASR 33 T eleprinter. The DTU can receive up to five 

steady input signals simultaneously and the output can be printed 

or printed and punched on paper tape in ISO/ASC II code by the 

teletype. The scan can be set as a single scan or to repeat until 

it is manually stopped, which is convenient when a number of samples 

at one position are required. 

A so-called "coder box", which is a discrete 

potentiometer, is nearly always a part of the system if the punched 

tapes are to be processed later by a computer. This "coder box" 

provides ten discrete voltage outputs which can be logged on to one 

of the DTU channels for data control purposes. 

2. 6 HOT WIRE ANEMOMETRY  

2. 6. 1 Hot Wire Probes  

DISA probes were used exclusively for all hot wire 

measurements with either DISA original tungsten wires or, when no 

probes with original wires were available, home-made 511m and 7. 5/um 

Wollaston wires. However, the results reported herein were all measured 

with DISA original tungsten wires. The DISA U-probe type 55 P01 used 

for measuring mean velocity and longitudinal turbulence intensity has 

a platinum-plated tungsten wire of 51km diameter, 3 mrn overall 

length, 1.25 mm sensitive wire length and the ends were copper-and- 

gold plated to a diameter of approximately 30.pm. For other 

measurements, i. e. v2, IT'sr, and higher products, a DISA 55 P51 

X-probe was used. The physical size of the X-probe is the same as 

those of the U-probe except that the cross-array is arranged so that 

the overall length of the wires are the diagonal length of a 2.1 mm square. 
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2. 6. 2 Anemometers and Associated Units  

All hot wire measurements were made by DISA 55-D01 

constant temperature anemometers in conjunction with DISA 55 D25 

auxilliary units which provided a square-wave for the frequency-

response check. Hot wire signals were linearized by DISA 55 D10 

linearizers and when necessary the mean square of the fluctuating 

quantities were measured with DISA 55 D35 RMSmeters monitored 

by Solartron DVM's. A Solartron RMS sub-unit in the 1420 DVM was 

also used for some calibration purposes. A two-beam Tektronix type 

502 oscilloscope was used to monitor the hot wire signals throughout 

the hot wire work. A Parnell sine-square oscillator type LFM 2 was 

also used in gain calibration and other purposes, such as to supply 
• 

the calibration signals for analogue recording. 

2.7 THE HOT WIRE DYNAMIC CALIBRATOR AND INSTRUMENTATION 

2.7.1 The Dynamic Calibrator 

The original version of the dynamic calibrator 

constructed in the Departmental Workshop was almost identical 

to that used by Perry & Morrison (1971) but with a different driving 

motor which gave a fixed shaking frequency of about 12 Hz. 

Calibration work done with this calibrator showed inconsistent results 

and vibration due to rapid wear of some parts seemed to be the main 

cause. A few modification were tried without success in improving 

the results and this particular calibrator was abandoned. 

Consequently, the present calibrator employing a 

crank mechanism was designed by P. Bradshaw and the present 

author, as shown in figure 2.7. It is driven by a 900 rpm AC commutator 

motor to give shaking frequency of approximately 15 Hz. Two alternate 

crank lengths can be used, with the crank ratio of 5. Z in the case of 

smaller crank length. The deviation from a pure sine wave due to 

finite crank ratio has a negligible effect on the rms measurements 

(Bruun 1975) as shown in Appendix III. 
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2. 7.2 Instrumentation 

In both versions, a linear displacement transducer 

(Electro Mechanism Ltd. , Slough) is connected to the sliding shaft 

of the calibrator for, measuring the frequency of oscillation.A DC supply 

of 20V is fed to the transducer and with the motor running the shaking 

frequency is measured by a RACAL SA 532 1.2 Mc/s Universal Counter-

Timer, from which the imposed rms velocity can be calculated. 

The hot wire instrumentation is the same as that 

described in section 2. 6. 2, namely DISA 55D01 anemometer, DISA 

55D25 auxiliary unit, DISA 55 D35 RMSmeter and Solartron digital 

voltmeter. 

2.8 ANALOGUE AND DIGITAL RECORDING INSTRUMENTATION 

2. 8. 1 Analogue Measuring Equipment 

During the analogue recording of the signals from a cross-wire 

probe, a few analogue measurements were taken at an early stage in 

order to check the digital results. The analogue measuring system 

consisted of two data amplifiers, a multiplier, an integrator and a 

DISA test unit, all plugged in to a PHI console (Servicon. Ltd.) with 

common ± 15V power supply. The integrating time was set and 

controlled by a WATESTA timer. The DISA test unit was designed 

to resolve the two input signals from the cross-wires into u and v 

velocity components so that the output could be fed into the multiplier 

and integrator to give u2, v2  and uv directly with some scaling factors. 

Details of system operation and measuring technique are described in 

chapter 3. 

2. 8. 2 Analogue Recording Equipment  

An Ampex FR 1300 Analogue Tape Recorder was used 

to record the linearized signals from the crossed-wires which were 

scaled with two data amplifiers. The recorder has 14 channels, with 

speeds of 0. 0476 m/s (11 in/sec), 0.0953 m/s (34" in/sec), 0.1905 m/s 

(71 in/sec), 0.381 m/s (15 in/sec), 0.762 m/s (30 in/sec), 1. 524 m/s 

(60 in/sec) and records on to 2. 54 cm (1") analogue magnetic tape. 



The peak-to-peak amplitude of input signals is limited to 2 volts 

(i. e. ±1V max). By using record and reproduce connections 

simultaneously the signals can be played back through an oscilloscope 

while recording. A Parnell Sine-wave generator was used to provide 

the calibration signals throughout the recording work. 

2.8. 3 Digital Recording Equipment  

The cross-wire signals recorded on analogue tapes 

were digitized by the Imperial College Aeronautics Department Digital 

Data-logging System, described fully by Weir & Bradshaw (1974), to 

obtain computer-compatible digital magnetic tapes for data processing. 

The system consists of an Ampex FR 1300 Portable Analogue Tape 

Recorder, a Data Laboratories Ltd. Simultaneous Sample and Hold type 

800, a multiplexer, a Data Laboratories Ltd. A/D Converter 710, a 

Digital Equipment Co. Ltd. PDP-8/L minicomputer, an interface unit 

built by DEC and an Ampex TM 16 Digital Recorder. The maximum 

analogue frequency is limited by KEMO 1Hz - 100KHz Dual Variable 

Filter Type VBF/1 to avoid aliasing and the rate of transfer from the 

A/D converter to the core store of the minicomputer is set by a crystal 

clock. 

The system can accept up to 12 parallel channels 

carrying analogue voltages 1V max) and converts them into 10-bit 

binary numbers, then records them in pure binary form on 7-track, 

1. 27 cm (-1") digital magnetic tape in "block IBM" format compatible 

with the Imperial College and London University CDC computers. The 

conversion rate is adjustable up to approximately 25, 000 samples/sec; 

a rate of 20, 000 samples/sec (10, 000 per channel) was used in the present 

work. 
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2. 9 REFERENCE-MEAN-STREAMLINE TRACING SET-UP  

To determine V from the existing data by integrating 

with respect to y, a reference mean streamline in the free stream 

is needed because measurements in the recirculation region are 

uncertain so it is not possible to integrate from the floor surface. 

A Nichrome wire, stretched across the span of the test rig at 2.4 cm 

behind the step and 11. 5 cm above the rig floor, was electrically 

heated by a voltage supplied by a VARIAC transformer. A system of 

weights hanging over a pulley, as shown in figure 2. 5, was used to 

keep the wire taut when heated. A thermocouple probe was traversed 

at a number of distances downstream of the heated wire, and a 

reference thermocouple was placed in the free stream at the end of 
• 

the rig. The temperature difference between the two thermocouples 

at each point was measured by a Comark Differential Thermometer. 
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CHAPTER 3  

THE EXPERIMENTS AND ASSOCIATED TECHNIQUES  

The reference dynamic pressure of the blower tunnel 

was kept at 6. 0cm of water for all tests unless otherwise stated; 

thus the reference speed of the tunnel ranged between 31. 2 and 31. 7 m/s 

depending upon the atmospheric conditions of each test. The flow 

temperature was recorded at regular intervals during each test using 

a thermocouple probe placed in the free stream at the end of the rig 

and connected to a Comark electronic thermometer, and the atmospheric 

pressure was noted on each day of the test, so that the reference tunnel 

speed for each test was known. 

3.1 FLOW VLSUALIZATION  

3. 1.1. Flow Study in the Smoke Tunnel 

As a preliminary to the main measurements, the smoke-

filled boundary layer behind a backward-facing step was studied in the 

smoke tunnel with the set-up as described in section 2. 2.1. In 

particular, attention was focussed on the eddy behaviour in the 

recirculation and reattachment regions, to decide whether eddies were 

torn in half at reattachment, as reported by Bradshaw & Wong (1972) 

and to confirm the two-dimensionality of the mean flow already found 

by de Brederode (1975). 

The smoke generator and light sources described in 

section 2. 2. 1 were used. The light boxes stood on the tunnel Perspex 

roof so that the vertical centre plane of smoke-filled boundary layer 

was illuminated. In some tests the span of smoke injection was about 

10cm at the centre, using sticky tape to cover the other parts, in 

attempts to improve smoke conditions for photographing and to have 

clearer views of eddy behaviour in the spanwise direction. The flow 

speeds in the smoke tunnel were varied in the range 1 to 5 m/s. 
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A number of still photographs were taken during 

the development of the light sources, but, due to the lack of suitable 

light sources and/or photographic equipment, these were unfortunately 

not good enough for presentation. It was found profitable to place 

strips of mirror or silver tape on the tunnel floor underneath the 

light sources so that light intensity could be increased by reflection. 

A proper placement of photographic equipment for overall side view 

pictures of the boundary layer was difficult because of the limited 

space between the tunnel and the laboratory walls. 

3. 1. 2 Determination of the Reattachment Line 

A number of tests in the blower tunnel were devoted 

to an oil-flow visualization study, firstly in de Brederode's 2. 54 cm (1") 

step test rig (Brederode, 1975), modified to provide 5. 08 cm (2") step, 

in order to learn the technique and to decide if a new test rig was 

required, and finally in the present 5. 08 cm (2") step test rig in order 

to determine the mean position of the reattachment line and to check 

the two-dimensionality of the reattachment region. The oil-mixture 

as quoted in section 2.2. 2 was used in both cases with slight changes 

of proportion determined by trial-and-error, because of the different 

surface conditions in the two rigs. Oil must be applied on to the surface 

as economically as possible to avoid accumulation in some regions, 

particularly in the recirculation region where the velocity is low, as it 

then becomes too thick to flow freely. 

A number of surface oil-flow photographs were taken 

and the distance of the reattachment line from the step was measured 

at several intervals along the span in every run. The results and 

discussion may be found in the next two chapters. More detail on oil-

flow technique is referred to de Brederode (1975). 



Since the reattachment line obtained in the oil-flow 

pattern was the mean line and time dependent information could not be 

detected by such a technique, tufts were used in some test runs to 

observe the fluctuating behaviour of the general flow field and the width 

of fluctuation band at reattachment. Tufts of about 2. 5 cm long were 

attached to the rig floor, spaced about 2 cm apart in the streamwise 

direction and about 10 cm both sides of the rig floor centre line. The 

same arrangements were made at the centre line of both side walls, 

and a few tufts were also attached to the rig floor in the reattachement 

region close to the side-wall corners. 

3. 1. 3 Plane Mixing Layer Experiments  
• 

In some recent reports on flow visualization of plane 

mixing layers such as Brown & Roshko (1974) and Winant & Browand 

(1974), it has been suggested that this type of shear layer has more 

orderly and coherent eddy structure than - say - boundary layer. In 

our flow configuration, the shear layer close to the step somewhat 

resembles a free mixing layer because the laminar separation from 

the step shoulder rapidly becomes turbulent,but in our case thexe'is a region 

of recirculation on the opposite side to the main stream rather than 

"still" air or a parallel stream of different velocity, and the shear 

layer curves towards the floor as it reattaches. Well upstream of 

reattachment, however, our flow may be classed as a "curved mixing 

layer", and it must behave in a similar manner to the plane mixing 

layer with regard to the eddy structure. It therefore seemed most 

useful to make smoke-flow visualization studies in a very-low-speed 

plane mixing layer, rather than trying to set up a large-scale step rig 

for visual studies of eddies at low speed but adequate Reynolds number. 

The experiments were carried out in the roofless 

working section described earlier in section 2. I. 4. Smoke-flow 

visualization was used with several different flow speeds to suit 

photography and to observe the effect's of Reynolds number. The light 

sources used were those described in section 2.2.1, and they were 
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placed on a frame about 60 cm above the mixing layer. The heat from 

the light sources caused noticeable buoyancy effects, and there was 

some interference by the light source cooling fans which blew in 

opposite direction to the tunnel stream. Therefore, air above the 

tunnel stream was not perfectly still but behaves somewhat like a very 

slow and large recirculation region. 

The second stage of these experiments used the 

shadowgraph technique in order to compare with the results of Brown 

& Roshko (1974) and the work was later continued by Dr. A.D. Weir 

of this Department. A few of the photographs taken during both 

stages of the experiments may be seen in I. C. Aero Report 75-03 which 

is presented in this thesis as Appendix I. 

3.2 SURFACE PRESSURE AND THE SKIN FRICTION MEASUREMENTS  

3.2.1 Streamwise Surface Pressure Distribution Measurements 

The streamwise surface pressure distribution on the 

rig floor behind the step was measured directly from the static tapping 

as described in section 2. 4. 1, using the same equipment as for the 

Pitot traverse (figure 3. 7). The effects of Reynolds number on the 

surface pressure distribution was also investigated, at an early 

stage, by running tunnel at several different reference speeds. The 

surface pressure distribution was always checked whenever the rig 

was re-mounted on to the tunnel after it had been removed for other 

users' benefit to ensure identical flow configurations for all tests. 

3. 2. 2 Local Skin Friction Measurements  

The local skin friction at the centres of five discs 

on the test rig floor were measured with the Stanton tube described 

in section 2. 4. 3. The calibration procedure using Preston tubes as 

the reference is described in the next section. Each of the five plain 

discs on the rig floor was replaced by the disc containing the Stanton 

tube in turn and its pressure difference was read off from a Combist 
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manometer. Note that in using the Combist manometer care must 

be taken to ensure that it is standing on a rigid foundation, as it 

was found to be extremely sensitive to any disturbance to its standing 

level. Using calibration curve the values of skin friction coefficients 

could then be easily determined. 

3. 3 CALIBRATION PROCEDURES AND TECHNIQUES 

3. 3. 1 Pitot Tube Calibration in Reverse Flow 

Calibration of the Pitot tube in reverse flow was 

necessary if it was to be pointing in the conventional direction 

(i. e. upstream with respect to main stream) at all times even in the 

recirculation region. This was done in the free stream at x=15. 2 cm, 

y=11. 6 cm and the obtained results were plotted as shown in figure 3. I. 

Yaw calibration of the Pitot tube in reverse flow was not attempted as 

it was later decided that more reliable results could be obtained by 

pointing the probe in opposite direction when measured in the 

recirculation region. 

.3. 3. 2 Disc-Static Probe Calibration  

The principle of disc-static probe calibration (Bryer & 

Pankhurst, 1971) is to determine the constant in the expression 

P - P 
Jo U2D  = (3.1) 

where p = true static pressure, pp  = static pressure measured by 

disc-static probe and vU2  = dynamic pressure at the calibration 

point. 

In our case the probe was calibrated in the test rig 

at the point x = 60. 7 cm, y = 12.1 cm and true static pressure, p, was 

measured at a point on the side wall at the same co-ordinates as the 

probe. The values of p-pD  for various tunnel reference speeds were 

measured by using the MDC capacitor micromanometer, with the 
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probe pointing both upstream and downstream, and the typical 

calibration plots are shown in figure 3. 2. 

3. 3. 3 Stanton Tube Calibration 

The calibration curve used here is the plot of VApsys. 
Aps/cr , as shown in figure 3. 3, where 	(Cw  = skin friction at 

calibration point measured with Preston tube, kips  = corresponding 

pressure difference of the Stanton tube at the same tunnel reference 

pressure, and Q = (Jo V2 
)/( pv2 ), the suffix 'o' indicating the ro 

standard atmosphere values. 

In the present work five different sizes of Preston 

tubes as described in section 2. 4. 3 were used in order to obtain more 

accurate mean value of 5w. The calibration point was chosen at the 

centre of the last disc on the rig floor which was 79. 8 cm from the 

step. At this point the flow in the inner layer should approximate to 

that in a conventional wall shear layer for which the universal Preston 

tube calibrations were derived. S. T. B. Young's (private communication) 

PRESTON computer program was used to evaluate the values of s'w  

from Wong's Preston tube calibration chart (Wong, 1970) for all Preston 

tube results. 

3. 3. 4 Hot Wire Calibrations  

In the present work static calibrations of single U-wires 

are fitted to the law 

E2  = A + BUn, 	 (3.2) 

with the exponent n varying between 0. 4 and 0.45. With Collis & Williams' 

(1959) 0. 45-law, the points in E
2 vs. UO. 45 plot were found to follow 

a gentle curved path beyond U=22 m/s which made a straight line fitting 

uncertain. At one stage the law 

E2  = A + BUn  + CU2n 	 (3. 3) 

where n = 0. 5 propo.sed by Davies & Patrick (Cockrell, 1972) was tried 

but with n = 0. 45 and a curve fitting method as described in Appendix II 

was developed. However, this was fOund unnecessary in the present 
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work because, with the range of speeds used, the curved part was 

quite short. The exponent of 0. 4 was found to give better straight 

line fit for the wires used in the present work in the speed range up 

to approximately 30 m/s and was therefore adopted. Typical U-wire 

calibration curves with and without linearizer may be found in figure 

3. 4(a) and 3. 4(b) respectively. U-wires were always calibrated at 

the centre of the wind tunnel exit section with the wire in horizontal 

position. 

The same 0. 4-power calibration law mentioned above 

was also applied to the cross-wire calibrations which were done with 

the traverse gear carrying X-wires fitted to the first disc from the 

step, so that the probe measuring point was located at x = 8. 0 cm, 

y = 11. 2 cm. The disc mounting of the traverse gear was to provide 

a convenient means of X-wire yaw calibration to obtain the effective 

angles of the wires which were essential in data reduction. Wires were 

always arranged to be in horizontal planes when calibrated. Detail 

of cross-wire yaw response and calibration procedures are described 

by Castro (1973). Figures 3. 5(a, b, c) show typical X-wire calibration 

curves. 

It was found that DISA linearizers used in all hot wire 

work drifted considerably, thus frequent checking was necessary. In 

the U-probe traverse the calibration was done once each experimenting 

day before the commence of the traverses, while the calibration was 

done before and after each traverse station in the X-wire traverse. 

The hot wire dynamic calibration was carried out on the 

first version of the dynamic calibrator as described in section 2. 7 

following the same principle and procedure as that of Perry & Morrison 

(1971), in order to determine the necessary correction, if any, due to 

errors caused by the differentiation of static calibration curve. This 
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work was temporary suspended because of poor performance of 

this particular calibrator until the present version of calibrator 

emerged. Figure 3. 6 shows typical (6E/ aU)vs. U plots from 

the results obtained from the original version dynamic calibrator in 

comparison with various static calibration laws. Dynamic calibration 

work done by Dr. Bruun (1975) of Southampton University with the 

present calibrator showed that the careful differentiation of static 

calibration curve and the dynamic calibration gave the same aE/ aU 

within experimental error. Therefore, no corrections due to error 

caused by the differentiation of static calibration curves were made 

in the results presented in this thesis. 
• 

3. 4 MEAN FLOW MEASUREMENTS 

3.4.1.Mean Velocity Profile Measurements using Pressure Probes  

Figure 3.7 shows the arrangement used for the mean 

velocity profile measurements employing pressure probes. The 

traverses were done in 13 stations at x/h = 1. 9, 3. 4, 4. 4, 5. 4, 6. 4, 

7. 4, 8. 4, 9.4, 10. 325, 11. 325, 13. 325, 14. 325;the step height, h, 

being 5. 08 cm. Throughout the Pitot tube and disc-static tube traverses, 

the traverse gear control potentiometer was set at 20mV =1 mm 

displacement: this and the MDC capacitor micro  manometer calibration, 

approximately 4 mV = pressure of 1 mm water, were regularly checked. 

Zero y was set by using a buzzer to detect electrical contact between 

the probe tip and the brass disc on the working section floor, or a 

2. 54 cm (1") slip gauge at stations where no disc was present. 

Readings of about 50 points at each x station (fewer in 

the case of static pressure traverse because gradients were smaller), 

with up to 20 samples at each point in highly turbulent regions were 

printed and punched on paper tape for computer data processing. At 

the stations x/h = 1. 9 and 3. 4 the traverses were repeated with the 

probes pointing downstream to obtain values in reverse flow. This 

procedure was omitted for stations x/h =4. 4 and 5. 4 which were also 
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in the recirculation region, because the total pressure profiles 

measured with forward-facing probes were positive everywhere. 

3. 4. 2 Mean Velocity Profile Measurements by U-probe Hot Wire 

The arrangement shown in figure 3. 8 was used for 

all U-probe hot wire measurements. The frequency range was set 

at 2Hz high-pass and 20 kHz low-pass by means of the DISA auxilliary 

unit. The anemometer and auxiliary unit were adjusted to give unity 

gain and a wire overheat ratio of 0. 8 was used throughout. These 

of measurements were in fact the by-product cm u2  - measurements but 

are useful for comparison with the Pitot results. The output of the 

linearizer was connected, both directly and via the DISA RMS meter, 

to DTU input channels (figure 3. 8). The same stations as for the 

Pitot traverse were used, except for the omission of the last one, 

x/h =14. 325 (due to the limitation of the traverse arrangement), and 

the addition of a station at x/h = 0. 65. The general traverse procedure 

was the same as for the Pitot traverses described in the previous 

section. 

3. 4. 3 Reference -Mean-Streamline Tracin 

The heated wire arrangement used for the reference-

streamline tracing has been described in section 2. 9. A thermocouple 

probe fitted to the traverse gear could be traversed in the same fashion 

as in the Pitot and hot wire traverses described earlier. A reference 

("cold junction") thermocouple was placed in the free stream at the 

end of the working section. The heated wire was located at x = 2. 4 cm, 

y = 11. 5 cm, so that the streamline passing through this point was close 

to but still above the shear layer edge at the end of the working section, 

and traverses were made at x/h = 1. 7, 2. 7, 3. 7, 4. 7, 5. 7, 6. 7, 7. 75, 

8. 75, 9. 75, 10. 75, 11.75 and 12.75. Since the temperature difference 

at each measuring paint fluctuated considerably on the differential 

thermometer scale, its output terminals were connected to a DVM, and 

about 10 samples of DVM readings at each position were taken to obtain 

good averages. 
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3. 5 MEASUREMENTS OF FLUCTUATING QUANTITIES  

3.5.1 Longitudinal Turbulence Intensity Using a Single-wire Probe 

The method and procedure for measurements of the 

u-component velocity fluctuation using a single hot wire "U-probe" 

are described in section 3.4. 2: the readings were taken simultaneously 

with mean-velocity profile measurements by DTU print-out and paper 

tape punch. 

3. 5.2 X-probe  Hot Wire Traverse  

In order to obtain v-component turbulence intensities, 

Reynolds stresses and higher products for energy and shear stress 

balance computation, "X-probe" hot wire traverses were required. In 

the present investigation, the planes of wires were always placed 

vertically with the probe axis carefully adjusted to be horizontal; the 

w-component of fluctuating velocity was not measured since the main 

interest was in uv and its governing transport equation. The traverse 

gear control setting and traverse procedure were the same as those 

described in section 3. 4. Traverses were made at the same stations 

as for the U-probe traverses except that the first station in this case 

was at x/h = 0. 5 rather than 0. 65 due to the difference in lengths of 

the two probe supports. 

Figure 3. 9 shows the equipment used for these 

measurements. The main aim was to record linearized hot wire signals 

on analogue magnetic tapes for later digitizing and computer processing 

(described in the next section). Linearization could have been carried 

out in the computer but it was felt important to check the performance 

of the apparatus by real-time analogue measurements of 
-2 

, v
2 
 and 

117r  at a few traverse stations. Difficulties arose mainly from the drift 

of the linearized hot wire during the long time to complete one traverse; 

20-second intergrating time was used for each of the 3 quantities ( 	
-2 e. u , 

v2 and 1-0) in one position and in some positions s everal integrations were 

necessary. To set the PHI module "DISA test" (sum-and-difference) 

unit before each traverse the slopes of the linearized X-wire calibration 

curves were needed, and in order to set the linearizers the non-linearized 
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X-wire calibrations were required. Despite these drift-induced 

difficulties the results of careful analogue measurements at a few stations 

agreed reasonably well with those from digital processing of analogue 

tape. The latter are expected to be more accurate in principle because 

traverses can be completed quickly. 

Analogue tape recordings were made at about 10 to 12 

points in each traverse depending on the u2  distribution obtained from 

the U-wire measurements. The linearizers were set daily but 

calibrated before and after each traverse station so that mean values 

of the calibration could be used if necessary: wires were cleaned 

daily by shaking in acetone. Data amplifiers or attenuators were 

always set to give signal amplitudes to be recorded of about 1. 5V 

peak-to-peak, the maximum permissible input to the tape recorder 

being 2V peak-to-peak. All recordings were made at a tape speed of 

1. 52 m/s (60 in/sec) and about 30 seconds recording time. Between 

each recording the recorder was run for 5-10 seconds with the input 

earthed so that the noise level of the recording system could be checked. 

A measured sine-wave signal of about 0.5V rms was recorded as a 

calibration signal on each channel at the start of each traverse. 

3. 5. 3 Sampling Techniques  

In the digitization of the analogue tapes an analogue 

replay speed of 0.38 m/s (15 in/sec), i. e. one quarter of the recording 

speed, was used. A sampling rate of 20, 000 samples/second. 

(10, 000 per channel) was used in the present work, giving a real-time 

rate of 40, 000/sec/channel, corresponding to 20kHz folding frequency 

which was the low-pass filter setting. It was found that well-converged 

averages could be obtained by processing about 5 seconds of real time 

data, taken from the later part of the analogue recording to allow the 

input filters of the digital system plenty of time to settle down. 
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The overall gain of the system, the ratio between the 

output voltage of analogue tape recorder when replayed and the voltage 

of the calibration signal, was measured for each channel to account 

for the variation of gain of various plug-in modules used in the tape 

recorder. 
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FIGURE 3.1 PITOT-TUBE CALIBRATION 
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CHAPTER 4  

EXPERIMENTAL RESULTS  

4.1 GENERAL FLOW BEHAVIOUR  

The smoke flow visualization displayed the typical 

behaviour of reattaching shear layers reported by - for instance -

Bradshaw & Wong (1972) and de Brederode (1975), as shown by the 

sketch in figure 4.1. As mentioned in section 3.1.1, our main interest 

was to see whether eddies at the reattaching point were actually torn 

in half, but the lack of suitable photographic equipment (e.g. high 

speed cinecamera) prevented any decisive conclusion on this point. 

Visual observation suggested that after arrival at the reattachment 

point some eddies moved upstream and some downstream alternately. 

This may well fit in with the fluctuation band about 4 cm wide at 

reattachment observed in the tuft flow visualization (section 3. 1. 2). 

Tufts in this region move to-and-fro at a roughly constant frequency 

so that the reattachment line moved forward and backward within this 

fluctuating band which could be the result of alternate movement of 

eddies following one another. One possible argument for this behaviour 

is that the entrainment of the shear layer from the recirculation region 

does not occur at a uniform rate and the upstream moving eddies from 

reattachment are the replacement of this irregular entrainment; if 

there were no entrainment from the recirculation region at all, eddies 

would all travel downstream after reattachment. Smoke injection at 

mid-span only, viewed from the top, showed that diffusion in the spanwise 

direction in the separated flow region was very slow and random, which 

agreed with observations made by de Brederode (1975). Secondary 

flow patterns were observed but details could not be seen very clearly. 

Figure 4. 2 shows typical reattachment - line patterns 

obtained from oil flow visualization. The reattachment distance was 

found to be 5. 85 step heights from the step with repeatability in the 
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order of ± 0. 01h, which is in the typical range reported elsewhere, 

e. g. Kline (1959) and de Brederode (1975), for the laminar separation -

turbulent reattachment case. The reattachment line was straight 

over most of the span with very small wiggles, except within 

approximately 5 cm from either side-wall where it curved upstream 

(towards the step). Therefore it is safe to conclude that our flow 

was nominally two-dimensional at least near the centre plane: 

furthermore the present aspect ratio (span/step height) was 15, well 

above the value of 10 recommended by de Brederode (1975) as the 

minimum for acceptably two-dimensional flow near mid-span. The 

reseparation line of the slow-moving air in the recirculation region 

was found by oil-flow visualization to be about one step height from 

the step, as shown in figure 4. 2 (b). For further details of surface 

flow patterns in the recirculation region, in particular at the step 

corners and on the side walls, the reader is referred to de Brederode 

(1975). 

4. 2 MEAN FLOW MEASUREMENTS 

The streamwise variation of surface-pressure coefficient 

behind the step is shown in figure 4. 3. Here the pressure coefficient 

is defined as 

C P 	 ref 
2 i-PUref 

P P  ref 

Prof' Prof 
where p = measured pressure at surface tappings in this case, 

P ref = reference static pressure (at 6. 3 cm forward of step shoulder), 

Ur ef = tunnel reference speed, Pro-  = tunnel reference total pressure. 

It can be seen that the pressure distribution in the recirculation region 

up to reattachment has the same general shape as reported by all 

previous workers, for example Roshko & Lau (1965) and Tani et al 

(1961), namely a low pressure close to the step with a further decrease 

up to x/h ce. 3, followed by a rapid rise to a maximum about 1 step 
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height behind the reattachment point (xr  /11=5. 85). The value of 

peak-to-peak recompression C is just over 0. 4 which is comparable 

with Wong's (1970) results. As mentioned in section 2. L 3 the rig 

roof was designed to simulate a streamline in an infinitely high tunnel 

so that Cp  should tend to zero far downstream; the high Cp  (but coming 

down towards zero) near the end of the rig suggests that the attempt 

was not very successful or the rig length was too short. Pressure 

distribution in Tani et al's (1961) results is the same order as the 

present results at their last measured point of about 12 step heights, 

whereas for all geometrical configuratiors of Roshko & Lau (1965) but 

one, Cp  does not rise to a positive value. 

• Figure 4. 4 shows pressure distribution in Roshko & Lau's 

(1965) reduced co-ordinates in comparison with those of Wong (1970), 

de Brederode (1975) and Roshko & Lau. Roshko & Lau's reduced 

co-ordinates are defined as 

X = x/xr ; C Cp  - C 
13
min 

=  
1 - Cp min 

(4.2) 

where xr  is the reattachment distance. It should be noted that in 

Roshko & Lau's and de Brederode's cases the separation bubbles were 

formed on the top of the blunt leading-edge models and C is . based on 

the free-stream dynamic pressure rather than the reference dynamic 

pressure as in Wong's and the present results. With these differences 

in mind, the distribution curves collapse fairly well together. The 

"coefficient of reattachment pressure rise"; Cpmax,  from the lowest 

to the highest pressure, in our case is about 0. 38 in comparison with 

0. 35 of Roshko & Lau (1965), 0. 40 of de Brederode (1975), and 0. 34 of 

Wong (1970). 

As mentioned in section 3. 2.1, the effect of Reynolds 

number on streamwise surface-pressure distribution was checked at a 

fairly early stage of the investigation,' with Reh  (Uref hid)  ranging from 

6. 6x104 to 12.1 x 10
4
. It is presented in figure 4.5. The absolute values 
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of C in this graph are slightly different from those in figure 4. 3 due 

to the later slight modification of the wind tunnel exit shape. The 

results in figure 4. 5 show clearly that a change of about 2:1 in Reynolds 

number hardly has any effect on the pressure coefficient distribution, 

which agrees with Tani's et al (1961) conclusion. 

Skin friction coefficients (based on the tunnel reference 

dynamic pressure) obtained by direct measurements using the Stanton 

tube as well as by the calculation of Coles' best fit of Pitot traverse 

velocity profiles (using Clauser charts as first approximation), done in 

VELPROF II computer program, are plotted versus x/h in figure 4. 6, 

with some of Wong's (1970) results for comparison. The disagreement 
f 

between the present values from the two methods seems to be within 

the likely experimental error; so we conclude that the logarithmic law 

is fairly well obeyed up to a height of at least 0. 5 cm = 0. lh, even very 

close to the reattachment. Wong's (1970) values are not expected to 

agree closely with the present results owing to the difference in 

pressure distribution as noted above. 

The variation of the measured static pressure coefficient.  

(defined as in equation 4. 1) across the shear layer at each traverse 

station is shown in figure 4. 7(a) and (b). It can be seen that the velocity 

profiles calculated by assuming constant static pressure equal to 

surface pressure would be considerably in error, especially in the 

reattachment region. However the variation with y is surprisingly 

small as a whole and the dent in each profile at y=h within the recirculation 

region may be due partly to the effects of turbulence on the disc-static 

probe, but the cause of wiggles above y= 1.2h for the first two stations 

close to the step is doubtful. Furthermore, the small variation in 

static pressure at the stations far downstream is probably due almost 

entirely to turbulence effects. Although a number of investigations on 

the .error of the conventional static tube caused by turbulence intensity 

were made by various workers (for example Goldstein 1936, Toomre 1960, 

Bradshaw & Goodman 1968), no known work on the disc-static tube can 

be found at the present time. Since there is no simple way of investigating 
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the variation of static tube error with turbulence intensity, one has 

to be content with the suggested correction such as ±i(v2  +w2) (positive 

for small eddies and negative for large eddies) for conventional 

static tubes, which have poor yaw response. Similarly, it is likely 

that the disc-static tube which has poor yaw response in xz-plane 

reads very roughly 

p - 0.1 .1 (72+72) - cpw2 	(4.3) 

(guessed from the results of Bradshaw and Goodman, 1968). The value 

0.1 has been chosen arbitrarily and the constant c is thought to be of 

order 1. Using numerical values at the station x/h = 12.325 where 

u2/U2ref 
= 0.01, v2/U2ref 

= 0.0075, at y = 0.6h the correction in Cps 

according to (4.3) would be of the order -0.019 while the actual 

difference in Cps  is about -0.020 there (assuming cal = 	+-v-2)). 

It therefore suggests that, at the stations far downstream, the variation 

of static pressure with y is due entirely to turbulence intensity. 

The total-pressure distribution at each traverse station 

is shown in terms of the total-pressure coefficient, CpT, referred 

to the tunnel reference dynamic pressure rather than to the free-

stream dynamic pressure, i.e. 

P Pref  P  Pref  
C
PT 

- 
P ipU2ref 	ref 	 ref 

(4.4) 

where P = total pressure at the point considered. Figures 4.8(a) - 

(c) show profiles of CPT 
at all stations and figure 4.9 shows a contour 

plot in xy-plane. Only some of the experimental points are shown in 

the contour plot for the sake of clarity. The scatter in contour 

position inevitably becomes large as DP/@y 0, and smooth curves have been 
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drawn through the data points near the outer edge of the shear layer. 

The 0. 995contour is a generalization of the usual 

definition of boundary layer thickness, 5 995: the two would coincide 

if p were constant and equal to p ref'  but the present definition is 

more meaningful in the presence of a transverse pressure gradient. 

The boundary layer seems to grow very slowly from about 1. 2h at 

reattachment to about 1. 6h at 14 step heights. Wong's (1970) results 

show that, with his working section of zero pressure gradient downstream 

of the reattachment, the growth is asymptotic (d &Rix o) beyond 

50 step-heights, though of course the normal growth rate of a constant-

pressure boundary layer must eventually be regained. 

The computer program "VELP.ROF I" written by 

de Brederode (1973), with some modification to suit the present code 

convention, was used to process the pressure-probe data in the 

Department Honeywell H21 computer to obtain the velocity profiles and 

Clauser-chart co-ordinates for all traverse stations downstream of the 

reattachment. In the recirculation region, however, the results were 

calculated entirely by hand (i. e. using a pocket electronic calculator) 

because it was felt that this would be quicker than modifying the program 

to account for changes in probe calibration in the reversed flow region. 

To process the U-wire data, a small computer program was written also 

for the Honeywell H21 computer. Mean velocity profiles, U/Uref 
vs. y/h, 

from the Pitot and static traverses and from the U-wire traverses are 

presented together - for comparison purposes - in figures 4.10 (a) - (c) 

and contour plots of the results from the two methods are shown in 

figures 4.11 and 4.12 respectively. It should be noted that the reversed-

flow part of the Pitot results at x/h = 4. 4 was derived from the Pitot 

tube reversed-flow calibration and should not be taken too seriously. 

With regard to the single hot wire results, some linearized hot wire 

calibration curves (as in figure 3. 4(a). ) are slightly curved or, in 

some cases, approximateto two successive straight lines; the calibration 
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values used in cakulating the results presented here were those obtained 

from best-fit straight lines done by eye, and the discrepancy between 

these results and those derived from the actual calibration curves 

was found to be negligibly small. Moreover, as the hot wire is not 

capable of distinguishing flow direction, data points in the recirculation 

region were plotted on the negative side and an approximate connecting 

line was drawn for each profile. 

Figures 4.10 (a) - (c) show the degree of disagreement 

between the Pitot and hot wire results. With the exception of x/h = 5. 4 

(i. e. close to reattachment) all profiles show that the Pitot tube reads 

higher than the hot wire, especially close to the surface. MacMillan's 

(1956) displacement correctionfor shear flow was done automatically 

in the computer program for Pitot results, but the correction is very 

small because a small Pitot tube was used. The U-wire results at 

x/h = 9. 325 should be disregarded as serious experimental error was 

suspected here. As usual in using hot wires for mean-velocity 

measurement, calibration drift is likely to have been more serious than 

for the Pitot. As a whole the disagreement between the two measuring 

methods is quite reasonable and to be expected: allowing for the 

experimental error, a few stations far downstream show good agreement 

which suggests that turbulence intensity effects on the Pitot tube may be 

responsible for the high velocity values. The magnitude of the increase 

in Pitot reading is usually taken, to be simply ip ( u2
+ v

2 
+ w

2
) as first 

suggested by Goldstein (1936). With the disc-static correction due to 

turbulence intensity as in (4. 3) the measured dynamic pressure may be 

written as 

(P - p)meas. (p - p)true+ 1/J1-2+ --j+ 	+ 0.1.401/-2  +v-72  ) 
.5) -2 0 + 9,0w 

-2 -2 -2 	-2 -'2 6 U  - -ref   Lr 
2
(u-  + 1  2 + - 2 ) + 0.05(12 + Y 	)1cef U 	

ref Uref -ref 	ref ief 
• 

+ ij2 ) 
ref 

(4.5.a) 
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As a test case let us consider the point x = 5. 4h, 

y = 0. 6h where (u2
/U

2
ref) = 0. 027, (v

2
/U

2
ref ) = 0. 0155, ?(u2+ v

2 
 )/U 

ref 

0. 0213, 	 U/U
ref 

= 0. 565. Then the overestimation in 

U/U
ref' 

given by (4. 5), is about 0. 098 whereas the actual difference 

between the Pitot and hot-wire results is about 0.06. At the same station 

near the floor, the changing signs of the difference may be due to the 

serious error in Pitot reading at very low velocity as well as the 

possibility of hot wire data points to be in the negative side. This 

station is just ahead of the reattachment point. Near the floor - say at 

x = 6. 4h, y = 0. 1h  where the turbulence intensities are much lower 
171-2  (-2 	= 0. 0186, —2 	= 0. 0055, 	 U/Uref 

0.28) - 
U  ef 	 r the calculated errorecf  aused by turbulence intensity is about 0.112 compared 

to the actual difference of about 0. 05 between hot-wire and Pitot results. 

On the other hand, both the proximity of wall and turbulence intensity also 

have effect on hot-wire measurements. When neglecting third-order and 

higher terms, the relation for single hot-wire correction reads 

(Hinze 1959) 

2 	2 
U (1 - 	11 2) Umeas 

2 
( .5U 	) 	_ 	k  _47   Uref ,1  u i. e. 

2  U ref ref 	 ref 

(4. 6) 

(4. 7) 

For the two points considered above we found: at x = 5. 4h, y = 0. 6h -

where U/Uref  = 0. 5 (hot wire results), 46, (U/Uref)-1= 0. 002; and at 

x = 6. 4h, y = 0. lh, U/U
ref 

= 0. 22, 	(U /U
ref

)c--• -0. 009. It can be 

seen that in both cases the effect of turbulence intensities on hot-wire 

measurement is negligible compared with its effect on the Pitot results; 

in the second case although the turbulence intensities are small the 

magnitude of error is considerably increased because of low local mean 
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velocity and in the opposite sense to make the overall difference of about 

0.118 compared to the actual difference of 0. 05. We can therefore 

conclude that, apart from the experimental error such as hot-wire 

calibration drift, the main cause of the disagreement appears in the Pitot 

and single hot-wire results is the turbulence intensity effect: the much 

higher estimated error is probably caused by the assumption of constant 

c = 1 in equation (4. 5). The maximum discrepancy is about 20% of 

the mean velocity except in the reattachment region. 

"Clauser charts" (plots of U/Ue 	11 vs. log ( ey/V ) 

for all traverse stations behind reattachment obtained from the Pitot 

remits are shown in figures 4. 13(a) to (b). Cf 
lines are also shown 

so that the approximate value of skin friction at each station may be 

determined; these values were in fact used as the initial value input 

data for the computer iterative process to obtain the final values of 

Cf 
from a fit to the velocity profiles assuming Coles' constants K = 0.41 

and C = 5. 0. Figures 4. 14(a) to (b) show individual logarithmic velocity 
+ + 

profiles obtained from the Pitot results (U/ut  vs. log y ; y = u„c  y/v ) 

while in figure 4.15 all profiles were plotted on the same graph to exhibit 

the overall feature of the shear layer behind the reattachment. The 

outer regions of these velocity profiles show the trends of different 

adverse pressure gradient or Reynolds number effect (Duncan et al, 1970) 

and the data points fall surprisingly close together on a common curve in 

the "inner" region, indicating the degree of consistency of the results. 

Note that the higher values for x/h = 6. 4 in both figures 4. 14(b) and 

4.15 are omitted owing to space limitation. Due to the uncertainty of 

some of the U-wire calibration as mentioned earlier only two 

logarithmic velocity profiles from the U-wire results (at x/h = 7.4 and 

12. 325) have been deduced and plotted in figure 4. 14(c) in comparison 

with the Pitot results. The (U/u,, y
+
) co-ordinates of the hot-wire 

results were first computed, using the value of Cf obtained from the 
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Pitot results, and plotted on the same scales as for the Pitot results. 

The U/u,t, scale of hot-wire results is then adjusted to fit the lowest 

point; the 'Cole's log-law' line is also drawn. It should be noted that 

no adjustment of y+ scale has been made as it is believed to have a 

very small effect. The discrepancy between the two results follows 

closely to the linear profile plots and it is seen that Cf estimated by 

the hot-wire results would be about 33% lower than that by the Pitot 

results at x/h = 7.4. It is true that the Pitot results are affected 

more by high turbulence level but they are believed to be almost 

free of experimental errors. 

The relative temperature distribution in the wake 

of the heated-wire during the reference-mean-streamline tracing 

are shown in figures 4. 16(a) - (c) and the reference-mean-streamline 

itself is shown in figure 4.17. The shape of this streamline is as 

expected, i. e. it curves down towards the reattachment region where 

the shear layer is thinnest and then gradually rises downstream; 

this is very similar to the variation of main-stream velocity with 

downstream distance as shown in figure 4.18. It should be noted 

that close to the step the 
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main-stream velocity varies linearly with y due to expansion (see for 

example Rockwell & Fiske, 1970) and therefore in figure 4.18 the 

velocity ratios Ui/Uref  are those at y = 1. 8h. 

4. 3 MEASUREMENTS 07 FLUCTUATING QUANTITIES 

The output of the computer program used to process 

linearized single hot-wire data, mentioned above, also yields the 

longitudinal turbulence intensity, u2/U2ref- The "DIG2U" computer 

program (Weir & Bradshaw,1974) was used to process digital tapes 

of the cross-wire data to obtain ;2/ U2ref' ;2/U2ref ' -UV/ U2ref ' 
higher-order terms, intermittency factor, etc. The 'wholesale 

intermittency' THRESH subroutine, the same as that used by Murlis (1975), 

was used to compute the intermittency factor. Details of the 

intermittency problem and the choice of criterion function are described 

by Murlis. He in fact followed Castro (1973) who took the sensitised signal, 

auv/at , as criterion function and added as an alternative criterion function, 

a2uviat2,to remove the effects of spurious zero values of auv/at As to 

the choice of 'threshold levels', the values suggested by Murlis were 

originally used and later adjusted to appropriate values by using values 

of computer output criterions of the neighbouring point. The presentation 

of intermittency is postponed until the next chapter. 

• 

The quantities u/Uzref  from both single hot wire and 

cross-wire results, v2/U2
ref and -ii—v/U2ref for each traverse station 

are plotted against y/h in figures 4. 19(a) - (1) while contour plots of 

u /U2ref  (from U-probe results and from cross-wire results), v/U2ref  

and -077/U2
ref 

are shown in figures 4. 20 to 4. 23 respectively. Ii the 

high-turbulence region the disagreement of longitudinal intensities 

measured by U-probe and X-probe is great, as great as 50% in some 

places, and the results from U-probe are higher almost everywhere. 
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By comparing the contour plots in figures 4. 20 and 4. 21, the pattern 

of X-probe results seems to be more orderly than that of U-probe 

results. As mentioned earlier, the single wire results may suffer to 

a certain extent from the calibration drift; the decrease in slope of 

the Elin vs. U (which usually is the case) always yields an overestimated 

results. Bradbury (1975), in his paper describing a system for using 

both hot wire and pulsed wire anemometers in an on-line manner, shows 

that the normal wire measurements in high turbulence are dependent 

on the wire attitude; namely, the spa.nwise U-wire reads higher than 

the transverse U-wire. In our case the wire of U-probe was always 

pl4ced horizontally but the wires of X-probe were placed vertically. 

Castro (1975), in his discussion of errors in the hot-wire measurement, 

concludes that it would be better to align the cross-wire probe in the 

mean streamline direction to help equalising the errors on either side 

caused by the rectifying effect of the wires. In the present results 

the cross-wire probe was placed inthe horizontal direction and not in 

the mean streamline direction. He also remarks that cross-wire measures 

too low a value of the turbulence intensity which is what we find when 

comparing u2 - component intensity with that from U-wire results. His 

last remark is that even if complex calibration are made, there are 

bound to be significant measurement errors at intensities greater than 

about 30%: in the present work the longitudinal intensity in some region 

is as high as 63%. Furthermore, in the recirculation and reattachment 

regions the velocity vectors in some places are far from being horizontal 

and the measured values of longitudinal intensity made by a normal wire 

are not the true ones. For a velocity vector inclination of p to the 

horizontal plane, with a linearized normal hot-wire in a spanwise 

direction, simple derivation
* yields 

2 2 2 —2 —2 2 e = C cos ci(u + v tan p - 2577 tanP) (4.8) 

whe-re e = measured fluctuating voltage and C = linearized hot-wire 

calibration constant. If the velocity vector were horizontal we would 

* I am grateful to Dr. A. J. Smits for showing me this derivation. 
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obtain the true value (i. e. = 0) and the relation becomes 

(;2)  true= Cu22 

	
(4. 9) 

From (4. 8) and (4. 9) the error due to the inclination of the velocity 

vector (neglecting the effects of high turbulence) may be written as 

tie" v2tan2 - u2sin23 - 2uv  tan fi (4.10) 

	

-2 	 -2 )true 
For our worst case at x = 5. 4h, y = 0. 6h (u /Uref  = Q. 027, —v2/Uref  = 0. 0155 

and -u-.V/U
2
ref  = 0. 0095) assuming a velocity vector inclination of 

o 	 o 
, the error would be about 6%; and if p = 1 5 	

the error becomes 

about 11%. 

Considering the main causes of errors in hot-wire 

measurements outlined above, it is no great surprise to find consistent 

disagreement between the results measured by two different types 

of probes in addition to the  scatter in the results as in figures 4.19 (a)-(1). 

In view of calibration uncertainty of the linearized U-probe as mentioned 

earlier, the results by the X -probe and U from Pitot results are used in 

all subsequent calculation, i. e. turbulent energy and shear stress 

balances, and should be acceptable for comparing results at different 

stations and for studying dimensionless turbulence parameters such as 

skewness. However, these or any other hot-wire measurements in 

highly-turbulent flows cannot be relied on for absolute values of intensities. 

4. 4 THE TURBULENT ENERGY BALANCE  

The turbulent energy transport equation may be 

written as 	Advection 

(U a 	v 8 	
g2) Dt 	ax 	ay 

Production 	 Diffusion 

2au —23V 	a 	2 Ft au av 

	

= 	+ 	— u 	v —83  — 67cch 	 v+--) - 	(4.11 ay 

for a steady two-dimensional flow when the viscous diffusion term 
--2i 

V V 2 9f 	has been neglected. 

• 

Dissipation 
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The transverse mean velocity component, V, 

was required for the calculation of energy and shear stress balances 

and was calculated by using the continuity equation 

Ys au 	, v + s 	ax dY 

Ys au tan 'Yrs 	-Y ax ' U  
Ys aU U sin itc r s 	ax -Y' (4.13.b) 

where AA is the angle the reference mean streamline makes with 

the horizontal plane and the subscript 's' indicates the values at the 

reference mean streamline. U was obtained from the Pitot and static 

results. 

Equation (4. 13. a) was used to evaluate V at the 

stations downstream of reattachment, while equation (4. 13. b) was 

used for the stations in the recirculation region, where integration 

from y = o is untrustworthy. The integrals in these equations were 

determined graphically since U vs. x curves needed considerable 

smoothing out in some places. 

Knowledge of w2 
is required to evaluate the 

Advection term, (u _a 	( ,42) . In the present work we did not 
8-X2 °Y measure the quantity w and therefore the usual approximate relation 

w2 = 	v ) is assumed, so that 

(4. 14) 14.2  = 71-(72+172) 
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Castro (1973) found that the difference between the measured w2  and 
2 	2 (u + v2) is less than 10% everywhere in a plane mixing layer. A 

similar assumption was used in calculating the longitudinal diffusion 

term, a(eu)/ax  to give 

iglu = 4 3 — -7-  - ( u3  + uv2  ) 	 (4.15) 

 In determining the transver9adiffusion. term, v (-2-q2  v), 

the assumption vw2  = 3 (Castro,1973) was used so that 

3 v3 q v = u2v + v3 + vw2  = u2 	2 v + - (4. 16) 

• 

Bradshaw et al (1964), in their calculation of the energy balance 

diffusion term, assumed vw2 = v3 but Castro (1973) found the 

magnitude of vw2 
to be a little more than half v3 in agreement with 

Wygnanski and Fiedler"s(1969) results. 

The pressure term, -( 2.-(Fil.p) oy 	
, is too 

Ox  
difficult to measure and is neglected; therefore the rate of dissipation, 

E, which was found by difference, includes this pressure term if the 

latter is not negligible (see discussion below). 

8V The normal - stress production term, -( u2 au + v2  —), ay 
may be written as 

presented here. 

Figures 4.24 (a) - (j) show turbulent energy balance at 

the stations where the cross-wire traverses were made. All quantities 

are normalized by (Uref  /h). The approximate values for a constant -  
pressure boundary layer are also plotted in figure 4.24 (j) (x/h = 12. 325) 

for comparison. It should be noted that at this, the last station, 

the slopes of all curves plotted against x are very difficult to measure 

—2 2 au —( u — v ) — and was used in the results ax 
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accurately. The changes of energy scale among these figures should 

also be noted. Most of the dissipation-rate curves have a dent at 

point of maximum shear-stress production. The results of Castro (1973) 

show an 'out-of-balance' term in the turbulent energy balance, obtained 

from using measured values of diffusion and calculated values of 

dissipation rate by assuming E to be proportional to (q2)3/2, which 

is comparable to the dent appearing in the dissipation-rate curves in 

our case. The discussion of energy behaviour is postponed until the 

next chapter. 

4. 5 THE SHEAR STRESS BALANCE  

• 
The shear stress transport equation may be written in 

similar fashion as the turbulent energy transport equation (4.11), i. e. 

Dt 
a a _ ( us;  + v-s-y- )(uv) 

8U -2 8V R,du 	av) 	a 	a 2 -v Ty- -u ax  + fik ay  + ax 	—(u v + ) - -5(v u + 	 (4.17) ax 

The calculation procedure is similar to that for the turbulent energy 

balance described in the previous section. Figures 4.25 (a) - (j) show 

shear stress balances at the cross-wire traverse stations. The terms 

a 	2 au ( + (-37)(uv), 

all normalized by U3ref/h )  

a (uv ) 
ay 

are plotted separately, together with the 

pressure stress term obtained by the difference. The discussion of the 

shear stress balance is in the next chapter. 
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CHAPTER 5  

DISCUSSION OF RESULTS  

Most of the results obtained from the present work 

have been presented in the previous chapter with some immediate 

discussion. In this chapter a discussion in detail will be given, further 

derived results will be presented, and comparison with the results of 

other workers will be made when possible. As the work is a 

continuation of Wong's (1970) work, the discussion of the mean-flow 

results, which are qualitatively a repetition of Wong's, will be kept 

as brief as possible. 

5.1. ZONES OF TRUSTWORTHY MEASUREMENTS  

As already described in chapter 2, two basic types of 

instrument were employed in the present experiments, namely pressure 

probes and hot-wire probes. In the region of high turbulent intensity 

the accuracy of both types of instrument suffers considerably, and 

demarcation of the region where the results are untrustworthy is 

therefore necessary. 

It has been shown in section 4. 2. that the effect of high 

turbulent intensity on Pitot.and disc-static probes, in measuring mean 

velocity, is much greater than on a hot-wire probe when the empirical 

formula in equation (4. 5. a) for pressure probe correction is assumed, 

and the expression for hot-wire correction in equation (4. 7) which is 

in effect due to cooling effects of turbulent intensity only, is used. There 

are, however, some other effects of high turbulent intensity, such as 

yaw and 'rectifying', that will lead to more significant errors in hot-wire 

results, and we shall return to this point shortly. Typical empirical 

formulae, as in equations (4. 5. a) and (4. 7), clearly indicate the 

dependence of error on local mean velocity; thus the term 'turbulent 
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intensity' in what follows " will have the usual meaning of 'aU, 
,„ and not 2u

2
ref  as previously used. A Pitot tube is almost as bad as 

a hot wire in a flow with reversals of direction, as shown in the sketches 

below; the results of both instruments obviously start to go badly wrong 

when the velocity instantaneously reverses. 

Sketches showing Pitot tube and hot wire response in reverse flow  

Equation (4. 5. a) for Pitot and disc-static probe 

correction may be written as 

AU 
U 

2 2 2 
u +v +w  

2114  
+ O. 1 u2 --ZN —2 + w (5.1) 

2U 	172  

u2+ v2 
 + 3w

2 
, 

2U4  
(5. 2) 

since the second term on the right-hand-side is small compared with 

the other two terms. In the present results v
2 

in the highly turbulent 

region is roughly half of u
2
, and with the usual assumption of 

w
2 

(u
2 

+v
2
)/2 equation (5.2) becomes, 
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U 	8 17-  
(5. 3) 
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12.  
Using equation (5. 3) for a turbulent intensity, u /U, of 30%, the 

overestimation of mean velocity obtained from measurements with 

Pitot and disc-static probes is roughly 17%. Note that, in deriving 

equation (5. 2), the value of the constant c in equation (4. 5) is assumed 

to be unity; it has been pointed out in section 4.2. that the actual value 

may be less, in which case the error in mean velocity will be less than 

17%. 

The hot-wire results .would also be greatly in error 

when turbulent intensity reaches a certain level regardless of the method 

of calibration used. Besides the nonlinear cooling effects of turbulent 

intensity components discussed above, Castro•  (1975) shows that in 

regions of high intensity there will be significant 'rectifying' errors, 

however complex the yaw-calibration, and it seems to be pointless to 

undertake such calibrations. As mentioned earlier, the conventional 

method of calibration was used in our case. Castro also points out the 

difficulty of assessing errors in hot-wire results; the best we can do is to 

define the regions where the results can be trusted quantitatively, or 

otherwise how large an error is to be expected in each region. 

The estimates of limiting values of turbulent intensity, 

above which hot-wire measurements of mean velocity and turbulent 

intensity are unacceptably inaccurate, vary greatly from one worker 

to another. Hinze (1959) concludes that if errors of 10 to 20 per cent of 

u/U in the measurement of tulbulence are accepted, it is permissible 

to use the linear ized small perturbation relation to measure flow with 

turbulent intensity of up to 20 or 25 per cent. Di Gesso (1975) quoted 

20% turbulent intensity as the value above which he believes the hot -wire 

measurements will be unacceptably inaccurate. According to Bradbury 

(1975) and Castro (1975) however, the error is tolerable for a turbulent 

intensity less than 30 per cent. Mathew & Whitelaw (1973) also ruled out 

measurements in zones of turbulent intensity greater than 30% as uncertain. 
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As far as the mean-velocity measurement is concerned, 

Bradbury (1975) shows that errors estimated from a hot wire for 

v  / v 1 u2 = k = 0. 5, 1.0 and 2. 0 are approximately 1, 6 and 17 per cent 

respectively, when the apparent turbulent intensity is 30 per cent, above 

which errors increase very rapidly, becoming extremely large between 

50 to 60 per cent intensity. In the present case k is only slightly greater 

than 0. 5 and it is seen that even at 45% intensity the error in mean 

velocity is of the order of only 5%. Therefore, the mean velocity 

measured with a hot wire may be regarded as accurate in the regions 

where turbulent intensity is less than 40%, except of course when the 

mean velocity is near zero or reversed, provided it is free from other 

causes of errors. On the other hand, it has been shown that Pitot and 

disc-static probes are affected more by high turbulent intensity, and 

since all the subsequent results here are deduced from their results, the 

criterion of regions of reliable mean velocity measurements based on 

their behaviour is more appropriate. Allowing for the uncertainty in 

the expression for disc-static tube correction, it is probably quite safe 

to conclude that in the region where the turbulent intensity is less than 

30% the mean velocity measured with pressure probes should be accurate 

to within about 15%. In the regions where mean velocity approaches zero 

or reverses, however, the pressure-probe results must be treated with 

reservation. It can be seen clearly that the unreliable region of mean 

velocity extends as far downstream as about 2 step heights from 

reattachment, and as high as about 0 . 7 step height above the surface at 

reattachment. 

Bradbury's (1975) calculated results also show the errors 

in turbulent intensity measured with a hot wire to be about 1. 5, 5 and 

13. 5 per cent, for k = 0. 5, when apparent intensities are 30, 40 and 50 

per cent respectively; the measured values are always underestimated. 

As in the mean velocity case, the errors in turbulent intensity increase 

very rapidly when the turbulent intensity is greater than 50%. It is 
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surprising that even with an apparent turbulent intensity as high as 

50% the error is less than 15%, which seems rather too optimistic. 

It should be noted, however, that the errors will be slightly larger 

for values of k higher than 0. 5. 

In general, considering mean velocity measured with 

pressure probes and turbulent intensity measured with hot wire and 

taking other possible effects - such as inclination of velocity vector in 

some regions, low local velocity or reverse flow etc.—into account, 

the following conclusion is possible. In the region where the intensity 

is greater than 50% - i. e part of the lower half of the free shear layer, 

the recirculation region and the reattachment region (shaded with 

slanted lines in figure 5.1.) - the results are highly unreliable and can 

only be interpreted qualitatively. The region outside 30% turbulent 

intensity contour in figure 5.1. (unshaded) may be regarded as the region 

of acceptably reliable measurements (systematic errors no larger than 

normal hot-wire traverses), whereas the results within the band of 30% 

.<1.12:--/U <50% (shaded with vertical lines in figure 5. 1.) should be 

treated cautiously, in particular the mean velocity measured with 

pressure probes. 

5. 2. MEAN FLOW RESULTS 

5.2.1. General Features of a Flow Field Involving Separation and  
Reattachment  

Although the detailed characteristics of different flows 

involving shear layer separation and reattachment will differ a great 

deal, depending on body geometries, initial conditions at separation, 

streamwise pressure gradient, etc., we expect that the general 

features will be similar. For most flow configurations of practical 

interest, such as separation bubbles on aerofoils and turbine blades, 

the detailed characteristics are too complicated to be treated in a 

generalized manner; we therefore restrict our discussion to the 
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two-dimensional flow over a backward-facing step, the simplest geometry 

of all, which is the model used in the present work. 

In the present experiments the initial boundary layer 

at separation is laminar and is very thin compared with the step height. 

Free shear layers are unstable at very low Reynolds numbers, however, 

and transition to a turbulent mixing layer follows soon after separation. 

Based on Bradshaw's (1966) rough criterion that the shear layer is fully 

developed by x = 100090  from the separation point, transition in our case 

should be complete within about 2.2 cm (i. e. about half the step-height). 

Tani et al (1961), with a much thicker initial boundary layer compared 

with the step height, observed 	transition to turbulence to take place 

in the separated shear layer over a distance of about one step height. 

The thickness of initial boundary layer in relation to the step height has 

a great influence on the transition behaviour, and the mixing layer that 

follows (e. g. Crabtree (1957), Moore (1960)). 

Since h/60  here is quite large (c-- 25), the strength of 

perturbation in our case falls into the 'overwhelming' category (see 

Bradshaw & Wong (1972) for classification of perturbations). In general, 

the strength of perturbation affects various parameters, such as 

transition distance, entrainment rate in mixing layer , reattachment 

distance, etc. , in the recirculation and reattachment regions of flow 

over backward-facing step. In other words it is the factor that governs 

the general features and behaviour of this type of flow. Nevertheless, 

with 'overwhelming perturbation' it is believed that (So  no longer 

matters much; therefore we expect all flows in this category to behave in 

basically the same way. 

The mixing layer curves towards the wall and eventually 

reattaches to it, forming a large recirculation region adjacent to the 

step corner (figure 4.1. ). It was found, by smoke-flow visualization of 

a plane mixing layer (Appendix I) that the orderly structure of eddies 
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generated in transition process does not seem to persist longer than a 

few wave-lengths; the same should be true for the moderately-curved 

mixing layer in the present experiments. The velocity profiles in 

figures 4. 10(a) and (b) and the velocity contours in figures 4.11 and 

4.12 show clearly the recirculation region. Although the mechanism of 

this separated-flow region, where reliable measurements with probes 

seem impossible at present, is extremely complex, its general 

qualitative behaviour is of interest because its influence dictates the 

downstream flow. Two main mechanisms in the recirculation region 

are the entrainment into the shear layer and the return of fluid from the 

reattachment point; the two are strongly correlated by mass-

conservation requirements. Bradshaw & Wong (1972) conclude that the 

key to the behaviour of the relaxing boundary layer downstream of 

reattachment seems to be the rapid distortion of shear layer near 

reattachment, which depends on what fraction of the mass flow is 

deflected upstream to supply the entrainment. Brederode (1975) describes 

the relation between the several parameters that control the separated 

flow region. An increase in entrainment rate will cause the base 

pressure to decrease, the shear layer curvature to increase, the 

distance to reattachment to decrease, the attachment angle to increase 

and the f luid volume deflected at reattachment upstream to the 

recirculation region to increase. It is obvious that the attachment 

angle is not likely to exceed 90
o
, thus only about half of the reattaching 

fluid in the shear layer, at the most, can return upstream to supply 

the entrainment in the recirculation region. The entrainment rate, on 

the other hand, depends mainly on the behaviour of the mixing layer, 

including the transition from laminar flow to turbulence in the present 

case. 'Reseparation' occurs in the recirculation region close to the 

step corner to form a secondary flow in the corner region, as evident 

from the smoke-flow and oil-flow flow visualization described earlier, 

but its direct effect on downstream flow is not likely to be large. 
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It is evident from the preceeding discussion that the 

ratio h/60  is one of the most important factors governing the separated-

flow characteristics. It is probably best at this point to list all main 

factors, which may affect one parameter or another of the flow field, 

so that later discussion of other workers' results can be made more 

clearly; they are as follows:- 

(i) Re, Reynolds number of flow, say Uref6,,h) 

(ii) (So" , ratio of initial boundary layer to step height 

(i. e. the reciprocal of 'perturbation strength') 

(iii) downstream pressure, i. e. h/(tunnel height), 

(iv) geometry upstream of step, especially angle between 

top face and wall downstream. 

Two points of interest in the reattachment region are 

the total layer thickness in comparison with other data and the manner 

which the shear layer actually reattaches. The importance of the latter 

is clear from the above arguments. In the present experiment the 

ratio of the total layer thickness at reattachment to the step height, 

6c  /h, is about 1. 2 compared with the value of about 1. 5 found by 

Wong (1970) and Tani et al (1961). All other workers found much larger 

values, because the flow involved more than one separation bubble, 

because of the thicker boundary layer at separation or because of 

differences in imposed pressure gradient or tunnel height (1. e. factor 

(iii) listed above). The values of 60/h in Tani's and Wong's cases are 

0. 28 and 0.12 respectively, whereas in the present case the value is 

0. 04. Mueller & Robertson (1963) used a similar flow geometry but 

with much thicker initial boundary layer (80 /h^—' 1. 0) and found 

61,/h cr.- 2. 4. The. comparison suggests that the value of (ST /h decreases 

with 60/h but increases with increasing imposed adverse pressure 

gradient (consider for example Arie & Rouse's (1956) results of 

(51./h -.114. 5 for 60/11 = 0 in reattachment behind a normal plate). 
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Bradshaw & Wong (1972) also suggest that the eddies 

entering the bifurcation region (at reattachment) are themselves split, 

supporting their argument by the observation of decreasing length 

scale in the reattachment region. They further argue that if the large 

eddies were to be deflected alternately upstream and downstream (as 

was observed in our smoke flow visualization mentioned in section 4. 1) 

rather than split one would expect strong unsteadiness to result, while 

McEwan (1964) found none. On the other hand, Tani et al (1961) remark 

that, although the pressure observed on the manometer was comparatively 

steady, repeated measurements sometimes yield slightly different 

pressure distributions, indicating the possibility of more than one 

type of flow pattern under the same boundary conditions. Tani et al 

regard this as typical of the flow separation associated with a step. 

This type of flow resembles the blunt trailing edge base flow with a 

splitter plate, which suppresses the periodical vortex shedding towards 

steadiness. The question arises whether the suppression is always 

perfect, attaining really steady flow in the separated region. Nash et al 

(1966) carefully surveyed the flow downstream of the step using a 

stroboscope and found no evidence of periodicity, but they make it 

clear that the term 'steady' is used for convenience and should be 

interpreted carefully. Mathews & Whitelaw (1973), in their plane-jet 

flow over a backward-facing step, found that although the problem of 

vortex shedding from the slot lip is diminished by the backward-facing 

step, the presence of periodicity due to the recirculation bubble cannot 

be ruled out. Mueller and Robertson (1963) conclude that variations in 

location of reattachment occur due to unsteadiness of the separation and 

wake flows. In the present experiment, manometer fluctuations, 

experienced while surface-pressure and the Pitot traverse readings 

were taken, indicate a certain degree of low-frequency unsteadiness to 

exist, particularly in the recirculation region and more strongly near 

reattachment. Thug the conclusions of ' the splitting of larger eddies 

at reattachment' and 'alternate deflection of eddies upstream and 

downstream at reattachment' seem to be equally possible, and it is 
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even more likely that both phenomena take place in random fashion. 

Because the original shear layer in the present case is 

extremely thin compared with the step height, it should completely 

mix with the new shear layer before reattachment is reached, and no 

evidence of two adjacent shear layers is revealed in the velocity 

profiles. Downstream of the reattachment region, referred to as the 

relaxation region by Bradshaw & Wong (1972), we therefore have 

effectively a single shear layer with the possibility of developing a new 

sub-boundary layer on the surface as suggested by Bradshaw & Wong 

(fig. 4.1). The total layer thickness grows gradually downstream (see 

0. 995 total-pressure coefficient contour in figure 4. 9). The boundary 

layer shape factor, H = 0/9, of the present results agrees reasonably 

well with that of Wong (1970) where the two experiments overlap (Wong's 

measurements started from x/h = 10, whereas the last measuring 

station in the present work was 14. 325): the slight difference is believed 

to result from the difference in pressure distribution downstream of 

reattachment in the two cases. The present results show that the value 

of H just downstream of reattachment is very large, which agrees with 

the results of Mueller & Robertson (1963), and decreases rapidly 

downstream. It should be realized however that the measurements in 

the reattachment region are hardly reliable, as pointed out in section 

5. 1. 

5. 2. 2. Surface Pressure Distribution  

The general shape of the surface-pressure 

distribution has already been commented on in section 4.2. (figure 4. 3) 

with a short comparison of recompression Cp with other workers' 

results. The effect of Reynolds number on pressure distribution and 

the agreement of a plot of the present results in Roshko & Lau 

co-ordinates with others were also discussed (figures 4. 4 and 4. 5). 
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There remain a few points, with regard to surface pressure, for 

further discussion. 

First of all the base pressure is mainly affected by 

all four factors listed in the previous section. Since base pressure 

is closely related to the entrainment rate on the lower side of the 

shear layer, it is expected to vary with Reynolds number at low 
only 

Reynolds number, but effects will be significant/if 30/h is large. In 

the present experiment the base-pressure coefficient, which should be 

fairly constant over the step face,is found to be about -0. 06 compared 

with the values of -0. 07 to -0.08 of Tani et al (1961) with a laminar 

boundary layer at separation and So/h ranging from 0.1 to 0. 6. The 

Reynolds numbers in both cases are quite high and of the same order, 

i. e. Uref st,I = 4200 in the present case whereas it is about 4100 in 

Tani's case. In the measurements of Tani et al with a turbulent boundary 

layer at separation, 60/h ranging from 0.18 to 2. 2 and Reynolds number 

of about 21,100, the base-pressure coefficients, Cpb, are still 

comparable in magnitude with the laminar-separation case, but have 

a slightly wider range, i. e. -0. 06 to -0. 09. It seems therefore true 

that there is virtually no effect of Reynolds number on base pressure 

at high Reynolds numbers. At low Reynolds numbers however, (Moore 

1960) found that the values of base pressure on the step decreases 

rapidly with increasing Reynolds number based on displacement 

thickness at separation (laminar); for 6,/h:fl. 0 his results read 

Cpb =-0. 056, -0. 08 and -0.13 at Re hr = 490, 620 and 750 respectively 

(our Reec--• 1200 and 60 /h = 0. 04). The value Cpb  = -0. 035 of Tani et 

al with 80/h = 1. 2, comparable to that of Moore, show different trend 

from Moore's because the Reynolds number is much higher (Re61180). 

It is thus clear that the effects of Reynolds number and 60/h interact 

strongly and must be considered together. Tani et al were able to 

conclude from their results that, except for a very small step height, 
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the base pressure is essentially the same for different step heights and 

boundary layer thickness; but the preceding discussions show that their 

conclusions only apply when Reynolds numbers are high. 

On the other hand, Wong's (1970) value of the base-

pressure coefficient -0.13 is much lower than the present results and 

those of Tani et al, when both Reynolds number and bo/h are of the 

same order (Re6=5480, 60/h = 0.12 in Wong's case). This is 

probably a result of the imposed downstream pressure gradient. This 

effect is also believed to be responsible for low Cpb of about -0. 2 found 

by Nash et al (1966) (subsonic case with Re ap 	1. 66 x 105, 4dh=2. 4, ) 

and Bearman (1965) (Reap 	3.5 x 104, 60/h = 0. 5). The effect of 

geometry upstream of the step, the last factor, listed above, may be 

seen for example in the results of Mueller and Robertson (1963) and 

Mueller et al (1964) where ledges were used instead of a backward 

facing step; they found C
pb 

in the range -0. 3 to -0.4. Furthermore, 

Moore's results exhibit fairly constant pressure in the region close to 

the step because of prolonged laminar separated-shear-layer, whereas 

in the present results, in agreement with those of Wong, Tani et al 

and Nash et al, the pressure drops slightly just downstream of the step 

before it starts to rise. It is therefore clear that the various 

conclusions made by previous workers with regard to base pressure 

at the face of the step cannot apply generally, but limited to some 

particular conditions only. Thus, in using the existing data for any 

purpose, all factors as listed above must be carefully taken into 

account. 

The study of all available data for the surface-pressure 

distribution downstream of a backward-facing step shows that, with 

the exception of the data of Tani et al, the reattachment point always 

lies upstream of the point of maximum pressure, ie. the pressure 

recovery overshoots the value required to reattach. This is confirmed 

by simple momentum arguments. Tani et al (1961), without stating 
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means of determination, claim the reattachment distance to be 7 

step heights which falls behind  the point of maximum pressure for all 

their cases; this does not seem possible, therefore their value of 

reattachment distance quoted may be in error. In an attempt to 

correlate the reattachment position with the pressure distribution, the 

present author found that the reattachment position can be closely 

approximated by drawing a straight line through the almost linear 

portion of pressure rise extended to intersect with the line parallel 

to the x-axis passing through the point of maximum pressure, as shown 

in figure 5.2. The projection of the point of intersection onto the 

x-axis will represent the approximate reattachment point. When 

applying this method to the present results and those of Wong (1970), 

the difference between the reattachment distance determined from 

pressure distribution in this way and that from surface flow visualization 

is found to be less than 1. 5%. whereas for Nash's (1966) data for 

M= 0. 4 the difference is about 7.5%. For other workers' data the 

accuracy of the quoted reattachment distances in some cases is 

rather doubtful. Nash et al (1966) use 'recompression parameter', 
Cpr-Cpb  

N -  (-Cpb) 	
, which is constant for particular conditions, to express 

the position of the reattachment point with respect to overall pressure 

rise downstream of separation: it seems to apply only in supersonic 

flow. The present empirical method for subsonic flow over a 

backward-facing step may prove useful when no facility for determining 

reattachment position is available, or when only rough yalue is 

required. Application of the method to the Roshko & Lau's plots in 

figure 4. 4 confirms this idea as should be expect ed because their 

reduced co-ordinates are nothing more than generalized way of scaling. 

The increase in discrepancy to about 3% in Wong's case using these 

co-ordinates, if not due to the error in deducing the curve, reflects 

on the accuracy of the measured reattachment distance; for the present 

results it is almost exact, 



148. 

5. 2. 3. Total Pressure Profiles  

The parameter referred to in this thesis as 'total 

pressure coefficient', defined by equation (4.4), is the measure of total 

pressure with reference to the tunnel static pressure rather than the 

tunnel total pressure as, for example, used by Nash et al (1966); thus 

it tends to unity in the external stream. The individual profiles of 

CPT shown in figures 4. 8(a) to (c) show that the experimental points fall 

onto well-defined smooth curves, indicating a high degree of consistency 

of the results. If the transverse pressure gradient Dp/ b y, were zero, 

as it is far downstream of reattachment, the shapes of these profiles 

would represent the square of the velocity profiles. In using these 

curves it is instructive to plot contours of constant total-pressure 

coefficient as in figure 4. 9. The 0. 995 contour corresponding to the 

variation of boundary-layer thickness in the present context has been 

noted in section 4. 2. Figure 4. 9 shows clearly that the directions of 

increasing total pressure (potential lines or lines perpendicular to the 

constant-pressure lines - not shown) at different parts of the flow 

field, especially in the recirculation region, do not follow any simple 

pattern, except of course that, far downstream all contours tend towards 

the direction parallel to the wall. The number indicating the value of 

C pT on each contour must be interpreted carefully; for example, the 

line CpT=0 simply means the total pressure there is equal to the 

tunnel reference static pressure, and negative values merely indicate 

the region where total pressure falls below the reference static 

pressure. 

5. 2. 4. Static Pressure Profiles  

The transverse variation of the static-pressure 

coefficients as plotted in figures 4. 7(a), (b) show that the measured 

values differ significantly from the corresponding values of surface 

pressure up to about 9 step heights downstream of the step. It should 
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be noted that, in the results presented here, no attempt has been made 

to correct for high turbulent intensity discussed in section 4. 2 or any 

other effect, since no correction method for disc-static probe is known 

to the author. In general the profiles do not extrapolate very well to 

the surface-pressure values, except ear downstream and the station 

closest to the step, and they have been forced to do so in most profiles. 

The discrepancy is large near reattachment, about 8% of C for the ps 
worst case, and gradually decreases downstream; the good agreement 

at the station x/h = 6. 4 is coincidental. The consistent scatter of the 

point closest to the surface in all profiles is probably caused by the effect 

of wall proximity and turbulence on the probe. In the recirculation 

region the static pressure is less than the corresponding surface 

pressure everywhere, but the main-stream static pressure on the 

opposite side of the mixing layer is greater because of streamline 

curvature. For the same reason the static pressure downstream of 

reattachment is less than the corresponding surface pressure everywhere 

up to about 9 step heights from the step, after which the main-stream 

pressure returns to more or less the value at the surface and variation 

across the boundary layer is almost negligibly small. Cochrane (1971) 

made static-pressure traverses at x/h .•:._.- 2. 8 and 5.1 and found a 

similar variation to ours at the latter station, but the scale used in his 

report does not permit a worthwhile comparison. 

Since part of the recirculation region from the step to 

about 4 step heights downsteam, where local velocity is comparatively 

small, involves negative C , the assumption of constant pressure ps 
across the layer would result in a great over-estimation of mean 

velocity, which is probably the reason for the implausibly high velocity 

in this region reported by other workers, e. g. Wong (1970). The 

present results show that at about 4 step heights downstream of the 

step the largest error in static pressure caused by the above mentioned 

assumption is of the order of 0. 04 in the region where 
U/Uref is 

ranging from virtually zero to about 0. 3, the overestimation in the 

mean velocity would thus be from about 23% to an extremely high 
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percentage. Taking the point x /h=3. 4, y/h.70. 4 as a second example, 

C is less than the surface-pressure coefficient by about 0. 0 3 
Ps 

which would result in the mean velocity overestimation of about 84% 

because the mean velocity there is very small (approx. 0.13 Uref). 

Outside this region C is positive everywhere, in which case the 
ps 

assumption would result in under-estimation of the mean velocity. The 

present static-pressure distribution clearly suggests that this 

assumption, as usually made in the case of thin shear layer, is not 

applicable within the region of about 9 step heights downstream of the 

step, if an error of less than 5% in mean velocity is required;at 

x/h = 8. 4 the largest error in mean velocity would be roughly 6%, 

whereas at x/h = 9. 4 it is only about 4%. 

5. 2. 5 Mean Velocity Profiles  

The individual mean velocity profiles in figures 4. 10(a) 

to (c) are typical of flow behind a backward-facing step. The 

discrepancy between Pitot and hot-wire results has been discussed in 

section 4. 2. The general shape of the profiles is comparable with all 

other workers' results, in particular those of Wong (1970) and Tani et al 

(1961). The magnitude of the reverse-flow velocity of the present 

results is believed to be fairly accurate, except at the station x/h = 4. 4 

where the reverse-flow calibration of Pitot tube was used, because the' 

variation in static pressure across the layer has been accounted for 

as discussed in the previous section. Immediately downstream of 

reattachment the velocity profiles appear to have significant defect 

close to the surface, but the flow rapidly accelerates, as found in 

Wong's and other workers' results. This clearly exhibits the distortion 

of shear layer caused by the reattaching process. 

The contours of constant mean velocity in figures 4.11 

and 4.12 show clear demarcation of the recirculation region from the 

main flow as well as showing how the mean velocity varies in both 

longitudinal and transverse direction. It is interesting to observe the 

ways contours tend towards infinity in the external stream region: 
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the particular pattern at about 8 to 10 step heights downstream of the 

step is due to the strearn-wise variation of the main-stream velocity 

which decreases markedly from the tunnel exit to a minimum at about 

7 step heights downstream before increasing very slowly with further 

distance downstream (see also figure 4. 18). However, the total-pressure 

contour in this region is quite straight (figure 4. 9). 

5. 2. 6. Semi-Logarithmic Profiles and Skin Friction  

The semi-logarithmic plots of velocity'profiles deduced 

from Pitot and static pressure measurements, as shown in figures 

4. 14(a) and (b), are similar to those found by Wong (1970) whose 

measurements started at x/h =10. The dip below the universal 

logarithmic 'inner law' profile, which is also noted by Wong (1970) and 

Bradshaw & Wong (1972), seems to start from about x/h = 7. 4; the 

profile at x/h = 6. 4 which is very close to reattachment shows no such 

dip. The comparison between the results made with pressure probes 

and hot-wire probe in figure 4.14 (c) shows that there is hardly any dip 

at all in the hot-wire case at x/h = 7. 4, whereas at x/h = 12. 325 the dip 

in hot-wire case is somewhat less than that in the Pitot case. Since 

high turbulent intensity results in an overestimation in the Pitot results 

but underestimation in the hot-wire results as discussed earlier, and if 

we assume the true profile lying somewhere in between, it is probable 

that the decrease in Pitot overestimation is more rapid than the decrease 

in bot-wire underestimation as the turbulent intensity rapidly decreases 

with increasing y. The skin friction coefficient plot in figure 4. 6. shows 

that dCf /dx 	is extremely large in this region; therefore about 30% 

error in C
f would not show serious scatter compared with other results. 

It is therefore rather difficult to decide which result is more reliable. 

However, no matter which instrument is employed the dip characteristic 

is still present. 

The dip increases both in depth and width as the 

distance increases downstream, which is somewhat different from Wong's 
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results; this is possibly because C
f 

in the present results is deduced 

from fitting close to the surface. The same reason may also apply to 

the appearance of the strength of 'wake component' to become negative 

downstream of about x/h = 12, contrary to Wong's results of slight 

increase after reaching zero. The strength of the wake component 

near reattachment (Cf = 0) is of course extremely high; as noted in 

section 4. 2, experimental points for higher y
+ 

of the profile at 

x/h = 6. 4 have been omitted to suit plotting space. Full discussion of 

semi-logarithmic velocity profiles from downstream of x/h = 10 is 

given in detail by Wong (1970) and Bradshaw & Wong (1972) and the 

present results yield no worthwhile addition. Nevertheless, a few 

profiles that fill the gap between reattachment to those of Wong show 

similar trend to Wong's but with smaller dip and stronger wake 

component as noted above. Furthermore, the reasonable agreement 

in the values of skin friction coefficients obtained from the Stanton 

tube measurements and calculation using 'log-law', as observed in 

section 4. 2 (figure 4. 6), suggests the approximate applicability of the 

'log-law' even very close to reattachment. On the other hand, the 

failure of the local-equilibrium formula in this region indicates the 

possibilities of the rapid change of turbulence in streamwise direction 

so that the length scale of the turbulence is not proportional to y, as 

observed by Bradshaw & Wong (1972) and Antonia & Luxton (1972). 

5.3  FLUCTUATING QUANTITY RESULTS 

5. 3.1 Turbulent Intensities  

The discrepancy between the normal-wire and the 

cross-wire results of 
1.72 has been discussed in the previous chapter 

and the cross-wire results have been accepted as more reliable with 

regard to experimental errors. It can however be seen in figures 

4. 19(a) to (e) that the disagreement is severe mostly in the 

'untrustworthy' region of measurements discussed in section 5.1 

(figure 5. 1). Nevertheless, qualitativ.e information about various 
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quantities in this region can still be extracted. Moreover, there is 

encouragingly little scatter of the experimental points in all sets of 

results, even in the very-high-intensity region. 

Close to the step (x/h = 0. 5 in figure 4.19(a)) the 

region of large u2 /U2ref and
2

/U
2
ref is restricted to a narrow band 

about a step height above the surface, indicating  that at about half a 

step height downstream of separation the free shear layer is still 

comparatively thin and that transition to turbulence has already taken 

place, which supports the comment made in the previous section 

concerning  transition occurring  very close to the separation point. It 

should however be realized that, although u
2 
 /Ur

2 
 i 
ef 

 is very small in the 

recirculation region, the turbulent intensity in the usual context 

e.4 u2/U) is quite large here because of extremely low mean 

velocity, and would become mathematically infinite at points of zero 

velocity. Figure 5. 3 clearly indicates that serious error in 
2 2 

measured with the crossed wires at x/h = 0. 5 has occurred. 

As the downstream distance increases the width of the 

high-intensity band increases rapidly and is roughly as large as the 

step height at reattachment. This behaviour can be seen more clearly 

in the contour plots in figures 4. 20, 4. 21 and 4. 22. Also shown in these 

contour plots are the loci of maximum intensity. For the normal-wire 

results in figure 4. 20, the locus curves down from yc' h towards the 

surface and reaches a constant height of y/h'-='0. 5 at about 7 step heights 

downstream of the step, whereas the loci of both(u/U
2
ref) max and 

2 2 
(v /U ref ) max from cross-wire results (figures 4. 21 and 4. 22) curve 

down in similar manner but attain the lowest height of y/licte 0.4 at about 

7. 5 step heights then curve up to a constant height of y/lz--'0. 5 at about 

10 step heights. In view of almost constant u
2
/U

2
ref  from the surface to 

about y = 0. 5 h in each profile downstream of x/h9 (see figures 4.19 (1) to 

(1),. the 'maximum' should be regarded as the point where the departure 

from a constant value occurs, and it is not very well defined; the peak 

V IU ref 
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would eventually tend to y=.0 further downstream. Surprisingly, Bradshaw 

& Wong's (1972) only intensity measurements at x/h = 10, and Tani's 

(1961) last measuring station at x/h = 15, both show distinct maximum-

intensity points. Bradshaw & Wong's results shows the peak intensity 

to occur at y = 0. 6h, x/h = 10, but at x/h = 15 in the measurements of 

Tani et al the maximum is only about y = 0. 5h. 

Figure 5. 3 shows the variation of (u
2

/U
2
ref) max and 

v
2
/U

2
ref) max in the streamwise direction with the values of Castro's 

(1973) plane-mixing layer referred to Ue at x=0 rather than 
Uref)  for 

comparison. It should be noted that (u
2

/U
2
ref) max from the cross-wire 

results is presented here. Comparison with Castro's values confirms 

the approximate plane-mixing layer behaviour in the region up to about 
1  

2 step heights from the step. The scatter of(v
2 
 /U

2 
 ref ) max is much 

smaller even in the reattachment region. By comparing the two curves, 

it is seen that the magnitude of(v /U
Z 
 ref) max is approximately half that 

of (u /U
2 
 ref) max up to the reattachment region, after which(v

2 
 /U 

Both ref) 
, 

max increases to about of (u
-2  /U2 

ref) max a downstream. 

quantities decrease further downstream. 

Comparison of maximum turbulent intensities with 

other workers' data is made in figure 5. 4. The data of Tani et al (1961) 

and Gesso (1975) have been chosen for the purpose. Gesso, by comparing 

his results with those of several investigators, concludes that the 

conventional method of hot-wire analysis (derived for low turbulent 

intensity) was responsible for the wide discrepancy found in the 

comparison and claims the 'squared signal' analysis to offer more 

flexibility than the conventional analysis; but his results show even 

deeper dent in the plot of maximum intensity against x near the 

reattachment region than that in our results. On the other hand, it is 

surprising that the results of Tani et al show a peak in the region 

where a dent occurs in the present results, and the dent in their results 
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appears downstream of the reattachment region. It is possible that 

dents appearing in these results are experimental errors because of 

the difficulty in obtaining reliable measurements near reattachment as 

observed above. Although there is no way to decide which results are 

more reliable, they all show the same trend, i. e. the maximum intensity 

increases to a peak somewhere near reattachment then decreases 

remarkably rapidly, with the exception that Gesso's results should have 

the larger second hump downstream of the reattachment which does not 

seem very plausible. The agreement between the present results and 

those of Tani et al downstream of about x/h = 7, both in magnitude and 

shape, is considered satisfactory. 

The contours of u
2
/U

2 
ref from .0-probe and}-probe 

(figures 4. 20 and 4. 21) do not differ greatly in pattern. As expected, 

both show small waviness in the region adjacent to the free stream where 

gradients are small, just as the total-pressure contours do. For the 

U-probe case, the rather disordered patterns in the recirculation region 

and in the region close to the surface downstream of about x/h = 9 are 

probably an indication of experimental error. On the other hand, the 

X-probe results show more uniform decrease in turbulent intensity 

downstream of reattachment, and even with too few data points in the 

recirculation region the pattern suggests a gradual slope towards a 

region of low intensity at the corner of the step. Cochrane (1971), in 

his contour plot in terms of turbulent intensity percentage, found the 

same characteristics, but his plot shows a second small region of peak 

intensity, on the surface between x/hce3 to 5 , of about 3  the main peak 

intensity appearing above the reattachment region. In general Cochrane's 

contour pattern is more like our cross-wire results than our normal-

wire results, except that the region of highest intensity in our cross-wire 

results is upstream of rather than above the reattachment region, 

whereas the location of maximum u/11
2
ref  in the normal-wire results 

agrees with his. It is nevertheless extremely difficult to decide which 

set of results is more reliable because these measurements are in the 

'untrustworthy' region referred to in section 5.1. 
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The contours of v
2 
 /U

2 
 ref (figure 4. 23) follow closely 

the pattern of u2
/U2

ref , except in the former case there exist almost 

parallel contours downstream of reattachment which should eventually 

meet the corresponding upper contours to form closed loops far 

downstream. 

5. 3. 2 Turbulent Shear Stress 

Figures 4. 19(a) to (1) show the general shapes of 

-uv/U2 ref  profiles at different streamwise stations downstream of the 

step, which resemble closely the shapes ofv 2 
/U

2
ref  profiles. The 

locus of maximum turbulent shear stress, as shown in the contour plots 

of figure 4. 23, behaves in the same way as those of u2
/U

2
ref except 

that a kink appears after minimum distance from the surface is reached 

at about x/h = 7. 5 before it starts to rise slowly. This may well be 

simply caused by experimental error due to difficulty in defining the 

maximum points of the profiles, as discussed in the previous section. 

The streamwise variation of the maximum shear stress, shown in 

comparison with other workers' data in figure 5. 5 (see also the comparisons 

with u
2

/U
2
ref  and v —2  /U

2 
 ref  of the present results and shear stress of 

Castro (1973) in figure 5. 3), suggests an almost linear rapid increase 

soon after transition and reaches the highest value at about x/h = 3. 5, 

after which it decreases slightly to a fairly constant value in the 

reattachment region before further rapid decrease downstream. Its 

shape is quit e similar to that of u
2

/U
2 
ref  and its magnitude is roughly 

3 of u
2

/U
2
ref  almost everywhere. 

A comparison of the present results with those of Tani 

et al (1961) and Gesso (1975) is of interest (figure 5. 5). The results of 

Tani et al show an almost linear rapid increase towards reattachment 

point, then a sudden drop to asymptotic value at about 12 step heights 

downstream of the step. The peak of their curve occurs at the shoulder 

of the constant part of the present results, and its magnitude is much 
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higher than our peak value. It is unfortunate that their data does 

not extend further upstream beyond x/h =4, but extrapolation seems to 

suggest a continuous increase all the way from the start of transition. 

Downstream of about x/h = 8 their values of maximum shear stress are • 

comparable with the present results, but ours show further decrease 

beyond x/h = 12 rather than tending towards an asymptote as appeared 

in their results. In contrast, Gesso's (1975) results show a sudden 

decrease from a very high value of maximum turbulent shear stress at 

about x/h = 2 to an almost constant value from about x/h = 5 onwards. 

The magnitude of the constant maximum turbulent shear stress in the 

reattachment region is comparable with the present results. The high 

value near separation point may be due to the turbulent boundary layer 

at separation in his case. Therefore the present results seem to agree 

quite well, although in parts, with the two cases compared, and it may 

be concluded that the turbulent shear stress is large - roughly as large 

as in a plane mixing layer - in the mixing region nearly up to 

reattachment but then decreases very rapidly. 

The contour plots of -uv/U
2 
 ref  in figure 4.23 

exhibit all the features discussed above, for instance the long strip 

of plateau along the locus of maximum turbulent shear stress between 

x/11'.Y4. 5 to 7 corresponds to the constant value of —uv/U
2
ref in this region. 

The contour pattern also shows a very small turbulent shear stress 

(referred to x, y-axes) in the recirculation region and everywhere close 

to the surface (as it must vanish at the surface). In general, the 

pattern of the turbulent shear stress is similar to those of u
2
/U

2
ref and 

v
2

/U
2
ref  as might be expected because uv depends on the correlation 

between u and v. 



-158- 

5. 3. 3 Triple Products of Fluctuating Velocity 

Since in the present work only logitudinal and 

transverse fluctuating velocities were measured, the measured triple 

products as yielded by the DIG2U computer program (Weir az Bradshaw 

1974) are u3, v3, u2
v and uv

2  , normalized as usual by U3ref. The 

profiles of all these products are shown in figures5.6to5.9.The scatter in 

all cases is no more than one would expect and all profiles seem to be 

fairly well behaved. 

Figures 5. 6 (a) and (b) show u3/U
3
ref at all traverse 

stations. Close to the step the non-zero part is restricted to a narrow 

region corresponding to the width of the shear mixing layer which then 

spreads out with the distance downstream in the same way as in the case 

of the turbulent intensities discussed above. The zig-zag shape with 

positive and negative peaks of the same order of magnitude (x/h = 0. 5) 

is similar to results of other workers on mixing layers, e. g. Castro 

(1973). The much higher negative peak at station x/h = 1. 875 shows that 

obvious error has occurred. The distance of the negative peaks from the 

surface varies in the same manner as those of maximum turbulent 

intensities and maximum turbulent shear stress, namely dipping down from 

about one step height close to the step to reach the minimum of about 

0.75hat about 6 step heights from the step before slowly increasing 
0. 9 

downstream to attain a height of about / step heights at the last 

measuring station of x/h = 12. 325. At the same time the height of the 

positive peak drops towards the surface. The magnitude of the negative 

peak rapidly increases to a value of about 0. 2 x 10
-3 at about 2 step 

heights and stays almost constant up to about 7 step heights, then slowly 

decreases to about half its value at the last measuring station; whereas 

the magnitude of the positive peak increases comparatively slowly 

towards maximum of approximately the same order then rapidly 

decreases and almost vanishes at about 11 step heights. 
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The profiles of v
3
/U

3
ref  in figure 5.7 	have 

similar features to those of u3
/U

3
ref  except for the reverse sign and 

the much smaller magnitudes. The scatter in this case is slightly 

worse, at a few traverse stations just downstream of reattachment, than 
3 3 	 3 3  the u /U ref case. The general behaviour of u 	ref discussed 

above applies equally well to v3/U 3ref  by simply changing sign. 

Furthermore, u .2, v/U3ref  profiles as shown in figure 5.8 	behave like 

v
3
/U

3
ref  but with larger magnitude and slightly shifted positions of 

peaks, whereas um2/U3ref  profiles in figures 5.9 (a) and (b) follow those 

of u3/U3ref  closely except for the smaller magnitude and the 

disappearance of dents on positive peaks in the reattachment region. 

In brief, all four triple products are quite closely proportional 

throughout the flow, all being measures of turbulent transport by the 

large eddies. 

The table below shows the comparison of various 

approximate peak values at x/h = 4. 375 and 12. 325 in the present work 

with the values found by Castro (1973) in the self-preserving region of a 

plane free-mixing layer. Although the mixing region in our case is 

curved and cannot attain the self-preserving state before reattachment, 

the comparison seems instructive. It shows that all values of peak 

triple products before reattachment in our case are higher than the 

QUANTITIES CASTRO'S RESULTS 
x=52. 2cm (Self-preserving 

region) 

PRESENT RESULTS 

x/h = 4. 375 x/h = 12. 325 

u3/U3refx103 
+ MAX 2. 5 1. 8 0 

- MAX -1. 5 -2. 3 -1_ 0 

v3/LT 3 
refx103 + MAX 0. 45 0. 80 0. 44 

- MAX -0. 55 -O. 66 0 
—2—   3  u v/U refx10

3
+ MAX 0. 6 1. 0 0. 36 

-MAX -0.6 -0 4 0 	_ 
—2 	3 
uv /U refx103+MAX 0. 6 • 0. 84 0 

-MAX - 0. 6 • -0. 80 -0. 35 
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corresponding values of Castro except u3  which is the reverse, i. e. 

positive peak is smaller but negative peak is larger in the present 

case. This suggests that even close to reattachment large -eddy 

structure of the mixing layer is still intact. Our results also suggest 

that all profiles of triple products are single-sided curves _ at downstream 

of reattachment as expected when the shear layer is relaxing towards 

a constant-pressure boundary layer. 

The triple-product profiles of Murlis' boundary 

layer are included in comparison with profiles at x/h = 12. 325 of the 

present results. Since Murlis' Reynolds number is about half that of 

the present work the skin friction coefficient in his case will be 

approximately 20% higher: therefore all his values have to be scaled 

by 1/(1.2)3/2. The similarity in shape of Murlis' profiles and ours is 

striking, although his data are more scattered. It is seen that even at 

our last measuring station the values of triple products are still 

extremely large compared with those of Murlis' ordinary boundary 

layer (different scales used for Murlis' profiles should be noted). Our 

values in u
3/U

3
ref, v3/U3ref, u

1
v/U

3
ref and uv2/U

3
ref are 

approximately 17, 40, 20 and 27 times those of Murlis, respectively; 

suggesting that relaxation of the large eddy structure to the final 

boundary layer state is very slow, although gross quantities like Cf 
appear to asymptote quite quickly. 

5. 3.4 Statistical Description of Turbulence  

The DIG2U computer program output also includes 

several statistical quantities, viz. u- and v- component flatness 

factors (u42 )
2 
 and v

4
/(v

2
)
2
), u- and v-component skewness factors 

3 -2-  3 / 	-2 3/2 
(u /(u ) 	and v /(v ) )(Weir & Bradshaw 1974). The flatness factors 

are plotted against y/ 5
995 

for all traverse stations in figures 5.10(a) to 

(d). In order to obtain reasonably large scales so that minimum 

values (required for intermittency factor calculation: see next section) 

can be determined more accurately, the higher values of flatness 

. factors are omitted in these plots. It is interesting to note the changing 
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shape of the profiles from highly irregular in the recirculation 

region to more or less smooth profiles of typical shape far downstream. 

The scatter is indeed very small. Both u- and v-component behave 

almost the same way even in the recirculation region: the v-flatness 

factor is larger everywhere except at the first station close to the 

step and in the region near the boundary-layer edge at all other 

stations. Except in the recirculation region where unsystematic 

irregular shape is to be expected, the u-flatness factor profile of 

roughly parabolic-like shape starts off in a narrow region corresponding 

to the narrow separated shear layer, then as the distance increases 

downstream, the wiggling part is gradually stretched out, the parabola 

gets wider and shallower on the low-velocity side with the other arm 

remains steep, and the whole parabola slowly moves towards the 

surface. The drop in values of u-flatness factor on the free-stream 

side at x/h = 0. 5 is curious. Just upstream of reattachment (x/h = 5. 375) 

the profile shows a skewed parabolic shape with both arms are almost 

equally steep. Downstream of reattachment the near-surface arm 

gradually becomes almost flat at the last traverse station, x/h 12.325. 

The minimum value of u-flatness factor seems to fluctuate somewhat, 

from place to place (figure 5.11), and is mostly smaller than the 

typical value of about 3 for a fully turbulent boundary layer (Murlis 

1975). The locus of minimum u-flatness factor in figure 5.12 follows 

closely the loci of maximum u
2 

and v
2 (see figures 4.20 to 4. 22) 

except downstream of about x/h = 7. 5 where the latters are higher; 

it is seen that the locus of u-flatness factor curves down rather 

smoothly towards a constant distance from the surface of roughly 0. 3h. 

The low values of u-flatness factor obtained in the present experiment 

are of interest as it indicates the more orderly structure of eddies. 

However, the inconsistency of the results suggests that experimental 

error cannot be completely ruled out. In the mixing region, the 

minimum u-flatness factor is fairly constant at just less than 2. 6 
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compared to the value of 2.7 found by Castro (1973). 

Townsend (1956) explains that abnormally high 

u4/(ui 2  indicates high inhomogeneity in u-component turbulent 

intensity, but such explanation hardly throws any light on the physical 

behaviour of the present flow. On the other hand, if the signal has a 

normal (Gaussian) distribution during its 'on' periods and is 'off' for 

a fraction (1 -7) of the total time, then 

u 	
3.0  0 —2  6 

(u) 

(5. 1) 

when-y= intermittency factor. It is obvious from equation (5. 1) that a 

high value of flatness factor corresponds to low intermittency factor, 

i. e. highly intermittent motion, and vice versa. The behaviour of the 

u-flatness factor described above therefore suggests, on the basis of 

equation (5. 1), that the intermittency is moderate but irregular in the 

recirculation region and reattachment region, and is extremely strong 

near the edge of the boundary layer, as expected. However in the 

recirculation region there are no true 'off' (non-turbulent) periods. 

We shall turn to the discussion of the intermittency again in the next 

section. 

Although the v-component flatness factor, also shown 

in figure 5.10, has no direct bearing on the interpretation of the results 

except the indication of the inhomogeneity of v-component turbulent 

intensity, it is presented here for comparison purposes (because if •y's 

calculated from u - component and v-component flatness factors are 

not equal, both are suspect) as well as for the sake of completeness. 

Nevertheless, the close resemblance in its shape with that of u-flatness 

factor shows that v2  distribution everywhere is very much like that of 
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u , except in the region close to the surface where the v-flatness 

factor tends to much higher value than that of u-flatness factor. Its 

minimum value is slightly higher than that of u-flatness factor almost 

everywhere and is closer to the normal distribution, which is rather 

surprising. Furthermore, the locus of minimum v-flatness factor 

(also shown in figure 5.12) does not decrease monotonically as that 

of u-flatness factor, but the departure is not very large. 

Both u- and v-component skewness factors are 

plotted for each traverse station in figure 5.13(a) - (f). The most 

obvious features are that u- and v-skewness armost always have 

opposite signs and comparable magnitude and that one of their zeros 

coincides or lies close together. The scatter is a little worse than 

that of flatness factors but not too excessive. Figure 5.14 shows the 

loci of main zero locations of u- and v-component skewness factors, 
clearly.  
which / seen to behave in the same manner as the loci of minimum 

flatness factors, viz. curve down asymptotically towards the surface. 

Note that the curve in this figure is drawn for visual aid only. Above 

this line u-skewness factor is negative up to a certain point, whereas 

v-skewness factor is positive, and conversely so in the region below 

the line. Thus on the free-stream side region u
3 

has more frequent 

negative values while v3 has more frequent positive values. Close to 

the step,in the recirculation regionithe values of both skewness factors 

seem to be fairly constant. Downstream of reattachment the region 

of positive u-skewness factor and negative v-skewness factor is 

restricted to a very narrow strip adjacent to the surface and their 

magnitudes are very small, indicating the near symmetry of probability 

distribution near the surface. It is also interesting to note how the 

shapes of u- and v-skewness factors change, and it is seen that the 

parabolic shape of the v-component skewness spreads with y much 

faster than that of the u-component. 



- total time 
time spent in turbulent flow 

-164- 

5. 3. 5. The Intermittency  

The intermittency factor,-y , defined in the usual way, 

at a point considered as 

(5. 2) 

which is also yielded by DIG2U computer program when subroutine 

THRESH, as described in section 4. 3, is employed, is plotted against 

y/6 for each traverse station in figures 5.15(a) - (f). Also plotted for 

comparison in each figure is the intermittency factor determined from 

minimum value of u-flatness factor  
u -flatness factor 

(5. 3) 

Although the agreement in magnitude is poor, the profile shape of 

from the two definitions follows each other quite well. The value 

m obtained from the relation (5. 2) is about 0. 9 in every profile, ax 
whereas that obtained from (5. 3) is nominally 1. 0. Castro (1973) in his 

plane mixing layer experiment, argues that irrotational fluid must 

sometimes  reach the centre of any shear layer so in logic ey max 
must be less than unity. One obvious reason why 7 	fails to reach max 
the value of 1. 0 when using the usual definition is the behaviour of the 

signal chosen as turbulence criterion: as mentioned earlier, the first 

or second derivative of (uv) with respect to time has been chosen in 

our case. In using the definition (5. 3) we have forced ry 	to attain 
'max 

unity at the point of minimum flatness factor, or close to unity when 

no corresponding experimental point is available at minimum flatness. 

The approximate location of 'm  ry 	obtained from both methods is ax 
plotted versus distance downstream in figure 5.16, which shows similar 

behaviour to those of minimum flatness factors and zero skewness 

factors in figure 5.12 and 5.14 respectively, except the curvature of 

Amax is much smaller close to the step. The agreement of the values 

ofy 	obtained from the two methods is reasonable. Figure 5.16 
-max 
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suggests that 7 	will eventually occur close to the surface further 
max 

downstream as would be expected in ordinary boundary layer, although 

at our last measuring station it is still somewhat away from the surface. 

The effect of the proximity of solid boundary on hot-wire measurements 

may be partly responsible for the apparent delay. 

The scatter ofy within the recirculation region is to be 

expected, because on the lower edge of the separated shear layer in the 

present case is not very meaningful, but it is interesting to note that its 

value is fairly constant at about 0. 8. Beyond y/ 6995=1 where'yis supposed 

to approach zero, the results show abnormally high values of 7 in some 

prgfiles which is thought to be caused by the failure of the present 

computer program to discriminate irrotatiional signals or noise from 

the extremely low turbulence signals. The available noise-clip 

subroutine has not been used in the present results. 

It is plausible to define the interface of turbulent/non-

turbulent regions as the line 'y = 0. 5, as shown in figure 5.17 for the 

present results. The value of (y /6995) 	a5 downstream of reattachment 

up to near the end of our working-section is just below 0. 6 and seems to 

be surprisingly constant, whereas the typical value of (y/6995) 	in 'y= 0 
an ordinary boundary layer is about 0.8 (see for example Klebanoff 1955, 

Kovasznay et al. 1970, and Murlis 1975). It is thus clear that practically 

half of the shear layer downstream of reattachment contains highly inter-

mittent eddies, and the prolonged almost constant (y/6995) ,y- 0. 5  suggests 

that it will take some time to regain the value of ordinary boundary layer. 

This conclusion agrees fairly well with the results of Antonia and 

Bradshaw (1971) (also described by Bradshaw and Wong 1972) who found 

(y/6995) = 0.  5 of about 0. 65 at the station about 30 step heights down-

stream of the step. 
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It can be shown that the experimental results of inter-

mittency factor for ordinary boundary layer can be approximated very 

closely by means of the Gaussian probability distribution (Rotta 1962), 

1 	p( 	( Y - Y )  J 	(5. 4) 
202' 

where 7= mean thickness of the boundary between turbulent and non-

turbulent flow. The equation (5. 4) leads directly to 

wy) - 1 1 
cr , -By max -viff  

or 	_( air ) 	_ 1 	. 
7(97-6) max - 1-.--rr 0- 

(5. 5) 

(5. 6) 

The values of the standard deviation, cr , for the measured and flatness 

intermittency at x/h= 12. 325 are 0. 286995  and 0.25 6 995 respectively, 

compared with the 0.136995  of Murlis (1975) and the 0.126995  of 

Klebanoff (1955) in ordinary boundary layer. Since the standard devia-

tion is a suitable measure of the width of the intermittency zone, i. e. of 

the amplitude of the waves in the free-stream boundary, our intermit-

tency zone at x/h= 12. 325 is practically twice of that in an ordinary 

boundary layer, which agrees with the comments made above with regard 

to the value of ( Y/6995).7= 0, 5  

Figure 5.18 shows the plots of intermittency factor 

versus U/Ui  at x/h = 3. 4 and 12. 325 in comparison with other results. 

It should be noted that U/Ur 	
results: used in Castro's results Ur is the 

reference velocity at the wind tunnel contraction exit. In the present 

results only the measured values are presented: the flatness intermit-

tency would be slightly higher than the measured values. Within the 

expected experimental errors,, all curves of the non-boundary-layer 

cases seem to collapse pretty well together and are still far distant 

from the boundary layer values. That the flow behind a backward-facing 
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step, even as far downstream as 30 step heights, is still highly inter-

mittent in the main part of the layer, and that it will take much longer 

distance downstream to return to the equilibrium state of boundary 

layer, is once again confirmed. 

5. 4 THE TURBULENT ENERGY BALANCE 

The discussion will be sub-divided into three distinct 

flow regions, viz. upstream of the reattachment region, the reattachment 

region,and downstream of the reattachment region. Although the names 

of different terms in equation (4. 11) (section 4. 4) are labelled, separate 

components of some terms rather than their sum are presented in 

fig=ures 4. 24(a) to (j) as tabulated below. It is probably worth mentioning 

that, in determining these derivatives graphically, approximate smooth 

TERM NAME 

,-- +v-,5–*B )(0q) (u-a ux 	uy Advection 

—t.79 (...ZU 	BV ) 4. Shear-stress production ay 	Dx 

— V –( uzau -F--c 	+ v2  -By) Normal-stress production 

Longitudinal diffusion  — 	(1
1
q u ..FjX 'a  

Transverse diffusion — --a 	( 	city ÷ 	..71.-  
Ti r 	----7—* ' 

Dissipation 
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curves have to be drawn through scattered data points in some cases, 

and that the obtained values (slopes of curves) are very sensitive to the 

choice of these approximate curves. Because of this (among many other 

thinks) great accuracy is not to be expected. As a whole, the scatter of 

data points in the turbulence energy balances is not unreasonable, and 

certainly not more than one would expect when a graphical method is 

employed. The approximate streamwise variation of peak values of the 

main energy terms are shown in figure 5.19 , and the approximate loca-

tion of these peaks in figure 5.20'. Figures 5.21 to 5. 24 are cross-plots, 

showing streamwise variation of shear-stress production, dissipation, 

tranverse diffusion and advection, at various values of y Note that in 

conformity with Townsend (1956) energy loss is plotted upwards, energy 

gain downwards. 

5. 4. 1 Upstream of the Reattachment Region  

The region from the step to about 5 step heights 

involves a curved free shear layer and recirculation with high rate of 

entrainment. The resemblance of the shapes of various curves in 

figure 4. 24(a) (x/h = 3. 4) to those of Castro (1973) clearly suggests that 

the flow in this region may approximate to a plane mixing layer. How-

ever, quantitative correspondence is not to be expected, but relative 

magnitudes of various quantities should be sufficient for the present dis-

cus sion. 

Production 

Castro's results show a very small loss (positive) of 

energy due to normal-stress production restricted to a narrow region 

near the 'still air' edge of the layer, whereas in our case (figure 4. 24(a)) 

a comparatively large loss spreads from about y = h, with maximum at 

about y = 0. 7h, down to approximately y = 0. 3h in the recirculation 
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region. Since the shear layer in this region is inclined to the x, y - axes 

with respect to which shear-stresses are evaluated, therefore, some of 

the normal-stress production would, in fact, be the component of shear-

stress production in axes aligned with the shear layer. Strong entrain-

ment, as well as reverse flow, may also be partly responsible for this 

apparent large loss of energy, as compared with that of the plane mixing 

layer. As the distance increases downstream towards reattachment, the 

magnitude of energy loss, due to normal-stress production, decreases 

only slightly, but the location of the maximum moves rapidly towards the 

surface and the spread extends down to the surface (figures 4. 24(b) and 

(c). 

• 	The shear-stress production, whose profile is almost 

symmetrical about the centre of the shear layer, is the dominant source 

of turbulent energy as in Castro's results. Even if the two components 

of production in the present results were summed, the shape of the over-

all production profile would, more or less, retain its symmetry. The 

peak gain of energy due to shear-stress production decreases rather 

rapidly downstream towards reattachment, i. e. at almost constant rate 

of about 3  of its initial value within 2 step heights (figure 5.I9'), and its 

location moves towards the surface (figure 5. 20). The symmetry is 

retained throughout this region with broader distribution across the layer 

corresponding to the increasing thickness of the shear layer. As we do 

not have data close to the step, the peak of the shear-stress production 

close to the step suggested by figure 5.19 cannot be investigated. It is 

presumably associated with transition rather than with the recirculating 

flow. Although the streamwise variation has very little meaning in this 

region because the shear layer is inclined to the axes, it is interesting 

to notice a very rapid increase of shear stress production along the y = 

constant lines, reaching maximum near reattachment, in the lower part 

of the layer up to about y/h = 0. 6, and a rapid decrease in the upper part 
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of the layer (figure 5. 21). This merely indicates that the region of high 

shear-stress production moves towards the surface as the free shear 

layer curves down to reattach. Figure 5. 25 shows rather slow stream- 

wise decrease of total production across the layer, j u—v-(aU aV )dv/U 
 

"ay 	"aTe • 	re f 0 
towards reattachment at almost constant rate, which is the same trend 

as the streamwise variation of peak shear-stress production except that 

the latter decreases more rapidly. Although the way in which the curve 

would extrapolate towards the step is unknown, it clearly demonstrates 

that the separated-flow region involves very high energy production. 

Dissipation 

The peak energy loss due to dissipation in Castro's 

plane mixing  layer results is about 0. 78 of the peak gain by production, 

which is very high compared with the value of about 0. 39 at x/h = 3. 4 in 

our results. As mentioned in section 4. 4 his results show a considerable 

'out-of-balance' term in the central part of the layer; the dissipation to 

production peak ratio would reduce to about 0. 53 if the 'out-of-balance' 

peak were added to the dissipation peak, which is still rather higher than 

our value. The addition of 'out-of-balance' term to the dissipation profile 

of Castro would also cause dents on both sides of the peak similar to that 

which appears in our dissipation profile in figure 4. 24(a). However, it 

should be noted that, since dissipation in the present results is deter-

mined by difference, the neglect of the pressure diffusion terms, a(ri7.4a)/1( 

and b(Pv3°)/ay, and the errors produced by graphical differentiation in 

determining all other terms may accumulate to result in somewhat erro-

neous value of dissipation. We shall return to the discussion of pressure 

diffusion shortly. A few data points of dissipation on the energy-gain side 

near the high-velocity edge clearly demonstrate errors of this sort. That 

the ratio of dissipation peak to production peak at x/h = 4. 4 is about 0. 55, 

comparable to the corrected value of Castro, and that the total dissipation 
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in figure 5. 25 increases towards reattachment seem to confirm that dis-

sipation at x/h = 3. 4 is in serious error. The same reason probably 

applies to the apparent sudden increase of peak dissipation at x/h = 5.375 

and the apparent further increases in the total dissipation across the • 

layer. The odd behaviour of the total advection across the layer in this 

region, as seen in figure 5. 25, may be responsible for the error. 

Furthermore, the comparatively high dissipation in the recirculation 

region at x/h = 3. 4, which is unlikely, is also doubtful. Because of the 

very high degree of uncertainty in the dissipation obtained, it seems 

pointless to pursue the discussion of dissipation in this region further. 

Diffusion and Advection 

The similarity between transverse diffusion profile of 

the present results at x/h = 3. 4 (figure 4. 24(a)) and that of Castro, both 

in shape and in relative magnitude, is striking. The results show that 

approximately half of the energy gained by production in the central part 

of the shear layer in this region is balanced by transverse-diffusion 

energy loss, while the outer parts of the layer energy is gained by trans-

verse diffusion, slightly more on the high-velocity side than the low-

velocity side. The advection, which again follows closely the shape of 

Castro's results, but with somewhat higher relative magnitude, mainly 

balances this transverse-diffusion energy gain, particularly at the high-

velocity side. In Castro's results the advection in the central part of 

the layer comes down to near zero, but the sparseness of our results 

in that region makes decisive conclusion rather difficult. There is a 

small advection gain in the recirculation region in our results. 

Despite fairly good agreement in transverse diffusion 

and advection between the preent results and those of Castro, the longi-

tudinal diffusion in both results are greatly different. Castro's results 
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show very small gain (inner part) and relatively larger loss (outer part) 

of the energy due to longitudinal diffusion on the 'still-air' side of the 

layer, whereas in our results there appears to be a comparatively large 

gain across the central part of the layer with moderate loss at low-velocity 

edge and very small loss at high-velocity edge. 

The transverse diffusion at x/h = 3. 4 fails to integrate 

to zero by about 5% of the area under the shear-stress production profile 

compared with 14% found by Castro. It should be noted, however, that 

there remains small negative transverse diffusion beyond y/6
995 = 1, 

therefore, the residue of integration would be slightly less if it is integrated 

to infinity. The total advection across the layer at this station is absurdly 

high (figure 5. 25) and thought to be in error because of high unreliability of 

mean-velocity measurements, as well as of graphically computed V, 

Z(4-(1)/ax and a(4-cii)/ay in this region. 

As the distance increases downstream, both longitudinal 

and transverse diffusion hardly change shape or magnitude, except that the 

gain by longitudinal diffusion becomes slightly larger. Figure 5.19 shows 

that peak transverse diffusion (loss peak only) slowly rises to maximum 

about one step height upstream of reattachment then drops slowly towards 

reattachment. The residues of integration at x/h = 4. 4 and 5. 375 are very 

small, i. e. 3% and 2% of the total shear-stress production, respectively. 

The location of the positive transverse-diffusion peak in this region is more 

or less identical with that of the shear-stress production peak as can be 

seen in figure 5. 20. Assuming advection at x/h = 3. 4 is in error as com-

mented above, the region of advection gain on the surface side seems to 

have constant thickness of y/h 0. 7 upstream of reattachment. The mag-

nitudes of both loss and gain peaks of advection increase only slightly as 

the distance approaches reattachment. Disregarding the first point (i. e. 

at x/h = 3. 4) of the total advection plot in figure 5. 25, the total advection 
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across the layer seems to increase fairly slowly towards a constant at 

reattachment. The streamwise variation of advection at constant y is 

shown in figure 5. 24, but no worthwhile discussion can be made because 

the layer is inclined as noted above. 

5. 4. 2 The Reattachment Region 

Consider figures 4. 24(c) and (d), x/h = 5. 375 and 

x/h = 6. 4, which are immediately upstream and downstream of reattach-

ment, respectively. The decrease in peak shear-stress production with 

distance downstream when passing through reattachment is more or less 

at the same rate as that in the upstream region, as clearly shown in 

figure 5.19. The shape of shear-stress production profile is unchanged 

by the reattachment process. At reattachment, the total shear-stress 

production across the layer decreases slightly more rapidly than that in 

the upstream region (figure 5. 25). The normal-stress production at the 

two stations considered differ slightly in shape and magnitude. The total 

normal-stress production across the layer decreases a little when 

passing through reattachment. 

The dissipation profile at x/h = 6. 4 has a dent at the 

central part of the layer similar to those at x/h = 3. 4 and x/h. = 4. 4, 

which makes the single hump feature of profile at x/h = 5. 375 rather 

suspicious. Across reattachment, both the peak dissipation and the total 

dissipation across the layer appear to drop rather rapidly, but reserva-

tion must be made because of the unreliability of the computed dissipation 

in the upstream region as noted above. 

For transverse diffusion, peak energy loss at x/h = 6.4 

is about 3  of that at x/h = 5. 375, and the gain region close to the surface 

of the downstream station becomes much narrower, because part of fluid 
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volume is deflected upstream. Just downstream of reattachment 

(x/h = 6. 4) the low-velocity side energy loss region of longitudinal dif-

fusion vanishes completely and its energy gain magnitude is markedly 

less than that of the upstream station. 

Downstream of reattachment at x/h = 6. 4 the advection 

gain on the lower half of the layer drops to near zero, while the peak 

loss decreases to about half of that at x/h = 5. 375. The total advection 

across the layer is fairly constant across reattachment (figure 5. 25). 

It is, therefore, apparent that reattachment involves 

rather rapid decrease in peak values of all main energy terms and the 

change in distribution shape of some terms. The total values across 

the layer of production and dissipation also drop rapidly across reattach-

ment. The complex pattern of streamwise variation at constant y 

appearing in the region approaching reattachment for all terms (figures 

5. 21 to 5. 24) is to be expected because the shear layer here is highly 

curved, and it should not be taken too seriously. 

1 

5.4. 3 Downstream of the Reattachment Region 

Since after reattachment the shear layer is expected to 

relax towards equilibrium boundary layer far downstream - over 50 step 

heights, according to Bradshaw and Wong (1972) - the main interest is to 

see how the energy-balance terms behave in this relaxation region, and, 

in particular, to see if the energy development is asymptotic towards 

equilibrium condition. Although the length of the present working section 

is far too short for the shear layer to attain an equilibrium state, it is 

hoped that, at least, an indication of asymptotic tendency should appear; 

thus, typical values of the main energy terms in equilibrium flat-plate 

boundary laye.,.• with zero pressure gradient,from Klebanoff (1955) as 
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reproduced by Bradshaw (1967), are also included in figure 4. 24(j) 

(Energy balance of our last measuring station) for comparison. The 

high-Reynolds-number results of Murlis (1975), who used the same 

tunnel as, and similar apparatus to, the present experiment, compare 

reasonably well with these typical values. Murlis explains the slightly 

higher values of his results compared to those of Klebanoff, as the 

effect of Reynolds number. Nevertheless, the question of energy 

distribution across the layer rather than absolute values seems to be 

more relevant in the present discussion. 

Production  

Downstream of reattachment the peak shear-stress 

production decreases further at almost the same rate as in the upstream 

region up to about x/h = 8, downstream of which the decrease is very slow 

and asymptotic towards a small value (figure 5.19). The total shear-

stress production across the layer also continues decreasing downstream of 

reattachment, but the decrease is more rapid than in the upstream region 

again up to about x/h=8: the slow asymptotic decrease further downstream 

follows closely that of the production peak. Since the shear-stress 

production is the product of (-UV) and (ZU/Oy+ .b\//ax ), it should be 

interesting to see which term falls faster than the other. Figure 5. 26 

shows a comparison between the streamwise variation of (-irv)max  and 

(oU/ay + Z\l/ax )mom. Although upstream of reattachment the peak location 

of the two terms may be far apart in some places, their peaks are close 

together near the surface downstream of reattachment, so that general 

behaviour may be extracted from the consideration of these peak values. 

It is clearly seen in figure 5. 26 that from x/h=6 to x/h=7 (aU/3y+ 	
max 

 

drops very rapidly while (-Ect)max only just starts to drop, whereas 

between x/h=7 to x/h=9 m  decreases much more rapidly than ax 
; in agreement with the almost constant ( -au/ay -} dviax )

max 
drop of shear-stress production peak between x/h=6 to x/h 8. 5, 

as noted above. Downstream of x/h=9 the (-ii7r)max  drops further 
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almost at a constant rate while (aU/ay +Wax )
max decreases very 

slowly towards asymptotic value. 

The location of the production peak (figure 5. 20) is 

almost at a constant distance of about y/h = 0. 5 from the surface from 

x/h = 6 to x/h = 8: downstream which data points appear to be excessively 

scattered and departing from the surface. Here the location of peak 

loses its meaning when the shear layer ceases to resemble a plane 

mixing layer and approaches an ordinary boundary layer. With regard 

to the shape of shear-stress production profile, its symmetry is 

gradually lost downstream of reattachment, at the surface the value 

.departs from zero soon after reattachment, rising toward a high value 
• 

near the surface at last station (x/h = 12. 325). Figure 5. 21 shows that 

shear-stress production at all y decreases asymptotically to a low value, 

but it is not clear how these curves will eventually adjust themselves to 

typical equilibrium values. 

Dis sipation 

Downstream of reattachment the dissipation behaves, if 

the results can be trusted at all, rather peculiarly. At x/h = 6. 4 and 

x/h = 7. 4 there remains a dent in the central -part, and dissipation on 

the surface side is higher. Peak dissipation drops rapidly in this region, 

after which it decreases very slowly (figure 5.19 ). Further downstream 

at x/h = 8. 4 and x/h = 9 325 the shape of the dissipation profile relaxes 

towards the typical shape of dissipation in an equilibrium boundary layer 

as shown in figure 4.24(j), but from x/h = 10. 325 onward, the dissipation 

on the surface side decreases and there appears a peak on the high-

velocity side. It is very unlikely that the dissipation vanishes near the 

surface, as seen in figure 4.24(j); therefore, serious error due to over-

estimation of other terms, in particular the transverse diffusion, is 
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thought to be responsible. The streamwise variation of dissipation at 

different y in figure 5. 22 also shows peculiar behaviour: and in view of 

uncertainty of the results obtained by difference, no attempt has been 

made in smoothing the curves shown. The total dissipation across the 

layer shown in figure 5. 25 seems to decrease very slowly downstream 

of reattachment except at the last two measuring stations where serious 

error is suspected, as noted above. 

Diffusion and Advection 

Peak loss of energy due to transverse diffusion 

decreases more slowly than dissipation in the region immediately down-

stream of reattachment, but the rates of decrease with respect to the 

streamwise distance in the two cases are almost the same downstream of 

about x/h = 8. The location of the transverse-diffusion positive peak is 

identical with that of shear-stress production up to about x/h = 7. 5 

(figure 5. 20),downstream cf which the former is closer to the surface than 

the latter. The transverse-diffusion gain region adjacent to the surface 

becomes gradually narrower until it vanishes completely at about 

x/h = 9. 325 Further downstream the shape of the transverse diffusion 

profile is like a distorted sine-wave, similar to that of equilibrium 

boundary layer, but the magnitude is about 20 times larger. The stream-

wise variation of the transverse diffusion at different y decreases slowly 

towards zero. Here again no attempt has been made to smooth the curves. 

Near y-7.-- 6 t he magnitude of advection gain increases up to about 

x/h = 9 before it gradually decreases. Downstream of x/h = 8 the shape 

of the advection profile is almost an image of transverse diffusion. At 

the last measuring station (x/h = 12. 325) the magnitude of advection is 

comparable with transverse diffusion (both are much larger than the 

values in the equilibrium boundary layer). The total advection across 
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the layer falls rather rapidly from x/h = 6. 5, becoming negative (gain) 

at about x/h = 8, to x/h 9, after which it stays almost constant. The 

value close to zero of last data point is suspected to be in error. 

5. 4. 4 Overall Features of Turbulent Energy Balance  

From the above discussion, it is clear that upstream 

of reattachment the energy gain in the high-intensity region is dominated 

by shear-stress production which is balanced mainly by transverse dif-

fusion and dissipation: the two are comparable in magnitude. This closely 

resembles the typical turbulent energy balance in a plane mixing layer, as 

demonstrated by the results of Castro (1973). Also included in figure 5.20 

are the values of the total production, the total dissipation and the total 

advection across the plane mixing layer in Castro's (1973) results. 

Allowing for suspected errors in dissipation and advection at x/h = 3. 4, 

as pointed out above, the agreement in order of magnitude is surprisingly 

good, despite the fact that measurements were taken in highly unreliable 

region. The reattachment region involves a marked decrease of all 

terms. In the relaxation region downstream of reattachment, the decay 

of all energy-balance terms is relatively slow but they seem to tend 

monotonically to the values for an equilibrium boundary layer downstream. 

The results show that at about 12 step heights from the step the energy 

balance is still far from that of a typical equilibrium boundary layer, 

therefore, one could not possibly apply a boundary-layer calculation 

method, so close to reattachment, without altering the empirical constants. 

5. 5 SHEAR STRESS BALANCE  

In the shear-stress transport equation (4. 17) the destruc- 

tion tion of shear stress by viscous forces, -1 (uVv -1-v`0
2
U ), which is always 

very small in high-Reynolds-number flows, except in the viscous sublayer, 
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has been neglected. The transport of turbulent shear stress along a 

mean streamline term (Ua/ax + V 3/8y) (1.7r), more simply called the 

'mean-flow-transport' term. is plotted in figures 4. 25(a) to (j) as 

'positive uv' rather than negative, and all other terms are plotted with 

the same sign convention. The two components of the generation of tur-

bulent shear stress term, v2 U/•)y and u2  aViax are plotted separately. 

The transport by fluctuating longitudinal and transverse velocity terms, 

ativiax and at-rv-2/Y (more simply turbulent transport) are also 

plotted separately, with transport by pressure-fluctuation terms, 

Z(pyr)iDx and -a(pupo)Thy, neglected as being very small compared 

with other terms. Finally, 2_ (au/ay -1-"avrax ), which is the redistribution 
izs 

by pressure fluctuations or simply the pressure-strain term, is obtained 

by difference, as already mentioned in section 4. 5. 

We shall divide the discussion into three regions as 

we have done in discussing the turbulent energy balance in the previous 

section. The scatter of data in figure 4. 25 is not excessive, but high 

accuracy is again not to be expected owing to the graphical differentiation 

method used. However, the results are believed to represent the broad 

general features of shear stress development in the present flow field. 

5. 5.1 Upstream of the Reattachment Region  

The similarity in shape of various corresponding pro-

files between the present results at x/h = 3. 4 (figure 4. 25(a)) and those 

of Castro (1973) is remarkable, confirming the approximation to a plane 

mixing layer, as found when comparing the turbulent energy-balance 

terms in section 5. 4.1. It should be noted that signs of all terms in the 

present presentation and Castro's are opposite. Figure 4. 25(a) to (c) 

show clearly that in this region the v2aU/By generation term and pressure-

strain term are dominant, with a moderate transverse turbulent transport 
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term. All other terms are exceedingly small compared with the 

generation term. The transverse turbulent transport profile in our case 

at xfh = 3. 4 seems to be more peaky than that of Castro, but flattening 

with distance downstream. The peak values of the main generation and 

pressure-strain terms decrease almost uniformly, as the downstream 

'distance increases towards reattachment, but their general profile shapes 

are retained. The marked increase in magnitude of u2 ?■V/6X term and the 

inconsistent change of other small terms is likely to be the result of 

experimental error rather than a real trend: although -2A//ax is expected 

to increase (see figure 4. 17), the rise actually found is implausibly sudden. 

5. 5. 2 The Reattachment Region  

Across reattachment (figures 4. 25(c) and (d)) the propor-

tion of the contributions from each of the term remains practically 

unchanged, bilt peak values of the main term decrease rather more rapidly 

than in the upstream region. Just downstream of reattachment the 

pressure-strain term close to the surface begins to depart from zero. In 

general, it is seen that the changes of all terms in the shear stress balance 

are more gradual than in the turbulent energy balance discussed in the pre-

vious section. 

5. 5. 3 Downstream of the Reattachment Region 

In the relaxation region downstream of reattachment 

(figures 4. 25(d) to (j)), v2  aWay generation term and pressure-strain 

term still dominate, but transverse turbulent transport gradually offers 

more contribution as the distance increases downstream. The v2 1.iiby 

generation profile and pressure-strain profile are almost the image of 

each other about the transverse-distance axis far downstream. Mean-flow-

transport term increases its proportion gradually and becomes quite 
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noticeable soon after reattachment. The transverse turbulent transport 

term behaves very much like the transverse diffusion term in the energy 

balance)  i. e. the positive region close to the surface becomes gradually 

narrower and completely vanishes at about x/h = 10, downstream which 

its profile is rather like a negative sine-wave. The values of generation, 

turbulent transport and mean-flow transport in the equilibrium boundary 

layer from the results of Murlis (1975) at high Reynolds number are also 

included in figure 4. 25(j), which is our last measuring station, for com-

parison. His values have been scaled to base on the step height of the 

present experiment. Murlis also points out the unreliability of his 

results due to a high degree of scatter in graphical differentiation• there-

fore, agreement in detail is not to be expected. Note that Murlis does 

not plot the pressure-strain term for the reason that it would be almost 

the image of the main generation term. The remarkable agreement in 

the main generation term of the two results in the outer part of the layer 

is probably a coincidence. Both mean-flow transport and transverse tur-

bulent transport terms in our case are much higher than those of Murlis. 

At his upstream station, Murlis's results show a positive mean-flow 

transport region similar to those in our results, but this vanishes com-

pletely at his last station. Therefore, the•state of most terms in the 

shear stress transport equation at the last measuring station once more 

confirms the conclusion drawn earlier, in discussing the turbulent energy 

balance, that at about 12 step heights from the step the shear layer in the 

present study is still far from equilibrium, but indicating a tendency 

towards that state. It should be noted that u2  aV/ax generation term and 

longitudinal turbulent transport term practically vanish downstream of 

about x/h = 11. 

5. 5. 4 Overall Features of Shear Stress Balance 

It is evident from figure 4. 25(a) to (j) that the generation 
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and pressure-strain terms dominate throughout the flow field, with the 

transverse turbulent transport term being the next significant term. In 

passing through the reattachment region changes in all terms are more 

gradual than those of turbulent energy terms. The decay process in the 

relaxation region is rather slow, but almost uniform. It should be noted, 

however, that part of the pressure-strain term is associated with the 

mean velocity gradient, as can be seen by considering the Poisson 

equations for the pressure fluctuation (e. g. Crow 1968), thus cancels 

part of the generation. 

• 
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CHAPTER 6  

GENERAL DISCUSSION AND CONCLUSIONS  

In the previous chapters we have presented and 

discussed the results in detail, with certain immediate conclusions 

where possible. The object of this chapter is to give a more connected 

account of the main structural features of the reattachment region, to 

draw the best possible conclusions, and to pose some of the new 

problems encountered during the course of investigation to which future 

work may pay more attention. 

The present results demonstrate further the 

complicated nature of the flow in the reattachment region which has 

been realized by most previous workers, e. g. Bradshaw & Wong (1972). 

The main difficulty is the lack of suitable and reliable means of 

measurement at present to cope with the investigation of the separated-

flow region,which has a great direct effect on the reattachment region, 

and of the reattachment region itself. However with the existing methods 

of measurement it is believed that, within the experimental errors 

discussed in section 5.1, the present results represent more or less the 

true picture of the main reattachment characteristics, so that their 

effects on the slow non-monotonic return of the shear layer to the 

ordinary boundary layer state can be understood better than before. 

With nominally two-dimensional flow over a backward-

facing step under investigation, the results show that most basic 

properties - such as the reattachment distance, the surface-pressure 

distribution, the skin friction coefficient and the like - found in the 

present experiment agree fairly well with the previous results, indicating 

satisfactory experimental techniques in general. The static pressure 
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was found to vary considerably in the reattachment region. The semi-

logarithmic profiles are of the same trend as those in Bradshaw & 

Wong's (1972) results, but show less dip close downstream of the 

reattachment. The inflexion which is seen even on a linear plot is 

a good indication of the distortion of the shear layer after reattachment, 

which is supported by further evidence to be discussed later. 

6.1. THE SEPARATED-FLOW REGION 

Although a great deal of work would be needed to 

document all the features of the separated-flow region (comprising the 

free shear layer and the recirculation zone below it), the present 

results can at least provide a qualitative description of its behaviour 

rather more clearly than previous experiments and will be discussed 

first. Bradshaw & Wong suggest that the flow of a thin boundary layer 

over a backward-facing step, like that in the present experiment, 

involves two 'overwhelming' perturbations (viz. boundary layer to 

mixing layer and mixing layer back to boundary layer) but the first 

perturbation can be ignored and the flow treated as if a fully developed 

mixing layer appeared at the separation point. This seems to be a 

reasonable postulate because the transition is complete at a distance 

less than 1/10 of the separation length in the present case. The state 

of the free shear layer approaching reattachment as well as the 

different species it has become after reattachment are both of interest. 

Bradshaw's (1966) criterion gives the distance it takes the plane mixing 

layer (laminar separation) to forget its initial condition of roughly 10080  

- thereafter the development depends on the boundary conditions only. 

Although this distance would be less than the reattachment distance in 

the present case, it is obvious that self-preservation is not permitted 

by the boundary conditions involving a large curvature approaching 

reattachment, the recirculation region, the region of rapid distortion 

and the bifurcation process at reattachment (see figure 4.1). Since all 

these parameters are related and interact strongly with the rate of 

entrainment - the most important factor in mixing process - it is 
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therefore not a great surprise that our mixing layer is somewhat 

different from an ordinary plane mixing layer such as that of Castro 

(1973). In an ordinary mixing layer (between a uniform stream and 

'still' air) the entrainment on the lower-velocity side, which is 

connected closely with the phenomenon of intermittency (see e. g. 

Townsend 1966), is from the 'still' air whereas in our case it is the 

re-entrainment of the part of the energy-carrying large eddies, 

deflected upstream at reattachment, in the recirculation region. Thus, 

despite a good resemblance to a plane mixing layer of our free shear 

layer not very far from the step as noted in the previous chapter, the 

mixing layer in the present case seems to depart from,rather than to 

tend to, self-preseivation as the reattachment region is approached. 

Therefore some effect of the mixing layer at reattachment is inevitable 

however thin the initial laminar boundary layer at separation . 

To follow the point further, Bradshaw & Wong, relying 

partly on the existing experiments and partly on their observation of 

the reattached boundary layer, were able to suggest the causes of the 

differences between the separated shear layer and the plane mixing 

layer It is probably wo rth quoting their exact words: 

The differences between the separated shear 

layer and the plane mixing layer (between a uniform 

stream and still air) seem to be large even when the 

influence of the initial boundary layer is negligible. 

(1) Streamline curvature in the x, y plane 

tends to reduce  the shear stress and turbulence 

intensity. (Wyngaard, Tennckes, Lumley & Margolis 

1968). 

Backf low in the separated-fl ow region 

increases the effective velocity difference across the 

shear layer and hence tends to  increase the shear stress 

and intensity. 
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(iii) Recirculation and re-entrainment of 

fluid deflected upstream at reattachment will tend to 

increase the shear stress and intensity; according to 

the measurements of Arie & Rouse and of Mueller & 

Robertson the shear stress in the reversed-flow region 

is certainly not negligible 	
 ri 

Although most other workers found much higher values 

of shear stress, the maximum shear stress in the free shear layer of 

the present experiment is the same order as that in the plane mixing 

layer (Castro 1973), i. e. approximately 0. OljoU , (see figures 4. 19(a) -

(b) and 5. 5). The measurements of Mueller & Robertson (1963), as 

reproduced by Bradshaw & Wong, show that the smaller the value of 

4/h, the closer the value of shear stress gets to that of a plane mixing 

layer, indicating the effect of perturbation strength more than anything 

else, even though their boundary layer were turbulent at separation. 

The very high value of shear stress (0. 02/U
2
) of Arie & Rouse in their 

normal plate experiment is obviously due to the effect of geometry 

upstream of separation as discussed in section 5. 2:1. The (u2  /U
2 

 ref max 
) and ( V 

2 
 /U2 	of the free shear layer measured with the cross- 

ref)max 
wire probe in the present results are in the ranges of about 0. 026 to 

0. 030 and 0. 014 to 0. 016 respectively, compared with the value 0. 02 and 

0. 013 of Castro; the low values of both intensities are those at the 

station closest to the step. Based on the argument of Bradshaw & Wong, 

that our shear layer not far from the step (where streamline curvature, 

backflow and rate of re-entrainment are small) can approximate to a 

plane mixing layer, is therefore confirmed once more. Our results, 

if they can be trusted, suggest that the overall effects of the three 

causes listed by Bradshaw & Wong increase the intensities slightly but 

hardly change the shear stress. The results also confirm that the shear 

stress in the reversed-flow region is in fact significant (fi gures 4. 19(a) 

to (e) ). 
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The present results clearly show that the separated-

flow region involves extremely large values of all energy-bal ance and 

shear-stress-balance terms, as expected, because in this region the 

turbulent shear stress and turbulent intensities as well as the mean 

velocity gradients are quite high. Energy is gained mostly by production 

which is balanced mainly by diffusion and dissipation. It is also seen 

that in the shear-stress transport equation (4. 17) the pressure-strain and 

generation terms are the major terms. The only measured surface 

shear stress in the reversed-flow region we managed to obtain, using 

the Stanton tube, 3 step heights from the step, is about -0. 005pU
2
ref 

compared with the value of about -0. 001/0Ue
2  
 of Mueller & Robertson 

(1963), which was obtained from the mean-velocity profile near the wall 

by fitting it to the logarithmic 'law of the wall'. It is probably fair to 

comment that their results are rather doubtful because it depends on 

whether one can get close enough to the wall for the 'law of the wall' 

to apply. On the other hand the results from the Stanton tube, especially 

the type used in the present work, should be more reliable, as it was 

calibrated in the region where the 'law of the wall' is believed to apply 

approximately to the Preston tubes used as the means of calibration. 

However, the point we wish to make here is not the question of the 

magnitude of (C,,, but its direction. Since all -uv/1.1
2
ref profiles in this 

region are positive or near zero at the lowest measured point, it is not 

clear how and where the shear stress changes sign, but it must take 

place within about 0. lh from the surface according to our results. This 

is probably the upstream-going 'wall-jet'; the fluid that is deflected 

upstream will retain its shear stress until it is cancelled by diffusion 

from the surface. 

6. 2. REATTACHMENT AND RELAXATION REGION  

The turbulent intensity in the mixing layer at 

reattachment is much higher than in a constant-pressure 'equilibrium' 

boundary layer. Bradshaw & Wong found that the rate at which the 

outer-layer structure relaxes to the state of an ordinary boundary layer 

downstream of reattachment is very slow. However, rapid changes 
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take place in the reattachment region, where distortion and bifurcation 

occur. The point has been shown to be true in the previous chapter 

with regard to the energy-balance and shear-stress-balance terms. 

The surface shear stress rises rapidly2 by boundary-layer standards, 

after reattachment up to about x/h = 15 (figure 4. 6), in good agreement 

with the results of Bradshaw 8z Wong; downstream of this the variation 

depends basically on the imposed streamwise pressure gradient but is 

usually very slow. 

Most workers found that the maximum turbulent shear 

stress within the shear layer decreases rapidly soon after reattachment; 

the measurements of Tani et al (1961) show a rather sudden drop of 

maximum shear stress from reattachment to about x/h = 10, whereas 

the slightly less rapid decrease of the present maximum shear stress 

starts at about one step height downstream of reattachment and continues 

to the end of the working section (x/hf.-.. 12, figure 5. 5). On the other 

hand, Gesso (1975) found an almost constant maximum shear stress from 

reattachment all the way to the end of his working section at about x/h = 10. 

Bradshaw &z Wong describe this rapid decrease in shear stress as a 

curious feature, following an argument of fairly constant mean velocity 

gradient "OU/b3.  on a given streamline before and after the region of 

rapid distortion near reattachment, and suggest that large changes in 

turbulence structure occur when the shear layer bifurcates at 

reattachment. The rapid decrease of all parameters discussed above 

seem to extend as far downstream as about 10 step heights from the step, 

suggesting that the region of rapid distortion of the shear layer prolongs 

as far as about 4 step heights downstream of reattachment - thereafter 

the relaxation process begins. The present measurements at a couple 

of stations upstream of reattachment indicate that the maximum shear 

correlation coefficient is almost constant at about 0. 55, whereas the 

almost constant value a couple of stations downstream of reattachment 

is about O. 45, in good agreement with the value 0. 4-0. 45 of Bradshaw 
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gt Wong at x/h = 10. These values are somewhat smaller than in a 

plane mixing layer but not small enough to suggest any strong abnormal 

relation between the Reynolds stresses according to Bradshaw & Wong. 

The question remains as to what fraction of the shear-

layer mass flow is deflected upstream at reattachment, because this 

appears to be the key parameter to the behaviour of the relaxing layer 

downstream. In order to answer this question considerable work, with 

more accurate and more reliable measurement methods than in the 

present experiment, is needed, so that accurate streamlines in this 

region can be drawn. However, a very rough guess can be made by 

utilizing the few existing velocity profiles in the recirculation region 

of the present results. With the high degree of uncertainty of the Pi tot 

results, discussed in section 5.1, in mind, we proceeded to compute 

the reversed volume flow at each station by graphical integration: it is 

plotted against x/h in figure 6.1. It should be noted that the volume 

flow here is based on the strearnwise component of fluid velocity across 

a transverse cross-section; therefore the value of QR  drops quickly to 

zero near reattachment point. Since only a small re-entrainment is 

likely very close to reattachment, the maximum Q.R  at about x/h = 4 is 

probably the best possible guess of upstream-deflected fluid at reattachment 

we can get from the present results. The value of forward fluid volume 

flow within the shear layer was also determined at each measuring 

station in the recirculation region, as shown in figure 6. 2. Calling 

the forward fluid volume at reattachment as a total volume of the shear 

layer, figures 6.1 and 6. 2 show that the upstream-deflected fluid at 

reattachment is at least 1/6 of the total. In a plane mixing layer, mass 

flow on the low-velocity side of y = 0 i s approximately 0. 3 (e. g. results 

of Castro 1973), therefore only about half of this portion is deflected 

upstream. This is probably because the centre line of the shear layer 

leaving the dividing streamline (see discussion below) well ahead of 



Figure 6. 3. shows the location of various maxima, 

minima and zeros. It is seen that upstream of reattachment the data 

points collapse surprisingly well on a single curve, presumably 

representing centre line of the shear layer. Downstream of reattachment 

they somewhat scatter. Castro (1973) defines the 'centre line' of mixing 

layer as a line of maximum kinetic energy. In the present results w2 
, 

is approximated as --z- (u
2 
 + v2) therefore data points of (u

2 
 /U 2 ref )max 

and (v
2

/U
2 

ef  ) max  - which fall fairly close together - in figure r  
6. 3 are used to represent the 'centre line' of our shear layer. The 

shear layer centre line seems to depart from the dividing streamline 

just behind x/h cr.- 4; it lies practically at the mid-point of the shear-

layer thickness at reattachment. 
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reattachment. Figure 6. 2 clearly indicates an almost constant fluid 

mass of re-entrainment per unit downstream distance up to about 

3 step heights from the step, then the re-entrained mass rate decreases 

asymptotically towards reattachment. Within about 3 step heights from 

the step the fluid mass in the shear layer increases roughly 1. 4 

its original value every step height downstream. 

At the end of the region of rapid distortion of the shear 

layer, about 4 step heights downstream of reattachment, all energy-

balance tern-is are seen to still be much larger than the values in an 

ordinary boundary layer. The decay seems to be very slow but 

asymptotic towards the latter state, and it will take a very long distance 

downstream to complete the relaxation process. In this region the 

shape of shear stress profiles up to about x/h = 12 hardly changes at 

all. 

The qualitative comparison of the intermittency with 

other results, made in the previous chapter (figure 5.18 ), shows that, 

even at x/h- 12 in the present results and at x/h = 30 in Bradshaw & 

Wong's results, the intermittency falls closer to the plane mixing 
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layer trend of Castro (1973) and Antonia & Bradshaw (1971) rather than 

the boundary layer of Murlis (1975) and Klebanoff(1955). It has also 

been shown in the previous chapter that the boundary of 'y = 0. 5 is 

roughly half the shear-layer thickness from the surface downstream of 

reattachment instead of about 0. 86 in the conventional boundary layer. 

Furthermore, the typical profile shapes of most of the main energy-

balance terms resemble that of the plane mixing layer, even many 

step heights downstream of reattachment. All these features seem to 

indicate that the influence of the mixing layer persists many step heights 

downstream of reattachment. It is probably fairer to conclude that at 

within some distance downstream of reattachment the present shear 

layer is a 'mixing layer-boundary layer' hybrid. 

6.3. CONCLUSIONS  

In summary, then, the flow over a simple backward-

facing step manifests further complications in terms of the statistical 

description of turbulence and energy relations. Most mean flow 

parameters such as the reattachment distance, the surface-pressure 

distribution, the skin friction coefficient, found here agree reasonably 

well with previous results. Although we do not expect to get anything 

much from the separated-flow region it is interesting to note a few 

qualitative features and their effects on the reattachment behaviour, in 

particular the rate of re-entrainment in the recirculation region which 

is closely related to the fraction of the shear-layer mass deflected 

upstream at reattachment. It is seen that close to the step the free 

shear layer can approximate to a plane mixing layer, but as reattachment 

is approached it is departing from, rather than tending to, the self-

preservation state. The fraction of the upstream-deflected mass of fluid 

at reattachment is believed to be not less than 1/6 of the total mass 

within the shear layer at reattachment, and within about 3 step heights 

from the step the rate of mass entrainment seems to be almost constant 

at roughly 1. 4 of the local forward mass flow within the shear layer per 

step height. The reattachment region involves rapid decreases of 

most parameters, such as turbulent shear stress, turbulent intensity, 
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main energy-balance terms and shear-stress-balance terms. The 'law 

of the wall' can be used as first approximation very close downstream 

of reattachment. The region of rapid distortion of the shear layer is 

seen to extend to about 4 step heights downstream of reattachment, 

and in this region some quantities - such as maximum shear stress 

continue to decrease rapidly. The shear layer within many step heights 

downstream of reattachment seems to be a hybrid between the mixing layer 

and the conventional boundary layer, with a thick region of highly 

intermittent flow. The state of various parameters at our last measuring 

station suggests that it will take a great distance for the shear layer 

to relax asymptotically to an ordinary boundary layer state. 

• 
In order to document and explain all the features of the 

reattachment region, more accurate and reliable means of 

measurement are necessary; a laser anemometer is probably the answer 

The immediate need is for information concerning the fraction of the 

shear-layer mass flow which is deflected upstream at reattachment, as 

we can only produce a very rough estimation from the present results. 

Lastly, the investigation of the separated-flow region would throw some 

more light on the behaviour of the reattachment region, particularly the 

rate of re-entrainment of the mixing layer from the recirculation region. 

Laser anemometry seems to be the only suitable instrument for 

investigation of the separated-flow region at present. 

Although the present investigation is a very small 

fraction of the work needed to understand this unusual flow well enough 

to predict its behaviour in general, it is hoped that the data that have 

been accumulated and the phenomena investigated and discussed have 

made some contribution to the basic information required in the 

development of 	suitable calculation methods for this type of 

complex flow. 
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FIGURE 6.1 APPROX. VARIATION OF REVERSED VOLUME FLOW 

FIGURE 6.2 APPROX. VARIATION OF FORWARD VOLUME FLOW 
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SUMMARY 

Comparison of Brown and Roshko's shadowgraphs with new smoke-injection 

pictures suggests that real differences may exist between the transition 

process in Brown and Roshko's two-stream mixing layer and in single-stream 

mixing layers entraining weakly-turbulent ambient fluid. Such differences 

will probably persist for a large distance downstream but a quasi-two-dimen-

sional large-eddy structure is most unlikely to survive indefinitely. The 

essential difference in the transition process is that "vortex pairing" is 

often helical when one stream is weakly turbulent, leading to rapid devel-

opment of fully-three-dimensional turbulence, while in the absence of helical 

pairing intense quasi-two-dimensional structures may form. 



1. INTRODUCTION 

Several recent papers (e.g. Brown & Roshko 1971, 1974, Winant & 

Browand 1974) have presented evidence that the nominally turbulent 

mixing layer between two uniform parallel streams, or between one uni-

form stream and still air, has a much more orderly structure than 

other turbulent shear layers. The large scale motion appears to be 

effectively two-dimensional. All the experiments were done in the lab-

oratory, sometimes at quite small scales, and the results may there-

fore be affected by viscosity or by the initial boundary layer. The 

essential problem may be posed as a main question and a supplementary: 

"Does the structure of the energy-containing turbulence in a plane 

mixing layer attain a unique asymptotic (self-preserving) state at a 

sufficiently large distance from the origin? If so, which if any of 

the existing flows attained that state?" The present paper is an 

attempt to answer these questions, using data published by the present 

authors and others together with the results of a recent flow-visualiza-

tion experiment at Imperial College. We conclude that an asymptotic 

state with a well-defined large eddy structure exists, but that it is 

not spectacularly more orderly than that of other shear layers. 

It is suggested that the orderly structure inferred by Brown and 

Roshko from shadowgraph pictures is attributable partly to the 

rather low Reynolds number of their experiment and partly to the span-

wise-averaging properties of the shadowgraph technique in a low-aspect-

ratio test rig. However it is at least possible that the Brown and Roshko 

structure always arises in the later stages of transition if free-stream 

irregularities have not already induced three-dimensionality, and that 

it relaxes only very slowly into conventional turbulence with small 

spanwise coherence. 

2. OUTLINE OF PREVIOUS WORK 

The early stages of transition to turbulence in a plane or axisymmetric 

mixing layer are now well understood and uncontroversial (e.g. Miksad 

1972, 1973). If the boundary layer on the inner lip of the nozzle is not 

in an advanced state of transition, the eigenvalues of the preferred 

two-dimensional (or axisymmetric) travelling-wave disturbance will be 

determined by the shape of the boundary layer velocity profile near the 



-2- 

surface, because this determines the profile near the inflexion point 

of the free shear layer just downstream of the lip. The Reynolds number 

above which small disturbances grow is uncertain but is very low: in 

the work of Winant and Browand (1974) the momentum-thickness Reynolds 

number of the initial boundary layer, U
eo

/v, was about 8 and distur- 

bances appeared to grow almost immediately after separation at the 

lip. The velocity fluctuations can remain roughly sinusoidal until 

they reach amplitudes significantly larger than those found after 

transition (e.g. Bradshaw 1966) but marked fluid injected into the 

boundary layer at the nozzle lip collects in discrete rolls with span- 

wise axes connected by thin sheets (figure 1). A residual misconcep- 

tion is that these rolls are necessarily concentrations of vorticity: 

filament lines can roll up even when all fluctuations are small and 

sinusoidal, as can be seen by considering the Kelvin "cat's eye" 

pattern of streamlines viewed by an observer moving with the phase 

velocity. However when the disturbance amplitude is large, even if sinusoidal, 

the maximum instantaneous (mean plus fluctuating) vorticity will be much 

larger at the rolls than between them, and in practice the rolls do seem 

to approximate to concentrated vortices connected by thin sheets of boundary- 

layer fluid. 

The work of Sato (1956), followed by that of Wille and his colla- 

borators (e.g. Wille 1963) showed that vortex rolls can join up in pairs 

(figure 2) and that the paired rolls can repeat the process, so that the 

distance between rolls increases with increasing distance from the nozzle 

lip. The work of Wille's school was done in circular jets and - at low 

Reynolds numbers - the effects of axisymnetry become apparent before any 

self-preserving state could be reached. Bradshaw (1966) measured the 

(large) Reynolds stresses in the vortex-pairing region in a circular jet 

at a high enough Reynolds number for self-preservation of mean velocity 

and Reynolds stresses to be reached before axisymmetry becomes important. 

He also discussed the reason for the accurate circumferential (or span- 

wise) uniformity of the disturbances: it appears that the pressure-fluc- 

tuation field set up by a given disturbance provides the next disturbance 

at the lip. Crow and Champagne (1971), following Wille's group, showed 

that the structure of the transition region becane even more orderly 

when the mean flow was pulsed artificially: the preferred frequency of 

the vortex-ring disturbance in a circular jet was found to be about 

0.3 Ue/D over a large range of Reynolds number UeD/v. The exact relation 
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between columnar oscillations in a circular jet (scaling on diameter) 

and transitional oscillations in a plane shear layer (scaling on 

nozzle boundary layer thickness) is not Clear: undoubtedly both are 

manifestations of an essentially inviscid instability but the earlier 

stages of transition, at least, seem to be the same in plane and axi-

symmetric flows. In what follows we shall concentrate on disturbances 

scaling on the thickness of the growing shear layer, and regard dis-

turbances scaling on the width of the apparatus as "spurious". 

Davies et al. (1963) and Bradshaw et al. (1964) made detailed 

fluctuation measurements in circular jets which had nominally reached 

the fully turbulent asymptotic state (the paper by Bradshaw (1966) being 

an apparently satisfactory demonstration of this for the jet used by 

Bradshaw et al.). Bradshaw et al. deduced the preferred shape of the 

large eddies from correlation measurements at x/D = 2 (in the range claimed 

to be asymptotic) and found no evidence of strong circumferential corre-

lation of the eddies as would have been expected if the vortex-ring 

structure had persisted. The longitudinal correlations and frequency 

spectra of Bradshaw et al. (satisfactorily repeated by Weber 1974) 

showed a strongly preferred wavelength, especially for the v and w compon-

ents, which was thought to be due to the presence of three-dimensional 

"mixing jet" eruptions, like those found in the boundary layer and wake 

but of considerably greater strength. The preferred wavelength was closely 

proportional to distance from the nozzle, x, in the range 1 < x/D < 4, 

indicating self-preservation and freedom from columnar disturbances 

scaling on D. 

The above mentioned work was all done in circular jets in still 

air, except for the two-dimensional work of Sato (1956, 1959) which 

compares well. Wygnanski & Fiedler (1970) presented fairly detailed 

turbulence measurements in a plane mixing layer but, for reasons still to 

be explained, the spreading rate of the layer was much larger than in 

most other sets of mean-7flow measurements (e.g. Liepmann & Laufer 1947) 

and the results are therefore suspect. Several recent experiments will 

be mentioned below. Brown and Roshko (1974) presented measurements in 

the mixing layer between two streams with a velocity ratio of 7:1. 

The mean velocity profiles were quite accurately self-preserving (even 

at distances from the nozzle lip smaller than expected from previous work) 
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but shadowgraph pictures like Fig. 3(a) showed .a strongly preferred wavelength in 

the transitional and turbulent regions. Later analysis showed that the 

wavelength varied in steps as the large eddies merged, but was on aver-

age proportional to distance from the nozzle, again as required for self-

preservation. The outline of the irrotational-turbulent interface on the 

high-velocity side of the layer, as seen in shadowgraph pictures, was 

unnaturally regular, being trochoidal in shape. Most recently Winant and 

Browand have made measurements in the mixing layer between two streams 

with a velocity ratio of about 3:1, at a very low initial Reynolds number. 

Repeated vortex-roll pairings occurred, and the rate of growth of the 

mixing-layer thickness became constant (i.e. independent of Reynolds 

number) so that self-preservation was closely approached in what would 

normally be called the transition region. Theoretical confirmation that 

continued pairing leads to a self-preserving, spreading mixing layer with 

a conventional-looking mean velocity profile is given by Damms & Kuchemann 

(1974). 

The present position is , therefore, that we are not sure whether 

(i) the plane mixing layer indefinitely retains a quasi-two-dimensional 

structure like that shown in Fig. 3(a)(reproduced from 

Brown & Roshko (1974)), or whether (ii) the two-dimensionalities or axi-

symmetries reported in various laboratory experiments are residues of 

transition (shown by Bradshaw (1966) to persist for a surprisingly long 

time) or "spurious" oscillations scaling on the whole flow width and 

possibly interacting with the transitional disturbances as in Crow and 

Champagne's (1971) experiment. We proceed to discuss the later, and more 

controversial, stages of transition, and then the approach to the asymptotic 

self-preserving state if it exists. 

In this paper "orderly structure" means a velocity-fluctuation field 

which is significantly more ordered than in flows which are normally 

called turbulent. This requires that coherence lengths within the turbu-

lence shall be an order of magnitude greater than typical wavelengths 

and that spectrum peaks shall be at least an order of magnitude higher 

than surrounding levels: a working definition is that "orderly structure" 

is easily seen in flow visualization photographs. Some authors have used 

the term to describe quite conventional large-eddy structures: we reject 

this usage as thoroughly confusing. 
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3. THE ONSET OF THREE-DIMENSIONALITY  

As has been pointed out by Browand (1966) it is remarkable that 
transitional oscillations in a free shear layer can grow to such a large 

amplitude before becoming three-dimensional, while in boundary layer 

transition three-dimensionality sets in at a very early stage. It may be 

that typical laboratory boundary layers are more liable to contain span-

wise irregularities than typical free shear layers (though the arguments 

for this are not straightforward): however it seems that if the most 

highly-amplified disturbance in a free shear layer is initially two-dimen-

sional it remains so, being stable against small three-dimensional distur-

bances caused by spanwise irregularities in the free stream. This stability 

must be attributable to the presence of a mean shear - an isolated vortex 

line is mildly unstable because perturbations grow through self-induction - 

and it is therefore likely that vortex rolls in a plane shear layer will 

inevitably develop three-dimensionality when the vorticity in the roll is 

no longer small compared to the mean vorticity (i.e. the negative of the 

rate of shear strain). 

Previous experimenters have reported several different inceptions of 

three-dimensionality.Hama,Long and Hegarty (1957), studying the flow over 
a backward-facing step of height about 8 times the boundary-layer momentum 

thickness 0 at an initial Reynolds number U
eO/v of about 200, found that 

the axis of the vortex roll became spanwise-periodic in the plan view, 

with breakdown to turbulence occurring at the foremost and rearmost parts 

of the axis. Wille (1963) presented smoke photographs at an unspecified 
but fairly low Reynolds number (probably of the order of 200): in general, 

breakdown to turbulence seemed to occur before any large-scale spanwise 

periodicity occurs, but after one stage of vortex pairing. Browand (1966) 
deduced, from hot-wire measurements at an initial Reynolds number U 0/v 

of 200, occurrence of one stage of vortex pairing (apparently irregular, 

since the sub-harmonic of the hot-wire signal was "strongly intermittent") 

followed by a secondary instability, at about ten times the fundamental 

frequency, which was certainly three-dimensional. Freymuth (1966), who 
states that the transition process is essentially independent of Reynolds 

number in his test range 61 < Ue0/v < 334 and is also independent of nozzle 

diameter or height, found one vortex pairing followed by three-dimensionality 

(apparently breakdown to turbulence rather than large-scale deformation of 
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the vortex roll). Bradshaw (1966) found longitudinal streaks, indicating 

spanwise periodicity, before breakdown to turbulence but after one vortex 

pairing. Miksad (1972) working with a plane mixing layer between two 

streams, with a velocity ratio of 5.7:1 and a Reynolds number of 160 based 

on the higher velocity and the sum of the two momentum thicknesses at the 

lip, found evidence of sub-harmonics at a low fundamental amplitude. The 

final breakdown to turbulence, following one vortex pairing, was found to 

involve a three-dimensional longitudinal-vortex structure. Clark and Mark-

land (1973), using hydrogen-bubble visualization in a plane mixing layer 

with 60 < U
e
e/v < 80 found pronounced spanwise waviness of the vortex-roll 

axis, which increased to the point where the inclined portions could be 

regarded as longitudinal vortices: they do not seem to have observed 

pairing. Winant and Browand (1974), with Uee/v = 8, found repeated vortex 

pairings and no breakdown to turbulence up to the point where the local 
• 

momentum-thickness Reynolds number reached 150. The present authors, with 

U
e
e/v = 60 in a single-stream plane mixing layer in the rig used by Castro 

& Bradshaw (1975), find one or two pairings before breakdown to turbulence; 

often the vortex rolls pair in a double helix (figure 4) rather than re-

maining parallel, in which case breakdown follows rapidly. Helical pairing 

seems to involve an eruption towards the low-velocity side of the layer 

(uncharacteristically strong in the downstream part of figure 4) . 

To summarize, Hama et al. (1957), Bradshaw (1966), Miksad (1972, 1973) 

and Clark & Markland (1973) find significant large-scale three-dimensional-

ity of the vortex rolls before breakdown to turbulence occurs; Wille, and 

apparently Browand, Freymuth and Brown & Roshko, observed breakdown from 

an essentially two-dimensional structure following pairing; the present 

authors observed breakdown after two-dimensional or helical pairing. There 

is no discernible correlation between the early appearance of three-dimen-

sionality and poor flow quality (especially the presence of spanwise irregu-

larities) although such a correlation would not be surprising and no obvious 

influence of Reynolds number except that more than one pairing may occur 

before breakdown if U
e
e/v < 60, very roughly. 

* 
The sheet of smoke injected into the flow at the nozzle lip is divided into 

parallel filaments by the spacing pieces in the injector slot. 
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4. THE APPROACH TO SELF-PRESERVATION 

After breakdown to turbulence begins,, the whole of a vortex roll 

rapidly becomes turbulent, and most of the flow-visualization pictures 

suggest that the shortest wavelengths are a small fraction of the roll 

diameter, as expected in turbulence that is fully developed spectrally 

by the three-dimensional vortex stretching. The interpretation of smoke, 

dye or refraction photographs is always difficult because the pattern 

represents an integration over the history of the rate-of-strain field 

rather than an indication of the current deformation rate, but smoke-flow 

observation by the present authors (figures 4, 5) strongly suggests 

that rolls spread and join up so that the shear layer is turbulent through-

out, with an intermittency factor close to unity near the shear-layer axis. 

Helical pairing may not be necessary for this to occur but it is certainly 

sufficient. Brown and Roshko's orderly structure preserves relatively inde-

pendent, spanwise-coherent rolls. It seems inevitable that any spanwise co-

herence present before breakdown should be gradually lost: the typical wave-

length of turbulent eddies is no larger than the shear-layer thickness, so 

that information cannot be transmitted over large spanwise distances (even 

pressure fluctuations decay). Undoubtedly the loss of coherence will be very 

slow: in the present experiments, distinct spanwise correlations of smoke 

distribution are seen up to distances from the nozzle lip of as much as 1000 

initial momentum thicknesses. Flow visualization is likely to exaggerate the 

spanwise coherence: as mentioned above, the pattern records history, while 

shadowgraph pictures such as those of Brown and Roshko have the additional 

disadvantage of recording spanwise averages. However, even if one makes a 

reasonable allowance for difficulties of interpretation the spanwise coherence 

and simplicity of structure shown in Fig. 3 (a),a typical photo from Brown & 

Roshko (1974),is very remarkable. In particular the interface on the high-

velocity side of the shear layer is far more regular than those of Figures 1, 

3 (b), 4 in the present paper, which show a typically ragged interface. The present 

flow may well have been more subject to random disturbances and spanwise ir-

regularities than Brown and Roshko's, since the rig was being run at only one 

or two feet per second in a large laboratory, but no gross fluctuations were 

observable in the exit flow and indeed the flow photographs presented here 

conform to the conventional view of turbulence as opposed to the highly-ordered 

structure of Brown and Roshko. The more obvious arguments why Brown and Roshko's 

flow should be untypically well-ordered, such as resonance, were specifically 
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demolished by them. In the absence of further data we must accept that 

their experiment was free of spurious influences, but it must also be 

accepted that the conventional turbulence structure reflected in quanti-

tative fluctuation measurements at high Reynolds numbers is real, and 

different from the well-ordered structure inferred by Brown and Roshko 

from their shadowgraphs. 

The simplest explanation, based on the foregoing discussion of per-

sistent transition effects, is that the structure found by Brown and Roshko 

appears only at fairly low Reynolds number (strictly, at distances from 

the exit insufficiently large for the effects of the exit boundary layer to 

have been obliterated). This is supported by the even more ordered struc-

ture found by Winant and Browand at an even lower Reynolds number based on 

exit boundary layer thickness. However, the present flow-visualization study 
• 

was done at a Reynolds number intermediate between Winant and Browand's and 

Brown and Roshko's, and shows a significantly less ordered structure than 

either. Another objection is that Brown and Roshko's flow appears to be self-

preserving, with a spreading rate that agrees well with the results of Miles 

and Shih (1968) and of Spencer and Jones (1971) which extended to Reynolds num-

bers of 1.5 and 2.5 million respectively, based on distance from exit. How-

ever even Winant and Browand's spreading rate is not too far from the high-

Reynolds-number values, and it appears that spreading rate is not a very sen-

sitive measure of turbulence structure - or conversely that two or more sig-

nificantly different structures can produce nearly the same spreading rate. 

The opinion of the present authors - a hypothesis rather than a conclu-

sion - is that a combination of a low aspect ratio and a flow-visualization 

technique that integrates spanwise caused Brown and Roshko's photographs 

to give an exaggerated impression of the orderliness of the turbulence struc-

ture within a mixing layer and of the regularity of the turbulent-irrotational 

interface on the high-velocity side. 

As a partial test of this, Dr. A.D. Weir made some shadowgraph vis-

ualizations of the present flow. Beyond a distance,— 15000 (v/U) downstream 

of the nozzle, the patterns resembled the conventional turbulence of our 

own smoke pictures rather than the orderly structure of Brown & Roshko's 

shadowgraphs, though very occasional large strong structures were observed. 

In the transition stages, however, the vortex rolls had stronger structure 

in the shadowgraphs (Fig. 3(b)) than in the smoke pictures (Fig. 1), even at 

a distance as small as half the flow width. The effect would be much more 
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pronounced in Brown & Roshko's apparatus with x/(flow width) > 2. 

We are, however, not convinced that the differences between Brown & 

Roshko's results and our own are entirely attributable to differences in 

observational techniques or even to genuine effects of small aspect ratio 

on the flow. If the decision between rapid breakdown to conventional turbu-

lence and persistence of vortex rolls depends on whether or not helical 

pairing occurs, it is at least possible that the structure at the end of 

transition to turbulence is strongly dependent on free-stream conditions, 

particularly on the low-velocity side of the layer. In that case, a structure 

with strong spanwise coherence is more likely to occur in a two-stream mixing 

layer like Brown & Roshko's than in a mixing layer in "still" air, as used 

in the present work and in most previous turbulence measurements, because 

the "still" air is in fact drawn from the recirculating flow in the labora-

tory. It is at present a matter of opinion whether the spanwise coherence can 

ever be maintained indefinitely. Once the structure has become established, 

with rms velocity fluctuations of 10 to 20 percent of the free-stream speed, 

it is not likely to be influenced by one or two percent of turbulence in the 

free stream. However if the "orderly" flow has even a small fraction of the 

dissipative or dispersive ability of conventional turbulence it carries the 

instrument of its own disruption. It is therefore highly probable that the 

spanwise coherence will eventually disappear, leaving a self-preserving struc-

ture which, though it undoubtedly carries a pronounced large-eddy structure 

leading to strong spectral peaks, is nevertheless what we normally call "tur-

bulence". 

5. CONCLUSIONS 

The answer to the main question posed in the Introduction can be given 

with some confidence: the mixing layer does tend to a unique asymptotic state 

which is what we normally call "turbulence". The answer to the supplementary 

question is that flows with a Reynolds number based on downstream distance of 

less than 106, or at a downstream distance less than 1000 times the momentum 

thickness of initial boundary layer, should be regarded with suspicion. Some 

confusion is caused because the rolling-up of a semi-infinite vortex sheet 

(the idealization of Winant and Browand's flow) can be self-preserving, the 

average distance between vortex rolls being maintained proportional to 

distance from the origin by "vortex pairing".• Moreover the spreading rate and 
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gross statistical properties of the vortex-pairing transitional flow are 

not different from those of the fully-turbulent flow. We feel that Brown 

and Roshko's use of the spanwise-integrating shadowgraph technique in a 

mixing layer of relatively low aspect ratio exaggerated the orderly structure, 

while smoothing out the irrotational/turbulent interface, in what was al-

ready a flow at too low a Reynolds number to achieve exact self-preservation. 

The discovery of helical pairing in the present experiments suggests, 

however, that the rate of breakdown of two-dimensional spanwise vortices 

to fully three-dimensional turbulence depends on the level of free-stream 

disturbances. It is also probable that if the Brown & Roshko type of orderly 

structure is once formed it can last for a large number of characteristic 

wavelengths - that is, up to high Reynolds numbers based on streamwise dis-

tance - but not indefinitely. The question can be settled only by measure-

ments in a two-stream mixing layer at a much higher Reynolds number than was 

used by Brown & Roshko. 
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Captions  

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Discrete 	rolls connected by spanwise thin sheets. 
(Smoke in air, flow from left to right, fast side 
below, "still" air above, U .= 0.61 ms-1, 6 = 0.15 cm, 
UO/v = 60. Third vortex is at x =" 25 cm = 5000 (v/U)). 

Vortex pairing in the same flow, observed from above. 
Test-rig width = 75 cm, picture width 	50 cm. 

Shadowgraphs of mixing layers. (a) (from Brown & Roshko 
1974). N2 below, He above: UO/v = 50 in N

2, U(NVU(H
e) = 2.6. 

(b) Present results, same region as right of Fig. 1, but 
with CO

2 injected instead of smoke. 

Top view of double helix pairing. 

Overall top view of smoke-filled mixing layer. 
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APPENDIX II 

AN IMPROVED METHOD OF HOT-WIRE  

CALIBRATION CURVE FITTING. 

It is well known that a hot-wire response equation in the 

form E2 = A + BU
n
, at a particular constant index n, will not be 

linear over a large range of mean velocity (e.g. Bruun 1971). 

However, workers who concern themselves with either nominally constant 

mean speed or a narrow speed range can happily use such an equation 

with n chosen to suit a particular wire. 	There is still no 

general agreement on the choice between static and dynamic calibration 

methods. 	Although dynamic calibration seems to be more reliable, 

the need for special apparatus (i.e. a rig for vibrating the probe) 

makes the method somewhat unattractive to most workers, and an 
• 

improved method of better approximation of static calibration data 

is being sought as an alternative. 	Bruun (1971) shows the variation 

of the exponent n with U and introduces his so-called "universal 

calibration function" for hot-wire static calibration, which contains 

one or two parameters chosen to suit a given wire. 

In the course of the present work it has been found that 

all calibration curves, plotted in the form E2 = A + BU0'45, curve 

down slightly when the mean velocity is greater than about 25 m/s. 

Because the present data are all for speeds below 45 m/s, the data 

of Bruun (1971), which go up as high as 150 m/s,have been used as a 

test case of the calibration curve-fitting method. 

The plot of E2 vs.00.45 in figure II.1. shows that the 

approximate linear part exists from U0.45=  0 to U0.45 	4, i.e. 

up to the speed of about 22 m/s, and the values of A and B are 1.2 

and 0.93 respectively. 	The difference in E2 between the straight 

line and the curve (figure II.1), AE2
, is plotted against U0.45 in 

figure 11.2. 	The 0E2 vs.00.45 curve clearly suggests a parabolic 

relation with origin at ( AE2, U
0.45

) = (0, 4). 	Consequently, the 

values of AE2 are plotted against (U13.45 - 4)2 in figure 11.3. where 

data points fall approximately onto a straight line through the origin 

with the slope about 0.026. 	Hence for 0.45:= 4 (U 	22 m/s), the 

equation becomes 



2. 

E
2 

= A + 
BU0.45 - 	

A 2 
 

= 1.2 + 0.93 
U0.45 

- 0.026 (U
0.45 - 4)2, 

 

for this particular case; i.e. 

E2 = 0.784 + 1.138 
U0.45 - 0.026 U°.9  . 

The final equation above is similar to that suggested by 

Davies & Patrick (1972 - see reference in text) who use n = 0.5 and 

apply the equation to the full range of U. 	Figure 11.4. shows the 

comparison between Bruun's data and the above equation. 

Therefore, for a large range of mean velocity the equations 

E2  = A + B Un, for the lower-velocity end, and E2  = A + BUn  + CU2n, 

for the higher-velocity end, appear to be a better approximation than 

a single straight-line fit over the whole range. 	The constants 

A, B and C in the latter equation can be determined as follows:- 

Plot E
2 
vs.0

n
, so that A and B in E

2 
 = A + B Un can be 

found. 

(ii) Draw a straight line through a linear portion, extending 
to cover the range of curve in (1). 	Choose D, the point 
where the calibration curve departs from the straight line 
and read off corresponding LE2  for a set of Un  values. 

(iii) Plot LSE
2 

against (U
n 
- D)

2 
and draw an approximate 

straight line through data points, so as to find the 
slope oc. 

(iv) Substitute all values (A, .B , D and pc ) in 

E2 = A + B Un - 01:(U
n 
- D)

2 

so as to obtain E2 = A + BU
n 
+ CU

2n
. 

This method was tried on the present data and satisfactory 

results were obtained, as shown in figure 11.5. 	The change in cali- 

bration fit above the point 'D' is not a significant inconvenience 

either in computer calculations or analysis by hand. 
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APPENDIX III 

A NOTE ON RIMS VELOCITY OF DYNAMIC CALIBRATION  

The longitudinal oscillation of the dynamic calibrator 

described in section 2.7.1. of the text is provided by a crank 

mechanism, as shown in the sketch below: 

le 	1  	 
I 

	

\ 	I/ 
	 I 	N.,  

We have 	0 = Wt 

• fie 
dt 

From geometry, 

	

1 = r case + 42 _ r2sin29 	
4000 (I) 

U = dt = 	. 	.64.-rsin84i(J-r2sin20)1(-2r2sinecosq 

1 

	

u -corsinG11 	cosA   , 	(ii) 
4 (c/r)2  -sir4 J  

which is an odd function of 

Since the rms value of a periodic function, f(t)„ over one 

period may be expressed in its Fourier expansion as 

f(±)Irms ao .i. 	(a 2n 77 	— bn2  ) , 	(iii) 
for an odd function as in (ii) we have 	n=1  

00 2 

	

arms = ,4215_ bn 	.... (iv) 
n=1 

The coefficients bn  may be found by direct expansion of the 
right-hand side of (ii). 	For the smaller rotating arm of the present 

calibrator the ratioc/r is 5.08 and we obtain rms 
compared with 	for a true sine-wave. 0.707 Wr 	

== 0 .711 co r 

Hence the departure from the true sine-wave in this case is 

negligibly small as noted in the text. 	In any case, the use of a band- 

pass filter to remove low-frequency electronic noise and tunnel turbulence 

also removes the harmonics. 




