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ABSTRACT 

Velocity- and pressure-field measurements were made in the flow behind a backward-facing 

step (backstep). The flow exhibits a low-frequency unsteadiness, or flapping, similar to that 
described by other workers. The present results indicate that the flapping is characterised by 

a sudden decrease in the size of the separation bubble, supporting the hypothesis that, 
during a flap, the bubble splits in two with the downstream end being convected 
downstream. The flapping event itself is shown to have a timescale which is significantly 
shorter than the time interval between flaps, implying that the flapping represents an 
occasional event in an otherwise reasonably steady flow as opposed to a continuous 
oscillatory motion. The large amplitude low-frequency pressure fluctuations associated with 
the flapping are produced by the streamwise movement of the reattachment zone pressure 
gradient, which moves with the instantaneous reattachment point. The flapping is three- 
dimensional, although the motion is correlated over a large spanwise distance. 

The flapping was significantly attenuated by making part or all of the reattachment surface 

permeable (with a plenum underneath the surface). The maximum low-frequency 

fluctuating-pressure RMS level was reduced by 35% with a permeable surface from the foot 

of the step to 12.5 step-heights downstream. A reduction of 25% was achieved with a 

permeable surface extending to only 3.5 step-heights downstream. The attenuation is 

accompanied by a reduction in drag, of up to 9%. The two configurations appear to steady 

the flow through separate physical mechanisms. The first provides an alternative, steady 

source of fluid for the separation bubble via the plenum which inhibits the development of 

the mass flux imbalance associated with the flap. The second limits the magnitude of the 
flap, restricting the sharp (local) decrease in separation bubble pressure that occurs during 

the flap event by allowing spanwise mass transfer, via the plenum, into the region of lower 

pressure. 
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NoMENCLATURIE 

a,, Polynomial coefficients of TSF probe velocity magnitude calibration 
A King's Law constant 
b, Fourier coefficients of TSF probe velocity direction calibration 
B King's Law constant 

gn Polynomial coefficients of TSF probe velocity direction calibration 
Cf Coefficient of skin friction 

Cp Static pressure coefficient 

ej Output of anemometer channel i 

Ef Fluctuating pressure RMS in the frequency range 0< JXIIU, < 0.2 

E(..,, ) Value of (m, n)' element of TSF calibration look-up table 

ER Expansion ratio 
f Frequency 

gn Polynomial coefficients of TSF probe velocity direction calibration 

h Height of step (= 0.075m) 

n Non-dimensional frequency (= JXP. IU. ) 

OAR Open area ratio 

P Probability distribution 

P Fluctuating component of pressure 

Q Mass flux 

Q, Mass flux through plenum 

Q. Mass flux through permeable surface 

q Dynamic head (= EýIpU, ) 

T2v 
= 

_U2 
+ 

J2 

quv Twice the two-dimensional turbulence kinetic energy, . 
R. b Space-time correlation coefficient between two quantities a and b 

Reh Reynolds number with respect to step height 

Reo Reynolds number with respect to momentum thickness 

RMS Root mean square 

t Time 

Temperature 
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TSF Triple-split hot-film probe 

U Fluctuating component of velocity in streamwise direction 

U, Friction velocity 

U Mean velocity in streamwise direction 

U, Streamwise convection velocity 
U. Free-stream velocity at separation 

U Magnitude of velocity vector 
U, a, Estimate of _U produced by TSF data reduction routine 
ue Effective cooling velocity 

V Fluctuating component of velocity in wall-normal direction 

V Mean velocity in wall-normal direction 

W Fluctuating component of velocity in spanwise direction 

W Mean velocity in spanwise direction 

X Streamwise spatial co-ordinate (x =0 at step) 

Xi Experimental 'noise' in anemometer output for TSF channel i 

X Uncertainty (95% confidence level) 

XR Mean reattachment length 

Y Wall-normal spatial co-ordinate (y =0 at reattachment surface) 

z Spanwise spatial co-ordinate (z =0 at wind tunnel centre-line) 

(5 Boundary layer thickness 

81 Boundary layer displacement thickness 

4 Yaw angle between hot-wire probe and free-stream 

O(n) Spectrum (integrates to mean square of fluctuating quantity) 

Opp(n) Pressure-pressure crosS-spectrum 

y Forward flow fraction 

17 Mixing layer similarity parameter 

A Vorticity (maximum slope) thickness 

V Kinematic viscosity 

P Density of air 

Effective yaw angle between hot-wire and probe axis 

Time delay or wall shear stress 
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0 Momentum thickness or direction of velocity vector 

6Lic Estimate of flow direction produced by TSF data reduction routine 

a.,. Root of velocity vector estimation equation 

66 Angular separation between roots used for Oic 

A, a Brackets of a. in velocity vector direction estimation routine 

Co Phase in spectra (= tan-' 
lm 
Re 

Wiener filter noise-to-signal ratio 
Ay Flapping amplitude 

0 Order of magnitude 

12 



Chapter 1: Introduction 

1. INTRODUCTION 

Buffet is defined as the aerodynamic excitation of a structure caused by a separated flow, 

and buffeting is the structural response to that excitation. Buffeting is unlikely to cause 
failure in primary aircraft structures but it may adversely affect the fatigue lifetime of 

secondary components. The severity of buffet will be dependent on the characteristics of 
the separated flow, and, although the excitation occurs over a wide range of frequencies, it 

is the low frequency component that is more likely to coincide with structural modes and 

thus induce buffeting. A reduction of the low-frequency turbulence levels in a separated 
flow is therefore desirable, and is the motivation behind this work. 

1.1 SEPARATING/REATTACHING ]FLOWS 
Separating and reattaching flows are an important feature of many practical aerodynamic 

systems, including diffusers, combustors and aerofoils at high angles of attack. In this 

section the existing data regarding the general structure and dynamics of 

separating/reattaching flows is discussed, with special emphasis on studies of flow over 
backward-facing steps ("backstep"). The low-frequency unsteadiness and the mechanisms 

that cause it are discussed in detail, and then the proposed method of control is discussed 

with reference to these mechanisms. Only experiments at higher Reynolds numbers, where 

transition occurs either before or immediately after separation, are considered here, as 

these will be more representative of flows found on aircraft. 

A wide variety of configurations have been used to produce separated flows in the 

laboratory (see Figure 1.1), including backsteps, Etheridge & Kemp (1978), Driver et 

aL(1985,1987); front-facing steps, Rockwell & Knisely (1980); blocks, Tillman (1945); 

fences, Petryck & Brundett (1967); blunt leading-edge plates, Cherry el aL (1984); 

normal/splitter plates, Castro & Haque (1987); and blunt-faced cylinders, Sigurdson 

(1995). The basic flow structure is similar for all configurations, although there are 

substantial variations of many of the defining parameters and turbulence quantities. The 

backstep, configuration has received particular attention because, with its single, fixed 

separation point and angle, it arguably produces the simplest flow. It was chosen for the 

present work for this reason 
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Backward Facing Step 

Front Facing Step 

777777777777777- r7ý 

Block 

Blunt Leading-Edge Plate 

Oines represent 'typical" instantaneous edges of the free shear layer) 

Figure 1.1 Separated flow configurations schematic 

These flows are generally characterised by the following features (see Figure 1.2): 

"a boundary layer separates from a surface, due to a discontinuous change in surface 

geometry (a "salient edge"). 

" this free shear layer grows in a manner somewhat similar to a plane mixing layer, and 

curves under the influence of the inherent pressure gradient until it reattaches to the 

surface, enclosing a bubble of turbulent recirculating fluid. 

" proceeding downstream, the reattached shear layer gradually relaxes toward an 

equilibrium boundary layer state. 

New equilibrium 
Boundary layer Fluid layer forms 

separates at the step entrainment 'Coherent' underneath shear 
structures layer 

Comer eddy Upstream Fluid is deflected both upstream and 
convection of fluid downstream at reattachment 

Figure 1.2 Typical separating/reattaching flow structure 
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Chapter 1: Introduction 

1.1.1 Shear layer development 

The separating/reattaching shear layer is closely related to the plane mixing layer between 

two parallel streams, variants of which are also found in jets and wakes. The gross physical 
features and processes appear to be the same for all these shear layers. However, there are 
significant differences in structure and development, caused by the different surrounding 
conditions: the nature of the separating boundary layer, the curvature of the free shear 
layer, the proximity to, and eventual impingement on, the wall, and the highly turbulent 
and unsteady nature of the fluid entrained into the low speed side (i. e. from the separation 
bubble). 

It is unlikely that the shear layer of most separating/reattaching flows will ever reach the 

self-sin-dlarity attained by plane mixing layers. Bradshaw (1966) states that the transition 
from boundary layer to self-similar mixing layer is not complete until about 103 boundary 

layer momentum thicknesses, 0, downstream of separation. In separating/reattaching flows 

this would only be achieved before reattachment if the ratio of 0 to step height, h, was very 

small. Even if this were so it is likely that the n-dxing layer curvature, the influence of the 

wall, and continual entrainment of turbulent fluid, will prevent the reattached shear layer 

from attaining self-similarity. This means that, in general, upstream boundary layer 

conditions will affect the development and subsequent reattachment of the shear layer, and 

may be a contributing factor to the spread of data regarding the structure of 

separating/reattaching shear layers. 

For a normal/splitter plate configuration, Castro & Haque (1987) found that the growth 

rate of the free shear layer, expressed as the increase in vorticity (maximum slope) 

thickness, A, where A=A U11% 
I 

nm 
(AU is the velocity difference across the shear 

layer), was neither linear nor equal to that of the plane mixing layer. Initial growth rates 

were higher, probably due to the entrainment of turbulent fluid on the low-velocity side, 
but the growth rate reduced gradually towards reattachment. This reduction in growth 

rate may be due to the stabilising curvature of the shear layer (Castro & Bradshaw 1976) 

and increasing influence of the wall. Castro & Haque also found that, although initially 

close to mixing layer values, normal stresses increased more rapidly, especially on the low 

velocity side of the free shear layer. Again this is probably due to the entrainment of 

turbulent fluid on the low velocity side. The rise in shear stress was lower than that of the 

normal stresses, which may be due to the fact that the shear-stress bearing fluid being 
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Chapter 1: Introduction 

entrained is uncorrelated with that already present. That turbulence intensities are 
generally higher than plane mixing layer values, in spite of the stabilising effects of shear 
layer curvature, suggests that the turbulent entrainment of fluid is an important feature of 
the flow dynamics. 

1.1.2 Coherent structures 
The structure of the shear layer is dominated by the presence of large spanwise-orientated 

coherent vortical structures, created quasi-periodically soon after separation via a Kelvin- 

Helmholtz-type instability. Their existence was first demonstrated by Brown & Roshko 

(1974) for a n-dxing layer, and they have been shown to exist in several other 

configurations: backstep flow, Troutt el al. (1984); blunt leading-edge-plate flow, Hillier & 

Cherry (1981); separated flow over a lifting surface at high angle of attack, Ahuja (1983); 

separated flow over a delta wing, Gad-el-Hak et aL (1983). Jovic & Brown (1988) show that 

the passage frequencies of the coherent structures in backstep flow coincide with the main 

peak in velocity and pressure spectra, demonstrating that the structures make a significant 

contribution to the turbulence kinetic energy. Studying backstep flow, Hasan (1992) found 

that there appear to be two distinct instability modes which govern the creation and 

evolution of these structures. The first causes the initial "roll-up" of the newly formed shear 
layer and scales on the separating boundary layer momentum thickness, with a Strouhal 

number (based on U,, the mean velocity at separation), (fOIU, ), of around 0.012. This 

instability mode occurs at a similar frequency to the most amplified frequency in plane 

mixing layers (Ho & Huang, 1982). This first mode reverts to a second one during the 

initial growth of the shear layer via a series of structure amalgamations (described below). 

Latornell & Pollard (1986) found that the onset of instabilities in the newly separated shear 
layer of an axisymmetric sudden expansion was dependent on the thickness of the 
boundary layer, with instabilities developing earlier in thinner boundary layers. The 

second mode scales on the step height, h, (or equivalent length scale) with a Strouhal 

number JWUý st; 0.18. For flows with a very thin separating boundary layer, e. g. 

normal/splitter plates and blunt leading-edge plates, there is a large difference between the 

frequencies of these two instability modes and several amalgamations take place during the 

change from one mode to the other. The shear layer velocity spectra of Cherry et aL (1984) 

show a decrease in the dominant frequency fromJD/Ue ot% 2 just after separation to about 
0.2 near reattachment. For most backstep experiments, the thickness of the separating 
boundary layer, 8, is larger, and the reduction in don-dnant frequency is less great. Indeed, 

for 8/h,: 4.5 the frequencies of the two modes converge (assuming Oze 0.18). For backstep 
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Chapter 1: Introduction 

shear layers with laminar separation, the results of Eaton & Johnson (1980) and Roos & 

Kegelman (1986) show peaks in the velocity spectra at fOlU. 0.01 close to separation 

which then reduce to jh/U.; ý-, 0.2 towards reattachment (Roos Kegelman do not report 

their a and it was estimated as 0.16). Specific instability modes become harder to discern 

when the separating boundary layer is turbulent. However, the structure passage frequency 

for separating/reattaching flows with turbulent separation generally coincides with Hasanýs 

step mode frequency of JWU -- 0.2, (e. g. Driver et al., 1987, jovic & Brown, 1989), 

suggesting that a similar instability exists for these flows. It is less clear whether the initial 
laminar separation 'roll-up" instability is also present in a similar form for turbulent 

separation, although the spectra of Bhattacharjee et aL (1986), for a backstep with 

turbulent separation, show a broad maxima aroundfO/U, _- 0.008 close to separation. 

Browand & Troutt (1980) found that the ratio of spanwise to streamwise correlation in a 

plane mixing layer, basically a measure of the aspect ratio of the structures, was over ten 

times that of structures in turbulent boundary layers. Indeed, several workers (Browand & 

Troutt, 1980, plane n-dxing layers; Troutt et al., 1984, backstep flow) have found that the 

sign of the instantaneous fluctuations in u were well correlated across the entire span of the 

wind tunnel, and as a result called the structures "quasi-two-dimensional". However, 

although the structures certainly do have significant spanwise extent, they often become 

quite skewed in the streamwise direction, and therefore to call them two-dimensional is an 

over-simplification. Indeed, Kiya & Sasaki (1985) concluded that they had a hair-pin type 

structure, although they point out that this may be an effect of the finite aspect ratio of 

their blunt leading-edge plate configuration. The structure interaction process (described 

below) is also quite three-dimensional, as shown by the branches and mergings in the 

isometric velocity plots of Browand & Troutt (1980), and Troutt et al. (1984). 

The dynamics of these structures in the mixing layer were first investigated (at relatively 
low Reynolds numbers) by Winant & Browand (1974), who observed the structures 

interacting by "rolling around" each other, forming a single structure at approximately 

twice the streamwise spacing of the previous two. This pairing process occurs repeatedly, 
increasing the size and reducing the frequency of the structures. Subsequently, Browand & 

Weidman (1976) and Browand & Ho (1983) concluded that this process was an important 

generator of Reynolds stress. This basic hypothesis is supported by other work, although 
Moore & Saffman (1975) and others make a distinction between vortex pairing and a 

related process called vortex "tearine, where "weaker" structures disintegrate under the 
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straining field of neighbouring ones, with the fluid associated with the structure becoming 

part of the collective motion of its neighbours. Analysing video footage of a mixing layer, 

Hernan & Jimenez (1982) found evidence that both processes occur, although vortex 

pairing is much more frequent. Moore & Saffman also demonstrate analytically that the 
linear growth of the mixing layer cannot be the result of a pairing process alone, and that 
the continuous entrainment of irrotational fluid is also important. 

These processes cause the reduction in the dominant frequencies in the shear layer between 

separation and reattachment. However, downstream of reattachment, there is little change 
in the dominant frequencies (Troutt et aL, 1984), suggesting that further pairing may be 

impeded by the presence of the wall. Wygnanski & Weisbrot (1988) point out that the 

processes that cause the initial structure formation and structure pairing are very similar, 
both involving a selective amplification, induced by mean shear, of perturbations of the 

shear layer, and therefore a distinction between the formation and pairing processes may 
be imprecise. That is, structure formation is the initial don-tinant mode of the shear-layer 
instability, and each pairing is the transition of the dominant mode to its sub-harmonic. 

Reattachment 
The instantaneous reattachment point is usually defined as the point where the local 

instantaneous wall shear stress is zero. The mean distance between separation and 

reattachment, XR, varies greatly between the different configurations, and also depends on 

parameters such as expansion ratio, ER, (the ratio between the areas upstream and 
downstream of the salient edge), Reynolds number and other configuration details. For 

typical backstep configurations, XR is generally between 5 and 8 step heights. This distance 

is usually longer for the other configurations mentioned earlier. The reattachment point is 

not steady, and fluctuates about its mean quite considerably. This is discussed in section 
1.2. The effect of reattachment on shear layer structure is still somewhat controversial. 
Studying backstep flow, Bradshaw & Wong (1972) postulated that eddies were split in two 

at reattachment, with part feeding the recirculation region and the remainder continuing 
downstream to form the new attached boundary layer. McGuinness (1978), Kim el aL 
(1980) and Chandrsuda (1975) found evidence that eddies were being alternately convected 

upstream and downstream. The general consensus now appears to be that an unsteady 

splitting occurs with a varying proportion of fluid being convected upstream and 
downstream. The alternating-eddy hypothesis represents the extremes of this process, when 

all the fluid associated with a single structure is convected in one direction. 
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The turbulence quantities within the shear layer undergo dramatic changes approaching 

reattachment. The structure pairing mechanism is hindered by the wall and Reynolds 

stress levels being to decrease. The straining of the coherent structures around 

reattachment increases spectral energy transfer, increasing the dissipation rate (Chandrsuda 

& Bradshaw 1981). The impermeability constraint, which affects fluctuations out to a 

distance from the wall of order the length scale of the largest eddies, contributes to a sharp 

2 
reduction in V across the shear layer. The u- and w-components do not exhibit as marked 

a decrease, being less affected by the impermeability constraint. Castro & Haque (1987) 

and Chandrsuda & Bradshaw (1981) suggest that there is probably some energy transfer to 

the u- and w-components via the pressure strain redistribution term as v2 is reduced. 

1.1.4 Recirculation 
Although the separation bubble was once thought of as a "dead air" region, work using 
high turbulence velocirnetry techniques, for example Etheridge & Kemp (1976), Adams & 

Eaton (1988), has shown that this is not the case, with upstream mean velocities and u- 

component root-mean-square (RMS) levels reaching O. M. The effects of this turbulence 

activity on the free shear-layer structures have not been resolved, although it appears to be 

a major factor contributing to differences in growth rate and turbulence levels between 

reattaching-flow shear layers and plane mixing layers. It also provides a path for the 

upstream convection of disturbances to the highly sensitive separating shear layer, which 

may produce feedback mechanisms, resulting in. increased turbulence levels and/or thr 

generation of low frequency unsteadiness. 

1.1.5 Relaxation 
After reattachment, the shear layer begins the gradual transformation from free shear layer 

to an equilibrium boundary layer. With the vortex pairing mechanism now inhibited by 

the wall, Reynolds stresses reduce towards boundary layer values. For backstep flow, 

Bradshaw & Wong (1972) and Yoo & Baik (1992) present evidence showing the strong 

pers istence of the large structures in the newly formed boundary layer. These structures 

cab be seen in the flow visualisation of Roos & Kegelman (1986). Their presence produces 

a "dip" in the velocity profile below that of the standard logarithmic law. Bradshaw & 

Wong attribute this reduction in the velocity gradient to the unusually large length scales 

present close to the wall. The dip is evident in their measurements at least as far as 50 step 
heights downstream. The dip not only decreases in size, but also moves away from the 
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Chapter 1: Introduction 

wall, as a new region of local equilibrium is established underneath the reattached shear 
layer, in a similar manner to a boundary layer subjected to a change in surface roughness 

(Bradshaw & Wong 1972). 

1.1.6 Control 

Recently, much work has been carried out investigating separating/reattaching flows under 

some kind of forcing, e. g. backstep flows, Roos & Kegelman (1986), Hasan (1992); plane 

mixing layers, Oster & Wygnanski (1982); blunt faced cylinders, Sigurdson (1995). These 

studies have been carried out both to gain an insight into the mechanisms operating in the 

unforced flow, and also to bring about some desired change in flow properties, for 

example, to increase growth rate and mixing. This has generally involved the periodic 
(small amplitude) forcing of the shear layer, either locally at separation by mechanical or 

aerodynamic means, or globally by acoustic means. The general effect of this forcing is to 

change the natural modes of the shear layer structures. When the excitation frequency is 

close to the natural instability frequency the structure amalgamation process is suppressed 

and the growth of the shear layer is reduced (Oster & Wygnanski, 1982). When the 

excitation frequency is a subharmonic of the natural instability mode, multiple pairing 

quickly takes place until the flow reaches the mode of the subharmonic (Ho & Huang, 

1982). Forcing at a frequencies much higher than the natural mode apparently has little 

effect. 

12 Low FREQUENCY UNSTEADINESS 

Separating/reattaching flows also exhibit a large scale, low frequency unsteadiness. This 

manifests itself as a vertical "flappine of the shear layer with a resultant growth and 

shrinkage of the separation bubble. This phenomenon is of particular interest in this study 

as it appears to be the primary mechanism for the generation of low-frequency fluctuating 

pressure in these flows (Eaton &Johnston 1982). 

Although flapping of free shear layers has been investigated for free separated flows, e. g. 

plane jet, Goldschmidt & Bradshaw (1973), de Gortari (1978); adverse pressure gradient 

boundary layers, Simpson et aL (1981), the significance of a flapping phenomenon for 

separating/reattaching flows was not established until relatively recently. Earlier 

investigators considered these flows, although highly turbulent, to be essentially steady, 

especially backstep, flow with its fixed separation point and separation angle. If anything, 
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any unsteadiness present was considered merely a nuisance to measurement rather than an 
important feature of the flow. 

However, evidence now suggests that the unsteadiness is an intrinsic part of these flows, 

and is independent of configuration. McGuinness (1978) noted a large low-frequency 

component in fluctuating pressure measurements made in the separation bubble at a pipe 

entrance. Durst and Tropea. (1983), investigating backstep flow, found that the probability 
density distribution of the fluctuating velocity in the free shear layer showed two maxima, 

and suggested as a result that the flow was oscillating between two alternative "steady" 

states. Eaton and Johnston (1981b), using thermal tufts to measure instantaneous flow 

direction downstream of a backstep, showed that the instantaneous reattachment point 

oscillated around its mean, by about ±30% of the mean reattachment distance. Their u- 

component spectra from the shear layer showed that 30% of the u-component energy was 

at frequencies belowjh/U. = 0.02, nearly an order of magnitude lower than the structure- 

passage frequencies. They suggested that the low-frequency unsteadiness may be the source 

of the discrepancies between measurements in mixing layers and separating/reattaching 
free shear layers. Kiya & Sasaki (1985) showed that the upward motion of the shear layer 

was coupled with the downstream motion of the reattachment point, and vice versa, which 

suggested a global motion of the shear layer. Their fluctuating pressure spectra showed a 

peak aroundjXR/Ue -- 0.1 (note the length scale is the reattachment length, XR), about six 

times lower than the lower end of the structure-passage frequency range. Similar low- 

frequency peaks are also present in the velocity spectra of the numerical simulations 

performed by Neto et aL (1993). The spectra of Cherry et aL (1984) show that the non- 
dimensionalised frequency based on reattachment length (i. e. JXRIU. ) of the flapping peak 

remained constant even when the reattachment length of the bubble was halved (through 

increased free-stream turbulence). These results show that the flapping frequency scales on 

the reattachment length and not the step height. Finally, Driver et aL (1987), conditionally 

measuring streamline positions using the instantaneous reattachment point as a trigger, 

confirmed that the flapping was indeed globally organised. The amplitude of the flapping is 

considered to be relatively small: Driver et aL (1987) estimate it at about 20% of the local 

shear layer vorticity thickness, while Kiya & Sasaki (1985) measured it at 0.005XR at xlXR 

= 0.2. Both these values roughly correspond to about 0.05h at xlXR = 0.2. 
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1.2.1 Flapping dynamics 

The precise cause of the flapping has not yet been resolved. It is intimately linked to the 

growth and shrinkage of the enclosed separation bubble (Cherry et al. 1984, Eaton & 

Johnson, 1981b). Indeed, one could argue that, as the free shear layer forms the boundary 

of the separation bubble, they are simply different ways of describing the same 

phenomenon. Fluid in the free shear layer is accelerated (in both velocity magnitude and 
direction) due to the pressure difference across it. Therefore the general (instantaneous) 

curvature of shear layer will be strongly dependent on the magnitude of this pressure 
difference (Sigurdson 1995). A variation in the pressure difference, specifically due to the 

variation of the pressure in the separation bubble, will cause the curvature to change, and 

this will manifest itself as the vertical movement of the shear layer. Therefore, the size of, 

and pressure in, the bubble are effectively complementary features of the same 

phenomenon. The instantaneous trajectory of the free shear layer may also be changed by 

the perturbation of the shear layer near separation. These perturbations need not 

necessarily be large as the newly separated shear layer is quite sensitive to disturbances. 

The obvious source of perturbation (in an unforced system) is the turbulent fluid being re- 

entrained into the shear layer from the separation bubble, although this may not be the 

only one. Simplifying somewhat, the instantaneous position of the shear layer is 

detern-dned by the instantaneous pressure in the separation bubble, with a possible 
"scatter" superimposed by perturbations of the free shear layer near separation. 

The size of (and pressure in) the bubble is determined by the distinct dynamical processes 

that constantly add fluid to, and remove fluid from it (Eaton & Johnston, 1981, and 

others): 

* Negative mass flux: in general, fluid is removed from the bubble by entrainment into 

the growing free shear layer. This appears to be an almost continuous process (although 

not necessarily at a constant rate), and occurs at relatively small temporal and spatial 

scales. 

Positive mass flux: mass flux into the bubble takes place primarily through the upstream 

convection of fluid from around the instantaneous reattachment point. This process is 

associated with the larger length and time scales of the reattaching structures and is 

therefore somewhat more intermittent than shear layer entrainment. 
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The variation in separation bubble pressure is therefore due to changes in these two 

processes. If the net mass flux is positive, the pressure in the bubble increases, reducing the 

curvature of the shear layer and increasing the size of the bubble. That is, if fluid goes into 

the bubble it gets bigger, and vice versa. As the two processes act at different scales, the 
instantaneous net flux will constantly vary, although this variation in mass flux should 

occur at a time-scale that is of order the reattaching structure-passage period. This suggests 

that this is not the source of the low frequency unsteadiness. 

At reattachment, if the shear layer's curvature is relatively high, a greater fraction of its 

fluid will be convected upstream because of the greater pressure gradient and impingement 

angle of the reattaching structures, resulting in a larger influx of fluid into the bubble. 

Also, as the shear layer is shorter, there will be less re-entrainment into the shear layer and 

outflux will be low (Kim et aL 1980). Hence, if the separation bubble is instantaneously 

very small there will be a tendency for it to enlarge. Similarly, if the bubble is 

instantaneously large it will shrink by virtue of the reduced influx and increased outflux. It 

therefore seems unlikely that these mass flux processes could sustain a low frequency 

periodic oscillation between positive and negative mass flux without some form of 
instability or perturbation present. Without one, the flow would achieve an *equilibrium" 

state where the instantaneous net mass flux remains close to zero. 

1.2.2 Physical mechanisms 
The mechanism causing the instability which prevents the separation bubble mass flux process 

from maintaining such an equilibrium position has not been conclusively identified. It will 

certainly involve an occasional large mass influx into, or outflux from the bubble, for 

which two basic physical explanations have been suggested in the literature: 

A sudden net volume outflux. The occasional shedding of an "unusually large vortex" 

as a source of the unsteadiness has been suggested by Hillier & Cherry (1981) and Kiya 

& Sasaki (1983). McGuinness (1978), studying a sudden expansion, observed the 

occasional splitting in two of the separation bubble with the downstream half being 

convected downstream. The pressure-velocity correlations of Kiya & Sasaki (1985) show 

that, during the flapping cycle, the shrinkage of the bubble is much faster than the 

subsequent growth. Although, in this paper Kiya & Sasaki conclude that the 

unsteadiness is due to an occasional reduction in re-entrainment into the shear layer, 

caused by a breakdown in the generation of the coherent structures, and not the 

23 



Chapter 1: Introduction 

shedding of a large vortical structure from around reattachment. In a DNS simulation 

of backstep flow, Le et aL (1997) also found that the bubble shrank much faster than it 

grew, and that the shrinkage coincided with the downstream passage of a large vortex 
from reattachment. However the non-dimensional frequency of this activity was around 

JXR1 U, -ý 0.3, which is significantly higher than the value of 0.1 normally quoted for the 

low-frequency unsteadiness, although still somewhat lower than the 0.5-1.0 typical of 

structure passage. For this reason is not clear whether the process they observed is a 

true low-frequency unsteadiness, i. e. distinct from the normal coherent structure 

passage processes. The dynamics of the flow may be somewhat different at the lower 

Reynolds numbers of their simulation. 

2. A sudden net volume influx. Eaton & Johnston (1981b) suggest that the unsteadiness is 
due to an occasional breakdown in the generation of coherent structures in the shear 
layer which reduces fluid entrainment from the separation bubble. Kiya & Sasaki (1985) 

agree with this hypothesis (changing their opinion from their 1983 paper). A sudden 
increase in bubble size could also be brought about by a large influx into the bubble 

from reattachment; for example, the occasional upstream convection of a whole 

coherent structure. This would tie in with the hypothesis that eddies move either 

upstream and downstream at reattachment (Kim et aL 1980, and others). Etheridge & 

Kemp (1978) found that about 16% of the fluid in the shear layer returned upstream. If 

this was due to the occasional upstream convection of a coherent structure, it would 

require about every sixth structure to be returned upstream. This would explain why 

the unsteadiness occurs at a frequency about one sixth of coherent structure passage. 

Kaiktsis et aL (1996) carried out a stability analysis on backstep flow, and they concluded 

that, although the upstream velocities in the separation bubble will produce a small region 

of absolute instability in the shear layer (Huerre & Monkewitz, 1985), overall the flow is 

only convectively unstable. This means that the unsteadiness is not self-sustaining but 

requires continual disturbance of the newly separated shear layer. Cherry et aL (1984) have 

shown that the frequency of the unsteadiness scales on the reattachment length, and the 

convection time between reattachment and separation is similar to the flapping period. 
This suggests that the disturbances that produce the unsteadiness may be generated at 

reattachment and return upstream via the separation bubble (i. e. a feedback system). 
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The self-sustained unsteadiness of certain jet and shear-layer flows due to feedback has long 
been established (Rockwell & Naudascher, 1979), e. g. the edge-tone phenomenon 
produced by impinging jets (Sondhaus, 1854). In many cases, especially at higher Mach 

numbers, the feedback is an acoustic phenomenon, caused by the upstream propagation of 
pressure waves. However, feedback can also be due to hydrodynan-dc processes (Dimotakis 
& Brown, 1976), and, in the present configuration, due to the low Mach number, shallow 
impingement angle of the free shear layer at reattachment, and the presence of upstream 
convection in the separation bubble, it seems likely that any feedback system will be 
hydrodynamic rather than acoustic. 

Another important question is what physical aspect of the flow dynamics changes to 

precipitate the flapping event; i. e. what happens to change the flapping cycle from 

"growth" to "decay" (or vice versa). An understanding of the processes that trigger a flap 

would be invaluable in developing an efficient method of its control. However, such an 

understanding can only follow a more complete understanding of the mechanics of the 
flapping process itself. However, some basic concepts are put forward here. Simplifying 

somewhat, when a flap event occurs, there is a sudden large change in the size of the 
bubble. After this happens, the bubble recovers moving towards an equilibrium between 

the normal mass influx and outflux processes. As it does so it becomes susceptible to the 

flap event again and another one occurs. Cherry et aL (1984) suggest that the flapping is 

due to a growth-decay cycle and the results of Kiya & Sasaki (1985) show a systematic 

movement of the instantaneous reattachment point. There are a variety of possible 

physical explanations. If the bubble becomes too long (i. e. 1 above) mass influx may not be 

sufficient to sustain the re-entrainment requirements of the whole shear layer, causing a 

"neckine of the bubble which leads to a flap. Perhaps the pressure gradient across 

reattachment becomes too weak to arrest the downstream convection of the structure by 

the free-stream. Alternatively, if the bubble becomes too short (i. e. 2 above), the increased 

pressure gradient may become sufficiently large to pull an entire shear layer structure 

upstream, or the increased proximity of the reattachment zone to the separation point may 
disrupt the formation of coherent structures in the shear layer. The other possibility is that 

the flap event is simply the result of an unusually large perturbation of the shear layer and 

occurs more randon-dy in time. Eaton & Johnston (1981b) found that the instantaneous 

reattachment point could remain steady for 10-20 structure passage periods before moving 

to another location. 
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1.2.3 Flapping contro 
The above discussion suggests some possible avenues for attenuating the flapping: 

* changing the flow dynamics to alter/remove the physical mechanism which 
causes/triggers the flap 

e changing the flow dynamics to reduce the magnitude of the flap when it does occur. 

Clearly the development of an efficient method of control will require an understanding of the 
flapping mechanism itself. 

1.3 THE PRESENT EXPERIMENT 
It is generally accepted that a low frequency unsteadiness is an intrinsic feature of 

separating/reattaching flows. Most previous separated flow control systems have been 

active and usually affect the flow around separation. In the present work, the reattachment 

process was altered passively through the introduction of a permeable surface at 

reattachment. The rationale behind the introduction of a permeable surface is that the 

relaxation of the impermeability constraint should change the reattachment process. This 

should alter the mass flux processes at reattachment and reduce turbulence levels in the 

fluid convected into the recirculation region. A permeable surface in the recirculation 

region may further attenuate turbulent perturbations before they have a chance to affect 

the free shear layer. Ultimately, as the processes of reattachment and those that give rise to 

the flapping are poorly understood, the precise effects of a permeable reattachment surface 

cannot be predicted. The aims of this work are to increase the understanding of the 

flapping phenomenon and at the same time develop an effective means of its control, 

specifically an attenuation of the associated low frequency pressure fluctuations. 

1.4 THESIS OUTLINE 
Two wind tunnels with two separate models were used in the experimental work. Chapter 

2 describes these facilities and the design and construction of the backstep models. Chapter 

3 describes the measurement apparatus and the measurement reduction and analysis 

techniques used to investigate the flow. Particular attention is given to triple-split hot-film 

probe anemometry, as it is a relatively novel technique. The experimental results are 

presented in three sections. Chapter 4 presents and discusses the initial flow visualisation 
study, which highlights many of the dynamical processes in the flow. Chapter 5 presents 
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velocity and pressure measurements for the impermeable reattachment surface 

configuration, and the flapping is investigated in detail. Chapter 6 presents corresponding 

measurements for a range of permeable reatpachment s4ffpýce configurations. These results 

provide further insight into the Rapping process and other aspects of the flow. Chapter 7 

discusses all these results and presents the conclusions thap were dpawn from them. 
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2. EXPERIMENTAL CONFIGURATION 

This chapter describes the wind tunnel facilities and aerodynamic models which were used 
in this work. The experimental investigation started with a flow-visualisation study of a 
low-speed backstep flow, carried out in order to illustrate the flapping and the effects of a 
permeable reattachment surface. This was followed by a quantitative study of the flows, 

using the measurement techniques described in Chapter 3. 

2.1 BACKSTEP CONFIGURATIONS 
Previous workers have used a wide range of backstep configurations. The chosen geometry 
is usually influenced by practical considerations and by the facilities available (see Figure 

2.1). The possible configurations can be divided into two types: those which incorporate 

the backstep into one of the walls of the working section, and those which use a separate 
backstep model. Bradshaw &_ Wong (1972) and Troutt et aL (1984), among others, used an 

open-circuit wind tunnel with a backstep built into the working section. On the other 
hand, Yoo &_ Baik (1992) used a splitter plate attached to a semi-elliptical body and Moss 

et aL (1979) used a model with separated flow on only one side. A configuration similar to 

that used by Moss et aL was chosen, because it was relatively straightforward to implement 

in the existing closed-circuit wind-tunnel facilities at Imperial College. 

2.2 BASIC MODEL DESIGN 
In the present work, the flow visualisation and quantitative studies were carried out in 
different wind tunnels, and separate backstep models of similar design but differing 

dimensions were constructed for each tunnel. The more general design considerations 

common to both are addressed below, while the specific details and dimensions of the two 

models are discussed in Sections 2.3 and 2.4. 
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Yoo, & Baik (1992) Bradshaw & Wong (1972) 

Troutt, Scbeelke & Norman (1984) 

Mossetal. (1979) The present work 

Figure 2.1 Backstep model configurations schematic 

The step aspect ratio (the ratio of step height to tunnel width) is the primary parameter 
determining the models' proportions. According to de Brederode and Bradshaw 0 975), an 

aspect ratio of at least 10 is necessary to ensure that the flow at the tunnel centre-line is 

free from three-dimensional effects resulting from the influence of the tunnel walls. 
However, it was necessary for the step height to be as large as possible to maximise the 

operating Reynolds number and spatial resolution. An aspect ratio of 12 was chosen as the 
best compron-dse between these two considerations. 

Both models were mounted quite close to the tunnel floor and the expansion ratios were 

1.09 and 1.10 for the flow visualisation and quantitative studies respectively. This kept the 

effect of having a finite wind tunnel height small. Setting the models at a small distance 

above the tunnel floor also improved access for mounting probes and put the step in an 

ideal position for recording the flow visualisation. 
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Both models were manufactured in two sections, with the junction between the two 
sections forming the backstep. This increased their structural integrity (both models are 

around 3m long but only 0 10 cm. high) and simplified their insertion into, and mounting 
inside the wind tunnels. The upstream section of the models is derived from the Eppler 334 

aerofoil section, chosen because of its flat pressure surface and large thickness to chord 
ratio. On the suction (upper) surface, the section is truncated at the point where it becomes 

parallel to the lower wall of the tunnel and then continues parallel to the wall until the 
step. The pressure (lower) surface of the quantitative study model was inclined at an angle 
of approximately -2.5* to allow for the increasing viscous blockage in the channel below 

the model. This angle of negative incidence corresponds roughly to the zero-lift angle 
(; tý -3*) of the Eppler 334 section. The upper and lower surfaces of the downstream section 
are parallel to those of the upstream section, except at the trailing edge where it was faired 

to reduce the size of the model's wake and therefore minimise any possible unsteadiness 
that may be produced by it. 

2.3 REATTACHMENT SURFACE CONFIGURATIONS 
The permeable reattachment surfaces, which are made of mild steel, consisted of a 

nominally uniform array of circular holes distributed on an equilateral-triangular pitch. 
An untuned plenum extends beneath the full length of each permeable surface. It is 

nominally air-tight so that the net mass flux through the permeable surface at any time is 

zero. To reduce any aeroelastic effects, the sections were stiffened by soldering 6mm. square 

section solid steel bars across the underside of the plates at intervals of about 3h. 

However, a very slight vibration of the plates was occasionally noticeable for some 

configurations. Three open area ratios (OAR) were chosen for testing (see Figure 2.2): 

4% OAR - (Imm. diameter holes, 5mm pitch, exact OAR 3.6%) This was considered to 
be around the lower limit for any major effects to be apparent. 

20% OAR - (Imm. diameter holes, 2mm. pitch, exact OAR 22.6%) This is approximately 
midway between the two extremes. 

50% OAR - (3mm diameter holes, 4mm pitch, exact OAR 51.1%) The 50% OAR was 

considered to be around the practical upper limit; if it had been any higher 

the flow would have simply passed through and reattached on the bottom 

surface of the plenum chamber. 
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Figure 2.2 Permeable surfaces schematic 

Eaton and Johnston (1982), among others, have shown that the instantaneous 

reattachment point varies about its mean distance of about 6. Oh downstream of the step by 

as much as 2. Oh on either side. The flow close to the reattachment surface can therefore be 

divided into three distinct regions: a region close to the step where the instantaneous flow 

direction is always upstream, a region around reattachment where the instantaneous flow 

direction can be either upstream or downstream, and a region downstream of reattachment 

where the instantaneous direction is always downstream (see Figure 2.3). The three regions 

will be referred to as the "separation bubble", the "reattachment zone" and the "relaxation 

region" respectively. It seemed probable that the introduction of a permeable surface would 

affect each region in a different way, and several permeable surface configurations were 

chosen to be tested: 

0-3.5h permeable: permeability extending under the separation bubble only 

4-10h permeable: permeability extending across the reattachment zone only 

0-10h permeable: permeability extending across separation bubble and reattachment zone 

\77777*7ý 7-77 

4 
Upstream 

04 
Reversing 

04 
Downstream 

0 Flow Flow Flow 
"the separation bubble' "the reattachment zone' "the relaxation region" 

Figure 2.3 Flow conditions along the reattachment surface 
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With the three different OARs, this gives a total of nine basic configurations. However, 

due to the time constraints, only the 20% OAR 4-10h configuration was tested in the flow 

visualisation study (Chapter 4). A series of quantitative measurements were carried out on 
these nine configurations to determine the most effective in attenuating the flapping. Some 

measurements were also carried out with an 0-8h permeable configuration. These results 

showed that the 20% OAR 0-3.5h and 20% OAR 0-10h configurations performed best, 

and a more detailed study was then carried out on these two configurations (and, of 

course, the impermeable configuration). It was found that the mean reattachment position 

of the 20% OAR 0-10h configuration was significantly further downstream than the 
impermeable configuration, and to avoid having the permeable/impermeable junction in 

the reattachment zone the permeable surface was extended to 12.5h for subsequent 

measurements. 

2.4 Row VISUALISATION 
A preliminary flow visualisation study was performed in an attempt to illustrate the 

flapping for the impermeable configuration, and perhaps show any effects that a permeable 

surface at reattachment might have. This study consisted of laser illuminated smoke 

visualisation experiments carried out on both the impermeable and 20% OAR 4-10h 

permeable configurations, and some "chalk and spirit" surface visualisation experiments on 

the boundary layer upstream of the step. Both still photography and video were used to 

record the flow. It follows a preliminary study by Hussein (1993). 

2.4.1 Wind tunnel descriptio 

The flow visualisation study was carried out in the Donald Campbell wind tunnel at 
Imperial College. This is a closed-circuit wind tunnel of conventional design which has a 

working section 320 cm. long and cross-section dimensions of 137 x 122 cm (4.5 x4 ft). 

Background turbulence levels have been measured as being below 0.15% (Bearman et al. 
1976). This particular facility was chosen as it was already equipped with the required 

safety measures for the operation of a Class 4 laser system. 

2.4.2 Flow visualisation model 
Figure 2.4 shows a dimensioned drawing of the flow visualisation model. The leading edge 

of the upstream section was machined from a solid block of softwood. The remainder of 
this section was made from 3mm plywood panels, glued to 6mm plywood ribs. Spanwise 

rigidity is provided by 50mm x 50mm softwood spars. The downstream section was made 
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of 3mm plywood panels supported by 40mm x 50mm softwood spars. The model is 1.2m 

wide and of nominally uniform cross-section. For the flow visualisation work carried out at 
5 m/s, a turbulent separating boundary layerwas achieved by placing a trip wire near the 

minimum Cp position on the suction side of the Eppler section (about 260mm downstream 

of the leading edge). 

2.4.3 Laser arrangement 
The laser arrangement is shown in Figure 2.5. A continuous 4 watt Spectraphysics 2011 

water-cooled Argon laser, with a Spectraphysics 2545 laser controller, was used to 
illuminate a 2-D cross-section of the flow. For convenience the laser was located on the 

roof of the tunnel. Its light was first reflected downwards using a 45* mirror and then 

passed through a concave cylindrical lens to generate the diverging light sheet. The sheet 

was then reflected upstream into the flow regime by another 45" mirror, of dimensions 

250mm x 37mm, which was mounted on the model 1600mm. (16h) downstream of the step. 

The flow was seeded using smoke from a Concept Comet smoke generator. On leaving the 

smoke generator the smoke first passed into a reservoir inside the model to reduce the 

pulsing effect of the generator, and then entered into the flow through one of two 50mm x 

10mm slits. The first slit is situated a small distance behind the leading edge of the model 

and introduces smoke into the upstream boundary layer, while the second introduces 

smoke into the recirculating region, 150mm downstream of the step. 

2.4.4 Recording equipment 
Still photography was carried out using a Canon F-1 SLR camera. 400 ASA black & white 
film was used, with an f-stop of 1.8 and shutter speed of 1/500 - 1/1000 sec. The video 

recordings were made with a JVC 325 camcorder using a shutter speed of between 1/500 

and 1/4000 sec, although 25 frames were shot each second regardless of the shutter speed. 
The shutter speed chosen for both still and video photography depended on the level of 

illumination provided by the laser for each set-up. 
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Figure 2.5 Laser visualisation schematic 

2.5 QUANTITATIVE STUDY 
Following the information and experience gained from the flow visualisation work, a 

model for the quantitative study of the flowfield was designed to determine the most 

effective permeable reattachment surface configuration(s), and subsequently, to investigate 

the physical processes at work. 

2.5.1 Wind tunnel descriptio 

These experiments were performed in the 3' x 3' wind tunnel at Imperial College. This is a 

conventional closed-circuit wind tunnel (Figure 2.6), with a working section approximately 

4900 cm long and cross-section dimensions of 914 x 914 mm. The maximum operating 

speed is approximately 50 m/s. The flow has been measured by Clements & Unwin (1973) 

to be uniform to within 0.5%, with a turbulence intensity of less than 0.05%. This facility 

was chosen for these experiments because of these low turbulence levels, and also because it 

generates particularly low levels of vibration and noise, thus minimising any 

contamination of the fluctuating pressure measurements. 
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2.5.2 Wind tunnel model 
Figure 2.7 shows a dimensioned drawing of the quantitative-study model. The model was 

900 mm wide and of nominally uniform cross-section. The Eppler 334 aerofoil segment of 

the upstream section was machined from a solid block of softwood. This was joined to a 

950mm long box section made of 6mm. medium density fibre-board (MDF) panels 

supported by 18mm MDF spars. The downstream section was also made of 6mm. MDF 

panels supported by 18mm MDF spars. The trailing edge fairing was made from two panels 

of 3mm plywood, curved to shape and pinned together. The model was fixed to the wind 

tunnel walls using 6mm. x 50mm x 50mm. angle section aluminium bars, and was supported 

along its entire length for maximum stiffness. 

Wide Angle Screen (K=2.5) 
30kW Motor Difruser 

....... ----------------------------- ------------------------- --- --- ----------------- --- 

. 7m, x 2.7m 
Settling 

Chamber 

...... . .................... .. ---9-. 1 Contraction . ..... ............. ---9: 1 Contraction- 

- Working Section 

. 4- 4.88m 03 Screens Honeycomb 
(K=1.6) 

Figure 2.6 3' x 3' Wind tunnel 

Next Page: Figure 2.7 Quantitative study model 
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Chapter 3: Measurement & Analysis 

MEASUREMENT & ANALYSIS 

3.1 TRIPLE-SPLIT HoT-FiLm PROBE ANEMOMETRY 
A triple-split hot-film (TSF) probe were used to survey the velocity field. After much 

consideration this technique were chosen over other high-turbulence velocimetry 

techniques, such as pulsed wires or laser Doppler anemometry, because it provides 

essentially continuous velocity time-histories for two components of the flow, and is 

relatively cheap. However, great care has to be taken in the operation of the TSF probes to 

ensure valid results, and the reduction of data is complicated and computationally 
intensive (in the following chapters "reduction' refers to the processing of the 

anemometere outputs to produce a velocity vector, any further processing, to produce time 

averaged quantities, spectra etc. is "analysis"). A detailed study of the probe's basic 

performance was carried out (section 3.1.7) as the technique is comparatively new and 

there is, as yet, little published information available. It was found that, within a limited 

frequency range, the technique resolves the local velocity field with an accuracy 

comparable to other velocimetry techniques, and that this accuracy is not greatly 

compromised in high intensity turbulence . 

3.1.1 Descriptio 

A DISA 55R94 Boundary Layer Triple-Split Hot-Film Probe was used for these 

experiments (see Figure 3.1). The probe consists of a cylindrical quartz fibre of dimensions 

3mm x 400gm, sputter coated with three thin films of Nickel, each covering 120' of the 

cylinder's circumference. The nickel films are protected by a 0.5 gm thick quartz coating. 
The fibre is fixed to the probe body by a dog-legged rod which offsets the sensing region 
from the main axis of the probe by 6mm. The dog-leg allows the sensing region to be 

positioned closer to a surface. The probe was supported by a DISA 551-127 Support which 

was in turn mounted on the 3' x 3' wind tunnel's 3-way traverse, allowing positioning in 

any orientation at any point in the flow field. 

3.1.2 Operating principle 
Investigations on the flow around cylinders at low Reynolds numbers, reported in 
Jorgensen (1982), have shown that, for a given velocity, the local rate of heat transfer varies 

almost sinusoidally with distance from the stagnation point until the point of separation is 

reached. After separation, the rate of heat transfer remains approximately constant. 
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Accordingly, the rate of heat transfer from each of the three hot films (each one covering 

120' of a fibre's circumference and controlled by an independent constant temperature 

anemometer) will be an approximately sinusoidal function of the angular orientation of the 

film relative to the flow direction, O(see Figure 3.2). 

10 nim 

22 mm 

.0 62 mm 

split vridth 
20-30 ýLrn 

120' 

400 ýirn 
120* '. 120* 

flow 
0 

direction 

Figure 3.1 Triple-split hot-film probe schematic 

The heat-transfer rate from each film is also a function of velocity magnitude, U, but, due 

to rotational symmetry, the total rate of heat transfer from the three films is nominally 

dependent on U alone. This permits U to be determined independently, which then 

reduces the heat transfer from each film to a function of Oonly. As the heat transfer 

functions are approximately sinusoidal, there will be two possible flow directions for each 

film for a given heat transfer rate. However, the correct solution will be common to all 

three films. It is therefore possible to determine, without ambiguity, the magnitude and 

direction of the flow velocity (normal to the axis of the probe) from the heat transfer rate 

from the three films. 

Heat transfer response of the 
three films (at a given U) 

2 

tilm 
43 Film #2 Film 

Solution to heat transfer rate equation at flow angle 0 

, will be common to all three response equations 

Heat transfer from Film #I 

Solutions to heat transfert- 
response functions 

Heat transfer from Film #3 

-- Heat transfer from Film 42 

Flow direction 0 2n 

Figure 3.2 Operating principle schematic 
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3.1.3 Experimental set-up 
The probe was operated using three channels of an 8 channel constant-temperature 

anemometer system of the Melbourne University "Wombat" design. The output from the 

anemometers were amplified using amplifiers designed and manufactured in-house, and 
low-pass filtered at IOkHz using Rockwell Laboratories 452 and 1020F filters to avoid any 

aliasing. The filtered signals were recorded digitally using the Digitimer A-D system at a 

sampling rate of lOkHz (the lowest sampling rate available). Details of this system are given 
in Section 3.6 and also in Heenan, Westbury & Morrison (IQ96). 
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Figure 3.3 Triple-split hot-film probe experimental set-up 

According to Doiron (1992) and others, it is important to ensure that the operating 

temperatures of each of the films are similar in order to minimise heat transfer between 

films. In practice, the films' resistive characteristics are not identical and, to achieve the 

chosen operating temperature of 170', overheat ratios of 1.62,1.65 and 1.51) respectively 

were required for the three films of the probe used. The wheatstone bridge circuit of each 

anemometer was customised to provide the correct overheat ratio, and the resistances of 

several nominally similar resistors were measured to find ones that exactly matched the 

required overheat resistances. 

3.1.4 Calibration procedure 

Calibrations of the probe were performed in the 3' x 2' wind tunnel facility at Imperial 

College. The probe was positioned vertically in the middle of the tunnel, approximately 
240mm above the tunnel floor. The probe support passed through the floor of the tunnel 
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and was mounted in an NC-machined support which allowed the angular orientation of 

the probe to be changed in precise 15" increments. The probe was rotated through a full 

circle in 15* increments, measuring the anemometer output for each channel, ej, at each of 
the 24 positions. This process was completed for 10 different flow speeds between 0.7 M/s 
to 40 m/s, which covered the range of velocity magnitudes present in the experiment (see 
Figure 3-4). The local flow velocity was measured using a pitot-static probe connected to a 
Furness 1362 micromanometer. 

3.1.5 Calibration data processing 
The processing of these 240 calibration measurements is based on the methods of Doiron 
(1992) and Jorgensen (1982). A set of functions which relate the anemometer's outputs to 
the magnitude and direction of the flow were evaluated as follows. 

The velocity magnitude, U, is nominally dependent only on the total heat transfer from 

the probe, which is proportional to the sum of the squares of the anemometers' outputs, 
Ee, ý 

, (Eq. 3.1). This relationship is modelled using a weighted third-order least-squares 

polynomial curve-fit (Eq. 3.2). In practice, imperfections in probe manufacture mean that 

the total heat transfer from the probe is not completely independent of angular position, 

owing to the differing heat-transfer characteristics of each film. As a result, for each 

calibration velocity, the value of Y-e,; was averaged over the 24 calibration measurements at 

that velocity, to give 1; 2 e;. which is used as the independent variable in the calibration 

equations. The effects of this asymmetric response are taken into consideration later. 

2+22 Ze, = e, ei +e3 (3.1) 

ao +a, 
(Uý)+ 

a2 
('ýT) 2+a 

3(; 

ý)3 
(3.2) 

The quasi-sinusoidal nature of the films angular response allows the angular response 

curves for each calibration velocity to be modelled accurately using a fourth-order Fourier 

series curve-fit (Eq. 3.3 and see Figure 3-4), although there was sometimes a noticeable 
fourth-order component present in the curves. For each channel, the variation of each of 

the nine Fourier series coefficients, b,,, with U was, in turn, modelled using a set of third- 

order polynomial weighted least-squares curve-fits (Eq. 3.4), with the Ie 2 at that velocity i 
the independent variable. 
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e, (-U, 0)= b. +b, cosO+b2 cos20+b. cos30+b4 cos40+ 

b, sin 0+ b6 sin 20 + b. sin 30 + b, sin 40 (3.3) 

23 
(UU) 

= g(I)o + g(I)l 
(j; 2 + g(j) il 

-e2 
i+ 1)2( 

2 
i-, i bo g 

i; 

3(i 

ý 

8 g(g)(. + g(g). 
(jýi2ý 2 2) 

i+g (9)3( e (3-4) 2+ g(9)2 

The coefficients of all the calibration functions were evaluated using a set of Fortran 

programs developed from routines in Numerical Recipes in FORTRAN which use singular 

value decomposition to solve a least-square criterion. These programs calculated the curve- 

fits and then displayed the results graphically so that the quality of the curve-fits could be 

checked. These functions represent a model of the three films' heat transfer response, 

relating ej of each film to 1: 22 
, e;. (and therefore U, as Ee, is dependent only on U) and 0. 

For a given set of e,, 0 can be extracted from the model by inserting an estimate Of 2 7, e;. 

into Eq. 3.4 to produce the heat transfer response curves for that particular velocity 

magnitude and then solving Eq. 3.3 for 0. There will be two solutions for each film but the 

correct 0 will be common to all three. U can then be found from Eq. 3.1. 

The numerical solution of Eq. 3.3 is an iterative process with up to thirty iterations, and, 

as a result, is very computationally intensive because of the large number of trigonometric 

functions that have to be calculated at each iteration. To reduce the computational 

overhead during data reduction, the right-hand-side of Eq. 3.3 is pre-calculated and stored 

as a set of look-up tables. Eq. 3.3 and Eq. 3.4 are evaluated for 256 increments of 0 

between 0 and 21; for each of 2000 equal increments of Fe, ' between the minimum and 

1: 2 
maximum values of Ie, ý (0 resolution -- 1.4* and e; resolution m; 1.5mV). This gives a 

total of 512,000 elements, E(., o, in the look-up array of each channel. Although the 

generation of the look-up tables takes some time, it has to be performed only once for each 

calibration. The use of look-up tables reduced the CPU time taken to process a data 

sample by a factor of about nine, with no noticeable loss of accuracy in determining the 

roots. 16 Mbytes of RAM was sufficient to store the three look-up arrays and a 125,000 

sample time history (4 channels) without resorting to virtual memory. 
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Figure 3.4 A typical calibration (at 10 different velocities) together with its 

Fourier series model 

To compensate for the slight dependence of Ze? on 0, due to the imperfect rotational 

symmetry of the probe, the relationship between Le, 2 and Ee 2 at a given 0 (and U) is 
i 

modelled using a fifth order least squares Fourier series curve-fit for each flow speed (Eq. 

3.5 and see Figure 3.5). Again, the variation of each of the Fourier series coefficients, Sno 

with U is modelled using a set of third-order polynomial weighted least-squares curve-fits 

(Eq. 3.6). Using these equations, Xe; , the independent variable in the directional 

response calibration curve-fits, can be calculated from the local Ze,; once an initial estimate 

of 0 has been made. 

2r 
U Zej U, 0) So +SI COS O+S2 cos20+S3cos3O+S4 cos40+s5 cos5O+ 

Ee, 

S6sinO+S7sin20+s, sin 30+sg sin40+slo sin 50 (3.5) 

72 - )3 (-Ee-, 2) 
i+ r( 

( ie-, r(I)o + r(l), + r(, )2 
(i 2) 2 

So 
(U) 

1)3 

(j7j 2 
22 2 -)3 

S, 0 
Pu) 

= ro ')o + ro ), ii (3.6) 
(ie 2+ 

r(1 1)2 1+ 
r(1 1)3 

(Eý' 
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It is unnecessary to generate a look-up table for the asymmetric response model because in 

the data reduction process, the asymmetric response equation is not solved for 0, it is 

evaluated at a given 0, and this does not require much computational effort (about 3% of 

that required to solve the angular response equations for 0). 

1.15 

zei 
2 

me, 2 

1.1 

1.05 

I 

0.95 

0.9 

OCI) 
Figure 3.5 The asymmetric response of the above calibration in Figure 3.4, 

and its Fourier series model. 

For a given flow velocity, the heat transfer rate from the films is nominally proportional to 

the temperature difference between the probe and the surrounding air. Therefore, the 

probe calibration will be affected by changes in air temperature. To compensate for this 

effect, a correction factor (Eq. 3.8), suggested by Doiron (1992), was applied to all 

measurements (including the calibrations) to normalise them to a single "reference" 

temperature. The correction assumes a linear relationship between temperature difference 

and heat transfer rate. i. e. if 

2 
e, T-T.. ) ) 

meas (3-7) 
2)re 

f 
ý(T 

_T film e 
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then 

(ej) 
f= 

(e, ). 
Tfill. - T.. 

(3.8) 
Tfilm - Tef 

where and ,, f, refer to measurement and reference, and Tfy. is the film operating 

temperature which was 170'. A reference temperature of 25" was used. All experiments 

were carried out with the flow temperature within about 5* of this value, and the applied 

corrections to ei are less than 2%. However, at the higher end of the calibration, small 

variations in ej produce large changes in U and the difference between the uncorrected 

and corrected U became as large as 10%. The air temperature in the tunnel was closely 

monitored to ensure the appropriate correction would be applied to the data. 

3.1.6 Experimental data reduction 
A Fortran routine was written to evaluate the flow magnitude and direction from the 
digitally sampled output of the anemometers. The routine followed an iterative algorithm 

where: 

1. ej from each channel is normalised to the reference temperature of 25" using Eq. 3.8 

2. The local Fe, ' is used as an initial estimate for Ze 2. The two roots of Eq. 3.3 for each j 
film are extracted by comparing each ej with the look-up table for that film. Each row 

of the look-up table contains possible values of e, and 0 corresponding to one value of 

Zeý The measured (and later corrected) Ze, ý is used to find the two adjacent rows 

corresponding to the two closest values of Zej'. In each row, for two roots, the two 

values of ej on either side of the measured value of ej are then located. That is, it finds 

m, n and z where 

nA Eq + Eeý -i- < Ee 2< (n+I)AZe 2+ Eq 
ii 

and 

E(�j > ei > E(��ii and EGH�. +i) > ei> 

22 A Ze, is the increment between successive rows of the look-up table, and le, min is the 

le 2 of the first (lowest) row of the look-up table. To find the elements, the algorithm i 
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first does a 16 element incremental search through the relevant look-up table rows, and, 
once the root is located, it then repeatedly bisects this interval until the root is 
bracketed between consecutive elements. The location of the root is then further refined 
by linear interpolation between the two pairs of elements using Eq. 3.9. The routine 

then continues the incremental search and extracts the second root in similar manner. 

2 

0, 
v, = 01 + 

(02 
-0) 

Se, 2 

- 
(nAYe, + ýei2 mi, 

) 

(3.9) äSe2 

where 

ol=mAo+ 
ej-E(. +I'n) AO and 02=(M+Z)AO+ 

e, - E(m+z+,, 
n+, ) AO 

E(., 
n) - 

E(, 
n+,, n) 

I- 

E(m+zn+, ) - E(. 
+z+,, n+, ) _ 

O= (M-I)AO 

e 
O= MAO 

1.5mv 

ej 
Angular Response Curve for 

le, 2 = (n+I)AZej2 + Ee 2min 
Elements of the 

look-up table row Angular Response Curve for 
corresponding to 2 

Ee, 2 = nAEej2 + Ee, 2. in 
the measured Ee, 

Angular Response Curve for 
A root 6ý 0 Eej2 = nAEe 2+ Eel2min 

Figure 3.6 Look-up array root extraction algorithm 

4. The flow angle 01, is estimated as the weighted average of the roots 0,,,,, common to all 

three channels. Generally, due to the computational approximations and experimental 

errors, the three common roots will not be exactly coincident, and although the 

"coincident" roots are usually obvious, the development of a completely robust root- 
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choosing algorithm is quite involved. The algorithm used was developed from that 
described in Doiron (1992). There are eight ways of choosing one root from each of the 

three pairs produced by the solution of the heat transfer response equations, with one 
combination being the actual common roots. The routine evaluates the "level of 

coincidence" of each combination using the standard deviation from their average as a 

measure of coincidence. The common roots will have the lowest standard deviation, 

and are usually unequivocal, with a standard deviation at least an order of magnitude 
lower than the combination with the next lowest value. However, when turbulence 
intensities were high, occasionally there would be another combination of roots with a 

standard deviation of similar order. If this was the case, then both combinations of 

roots would be processed in order to see which combination of roots ultimately ended 

up with the lowest standard deviation. Once the correct set of roots have been 

determined, 0,,, /, is calculated as their weighted average. Each root is weighted in 

proportion to the angular distance between it and its non-coincident pair, with the root 

with the lowest separation between it and its pair being excluded altogether. The 

rationale behind the weighting is that a root close to the minimum or maximum of its 

angular response curve will be more sensitive to experimental error due to low local 

gradient of the response function. A measure of proximity to the minimum or 

maximum is given by the angular separation between the two roots: the larger the 
distance, the further from a minimum and therefore the "better" the root (see Figure 

3.7). Several variations on this basic procedure were tested, and, although this 

weighting appeared to produce the most accurate results, they all produced quite similar 

time averaged statistics. 

Pair of 

e- ---------- 

e- --------- 
& 

Heat transfer 
response curve 

If the roots are close together then the local gradient of the heat transfer response curve must be 

low. If they are far apart then the local gradient of the heat transfer response curve must be high. 

Figure 3.7 Relationship between root separation and the local gradient of the 
heat transfer response curve 
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5. The coefficients of the asymmetric response Fourier series function are calculated from 

2 1: 2 is Eq. 3.6 using the present estimate of le, , and a correction to the estimate of e;. 

determined by evaluating the asymmetric response function (Eq. 3.5) at the present 0,,, I,. 

2 6. This new value of Ze; is used to calculate a new set of Fourier series coefficients for 

the angular response functions (step 2 above) and the process repeats itself. 

7. Once X2 e; and 0.1,,, have converged, U,, ais evaluated from Eq. 3.2 using the final 

value of Zeý . Convergence of Ud, to < 1% and 0,,, I, to < 10 is invariably achieved 

within three iterations. 

1 
3.1.7 Performance analysi 

It is evident from the preceding sections that the processes of probe calibration, 

experimental measurement and data reduction are all quite complicated, with many 

potential sources of error. In this section the performance of these processes are analysed in 

order to determine the lin-dtations of the probe and the accuracy of its data. 

3.1.7.1 PerLormance of the calibration and data reduction routines 
The TSF measurements presented in this work were made over three wind tunnel sessions 

approximately six months apart. The same TSF probe was used for all measurements and 

was re-calibrated before each session. The accuracy of the calibration and data reduction 

process was tested by inserting the e, ýs for each calibration point into the data reduction 

routine and comparing the output, 01., and Ud,,, with the calibration values of 0 and 

U. Figure 3.8 shows the differences between the computed and actual flow direction for all 
240 calibration points of the third calibration carried out. Figure 3.9 shows the ratio 
between computed and actual velocity magnitude for the same calibration. Corresponding 

figures for the other two calibrations can be found in the Appendix. A precision level (95% 

confidence), defined as 1.96 times the standard deviation of these errors in 0,,,,, and Ud, is 

presented in Table 3.1. There appear to be two main causes of error. The first is the 

imperfect fitting of the Fourier and polynomial curves to the calibration data, which can 

also be the result of calibration measurement errors. The curve fits were poorest for the 

second calibration and this is reflected in the somewhat larger errors present (Table 3.1). 

The second cause of error is due the probes asymmetry. Basically, when the gradient of the 
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asymmetry is high (i. e. the gradient of the asymmetric response curve shown in Figure 3-5), 

the asymmetry correction to le, ý produced by the Eq. 3.5 becomes sensitive to errors in the 

estimate of 0 (these errors can be large for the first iteration). If, during the direction 

estimation procedure, a large error in the asymmetry correction to Ye, ' develops as a result, 

thiscan cause an inaccurate convergence of the direction estimation process. This problem 

is inherent in the direction estimation process and can only be reduced by using a highly 

symmetric probe. 
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Figure 3.8 Difference between computed and actual flow direction for 
Calibration Data Set #3. 
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0 U- 

Calibration #1 3.8* 3.9% 

Calibration #2 4.3* 5.9% 

Calibration B 2.4' 3.5% 

Table 3.1 Precision levels (95% confidence) in calibration data reproduction 

3.1.72 Reduction of calibration errors 

These overall precision estimates were used as a measure of the quality of the calibration 
and two refinements to the basic calibration process were implemented which reduced 

these values. Initially it was found that the precision of both U,. k and 0,,,,, decreased at 
low velocities. This was due to poorer polynomial curve fits (Eq. 3-4) to the Fourier 

coefficients for lower velocity calibration data, caused by the rapid changes in the gradient 

of the Fourier coefficient curves. For 0,,,,, this was compounded by the lower angular 

response curve gradients present. The fits at low velocity were improved by increasing the 

weighting of the points at lower velocities in the least-squares algorithm. This forced the 

curves to fit these points better at the expense of reducing the fit to the data points for 

higher velocities. The weightings were changed until the best reproduction was achieved, 

although it was necessary to reduce considerably the weighting (and thus the fit) at 0 m/s 
for best results. This trade-off was considered acceptable as results very close to 0 m/s 

would be error prone in any case, as indeed would those of any velocimetry technique 

involving the measurement of heat transfer (due to buoyant convection etc. ). 

At each calibration velocity it was noticed that there was a slight difference between the 

1: measured value of e, 2 (which was used as the independent variable in the polynon-dal 

curve fitting algorithms) and the average value of the (asymmetry corrected) Ye, ' returned 
by the data reduction procedure after convergence. It was found that if, instead of the 

initially measured Ie 2, these latter average values were used as the independent variable i 
in the polynon-dal curve-fits (Eq. 3-4), the calibration precision was improved. 
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