WORK CYCLE Web application for PROCESS DIRECTOR 7.1 Page 1 of 1

T
s
=
93877151
Relais Request No. REG-30233985
Customer Code Delivery Method Request Number
34-0076 SED RZUTP 0938 SEDS9 COPYRT S
Scan Date Printed: 17-Feb-2012 07:24
Date Submitted: 14-Feb-2012 02:42
3839.355000
TITLE: EXPERIMENTAL HEAT TRANSFER, FLUID
YEAR: 1988
VOLUME/PART:
PAGES: * L0g-in Please log on PO1
AUTHOR:
ARTICLE jlml_b_out CAPS T
SHELFMARK: 3839.355000 USC" nurbayr
« WEB CYCLE
User Guide Password
INFORMWﬁﬂd&E&OURCE CENTRE
Approver)
Log on
« WEB CYCLE Help Disclaimer - Copyright + ReadSoft®

User Guide

(Approver using Announcement: Dear all CAPS users, you can now access to Webcycle and v
Workforce Portal)
Password Guideline:

1. Your password must be at least 8 characters long.

2. You must not repeat any password you have used before.

« FAQ

+« Contact Us

An example of an acceptable password is 'PTJulQ9#'

Your Ref : *Note - do not use this example as your password)
RZUTP 098 SED99 COPYRT S S|EXPERIMENTAL MEAT TRANSFER, FLUID|MECHANICS AND

THERMODYNAMICS 1988 :|SHAH, R, K. (RAMESH K.,){1988,]|A FLYING HOT-WIRE PROBE
SYSTE|BRUUN, H.H., JAJU, A.A., AL-KAYIEM, H.H.|{ELSEVIER, NEW YORK

DELIVERING THE WORLD'S KNOWLEDGE

This document has been supplied by the British Library www.bl.uk

Copyright Statement

Unless out of copyright, the contents of the document(s} attached to or accompanying this page are protected by
copyright. They are supplied on condition that, except to enable a single paper copy to be printed out by or for
the individual who originally requested the document(s), you may not copy {even for internal purposes), store or
retain in any electronic medium, retransmit, resell, hire or dispose of for valuable consideration any of the
contents {including the single paper copy referred to above). However these rules do not apply where:

1. You have the written permission of the copyright owner to do otherwise;

2. You have the permission of The Copyright licensing Agency Ltd, or similar licensing body;

3. The document benefits from a free and open licence issued with the consent of the copyright owner;

4, The intended usage is covered by statute,

Once printed you must immediately delete any electronic copy of the document(s). Breach of the terms of this
notice is enforceable against you by the copyright owner or their representative,

The document has been supplied under our Copyright Fee Paid service.You are therefore
agreeing to the terms of supply for our Copyright Fee Paid service, available at :

hhrpsdvwiapdbatdinesbetn faprmubdeshe/ Saotummid il At Ime s DTIessthi 1 157 2/17/2012



T

A FLYING HOT-WIRE PROBE SYSTEM FOR MEASUREMENTS IN SEPARATED FLOW

H H Bruun, A A R Jaju, H H Al-Kayfem and M A Khan

Postgraduate School of Mechanical and Manufacturing Systems Engincering
Bradford University, Bradford, BD7 1DP, England

ARSTRACT hot-wire technique. Basically, a hot-wire probe
) responds to the velocity vectnr relative to 4 wire-
This paper contains a description of the principles oo 0o co-ordinate system. This principle 1s used in

of a flying hot-wire system, and outlines the ad- #1l ' flying hot-wire technigues. To avold the signal
vantages and disadvantages of using a hot-wire " rectification associated with stationary probes in
probe system based on either a eclrcular, linear or reversing flows, the probe 1s moved through the
'bean shaped’ curve path. The system developed at region of interest with a known veloeity, higher
Bradford University is based on the 'bean shaped' than any instantancous negative velocity, Various
curve path first utilized at Imperial College. & implementations of this technique are considered in
brief description is given of its gperation.  The this paper, and the advantages and disadvantages,
validity of the system was demonstrated by a cali- of systems utilizing & circular, a linesr and 4
bratfon test in which a single normal hot-wire *bean shaped' probe path are discussed. The "hean
probe was moved in still air, Finally, results are shaped' path was selected in the flying hot-wire
presented for measurements with such a probe behind probe system developed at Bradford University, and
2 backward-facing step with a height H = 120 ma. this paper gives a brief deseription of its imple-
The results obtained show mary of the features ob- mentation. Initially the system was testeq using a
served in similar investigations with Laser- single normal hot-wire probe, & calidbration test
Doppler anemomelry, but some new bi-modal phenonena was first carried out in s£111 air to demonstrate
are notfced in the pdf curves in parts of the sep- the accuracy of the system, This was followed by a
arated flow. region. It is demonstrated that this test invelving weasurements behind a backward-facing
bi-medal phenomena is consfstent with the existence step,

of a flip-flop stability siteation in the shear
layer, whick bounds the sepavated flow region,
’ 2. TBE FLYING HOT~WIRE TECHNIQUE

1. INYRODECTION The basic principle of the flying hot-wire technique
can be explained with reference to figure 1, 1Ig is
Hot-wire anemometry is a useful and practical tool assumed that we have a surface with a separated flow
for the study of many turbulent flows, A single region. A space-fixed co-ordinate system (X, Y) is
normal hot-wire probe is easy to use and can provide intreduced, in which the flew velocity vector V and
Information on the longitudinal velocity component the related velocity components (U, V) are to be
in low/moderate turbulence intensity flows, However evaluated. (In this discussion only a two dimen—
with a single stationary hat-wire probe one is not sional flow ffeld ig considered.) Foy g siven

able to detect reversals in the flow direction. To
measure the lateral veloclty components a variety
of probe configurations are coumercially available
with one, two or three wire sensors, the output from
which can be wanipulated to obtain the degired quan-
titfes. Tutu and Chevray [1] carried ocut an exten-—
sive study of the effecrs of large velocity flue-
tuatlons on the output of an % hot-wire probe ip-
cluding errors caused by flow reversals. In prac-
tice 1t has been found rhat to obtain reliable
results the (U,V) velocity vector must 1de within
the approach quadrant of the X-probe.

For these reasons it has, untii recently,
proved difficult to obtain relizble quantitative
experimental information on the velocity field in
regions of separated flow. However, due to the
develapment of more complex techniques such ag the
flying hot-wire technique, the pulsed hot-wire
anemometer and Laser-Doppler anemometeyr, detailed Fi

g i
flow measdrements in separated flov regions are now
possible. This paper is concerned with the flying

Principle of measurement with a flying hot-
wire probe.
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geometry the sensor of the flying hot-wire wiil
follow a prescribed curve say (a)., At some time t,
the probe position (X, Yp) will be at, eg location
£{3) and the probe will be moving with a velocity
V. Both the probe position and velocity are as—
sumed to be known. The corrvesponding yelocity of
the flow is V. The relative velocity Vy saen by
the probe is obtained from the vector relationship
L3

IR A (1)

as 1llustrated in figure 1. If ]% | is alyays
greater than the instantaneocus values of [¥] then
the direction of V, will never “reverse", and the
hot-wire signal can be interpreted uniquely. Thus
during a sweep, at any prespecified point (say (3))
we can evaluate the velated velecity V, and the
corresponding velocity components (¥, V). This
procedore can be repeated for a number of points
aleng the curve path (a) during & single sweep. To
obtain statistical quantities, such as the mean and
ros values of the U and V velocity components at
specified polnts, it 15 necessary ro use ensemble
averaging techniques. For this purpose the sweep
nust be repeated many times. When these sweeps are
completed then the related data analysis will pro-
vide the required results for the selected points.
Te map the complete separated flow region ir is
necessary for the flying hot-wire system to be
mounted on a traversing mechanism which parmits the
system to be moved both in the X and Y direction.
By moving the system in, eg the Y divection, a simi-
lar curve (b) will be cbtained intersecting a dif-
ferent part of the separated flow region. Repeat-
ing the procedure described for curve (4) will pro-
vide the required velocity quantities for selected
points on curve (b). This procedure is repeated
until the separated flow region has been fully
covered,

2.1 Implementation of the Flying Hot-wire
Technique

To demonstrate the implementatfon of a flying hot-
wire system the following three different prebe
paths and related mechanisms are discussed:

1. A circular wotion as used at the California
Institute of Technology (CIT), (Cantwell [2},
Wadcock [3] and Coles and Wadcock [4]. 2. A
linear motilen as used at Melbourne University (MU}

-

TO HOT-WIRE [
ENOY HOT-WIRE REST
ANEMOMETER PRORE POSITION
| i X
100 AT
FLYING HOT-WIRE
100 PATH
HEASUREMENT REGION
Fig 2 'Bean-shaped' curve pattern and related

X, Y co-ordinate system.
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(Watwuff et al [5], Perry [6]). 3. A curve linear
‘bean shape' motion as used at Imperial College (1C)
(Thompson [7], Thompson and Whitelaw [8] and
Thoupson [9]Y. This motion was adopted in the
present investigation.

Kipematics Having selected a curve path, the
information requived is the varfation in the probe
position (X, Yp) and the corresponding probe vel-
oclty V..,

Mechanical Implementation Having chossen a
probe path and a related varfiation in the probe vel-
ocity Vy, a mechanical device has to be constructed,
which can {mplement this motion. The circular mo-
tion used at CIT was obtained by placing the probe
at the end of a (0.75 m) }ong, thin rotor arm.
However, this configuration was prone to vibrations.
The linear motion used at MU was achieved by placing
the probe on a sled mounted on a rail. To reduce
the friction between the sled and the rail, a ‘spe-
clal air bearing was mounted on the sled. The
'bean shaped’ motion {see figure 2) used at IC and
also in the current investigation was obtained using
the four bar mechanisn illustrated in figure 3.
Mechanically, the motion 15 implemented by rotating
a flywheel linked to the arm OR. This motion is
obviously more complex than the circular motion used
at CIT. However, in the CIT investigation the drive
mechanism had to be placed insidé the wind tunnel,
thus creating a significant obstruction of the flow.
For the four bar mechanisn (figure 3) only part of
the arm and the probe needs to be placed inside the
wind tunnel, thus minimising the blockage effect,

Drive mechanism The eircular motion used at
CIT was maintained at a virtuwally comstant angular
velocity w. Due to variation in the drag force
during rotation, the motor driving the roter arm
had to be linked to a control system to maintain
constant w. An electric motor was also used to
drive the flywheel of the four bar mechanism., How~
ever, in this system, the mechanism {and the probe)
starts from rest (see figure 2) and significant
anpular accelerations are required in order to
%chieve the required magnitude of the probe velocity

P during 2 single sweep. Consequently te avoid
excessive torque requirements the mass of the rotat-

>4~ BOT-WIRE ELEMENT

Fig 3 Principle of flying hot-wire probe drive
mechanism. a = 0.16 m, b = 0.360 n,
c=0130 m, r = 0,06 m.
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ing parts of the system was minimized, and a DG
printed clircuit metor of a reasonably small size
(= 1 kg) was selected, This type of motor could be
overrun for a small period of time above its normal
operating current, to achieve the high acceleration
required during its first revolution. It could also
be controlled easily for start/stop operations.
The linear motion utilized at MU was operated on a
continuous basis in the form of a linear pendulum
motion. Consequently a complex mechanical system
is required for the arresting, reversing and accel-
erating of the probe at either end of the motion.
Also the linear motion cof the probe may intersect
the model under study, and to avoid impact the model
nust split open just before the probe reaches it.
Freobe position and velocity 1In all three
methods it is necessary to prespecify the positions
at which measurements are to be carried out and te
evalvate the corresponding probe velocity. LIn the
case of a linear motion the probe velocity V
usually set equal to {U,, 0} can under conditions
of nearly constant velocity be evaluated from

UP = aX/ax (2)

by measuring the time At corvesponding to a speci~
fied distance 4X. Similarly, for a cirecular motion
the magnitude of the probe velocity !VPI can be cal-
culated from ’

[VPI = wr (3

vhere ¥ ig the probe radius, Under conditions of
nearly constant anpular velocity, the value of
can be obtained from

w = Ad/At (4)

by measuring the time At corresponding to a speci-
fied angle variation A¢., Based on the derivations
given by Thompson and Whitelaw [8] and using the
notatien and co-ordinate system illustrated in fig-
are 3, it c¢an be shown that the probe position (xp,
Yp) corresponding to the angle ¢ is given by

o oy

Fig 4 Photograph of flying hot-wire probe system

X, = ~r{bfa)sind + (c/a)L - e {5)

P
¥, = a®b- v+ reosy - (}b/a)L - r(cfa)sing (6)

For convenlence, the distance L, illustrated on
figure 3 has been included in these equations,

L = (a? - (rsiné)?)% €]

The probe velocity components {U,, VP) in the (X, Y
co-ordinate system are obtained Ey differentiating
equations 5 and 6 with respect to time {(t) and
setting d¢fde = w, giving

Uy = dx/de = —wr{%cos¢ 4~9£§§%23¢ (8)
Vp ="dy/de = wr((i-t-b/a)(r_s_;{_gﬁ)__s:[n@ B gms“ ®

‘These equations demonstrate that the instant—
aneous velocity of the probe can be determined pro-
vided w and & are known at that instant. As for
the eivcular motien the value of © can be obtained
using eq 4. The angle  which the probe and its
support makes with the X axis is required for mea-
surements with an X hovt-wire probe. From the geo-
metry in figure 3, it can be shown that the angle
can be evaluated from

¥ = -arc sin {rsing/fa} (1o

Equations 3 to 9 demonstrate that it is possible
to determine the position and related prebe velocity
for both the circular wotlon and the four bar mech-
anism provided ¢ and @ are known. This information
can be obtained by fixing a rotary encoder to the
shaft of the driving motor. By monitoring the
pulses from the encoder and hence the related angle
¢, the position of the probe can be evaluated.

Also by measuring the time interval between consecu=
tive pulses the cerresponding angular velocity ®

can be evalvated from 2q 4. A similar principle

was applied at MU using a linear encoder system in
the form of a grating system which treated a Moire
fringe pattern as a the sled moved past it.

Hot-wire probe calibration and signal Inter-
pretation All hot-wire probes, stationary or fly-
ing ones, are secondary devices, le they need cali~
bration before use. For a single normal hot-wire

< Encoder
haft l 1
Motor }— Encoder Pulses Timer
Marker -
Pulses %
IOn/off Thyristor | E
l Position Counter I
FDP 11/23
— ]
Computer Timer
Board
Flying
Hot-wire A/D
Signal Converter

Fig 5 Flying hot-wire probe system block diagram
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probe with the velecity V perpendicular to the
sensing element, the relationship between E and V
can, with a pood degrec of accuracy, be expressed
in the form of a simple power law.

E* = A + BYR (1

The calibration procedure evalvates the calibration
constants A, B and n (see Bryun et al [107).

1f the velocity vector V has both a U and V
component, then an X hot-wire probe is often used.
However, the signal interpretation of an X hot-wire
probe will be discussed in a later paper, as this
study only contains vesults for a single normal
hot-wire probe.

Measurements with a flying hot-wire probe The
pulses frow the encoder were used to Initiate data
acquisition at specific probe positions. For all
three types the data acquired consisted of a) the
time At for one (or more) pulse period(s) and b} a
single E value {normal probe) or double voltage
values (Ey, Ep} from the twe wires of an X hot-wire
probe. This procedure was repeated for each of the
specified acquisition positions. The time informa-
tion At was, as explaingd previously, used to evalu-
ate the probe velocity V,, and the anemometer sig-
nal(s)+cnablcd the evaluation of the relatiye velw
ocity Vp. The corresponding flow veloclty V was
then obtained using eq I.

3. OPERATION OF THE FLYING HOT-WIRE SYSTEM

The present flying hot-wire mechanism was based on
the IC design. It was developed for the investiga-
tion of separated flows, such as the flow over the
suction surface of an airfoil at high angle of
attack, placed in a low speed open loop wind tunnel
having a square working section of 61 cm x 61 cnm.
The maximum working section velocity was 25 mfs,
and the maximum probe velecity used to date was

6 mfs. The flying hot-wire mechanism was mounted

TABLE 1

Calibration test for flying hot-wire probe system

A = 64454 B o= 4.75320 n = 0.4277
Probe Velocity Relative Velocity Up - Up
Uy (ufs) Uy (wfs) (n/s)
5.764 5.742 0.022
5.759 5,700 0.059
5.778 5.652 0.126
5.758 5.647 D.111
5.771 5.667 0.104
<Up> = 5.760 <Up> = 3.680

SR> = <Wy> 142

U

above the wind tunnel on a supporting frame, ex-
terior to the wind tunnel.

Figure 4 shows the mechanical part and linked
electrical components of the flying hot-wire system
inirially used at Bradford University with the key
components identified as numbers !-6. In addition,
to the traversing mechanism (marked HTR 48) these
components are: 1) a main assembly, consisting of
two rectangular plates spaced 96 mm apart, onto
which all other components are mounted. 2) A 140 ng
nominal diameter and 8 mm thick flywheel, which is
coupled to 3) & DC printed clrcuit moter. 4} A
rotary encoder is also coupled to the shaft of the
motor. 5) Attached to the perimeter of the flywheel
is a 541 mm long flying arm with a probe mounted at
the free end. Finally to arrest the motien of the
probe after a single sweep the system alse contalns
6Y a braking mechanism operated by a solenoid. The
details of this system are described in Jaju [11]).

The schematlc dfagram in figure 5 shows how
the main electronic elements are related., To illus-
trate the overall operation of the system, the se-
quence of events for a single sweep 1s outlined
below:

1. A manuzl push button switch {or a l0-second
timer} sends a control signal to start the motor
thyristor,

2. Motor and shaft encoder start rotating, and when
the encoder passes through a marker point, the posi-
tion counter is reset and pulses are counted from
Zero.

3. When the start of the measuvring vegion Is
reached a DMA mode data acquisition is initiated.
The start position Ls specified in the software as

a selected value of the position counter reading.
Data is transferred from the timing and hot-wire
probe A/D boards to the computer's memory.

4. Transfer of data takes place each time an en-
coder pulse iz encountered until the end of the
measuring region, as specified in the software and
the computer jumps to a waiting loop.

5. Motor switches off after a preset pulse count.
6., Motor continues rotation under inertia, and as
it slows down, its specd is detected by & monestable
ecircuit which activates a solencid of a braking
mechanism to arrest the flywheel,

7. Computer processes the data from this run,
during the waiting time before another sweep.

U,*
110:

rrrrrrrrrberrrerredsrersrrrrddvrrrrerd rrrrr oo e e
H 24 (] & B

4

Fig 6 Mean velocity profiles measured with a
flying hot-wire probe (a4} and a stationary
hot-wire probe (#).
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4. CALIBRATION

Tests were carried out using a single normal DISA
55P01 plated hot-wire probe operated at an overheat
ratic of 1.8. This probe was initially calibrated
statically using the DISA nozzle calibration facil-
fty. A typical set of calibration constants are
ghowm in table I. A flying hot-wire calibration
test was then carried cut in which the flying hot-
vire probg was moved in still alr, ie the flow
velocity V = 0, It therefore follows from e€q 1 that
>

Vr = -—‘Gp (12)

and the relative veloclty ﬁr seen by the probe was
thus equal in magnitude to the probe velocity Vp.
This relationship was used to tegt the flying hot-
wire system by measyring Vg and Vp independently.
The probe veloclty V, was evaluated at a single
point by measuring tﬁe related time Interval be-
tween two consecutive encoder pulses. Using £qs.5
and 6 a position ¢ = 159° was selected at which V
was horizontal, but in principle any position on
the probe path could have been used, Consequently
in this test Vj = (Up, 0). It therefore follows
that Vy = (Yp, 0) and eq 12 can be written as

By = Uy (13

The related ?r = {Bg, 0) was evaluated from
the hot-wire signal E in the forn

E* = A+ BUR (14)

as Up was perpendicular o the sensing element of
the probe.

Typical values of Up and Up obtained from such
a test are shown in table I, Tﬁe table contains
the result of five individual sweeps and also the
ensemble averages of 50 sweeps. As explained above
the two velocities should theoretically be the
same, and it 1g observed that the evaluated velo—
city Up from the hot-wire signal is only about 1.4%
lower than the encoder based velocity Yp. This
discrepancy can partly be explained by a blockage
correction effect in the nozzle calibration facil-
ity as reported by Khan et al [12].

TTFTTrTT TETT CAC R A PIIVIIIITIIIIIITY

1H oH 3H 4t

Fig 7 rms profiles {(u'fl,) measured with a flying
hot-wire probe {®) and a stationary hog-wire
probe {a).

486

5. BACEWARD FACING STEP

As stated carlier, Che current test programme for
the flying hot-wire system relates to separated
flow oun air foils. However, 2 short period was
available prior to this investigation and during
this period measurements were carrled out in the
separation region behind a backward-facing step.
For these preliminary tests the system was operated
with a single normal hot-wire probe. As for the
calibration test described in section 4, data was
acquired during a single sweep when ¢ = 159°, e
when Vp = (Up, 0y. In the data analysis it vas
assumed that the measured relative velocity

Ve = (Ug, 0}, In a separated flow V. is not zero,
but the difference between 1Vr§ and Up will in most
part of the separated region be fairly small. The
uncertainty caused by this assumption is discussed
in the error analysgis secgion. Using the above
relatlonships for Vi and Vg, the Jongitudinal velo-
city components of e¢q 1 can be expressed as

U= U, + Up (12)

P
Note from figure 1 that in this analysis Uy, will
have a negative value. Conseguently the U velocity
component of the flow vector V may have either a
positive or megative value.

To study the flow behaviour inm. detall, a large
backward—facing step, with a height B of 120 mx was
selected. The test configuration 1s shown in fig-
ure 6. Upstream of the step a 0.8 m long plate
spanned the width (0.61 m)} of the wind runnel. The
distance from this plate to the tap wall of the
wind tunncl was 180 mm. The corresponding inlet
velocity profile is shown in figure 6. The length
of the plate downstrean of the step was 10 H. Due
to the initial mounting of the flying hot-wire
system it was only possible to take measurements
with the flying hot-wire preobe inside the step
height B, ie 0 < y & 120 mm, and not in the free
flow outside the separation region. However, this
drawback was partly offset by traverses with a
statlonary normal hot-wire probe.

i H
1}~ —
5 .
| I
-4 4] Wmys) 10
i [
36 : -
[#3
_ I ens ,
-4 0 5 tmmys) 10

Fig 8 Probability density fuactions at X = 2 H
evaluated from flying het~wire probe data.
Vertical positions: A:)3 mm, A :43 mm,
@®:63 on, O:83 um, 0:2102 mm, ¥:120 om.
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Measurements with both a statfonary and a flying
hot-wire probe were carried out at axial lecatlons
1H to 6H in steps of 1, At each measurement point
100 sweeps were used for the flying hot-wire probe,
whilst for the stationary hot-wire probe each sample
record contained 2000 values taken over a period of
20 secs. The evgluated quantities were the mean

() and rms (u') values of the longitudinal velocity
component and also selected pdf's. The measured
mean velocity and rms profiles are shown in figure

6 and 7 respectively. The coryresponding pdf's
measured by the flying hot-wire probe system at X/H
equal to 2 and 4 are shown 1n figures 8 and 9 ves-
pectively, As the stationary hot-wire results are
unreliable in the separated flow region no pdf
results are included for this probe type.

The results obtained confirm many of the fea-
tures observed in previous experimental studies of
backward-facing steps using either a Laser-Doppler
anemometer (see eg Etheridge and Kemp [13], Tropea
{14]) or a pulsed hot-wire znemometer (sec eg Castyo
and Haque [15]). The results of ¢g Bradshaw and
Wong [16] and Tropea [14] have demonstrated that the
initial flow conditions and step peometry have a
significant influence on the detailed developments
in the separated flow region. The measured inlet
veloctiy profile in figure 6 was found te be similax
to the inlet conditions in the test case 1 investi-
gated by Tropea [14]. Ceonsequently a similar re-
attachment length X /H = 4.5-5 was found in both his
and our investigations. The general shape and axial
development of the mean velocity profiles shown in
figure 6 were also similar to those reported by
Tropea [14} and Etheridge and Kemp [13]. However,
in our investigation the position of the curve
corresponding to U = 0 was found to occur at smaller
values of y/H than in their investigations. This
way be due to the use of a larger step height
(120 mm) in our investigations as compared with
Tropea (40 mm) and Etheridge and Keump {13.5 mm).

The corresponding Tms profiles from both probes are
shown in figure 7. In the region X/H = 1-5 the
maximum value of u'/U, in the investigation by
Tropea (test case I} was about 0.13, as compared
with a value of 0,23 in the study by Etberidge and
Kemp. In the current investigation values of u'/Ug
up to 0,32 were observed. These results appear to
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Fig 9 Probability density functions at X = &H

evaluated from flying hot-wire probe data.
Vertical positions: A:13 mm, ¥:33 mm,
®:63 mm, £1:103 mm, A:120 mm

487

indicate that both inlet condition and step pogge-—
try have a significant influence on the flow pro-
cesses occurring Inside the separated flow reglon,
The most distinct features were gbserved in
the measured pdf's. As will be shown, the most
likely recason for these significant differences
from previcus reported results is the use of a rel-
atively large step height H of 120 pm, eccmpared
with those used in eg the investigations by
Etheridge and Kemp {13} and Tropea [14}. The recent
separated flow study by Castro and Haque [15} has
demonstrated that a separated shear layer bounding
a highly turbulent reverse~flow region has many
features which are quite different from those of
the plane mixing layer between two streams. The
current results alsc demomstrate that the develop-
ment in the shear layer bounding the separation
region of a rearward-facing step will develop d1f-
ferently for small and large step heights. Tt was
foond that the variatlon in the pdf with y/H, as
showa in figures 8 and 9, could be separated inte
three distinct vegions. Firstly, for values of y/H
below the curve U = 0 a ncar normal distribution
was observed with the peak centred around a negative
mean velocity. The third region was observed near
the outer edge of the shear layer (y/#l -1), where
again a near normal distribution was observed cen-
tred around a positive mean value. The pdf curves
obtained in these two reglons are consistent with
the Laser-Doppler anemometer results obtained by
Tropea [14]. The pdf's measured by eg Tropea [14]
showed a ‘smooth' single peak transition from the
near wall results to the free stream results outside
the separated flow region. However, our measure-
ments demonstrated a different phenomena on the
"inside’ of the shear layer above the curve U = Q.
As can he seen from figure 7 this was the region
with the highest values of u'. Both the results
for X/H = 2 and & avre similar, and the following
discussion 1s presented in terms of the results at
/B = 2 (figure 8), For all values of y below the
U =0 curve (y = 55 om) similar single peaked pdf
curves centred around a negative wean velocity of
@ -0.5 w/s were cbserved. However, when the value
of y was increased beyond the position of the J=0
curve, then a considerable change cccurred in the
pdf curves. The negative peak centred around
-0.5 mfs was reduced in magnitude, In addition a
positive tall of low probability was observed In
the region 1-4 mf/s followed by a second peak cen-
tred around U ® 4,5-5 mfs. This distinct pattern
was cbserved at 5 different locationms in the range
y = 53-83 mm. As the probe was moved towards the
puter part of the shear layer (y 2 93 mm) the nega-
tive peak disappeared and at y = 120 wm the signal
again approached a normal distribution. This bi-
modal phencmena in the pdf curves can be explained
in terms of the existence of a flip-flop situation
for the shear layer bounding the scparated flow
region. In the case of a relatively large step
height the shear layer is able to oscillate verti-
cally over a considerable distance without a signi-
ficant -restraint being caused by the bottom wall.
The pdf results indicate the existence of the fol-
lowing situation. The shear layer has two prefer-
red (vertical) locations, referred to in the follou-
ing as the upper and lower position with a vapid
transition period between these two positions.
This physical sitvation will result in the observed
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bi-modal pdf'e. When the shear layer 1s at its
lowest position the probe will measure in the fast
woving shear layer corresponding to the pusitive
peak at U & 5 m/s. When the shear layer is at the
top position the reversed flow reglon will extend
beyond the U = 0 curve and the probe will record a
negative value of U. As the change over {rom these
two positions is very rapid, relatively few measure-
ments will be obtained in this transitiomal region
resulting in the very low probability observed in
the velocity range 1-4 mfs. The nature of these
results are compatible with the Laser-Doppler ane-
mometer results obtained using smaller step helghts,
As the step height is reduced the bottom wall will
start to restrict the vertical amplitude of the
shear layer oscillations. This will result im the
two peaks shown in figures 8 and 9 moving closer
together until at some stage the two peaks merge
dnto a single broad peak. This 1s of course the
observation made by eg Tropea [14] using a step
height of 40 mm. .

I the outer part of the shear layer, differ-
ences were also observed between the results obtaine
ed with a staticnary and a flying hot-wire probe as
shown in figure 6 and 7. Originally it had been
anticipated that there would have been a smooth
transition from the flying hot-wire probe data to
the stationary hot-wire probe data in this region.
Moving beyond the separated flow region (X/H & 5)
such a smooth transition was observed {figure 6},
but in the separated flow reglon itself considerable
differences were noticed. Due to the single sweep
principle of the flying hot-wire probe system and a
reast period of 10 secs between each sweep it is
1ikely that this probe will detect the naturally
occurring separated flow. However, a stationary
probe will modify the flow due to its cemtinucus
presence. This is usually of minor importance im
1ow turbulence intensity flows, if a parallel sup-
port orlentation is used, as it was in this test.
However, the presence of the probe was found to have
a significant influence on the unstable separated
flow. As the probe was moved from the free stream
flow into the shear layer, it was observed that the
probe detected the existence of the free shear layer
at a larger value of y than the flying hot-wire
probe. This situation may be caused by the probe
and its support influencing the normal flip-ficp
behavicur of the shear layer. As the stationary
probe moves into the outer part of the shear layer
it may cause the {local) shear layer to stay pre~ .
dominantly at its top position. This effect was
observed in figure 7 as a vertical shift in the peak
position of the u' distribution obtained with the
stationary probe relative to the flying hot-wire
probe results. The corresponding change in the mean
veloelty profiles is shoun in figure 6. .These
results appear to indicate that even in the outer
region of an unstable separated flov reglon, the
results of a stationary hot~wire probe must be
treated with great ceution.

ERROR AMALYSIS

There were three main sources of errors in the
evaluation of the flow velogity V. The first is
related to the accuracy of and Vp. From the
calibration test it was estimated that both Vg and
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$r were known to within # 1-2% giving an uncertain-—
ty in V {eq I) of about # 2%. Seconrdly, the back-
ward-facing step Investigation was carried out with
a single normal hot-wire probe, and the assumption
that Vy. = 0 introduced an additicnal uncertainty
into the signal analysis, The magnitude of this
error was estimated by considering the worst pos-—
sible case ip which the twoe cowpoments of the velo~
city vector V were of equal magnitude, le ol = |v].
From the related vector evaluation (eq 1) the error
in the measured velocity component Up was as
follows: In the velocity range U > 0, the error
tnereased nearly Iinearly with U with (Up ~ W)/U
being about +12%Z at 2 mfs and +30% at 10 m/s. For
negative velocities, the value of Up/U was less

than I, with (Uy - U)/V being about -10Z at ~1 nfs
and ~24% at -2 ofs. For values of G < -3 w/s non-
unique, values were obtained. In particular it
should be noted that this error will not chanrge the
bi-modal nature of pdf curves, but only introduce .
a scaling error. This second type of error can of
course be removed by the use of an X hot~wire probe.
Finally, the number of samples N will affect the
accuracy of the measured quantities. For the fly-
ing hot-wire probe system N = 100 and the time in-
terval between each sample was 10 sec. Consequently
the 100 samples were statistically ‘independent.
Furthermore when the measured probability density
functions have a Gaussian distribution then specifie
procedures have heen developed to describe  the
uncertainty related to the sample size (see eg
Bendat and Piersol [17], and Bradbury and Casiro
{18]1), However, In our case due to the bi-modal
nature of several of the pdf's and the uncertainty
introduced by the use of & single normal hot-wire
probe, this error analysis aspect will be dealt
with in further studies uvsing an X hot-wire probe.

CONCLUSION

Thie paper has considered the flying hot-wire tech-
nique, outlining the main features of systems using
a linear, eircular or 'bean shaped’ curve path.

The lmplementation of the system at Bradford
University has been discussed, and the accuracy
demonstrated by a calibration test in still air.
Results have been presented for measurewents behind
a backward-facing step. The measurements obtained
with the flying hot-wire probe system are In agree-—
ment with many of the results quoted in previous
studies., However, the pdf measurements demonstrated
some unusual bi-modal features in some of the
curves. It was concluded that this phenomena was
due to the existence of a flip~flop stability situ-
ation in the shear layer that bounded the separated
flow region.
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NOTATION

a = Jength (m)

b = length (m}

< = length (m)

E = probe signal (V)

{E1, Ep) = probe signals from an X hot-wire probe
H = step height (=)

L o (a? - (reing)®)% (m)

1 = flow velocity vector (m/s)

17 = magnitude of flow velocity {(m/s)
(U, V) = components of flow velocity {m/s)
Gp = probe velocity vector {m/s)

(UP’ Vp) = components of probe velocity {m/s)
?r = velative flow velocity vector {m/s)
(Ug, Vy) = .compenents of relative velocity {w/s)
<U> = gnsemble average of U {m/s)

U = mean value of U {m/s)

u' » rms value of u = U - U {m/s)

Uy = 4nlet free stream velocity {(m/a)
{X, ) = space-fixed co-ordinate system (m)
(%5, Yp) = probe position (m)

[ w angle psoition {rad)

w = angular velocity (rad/sec)
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