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ABSTRACT 

The structure of the flow past a blunt trailing edge airfoil i8 

of c~~8iderable interent, both from the point of view of practical 

application and fundamental understanding. The boundary layer on such 

an airfoil separates at the blunt trailing edge and generates a well 

organized structure in the wake. This facHitates a convenient exper-

mental study. An experimental investigation is thus undertaken to study 

some features of such flow. This report pl:esents the experiments 

undertaken, the results obtained and discusses their implications. 

Experiments with a truncated and untruncated airfoils of profiles 

NACA 640AIO, are carried out in sUbsonic wihd tunnels in a velocity range 

5 of 19m/s to 54m/s corresponding to Reynolds numbers of 2.0 x 10 to 

5 4.68 x 10 based on the chord. Airfoil spanned the test section to 

achieve two-dimensionality of the model. Velocity measurements both 

mean and fluctuating, pressure measurements, both static and fluctuating 

and vortex shedding in the wake are measured using a hotwire and pressure 

transducers. 

The measured chordwise static pressure distribution on the smooth 

trailing edge airfoil along the midspan plane, agreed with the theoretical 

results calculated on the basis of the potential flow for that airfuil. 

Boundary layer profiles measured in the midspan plane, behind the max-

imum thickness of the airfoil showed no separation of the flow. Spanwise 

distribution of the measured static pressure on the upper surface of tha 

airfoil showed uniformity for both configurations with and without the 

boundary layer trip. This uniformity of pressure distribution and 

separation indicates that the flow ~n the airfoil was uniform and two-
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dimensional in character. 

Chordwise static pressure distribut.l:m of the blunt trailing edge 

airfoil agreed with thnt for a smooth trailing edge airfoil except at the 
• 

vicinity of the trailing edge. The boundary layer profiles in the mid-

span plane showed no separation AS in the case of the smooth trailing 

edge airfoil. The spanwise distribution of the static pressure with 
• 
~. . . \ 
l f 

tripped boundary layer, was found to be uniform on the upper surface of 

the airfoil. But the spanwise distribution of the static pressure for 

an untripped boun~ary layer configuration was found to be nonuniform as 

the trailing edge was approached. The base pressure distribution was 

not uniform in the spanwise direction for either of the configurations 

(tripped or untripped) of the airfoil. 

No discrete frequency fluctuations are observed in th~ wake of the 

smooth trailing edge airfoil. Vortex shedding occurs behind blunt trailing 

edge airfoils. The characteristic vortex shedding frequency varj~d 
c 

linearly with velocity. The values of the shedding frequency in the case f 

of the tripped boundary layer were lower than those in the case of the 

untripped bou~dary layer. The shedding frequency of a circular cylinder, 

of diameter equal to the thickness of the airfoil trailing edge, was found 

to lie between the frequencies measurod in the cases of the tripped and 

untripped boundary layer c~\figurations. Although the intensity (RMS) of 

the base fluctuating pressure showed negligabl~ variation in the span-

wise direction, cross-correlations indicate spanwise phase variation in 

the base pressure. 
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I ·INTRODUCTION 

The structure of the flow past a blunt trailing edge airfoil is 
• 

of considerable interest, both from the point of view of practical 

application and fundamental understanding. The boundary layer on such 

\ 
an airfoil separates at the blunt trailing edge and generates a well 

organized structure in the wake. This facilitates a convenient exper-

mental study. An experimental investigation is thus undertaken to study 

some features of such flow. 

The farfield radiated noise from such an airfoil has discrete 

structure due to vortex shedding in the wake besides broad band back-

ground due to turbulence. The flow structure in the region near the 

trailing edge is believed to play the central role in the generation 

of this noise. Investigations of such noise were based either on an 

analytic model of a semi-infinite rigid plate with wake, in a uniform 

two-dimensional flow or on an experimental model of a two-dimensional 

finite body with a wake in a uniform flow field. 

Davis (1975) developed a model for discrete noise generated by 

an airfoil using a simi-infinite flat plate with discrete vortex wake 

in the uniform flow. Davis was able to show agreement betweeu his the-

orectical far field directivity pattern and that measured for a blunt 

trailing edge airfoil. He also discussed the importance of knowing the 

precise trailing edge flow conditions. 

The blunt base flat plate or an airfoil was the subject of many 

investigaions in the past with an emphasis on reducing the base pressure 

drag by modifying the blunt trailing edge flow. All these experimental 

investigations were carried out with two-dimensional models in uniform 
• 
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flow and the spanwise variations were ignored. 

Experiments with a truncated and untruncated airfoils of profiles 

NAXA 640A10, are carried out in subsonic wind tunnesl in a velocity range 

5 of 19m/s to 54m/s corresponding to Reynolds numbers of 2.0 x 10 to 

5 
4.68 x 10 based on the chord. Airfoil spanned the test section to 

achieve two-dimensionality of the model. Velocity measurements, both 

mean and fluctuating, pressure measurements, both static and fluctuating 

and vortex shedding in the wake are measured using a hotwire and pressure 

transducers. 

In Chapter 11, the nature of the problem and the resume of the 

related past studies are described. Chapter III gives the description 

of the experimental setup, measurement techniques and the results obtained 

in the initial investigation. Chapter IV describes the experimental 

setup for the subsequent investigations. Chapter V describes near flow 

field measurements and results of subsequent investigations. Chapter VI 

summarizes results and discusses their implications. 
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II NATURE AND BACXGROUND OF THE PROBLEM 

I.' 

As mentioned in the introduction, understanding the near wake 

field of an isolated airfoil with a blunt trailing edge in uniform 

flow was the motivation for the present investigations. In this 

chapter the nature of the problem, along with the parameters and factors 

that gowrn the flow field are discussed. A brief survey of past work 

relating to the study is also presented. 

11.1 Features and Parameters of the Problem 

In the subsonic flow region, flow past a blunt trailing edge air-

I 
I 

• 

f 

foil is accompanied by discrete vortex shedding and consequently the 

surface pressure fluctuations are characterized by discrete frequency 

spectra. Basic features, in particular, the characteristics of the 

near wake field consisting of both mean and fluctuating quantities, 

are of interest. 

The parameters and the factors governing the flow field of a 

blunt trailing edge airfoil are listed below (also shown in the sketch) 

a) Geometrical Characteristic of the airfoil consisting of 

chord (c), maximum thickness (t), thickness of the trailing 

edge (d), span (2S) and profile of the airfoil. 

b) Geometrical parameters, such as the wind tunnel test section 

dimensions and the experimental set up depicting the relative 

disposition of the model in the tWillel. 

c) Angle of attack of ~~c airfoil (~) 

3 
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d) Uniformity of the inflow such as the mean velocity, and 

the spatial uniformity of the turbulence intensity i.e. 

RMS values. 

e) Reynolds number of the model, Re Uc .. -v 
f) Mach number of the flow, M • U/a 

Next, the features that characterize the near flow field of 

the blunt trailing edge airfoil are given below: 

a) Mean properties of the pressure field of the airfoil such as the 

surface static pressure distribution and the mean base pressure 

distribution are required properties. The fluctuating field is 

characterized by the fnquency spectrum, the intensity of the 

fluctuations and their spatial correlations. 

b) The nature of the bc,undary layer on the surface of the airfoil, 

whether it is luinar or turbulent, and its characteristics 

like the displacement thickness (61 ) and the momentum thickness 

(6) at the trailing edge are needed. The measurement of the 

boundary layer at various sp&nwise locations will aid the 

understanding of the trailing edge flow. 
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c) Similarly, velocity profiles, both mean and fluctuating, in the 

wake of the airfoil, also characterize the near flow field. The 

correlations and the frequency spectra of the fluctuating velocity 

in the wake are essential. 

If the sound field, either the far field or near field, is to 

be investigated, then the appropriate parameters pertaining to the 

acoustic field such as the acoustic directivity pattern need to be 

added to the above. 

Before discussing the experiment and its results, a brief review 

of the work on the flow field of a blunt trailing edge airfoil will 

be discussed. 

11.2 Review of work on the Flow Past a Blunt Based Two-Dimensional Body 

As stated before, both mean and fluctuating quantities in the 

near flow field are of interest. Though the forebody of the airfoil 

is streamlined, the blunt trailing edge generates a wake flow which 

is characteristic of a bluff body. References that discuss general 

concepts of a bluff body flow were included in the bibliography. 

Features of the flow past a streamlined two-dimensional body with 

a blunt trailing edga that were investigated are the base drag and 

some characteristics ~f the wake. Investigations of the base drag 

dealt with changing the trailing edge configuration to reduce the 

base drag. A selective bibliography of the work on this aspect is 

given at the end of the report. 

5 
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Nash and his co-workers (1962, 1963, and 1964) have summarized 

the work.done before 1963, brit,lgino; ir.co focus the features of the 

base flow. In their experimental investigations of a flat plate, with a 

sharp leading edge, for flow Mach number above 0.2, they found uniform 

l."8an base pressure in the spanwise direction. The angle of incidence 

created an asymmetric base pressure distribution in the direction 

perpendicular to the flat J..late. 

Typical variations of the mean base pressure upstream of a blunt 

trT:&il.~.ng edge were measured on an airfoil by Bellhouse and Lindley (1965), 

lI.aull (1966) and Lawrance and Lindley (1974) and recently on an elliptic 

nosed flat plate by Blake (1975). All these investigations were con-

ducted with a tripped boundary layer for various trailing edge thick-

nesses. It was found that there was no noticeable variation in 

the mean pressure distribution in the chordwise direction at the 

midspan, except very close to the trailing edge. 

The spanwise variation of base pressur~ should be accompanied 

by corresponding features in the spanwise structure of the near wake, 

and the variation is not only a function of base height but also 

depends on the chord and the end conditions. Bearman (1965), in his 

experimental investigations of an elliptic-nosed flat plate, found 
, 

I 
t 

that the end wall effects propagated across the tunnel and he recommeneded 

the usage of end plates to reduce this influence. Nash (1963 and 

Blake (1975) reported uniform spanwise base pressure for a similar 

11' mottel. Tanner (1974) investigating various modifications of the 
• 

6 



f'~" 'N 4'" '4U: •• ." ,.~.~,.~ . -, -q~ •. 7' .. _--..... -. "W!'I!-"IIl""'!'!!"'lI"""T-~"""--"""'~"""''''''',"",,!,IJIIIII>I _____ on-~ a as; 'it. 1m, .9JII!',.... ...... I • 4" .. W .:;y:. P i. .. "ltf _'" .... -_.~..,......~ ... .--- .-~ ...... ___ _ 

--~-~ .... --.-.- .. - . ___ .-•. _-_____ -_' -~_UP. "iii 
1 

.' ,. 

trailing edge profiles of an airfoil, found pronounced spanwise non-

uniformities in the measured base pressure. Simmons (1975) and 

Prasad and Gupta (1977) reported uniform base pressure in the span-

wise direction for flow past wedges and cylinders. 

Blake (1975) measured uniform RMS values of the fluct~ting 

pressures in the spanwise direction near the blunt trailing edge with 

his elliptic nosed flat plate model spanning the test section. Blake 

assumed that the uniformity of the RMS values of the fluctuating 

pressures over a span of 8 inches, situated about the midspan, is an 

indication of uniformity in the spanwise direction (i.e. two-dimension-

ality). Bearman (1965), measuring the vortex streamwise separation 

distance behind a blunt trailing edge flat plate, reported that the 

steadiest Lissajou fi~~es could only be constructed when both hot 

wires in the wake were in the SaIr.~ spanwise plane. Sato and lturiki 

(1961) found phase variation along the span, in the fundamental of the 

axial fluctuating velocity in the wake. They attributed this varia-

tion to the changes in the flat plate thickness in the spanwise direc-

tion. Ghram (1969) investigating the effect of aspect ratio based on 

the base height (span/base height) on the vortex street behind a thick 

flat plate with blunt trailing edge, found almost constant spanwise 

spati~l correlation of the fluctuating axial velocity in the wake for 

the aspect ratio of 4 or less, which is similar to the work of Keefe 

(1961) for a circular cylinder • 

• 
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Another feature of the blunt based body in the subsonic flow i. 

the vortex shedding frequency. !he vortex shedding frequency was 

uaually reported a. a Stroubal number defined a. 

St- ft/U (11.2.1) 

and the variation of the vortex shedding frequency with the Reynolds 

number baaed on the chord, for .ome of the investigations reported, 

is .hown in figure 11.1. Results of Bauer (1961),Nash (1963), 

Parker (1966), Bearman (1967), Ghram (1969) and Blake (1975) with 

an elleptic nose flat plate with different trailing edge thickness 

are shown in figure II.!. Measurements CJf Davis (1975) with a NACA-64A006 

airfoil, Lawrance and Lindley (1974) with a "C4" airfOil, were also 

shown in the figure. Both airfoils were truncated at 80' of the 

true chord. The Strouba1 number for these experimental investigations 

varied between 0.18 to 0.26 corresponding to a range of the Reynolds 

number from 1 x 105 
to 1 x 106• 

Using the axial separation distance (df ) between the two vortices at 

the vortex formation region as the characteri.tic length and using the 

.eparation velocity (U.' as defined by Ro.bko (1954) as the character­

istic velocity, Bearman (1961) defined a new Strouhal number as 

where US-'l-~b U -tu ""/,. 00 00 

cPb • ! pu2 •• 
2 00 

8 

(Il.2.2) 
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Beaman was able to achie". a oonstant Strouhal number (Ite) of 0.181 

for vadoua IIOdela, when plotted againat the _asured base pressure 

coefficient (Cpb). 8illaOft (1975) supported the _age of the StrcNhal 

number defined by Bearman but showed that the baae preasures have to 

be corrected for the blockage effe~ of the wind twmel. 

Hanson (1970) and Blake (1975) fOWld that the wake .-nt_ thick-

ness to be a better characteristic length than vortex separation distance 

for their experimental inveatigations. 

Blake (1975) found that the correlation between fluctuating pres-

surea .... ured at two ?Oints separated by a apanwise distance of r z 

near the blunt trailJ ''',g edge, behaved like a cosine function i.e. 

A coa (Clol 't +.) where the C&I is the raMan shedding frequency. 
s a 

'l'he aJII»litucSe "A" and the ph .. e angle "." were slowly varying 

fWlctiona of tiM and the maxilDUll correlation was produced for a tiM 

delay of '[ •• /CAI. Blake also ahowed that the phase angle could 
a 

be related to the angle (I of the vortex filaMnt with the trailing 

edge, similar to the angle of oblique vortex shedding behind the 

cylinder in tJ\e low Reynolda number region. The relationship between 

the two angles, i.e •• and (I, is given as 

(II.2.l) 

Blake cSecSuC811 that for a velocity (u.) of 100 ftl.ec, with his flat 

plate model the angle (I varied up to 17°. 

FrOID the above menti.onecS inveatigationa it could be deducecS that 

a possibility for thre.-d1menaionality in the near wake flow of the 

blunt trailing edge body exists. Irregularitie. in both body and flow 

aoncUtiona .. y contribute to the thr .. -dimeJusionality of the flow. 

9 
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111 lN1TIAL INVB8TltaTIOBS or A BLURT TMILIltG BDCZ AIRFOIL 

The farfi.ld acou.tic dir.ctivity patt.rn of a blunt trailing 

edg. airfoil with a di.cr.t. vort.x wake wa. investigated by Davi. (1975). 

ing of the trailing .dg. flow r.gion, a preltminary experimental inve.tiga-

~ion of the near field of a symmetric airfoil with a blunt trailing edge 

was undertaken. The .uurament of the n.Al: wake velccity profile. an4 

the fluctuating .urface pr ••• ure. and the analy.i. of th •• e near field 

properties formed the •••• ntial part of this investigation. Correlations 

of the fluctuating pr ••• ure. along the chord wi.e direction and along 

the .panwi.e direction provide information regarding the characteri.tics 

of the fluctuating pre •• ure field of the airfoil. The preliminary 

~r1ment data was recorded by Koutsoyannia and Davis in the KASA-~s 

25 x 35cm quiet wind tunnel. The reproducibility of the preliminary experi­

.ntAl data was established in the initial inve.tigations. In the follOWing 

subsection., the expert.ntal setup and the ruults of the initial 

investigation are presented. 

111.1 Airfoil MOdel an4 Expert.ntal Setup 

A s)'lllD8tric airfoil, HACA 640A010, wu used u the experimental 

model. The airfoil was constructed out of alUlllinUJII with a chord of 

l5.2cm, which wa. later truncated at 85' of the chord. The chord 

(c) of the truncated L.ir~;·oil was 13C11l, and the truncated trailing edge 

thickness (d) was .... ur.d to be 0.45C11l. The airfoil boundary layer 

separated at the blunt trailing .dge and g~nerated a r.gu1.ar, well 

definable vortex street behind the airfoil. 

10 
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ltul1te tran.eSucera, with a aenaing area of O.33ca diametu, vue 

choaen for the .. aaur.-nt of the fluctuating aurface preaaure.. The 

tranaeSucera ~re 1mbe4eSe4 in the upper aurface of the airfoil &DeS in the 

truncated trailing ecSge aa .bown in figure Ill.l. Tra..,aeSucus on. the 

upper aurface were mounted along the m1eSapan of the airfoil. Three 

• 
tranaeSucera were lIIOunte4 near the lea4ing e4ga of the airfoil along 

the m14apan. The leading tranaducu was mounted 2cm fr01ll the leading 

edge 01 the airfoil and the othu two tranaducera were mounted O.4cm 

and 0.8cm, respectively, behind the leading tranaducer. A 9rOUP of 

aix tranaducera vue illbed4ecl about. the midapan plane and O. SOCII upstream 

of the trail1n9 -'ge aa abovn in the figure. To .aaure the fluctuatin9 

preasures in the baae, five trua4ucera were situated alon9 the centerline 

of the blunt trailin9 84ge and aylDetric about the mi4span with l.24cm 

separation distance. A static pre •• ure bole waa aituate4 next to tbe 

transducer, to utili" the local static preaaure as the reference 

preaaure for the meaaurement. All trana4ucera",ith the reference 

atatic tap., were lIIOuoted auch that there waa negli9ible protrusions 

into the boun4uy layer. All trana4ucera bad linear calibration with 

aome difference a in the calibration curve slope which only affected 

the -9fti tude of the reapon.e and no chang .. were found in the 

calibration. 

The initial experiment was ~ucte4 at RASA-AMs Reaearch 

Center utilizing the indraft-type Acoustic Wind TUnnel (Davi. 1975). 

The tunnel had a backgr0UA4 noue. with a fairly flat spectrum, with a 

magn1tu4e of 92cSB per 1/3 octave bane! beyond 500 Hz. wbeA .... u.r:ed at the 

11 



centerline of the tunnel test section. The flow had a variation of 

~ 0.25\ in the mean velocity across the test section. The RMS value 

of the turbulence is 0.083\ of the mean velocity, measured at a velocity 

of 5Sm/s. 

The output from the pressure transducers along with the velocity 

measurements with a single DISA-C~ hot wire were recorded on tape as 

shown in the data reduction system (Figure III. 2) • The output from the 

transducers was fed into NEFF amplifiers and t.~e signal was amplified 

by a factor of 1000. It was found that even at this amplification, the 

signal was not strong enough to be recorded on the Ampex 1300A tape 

recorder. A 7AlA Textronix Scope Amplifier with a band-pass filter 

(band-width of 1 kHz to 30 kHz) was used to further amplify the signal 

to the level required for the tape recorder. In light of the available 

instrumentation, only nine pressure transducers were used in the exper­

menta Two data channels were further amplified per measurement position. 

The nine transducers utilized in the experiment were shown in Figure 

111.1 as solid circles. 

A DISA-eTA (M-system) hotwire system with Sm cable compensator, 

was used to measure the near wake profile of the airfoil. The non­

linear output of the hot wire was amplified by the NEFF amplifier, 

before being recorded on the tape. The hot wire traverse of the near 

wake was made at 0.6em downstream of the trailing edge across the shear 

layer from the upper surface of the airfoil. The hot wire traverse 

consisted of five steps, of 0.136em each, in the midspan of the 

model. Each wake traverse was made in one direction, and next to the 

lowest measuring step was the centerline of the wake. 

12 
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'l'he airfoil wa. mounted in the test section at geoMtrical .ero I 
angle of attack and spanned the tunnel cross-s.ction along the mid plane 

to achieve two-dimensionality of the model. 'l'he .pan (2S) of the air- • 
foil was 250m and the aspect ratio of the airfoil based on the chord 

and the trailing edge thickness were 1.92 and 55.6, respectively. 

The experiment waA conducted at a tunnel velocity of 54m{s 

5 4 corresponding to the Reynolds numbers of 4.68 x 10 and 1.62 x 10 , 

based on the chord and the trailing edge thickness of the airfoil, 

respectively. 

111.2 Analysis of the Measurements 

The data recorded on the Ampex 1300A recorder was reproduced 

and fed into a SAlCOR model 43A correlator. The generated correlation 

function was then fed into a HP9830A calculator through a digital inter-

face. The digitized correlation curve was then scaled, plotted, and 

recorded on a cassette for furture use. The correlation from 

the SIACOR 43A was fed into a SAlCOR 170 Fourier Transform Analyzer to 

generate the frequency spectrum of the signal- The produced spectrum 

was then plotted on a XY-plotter. 

The hot wl~~ signals in the wake (Figure 111.3) ware periodic 

and the signal corresponding to the mid wake showed twice 

the frequency when CQIII)ared to the aiqnal from the ~per shear layer_ 

Signals from the leading edge pressure transducers and the transducers 

near the trailing edge also showed a periodic structure (Figure 

lU.4). Both base transducer signals showed a double frequency character 

.. 
similar to the hot wire signal from the mid-~..ke. From these traces, 
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the vortex shedding frequency of the airfoil was deduced to be 2540 Ha 

and was confirmed throuqh the correlation lIl8asur_nta. Thus, the 
• 

vortex shedding frequency could be identified by two independent measuring 

techniques i.e., surface preasure transducer and the hot wire in the 

wake. 

Fluctuating signals are usually e~ressed in terms of the time 

correlation function, defined a8 

1 + T/2 
R(t) • Lt - ! p(t) p(t + or) dt 

T'tcIO T - T/2 
(III.2.1) 

and in terms of the power spectral density, defined by the following 

relationships, 

_00 

and 
(III.2.2) 

Autocorrelations (i.e. time correlations) of the hot wire (Figure 

111.5) showed that the signal was a narrow band signal centered around 

the vortex shedding frequency or its harmonics. The autocorrelatlons 

of the base transducers and transducers near the trailing edge also 

have shown narrow band characteristics. 

The power spectral densities of these signals were evaluated from 

the correlation function by the SIACOR 470 Fourier Transform Analyzer. 

In evaluating these spectra, the attenuation, and aJlI)lification factors 
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of SAl00R 470 were different for each spectrum. These factors would 

only affect the ~itude of the spectrum. Thu., the power spectral 

densities were presented to an arbitrary scale and were shown to present 

the spect~al content only. 

The hot wire signal spectrum showed narrow band signals centered 

on the fundamental or second harmonic of the shedding frequency depending 

on the hot wire position in the wake (Figure 111.6 and 111.7). The 

spectrum of the transducers near the trailing edge have the signal 

centered around the fundamental frequency only (Figure 111.8). The 

base transducer spectrum showed both the fundamental and the second 

harmonic of the characteristic sheddu\g frequency (Figure 111.9). 

Transducer signals from the leading edge region (Figure III.10) showed 

narrow band frequency signals (i.e. 400 and 3000 Hz) that were different 

from the shedding frequency or its harmonics along with the harmonics 

of the shedding frequency. At present it can only be assumed that 

these different frequencies could be due to the acoustic characteristics 

of the tunne 1. 

The variAtion of the characteristic shedding frequency with the 

tunnel velocity was shown in Figur~ 111.11. The variation w~s nearly 

linear. The Strouhal number (St • fd/U~) variation with these velocities 

and Re was shown in Figure 111.12. The results shown agree with 

the data shown in Figure III.l. 

Next, correlation of tne measured frequency data with different 

Strouhal numbers was tried. The Strouhal number defined by Bauer 

(1~61) with the displacement thickness (151) of the boundary layer, 

15 
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as the characteristic length, i8 given as 

with 

* st 
f~ 

a-
U s 

~ - d + 261 

U - (1 - ~ )~ U s -"b co 

Pb - Pco 

Cpb • 1 2 '2 pUco 

(III.2.3) 

The Reynolds number of the experiment, based on the airfoil chord 

at a velocity of 54m/s was 

(III.2.4) 

and the Reynolds number based on the tr~iling edge thickness was 

4 
Red - 1.62 x 10 

At this Reynolds number (Re ), the displacement thickness c 

(6
1

) of the boundary layer for laminl\r flow, based on the flat plate 

approximation is 

(III.2.S) 

which was about 7\ of the trailing edge thickness. 

With the assumption of the base pressure equal to zero, the 

strouhal number leads to 

f~ (III.2.6) 
a-

Uco 
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and the Strouhal number was evalua~ed to be, 

StcS • 0.233 
1 

(III.2.7) 

The Man baae preslure of the above model waa meaaured for a 

veloc:ity range of 19m/s to 60111/s. The spanwise static pressure 

variation measured at the centerline of the base with the 

reference static pressure taps showed considerable variation with 

speed (Figure 111.13). It could be seen from the figure, that the 

base pressure was not uniform or syaID8tric across the span and that 

the base pressure decreased with increasing tunnel velocity. This 

non-uniformity of the base pressure was an indicator of the three-

dimensionality of the base flow. 

With the measured bAse pressure coefficient in the midspan plane, 

of Cpb - -0.2, the corresponding Stroubal number was evaluated (Eg. 

III.2.3) to be, 

• St - 0.213 

Present data correlated well with data of Davis (197Sj and of Bauer 

(1961) a8 shown in Figure 111.14. 

The rms values of the surface fluctuating pressure signal were 

of low magnitude and were liAted in Table III.l. The rms values of 

the fluctuating pressure measured by the base transducers were within 

one-half dB of each other. ~e relative rms values of hot wire signals 

at various hotwire positions (hwp) compared to hwp 2 i.e., at the 

center line of the wake, are plotted in Figure III.1S showing the near 

wake profile of the fluctuating veloc:ity. 
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I 
l 
j lII.3 Cross-Correlations of the Fluctuatinq Pressure 
j 

The fluctuatinq pressure siqnal from the baae transducers had 
, 
I 

j 
narrow band aignals (Fiqure III.9) centered around the fundamental and 

the second harmonic of the sheddinq frequency. The rms values of these 
I 

fluctuatinq pressures were within 1/2 dB of each other aa shown in i 
Table III.!. Althouqh there is some data on the measured mean base 

pressure in the blunt trailinq edge, no reported literature as to the 

measurement of fluctuatinq pressure in the blunt trailinq edqe.exisu. 

An interestinq feature of the fluctuatinq base pressure was found 

in the time cross-correlation of the fluctuating pressure signal, 

defined at 

(III.3.1) 

, 

where Pl and P2 are the pressure siqnals measured at 10catioDs given .. .. 
by Xl and x2 respectively. 

Pressure fluctuations measured by the base transducer were filtered i 
aroW'ld the fundamental vortex shedding frequency before the cross-

correlation function was evaluated. From the normalized measured eross 

correlation function (Figure 111.16) and from the characteristic of the 

correlation of two sinusoidal functions, the valu.e of correlation at 

zero time l~ (t-O) could be \!Ued to evaluate th~ Fllase difference 

between signals from two measuring points. Thus from l-"iqure III.16 it 

could be deduced that the signals from the base tranS(hH~t" .. XS have a 

phase difference of 106°. This phase difference could be an indication 

18 
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of non-uniformity or 3-dimenaionality. Thia ptAae variation could 

have resulted from the poasible waviness of the vortex sheet aminating 

from the trailing edge. Another possibility is oblique vortex shedding 

from the trailing edge aimilar to the oblique shedding from a cylinder 

at the low Reynolds number. 

Utilizing arguments of Blake (1975) in evaluating the oblique 

vortex shedding (Sec. II.~), it was deduced, from the initial inves-

tigation data at a velocity of 54m{s, that the oblique Angle was 13.30. 

This Angle was in fai r agreement with the Angle of 17°, given by Blake. 

Next, the eValuation of the speed of the surface pressure fluc-

tuations, based on the narrowness of the signal band width, could be 

idealized as the sum of propagating monochromatic waves, with the 

frequencies being humonics of a fundament,.l given by 

where 

00 

p(x, y, z, t)-1: A Coscit • ~ n n - CAl t} n 

CAl • fundamental radian frequency. 21Tf 

It I· CAl la n n n 

an • phase speed of nth harmonic 

An • ~litude of nth harmonic 
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Sketch '2 

Assuming a two-dimensional wave pattern in the XZ-plane, i.e. 

the disturbance is constant in the Y-direction (the coordinate system 

was shown in the above sketch) and wave traveling obliquely in the 

XZ-plane has the wave number vector 

.. 
k • (k , 0, k ) n x,n z,n (III.3.3 ) 

Let the Angle between the wave number vector and the Z-axis (measured 

positive in the counterclockwise direction) be e, then 

p(x,z,t) = 1: A Cos{k x + k z n x,n z,n -~t} 
I 

(III.3.4 ) 

where 

k = k Sine x,n n 

Ik I- k Cose z,n n 

Ik I = IlWl / a n n 
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with 

41 -k x+k • n x,n .,n 
(III.;!. 5) 

• 

The first harmonic felt by.a transducer was 

(III.3 • 6) 

where the second subscropt '1' represents a transducer number. 

Similarly the response of transducer 2 was given by 

. (III.3. 7) 

and the phase angle by 

(III.3. 8) 

41 - k x + k &2 
1,2 x'l 2 .'1 

The space-time correlation function between transducer 1 and 2 is 

given by 

(III.3.9) 

where subscript 2 1 on It _ana that the aignal at the transducer 1 was 

delayed with respect to the aignal at transducer 2 in the evaluation 
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of the correlation. How nomali&ing the equation (lll.2.17) with 

A~Bl • (1\1(0) ~2(0)}" (111.1.10) 

yields 
~l ('t) 

(111.3.11) 

Now with 't • 0 

-1 
• eos (P2,1 (O)) 

(IlI.l.12 ) 1 

using equation 111.2.13, yields 

(111.3 .13) 

Using space-time crosa-cor~elationa between any thre. traaaducera, 

the values of the ph .. e speed and oblique angle could be aolY8Cl. As ,Ian 
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eX8JII)1e, ua1ng tranaducera 4, 5, and 8 (P1gure III.1) the correlationa y1e1d, 

PS,4(0) • 0.943458 + Ooa-
1

(P5,4(0») • 0.33899 Bad 

Pe,4(0) • 0.923081 + coa-1 (P8 ,4(0») • 0.3948 Bad 

and let 

-1 
CO. [PS,4(0)] 

q • -1 
Cos [P8,4(0») (III .3.14) 

w1th 

then, 

• 10.418 deq (III.3 .15) 

wld ~h.se speed was 

a4,5,8 • -257 -Va (III.3.16) 
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U.ing .urface transducer. near the trailing edge, Table 111.2 
J 

was constructed. ~ere wa. no corr.lation of the ph... angle. ao4 pha •• 

• peed of the fluctuation., except that it could be conclud.d that the 

wave. were traveling up.tream toward. the leading edge. It could only 

be a •• umed that the 81lll»le repre.entation of the oblique plane wava w •• 

not an adequate repre.entation. 

24 

• +e ... • 
_ r 



.' 

L 

=: t i# lL i 04$ 4' 4 , '-.1 ti! -.-- ~r Pt SF 7 tdnm 

With the ruulta of the initial inveati,ationa in .,1ew, aDd to 

acbJ.e.,. further uD4eratancUn, of the bue flow of the blunt trul1n, 

ed,e a11'foil, oped.menta wen conducted in a 45.7 x 45.7011 .ubaoftic 

wind tunnel. In this section, the wind tunnel charactui.tica, the 

modela ued in uperiMntation alon9 with the experimental aetup and 

the in.~tation, are cU.cuesed. 

IV.l !be 45.7 x 45.7cm Subaonic Wind TUnnel 

The low apeed wind t.unne1 of the Aeronautics and Aatronautica 

DepartMnt, Stanford university, ia 4 clo.ed circuit wind tunnel. The 

cloae4 test section that is .,ented to .~. atmosphere juat downstr ... 

of the teat section. A plan .,iew of the twme1 is shown in l'iCJU1'e 

IV.l. 8Uic character18tica were in.,.sU9ated by SJa1th, Varaally and 

aaganoff, and were discuaed in an unpubUshed report. so. Of the 

general charactedstic. couleS be found in Smith and Karamcbeti (1978) and 

Varzally and Karamcheti (1978). Some feature. of the wind tunnel 

are described below. 

The wind tunnel 1. powered by a conatant rpm V&1~ible pitch fan. 

Tbe 16 bladed fu,. 114C11l diameter, 18 driven by 20hp IDOtor and 

generate. a nominal flow rate of 8.495 x 10
5 

liter/minute at 1150 r,pa. 

The speed of the airflow in the tunnel i. controlled throuth the varia-

tioD of the pitch of the fan blade. '1he pitch of the bladea 18 varied 

throutb a 11Dkage _cbui.. that 1s .act1".ted remotely by the control 

ayatea located on the aide wall of the room. 
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The air from the fan passes through two sets of right angle 

c.-orner vanes and the flow !s expanded slightly thxouqh an upstream 

diffuser before reaching the contra<:Gion section. There are four wire 

mesh s('!rl;!~iU; in the settling chamber just upstream of the contraction 

section, and ttel'e are two IIIOre screens in the diffuser section to 

reduce the non-unifortU ty of the incoming flow. 

The test secUon has a cross section of 45.72 x 45.72om and 

is 90.l2cm long. 11}-,! te'lt section consists of top and bottom walls 

made of 1.240.11 thick alwuinUD\ plates and side walls made of 2.-54 em 

thick plexiglass. Side walls are used as viewing areas and 

special windows can be mounted within the side wall boundaries to 

facilitate flow visualization experiments. The model could be attached 

to any of the four walls. The test section has a slot (64.7cm long, 

1.11om wide] in the top wall of the tunnel along the mid-plane of the 

test section, starting 21em from the beginning of the test section. 

This slot provides access to the tunnel test section for a measuring 

probe alonq the ndd-plane. There are two cut-outs in the bottom of the 

test section that can be fitted with a slotted plate. The cut-outs 

are 12.7em x 38cm in size and start at 39.7em and 62.8em measured from 

the beqinning of the test section. These cut-outs fitted with the 

slotted plate provide access into the tunnel for cross plane measure-

ments. '!he velocity of the inflow to tha test section was measured 

by a reference pitot tube situated lO.2om from the beqinning of the 

test section , 7. 6cm from the top of the test section, and l6cm 

from the front side wall. 
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A ventilation window (gap), consisting of lcm gap between the end 

of the test section and downstream diffusor, provides for the recovery 

of pressure and causes the static pressure in the test section to be 

maintained close to the atmospheric pressure. The air then passes 

through the downstream diffusor and two sets of right angle corner vanes. 

Calibration and flow characteristics of the wind tunnel will be 

given later. 

IV.2 Models and the Experimental setup 

As mentioned before, a NACA 64A010 symmetric airfoil profile was 

chosen for the experimental investigations. The airfoil profile and 

its flow characteristics were described by Abbott et. ale (1959). The 

airfoil was made from an aluminum block with a chord (c) of lS.2cm 

and span (2S) of 25cm. As described before~ the airfoil was truncated 

at 85\ of the chord resulting in a truncated trailing edge airfoil of 

chord equal to l3cm and the thickness (d) of the blunted trailing 

The construction of the airfoil with pressure transducers (Air- I 
i 

( 

edge equal to O.45cm. 

foil I) was described in Section 111.2. To investigate the static 

pressure variation in both chordwise and spanwise directions, another 

blunt trailing edge airfoil was manufactured and was instrumented 

with static pressure taps. This blunt trailing edge airfoil will be 

referred to as AIRFOIL II, in the rest of the report. 

Before investigating the blunt trailing edge airfoil, it is 

necessary to measure the flow field of a corresponding smooth trailing edge 

• 
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airfoil. For this purpose, the trailing edge (i.e. the trailing 

edge piece that was cut nff) was reattached to the airfoil. This 

recombined or reattached airfoil with a smooth trailing edge and a 

chord of IS.2om will be referred to as AIRFOIL III, for the rest of 

the report. 

To measure the static pressure variation over the airfoil 

surface, the airfoil was instrumented with static pressure taps on 

the upper surface in a matrix consisting of 7 rows and 13 columns 

used to position these static holes. The position of these holes 

were shown in Figure IV.2. As shown, row 1 was 1.27CJ1\ downstream 

from the leading edge, and row 2 was 1.Oem downstream of row 2. 

There were five columns placed at 10m apart, and symmetric about the 

midspan. The placement of other columns was shown in Figure I.3a 

These holes were numbered by a combination of row numbers and column 

numbers with the midspan column being numbered zero. 

The static pressure taps were fabricated in the following way. 

A hole of O.02Som diameter was drilled into the wall of a O.076om 

1.0., drawn (Type 327) steel tube. The hole was situated about O.lom 

from the end of the tube, and the tube end was blocked with ~ plastic 

glue to avoid any seepage of epoxy into the tube when imbedded into 

the surface. Grooves, to hold the tube, were milled into the surface. 

The tube was held in the position with the static hole perpendicular 

to the local surface and epoxy bonding material was used to cement 

the tubes into the surface of the airfoil. The open end of the tube 

was fed through the side of the airfoil. When the epoxy hardened, the 

static holes were honed and blown clean of surface dirt. 
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Airfoil III was examined for the smoothness of surface and 

variation from the basic NACA 64A010 airfoil profile. It was 

found that the airfoil surface was smooth and the profile was with-

in acceptable error. 

TO measure the slatic pressure variation in the base of the 

blunted trailing edge airfoil, 17 static pressure taps were dis-

tributed along the midplane of the base (Figure IV.3b). All holes 

were in midplane. Only one of the seventeen holes could not be 

used as the tube was broken close to the surface and could not be 

repaired. The airfoil sUlface was cleaned and all the static holes 

were found to be clean and free of ~lY blockage. 

Experiments were conducted with untripped and tripped boundary 

layers over the airfoil. For the latter case, boundary layer trips 

were employed on both sides of the airfoil. The bow,dary layer 

trip was made of a drill rod of O.076em in diameter, and was centered 

in a grove of O.03em diameter on the surface of the airfoil. The 

trip was situated at 3.4cm downstream of the leading edge of the 

airfoil (see Figure IV.2). These positions correspond to 

x/c of 0.225 and 0.22 for the blunt trailinlt edge airfoil (Airfoil II) and 

for the smooth ed~e airfoil ("\.h·foil III) respectively when l"effered to 

the1l;....respective chords. 

To compare the vortex shedding frequency of the airfoil, with 

the vortex shedding frequency of a bluff body, a stainless steel 

(drill rod) circular cylinder, with a diameter (Q.45 em) equal to 

the thickness of the blunt trailing edge of the airfoil, was used. As 

the cylinder diameter was small, the cylinder was not instrumented 

with static pressure taps to measure the base pressure. 
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As the tunnel at Stanford university has a squar. cross 

section with a side of 45.7cm, a pair of side (end) plates were 

used to mount the airfoil model that was constructed for the Ames 

25 x 3Jcm quiet wind tunnel. The end plates were designed to achieve 

two-dimensionality of the model, such that the flow exterior to the 

end plates did not influence the flow between the plates and that there 

was no flow separation on the end plates. 

A pair of end plates 45 x 53cm and 0.95cm thick were made out 

of plexiglass and the positioning of these end plates in the tunnel 

I· 
i 

was shown in Figure V.l. The leading edge of the plate was made to 

I' 
I , . be the cross section of a wb~ge with an apex angle of 20° and a 
I 

height of 4cm. The sharp leading edge was ~:ounded to avoid any leading I 

edge separation. The end plates were chamfered on the exterior side 

of the plate at the trailing to generate a sharp trailing edge. The :, 

end plates were attached to a hollow circular cylinder of 14.6cm 

diameter, 9.4cm long with 1.27cm thick walls. These cylinder supports 

were then attached to the side walls. Four small solid plexiglass 

cylinder stiffeners of 1.9cm diameter were used to d~en the vibra-

tions of the end plate at high speeds. 

A slot was cut in the end plates at the mid plane to fac11-

itate passing of the static pressw.'e tubes of the airfoil ,:;o4e1. 

The leading edge of the end plates was 20cm (or 1.5 chorc:s) up-

stream of the leading edge of the airfoil. The end plate trailing 

edge must be at least 2 diameter or 29cm _asured from the 
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center of the support cylinders to eliminate the contamination due 

to the shedding from these cylinders, AS recommended by Cowdrey (1926). 

This was easily achieved because the cylinder diameter was almost 

equal to the chord of the airfoil. Also, the trailing edge of the end 
1 

plate was designed to be at JOcm (2.4 chords) downstream of the . J , 
maximum thickness of the airfoil, which coincided with the center of 

the support cylinder. A preliminary test for flow separation on the 

end walls was conducted with the help of tufts. These tests showed 

that there was no flow separAtion over either of the end plates was 

independent of the flow exterior to the end plates. 

As the model and its support create blockage to the through flow, 

its effect in terms of a blockage factor need to be investigated. 

A list of references on a closed test section blockage factor is 

included in the bibliography. The effect, if any, of the breather 

gap on the blockage factor was not considered. In the calibration 

of velocity profiles, the profiles were normalized with centerline 

velocity, thus in presenting these profiles, the blockage factor 

was not used. 

The instrumentation used in the experimentation with the data 

acquisition and the reduction system (also see Figure 111.2) will 

now be described. 

IV. J Instrumentation 

In this section a brief description of the instrumentation used 

along with accuracy estimation of the data will be given. 

Measuring probes, the hotwire and the microphone are traversed 

in the test section with the help of appropriate mechanisms located at 
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the top and at the bottom of the test section. The traversing mechanism 

at the top was constrained to travel along the midplane in the axial 

direction with ~~travel of 4Scm, and had a free travel of 30cm in th~ 

vertical direction. The traverse of the probe from the top, was 

restricted to 7.7em from the top and 7.2cm from the bottom of the test 

section. The traversing mech~ism at the bottom was free to travel in 

3 directions i. e. axial, vertical and horizonUl. Due to the geometry 

of the slots in the bottom plate, the horizontal plane (i.e. crossplane) 

movement was constrained to 6cm from either of the sidewalls and the 

axial movement could only be made in steps of lcm each with the vertical 

traverse limited to l6cm. It was felt that these traverses provided 

sufficient freedom of travel for present investigations. All tra-

versing mechanisms consisted of a sliding block for long and coarse 

movements and a vernier for short and fine movements when the sliding 

block was locked. With the probe moving only in one direction for each 

traverse to minimize the backlash error and with the vernier trave:se, 

the probe movements could be repeated with an accuracy of !. O.olum. 

IV. 3.1 Manometer Board and Thermocouple 

Static pressure measurements in the tunnel and on the model were 

achieved with the help of a bank of manometers, using red gauge oil 

(sp • 0.834) as the manometer fJ.'Jid. All the manometer readillCJs were 

made with atmospheric pressure as the reference pressure. A graduated 

graph sheet scaled in centimeter divisions was used to measure the 

pressure rise or fall in the bank. Due to the lengeh of tubing 

connecting the manometer bank and the pressure taps in the model, 

the bank of manometers had a large integration time to achieve an 

equilibrium position. 
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l 1 2 
As described .. no' Sec IV.l, the dynamic head '2 pu of the tunnel was 

measured using a 0.32cm pitot-static tube. As the local pressure in 

the test section is close to atmospheric pressure, the density was 

calculated by the relation 

where 

p. (IIIIIl.Hq) 
p[kq/m3) • --.-.;;~------ (IV.3.1) 

P • atmospheric pressure measured by a barameter in mm Hq. 
a 

T • local static temperature (as deduced by Eq. IV.3.4) 
s 

with the use of Bernoulli's equation, the reference velocity measured 

by the pitot tube with the bank of manometers (sp • .834) was 

evaluated by 

f
(TO[C) + 273.15) (~p(cm.oil» 

V [m{s] • 18.781456 
Pa[mm.Hq] 

and the Mach number was calculated by 

M • 0.9269669 [~p [em.oil]] ~ 
P
a 

[DID. Kg) 

(IV.3.2) 

(IV.3.3) 

An iron-constantin thermocoqple imbedded in the tip of the pi tot 

tubcl was used to measure the stagnation telllPerature of the tunnel air 
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stream. Using a recovery factor of 0.86 for parallel flow past the 

temperature measuring probe, the static temperature of the air flow 

could be evaluated by, 

"-

- 41'16724 6p[cmoil) ~ 

poo[mmHg) J 
(IV.3.4) 

TO [c) - -------------

s {I + 0'150713 6p [emoil) J' 
poo[mmHg] 

The variation of the stagnation temperatJ.lre was measured with a volt-

meter and was noted down with each reading. 

With the reference pitot tube aligned carefully with flow 

direction, error in measuring the dynamic head was about ~ 1\. Evalu-

ation of static temperature may involve an error of ~ 1\. Thus it was 

escimated that the reference velocity measured was within + 1\ of 

error. The readings of model static pressure were estimated to be within 

+ 2\. 

IV.3.2 Hotwire Anemometer system 

The velocity measurements, both mean and fluctuating, were made 

with DISA-CTA (M-system) hotwire ~~emometer. Two single hotwire 

channels each with a 5m compensation circuit and a linearizer, were 

used. All measurements were made witb a single hotwire probe, consisting 

of a regular and a boundary layer type probe. 
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In all measurements, the hot wire measuring element was held 

parallel to the trailing edge of the model and in the horizontal plane. 

The hot wite measured the instantaneous magnitude of the velocity vector 

in a plane perpendicular to the hot wire axis. The time averaged value 

of the Dlagni tude will be referred to as the mean velocity. The 

variation of the instantaneous magnitude from the measured mean value 

will be referred to as the fluctuating quantity or fluctuating velocity. 

Velocities in other directions could only be satisfactorily resolved 

with a.cross wire, and were not measured in the present investigations. 

Even though the static; temperature variation (which will be 

described later) in the tunnel affects the hot wire anemometer 

measurements, no temperature compensating circuits were used because 

these circuits were not available with these channels. Analytic 

temperature corrections to the hot wire data were described by 

Kristenson (1974) and Bearman (1969), and it was found that the 

corrections given by Kristensen were easy to apply and were utilized. 

The linearized output was fed to a D. C. voltmeter for measurement 

of the mean value and to a RMS meter for the measurement of the inten­

sity of fluctuation of velocity. 

BotJt the hot wire anemometers were calibrated in the tunnel 

flow with reference velocity measured by the pitot tube. The 

calibration and the setup of the linearizer were periodically 

checked and found not to change during the course of the experiment. 
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As the hot wire anemometer was calibrated with reference to 

the Pitot tubes measurement error was estimated to be within 2'. 

As velocity measurements were normalized with measurements 

in uniform flow velocity, the velocity profiles were not signif-

icantly affected by any error. In the measurement of fluctuating 

velocities, the source of error was implicit in the hot wire 

velocity measuring technique and .epended on the rati~ of the l1li8 

of the velocity fluctuations to the measured mean velocity value. 

IV.3.3 Measurements of Correlation and Spectra 

The fluctuating and periodic flow quantities were best rep-

resented in the form of correlations and frequency spectra. To 

achieve this, a ASICOR 43A correlator and the coupled instrument • 

SAICOR 470 Fourier Transform Analyzer were used. SAICOR 43A 

correlatorgenerated a 400 point analysis with time delays from 

~sec to 1 sec. In present investigations, a time delay of 

~.~c was used. The output of the correlator could be plotted 

on a XY-plotter so that it could be further studied a~ a later 

time. 

The output from the correlator was fed into a 

Fourier transform analyzer for generating a spectrum. COrresponding 

to a 0.2 meec time delay on the correlator, the frequency range 

of the spectrum was 0-5kHz. A marker generated by the analyzer, 

displayed on a scope, was used to read the frequency measurement 

corresponding to any point on the spectrum. The marker measurement 

displayed on the anlyzer had a ± 5Hz error corresponding to the time 
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delay of 0.2m sec. AlDpHtudes corresponding to the frequency dis-

played by the marker, were read on a voltmeter. The frequency 

spectra was displayed to an arbitrary scale with a value of one or 

zero at maximum magnitude corresponding to a linear or 109 scale, 

respectively. 

IV.3.4 Microphone Measurements 

A 1.25em microphone, situated outside the tunnel test sec-

tion, near the ventilation gap, was used to measure the far field 

radiated acoustic pressure. A &.635cm microphone 

with nose cone attached,was utilized to measure the directivity 

pattern of the pressure field near the trailing edge. Stmilarly 

a 0.32em microphone with nose cone was used for the acoustic 

calibration of the tunnel. Both the 635= and 0.32 em microphones 

were mounted in the top traversing mechanism and were restricted 

to measurements in the midplane. All microphone measurements 

were made with a B&K Audio Spectrum (1/3 octave) Analyzer and 

strip chart recorder. The cross-correlations between the micro-

phone and hot wire were made using the SAlCOR ~truments and 

when the cross-correlation were evaluated, the microphone data 

was fed from the B&K spectrum analyzer set at linear output. All 

microphones were calibrated with a piston phone before and after 

the measurements &1~d the calibrations were found to r8ll&in unchanged. 

IV.4 Calibration of the 45.7 x 45.7= Wind TUnnel 

Calibrations presented in this ~ction SuPPlement the work 

presented in the report of Smith et. ala The features investigated 
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ware the velocity profile., acou.tic. of the tunnel, and finally 

the temperature variation in the te.t .ection. 

IV.4.1 Calibration of the Tunnel with an ~y Te.t Section 

The dynuaic heac1 of the tunnel a. mentioned wa •• a.ured using 

the reference Pitot tube. The atmospheric pre •• ure and the 

tunnel room teJllperature wa. mea.ured with a buanetar and thermo-

meter re.pectivel~ 

IV.4.1.1 Velocity Profile. 

The velocity range of the tunnel with an empty te.t section 

i. l~s to 64m/. corresponding to a MAch number range of 0.OS5 to 

0.188, and thus the flow may be reguded a. incompre.sible. 

The calibration of the tunnel wa. IIUlde at flow speeds of 19, 

32, 47.6 and 64.14m/B. Velocity profile. at two repre.entative 

velocities of 32m/s and 48m/. and at axial di.tances of 16.2, 36.2, 

and 46.0cm fran the start of the test section were shown in Figures 

lV.S and IV.6 corre.ponding to vertical and horizontal plane. 

tively. The mean velocity profile. were normalized with velocity 

measured at the center of the vertical traver.e. The profilo. 

of RMS value. of the fluctuating velocity (turbulence intensity) 

were normalized with the local mean velocity. Vertical axis in 

both profiles were normalized with tunnel half-width. 

The mean velocity pr~file could be .een to have uniformity 

in both the vertical and horizontal plane. The fluctuating velocity 

level was below 0." of the local mean velocity. The turbulence 

level could be seen to be fairly uniform ac:ros. tJ' .. cross-section. 

Typical turbulence spectra measured by the hot wire at two cU.fferent 
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_an velocitie. of 32 an4 4811/. .n.howD in P,ifUZ'e ri.7. Both 

.pectra, plotte4 on • log-linear .cale, abow band-Ualited white 

noi.e between 0 to 50kH&. Th. turbulence inten.ity iner •••• d with 

inere •• ing .peed. Th •• peetra did not exhibit any peak. that could 

ma.k .aaur.-nta .t any particular frequency. 

Characterietic. of th. wall boundary layer at 38cm 

from the start of the test section .t 20 and 601D/. were .uured 

by Smith et. al.. They showe~ that the shape of the boundary l.yer 

profile. indicated a fully dev.loped turDulent flow. 

Wh.n the calibration for the maximum possibl. velocity of 

64.2m/s wa. attempted, the .uured dynDic head vuied about 8\ 

of the mea.ured maximUJI dynamic head, allowin9 th.t the IIAXimum 

poaaible velocity could not be maintained for any reasonable parioeS 

of time. This variation could have been caused due to flow .epa-

ration in the fan flow or due to the COnitant ri.. in the tunnel 

temperature. The calibration at 6Om/s sbowed • vui.tion of 2' of 

the maximum _uured dynDic head .t this speed. Finally, the 

maximum velocity with no apparent dynamic head variation WAI found 

to be SSm/s and this should be con.aidored as the maxiJIlUJI practical 

velocity of t~. tunnel. 

IV.4.1.2 Acoustic Features 

Acoustic ch.."'Zacteriatica of the empty vind tunnel are iI;Iortant 

u background information. The acoUitic .uurementa were II8de 

vi th a O. 32cm (l/8") IIlicropbone vi th • prUlllplif ier and no.. cone 

at the center of the test HCtion. A B~ audio (1/3 octave) frequency 
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analyzer with a recorder was used to record the level of the spectra 

-5 2 in terms of dB referred to 20 x 10 N/m and frequency in Hz. 

The tunnel room could, at best, be described as semi-reverberant 

from an acoustical point of view. When the tunnel was running, 

the metal structure of the wind tunnel generated low frequency 

"rumble". The outside acoustic level in the tunnel room varied 

during the day due to external noise. 

A dominant fr~quency that might occur in the background noise 

would be the blade passing frequency of the fan. With 16 blades 

at a constant speed of 1150 rpm, the blade passing frequency of 

the fan was 307Hz. Depending upon the speed of the tunnel flow, 

higher harmonics of the blade passing frequency could become 

predominant. A list of the first ten harmonics were given in 

Table IV. 

Typical 1/3 octave band spectra measured in the test section, 

with no flow and at a velocity ~f 24m/s were shown in Figure IV. 

The background noise in the tunnel with no flow was considerably 

lower than the level with flow. The blade passing frequencies 

could not be easily identified as the noise level was averaged 

over a third of the octave band. 

The ~esonance frequencies of the wind tunnel could play a role 

in aeroacoustic measurements in the tunnel due to possible coupling 

between these natural frequencies and ~coustic phenomena under 

investigation. These natural frequencies could be described in 

terms of acoustic pressure wave patterns (duct modes). The wave 

patterns could be viewed as standing waves in the cross-sectional 
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plane and the wave patterns could be traveling in the axial direc-

tion. As a first approximation, viewing the tunnel as a long duct 

of rectangular cross-section, the duct mode pattern was given by 

p = ~ (Y,Z) exp{i(k x - wt)} m,n m,n x (IV.4.l) 

with 

m,n - mode number in the YZ-plane 

, with a being ambient speed of sound. o 

The frequency of the wave pattern in the cross-sectional 

plane of the tunnel could be evaluated by 

+ (IV.4.2) 

The duct modes for the empty test section were shown in 

Table IV.2. The tunnel modes were calculated for no-flow condition, 

and the effect of the through flow could be introduced through a 

multiplying factor 

IV.4.l.3 Temperature Variation 

In a closed circuit wind tunnel, some of the energy supplied 

by the fan blades to airflow, emerged as an increase of heat energy 

and resulted in the increase of static temperature of the air stream. 

Because no cooling mechanism was available with this tunnel, and 

because the tunnel room was small, there was not sufficient heat 

transfer to balance the heat increase, therefore the airstream 

temperature continued to rise. 
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TO measure and document the rise in tunnel temperature, a ehromell-

Alumell therocouple with a shroud that was designed to reduce the vis-

cosity correction to the thermocouple reading to a value below O.loe, 

was used. The thermocouple in the shroud was mounted 10.Oem from the 

beginning of the test section, 6cm from the side wall, and 2.3cm from 

the bottom of the test section. Typical variations of ~e static tem-

perature with time during the calibration process were reproduced in 

Figure IV. 9. The typical initial temperature varied from 20°C to 30°C 

during these tunnel runs of 45 to 90 minutes. 

At the minimum tunnel speed (i.e. 19m/s) ,the temperature rise was 

negligible. But at higher speeds the temperature rise was considerable 

and during the complete calibration process, an equilibrium temperature 

could never be achieved. A list of typical static temperatures in the 

tunnel are given in Table IV.3. 

It was found that opening the tunnel room doors dampened the rise 

in tunnel temperature. Thus it was recommended to keep the tunnel room 

doors open when the tunnel was running. It was also discovered that 

running the tunnel inteDnittently, i.e. with run-time of an hour coupled 

with a rest time of 1/2 hour, would also keep the rise in the tunnel tem-

perature within a reasonable level. 
, 
1 

I 
As the temperature variation is a problem with the present setup of 

the tunnel, it was recommended that hotwire measurements should be cor-

rected for the temperature rise or a temperature compensating circuit 

be used. In the results of the present investigation, as temperature 
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compensation circuits were not available, (see Section IV. 3.2) analy­

tic corrections to the hotwire data were applied. 

The next section describes the calibration of the tunnel with side 

plates that were used to mount the model. 

IV. 4.2 Calibration with End Plates in the Test Section 

As described in Section IV. 2, a pair of end plates were utilized 

to achieve two-dimensionality of the model. With the experimental set­

up shown in Figure IV. 4, the two-dimensionality of the incoming flow 

needs to be confirmed. 

IV. 4.2.1 Velocity Profiles 

As described in Section IV. 2, there was no separation on the end 

plates and the boundary layer measurements on the end plates confirmed that 

there was no separation of the flow. 

To measure the two-dimensionality of the flow between the side 

plates, hotwire traverses in both vertical and horizontal plane were 

made. TWo representative locations of 30m and 4Scm from the leading 

edge of the end plate were used for vertical traverses. Due to the 

limited accessability into the tunnel, axial distances of 24cm and 

48cm from the leading edge of the end plate were used for horizontal 

traverses. These traverses were normalized by the local centerline 

velocity and were presented in Figures IV.IO and IV.ll for two differ­

ent speeds of 24m/s and 48m/s. The arrow marks on the vertical scale 

of Figure IV.ll mark the position of side plates. As it can be 

seen from these figures,the mean velocity profile was uniform across 
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the test area and the turbulence intensities were also fairly uniform 

across the test area. These confirm the uniformity of the incoming 

velocity field. It should also be noted that these turbulence inten-

sities were lower than comparable intensities in the test section 

\ with no end plates. 

IV.4.2.2 Acoustic Features 

As the end plates reduce the croas-sectional area of the test sec-

tion, different cross modes could dominate the acoustic field of the 

tunnel. These modes in the cross sectional area of 25 x 4Scm were 

shown in Table IV.4. As before, these modes need to be corrected for 

the through flow effect. 

The spectral output measured by a O.32cm microphone, in the test 

section with end plates was shown in Figure IV.12 for a representative 

velocity of 24m/s. This 1/3 octave band spectra, of the microphone, 

does not show any difference from the spectra without end plates, 

(Figure IV.8(b». 

Temperature variation in the tunnel was similar with or without 

the side plates in the test section. 
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V RESULTS OF THE ·SUBSEQUENT INVESTIGATIONS 

The initial experimental investigations as described previously of 

the flow around a blunt trailing edge airfoil, indicated the possibility 

of three-dimensionality in the near wake. To achieve further understanding 

of the near flow field, subsequent experimental investigations of a 

symmetric airfoil (NACA 64A010) with a smooth trailing edge and with a 

blunt trailing edge were undertaken. These ex~imental investigations 

were conducted in the Stanford 45.7 x 45.7cm wind tunnel. A smooth 

trailing edge airfoil with static preb~\lre taps (Airfoil III Sec. IV. 2) , 

a blunt trailing edge airfoil also with static pressure taps (Airfoil II, 

Sec. IV.2) and a blunt trailing edge airfoil with unsteady pressure 

transducers (Airfoil I, Sec. 111.1), were utilized as experimental models. 

In this chapter, the results of these experimental investigations will be 

discussed. 

V.l smooth Trailing Edge Airfoil Model 

The construction of the airfoil with lS.2om chord and 250m span was 

described in Sec. IV.2. All static pressure taps in the upper surface 

were found to be free of any blockage. Measurements with the smooth 

trailing edge airfoil (Airfoil III) were first made without the boundary 

layer trip and were later repeated with the boundary layer trip on both 

surfaces. 

Airfoil III was mounted between two end plates (Figure V.l) at a geo-

metrical zero angle of attack as shown schematically in Figure IV.4. The 

positioning of the airfoil in the tunnel with the end plates and the 

coordinates system were shown in Figure IV.4. 

45 



\ 

Measurements with the smooth trailing edge ai&:~oil were conducted at a 

speed of 24m/s corresponding to a Reynolds number baaed on U!e chord (Re ) c 
5 of 2.6 x 10 and were repeated at a speed of 45m/a corresponding t~ Be c 

5 of 4.8 x 10 • 

To establish the two-dimensionality of the incoming flow, with the 

model in place, velocity measurement at 6cm upstream of the airfoil leading 

edge, were conducted. The position corresponds to axial distance of 32.6C',n 

f~om the beginning of the test section. The typical velocity profiles i',l 

both the vertical and spanwise directions are shown in Figure V.2 at a 

representative velocity of 26m/s. As it could be seen from the figure, the 

mean velocity profile was uniform in both vertical and spanwiae directions, 

except very close to the side plates. Similarly, the rms values of the 

fluctuating velocity were also uniform in both directions. These measure-

ments are in fair agreement with measurements of flow with end plates only. 

This confirmed the two dimensional character of the incoming flow. 

V.l.l Measurements of the Static Pressure 

Static pressure disttibutions on the surface of Airfoil III were 

measured at· two different speeds with and without a boundary layer trip. 

Figur-eV.~8hows the chordwise variation cf the static pressure~~·both 

conf.igurations at speeds of 24-and 4lmJs. The static pressure Ps .is shown 

in t6~ of the pressure coefficJ.n~defined by 

Ps - Pel) 
C ... ...;:;.---
p 
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where Ps • local static pressure 

and PooUoo and Poo refer to free stream conditions 

The crosses correspond to the data for the confiquration without the 

boundary layer trip and the circled crosses correspond to the data for the 

configuration with the boundary layer trip_ Only measurements behind the max-

!mum thickness of the airfoil were shown with the boundary layer trip con­

confiquration because the boundary layer trip was situated at x/c'. 0.22. 

In both fiqures, the variation of static pressure coefficient and the maq-

nitudes were in agreement. Before comparing this data with the theoretical 

data based on the source-sink representation of the airfoil in a uniform 

and unbounded fluid, the measured data needs to be corrected for the 

tunnel blockage. 

The presence of the model and its s~portinq system produces blockaqe 

to the through flow. The blockaqe factor is usually defined as the ratio 

of the increased velocity felt by the model to the reference flow 

velocity. The blockage factor relates the dynamic head (q2) in the bounded 

flow of the tunnel to the dynamic head (ql) for the unbounded flow (see sketch 

below) • 

- tl::rp:"-
q2 

1 _ tQI[7zr{!~ 

The relationship is given by 

(V.l.l) 
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where 2 1 2 
ql - - pu 2 1 

2 1 2 
q2 - - pu 2 2 

, .. ~ ....... ,,_.---... t t .. ,.~_. 

£B • blockage factor 

The blockage factor was evaluated either by geometrical area con-

siderations or by the measured static pressure variations in the uniform 

flow above the model. With the geometrical dimensions ( Pope and Harper, 

1952 ) of the model support structure, the blockage factor was found 

to be about 7%. Using the measured static pressure value, one chord 

distance above the airfoil model, the blockage factor could also be eval-

uated as 

£ • (1 - cp )~ - 1 B L (V.l.2) 

where CPL was the static pressure coefficient in the flow aboVe the 

model. 

The measured model static pressure coefficient can be corrected for 

the blockage factor, (Gerner et. a1., 1966) as 

where 

C,p = measured static pressure coefficient 
m 

CP • corrected static pressure coefficient c 

M • tunnel mach number 
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As the maximum Mach number in the experiments was equal to 0.113 

the M2 terms, in the above equation, can be neglected. Hence, 

cp • cp + (2 - 2qp )£8 (V.l.4) c m m 

The corrected value of the static pressure for the speeds of 24 and 4Sm{s 

along with the theoretical pressure distribution (the chain line) from 

Abbott (1959) was shown in Figure V.4. The data shown as crosses were 

for the configuration without the boundary layer trip and the circled 

crosses''Were for the tripped boundary layer configuration of the airfoil. 

The differences could be traced to the possible errors in the measurement 

of the reference pressure because the reference pitot tube is only at a 

distance of one-half of the tunnel height from the model. As it could be 

seen, there was fair agreement between the theoretical distribution and mea-

sured pressure coefficient in the chordwise direction. 

The uniformity of the static pressure across the span is an 

indicator of uniformity of the velocity along the span. The static 

pressure coefficient across the span tl shown in FigureV.5 for speeds of 

24m{s and 45m{s. The dashed lines were for the configuration without 

the boundary layer trip and the chain lines were for the tripped boundary 

layer configuration and these pressure coefficients were corrected for 

the blockage factor. As shown in both figures, the static pressure coef-

ficient was fairly uniform across the span, except close to the end 

walls. This verifies that the flow over the airfoil was uniform except 

very close to the end plates. 
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V.I.2 Boundary Layer and Wake Velocity Profile. 

Meaaurements of the near flow field of the airfoil consisted of the 

velocity profiles of the boundary layer and the wake. Sin,ce lIIDv ...... of 

the prob~,ts.restricted to the midspan plane. measurements of the·"undary 

layer and wake were made in the .~I,aA plane only. 

The boundary layer velocity measurements were made behind the max-

imum thickness of the airfoil and at X/C of 0.55, 0.68, 0.82, 0.85 and 

0.99, measured fran the leading edge. The first three measuring locations 

correspond as described in Sec. !V.2, to 5, 6, and 7 of the static pressure 

tap rows and the location X/C - 0.85 corresponds to the location of 

the trailing edge when the ~irfoil is blunted. For both configl~~tions 

of the airfoil with and without the boundary layer trip, and at a tunnel 

velocity of 45m/s, the boundary layer profile is shown in Figure V.6. The 

dash line corresponds to the untripped boundary layer configuration and 

the chain line corresponds to the tripped boundary layer configura-

tion. It could be concluded from these profiles that there was no sepa-

ration of flow over the surface of the ~irfoil. 

Figure V.7 shows the comparison of the boundary layer profiles at 

x/c - 0.82 and at different speeds. The dash line was the boundarl layer 

profile for the configuration without the boundary layer trip at a 

speed of 45m/s. The solid line was the boundary layer profile taken fran 

NACJ. TN 2235, which was measured at 80'C and at 5Sm/s corresponding to a 

Be of 4.1 x 10
6 

on a NACA 64AOlO airfoil. The third profile shown was c 

for the configuration without the boundary layer trip at a velocity of 

24m/s. As it could be seen .the boundary layer profiles of these untripped 

boundary layer configurations show fair agreement. 
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The wake profiles behind the airfoil in the midspan plane, at 

x/c of 0.033, 0.133, and 0.266 were shown in Figure V.8, for both tripped 

and untripped boundary layer configurations at a tunnel speed of 45m/s. 

The profiles were noramlized by wake deficit at the wake centerline and 

by the wake half width defined aa the point where the magnitude of the 

velocity deficitreachod, half of the value at the centerline. It can be 

seen that the velccity profiles are similar and do not show any pro-

nounced variations. On the basis of these re.ulta, it was deduced thac the 

flow .rQ~n~ the smooth trailing edge airfoil was two-dimensional in 

character. 

Becau:= the above wake measurements showed similar behavior, no 

spanwise measurements were made. As no narrow band frequencies could be 

found in the wake fluctuating velocity spectrum, it was assumed that 

there was no vortex ahedding from the smooth trailing edge airfoil (Airfoil 

Ill) in present investigations. As no audiab1e acoustic noise was heard, 

no acoustic measurements were taken. 

V.2 The Blunt Trailing Edge Airfoil Model 

In the present phase of investigations, two identical blunt trailing 

edge airfoils 1) the airfoil with pressure transducers imbedded in the 

surface (Airfoil I) described in Section IV.2 1 2) the airfoil with static 

pressure taps (Airfoil II) also described in Section IV.2 were utilized. 

Due to the non-availability of the required ?ower s~plie8 and 

amplifiers for the pressure tranducers and due to some broken connectors 

of the tr.o.luducers, investigation of the fluctuating pressure field was 

not undertaken. It was assumedthat the investigation of the velocity field 
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would provide .ufficient information and the examin.tion of the fluctua-

tina pre •• ure field was left for future in~e.tia.tlona. 

To .... ure the .t.tic pre •• ure variation in the ba.e, 17 .t.tic 

holes (Pigure IV.3) were di.tributed alooa the mid plan. of the b.ae (aee 

Section IV.2). Only one of .eventeen hole. in the baae could not be 

used a. the tube wa. broken clo •• to the .urf.ce .nd could not be repaired. 

Similar to the .mooth trail ina edse airfoil inve.tisatlon., two confisur-

ation. of Airfoil II, i. e., without the boundary layer trip and with the 

boundary layer trip, were inve.tis.ted. 

All investisations with the airfoil model held at a Aeometlical zero 

ansle of attack, were carried out rt tunnel speeds of 24, 33 and 44m/s 

corresponding to Reynolds number based on the chord of 2.6 x 105, 

3.S x lOS and 4.38 x 105 respectively. 

To confirm the two-dimensionality of the inc~iD8 flow, velocity 

traveraes in the plane parallel to the span of the.\ moe.el and in the plane 

perpendiclar to the span 01 the model, were made at a position 6cm upstream 

of the model. The mean velocity and turbulence intensities were found 

to be uniform for both the velocity traverses confirmins the two-d1mensio-

oality ~r the incoming flow. 

In the followinS section, static pressure, boundary layer and wake 

velocity profiles and characteri.tic shedding frequency measurements are 

presented. 
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V.2.l Static Pressure Measurements 

The static presaure distributions on Airfoil II (i.e. airfoil with 

static pressure taps} with and without the tripped boundary layer ware 

investiqavd. The static pressure distribution for the conf1quration 

without the boundary layer trip of the airfoil along the midspan at three 

speeds 24, 33, and 44m/s, was shown in Figure v.g(a) and these coeffi­

cients W6re not corrected for any blockage factor. It can be seen that 

the data agreed well !or all speeds, but cloDe to the trailing edge there 

were som~ variations with speed. Figure V. 9 (b) showed the mid-span 

chordwiae distribution of the static pre.sure for the configuration with the 

boundary layer trip of the airfoil and at three speeds of 24111/s, 33m/s 

and 44111/s. There wa. better agreement of the data in this case then in 

the case of the untripped boundary layer configuration. The midspan dis­

tribution of the static pressure in the chordwise direction for the ~th 

trailing edge airfoil is compared with that for the blunt trailing edge 

airfoil. Data from the.e air.!oils was plo,ted in Figure V.lO for a speed 

of 24m/tl. The axial diatancu il normalized by lhe untruncate4 airfoil 

chord (15.2cm). As <'leen, there is agreement for the distribution, except 

very close to the tr6iling ~ge. 

Figure V.ll depicts the spanwise distribution of the static pr .. sure 

over the blunt trailing edge airfoil with the boundary layer trip. The 

static pressure is uniform across the span of the airfoil, except·very 

close to the side plate., because of the sidewall boundary layer effect. 

Figure V.12 shows the spanwiae distribution of the static pr .. sure for 

the untripped boundary layer configuration. The variation of the autic 
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pressure is more pronounced in this case than in the case '"i th the ., 

boundary layer trip. The pressure coef~icient was fairly uniform 

over the center portion of the airfoil and the variation b£~ame more 

pronounced close to the trailing edge. Due to the lack of uniformity 

in the static pressure distribution close to the trailing edge in the 

spanwise direction, two-dimensionality of the flow could not be verified 

in the case of the untripped boundary layer configuration. Tripping 

of the boundary layer leads to the uniformity of the static pressure 

across the span and to the two-dimensionality of the flow. 

With a limited number of transducer reference static pressure 

taps in the base, placed 1.24cm apart and symmetric about the midspan 

of the airfoil, the spanwise distribution of the base static pressure 

for the airfoil with transducers (Airfoil I) was measured. Figure 

V.12(a) depicts the spanwise variation of the base pressure coefficient 

and Figure V.l3(b) shows the variation of the pressure coefficient with 

tunnel velocity. As noticed in the initial investigation, the base 

pressure decreased with increasing velocity. The spanwise distribution 

of the base pressure did not show any consistancy. This non-uniformity 

could have been caused by the side wall conditions, such as the boundary 

layer characteristics near the base and in turn could result in three-

dimensionality of the near wake. 

Figure V.14 shows the variation of the base pressure at the midspan 

with velocity, where the chain lines and dash lines refer respectively 

to the configuration with and without the boundary layer trip 
I 

·i 
i 
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configurations of Airfoil II and the solid line shows the base 

• pressure coefficient of Airfoil I. The difference between Airfoil II 

and Airfoil I data could be due to the small differences in the 

construction of the airfoils. The base pressure coefficient decreased 

with increasing speed as shown in the figure and the coefficients 

were not corrected fo= blockage effect. 

The spanwise distribution of the base pressure with the speed of 

the tunnel for the configuration without the boundary layer trip is shown 

in Figure v.15. Figure V.16 depicts the spanwise distribution for the 

configuration with the boundary layer trip. The base pressure distribution 

in either case of the configurations was not uniform in the spanwise 

direction and varies with speed. The distribution of the base pressure 

for the configuration with the boundary layer trip is uniform over a 

larger portion of the center span ·dum for that without the boundary 

layer trip. This uniformity could be due to the tripped boundary layer 
.,. ., 

and also could be due to interaction of the turbulent boundary layer 

on the airfoil and the sidewall boundary layer. It is seen that even 

though mean pressure, over the upper surface of the airfoil is uniform, 

the base pressure in the blunt trailing edge is non-uniform. With the 

m~asurements of flow characteristics of a blunt trailing edge body, the 

uniformity of the mean base pressure must also be examined • 

• 
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V.2.2 Velocity Profiles of the Boundary Layer and the Near Wake 

"'!"'?!.. 2£i.J ..... ..£..::!i!!2!&hF--*" tTl 
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The boundary layer velocity profiles near the trailing edge influ-

ence the vortex shedding from the blunt trailing edge airfoil. The effect 

of truncation on the flow field could also be measured with the changes 

in the boundary layer profiles. These boundary layer and wake profiles 

were measured with a single hotwire with the measuring element parallel 

to the trailing edge. 

Boundary layer profiles for Airfoil II with and without the 

boundary layer trip were measured behind the maximum thickness of 

the airfoil and in the midspan plane. The bOundary layer profiles 

were surveyed at x/c of 0.62, 0.77, 0.92 and 0.99 and at velocities 

of 24, and 34m/s. The prof.Hes were normalized with the uniform mean: 

velocity of the tunnel. 

The measured boundary layer profiles for 24 and 34m/s were shown 

in Figures V.17 and V.1S and the chain lines and dash lines correspond to 

the tripped and untripped boundary layer cases, respectively. Similarly, 

the boundary layer profiles for Airfoil I with pressure transducers at 

x/c== 0.89 and 0.98 at a velocity of 24 and 45m/s were shown in Figure V.l9. 

The boundary layer profile at these speeds show that there was no flow 

separation along the midspan. Due to the inability of the tranversing 

me~hanism, bo~idary layer measurements only at midspan locations could 

be made. 

Figure V.20 compares the boundary layer profiles at X/C = 0.98 and 

at a velocity of 24m/s. The dash lines and solid lines refer to the con-

figurations without th~ boundary layer trip of Airfoil II and Airfoil I, 
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respectively. The chain line shown in the Figure are for the BlausiuR profile 

and it could be seen that measured boundary layer profiles were not. 

laminar profiles. Figure V.2l compares the boundary layer 

profiles of Airfoil II measured at x/c - 0.98, with boundary 

layer profiles measured at x/c • 0.85 for a smooth trailing edge air-

foil (i.e. Airfoil III). The chordwise distance was normalized with 

respective airfoil chords and the measuring location corresponds to the 

blunt trailing edge position. The lines with squares and circles were 

for Airfoil II, and the dash and chained lines were for Airfoil III 

corresponding to configurations with and without the boundary layer trip, 

respectively. The solid line shows turbulent boundary layer profiles, 

calculated by 1/7 power law. The tripped boundary layer profile 

with the turbulent boundary layer profile. The untripped boundary 

layers showed some differences. From these figures it could be con-

cluded that boundary layer profiles are consistent and there was no 

flow separation before the trailing edge along the midspan. 

The near wake measurements behind the airfoil with transducers at 

two different streamwise locations x/d - 3.3 and 10.2 and at 3 spanwise 

locations of z/s = 0, ± 0.5 were made at a speed of 26m/s and were shown 

in Figure V.22. The mean velocity profiles measured at off midspan 

locations (z/s ± 0.5) agreed with each other, but there was disagree-

ment with the midspan profile (z/s = 0). The wake profile in the mid-

span plan also showed asymmetric behavior. The fluctuating velocity 

intensity profiles at these three aeasuring locations agreed. The 

difference in the mean velocity profiles could be caused by three-

dimensionality of the near wake flow. 
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Similar measurements of the wake profiles of Airfoil II (i.e. with 

pressure taps), for both configurations with and without the boundary 

layer trip, in the midspan plane, and at axial stations of 0.5, 1, 2, 

and 4 were measured. These profiles were shown in Figure V.23 and V.24 

corresponding to 24 and 34111/s respectively. The (a) and (b) of each 

figure correspond to the configurations with and without the boundary layer 

trip respectively. These profiles are normalized by the wake center-

line velocity deficit and by the wake half width. 

Spanwise stations of z/s - 0, ± 0.33 were chosen to compare 

the wake mean velocity profiles at different spanwise locations. Normal-

ized wake profiles with untripped and tripped boundary layer con-

figurations measured at speeds of 24 and 34m/s were shown in Figure V.25 

and V.26, respectively. The profiles of the tripped boundary layer con-

figurations have less scatter when compared with untripped configurations. 

The boundary layer ~rip seems to aid the flow in gaining uniformity in 

the spanwise direction. This was also seen, as mentioned before, in 

base pressure measurements. 

V.2.3 Characteristic Vortex Shedding Frequency of the Airfoil 

A major characteristic of a body with a blunt trailing edge is 

the vortex shedding frequency of the body. The shedding of vorticity 

into the wake of a bluff body was examined in literature and some 

three-dimen&ionality of the shedding was shown. 

The measured shedding frequency of Airfoil I, at 2.2 and 4.4 base 

heights behind the airfoil (Figure V.27) increased linearly with the 

velocity. The velocities plotted in the Figure and used in subsequent 
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evaluation of the Stroubal number, were not corrected for any blockage. 

Past a tunnel velocity of 3Om/s, a second frequency was detected, which 

varied linearly with further increase of the velocity. The variation 

of the frequency was identical at both measuring locations. 

As vortex shedding from a blunt based body is usually characterized 

by only one frequency, a possible source for the second frequency could 

be probe support rods. The measured vortex shed~ing frequencies of the 

hotwire support rods were shown in Table V.l along with calculated 

frequencies of these support rods with a Strouhal number of 0.2. The 

measured second frequencies of the airfoil did not correspond to any of 

these frequencies. When the amplitudes of the frequencies were taken 

into account, the frequencies with maximum amplitude agreed (Figure V.28) 

well with the data of a circular cylinder of diameter equal to the 

thickness of the blunt trailing edge. (See Section V.3). At present, no 

explanation can be presented about the second frequency. 

~le variation of the shedding frequency with velocity (Figure V.29) 

was shown as circles and crosses corresponding to Airfoil II configurations 

with and wihout the boundary layer trip, respectively. Both configurations 

showed linear variation of frequency with velocity. The measured frequency 

of the tripped boundary layer configuration was lower than measured 

frequency of the configuration with an untripped boundary layer. There 

was only one shedding frequency found in the wake of Airfoil II, 

and the measured data of the untripped configuration agreed with the 

data of the airfoil with transducers (Figure V.2' and Figure V.29). 
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As a comparison, shedding frequency of a circular cylinder (see 

Section V.3) of a diameter equal to the trailing edge thickness was shown 

by squares in Figure V.29. The frequency of the cylinder was found to 

lie between the measured value. of the two boundary layer conditions. 

A constant Strouhal number could be generated with linear variation 

of the frequency with a characteristic length. Shrouhal numbers eValuated 

on the basis of displacement and momentum thickness, as characteristic 

lengths for both configurations are shown in Figure V. 30. It is clear 

from the figure, that the scattC'r in the Strouhal number for both configur-

ations was about 5\. 

It can be deduced that the boundary layer characteristics at the 

trailing edge could affect the shedding of vortices into the wake. The 

generation of a constant Strouhal number for the airfoil could depend 

on a characteristic length of the near wake and on the base pressure. 

The characteristic frequency is measured at a velocity of 26m/a along 

the span of Airfoil I and ~le upper shear layer and at streamwise 

locations of x/d of 0.35, 3.33 and 10.2 are shown in Figure V.31(a). 

It is seen that there exists a variation in the shedding frequency in 

the spanwise direction. This variation of the frequency is symmetric 

about the centerline. There seems to exist a region about the midspan 

where the frequency did not change. The measurement of the frequency 

downstream of the upper and lower sep~ration points at the trailing edge 

showed similar behavior as shown ~n Figure V. 31 (b) • Frequencies 

measured at different velocities and at three representative locations 

of z/s - 0, ~ 0.5 are given in Table V.2. The frequency variation did 

not show any systematic trend, but was symmetric about the midspan of the 

airfOil. 
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Similar measurements for the blunt trailing edge airfoil with 

pressure t~s, for configurations with and without the boundary 

4_ kS •• ;._: 

layer trip, are shown in Figure V. 32. The tripped boundary layer con­

figuration showed little or no variation of frequency in the spanwise 

direction, but the configuration without the boundary layer trip showed 

some variation similar to the data of the blunt trailing edge airfoil 

with transducers. The frequency variation in the spanwise direction 

could be influenced both by the model trailing edge and by the boundary 

layer on the sidewall as well as that on the surface of the airfoil. 

V.3 Some Measurements of Flow Past a Circular Cylinder 

As shown in previous sections, the blunt trailing edge airfoil showed 

characteristics of a bluff body. TO achieve some comparison with a bluff 

body flow mounted between the side plates, a circular cylinder of diameter 

(0.45cm) equal to the thickness c.f the blunt trailing edge was used. 

The circular cylinder was held between the two side plates, at the 

location where the blunt trailing edge of the airfoil was located. A 

set of circular end plates of Scm diameter were also used, to ensure the 

elimination of the end plate boundary layer effect. The usage of these 

circular end plates did not change any measured quantities as the aspect 

ratio of the cylinder (span/diameter) with these end plates was about SO. 

As there were no provisions for changing the aspect ratio of the air-

foil, measurements of the cylinder with other aspect ratios were not taken. 

As the cylinder was very small, no static pressure taps could be situated 

to measure the base pressure distribution across the span • 
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The leading edge of the circular cylinder was at 33.0cm measured 

from the leading edge of the side plates. Simdlar to the investigations 

with the airfoil, the wind tunnel velocity was varied between 19m/s and 

46m/s corresponding to the Reynolds number based on the diameter of 

l 4 7.1 x 10 to 1.7 x 10. This Reynolds number region corresponds to 

subcritical flow regime for the cylinder. The wake flow in this regime 

is characterized by regular vortex shedding. The incoming flow was 

measured at l4.Scm upstream of the circular cylinder and it was found 

that the mean and turbulent intensity profiles were uniform in both the 

vertical and horizontal planes, confirming the uniformity of the incoming 

flow. 

The vortex shedding frequency was measured with a hotwire situated 

at the location of the maximum RMS value of the fluctuatinq velocity in 

the midspan and at 1/2 diameter in y-direction from the mid-wake position. 

The hotwire data showed strong single frequency dominance correspondinq to 

vortex shedding. 

variation of the characteristic frequency (i.e. vortex shedding), 

measured by the hotwire was shown in Figure V.ll. As described in 

Section V.2.2, data with the boundary layer trip configuration of the 

truncated airfoil with pressure, and data of truncated airfoil with 

transducers were also shown in the f.i.gure. The measured shedding fre-

quency of the cylinder is consistantly above the measured data of 

Airfoil II with tripped boundary layer configuration. As the frequency 

varied linearly with velocity, a constant Strouhal number could 

represent the characteristic frequency. The Strouhal number based on 
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the diameter of the cylinder was evaluated by the relation 

St • fd • 0.22 
Uoo 

The Stroubal number was higher as velocity was not corrected 

for blockage. With the velocity corrected for blockage, the cor-

rected Stroubal number becomes 0.2, which is equal to the generally 

used Stroubal number for a circular cylinder in the subcritical flow 

region. 

Next, the spanwise variation of the vortex shedding with and with-

out the small circular endplates was investigated. With or without these 

endplates the vortex shedding frequency at the center of the cylinder 

span varied within ± 5Hz, which is witt'd the tolerence of the spectrum 

analyzer. The measured shedding frequency in the spanwise direction, 

with and without the small endplates, was shown in Table V.l. These 

measurements were made at x/d • 2.5 and y/d - 0.5 from the center line 

of the wake. As could be seen, the frequency distribution in the span-

wise direction with and without the small endplates was similar and the 

variation WaS symmetric for both configurations. The frequency increased 

towards the endplates for the configurations at a speed of 43m/s but at 

a lower speed, the variation was within the error of the spectrum analyzer. 

V.4 Acoustic Features of the Blunt Trailing Edge Airfoil 

The vortex shedding from the blunt trailing edge airfoil is accompanied 

b¥ acoustic radiation. Such radiation from an airfoil in the tunnes is likely 

to be influenCed by theresounances of the enclosure. Section III showed 
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the tunnel duct pressure medes calculated for both empty test 

section and test section with sideplates. Because of the through flow 

of the tunnel, different tunnel modes became important. In this sec­

tion, some features of the acoustic measurement in near and far field 

are discussed. 

J\ 1.25cm B & K microphone, without a nose cone, was mounted on a 

tripod outside the tunnel test section at the ventillation g~ at 2.0cm 

from the walls of the tunnel. A O.638cm B & K microphone with a nose 

cone and a preamplifier was mounted on the traversing mechanism to measure 

the directivity of the near field in the mid-span plane in the test 

section. Each microphone was used with the hotwire situated at the 

maximum rms value of u', Le., in the upper shear layer, to identify 

the vortex shedding frequency. 

No narrow band acoustic radiation from the airfoil with smooth 

trailing edge was found, indicating that there was no discrete vortex 

shedding fram the airfoil which was confirmed by hotwire data (Section 

V.l). Thus, no acoustic measurements for smooth trailing edge airfoil 

will be presented. Only the acoustic data of the blunt trailing edge 

airfoil are discussed. 

During the course of the expert.ental investigation, audiable tones, 

possibly due to the tunnel resonances, could be heard. From these audible 

tones, the tunnel resonances could be divided into different regions as 

shown in Figure V.34. The shedding frequency of the airfoil with trans­

ducers is shown in the figure to depict the frequency trend. 
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Next, the characteriatic frequency of the airfoil with tripped 

boundary layer .uureeS with hotwire and IUcrophone were ahown 1n 

Figure V.3S. The sheeScS1ng frequency of the blunt trailing edge air­

foil with pre.aure tapa (with the boundary layer trip) _uured by the 

microphone agreed fairly well with hotwire data, i.a ahown in the fi9\lft. 

Typical hotwire and microphone narrow band frequency spectra with no 

audiable tone, correaponding to a velocity of 3411/a were given in 

Figure V.36. The daah line in Figure V.36(a) wu the croaa-correlation 

spectrum between the hotwire aneS microphone. Though the low frequency 

noise was cSominant, the crosa-correlation apectrua ahowad the pre.ence 

of the vortex shedding frequency. Figure V.3? .howad the hotwlre and 

microphone spectrums, when there waa a atrong re.onance in the twmel 

corresponding to a velocity of 24m/s. Both hotwire aneS microphone data 

show strong narrow band signala at the vortex sheMing frequency. 

The microphone .asured frequency data for Airfoi t II and 

Airfoil I without the boundary layer trip did show aimilar 

behavior as shown in Figure V.38. Some of the frequencie~ as measured by 

the microphone, for the airfoil with untripped boundary layer 

did not agree with hotwire data. This is also shown in the 

figure. The spectral densities of the hotwire and microphone at a 

velocity of 24m/s with strong twmel resonance was shown in Figure V.39. 

The vortex shedding frequency was evident in both spectrums. 

Spectral -18:l8itiea at a velocity of 34m/a, where no diatinct audiable 

noise was present, are given in Figure V.40. Again the microphone 
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data w.. dominated by low fr~ncy noi.e and the cro •• -.pectr.l denai-

tie. ahowd the vortex .hedding frequency. Typical 1/3 oct.ve band 

.pectrllll for both c •••• of the bound.ry layer conditions 

at 33m/. w.re shown in Figure V.4l eaph •• izing the low frequency noi.e. 

Th. feature that n •• d. to be -.pha.ized was that the char.ct.ri.tic 

frequency of the airfoil could be extr.ct.d with cro •• -spectral den.ity 

of the hotwir. and microphon •• 

Th. directivity p.ttern of the near fi.ld acoustic pr ••• ur. of the 

blunt trailing .dg. airfoil was me •• ur~d downatr.am of the trailing .dg. 

at • r.di.l distance (R) of 2cm. The directivity pattern at .peed. of 

26m/. and 34m/. of ~le configur.tion with boundary l.y.r trip and without 

boundary lay.r trip of Airfoil II w.r. shown, r.spectively, in Figure. 

V.42 and V.4~, The circle. and triangle. were for the configuration with 

the boundary layer trip and without the boundary layer trip, re.pectively, 

a. .hown in the figure •• 

'1'he data showed .trong radiation .t small angle. to the chord line 

of the airfoil with a pre •• ure peak down.trcwn of the trailing edge a • 

• bawn in the figure. Th. directivity pattern showed the preference of 

radiation in up.tream and downstream direction, as .een in the Lobe pattern. 
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VI CONCLUDING RIMAIUCS 

In this investigation, the main features of the structure of 

the flow around a blunt trailing edge airfoil fixed in an initially 

uniform speed are examined experimentally. Of special con~ern are 

the characteristics such as mean surface pressure distribution, 

nature of the boundary layer near the trailing edge, and the velocity 

profUe. in the near wake. In addition, certain unsteady features of 

the flow are alao investigated. Specifically, the vortex shedding and 

surface pressure fluctuations in the case of the blunt trailing edge 

airfoil are investigated. Main observations and ~lications are 

summarized in the following • 

• From the investigations of a amooth trailing edge airfojl in a 

uniform flow, the followinq results and features were found. 

a) The velocity field of the inc~ng flow onto the airfoil was 

found to have uniformity in both mean velocity profile and 

turbulence intensity pr01ile. 

b) The measured chordwi.e .tatic pre.sure distribution on the 

airfoil, along the midspan plane, agreed with the theoretical 

resul ta calculated on the bash of the potential flow tor 

that airfoil. 

c) Boundary layer profiles measured in the midspan plane, behind 

the maximum thickness of the airfoil showed no separation of the 

flow. 

4) Spanwiae diatribution of the measured static pressure on the 

• upper surface of the airfoil showed unif~ty for both ~(ig-
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urations with and without the boundary layer trip. This 

uniformity of pressure distribution and separation indicates 

that the flow on the airfoil was uniform and two-dimensional 

in character. 

e) Mean and fluctuating v~locity profiles in the near wake along 

the midspan plane exhibit well known observed features. 

On the basis of th6 above, the flow past a smooth trailing edge 

airfoil can be regarded as essentially two-dimensional. 

Investigations of the flow around the blunt trailing edge airfoil 

showed the following features of the flow field. 

a) The flow ahead of the airfoil is again uniform as in the case 

of a smooth trailing edge airfoil. 

b) The chordwise distribution of the static pressure is unaffected 

by the tripping of the boundary layer. When the chordwise 

distribution is compared with that for a smooth trailing edge 

airfoil, agreement Wi:.S good, except at the vicinity of the 

trailing edge. 

c) The boundary layer profiles in the midspan plane showed no 

separation as in the case of the smooth trailing edge airfoil. 

Separation occurs at the trailing edge resulting in vortex 

shedding. 

d) The spanwise distribution of the static pressure with tripped 

boundary layer, was found tCl be uniform on the upper surface of 

the airfoil. But the spanwise distribution of the static pressure 

for an untripped boundary layer configuration was found to be 

nonuniform as the trailing edge was approached. 
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e) The base pressure distribution was not uniform in the span-

wise direction for either of the configurations (tripped or 

untripped) of the airfoil. The variations were more pronounced 

in the case of the untripped boundary layer. 

f) Although similiarity is observed for the wake profiles in the 

case of the tripped boundary layer, it is not apparent in the 

case of the untripped boundary layer. 

I 
Observations of the unsteady aspects of the flow indicate the 

following results. 

a) No discrete frequency fluctuations are observed in the wake 

of the smooth trailing edge airfoil. I 
b) Vortex shedding occurs behind blunt trailing edge airfoils. 

This is identified from the spectra of the signals obtained 

both by the hotwire in the wake and by the surface pressure 

transducers. 

c) The characteristic vortex shedding frequency varied linearly 

with velocity. The values of the shedding frequency in the case 

of the tripped boundary layer were lower than those in the case 

of the untripped boundary layer. The Strouhal numbers based on 

the base height are 0.21 to 0.22. 

4) The shedding frequency of a circular cylinder, of diameter 

equal to the thickness of the airfoil trailing edge, was found 
• 

to lie between the frequencies measured in the cases of the 

tripped and untripped boundary layer configurations. 

e) Although certain spanwise variation in the vortex shedding 

frequency was observed in the case of the untripped boundary 

layer, such variation was not discernable in the case of the 
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tripped boundary layer. 

f) Although the intensity (RMS) of the base fluctuating pressure 

showed negligable variation in the spanwise direction, cross-

., ,. correlations indicate spanwise phase variation in the base 

pressure. This is likely to result from the waviness of the 

vortex sheet shed from the trailing edge or due to the oblique 

vortex shedding. 

~resent studies, although they have yielded more insight into the 

flow around the blunt trailing edge than is presently available, they are 

inadequate in furnishing a detailed picture of the flow sturcture. 

Further studies along the following lines need to be undertaken. Appropriate 

Visualization studies of the discrete structure of the flow, both in th~ 

streamwise and spanwise directions; detailed survey of the fluctuating 

surface pressure field and their statistical characteristics; spanwise 

correlations of the fluctuating velocity in the region of the trailing 

edge and the near wake. 
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Figure 11.1 Strouha1 Number of 2-Dimensiona1 Body with Blunt Trailing Edge 
(Bauer (1961) 0, tic = 0.21; Nash (1963) 0, tic = 0.1; 
Parker (1966) x, tic = 0.021; + , tic = 0.031; 
Bearman (1967) 0, tic = 0.166; Ghram (1969) (), tic = 0.667; 
Lawrence and Lindley (1974)., tic ~ 0.039: A, tic = 0.035; 
and ., tic = 0.027; Davis (1975) 6, tic = 0.024) 
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Figure III.1 Blunt Trailing Edge Airfoil with Transducers (Airfoil I) 
(NACA 64A010 profile, truncated at 85% of true chord; 
all dimensions are in cm.) 
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Figure l1I.2 Data Reduction System for the Experiments 
(data path for the initial investigations, ____ : 
data path for the subsequent investigations, ____ ) 
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a) Mid \oJa k 

Figure 111.3 

Position b) Be hinn the Upper Sepa ration pOint 

Real Time Signals of Hotwire in the Wake at O. 6cm . Downstream 
of the Blunt Trailing Edge of the Airfoil I 
(vertical axis 1 . OV/cm; horizontal axis O.2ms/cm.) 

74 

03 

~ 
:-,:: 

~O 
0 :;0 
~ G) 
:z: z 
- ~ ..... , 
ITl 

"'C ~ 
:I: G) 

I ~ 
~ 



ORIGI Al P G: 
BLACK A 0 H/TE PHOTOGRAP 

a ) Transduce r near t he Leadi ng Edge 
( Transducer #1 ) 

b) Transduce r near t h Trailing Ed 
( Trans duc r 7) 

Figure I1I . 4 Real Time Signals of the Pressure Transduce s 
on the Surface 0 the Blunt Trailing Edge 
Airfoil I 
(vertlcal axis l . Ov/cm ; horizon al axis O. 2ms/cm ) 
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Fig~r~ 111.5 Auto-Correlation Function of the Siqn&l of the Hotwire in the Wake 
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Figure 111.6 Aut.o Power Spectral Density of the Hotwire 
Sj':lnal in the Mid Wake Position and at O.6cm. 
Down. stream of the Blunt ~;ail~ng Edge 
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Figure 111.7 Auto Power Spectral Density of the Hotwire 
Signal at O.6cm. Down Stream of the Upper 
Separation point of the Blunt Trailing Edge 
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Figure 111.8 Auto Power Spectral Oen$ity of the Signal 
from tn~ Transducer Near the Blunt Trai~in9 

Edge. 

80 

I 
( 



r---

• i 
~ , 

" • 

I 
I 

I 

i • 
I 

..... 
~ ..... 

o 
2540 

-10 

-20 - ~ 

~ A I r 
,... ~"--

~ 

0.1 1.0 10.0 

f -(k.Hz) 

b) Transducer IS 

Figure 111.8 (continued) 
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c) Transducer #7 

Figure 111.8 (continued) 
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Table 111.1 

Intensities of the Fluctuating Pressure Signal 
as Measured by the Transducers 

U,pstream Distance from 
the B.T.E., em. 

0.0 
0.0 

0.25 
0.508 
0.758 
1.0 

10.24 
10.63 
11.033 

Transducer 
No. 

11 
12 

8 
7 
5 
4 

3 
2 
1 

Table 111.2 

The RHS Value of the 
Fluctuating Pressure 

N/aq. m. db 

0.0284 59.83 
0.0275 59.58 

0.0313 60.66 
0.0175 56.55 
0.01l4 5l.l8 
0.0095 50.l3 

0.0275 59.58 
0.0129 52.97 
0.0044 43.79 

Phase Speeds and Angles from the 
Oblique Kave Model 

Transducer No. Angle (8) Phase Speed a 

4, 5, 8 10.42 deg -257 111/. 
4, 5, 7 -65.93 deg -11.7 111/. 
5, 7, 8 89.98 deg -6.74 14/8 

160 

~ 

t 



!'..." 

min 
0 
1 
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'l'able IV.l 

Blade Passing Frequencies of the 
Tunnel Drive Fan 

HOrlDOnic 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Frequency 
(Hz. ) 

Table IV.2 

306.7 
613.3 
920.0 

1226.7 
1533.3 
1840.0 
2146.7 
2453.3 
2760.0 
3066.7 

Duct Mode Frequencies for the 
45.7 x 45.7cmTunnel 

0 1 2 3 

0 376.3 752.7 1129.1 
376.3 532.2 841.5 1190.1 
752.7 841. 5 1064.5 1357 

1129.1 1190.1' 1357 1596.0 
1505 1551.8 1683.1 1881.8 
1881.8 1919.1 2026.8 2194.6 
2258.2 2289.3 2380.3 2524.7 
2634.2 2661. 3 2739.9 2866.3 
3010.9 3034.4 3103.6 3215.7 
3387.3 3408.1 3469.9 3570.5 
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4 5 

1505.5 1('81.8 
1551.8 a19.1 
1683 2026.8 
1881.8 2194.6 
2139. 2409.9 
2409.9 2661.3 
2714. 2939.5 
3034.4 3237.6 
3366.3 3550.6 
3706.8 3874.9 



uv'n 
0 
1 
2 
3 
4 
5 
6 
7 
8 
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Table IV.l 

Static Temparature Riae in the Tunnel Flow 

0 

0 
376.4 
752.7 

1129 
1505 
1881.1 
22~ 

2634.6 
3010.9 
3387 

SPM4 'l'(at.art.) 'l' (end) Period of Run 
:rtja °e °c minute. 

18.7 19.7 22.4 45 

32 20.l 24.1 60 

47.6 20.3 29.7 50 

~6 28.2 33.0 45 

Table IV.4 

Duct Mode Frequencies for the 
25.0 x 45.7cm Tunnel 

1 2 3 4 

688 1376 20~ 2752 
784.2 1426.5 20'j8 2777.6 

1019.7 1568.4 2196.9 2853 
1)22 1779.9 2352.7 2974.6 
1655.2 2039.6 2554.7 3136.8 
2003 23n 2793 3333.9 
2360.7 2644.4 3059.4 3559.9 
2n2.9 29;2.3 3346.8 3809.8 
2088.'" 3310.5 2605.5 4079.1 
3456.5 3656.1 3966.6 4364.3 
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5 I 
3440 I 
3460.5 f 

3521 
3620.5 
3755 
3921 
4114.9 
4332.9 
4571.6 
4827.7 
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Table V.I 

Shedding Frequencies of the Hotwire Support Rods 

Velocity Top Support Rod Bottom Support Rod 
( d = 0.9525cm ) ( d = 0.635cm ) 

measured calculated measured calculated 
(m/s) (Hz) (HZ) (Hz) (Hz) 

21.0 740 670 458 440 

27.5 873 771 530 514 

31.0 1075 976 663 651 

35.0 1215 1103 752 735 

40.0 1385 1260 853 840 

43.0 1485 1345 903 903 

Table V.2 

Shedding Frequency Variation Behind the Airfoil 
With Transducers in the Spanwise Direction 

Velocity Measured Frequency (Hz) 

(lIl/s) z/s = -0.5 z/s = 0.0 z/s = +0.5 

19.0 1050 1050 1050 

23.2 1265 1255 1285 

26.5 1470 1430 1475 

30.5 1625 1525 1620 

34.0 1775 1775 1800 

45.0 2220 2230 2225 

48.0 2450 2420 2420 
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Table V.3 

Measured Shedding Frequencies Behind A 
Circular Cylinder 

Velocity at spanwise location of z/s 

(m/s) -0.66 -0.33 0.0 +0.33 +0.66 

a) configuration without small end plates 

24.0 1300 1275 1265 1275 1300 

33.0 1695 1650 1645 1670 1710 

43.0 2100 2050 2040 2050 2100 

b) configuration with small end plates 

24.0 1260 1275 1275 1270 1255 

33.0 1670 1645 1635 1645 1670 

43.0 2080 2050 2040 2045 2080 

I 

\ 
f 
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