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ABSTRACT 

A hot-wire anemometer study of a turbulent near-wake in 

oscillating flows within two conical difft1sers is presented. Time

mean velocity and turbulence intensity traverses are given, together 

with organized wave amplitudes and phases evaluated at the most 

significant points in the flow field by means of an ensemble average 

technique. The Reynolds number based on the diffuser inlet diameter 

4 was about 4 x 10 . The frequency of the superposed oscillations was 

varied from about 9 to about 140 cps. For the lower frequencies it 

was fowid that the oscillation ,am:plitudes· in the near-wake were always 
• 

smaller than in the free-stream·. :At higher frequencies the oscilla

tions showed amplitude peaks well-a·bove the free-stream values, but 

rapidly decaying with axial distance. The location of the peaks 

suggested that their origin might be traced to oscillation amplifications 

taking place in the wake generator boundary layer. Intermediate 

frequ~ncy oscillations decayed at the lowest rate in both diffusers . 

. ~... '. . 
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1. INTRODUCTION 

1. 1. Previous Investigations 

Of particular importance in the field of unsteady flows are the 

oscillatory phenomena induced in wall bounda;ry layers and iree shear 

layers by periodic disturbances acting in the free stream flow. With 

reference to boundary layers, the possibility of amplifications, relaa

ti ve to the free stream oscillation amplitudes, has been proved 

experimentally and theoretically, for both laminar and turbulent flows, 

by several authors; Hill and Stenning [ 2], McDonald and Shamrothf5], 

Karlsson [ 3] , and others. Most recently, a study carried out at 

Lehigh University by Schachenmann [ 6] has shown the critical im

portance of a positive pressure gradient in magnifying perturbations in 

the boundary layers of long diffusers. To _our knowledge, however, no 

data are available dealing with the behavior of wakes in oscillating 

flows - a problem which is important in understanding turbomachinery 

perfo.rmance, since the turbine or compressor rotor blades rotate 

through the near-wakes of the stator vanes located upstream. Marine 

propellers and helicopter rotors are other examples in which a better 

knowledge of pulsating wakes is of fundamental importance. 

The fact that prevents an easy insight into a wake, particularly 

a near-wake, is its intrinsic ~ighly flqctuating ,ch:aracter, even in a 

steady free stream situation, with a closely related three-dimen

sionality of the velocity field. Nevertheless, it would be extremely 

2 .. -~-- -



interesting to know if periodic free-stream disturbances are either 

completely washed out in the randon1ness of the wake flow or, con

versely, at least in some frequency range, if they are still felt in an 

"average" sense as statistically organized disturbances. If the latter 

situation occurs, the next step would be to evaluate how the disturb

ances behave and if they can be enhanced in particular conditions. The 

present effort seeks the above objectives, as now it will be pointed out 

1. 2. Preliminary Investigations and Objectives of the Thesis 

The first aim of the present work was rather general, namely 

.to check if harmonic: .oscillations supei-pose·d on a mean steady flow 

;could produce variatio11s in me'a.n flow parameters, particularly in the 

shapes of the boundary layers and in the time mean velocity profiles . 
... 

To this end, velocities and turbulence intensities were measured at 

s~veral axial locations in two conical diffusers, one of 6°, the other 

of 10° total included angles. Horizontal and vertical traverses were 

performed and the results recorded. Although the. rms readings 

varied sensibly with the frequency of the superposed oscillations, no 

detectable variations in time mean parameters were shown. This 

result is in line with reference [ 6] ·. 

At this point a wake was generated at the inlet of each of the 

diffusers, again detecting no sensible frequency-related effect on the 

time mean flows .. However, interesting phenomena were detected 

with regard to the turbulence int~p.sities, which showed clear peaks at. 

,';j • • -3-
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particular stations within the diffusers when selected frequencies were 

being applied. Because of the highly turbulent signals we cot1ld not, 

using the oscilloscope, state if those peaks were originated by an in

crease in the organized oscillation amplitudes or by higher random 

fluctuation contribution. It was then decided to get a better insight into 

the above phenomena using a computer capable of analyzing the turbu

lent signals from the hot-wire by means of a recurrent sampling 

technique, which enabled extraction of the harn1onic components from 

the turbulent background. 

The following data were taken: 

1) Complete maps of time mean velocity, rm.s: of· turbulent 

velocity fluctuations, oscillation amplitudes and ph~_se_s at seven axial 
0 

stations in the 10 total included angle diffuser. This diffuser was 12 in. 

long and had a wake generator at its inlet. At an inlet Reynolds number 

ReD = 40, 000, the applied oscillation frequencies were in the low

medium range (0.25 .:5.StD_:s-1.7). 

2) Centerline turbulence intensity and boundary layer oscilla~. 

tion amplitude measurements at chosen stations in the said diffuser for 

several Reynolds numbers, the highest being ReD = 70, 000. Corre-
' 

sponding oscillation frequencies were in the low-mediu~ frequency 

range ( 0 . 2 .:5_ St D .:5_ 1. 5 ) . 

3) Complete maps of time meap velocity, rms ,values, oscilla

tion amplitudes and phases in the near-wake regions of the 6 ° and the · 

-4-
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10 ° total included angle di!!users, at ReD = 40, 000, with superposed 

frequencies ranging from low to very l1igh values (0. Z 35 ~ StD _..:S 3. 904). 

From 1) and 2) it was definitely ascertained that localized 

oscillation amplifications, in place of the expected oscillation decay 

with axial distance from inlet, can occur along the centerline of coni~ 

cal diffusers, even in the turbulent regime, with and without wakes at 

the inlet. These amplifications were accompanied by a double-fre-

I 

quency oscillating boundary layer at the locations where they took 

place. T}:iis important result is to b.e compared with that which is 

presented in reference [ 8] , the :latter dealing only with diffusers in 

the laminar transitional r~gim·e .. However, to avoid presenting data 
( 

so far not completely org~ll.iz.ed. in. a comprehensive manner, only 

the results from above listed part 3) will be discussed herein. The 
r 

other parts will be published separately. The description of part 3) 

concerning the mechanics of the oscillations in the near-wake repre-

sents the first study of this phenomenon. 

2. MEASUREMENTS 

2 .1. Description of the Experimental Apparatus 

A small wind tunnel with the capability of generating oscillatory 

flow was assembled. Its dimensions are shown in figure 1. The air 

was supplied from the laboratory compressed air circuit through a 
' ! 

' . . . ' pressure regulator which kept the pressure upstream of the flow ' 

' 

-5-
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regulating valve constant. The air then was fed into a stagnation tank 

followed by a rotating valve that generated the oscillatior1 StlJJCrf)cJsed 

on the mean flow. Downstream of this valve, the flow passecl tl1rough 

another stagnation tank, particularly designed to damp out any flow 

asymmetries caused by the valve: to this end, it was rather long, 

with two separate honey-combs and three wire screens. The flow was 

then accelerated in a nozzle and passed through a section of straight 

pipe into the diffuser. A wake was generated by a sphere located on 
" 

the centerline at the inlet of the diffuser. The sphere was supported 

by two vertical accurately tightened wires. The suppor·ted sphere 

system exhibited insignificant vibration. -At the exit of the diffuser 

the air was discharged into the laboratory. 

A detailed description of e:a_ch of the importa:nt ·co~po~en.t,s :i.s 

given below: 

1) Air Compressors 

- Worthington Reciproc_ating :compr. 6/6/:5'. :x: :5 

Model HD8 - 6 cyl. - Air cooled 

- Ingersoll Rand Reciprocating Comp·r._ 7 ~x· 7 1 cyl - water cooled 

2) Compressed Air Dryer 

Dynamic Dehumidifier - Pall Trinity Micro Corp.· - Cortland -

-N. Y. Model:.Trin. Cor. 3901 - Heat~ Les 

This instrument proved ext·remely important, as it will be 
~ • 

. 1- . 

pointed out "larter iti:c"onne.ctio~ -~ith,the- hot-:wir"e a~etnom'e:te-r per-~~.r'-·•c• 
" 

f o :rmanc.e. 
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3) Pressure Regulator 

Moore Products Co. Model 42H50 - Nullmatic 

4) Stagnation Tanks 

Plexiglass tube 6 in. diameter 

5) Oscillating Valve 

A schematic of the valve is shown in figure 2. A rectangular 

plate rotates in front of a fixed plate with two openings for the through 

flow and two vent openings. The vents open when the through flow is 

obstructed by the valve plate and therefore prevent a buildup of press

ure in the upstream stagnation tank. This pressure buildup causes a 
, 

severe distortion of the sine wave signal if the vents are blocked. The 

amplitude of the oscillation can be controlled by displacing the rotating 

plate with respect to the fixed one. Owing t.o this variable gap between 

the two plates, it·would have been possible to adjust the oscillation 

amplitude almost independently from the frequency. However, due to 

the necessity of dismantling some connections each time an adjustment 

would be required, no independent amplitude settings were performed 

in the present research. The valve is driven by variable speed motor 

and control: Minarik Electric Co. ~ Model SH-32 with Bodine Electric 

D. C. Motor. Various belt drive arrangements were required to cover 

the range from low to high frequencies. The design of the valve gives 

velocity fluctuations that are nearly pure sinusoids. A -sample oscillo-

-7-
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scope trace ia shown in figure Z for the time dependent core velocity 

ahead of the sphere. Even in the highly turbulent region downstream 

of the sphere (near-wake) the trace on the computer-controlled scope 

readout recovered an almost perfect sine wave for each frequency 

after the phase averaging process, which will be discussed later. 

6) Flow Straighteners 
·, 

The straighteners are honeycombs made of aluminum foil. The ~ 

cells are hexagonal, 1/8 in. diameter. 

7) Wire Screens 

Standard wire screens, 20 mesh, 0. 016 in. wire diameter, 

46. 2 o/o open area. 

8) Nozzle 

The nozzle contour is a circular arc. The nozzle exit diame-

ter is 2. 0 in., the area ratio is 9:1. 

9) W'ake Generator 

The wake is generated by an alloy-steel sphere of an undamaged 

ball-bearing. The diameter is 0. 31 in. and the surface is polished. 

Accurate cleaning was perfa·rmed. The sphere is held in position right 

at the centerline of the diffuser inlet, by two vertical guitar wires 

glued on the sphere surface with a very small amount of epoxy glue 

and clasped, at the other end, inside the joint between the diffuser 
t 

and the upstream cylindrical tube. The dimensions of the two glue 

drops on the sphere surface are of the same order of magnitud_e as the 

-8-
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wire diameter. The diameter of the wires is 0. 009 tn. The wires 

are vertical and straight. Their short length, together with the firr11 

mounting, prevent any vibrations of themselves and of the sphere. 

10) Diffusers 

Both diffusers are conical, 12 in. long, and made of fiberglass 

and epoxy resin. One has an opening angle of 6 ° (half opening angle 

3°). inlet diameter 2 in. and an outlet diameter of 3. 28 in. The other 

diffuser has an opening angle of 16° (half opening angle 5°), inlet 

diameter 2 in. and an outlet diameter of 4.1 in. In the present study 

only the first 3 in. of each diffuser length (near-wake regions) have 

been investigated. Pressure taps are provided throughout the length of 

the diffusers at intervals of 1. 5 in. A constant diameter tube 3. 5 in. 

long was inserted between the nozzle exit and the diffuser inlet, mainly 

to get a detectable turbulent boundary layer thickn~ss at the diffuser 

inlet and to avoid interference between the nozzle and the wake genera-

tor. 

2. 2. Instrumentation 

2. 2 .1. Velocity Measurements 

The air velocity was measured using a DISA hot-wire anemo

meter system, consisting of the following components. 

pISA 55 A 25 Hot wire probes (straight) 

DISA 55 D 01 Hot ·wire anemometer 
: }·' .. 

1 DISA 55 D 10 Linearizer 

-9-
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DJSA 55 D 30 DC Voltmeters (2) 

DISA 55 D 35 RMS Voltmeter (Integrator} 

The system was calibrated using tl1e standard procedures recom

mended by DISA. 

A traversing mechanism was used that enables the hot wire 

probes to be positioned horizontally, vertically and longitudinally 

within the diffuser. The horizontal and vertical traversing gears are 

connected to position transducers of the potentiometer type whose 

signals are fed, independently, into ·.the x-input of a Hewlett-Packard 

Model 7035 B x-y Recorder, the y-inp.ut being either the actual veloci

ty signal cllre:ctly from the lineariz.er 'Or the rrns reading from the in

te,g·:rator. 

2.2.2. Pressure Measurements 

1) Time Mean Pressure 

Time mean pressures were measured ·using a Flow Corporation 

(:-Cambridge-Mass) Micromanometer - Model MM3 containing Butyl. 

2) Time Mean Pres'sure Difference 

For pressure differences (mainly dynamic pressures) a 

Statham Model PL 283 TC-0. 3-350 Pressure Transducer with a 

Statham Strain Gage Signal Amplifier Model CA 17-0-14741 were used. 

No negative dynamic pressures were detected even in the first traverse 

right behind the sphere. 

3) Probes 

-10-
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The probes used to measure static and dynamic pressures had 

diameters of . 094" and holes of . 031''. No detectable static pressure 

variations were encountered during a complete traverse at each axial 

location. 

2. 2. 3. Oscillation Frequency 

The frequency of oscillation of the valve which produced the 

unsteady flow was determined with a photocell circuit. The rotating 

plate interrupted the light path between a bulb and a photocell, result-

ing in a square wave signal~the frequency of the superposed 
• 

fl.ow oscillations. The frequency of the signal was measured with a 
,. 

Hewlett-Packard 5216A electronic counter. This same circuit was 

also used to provide a trigger signal for th~ ·timing of the oscillatory 

data evaluation. 

2. 2. 4. Oscillatory Data Evaluation 

1) Computer 

For oscillatory data evaluation, a DEC LAB 8/E computer 

system was available. It consists of: 

PDP S/e 

ADS -EA 

AMS - EA 

2 DEC TAPE 

33 ASR 

VCS-E 

T 
.I 
' 

12 bit digital computer 

A/D Converter 

Multiplexer 

· Magnetic tape handlers 

Teletype and paper tape reader/punch 
·1 

Display control 

-11-
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TEKTRONIX 602 Oscilloscope -
2) Zero Suppressor 

The A/D Converter-Multiplexer input was limited to signals of 

+ IV. It was therefore necessary to condition the signals as .follows: -
The de component of the si~als had to be taken out while all ac signal 

components passed through unchanged. This was accomplished using 

the electronic circuit shown in figure 3. The circuit uses two cas-

caded operational amplifiers MC 1741. 

offset the de level of the input signal. 

Potentiometer RS is used to 

The maximum range of RS is + -
15 V. The gain of the whole circuit is nominally llllity, but it can be 

fine twi.e·_d using t·rim potentiometer R 7. The bandwidth -of :the circuit 

is de to 10 :kHZ. 

2. 3. Measurement Procedures 

The steady fl.ow field (no applied oscillations) in the diffusers 

was measured at the same value of the Reynolds number used in the 

measurement of the unsteady flow field (with oscillations) in order to 

have a basis for comparison. This is valid separately for each diffu

s~r, whereas the Reynolds number for the 6 ° angle diffuser was 

slightly higher than the one for the 10° angle diffuser. The configura-

. tion for all the measurements was always with the sphere at the dif

fuser inlet. Careful and lengthy checks for axisymmetry were per-

formed, each time a series of measurements.··.were made. Horizontal 

. . 
-12-
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and vertical traverses at the same axial location were perforr11ed to 

ascertain symmetry at chosen axial locations. 

The x-y recorder was used to record: 

1) Velocity traverses from the linearized hot-wire signal. 

2) Pressure traverses from the pressure transducer. 

3) Traverses of the root-mean-square of the integral turbu

lence from the integrator. 

The computer was used to extract, via ensemble averaging,ampli

tude and phase of the organized velocity oscillations at given locations 

:within the diffusers. For purposes of comparison, these locations 

were at the same axial stations where above mentioned.velocity and rrna 

traverses were taken. The signal flow in the measuring system is 

shown in figure 4. The hot wire velocity signal is linearized and fed 

-i,.nto the zero-suppressor circuit which removes the mean component 

of the velocity itself. The signal is then displayed on an oscilloscope. 

Use of the de mode allows a check to be made of the de level of the 

signal and makes it possible to adjust the zero suppressor. At the 
I• 

same time a check that the extreme values of the signal do not exceed 

the A/D converter input limit of+ 1 Volt can be made. If this is not -
the case, adjustment of the linearizer gain must be performed. This 

was particularly necessary for the points in the near-wake very close 

to the sphere .. · The si~al then passes through the A/D converter to 

the computer input . The computer, using the timing signal provided 

-13-
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by the photocell trigger circuit, processes the signal and outputs the 

enseml)le average of the velocity signal on the teletype. 

Prior to each series of measurements, the following checks 

were made: 

1) Sphere position and symmetry of flow. 

2) Hot-wire system calibration,which was always found excellent 

with no detectable drift. This has been attributed to the cleanliness of 

the air as a result of passing through a dynamic de-humidifier down

stream of the compressors. Nevertheless, frequent re-calibrations 

were performed following DISA instructions. 

3) Free-stream Reynolds number at the diffuser inlet. 

4) Air and room temperature. 

Th.rQ.ughout the present study, with the exception of the com

puter and os ¢.illos cope, all the electronic instruments we re never 

turned off but switched to stand-by when not operating. 

2. 4. Data Processing 

The ensemble averager program is part of the software pack

age of the LAB 8/e system. It is described in detail in the LAB 8 /e 

Software System User's Manual [ 9] . The program digitizes analog 

inputs and takes ensemble averages of these signals. A schematic of 

the sampling.technique is shown in figure 5. The program samples 

the data at regular time intervals specified by the user. The start of 

the sampling is given by. the trigger signal. After a specifi~d number 

-14-
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of data points has been sampled, the sampling stops, and the program 

does the necessary calculations. As soon as the next trigger impulse 

is received, the program starts sampling again. The number of 

sweeps of sampling can be specified. After sampling is completed in 

all its sweeps, the program displays the average of the data taken on 

the oscilloscope screen. If the quality of the averages is not satisfac

tory, an additional number of sweeps can be added. When the data 

taking is finished, the program does a statistical evaluation of the 

sampled data. Calculation of a 95o/r. confidence limit and of the signal 

trend can be done. The program then outputs data and statistics on 

the teletype and/or papertape. 

2. 5. Error Considerations and Data Qualification 

Throughout the present work the precision of the experimental 

results was limited due to the reasons which follow. It is our feeling 

that the order of listing reflects also an expected order of importance. 

1) Number of Data Points Available 

With reference to the oscillation measurements, the time re

quired to evaluate one data location in the flow field was rather long. 

The time ranged from 20 to 40 minutes, respectively, for very low 

frequencies and turbulence levels and very high ones, because the 

sweep intervals and the number of sweeps performed by the computer 

had to increase accordingly. For this reason, particularly in regions 

of high gradients of oscillation amplitude, the continuous lines in our 
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figures connecting the data points are not as accurate as they would if 

more points were available. On the other hand, the selection of the 

location of the points was many times aided by relatively quick checks 

on the computer scope, prior to perfor1l1ing·the necessary sweeps. 

2) Relative Size of the Hot-Wire Probe and Three-Dimen
sionality of the Flow 

The presented results are in actuality not "local" but rather 

averaged over a region of the order of magnitude of the hot-wire 

length. Moreover, in the near-wake, only the apparent longitudinal 

components of the actual three-dimensional oscillating flow field have 

been measured. 

3) Asymmetries of Flow and Influence of the Wake Generator 
Supports 

The wires supporting the sphere at the diffuser inlet generated 

two wakes in a vertical plane which were felt both in the mean velocity 

and in the r1ns vertical traverses. The average free stream velocity ·. 

in a vertical traverse (through the centerline of the diffuser) was about 

Bo/o lower than in a horizontal traverse. The rms readings during 

vertical traverses with superposed oscillations wez:e, on the average, 

about So/o higher than in the horizontal plane, with reference to the 

free stream. A few checks of the oscillation amplitudes performed, at 

a fixed axial location, in points symmetrically located on the left and 

right hand side in a hor~zontal plane, as well as on the upp,er and lower 

part in a vertical plane, did not show any systematic difference .. All . . . 
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the results shown in our figures come from data points taken in hori-

zontal pla11e s. 

4) Traversing Equipment Accuracy, Misalignment of the 
Probe, Vibrations 

We estimate in + 4o/o the total error due to these causes. The -
precision of the probe positioning was within + 0. 03". -

5) Computer Results - Overall Accuracy 

_a) The zero suppressor was calibrated to give a gain of 1 + -
Z%. The uncertainty is caused by a slight dependence of the gain on 

. the operating temperature of the instrument. The frequency response 

of the suppressor circuit was checked and found to be flat from de to 
. ~ 

10 kHZ. The A/P ~onverter and multiplexer accuracy is + . lo/o of the -
maximum input signal value (± 1 V) and the frequency response is flat 

up to 30 kHZ. All input and output impedances of the components in 

the signal processing circuit were matched properly. ,. 

b) The averager program evaluated 95% confidence limits of 

the averaged value. The number of sweeps was selected to give, even 

in the highest turbulence intensities (e.g. just downstream of the 

sphere.), an accuracy of±. 3o/o of the calculated oscillation amplitude. 

To this end, generally speaking, 500 sweeps were required for the 

free stream flow and up to 2500 sweeps in ·the first stations behind the 

sphere. The signal, averaged by the computer and displayed on the· 

scope, was generally sinusoidal throughout the free stream and the· 
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wake flow, with deformations, in the latter case, due to higher har-

monies, of minor importa.nce as far as the amplitude is concerned. 

On the other hand, effects of higher harmonics, constancy of the 

oscillatlon frequency of the valve (+ lo/o), trigger rise time ( .1 m sec -
at 35 HZ), and number of points per cycle displayed on the scope and 

printed (between 60 and 40), all contributed to an accuracy of no more 

than .±.10° for the phase evaluation at the highest frequencies and of 

±,6° for the low-medium frequencies. No Fourier analysis was done 

on the computer results. 

6) Hot-Wire Anemometer And Linearizer 

All the DISA Instructions For Calibration were carefully fol~ 

lowed. Almost no drift was detected. The calibration was done 

against a pitot static probe in steady flow, with no wake generator, at 

the diffuser centerline. The flow velocity was determined from the 

pressure diffe.rence across the pi tot static tube using ~-ernoulli' s 

equation. The uncertainty for the velocity, taking also into account 

the accuracy of the linearizer, can be estimated as + 3o/o. -
~ .7) Temperature Variations 

Temperature did not change more than + 3° during a test run. 
. -

8) Boundary Layer Data Accuracy 

. The accuracy of the traversing. equipment was not as precise as 

detailed boundary layer measurements require; in particular, it was 
I. 
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difficult to locate the exact distance from the wall. Finally, the 

number of data points taken in the boundary layers were not sufficient 

for a complete boundary layer analysis. For these reasons, only a 

few figures give boundary layer data. Generally speaking, only the 

wake and the free stream flows will be discussed. 

3. EXPERIMENTAL RESULTS 

3.1. Nomenclature 

We shall call, in the following discussion, with reference to 

both diffusers: 

Station 

X-1 

X-2 

X-3 

X-4 

X-5 

Distance From Inlet 
[i.e. From Sphere Center] 

0. 2" 

0.5" 

l" 

3" 

5" 

Similarly we shall define: 

Symbol 

T-1 

T-2 

T-3 

T-5 

"\. 

Oscillation Period 

110 msec 

36 msec 

16~ 6 msec 

12 msec 

7 msec 

-19-

Min. Distance From 
Sphere Surface 

0.045" 

0.345" 

0.845" 

2.845" 

4.845" 

Oscillation Frequency 

9. 09 cycle·s/sec 

27. 77 cycles/sec 

60. 24 (?.Ycle~(sec, 
• 

83. 33 cycles/sec 

'' ' 

142. 86 cycles/ sec 



i', ~··· 

3. 2. Mean Flow Parameters 

The time mean velocity horizontal traverses are presented in 

figure 6 for both diffusers. As already pointed out (see Table 1) the 

Reynolds number for the 6 ° diffuser was slightly higher than the one 

for the 10° diffuser. However, in this range of Reynolds number, the 

flow behavior should be relatively insensitive to variations of Reynolds 

number. It can be seen that the effect of the pressure gradient is felt -0 in a higher velocity defect for the 10 diffuser which persists, for all 

0 the stations, more than in the 6 diffuser. 

The data points of figure 6 were exactly coincident for both 

oscillating and non-oscillating flows, at the same time-mean Reynolds 

number. No influence of the superposed frequency on the wake shape 

was detected. The time mean velocities shown are the reference ones 

for all our subsequent measurements of the turbulence intensities and 
(' 

oscillation amplitudes. 

The time mean static pressure behaviors in the two diffusers 

are presented in figure 7 as pressure difference between the local 
.. 

condition and the attnosphere, nondimensionalized with respect to the 

inlet dynamic pressure. It can be seen that, up to x /L = 0. 25, the 

pressure gradients do not differ strongly between the two diffusers. 

3. 3. Integral Turbulence Intensities 

In figures 8 through 11 the root~~ean-squares of the integral 

turbulence (i.e. with the contributions of the superposed oscillations) 

. -20-
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0 are given, w'ith reference tot.he inlet time mean velocity, for the 10 

diffuser. The non-oscillating conditions (dashed lines) are compared 

with the oscillat·ing conditions taken at T-1, T-2, and T-3. When . ~ _, 

only the dashed line appears at some locations, it means that all the 

oscillating conditions coincided with the steady {non-oscillating) con

dition. It is apparent, by examining these rms readings for oscillat

ing turbulent wakes that the J""andom turbulence contribution is so 

high, even in steady conditions, that the superposed oscillations are 

almost completely shadowed, in particular at locations X-1 and X-2. 

Throughout the figures there is the systematic tendency toward higJi~·:r 

r1ns levels for lower oscillation frequencies. As can be seen in 

Table I, this results from the higher Ju. J produced, at these fre-
1 

quencies, by the oscillating value. 

. 
We want to add that, as already indic:ated, the readings in the 

boundary layers are not very accurate. Nevertheless it is worth 

pointing out the peak in rms levels shown in figure 10 in the boundary 

layers for the frequency T-2 which is not consistent with an actual 

oscillation amplitude peak ( see later in figure 14). This kind of be

havior falls into the domain of amplification phenomena, characteris -

tic of boundary layers (laminar and turbulent) in diffusers, which are 

not dealt with in the present study ·but which were detected and analysed 

in the course of our research (see Introduction). 

Figures 8 through 11 a.re readings from horizontal traverses ". 

and show excellent symmetry. In these figures a y/R scale has been -21- ,.· 



added at the top, for comparison purposes with the oscillation ampli

tude behavior presented in the following figures. 

3. 4. Oscillation Amplitt1des 

Figures 12 througl1 15 present amplitude ratios (i.e., local 

oscillation amplitudes divided by the inlet oscillation amplitudes 

relative to the same frequency) respectively for stations X-1, X-2, 

X-3, X-4 in the 10° diffuser. Figures 16 through 19 present exactly 

the same for the 6 ° diffuser. A useful and easy comparison is thus 

allowed. Although a detailed analysis of the results will be given later 

on ( see next paragraph), we want here to stress the basic similarity 

of the results for the two diffusers. This, in our opi_nion, is very 

interesting because it shows that the press·ure gradient is not a crftical. 

;parameter for the oscillation amplitudes, with regard to either their 

absolute values (although with clear systematic influences) or their 

decay rates. 

Boundary layer results are given only for comparison purposes, 

as they show much higher amplitudes (generally speaking) than the 

wake. We must not forget that a rather long cylindrical section was 

placed ahead of the diffuser, and the wall boundary layers could de

velop before entering the diffuser, whereas the boundary layers on: .the 

wake generator had little previous history and they grew in a favorable 

pressure gradient before being shed into the diffuser (see later). More 

importantly, the wake-boundary layer comparison is a free shear 
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layer-wall layer comparison. 

General preliminary conclusions which can be done are as 

follows: 

a) The pressure gradient does not critically control the 

oscillation behavior and decay rates in the near-wake. 

b) In the high frequency range, higher peaks of the oscillation 

·amplitudes in the wake flow occur at lower pressure gradients; that 

is, the oscillations seem to decay at a higher rate with higher axial 

pressure gradient. 

cJ J?or ve:ry low frequencies, no amplification relative t·o 

local f·ree stream :values occurs in the wake; rather a strong d~:n1ping 

of oscillations takes place there. 

d) For the medium and hlgh frequencies, oscillation peaks up 

"t9. (.and above) twice the free-stream levels are detected. 

A- more detailed analysis will follow. 

3. 5. Oscillation Phase Relations 

Figures 23 through 26 present the differences in oscillation 

phase between the local values and the free stream values at the same 

axial location and at the same frequ.ency. The accuracy of the results 

, is limited and is not better than + 10°. - It is interesting to note that 

absolutely no phase shifts are detected .for the low frequencies, that 

strong n~gative phase shifts occur at the beginning of the near-wake 

with preference for the high\,f,requenci_es and that there is a tendency 

_., i-'.'-•: j 
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toward positive shifts as the wake develops, with a clear preference 

for an intermediate frequency, the same frequency which appears as 

the dominant one for the oscillation amplitudes in the region farther 

away from the wake generator. The results for both diffuser are 

absolutely consistent. No data for the boundary layers is presented. 

For the outer parts of the boundary layers negative shifts were always 

detected. 

4. MECHANICS OF THE OSCILLATION GENERATION AND DECAY 

To reach a clearer description of the phenomena which are 

suppos~d to occur starting from the point .at which the flow enc.qup.t_e\r·S 

the wake generator (sphere), let us divide t.he O,ow field into :four 

• regions: 

1) Oscillating b·oundary layer on tl1e sphere surface. 

:2) Laminar {or turbulent) separation region. 

3) Near-wake region. 

·, 

4) Far-wake region. 

·, 

Our experimental data deal mainly with the near-wake and not 

at all with regions 1) and 2). However, the available results are 

sufficient, in our opinion, to give a reasonable explanation of what is 

going on. Let us beg.in with an analysis of figures 20 and 22 which· 

present results taken from figures 12 through 19. respectively at the 

centerline (y /R = 0) and at the peak~ of the oscillation amplitudes for 

each axial station and for both diffusers. The sharp contras·t of the 
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amplitude ratio behavior between the two figures ls apparent. Figure 

20 presents, in the high frequency range, clear secondary peaks, 

after an initial decay, for the amplitude ratio; whereas figure 22 

shows a continuously decaying behavior. From figure 20, we should 

conclude that wakes, in their core flow, do indeed amplify (in the 

axial direction), all the oscillations, except the low frequency ones. 

This amplification takes place after an initial decay and reaches a 

peak which is higher and closer to the wake generator for increasing 

values of frequency. All this is quite clear for the high frequencies, 

but it is also valid for the medium frequency curves too, if we pay 

attention to their positive slopes, instead of negative, going down 

stream of the initial peaks., 
. 

_F:Iowever, at this point, a closer look at :f.h·e same figure 20 and 

.a comparison with figures 21 and 22 show t:b.at:.a different trend occ;urs 

for the plot of the maximum amplification ratio versus axial distance. 
\ 

First of all, comparing figures 20 and 21, we can see that the initial 

~· peaks for the T-2, T-3 frequency curves are not higher than the free 

stream amplitudes for those frequencies. That is, no amplification 

with respect to the free stream takes place there. True peaks, with 

respect to the free stream, are instead those for the T-4 and T-5 

freq1:1ency curves, together with the positive slopes of the T-;3'. curves. 
-i'·1 • 

But now, analyzing figure 22 we realiz.e that all the aforementioned 

peaks fall, at each station, below the maximum of the oscillation 

-25-
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amplitude. These maxima always decay with axial distance and are 

located in the ••oscillation layers" which separate the wake core 

(shielded region) directly behind the sphere and the free stream 

region. It is in these layers that rather high amplitude ratios are de

tected, although they steadily decrease going away from the wake 

generator. These amplifications are the highest for the frequency 

T-4 and show consistent behavior for the two diffusers, with systema

tic higher values for the lower pressure gradient. 

The curve for frequency T-5 is not continuous because near 

the peaks at station X-2 the result's for both diffusers showed random 
• 

i •• " ' ' f"-' • signals and no. amplitude could be calculated. We feel that this phe-

nomenon was caused by inertia effects: as it is also pointed out in 

reference [ 5] , wall boundary layers and free shear layers cann:ot 

follow the oscillations in the free stream, when the frequency of the 

oscillations is above a certain limit, because of the inertia of the 

fluid particles together with the influence of the turbulence level . 
.. 

It is clear that, in the time mean shear region of the near

·wake, superposed oscillations of any frequency are damped out in the 

axial direction at a rate which is higher the closer to the wake genera

tor. The rate of damping is also dependent on frequency: it reaches a 

maximum for a frequency around T-4. 

A better understanding of oscillation behayior in the wake shear 

region can be hypothesized as follows. We expect that oscillations did 
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amplify in region 1), the bou.ndary layer on the sphere upstream sur

face, for the following reasons: 

a) Peaks in velocity amplitudes can be expected to occur in 

both laminar and turbulent boundary layers subjected to oscillatory 

free stream flows, due to the fact that, after a change in the free 

stream velocity, the velocity in the boundary layer, at each location, 

has two components of change, one coming from the variation in free 

stream velocity, the other generated by the change of thickness of the 

boundary layer itself (see [ 2] ). 

b) The wall skin friction coefficient is flµct.µating in response 

·to the organized disturbances in the free stream" From [ 5] we see 

results which confirm the variation of the roq.t.~mean-square fluctuat

ing skin friction with disturbance frequency. · . .tn particular, at relar

tively large disturbance wavelengths an increas-e in disturbance fre-

quency is accompanied by an increase in the rms fluctuating skin 

friction. However, as the frequency ~ncreases further, changes in 

the disturbance pressure gradient become more rapid, until a point is 

reached at which inertial effects come into play, this fact being the 

expected reason of the lack of response of the boundary layer to further 

decreases in disturbance wavelengths (see [ 5] ). 

This phenomenon can also shed light on the trends shown in 

figure 22. The oscillation amplitude is maximum at T-4 whereas it 
,. ' 

decreases at frequency T-5. As far as the phase is c_oncerned, typical 
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results from [ SJ show that in the low frequency range the fluctuating 

akin friction is in phase with the free stream disturbances since the 

boundary layer can adjust to the instantaneous conditions. However, 

if the disturbance is of high frequency, the above adjustment cannot 

take place and phase discrepancies as well as distortions in wave 

form will begin to appear. In these conditions, the fluctuating skin 

friction appears to anticipate the inviscid flow disturbances in the 

inner portion of the boundary layer ch e to_ its relatively low inertia, 

which results in a greater relative change of velocity in the boundary 

layer than in the free stream. 

We have not measured the characteristics of the boundary layer 

'which developed on the upstream portion of the sphere, but we can 

rather safely assume it to be laminar, regardless of the superposed 

oscillation frequency, d·ue to· both the low Reynolds number evaluated 

for the sphere (see Table !)and the favorable pressure gradient acting 

.on ft, together with a particularly smooth sphere surface (polished 

steel). Therefore we expect a laminar separation to have occurred 

somewhere, possibly not far from the point of minimum pressure, 

right at the maximum cross section of the sphere located at the inlet 

of the diffuser. This separation onset region may certainly have been 

affected by the superposed oscillation amplitude and frequency, but, 

in any case, we can expect there little or no damping of the fluctua--

tions developed'in the boundary laye·r. This is due to the pulsations 
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of the skin friction at the surface, directly related, at the point of 

separation (T = 0), to fluctuations in the process of "shedding" the w 

oscillating sphere boundary layer. In other words, the process of 

fluctuating separation can be depicted as being "tuned" {i.e. both 

processes governed by the same cause) with the oscillations developed 

upstream. If this is the case, the above explains the origin of the high 

amplitudes that were detected experimentally in the oscillating layers 

right behind the sphere, amplitudes which were then the result of two 

successive processes. The first process· ,:,ccurring in the sphere 

boundary layer, the second in ·the separation "shedding" region. 

At this p_oint, our expe;rimental data begin to reflect behavior 

.of the: flow p.a·st the sphere. Figures 12 and 16 snow, for station X-1, 

.. tha:t in the shielded region near the centerline, for the lower frequen.;, 

cies, the oscillation amplitudes are lower not only than those in the 

oscillation layers but even than those in the free stream. This trend 

is pronounced and independent of the axial pressure gradient. For 

medium frequencies (~3) the centerline amplitudes are comparable 

with the free stream ones; for the high frequencies (T-4, T-5) they 

are higher. The shielding effect of the sphere is apparent, and also 

its behavior with respect to frequency is clear: an increased frequency 

means higher pressure gradients in the free stream, which therefore 

allow the oscillations to better penetrate tow~_rd the cepterline. 
• '~I 

-29-., 

__: . 
.. ,... 

,.... ... 

J 



We have left aside the oscll.latlon layers between the free 

stream and the "shielded" region. In them, except for the very low 

frequency, strong amplification phenomena have taken place upstream 

and thus their amplitudes are higher than both the free stream and the 

wake center amplitudes. The amplified oscillations seem to persist, 

in them, with a frequency response which is the highest around fre

quency T-4. Possibly, inertia effects together with compressibility 

effects prevented further amplification from occurring at higher fre

quencies. No critical role seems to be played by the pressure gra

dient, except that the amplification ratios appear some higher for ·. 

lower pressure gradients. As far as the phase of the oscillations is 

concerned figure 23 shows strong negative phase lags in the oscillation 

layers for frequency T-5, less for T-4 and none for lower frequencies. 

The effect is less felt in the wake core. 

Going downstream, we see in figures 13 and 17 an evident proof 

of the trends already discussed, with the particular behavior of the 

curves at T-5, in the oscillation layers, where the measurements of 

,the oscillation amplitudes turned out to be prevented by a very high 

"dispersion" of the signals. It is worth noting that, since the oscilla

tion decay rates are the highest at frequency T-4 and much less at 

lower frequencies, the peaks for frequencies T-4 and T-3 are, already 

at station X-2, of comparable magnitude whereas tm former were much 

. higher at X-1. Th.e role of the pressure gradient in decreasing, with 
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its increase, the oscillation peaks is con.firmed, but the free stream 

amplitt1des do not seem to be affected by it. The spreading of the 

oscillation layers away from the centerline is apparent as was also 

shown in the turbulence rms traverses. Important to be stressed, in 

this connection, is the total absence of meaningful information we can 

extract from the rms readings as far as the oscillation amplitudes are 

c.oncerned. Figure 9 showed a higher rms level for the wake than for 

·the boundary layers, yet figure 13 shows instead the highest oscillations 

in the boundary layers. Figures 24 presents phase shifts which are 

-n·e:-ga:tive for frequency T-4 (and less than the previous) and positive 

_for .frequency ·T-3· .. 

Going now ·to ~tation X-3 ·We .find the po·s sible explanation of the 

earlier mentioned s·econdary peaks and pos:i'.tive slopes detected in 

figure 20, whereas they did not appear in fig,u·res 21 and 22. (As pre

viously noticed, the ano.malous behavior of a curve T-2 in figure 22 

depends on that kind of amplification phenomena in diffusers referred 

to in Introduction). The hypothesis is that the oscillation layers, com

ing from the sphere and carrying the highest amplitude oscillations, 

have spread so far that, for frequencies T-4 and T-5, they have begun 

to smooth out the oscillation levels in the wake core. This process 
" 

has no,t yet occurred for the lower frequencies. The results for both· 
'··\ ..... 

diffusers are in complete agreement. In particular it is worth noting 

that the process of smoothing out of the oscillation layers produces, at 
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frequency T-4, a complete reduction of their oscillations down.to the 

core flow value. This is not the case for freqt1er1cy T-5. It is really 

interesting to notice that the medium frequency T-3 oscillations are 

decaying particularly slowly: they are, at X-3, practically constant at 

the levels of the previous station for the 10° diffuser. The phase dia

gram of figure 25 shows strong positive phase shifts for frequency T-5 

and negative for T-4 and T~3. No explanation could be found for this 

behavior. We remark that, at X-3, although the amplitude for fre

quency T-4 is at the free stream levels, nevertheless the phase lag is 

:high with respect to it_. 

Examining now the situation at station X-4, we see that the 

process of smoothing of the layers has taken place for all the fre

:quencies. Almost complete equalization of the wake ·oscillation ampli~ 

tµ.des to the free stream levels has occurred for all the f requen.cies, 

except for the medium (T-3} which Etu·rprisingly persists at noticeable 

higher values. Apparently the dissipation energy connected with the 

higher frequencies has been much greater than for the lower frequene 

cies, together with the fact that the merging of the oscillation layers 

occurred later for these lower frequencies. The relatively greater 

persistence of the oscillations of frequency T-3 is also shown by the 

phase diagram figure 26 which presents positive phase shifts only for 

this frequency. We can indeed say that equalization conditions begin 

to b:e approached, from station X-4 on,for all but the medium T-3 
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frequencies. And this too seems to us rather important. 

As a concluding remark we must say that, in all the above, 

we have neglected the influence of the difference in the inlet oscillation 

amplitudes with varying frequencies. This difference is not apparent 

in our results because they are normalized with respect to those 

amplitudes. Finally we specify that, from station X-1 to X-4, no 

detectable longitudinal phase shift was detected, i.e. the free stream 

oscillation phase was almost coincident, for each frequency, with the 

inlet free stream phase for all stations. 

·5. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

We can briefly summarize our results as follows: 

1) Amplitude ratios higher than un:it:y can be found in free 

shear layer flows, pa,rticularly at high frequencies. With specific 

• reference to a near-wake, they are closely connected to oscillation 

amplification phenomena taking place in the boundary layer of the wake 

generator.· 

2) The rate of decay of the amplification ratios with axial 

. distance in a near-wake is very high at high frequencies·, less at lower 

frequencies. Intermediate frequency oscillations can thus persist 

amplified farther downstream. 

3) Very high oscillations could be expected in the near-wakes 

~f wake generators whose boundary layers were allowe<i"to develop 
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more than in our experiments, particularly if positivf' pressure gra

dients acted on them (e.g. compressor stator blades). 

4) The range of axial pressure gradients examined herein had 

no critical effect on the decay rates of the amplification ratios in the 
., 

near-wake flow. 

Checks of our results performed in larger wind tunnels at 

larger Reynolds numbers would be very important. A faster data 

acquisition and processing technique should be used. The oscillation 

:amplitude m the free-stream should be maintained constant for all 

frequencies. 

~. ..:·. 

·' 
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OSCILLAT·ION PERI'O.DS . I u. I ' 1;.._ 

l 

ft/sec 

T-1 = 110 msec - - - - D. 822 

T-2 = 36 msec - - - - D.714 

T-3 = 16. 6 msec - - - D.304 

T-4 = 12 msec - - - - :>. 162 

T-5 = 7 msec - - - - ).112 

REYNOLDS' NUMBERS Re
0 

·TABLE 1 

CHARACTERISTICS PARAMETERS 

6° DIFFUSER 
... 

I u. I 
1 

St0 Std I u. I 
l -

ft/sec u. 
1 

0.0203 0.235 0.0364 0.795 

0. 0176 0. 718 0 .111 0.708 

0.00752 1.557 0. 241 0.320 

0.0040 2 .155 0.334 0.170 

0.00277 3. 690 0.572 0.123 

10° DIFFUSER 

I u. I 
1 

St0 -u. 
l 

0.0208 0.2485 

0. 0185 0.76 

0.00835 1. 647 

0.00444 2.28 

0. 00321 3. 904 

Red ReD Red 
All Frequencies 42,000 6500 40,000 6200 ... 

.. 

~-

Std 

0.0385 

0. 117 5 

0.255 

0. 35 3 3 

0.605 



( 

~'. 

-TABLE 2 -

LIST OF SYMBOLS FOR FIGURES 8 THROUGH 26 

- 0 

-0 

- 8 

- 0 

- 0 

- ~ 

- <8> 

- A 

- 181 

- 8 

Data point at frequency T-1 in the 10° diffuser 

Data point at frequency T-2 in the 10° diffuser 

Data point at frequency T-3 in the 10° diffuser 

Data point at frequency T-4 in the 10° diffuser 
f 

Data point at frequency T-5 in the 10° diffuser 

Data point at frequency T-1 in the 6 ° diffuser 

Data point at frequency T-2 in the 6 ° diffuser 

Data point at frequency T-3 in the 6° diffuser 

Data point at frequency T-4 in the 6 ° diffuser 

Data point at frequency T-5 in the 6 ° diffuser 

·' 
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