AN INVESTIGATION OF TEMPERATURE FLUCTUATIONS

ON BLUFF BODIES

Thesis by

Jacek Piotr Gorecki

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California .

1960



ii
ACKNOWLEDGEMENTS

The author takes pleasure in thanking Dr. Hans Wolfgang
Liepmann for his encouragement and advice on this research.

Helpful discussions with members of the GALCIT Fluid Mechanics
Group, particularly Dr. Anatol Roshko, are gratefully acknowledged.

The experimental program was supported by private funds
provided by the Guggenheim Aeronautical Laboratory, California
Institute of Technology‘. Special thanks are due Dr. Clark B.
Millikan, Director of the GALCIT, for making these funds available.

The models and experimental apparatus were constructed in
the GALCIT shops. Their help was much appreciated, particularly
Mr. Marvin E. Jessey's assistance with the design of the electronic
equipment, |

It is a pleasure to acknowledge the contributions of Mrs.
Dorothy Diamond and of Mrs. Geraldine Krentler in the preparation
of the drawings and of the typescript.

Finally the author would like to thank the Instituto Tecnolégico
de Aeronautica, S3o José dos Campos, S3o Paulo, Brazil for granting
him a prolonged leave of absence; and the Brazilian Research Council
(Conselho Nacional de Pesquisas) and California Institute of
Technology for financial assistance without which his studies here

would have been impossible.



iii
ABSTRACT

Temperature fluctuations and recovery temperatures on the
surface of a circular cylinder (with axis normal to a subsonic
compressible flow) and the field of flow about the cylinder, particu-
larly the wake area, are investigated experimentally in range
between M = 0,35, Re = 117,000 and M = 0,70, Re = 201, 000.

Spectral analysis of fluctuations on body surface and other
evidence indicate that formation of discrete vortex cores from the
separated shear layers is initially an impulsive random process (of
the generalized '""shot effect type), although the wake farther down-
stream from the model has a definitely periodic structure.

Impulsive formation of vortex cores can be enhanced by wind
tunnel resonance or by a high turbulence level in the free stream
and is accompanied by abnormal cooling of the model surface in the

separated area - the mechanism of these effects is also investigated.
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NOTATION

constant defined by equation (19)

speed of sound

constant defined by equation (19)

model span

film gauge dimensions (Fig. 5)

intensity df a "'sharp'" peak defined by equation (21)
pressure drag coefficient = — Dpz

P Y bd

pP-pP
pressure coefficient = —I———;—
EVdRY

pressure coefficient, sonic
film gauge dimensions (Fig. 5)
specific heat at constant pressure

intensity of a '"'diffuse' peak defined by equation (22)

- pressure drag (time-average)

model diameter

power spectral density of temperature fluctuations
voltage gain of amplifier

gap

tunnel height (Fig. 13)

distance between vortex rows (Fig. 1)

current

thermal conductivity



St

Uqg

Us
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X,y

longitudinal spacing in vortex street (Fig. 1)

Mach number = U/o,
frequency

pressure

heat flux

gauge (transducer) resistance

Reynolds' number = Ud/u

polar coordinate = ./ xZ2+ y2

temperature recovery factor =

Strouhal number = nd/U
temperature

time

thickness, base or film
stream wvelocity

x - component of velocity

increment in X - velocity on tunnel centerline

(doublet term)

increment in X - velocity on tunnel centerline

(source term)

increment in x - velocity on tunnel centerline

T ~Tw

Tt =Ty

due to wall interference

velocity vector

Cartesian coordinates defined in figures 1 and 3

temperature coefficient of resistivity

temperature penetration factor

circulation

v kpcp

ratio of specific heats (1.4 for air)
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characteristic thickness or depth of penetration
for temperature fluctuations

polar coordinate defined in figure 13

3
PCp

thermal diffusivity =

characteristic length of temperature fluctuations
viscosity

kinematic viscosity = u/p

density

time constant

(auto) correlation time

velocity potential

(auto) correlation function

circular frequency = 2wn
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Subscripts and superscripts

Flow and temperature

(

)

local free stream

free stream in absence of walls
tunnel free stream

sonic conditions

total (reservoir condition)

“at wall (interface)

fluctuating component

time-average

Material properties

Gauge

)a
Jo
)t
)

at standard temperature and pressure (OOC, 1 atm)

at room temperature and standard pressure (ZSOC, 1 atm)

air (in gauge neighborhood)
base (i.e. pyrex glass base of gauge)
film (i.e. Pt film gauge proper)

model (in gauge neighborhood)



I. INTRODUCTION

1. Aerodynamics of bluff bodies - some problems and difficulties

The flow about bluff bodies, one of the oldest problems in
fluid mechanics, is still associated with many theoretical difficulties.
These difficulties are especially apparent in the range of intermediate
and high Reynolds' numbers at which flow separation occurs,
followed by complex time-dependent wake patterns. This makes it a
particularly difficult problem to set up mathematically. Large
changes in streamline curvature, even at moderate, subsonic Mach
numbers, make linearization in the physical plane difficult. At higher
subsonic speeds the large extent of transonic regimes both on the
body and in the wake area adds further complications.

Figure 1 shows qualitatively a typical bluff body in subsonic
flow at intermediate Reynolds' number. The upper half of the
drawing shows, in a time-average sense, the (laminar) boundary
layer in the attached flow on the front part of the body, a separation
point S where the boundary layer becomes a free shear layer, the
grbwth of the shear layer up to and beyond transition point T. A
"dead-air' zone, or recirculation zone, is also outlined, R denoting
a reattachment point, At a distance ) (one or two diameters from
the body) most of the vorticity has been transferred from the shear
layer to the moving system of discrete alternating vortices (in the
two-dimensional case, at least). They are denoted by I' in their
(instantaneous) position.

The lower half of figure 1 shows, in a time-average sense, a

qualitative distribution of lines of equal density around the body and
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in the wake area. Note that the density gradients in the "dead-air"
zone are of comparable magnitude with those in the attached flow area.

Even this average picture is fairly complex. Ana any
inspection of actual time-dependent flows, e.g. the‘ﬂash schlieren
photographs of figures 25 to 32, shows how crude this average
representation may be.

Since no exact solutions of the Navier - Stokes equationé are
available in the range of intermediate Reynolds! numbers, even in the
incompressible case, the flow about bluff bodies and their wakes is
usually described by approximate models or by restricted phenome-
nological theories, based on some experimentally determined
parameters.

The attached flow is usually described by a combination of
potential and boundary layer Ir.z.ethods, extended to predict separation
(Ref. 9 and others),

Reference 1 summarizes some of the phenomenological
theories applied to the separated flow and wake areas. Two of the
best known are the free-streamline theory (Refs. 2 and 3), more
recently extended in reference 4, and Kdrméan's theory of the vortex
street (Ref, 6). The two provide a reasonable picture of the initial
separated flow pattern and of the fully developed vortex street in
incompressible flow at intermediate Reynolds' numbers; they neglect,
however, all viscous or turbulent exchange mechanisms.

Vortex streets and vortex wakes have been studied quite

extensively, at very low Mach numbers, in references 7 and 8,
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’Many interesting problems arise in the intermediate stages
of separated flow behind bluff bodies - in the recirculation zone
between the initial free shear layer and the fully developed vortex
street - particularly at the higher subsonic and transonic speeds.

Attempts have been made to apply quasi-stationary mixing
theories (e.g. Refs.10 and 11) to the recirculation zone; some
measure of success has been achieved in restricted cases with a
single free shear layer, e.g. behind a step. Transition in the free
shear layer (as shown in Ref. 12) is one of the important factors in
such computations. The mixing theories attempt essentially to
apply to the recirculation zone problem the same kind of approach .
used in boundary layer theory, i.e. that of weak interaction between
potential and dissipative flows and quasi-equilibrium in the thermo-
dynamic sense.

At the higher Reynolds' numbers, particularly in compressible
flow, non-stationary phenomena seem however to dominate in the
recirculation zone and are expected to have a large effect both on
the body (fluctuating pressures, lift and drag) and on the wake
(through the influence on exchange mechanisms). This may lead to
strong interactions, and possibly interactions between fairly distant
parts of the flow process.

One interesting problem related largely to the recirculation
zone is that of abnormal surface cooling which is observed in the
separated flow area on the surface of bluff bodies in subsonic flow at
intermediate and high Reynolds' numbers. Temperatﬁre recovery

factors as lowas r = 0 or r = - 0.25 have been observed by
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Eckert and Weise (Ref. 13) and by Ryan (Ref. 14) on the rear surface
of circular cylinders at high subsonic speeds; even more negative
recovery factors have been observed on other bluff bodies. Ryan
noted also that particularly intense cooling accompanied the strong
sound effects (whistling) which occurred at certain tunnel conditions
(""resonance').
Ackeret (Ref. 25) and Schultz-Grunow (Ref. 26) suggested
two different mechanisms to explain these abnormal cooling effects.
Ackeret considérs the non‘-stationary term in the (compres-
sible) Bernoulli equétion
|w2  d¢ g

= ¢pT _ 1
> + 3 plo  + > (1)

this non-stationary term is assumed to be due to the potential field
of vortices streaming by. The vortices are assumed to be formed
gradually close to the body (at r= 1.3 —g— , 6=110% and
periodically shed at the frequency of the fully developéd vortex street,
Schultz-Grunow considers the tui‘bulent exchange in a
stratified fluid. In the case of the wake behind a bluff body he
assumes the stratification to be due to the centrifugal field associated
with the large streamline curvature in some of the separated flow
areas.
The assumptions underlying any of these two mechanisms
are more fundamental than the problem of surface temperatures,
They postulate in fact certain basic exchange mechaniéms between

different parts of the flow process. It thus appears advisable not
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only to gather more information on abnormal cooling in separated flow
areas, but also - and this is even more important - to check the

fundamental assumptions as to the kind of mechanism involved.

2. Choice of models and methods

The investigation of non-stationary flows requires detailed
information on the flow field around the body (in space and time) and
on the conditions at the surface of the body, also in space and time.
Such information should be obtained with sufficiently high resolution
aI;d the least possible disturbance of the flow field.

Techniques of generalized harmonic analysis appear
particularly suitable since flow involves both periodic phenomena
and random processes with some degree of statistical regularity.
Reference 15 summarizes some of these techniques,

Optical methods and some hot-wire measurements were
decided upon to survey the flow field; a two-dimensional configuration
is of course most favorable in optical work, The simplest possible
geometry in two-dimensional flow is that of the circular cylinder.
This was chosen not only because of its simplicity but also because
of the large amount of conventional aerodynamic data accumulated
on this geometry (e.g. Refs.13, 14, 16, 17, 18).

It was felt that a supersonic flow with its shock wave patterns
restricts some of the interactions which are believed to be an
essential feature of recirculation zone flows - an investigation in
the subsonic (and locally transonic) range was therefore preferred.

Some interferometric measurements (Ref. 18) were available

in that range; they were completed by a thorough survey with flash
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and time’—exposure schlieren pictures.

The problem of obtaining data on conditions at the surface of the
body required a very small transducer with sufficiently high frequency
resolution. The possibility suggested itself of using thin metal film
resistance gauges (Refs.19, 20 and 21), which could be used directly
as thermometers for the measurement of average and fluctuating
temperatures, as time-average heat transfer gauges, and indirectly
to measure pressure fluctuations just outside the model surface.

In spite of the faét that thé interpretation of temperature
fluctuations measured with thin resistance films is not as simple
as that of pressure fluctuations measured with piezoelectric devices,
resistance film gauges have some experimental advantages. Their
main feature as transducers is their low electrical impedance which
makes feasible the use of some form of transmission line between
transducer and preamplifier. This facilitates the construction of
small size models instrumented with several transducers. Simul-
taneous observation of conditions at several stations close together
thus becomes possible; space, time or space-time correlation work
becomes feasible in a relatively small model area.

Main disadvantage of resistance gauges én model surface is
that only a very small fraction of free stream temperature fluctuations
appears as wall temperature fluctuations.

Most of the experimental program reported hereafter is based
on the spectral analysis of the signal obtained with platinum film
resistance gauges at the surface of a circular cylinder 'model in con-
junction with optical and hot-wire surveys of the flow field, in the subsonic

(and partially transonic) range M = 0.35to M = 0.70.
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II. APPARATUS AND METHODS

1. Wind tunnel and schlieren system

All the measurements were made in the GALCIT 4 x 10 inch
Transonic Wind Tunnel. This continuous type closed circuit wind
tunnel and its schlieren system were originally described in refer-
ence 22; the modified test section, flexible nozzle and traversing
gear are described in reference 23.

Figures 2 and 3‘ show the tunnel and test section configuration
used in most tests.

In the subsonic range tunnel Mach number can be varied
continuously between 0.3 and choking; reservoir conditions are
always nearly atmospheric,

Free stream turbulence level, at low subsonic speeds, is

estimated at

9]

= 0.04 %°/o.

The schlieren system is provided both with a continuous light
source and shutter for time exposures, and a spark source for
3-4 u sec flash exposures.

Reservoir and static pressures are measured with mercury
manometers; a shielded thermistor probe, with a calibrated bridge
circuit, indicates reservoir temperature.

" In this particular test series special precautiox_ls had to be
taken to prevent erosion of platinum films and of hot wires by dust

particles in the airstream. Besides the regular cyclone and oil bath
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type filter installed in the dryer circuit a special filter was installed
in the main wind tunnel circuit on the upstream side of the cooler,
The special filter consists of 2 layers of fine mesh nylon
marquisette material soaked in oil. This type of filter arrangement
proved satisfactory - hot-wires lasted for several hours in the air-
stream and no erosion of the models and platinum films could be

- detected.

2. Models

All the models used were circular cylinders spanning the
tunnel test section. They ranged in diameter from 0. 375 inch
(% = 0.0400, ]—3- - 1o. 67) to 0.624 inch (}% = 0.0666, % = 6.41).

Figure 3 shows schematically a model installed in the test
section and the reference coordinate system attached to it. Up-
stream struts 0. 125 inch x 0.375 iﬁch cross section (with beveled
corners on the side exposed to the airstream) run along the walls
and provide model support. Models are further restrained by
friction against test section windows.

The 0, 375 inch diameter plain model (éolid brass rod) is
used only for optical observation and wake surveys.

The pressure-distribution and temperature-fluctuation models
are both O 624 inch diameter. The first is constructed of stainless
steel tube and provided with six 0.020 inch diameter pressure holes
evenly spaced around the circumference at mid-span. The second is

constructed of pyrex glass tube cemented to brass end 'pieces (Fig. 4).

It is instrumented with platinum film resistance gauges, discussed
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Fig. 4 - Model instrumented wi
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in Section II-4. Relevant dimensions of the platinum film gauges are
defined in figure 5.

Both the pressure-distribution and temperature-fluctuation
models can be rotated around their axis and angles set within + 0, 5°
on a scale engraved:-on the model end pieces.

Figure 6 shows the test section (with windows removed) and a
typical model in place. Flow direction is from left to right in this

photograph.

3. Tunnel Mach number; blockage; choking

The adjustable wind tunnel floor was set to provide zero
static pressure gradient in the absence of models in the test section,
With models in place static pressﬁre could be measured at
7 stations in the tunnel ceiling, ranging from x = -7.50 inch to
x = + 1.50 inch.
The station x = - 7.50 inch was selected as providing reference
static pressure Py’ tunnel Mach number M1 was determined from the

standard isentropic formula

P|

L= (e T )T g

2
All the results are presented in terms of tunnel Mach number
M;.
Blockage corrections can be estimated from the wall pressure
distributions measured during most runs - see appendix 1,

With 0. 624 inch diameter cylindrical models spanning the

test section, i.e. —IC_% = 0,0666, choking occurred at M1 = 0,73,
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almost éxactly the value predicted by the inviscid one-dimensional

analysis. Tests were restricted to Mach number range 0.35 to 0. 70;
the lower value was determined largely by the sensitivity of available
schlieren system and manometers, while the higher one was close to

- the choking limit.

4, Model instrumentation

The temperature-fluctuation and heat transfer model was
instrumented with 6 platinum film resistance gauges, of the type
originally described in references 19, 20 and Zl for use in shock tubes.
The use of a similar device as a skin-friction meter was discussed
in reference 24.

Figure 4 shows the cylinder model, constructed of pyrex glass
tube, and instrumented with Pt film resistance gauges. The 6
gauges are equally spaced around the circumference of the cylinder;
dimensions of the supporting pyrex glass tube, gauges and silver

film connecting strips (see Fig. 5) are:

d = 0.624 ir_1. t = 0.052 in,
b1= 0.625 in. c = 0. 040 in.
b2= b3= 1,050 in. | c2= c3= 0.080 in.

Thickness of Pt films is of the order of 0.2u ; thickness of
silver film connecting strips is of the order of 10u .

With these dimensions resolution of gauges is: in space -
chordwise, 0,06 d; spanwise, 1.0 d; in time (see Section II-6) - a
few microseconds for temperature fluctuation work.

Platinum films were deposited by sputtering, shaped to
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precise outlines by scraping off excess material and permanently
bonded to the glass by baking at 620° C. silver film connecting
strips were painted on and bonded by baking at 480° C. Wire leads
were soldered directly to the silver strips with Sn - Pb - Ag solder.
Calibration, static and dynamic characteristics of the Pt film

gauges are discussed in Section II-6.

5. Electronic equipment

Figure 7 shows a block diagram of the electronic equipment
used for most tests.

The 5-channel bridge and 3-channel amplifier, supplied
entirely by batteries, were specially designed and constructed to
provide low electrical noise levels in spite of intense environmental
acoustic noise levels and of stray electromagnetic fields from wind
‘tunnel machinery.

Figures 8 and 9 show a typical bridge channel and its calibra-
tion curve, obtained with standard resistors in place of transducer RT.

The low-noise 5-channel bridge was used to supply the
platinum film gauges in a constant current circuit. It also supplied
hot-wires used in wake surveys.

Each amplifier channel, designed for a voltage gain of 1000
or 4000, and flat response in the audio frequency range, consists of
2 pentode connected 5840 subminiature tubes in a conventional
amplifier circuit, followed by a triode connected 5840 cathode
follower.

‘Figure 10 shows typical amplifier gain calibration curves, both
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for the épecial 3-channel amplifier {(3) in Fig. 7] and for the
amplifier part of the Harmonic Analyzer {(4) in Fig. 7}

Installation of low-noise amplifier and bridge close to wind
tunnel working section is shown in figure 11.

Harmonic analysis of gauge and amplifier output is provided by
the TP-625 Analyzer System - a heterodyne type analyzer, with
linear frequency scale, balanced modulator and demodulator circuits,
and a selection of several constant bandwidth crystal network filters.

Discrete frequency peaks were identified by beating analyzer
output against an oscillator on an oscilloscope screen and identifying
frequencies on a crystal controlled electronic counter.

Power spectral density plots of the output signal were
obtained by automatically sweeping the spectrum at a constant rate
(18.5 cps/sec in most cases) and plotting output voltage squared
{and time-integrated) versus frequency. Accuracy of the true-root-
mean-square voltmeter used as a squaring device was found to be
quite adequate over a range of 20:1 in voltage. Plots were monitored
and attenuator ranges switched as required to keep within these limits.

The complete electronic system was checked for noise,
spectral composition of noise and harmonic distortion under the
most unfavorable environmental and load conditions; equivalent
noise level at input terminals was <3 pV (rms); with a full load
sine wave input of frequency n, voltage level of harmonic 2n was
always <0.1 0/o of fundamental, and 3n harmonic level completely
negligible.

Appendix 3 discusses the reduction of power spectra obtained

with this equipment.
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Fig. 11- Bridge and amplifier
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6. Static and dynamic characteristics of Pt film gauges

Heating currents ranging from 6 mA to 40 mA were used
for the Pt film gauges; the lower values for static calibrations and
temperature fluctuation work, the higher ones only for time-average
heat transfer measurements.

Static calibrations of Pt films were performed initially in an
adjustable temperature silicone oil bath (range 5° C to 55° C).
Check points were obtained between runs by using a mercury thermo-
meter embéddedin an aluminum block 2.0 x 2,0 x 2,5 in. assembled
around the model; equilibrium temperature in ambient air was then
read off after a sufficiently long time.

Typical calibration curves obtained with the two methods
are shown in figure 12 (a) and (b), respectively.

A temperature coefficient of resistivity © «, defined by

Rr

= = ] + o (T —25°C) (3)
25

was calculated from these data for each of the gauges. Its value

ranged between 0. 00195 (° c)" ! and 0.00235 (° ¢)" ! for the

different gauges, and remained stationary within + 0. 00005(0 C)“1

for any given gauge over a period of several months.
Note that for Pt in bulk the value is a = 0.004 (0 C)—l.

The difference can be attributed to the thinness of the film and to its

bondiﬁg to the pyrex glass base. The Wiedemann-Franz law is

however believed to apply to such a film - so that the ratio of

electrical and heat conductivities will remain equal to that of bulk
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platinum.

The experimentally determined values of temnerature coef-
ficient of resistivity « were used as a basis for the reduction of
both time-average temperatures and of temperature fluctuation
meagurements - see appendices 2 and 3.

Interpretation of measurements made with Pt flm gauges
in a wind tunnel depends largely on their dynamic characteristics.

The basic time constants invelved in the problem of
frequency response are:

{2) time 7 necessazry for the bulk of a heat pulse to penetrate

'3

film thickness tf ; this is

t2

—(—k—]PCP }f

v

Ry
i

@t

numerical values are §§ = 0.2

b
2% 107" om

]

and for platinuzn K /pcp = 0,24 cm sec.

Hence v = l.6x 1@0@ gec; this is absolutely negligible.
{b) time necessary for temperature readjustment of model in

neighborhood of gauge. Thuis is analageusss to the classical

tinse constant of hot-wires., When a gauge is heated, 8o is

the model in its neinhborhood, and a laro:

the power input o a gauge is transie

the adjoining model surface. £ time constant 1y i then

defined ac ratio of modcl heat content in neizhhorhood of



Ay
=3

gauge to heat flow (i.e. steady state power input).

4]

Measurements of gauge temperature rise above
equilibrium vs. power input gave, in the steady state case, with
our experimental conditions over a range of i p? values of

order
2.52167° to 4.0x 107° wi®c)}
“effective' heated volume in gauge neighborhood is 2 b)i Cyt -

HNumerical values are

0.20 cal/g ° C

Cp =
3 } for pyrex
p = 2,23 g/em
b 2 1,58 cm
Ci = O, 1@2 cim see Sec. -4
t = 0.132 cm
| cal = 4,186 W sec

Hence 1, = 1.0 to 1.6 sec with our experimental

conditions.

One expects a wide range of frequencies ® such that

T << |fw << T
(5)
over which gauge response will be independent of frequency; while
for frequencies such that
|/ w = O (ry)
/ m éé}

response will be frequency dependent (very much like that of a

hot-wire),
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@

Next question to consider is how are temperature fluctuations
in the free stream related to temperature fluctuations at the gauge, i.e.
at the interiace between alr and model wall,

If the wall were o perfect conductor maintained at constant
temperature, heat conduction to the wall would damyp out temperature
fluctuations in a distance 8y which we might call a “temperature-

fluctuation~thicknesgs'. Its order of magnitude is

Kg

8. = —
( T)d w gv";;

where x, = (k/p cp)a = temperature diffusivity for air, and
w = circular {requency of fluctuations. Since the wall is neither a
perfect conductor nor a perfect heat sink, temperature fluctuations

penectrate into the wall to a depth of order

. K
(8v), = /=& (8)

where kp = temwperature diffusivity of wall material., Note that
normally  (3¢), << (81')q and penetration of fluctuations into
the wall does not affect thickness (8+')q .

At the interface _50 = gb ,

(k grad T)a = (k grad T
and in terms of fluctuation amplitudes

M(La)a = |n) (—kg% (10)
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{1,

ude of fluctaation at interiace T iz then related to
w

2 . t
amplitude of fluctuation in frec stveam | T'|

Ka
'T»lv' ~/ Ka/PaCpq A/ Ka PaCpq Ba
T kp

Bob (11)

~/ Kb/PpCpy »/ Kb PbCp)

s . : s Q.. . s
Temperature penetration factors B are: for air, at 0°¢, atmospheric

pressure

Ba = .34 x 1074 col/cm2 oc sl/2

for pyrex glass B, = 3.5 x 102 cal /ecm? °c s!/2

Hence for air at NPT and pyrex glass

Ba /By = 3.9x1073

With our experimental conditions
T, £ 30°C pt = 0.975 atm
tae above value holds approximately at & stagnation point or

a point with local M = 0; with the pressure and temperature

conditions at a point of local 7 = 1,

/e, = 0.634

/1, 0.833



Intermediate values will apply to conditions between stagnation and
sonic points,
The above analysis holds under the assumptions:
{a) temperature field due to fluctuations can be superimposed
on steady state field;
{b) heat flow due to fluctuations is one~dimensional at
| interiace.
Assumption (a) means that the characteristic time scale -al,- of fluctuations

is such that
- << Tm -
w " (12)

Asgumption (b) means that the characteristic dimension ¢, of gauge
is large compared with (37-)a » and also that the characteristic length

Ay of temperature fluctuations is large compared with ¢, ,

(81), << ¢ {13)

(14)
¢ << M
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. . 2 . .
Since kg {at NPT} is of order 0.2 ¢m [sec, equation {13) is

equivalent to anocther low frequency limnil

K
w  >> 2 = 20 rod/sec {15)

Equation {14) can be considered as a limit of geémetricaﬁ regolution for
temperature fluctuations due to temperature spottiness convectad by the
alrstream, or for fluctuations in heat transfer caused by fluctuations

in mass—ﬂ@w rate past transducer., In the case of fluctuations propa-
gated with a deiinite phase velocity, e.g. temperature fluctuations in
sound waves, equation (14) is eguivalent to another high freguency

lirnit
w << — = 3.3 x 10° rod/sec (16)

All the experimental results reported in Part 111 {all into a freguency

range sach that

2
° 1« i < 1
T < a << ) x| m (17)

so that reduction formula |eqguation {11} can be applied.
g =
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T, ZEPERIMENTAL RESULTH

Most of the tests reported in this Part were made with the

a _ _
-;-;_ = (. 0666 model; corresponding Mach and Reynolds® numbers are:

% Re

My Re,
0.35 117,000
0.40 132, 000
0.45 146, 0600
0.50 159, 000
0.55 17z, 000
0.60 163, 000
0.65 193, 000
0.70 201, 000

No attempt is made to correct results for tunnel blockage;
i.e. all results refer to "tunnel Mach numbers” rather than
"free-stream-in~absence-of~walls Mach numbers''. Blockage

corrections are estimated, however, in appendix 1.

l, Preliminary surveys

Before attempting tempéraﬁure-ﬂucmatiaﬁ and temperature
recovery experiments, some preliminary surveys were decided upen,
using conveantional wind tunnel techniques. These included rather
comé}.ete pressure distribution tests {(with slow reading mercury
manometers) and a large series of schlieren surveys (both flash
and time exposures) of the flow field around the model and especially

its wake. A hot wire placed ocutside the edge of the wake was used



in these tests to identify the dominating wake {requencies.
A check was also made of the two-dimensionality of the {low
pattern in the area not accessible to schlieren obsewrvation, Oil

spray was introduced into the air flow and the pattern of oil streaks

o
et

observed., Drvoplets accumulated in the separation line regions
appeared as perifectly straight lines (except at the model ends, within
the tunnel wall boundary layers), proving perfect two-dimensionality
of the flow pattern in time-average sense.

The preliminary survey disclosed also some peculiar
resonance phenomena between wake and tunnel., Thelr mechanism
was investigated in more detail.

4

With a 5 = 0. 06566 model resonance effects above M,i = 0. 35

became first apparent as a strong whistling sound arvound .LF = .50
with further increase of Mach number the whistling subsided at first,
and then reappeared 2g a roaring sound around Ex»f?.i = 0.64. The roar
extended up to the choking limit (16; = 0. 73 with this '?; ratio). At
the choking limit noise level dropped quite suddenly.

With a smaller model (m = 0.0400) the discrete resonance

point was displaced towards Ml = 0.55; the range of roaring sound
extended from My = 0. 64 up to choking {around E)&«ii = 0. 79).

Pesults of (time-average) pressure distribution measure-

\ d .
ments on the 0.624 in. diameter model g”g;‘?g = 0.0666) spanning the
1
b c e
tunnel ia- = 6.41) are summarized in figure 13,
Sonic conditions are indicated as Cgs on the graphs, They

first appear locally around E‘vﬁil = 0,60, and quite extensively around

'2 = 0.65.
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Figure 14 shows plots of & cos 8. Integrated valuss {pressure
13

drag coefficients)

Co. = 5= C, cos 8 dé@ (18

are shown in figure 15,

9

ince these pressure distributions were obtained by slow
reading instruments, and since appreciable pressure {luctuations

may introduce an error in time-average pressure readings - an

estimnate of possible error is included in appendix 4.

o nd
The reduced wake frequency {Strouvhal number) b%:z =g was
"1

measured with a hot wire normal to flow and to ¢ylinder axis,
installed in tunnel plane of symmetry at % = 2.0, ;"(g = 2.0, i.e.
well outside wake edge. (Wire holder can be seen in figures 25 to 32.)
Hot wires were 0.0005% in, diameter x 0. 120 in. long, and their
orientation was chosen to provide least lift interaction between wire
holder and vortex street. Natural {requency of the strut suppozrting
the wire holder was very small compared with wake {requency.
Typical specira of {uncompensated) wire cutput are shown in
figures 16 and 17, The dominating wake frequency or frequencies
recorded in such specira were checked against an oscillator and

in reduced form in figure 186

E"Q‘
QE,:

counter arrangement. They are plotte 8
(for the & = 0.0666 model), and in figure 19 (for the = = 0.0400
AR I
del).

As a check on the mechanism of resonance, a series of
. . . E o5 -
hot-wire traverses in plane 5= 1,0 {see figures 20 to 23} was made

in which total signal i{rom an uncompensated hot wire was recorded,



i 14 - Time-~average C, cos 0
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Fig. 20 - Hot-wire traverse in plane x/d = 1.0
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and also the signal within a 50 cps band centered around the dominant
wake frequency. Doth disclosed some standing wave patterns with
maxima occurring at some distance from the shear layer whenever
strong whistling occurred. This in spite of the fact that the flow was
definitely subsonic in these areas.

A surmmary of the schlieren survey is shown in figure 24;

this includes both flash { 3 - 4 4 sec) and time sexposures Qz%v sec),
with horizontal and vertical knife edge, and also many check
pictures {without flow) between runs.
A sequence of typical schlieren flash photographs of wake,
at Mach number from &f:{l = 0,35 to 0.70 is shown in figures 25 to 34.
Both pressure distribution tests and schlieren surveys show that
(1) at M, = 0. 60 the edge of the separated shear layer
becomes sonic, and so does {intermittently and
locally) some of the flow outside the attached boundary
layer upsiream of the separation point.
{2) at M) = 0.65 there is a definite supersonic region
extending from upstream of separation point and
well into the exterior of the wake area.

A closer scrutiny of figures 25 to 32 reveals also a definite

pitching oscillation pattern of the separated flow area, from

X

separation point up to i = ] downstream. It was not possible to

ascertain from the schlieren photographs whether this cscillation

extends to the attached flow field on the front part of the cylinder,
The time exposure photograph sequences figures 33, 34 and

35 show how the evolution of the recirculation zons parallels that



46

Loaans uaxaryss jo Lrewrwng - ¥z "81q

uoT}03ITP
#4013 03

TewrIoN

0L°0 99 °0 090 990 050 g% 0 0% ‘0 S€°0 = Jz adpa

apTud

( oos _\w. }
yserq

aansodxry



47

sl&w uSUA

G9°0

0970

A2a1ns uaraT[ydg Jo ArrWwming ~ (panurjuod) 7 -Sig

gs -’

0

]

‘0

g

14

‘0

p-

2240

-
UoT}IAIIP

4073 03

1elreed

_

UOTIDIIIP
4013 03

TewIIoN

a8ps
3ruy

Aummmhv

auaty,

( sasvy xlgz )

usery
wopuea

ardump

i

aansodxmg



48

Fig. 25 - Typical Schlieren flash ( 4 pusec ) photographs

of wake ; M1 = 0.35



Fig. 26 - Typical Schlieren flash ( 4usec ) photographs

of wake ; I\/I1 = 0.40
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Fig. 27 - Typical Schlieren flash ( 4usec ) photographs

of wake ; Ml = 0.45



Fig. 28 - Typical Schlieren flash { 4}Asec ) photographs

of wake ; M1 = 0.50
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Fig. 29 - Typical Schlieren flash ( 4usec ) photographs

of wake ; M1 = 0.55
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Fig. 30 - Typical Schlieren flash ( 4usec ) photographs
of wake ; M1 = 0. 60
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Fig. 31 - Typical Schlieren flash ( 4/u sec ) photogr
of wake ; M1 = 0. 65
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Fig. 32 - Typical Schlieren flash ( 4psec ) photographs

of wake ; M1 =0.70
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of pressure drag coefficient in figure 15, At My = 0. 50 the relative
maximum in pressure drag coefficient corresponds not only to a
relative maximum in initial wake width (at g = 1) but also to 2
relative minimum in distance between body and ""reattachment" point.
The lower row of pictures in figures 33, 34 and 35 shows also
a transition point in the free shear layer, moving closer to the body
as M, {and Rel) increase. By transition point we understand helre
a point at which there is a definite change in the time-average rate

of growth of vortex cores in the shear layer.

Z. Resonance conditions

Resonance condltions between tunnel and wake, already noted
in the preceding Section, had a very large effect on some of the results
of temperature~fluctuation and recovery temperature teéts.

Wake traverses were used to identify some of the standing
wave patterns associated with resonance conditions,

In another series of tests, a splitter plate, suggested by the
technique reported in reference 7, was tried as a means of influencing
wake formation. The splitter plate {a thin symmetric airfoil, chord
¢c=1.0in.=1.60 d, spanning the tunnel} was placed on the wake center-
line behind the model, with chord parallel to general flow direction,
and moved up and down stream.

It was found that the splitter plate had a tremendous influence
on wake-tunnel resonance, as evidenced by changes in whistling
pattern and initial wake width, At 3 = 0,50 whistling was

completely supressed when gap g between model and leading edge



)

o

of splifter §iate was

0 < g < 0.74.

57]

imilarly at M = 0,65 whistling was suppressed by splitier plate at
0 < g < 1.44d.

both cases the splitter plate did not seemn to affect the wake structure

g

farther downstream, atx > 3 d, sa

G

3. Temperature fluctuations

Temperature fluctuations at the surface of the model were
meagured by running a small constant current {6 to 15 mA) through
a Pt film gauge and analyzing the fluctuations of voltage across it,
i.e, across Rop in figure 8. |

Typical spectra of voltage fluctuations, redrawn {rom the

»

original records, are shown in figures 36 to 39.

&2
Fach specirum reprosents within the factor ( « B..GI)",
P
a constant for each pwt] the power spectral density flo) of

temperature fluctuations on model surface.

Note: ({(a) the changes of scale used within each plot to
accommodate large changes in power spectral density; (b)
integrating device used in the recording of spectra had a time constant
of the order of 1.8 sec - this was not sufficient to smooth out large
scale { © >> 1.8 sec) intermittencies; {c) spectra ave distorted
below 150 cps, since amplifier system gain drops off shazplv in that

range {see Fig. 10).
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Figs. 36 and 37 - Typical spectra of temperature fluctuations

on cylinder surface

(8 = 109)
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Figs. 38 and 39 -~ Typical spectra of temperature fluctuations
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Heduction of temperature~fluctuation and of time-average
termmperature measurements is discussed in appendix 2, that of
temperature fluctuation spectra in appendix 3.

Racérded spectra were generally repeatable within + 10 Qi o
in the power spectral density of temperature fluctuations at a given
tunnel condition and station on the model.

¥ith these remarks in mind, results of power spectral
density plots can be sumumarized as follows:

In all cases spectra consist of a continuous background, a
number of discrete "sharp' peaks, and in some cases (e.g. Fig., 36)

"diffuse' peaks. Analytically spectra can be represented as

flw) —Aa 4 > foen” (19}
w = C _ + -
| + Bw? o Cn Bl —un) ; me B
nm = |2 -+, n#m

Mean-square temperature fluctuation at the wall

12 ®
Tw =f f(w)ldw (20)
0

is shown in figure 40, as a function of Ml and with angle 8 as a para-
meter., Note abnormal behavior at M 1 = 0. 50 {one of the resonance

points mentioned in Sec. III -2), and sharp rise at My = 0.65.

.y . : ot 2 ) . :
Figures 41, 42, 43, and 44 show T as a function of 8. They
also include, as separate curves, the contributions of “"sharp' and

"diffuse' peaks
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o
‘/(; Chn lw-wnddw = Cp {213

.

able I summarizes the rvecorded speciva.

Mean-square temperature fluctuations at the wall can be reduced

A N R

5

0 mean-square femperature floctuations outside model by the

&ad

methods outlined in Section II-6.

Ty - T = —_— : €23}

is also shown for cormmparison.
The continuous part of the spectruin, characteristic of

o processes, dominates at counditions of no resonance; it in

LS
W
s dd

still present, at a relatively low level, when regonance occurs.
The distribution of power spectral density provides valuable
information on the type of random process involved,

Define a correlation function V¥ { v} as the Fourier {cosine)
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40

Ty =T}
10 }/
- )2/’/0/ ( T¢ £ 300°K )

T2 4t e =170°
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T'? at@= IOO’Z/f\
| /
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0.3 0.4 0.5 0.6 0.7

Fig. 45 - Mean-square temperature fluctuation outside cylinder
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transiorin of the power spectrain

v lz) —i—fwf(w) cos wt dw
0

-e.
o
|
=.|N
'o\;
8
—_-
€
[= %
€
I
)
_'

¢4 T can be obtadned as

®
./;\[t(r) dr

¥ (0)

and reduced to a non~dimensional form with the characteristic
Te it 1
valocity Ul and linear dimension d; S obtained in this way

from the continuous part of the spectrum is plotted in figure 46 {for
conditions at the model suriacel.

Near the front stagnation point reduced correlation time
decreases continuously with Mach number. Two different regimes
seem to occur for the correlation time near the rearmost point on
the model. Least correlation times are always obtained in the

o © e . .
range €= 70°...1307, near the "crest''lne of the model,

<, Hecovery temperalure

Time~average temperatures at model wall {'recovery”

temperatures) were measurved at very low current {6 mA) using

{24)

{25)

(26)
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o

standard balanced bridge technique.
Results are shown in figures 47 and 48, in terms of “"recovery

factor"

@27

A comparison with figure 40 shows that sudden drops in
recovery factor parallel increases in mean-square temperature
fluctuation at wall whenever wake-tunnel resonance occurs,

Note alse that under conditions of no resonance the
recovery factor on rear surface of model {r = 0. 6) measured in the
low turbulence GALCIT Transonic Wind Tunnel is much higher than
value {r = 0 to -0, 25} reported in references 13 and 14, At resonance
conditions the agreement is quite good, however, This suggests that
free stream turbulence is one of the factors which may trigger the
abnormal cooling mechanisw,

A gualitative check was made with artificially induced
turbulence {from the wake of a cruciform configuration of 0. 125 x 0. 500
in, strut spanning the tunnel height, and a 0. 125 in, dia. round rod
spanning the tunnel width, at station x = -24.5 in). It showed a
decrease of recovery fa.cter,’ due to additional vorticity in the free

strearn, to a level comparable to that of references 13 and 14.
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Fig. 47 - Temperature recovery factor
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Fig. 48 - Temperature recovery factor
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V. DISCUSEION

The experimental results summarized in Part III (within

thelr somewhat restricted range "l = 0.35..,0.70, Re, = 117,000...

freon

201, 000) disniay many features of interaest both in the problem of

by

abnermal cooling and in that of constructing more satisiactory
simnplified models of the flow about bluff bodies,
These features are:
(ab Under normal conditions {nc resonance effects) disturbances at
the surface of the body are very much dominated by random processes,

with periodic effects hardly noticeable., Spectra on the body surface are

essentially of the type

_ A
floy = == (28)

v

i, e, those of a generalized shot ’g}%@ﬁ@@ﬁ. OUmly farther downstream
{=x/d 2 2) does the periodic character of hot-wire spectra taken at
edge of wake become very strong, although random background is
-still present and sowse large scale intermittencies oceur.

This suggests that the initial formation of discrete vortex
cores from the free shear layers isa random process, of the
| generalized shot eifect type. Observation of very many schlisren
pictures confirms the basic lach of correlation Letwaen the initially

ed vortex cores and those organized in o vortex stract farther

downstream., This feature seems to be guite characteristic of

a

conditions at the higher Reynolds' nurebers, Observations at mmuch
lower Reynolds' numbers, reported in reference 7 and particularly

reference § (down to He = 56) show a very high degree of periodicity



aven in the region of vortex core {uymation (=

v

B

stream of tha body in that case),

en strong whistling occcurs at a deiinits tunnel condition

{“resonance'') standing wave petlerns can be detected with maxima
away irom the disturbance centers in what is ctherwiss o seusonic
{eilipiic type) field. Spectirum of disturbances on body surface and
dominantly periodic, fome of the

at edge of wake becomes

(A

periodicity extends into the attached flow arca on the front of the
ody. It is also quite rernarkable that the total intensity of dis-
turbances at a given station on the body is not sipgnificantly changed
betwsen a non-resonance condition and a2 neigiaboring resonance
condition ~ power is simply shifted from the random components to

discrete periodic components,
This suggests that formation of vortex cores from the free
shear layer is accompaniad by an impulsive type of disturbance.
Total intensity of disturbances available per unit time is limited in
a given shear laver, and highlv dependent on Mach number., ¥

tunnel resonance is presumably only one of several possible initial

instability triggering mechanisms, while vorten corve formation is

the final stage of the instebhility, limited by nonlincar zfiscts,
et ] i

»

{) Inspection of figure 46, the reduced aviocorzelation time of the

P

£

continuous part of the spectrum, shows that U,/d is of the same
ordeyr of magnitude as l/(S'r), » on the rear part of the body. This
points to a definite timme scale or

triggering pulse and comg

two different regimes apparent in



part of the body appear to be due to transition in the {ree shear layer.
Near the stagnation point autocorrelation time decreases
continuously with 4., Minimum of autocorrelation times occecurs
always in the neighborhood of 6 = + 90°, This may suggest that
random fluctuations on the front part of the body are independent of
fluctuations on the rear part of the body. Additional cross-correlation
measurements would be required to clarify this point,
{d) Interaction between the two shear lavers is particularly important
in the ragion of vortex core formation, as evidenced by experiments
with gplitter plates. Main effect of splitter plates is to hinder pPropa«
gation of disturbances between the two shear lavers and thus reduce

ering affects from one layer to another.
t%] J

£

4

P
5
a3

0
@
5
s
i d
i
®
£l
ﬁé
~
34

{e} Resomnance conditions occur whenever disturbance
shear layer and reflected from tunmel walls arrive at the opposite shear
layer with a time delay

_2i+l i =o0,1, 2,
2n

where n 1is the basic vortex street frequency.

These additional triggering pulses will not only enhance
periodic processes in the reglon of vortex core formation, but also
displace this region closer to the body.

A simplified theoretical model for this process can be
assumed {see skeich), with a uniform velocity U across the test
section, except in the wake area {zero velocity). Propagation of

disturbances takes place with a constant speed of sound a.
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A ray, emitted at A will need time o + ey to reach
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oint D {in systern moving with funid), while fluid has transnorte
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pt. D into B.

= 4 4, H=d _ d H-d _ _2j+I
! o T Qe - e T U tane 2n {22}

e

This is equivalent to conditions

U/a = cos e (30)

d - 2j+1 _ 2] +1 , j=0,1,2,
sin € 2(5,)% 2 (St)cos €

R
(&)
et

s

E.

lution of eguation {31) gives the vesonance conditions,
with resonant points spaced :nore and move closely, in terms of 1/,

as x4 > 1l. See appendix 5, sreenient between obasrved and
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calculated resonance polnts ic



{f) Measurements of temperature recovery oxn the body surface in the
separated flow area indicate that either wake-tunnel resonance or

bigh free stream turbulence level cause a large reduction in tempera-
ture recovery factor. In subsonic flow about cylinders v may drop

wn

from 0.6 to 0 or even -0.25 under these conditions, Effective

- v £<Cp . R
Prandtl number Pr = ( K )eff. = ( k )eff_ of recirculation zone flow

s thug reduced by 2 large factor.

The main non-stationary effect responsible for abnormal cooling
appears to be due to impulsive formation of vortex cores rather than
their simple streaming by. Resonance effects or frec-stream
turbulence provide two additional triggering effects for this impulsive
process, bring it closer to body and thus increase non~stationary effects
at the body surface.

It appears that Ackeret's theory of abnormal cooling will provida
results consistent with the spectral measurements if the non-stationary
ferm in equation 1 is assumed to be due to the impulsive process.
Amkéret's theory in its original form may be applied, however, to
cooling effects in a fully developed vortex street, at x/d 2 2, in

region where vortices are already formed.
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V., CONCLUSIONS

Spectral analysis of fluctuations on the surface of a bluff body
in two-dimensional, subsonic, compressible flow, in the range between
M=0.35 Re= 117,000 and M 5 0. 70, Re = 201, 000, and analysis of
fluctuations around the wake, indicate that formation of discrete vortex
cores from the separated shear layers invelves initially impulsive
disturbances, random in phase, which can be described as a
“generalized shot process’. Schlieren observations support this
view, and show also that farther downstream the wake has periodic
structure, 4but the turbulent background becomes gquits strong at the
higher values of M and Re iovestigated., Sound waves are an essential
feature of wake structuvre at the higher Mach nurabers.

Intensity of the disturbances involved in the initial stage of wake
formation is highly dependent on Mach number., The impulsive process
can be visualized as an "explosive' - or rather "implosive” - formation
of vortex cores,

The process of impulsive formation of vortex cores appears
to be triggered either by disturbances due to formation of other vortices,
or by free-stream turbulence. The triggering process may be enhanced,
at certain discrete Mach numbers, by wake-tunnel resonance. A simple
model of this resonance effect,presented in Part IV {e), gives numerical
results which compare satisfactorily with experience.

Fairly detalled measuvements of recovery factor and of tempera-
ture fluctuations on surface of body, discussed in Pawxt III, show corre-
lation of abnormal cooling with the additional triggering effect of

wake-tunnel resonance. A modification of the Ackeret theory of



abnormal cooling is esuggested in Paxt IV {f).

Vhile the measurernents of conditions on the suriace of a body,
sumimarizged in Part I, arve guite detailed, discussion of the formation

of the problem of vortex core formation from & saear layer, under
controlled conditions, is suggested as a topic for future revearch, both
theoretical and experimental., A theoretical study of the final stage of
vertex core formation, limited by nonlinear effecis, would seem

especially useful, since application of linearized small-periurbation

methods s extremely restricted in the case of 2 frec shear layer., An

experimental study, with independent varviation of Mach and Reynolds
number, and possibility of cither forcing a shear layer with lavge
ddsturbances or of isolating it frow disturbances {e. 2. by splitter
plates on both sides), also seer very interesting.

Note: During the final stage of preparation of tids thesis
reference 29 was brought to the avthor's attention. It extends
recovery temperature meazsurements and interesting schilieren ghserva-
tion of wakes through the (ransonic range {in a tuanel with slotted walls)
and up to M = 3, I shows that wake is no longew periodic at Mach numbers
above 0.95 or 1.0, when a nearly stationary wake shock appears. Informa-

tion on conditions below this MMach number is however somewhat fragmens

tary, since only one Mach number was investizated in detail (I = 0, 556).
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Appendix 1. Blockage corrections

Results reported in Part 11l were reduced in terms of “tunnel
Mach number’’ L”fl based on static pressure at station x = -7.50 in.
This station is sufficiently far upstream irom the model, s8¢ that

B

perturbation pressure gradient is negligible.

A complete estimate of blockage corrections in two-
dimensional flow would require some knowledge of the pressure
distribution on tunnel upper and lower walls, far upstream and fav
downstream from model, besides drag or wake measurements., In
the present test series pressure distribution was measured on tunnel
upper wall at stations x = ~-7.50in. up to x = + 1,50 in,, and
{pressure) drag obtained from pressure distribution tests {Fig. 13 and
15).

Station x= = + 1,50 in. is considered representative of

conditions opposite the model and the recirculation zone adjacent to it,

Figure 49 shows the pressure difference on tunnel upper wall
Apy = Prso ~ P-750

in terms of {otal pressure Py

Velocity perturbation on tunnel wall is due to doublet and
source terms from model and wake respectively.

The doublet term {(and its images) produce a peak velocity
increment at the walls egual to 3 times the funnel center-line velocity
increment u a {due to the images alone). This is independent of

Mach number in linearized subsonic flow.
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The source ferm, according to Allen and Viacentl (Ref, 27)

: be represenied by & source

sufficiently far from it, is

Q _ I+ -nmME oy (9 y (33)
2 pH(1-M) | - M 4 H

Hence velocity increment at wall

AUW = 3 Ud + Us ig ;‘}
can be related to velocity increment Au on tunnel center-line
Auy 2

Au = uvg + vy = 3 + 3Ys {35)

n this expression are obtalned from measurements - of

ed]
Q
f"?
iy
il
)
%)
i
]
i

U~y Au
Uy - Uy

{36)



e
e}

Am M =M, [ | 2] Au
= = I o — (y- 37
v m L+ S 1) M " {37)
| 2
_— = — = —(2-M) 38
Co, Co, oy, (38

Table Z summarizes the blockage corrections for the

P

Rk e £ - R
7 = G, D666 mwodels.,
&5

These blockage correcticns arve belleved to Lo guite accurate

undeyr steady state conditions; thelr validity may be somewhat

vestricted under conditions of wake-tunnel resonance with the law

non-stationary effects.
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Table 2 « Biockas

¥
%

¥
B

M,y 0. 35

&p“/pt - 0.011

,fﬂ

Sp, 1,30

1 2

e I

50,9, /p, 0.0738

. / 0.070

2 ,

1+ 0.4M, 1.049
2

1. M, 0.8775

® /@ 1.195

i
0.01666 x@Px@= 2  0.026
4»‘1
<:> 2 . Au
& OF T 0. 041
2

1+ 0.2:, 1.0245

aM/M, 0.042

M 0.365
2

2 - M, 1.8775

acglcnl - 0.077

c 1.20

¢ corrections

O
i3
o

6.019

1.38

0.1234

0.077

1.081

0.7975

1.358
6.031

0.048

1.0405

0.050

0.472

1.7975

g-% = 0, (5666 models)

G.50

-U.024

o

.66

0. 1475

1,100
0. 7500

1.468
0.041

0.054
1.050
0.057
0.528
1,750
- 0.094

1,50

0.60

8.042

1,74

0.1976

0.106

1.144

0. 6400

1.79
G.052

0.070
1.072
0.075

0.645

-O.

0.149

0. 804

1.510
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Appendix 2. Reduction of time~average temperature and of temperature-
iluctuation measurerments

Resistance of platinum film gauges was calibrated vs. tempera-
ture and temperature coefficients of resistivity o obtained, as
degecribed in Section {I-6. Some calibration points were also checked
before and after ea@:h run, to insurve that no changes in contact
resistance occurred.

Time-average temperature measurements were made by
balancing bridge (Fig. 8) after tunnel and gauges had reached equilibrium
temperature. Difference beiween gauge tempervature and reservoir
temperature was then obtained from calibration curves, within + 0, 1°c.
Note that temperature fluctuatiors as measured by Pt gauges on model
surface were so small  (, 7% < 10%°c ) that squaring effect of
bridge could be neglected in time-average temperature measurements.

Kinetic temperature Ty - 7| used in the definition of recovery
factor was computed by standard isentropic formula, with ¥ = 1,40,

In temperature~fluctuation work the balanced bridge technigue
was used to obtain RT‘md the bridge supply current was recorded in
each case. Hence value of gauge current I could be computed.

Armnplifier gain G was known; note that resistive and capacitive
lpading across R"E" due to bridge and connecting cables, was included in
amplifier gain calibration,

Amplifier output voltage and gauge temperature were therefore
related as { e Ry G I ), and mean-square or powey spectral density
values as { ¢ RGI )2.

Mean-sguare values measured directly by a true-root-mean-



@
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Appendix 3. Reduction of power spectra

Reduction of power spectra of temperature {luctuations is
based on same principles as that of mean-square values {4pp. 2},
taking into account characteristics of filters, integrating circuit
and recording device.

Filters were calibrated; effective width of filter used for
most measurements was found to be An = 50.7 cpe either fvom a
static calibration of gain vs, off-center freguency or from a dynamic
calibration of complete system with a white noise generator; this
value was used for the reduction of the continucus or slowly varying
part of the power spectrum.

Since rise-time of recorder was approximately 1/3 of time
constant of integrating device, a nom»—negligible value, response of
system to discrete frequency peaks was obtained in a separate dynamic
calibration; this is reproduced in part in figure 50, Fesults for sharp

@

wtion, can be

peaks, including this effect of vecorder transfer :
represented then by another effective filter width, An = 43,9 cps.
So that finally power spectiral density of temperature
fluctuations {{n) can be obtained from the plot of voltage squared,
Eain) as
E_z(n)

f(n) = 3
(aRr GI)* An (39

»

with An = 50.7 cps for constant or slowly varying signals
An = 48.9 cps for sharp peaks
Since power spectral density plots are distorted below 150

cps due to amplifier gain drop (see Fig., 10), correlation times were
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ref,

1 Iy

0 1000 2000 3000
w /2w, cps

Fig. 50 = Calibration of harmonic analyzer system



95
obtained from ratio of power spectral density at n = 200 cps and
n = 800 cps, orn = 300 cps and n = 3200 cps, recorded in

Table 1.

A

¢ 1TSS formm £ & ——p
If spectrur has form  flo ) T BoZ ’

correlation time

iz T¢ =«/§. Now, if

flwg) 1 +16Bw§ | + 16x
fl4wo) | +BwH |+ x
-1
8 2 = X = __.__._y aﬁ'
“o 16—y (41)

The relation used to compute correlation times is then

e = a5 Viesy | {42)
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Appendix 4, Trror in time-average pressures readings due {0 pressure
iiuctuations

shen fluctuating pressures are applied to a pressure tap con-
nected by a small tube to a large reservoir - manometer tube and
leads - the pressure indicated by the manometer will not give the
time-~-weighted average of the applied pressure, The principal
nonlinearities in such a system stem from the fact that the compressible
laminar mass-flow rate in the entrance tube is a non-linear function
of the applied pressure, and so iz the pressure drop due to a sudden
contraction.

The corrections, with periodic fluctuations and assuming the
validity of the gquasi-stationary approach, have been computed in
reference 30 and 31. Some experimental checks with periodic pressure
fluctuations are also reported in reference 31,

In z'.;ur tests the entrance tube had dimensions: 1. D, = 0,020 in.,
length L. = 2.0 in. and was connected to the manometer by an 0. 125 in.
1. D. tube, approximately 20 ft. long. Time constant of manometer
connection was 7, = 0.2 sec, and L/fa = l.6=x 3@-4’ sec, Methods of

reference 31 can be applied to fluctuations of period T

This is very nearly the case, since low freguency components dominate
in the continuocus part of the spectrum, while periodic components
nave frequencies n = 2700 cps or less,

hean~square fluctuations on model surface at § = 170°% o

o .
180" {assuming that local temperature and pressure fluctuations



03
=3

are related adiabatically) are estimated as
J

VE /s

» A

,A‘;,E

0.35 0.10
0.65% 8.80

Routine computation following reference 31 gives correction ©

to be subtracted from indicated value of pressure:

My ct®/o)
0.35 0. 23
0. 65 8.8

These corrections are fairly small, considering that they apply
to points of extreme pressure fluctuations at any given Mach number.
In the case M = 0.65 possible error in pressure drag coefficient

4 T g
would amount to less than & fo.
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Equation (31)

+—"—_d =—J__—2+I ) j=0,|,2,'--
sin e 2(St)cos €

with cos € = U/o = M

Py JUp—
2 {ua s &G 7,

3

can be solved numericaily for any gi

With our nurnerical value :; = 0.0666, and experimentally
&
observed {8t) = 0,18, it becomes
. 40 _ 2j + |
sin ¢ 0.36 cose
—_— —
LHS RHS
Humerical solution yvields:
b €, deg. MR RES M= cog €

.0 80 15,22 16.0
79 15,28 14, 28
9.5 15, 24 15,23 0.182

1 60 17. 16 16.63
61 17.02 17,20
60,7 17.06 17.04 0. 489

s 45 0.8 19.62
46 26,5 20,0

47 20.1 20,4
46,7 20,23 20,23 0. 636

The first value is outside the ezmperimental range. The agresment of
the last two values with experiment (»i, = 0.50, iy = 0.65) seems

quite good, considering the extremely simple theoretical model,
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