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FOREWORD

This document describes work performed at Philco-Ford under Task 2, '"Wake
Structure Measurements" of Advanced Penetration Problems, ARPA Order 888,
monitored by SAMSO under contract F04701-68-C-0032, in the period

15 October 1967 to 15 October 1968, Certain subtasks of this work have,
upon completion, been issued under separate cover as SAMSO technical
reports for the purpose of document ing information in detail beyond that
required contractually in monthly, semiannual, or final reports. These
teclinical reports, already supplied to the appropriate SAMSO and ARPA
personnel according to the pertinent distribution channels, are for
brevity referred to frequently in the present document. Theyv are:

(1) "Turbulent Front Structure of an Axisymmetric
Compressible Wake', Philco-Ford Publication
Number UG-4259, SAMSO TR 68-44, 15 November 1967.

(2) '"Mean Flow Measurements in a Self-Preservine
Turbulent Plasma Jet' SAMSO TR 68-166,
February 1968,

(3) "Turbulent Mean-Flow Measurements in a Twoe-
Dimensional Compressible Wake', Philco-Ford
Publication Number UG-4431, SAMSO TR 68=-369
October 1968.

’

This technical report has- been reviewed and is approved,

R. W. Padtfield, Lt., USAF
Advanced Penetration Problems
Project Officer



ABSTRACT

This report summarizes experimental work done in the period 15 October 1967
to 15 October 1968 on the structure of compressible turbulent wakes and
turbulent plasmas. Detailed point measurements in the two dimensional
wake, made very tar from the body, have fully confirmed the predictions

of the Dynamic Equilibrium Hypothesis regarding the asymptotic values ol
the velocity and temperature fluctuation and the statistics of the inter-
face. For flight at angle of incidence radical changes in the wake struc-
ture have been observed, while heat transferred trom the model to the flow
was found to delay greatly the onset of ' ansition to turbulence. In the
plasma jet transition zone the remnants ol the laminar fluid create a
turbulent fluid of highly heterogeneous electron density with hithercto
unexpected statistics. The longitudinal scales ot the clectrons are

larger than those of the temperature but numerically not nmueh dotteren?
from low=speed turbulence scales. The electron density tlustuations alwavs
predominate the temperature {luctuat ions especially at the higher tre-
quencies. Spectral decay obtains a (-5/3) range for the temperature but
this behavior is not observed tor the electrons,
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SECTION 1

SUMMARY OF MAJOR ACCOMPLISHMENTS AND CONCLUS1ONS

1.1 OBJECTIVES
The objectives of this work can be summarized as follows:

(1) The general objective is to predict the turbulence
structure of the wake behind a vehicle moving in
the atmosphere at hypersonic speeds.,

(2) The specific objectives are (a) to measure
exper imentally the ncutral gas dynamical features
of turbulent compressible wakes such as the
mean, intermittent, turbulent, and eddy magni-
tude distributions of velocity, density, and
temperature a~d to map the statistical features
ot these var‘ables, such as correlation and
spectral functions; (b) to assess the importance,
on these turbulence features, of reallistic re-
entry phenomena such as angle of attack and heat
and mass transfer; (c¢) to measure the corresponding
features of turbulent plasmas with the aim of
establishing functional relationships between
gasdynamical and electronic phenomena such as
electron density, and gas velocity and temperature;
and (d) to unity these results into laws not
contradicting other available experimental results
and to extend these scaliny, laws for hvpersonic
wake predictions through the basic flisht parameters
such as drag and altitude.

1.2 GUIDE TO THE PRESENT REPORT

This report covers work toward the cited objectives performed trom

15 October 1967 to 15 October 1968, and discusses five ma jor experiments
at various stages of completion, In Section I, the status of these exper-
iments is given in tabular form and major conclusions drawn from them are
discussed as affecting hypersonic wake calculations.,

Section II deals with turbulence measurements in a two-dimensional com-
pressible wake without heat transfer or incidence effects (designated
WED), and Section III with the intermittency properties of the same wake.
The WED mean flow was measured in the 1966-1967 period, analyzed in the
current period and reported in a separate SAMSO technical report
(Reference 1). Since the latter report has been printed and distributed
to SAMSO, Aerospace, and ARPA, it is referred to herein only in abstract
form (Paragraph 1.3) for brevity,

Section IV discusses the turbulence and intermittency measurements in the
plasma jet experiment (designated JEA). The JEA mean tlow, measured in
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the 1966-1967 period, was also analyzed in the current period and a SAMSO
technical report (Reference 2) to this effect has been distributed as above,
It is abstracted in Paragraph 1.3.

Section V discusses the wake at angle of attack (designated WEF) and
Section VI the wake with heat transfer (WEG), and finally, Section VII
presents recent developments in techniques and facilities devoted to this
work and accounts for other such "logistics'" of the pro ject.,

1.3 MAJOR ACCOMPLISHMENTS AND CONCLUS IONS

In the current period, the WED mean flow has well substantiated the earlier
conclusions (Reference 3) that the mean axial velocity and the ambient wake
temperatures are a Gaussian function of the wake radius. The abstract of
Reference 1 states: '"Excellent correlation of the lateral (radial) dis-
tribution of axial velocity is obtained when the lateral distance is
divided by the transverse wake scale which is formed from the measured
velocity defect., The latter is found to decay as the inverse squere root
of distance for the entire range of about 1850 virtual model thicknesses
mapped; the transverse scale thus increases as the square root of distance.
In the latter half of this range, the lateral distribution of static tem=
perature also appears to correlate in the same lateral coordinate, and the
temperature defect also decays as the inverse square root of distance. It
is demonstrated that these results are accurately predictable from a basic
similarity analysis beginning with Townsend's measured velocity decay on
the axis; the turbulent Reynolds number of 13,0 agrees closely with
Townsend's 12.5. The corresponding Prandtl number found lies in the range
from 0.65 to 0.70." Implications of these statements are that the com-
pressible wake is predictable, in the mean, on tlic pasis of the local
(inviscid) wake conditions and independently of the body shape (onlv the
drag matters). The turbulent Reynolds number is now well settled, and for
the axisymmetric wake the Prandtl number is, of course, higher than 0,70
(it is 0.83, according to Reference 3).

The expected pronerties of the tucbulent front (boundary) have been
abstracted in Reference 4: '"Intermittency measurements have been performed
within the first one hundred virtual diameters of an axisymmet.ic com-
pressible wake. The primary measurements, performed with the hot-wire
anemometer, concerned the intermittency factor and the irequency of zero
occurrences., The intermittent flow covered most of the wake profile but
for a narrow region about the axis, and was fcund to be normally distributed
around the average front position, The latter, along with the extent of
the front standard deviation, was found to agrce numerically with expecta-
tions based on low speed wakes and to grow as the 1/3 power of axial
distance. A week periodicity of the front was detected at a wavelength
about nine times greater than the longitudinal scale of turbulent velocity
fluctuations. This periodicity affects the turbulent spectra." In the
two-dimensional wake experiments done in the current period, these con-
clusions were soundly reinforced (Section III) regardless of the character-
istic growth (as the 1/2 power of distance) of the front scales for
two-dimensional geometries.
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Extremely important conclusions affecting the hypersonic wake turbulence

were drawn in the current period from the WED turbulence studies detailed in
Section II. The Dynamic Equilibrium Hypothesis had already been demonstrated
to apply during the axisymmetric wake experiments (designated WEB) done in
1966-1967 (see References 5 and 6), and the same conclusion is now drawn

from Section III. Specifically:

(1) The Strong Reynolds Analogy holds (i.e., given the
velocity fluctuations one can compute the density
or temperature fluctuations).

(2) The mass-flux and total temperature fluctua:ions
are uncorrelated; the velocity and temperature are
almost everywhere perfectly anti-correlated.

(3) On the axis, the velocity fluctuations become
asymptotically 38 percent of the axis mean velocity;
the temperature fluctuations become 45 percent of
the temperature '"deficit'" across thc wake.

There "ave also been phenomena observed differing substantially from
previous expectations:

(1) The radial position of maximum velocity fluctuatioans
(at a given distance behind the body) does not
correspond to the maximum shear region (in contrast
to WEB; see Retference 53),

(2) The radial distribution of the velocity fluctuation
extends much farther out from the axis than the
comparable low-speed fluctuations,

(3) It is possible to obtain fluctuation intensities which
are larger in magnitude than the local velocity or
density 'deficits", The latter, therefore, do not
indicate the absolute maximum attainable by the
fluctuations as previously thought.

Although the angle-of-attack and heat-transfer data are not fully reduced
three important conclusions are drawn from Sections V and VI

(1) Even small angles of attack at moderate Mach numbers
make the wake resemble a shear layer and create
severe departures from the above conclusions.

(2) The boundary (front) structure, measured by the
local wake thickness, is unaffected by heat transfer,

(3) Heating the body stabilizes the wake and greatly
displaces (downstream) the transition region. This
fully verifies stability predictions (Reference 7)
which also predict destabilization by cooling.
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The conclusions drawn from work done in the current period with the turbulent
plasma are now entering the phase of practical application. Reference 2
summarizes best the conclusions regarding, first, the mean flow of the
reacting, highly heated flow: ''Measurewents of the temperature, density,
axial velocity and electron density show that the overall gasdynamical jet
structure attains the so-called self-preserving state within the region
investigated. In the radial direction a similarity coordinate based on the
Howarth-Dorodnitzyn radius correlates the distributions of temperature and
axial velocity, and it is shown that the same coordinate should also corre-
late the relative concentration of electrons though not the absolute electron
density. The measurements show that the electron relative concentrat ion

does not in fact become similar, and it is conjectured that the axial decay
of electron density must be controlled by recombination reactions." There-
fore, it is demonstrated that dynamical self-equilibration can occur
independently of chemical relaxation if the ionization level s not too

high. In Paragraph 4.2 it is further shown that the front strucLure 1is
independent of the chemistry and, very signiticantly, the "electron inter-
mittency" is indistinguishable from the regular intermittency. This applies
even to the "weakly periodic" turbulent tront whose wavelength scales are

the same as for the compressible wake,

From the host of turbulent plasma phenomena observed and measured (Section IV),
the following conclusions are drawn:

(1) Two distinct phases of turbulence exist in the jert:
A heterogeneous portion apparently associated with
transition and a homogeneous portion resembling
the familiar turbulence phenomenon.

(2) Nearer the heterogeneous region the gas temperature
spectra have a very clear -5/3 slope which change
into a much faster spectral decay (with frequency)
in the homogeneous region, The clectrons never
attain the =5/3 slope, and in the homogeneous region
they decay about as the -4,6 power ol Lrequency.

(3) In the homogeneous region the off-axis maxima in
the electron density fluctuations occur where the
flow shear is a maximum,

(4) In the heterogeneous portion, abnormally high "spike"
electron fluctuations make the rms electron density
much higher (by a factor ot 5) than the mcan. These
spikes do not exist in the temperature and are
unrelated to intermittency, which also makes An/n
very high near the jet edge.

(5) Agreement of the gas velocity and temperature fluctu-
ations, scale magnitudes, etc., with values obtained
with non-plasma jets in other laboratories is generally
very good. Specifically, the longitudinal integral
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scale Ay of the temperature seems to bear the same
relation to the so-callec 'transverse scale"
(A = 0.75L) that it does in other jets and wakes.

(6) The longitudinal integral scale A, of electrons is
related to 1 as follows: fe = 0.6 'y,

(7) The frequency-integrated, normalized electron
density fluctuation An/n is greater everywhere
than the corrc:sponding temperature fluctuation
AT/T. At each point, it is alsc greater than
AT/T across the spectrum,

1.4 PRESENT STATUS

The present status of the work is ~hown on Table I.



TABLE STATUS OF ENPERIMENTAL WORK IN SUPERSONTC WEIND-TUNNEL
Experiment Hardware Data Data
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SECTION 11

TURBULENCE MEASUREMENTS IN A TWO-DIMENS IONAL
COMPRESSIBLE WAKE

2.1 INTRODUCTION

The simplicity of the two-dimensional model geometry makes it ideal for
turbulence measurements at large distances from the body. Until a few

years ago the bulk of all knowledge on turbulent wakes came from experiments
with two-dimensional models immersed in low-speed flows. A number of
investigato:s reported detailed work in the far wake of cylinders placed
normal to the stream; prominent among such work is that of A. A. Townsend
(Reference 8). In the present series of experiments detailed compressible
turbulence information has been obtained with an axisymmetric wake
(Reference 5) where data were taken to about 100 (virtual) diameters from
the model. All evidence collected in the experiment showed that the turbu-
lence quantities attained self-preservation within that distance, but the
significance ot the results warranted confirmation and extension to greater
distances behind the model. A logical next step, therefore, was the measure-
ment of compressible turbulence behavior with a two-dimensional model, where
such distances could be easily attained.

As with the mean-flow results, some important difterences exist between
turbulence behavior in a two-dimensional and in an axisymmetric wake. For
gxample, the rms axis fluctuation level decregsgs‘in the former case as
X'l/z, whereas in the latter it decreases as Xx~</°, However by

normalizing with the mean properties these {luctuat ions are each constant
(i.e., independent of ¥) and, in fact, as anticipated by Townsend and already
shown on Reference 5, are about equal to each other. Two-dimensional studies
of turbulence, therefore, not only greatly accelerate the fundamental
knowledge on turbulent wakes, but contribute directly to the needed practical
rules for predicting the axisymmetr ic behavior typical of engineering
applications.

The turbulence measurements described in this scction were pertormed with

the two-dimensional model whose wake mean flow is reported in detail in
Reference 1. Reference 1 should be consulted tor information on the tunnel
facility and the characteristics of the medel; only a very brief repetition
of this information will be given for completeness. Later in this discussion
use will also be made of the results ot Reference 1 with no commentary on

their method of acquisition.
2.2 FLOW FACILITY AND MODEL

The work was done in the Mach 3.0 wind tunnel in continuous flow at a
stagnation pressure of 730 mm Hg absolute and a stagnation temperature of
380C., The model was a 0.004 inch thick, 0.116 inch wide stainless steel
ribbon stretched at zero angle of attack a:ross the test section. The
leading edge was beveled to a half-angle of about 27 degrees and the trailing
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edge was square (i e., the base was flat). No heat was exchanged between
the model and flow, i.e., the experiment was adiabatic. The relevant
Reynolds numbers were as follows:

(1) The Reynolds number

Re = B__ . 439 (1)
[s =]

is based cn conditions external to the wake (see
Reference 1) and the equivalent ribbon "base height"
Cph was ‘n reality the wake momentum thickness and
was measured by integrating the measured mome nt um
flux in the wake.

-~
N
-

The Reynolds number

fa = -QM& = 158 (2)

W Vo

1s based on the velocity deficit Ue -U(0) between
the axis and external velocit ies U and U(0),
respectively, and on the so-called transverse
scale L.

These and turther tindings of the mean tlow f{iecld will be discussed later,
2.3 INSTRUMENTATION

The turbulence measurements were performed with a single hot-w.re ancmometer
probe vhich could be traversed continuously in the wake and could thus

sense changes in the turbulence properties over distances much smaller than
the wake thickness, An elaborate description of the technique, which is in
many respects classical, is provided in Reference 5; only a few points of
general importance will therefore be ment ioned here, The hot-wire is oper=
ated at a number of predetermined electric heating currents (constant
current operation) and thus provides, at each point, a corresponding number
of fluctuating voltage outputs, The latter are then inserted as forcing
functions into an ovar-determined system of linear algebraic equations in
which the ccefficients of the unknowns are numerically f{ixed bv the local
mean flow properties (measured earlier and reported alreadv in Reference 1).
Invoking the constant-pressure assumption, the system is solved by the
least-squares method for the local fluctuations in the flow velocity,
density (or temperature), and the temperature-velocity correlation coeff{i-
cient. This procedure is normally performed first for a very wide frequency
band within which the total (integrated) rms is obtained, Afterwards, a
combined spectral-modal analysis is performed by which the contribution of
each fluctuation mode is obtained at each point in the spectrum.

The characteristics of the hot-wire, the calibrations pertormed, and a

detailed journal of its usage are discussed in pages 61 and 62 of Reterence 6,
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2.4 GENERAL FEATURES OF THE WAKE FLOW FIELD

The two-dimensional wake of the ribbon grew in a regular manner behind the
model for a distance of about 1850 virtual body diameters. It is worthwhile
to summarize here some general features of this wake before the turbulence
measurements are detailed:

(1) The uniformity of the wake along its span is
quite satisfactory,

(2) No shock waves or other disturbances emanating
from the model intersect or distort the wake.
The bow shock system affects the wake only beyond
(downstream of) the region studied.

(3) It was demonstrated conclusively that the angles
of attack and twist were sufficiently close to zero.

(4) Measurements of transition, fluctuation intensity,
spectral density, and intermittency demonstrated
that the wake was indeed turbulent.

(5) Transition to turbulence occurred within the first
few X-Stations along the wake (details will be
furnished when the fluctuation measurec.ients are
described) .,

(6) Day-to-day reproducibility of the wake flow field
was excellent,

A summary is given below of the mean-flow results for the turbulent wake
at hand. These experimental results are shown correlated into simple
algebraic formulas which, at the same time, arc the general scaling laws
for two-dimensional compressible wakes. The nomenclature has the usual
aerodynamic connotation,

(1) Proper axial coordinate:

X-X
o

Cph

X =

(Xo is virtual origin) (3)

(2) Velocity defect:

_ e (R -
Woa A o3F Cr 13.0) (4)

(3) Transverse scale:

L =V-4——53h - 0.22 VX (5)



(4) Lateral coordinate:

P~ y .
L E'f; pi;dY (The Howarth-Donodnitzyn radius) (6)

(5) Proper non-dimensional lateral variable:
n= Y/L (7)

(6) Lateral variation of axial velocitys:

= %2%(0) = 0.697M2 (8)
(7) Lateral variation of static temperature:
£ felbe ' <0577 (9)
T T(@0)-Tw
(8) Axial variation of temperaturec defect:
0 = I-(%%.;—Tm =\No(y - 1) M;;w = Qe 386 I'Liw (10)

These laws, which will be used frequently to understand the turbulence
behavior at each point in the wake, are applicable primarily in its self-
preserving portion so that they are only approximate in the first 20 percent
of the wake length studied, and exact thercafter.

The pertinent Reynolds numbers which are reievant to this wake are shown in
Paragraph 2.2. The quality and behavior of turbulence can be pre judged on
the basis of two more Reynolds numbers, added to those indicated above.
First, consider the Reynolds number of turbulences

dae B

Rc,l, o (11)

where 4u is the rms velocity fluctuation, A the integral scale of turbulence,
and y the lozal kinematic viscosity of the gas. Now, asymptotically Au is
about 0.,4( ,-U(0)) (on the axis) whereas A is of the order of the transverse
scale L ans Vv is, far in the wake, of the order of the free-stream kinematic
viscosity Ve. Therefore, Reyp is about 0.4 Re,, where the latter is the wake
Reynolds number, already noted in Paragraph 2,2, to be constant at about 160;
thus, Rep = 64, Secondlyv, consider the dissipation time for the verv small
eddies which Kovasznay (Reference 9) has computed in typical wind tunnel
situations, On the basis of his computation, a corresponding limit for the
Revnolds number of the dissipating eddies has been derived in Reference 63
assuming that the smallest eddy is that which dissipates over a convected
distance equal to its size, then this Revnolds number (called R“X) is 40,
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These computations put bounds on the expected structure of turbulence

because they imply that the macroscale and the microscale are about equal,
This wake is therefore coarse-grained in the sense that no eddies smaller
than the integral scale are expected. Also, Reference | has already shown
that the mean flow in this wake is in all respects almost exactly analogous
to those obtained at a much higher Revnolds number. 7The important additional
conclusion is drawn that the arrangement of the mean (average) ,roperties,
and therefore the important mixing processes, result from the action of

the larger eddies alone. It remains to see what the power spectrum of this
coarse-grained wake is,

2.5 EXPERIMENTAL TECHNIQUE AND PROCEDURE
2.5.1 PURPOSE OF THE INSTRUMENTATION

The hot-wire anemometer was used to measure the following statistical
properties of the turbulent wake: (1) the root-mean-square fluctuation of
the axial component of fluid velocity (where "axial" will henceforth refer
to a direction parallel to that of the tunnel stream) resulting from all
active Fourier components, i.e., integrated across a very broad frequency
band; (2) the root-mean-square fluctuations in the static temperature
similarly integrated across the spectrum; (3) the spectral "density" of the
above-mentioned veloecity fluctuation; (4) the spectral density of the
temperature fluctuation; (5) the integral scale (correlation length) of
the velocity fluctuations in the axial direction; (6) the integral scale
of temperature fluctuations; (7) the "Taylor microscale" of velocity
fluctuations; and (8) the same microscale of the temperature f{luctuations.
It was furthermore desired to map these quantities at each point in the
turbulent flow.

Some points should be stressed regarding these ob jectives., First, certain
combinations of the sought-after parameters (such as the mass-flux and total
temperature fluctuation) are also directly obtainable by the hot-wire.
Secondly, certain assumptions justified by earlier experiments are needed

in reducing the data. For example, it is necessary to have no pressure
fluctuations (sound waves) in order to extract the velocity fluctuations
from the data. Third, there is no need to resort to questionable assump-
tions (e.g., isotropy or homogeneity) in order to obtain these results.

2.5.2 CRITERIA FOR RESOLUTION AND STATISTICAL ACCURACY

A number of criteria must be satisfied so that the measurement will be valid.
Some of these involve a precise knowledge of the measured quantities and
thus, can be checked only a posteriori. However, with a precise knowledge

of the electronic circuits and a fair estimate of the turbulence properties
drawn from the mean measurements (Reference 1) and exploratory work, the
criteria were also checked a priori.
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a. Space Resolution. In the direction of flow (x direction), the
0.00005-inch diameter of the wire assures excellent resolution.* Taking a
typical wake width of 0.100 inch and estimating a typical small eddy size
of 0.010 inch, one obtains a resolving power of 1 to 200, applying equally
to the x- and the y-direction (i.e., the lateral direction). However, in
the z-direction the hot-wire length is 0.010 inch, that is equal to the
estimated eddy size. Resolution in this direction is therefore not as
good.,

b. Time Resolution. Even if adequate space resolution in the x-direc-
tion is assured, the question arises whether the hot-wire and its circuits
are capable of exploiting this resolution. The frequency, [, corresponding
to an eddy of size d = 0.0l inch = 0.025 cm and its convection velocity
u = 60,000 cm/sec past the probe is f = u/d = 2,400,000 Hz, Formally, this
is the estimated maximum frequency to which the turbulence spectrum extends.
The hot-wire system must theretore operate properly at these frequencies.
Now the hot-wire employed in this work has a time-constant ol about
0.15 msec, that is, an intrinsic "cutoff" at 7000 Hz; this is much lower
than needed, To bridge the gap between the required and the available
frequency limits, two supplementary techniques werc used, one based on
real-time electronic compensation of the high frequency response, and the
other on computer corrections during the reduction of data. These two
schemes have been described in Paragraph 2.6 of Reference 5, so that only
a brief review will be given here.

The constant-current amplifier used includes an adjustable RC network
which has a gain of unity at low frequencies and amplifies preferentially
the higher frequencies. The transfer function of this network is ot the
type

e 5 anlbe
out (1 1 t*a)") (12)

where @ is the circular frequency and e,,, and e;, are the rms voltage out
of and into this network, respectively, in a narrow passband about w. The
circuit time constant ty is fully adjustable at the tront panel to an
accuracy of 1l microsecond. The advantage ot this transfer i1unction is
that, of course, it is algebraically inverse to that of the hot wire itsell
where

e -1/2
Sk (1 + t2w2) (LD

with t being the time constant of the wire arising from thermal lag. Just
prior to each measurement, t is measured and tp is set equal to it. Then

ale

“The wire is actually not stretched taut between the ncedle supports but
with a curvature which is of order 20 percent ot its length, i.c., about
0.002 inch., Thus, for eddy sizes of order 0,010 inch, one still obtains
good resolution,
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the compensator output e, . is equal to the "flow" input e' into the hot

wire (by multiplying Equation (12) with ( V) as would be expected of an
ideal system.

The upper frequency at which Equatior (12) applies a1 o marks the upper
frequency limit where the compensa just indicated «, "ies. This limit
depends on t1. To find thc cauct Lorm of Equation (12), the a '’fier is
calibrated before ¢ ‘h experiment. In the WED experiment the ca Lbration
was least-squares .i *ed by a trivariate function and used in the ""EB-11
programs

e
cf{-=uE 4, ¢ )] =0 (14)

The departure of Equation (12) from the desired behavior (Equation (l4)) is
such that at t; = 0.1 msec the upper compensating frequency is 800 kHz and
at ty = 0.2 msec, it is 400 kHz, which appears to usreativ improve the

7 kHz intrinsic limit of the wire itselt.

Unfortunately, there are other transter Lunctions in the circuit to con-
sider, and another limitation arises trom the “"straight'" amplifier itselt.
For the WED experiment, the transter function of the latter was calibrated
and curve-fitted into:

out -4 -6.2 -8.3
= 1+ 6,144 x 107°F - 7,718 x 107 F° + 1.085 x 10 °F
€ ,
in (15)

-4.610 x 10~ 1%%

(vith F in kHz) which indicates a roll-off frequency beginning at about
80 kHz and an attenuation of ey /e, = 0.43 at 500 kHz., Thus, the
straight amplifier response is generally inferior to that ot a perfectly-
matched (t = tl) wire-compensator system, It is estinated that the com-
plete system begins degencrating severely around 300 kHz,

To extend this range further to the 2 MHz estimated range ot turbulence,
the "response restoratior' technique described in pages i3 o 29 @f
Reference 5 was used. This is based on the spectrum of a signal being
obtained with a non-ideal system (i.e., a system with a non-tlat response),
then the correct spectrum can be reconstructed provided that the trequency
response of the entire system (i.e., its transter function) is known
accurately. To do this, the frequency response of the chain ot experimental
equipment is obtained component-by-componeut so that the so-called "overall
transfer function" of the system is known at each point in the wake, Also,
at each point, the spectrum of each admitted signal is measured, and a
computer program is then used to restore the latter spectrum to the form

it would have if detected by an ideal electromechanical system.

The response-restoration technique is obviously limited by the electronic
noise present. In this experiment, spectra were taken to 1,2 MHz so that
slightly more than half the presumed range of turbulence activity is
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covered. However, it should be considered that the majority of the turbu-
lence signal at the hot-wire arises at the lower frequencies. The a priori
conclusion was that with the present system, it should be possible to
measure the rms velocity and temperature fluctuations integrated over the
entire band of turbulence activity, but that perhaps the details of the
spectrum above 1 MHz are elusive, Further discussion of these points will
be made during the presentation of experimental results,

c. Statistical Accuracy. A statistical measurement can become very
inaccurate if the domain of measurement is not much larger than the size
of eddies lying within it. Otherwise stated, the hot-wire must remain at
the point of measurement for a time which is so long that a large number
of eddies of all sizes go by it. In the course of carlier experiments
(the WEB), it was seen that the integral scale, for example, was only
4 times smaller than the statistical wake diameter. Using the integral
scale as a useful measure of the larger eddies, and a local wake velocity
of order € x 104 cm/sec, the time of passage of such an eddy past a point
is estimated typically as 2 microseconds. For proper statistics, the
residence time of the probe at a point should be long enough to record
the passage of, perhaps, 1000 such eddies; this time should then be
2 milliseconds. For the continuous-flow tunnel used here, this time is
sately exceeded by orders of magnitude. Even with the method of traversing
the probe continuously through the jet the residence-time requirement is
fulfilled easily, since it takes several seconds for the probe to traverse
a lateral distance equal to one correlation length,

2.5.3 FULFILLMENT OF THE '"FROZEN TURBULENCE" CRITERION

Another criterion to be fulfill~d for these measurements to be valid is
the so-called "frozen turbulence" criterion, i.e., the Taylor hvpothesis.,
This states that in a locally uniform convection, the time and space
coordinates can be interchanged provided that the time needed to change
the turbulence structure is not shorter than the averaging time of the
signal. Otherwise stated, the eddies must remain unchanging as thev are
being counted by the probe., Estimates usually made ot the validity of
Taylor's hypothesis are limited to changes made in the fine (small-cddy)
structure of turbulence by viscosity. Kovasznay (Reference 9) estimates
the viscous decay time, ty, for small eddies to be of order (vkz)'l, wvhere
V is the molecular kinematic viscosity and k is the eddy wake number,

k = 2m/X (where X is the eddy diameter). Obvicusly, it the "life distance"
d = ut,, of such an eddy is much larger than its own size, the Tavlor
hypothesis is valid; this criterion (see also Reference 6, page 123) can
be expressed by the following alternate forms:

= llx 40V pa
ut  >>X, Re = JFX 40, ADD - B : (19)

Since the wake coaditions will be close to ambient over most of the wake ,
the freestream unit Reynolds number Ugp/Vp = 80,000 per cm (at the conditions
used) can be substituted in the latter inequality. The result is that the
minimum eddy size which can be measured in the framework of Taylor's
hypothesis is 40/80,000 = 0.0005 ¢m in size. This rough estimate thus
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shows that the space-time transformation is very reasonable for the 0.025 cm
eddies estimated to make up the fine structure of the wake at hand.

2.5.4 EXPERIMENTAL PROCEDURE

The hot-wire wa: positioned parallel to the z axis (Figure 1) at the
center-span (z = 0) plane.* Twenty-four positious along the X-axis

(called nX-Stations') were chosen and designated X-Station e L, 2 D B
The corresponding distance behind the body, for each x-station, is shown

on Table 1I. At each position the wire was traversed cont inuously across
the wake in the Y direction and its output versus position was plotted on a

function plotter.

The circuit block diagram is shown in Figure 2. The hot-wire is connected
to a Transmetrics Model 6401 constant-current anemometcer set wh .ch includes
a heating circuit, ac amplifier, and squarc-wave generator for checking

the wire time-constant, characteristics ot the ampltificr can be found in
Appendix A of Reference 5. For measurements of spectral density, a Hewlett-
Packard wave analyzer Model 310A was used, with a mechnical sweep drive;

for the integrated rms measurements a Ballant ine Model 320A wideband
true-rms voltmeter was employed. Assorted oscilloscopes, display analyzers,
etc., complemented this system. All data was in dc¢ form and was plotted by
a Moseley Modcl 7001A function plotter.

2.5.5 MEAN VOLTAGE MEASUREMENTS

Since all data is handled and utilized in dimensionless ftorm, the mean
(average) wire resistance variation across the wake was needed. The work
was done at tiftecen different settings ot the dc¢ current through the wire,
so that an accurate least-squares determinat ion of the results could be
made., These currents arce shown in Table IIIL. At cach current and at

cach X-Station the "reference voltage" of wire No. 6-7/1 was first measured
just outside the wake and then the probe was moved at constant speed through
the wake, producing a voltage versus distance tracc. A typical traverse
was completed in about 30 seconds and produced a maximum deflection ot
about 500 millivolts dc. A representative set of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>