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Abstract

The flow downstream of a grid in a wind tunnel is of considerable interest for two
reasons. Theoretically, it represents a good approximation to the idealized concept of
homogeneous and isotropic turbulence, and therefore provides a benchmark to evalu-
ate various analytical theories of turbulence. On the practical side, grids and screens
are used extensively in the management of turbulence in a variety of applications.
Experimental studies of grid turbulence are numerous in incompressible flow, but far

scarcer in compressible flow.

The present study considers the characteristics of grid turbulence over a range of
Mach numbers, M, ranging from the essentially incompressible (M = 0.16), through
the moderate subsonic (0.16 < M < 0.7) and high subsonic (0.7 < M < 1.0}, to
the supersonic (M = 1.55). The experiments comprise flow visualization, performed
- with the shadowgraph method, and mean and fluctuating velocity measurements,
made with a laser-Doppler velocimeter. Characteristics of the flow near the grid were

visualized in a demonstration nozzle using the schlieren technique.

In the moderate subsonic regime, flow visualization indicated that the flow near
the grid underwent major changes as M increased. The turbulence intensity and
decay characteristics were also found to be influenced, which was attributed to the

changes in the flow near the grid. In the high subsonic regime, an ﬁnsteady quasi-

i



normal shock was present in the test section. This induced relatively large velocity
fluctuations and anisotropic turbulence. In the supersonic regime, stationary oblique
shocks generated by the grid were present throughout the test section, which interfered

with the turbulence and introduced errors in the measurement technique.
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Chapter 1

Introduction

1.1 Motivation

Turbulence is a state of irregular fluid motion “in which the various quantities show
a random variation with time and space coordinates, so that statistically distinct
average values can be discerned” (Hinze, 1975). It occurs when the Reynolds number,
which characterizes the strength of inertial forces relative to viscous forces, exceeds a
certain critical value. Present in most flows of industrial significance, it is important to

understand and predict; its complexity, however, defies simple mathematical analysis.

Because turbulence in its general form is so complex, it is desirable to study sim-
plified cases which are easier to analyze. The simplest possible type of turbulence is
one which is homogeneous and isotropic. Such a turbulence must also be degenerate,
for the kinetic energy of the turbulence dissipates into thermal energy, and there is
no mechanism by which new turbulence can be produced. Even with these simplifi-
-ca.tions, however, the equations describing the turbulence cannot be solved without

further assumptions.



For this reason, analysis of turbulence relies heavily upon experimental studies of
its structure and statistical properties. The particular simplified case of homogencous
isotropic turbulence can be experimentally approximated by grid turbulence — the
turbulence produced downstream of a grid or related geometry in a duct or wind
tunnel (Corrsin, 1963). Many studies of grid turbulence in incompressible flow have

been performed (e.g. Comte-Bellot and Corrsin, 1966).

In the past few years, interest in compressible turbulence has intensified. The state
of research in this field has been reviewed by Lele (1994). The analysis of compressible
turbulence is more complex than of incompressible turbulence, because density can
also fluctuate. In homogeneous isotropic compressible turbulence, the incompressible
dissipation rate is augmented by the so-called dilatational dissipation rate and the
pressure-dilatation correlation (Zeman, 1990; Sarkar et al, 1991). Closure models for
these extra terms rely on data from Direct Numerical Simulations, largely because

there are no experimental measurements of compressible isotropic turbulence.

There are a number of grid turbulence studies in which mean compressibility is
significant but turbulence compressibility is not. These studies generally had shack-
turbulence interactions as their focus. Most used shock-tube fiow, while some involved
continuous flow wind tunnels. None had as its primary focus the decay of grid tur-
bulence. The paucity of experimental data on grid turbulence in compressible flow
forms the motivation for the present research, and leads to the objectives outlined in

the following section.



1.2 Objectives

The primary objective of the present study is to determine how the homogeneity,
isotropy, and decay characteristics of grid turbulence are affected by compressibility in
the mean flow. The range of Mach numbers considered varies from the incompressible
regime, through the moderate and high subsonic regimes, and into the supersonic

regime.,

A sccondary objective is to identify practical barriers to the experimental real-
ization of compressible isotropic turbulence. The turbulence intensities and Mach
numbers considered in the present work are insufficient for the turbulence itself to
be considered compressible, so the dilatational dissipation rate and the pressure-
dilatation correlation are beyond the scope of the study. However, by identifying the
phenomena which arise as the Mach number increases, progress towards this end will

be made.

It is proposed to perform the study using both flow visualization and laser-Doppler
velocimetry; the former to obtain a qualitative understanding of compressibility ef-
fects, and the latter to obtain quantitative measurements of the mean and fluctuating

velocity fields.

1.3 Organization of the Thesis

The thesis is divided into six chapters. The current chapter contains introductory ma-
terial. Chapter 2 reviews relevant literature to provide the theoretical underpinnings
of the study and an up-to-date summary of the state of related research. Chapter 3

discusses the experimental methodology, including the facility, instrumentation, data



processing techniques. and methods for estimating error. The actual measurements,
including the operating characteristics of the wind tunnel, are presented in Chapter .
and are discussed further in Chapter 5. Finally, in Chapter 6. some conclusions are

drawn and recommendations for further study are proposed.



Chapter 2

Literature Review

In this chapter, the literature and theory related to the thesis are reviewed. The
review begins with analytical and experimental studies dealing with homogeneous
isotropic turbulence in incompressible flow, and then considers analytical, numeri-
cal, and experimental investigations of compressibility effects on turbulence. Sub-
sequently, studies which have been performed in the same facility as the present
experiments are mentioned. The review finishes with a summary of the literature

most directly related to this thesis.

2.1 Incompressible Flow

General introductions to turbulence can be found in the textbooks by Hinze (1975)
and Tennekes and Lumley (1972). Although the sources emphasize incompressible
flow, they also include some discussion of compressibility effects. Théy consider both
effects of turbulence and some particular fundamental flows: isotrdpic turbulence,

shear flows, jets, mixing layers, and wall-bounded flows.



2.1.1 Analytical Studies of Isotropic Turbulence

The simplest turbulent flow, discussed in detail in the third chapter of Hinze (1975),
is homogeneous isotropic turbulence. By homogeneity it is meant that the statis-
tical properties of the turbulence are invariant under arbitrary translations of the
coordinate system. By isotropy it is meant that the statistical properties of the tur-
bulence are invariant under arbitrary rotations and reflections of the coordinate sys-

tem. Isotropy is a more severe restriction than homogeneity, and in fact an isotropic

turbulence must also be homogeneous.

In turbulent flow, the velocity field is commenly decomposed into mean and fluc-
tuating components. The kinetic energy of the velocity fluctuations, or turbulence

kinetic energy, is defined using Cartesian tensor notation as
1
k= SUTTs (2.1)

where u; is the fluctuating velocity. In homogeneous isotropic turbulence, the rate of

change of turbulence kinetic energy is given by

ok
5{ = —€, (22)

where € is always a sink term, and is therefore called the dissipation rate. In homo-

geneous turbulence, it takes the following form:
€= v——— (2.3)

For isotropic turbulence, von Karman and Howarth (1937) showed that the dissipation

rate can be written in terms of a single length scale called the Taylor microscale, A:

k2 ‘ :
€= ].UVXE. (2.4)
The Taylor microscale is related to the two-point correlation coefficient of the velocity

fluctuations.



From these equations it is evident that homogeneous isotropic turbulence must
decay — there are no mechanisms by which new turbulence might be produced. The
decay process can be divided into three phases. In the initial period, viscous forces
act only on the energy-containing eddies, and the largest eddies have a permanent
character. In the final period, viscous forces dominate inertial effects for all eddy sizes.
These two periods are separated by a transitional period. In this thesis, attention is

restricted to the initial period of decay.

The decay rate in the initial period has traditionally besn expressed using a power

law, as follows:

k= bt — to)™", (2.5)

where b is a coefficient, to is the time at which the turbulence was created with infi-
ni-te energy, and n is the decay exponent. Analytical studies have yielded a number
of estimates for n, many of which are based on self-preserving assumptions for the
turbulence spectrum. By assuming self-preservation at all scales, Batchelor (1948)
found a decay exponent of unity. Others have made partially self-preserving hypothe- -
ses; for instance, assuming self-preservation for the power spectrum at wave numbers
larger than that corresponding to the integral length scale, and time-independence for
the power spectrum of the largest {permanent) eddies. Under these conditions, and
further assuming that the energy of the largest eddies varies with the fourth power of
the wave number, one obtains a decay exponent of 10/7 (Kolmogorov, 1941; Comte-
Bellot and Corrsin, 1966). Saffman (1967a) has argued that the energy of the largest
eddies varies rather with the square of the wave number, yielding a decay exponent
of 6/5 (Saffman, 1967b). George (1992) concluded that the decay exponent depends
upon the initial conditions except in the limit of infinite Reynolds number, where a

universal decay exponent of unity results.

-1



2.1.2 Experimental Studies of Decaying Turbulence

Experimental studies of decaying turbulence typically involve the study of flow behind
a screen in a duct or wind tunnel. Here the term screen is used in a general sense,
independently of geometry and fabrication process. In the first part of this section,
some general characteristics of flow behind screens is considered; subsequently, liter-

ature dealing specifically with the use of screens to generate homogeneous isotropic

turbulence is reviewed.

Flow through Screens

Flow through screens has been the focus of many investigations, owing to their many
practical uses. In a review article, Laws and Livesey (1978) considered the most
common applications: improving flow uniformity, obtaining a prescribed mean veloc-
ity profile, changing flow direction, obtaining a prescribed pressure drop, reducing

turbulence intensity, and increasing turbulence intensity.

Screens can incorporate different geometries. Some of the more common ones are:
grids, wire gauzes, perforated plates, and honeycombs. Grids involve an array of
periodically-spaced rod elements. The mesh size is defined as the grid pif.ch, or the
separation distance between the rods. The rods usually have a circular (round-rod) or
square (square-rod) cross-sectional shape. A parallel rod grid has rods oriented only
in one direction, whereas a square mesh grid has rods oriented in both transverse
directions. To simplify construction, a square-mesh grid often has the rods oriented
in the horizontal direction slightly offset from those oriented in the vertical direction,

which is referred to as a biplane grid.

Wire gauzes also incorporate a square-mesh design, but have a woven construc-



tion. Perforaled plates have circular holes drilled, punched, or machined into a blank
according to some periodical pattern. Honeycombs, like perforated plates, have cir-
cular passages, but are usually substantially thicker and their passages are separated

by thin walls.

An important attribute of any screen is its solidity, defined as the ratio of the

projected solid area to the total area.

The characteristics of flow through screens was considered by Baines and Peterson
(1951). At low Reynolds numbers, the flow remains attached to the screen elements,
and the drag is due entirely to viscous shear. At the critical Reynolds number, the
flow separates, leading to a high form drag, an increased pressure loss coefficient,
and greatly increased turbulence generation. The new turbulence is produced as
wakes from neighbouring elements mix, causing the large scale coherent structures to
lose their identities. However, the turbulence generation process is most effective for a
limited range of grid solidities. At high grid solidities, typically above 50%, individual
Jets may become unstable — some coalescing and others diverging — leading to large

transverse inhomogeneities.

A number of investigations of flow through screens have dealt with an appropriate
functional form for the pressure loss coefficient of the screen, usually in terms of a
geometry-specific coefficient and the Reynolds number (e.g. Baines and Peterson,
1951; Annand, 1953; Pinker and Herbert, 1967). Pinker and Herbert (1967) also
considered the eﬁ'ec't of the Mach number on the pressure loss coefficient of wire
gauzes, and tabulated the upstream Mach number for which the flow becomes choked
in the gauze as a function of the gauze solidity. - The results agreed closely with
isentropic flow theory provided that an “effective” screen solidity is used in place of

the standard solidity based on orthogonal projection.



Loehrke and Nagib (1972) studied the nature of the turbulence produced down-
stream of various screens, including honeycombs, grids, gauzes, perforated plates, and
porous foam. Each of these devices, and especially honeycombs, suppress the incom-
ing turbulence and produce new vigourous turbulence from shear laver instabilities.
They noted that perforated plates tend to generate large-scale turbulence. and are
also particularly effective in smoothing out upstream inhomogeneities in the mean
flow. Tan-Atichat et al (1982) expanded on this study to investigate the influence of
upstream conditions, such as mean velocity and turbulence intensity and scales, on
screen performance. Provided jet instability did n ,t ensue, they found the decay rate

to be relatively insensitive to upstream flow conditions.

The Decay of Grid Turbulence

Having considered the general characteristics of fiow through screens, we now consider
the particular application of screens to produce an approximately isotropic turbu-
lence. This configuration was suggested by Taylor (1935) as ‘a test case for the theory
of isotropic turbulence. Historically, grids have been used to generate the turbulence,
and the phrases grid turbulence and grid-generated turbulence have become so en-
grained in the literature that they are used even when the turbulence is generated by

other screen geometries.

Corrsin (1963) provided an overview of factors to be considered in t;he experi-
mental realization of homogeneous isotropic turbulence. He noted that a developing
region of about 40 mesh .lengths is required before the turbulence becomes reasonably
homogeneous, and even then it is only approximately so. One reason for the deviation
is that the duct walls restrict the scales of the turbulence, while a truly homogeneous

turbulence occupies infinite space, This restriction is minor if the duct dimensions
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are Jarge compared with the turbulence scales of interest, and if the flow in the fluid
core is not significantly influenced by boundary layer effects. A second source of grid
turbulence inhomogeneneity is streamwise energy decay and length scale increase; this
streamwise inhomogeneity can be neglected if the turbulence scales change sufficiently

slowly.

Corrsin also considered the isotropy of grid turbulence. One convenient test for
isotropy involves a comparison of the root-mean-square of the streamwise and trans-
verse fluctuations, «' and v'. In isotropic turbulence these must be equal, although
Schedvin et al (1974) pointed out that the test is heavily weighted toward the energy-
containing scales. In grid turbulence, u' usually exceeds v’ by a factor of about 1.15.
Hence the turbulence is more accurately described as azisymmetric (having statistical
properties which are invariant under arbitrary rotations and reflections of the trans-
verse coordinate axes) than isotropic. Uberoi and Wallis (1966) attempted to improve
the degree of isotropy by using an axial contraction, finding that u’ and v’ tended to

equalize in the contraction but return to an anisotropic state further downstream. In
| contrast, Comte-Bellot and Corrsin (1966) observed the isotropy to improve in the

contraction with no tendency to deteriorate downstream.

It is convenient to express the decay of grid turbulence in a form somewhat dif-
ferent than that of Eq. (2.5). The independent variable is transformed from time to
the distance from the grid, separate decay laws are written for the streamwise and
transverse velocity variances, the equation is non-dimensionalized by relevant scales,

and engineering notation is used. The resulting decay law for the streamwise velocity

” _ -n
‘C‘}—,!=15r(z ”") - | (2.6)

m

variance is

where U is the mean streamwise velocity, u' is the streamwise rms velocity fluctuation,

" B is the decay coefficient, m is the grid mesh size,  is the distance from the grid, z¢
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is the effective origin, and n is the decay exponent.

Simmeons and Salter (1934) were among the first to study grid turbulence. Early
studies of the decay law were performed by Batchelor and Townsend {1948). who
assumed a linear decay law, and Baines and Peterson (1951), who assumed n = 10/7.
The most extensive, and most widely quoted, grid turbulence experiments are those
of Comte-Bellot and Corrsin (1966), who considered a variety of grid geometries and
who calculated (using the least square method), rather than assumed, values for n.
Using data over the range 30 < z/m < 350, n was measured to be between 1.15 and

1.4, depending on the grid geometry and the grid Reynolds number,

=Um
==

Rn (2.7

The exponent was also slightly larger for u’ than for o', reflecting the tendency of
the flow to become isotropic. Passing the turbulence through a slight contraction

improved the equality not only of v’ and v' but also of their decay exponents.

Mohamed and LaRue (1990) considered previous data and performed new exper-
iments with round-rod biplane grids to argue for a universally self-similar turbulence
spectrum, independent of initial conditions, with n = 1.3. In the process, they pro-
posed an “objective” technique of obtaining x4, based on the assumption that the
empirical constants should be independent of the position of the first point of mea-
surement. They then reviewed previous measurements to determine the effect of flow
parameters on the decay law. They concluded that n is independent of Reynolds num-
ber and grid solidity, but the decay coefficient increases with solidity and decreases

with Reynolds number.

Most studies of grid turbulence involved relé.tively low speeds, with typical tur-

‘bulence Reynolds numbers,

Ry=22, | (2.8)



of 50 or lower. Kistler and Vrebalovich (1966) performed experiments in which &,
ranged from 1.2 x 10° to 2.4 x 10% and R, was approximately 600. They found
the decay rate to be well-represented by a linear law. Other high Reynolds number
measurements, performed by Schedvin et al (1974), suggested a trend toward isotropy

as R, was increased, but the range of z/m was too small to determine n.

Other types of turbulence generators have also been used. In a study designed to
investigate the role of the momentum loss at the grid in the ensuing turbulence struc-
ture, Gad-el-Hak and Corrsin (1974), and later Tassa and Kamotani (1975), devised
active grid systems featuring jets through which momentum could be injected into
the flow, both with and against the flow. Each jet had its own nozzle, allowing good
control over the resulting flow characteristics and ensuring reasonable homogeneity.
The decay exponent was found to decrease with injection rate, and no peculiar be-
haviour was observed when the net force exerted on the grid flow was zero. Another
novel turbulence generator was that of Ling and Wan (1972), who used a mechani-

‘cally agitated grid, featuring counter-rotating bars, in a water tunnel. They found n

to decrease from 2.0 to 1.35 as R,, increased from 6000 to 34 000.

2.2 Compressible Flow

In compressible flow, the density field cannot be assumed constant, Ileading to many
phenomena and complexities which have no counterparts in incompressible flow. Sev-
eral texts, such as the one by John (1984), have discussed general compressibility
effects with an emphasis on isentropic flow. An overview of the current state of re-
search into compressibility effects on turbulence, including both homogeneous and

simple inhomogeneous flows, was provided by Lele (1994).
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In the remainder of this section, various analytical, numerical. and experimental
studies of turbulence in compressible flow are reviewed. Two classes of flow are

emphasized: decaying isotropic turbulence and shock-turbulence interactions.

2.2.1 Analytical Studies

In incompressible turbulence, the flow variables are decomposed into mean and fluctu-
ating components, with the mean component obtained by simple time-averaging. In
compressible turbulence, where the density field fluctuates, more decomposition op-
tions exist. Favre (1967) compared conventional time-averaging with density-weighted
averaging, and concluded that density-weighted averaging leads to simpler equations
with clearer physical interpretations. The turbulence fluctuations themselves were
decomposed by Kovasznay (1953) into vorticity, sound, and entropy modes. The vor-
ticity mode is described by the same equations as vorticity in a viscous incompressible
flow. Compressibility appears in the sound mode, which obeys a wave-type equation,
* and the entropy mode, which satisfies a diffusion equation. To first order, the vortic-
ity mode is independent, while the sound and entropy modes are weakly connected.

Second order interactions were considered by Chu and Kovasznay (1958).

‘Turbulence mechanisms in compressible boundary layers were studied by Morkovin
(1961). He observed that although compressibility effects can be expected in the pres-
ence of large velocity gradients and rapid density changes, such as in shock-turbulence
interactions or boundary layers with large pressure gradients, the mechanisms of tur-
bulence are largely independent of M for M < 5. This observation, now commonly
referred to as Morkovin’s hypothesis, is equivalent to assuming that the rms density
fluctuation is small compared with the mean density (Bradshaw, 1977). Sarkar et al

(1991) suggested that a more natural gauge of compressibility effects on turbulence
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is the turbulence Mach number, defined as

M, = (2’“)1/2, (2.9)

[

where ¢ is the local speed of sound.

Analytical studies have also shed insight into the decay of compressible isotropic
turbulence. Moyal (1953) found that compressibility enhances the dissipation rate,
and derived the form of the additional terms in the Fourier domain. The dissipation
of turbulence kinetic energy can also be obtained from the Reynolds stress transport

equation (Zeman, 1990; Sarkar et al, 1991), as follows:
P = —€, — €4 + p'd'. (2.10)

In this equation,

Pes = pwiw], (2.11)
where w| is the fluctuating vorticity vector. Eq. (2.11) is equivalent to Eq. (2.3), and
€, is therefore called the solenoidal or incompressible dissipation rate. €4 is calculated
" from

peg = pd'd, (2.12)
where d' is the fluctuating dilatation, finite only in compressible turbulence:

d1;

oz;

d (2.13)

€4 is consequently called the dilatational or compressible dissipation rate. Both ¢, and
¢4 are positive. The third term in Eq. (2.10), p'd’, is called the pressure-dilatation
term, and although it in principle can take either sign, it is usually dissipative. Hence

compressibility serves to increase the dissipation rate.

A second class of flows of relevance to this thesis involves the interaction between

shocks and turbulence. Ribner (1953) studied this problem analytically, considering
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the convection of an inclined plane sinusoidal shear wave. which may be interpreted
as a single component of the turbulence spectrum. through a normal shock. He found
that the shock alters the inclination and increases the amplitude of the shear wave. A
physical explanation for the anisotropic turbulence amplification was offered by Lele
et al (1992}, who pointed out that eddies passing through a shock are compressed
in the direction normal to the shock wave, leading to an increase in mean square

vorticity and turbulence kinetic energy.

2.2.2 Numerical Studies

In numerical studies, the equations representing conservation of mass, momentum,
and energy, together with appropriate constitutive equations, are solved for particular
flows. When the full set of equations is solved without any turbulence modelling, this
procedure is called Direct Numerical Simulation (DNS). In principle DNS can be
used to solve any type of flow; in practice it is limited to the simplest flows because
of computational restrictions. Other numerical approaches make various assumptions

to simplify the governing equations.

Isotropic Turbulence

A number of DNS studies have been performed to understand the properties of
compressible isotropic turbulence. Kida and Orszag (1991) observed an exponen-
tial decay law for decaying compressible turbulence, as in incompressible flow. Using
two-dimensional DNS, Passot and Pouquet (1987) found that compressibility effects
become significant only when M; > 0.3. They also observed “eddy shocklets” in some
of their simulations, which were investigated in more detail by Lee et al (1991). The

latter authors found that the shocklets have the characteristics of regular shocks, are
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responsible for a major portion of ¢4, and become more frequent as M, or R, increase.
Further studies of ¢4 were performed by Blaisdell et al (1993). They found that it
depends more upon the initial conditions, in particular on how the fluctuations are
partitioned, than on M;. As R, increased, the sensitivity to initial conditions per-

sisted, but was weakened.

These DNS studies have been used in conjunction with analytical theories to
propose models for ¢4 and p'd’. The models of Zeman (1990, 1992), based on the eddy
shocklets, and of Sarkar et al (1991), based upon an asymptotic analysis, suggest that

eq varies with M. In the model of Ristorcelli (1995), €4 varies with M},

The applicability of Taylor’s frozen flow hypothesis in compressible flow was con-
sidered by Lee et al (1992). Because the hypothesis assumes passive advection of
disturbances, they noted that it does not hold for the acoustic mode of fluctuation,
which obeys a wave-type equation. Comparison of temporally-evolving and spatially-
evolving compressible turbulence showed that the hypothesis breaks down as either

M, or the turbulence intensity increase.

Shock-Turbulence Interactions

A number of techniques are availa:ble to solve shock-turbulence interactions. Three
common techniques are: DNS; Linear Interaction Analysis (LIA), which solves the
equations derived by Ribner (1953); and Rapid Distortion Theory (RDT), which
assumes that the time scale of the mean-field deformation is small relative to the

turbulence time scale, so that non-linear and viscous terms may be neglected.

Using DNS and LIA, Lee et al (1993) observed that turbulence quantities, partic-
ularly the streamiise component of the Reynolds stress tensor, are amplified through

the shock, leading to reduced turbulence length scales. Similar results were obtained
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using DNS by Hannappel and Friedrich (1993, 1995). who also emphasized the impor-
tance of the pre-shock conditions. Anyiwo and Bushnell (1982) derived jump relations
for various turbulence quantities across a shock using the linear analysis of Ribner
(1953), They also identified the mechanisms responsible for the turbulence amplifi-
cation (see also Zang et al, 1984), which include the direct amplification of vorticity
fluctuations, interactions among the fluctuation modes, and “pumping” of turbulence

by externally-driven shock oscillations.

2.2.3 Experimental Studies
Experimental Techniques in Compressible Flow

Hot-wire anemometry (HWA) is a common technique for measuring flow velocity.
Kovasznay (1950) identified and analyzed three difficulties in extending its use to
supersonic flow: frequency response, an alternative expression to King's law for the
heat loss from the wire, and interpretation difficulties due to density and temperature
fluctuations. The author concluded that, although HWA is more difficult in supersonic

flow, it is still possible.

Another technique widely used for measuring flow velocities is laser Doppler ve-
locimetry (LDV). The general principles of LDV are discussed in several monographs
and essays, such as those by Durst et al (1981) and Adrian (1983). In high speed flow,
particﬁla.r care must be taken to ensure that the particles faithfully follow the flow
(e.lg. Menon and Lai, 1991; Rudoff and Bachalo, 1991; Micheli et al, 1991). Shocks
pose a particular problem for LDV measurements. Because different-sized particles
responﬂ to the step velocity change at different rates, a spurious “particle turbulence”
" is measured. Bloomberg (1989) studied particle turbulence with mbnodispersed and

polydispersed particles downstream of an oblique shock, observing its dependence on
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particle size and distribution. Jacquin et al (1991) also considered LDV accuracy
near a shock. In addition to particle inertia, they identified a second, less serious,
cause of inaccuracy, related to the refraction of the incident laser beam by the shock.
They went on to investigate particle inertia effects with olive oil and incense smoke
particles. The former, which were smaller, yielded higher particle turbulence levels

but a narrower shock width.

Measurement Results

The first known study dealing with grid turbulence in compressible flows was by
Uberoi and Kovasznay (1955), who estimated the correlation function of a three-
dimensional density field from shadowgraph images. One flow which they considered
was the wake of a “Swiss cheese” projectile, consisting of a perforated disk travelling
“at Mach 1.03. The authors concluded that the flow was approximately homogeneous

and isotropic at some unspecified distance behind the projectile.

Several shock tube experiments have been performed to investigate the interaction
of gria turbulence with a moving shock wave. ..The shock, which is induced by bursting
a diaphragm, diffracts through a grid, causing vortex rings to form. As these vortex
rings interact with each other and dissipate, nearly homogeneous, isotropic turbulence
is generated. A porous end-wall is usually used, alloﬁing the flow to escape but the

shock to reflect and interact with the turbulence field.

Amox’xg the first such shock-tube experiments are the HWA measurements of Trol-
lier and Duffy (1985), although the manner of turbulence generation was not speci-
fied. They found that the turbulence levels were amplified by a factor which reduces
with Reynolds number. Turbulence amplification was also observed by Keller and
Merzkirch (1990) and Honkan and Andreopoulos (1992). The latter authors also
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reported decay laws for the turbulence, with n = 1.25 both before and after the
shock interaction, although upon scrutiny it appears that this value was assumed
rather than calculated. In another experiment, Briassulis and Andreopoulos (1994)

observed amplification of pressure fluctuations.

At present there are only two known experiments dealing with grid turbulence in
continuous-flow wind tunnels at supersonic speeds. The first is that of Jacquin et al
(1991), explained in more detail by Blin et al (1993). The authors investigated the
interaction between grid turbulence and a standing normal shock wave with an up-
stream Mach number of 1.65. A woven screen served both as the turbulence generator
and the sonic throat, but was also found to generate of compression waves. Velocity
measurements were obtained with LDV. Upstream of the shock, a decay exponent of
1.3 was reported; downstream of the shock, the decay rate increased. However, no

turbulence amplification through the shock was observed.

A similar, but more refined, investigation was performed by Barre et al (1995).
They optimized the turbulence generator/sonic throat design by using a multi-nozzle
(see p. 100 and Plate I (2) of Pankhurst and Holder, 1952), which generated a flow
of M = 3. The compression waves generated by the multi-nozzle were of very low
intensity, such that a schlieren study could not detect them z/m = 130. Velocity
measurements were obtained with LDV for the mean flow and with HWA for the lon-
gitudinal velocity fluctuations. Turbulence amplification was found to be consistent

with the predictions of LIA.

Other types of shock-turbulence interaction experiments have also been performed.
For instance, Debieve and Lacharme (1986) considered the interaction between an
oblique shock and turbulence generated by air injection upstream of the sonic throat.
Turbulence intensities, measured with HWA, were amplified over a <Iiisf.ance of 10 mm,

before returning approximately to its upstream value. Studying the sho’ck-turbulgnce
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interaction in a boundary layer, Ardonceau (1984) also observed turbulence amplifi-

cation, particularly for the Reynolds shear stress.

2.3 Previous Measurements at the Facility Used

in the Present Study

The facility used to obtain the results presented in this thesis has been used for two
related turbulence studies. The first (de Souza, 1993; de Souza et al, 1995) involved
nearly homogeneous, highly-sheared turbulence in incompressible flow. The second
(Budwig et al, 1995) considered grid turbulence in the incompressible (M = 0.18),
“transonic” (M = 0.9; referred to in this thesis as high subsonic), and supersonic
(M = 1.6) regimes. In the incompressible regime, a decay exponent in the range
of previous incompressible studies was found. In the transonic regime, the flow was
found to be anisotropic with no net turbulence decay. In the supersonic regime, weak
oblique shocks were observed, resulting in oscillations in the profiles of mean and
turbulence quantities. This latter study wa.‘s- an exploratory study and served as a

springboard for the research discussed in this thesis.

2.4 Summary

In the above sections, a relatively broad range of literature has been reviewed. Some
of those studies, while having some connection to this thesis, are of peripheral interest.
. In this section the state of research in those areas most directly related to the present
work is discussed, with the goal of identifying how the work presented in the femainder

of the thesis contributes to the body of knowledge.
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2.4.1 High Reynolds Number Flow

Grid turbulence in low-speed incompressible flow has been studied extensively, and
the experiments of Comte-Bellot and Corrsin (1966) may be regarded as the standard
reference. Even in their finely-controlled experiments, a single universal decay law
did not result; rather, n varied between 1.15 and 1.4. If the rest of the literature is

considered, the variation is still larger.

The variability in n could be due, at least in part, to the relatively low Reynolds
numbers. Schedvin et al (1972) reported earlier studies which suggest that Ry shouid
exceed 200 for the inertial subrange to exist, whereas in most grid turbulence studies,
Ry is less than 50. George (1992) argued that without an inertial subrange, the
decay law retains a dependence on the initial conditions, and therefore varies with
factors such as grid geometry and R,. He further argued that the decay exponent
should asymptotically approach unity as R, is increased, which appears to have
some experimental support. Although Mohamed and LaRue (1990) assert that = is
independent of R, Coi~te-Bellot and Corrsin (1966) noticed a slight dependence and
Ling and Wan (1972) reported a much stro.r-lger dependence. The only experiment
in which an inertial subrange was observed is due to Kistler and Vrebalovich {1966),
who observed an exponent of unity. Given the paucity of high-speed grid turbulence

measurements, any additional contribution to this discussion would be valuable.

2.4.2 Compressible Flow

Experimental studies of grid turbulence in compressible subsonic flow are also scarce.
'They typically investigate shock-turbulence interactions in shock tubes. Only a single *
study was found to report a decay law in the compressible subsonic regime (Honkan

and Andreopoulos, 1992), but it appears that n was assumed to be }1.25.
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Experimental studies of the decay of grid turbulence in supersonic flow are also
rare. in a shock-turbulence interaction study in a continuous-flow wind tunnel,
Jacquin et al (1991) reported a decay exponent of 1.3 upstream of the shock, but
compression waves were observed in the flow. Barre et al (1995) were able to mini-
mize the compression waves, but did not provide details about the decay law, noting

only that it was consistent with incompressible results.

From this survey, it is apparent that, although a number of studies utilizing grid
turbulence in compressible flow have been performed, none have attempted to sys-
tematically study the effects of compressibility on the decay of grid turbulence. The

main objective of this thesis is to contribute in this area.

2.4.3 Compressible Turbulence

For turbulence to be considered compressible, M, must reach the appreciable levels
needed for ¢4 to become significant relative to ¢,. Various computations have shown
that the dissipation rate of compressible isotropic turbulence is indeed augmented by
compressibility effects via dilatational fluctuations. However, the Reynolds numbers
for such computations is limited to approximately 1000. Although useful for devélop-
ing models and theories of turbulence, such computations do not seem to represent

any technologically interesting flow.

The experimental realization of nearly isotropic turbulence with significant levels
of M, is also beyond the reach of experimental work at present. It is therefore not
the purpose of this thesis to study-the dilatational dissipation rate or the pressure-
dilatation correlation. However, it is hoped that barriers to the experimental realiza-

tion of nearly isotropic compressible turbulence will be identified.



Chapter 3

Experimental Techniques

3.1 Facility

3.1.1 Wind Tunnels

The experiments were performed at two facilities. A trisonic pilot wind tunnel, located
at the High Speed Aerodynamics Laboratory (HSAL) of the Institute for Aerospace
Rese:rch (IAR) at the National Research Council of Canada (NRC), was used for
all quantitative, and some qualitative, tests. The results were supj)lemented by a
qualitative study of the flow near the grid using a supersonic demonstration nozzle

at the University of Ottawa.

With a 127x127 mm test section, the pilot wind tunnel is a 1/12 scale model of a
1.5x1.5 m trisonic blowdown tunnel. Photographs of the facility are shown in Plate 1,
and a schematic is shown in Figufe 1.. 1t is supplied with compressed air from two
.ta.nks, each ha'_ving a capacity of 1420 m3, capable of storing air at u.p to 2.1 MPa,

and featuring thermal matrices to minimize temperature variations. The large tank
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capacity permits continuous operation of the pilot tunnel for extended periods of time.
The supply pipe between the tanks and the settling chamber features a shut-off valve
and a hydraulic control valve, which maintains a constant pre-selected pressure in the
settling chamber. The settling chamber contains a conical-shaped flow separator, to
prevent separation as the air diffuses into the chamber; a series of perforated dishes
and woven screens, to improve uniformity and dampen background turbulence; and

a 10:1 contraction.

Housed between the contraction and the test section is an aluminum frame, to
which the turbulence generator, discussed in Section 3.1.2, is bolted. The test section
has constant cross-sectional dimensions of 127x127 mm and a length of 1055 mm.
The floor and the ceiling of the test section features openings of length 254 mm,
spanning the full width, and starting at a distance of 730 mm from the downstream
end of the turbulence generator. The openings are covered with 25.4 mm-thick plex-
iglass windows, thereby ‘permitting visual access to the flow for visualization and

measurements.

Downstream of the test section are two joints: the contraction joint and the
diffuser throat. The contraction joint permits a full range of motion of the diffuser
throat, which in turn is the primary control of the test section Mach number when
the tunnel is 6pera.ted in the subsonic regime. Further downstream, the air passes
- through an adaptor, which changes the cross-sectional profile from square to circular,
and js exhausted to the atmosphere. The downstream circular portion of the wind
tunnel also features a telescopic section, which was used when removing or changing
the grid. This procedure involved unscrewing the bolts which join the test section and
settling chamber, pushing the test section downstream, dismountiﬁg the aluminum

frame from its supporting dowels, and removing the grid.
The demonstration nozzle (AMRAD Model W4C) is shown in Plate 2. It has
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Table 3.1: Turbulence Generator Dimensions

| Plate d (mm) | ¢ (mm) | b (mm) | ¢ (mm) | m (mm) | Solidity
SHP {Small-hole) 6.50 6.35 7.11 7.28 7.2 33.5%
MHP (Medium-hole) | 12.70 12.70 14.29 14.57 14.5 33.2%
LHP (Large-hole) 16.27 15.82 18.46 18.32 18.4 33.0%

cross-sectional dimensions 9.8 x 6.4 mm. A test section, having plexiglass walls, a

length of 45 mm, and a crude adjustable diffuser throat at its exit, could be attached

to the nozzle exit.

3.1.2 Turbulence Generators

Aluminum perforated plates of thickness 4.8 mm were used to generate the turbulence
in the pilot tunnel. Three plates were available from a previous study {Budwig et
al, 1995), each having a solidity of about 33%. Referring to the schematic diagram
shown in Figure 2, the plates have the dimensions given in Table 3.1. The variable
m is an effective mesh length, determined as the average distance between a hole and

its six neighbours as follows:
b+ 2¢
3

The intensity of the turbulence generated by the small-hole plate was found to be too

(3.1)

small to be measured accurately, and hence only the medium- and large-hole plates
were used in the present measurements. These plates will be referred to as the MHP

and LHP respectively, and are displayed in Plate 3.

" For the supersonic cases, the perforated plates served not only as turbulence gener-
ators, but also as sonic nozzles, producing supersonic flow in the test section. Unlikea
smooth converging-diverging nozzle, which provides an isentropic choking process, the

plate is very abrupt. As a result, weak oblique shocks formed, which subsequently
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reflected off the test section walls. The waves affected the LDV measurements of
Budwig et al (1995) and, as will be discussed later, could be detected with the shad-
owgraph method (see Plates 7 to 9). As part of the present work, plate modifications

were undertaken on the MHP in order to reduce the wave intensity:

1. The unmodified plate had metal blockages jutting into the flow along two oppos-
ing edges of the plate. The LHP retained this feature, as is evident in Plate 3.

For the MHP, semi-circular openings were machined into the blockages.

2. Chamfers, angled at 15° and having a depth of 2.2 mm, were machined around

all the holes on the downstream side of the plate.

The plates could be inserted into the aluminum frame in two orientations. In the
standard orientation, the jagged plate edges (blocked for the unmeodified plate and
unblocked for the modified plate) were aligned with the z—axis. This orientation was
used for all LDV measurements. In the rotated orientation, the plate was rotated by
90°, and the jagge:llll plate edges were aligned with the y—axis. The rotated orientation

was studied only qualitatively, using flow visualization, and only in supersonic flow.

Turbulence generators / sonic nozzles were also constructed for the demonstration
nozzle. Parallel rods of different geometries, listed in Table 3.2, were clamped in
between the two side walls of the test section. The rod dimension referred to in
the table is the cross-sectional dimension orthogonal to the flow (e.g. diameter for
a round rod). The second square rod grid had half-rods along the floor and ceiling -
of the test section. The rod gqofnetries are evident in the flow visualization images

shown in Plates 10 to 17.



Table 3.2: Attributes of Demonstration Nozzle Grids

Rod Geometry | Rod Dimension | Number of | Solidity
(mm} Rods

Round 1.8 2 35%

Square I 1.8 2 35%

Square II 1.8 3 33%

Diamond 2.5 2 50%

3.1.3 Flow Visualization

High subsonic and supersonic flows at the measurement window in the pilot tunnel
were visualized using the shadowgraph technique, which is discussed in many refer-
ences (e.g. Goldstein, 1983). Photographs of the system are provided in Plate 4,
and a schematic is shown in Figure 3. A slide projector was used together with a
series of lenses and a pinhole to produce a collimated beam. A double-pass system
was implemented, so that only a single front-surface mirror, suspended above the test
section, was required. Because the light beam passed through the test section twice,
the sensitivity was twice that of a comparable single-pass system, but at the expense
of some blurring in the images. Because the shadowgraph technique integrates over
the optical 'path of the light beam, only two-dimensional phenomena were captured.

Three images were required to capture the entire window area.

Mosf images were obtained using a Nikon F-601M camera equipped with a 90 mm
macro lens and Kodak TMAX-3200 film. Due to a relatively low light intensity at
the screen, 0.5 second exposures were required. The ’negativles' were developed and
printed, using print exposure and develpprhent times to obtain similar background -
brightnesses for all prints. The three images for each set of operating conditions were
pieced together after printing, and then digitized with a scanner. Some sequences

were also captured with a Sony camcorder, from which individual frames were later

1
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digitized using frame-grabbing technology.

Some tests were also performed with the schlieren technique, which required a knife
edge to remove part of the light source image. However, the shadowgraph images were
in general superior, apparently because the anisotropic optical characteristics of the
plexiglass windows distorted the light source image. Consequently, the knife edge

could not be positioned to obtain a uniform darkening of the test section image.

In the demonstration nozzle, a conventional (single-pass) schlieren system, inte-
grated with the flow facility, was used for flow visualization. Images were obtained

by filming the screen with Sony camcorder and later digitizing individual frames.

3.2 Instfumentation

3.2.1 Pressure and Temperature Measurements

During the wind tunnel runs, pressure and temperature were monitored at various
stations, shown in Figure 4. Station 0 is in the settling chamber, station 1 is upstream
of the measurement window, and station 2 is downstream of the window. Total pres-
sures were monitored at stations 0 and 2 (P, and Py, respectively), static pressures

“at stations 1 and 2 (P, and P,, respectively), and static temperature at station 0.

'
/

.3.2.2 Laser Do’pp_ler Velocimetry Equipment

Flow velocity measurements were obtained using laser Doppler velocimetry (LDV)
equipment, which is visible in Plate 1. Simultaneous measurement of two velocity

components could be obtained using a three-beam, two-colour, dual beam system,
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supplied by DANTEC. Green and blue beams. having wavelengths of 51.1.5 nm and
488 nm respectively, were generated in a 100 mW Argon-ion laser and transmitted
to the probe head via fibre optic cables. A 40 MHz Bragg cell could be used to shift
the range of measurable velocities and permit unambignous measurement of nega-
tive velocities. The LDV equipment was operated in forward-scatter mode, with the
receiving optics and photomultiplier tubes (PMTs) slightly ofi-axis. The Doppler
frequency was extracted by the the burst-based DANTEC 55N10 Flow Velocity Ana-
lyzer, and the particle velocity calculated by the software package FLOware, developed
by DANTEC. FLOware was also used to control data acquisition, using options such
as validation criteria and levels, filter bandwidths, and PMT voltage levels. Some

practical details of the LDV equipment and the FLOware software are provided in

Appendix B.

The laser beams were focussed at the probe volume using a lens attached to the
probe head. The fringe spacing in the probe volume was determined by the lens
focal length, and therefore lenses of differing focal lengths could be used to measure
different velocity ranges. The lenses which were available for the system are listed
in Appendix B. Only the 160 mm and 243 mm lenses were used in the present
experiments; their associated velocity ranges and probe volume data are tabulated in
Table 3.3, where oy, 02, and o3 are defined as the probe volume length, width, and
height, respectively. The 243 mm lens was a monochromat, and could therefore be
used only for one-component measurements. In some two-component measurements
with the 160 mm lens, the measurable velocity range was changed by rotating the
probe head, and consequently the orientation of the fringes in the probe volume, by
45%. Upon processing, the resulting velocity samples were transformed to the original

coordinate system. -

The probe head and receiving optics were mounted.to a frame, which in turn
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Table 3.3: Characteristics of Lenses Used in the Iixperiments

160 mm lens | 160 mm lens || 243 inm lens { 243 mm lens
Green beam | Blue beam || Green beam | Blue beam
Velocity range -184-92.2 | -17.5-87.4 | -28.0-139.8 , 26.5-132.6
40 MHz shift (m/s)
Velocity range 104.5-215.1 | 99.1-204.0 158.4-326.2 | 150.3-309.4
No shift {m/s)
Velocity range 227.4-338.0 | 215.7-320.6 || 344.8-512.6 | 327.1-486.2
-40 MHz shift {m/s)
Tringe spacing (um) 3.074 2.916 4.6L0 4.420
oy (mm) 0.0777 0.0737 0.1180 0.1119
o2 (mm) 0.0776 0.0736 0.1179 0.1118
o3 {(mm) 1.238 1.174 2.849 2,703

was attached to a two-dimensional traverse to permit precise positioning of the probe
volume in the transverse plane. The major source of imprecision in transverse po-
~ sitioning was leadscrew backlash, which was minimized by consistently approaching
a target position from the same direction. Axial positioning for most measurements
was achieved by fixing the axial position of the two-dimensional traverse using dowel
pins, which could be inserted into holes at 2.54 cm intervals. A potential imprecision
of 0.5 mm was associated with this method, but in practice it was less because the
traverse system was consistently pushed against the dowel pin in the same direction.
In some supersonic tests, the axial positioning method was altered. Shoulder bolts
were screwed into the positioning holes, and the axial position of the traverse was
fixed by inserting shims between the traverse and the shoulder bolts. This method

permitted streamwise positioning in 1.59 mm increments, with negligible imprecision.

The flow was seeded with a polyethylene glycol aerosol generated by a TSI Model
9306 six-jet atomizer. The atomizer required a pressure of approximately 50 psi,

which was supplied from.a tube connected to the supply lines between the storage
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tanks and the wind tunnel. The particle size distribution is shown in Figure 5. The
particles were convected by dilution air through a hose with a 180°bend and into the

settling chamber.

3.3 Data Acquisition and Processing

The data acquisition procedure was designed to produce statistically significant results
in a reasonable period of time, such that window fogging would not pose a problem.
The earliest results consisted of five separate streamywise traverses, and 3000 velocity
samples at each traverse point. Most subsequent tests consisted of 15 records at
each position, and 1000 samples per record. The traverse positions were visited in a
random order to minimize potential error due to drift. Data at one traverse position
was collected two or three times during the course of a run as a check for repeatability.
When shims were used for axial positioning in the supersonic tests, the number of
records per position was reduced to 10, and the order in which the traverse positions

were visited in sequential order.

The raw velocity data was processed by FLOware, and the flow statistics were
subsequently calculated with the program LDV, listed in Appendix C. The velocity
. data were weighted according to the transit time of the particle, thereby correcting
fhe Bia.s toward high-velocity particles (Buéﬁﬁave et al, 1979). Velocity samples
beyond three standard deviations of the mean, and records heyond 2.5 standard
deviations, were rejected. The decay law parameters were calculated by the least-

squares procedure.
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3.4 Error Sources and Estimating Procedures

Error is an inevitable part of any experimental work, and its quantification is im-
portant to assess the signi“cance of the results. Errors may either be systematic, for
which corrections may be available, or random, which may be statistically quantified
using ensemble-averaging to obtain an uncertainty estimate. There are three aspects
of the present experiments which may lead to measurement error and uncertainty:
the wind tunnel characteristics, the seed particle dynamics, and the LDV system.

The remainder of this chapter considers potential sources of error in each.

3.4.1 Wind Tunnel Characteristics

Two potential sources of error resulting from fluctuations in the wind tunnel charac-
teristics have been identified: operation of the 1.5 m tunnel and storage tank pressure
changes. The former resulted in a temporary turbulence intensity spike in the pilot
tunnel; consequently, samples were not collected during operation of the 1.5 m tun-
nel. Storage tank pressure changes might potentially affect flow conditions in more
than one way. For instance, it could induce temperature fluctuations, which would in
turn cause fluctuations of mean velocity. Alternatively, as the storage tank préssure
changes, the pilot tunnel control valve opens or closes, which could affect flow condi-
tions such as the background turbulence intensity and tne flow angularity. However,
observations did not indicate an obvious correlation between the tank pressure and

the flow statistics.
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3.4.2 Particle Dynamics

LDV systems do not measure the fluid velocity itself, but rather the velocity of seed
particles in the flow. Hence, if the particle speed statistics do not match the flow
velocity statistics, errors will occur. Two potential sources of deviation are particle

inertia and particle concentration non-uniformities.

Quantitative estimates of error due to particle inertia require solution of the par-
ticle equation of motion. The general equation, presented in Durst et al (1981) and
elsewhere, is rather complex, but simplifies considerably for high speed flows in which
the particle density is much larger than the fluid density. Then the only relevant force

acting on the particle is viscous drag, and the particle equation of motion becomes

5 F—F—=0 (3.2)

where U, is the particle velocity. The time constant T is given by

d?
r= 1—%’:1—”, (3.3)
where d;, is the aerodynamic diameter of the particle, p, is the particle density
(1110 kg/m® for polyethylene glycol), and p is the dynamic viscosity of the fluid, which
varies with M owing to its strong temperature dependericy. Solution of Eq. (3.2) re-

quires knowledge of the fluid velocity field. The particular cases of shock waves and

turbulence are now considered.

Particle Dynamics Downstream of a Shock

For many purposes, a shock wave can be considered as a s‘tep chanée in velocity. If

the fluid velocity suddénly changes from U, to Uy, and if the initial particle velocity .-
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is Uy, then Eq. (3.2) has the solution,
Uplt) = Us _ ooy
U, - U, '

Assuming the steady-state velocity to be reached after { = 37 (corresponding to 95%

(3.4)

of the velocity change), the shock will appear smeared over a distance of
Az = 37U. (3.5)

Actual corrections to the velocity measurement cannot be made unless particle ve-
locity and size are measured simultaneously, which has not been done in the present

study.

Particle inertia also affects the measured turbulence statistics downstream of a
shock if the seed particles are polydispersed. This is because 7 varies with dp, lead-
ing to an increase in the velocity variance. The particle-induced variance, some-
times called “particle turbulence”, has been discussed by Jacquin et al (1991) and
Bloomberg (1989)." Again, corrections cannot be made without simultaneous mea-

surement of particle velocity and size.

Particle Dynamics in Turbulence

For an LDV system to accurately measure turbulence intensity, the particles must
follow the turbulence fuctuations; i.e., the condition u,, = u', where u}, is the particle
rms velocity, must be satisfied. The turbulence fluctuations are composed of fluctua-
tions over a range of frequencies. Congider for a moment fluid oscillating with a single

frequency w and amplitude D, as follows: -

; | U(t) = Dsin(wt). (3.6)

Eq.(3.2) then has the solution,
Duwr L . -
Up(t) = m (wr sm‘(wt) — cos(wt)) + ¢, (3.7)
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and the ratio u} /u’ is

h-

u’ 1

¢ = () -
The particle statistics therefore match the turbulence statistics only if {(wr)® < 1
Le., when the relevant frequencies of the turbulence are sufficiently low and d, is

sufficiently small. It is important to note that the Lagrangian frequencies must be

used, because the particles are transported by the flow.

Eq. (3.8) provides a working equation for estimating the errors in measured tur-
bulence intensity, provided that the size distribution of the measured seed particles
and the shape of the turbulence spectrum are known. Neither were measured in the
present measurements, but some typical values were used to evaluate the potential
significance of the errors. Typical particle sizes were obtained from the distribution
shown in Figure 5. Typical frequencies must be based on the Lagrangian ‘integr.al
time scale, T}, which is representative of the energy-containing range. Experimental
determination of T}, is very difficult; even its usual estimate requires two-point space-
time velocity correlations, which were not measured in the present fiows. However,
it may be crudely estimated from the Eulerian streamwise integral length scale, L,
using the non-dimensional group L /u'Ty. Various numerical estimates for this group
are: 3/2, in the limit of infinite Reynolds number (Tennekes and Lumley, 1972); 0.2
and 0.5, from the numerical computations of Huang and Leonard (1995); and 0.98,
based on the experimental grid turbulence data of Shlien and Corrsin (1974). Errors
. in the present study were estimated assuming a value of unity, yielding the following
expression for the Lagrangian frequency corresponding to the integral scale:

’

ik o (3.9)
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Bias Due to Particle Concentration Non-Uniformities

The effects of particle concentration non-uniformities downstream of a point source
of seed particles in LDV was discussed by Buchhave et al (1979). They noted that
particle dispersion may introduce a spurious mean transverse velocity and a reduction
of transverse rms velocities. In the present experiments, however, the error vanishes
because the streamwise measurement locations were co-axial with the droplet injection

point.

3.4.3 LDV System

Errors and uncertainties may also be present in the LDV system, where the particle
velocity is evaluated. Potential sources of error include insufficient signal-to-noise
ratio, volume-averaging, quantization, and statistical bias. Ambiguity broadening is
not cbnsidered, because it is relevant only when the turbulence statistics are deter-
mined from a continuous signal; in the present measurements, on the other hand,
burst processing was used and the flow statistics calculated by averaging the burst

velocities.

The data rate for an LDV system is proportional to the signal-to-noise ratio (SNR).
Primary sources of noise include shot noise, electronics noise, RF noise, and spuri-
ous heterodyne signals (Adrian, 1983). Factors affecting signal strength, discussed
by Menon and Lai (1991), include: laser power, prpbe volume size (decreasing the
size increases the signal strength), scatter mode (forward-scatter gives much stfonger
signals than back-scatter), and particle size (the relationship is complex, but signal
strength tends to increase with d,). The FLOware software permits specification of tths
minimum SNR required for a signal to be validated. The SNR threshhold suggested '

by the manual, and used in all measurements, is -3 dB, which is assumed to render
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errors due to insufficient SNR negligible.

A second potential error source in burst-mode LDV results from volume-averaging.
Because burst detectors measure only the mean velocity of each burst, they are unable
to resolve particle fluctuations smaller than the streamwise probe volume dimension.
The amount by which the turbulence kinetic energy is underestimated can be deter-
mined if the shape of the turbulence energy spectrum is known. In the present case,

the Karman interpolation function for the three-dimensional spectrum (Hinze, 1975)

was used:
17234
(x% + 0.416x2 }17/8

where k, = 27/L;. Defining u] to be the fluctuating velocity resolved by the LDV

E(r) =

(3.10)

system, the error in the streamwise velocity variance due to volume-averaging was

calculated from

w _ Jo"" B(x)ds (3.11)
u’? I E(x)ds )

Quantization of the sample velocities is another source of measurement uncer-
tainty. The discrete velocities which may be assigned to a sample are limited in
number, and distributed evenly throughout ﬁhe velocity range corresponding to the
FVA bandwidth. In the present measuremnts, the maximum available bandwidth
(36 MHz) was necessary for all cases to ensure that the velocity histogram was not
truncated. Even so, the maximum uncertainty in the sample velocities was only 0.4%,

and the corresponding uncertainty in the averages was negligible.

Finally, statistical bias may be introduced when the measurements are processed
(Edwards, 1987). Velocily bies has as its source the fact that the arrival rate of
particles at the probe volume is correlated with the particle velocities, such that simple
ariEhmetic averaging biases the calculations toward the higher velocity particles. It

can be corrected by using residence-time weighting, which was applied in the present
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measuremnents. Filter bias occurs when the LDV system measurement efficiency varies
with the Doppler frequency, and was avoided by ensuring that the entire velocity
histogram lay within the bandwidth of acceptable frequencies. Fringe bias occurs
because processors cannot measure all speeds at all angles, and may be significant if
there is a fringe crossing validation criterion. At the advice of DANTEC personnel,
this criterion was turned off in the present measurements. Gradient bias occurs when
multiple particles reside in the probe volume simultaneously and the flow has a mean
velocity gradient, but was rendered negligible in the present experiments by the flow

uniformity.
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Chapter 4

Measurements

In this chapter, the general behaviour of the wind tunnel is discussed, and some typical
plots showing the operating characteristics are presented. Then the experimental
conditions at which detailed flow measurements were obtained are listed, followed by

a presentation of the measurement results.

4.1 Wind Tunnel Operating Characteristics

Each wind tunnel test was categorized into one of three flow regimes, depending
on the nature of the test section flow. In the moderate subsonic regime, the flow
in the entire test section ﬂbw was subsonic, with the possible exception of some
cases in which there were local 'supersonic. pockets closely downstream of the plate
holes. In the high subsonic regime, the flow became supersonic past the plate, but a
quasi-normal shock forced the flow to turn subsonic. In the supersonic regime, ‘t.he
flow was supersonic 'thfoughout the test section. The same regimes can be observed

successively during the startup of a supersonic wind tunnel (e.g. John, 1983).

40



Various techniques were used to determine the regime to which a particular case
was assigned. The pressure measurements were used to calculate A, from P,/P,
and the static pressure difference along the window, P, — P,. The LDV measurements
provided an independent method of estimating M, in conjunction with the tempera-
ture measurements, and also quantified the turbulence levels. Qualitative information
was provided by shadowgraph flow visualization and by observing the noise generated
by the wind tunnel. These tools provided the following information for each of the

flow regimes:

Moderate Subsonic In this regime, P;/P;; and the LDV measurements indicated
that M < 0.7. A typical plot of M as a function of Py, is given in Figure 6,
where Ag /A = 0.90. The plateau in M .corresponds to choked-flow conditions
through the diffuser throat. P, — P, was positive but very small, being caused
by friction drag along the test section walls. The turbulence intensity was low
(below 2%), the wind tunnel was quiet, and no density discontinuities were

evident with the shadowgraph system.

Most tests in this regime (the exceptidn .being discussed in Section 5.2.6) were
obtained with choked-flow conditions in the diffuser throat, such that M was
controlled by A4 /A and was insensitive to potential fluctuations in the supply

pressure.

For M > 0.43, isentropic flow theory predicté that the flow in the plate was
choked, an& visua.liza.tiog with the demonstration nozzle indicated the presence
of local supersonic pockets directly downstream of the nozzles. Shocks in these
pockets forced each of the jets to turn subsonic without merging with 6ther jets,

resulting in steady, subsonic downstream flow.

High Subsonic Plots illustrating the shift from the moderate subsonic to the high

i
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subsonic regime with Ay /A = 0.92 are shown in Figure 7. Moderate subsonic
conditions persisted for P < 155 kPa; however, M did not reach a a plateau,
indicating that the flow through the diffuser throat was not choked. At Py =
155 kPa, a fundamental shift in the wind tunnel behaviour occurred, with A
and u'/U increasing abruptly and a large pressure rise appearing across the
window. The shift in the flow quantities was accompanied by an increase in the
wind tunnel noisiness, and shadowgraph analysis revealed an unsteady quasi-
normal shock in the test section (see Plates 5 and 6, which will be discussed in
more detail in Section 5.3). The static pressure rise associated with the shock

system caused the pressure rise along the window, and its unsteadiness was

responsible for u'/U being high.

The flow behaviour in this regime was very sensitive to Py, Aa/A, and other

downstream geometrical parameters, and was relatively unrepeatable.

Supersonic In this regime, P»/P;; and the velocity measurements indicated that

M = 1.55. Plots illustrating wind tunnel behaviour to the supersonic regime
with Agq/A = 0.98 are given in Figure 8. The moderate-to-high subsonic-shift
Ot;:curred at Pig & 150 kPa, and the shift to the superscnic regime occurred at
Py = 165 kPa. In the supersonic regime, M reached a plateau and P, — P, be-
came slightly negative, indicating a small static pressure rise alohg the window.
. LDV ‘measurements of the high subsonic-to-supersonic shift were not obtained
because the large velocity change was beyond”the range of any s_ingle lens. The
tulrbulqnce intensity was low (about 1%). Shadowgraph analysis revealed that
the quasi-normal -shock- ¢f the high subsonic regime was pushed downstream
of the window, being replaced by steady oblique shocks which formed a shock
* diamond structure (see Plates 6 to 9). These shdcks' were responsible for the

small static pressure rise along the window.
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The Mach number in this regime was determined by the plate solidity. The
value of Py at which the shift from the high subsonic to the supersonic regime
occurred was strongly dependent upon Ay /A and the contraction joint setting.
In particular, increasing Ay decreased the settling chamber pressure required
to achieve supersonic flow throughout the test section, since the shock could be

swallowed by the diffuser throat more easily (compare Plates 5 and 6).

4.2 Experimental Conditions

4.2.1 Wind Tunnel

The measurement runs chosen for quantitative processing are listzd in Table 4.1, to-
gether with their asscciated geometry and pressure settings. Also included are the
resulting Mach numbers as determined from the LDV measurements. Unless other-
wise noted, all cases were performed with the modified MHP. The LDV configurations

for the cases are ta.bﬁlated in Table 4.2.

4.2.2 Demonstration Nozzle

The test section for the demonstration nozzle was designed to yield flow characteristics
-which were as qualitatively similar as possible to those in the wind tunnel, and it
was therefore controlled by means similar to those used in the wind tunnel. In the
subsonic regime, the primary control was the diffuser throat opening. Visualization .
in the subsonic regime was performed with 0.6 < As/A < 0.95. The resulting test
section Mach numbers, based on one-dimensional isentropic flow theory, are tabulated

in Table 4.3. The actual Mach number in the test section was likely slightly lower,
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Table 4.1: Wind Tunnel Settings Used in Experiments

Case | M | Pg (psi) | Ag/A ] C.J.° [ Comments
MSla | 0.164 22 0.24 | 5.0 |5 traverses; 1 rec./pos.
MS1b | 0.162 20 0.24 3.0
MSlc | 0.162 20 0.24 5.0 [ z=-13 mm
MS1d | 0.160 20 0.24 5.0
MS2 | 0.237 20 0.36 | 5.0
MS3 | 0.369 20 0.56 | 5.0
MS4 | 0.462 20 0.68 5.0
MS5a | 0.517 20 0.76 { 5.0
MS5b | 0.517 20 0.76 5.0
MS5c | 0.525 20 0.76 | 5.0
MS5d | 0.525 20 0.76 | 5.0
| MS§ | 0.582 20 0.84 | 5.0
MS7a | 0.639 23 0.90 | 5.6
MS7b | 0.640 23 0.90 | 5.6
MS8a | 0.679 24 0.92 | 6.2 |50.8 mm spacing
MS8b | 0.683 24 0.92 | 6.2
MS9a | 0.673 22 092 | 5.6
MS9b | 0.656 22 092 | 5.6
HS1 | 0.686 24 0.92 | 6.2
| HS2 1 0.916 23 094 | 56
[SP1a | 1.55 24 0.98 | 5.6 |25.4 mm spacing
SPib | 1.55 24 0.98 | 5.6.|25.4 mm spacing
SPlc | 1.58 25.5 1.00 [ 5.6 |6.35 mm spacing
SP1d | 1.54 24 0.98 } 5.6 |1.59 mm spacing
[SP2a | 1.55 25.5 1.00 | 5.6 | LHP; 25.4 mm spacing
SP2b | 1.55 25.5 1.00 | 5.6 | LHP;6.35 mm spacing
SP2¢ | 1.55 25.5 1.00 | 5.6 | LHP; 1.59 mm spacing

®Contraction joint setting.
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Table 4.2: LDV Settings Used in Experiments

Lens focal | Frequency
Case M |1 1D/2D | length (mm) | shift (MHz) | Comments
MSla | 0.164 2D 160 40
MS1b | 0.162 2D 160 40 Poor blue beam
MSlc | 0.162 1D 160 40
MS1d | 0.160 1D 160 40
MS2 0237 1D 160 40
MS3 | 0.369 1D 160 0
MS4 | 0.462 1D 160 0
MS5a | 0.517 | 1D 243 0
MS3b | 0.517 | 1D 243 0
MS5¢ | 0.525 1D 160 0
MS5d | 0.525 1D 160 0
MS6 (0582 1D 243 0
MS7a | 0.639 1D 243 0
MST7b | 0.640 1D 243 0
MSS8a [ 0.679 | 2D 160 0 Probe oriented at
MS8b | 0.683 | 2D 160 0 45°to mean flow
MS9a | 0.673 1D 243 0
MS9b | 0.656 1D 243 0
HS1 [0.686] 1D 243 0
HS2 |[0.916 1D 243 0
SPla | 1.55 1D 243 -40
SP1b | 1.55 1D 243 -40
SPlc | 1.58 1D 243 -40
SP1d | 1.54 1D 243 -40
SP2a | 1.55 1D 243 -40
SP2b | 1.55 1D 243 -40
SP2¢ | 1.55 1D 243 -40




Table 4.3: Demonstration Nozzle Settings for the Subsonic Regime

EEr
0.60 0.38
0.70 0.46
0.80 0.55
0.90 0.68
0.95 0.77

due to boundary layer growth and non-ideal flow near the diffuser throat. According

to isentropic flow theory, the flow between the rods was choked all these cases.

The quasi-normal shock was not observed in the demonstration nozzle for any

configuration.

In the supersonic regime, the diffuser throat was wide open, although with the
diamond rods and square rods Il supersonic flow was also attained at Ay [A = 0.95.
Isentropic flow theory predicts that the downstream flow had M = 1.89 with the round
rods and square rods I, 2.27 with the square rods II, and 2.20 with the diamond rods.

In reality, M was likely substantially lower, due to losses and boundary layer growth

behind the grid.

4.3 Presentation of Results

Results of nearly all measurements are tabulated in Appendix D. The subset pre-
sented here, and discussed in the next chapter, corresond to tests with the empty
wind tunnel, measurements in the transverse plane, and the most reliable streamwise

traverses (listed in Tables 4.1 and 4.2).

46



4.3.1 Moderate Subsonic Regime
Background Turbulence Intensities

To estimate the background turbulence intensity, flow statistics without a plate in-
stalled were measured at M = 0.69. The streamwise and transverse turbulence
intensities at three measuring locations, plotted in Figure 9, were approximately 1%,

and were independent of Py for 120 < Py < 165 kPa.

Measurements in the Transverse Plane

Transverse uniformity and homogeneity was evaluated using y- and z-traverses at
z/m = 58.52 for M = 0.16 and M = 0.66. The mean velocity profiles, normalized
by the centreline velocity Uy, are plotted in Figures 10 and 11, res;iectively. The
streamwise velocity variances, normalized by the square of the local mean velocity,
are plotted in Figures 12 and 13. In all these plots, the distance variable is normalized

by h, defined as the test section width and height.

Mean Velocity Profiles

The development of the mean velocity U, normalized by the velocity averaged over
all measuring stations, Un, is plotted for the rooderate subsonic cases in Figures 14
to 18. Repeated measurements were obtained at M = 0.16 (Figure 14), M = 0.52
(Figure 16), and M =~ 0.65 (Figures 17 and 18). The results at other Mach numbers
are plotted together in Figure 15. For reasons to be discussed in Section 5.2.6, the
cases shown in Figure 18 are considered anomalous. In these plots, the diétance

~ variable z is normalized by h.
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Streamwise Velocity Variance Profiles

Profiles of the streamwise velocity variance, ", normalized by the square of the local
mean velocity U/, are presented in Figures 19 to 23. Measurements at Af = 0.52
(Figure 21) and M = 0.65 (Figure 22), were obtained with both the 160 mm and
the 243 mm lenses, which, as will be discussed later, have different measurement
uncertainties. The distance variable z is normalized by the effective mesh size m.
The graphs are presented in log-log coordinates; hence, the slope of the best-fit curve

through the points represents the exponent n of the decay law.

Skewness Factors

The skewness factors, defined by

ud
are presented in Figures 24 to 28.
Shear Stress Correlation Coefficients
Calculation of the turbulent shear stress correlation coefficient, defined by
uv
puu = W (4-2)

required measurement of both the streamwise and transverse 1«élocity components.
Two-component measurements were obtained only for the first few tests, because the
blue laser beam lat':er deteriorated, such that only single-component measurements
were reliable. Consequently, shear stress correlation coefficients are reported only for

a few tests, at M = 0.16 and M = 0.68, and are presented in Figure 29.
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4.3.2 High Subsonic Regime

The flow in the high subsonic regime was studied qualitatively using shadowgraph vi-
sualization. The shadowgraphs are shown for various geometry and pressure settings
in Plates 5 and 6. Because of the complex, unsteady, and unrepeatable nature of
the high subsonic flow, quantitative analysis was not considered a priority. Neverthe-
less, two streamwise traverses were performed, for which the mean velocity profiles
are presented in Figure 30, the streamwise velocity variances in Figure 31, and the

skewness factors in Figure 32.

4.3.3 Supersonic Regime

Shadowgraph images of the flow generated by the unmodified MHP, the modified
MHP, and the LHP are shown in Plates 7 to 9. Images obtained with the plates in

both their standard and rotated orientations are included.

* The mean velocities profiles for the MHP are presented in Figure 33. Tra-
verses were performed with streamwise traverse separation lengths, Az, of 25.4 mm,
6.35 mm and 1.59 mm, which correspond to Az,/m = 1.75, 0.438, and 0.110, re-
spectively. The traverses with Az;/m = 1.75 and 0.438 were taken on the tunnel
centreline, whereas the traverse with Az;/m = 0.110 was obtained at y/h = —0.035.
The latter measurement was moved off the tunnel centfgline in an attempt to isolate

a single wave and measure its effect on the velocity field.

The mean velocities profiles for the LHP are presented in Figure 34. The stream-
wise traverse separation distances were the same as with the MHP, but ':;orrésbond
to Ax;/m = 1.38, 0.345, and 0.086, respectively. The traverse with Az,/m = 0.086

was obtained at y/h = —0.031 so as to obtain a clean wave crossing.
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The streamwise velocity variances for the MHP and the LHP are presented in
A 1

Figures 35 and 36, respectively, and the skewness factors in Figures 37 und 38.

Schlieren images of the flow near the grid, obtained using the demonstration noz-
zle, are shown in Plates 10 to 17. Plates 10 to 13 show images in the subsonic regime
with the diffuser throat at different settings (0.7 < A4/A < 0.95). Plates 14 to 17
show sequences of images with Ay/A = 1 (resuiting in supersonic conditions for all

rod geometries) as the supply pressure was gradually increased.



Chapter 5

Analysis

In this chapter the measurement results, which have been presented in the previous
chapter, are considered in further detail. The discussion begins with the variation of
turbulence intensity with Mach number over all regimes. Subsequently, the results
specific to the moderate subsﬁnic, high subsonic, and supersonic regimes are analyzed

in turn. The chapter concludes with a discussion and estimation of error uncertainty.

5.1 Turbulence Intensities

A simple aﬁd useful exercise which can be performed with the measurements is to
plot the turbulence intensity as a function of M. Although the term “turbulence
intensity” is used in all cases, this quantity includes velocity fluctuations which may
not qualify as conventional turbulence. In particular, in the high subsonic regime, the
interpretation of streamwise flow oscillations due to the unsteadiness of quasi-normal

shocks is uncertain.
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The turbulence intensities at /m = 538.5 are plotted in Figure 39 and tabulated.
together with Uy, and the grid Reynolds number R,,. in Table 5.1. The graph includes
turbulence intensities published in the previous studies by Comte-Bellot and Corrsin
(1966), Mohamed and LaRue (1990}, and Kistler and Vrebalovich (1966). Comte-
Bellot and Corrsin (1966) utilized biplane grids with square and round rods as well
as disk grids, while the other studies used only round-rod biplane grids. The present
measurements obtained with the 160 mm lens are distinguished from those obtained
with the 243 mm lens, because the measurements with the two lenses have different
uncertainties. Due to oscillations in the quasi-normal shock, which greatly increased
the turbulence intensity, measurements in the high subsonic regime are labelied as

non-stationary. The error bars were obtained from estimates discussed in Section 5.5.

In the moderate subsonic regime, at M = 0.16, the turbulence intensities are
roughly the same as those produced by round-rod grids. For M < 0.55, the turbulence
intensity is roughly constant, although a decrease for 0.16 < A < 0.25 followed by .
a slight increase for 0.40 < M < 0.55 appears to be significant. This is even more
apparent when only the 160 mm results are considered. Beyond M = 0.55, thereis a
clear drop in the turbulence intensity. The variation of turbulence intensity with M
may be a consequence of changes in the fiow characteristics directly behind the grid,

which is discussed further in Sections 5.2.9 and 5.4.3.

5.2 Moderate Subsonic Regime

In this section, the moderate subsonic cases are analyzed. Aspects of the flow which
are considered include: factors affecting the degree to which the flow matches its
ideal analytical counterpart, the mean velocity development, the decay law, various

important turbulence parameters, and flow characteristics near the grid.

52



Table 5.1: Mean Velocities, Turbulence Intensities, and Grid Reynolds Numbers
Case M Un [u'jU° R
- (m/s) | (%)
MSl1a [0.164 | 55.0 | 1.87 | 49 600
MS1b | 0.162 | 55.7 1.84 70 200
MSlc | 0.162 | 55.6 | 1.87 | 70 100
MS1d [ 0.160 | 55.4 | 1.83 | 68 700
MS2 [0.237 | 81.1 | 1.64 | 99 600
MS3 |0.369 | 126.2 | 1.70 | 142 000
MS4 | 0.462 | 156.8 | 1.83 | 160 900
MS5a | 0.517 | 174.8 | 1.71 | 169 000
MS5b | 0.517 | 175.3 | 1.75 | 167 700
MS5c | 0.525 | 178.0 | 1.94 | 170 000
MS5d | 0.525 | 177.7 | 1.94 | 171 000
MS6 | 0.582 | 194.6 | 1.46 | 193 000
MS7a | 0.639 | 213.6 | 1.28 | 196 000
MS7b | 0.640 | 214.5 | 1.26 | 194 000
MS8a | 0.679 | 226.3 | 1.44 | 219 000
MS8b | 0.683 | 227.5 | 1.51 | 219 100
‘MS9a | 0.673 | 222.3 | 1.42 | 196 100
MS9b | 0.656 | 217.2 | 1.29 | 192 600

HS1 [0.686 | 227.4 | 2.93 | 213 000
'HS2 | 0.916 | 294.3 | 1.96 | 251 300
SPla | 1.55 | 447.6 | 0.87 | 326 500
SP1b | 1.55 | 448.1 | 0.86 | 321 800

SPle | 1.58 | 4482 | — | 321200
SPid | 1.54 [ 4483 | — |332800
SP2a | 1.55 | 446.0 | 0.86 | 397 700
SP2b | 1.55 | 445.9 | — | 390 300
SP2c | 1.55 [ 4485 | — | 395500

4z/m = 58.5.
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5.2.1 Background Turbulence Intensity

The background turbulence intensity was about 1.0%, and the transverse fluctuations
were about 25% higher than the streamwise fluctuations. The anisotropy is likely due
to the settling chamber contraction, which dampened the streamwise fluctuations
more than the other components. At first glance, the background turbulence intensity
may seem large, particularly since the turbulence produced by the perforated plate
had an intensity of the same order. However, the background turbulence is not just
superimposed on the grid turbulence. Instead, the plate modifies it by dampening its
intensity and by breaking the large-scale, low-frequency content into smaller eddies

which are less permanent. Consequently, the background turbulence is not considered

to be a significant factor.

5.2.2 Flow Uniformity and Homogeneity

In studies of decaying turbulence, it is desirable to have a uniform mean velocity
and homogeneous turbulence. Then the turbulence kinetic energy equation simplifies
to Eq. (2.2). To test the validity of this assumption in the present measurements,
sample calculations of the neglected terms, b.ased on the streamwise and transverse
profiles, have been made (Appendix A.1). The neglected terms are as high as 15% of
the mean convection term, most of which is due to the streamwise production term.
The deviations, although somewhat large, are not uncommon in turbulence studies.
Moreover, it is possible to apply appropriate f;;ffections to terms which are based on

the simplified equation, such as the dissipation rate.

The transverse profiles (Figures 10 to 13) indicate that the flow is not necessarily
symmetric about the tunnel centreline. Some of the results are also inconsistent with

expectation; for instance, in Figure 10, the results at M = 0.67 feature a local min-
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imum in mean velocity at the tunnel centreline. Some of this unexpected behaviour
might be due to deviation in the mean flow direction from the tunnel axis. This is
further borne out by the two-component measurement results, which indicate that
V/U was as high as 0.01, corresponding to a flow angularity of to 0.6%. According to
NRC personnel, flow angularities of up to 2% have been observed in the empty tunnel
(the maximum occurring at M = 0.6), but this was likely reduced by the plate, which

likely refracted the flow toward the tunnel axis.

5.2.3 Turbulence Gaussianity

Turbulence fluctuations in grid turbulence are known to have an approximately Gaus-
sian probability density function (pdf). A typical velocity histogram (from MS1d)
is provided in Figure 40. One condition of Gaussianity is that all odd moments of
the pdf vanish. The third moment, called the skewness factor S, has been defined
in Eq. (4.1). Figures 24 to 28 show that S was indeed close to zero in the present
measurements, although on average slightly positive. The cases MS9a and MS9b

(Figure 28) are exceptions, and are discussed further in Section 5.2.6.

Another property of Gaussian processes is that all even moments of the pdf beyond

two are simple functions of the second moment. For instance, the flatness factor F,

defined as

(5.1)

ut
E}T{a
takes a value of three. In the current measurements, F' was typically between 2.75

and 2.90 when samples beyond three standard deviations were rejected, and between

3.00 and 3.20 when no samples were rejected.

Based on these tests, it is concluded that the turbulence fluctuations in the mod-

erate subsonic regime were approximately Gaussian.
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5.2.4 Turbulence Isotropy

Isotropy of the turbulence fluctuations also has a number of implications for the
turbulence statistics. For instance, by considering an zr-axis reflection, it can be
shown that S must vanish. As mentioned above, S was on average positive, perhaps
due to the downstream energy decay, but close to zero. A second consequence of
isotropy is that all turbulent shear stress correlation coefficients must vanish. The
correlation coefficients at M = 0.16 and M = 0.68 have been presented in Figure 29,

and are approximately zero.

These statistics indicate that the energy-containing eddies were approximately
isotropic. More advanced tests for isotropy at other scales involve measurements of
velocity autocorrelations, turbulence spectra, or velocity derivative skewnesses, all

of which require a frequency response significantly higher than that obtained in the

present tests.

Further evidence for isotropy is obtained by considering the number of eddy
turnovers, Ny, which occur upstream of the measurement region. In grid turbu-
lence studies, it is desirable to have a number of eddy turnovers, so that the eddies
generated at the grid would be broken down and new, isotropic ones would form,
thereby diminishing the dependence of the turbulence structure on the initial condi-
tions. Isotropy is often assumed to be reached about 20 mesh lengths downstream
of the grid. In the present flows, it is estimated that about one more eddy turnover
occurred between that location and the measufernent region (Appendix A.2), which

strengthens the argument that the turbulence was indeed nearly isotropic.,



5.2.5 Mean Velocity Profiles

In the absence of wind tunnel wall divergerce to compensate for boundary layer
growth, the mean velocity is expected to accelerate in the moderate subsonic regime.
The measured profiles, presented in Figures 14 to 18, all display this trend, but also
feature some unexpected behaviour. On one hand, they appear to accelerate more
quickly than expected from boundary layer growth. This is evident from Figure 41,
where representative profiles from throughout the moderate subsonic regime are plot-
ted together with the expected profile at M = 0.16 based on zero-pressure-gradient
houndary-layer growth along the four tunnel walls. Furthermore, the acceleration
appears to increase with M, which is unexpected because turbulent boundary lay-
ers grow more slowly as R, = Uz /v increases. Compressibility acts to further slow
turbulent boundary layer growth, although it is not expected to play a major role at
subsonic speeds (Schlichting, 1979). Consequently, the observed accelerations appear

inconsistent with boundary layer growth considerations.

The incongruity may have been due, at least partly, to flow angularity, which
ha; been discussed in Section 5.2.2. Such non-axial flow development would lead to
boundary layer developments which differ for each wall and also from the flat-plat
case. If flow angularity was indeed responsible for the apparent anomaly, then the
trend of increasing acceleration with M may also be explained, for the flow angularity

was maximum at A = 0.6.



5.2.6 The Decay Law
Streamwise Velocity Variance Profiles

Streamwise velocity variance profiles have been presented in Figures 19 to 23, Repre-
sentative cases {rom throughout the moderate subsonic regime are presented together
in Figure 42. The axes are logarithmic, so that the slope of the best-fit curve through
the points yields the exponent n of the decay law. The velocity variances generally
decrease monotonically, although there is some scatter at A/ = 0.37. Similar scatter
at M = 0.24 and M = 0.46 are evident from Figure 20. Given the degree of scatter,

the slope of the curves appears to be roughly constant for A < 0.58, but significantly

steeper at M = 0.68.

Before proceeding to a more complete discussion of the decay law, the cases MS9a

and MS9b will be considered.

Some Anomalies

By comparing Figures 22 and 23, it is evident that MS9a and MS9b have decay curves
which are much less steep than MS7a, MS7b, MS8a, and MS8b, despite having similar
M. In this section we will show that MS%a and MS9b deviate significantly from the

isotropic ideal.

That anisotropy exists in MS9a and MS9b is immediately evident from Figure 28,
where S is large and positive, implying that the positive velocity fluctuations tend to
be larger than the negative fluctuations. Further evidence for anomalous behaviour
is obtained by considering the sensitivity of the moment calculations to the sample
rejection criterion. For instance, Table 5.2 indicates that n is much more sensitive

to the sample rejection criterion in MS%a and MS9b than in MST7a to MS8b. The
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Table 5.2: Sensitivity of n to Sample Rejection Criterion

Rejection n
Criterion || MS7a { MSTh | MS8a | MS8b | MS9a | MS9b
3u’ 1.64 1.53 1.51 1.42 1.00 0.92
2u’ 1.62 | 1.55 | 1.35 | 145 | 0.84 1.32
| % Change [| -1.2% | 1.3% | 2.6% | 2.1% | -16.0% | 43.5%

rejected samples tended to have high velocities.

This behaviour was likely due to the wind tunnel behaviour, which for MS9a and
MS9b lies on the curves shown in Figure 7. Prior to the moderate-to-high subsonic
transition, at P =~ 150 kPa, both M and u'/U were sensitive to Py, indicating
that flow in the diffuser throat was not choked. MS9a and MS9b were taken at
Pyo = 150 kPa, which was very close to the moderate-to-high subsonic transition. In
contrast, the flow in the diffuser throat was choked for all other moderate subsonic
cases, leading to a plateau over which M and v'/U were insensitive to Py (e.g.
Figure 6 for MS7a and MS7b). It may be that the wind tunnel operated intermittently
— most of the time in the moderate subsonic regime and part of the time in the high
subsonic regime — during MS9a and MS9b, thereby leading to occassional large
positive velocity fluctuations and the large S. Because these cases clearly involve

inhomogeneous and anisotropic turbulence, they are excluded from further discussion.

Decay Law Parameters

The equation describing the decay of streamwise velocity variance has been presented

in Eq. (2.6) as . .
u z—zo\ " _

(W} ]
b
—
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which involves three emprical parameters: the decay coefficient 5. the effective origin
o, and the decay exponent n. The parameters are typically determined by varving
ro/m, calculating the corresponding values for B and n by the least squares method.
and choosing as the optimal fit the parameters which fit the data over the widest range
of z/m (Comte-Bellot and Corrsin, 1966). In the present measurements, the range
of x/m was so narrow that a wide range of zo/m provided equally good curve fits.

For instance, the data for MS8b is plotted in Figure 43, together with two potential

decay laws:

1 1:2

77 = 00739 (%)_m (5.3)

and
”

Y 0.00230 (= —30) " 5.4
g = 00020 (- -30) (5.4)
From the plot it appears that a unique optimal value for zp cannot be determined,
and hence any discussion of the decay law must include an assumption for one of the

its parameters.

The simplest assumption which can be made is that z¢/m = 0, which has often
been found to be reasonable in incompressible grid turbulence experiments. The ex-
ponents which result from this assumption are shown in Figure 44, where the error
bars on the plot correspond to the 90% confidence interval. Exponents obtained by
Comte-Bellot and Corrsin (1966), Mohamed and LaRue (1990), and Kistler and Vre-
balovich (1966) are also included; it should be noted that the range of z/m measured
by Kistler and Vrebalovich was'also rather narrow. The plot suggests that, if the
assumption about zo/m is true, then n remains roughly constant and close to unity

for M < 0.50, after which it increases, particularly for M > 0.60.

There is, however, reason to doubt the assumption that zy/m = 0. Experi-
mentally, Comte-Bellot' and Corrsin (1966) and Ling and Wan (1972) observed that

n decreases with Reynolds number, which is the opposite of the trend observed in
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Figure 44. Furthermore, George’s (1992) analytical theory that n should decrease
to unity as A, increases finds support in the high-Reynolds number experiments of
Istler and Vrebalovich (1966). In the present experiments, R ranged between 100
and 200 whick, although lower than in Kistler and Vrebalovich, is higher than in
most grid turbulence studies. Therefore, it might be better to assume n = 1 than
zof/m = 0. The corresponding values of zo/m are plotted in Figure 45. For M < 0.5,
it is roughly constant and close to zero, even becoming negative in some cases; how-
ever, those cases have significant scatter, and their error bars in Figure 44 do not
exclude the possibility that n = 1 at zo/m = 0. For M > 0.5, 2p9/m increases,

particularly for M > 0.60.

1

Mathematically, z¢/m can '.2 interpreted as the location at which an isotropic
turbulence is generated with infinite kinetic energy. Experimentally, it accounts for
the fact that the turbulence generated behind the grid requires some distance to
develop to an approximately homogeneous and isotropic state. A large change in zp
may be related to a shift in the nature of the turbulence structure near the grid, as

is discussed further in Section 5.2.9.

The decay law parameters which result from the assumptions of zo/m = 0 and of

n = 1 are tabulated in Table 5.3.

5.2.7 Some Turbulence Parameters

In this section, various turbulence parameters, such as the dissipation rate, the in-
tegral length scale, the Taylor microscale, the Kolmogoroff microscale, and R are

presented. The estimates are tabulated together in Table 5.4.

The first parameter we consider is the dissipation rate of the turbulence kinetic

- energy. €. A direct measurement of ¢ would require a measuring instrument capable
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Table 5.3: Decay Law Parameters for the Moderate Subsonic Regime
Case M zo/m =10 n=1

B n B | xo/m
MSia | 0.164 [} 0.031 | 1.10 || 0.019 | 5.0

MS1b | 0.162 || 0.018 | 0.97 || 0.021 | -2.0

MSic | 0.162 [ 0.013 | 0.88 || 0.024 | -8.0

MS1d | 0.160 (| 0.022 | 1.03 || 0.020 | 1.0

MS2 | 0.237 | 0.010 | 0.89 || 0.018 | -7.0
MS3 1§ 0.369 || 0.010 ; 0.88 || 0.020 | -8.5

MS4 | 0.462 || 0.021 | 1.02 {{ 0.019 | 1.0

MS5a | 0.517 |{ 0.062 | 1.32 || 0.013 | 14.0
MSS5b | 0.517 || 0.041 | 1.20 (| 0.015 | 10.0
MS5c | 0.525 (| 0.032 | 1.09 || 0.020 | 5.0

MS5d | 0.525 [ 0.034 | 1.11 || 0.019 | 6.0

MS6 | 0.582 | 0.021 [ 1.13 {[ 0.011 6.5

MS7a | 0.639 | 0.129 { 1.64 | 0.0057 | 23.0
MST7b | 0.640 || 0.080 | 1.53 {| 0.0062 | 20.0
MS8a | 0.679 |} 0.097 | 1.51 [} 0.0081 | 19.5
MSSb | 0.683 || 0.074 | 1.42 || 0.0098 | 17.0
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of resolving fluctuations in the dissipative range. However, it can also be calculated
indirectly from the streamwise convection term of the streamwise Reynolds stress
equation, provided the neglected terms are sufficiently small. In that case, upon

combining with the decay law, the following expression for € results:

em 3nB (m—rg)_“-l

m

3
U3~ 2

(5.5)

However, as discussed in Appendix A.l, the streamwise production term was found
to be as large as 15% of the streamwise convection term. The estimate for ¢ therefore
incoporated a correction using the estimates provided in the appendix. The correction
reduced the estimate for ¢, because the production term was alv .ss negative. The
values for em/U3 at z/m = 58.5, both with and without the correction, are plotted as
a function of M in Figure 46. The non-dimensional group is approximately constant,

indicating that e itself increases strongly with U,

The size of the energy-containing eddies in a turbulent flow is characterized by the
integral length scale, which is typically of the same order as the external geometry.
The streamwise integral length scale, Ly, can be measured directly by integrating the
streamwise velocity autocorrelation coefficient up to the first zero crossing. Since the
temporal resolution was insufficient for such direct measurement, an indirect estimate
was made using the observations of Sreenivasan (1984), who found that, for square-
rod grid turbulence, ¢L;/u™ asymptotes to unity for Ry > 50. Physically, this implies
that the ratio of the dissipation time scale to the energy-containing eddy time scale
reaches a constant value. Although no similar trend was apparent for round-roci
grids, and no results were available for perforated plates, it was nevertheless assumed

to hold in the present experiments. Hence L; was estimated using the equation:

3 '
L= EE“ | (5.6)

where ¢ was corrected to account for streamwise production. The resulting values at
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x/m = 58.5 are plotted in Figure 47. The error bars correspond to the uncertainty
in the u’ measurement. At low A, Ly/m =~ 0.8, which is larger than. but still
comparable to, the value of 0.65 reported by Sreenivasan et al (1980) at the same
(z — zo}/m. At higher M, it is difficult to deduce how L; changes with certainty.
but the plot suggests it may decrease, which is consistent with the carlier speculation

that zo/m increases with M.

A second important length scale in turbulent flow is the Taylor microscale. A,
which is related to the second derivative of the velocity autocorrelation coefficient at
its origin. Again, because of insufficient temporal resolution, it could not be measured

directly. Instead, it was estimated indirectly from Eq. (2.4), assuming isotropy:

2y 12
)= (15!:1 ) . (5.7)

The corrected values of e were used. The resulting values at z/m = 58.5, normalized

by m, are plotted in Figure 48. The error bars correspond to the uncertainty in the '
measurement. A monotonic decrease of A with M is evident, which is consistent with

the inverse relationship between A and ¢ and, as we have already seen, ¢ increases

with M,

The smallest scales of turbulence, on which viscous forces act to dissipate tur-
bulence kinetic energy into thermal energy, are characterized by the Kolmogoroff

microscale, 7, which is found by dimensional analysis to be

1/4 ‘
7= (";) . (5.8)

Figure 49, which shows the values at z/m = 58.5, indicates an inverse relationship
between 7 and M. This seems reasonable because, as M increases, ¢ increases and v
decreases, so that the eddies must break down further beforc they can be dissipated

by. viscous forces.
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Table 5.4: Turbulence Parameters in the Moderate Subsonic Regime ¢
[Case | M [L;/m{| Am afm | em/US * | R\ |
MSla | 0.164 | 0.710 { 0.0883 | 0.00409 | 9.20x107® | 120.
MSIb § 0.162 | 0.821 {0.0972 | 0.00441 | 7.62x 10~ | 126.
MSlc | 0.162 | 0.931 | 0.103 | 0.00450 | 7.03x 10~ | 136.
MSid | 0.160 | 0.717 | 0.0945 | 0.00441 | 8.16x107% | 119,
MS2 | 0.237 | 0.786 | 0.0848 | 0.00366 | 5.63x107° | 139.
MS3 | 0.369 | 0.834 | 0.0724 | 0.00278 | 5.87x10-¢ | 175.
MS4 | 0.462 | 0.793 | 0.0637 | 0.00237 | 7.69x10-% | 188.
MS5a | 0.517 | 0.550 [ 0.0534 | 0.00219 | 9.00x10~° | 155.
MS5b | 0.517 | 0.614 | 0.0560 | 0.00222 | 8.73x107% | 164,
MS5¢ | 0.525 § 0.779 | 0.0554 | 0.00216 | 9.39x1073 | 196.
MS5d | 0.525 | 0.786 | 0.0597 | 0.00216 { 9.25x107° | 198.
MS6 | 0.582 { 0.570 | 0.0551 | 0.00227 | 5.45%x107° | 155.
MS7a | 0.639 { 0.347 | 0.0455 | 0.00217 | 6.04x107° | 114,
MS7b | 0.640 | 0.369 | 0.0475 | 0.00224 | 5.42x107¢ | 116.
MS8a | 0.679 | 0.422 | 0.0449 | 0.00192 | 7.07x1075 | 141.
MS8b | 0.683 | 0.487 § 0.0392 | 0.00192 | 7.07x107% | 130.

9m = 14.5 mm.
Estimates for ¢ are corrected for the streamwise production term.
U is tabulated in Table 5.1.

Information concerning the existence and-width of an inertial subrange in isotropic

turbulence is obtained from the turbulence Reynolds number, Ry, defined as

u’A

Ry = (5.9)

v

In grid turbulence, R\ remains nearly constant, actually obeying a power law with
an exponent (—n+1)/2. The values for the‘present cases are plotted in Figure 50, in
which the error bars correspond to the ucertainties in ¥’ and A. The figure suggests
that Ry peaks at M = 0.5, and then decreases. At first glance, this appears surprising,
because Corrsin (1963) showed that Ry « \/F; . a.hd R, increases monotonicall}' with
- M. In these experiments, however, Ry decreases because of the drop in turbulence

intensity beyond M = 0.5.
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5.2.8 Applicability to Computational Turbulence Studies

One of the major current thrusts in turbulerce research is the computational simu-
lation and modelling of turbulent flows, for which experimental data are often used
for comparison or calibration purposes. It is useful to consider the applicability of
the present results for such studies. What most distinguishes the present study from
previous grid turbulence experiments are the compressibility-induced changes in the
flow near the grid. Using the results for computational studies would therefore require
resolution of the details of the flow through the plate. At present, unfortunately, such

resolution is beyond the capability of computational methods. In the future, however,

the data may become useful for these purposes.

5.2.9 Flow near the Grid

The flow characteristics behind the grid, with downstream subsonic flow, have been
presented for different rod geometries in Plates 10 to 13. At My = 0.46, no den-
sity discontinuities are evident. As M,y increased, the ﬂo“.r behind the rods became
supersonic, featuring a complex system of shocks and expansions. The losses as-
sociated with the shocks forced the downstream flow to turn subsonic in all cases
except two. The exceptions, which featured downstream supersonic flow, occurred
at Aa/A = 0.95 with the square rods II and the diamond rods, which had higher

solidities than the other cases (see the final image of Plates 12 and 13).

‘The images also indicate that the characteristics of the wakes behind the rods
changed as M,4 increased. At lower M, the wakes immediately behind the rods were
relatively wide and; in at least one case {with the diéinond rods), visibly unsteady.
As M4 increased, the individual jets became supersonic in the divergent region and

were more resistant to separation. Fq'rthermore, the wakes immediately behind the
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rods became narrower and did not spread. Only downstream of the shocks, where

the flow became subsonic, did the wakes spread out significantly.

The changes in the flow characteristics downstream of the grid suggest that the
turbulence structure in that region may also have changed. This, in turn, may have
affect.'d the downstream turbulence characteristics. In fact, the range of Mach num-
bers over which the flow pattern behind the grid changed was about the same as that

in which the downstream turbulence intensity dropped and the decay law parameters

changed (0.55 < M4 < 0.68).

5.3 High Subsonic Regime

In this section the results from the high subsonic regime are discussed. Qualitative
information obtained from the flow visualization study is considered first, followed by

a discussion of some quantitative results.

5.3.1 Qualitative Analysis

The shadowgraphs shown in Plates 5 and 6 .-eveal the presence of several bands which
span much, but not all, of the test section width. The furthest upstream band was
also the strongest, and featured oblique shocks which connected it with the boundary
layer. The system was unstable, oscillating back and forth randomly, consistently
with the phenomenon referred to here as the “quasi-normal shock”. Such systems,
rather than one-dimensional normal shocks, are the norm in ducts and wind tunnels
(Shapiro, 1953). The two-dimensional effects at the walls were caused by shock-

boundary layer interactions, similar to the flat-plate “A-shocks” (Shapiro, 1953).



Generating a stable one-dimensional normal shock in a duct or wind tunnel re-
quires special means. For instance, suction can be used to remove the boundary lavers
(Shapiro, 1953; Jacquin et al, 1991). Barre et al (1995) used wedges to generate a
stable normal shock near the middle of the test section. In the present experiments.

no attempt was made to stabilize ihe shuck or remove the two-dimensional effects.

5.3.2 Quantitative Analysis

Quantitative analysis of the turbulence in this regime was difficult for two reasons.
Firstly, the flow was very complex, being strongly anisotropic, and inhomogeneous.
Secondly, there was some issue in deciding whether the quasi-normal shock oscilla-
tions were to be interpreted as turbulence. On one hand, the oscillations were one-
dimensional, whereas turbulence is inherently three-dimensional. On the other hand,
there was no apparent way to isolate the energy due to the oscillations. Whether the
oscillations contributed to enhanced mixing rates is an open question. What is clear
is that the “turbulence” intensity was much higher than in the moderate subsonic

and supersonic regimes.

The quantitative results for two streamwise traverses which were taken in the high
subsonic regime have already been presented as Figures 30 to 32. The profiles are
inconsistent and difficult to explain. The mean velocity profile featured a minimum in
the measurement window for HS1 but a maximum for HS2. The streamwise velocity
variance decreased with = for HS1, but had & minimum for H52. In both cases, §

was large and positive, indicating that the flows were strongly anisotropic.

Because of the difficulty in interpreting the measurements, the high subsonic

regime was not considered in further detail.
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5.4 Supersonic Regime

In this section the flow in the supersonic regime is discussed. A qualitative un-
derstanding, based on the flow visualization study, is first provided, followed by a

discussion of the guantitative results.

5.4.1 Qualitative Analysis

Shadowgraphs of the flow in the supersonic regime have been provided in Plates 7
to 9, which reveal diamond-shaped discontinuities in all cases. These discontinuities,
referred to here as a “shock-diamond” pattern, must be compression waves, because
they remain coalesced. They were inclined at approximately 35 to 40° to the mean
flow, which, being very close to the flow Mach angle (sin™!(1/M) = 40°), suggests
that they were nearly isentropic. The same conclusion may be reached by noting that

static pressure rise across the window was small (Figure 8).

The waves appear to be reflected by the test section walls. The interaction of an
oblique shock with a boundary layer is in general quite complex (Shapiro, 1953). For
a turbulent boundary which remains attached, however, the region of interaction is

quite small, and the interaction may be regarded as a regular reflection.

With the unmodified plates inserted in the standard orientation (the tops of
Plates 7 and 9), a single set of waves dominated the flow. These relatively stronger
waves are attributed to the metal blockages along the plate edges. With the modified
MHP, for which the metal blockages were removed, and also with the unmodified
plates inserted in the rotated orientation, the stronger waves were replaced by a dis-

tributed set of less intense waves.

Jacquin et al (1991) observed a similar pattern of compression waves in their

69



shock-turbulence interaction study. Recognizing that the abrupt exit from the grid
was responsible for the waves, Barre et al (1995) used a multi-nozzle grid design
(Pankhurst and Holder, 1952), resulting in waves of much lower intensity. In the
same spirit, but independently, one aspect of the MHP modifications in the present
study was the machining of chamfers around the holes at the downstream side of the
plate. The chamfers resulted in a less abrupt flow exit from the plate, but noticeable

waves were still generated.

The manner in which the compression waves were produced by the plate is con-

sidered further in Section 5.4.3.

5.4.2 Quantitative Analysis

The compression waves affected the LDV measurements, which are shown in Fig-
ures 33 to 38. The mean velocity and velocity variance profiles do not have monotonic
trerds, but rather fluctuate with 2/m. The traverse profiles with smaller separation
distances (SP1b, SP1c, SP2a, and SP2b) reveal smaller fluctuations, which are cor-
related with individual waves. This is illustrated more vividly in Figures 51 and 52,
which show the profiles across a single wave (SP2c) with an expanded abscissa scale.
The apparent smearing of the shock (15 mm in the mean velocity plot, and 25 mm in
the velocity variance plot) was caused by particle inertia, as discussed in Section 5.5.2.
The increase in downstream velocity variance may have been partly due to turbulence

amplification, but was primarily caused by particle inertia.

The amplitude of the oscillations in the streamwise profiles is larger with the LHP
than with the MHP, which is attributed to the modifications made to the MHP, re-
sulting in the elimination of the strongest set of waves. The plate modificatidns may

also have caused a turbulence intensity reduction, as is demonstrated in Table 5.5,
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Table 5.5: Streamwise Turbulence Intensities in the Supersonic Regime

| Plate | Budwig et al (1995) | Present Results |
| m = 14.5 mm, unmodified 1.29% —

m = 14.5 mm, modified — 0.81%

m = 14.5 mm, unmodified 1.37% 1.08%

where the average turbulence intensities (calculated as the average between the max-
imum and minimum intensities obtained with the 25.4 mm traverses) measured by
Budwig et al (1995) are compared with the present results. The intensities with
both plates dropped in the present experiments, the reason for which is discussed
in Section 5.5.3. However, the drop is larger with the MHP, which is attributed to
the addition of chamfers around the downstream side of the plate holes, This is an
important point, for it implies that optimizing the plate design to minimize the wave

intensity results in a turbulence intensity reduction.

The skewness factors, shown in Figure 37 and 38, are not zero. The flow is
therefore anisotropic, which is not surprising given the degree of mean non-uniformity

and turbulence inhomogeneity.

The decay exponents and their 90% confidence intervals are plotted for all regirres,
assuming zo/m = 0, in Figure 53. The exponents are much lower and more uncer-
tain outside the moderate subsonic regime, due to flow non-stationarity in the high

subsonic regime and to compression waves in the supersonic regime.

5.4.3 Flow near the Grid

Images of the flow near the grid as the supply pressure was increased have been
presented in Plates 14 to 17. The first few frames show the flow turning subsonic

through various shock waves. As the pressure increased, the shocks angles decreased,
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indicating a weakening in their strength. and eventually became sufficient]y weak that

the downstream flow remained supersonic.

The images vividly show the coalescence of weaker oblique shocks to form fewer.
relatively stronger, shocks. The final frame of each sequence (particularly Plate 15)
shows that each internal rod sheds two oblique shocks — one towards the ceiling and
one towards the floor. The two shocks travelling in the same direction have slightly
different angles, eventually coalescing to form a single oblique shock (Plate 16 being
an exception). For instance, with the round rods, the coalescence occurs close to
the point of reflection from the test section walls. A joining may also be anticipated

shortly downstream of the image border in the final frame of Plate 15.

The images also show the sensitivity of wave intensity to rod design, with the
square rods appearing to shed the strongest waves, an the diamond rods the weakest.
These results appear to confirm that the multi-nozzle design of Barre et al (1995) is
effective in reducing wave intensity, and that the use of chamfers on the MHP in the

present case is also helpful.

The images further suggest that the turbulence structure behind the grid in su-
personic flow differs from the typical structure in incompreésible flow. As with the
subsonic cases at higher M, the wakes immediately behind the rods were narrow in
extent and did not spread. The structure and intensity of the turbulence was also

likely affected by the shocks.

5.4.4 Towards Generating Compressible Isotropic Turbulence

One of the objectives of the present work was to identify barriers which need to be
overcome before an experimental approximation to compressible isotropic turbulence

can be attained. The degree of turbulence compressibility is given by the turbu-
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lence Mach number, M,. which has been defined in Eq. (2.9). In the present results.
M; = 0.03, which is an order of magnitude smaller than that required for the di-
latational dissipation rate to become significant, and the turbulence was far from the
isotropic ideal. Clearly, improvements in both turbulence isotropy and intensity must

be achieved before compressible isotropic turbulence can be experimentally realized.

A few options in improving the turbulence isotropy may be possible. The op-
timized grid of Barre et al (1995) has been found to be effective; however, it also
appears to produce turbulence of relatively low intensity and therefore also low M,.
A second option is to separate the turbulence generator and sonic throat, by moving
the grid upstream of a smooth converging-diverging nozzle. However, as the turbu-
lence passes through the contraction, the turbulence will be damped, and it may also
become inhomogeneous as it passes through the expansion. A third option, suggested
by Dr. V. D. Nguyen (personal communication), is to permit waves to form at the
grid, but then to remove them using porous test section walls. Turbulence intensity

may potentially be increased using alternative grid designs, such as active grids (e.g.

Gad-el-Hak and Corrsin, 1974).

Even if a compressible isotropic turbulence is achieved, a host of measurement
difficulties remain. For instance, Taylor’s hypothesis breaks down as M, increases (Lee
et al, 1992), which calls into question the validity of studying turbulence structure

with single-point measurements.

5.5 Measurement Error and Uncertainty

Potential sources of error and techniques for estimating them were presented in Sec-

tion 3.4. In this section, the resulting uncertainties in the measurements are esti-
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mated.

5.5.1 Wind Tunnel Operation

Potential sources of measurement uncertainty due to the wind tunnel operation were
considered in Section 3.4.1. The eflects of storage tank pressure fluctuations were
concluded to be insignificant, and error due to the operation of the 1.5 m tunnel
was avoided. Nevertheless, measurement repeatability was difficult to attain. Scatter
could occur while obtaining measurements at a single measuring location, within a

run, from day-to-day, and over longer term periods.

The degree of scatter at a given measuring location was quantified by calculating
the 95% confidence intervals for the ensemble-averaged moments. The earliest case,
MS1a, had only five records per location, and hence had relatively large confidence
intervals (0.44% for U and 2.43% for u’). Of the other cases, the largest confidence
intervals for U were: in the moderate subsonic regime, 0.11% (MS5a); in the high
subsonic regime, 0.18% (HS1); and in the supersonic regime, 0.10% (SF1b). The
largest confidence intervals for u’ were: in the moderate subsonic regime, 2.23%
(MS5a); in the high subsonic regime, 4.66% (HS1); and in the supersonic regime,
3.51% (SPlc).

The t::ﬂ'ect of scatter within a run was minimized by randomizing the order in which
measurement locations were visited, and was quantified by repeating measurements
at one location two or three times during the run. The largest changes in U within
a run were: in the moderate subsonic regime, 0.56% (MS5d); in the high subsonic
regime, 0.32% (H51); and in the supersonic regime, 1.28% (SP2c, much larger than

the others). The largest variations in u’ were: in the moderate subsonic regime, 3.8%

(MS2); in the high subsonic regime, 7.2% (HS1); and in the supersonic regir.e, 8.5%
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(SP1b).

There were also repeatability problems between runs and from one day to the
next. For example, MS8a and MS8b were performed on the same day using identical
wind tunnel settings, but u’ was about 5% lower in MS8a. Similarly, MS% and MS9b

used identical wind tunnel settings and were performed five days apart. but u’ was

about 12% lower in MS9b.

Over longer periods, even stronger shifts or drifts in the wind tunnel characteristics
occurred. For instance, MS8a and MS8b, which featured moderate subsonic flow, had
the same wind tunnel settinis as HS1, which was performed about a month later and

featured high subsonic flow. The cause of these shift is unknown.

5.5.2 Particle Dynamics

Equations for estimating errors due to particle inertia have been derived in Sec-
tion 3.4.2. The amount of apparent smear in a shock is described by Eq. (3.5). From
Figure 52, the shock distance appears to be'about 15 mm, from which we may con-
clude that the maximnum particle size which affected the mean velocity calculation
in the supersonic regime was about 1.5 um, or twice the size of the average particle
size generated by the atomizer (Figure 5). There are two possible reasons for the
discrepency. Firstly, as the particles travelled from the atomizer into the settling
chamber, they passed through various bends, which may have caused small particles
to coalesce into larger particles (Menon and Lai, 1991). Secondly, the light scattered
by the smaller particles may have had insufficient intensity to rr<=t the minimum

signal-to-noise ratio of the signal processor, as discussed later in Section 5.5.3.

The error in measured turbulence intensity due to particle inertia may be esti-

mated by Eq. (3.8), using a range of frequencies characterized by wy,, which in turn
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Table 5.6: Estimated Error Due to Particle Ineriia

M Ly wy, d, = 1.0 um dp, = 1.5 pm
(mm} | (rad/s) T () u, fu' 7 (s) u fu'
IUL:)L, 100&)1;, lOw_r_, ] IOOwL

0.16 ] 11.5 [ 560 [3.33x10-°[1.000 | 0.983 | 7.19x10~° | 0.999 | 0.928
0.24] 114 | 730 [3.37x10~° [1.000 | 0.971 | 7.58x10~° | 0.998 | 0.874
0.37 [ 121 | 1120 [3.41x10~°[0.999 | 0.935 | 7.67x10~° | 0.996 | 0.760
046 | 11.5 | 15370 [3.45x107°]0.999 | 0.880 | 7.76x10~° | 0.993 | 0.635
0.52 | 11.3 | 1920 [3.48x107 [ 0.998 | 0.831 | 7.83x10~° | 0.989 | 0.554
0.58 ] 8.27 | 2160 [3.52x10=°[0.997 | 0.796 | 7.92x10° | 0.986 | 0.505 |
0.68 ] 6.59 [ 3190 |3.55x107° [0.994 | 0.661 | 7.99x10° | 0.969 | 0.365 |
[1.55] 6.59 | 7380 [4.64x10°[0.946 [ 0.280 | 1.04x1075 [ 0.790 | 0.127 |

may be estimated from Eq. 3.9). Solving the equations suggests that particle inertia
had a negligible effect for all relevant particles sizes at wy itself. However, higher
frequencies also contribute to u', so calculations were carried out for w = 10w and
w = 100wp. The resulting error estimates with d, = 1.0 ygm and d, = 1.5 um are
shown in Table 5.6. Where measurements were made at similar M with both lenses,
only the results with the 160 mm lens are shown. At M = 1.55, where L; was un-
known, the value from M = 0.68 was assumed; in reality, it was likely smaller because
the turbulence was amplified, and consequently length scale growth suppressed, by
the compression waves. At M = 1.55, the value for 4’ used to calculate w;, was chosen
to be twice its measured value, for it was known that the measured value was too

low,

These estimates suggest that particle inertia error was an issue in the the turbu-
lence measurements. In the supersonic regime, where earlier estimates showed that
particles of d, = 1.5 um contribute to the moment calculations, the error was large.
In the moderate subsonic regime, the number of smaller particles which are measured

increases, and the error was much less serious.
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Unfortunately, the error cannot be quantified further without knowing the shape

of the Lagrangian spectrum and the size distribution of particles which trigger LDV

bursts.

5.5.3 LDV System

Sources of error and uncertainty within the LDV system were discussed in Sec-
tion 3.4.3, and included insufficient SNR, volume-averaging, and statistical bias, Sta-
tistical bias was found to be insignificant in the present study. Insufficient SNR was
found to have a negligible direct contribution to uncertainty, because only those sig-
nals which exceeded the threshhold SNR triggered a burst. However, the parameters
affecting the SNR could still indirectly affect the results. The reason is related to
the incompatible requirements that the seed particle size must be both small enough
to follow the flow and large enough to generate a signal that exceeds the threshhold
SNR. For instance, suppose the signal generated by a small particle is too weak to
register a burst. If the system parameters are changed to increase the signal strength,
such that the same particle now registers a burst, the flow statistics could change,

depending on how well the particles follow the flow.

In the present experiments, indiréct effects of the signal strength were observed.
In Section 5.4.2 it was noted that the turbulence intensity measured in the supersonic
regime was lower than similar measurements performed by Budwig et al (1995). The
drop is attributed to a degradation in laser power which was observed during the
measurements, but not corrected until after the measurements were completed. That
the turbulence intensities with the 243 mm lens were lower than with the 160 mm
lens may also be an indirect effect of signal strength, for the scattered light intensity

increases with the inverse square of the probe volume size (Menon and Lai, 1991),
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Table 5.7: Estimated Error Due to Volume-Averaging
Case | Lens (mm) | ul/u’
MSla 160 0.978
MSIb 160 0.980
MSlc 160 0.981
MS1d 160 0.979

MS2 160 0.979
MS3 160 0.980
M54 160 0.979

MS5a 243 0.974
MS5b 243 0.976
MSs5c 160 0.979
MS5d 160 0.979
MSé6 243 0.974
MST7a 243 0.963
MST7b 243 0.964
MS8a 160 0.968
MS8b 160 0.970

An equation for estimating the error in measured turbulence intensity due to
volum&averaginlg has been given as Eq. (3.11). Table 5.7 compiles the calculation
results for the moderate subsonic cases. The calculation could not be performed in
the high subsonic and supersonic regimes because ¢ was unknown. The results suggest

that the error due to volume-averaging was relatively small.

5.5.4 Estimate of Uncertainty in Measured Turbulence In-
tensity

The above analysis suggests that particle inertia is the dominant source of error in
these experiments, with a small contribution from volume-averaging. Both sources

lead to an underestimation of the true turbulence intensity. Although the actual
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error level could not be calculated, the maximum uncertainty was estimated. rather

arbitrarily, as follows:

1. At M = 0.16, error due to particle inertia was negliglible. A 5% uncertainty was

assumed, which is larger than the estimated 2% error due to volume-averaging.

)

. At M = 0.66, the error due to volume-averaging was likely small relative to the
particle inertia error, and the results with the 243 mm and 160 mm lens differed

by about 16%. An uncertainty of 20% was assumed for the 160 mm lens, and

36% for the 243 mm lens.

3. The uncertainties at intermediate M was estimated assuming linear interpola-
tion between the estimates at M = 0.16 and M =~ 0.66. Hence, at M = 0.52,
it was estimated to be 15.4% with the 160 mm and 27.3% with the 243 mm

lens. The difference between these two estimates agrees well with the observed

difference of 11%.

4. In the supersonic regime, the error was likely much higher. The intensities
measured by Budwig et al (1995) were about 30% higher than in the present
tests, and particle inertia was also likely in that study. A reasonable uncertainty

is set at 150%.

This procedure was used to obtain the error bars shown in Figure 39, and also used

to estimate uncertainties in Ly, A, and R;.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The primary objective of this study was to study the effects of mean compressibility
on the isotropy, homogeneity, and decay characteristics of grid turbulence. With

respect to this objective, the results permit the following conclusions to be drawn:

1. With moderate subsonic conditions in the test section (0.16 < M < 0.7), the
levels of homogeneity and isotropy were consistent with studies of grid tur- |
bulence in incompressible flow. Due to the limited range of z/m over which
measurements were taken, it is more difficult to draw conclusions about the
decay characteristics. However, the results are not inconsistent with previous

high Reynolds-number experiments or the theory of George (1992).

For M > 0.3, the turbulence intensity dropped and the decay parameters
~ changed, with an increase in either the decay exponent or the effective ori-

gin. These shifts appear to be correlated with changes in the flow near the grid.
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Unlike the flow at lower speeds, where the flow was subsonic throughout, the
lets were choked between the rods, became supersonic in the ensuing expansion,
and turned subsonic again via shocks. The wakes immediatelyv behind the rods

were much narrower in extent than those at lower speeds.

[S]

. With high subsonic conditions (0.7 < M < 1.0), flow visualization revealed
the presence of an unsteady quasi-normal shock in the test section, leading to
strongly inhomogenebus and anisotropic turbulence with a large intensity. It
is uncertain whether the unsteadiness in the shock system is to be interpreted

as turbulence. The decay exponent was much lower than that in the moderate

subsonic regime.

3. With supersonic conditions (M = 1.55), flow visualization revealed the presence
of a shock-diamond structure, composed of weak oblique shocks, in the test sec-
tion. The shocks resulted in inhomogeneous and anisotropic turbulence, and led
to fluctuations in the downstream mean velocity and velocity variance profiles.
Flow visualization near the grid indicated that the shocks were generated by

the grid and were sensitive to grid geometry.

Serious measurement error was encountered in this regime, due to particle iner-
tia and leading to shock smearing, artificially high turbulence levels downstream
of the shock, and underestimation of the turbulence intensity. Because of the
shocks and measurement error, the measured decay exponent was much lower

than that in the moderate subsonic regime.

A secondary objective of this study was to identify practical barriers to the ex-
perimental realization of compressible isotropic turbulence. It is concluded that the
realization of such turbulence requires, on the one hand, an improvement of the ho-

mogeneity and isotropy of the turbulence, and on the other hand, an increase in the
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turbulence intensity. Some possibilities on both of these fronts were suggested.

Regarding the applicability of the present results to computational turbulence
studies, the measurements in the high subsonic regime and supersonic regime are not
likely to be useful because of the measurement difficulties and the strong geometry-
dependence of the flows. In the mederate subsonic regime, the resuits differ from
previous grid turbulence studies primarily in the nature of the flow near the grid.
Resolution of the details of the flow there is beyond the existing capability of com-

putational methods, but the results may become useful in the future.

6.2 Recommendations for Further Research

Several modifications and enhancements could be made to the study, and the results
suggest other potentially fruitful avenues for research. Some possibilities are listed

below:

1. The biggest limitation in the study was the narrow range of z/m over which
measurements could be obtained. If the range were extended, the decay law
parameters could be obtained with more certainty. Extending the range of the
facility used in the present measurements would require construction of a longer

test section with transparent test section walls.

Lo

The spatial and temporal resolution of the LDV system precluded the measure-
ment of velocity autocorrelations, derivatives, and turbulence spectra. Hot-wire
anémometry measurements would be a useful supplement, permitting a more
thorough analysis of the turbulence structure and better accuracy in the super-

sonic regime.
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. Velocity measurements and high-speed flow visualization near the grid would
be useful to obtain further insight into the nature of the turbulence generation

mechanism at supersonic and high subsonic speeds.

. In the supersonic regime, alternative grid designs, which produce less intense

shocks, could be investigated.

. It was noticed that pressure loss varies strongly with A{, but there was not
enough information to calculate the static and total pressure loss coefficients.
In incompressible flow, some studies have suggested a relationship between the
geometry-dependent pressure loss coefficient and the decay coefficient (eg. Gad-

el-Hak and Corrsin, 1974). These possibilities could be explored further.

. The effects of contractions and expansions on turbulence have been studied in
incompressible flow. Similar studies could be performed in compressible flow.
One intriguing possibility is the generation of turbulence in supersonic flow by

passing grid turbulence through a smooth converging-diverging nozzle.

. Dr. V. D. Nguyen has suggested the possibility of generating a shock-free tur-
bulence in supersonic flow by using porous test section walls. This possibility

could be further explored.
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Plate 1: Photographs of the wind tunnel facility.
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Plate 2: Photographs of the demonstration nozzle.
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Plate 3: Photograph of the perforated plates. On the left is the LHP (m = 18.4 mm)
and on the right is the modified MHP (m = 14.5 mm). '

94



Plate 4: Photographs of the wind tunnel with the flow visualization system.
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Plate 5: Shadowgraphs of the quasi-normal shock, Aa/A = 0.94. Top left:
Pp=29.0 psi; top right: Pp=32.0 psi; bottom: P,p=35.0 psi.
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Plate 6: Shadowgraphs of the quasi-normal shock, An/A = 0.98. Top left:
Pyp=22.4 psi; top right: Pp=22.6 psi; bottom left: Pp=22.8 psi; bottom right:
Pip=23.0 psi.
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Plate 7: Shadowgraph images with the nnmodified MHP. Top: plate in standard
orientation; bottom: plate in rotated orientation.
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Plate 8: Shadowgraph images with the modified MHP. Top plate in standa.rd orien-
tation; bottom: plate in rotated orientation.
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Plate 9: Shadowgraph images with the LHP. Top: plate in standard orientation;
bottom: plate in rotated orientation.
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Plate 10: Schlieren images in the demonstration uozzle with round rods (1). Top
left: Mg = 0.46; top right: Mgz = 0.55; bottom left: M,y = 0.68; bottom right:
My = 0.77.
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Plate 11: Schlieren images in the demonstration nozzle with square rods I {1). Top-
left: Mg = 0.46; top right: Mg = 0.55; bottom left: My = 0.68; bottom right:
Myq = 0.77. _



Plate 12: Schlieren images in the demonstration nozzle with square rods 11 (1). Top:
M,y = 0.38; middle left: M,y = 0.46; middle right: M4 = 0.55; bottom left: M,y =
0.68; bottom right: My = 2.2,
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Plate 13: Schlieren images in the demonstration nozzle with diamond rods (1). Top
left: My = 0.46; top right: M,s = 0.55; bottom left: M;; = 0.68; bottom right:
Myg=22.
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Plate 14: Schlieren images in the demonstration nozzle with round rods (2). The
sequence of images shows the formation of oblique shocks by the rods, with the
second throat wide open, as the pressure is increased.
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Plate 15: Schlieren images in the demonstration nozzle with square rods I (2). The
sequence of images shows the formation of oblique shocks by the rods, with the second
throat wide open, as the pressure is increased.
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Plate 16: Schlieren images in the demonstration nozzle with square rods II (2). The
sequence of images shows the formation of oblique shocks by the rods, with the second
throat wide open, as the pressure is increased.
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Plate 17: Schlieren images in the demonstration nozzle with diamond rods (2). The
sequence of images shows the formation of oblique shocks by the rods, with the second
throat wide open, as the pressure is increased.
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Figure 1: Schematic of the wind tunnel facility.
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Figure 2: Schematic of a perforated plate.
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Figure 3; Schematic of the flow visualization system.
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Figure 4: Locations of the wind tunnel measuring stations.
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Figure 5: Distribution of particlé sizes in polyethylene glycol aerosol. The abscissa
represents the particle aerodynamic diameter.
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Figure 6: Typical wind tunnel characteristics in the moderate subsonic regime.

Age/A = 0.90.
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Figure 8: Typical wind tunnel characteristics to the supersonic regime. As/A = 0.98.
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Figure 10: Transverse mean velocity profiles, y-traverse. ® M = 0.16, Uy = 55.4 m/s;
B M =067 Uy=2218 m/s.
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Figure 11: Transverse mean velocity profiles, z-traverse. ® M =0.16, Ua = 554 m/s;.
B M =067, Us=2221m/s.
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Figure 12: Streamwise velocity variances, y-traverse. ® M = 0.16; W M = 0.67.

0.0006
0.0005 | 1

0.0004
0.0003 | b

u’2/U2

0.0002
0.0001 |

0.0000 56 025 0.00 025 0.0

zZh

EETIR ¥

s Figure 13:‘ Streamwise velocity va:iances,‘z-traverse'. ® M=0.16; B M = 0.67.

118



1.02

1.01¢

1.00} 2 @

U/Um

[e{: 2+ ]

0.99 |

098 60 65 70 75 80
x/h

Figure 14: Mean velocity profiles for M = 0.16. O MSla (U, = 55.0 m/s}; © MSib
(Um = 55.7 m/s); & MSlc (U, = 55.6 m/s); v MSld (U,, = 55.4 m/s).
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Figure 15: Mean velocity profiles for 0.24 < M < 0.58. O MS2 (M = 0.24, Uy,
81.1 m/s); © MS3 (M = 0.37, Un = 1262 m/s); A& MS4 (M = 0.46, Un
156.8 m/s); V MS6 (M = 0.58, Un = 194.6 m/s). :
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Figure 16: Mean velocity profiles for M = 0.52.
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Figure 18: Mean velocity profiles for anomalous cases, M = 0.66. [0 MS9a (U,, =
222.3 m/s); O MS9b (U, = 214.5 m/s).
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Figure 19: Streamwise velocity variances profiles for M = 0.16. 0 MSla; O MSib;
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Figure 20: Streamwise velocity variance profiles for 0.24 < M < 0.58. O MS2
(M =0.24); © MS3 (M =0.37); A MS4 (M =0.46); v MS6 (M = 0.58).
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Figure 21: Streamwise velocity variance profiles for A/ = 0.52. 0O MS5a (160 mm
lens); © MS5b (160 mm lens); & MS5c (243 mm lens); v MS5d (243 mm lens).
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Figure 22: Streamwise velocity variance profiles for 0.64 < M < (.68. | O MST7a
(M = 0.64, 160 mm lens); © MS7b (M = 0.64, 160 mm lens); & MS8a (M = 0.68,
243 mm lens); v MS8b (M = 0.68, 243 mm lens).
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Figure 23: Streamwise velocity variance profiles for anomalous cases, M = 0.66.
0 MS9a; O MS9b.
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Figure 25: Skewness factors for 0.24 <M <058 0OMS2(M=024); O MS3
(M =0.37); A MS4 (M =0.46); v MS6 (M = 0.58).
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Figure 26: Skewness factors for M = 0.52. 0O MS5a; O MS5b; A MS5¢; v MS5d.
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Figure 27: Skewness factors for 0.64 < M < 0.68. O.MS7a (M = 0. 64) O MS7
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Figure 28: Skewness factors for anomalous cases, M = 0.66.

0.2

0

[¢]

ol e
° e ° u e
o o
&
6
x/m x 101

0O MS9a; © MS9b.

E o & g , & s O
&
5 6
x/m x 10-1

Figure 29: Turbulént Shear stress correlation coefficients in the moderate subsonic
‘regime. [0 MSla (M = 0.16); O MS8a (M = 0.68); & MS8b (M = 0.68).
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Figure 30: Mean velocity profiles in the high subsonic regime. 0O HS1 (M = 0.69,
Un = 2274 m/s); O HS2 (M = 0.92, U, = 294.3 m/s).
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Figure 31: Velocity variances in the high subsonic regime. O HS1 (M = 0.69); O
HS2 (M =0.92). '
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Figure 32: Skewness factors in the high subsonic regime. O HS1 (M = 0.69); O
(M = 0.92).
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Figure 35: Streamwise velocity variance profiles in the supersonic regime, MHP, A =
1.55. W SPla (Az/m = 1.75 (1)); ® SP1b (Az,/m = 1.75 (2)); © SPic (Az,/m =
0.438); x SP1d (Az/m = 0.110, y/h = —0.035).
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Flgure 36: Streamwise velocity variance profiles in the supersomc regime, LHP, M =
1.57. W SP2a (Az,/m = 1.38); O SP2b (Az,/m 0. 345) X 5P2c (Azy/m = 0.086,
y/h = ~0.051).
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Figure 38: Skewness factors in the supérsonic regime, LHP, M = 1.57. W SP2a
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Vrebalovich (1966). The error bars indicate the maximum uncertainty.
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Figure 40: A typical velocity histogram, taken from MSid.
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Figure 41: Typical mean velocities in the moderate subsonic regime. ® MS1d (M =
0.16, Un = 55 m/s); B MS3 (M = 0.37, U, = 126 m/s); O MS5d (M = 0.52,
Un =178 m/s); & MS8b (M = 0.68, U= 227.5 m/s); ¥ flat plate boundary layer
growth, M = 0.16. ;
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Figure 42: Typical streamwise velocity variance profiles in-the moderate subsonic
regime., ® MS1d (M =0.16); B MS3 (M =0.37); O MS5d (M = 0.52); A MS8b
(M = 0.68).
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Figure 43: Two pot'éntial decay laws for MS8b. ® zo/m =0; O zp/m = 30.
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Figure 44: Decay exponents in the moderate subsonic regime, assuming xq/m = 0 for
the present results. Error bars correspond to 90% confidence intervals. @ Present
results, 160 mm lens; B Present results, 243 mm lens; A Comte-Bellot and Corrsin
(1966); v Mohamed and LaRue (1990); O Kistler and Vrebalovich (1966).
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Figure 45: Effective origins in the moderate subsonic regime, assl'»uming‘.n =1 @
160 mm lens; B 243 mm lens. '
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Figure 46: Dissipation rates at z/m = 58.5 in the moderate subsonic regime. @
160 mm lens, corrected for the streamwise production term; M 243 mm lens, cor-
rected; O 160 mm lens, uncorrected; O 243 mm lens, uncorrected.
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Figure 47: Integral length scales at z/m = 58.5 in the moderate subsonic regime, ®

160 mm lens; M 243 mm lens. The error bars correspond to the uncertainty in the
u’ measurement. '
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Figure 48: Taylor microscales at z/m = 58.5 in the moderate subsonic regime, ®
160 mm lens; B 243 mm lens:. The error bars correspond to the uncertainty in the
u' measurement.
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Figure 49: Kolmogoroff microscales at :r:/m = 58.5 in the moderate subsonic regime.
® 160 mm lens; W 243 mm lens.
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Figure 50: Turbulence Reynolds numbers at z/m = 58.5 in the moderate subsonic
regime. ® 160 mm lens; M 243 mm lens. The error bars correspond to the uncertainty
in the v’ measurement. '
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Figure 52: Velocity variance profile across a wave (SP2c).
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Figure 53: Decay exponents in all regimes, assuming zo/m = 0 for the present results.
Error bars correspond to 90% confidence intervals. ® Present results, 160 mm lens;
B Present results, 243 mm lens; O Present results, anisotropic flow; & Comte-Bellot
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(1966).
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Appendix A

Further Tests of the Flow
Homogeneity and Isotropy

A.1 Estimates of the Neglected Terms in the Stream-

wise Reynolds Stress Equation

The transport equation for the streamwise Reynolds stress in incompressible flow may

be expressed as:

u? ou?  Ou? o —-9U U oU 2 op
— -+ =_2 ‘_,-_2 1__2 e ware ] § —
a T Ua Va ”“Wa~ R

~ i o’ W

C=C,+C,,+C. P=Pe+Py+P; Wp
oud  Gutv  Guiw d%u J%u J%u
— 9
(3:1: + 5y + R )+-v (u622+u3y2+u622)’ (A.1)
Di=Dis+Dey+D | Do—2¢/3

where C represents the convective rate of change, P represents the production by

mean velocity gradients, W, represents the work due to pressure fluctuations, D; rep-
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Table A.1: Estimates of the Neglected Terms in the Streamwise Revnolds Stress
Equation at M = 0.16

Cy/Ce | PefC: | Py/C: | Dir/C: | Dy /Cs
0.013 | 0.073 | -0.008 | 0.003 | -0.003

resents diffusion by turbulence, D, represents viscous diffusion, and ¢ is the disstpation
rate of turbulence kinetic energy, assuming local isotropy. In studies of decaying tur-
bulence it is desirable to have all terms other than C; and € to be small. The degree
to which this ideal is realized for the moderate subsonic cases in the present study
is considered in this appendix. The incompressible equation is considered sufficient

for the moderate subsonic cases because the density gradients in the free-stream are

very small.

The unsteady term was zero for the present flows, and W, and D, were assumed
to be small. C., P., and D,. could not be determined because W and w were not
measured; however, they were assumed to be of the same order as the corresponding
terms in the y-direction. The remaining terms — C,, C,, P, Py, Dz, and Dy, —
were estimated from the streamwise (SBla) and transverse (Figures 10 and 12; case
j5x7 in Appendix D) profiles at M = 0.16. The streamwise gradients were estimated
from least-squares curve fits through the measured data points, and the transverse
gradients using central differencing between the data points adjacent to the tunnel
centreline. The estimate for P, required a shear stress correlation coefficient, for
which a value of 0.05 (the maximum measured value) was used. The estimate for D,.
assumed a skewness factor S of 0.1, which is larger than any measured value. The

estimates for various terms, non-dimensionalized by C;, are tabulated in Table A.l.

From these estimates it is apparent that the largest non-dissipative term is due to

production by the streamwise velocity gradient. The same term was calculated for the



Table A.2: Estimates of the Streamwise Production Term iu the Moderate Subsonic
Regime

Case | P./C;
SBla | 0.073
SBI1b | 0.102
SBlc | 0.108
SB1d | 0.086
SB2 | 0.079
SB3 | 0.097
SB4 | 0.103
SB5a | 0.085
SB5b | 0.071
SB5c | 0.106
SB5d | 0.125
SB6 | 0.125
[ SB7a | 0.109
[SB7b | 0.111
SBSa | 0.114
SBSb | 0.146

reqiainder of the moderate subsonic cases, and the results are shown in Table A.2. In *
all cases both P; and C; were negative. The estimates were used to apply a correction

to the calculation of .

A.2 Estimate of the Number of Eddy Turnovers

The number of eddy turnovers, N, which occur between the grid and the measure-
ment region is a measure of the influence of initial conditions on the turbulence. It is
a function of the dissipation and convection time scales. The dissipation tinic scale,

also called the eddy turnover time, is calculated from

Te = —. (A.2)



The convection time scale, or the time required for an eddy to be convected from the

grid to a location z, is

z
= —. Al
TC U ( )
Because 7. may change significantly with z, N, must be calculated from
Td
Arto = i s ('l\"l)
o Te

where dr, is the time required for an eddy to be convected through a distance dr.
Unfortunately, 7. is unknown near the grid. A conservative estimate can be made by
considering only the region where the decay power law applies, say x > x,. Then

N,o=n1n($““’°). (A.5)

Iy —Ip

In low-speed grid turbulence étudies, isotropy is often assumed to be reached at
zfm = 20. The same assumption has been made here. If it is further assumed
that zo = 0, and choosing z to be at the first measurement location, we obtain
Ny = 0.95 = 1. .Hence eddies produced at the location where the turbulence is
typically assumed to become isotropic have dissipated completely by the time they
are convected to the measurement region, which provides further support that the

turbulence in the measurement region is approximately isotropic.
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Appendix B

LDV Equipment: Some Practical
Considerations

The LDV equipment is described in some detail in the various DANTEC manuals,
and operation of the software in the FLOware manual. This appendix is meant to
provide a guide to the more common equipment adjustments and software choices.

B.1 Hardware

The LDV hardware is costly, and contains several components which can be aligned
only at DANTEC facilities. For this reason the equipment should be handled with
extreme care. The laser beams can cause serious eye damage if they, or their spectral
reflections, are viewed directly. Safety goggles are available for eye protection.

B.1.1 Description

The LDV hardware consists of the following components:

|
Laser The laser is a 100 mW Argon-ion laser. It is harder on the laser to turn it off
and on than to leave it on; hence it should not be needlessly turned off and on.
The laser produces a single cyan beam, composed mainly of green (514.5 nm)
and blue (488 nm) wavelengths.

Beam Splitter A beam splitter splits the cyan beam into two cyan beams of equal
intensity.
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Bragg Cell A Bragg cell shifts the frequency of one of the two cyan beams by
40 MHz. The other beam passes through a glass rod to eusure the optical
pathlengths are equal. The Bragg cell is powered by the signal p=ocessor, which
is controlled by the FLOware software. Hence. for frequency shifting to be
guaranteed to occur, the signal processor must be on. the software must specify

that power is supplied to the Bragg cell. and the software must be in “Setup
and Acquire” mode.

The Bragg cell actually produces a diffraction pattern, consisting of several
beams, each mode of which has a different frequency shift. The central beam
is unshifted, the modes to each side of the centre are shifted by £40 MHz, and
so on. The distribution of power among the various modes is controlled by the
“Bragg cell angle” Allen key. It is currently set to maximize power to the first-
order mode, which has a 40 MHz shift. However, the Bragg cell angle should
rarely need to be changed. For measurements of low speed flows, a 40 MHz
shift is usually used. For some higher speed flows, the unshifted beam may be
needed; however, this beam is obtained not by changing the Bragg cell angle,

but by not powering the Bragg cell at all, in which case the incident beam passes
through without change.

There is no fundamental difference between a shift of 40 MHz and a shift of

-40 MHz, such that an effective shift of -40 MHz can be obtained by rotating
the probe by 180°.

From the above it is apparent that two beams exit from the Breug cell: an
unshifted cyan beam, which passes through the glass rod, and a (potentiaily)
shifted cyan beam, which passes through the Bragg cell proper.

Colour Separator The shifted cyan beam is split into green and blue beams by a
colour separator. The direction of the outgoing beams is controlled by pri.ms,
which can be adjusted with Allen keys. When changing from zero-order mode
to first-order mode, or vice versa, these prisms must be adjusted, as discussed
later in this section.

Hence three beams exit from the colour separator: an unshifted cyan beam,
which is unaffected by the colour separator proper, a (potentially) shifted green
beam, and a (potentially) shifted blue beam.

Coupling to Fibre Optic Cables Fibre optic cables transmit each of the beams.
The beams are directed onto the fibre optic cables using two additional compo-
nents:

¢ The fibre optic cable ends, onto which the laser beams are directed, arc at-
tached to fibre optic plugs, which plug into the manipulators, discussed
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next. The plugs can be removed from the manipulators by loosening
two Allen keys (but not the Allen key for the locking screw). A notch
on the locking screw ensures that the angular position of the plug, and
consequently the beam polarization, will be preserved when the plug is
re-inserted. Beam polarization is discussed further in Section B.1.3.

e The fibre optic cable coupling efficiency is very sensitive to directional
and, even more important, angular alignment between the beam and the
cable. Fine-tune control is provided by the fibre optic cable manipulators.
Each manipulator has four independent thumb screws. Two thumb screws
control the angular alignment and two control the directional alignment.
Each thumb screw has a corresponding Allen key, which must be loosened
and tightened before and after the thumb screw adjustment.

Probe Distribution Box The three cables carry the three beams to a probe dis-
tribution box, which combines the fibre optics into a single cable.

Fibre Optic Cable A fibre optic cable transmits the beams to the probe. As dis-
cussed in Section B.1.3, there is some issue about the integrity of this cable.

Probe Head This cable transmits the three beams to the probe head. The probe

head is pre-aligned by DANTEC and can only be re-aligned at DANTEC facil-
~ities.

Beam Expander A 1.9x beam expander may be used to expand the beam di-
ameters and separations by a factor of 1.9. It also reduce the probe volume
dimensions and increases the light intensity at the probe volume, yielding a
higher SNR.. The beam expander couples only with the DANTEC 310 mm and
600 mm lenses.

Adaptors Only the DANTEC 160 mm lens fastens directly to the probe. For the
310 mm and 600 mm lenses, an adaptor is required if the beam expander is not
used. For the TSI lenses another adaptor is available.

Lenses Lenses are required to focus the beams. Various lenses, listed in Tables B.1
and B.2, are available. The corresponding velocity ranges which they can mea-
sure are also included; these velocity ranges differ slightly for the blue and green
beams. Only the DANTEC lenses are achromats, so only they are suitable for
two-component measurements.

Probe Volume The intersection of the beams is called the probe volume and is
ellipsoidal in shape. If the probe is properly aligned, the green-cyan intersection
should be at exactly the same location as the blue-cyan intersection. This can be
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Table B.1: Velocity Ranges with the Green Beam

Lens

Velocity range (m/s)

40 MHz shift | No shift | -40 MHz shilt

DANTEC 160 mm -18.4-92.2 [104.5-215.1 | 227.4-338.0

DANTEC 310 mm -35.6-178.2 | 202.0-415.9 | 439.7-653.5

DANTEC 310 mm -18.8-94.0 | 106.6-219.4 | 232.0-344.8

1.9x beam expansion

DANTEC 600 mm -68.9-344.7 | 390.7-304.4 | S50.3-1264.

DANTEC 600 mm -36.3-181.6 | 205.8-423.7 | 447.9-665.8

1.9%x beam expansion

TSI 103 mm -11.9-56.7 | 67.6-139.2 | 147.2-218.8

TS1104 mm -12.0-60.2 | 68.3-140.6 | 148.6-220.9
"T'ST 243 mm -28.0-139.8 | 158.4-326.2 | 344.8-512.6
TSI 553 mm -63.5-317.7 | 360.1-741.4 | 753.7-1165.
| TSI 580 mm -66.6-333.2 | 377.7-777.6 | 822.0-1221.

Table B.2: Velocity Ranges with the Blue Beam

Lens Velocity range (m/s)
(mm) 40 MHz shift | No shift | -40 MHz shift
[DANTEC 160 mm -17.5-87.4 [ 99.1-204.0 | 215.7-320.6
DANTEC 310 mm -33.8-160.1 | 101.6-394.5 | 417.0-619.9
'DANTEC 310 mm -17.8-89.2 | 101.1-208.1 | 220.0-327.1
1.9% beam expansion
 DANTEC 600 mm -65.4-327.0 | 370.6-762.9 | 806.5-1198.
 DANTEC 600 mm -34.4-172.2 [ 195.2-401.8 | 424.8-631.5
1.9x beam expansion e
TSI 103 mm -11.3-56.6 | 64.1-132.0 | 139.6-207.5
TSI 104 mm -114-57.1 | 64.7-133.3 | 140.9-209.5
TSI 243 mm -26.5-132.6 | 150.3-309.4 | 327.1-486.2
TSI 553 mm -60.3-301.4 | 341.6-703.2 | 743.4-1105.
TSI 580 mm -63.2-316.1 | 358.2-737.5 | 779.7-11509.
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verified by magnifying the probe volume onto a wall using a diverging lens, one of
which is included with the LDV equipment. Currently the blue-cyan intersection
occurs slightly closer to the probe than the green-cyan intersection, indicating
a slight misalignment. However, because the probe volume is elongated in the
height-direction, the two intersections have a lot of overlap and two-dimensional
measurements are still possible. When the LDV system is operated in zero-order
mode (i.e. no frequency shifting) and the probe volume is magnified onto a wall
or screen, two sets of orthogonal fringes due to the beam intersections should
be visible.

Receiving Optics When the LDV system is operated in back-scatter mode, the
Doppler signal is received into the probe head and carried via the fibre optic
cable to the photomultiplier tubes mounted on the laser bench. When the
LDV system is operated in forward-scatter mode, the receiving optics must be
placed on the opposite side of the flow as the probe. In this case a receiving
lens is attached to the photomultiplier tubes (PMTs). The eyepiece should be
placed slightly off-axis, so that none of the three incident beams strikes the
lens directly. The PMTs should be perpendicular to the eyepiece for optimum
receiving efficiency.

Receiving efficiency is extremely sensitive to the alignment of the receiving op-
tics. When initially setting up the optics, a rough alignment should be obtained
by setting the distance between tiie probe volume and the front plane of the
receiving lens to approximately 24.5 cm, and the receiving lens should point
directly at the probe volume. When this is done, and when the flow is seeded,
the three beams and their intersections should be visible through the eyepiece.

Next, the alignment should be further tuned. The distance between the receiv-
ing optics and the probe volume should be adjusted so that the beams intersect
at the same probe volume, which should be in sharp focus and positioned at-the
centre of the eyepiece; the concentric circles in the eyepiece are an aid for this.
As this procedure is being followed, the signal processor should be monitored
to ensure that the red PMT overload lights do not flash. The PMT lifetimes
are shortened by overloading; if they do overload the applied voltage must be
reduced via the FLOware software.

Fine-tuning should be done with the FLOware software in “Continuous Run”
mode, and should be done both viewing the probe volume through the eyepiece
and monitoring the data rate and validation levels reported by the software.
There are three independent controls on the receiving optics used to fine-tune
the alignment. The:lens can be rotated to optimize the distance between the
lens and the probe volume. Two thumb screws rotate the lens about the two
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axes perpendicular to the axis through the lens, and thereby move the position
of the probe volume in the eyepiece. The alignment is optimized when the net
data rate (the data rate multiplied by the validation percentage) is maximized
for a given set of software settings.

Signal Processor The burst information is processed with the DANTEC 55N10
Flow Velocity Analyzer (FVA). Before connecting the cables to the FVA, it
is necessary to choose which beam will correspond to which velocity channel.
This clioice is governed by two factors. First, the green beam is somewhat more
intense, and therefore produces a stronger signal, than the blue beam. Second,
the bursts are triggered when the U-signal reaches a certain threshold. Conse-
quently, if the green beam is connected to the U-channel, more bursts will be
registered, but the validation percentage will suffer due the the weaker V-signal.
On the other hand, if the blue beam is connected to the U/-channel, the data rate
will fall, but the validation percentage will increase. For two-dimensional mea-

surements in which both velocities components are to be validated, the choice
does not matter much.

Two coaxial cables connect each PMT to the signal processor. A coaxial cable
also connects the signal processor to the Bragg cell. Another cable connects the
signal processor to the host computer. Finally, if the system is to be run with
an encoder (which synchronizes operation with an external trigger), a cable
connects the signal processor to the external trigger.

Computer Hardware Two pieces of hardware are required for the host computer.
Firstly, a board must be installed into the host computer, which includes a port
permitting communication with the signal processor. Secondly, a hardware
identification key must be attached to the printer port.

B.1.2 Changing the System Order

In this section the technique for changing the system from first-order mode to zero-
order mode is described. Changing from zero-order mode to first-order mode is the
inverse. First the “long”, more systematic procedure is described. Then a short-cut
is suggested. Both procedures, however, are relatively short: the longer procedure
takes perhaps 5 minutes for each colour.

The systematic approach, which is performed for both the green and blue beams,
is as follows:

1. Loosen the Allen keys for the fibre optic plug.
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Remove the fibre optic plug. A series of beams will appear. The most intense
beam should be the first-order (shifted) beam. This is the beam which is cur-
rently fed into the cable. The zero-order beam, which is to be directed into the
fibre optic cable, can be identified by turning off the power to the Bragg cell
using the FLOware software.

Insert and tighten the alignment tool (a hollow tube with a cross at one end)
into the fibre optic plug socket. The cross intersection should be located close
to the first-order beam.

Adjust the colour separator prisms so that the zero-order beam moves to the
cross intersection. For the blue beam, only the transverse direction needs to be
adjusted. For the green beam, only the infout direction needs to be adjusted.
For both beams, an Allen key rotation of approximately § of a turn is required.
When moving to zero-order mode, the rotations are counter-clockwise; when
returning to first-order mode, the rotations are clockwise.

Remove the alignment tool and re-insert the fibre plug. Ensure the Bragg cell
is off so that the zero-order beam has ful! power.

Optimize the alignment between the beam and fibre optic cable using the thumb
screws on the fibre optic manipulator. This can be done visually by directing
the beam at a wall and maximizing the beam intensity.

Ensure the frequency shift specified in the software (found in the “Bandwidths”
section of the “Setup” menu) is set to 0 MHz rather than 40 MHz or -40 MHz,
This ensures the correct velocities are calculated.

The following short-cut technique is also possible:

o

. Turn off power to the Bragg cell.

Adjust the Allen keys for the colour separator prisms, by the amounts specified
in Step (4) above.

. Maximize the beam intensities using the thumb screws on the fibre optic cable

manipulators.

. Ensure the freqﬁency shift specified in the software (fdund in the “Bandwidths”

section of the “Setup” menu) is set to 0 MHz rather than 40 MHz.
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B.1.3 Beam Polarization

To achieve the maximum possible SNR, the three beams mnmust be polarized in the
same plane. The polarization can be roughly optimized by inspecting the interference
fringes, which requires the system to be operated in zero-order mode (Section B.1.2.
Then, using the small diverging lens to project the probe volume on the wall. the
polarizations should be adjusted so that the fringes in both directions are of maximum
intensity. This can be done only approximately by eye, since the intensity perceived
by the eye is non-linearly related to the actual light intensity. Fine-tuning requires
monitoring of the data rate and validation levels while taking measurements.

The polarization of a given beam is adjusted by rotating its fibre optic plug,
which requires that the Allen key screw for the locking screw be loosened first. The
beam intensitities may need to be re-optimized (usiag the thumb screws on the fibre
manipulator) after rotating the plug.

Observations made during the measurements of Budwig et al {1995) suggest that
the cables may not preserve the beam polarizations correctly, for under certain con-
ditions, the data rate and validation level were sensitive to cable position, such that
moving or twisting the cable slightly could cause an order-of-magnitude change in the
net data rate. This occurred when the TSI 253 mm lens was used. Later | observed
the same phenomenon with the DANTEC 310 mm lens.

B.1.4 Sign Convention

A sign convention must be specified in order to identify the direction of fluid motion
with respect to the beams. The convention depends upon the frequency shift:

1. In zero-order mode, the direction of particle motion cannot be determined be-

cause particles travelling in both directions produce identical detected frequen-
cies.

o

In first-order mode, with the software frequency shift for the channel under
consideration set to 40 MHz, the sign convention is such that a particle moving
from the shifted beam (green or blue) toward the cyan beam has a positive
velocity. This convention is the opposite of that given in the manual, which
could indicate that the frequency shift is actually -40 MHz rather than 40 MHz.

.3. In first-order mode, with the software frequency shift for the channel under
consideration set to -40 MHz, the sign convention is such that a particle moving
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from the cyan beam toward the shifted beam (green or blue) has a positive
velocity.

B.2 The FLOware Software

In this section some guidelines for operating version 3.0 of FLOware Attention is
limited to the “Setup and Acquire” module. Only those parameters which I found
necessary to adjust in my work are discussed. For other options, and for further
information on the parameters discussed here, consult the FLDOware manual. The dis-
cussion is subdivided into the various menus under the “Setup and Acquire” module.

Note that an existing set of parameters may be loaded by opening the appropriate
parameter file, using the “Files” option in the “Setup and Acquire” menu. By the
same token, the current parameters may be saved using the same option.

B.2.1 Setup
The setup menu includes the following options:

Electronics In this screen parameters such as the number of dimensions, the power
to the Bragg cell, the burst detector mode, and the type of photomultiplier
tubes are set.

The Bragg cell setting should be consistent with the mode of operation of the
Bragg cell and driver used to power it. If the Bragg cell is operated in zero-order
mode, both drivers should be set to off. If it is operated in first-order mode,
power should be supplied to the appropriate driver.

For the burst detector mode, I had it set to the “Trigger on Ul/external inhibit”
option, in which case a burst is triggered when the Ul-voltage exceeds a certain
threshold and is below a certain plateau between bursts.

The default base address is correct.
The photomultiplier tubes are of type 55x08.

I4

Optics This menu sets various optics parameters for each channel, including the
beam wavelength, the Gaussian beam diameter, the beam expansion ratio, the
beam separation, and the lens focal length. From this it calculates the fringe
spacing, the number of fringes in the probe volume, and the size of the probe
volume.

i
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Table B.3: Probe Volume Data for the Green Beam

Exp. | No. of Fringe Probe volume dim. (mm)

{mm) | ratio | fringes | spacing(um) | Length | Width | Height
160 | 1.0 25 3.074 0.0777 | 0.0776 | 1.238
310 | 1.0 25 5.941 0.1505 | 0.1504 | 4.635
310 | 1.9 25 3.135 0.0793 | 0.0791 | 1.287
600 | 1.0 25 11.49 0.2911 | 0.2911 | 17.32
600 | 1.9 25 6.052 0.1533 | 0.1532 | 4.809
103 | 1.0 25 1.989 0.0502 | 0.0499 | 0.515
104 1.0 25 2.008 0.0506 | 0.0504 | 0.525
243 | 1.0 23 4.660 0.1180 | 0.1179 | 2.849
558 1.0 25 10.59 0.268> | 0.2683 | 14.74
580 1.0 25 11.11 0.2814 | 0.2814 | 16.2]

The wavelengths for the channels should be set consistent with the cable con-
nections between the PMTs and the signal processor. Blue has a wavelength of
488 nm and green has a wavelength of 514.5 nm.

The laser beam has a diameter {at the 1/e? locus of points) of 1.30 mm. This
value holds regardless of whether or not a beam expander is used.

A beam collimator is not used and the ratio is therefore unity.

The beam expander increases the beam diameter and beam separation distance.

by a factor of 1.9. If it is used, the expansion ratio should be set to this value;
else it should be set to unity.

The beam separation gives the green/cyan and blue/cyan separation distances
at the front lens on the probe. Without a beam expander, these are 26.87 mm:
with a beam expander they are 51.05 mm.

The lens focal length should be given in mm.

The size of the probe volume can be displayed by typing <ctrl>v. For conve-
nience, the probe volume data are provided as functions of the lens focal length
and beam expansion ratio in Table B.3 for the green beam and in Table B.4 for
the blue beam.

Traverse This option permits specification of the traverse positions at which data are
to be collected. With a traverse operated manually, as I had, the traverse mode
should be set to “User-Iuput” rather than “Automatic” or “Manual”. Grids for
various coordinate systems can be generated; points can also be added, deleted,
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Table B.4: Probe Volume Data for the Blue Beam

f Exp. | No. of Fringe Probe volume dim. (mm}
(mm) | ratio | fringes | spacing(um) | Length [ Width | Height
160 1.0 25 2.916 0.0737 | 0.0736 | 1.174
310 1 1.0 25 5.635 0.1427 | 0.1426 | 4.395
310 | 1.9 25 2.973 0.0752 | 0.0750 | 1.221
600 1.0 25 10.90 0.2761 | 0.2761 | 16.46
600 | 1.9 25 5.741 0.1454 | 0.1453 | 4.562
103 1.0 25 1.866 0.0476 | 0.0474 | 0.489
104 1.0 25 1.904 . 0.048C | 0.0478 | 0.498
243 | 1.0 25 4.420 0.1119 } 0.1118 | 2.703
583 | 1.0 25 10.05 0.2545 | 0.2545 | 13.98
580 | 1.0 25 10.54 0.2669 | 0.2669 | 15.38

or modified manually. I pe Jormed an entire run with a single traverse file; i.e.,
the first 20 points (say) were for all records at the first position, the next 20
points were for all records at the next position, and so on.

Bandwidths This option permits specification of the bandwidth, or range of accept-
able frequencies detected by the signal processor, for each channel. It should
be as narrow as possible without truncating the velocity histogram.

The optical frequency shift is also set in this screen; it should be set consistent
with the mode of operation of the Bragg cell. If the Bragg cell is used in
zero-order mode, it should be set to 0 MHz; if the Bragg cell is used in first-
order mode, it should be set to 40 MHz or -40 MHz, depending on the desired
velocity range and probe orientation (see the “Sign Convention” discussion in
the previous section.)

B.2.2 Acquire

Several options are available in the “Acquire” menu; of these, only the following are
discussed:

Validation This option permits specification of validation type and level. The val-
idation criteria can be applied to any or none of the active velocity channels.
There are two types of signal validation. The first is based upon the signal-to-
noise ratio. A rule of thumb for the cut-off ratio is provided in the FLOware

158



manual, based upon the number of fringes in the probe volume. In my case,
there were (for example) 25 fringes in the probe volume, for which a cut-off SNR
ratio of -3 dB is appropriate. A second type of validation is based upon the
number of fringes crossed by the particle. In contrast to the manual, DANTEC
personel say that the range should always be set wide (0-150 fringes).

High Voltage This is an important option which determines the voltage level to be
applied to the PMTs. Increasing the applied voltage leads to a stronger signal
and additional noise, leading to a higher data rate but a higher rejection rate. If
the high voltage is increased too far, the PMTs will overload (the PM Overload

light on the front face of the FVA flashes accordingly), leading to a shorter
lifetime.

The optimum high voltage level is determined by trial and error, but typically
falls in the range of 1000-1500 V. The applied voltage may be suspended in the
“Acquire” menu by pressing <ctrl>h.

-andwidths This option is the same as in the “Setup” menu.

Run Actual data acquisition is performed using this option. During data acquisition,
histograms of the mean and fluctuating velocities are displayed on-line. There
are two modes of operation of this menu: repetitive and continuous. In repet-
itive mode, the data is displayed but not saved, which is usefu! for optimizing
the FLOware parameters and optics alignment. In continuous mode, the data is
saved to files which can be later processed. If a traverse file was created in the
“Traverse” option of the “Setup” menu, it is used for continuous mode.

There are various parameters to be set in the “Run” option. Dead-time mode
can be used to force a certain time interval between samples. Data acquisi-
tion is halted at a traverse position if the maximum number of samples (either
attempted or validated) is met or if the time limit is exceeded.

On some occassions, it is useful to angle the laser beams with respect to the
reference frame, in order to measure velocities which would otherwise be out
of range of the lenses. If this is the case, the velocities must be transformed
to the original reference frame, which is possible with the “Transform™ option
in the “Edit” menu. Then the matrix which transforms the measured (U’ and
V’} velocities to the desired (U and V) velocities may be modified; however, the
on-line histograms and any data files which are writica still use untransformed
velocities.

Error Display This option displays useful diagnostic information such as the anode
current in the PMTs and the validation levels, including the causes of sample
rejections.
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Appendix C

Computer Program Used for Data
Processing

AL L Ty Ty Ly Y Y T T Y Y I T L L L L L LTIy
pregras ldv

Thin pregran reads snd precesass LDY datu stered in binary data files,
gensvated by the FLOvare ssftuars devalsped by DANTEC. Input paramstars
are read from ldv.inp. of which a sasple i3 previded later. Each data 2ils
corraspands te & single racerd (af which thars are parms.hrec per
measurenent lscatien) at a pingle wessuremant lacatise (of which thers are
parme.npes).  Each recerd centaina peint.nval velecity samples, Far sach
recard, the samplen aTs redd. averaged, and (it desired) sutliers re
Yarieus raging pracedures ars available. Subzequently, all tecerds at
& given measuring lucatisn ars snsemble=averaged and (if desired) surliscs
Fejected.  Theh warieus tutbulence paransters are caleulated, including a
curve fit te the decay law. Finally. the data is eritten te varieus sutput
files, sems of which Are suBBAFiss te be Tedd, and sems of which ars data
files shich tan be imparted and plettsd by & graphics progran (ef. baun}.

A saBpls input tils ldv.imp:

jamz

1t )

1

1.5 M0 A -1
13,28 1158 83,
32 1

3 s ar
J3mz

1 t0 %o %1 92
1o

The abevs infersation prevides the fellewing infermatisn:

1. Filename {nw ¥ sr sxtensisn}.

2. Bumber of trava¥ss pesitiens / Nuabar of rvecards par papitisn,

3. Traverss divectisn (x/y/2/p},

4. Wesh size / x-valus ot pasitien O / x=incressnt / U-norm.

5. Static pressurs / Tatal pressurs / Tetal temperature.

€. Transtermation methed / Neighting methed / Rejact sutliers / Sect data.
T.

8.

9.

Sesple-ed / Record #d J x0.
Tutpus filenams.
Bumber »f recardi te be sacluded, fellewad by list (ipes, irec).
10. Bumbsr of pesiciens te be excluded, fellawsd by ldisc.
Progras written by Philip Zsart, 1995,

LA LIA LI T I R L DL LI E I AT S It R Ty L IR I L L T PRy RIS T Y 5

Finclude <atdie.h>
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mincluds <math.n>
include <string.h>

Bdeline HAI_SARPLES 3040

#4ef1ne RAI_PDS 30

83efine HAXI_REC 20

Sdafine RAI_FILES (EAI_POSeRLI_NRT)
#3stins FALSE O

Bdefane TRUE 1

#define I 0
Bdsfine T 1
Sdetine T 3
Mdatine P )

Bdatine EPS 1.e-8

typede? struct {
char finp(75];
char  tout[75]:

ARt hpes
int [} 4 144
[LLI HITH
e dis

f1leat mesh_length;
fleat xeff;
float x_inc;
tleat u_nerm;
fleat h;
tieat p;
fleat po;
float t0;
int  dirn;
It transtere;
int  rem_outliersy;
it merc;
e weight_methed;
Tloat sampleud;
fleat recerd_sd.
float 10;

} Parma:

typeds? struec {
fleat at;
f1eat tt;
fleat u;
tleat v;
fleat st}
int  reject;

} Sample;

typsdef struct {
int  naval(NAZ_POS):
int  arej[RAI_POS):
tat  reject(HAL_POS]:
f1lsat pval[Ra1_POS);
21lsat data rate[RiZ_PDS];
2loat xpas[RAL_POS);
tlsat ypas[RAI_POS);
2hsar zpes[RAX_POSI;
f1sar poa[Rax_POS);
fheat dlati{HAL_POS);
float diae2{HAL PDS);

} Point;

typedet scruct {
fioat y_mean[ALI_POS]:
thoat u ras(kLX_POS);
tloar u_skeu[NAX_POS]:
float u_tlat[NeX_d0S};
2loat v nesn{Nil_P0%);
fleat v _ras(HAL_POS);
gloat voskawlRAL_POS);
float v_tlat[Ra1_POS):
f1sat uv(HAI_POS];

} Hament;

typedst struct {
tloat data_race[RAI_POS);
tlsat nvalWAZ_POS):
2lsat pval [NaX_P0S]:
tieat sam.rej[NAI_POST:
ine | per(RAX_FODS);

161



int
int

nra)[RAL 203);
rejact[Ra) ro5),

tleat dietiiNel_205),
tleat diet2(Ral_p0u).
flaat y_mean (naz prosl,

fleat u

wean_orr[HAL_ POS1,

flest u_ (aaz. ros).

tleat u,

Lorr[NAI_POS),

tleat u_ms_cog(RiI_PO3);:
tieat u_rms {#11_ros);
fleat y_rma_srr(RAL_POS),

fleat u_sk

{uaz_p05);

fleat y_skaw arr(Xa1_pas);
tleat u_tlat [uax_rOS):
flsat u flas_srr{fAI_ros).
tleat v.mean [Nax_Posl,
fisat v_sean_err[NAI_POS);
fleat w_mi {na1_908);
fleat w_ma_errlXAL_POS);
tleat v.me_reglELR_POS);
flsat v_rus [nax_rosy;
flsat v_rms_err(NAI_POS];
fleat w_shew [kiz_Pros),
tleat v_skew orr[RAZ_ OS],
flsat v flat [xaz_ros);
fleat v tlat_err[NAI_POS):
tleat uv (a1 ros);
tlsat ur err(RaL_POSY;
tisat wevy  [NAI_PDS):
tlsat intsgral{NAI_POSI.
tleat tay  (MAZ_POS),
fleat disp  [NaX_POS).
fleat ksl nax_ros);
tleat re tay [MAX_POSI:
flsac zares  [MIL_PO3],
} Ersanble:

typedef atruct {

int

LILIH

tlaak u_mesan;
fleat y_ners;

tleat T

flsat u eap;
Tlaat u.tent;
fheat u_ci,
fheat u_cor;
flsak v e1p;
fhleat v cual;
flaat v el
fleat v cor;
tleat nu,
flaat rhe;
flaat mach_p;
flaat mach_u;

} Gletal;

weid  get_parmsiveld};

vald initializelvaid);

woid  pead_wrilelint ipes, int irec);
waid cale.wsight{ine fpes. it irec);
weid calc_mesment(int 1pea, int irech;

weld
wald
wid
vald
vald
wid
Taid
waid
weid
veid
il
Teid
vaid
"wid
veld
vaid

wwid

reject_sanples(int ipes, int irec);
nermalize(int ipes, int irec);
snpemble_sveragr(int ipes);
reject_recardaiing ipas);
cantidence _intsrvaliiat ipas):
glabal_averageiveid);
pever_lantveiadd;
curva_rit{fleat 30);
cabe scalesiveid};
bukbla_sert{veid}.
urite datalveid);
write_suniveid);
srite anp(PILE v224);
write rec(PILE ofid);
write ans(FILE sfidd:
weite fale{char sext, fleat sdist, tleat sudat, 2leat sudat err.
. theat wudat_reg, fleat svdat, float svdat.evy. flaat svdat.reg);
wrap_uplveid);

paTHS » {0},
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Saspls  sample[HAI_SARPLES] = {0};

Point pesnclRAL_AECY = {0},
Homent  memsntIRAX_REC) = {0},
Hument  norm[HiI_REC) = {0};
Ensenble eniemble = {0},
Global  glenal = {0}

fleat ci_factor(MAI_REC) » {0.00, 6.31, 2.92, 2.35, 7.13, 2.02. t.94, 1.90,
1.86. 1.8), 1.01, 1.80, 1.78, 1.77, 1.76. 1.7%,
1.75, 1.74, 1.7, 1.73);

FiLE [} {}H

char fort[HAI_FILESIC3] = ( {"000*},.{"001%},{~002"}, (003"} . { 004"},
{~005-}.{~006*}, {007~} ,{~008"} ,{ 009"},
{"00a}. {000~} , {*00c}, (*004"} , {"00e"},
{"cor=}.{00g"}.{~00N"} . {"001"} ,{"00}"},
{"e0x"}, {001~} {*00n"} {~00n"} ,{~000"},
{"eop=}.{~00q"} . {00~} L 00}, {"00c"),
{#00u=} . £~00v~} , {~00w"} . (001~} . {*00y"}.
{0z }. {010} ,{*011"}. {0127} (013"},
{014} {"015%},{~ 016"}, {017} . {“D18"},
{019~} {"01a"} . {"0ak ), {*01c*} . {014},
{ oremp. {011~} . {*0agn), (030~} {011},
o137}, {701k}, (011"}, {010~}  {"01n7),
{"o1e”}, {"01p"}.{"01q"}, {"01r"} . {"01s~},
{=o1e"},£*01u"} , {~01v"} . {“01w"},{ 012"},
{"01y"}.4"01z"},{"020~},{*021"} ,{"022"},
{0237}, {024~} . {036}, {“026~} . {0277},
{"028") . {~029"}. 02"} . {* 020"} . {*02c"},
{034} . {02s"}, {~02¢"}. {02g™} . { 020"),
02in}. "0z}, ("o}, {#021"} , {~01m"},
{"o2n~} . {020}, {*02p"} . {"02q"} . {02},
028"}, (0Tt} {"02u"}  {“023v"} . {"02w"},
{02z}, (~03y"} . (#0222~} {030} . (031"},
{0327}, (0337} . {"034"} . {*035"} , {03I6"},
037}, ("038™} ,{~039"} . {*03a"} , {"03L"),
(o3} {"03d"), (02"} {0317} (~0dp"},
03N}, {0347}, ("03 3=} {"03k~} . (01"},
{"03a"}, {~03n>} . ("030*} ,{"03p~} . ("03q"},
{03}, {"03e"}, (036"}, {03u"}, {40I3%"),
£ 02w ), {0324}, (“03y°}. (032"}, (040"},
1400343 {042}, {043~} . {"044"} {045~}
40464}, ("047"}, ("048-) . {049}, ("04a™},
{044}, {04c"), (“04d"}, {04s"} , (042"},
{7045~} {"0An"}, {041~} {04}, {"04x"},
1041}, {"04="}, {“04n=} . {00s") , {“04p"),
1#04q"}, {"04r"}. {042}, {04t} {~D4u"),
{ 04w}, {*04u=}. {"04x"} , {04y}, ("04x"},
{0804}, {0517}, {052~} . {053~} , {"054"}.
{055}, {“056"},{"057"} ,{0B&"} ,{"0s9"},
{"050"} {“056"},{"08c"} {054}, {*05e"},
{#052~} {05}, {“05h"}. {054 )} ,{"05§"},
{~05x"}, {#051"},{“05a"} , {“05n"} ,{~05e"},
{~05p"}, {“05q"}, (05}, {*069"} ,{“05t"},
{054~} {“C6v"}, {“0Ew"} . {~08x"} ,{ 053"},
{#052"} . {“060"}, {081~} {#062} {083},
{084} . {*045"}, {00E~} {067~} {~0kB"},
{069~} . {“O6a"}, {“08b™) {06} {064},
(08"} . {"062"} {“08g"} . {"06n"} (081"},
#0863} {“08%} ,{*081}.{"08a"} . {040},
{-08e™} . {~08p"} . {"084"} . {"08z"} . { 082"},
{08t~} {~06u"}, {"06v>) {"06u"} {082},
{~06y"} . {"o6z"} {070~} {071} (072"},
073"} . {074} ,{"0V5"} {"076"} . {077},
{ore~} {~or9~},{07a},{~07b"} . {“0Tc"},
074"} {*0Te" } {"OTL) (075"} . {"0OTN"},
€071} {07 §} . {07k . (071"} , {"0Ta"),
{0} {“0Te"}, {"0Tp"}.{"0Tq"} . {“0Tr"},
{707s"} {078}, (0T}, {“07v"} . {0Tw"),
072"} {"0Ty"} ,{"07x"}, (080"} , (081"},
{~082"} {083}, {"0B4"},{~08E"} ,{~0BE")},
{"087}, ("o}, (089"}, (“0%a"} , {0BL"} };

[.ll.!l.ll!....lltl.....!tll-!.‘ll!lll..l!DlllI!UIIIQ..!..ID'..l......l.....'l.f
satal)
int ifil. irec, ipes:

char freja(80];
FILE ofrej;
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gst_parme(),
inlcialize(),

tar (ipss = 0. 1pas < parms.npes; apers+} {
princfi“Pasitien Id.\n", ipus);
tor {itec = O, 1rec < parms.nrec, ireces) {
read_vfilalipas, 1rec);
cale_waight ipea, irac);
calc mament{ipen, irec);
1t (parms.res_sytliers o« TRUD) {
rejact saspleslipas, ifec);
cale_malghtitpea. iretd:
rate memanclipen, irec);

nermalize(dpes, irac);

snsenble_svaragelipon);

1t {(parms.rem_sutliers

cojoct racarde(apan);
ensenbla_averagalipes);

n TRUZ) {

canfidence tnterval{ipes);
}
global_average(}:
it (parme.dirn == X) {
punar lav();
calc_scalea(};
}
bubble_ sert();
sritce_datal};
wrapupll,

Toturn;

FATITYITNY

LALATRIAITIL IR TT]] ] ll.l.llll'..‘...Il..'II.I..“DIIII‘III.I.I.l.l'll,’
veld gek parms{vaid)

/% Thia subrautine sets o7 Teadi in parameters, including:

= Tilenans

= Nuabsr of traverss pesitisns
Bumbar of recerds par travarss pesitisn
Hesh size and refavance pesition far turbulence gansrater
3tatic prassurs, tetal pressure, and Tetal temperaturse
Yelscity transtermatisn methad
Welghting methed to be used when calculating wemsnts
Whether sutlisrs shsuld be remsved
Nuaber of accoptable standard deviatiens fer sanples
Syaber #f scceptabla standard deviatiens fer recerds
Whather sutput data sheuld be asrted
Qutput filshase
Confidence interval muluiplying facter (frem t-distridutism)
Recards te be sacluded from calculatismn
Pesitiona te be excluded 2rem decay law calculatien

st iaa e Tasertttea e R I L L R e T LT T PO ¥ |

ink faund, nrej, i. dpen, irec;
PILE stid;

it ({24d = Pepen{“ide.inp™ . r*)} == RULL)
printf(“ess Erver spening input file ldv.inp.\n™);
ale
printf{"Reading input data frem ldv.inp."};

facant{tid, "%s™, Rparms . finplol);

tacanf{fid, “Id~, Zparms.npes).

12 (parms.npan > BALPOS) {
printf{“eass Marning: Nusbar sf traverse pesitions reduced te Xd.", NAX_REC);
pates.npes = WAL POS;

facant(tid, “1d“, Bparms.arec);

it (parma.nrec > NAX_REC) {
pringe(™ess Marning: Numbar of records Teduted te Id.s, HAI_RZD):
patms.nzec = MAI_AEC;

Pares.nfil = parms.nrec ¢ parms.npes;
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parss.h = 127

found = FALSE;
while (tfeund} {
suitch  tgetelfid) ) {
case 'z’ case °I':
parus .dirn = X;
found = TRUE:
hreak;
caze ‘y': case 'Y
parss . dirn = Y,
tound » TRAUE:
break;
cale "It came 'Y
paras.dirn = I;
faynd = TRUE;
break;
cAse ‘p'i case P
paraz.dirn = P}
Teund = TRUE;
break:
detault:
break;
}
}

f3cant(tid, “Ir”, Rparms.mesh_lengeh);
facant(tid, “If*, Sparmn.zeft);
facantifid, “1f™, Eparms.y_ine);
facanf(fid, "1, Rparms.u norm);
2acant(2id, “If", Rparma.p);
2acanf(rid,” %", dparma.pd):

fseant (2id, “If", fparma.to);
23cant(2id, "14", Rparma.transtern);
2acant (14, “14". Rparms.welght mathed);
scan?(2id, “14“, Rparmz.rem_outliers}:
it (parms.rem_outlisrs != TRUE &R parws.Tem_outlisrs = FALSE) {

printf{"\ninvalid assignment for rem sutliers; PILSZ valus adsumed™);

paras.Ten_sutlisrs = FILSE;

facanfiria, “Xd“, mparms.sert);

it (parms.sert = TRUE R parms.sert != FILSE) {
printz(*\nlnvalid assignment fer sert; FALSE valus mnsymed™):
patnz.sert = FILSE:

}

tacant{tld, “5£*, Xparms.sample_1d);

tacantieid, %1%, fparms.recerd.sd);

tacant(tia, “11*, tparma.x0);

fecant(fid, “%s"., parms.feut);

/s Read records te ba rejected & priari of
Tacang(#4d, "534 Anrej):
tor (1e0; i<nrej; ieed {
fecant{id,"Id Td*, Ripes, Rirec):
patnclirac).vojoceCipes] = TRUE;
enasable . nrejlipea) +w 1;

Jv Read peaitiens £+ ba rejectad & prisvi o/

tacant (£id,."14" . knrej):

2oy {i»0; icnrej; ie+) {
facant(2id,"Xd", Ripes);
ansamble.reject[ipes] = TAUE:
glebal.nre} *= 1

it (2clennltid) o EOF)
puts(” Erver clezing input fils ldv.inp.“);

reburn;

O A te Nt an st ur R Rin s e bR R PR AN USRI RN NI RN AR RN bsababunsnnubobbdnnrae/f

veid initislize(veid)

7+ This subrsutine perferss seme initializacisn

{



char freje(00],

strepy(fre)n, parms fautl,
streat(ere)a, “.re)”};

it ({fre) = tepenifreja, “w=)) == WULL)

Princt(ess Eprar apening sample rejsctien file Is.\n", frejz),
wlye

princf("\nkejecced samples will be written to Ta.\n\n™. frejz);

return,

LT Ty R R R T L T e L T LYY Yy
vold raad_vfilalint ipen, int irec)
4+ Thit subrautine reads in headsr and sample dacta fres he FlOware

velscity Tiles.

int [Tt £% 1
int ald dis;
char  titnpx[80): /o Input file name with extensten o/

e idum; Fo dusay integer variable o/
char  cduml128). /v dumay character variable ¢f
leng  ldum: e lang dusay varisble o/
fleat fdum; F+ dumay tleat variable o/
flear  u,v;

leng  aatx; /v attompted samplen ¢/

FILE efid; /¢ tnput file nusder s/

Itil = irec ¢ jpestparmi.nres;

wercpy(tinpu. Rparwe.finplod);
atrcatifinpr, “v.");
seyncac(finpx, Rtexslifilllo]. 3}
12 (0244 = fopan(finpr,”rh"]} == RULL)
printf{ ess Errer spaning input fils 13.\n", tinpa):
slie
print2{" Reading and precessing 1s.\n“, finpa};

tor {4 = 0; 1 €6 kev) /¢ lgnere date and tims o/
fraad(nidun, sizes?(ahort), i, £1d);

sld.dim = parmn.din;
troadilparms . din, sizeeflahert}, 1, tid); /o Zead disennisn o/
if {ifl1 > 0 AR ald.dim '= parms.din} {
putsl* Warning: incensistant dissnsiens. Lower value used.”);
parms.dim » { parms.dim o> sld.din T parmi.dia @ ald dim )

tar { 4= 0; 4 €3 1) /+ lgnere diam, snceder inte o/
traag(tidun, nizeotlohared. 1, $id);

tread(inatt, nizestilang). t. £1d); 7% Rend attenptad samples o/
troaditpointlivac] .avallipas), aizestileng), 1, fid); /e Raad validated samples of
peinelivec] . pvailipead = 100, o poincfirec) . nvallipes] / CnatteZPS); /¢ Calculate % validation o/
12 (paintivac) .nvat[apes] > NAX_SANPLES) {
prinef(" Uarning: the nuaber of samples read in will be truncated.\n"
- 1d samplas are in fils, but RAX_SARPLES is set t» ¥d.\n“,
pointTarec].nval[ipeal. RAXSANPLES):
peinclivec) .nvallipen] = NAX_SARPLES;

tread{ilaum, sizest{lang), 1, tid): /v Ignere aph_accaptad of
tread{apaintlirec).data_ratelipes]. sizeer(float}, 1, £18); /v Read data rate o/
pointlirec] .data_ratelipes) «= 1000.: /v Convert %o Nr o/
fread{ifdus, sizestr{fleat), 1, fid); Je Ignere elapsed time #7

treaditpeant{irec) .xpusipas], sizest{flsat), 1, 2id);
tread{ipoint{irec] . ypoalipes). sizeat(fleat), 1, 2id);
tread(apeineCirac).apealipes], stasst{tieac}, 1, fid);

/s Bermalize distance variabls (distl for mean velscity, dist2 far msan-squars
quantitiss.  Tohnel wideh/height §s nermalaxing length for distl and for
disc2 with y= and z-traverses: mash size far dist? with x-traversss: ne
nersalizatisn dene for pressurs traverses ¢/

suitch (parws . dirn} {
<asn I

peint{irec] . dyati[ipes] = {parms.x_incepaintlirec]).apes(ipeal) + parms.xetf)
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£ paruns.magh_length,
peanclirec] dyac2lipos) = (parms.x.incopornt{irec) .apesfapes) o parws.agft)

/ paras.h,
point[arec). pes(ipas] = poractivec] . xpeelaposd;:
break;

<ass Y:

poantlirec).dies1lipes) = 10vpeaintlirec) .ypes(ipes]) /7 parms.h;
peintlirec).dist2[1pas] = pointlirsc).dasctlipas);
pointlarec).poalapes] = posnt(irec].ypos(spes);
brsak:
case I:
pointlirec).distilapos] = 10sposntlarec).zpoalipos] 7 parms.h;
pointlarec] 220t203pes) = paintlirec).dastilipes);
potntlarec].pesfipoa) = posntlarec] . zpesCipasd:
break;
case P:
pointlirec] disrilapes] = poinclirec).zposlipen);
pointfirvec) . atstdlipes] = posntlairec) .zpesfipend;
pointlirec) .pas(ipas] = pointlirec) . aposfapes];
break;
defanle:
break:
}

tor {4 = 0; 2 C B Lve}
fread {(Rfdum, sizecf{fleat), 1, 2id): /¢ Ignere B fleaks s/

tor (4 = J; & €12; 1ev)
frend (Ridum, aizesf{chert), 1, tid}; 4e Ignere 12 integers &/

traad {cdum, mizsef{char), 120, fid); /% lgners 128-char string o/

Zor {i = 0; 1 < peintlirec).nvallipos); iee) { 7+ Read velscity data of
fread {Rfdun. siaesf{flaat}, 1, f1d). 7+ Ignere atatus werd of
frend (Ruamplali].ak, sizeofifleac}, 1, 23d): /o Read arrival cime o/
fread {Ronmple[i].tr, eizeof{fleat}, 1, 2id); /e Raad TTansit Cins +/

tread {Ru, vizeaf(fleat), 1, fid); £+ Read U-valecity st
it (parms.din = 2)
fraad (2y, sizes?(fleat), 1, fid); % Raad ¥=valecity LT
wswitch (parms.transtorm) {
case 1t ¢

saaplafi) v = u;
aanplafil.y = v;
braak;
cass 2 ¢
saaplefi}.u = o
samplefil.y = -v;
break;
cake 3 :
sasplalid.u = 0.70T10Teu ¢ 0.70T107ey;
sample[i].v = 0.707107%u = O.707T107ev;
break;
default :
break;
}

sanplefi).vojact = 0; /+ Initialize to uhrejected o/
it (fcloss(tid) == EOF)
printe{" Error clesing input file Is.™, tinpx};

return:

’...l..l.l.'...'llllllllllllll.l.llll.D."l‘.'...'l..‘...lll.'l..l....l..lll..l,
void calc weight(int ipes, int irec)

/e This subreutine calculates the waighting facters fer the velecity saaples.

Llvat wr, sum;
int i, nval, nrej:

nval = peinclirec).nvalfaperd:
arej = pointlirec).nrejEipes]:

awizeh(parma vaight methed} {

cams 1 /¢ Unseighted o/
ut = 1/ (tleat} {nval - nrej);
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for (1 = 0: 3 ¢ pval, 1°®)
samplafi].wt = wt » (TAUL - sanplef1] .reject);
break,
cate 7 f+ Ragldanie Time seighting */
tor {4 =0, sum » 0; 1 < nral; ass}
- aplef1).et « gampleli}.tt ¢ (TAUE - sample[i).reject).
sum += gample[i].wz;
}
far (1 » 0; 1 € nval, i**)
sanplali) wt /= pum;
braak,
care X 7+ Interval time weighting «/
/+ Dees net work when samples rejected of
sampla[0) .ux = sampla(].at.
far (1 % 1, sum = sample[C].at; 1 € nval: 1ve} {
sampla(i].ut = sanplalil.at - seapls(i=1].ac:
sum *= samplafi).wc;
]
ter (1 = 0; 1 € aval; 1e%)
sample1).wt /= sus;

hreak;
defaulit
break;
)
TALUTR,

Py Y P P PN T DI T ST R LA D AAY ELT LLAS TER N TN CLLL A AL

weid cale mement{int 1pan, int irect

J+ Thys subrautine caléilatas the mament data at sach paint,

.................. TN 1

ynt 4, nval;
fieat u_Bean, u_ms, u.skew, v flat;
fheat v_mean, v_mb. v_dkew, v.Iflar, uv;

nral = peink[irec] .neadlipen);

tor {1°0, u_mean=0; 1 < nval; Le*)
u.nsan += jample[i).u » samplali).wt;

far (1°0, w.m3%0, u.skew=0, v flat=D; § € nval; iee} {
uws = peul eample[i).u = u_mean, 2) ¢+ sanplefi].wk;
u.shew +» pew{ sasple(il.u = u.mean, 3) ¢ sampleli}.ux:
u flat o= poul sanplslil.u = u_mesn, 4} o samplefi]).ut;

nenent[irec) .u mean(ipes) = ¢ mean:
antlivec) .u_rmalipes) = agqre{ u_me }:
antlirec) . u skenlipan) = w_eken:
mamentLiree) u flatfipas) = w_tlar;

it (parws.dim »= 2} {
tar (1o0, wv_msansD; i < nwal; ies}
v.mean o» sanple[il.v » sampleil.wt;

gor (180, v_ure=D, v ukew=D, v_flated, ur=0; 1 < nval; iss) {
vous  +e pew{ sanplali}.v - v.mean, 2) ¢ sample(i).et:
v tkew *o penl rampleil.v - v_mesn. 3) + sample[i].ut;
w_tiar o= poul samplefi).v = v _mean, 4} ¢ sample[i).wt;
uv en Coanplefid.u « wmsantelsanpleli].v = v mean}esamplefid.ut;
} .
soment[irec].vomvan{ipos]l = v_mean;
senent(ivec).v_rmalipas) = sqeel voms )
nelirec] v sken[ipes] = v_shesn;
ntiirec] . v_tlsc(ipes) = v_flag;
sswentlirac].avlipes) LR1H

)

return; !

’ll.l'....'...I...'llll..'.ll...l....‘l.'Il...l'.'l.lllllllllll'.'........I'...’
vaid reject_samplan{int ipes, it irec)

7+ Thia subroutine remswes sutlisrs frem the 1ist of samples used in the
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calculations.  Ms)scted sampler afe ufitten to {name).re)

....... e e . .. . B - af
{
floAt u_ma3, U_Rin, v_BAL, v_min, 3d,
int 4,
sd = parms.sample_sd;
u_sar = gomentlirec]) . u meanlipes) « sdvmomsntlivec).u_tmalipes) + EPs.
- sanfipes] = sdvmoment(irec) .u_rmsfiper) ~ EPS,
- nlipos] + v rmilipas] + EPS:
= mosent[irsc).v_meanipes) - sdememenclivac].voresiipen) - EPS.
it {parms.dim ®»= 13 {
fer {1 = 0; 1 < porntlirec) .avallipes): ise)
1f (ssmplef1).u > u.sax 1 saaplafi).u < umnd {
sanplalil.re)ect = TAUE:
pointlirsc).ncejlapas] += 1
tprintfiZre). “\n 124 129 IT.42™, ipes, irec,
sanple{tl.y - moment[i1rec] u_meanlipesl’;
}
}
1t (parma.dim = 2) {
for (4 = € 3 ¢ pointlazec) nvallipea): te9}
§2 (onmplalil.v > w_max || sampleli].u < v min |
sanplali) v > vomax || ssspleli).v <€ womind {
vasplefi).rejoct = TOVE;
potntlirec) .nrajfipes] == t;
fprantflfrsey, “\n 124 124 AT.42 IT.AL". spen, irec,
sanplefi] .u-nonentlarec] u.meanfipes], nampleli).v-mementlirac] ce_meanlipesd);
}
}
return;
}

f.ll..'l....lll.llllll!ll.ll!.I.l!lllll.ll.ll’.ll..lll!l!llll..l..lIl.l.Il.ll.lf
woid nermalizelint ipes, int irec)

/% This subreutine normalizes all the paint data sicept the mean walocities.

T T L e b beaeaaaaas Mra ey A teeraaans v tf

neralirec].u_weanlipas) ~ momsntlirec).u_weanlipesd:
noralirec).u rualipes] « mamentlirec).u_rms{ipas) /

{ aqrel powimemsnt[irac].u_seanlipesd, 2) «
pou{msmancirec].v_neanlipes), 23 ) « EPS)
aormlivec) . skew(ipesl = wement(iree).u nkenlipos] /

{ poul mamentlirec) u.rualipes], 3) + EPS);
norelicec).u flat[ipes] = memantlirec).u f1atlipes) /

¢ powl wementlirnc) .u_rmalipesl, 4) « EPS);

§f (parmz.din == 2} {
neralizec) v waunlipon] =
nora(irec).v_ras[ipon] =

sntlirec]. v meanliposd:
ant[irsc).v_mms(ipes] /
¢ sgred pow{mementirec] .u_meanlipes], 20 «
pevisomentlirec) .v_weanlipes], 2 ) + EPS);
nernlirec].v_skeulipos] = momsnclirec.v_skan[ipes] /
¢ pon{ somentlirec].v_rua{ipesl. 2) « EPS}Y;
nornfirec) v tlat[ipes] « mement[irec].v_flatfipas] 7
{ pawt nelirec).v_ruaipos). 4) « EPS);
novnlirec] . uvlapes] = menentlirec] .uvlipes] /
{ mament[irsc].u_ras[ipoa) »
mapant[irec]. v ras(ipes] « EPS):

raturn;

,.......l.I.I..Il.II.....ll...ll...l‘....ll...l.lbl..‘ll...I..."..I....l.....lf
void snsemble_averagelint ipes)

/e Thit subroutins perforss snssable Avaraging at the current

traverse positien.
VerErarsirararaaiaraans B T T Sream e o
{

int irec, nrec;

int wt;
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ars¢ = parsi. hfed - -nl-lbh,nrlj[lpcl]i
ensemdis disti[apos] = peince).diztilapesl,
enseable.drse2[3pes] = poane(e) . duatlapesl,

ter {irec = O, ansenble.data_ratefipes)n, enssadls.prallipes)=0.
enseable . hvallipos]=0. enseadle.sam rejlipes]=0,
snaenble. u_nean(ipoal=0, snsemdle g mafspes)s0,
anseatle u_twilipos]=0. ensemdle . u_skev{ipes}~0,
ensemble . u_fiat[ipos)=C. irec < parms.nrec; irsess) {
wt = 1 = pointlirec).reject{1pond;
ansenble.data_:atel1poa) = we o pasntlicec] Cata_ratslipes);
snsemble. pralLapos] s= wt ¢ peintficec] pralfapes):
ensenble.nvallipesl s wt ¢ posntlirec].nvallipeal:
andsmble . zam_rejliposd  +a wt ¢ pointlirec).nrejlipesd;
sneawble.u_msan{ipos] <= wt » norslirec).u meanfapes];
sneemble.v_mslipas]  += wr » poul normlfirsc).u tvelipesd, T);
ansemble .u_rms{apes] <= wt mantlirec).u rmaft;ead:
snasmble .u_skev[ipos]l += wt ¢ norm{irec].u_skesu(3pes]);
ansemble.u flaclipes] +» wc o norm[ivec).u_tlacfapes];

}

snsemble . data_ratelipcs] /= nrac;
shasable.pvallipos] /= nrag:
onulblu.nrll{lpn] J= nrec;
snnemble Ltejlipos) /o arec;

snvenble.u masn(ipes] /= nrec;
snneable.u_mslipaa] /= nrec
snasnble.u_rasfipes] /» nrec:
shaeable v shae[iper] /= nrec;
ensenbdle.u flat[iper] /= nrec;

far (irec ~ 0, entenble.u msan_errlipen)=0, ensswble.u_ss_srrlipssl=o,
anpemble.u_rus_errfipasd=0, ensemdle . u skew_arrlipesl=o,
ensanble .y tlat arcipen]=d; irec < parms.nrec; ireces) {
wt w1 = poantlirec).rejectLipes];
ensenble.u wean arrlapss) += wt » powlensendle.u_msanfipes] =
nerm[irac) .u msanlipan], 23;
snpemble.u ms_errlipes] <= wr s punlensenble.u_nelipes) -
povlneralizec] .u rmalipen). 20, ),
shawmble . u_vas_errlipan] +» wt » pawiensenble.u _ras(ipnld -
nemsnclivee) u rmslipne), )5
snsanble u_skaw_srrCipss] = wt ¢ powlansendle.u_skeulipes) -
nernlirec] ,u_skenlipes). )
anssable.y_tlat srrlipas] +s wt o powl{enzemble.u_tiat[ipes] =
permlirec) . u_tlat(ipas), 2);
}

snaenble.u_mean_strlipos] = sqre{ ensembdle.u mean_errlipes] / (nrec-1EPS)
ble.u. rrlipes]  / {nrec~1+2ps)

3 ble.u rus errlipes] / {nrec-1+EPS)
enzenble.u_skav err(ipes] = sqrel ensendle.u_skav_errlipes] / (nrac-1+EPS)
ensemble.u tiat wrr[ipes] = aqrel ensenble.u_tiat_errlipas) / (nrec-1+EP$)

P b

1t (parms.dia == 2) {
for (irec = O, enseable.v.meanCipan]=0, snueatle.v_salipesleo,
ble.v_skewlipesls0,

.
snsenble.v_rlat[iposl=0, enaemble.ur(ipes
irec < parms.nrec; lraces) {
wt s 1 = potnefizec).cojecelipes];
snseable . v nean[ipes] == wk o permlivec). v meanlipesd:
snpendle v usfipes] o+ wt » pew( neraliveed . w_cmalipos]. 2):
anseable. v ruslipos) + momsntlivec). v rmslipond;
*= yt » neralirvec].voskexlipn];
»
L]

ble.v_tiat[ipes} »= wt » nermfirec).v_flatfipes);
shaenble . uv[ipos] va wt o nermfirec).uvlipes]:

}
antamble. v meanlipes)
ensenble. vomslipes])
snssable.v.rmalipes]
able.v_skeulipos]
snsemble. v _flat(ipes]
ensamble.uv{ipea) /= nrec; '

snsamble.uov{ipss] = enssmble.u_rms(ipes] / (ensemble.v_rms[ipes}+EPS):

for (irsc = O, ensemble.v_mean_srr[ipes)e0. ensesble.v mi_err(ipes]=0,
ensenble. v rai err(ipea)=0, ensemble.v_skew errlipesle0,
snsenble,v tlat errliperl=0, ensemble.uv.err(ipes]=o0;
irec € parma.nrec; ireced) {
wt » 1 = peintlirec]) .rejectipas];
ansenble.v_mean_errlipes] = ut » paulonsendls.v_meanlipesd -
norufirec) v msan{ipos], 2};
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ensnabis v ma_arr(apoz] +» wt * pow{engunbla v_ms[ipos] -
por{nerm(irac) vormefapos2.2) , 21,
snsenble v rma_srrfipes]  =» wp ¢ poufsnuensls vormalipor] -
measnc[arec] v rmsliposd, 2);
antenble v_aksw_arr{ipsr) += vt + povlensendls s.axew[ipet] -
nerm[irec) v_skewfipos], 2).
ansenble v_fiav_srrlipes) += ut o poulsnsenble v_riatfipes] -
nerm(arec) v flaslipas], 2);
snasnble.uv_srr[ipes] = ut o pnhnulblmuv[\pu] -
nermlirsce) . uviipes), 2.

}
ansenble. v.msan srrlaipss] = sqre{ensentle v_sean_errlapesd / fnrec-1-ERS}}.
snasmble. s_srrlipen] « sqre{ensenble. 1err(ipesl § (rrec=3+EPS}),
snasmble v raz_srr1pes] = sgrelensembls.v_wi_srr[ipes] 7 (nrec=1~EPSHY:
ansemble.v_skev arcfipea] = sqrelensendls .akew _errlipes] / (nrec-1+EPS));
anpamble v_tlat_svrlipos] = sqrefenseatle.v_flav errlipes] / (nres=1+EPS)Y;
snpamble ur_srrlipes) = agrelensanble.uv urrfapesl / {nrec=1+EP5));
}
reurn,

Jarssassnassanns T T L L T e T T T T T T T L T R L LA R R L TR LY )
void reject_Tecardsiipas)
£¢ This subreutine remevss auclisrs frem the 113t ¢f records ussd in the
taltulatiens.
fleat usn_Bal, usn_min, uss_maz. Usi_min, sd;
int itec,
4d = parms.record_ed,

uan_saz = shismble.y_msan{ipen] ¢ sdvensemble.umean_errlipead;
uah.min » ansemble.u meanlipas] - sdesnuanble.u mean_err[ipes];

tar (irec = Q; iret < parma.nrec] irecss)
1t (psink[irac).rejact(ipos] == FALSE}
it (nermfirec].u msan[ipes) > umn.max 11
nermlizec) u mean(ipesd < umn_min 3} {
painklirec] .rejoctlipss] » TAUE:
enkvuble . nrsjlipas] *=1;
}

raturn;

PRV YRN TN N I IANILLTATRRSSI IR AL LITLLLSLLY) T L T YT T YT TS LY

veid contidence intarvallint ipun}

/% This subrautine calculates the cenfidence interval for the ensemble means.

ceteitarsaeas e bethsisrivessatsbbrintatttrvanay S 14

{
iRt nrec;

nrec = parms.nrec ~ snuemble.nrej[iposd:

ennenble.u mean_errlipes] o= ci factarnrec=1] / aqred arec );
snEenble .y rrlipes) s ca_tacter(nrec=1] / aqrel nrec );
ensenble.u tas_srriipss] oo ci tacter{nrec-1] / aqred nrec }:
ansenble.u skav srciipes) oo ci factorinrec=1) / sqre{ orec )i
ensamble .u flat srrlipas) se ci_tactorDnrec~1] / sqre{ nrec };

it (parms.dim @ 2} {
v mean_errlipes] ci taceorlnrac=1] / sqre{ nrec };
ms_ore{ipes) o= ci_tacternrec-1] / aqred nrec )

_rme_srr{ipes]  e= ci_tactorlnrec=1) J sqrel ares )
ennemble v flat strlipes) o= ci facter[nrec-1) / sqrel nrec )
snsenble.uv errlipes) eo ci_tactor(nrec-11 / sqre{ nrec };

}
return;
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void glebal average(vazd)

F+ This subroutiss caltulates the g.obal mean velocity and grid Aaynelds number

...... e e . e %3
{

int 1pes, Arec;
float u_norm, t, EO, mu;

t0 = parms.t0 / 1.8;

t = t0 ¢ powl parms.p / parms.p0. 0.205714 ):
global.vhe = parms.p o 103335 / ( 14.7 « 287 » ¢},
By = 1.T16e=5 ¢ pow{ t/273, 1.5) » 384 / {tel11);
flabal.nu = my 7/ global.tho;

for (ipos = O, glabal.u,mean = 0. pas < parme.npss, 1pases)
global.u mean ++ (i -~ snsenble.reject[ipes]) » snsemble.u meanfipos);

global.u_msan fe parus.npes = glebal.nre):
global.re.m = global.u_mean * parmk.wesh langth / (1000, » glebal.nu};

gloval u_porm = { parms.u.nerm == -3 T global.u_maan : parms.u_norm );
for (ipos = O; ipes < parms.npos. ipeass} {
enreatls.u_meanfapot] /% global.u_nerm;
ensenblie.uman_arrlipes] /= global.unern;
anlipes) /= glebal .y _nern;
ensenble.v_mean_srrlipas] /= globdal.u_norm;

}

glebal.mach, p = sqrel 5 o (e0/e - 1) ),
global.mach u = global.u mean / aqrel 1.4 = 387 o & )

regurn;

’...Il..‘...'..‘lll.llllll.lIllIlIlI.!l!lll.l....I..'.‘..‘I.‘Q..III.'....I..‘..’
woid power_ lawivaid)

7% This subreurine calculaten least-squaras curve fite far varlous valuss of
the sffactive erigin. Data 1s writtsn te [namel.reg.

filsat 20;

int i, ipes;
char frags(80];
FILE «23d;

strcpy(fregs, paras.fout);
strcat(fregs, “.reg™);

it ((fid = fopenifregy,“v")) == WULL)

printf{“ses Errar spening Tegressien fils Ys.\n", frega);
e

printt{“\n\niriting regresaien suamary In.\n*, tregal:

fprinte{tid, "\n 20  u=ceet u=e1p u-ei yeeart);
for (iw=10. 1<e25; iee) {
10 =1, 0 L;
curve _fit( 10} :
fprinet(2id, “\n 35.1F TT.4f LT.Af TT.AT AT.41%,
10, glebal.u_ceef, glebal.u_sap, glebal.u.ci, glabal.y csr}:

}
curve it parms.ad ):

for {ipos=l; ipes < parms.npos: lpeses)
engenble .y s veglipen] » glabal.u_cest o
ped{ensandle.diatifipes)~parnt.x0, =glebal.u.ezp);

ir (parms.din == 2)
tor (ipes=D; ipes < paIms.npos; ipesss)
snsenble. v ms_reglipes] = globaliv_ceef o
powlensenble.disti[ipos)-parus .20, =glebal.v exp);

princt{“\nRach=p = 57.32; Hach-u = I7.3f~, glebal.mach_p, glebal.mach_ul;
printf(“\nU-mean ® 17.32; Re_m = I8.2", glebal.u_mean, gletal.re
print2{("\nU-cos? = 57.6¢; U-sxp = IT.42, global.u_ceef, glebal.u_sxpi;
printe{”, Ueexp=ci = IT.4f; U-cer = I7.41", glodal.u.ci, glebal.u_cor};
priat2{"\n¥-cea? = L7.52; Y-exp = IT.42", glebal.v.cesf, glabal.v exp);
prinef{"; Vesxp=ci = 17.42; ¥Y-cer » %7.47%, glebal.v.cl, glebal.v_cer);
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3¢ (fclenaltia) == EOF)
prant?(”  Errer ¢laaing eutpur file X3 ., fregrl,

relurn,

;-o-------nn--c---oc-.-----oot.n-n-nn-n---o-------|-oonlnnno-olunuocon-ou-no|-tf

veid curve_fric{fleat 10}

/¢ This subreutine calculates Che decay law sipensnt and cesfficient
using the lesst squares curve fit in log-log spacs.

thoat Jeg ud, Iag.vd. legx,

Tleat sum_3, Wua Yy, VUR_IX, PUA. XY, BUR_T¥,
Tleat #23, Yy, LY.

1Rt 1pes, Rpes;

npes » parmE.npes - global.nre):
tar {1pes=0, sus_3=0. sya_y=0, sum.a1=0. sum sy, suw_yysD;
1pes < parma.npas; ipeses) {
log.x = (1-snsesble.ceject{spesll o legi0( enssmble.disttlaper] - x0 3,
1sg.u? * (i-snseable.rajact[ipesd} o log10C ensemble.v.ms(ipes] ).
A *= leg.z;
Ry *= leg_ul,
1uR, 13 *= leg.x * leg.x.
wamay = leg_n v legul,
sum_yy ** leg.u2 * lagul;
}
sy = (sum_3y - mum assun y/npeas 3
str = (aym 21 = sum_XeauR_3/mpes };
syy ~ (aum_yy - sum_yvsum_y/npes };
glebal.u eap = sxy / snx;
globel u cont = paw{10, (sun_y - ghebal.w sapenum_z) [ apesld:
global.y_cor = say / aqred sxn & syy ¢ EPS);
gladal.u_ct = ci_tactar[npss=2] » sqrel (syy-mzxspew{gleval.u_srp. 2}
/U {npes=2) * (npes-i) & ax1) 3;

it (parme.dim == 2) {
tar (ipese0. sus_20, sum y*0, sum_Ix~0, sus_ry=0, sus_yy=o;
ipas ¢ parms.npes; iponse) {

leg.x = (1=snusmble.rejectlipanl) ¢ leglO( ensemble.distilipes] =~ 20
leg.¥2? » (1=snsenble.vejsctlipes]) + legi0C ennsuble v mslipes] );
e,z e legoa;
ue,y ** legvd;
e az += lag.x * leg.3:
un_1y *= lag.: v leg.vl;
wun, gy = leg v v legovi;

o

}
nay = (aum,ay = wus_zesun y/npes )
a1y » {aum.ax ~ sum.atsus X/npas )i
syy = {sun_yy - sum_yosun_ y/npas };
xlabal. ¥ exp = say / sxx;
glatal.v_cest = paw(10, {sun_y - glebal.v_ezpesun.z} / npas);
ghlebal.v_cor = axy / aqril sax # ayy « EPS):
glabal.v_ci = cifactarinpan-2] o+ agee{ (ayy-szaspaw(gladal.v_eap.2))
/0 (npan=2) o {npes=1) & 321} )
}

glebal.u_exp o= -1}
gletal . v_axp o= -4;

ksturn; .

fotl..0..ll..ul.ooll.ocl---clnltllltlll.l.lcll.00!OnluototlllIllcll.-ntt..lln..I

wvoid calc scaleslveid)

/¢ This subreutine calculates varisus turbulence scales and charactaristics.

{
fleat dist;
int ipes,

for (ipes = Q; ipss < parms.npes; ipesee} {

dist & venesadla.distilipes] =~ parus. 20} » parmp.mesh_ length / 1000;
. snsanble . taylipes] o sqre{ 10 » glebal.nu » dist /
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( global u_sxp » snpeable.y_msanlipos] »
global.u_narxd ),
anseable re_taylapes] = sqred ensemble.u_ms_reglipes] +
poui ensswble u_mean[ipes) » global w_nermw, 3} »
snsemble.tayfipes} / gloval oy,
ensaable dissEipar] = 1.5 ¢ 1000 «
povl snasnbdle.u_msan(ipes)eglobal.u_nerm, 3)
global.u axp * glebal.u cont / parmi.mssh_langth
poul snazesble.distifaipes) « parms.20. -glebal u_eap-i ),
snsenble kol(ipes] = puw( {powiglobal.nu, 3} / envsnble.disslipes)). £.250,
snesnble aneagral {ipas) = pex( snsamble.u.ms_regipas] »
powl snsamble u_meanCipos}eglodal. u_nerm, 2, 1.5} /
ensenble dinsliposl;
}

return;

I...‘Il...l...l' .l...l..'II...ID..II'.!I.!ID.'l.'.lIlI.l!IlllIllCl.Illlll.ll..C!
woid Bubble_sers(void)

/¢ Tais subr,ytine sorts the wniemble data ih Ancreasing erder of distancs
e a et e e RN et e e e e aanan e of
< .

et &, j. Temp;

for {4 = 0; 1 £ patwi.hposi iee)
shasable ptrit] » 1;

it {paras.vert = TAUZ} {
2or (i = 0; 1 < parms.nper-i; ise)
for (j = 0. j < parmi.npes=1; j*+)
it Censemble.distlfensenble.prr(}lY >
enganble.distifannanble.prrly*1dd ) {

teap = snsenble.per[jl;

snaeable ptrlj] = snnemdle.perlje1):
ansenble.prrlyel] = temp;

}

return;

Il..lll.I!!l.l-l-Il.llll!lll!!l..ll..ll..'..l‘.l.Illllltllllliliitl.llllD!lull'[
void write_datatveid)

#+ This asbrastine contrels writing ef the sytpue data. Pile for graphing
Ars:

[name] mn.dat (mean velacities)

{name] mu.dat {msan-aquare valeciting)

Cname] _sk.dat {sXewnass factors}

[name]_ 1 .dat {flatnses facters)

Cnams] ur.dat (shear stress correlatisn cesfficienty)
[nams]_sec.dat Leurbulance scales)

The colunns {sxcept fer uv and sc) are:
Colymn 1: panitisn {disti er disxd)
Column 3: numbar of rejected recerds.
Cojuymp 3: ennamble mean: FiTst cemponsnt.
Column 4: confidance intarval for mean: £4rst CORponent.
Column 5: regressisn valus {far ms snly}: first caspsnent
Colynn 6.7.8: psame a3 4.5.6, but for second campenant (if measured).

-

P R R T T T R P YT

{

erite_suni);

write_tile("_mn.dat™, ensemble.distl, ensamble.u_mean, ansemble.u_mean_srr,
SREeNble.Teres, onsenble.v_maan. snsanble.v msan.err,
ansenble.xeren};
write 2hle{" n3.dat", ble.distl, tle.u e, ble.u_mierr,
ansumbls . u ne_veg, snrsmble.v. ms, anasmble.v_mi_arr,

snseable.v ms reg):

arite tilel  sk.dat”, ble.clistl, ble.u_skew, ensenble.u_skew err,
ble.2eTOE, ble.v_sksu, ensemble.v_aksu_srr,

snsemble.zeres);
write tilel” _21.dat", ble.distl, ble.u_flat, shnembla.u_flat_err,
' bla.zares, ble.v_flat, enpenble.v_flag_arr,
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snismbla 2eras) .
write 21lel uv dat™. anperble.distl, ensemble uv, snsesble.uv_err,
ansemble 2ares, ensemdle.uov. ensemble zares.

snaveble Iwres),
wrate_fale(“_sc dat™, ensemble . diztl, snsesbls integral. anseable.tay,
enienble Rol, ensemble diss, anpemble re_cay,
snmasble 2er00),

raturn,

St ar e a e a e s r N AR AN LR AR R RSN E N NIRRT R R IR RIS

veid write_sua(veid)

#% This aubreutine wilted & summary af the 1nput data and the pelnt data.

char taure{80], tyuma[e0];
FILE o114,

serepy(fouts, parms. fsut);
atrcat(foyta, “.out"};

1f {{f1d = fepan(feutz, “v")} == §ULL)

prIREL{=ens Errer apeming recerd sutput file Te.\n", feuerd;
olae

PrARCE(“\n\aWritIRg Tecord sutput sussary ¥a.™, feuta);

write inp(fridt,
urite rec(tid},

it (tclenalfid) == EOF)
printf(~ess Errast clesing recerd eutput tile 1a.*, feuta);

strepyifaums, parms.feur);
streat{faumy, “.aum"};

it ({fid = fopen(favws.“a")) == JULL)

printf{™ese Errar spening sasemble wutput file %s.\n™, faumi);
slne

printf ("\n\niriting ensenble sutput suamary Is.\n\n", zsumz};

write_inp(2id};
write snn(fig};

if (felesaifid) we EOF)
prantt(™ess Errer clesing snseable sutput file Is.™, feutx);

TatUTR;

Jee s st e NI It NN II RN ISR AT SNI NI IAENSNTINNIUNTRANINRRIOERNS]

weid write inp{PILE of3d}

/* This subreutine writes o susaary of the imput and glebal data.

{

baaerinne Ceerniaiaen P R ¥ 4

tprinefi2id,

" Input Faramstara
tprintf{fid, “\n Input filenans - I . parmi.tinp};
fprintf{fid, “\n Nuaber of pesitiens = 14 ", pATRE.Rpas)!
tprintf(tia, * Huaber of Cocerds - ™ . PATRE.NTOC)]
tprinst(fid, “\n Starcing pesitisn = 35.1f ma ™, parma.xoff);
tprainctitid, * Intremsnt - 1641 wu* , parms.x_inc);
tprinte(fid, "\n  Keah lenmgth ® %5.27 mn ™, parms.mesh_length);
fprinttitia, » Esrmalizing velscity = I5.1tf w/s" , parms.u_mamm);
fprant?lfid, "\n Static preswurs = 16.2f psi™ . parms.p):
fprinttifsa, » Tetal pressure = 56.2¢ psi” , parms.pl}:
fprinte(tid, "\n Traverss direction = X¢ *. parms.dirne’s’):
tprantt(tid, » Total tempavature = 36.2¢ A" « paTEs.t0};
tprantfifid, "\n Transferm methed - 1d “, parms.cranaferm);
tprintf(gid, =  Weighting mathed - 14 + PATRE.Waight_mathed);
eprintg(tid, "\n 20/m =152 " . parms.ad);

12 (parms.rem sutlisrs ws TRUZ) {
tprantf(2id, “\n Dutlisra remsved:“);
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fprancf{aid, * Sample st dev = 162

2prineifid. " Mecord st dev. = 162
} alss

fprantf(faa, “\n DOutliers not remaved “),

., pATRs.sample_3d},
L . patwms.record_sd},

fprinet(fd,

“\a\n Global Information ¥,
fpransfifid, “\a nu = 111.3s kg/lm 5} ", gleval.nu),
tprintfifid, “: the » 111.3s kg/ad)- . Blabal.rhel:

fprincfifid, "“\n NHach=p ® I7.32; Rach-u = T6.3¢". glebal.mach.p, global.mach_ul,
tprinti{tid, "; U-msan = 17.32: kez « I7.2" , global u_mean, glebal.re m}:
tprinctitid, “\n U-cest = 37.5f; U-sap * I7.41" , glebal.u.coef, global u_exp);
fprantfitid, *; U-sxp-ci = AT.4f; U-cor » 17.41° | globdal.u.ci, gletal.u_cer);
fprintf{fid, “\n ¥-cost = AT.5f; ¥eexp = T AL" | gledal.v.coef, global.v_ep);
tprintftid, =; Y=exp=c¢i = IT.42; ¥ecar = I7.427 , glebal.v <1, global v cerd:

Teturn;

FLI111]

PEIRRINRRINGNAGRSNARERINEN ll....'.I..........I..'...'.....’
woid Write_Tec(FILE of3d)

Fo Thiz subrsytins ¥rites & sumsary 4f the recard data.

.............................. R R T T RN ¥4
{
it 1pes. irec;
tprinttifid,
“\n\n Aescerd Infermatisn LR

tprintf{fid, “\npes nsam sut Tats pc R*);
tprintt(fid, *  umesn urEs usksd ¥MeAR  ¥Yrml  vikex uy  uey“);
tor (ipss = O; ipes < parma.npes; ipesve} {
2T (irec = Q. iTec < parma.nrec; iraces) {
tprintfitid,™\n 12.2 T4d X34 I4.2 L1.f Tdv,
point[yrec) pealipun], peintTirec).nvallipes],
pointlirec).arejlipus], pointlirec].data_ratelipea],
point[irec) .pval[ipes), point[irec].rejectlapesl);
tpranttlrid.™ T7.2¢ 16,31 16.32 16.2¢ 16.3¢ 16 32 26,32,
mement(irec) .u_meanlipas], mementlirsc).u.rmslipes),

memant[irec]. uvliposl):
}

retutrn:

SV RN SR IR AR AR B RN AN RA NN R AN RAEARNRARER AR NN ARANRI AN/
void wrice_ens(PILE efid}

/* This subreutine writes a summary #f the shsssble-averaged data,

...... N 1}
int ipen, pir;

tprintetid,
“\n\n Ensenble Infermatisn *);
tprintf{2dd, “\n pas Order nsan Matelavg) XXVallavg) nrejfavg) Rec.rej™);
tor (ipas = 0; ipex < parme.npes; ipese+} {
ptr = ensanble perlipen]:
tprintfitid, "\n15.2¢t %X2¢ 16.¢ 6.t Y0t Is.1r IWC,
ansembls.aisti(ptrl, ptr. shasable.avallperl,
anteable.date_rate(per], snpenble.pral(ptrl,
snasable. san_vej[ptrl,. ensemdble.nrejlper]l;
}

tprinte{fid, “\n\n pes U led  w o uteim):
tprinttigid, ™ ¥ Tt v v ol uv/utyt utfyt usk  u t1M);
tor Cipes = 0; ipes < parus.npos; ipsses) {

ptr = enseable.ptrlipes);

fprinet(2id, *“\ni5.2¢ I6.27 %5.2 15.3¢ 15.3¢-,
snasable.dist1{per], ensesble.u.mean(prrisgledal.u_nera.
snienble . u_maan_srrlper]eglabal . u ners,
snsenble.u_ras[per], ensentle.u_raperripie] 1
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fpraasfifad, " IS 27 I5.27 IS 3¢ 13.0f X6.3r X427 1680 %422,
snpantle v_mean(ptrleglanal u_norm,
cvomean srr(perieglenal .y ners,
v_rsafptr]. entemble.v_ras errptr], snsemble.uvlper],
wer[per). answnble u_skewfperl, snvsabls.u_tlatlpec] 3

EpTARLE(Lid, “\n\n pan U/um [Ther 720 Y
tpranufifig, = integral tayler Ealmag dyas rate R _tay™);
far {ipas = O, ipa3 < parms.npes; ipesss} {

ptr = annesble.prelipesd,

tprincr(fid, “vnif.2¢  16.37 T11.3e™,

ensenble diacilper), ensemble.u_ssanfprr], ensesble.umslperd J;

tprinegifad, * 110.7« I10.2s 110.7« X10.%2e  1S.32%,
snaauble.integral (prr), ensemble.taylprr), ensemble.kslfperl,
ensemble. dins(pr], ensemble.ze_taylprr] 1.

tprimetitid,
“\An c ta ¥
TORUTR;
}
Il.l.l BRASSNSRGAS SIS ANNANNIRANINERIRNNIRNRIRRARERAY ...l.l"lll...........,

weid write filelchar esxt, Tlaat sdist, fleat sydat, Tleat eydat_atr.
fleat tudat reg, fleat evdat, fleat twdat_err, flsat swdak reg}

Fo This mybreytine writes individual autpur tiles.

............................................. P . 7]

int ipes, prr;
char tauex[B0];
PILE otid;

strepy(faut, parws.faur);
strcac(touts, eat);

Ar ({tid~ topan(feurs,™s")) == BULL)

printf(™ses Errer spening sucput fils Xs.\n™, feutz):
wlis

printfi™iriting sutput fils Ls.\n*, fesyex):

tar (ipas = O; ipen € parms.npes; ipeses) {
ptr = snasable.prrlipesl:
Af Canzesble.rejectper] == FALSE)
fprinteirid, “I5.2¢ L3¢ 201,36 T1t.3e 271,34 11136 I11.3e T1i.MeMn™,
dietlptr], ensemble.nrejlperl,
udat(ptr]l, udas_errlper]. wdar_reglperd,
wdatlptrl, vdat_erz(per], wdat.veglper) );
}

tprinttitid, “w*);
tor (ipas = O: iper < parma.npes; Apesse) {
ptr = ensemble.ptr(ipes];
it (onpsable.rejectptrl o= TRUR)
tprintei{fid, “35.2f X1d 111.3e¢ Tt1.3e 1113 X11.3e Si1.3e Xi1.3e\n",
dist{prr], snsemble.nrejlpr],
vdatlper), udat_errlper). uder_ reglperd.
wdatlptr], wdat_errlptrl, vdat_reglptrl );
}

if (fcless(fid} == EOX)
printf{™ Errer clesing sutput file In.™, feutx};

return;
}

,...lIllll.l.ll'l'......'..-lIlll..llIl‘llll.llllll".ll"l.‘..l"'...........ll
veid wrap.upiveid)

/¢ This subreutine wraps things up.

crrresraas sasiasieanias N 4

17

-]



1t {fclose(fray} == EOF)
prinef{” Error closing rejection file.”},

Teturn;
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Appendix D

Detailled Measurement Data

In this appendix, the results of most mesurements are tabulated. The results for each
case are compiled on a different page. An explanation of some of the parameters and
headings is given below:

e Input filename - the label given to the case, ordered by date; eg., j28x2 was
the second experiment taken on June 28,

o Normalizing velocity- the value for U,, when normalizing the mean velocity.
If -1 is specified, the program calculates it as the average over all measuring
locations.

e Transform method - gives transformation matrix for measured velocities. Op-
tions are: untransformed (1), change sign of V-velocity (2), or rotate by 45°(3).

o Weighting method - unweighted (1), transit-time-weighted (2), or inter-arrival
time-weighted (3).

e Sample st. dev. - the number of standard deviations beyond which velocity
samples are rejected.

e Record st. dev. - the number of standard deviations beyond which records
are rejected.

e nu, rho - kinematic viscosity and density

) Mach-—p, Mach-u - the Mach numbers calculated from the pressure ratio and
mean velocity, respectively.
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e U-mean - velocity averaged over all measuring locations.

s Re_m - Reynolds number based on U-mean and mesh length.

e U-coef, V-coef - coefficients of decay law.

e U-exp, V-exp - exponents of decay law.

e U-exp-ci, V-exp-ci - 90% confidence interval for U-exp and V-exp.
s U-cor, V-cor - correlation coefficients of curve fit.

e pos - z/m (x-traverses), y/h (y-traverses), =/h (z-traverses), or Py (pressure
traverses).

e Order - the order in which the positions were traversed.

e Rate - data rate (Hz), averaged over all records at that location.

e \Val - the validation level, averaged over all records at that location.

¢ nrej - the number of samples rejected, averaged over all records at that location.
¢ Rec_rej - the number of records rejected at that location.

e U, V, U_ci, V_ci- mean velocities and 95% confidence intervals.

e u’, v’, u’_ci, v’_ci - rms velocities and 95% confidence intervals.

The remaining headings are considered self-explanatory. Unless otherwise noted,
all units are SI. The length scales and dissipation rate are calculated from the decay
law.
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Input fllenase = )t
Busber of pesltisns =

STATRINg peritien
Haah langth
STALIC pretiufe
Traverss dirsction
Transtern sathed

wis

Outlisrs remevad. Sampl

5.00
« 91t devw

-
Hach

Glabal

L.0%4e=005 kg/in 9} f

-5 -

0.231; Racheu

= D.158,

U=conl = 0.01931; Usexp & 1.0084;
Yecont = 0.01215; Y-exp = 0.3048.

por
51.52
83 27
£5.02
8617
5B.82
65,20
€2.03
£1.78
5.5
4r.28

pes

31.52
E3.27
E5.02
56.77
Ez.52
40.20
62.03
§3.78
85.83
47.20

pes
B1.52
53.27
5%.02
5877
£0.52
§0.28
42.03
6.7
3.5
67.18

Qrdsr
o

N A ) e

v
54.54
k.70
54,87
118 ]
15.03
55.08
5.1
88.20
85.32
£5.3%

U/m
0.0%2
.0
0.9%Y
0,998
1.000
1.00)
1.002
1.003
1.004
1.006

nias  Rateleavg) I¥allar

3000 EBE&T
600 T
3000 T051
Joog T04
WwWoe 412
g0 797
Jeoo 5343
W €510
p L 5183
060 281}
Uoed  w®
0.21 1.0
6.32 1.0
0.19 1.054
9.23 1.054
0.22 1.031
0.24 1.011
¢.4% 1.012
0.20 ©.988
0.19 0.%80
6.22 0.9E)
vt
4.018e=004
. 94Te=004
3.438s-004
3.6T9e=004
3.50Ba=004
3.372e-004
3.3T1e~004
3.18%-004

Paramstar:

BJumbsr 9
Incrsman
Formaliz
Tazal pr
Total te
Heightin

- 30,

Infermatisl

the = 1.693e+000 kg/a)
Uensan - E£5.015; Re
0.0336; U-cor = -0.9886
Yoerp=¢s = 0.02%6; Yecer = =0.90%0

Umsxp-ci =

Ensenble Informatian

T records -5
T = 35.4000 ma
ing rvelocity = -I.0 m/fs
(111 L) = 32.00 psi
raturs = 547.50 2

g asthed -2
Recetd st dev, = 2.50
1

= TN

g} nrejfavg) Nec_re)
3.0 17.2 -]
1.9 13.0 ]
4T.4 1).8 Q
.4 13.4 g
ar.9 .0 )
52.5 7.4 4]
52.1 tr.2 ]
53.2 5.6 -]
54.9 17.2 -]
0.3 16.8 -]
u'.cl ¥ vl v owtoch wvfu'v' wlfvt sk
Q.01 0,38 0.03 {.070 0.002 0.008 t.0T 0.043
0.014 0.24 0.00 1.044 0.002 -0.00) 1.05 =0.002
0.00% 0.2 0.080 1.022 0.002 «0.015 1.0) -0.01é
o011 0.24 0.06 1.00% 0.002 0.010 1.04 -0.019
0.010 0.30 0.07 1.003 ©.002 0.006 1.0} D.0)0
0.015 ©0.27 0.67 G.9AT 0.001 -0.00% 1.03 -0.007
o.014 0.2% 0.0% 0,979 0.001 -0.074 1.03 0.006
0.024 0.27 0.08 0.856 0.001 -D.0QS 1,03 -0.042
Q.01 0,31 0.11 ©.%1 0.001 =-n.028 1.0 O.0t7
0011 0,32 0.0 0,949 0.001 -0.013 1.00 D0,0%%
integral tayler kelmig  diss rate Re_tay
1.150=003 5.46e=005 1.4Te+007 116.3
1.180=003 E.58a-005 1.3844002 116.6
$.32:-001 1.20e=003 K.64s-005 1,2904002 116.6
$.48+-003 1.22¢=003 5.TXe~005 1.31e4002 116.7
9.845-003 1.24e=CO3 5.82e=006 1.140+002 114.0
9.804-00) 1.264-003 5.92¢-005 1.0Tes002 118.0
$.954-003  1.20e-003 £.000-005 1.0184002 11E.9
1.016-002 1.300-003 £.0%9e-005 9.53e+001 116.%
1.020=002 1.310=003 9.008+001 116.%
1.046-002 1.33e=003 B.54s+001 1ur.1
Commanth

=0T = £.2 {243); C) = 5.0, PO = 22 p3sy
~ 160 ma lenz; 40 RHx frequency shifc
~ ansembls averags »f 5 separate traverses ly = =.5,0..5: z-.5,0,.5)
= Thenis label: E3la
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- Input

Paraseters =«

lnput filenake . 516

Wusber of pusitiens = 9 Nusber af racerds -1

Starting pasitien * 747 0 ma Inctomsnt ® 25.4000 ma

Resh langth * 14.50 ma Tormalizing welscity = 55.4 m/s

STtatic presIuTe - 2UN.20 pnr Tetal prassurs = 32.00 pa1

Traveras direction = = Tetal temperaturs - S47.50 P

Transters mathod =2 Heighting methnd -2

20/m = 0.00

Oucliers cemeved: Saaple #t. dav. = 3.00; Mecerd st dey = 2,50
Glebal Information

Ay = 1.094e-005 kg/im s} ; The & 1.692a%000 ag/ad

Wach-p =  ©.231; Hach=u = 0,158, U-mean = 54.815; Reom = 72629

U=coaf = 0.00000; U-exp = 0.0000; U-sap=ci ® 0.0000; U-cor = 0.0000

¥-cest = 0.00000; Y-exp * 0.0000; V-sxp-c1 = 0.000L0; ¥=car = 0.0000
Enssmble Informatian

pes Order nsam Ratelavg) Xval{avg) nrejlavg} Rec.re)
0.3t 0 3000 Frel 4.2 1.0 Q
-4 1 0o 763 T34 1%.0 ]

-0.16 2 3000 892 7.9 5.0 -]
-0.08 3 3000 5 9.5 17.¢ ]

0.00 4 3000 455 .2 15.0 0

a.0B 5 1764 57 7.8 7.0 0

0.5 & 000 92 .2 6.0 0

G.24 7 000 (1.1 16.7 17.0 ]

.3 0 Joce 1} 8- 40.3 Jo.0 [

(11} L1} [} 3 ut  ou' el ¥ Y.ei ' vt el uw/uty utfet uoak
«0.3t 54,35 0,00 0.995 0.000 0.05 0.00 0.9} 0,000 G.001 1.07 0.066
0,24 54.62 0.00 0.97% 0.000 0.1% 0.00 O0.M5 0.000 -0.055 1.04 0.00)
0,16 54.89 0.00 0.974 0.000 0.19 0.00 O0.948 0.000 -0.00F 1.03 =J.004
-0.08 55.01 0.00 1.023 0.000 0.37 0.00 0.972 0.000 0.007 1.05 -0.030

0.00 55.36 0.00 1.019 0,000 0.21 0.00 $.035 0.000 -0.00% 0.9 0.02%

0.08 BE5.)33 0.00 1.019 0.000 0.11 0.00 1.040 0.000 -0.002 0.98 0.01)

0.16 54,84 0.00 1,100 0,000 0.36 0.00 1,085 0.000 ©.089 1.001 0.03%

.24 54.70 ©.00 1.109 0.040 0.0. 0,00 1.154 ©0.000 0.050 0.96 0.02¢

0.31 54,27 0,00 1.17} 0,000 0.09 0.00 1.18} 0.000 0.0%6 1.01 -0.4%5%

pos ufum whane integral tayler kelneg  diss Tate Ra tay
=0.31  0.982 3, 350e-004 0.004¢000 0.00e+000 0.000+000 0.00e+000 0.0
=0.24 0.937 3.214s=004 0.00e+000 0.00e+300 0.90e+000 0.00e+000 0.0
=0.16  0.992 3.146e=004 0,00e¢000 0.00e+000 0.00a+000 0.0004000 ¢.0
=0.08  0.994 3.459¢-004 0.00s+000 0.00e+000 0.00¢+000 0.COs+000 0.0

0.00  1.000 3.)86e-004 ©.004+000 0,00a+000 0.COs+000 0.00e+000 0.0

0.08  0.99% 3.391s-004 0.004+000 0.00s+000 0.004+000 0.00e+000 0.0

0.16 0.99% 4.025+-004 0.00s+000 0.00e+000 ©.00e+0G00 0.00+000 6.0

0,24 0,988 4,1t1e=004 0.00e¢000 0.004s000 ©.00ee000 0.008+000 0.0

0.3 0,980 4.6744-004 0.00e+000 0.CO#+0C0 0.0004000 0.0080000 0.0

Cenaents

~ 160 mn lens: 40 NHz frequency shift
same conditisns a3 jEa3
T-trAverie

DT = 1.2 (24%); €3 = 5.0; M0 = 21 pad

u.tl
.87
2.7¢
2.08
2.88
2.9
2.9%
2.8
N
.84



------------- sesmcsassancesmns {nput FATABSLAT) == rwvrewssssocssssesssoooo-e
lnput fiienane . jbat
Bumber 4F pasitisny =~ % Byumbar of recards =1
SKATTINE peiltien & I4T 0 ma Increment = 75.4000 ma
Nash lemgth * §4.50 nu Barmalizing velscity = 853 a/n
3ratac pressurs s 21.20 pay Tetal pressurs = 22.00 psi
Teavafie ditsctish =y Tetal teppsraturs = SAT.50 R
franatars asthed -2 Wsighting methed -2
10/m = 000
Outliers remaved  Semple #t dev & X.GO; Recard st. dev. = 2,50
Glabal Infermatien
ny = 1. OB4e-00% kg/im 3} i rhe = L. §%24+000 Rg/md
Rach=p = 0.331. Kach*w = O 157; U=msan ® 54 E41; Re m = T224)
U-conf = 0.00000, U-sxp = 0.0000; Ussap=ci » 0.0000; U=cer = 0©.0000
Y-coal = 0 00000, Yeaap o 00000, Yesypeci = 0.0000, ¥ecor = 0.0000
- Ensenble Infermatian
pae Order  naas  Ratefavg) RTallavgh marsjlavg)l Rec.rs)
0¥ 0 ot U .7 1.0 ]
-0 7 1 3000 T 16 1.0
e 2 3ot 1086 16.0 w0 ]
.00 2 3000 e 2.4 8.0 Q
G0 & 3000 un R4 1.0 -}
con B oo 392y 5.7 2.0 -]
0t 4 00 1528 a4 13.0 (]
e 1 Joue 1238 b2.1 0.0 4]
on 2 000 03 5 7.0 L]
pas u Vs ut o ow'ogy ¥ Y. ' owtes uv/utet iy u
~0.35 Y. 0.00 t.1BE 0,000 =0.47 0.00 0.%44 0.000 -0.199 1.27 0.087
*0.2¢ 3.0 0.00 }.102 0.000 -0.%4 0.00 1.004 0,000 -0.176 1.10 =0.020
~0.16 54.40 0.0¢ :.O7F 0.000 ~0.12 0.00 0.972 G000 -0.1861 1.1t 0.007
~0.00 45,06 0.00 t.047 0.000 0.05 0.00 0.950 0.000 -0.131 1,10 0.01&
000 E3.35 0.00 1.00% 0.000 0.1 0.00 0. M) 0.000 ~0.02% 1.07 -0.02%
Q.00 353.17 0.00 1.000 0.000 ©0.50 0.00 0.326 0.000 OC.05C 1.08 -0.040
D.AE 4.9 0.00 (.0J4 0.000 O.B8 ©0.00 O.94T Q000 0.132 1.09 =0.0T1
B KI5 0.00 1,080 0.000 0.7 0.00 0.M12 O.000 0.096 1.15 -0.028
0 k18 0.00 1.000 0.000 O0.76 0.00 O.950 0,000 0,176 1.13 0.03)
e U/ve wrann integral tayler helmag  disn rats  Es_tay
=0.31  O.M4E €.90%a-004 0.0Ce+D00  0.00a+000 0,00s0000 0.004+000 0.0
0.3 0977 41574004 0.00e%000 0.00e+000 0.004¢000 0.004+000 c.0
0.6 O.9E6 J.00%-004 0.00e+000 0.COs+000 0.004+000 ©0,0060000 .0
=0.08  0.995 3.0l8e~004 0.00e+000 0.0084000 0.004+000 0.008+D00 o.0
6.00 1.000  3.325e=004 0.00e*000 0.008+000 0.004+000 0.004+000 9.0
Q.08  0.957 3.200e-004 0.000%0C0 0.00e+000 Q.00a+000 0.004+000 ¢.0
0.6 0.992 3.5ECe-004 0.00e+000 0.00e+030 C.00a+000 0.0004000 9.0
0.3 0.983 J.Tie-004 0.006¢000 0.000+000 0.00a+D00 0.00u+000 0.0
.3 0.97) 4.0Me-004 0.00e+000 0.000+000 0.00s+000 0.00a+000 6.0
Coanaants

=0t = t.2 (38); €I =~ b.D; PO =22 p
= 140 ma lons; 40 MN: fraquenmcy shite
= sams Conditiens & JEx1

~ y=travsrss
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input Paramsters -

Input filsname * )5210

lumber of posltions = 10 Kumbar of records -5
Starcing posicien ® T47.0 n= Incrament = 35,4000 mm
Kesh lengeh & 10,40 ua Hormalizing welocity = =1.0 m/s
Static pressure = 12.T1 pss Tatal pressurs = 17.D) p1y
Travarss ditectien = Tatal tewparature = 847.50 2
Transform methed =2 Welghting methed -2

x0/a = D.00
Qutliers removed: Sample 3t. dev, = 3,00, Record st. dev. = 2,50

Global Informatien
nu = 1.603e-005 xg/{n 3} : The = 1,0919+000 kg/ud

Rach=p =  0.660; Hach-u = 0.172; U-mean = B5T.720; Nem = 66302
U-coef = 0.01129; U-uxp = O.8744; U-azp-ci = 0.0L3B. U=cor = =0, 9488
¥-coef = 0.00B40; Y-ezp = O.6758. ¥=sxp=ci = 0.0416; ¥Y=cor = =0.9627

Eansnble Inferwatien
pos Order naaw  Matelavg)  IVallavg) nrejlavg) Rec.re)

40.60 O 000 BaeT 2.6 3.6 [}
L1%5 LI 3000 769 45.6 20.6 [}
.38 3 aoon 7994 18.2 ".8 L)
“uT 2 000 7802 AT.7 2T.4 ]
46.12 4 3000 £818 8.9 6.4 [}
47.50 5 00 BTy 53.% FLR ] )
0.8 ¢ 000 Tieé - 352 ]
§0.26 7 3000 8429 54.6 9.8 ]
E1.64 3 JOov  TMM 86.4 7.4 0
53.02 % eoo 558 £0.9 2.4 o
[ 11 v U.et u' ut.el L 31 v vt ol uv/uly' w'let uask ufl
40.60  57.40 0.04 1.232 0.039% Q.13 0.08 1.206 0.002 0.006 1.02 -0.166 2.82
41,98 57.61 0.03 1.180 9.020 0.10 0.10 1.206 ©.007 0.00% 0.9 -0.155 .M
43.36 ET.€7 0.05 1.182 0.0 9.0% 0,07 1,178 0.001 0.¢30 1.00 -0.120 2.%
4.74  5T.IT 0.05 1.147 0.03) 0.10 0.06 1.17T 0.002 0.013 O0.97 -0.147 .04
46,12  57.77 0.07 1.156 0.037 0.3t 0.1} 1.180 0.002 0.0)7 0.9B -D.1%7 3.0%
AT.E0  57.94 Q.05 1,117 0.036 ©.1t O0.08 1.148 0.002 0.016 0.%7 =0.142 3.09
48.80 57.82 Q.02 1,115 0.035 ©.11 0.0% 1.12% 0.002 -0,005 0.%9 -0.180 .08
50.26 E7.#1 0.05 1.133 0.035 0.1) 0,00 1.122 0.002 0.027 1.00 -0.139 J.i8
51.64 E7.96 0.06 1.1t} 0.027 O.11 0.1 L.124 ©.002 ©.009% O0.%9 -0.134 1.5
53.02 68.06 0.05 1.081 O0.016 0O.14 0.09 1,138 ¢,00) -0.010 0.9 -0.175 ).2)

[113 Uim wfue integral tayler elmug  dise Tats  Ra_tey
40.60  0.993 4.6130-004 1.200-002 1.54e-003 7T.200~005 1.47e+002 116.4
41.98 0,997 4.1950-004 1.22e=002 {.ETe~003 T.37a~005 1.4044002  116.8
43,36 0,995 4.200e-004  1.24e-002 T.ABa-005  1.37ae003 117,21
44.7T¢ 1,000 J.946e=004 1.27e=002 1.629=003 7.58e-005 1.35e0003 117.5
46.12  1.000 4.00%=004 1.2%=002 1.644=00) T.6%~005 1.18ee002 11T.7
AT.E0 1,001 3.T36e-004 1.21e-003 1.460=003 T.794=006 1.12e+002 118.0
48.38 1,001 J.T23e-004 1,30e-0D7 1,.6%-003 7.0%4-006 1.06s+007  110.2
50.26 1.002 5.TuTe-004 1.36e-003 1.Ti1e~003 7.9%a=0056 1.014+002 110.6
E1.64  1.003 3.691e-004 1.37a-002 1.73s-003 B.09a-005 ¥.84e¢001 110.7
E3.02 1.005 J.488s=004 1.)%e~002 1.76e-003 B.1Ba-005 $.23e+001 11%.0

Cammspta
= DT = 1.2 (24%); C) = 5.0; FO = 22 pai

=~ 160 ma Jens; 40 MMz frequancy shitc

= Large-hels plats

~ shasible Averags of B teparate traverses (y = =-.5,0,.5; z=-.5,0,.%8)
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Paramscars

Input filenass = Jhait

Hysber f peaitians * 3 Ausber of recards -1

Starting pesitien = TH7.0 Incramant = 2% 4000 ua
Nesh length = 18,40 ma farmaltzing velacity = ~-1.0 afs
Statlc pressure - 2.W pnr Tetal pressure = 22.00 p1
Travarse directisn = x Tatal temparaturs * 54T .50 R
Tranefars sethad =2 Weighting methed -2

10/m = 0.
Outliers Temsved. Sample sb. dev = 3,00, Necard gt. dev. = 2.50

--+-- Glgbal Infermatien
ny = 1.0%4s~00% kg/in »} ; The = §.692evC00 Xg/al

Kagh-p =  0.23), Hach<w = 0.165; U-mean = - 9Ti80
U-canf = 0.00000; U=ezp = 0.0000; -cy = 0.0000; U~gcor =~ 9Q.00CC
¥-cas? = 0.00000; Vesxp = 0.00006; Y=sxp-ci = 0.0000; ¥-cer = 0.0000

L ple Infarmatien
pes  Order nsam  Ratelavg) IVallawg) nrejlavg}l Rec rej
5.0

0. 9 3000 198 9.6 0
=0.24 1 3000 1247 1.2 7.8 0
«0.18 2 3008 29 0.0 n.0 °
~0.00 2 3000 T80 11.0 1.0 ¢
0.00 4 3000 4280 %) .0 -]
o.08 % 3000 1064 3.8 .0 ]
0.186 & 3000 1130 15.8 5.0 ]
A 7 3000 5555 5.0 46.0 ]
.3t ] 3000 me R 4.0 ]
pur v Uoct wtowtir ¥ ot o owllcl uvfutyt utSvt u ek
0.3t S7.%1 0.00 1.151 0.000 0.13 0.00 1,117 0.000 -D.052 1.04 =-0.08B
=0.24 5$8.2% Q.00 L.035 0.000 0.180 0.G0 1.01% 0,000 -0D.016 1.02 -0.090
=0.1& 50.4) 0.00 1.064 O.000 O.14 0.00 1.048 0.000 ~0.038 1.02 O0.084
-¢.08  88.27 0.00 J.052 000 O0.10 G.00 1.159 ©.000 Q0.045 0.9 0.026
0.00 S57.90 0.00 1.110 0.000 0.0% 0.00 1.224 0.000 O.0I10 0.9 =0.12%
.08 S57T.B3 0.00 1.155 0Q.0C0 ©.03 ©0.00 1.35%% 0,000 0.009 0.9 =0.0M
0.16  37.55 0,00 1.2UT 0.000 0,13 0,00 1.2 0.000 0.034 0.9 -0.0%
0.39  £7.59 0.00 1.313 0000 0,20 0.00 1.243 0.000 0.007 1.08 -0.192
0.3F $6.46 0.00 7.024 0.000 ©.29 0.00 1.600 0.000 0.015 1.26 -0.80)

pes Wi w2 intagral tayler welmeg  diss Tate Re

0.3 1.002 4.01%-004 0.004+000 C.00a+000 0.00s+000 0.00s000
=03 1.000 J3.151e-004 0.00e+000 0.00e+000 0.000+000 0.000+000
=0.18 1.011 J.319-004 0.00s+000 0.00e000 Q,0044000 0.00a+000
=0.09  1.0080 3.787e-004 0.00e+000 O.00s¢000 0.000+000 0.000+000
0,00 1.007 3.87he-004 0,00s+000 D.00s+D00 0.004+000 0.00s+000
0.00  1.001 J.9%1e-004 0.00e+000 0.004+000 0.000+000 0.00¢+000
0.16  C.996 4.471e=004 0©0.0004000 0.000+000 0.004+000 ©.0C+000
0.24 0.9 5.19Te=004 0.000+000 0.000+000 0.00e+000 0,00a+000
0.31  C.¥IT 1.2850=003 0.00e4000 0.0004000 0.00e+000 0.00a+000

e -

00000000
CO0O0000O00ON

= DT = 1.2 {2L): €) = 5.0; PO = 22 pui
= 180 ma len3; 40 Wiz frequemcy ahitk
= Large-hels plate

= same canditisns ar JBxi0

= S=trAvaris
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.11
3.22
3.2
3.06
3.23
2.9
3.1
2.9
3.7
3.m



------ fnput Parametsrs
Input falename = 35337
Sumbsr af positiens = 9 Tumber o recards -1
Starting pesition “ T4T.0 mu Intrement = 25,4000 an
Resh lengeh = 16.40 n= Nermalizing welecity = =1.0 w/s
Static presiute = 21,20 ps1 Total prassurs = 27.00 psy
Travarss directien =y Total tempsrature ~ 547.50 1
Transforn ssthod -2 Wesghting asthed =7
ab/m = 0.00
Cucliers remeved: Ssmpls st. dav. =  3.00. Record at. dev. = 2,50
Global lnforsatien
nu * 1.094a=005 kg/im £} 3 rho = 1.692e+000 kg/ud
Rach-p & 0,23L; Hach-u = 0.160; U-mean » S5.641; Rea = 93548
U=ceer = 0.00000; U-vap » 0.0000; U-exp=ci = 0.0000; U-car = 0.0000
T=coat? = 0.00000; Y-exp = ©.0000; Y=axp-ci = 0.0000: ¥=-cer = 0.0000
E ble Inf ion
pss QOrder nsam Ratslavg) Ifal(avg) orejlavg) Rec.rej
- 0 1970 148 T.0 14.0 0
=024 1 3000 23 12.3 10.0 L]
0.1 2 300 961 15.4 .0 ]
=608 3 600 153t 2’7 6.0 ]
0.00 4 3000 2 5.2 T.0 [
c.08 & 3000 2553 .0 2.0 0
0.6 6 oo 1575 10.9 870 ]
g T 300 [1}% 4%6.9 7.0 [}
a3 8 00 kLY 58.9 %0 -]
pes u U.ed ' u' el ¥ i v ow_ch uvfutyt u'fyt u_sk
=0.31 52,02 0.00 3.09% 0.000 -1.04 0,00 32.164 0.000 -0,30% 1.4) -0.307
=0.2¢ 54,84 0.00 2.63t 0.000 -0.05 O0.00 1.805 0.000 -0.258F 1.46 -0.65)
-0.16 56,99 0.00 ).887 0.000 =0.58 0.00 1.385 0.000 =0.158 1.20 -0.601
=0.08 57.83 0.00 1.188 0.000 -0.21 0.00 t.172 0.000 ~0.0T1 1.01 -0.16%
0.00 57.99 0.00 1.09%7 0,000 Q.08 0.00 1.10} 0.000 Q.00 ©.99 -0.138
g.08  57.76 0.00 1.153 0,000 0,38 0,00 1.166 0.000 0,09 0,99 -0.2%6
0.16 5643 0.00 1.6)5 0,000 0.75 0.00 1.2 0.000 0.14% 1.24 ~0.62
0.24 B4.6¢ 0.00 32.361 0.000 1.08 0.00 :.655 0.000 0.2T0 1.4} =-0.570
0.31 51.98 0.00 2.930 0.000 1.5 0.00 2.03% 0.000 Q.004 i.44 -0.400
pos uha w'/n integral raylsr elmag  disy rats Re_kay
=0.31  0.935 3.531e-003 0.00e+000 0.00e+000 0.C00+000 0.00e+000 0.0
=0.24 0.98¢ 2.3012=003 0.004+000 0.00e+000 0.002+000 0.00u+000 .0
=0.16 1.024 B0.E60s=004 0.00e+000 0.00e+000 0.004+000 0.00¢+000 0.0
=008 1.040 4.2124-004 0.00s+000 0.00s+000 0€.00s+000 ©.00v000 0.0
0.00  1.042 3.581e-004 0.000+000 0.00e+000 w.00s+000 0.000+000 8.0
0.08 1.032 4,0304-008 O.00e+DOD ©.00s+000 0.00¢+000 0.00+000 0.0
0.16  1.019 B.218e-004 0.004+000 0.004¢000 0.004+000 0.0002000 0.0
0.24 0,982 1.867e-00) 0.004+000 0.00s+000 0.00e+000 0.004+000 6.0
0.31 6.9 J.154e=003 0.00e+000 0.004+000 0.000+000 0.00s000 o.0

BT = 1,2 (24%); €} = 5.0; PO » 27 pui

160 =n lens: 40 NH:x frequency shife
Large=hole plate

same cenditions as j5x10

yetravatis
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w.tl
.13
318
3.87
3.0
3.10
L3 %
1.b%
3.1
2.0



Input filenass - 33
Jumbar af pasitions = 10
Starting pesitien - T4
Nesh length - 14
Static pressurs -1
Tiaverss dire<tion = 3

Transfars mathed -3

at/m - 0
Outlisrs remeved. Sample
ny = 1.51%e-005 Xg/in u)
Mach=p = 0.8539; Hach-u

U-caaf = 0.702%4; U-exp =
¥-ceel = 0.91715; ¥Y-eap ¢

Input Parameters
Tal
Bumber of recerds = 30
T.0 aa Incramenc ® 25.4000 xu
§0 na Rarmalizing velscity = 1.0 n/s
3.30 psi Total pressurs = 17.50 psi
Tetal cesperacure = 542.00 k
Veighting msthad -2
§--
st. dev, =  3.00; Recard t, dev. = 2,50
Qlebal Infermatisn
i the = 1.14Te+000 kg/m3
= 0.£79; U-asan = 327.15%. Re.m = 218253
1.6865; U-sap=ci = 0.0377; Uecor = =0.9948
2.0934:. Veezp=ct » 0.08%%; Y=cor » =0.9313

pee  Order nsas  Ratelavg
81.52 © 1009 (143
333 1 1000 1353
is.02 2 1000 1658
.77 3 1000 1443
sa.f2 1 1000 1351
§0.20 & 1000 T8¢
$2.03 ¢ 1000 kL1
3.7 T 1000 [ H
5.8 @ "y a7
L1 B 51 nt

per v Uoed u*
B1.52 2M.10 0.05 1.629
£1.27 .90 0.0 3,516
§5.02 27E.4¢ ©.04 J.a4n
BE.¥T 22614 0.05 3377
508,62 224.9) 0.07 3,306
0.8 1T.07 0.06 3.8
£1.03 370.5% ©.19 ).209
$3.78 %40 008 Jand
45.83 229.52 G.09 J.044
€7.98 223,38 0.00 2.9%

pes il utnR
B1.52  0.987 1.623-004
5327 0990 2.445-004
$5.02 0.0
.77 oo
$0.52  0.999 2.123-004
40,28 0.999 2.047e-004
62,00  1.006 1.97)e-004
£3.78  1.010 1.841e-004
5.5 1.010 1.740e-004
&T.2386  1.010 31.62Te-004

Tnssabdle Infermatian
b Ivallavgl nrejlavg} Rae.yef

2.9 5.2
421.2
4.7
11.0
37.7
ar.r
na
.y
1.5
2.4

Lol ol B LI I
COoO0ONODOOOO

BN APE -

¥
2.7
.1
& 1
2.42
.M
2.38
2.4%
2.41
N
2.0

vocd
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000

v
3.420
3.329
3.250
3.15%
3.102
3.013
2.940
2.902
2.77%
2.547

el
2.012
0.036
6.032
0.027
0.030
0.024
0.049
0.033
0.037
0.038

o000 oQn
[ e T N - e

D000 ODODOOD=

integral
4.794~00)
4.52e~003
e=00)
4. 08s=00)
. Bhe-00)
4.91s-003

cayler
5.4Be-004
5. E8e=004
5.654=004
E.T3a-000
B.U0e=004
5. 09004
E.$5=004
6,0%0=004
£.110-004
£.190=004

kelang
2.434~005
2.40s~005
2.834=005
2.504-006
2.82e-005
2.604-005
2.T1e~005
2.T6a=00%
2.81e~008
2.86e=005

1.97e-003
4.9%-00)

urfuter utfy" u_skx
0.011 1.06 -0.004
0.025 1.06 -0.033
0.027 1,07 -0.015
0.003 1.07 -0.032
=0.002 1.07 =0.CA3
-0.000 1.00 -0.01B
=0.011 1.0% ~0.027
~0.02% 1.07 -0.010
=0.037 1.10 0.020
=0.08T 1.14 0.01)
dies rate  Re_tay
1.C0s+004 131.1
9.2Te+003  129.9
0.58e000)  128.6
T.Hesld) T4
T.3%e0003 136.3
6.84s+003  125.%
6.460+003 12M.3
6.0Tee0d) 1333
5.450000) 132.2
5.3500003 1211

DT = 4.6 {(121}; C) = £.2;

windew fegged badly durin

PO = 24 pud

g Tun, affecting data rate

ne heles rapeated ts check fer repeatabilicy

160 ma lens at 46 degress %4 wean flew: O Wiz freguency shife
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u 1
2.19
2.7
2.1
2.83
2.82
2.8
2.89
.81
2.87
2.83



Input filenams

Buzbar of peaitiens

Starting pesition

Resh

length

Static pressure

Trasarss direstion

Transfera method

z0/m

Queliers removed:

2011

&

T4T.0 ma

Sample it. dev, =

1

= 14.50 xu
-

3.23 psi

L

1.5060~005 Xg/in 2}
Rach=p =
U=ceet = 0.00808; U-exp =
T=ceet = 0.00485; Y-sap =

0.648; Hach-u =

input Paraasters

Susbar of records
Intrement
Tormalizing velocity
Tetal prassurs

Total tempsraturs
Wetghting methed

3.00:

Glsbal Infarmatien
P rhe =
0.£79; U-maan

0.9%96; U-erp-ci =
0.9216; Y-eazp-cti «

Pes

51.52
55.02
508.52
€3.03
€5.53

pes

51.52
§5.02
58.52
§2.03
65.83

pea
51.52
55.02
53.52
62,03
65.83

Order

- N

v
324.05
235.08
225.52
22755
228.50

U/
0.99%0
0.9%4
1.001
1.008
1.010

nsan  Ratelavg)

1000
1000
1000
1000
1000

Vel
0.06
0.0
0.05
.03
0.05

309
™
103
1054
1029

'
J.E48
I
3.38)
3.158
3.009

w3
2-E0Te~004
2. 2918004
2.0Tén=004
1.9266-004
1.735e-004

.0
1.6
92.8
2.4
9.8

E.18e=00)
5.430=003
5.674=003
5.90e-00)

=BT = 4.6 (920); C) = 6.2
= 140 sn lens at 45 dagre
= § heles msazured in revarse arder te check fer repaatability ef jiTa1

Thesis label: KSBa

Commahts

Ensenble Infermation
Tvatiavgt neajlavg) Rec_ref

oo =~
Wl

¥.cl
3 0.05
1 0.0%
3 0,03
4 0.0
1 0.04

tayler
5.5%-004
§.87e~004
6. 130004
€. 3%=004
6.630-004

-
= 25.4000 ma
= =1.0 aly
= t7.55 pai
- 539.00 R
=2

Recerd at, dev, = 2,50

1.15000000 kg/md
= Z6.340; Resn = TN

0.CATA; U-cor = -0.9975
0.0841; ¥e¢or = -0.9512

o0 =00

v v el
3148 0.000
J.060 0.000
2.887 ©.000
2.832 0.000
2.721 0.000

kelneg
2.47e-005
2.59e~008
2.704=005
2.014-008
2.92e~005

urfu‘y* u'iv® u_ek
0.033 1.1} 0.0M
0.023 1.t1 =-0.017
0.048 1.1) =0.008
0.024 1.1 6012
0.G32 1.11 0.006

diss rate Mo tay
$.18e+00) 12,1
T.56ev003 1324
6.38++003 1R2.%
5.45e+00) 1M3.2
4.Te¢00) 1335

PO = 24 psi

o mean flew; O Wiz frequency shife
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Input filsnsas
Sysbsr of pesitiany =1

Starting periticn = 7AT.C ma
Hesh langh “ $4.50 un
Static pressure = 13.23 pat
Traverse directisn = 1
Trantfers msthed -2
/e = 17.00
Cutliers reweved: Sample st. dev.
filsbal
nu = 1.560e-005 kgfim 1) H
Nach=p =  0.648; Rach=u = 0.483;

U=coaf = 0,007 U=szp = 1.0O7§;
¥-cos? « 0,01504; VY-spp = 1. 1952

pes
51.52
§3.27
83.37
85.02
.77
38,52
40,38
62,03
£3.78
45.53
T30

pre
$1.82
$3.27
8§3.27
E5.02
§6.77
Bu.82
40.23
$1.0)
3. 70
.50
&7.20

pes
1.52
13.27
$3.27
85.02
%1
§0.52
$0.18
$2.0)
$.78
45.53
47,18

Order

L B N B S RrC R - )

u
17430
335.0%
A0
225 .42
2.4
wr.0
wWw.n
120460
2.40
2.0
0.3%0

Uil
0.9
o9
o.m
o.M
C.985
o990
1.000
1.008
1.008
1.010
1.015

Paraastars

Humbsr ef receras

Incramen

14

Bormaliziag velscicy

Tetal pressure

Tetal temperaturs
Yeighting methed

= J.00;

Infarmatian
rhe = 1.150e+000 Xg/ml
 227.468; Re.m = 19070

U=saan
Ueaxp=ci »
Y=a2p-ci =

Ensemble Infermatian

anan  Racafarp}  IVallawg} nrejia
1000 T8 90.7 8.1
1000 1ns 0.3 a
%00 e 1.7 1.2
1000 1480 8.6 8.7
1000 1430 85.2 9.2
1000 13713 8.7 3.6
1000 o010 5.0 1.7
m 2381 .5 8.1
1060 89 0.0 9.0
1000 W ”ae B.1
1000 m 0.4 8.7
U ci st w'_cl ¥ Tl
0.86 1.702 D.0M 1.8) O.04
Q.05 J.452 0.03 1.8% 0O.04
0.05 3.816 0.0 1.7T3 0.04
.06 3).E86 0.006 1.70 0.04
0.05 3,476 0033 1.7T2 0.05
¢.06 3.4312 0.0M 1.T1 0.0
o.04 308 0.0 1.7 0.4
0.5 3.33) 0.010 1.74 0.03
0.03 3.312 0.037 2.0 0.0%
0.07 3.9 0.0 1.75 008
©.158 3,142 ©.027 2.00 0,06
u'zhn intsgrat tayler
2.726e=004 5.504-001 5.T7Te~004
2.8360-004  5.630-003 5.910-004
2.507e-004  5.634-003 E.91e-004
2.5260-004 5.77e-003 £.04e-004
23570004  5.900~003  £.170-004
2.2730-004  6.020-003 €.09e-004
6.158-003 £.42¢~004
2.1200=004  €.27e~003 £.52a-004
2.03Be=004  €.3%4-003 €.65e-004
1.9830-004  €.514-003 £, TEe-004
1.8530=004  €.620-003 €.8Te~004
Conmente

-1

® 25.4000 ma
s -1.0 a/s
= 17.55 psi
= 539.00 &
-2

Racard st. dev,. ¢ 2.680

0.0178; U-cer = -0. 9967
0.0339. ¥Y=gor » =0.988¢

w
3.340
3.354
3.
3.230
3.172
3.00%
3,083
.91
2.09%
2,877
2.744

Rec rej
]

O DDOODDD

R
n
-

BT

kelueg
2.450-005
2.510-005
2.51e-005
257005
2.82e~005
2.6Te=-D05
2.T2e-005
2.TTe=005
2.514-00%
2.068-005
2.%0e~005

uv/uty® wtiet uoak
0.004 t.11 -0.00)
0.017 1,09 -0.004
0,029 1.12 0.004
G.008 t.11 0.00%
0.001 1.10 0.007
~0.006 1.11 =0.0t2
=0.020 1.11 -0.0%0
=0.021 1.1} 0.0t
=0.014 1.13 o0.0t0
~0.02% 1.11 0.042
=0.045 1.15 0.004

diss rate Ra_tay
9.33s400) 142.8
B.E500+003 113.0
B.56s+003  142.9
T.87e¢00)  143.1
T.26a400) 1033
B.T2a+003 1435
€.2204003  143.7
5.83asD03 114.0
452400 144.2
§.0%s+00) 144.3
4.804+00) 4.4

“ DY = 4.6 {$21); C} = 6.2; PO = 24 pai
= 160 mm lems- at 45 degress te mean f1ow: O HHz frequancy shife
= At this peint. the practice of Tepeating & hole T check for repsatability

startad.

= Theaiz label: XSEb

Subssguent tests alss scattersd the measyring evder.
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u.tl
.
2.88
.88
.85
2.8
2.2
2.58
.92
.2
.83
.



Input Paramsters -
Input filenams = 1812
Bumbar of pesitisny = 3 Nuabat of recovds - 10
Starcing pesition - T4T.0 mn ln¢ramsnt = 25,4000 an
Aedh length * 14.50 mn Yormalizing velecity = -1.0 u/3
Static pressure » 13.10 pst Tetal pressure = 17.50 psy
Traverss dirsction =12 Total tesparature = 540.00 &
Transfors methed -3 Veighting methed -2
20/a = 0.00
Outliers resoved: Sample 3c. dev. = 3,00, Record o, dev. =  2.50
Global Informatisn
nu = 1.514e-005 kg/im s} s rhe = 1.14507000 Xg/ml
Rach-p =  C.64B; Mach-u = O©.686; U-mean = 226.862; Neom = NN
U=coef = 0.00005; U-eap = =0.1150; U-azp=ci = (.2044; U=cor = 0.3895
Y=coef = 0.00062; Y=exp * 0.3%03; Y-exp-ci = O.5788, ¥Y-gor = =0 9458

pes  Order nsam Ratslavg) Ifallavg} nrejlavg) Rec.rej
1. o 1000 293 3.7 i1.2 [
£8.52 1 1000 2103 1.6 13.0 Q
€3.78 2 1000 2890 40.9 12.3 [}
[11] Y U.oed LLA T 3 ) T Yl L LA L1
53.27 T4 004 2.310 0,036 2.40 005 2.608 0.00)
$8.52 228.88 0.05 2.090 0.027 2.46 0.09 2,552 0.001
€3.78 230.27 Q.04 21.15% 0.0M 2.48 0.05 2.5%0 ©.000
pes U/Un utdnug integral tayler keluog
£3.27  0.9%4 B.6094-005 ~4.13s-002 0.004*000 ©.004+000 =2.23e%002
E8.52 1.000 8.347¢=005 =4.56e=002

63.70  1.006 B.T9%e-005 =4.9%9-002

Ensenbla Infermatien

0.000+000  0.004+000 =2.098+002 a.
Q.006+000 0.00e*C00 ~1.9Tes002 0

we/utet utfet
-0. 17 o.m

u .tk

0.0)2
0.92 0.085
0.85 0,082

-0.328
=-0.203

dize rats  Ra_tay

Commsnts

=~ 0T = 4.6 (92%); €) = 6.2; PO = {7.5 psi

= 160 mm lens ar 45 degrees to mean flew: O RH: frequency shift

~ at plats, te check for background turbulence levelr at I7.5 pai,

= transformed resylts {may ba slightly incorTect. due te blus beam degradacion}

Inpu!

Ruaber of positiema
starting positisn

Bash
Stat

Travarss dirsction
Tranaforn mathed

10/m

Oucliers vemavad:

t filename

length
ic presiure

}

7
1

T
3

3

Sample st dev. =

Input Parameters

1523

AT.0 na
41.50 na
13.720 psi

Incrassnt

Number of recards

Farmalizing velecity =
Tetal prassurs

Total temparature
Neighting mathed

0.00
3.00;

Rach~p =
U=ciat = 0,00002;
¥=coa? = 0.00054;

1.614e-005 Xg/im s} '
0.4848;

Rach=u
U=szp

Y=e1p =

Glabal Infermatisn
The =
U-nean
U=azp=ci =
Tesxp=ci =

= 0.635;
= =0,389%;
0.3710;

pes
B3.27
£0.52
£3.70

pes
83.27
£8.52
63.78

pes
53.27
En.52
63.78

Ordsr OElm
0 1000
1 1000
2 1000

Rate{avy)

1447
1830
1120

u Ve u'

230,33
P8
™.

U/vs
0.9
1.000
1.006

0.03
0.0%5
9.0}

2.040
2.081
2,134

w2/

7.8510-005 ~1.274-001
B8,0T0e=005 =1.420~002
0, 378e~005 ~1.5Te=002

Ensentle Infermation

1vatavg)
43.9
44.3
2%.4

137
131
112

' el L)

0.040 2,41
0.046 2.82
0.042 2.89

Tl
0.05
0.05
o.08

integral taylar

=0T = 4.6 (21); € = 6.2
= 160 =B lsns &t 45 dagreas te msan flaw; O Wz frequency shife

= no plate, te check for backgreund turbulsnce levelr at 24.0 pai.

= transfermed Tusults (may be slightly incerrvect, dus cs Blus Bean degradatisnl

Kacerd st. dev, =

LI 1]

& 26.4000 ma
=1.0 /s
s 17.50 pai
= 340.00 2
-2

2.50

1.1450+000 kg/ad
= 33,70 Rem =
0.1592; U=cor =

221857
0.9911

0.5046; ¥=cor = =0.9381

nrejlavg)

'

2.815
2.587
2.56t 0.001

Rec_ 1§
0

LAY

0.001
0.004

Xolueg

0.008+000 ©.00e+000 -6.5%04002
0.000+000  0.000+000 =6.400+002
0.0004000 0.0004000 ~6.1%0+002

uvrfu'y' uttevt uok
=0.200 0.78 -0.00}
0,231 0.8t 0.052
0,267 0.83 G.,028

diss rate Re_tay
0.0
0.6
0.0

Connents
P o= 24.0 pri
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u.rl
2.90
3
32

w.tl
3.16
3.06
..



mmm . ———— - —— eev=== Japyt Paramstars

Inpuc filename = jiioat
Bushar 4f pesitiens 12
Starting pesitien T4T.0 mn
Hegh langth 14.56 ma

Iraverse directian
Transtern methed
z0/m

x

-
-

Jtatic pressure = 1331 pny
-
-

=2.00

OutlieTs remaved: Sample sr. dey. =  3.00,
Glabal Infermatien
R 10494008 Xg/im 2} i The =

Husber oI racerds

Increman

t

Termalizing velocity
Istal pressure
Tatal tamperature
Usighting methsd

Rath=p = 0.188; Rach-y = 0. 162 U-mean =

U=

of = 0.0207H; U-exp = 0.93%6; U-exp-ci =

¥rcosl = 0.00297; Y-exp = 0.4531; Veaxp-ci =

Eassabls Infermatien

pan Order nsam Ratefavg) 3I¥allavg) nrejle

E1.52 1 1000 [ 119 17.2
53,21 ¢ 1000 jLAL] 8.5
$5.02 2 1000 179 41 .8
$6.77 7 1000 1253 4.4
$8.52 ) 1000 1441 46.2
.28 8 1000 1540 4.1
82.03 4 1000 1m7 42.0
LI B ) 1500 1943 ity
a3 0 1000 1727 3.3
5.5y B 1000 1895 7.1
5.5 11 1000 1364 5.1
.28 W 1000 e w2
pes u U.ci ' ut el ¥

14.9

"
CHVOVIDD SO
WOk Y=gy

-

L 31

51.82 65,10 0.0 1.045 0.0t) 0.53 0.02
8327  EE.AT 0.0 1.0T% 0.017 0.44 0,02
55.03 B5.5)} 0.02 1.0T¢ 0.01F 0.81 0.02
56.77 55.41 0.0 1.081 0.014 0.5¢ 0.01
58.52 §5.47 0.0 1.0215 0.011 0.88 0.02
0,30 E5.T: 0.02 1.018 0.012 0.40 0.02

42.00 EE.%2 O
63.73 St.ae o
€5.8) B5.91 o
9
a
L]

.02 1.011 0013 0.6 0.02
.0 ©0.991 0.012 0.61 O.01
0 G.%5 0.010 0.50 0.02

1%

25.4000 mm

= =1.0 a2
* 1% 79 pna

£32.00 ¢
2

Racord st. dev. »  2.50

1.5000+G00 Xg/nd

55.666; Nam =«  TO239
0.9509; U-car = =0.9T740
0.0451; Y=car = =0.Hi04

gt

.
t.208
t.322
1,304
1.216
1.207
1.180
1.1n
1.1
1106
1.101
1.19%
1.153

Rec_Tej

0000000000+ D

v ch
0.001
0.0m
0.001
0.00)
€.001
0.601
0.001
- N--11
0.001
0.001
0.601
0.001

alasg
94005

B.#6a-005

$.0
6.4

5e~00E
Je~005

§.22e=008

&.)
£.3
.4

1a=00%
$e=005
Te=005

6.550~005
§.850~005
§.550~005
§.435-005

uvfur ut/v’ u_sk
~0.08% 0.08 0.0T2
0.014 ©0.38 0.03%
0.010 0.8% 0.048
6.03% 0.87 0.044
~0.003 0.85 -0.014
0.0)1 428 0.016
0.015 0.86 0.023
-0.010 0.8} o©.058
-0.082 0.81 0.00¢
0.000 0.8) 0,005
2.019 0.02 -0.002
0.022 0.04 0.009

diss rate
1. 2800002
1.20e4002
1.13e0002
1.07e+002
1.0104003
9.4004008
9.13e400)
8.88+4001
0.2542001
8.27e+001
8.2524001
T.0542001

As_tay
120.3
110.7
10.8
120.9
120.9
121.0
121.1
1.2
121.2
1213
1.2
1.2

65.8) E5.% 0.01 Q.37F 0.011 0.2 0.0%
£5.8) 55,83 0.01 0,98 0,012 0.5¢ 0.0
6r.20 B55.M 0.0 C.968 0.C0B 0.40 0.0t
113 Ve wrane integral tayler
§1.52 0.990 J3.73Te-004 1.0%4-002 1.3Te-00)
83.37  0.9% 3.Te-004 1.04a-002 1.2%0-00)
§3.07 0.997 3.753s~004 1.054~002 1.3a=003
E6.77  0.99 J.641e-004 1.07e~002 1.33e=003
58.52 1.000 3.3%1e-004 1.0%-002 1.35e-003
$0.28  1.001 3. M2e=004 1.10e=002 1.384-00)
62,03  1.00) 3.202e-004 1.122-002 1.38e=00)
$3.78  1.004 3.147=004 1.1J4=002 1.40e=00)
5.5 1.005 T.901e-004 1.154-002 1.42¢-002
65,53  1.006 2.009e-004 1.15e=002 1.42¢-003
$5.8)  1.005 2.100e-004 1.154=002 1.42¢~003
67,20 1,000 2.992¢-004  1.144-002 1.44s-003
Commants
=07 =.1.2 {24%); €) = 5.0; MO = 20.0 psi

= 150 mm lens; 40 Nz fraquency shift
=32 ® -1, by accident

2-companent results sbtained, but blus beam petfermance was pasr
= after thiz peint, enly 1=COMpENent REASUTSRARTE Nars sbtained. since the
blue beam reselts ceuld net be trusted

= Thesis labsl (U-results enly): RSib
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Input Paramagers =ess—---commmccoomcoaoo rmmvee
Input Tilename = jligx2
Nusber of pspitisns = 12 Tuaber of recerds = 15
STarting pesitien * T4T.0 ma Incremsnt = 35 4000 an
Resh langth * 14,50 == ¥ormalizing velocicy * =~1.0C /1
Static pressure = 19.3L psi Tetal prasiure = 19.7% pui
Traverse direccion = x Total Tezpsraturs = 532.00 0
Transfors sethed =2 Veighting meched -2
t/m = -8.00
Outliers remsred: Sample st. dev. = 3.00; Record st. dev. = 32.50
Qlsbal Infermacien
e 1_1490-005 Xg/{n x} i The & 1.500e+000 kg/ad
Rath=p & 0.188; Hach=u = 0,162; U-mean » 55.557; Ke_m = 70102
U~coat » 0.0234%; U-e2p = 1.0006; U-ezp=ci = 0.0333: U-cor = =0.9886
¥-cee? = 0.00000; ¥-ezp = 0.0000; ¥Y-aap-ci = 0.0000; ¥Y-cer = 0.0000
Enasable Informatian
pas Order asan Rats(evg) XV¥ellavg) nrejfavg) Rec_rsj
51.52 1 1000 i 100.0 1.4 !
5.2 & 1000 " 100.0 1.2 [+]
5502 2 1000 1028 100.0 1.6 ]
8.7 7 1000 v 100.0 0.6 2
LU I 1000 1388 100.0 1.6 i
§0.28 8 1000 wn 100,90 LY [}
2,03 4 1000 15 100.0 1.5 L]
3.1 9 1000 1270 100.0 1.3 o
.83 o 1000 Uy 100.0 1.3 0
5.5 5§ 1000 159 100.0 1.9 o
65.53 11 1000 m 100.0 0.7 L]
7.28 10 1000 186 100.0 1.8 L]
pos [ Vel [ LT 1 ¥ rY.ei ¥ owi_el uvfutvt utlvt sk
$1.53 B55.13 0.01 1.088 0,01 0.00 0.00 0.000 0.000 0,000 0.00 O.06%
53.27 55,26 0.0 1.005 0.002 0.00 0.00 ©.000 0.000 0,000 0.00 0.037
55.02  EE.42 0.02 1.06% 0.014 0.00 0.00 £,000 0.000 ©.000 0.00 ©.031
86.77 55.45 0.07 1.058 0.000 ©0.00 0.00 0,000 0.000 0.000 0.00 0.003
58,52 55.52 0.02 1.040 0.011 0.00 0.00 0,000 ©O.000 0.000 0.00 0.036
€0.280 85.45 0.02 1.034 0.019 0,00 0.00 0,000 ©.900 9.000 ©.00 0,020
2.0 55.6% 0.0 1.040 0.012 0.00 Q.00 0.000 0.000 0.000 ©0.00 0,035
€3.78 SE.74 0.02 1.0t6 0.010 0.00 0,00 0,000 0€.000 0.000 0.00 0.007
¢5.53 55.8¢ 0,01 0.9 0.012 0.00 0.00 0.000 0.000 0.000 0,00 -0.002
65.5) 55.86 0.02 1.00) .01 0.00 0.00 0,000 0.000 0.000 0.00 0.07)
€5.5)  B5.7» 0.02 1.002 0.011 0.60 0.00 0,000 0.000 0.000 D.00 0,060
€7.20 EE.@1 0,02 0.975 0.000 0.00 0,00 0,000 ©.000 0.000 0.00 O0.047
pos L w2 integral taylar xolmeg  diss rats Re_tay
51.52  0.992 J.Me<004 1.149=002 1.340-000 €.03e~-005 1.18a+002 127.8
53,27  0.995  3,055¢-004 1.160=002 1.364=C03 6.13e-005 1.0%a+002 3327.8
56,02  0.997 J3.726e=001 1.1Te-002 1.30s-00) 6.18e-005 1.04e¢002 137.9
S6.7T  0.990 3. 6400=004 1.39e-002 1.J9e=003 6.254=005 9$.85e+001 128.0
§8.52  0.999 3.512e-004 1.21e-002 1.420-003 6.34e=005 $.)se00t 128.%
60.38  1.002 J.3664-004 1.220~002 1.430-00) €.410-005 B S4ae001 120.2
62,03  1.002 3.341e7004 1.248=002 1.450-003 6.494=006 8.54e*001 120.)
83,78 1.004 3.3200-004 1.252-002 1.46e-003 £.3Te-008 B.1Tee001 128.4
65,53 1.005 3.154e=004 1.2Te=002 1.484-003 £.644-008 T.B1ev001 1209
€5.53  1.006 J.2200-004 1.27e-002 1.480-003 6.64e-005 7T.Z2ev001 120.5 -
65,53  1.004 2.227e=0040 1.274=002 1.48e-00) 4.64e-005 T.T9ee001 120.4
87.38  1.005 J3.051e-004 1.28e-002 1.50e~003 €.72¢-008 7.4404001 120.4
e €
= sams run as j13Bx} (previsus page}, but only L=ceBpSRent BaksuTemshts taken

= Thesis label: N51c
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Paramsters m————
Busber I recerds =15
Increment = 25.4500 an
Bermalizing welocity = =1.0 m/»
TIetal pressura - 19.46 pn}
Tetal Cemperatyrs = £33.00 B
Vsighting methed -2

= 3.00;

Informatisn
the = 1.532e+000 kg/al

== Input
Input filenans = jlisny
Nuabar of pepitiens = 11
Starcing pesicisn - T47.0 an
Wash langth = 14.50 ma
5Taclc prassurs = 18.67 pai
Traveras difectisn & 3
Transform methed -1
t0/m = -T.00
Outliers remsved: Sample at. dev.

Clebal

au e 1L 100e-005 Rg/{n 1) :
Nach=p =  0.252; Rach=u = 0.237; U-mean =

U-coaf = 0,01758; U-eap = O.9992; U-axp-ci =
Yecost = 0.00000; ¥Y-exp = 0.0000; ¥Y-exzp-ci =

pen
£1.82
$3.27
£6.02
5. 17
5.5
“w.n
€1.03
[ L0 ]
6.5
5.5}
5.8
1.1

pea
51.82
53.37
55.02
36.77
50.52
40.70
€2.03
$3.70
$5.5)
5.5
5.5
$7.20

pee
E1.82
£3.37
85.02
.77
$0.52
‘0.1
$2.0)
3.1
$5.5)
65.83
$5.83
§T.20

Ordar

-

O PO W ADWE AN R~

v
80.46
80.70
80.30
8.4
90.35
a1.24
.14
.40
.1
.24
1.4
n.40

U/l
0.9
o9
o.990
1.001
0.9
1.007
1.001
1.004
1.001
1.002
1.008
1.004

nean  Batefavg)

1000 b 1
100¢ . 1166
1000 1351
1000 104
1000 138
1000 957
1000 1ar
3000 1097
1000 1041
1000 508
1000 131
1000 in

U.cd u*

0.0 1.410
0.0% 1,387
0.0 1.9Mm
0.05 1.)47
0.0} 1.7
0.02 1.7
0.0) 1.8}
0.01 1.308
0.02 1.3E4
0.0 1,004
0.03 1,328
0.05 1.2M

ut2ful
3.108e-004
2.8800-004
. TH2e-004
T E3e-004
2.6910-004
2.436e~004
2.802e~004
2.676e=000
2. T84e~004
2.67080~004
2.650e=004
T.290e=004

Ensenble Infsrmstion
1¥al{avg} nrsjla

100.0 2.8
100.0 2.9
100.0 2.9
100.0 3.3
100.0 3.6
100.0 4.2
100.0 1.8
100.0 3]
100.0 2.7
100.0 4.3
100.0 31
100.0 3.1
u'oed LA Y
.02t 0.00 0,00
9.017 0.0 0.00
0.012 0.00 0.00
o.0t% 0.60 Q.00
0.02t 080 Q.00
0.01% 0.28 O.00
0.018 0.00 0.00
0.016 G.00 0.00
0.0tk .00 0,00
0.013 0.0 0.00
0.0t6 ©.20 D.OD
¢.011 0.0 000
integral tayler
9.030=003  1.12e~003
9.974003  1.13e-00)
1.018~002 1.tBe=00)
1.00a-002 1.16e~002
1.048-002  1.18e~003
1.054-002 1.194-00)
1.074=002 1.21e-003
1.084-002 1.22»-003
1.086=002 1,240-003
1.00-007 1.24s-003
1.094=002 1,232-003
1.11e=007 1.35e-003

Recard st dev, = 2,50

B0t.085; Rem = 99604
0.:0T4; U-car = -0.8978

0.0000; ¥=cor = 0.0000
vg) Rec.Te)

i

L]

0

0

0

0

L]

0

]

L]

L]

0
v ot ol uvfutyt ut/et sk
9.080 0,000 0,000 0.00 -0.006
0.000 0.000 0.000 0.00 =0.10)
0.000 0.000 0©.C00 0.00 -0.077
0,000 0.000 0.000 0.00 -0.0)3
0,000 0.000 0.000 0.00 ~0.087
0.000 0,000 0.000 0.00 0.002
0.000 0.000 0.000 0.60 -0.001
0.000 0.CC0 0,030 0.00 0.00%
0.000 0.000 0.000 0.00 ~0.0%2
0.000 0.000 Q.020 0.00 =0.01%
0.000 0.000 0.000 0.00 0.041
0.000 0.000 D0.000 0.0 0,000

Yelmeg  éiss rake ke tay

4.940-008 2, TTee02 1020
E.00e~305  2.63e+002 132.2
5.084-005 2.ECes002  132.)
E.12e=005  3.3%e4002 132.8
5.20e=006 2.258002 132.4
5.250=005F  2.1644002 . 332.8
B.33e=008  2.04e¢002 132.6
B.30a=005  1.%ee002 132,38
5.480=005 1.08e+002 1326
5.450-005 1.04ee002 1326
5. 44e-005 1.07e+002 12,9
5.510-005 1.78e0002 1320

= DT = 1.0 {361}; €) = 5.0: PO = 30.0 psl
= 140 = lsns: 40 NNz Zrequency shift
= Thesis label: H32
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Input
faput filenans = J11912
Number of pesitiens = 317
Starting pesitien ® 747.0 ma
Kesh langth = 14.50 ua
STacic pressurs * 19.45 p1y
Travarss dirsction  * x
Transforn methed L
0/m = 1.00

Parassters
Number of Tscards =15
Incremenc = 25 4000 ma
Hormalizing velesity = -1.0 a/s
Total pressure = 1979 psy
Total temperaturs = 538.00 R
Nalghting wethod .2

Qutlaars remeved: Sample st. dev. *  3.00; Recard er. dev. = 2.50
Glebal Infermatisn

nu = 1.166e-005 ¥g/(m 2) i rhe = 1.571e+000 hg/nd

Hach-p =  0.158; Hach=u * 0.160; U-mean ¢ 55.360; Ne_m = €072}

U=cae? = 0.02037; U-axp & 1.00%2; U-sxp-ci * 0.0338; U=car = -0.98235

Y-coef = 0.00000; ¥-ezp = 0.0000; ¥-exp-ci = 0.0000. ¥-cor = 0.0000

Entemble Information

pos Order nay Racelavg) Lvallavg) nrejlavg} Rec_re)
5152 1 1000 1161 100.0 2.9 []
53.27 & 1000 1518 100.0 2.1 ]
ES.02 2 1000 1520 100.0 2.2 o
BE.7T 7 1060 “n 100.0 0.5 Q
58.52 2 1000 1940 160.0 1.6 [}
6038 @ 1000 1843 100.0 £.7 L]
62.03 4 1000 1959 100.0 1.8 1
1.7 % 1000 1300 100.0 1.7 0
65.53 0O 1000 1659 100.0 1.8 [
65.53 5 1000 1585 190.0 1.8 ]
65.53 1t 1000 1406 100.0 1.9 1
&7.38 18 1000 b ] 100.0 1.4 t

[.L1] u Vel L LA ) L X1 v vt el av/utyt ut/yt uosk
61,52 55,00 O.0%f 1.079 0.013 0.00 0,00 0.000 ¢,000 0.000 0.00 0©.010
53,27  35.10 ©0.02 1.062 0.017 0.00 .00 0.000 0.000 0.000 0.00 0.035
55,02 55,07 0,06 1.060 ©.042 0.00 0.00 0.000 0.000 0.000 0.00 0.012
56.77 55.20 0.02 1.045 ©0.014 0.00 0.00 0.000 0.000 0.000 O.00 0.038
88.52 55,34 0.0 1.012 0.011 Q.00 G.00 0.060 0,000 0.000 0.00 ©.007
$0.20 55.47 ©0.01 1.009 0,018 0,00 0.00 0.000 0.000 0.000 0.00 0.C01
€1.0) 55.51 0.0 1.002 0.00%8 0.00 0.00 0.000 0.000 0.000 0.00 0.8
£).78 55,59 0,03 ©0.380 0.010 0.00 0.00 0.000 0.000 0.000 0.00 0.029
65.53 B5.55 0.02 O.set 0.012 Q.00 0.00 0,000 0.000 0,000 0.00 -0.033
€5.53 E5.64 ©.02 0.%/4 0.011 €.00 0.00 0.000 0.000 0.000 ©.00 -0.004
65.53  B5.6% 0.01 0.973 0.010 0.00 0.00 0.000 §.000 0.630 0.00 -0.001
$7.28 55,61 0.01 O.MA 0.009 0.00 0.00 0.000 0.000 0.000 0.00 0.04%
[ 111 ufim w2/ integral tayler kelueg  disy rate Re_tay
51.52  0.93) J3.852¢-004 9.54e=003 1.240-003 5.B84-0C05 1.34ee002 115.3
£3.27  0.995 J.71%e-004 9.70e-003 1.260-00) £.97e-005 1.264%002 115.4
85.02  0.9%5 J.T05e-004 9.B6s-003 1,38a-003 £.07s-008 1.17e4002 1153
$6.77  0.999 3.573e-004 1.000-002 1.30e-003 4.15e~005 1.114+002 115.5
EB.52  1.000 3.343s-004 1.02¢-002 1.32¢-003 £.3%-005 1.05e+002 115.¢
$0.28  1.002 3.313e-004 1.03e~002 1.3e~003 §.33¢~005 9.958¢001  115.7
$2.03  1.003 3.237e-004 1.054-002 1.34e~003 £.42e=003 9P.41e+001 115.7
$3.98  1.004 3.111e~004 1.064=002 1.30¢-003 4.50e-0053 0.92e+001 115.8
65.53  1.00) 3.146e-004 1.0Be=002 1.404=003 €.40e~006 8.42e%001 115.7
65.53  1.005 3.069e~004 1.000~002 1.406-003 6.590-005 B.44ae001 115.8
65,53 1.006 3.053e-004 1.08s4-002 1.39s-003 6.684-005F B.49e4001 115.9
67,28  1.004 2.910e-004 1.094-002 1.41¢=00) €.684~005 0.01e+001 115.0

)

160 mu lenz; 40 RHz fraquency ehife

Thesis latel: KSid

DT = 1.2 (24%): €) = 5.0: PO = 20,0 pui

sams cenditions as jliBx1 and j1l18x2, excepr x = O
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------------ “4mecussesammnm=== Inpyut
Input filspanme a jl2nat
Husber «f punitiens = 12
Svartiag panitien * TAT.0 ma
Eeah length  14.50 an
Static preassure - 11.85 psn1
Traverse direstish =12
Transfara sethad -1
Win = 0.00

Paramaters
Jumbar af recerds =5
Increment = 15.4000 mm
Normalizing velecity = =1.0 a/s
Tetal prasaurs = 18.67 ps1
Tatal tenparaturs = 531.00 K
Ve ighting methed -2

Qucliers remsved: Sample 4k, dev. & 3.00; Necord st. dev. » 1.50
Glebal Intermation

au s 1.517e-005 Xg/im 1) ; rhe = 1.078%e+300 kg/md

Rach=p =  C.B53; Wach~u ¢ 0.916; U-mean = 2%4.2736; Re.m = 201269

Us¢on? = 0.00075; Useap » 0.129%; U-exp-ci = 0.3320; U=cer = =0.0054

Tegoal = 0.00000; ¥Yee2p = 0.0000; ¥-ezp~ci = 0.0000; ¥=gor = 0.0000

B bie Iafersation

pes Order moam Ratelavg) L¥allavg) nrejlavg) Rec_rej
B1.52 1 ' 1000 3126 .8 3.8 Q
53.27 & 1000 3340 "7 5.1 -]
§6.02 2 100 3584 .9 9.1 ¢
47T 7 1000 3rsn .8 1.8 °
58.51 2 1000 194 " 1.y -]
d0.20 8 1000 NnsQ "%.0 1.2 o
6.0y 4 L1000 1B .0 10.9% ]
[0 B 1000 2364 ".i $.2 ]
5.5 0 1000 I "o %.1 9
€5.83 & 1000 Joke ”.7 8.3 ]
6.5 1 1000 4537 ”.7 8.9 i
g7.18 110 1000 1300 ”.7 8.7 0

|17 L] et LR L 3 1 LA 31 whoowtoel uviutvt utivt u_gk
BL.62 313.37 0.7 T.29¢ 0.18F 0.00 0.00 0.000 0.000 0.000 0.00 -0.03¢
51.37 305,11 0.34 €.800 0.176 0.00 0.00 0.000 0.000 0©.000 0.00 0.305
E5.02 X01.05 0.2¢ £.224 0.1%3 0.0 0.00 0.000 0.000 0.000 0.00 0.504
56.77 286.8% 0.18 5.7R6 G184 Q.00 0.00 0.000 0.000. 0.000 0.00 0.522
§3.62 294.29 0.10 5,767 ©.150 0.00 0.00 0,000 0.000 0.000 0,00 0,850
$0.78 074 0.17 E.4El 0061 000 Q.00 ©.000 0.GO0 0.000 0.CG0 0.J87
€2.03 2808.4% 0.1 L5.7T3 O0.1¥8 0.0 O.00 0000 0.000 0.000 0.00 0,372
€).7T3 2WE. 3 0.8 £.097 O0.090 000 000 0.000 0.000 0.000 0.00 0.10%
$E.6) UMa.40 0.5 $.208 0.0TE 000 000 0,000 0.000 0.000 C.00 0.20%
65,63 2M.25 010 6.7 0.107 0.00 O.00 £.000 0.000 9,000 B.00 0,365
$5.5) J84.03 0.20 £.323 O0.144 0.00 0.00 0.000 0.000 0.000 0.00 O.2M4
€7.23 280.25 0.14 £.43) 0.111 0.00 0.00 0.000 0.000 0.000 0.00 0.1T2
pey’ L) wn intagral tayler Xelmeg  disy rate, Ma_tay.
F1.62 1,061 B.47Ee~004 B.140=002 1.6Te=003 3.149~005 J.ESe*00) TI1.0
E3.2T  1.03T7 4.9R1e=004 B.40e=082 1.72e=003 3.23e=005 3.22e%003 T3}
EB.02  1.02) 4.200e-004 B.66e=002 1.76e~003 3.2%~005 2.980¢03 TIRS
EE.TT  1.C00 J.00%e=0D4 B.920=00% 1.80e=003 3.3Be~003 2.T6ee00) THI 4
B8.52  1.000 2.030a-004 5.104-002 1.B84a-003 3.41s-005 2.60ee003 750.0
€0.28  0.930 3.791e=004 $.430=002 1.87e-001 3.44e-00F 2.42e+00) 7B5.1
§2.03 0,991 4.0164-004 9.69e-002 1.91e~00) 3.51a-005 3.30ae003 T61.9
€3.78  0.973 4.5¥%a=004 $.04e-002 1.Me-00) 3.34a-005 2.17e+003  TE0.0
§5.53  0.967 4.382e-004 1.02¢-001 1.97e-003 3.80e~DOE 2.07ev00) TT4.B
€5.83  O.946 4.TH5e-004 1.02¢=001 1.9Ba~003 3.61e=006 2.04e4000 TT4D
0553 0.0 4.941e-004 1.02¢-001 1.9Te=~00} 3.£04-006 3.0Te+D03 TIE.1
§T.20  0.942 5.165a-004 1.05+-001 2.01e~003 J.64e=005 1.38e0003 T701.9
= DT = 4.7 (M1); CJ = 5.6; PO = 24.0 pai

= 243 sm lenp: 0 NNz frequency shift
= Thesis label: N32
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Input Parasetsrs mam-

tnput filsname « jidml

Bumber 0% peastiens = Number of Tecerds =5

Starcing pesition * TAT.0 mn Introment = 35.4000 a»

Hesbh Jongth = 14.50 ma Norsalizing valecity = -1.0 wfs

Static pressurs = 11.60 pai Tetal pressurs = 10.%0 pay

Travarae 4irsction = & Texal temperatule =50.00 ¢k

Yransfera methad =1 Vajghting method =2

x0/a e« 0.00

Gutlists remowsd: Sample st, dey. = 3.00. Recerd #t. dev. = 250

Glebal Intormation

fu ® 3,5040005 kg/(n 4) ; rhe = 1.008e¢000 kg/ml

Nach-p =  0.865; Hach-u = ©.913; U-wean = 293.002; le.m o 200395

U=ton? = 0.00000; U-exp = -1.9012; U=ezp=ci = 3 BI26; U-cer = g.n12

Yecoaf = 0.00000: ¥Y—erp = 0.0000; ¥raxp-c1 = 0Q.0000; V¥-cer = 0.0000

Enssnble Infermatisn

pes Order nsam Rate{avg} 1¥allavg} nrejlavg) Nec_vej
5437 0 600 3289 %9 12.4 o
d0.200 1 pLL %7 9.3 .6 o
5.5 2 %00 2880 ”%.7 20.4 ]

pes u Ucd L LA L | LI 31 v ow'_al uwfutet ute! ugsk wtl
£3.27 303,%% 0.%0 &.504 0,195 0.00 0.00 0.000 ©.000 0.000 0.00 9.336 J.1%
€0.28 390,70 0.26 €.509 0,231 0.00 0.00 ©0.000 0.000 0.000 0.00 0.3 J).2W
65.5) 2M4.39 0,50 7T.484 0,267 0.00 0.00 0.000 0,000 0.000 0.00 0.378 .04
pes Uitm w2/} integral tayler Xelweg  diss rats Re_lay
£3,97  1.037  4.58)e-004 =5.68a=003 0,004+000 O.004+000 =4.E6ae004 .0
40,20 0.992 5.01%e-004 =7,238-003 0.0044000 0.004¢000 -4.48e004 0.0
65.53  0.371 6£.932e-004 =8.510~00) 0.00e+000 0.000+000 =~4.50s+004 0.0

243 mn lanz; © Rz frequency shift
sams fonditions as jliomi

no Tiasd fraquency of prsude=sheck

10000 samplas/recerd taken for specttal ahalynis with FLOwars.

BT = 4.7 (945): €) = 5.6 PO = 24.0 pai

Aawsver,
ssciliacion wan evident.

= hers snly the first JODO sanples ate precessad dus te memery limitatisns

in m} pregran
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----------------------------- Input PaTamslers ===s=ssmroccssmcassrocsaorans

lnputl filshims s« Jin2

Busbar of paaitiens = b Buster #f Fscerds -5
Statviing panitien = 747 0 ma Incramant = 35 4000 mm
Hesh langth = 14 10 nm Nermalizing velatity = -1 0 mfa
ILALEL pressute + 11 &0 pat Tatal pressurs = 18.%0 p1s
Travefon ditactlon =y = 531 00 K
Teanabarm methed -1 Weinhting mathed -2

im « 00

Quiliers remavad Saspis 1t dey = 300, Record at. dav = 25D

seebssstscesiictacecisassasns Glabal Infarnation -
By e 1 404a=00% kg/ln s} . The % . 0B44s0CG kg/ad
Mathep = @ W43, Machsw = O 930, U-mean = 290 494, Ke_m =+ 20T2HO
Uscuaf © 0 QGO00, U-sap = O 0000, U-exp-ci = O 0000, U-cor = 0 0ODO
¥ecan? = 0 QOQOD. Yeeap = 0.000C, Yeexp-ci = 0.0000. ¥erer = 0 QOO0

~== Lntesbls Infarmation ===

pae Gyaer Rarvetlevg? Avablavg) nrejlangl Ree )

01 0 1004 LLH 106.0 4.4 L)

¢ on 1 1000 jR11] "we - ) Q

eoh 2 1000 FLE "y 5.4 L)

con 2 1900 1647 "y T4 [

[ 28 L S | 1000 [11] ".e L] -]

[ 1T] ] (I3 "R L 11 L B XYY v wi el uwfutvt utfv' gy gk
=0 ts IOy 47 40 B.31% 0.3 Q.00 Q.00 Q.000 0000 0.000 0.00 -0.M1%

-0 ok 301 0¥ 57 902} 0.1 @O0 Q.00 Q.000 O.000 0.000

(]

L] .60 0.159
000 W8 3% 010 TAW 0.0 000 OO0 O.000 O.000 0.000

]

]

.60 0.%551

[+]
L]

0oE MO0 2 B TAL 0381 Q.00 0.00 D000 O.000 O GO0 0.00 D.344
o

O1f WIEL 030 KGO 0.01T 000 OO D000 0000 0,003 0.00 O.0T0
(1] urIn intagral tayler almeg  dies rate  Re tay
BT ‘TMWe=00L  0.00s+000 0.000+0O0  0.00s4000 ©.00e+000 0.0
-0 o A1e-00L D Q000 ©.004+000 0 .00esDOD  ©.00+000 0.0
LY .B076-004  0.00ec000 ©.004+000 0.000%000 0.00we000 0.0
o on B2e~00L  0.00es00G 0.00as000 0.00e+000 0.00s+D00 0.0
LR Tibe=DOY  0.0C+Q0C ©.00a%000 0.00s+000 0.008+000 0.0

[ L

~ saNs Tue ar j13in}
= y-traverse te check tar Bameganaity
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weew==== lnput

Paramatars

{aput filename = j12113

Bumbar of pesitjans = 12 Runbar of racerds .15

STarting peyitien = TAT O ns Ineremant ® 25.4000 n=

Hesh length = 14.50 ma Barmalizing velecity = 447.8 w/s

Static pressurs =  6.01 psi Tetal pressurs = 1.3 pa2

Iraverss directisn = 1 Tetal teaperature = S38.00 1

Transfers methed =1 Weighting methed -1

0/m * 0.00

Cutliers remevad: Saspls 3T. dev. = 3,00, Recerd st. dev. = 2,50

----- Glebal Infermatien

pu = §.988e=005 kg/im ) L the = &.924-001 kyg/ml

Each-p = 1.47); Hach=u = 1.546; Usmean = 447.57); Re.m = J264BL

U=caef = 0.00001; U+axzp » -0.5634. V=szp-ci = 0.3556; U=cor = 0.3200

V-ces? = Q.00000; V¥~e1p = 0.0000; ¥-sxp-ci « 0.0000; Y-cor = 0.0000

Ensemble Intsrmatien

Pes Order naam  Rakslavg)  S¥allawg) nrsjlavg) Rac_re)
51.52 1 1600 nn 99.) 5.5 ]
3.2t % 1000 h1 4t} 99.6 4.1 1
85.02 2 1000 nis 9.7 9 [}
6.7 7 1000 1523 %.5 5.3 ¢
58.52 ) 1000 Q7T 98.2 5.3 o
.28 3 1000 T80 9%.5 4.5 ]
2.0 4 1000 1099 % .5 4.5 0
L2 00 | B 1000 2398 9.6 4.3 ]
65,53 © 1000 o 9".5 4.1 °
65,5 5 1000 158 ”"%.4 4.4 -]
€553 11 1000 aer 99.3 3.7 L]
47.20 10 1000 719 7. 5.t L]

pes v Uoel ur wr.ed L AN  wroch uvsutet ytSyt ok
§1.52 44731 0.10 3.291 0045 0.00 0.00 0.000 0.000 0.000 0.00 0.01Y
53.27 452,52 0.0% J.456 0.063 0.00 D0.00 0.000 0.000 0.000 0.00 §.004
55,00 453.61 0.0 3.435 0.04) 0.00 0.00 0.000 0.000 0,000 0.00 0.049
54.77 4671 0,07 3476 0.033 0.00 0.00 0.000 0.000 0.000 0.00 0.12)
53,52 441.%2 0.07 3.87% 0.058 0.00 0.00 0.000 0.000 0.000 0.00 0,156
60,20 449.70 0.05 3,192 0.039 0.00 0.00 0.000 0.000 0.000 ©.00 0.102
€2.0) 446,02 0.07 J.1T: C.081 0.00 0,00 0.000 0.000 Q.000 ©.00 -0,027
63,78 450.30 0.06 3.38% 0.009 0.00 0.00 0,000 0.000 0,000 0.00 0.07H
$5.53 445,82 0.0%8 J3.363 0.03) 0.00 0.00 0.000 0.000 0.000 0.00 ~0.078
86,63 446.42 0,07 3419 0.058 0.00 0.00 0.000 ©.000 0.000 0,00 -0.070
€5.63 446.71 0.09% 3445 0.051 0.00 0.00 0.000 O0.000 0.000 0.00 -0.063
§7.2¢8 441,03 0.09 4.005 0.087T 0.00 0.00 0.000 0.000 0,008 0.00 0.2t
pos v/om ut2/ul intagral taylor kelmog  dina rate  Re_tay
51.652  O0.9%9 5.4160-005 ~6.580-00) 0.00+000 0.00s¢000 =5,620400) 0.0
53,27 1.010 5.B43e-005 =£.87e-003 D.00e+000 0.00e+000 =5.734+003 a.6
§5.02  1.003 5.737e-005 =7.16e~00) 0.00e+000 0.00e+000 -5.89e+003 6.0
56,77 0.997 €.0060~005 =7.46e=003 0,00e+000 0.004+000 =5.368+003 0.0
E8.62  0.987 T.514e-005 =7.764=00) 0.00e+000 0.00s+000 ~5.12e+003 0.0
60,28 1.004 E.338e-005 =B.0Be=003 ©,004¢000 0,000+000 =E.33e+003 0.0
62,03  0G.996 5.0600-005 =D.354=003 0.00e4000 0.00e+000 =E.14a¢003 0.0
63,78 1.006 E.6020-005 =B.C64=003 0.004+000 0,008+000 =E.270+00) ©.0
6€5.53  0.935 E.6930-006 =0.964=00) 0.00e4000 0.00e+000 =5.0)a+D03 ¢.0
65,53 0.997 E.8CHa-005 =8.964=003 0.00s+000 0,004+000 =5.044+00) .0
€5.63  0.997 KE,355e~005 -B.964-003 0.00e+000 0,000+000 =5.04s*00) 0.0
67.20  0.985 B.25Te=005 =9.274-0C03 0.00e+000 C.000+000 =4.78e+00) 0.0

=0T = 4.9 (982): CJ = E.6; PO = 24.0 psi
= 743 mn lans; -40 WHz frequency shift

= Thesis label: 3Pia
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------------------------------ IRPUR PATAR4TATrS =-=---i-sscscsosasssesaniosas
Input filepame = Jidiad
Bumbar ef pagitisns = 17 Nunbar ¢f records - 15
Starting pssitien « 747.0 ma Incrament * 35.4000 am
Nesh lwength * 14.50 ma Tarmalizing velecity = 447.8 n/s
BLatil prebsule - £ BS pma Teral preasurs - .37 pns
Traveres directisn = 3 Total temparaturs = 840,00 R
Transfars methad -1 Welghting methed -2
0/m - ¢ 00
Qutlisry remsved  Sample 2t. dev. = 3.00; Recerd st. dev. = 2.50
e wem—————— wssr-c=~ Glebal Infermatien
hy = 2,009¢~005 Mg/im 5) i the = &.T8e-001 kg/ald
Nach-p = 1.497; Hach=u = 1.55), U-ssan = 440.117; Re.m = 221010
Urcon? = 0.00002; Uvsap & =0.3051; U-eap=ci # 0.3037; U=cor « 0.2150
¥-ceal = 0.00000, Y=eap = 0.0000; ¥=sap=cy = 0Q.0000; ¥=cer = 0.0000
Ensenble Infermatien
pon Order noas  Nats{avgl XVallarg) nrejlavgl Rec.re)
51.82 1 1000 1636 "n.7 4.3 1
$3.7r & 1000 1978 2.0 2.8 1
5.0 2 1000 i 3.6 R} Qe
65.7T7 7 1000 2564 33.5 4.9 [}
58.52 2 1000 AN 4.3 5.6 -]
40.2¢ 8 1000 2136 .7 4.3 ]
$1.00 4 1000 3720 9.2 4.5 [}
.78 9 1000 2169 9.7 3.9 L)
$6.5) o 1000 3313 93.2 5.2 [}
$6.5) & 1000 2396 9.2 3.9 ]
85,83 1t 1000 un 9.4 4.9 1
é1.20 10 ”"9 "s 8.5 5.3 L]
| 113 u Ul ut o oelel LA 1Y v owl el wvfuty' utie' ok
E3.82 447.86 006 3.3 D.040 0,00 0.00 0.000 0.000 0.000 0.00 0.046
E3.37 ABM.57 0.07 3.40% 0.030 0.0¢ 0.00 0.000 0.000 0.000 0.00 ©.07%
E5.02 484.48 0.07 3.529 0.040 0.00 0.60 0.000 0.000 0.000 0.80 ©.035
56.77 44732 0.08 3.291 O0.04% 0.00 0.60 0.00% O.000 0.000 0.00 0.052
58.52 441.15 0.00 3.78% ©0.084 Q.00 0.00 0.000 0.000 0,000 0.00 0,094
§0.32 449,30 Q.08 3.233 0841 0,00 0,00 0.000 0.000 0.000 0.00 0,108
€2.03 446.1% Q.13 J.146 0030 0.00 0.00 0.000 0.000 0.000 0.00 =002
63,73 45158 0.06 3.B8) O.040 0.00 0,00 0.000 0.000 0.000 0.00 0.017
45.63 44548 0.07 .40 0.0M 0.00 0.0 0.000 0.000 9.000 0.00 -0.072
S5.53 44E.T2 0.10 3.6%0 ©.043 0.00 0.00 D.000 0,000 0,000 0.00 -5,030
€6.B) 4t6.41 045 3.400 0.075 0,00 0.00 0.000 0.000 0.000 0.00 =0.01%
47,710 442,93 0.13 3550 O.001 0.00 0.00 0,000 0,000 0,000 0.00 0.066
pe Uitm whne intagral tayler kelmeg  disw Tats  Ne_tay
E1.EY  1.000 5.4B2e=005 =1.244-002 O.004¢000 0.00s+000 =3.160+00) Q.0
B3.27  1.08) €.3204~005 -1.29e~002 0.000+000 0.00e+000 =3.21e+003 0.0
55.02 1.0i5 4.0452-00F =1.334-002 0.00s+000 0,0041000 =), 1644003 0.0
56.77  0.999 E.410e-005 =1.)0e=002 0.000+000 10.00e+000 =2.05e+003 0.0
58,52 0.985 T.)B83e-005 -=1.434=002 0.00s+C00 0.004+000 -2,TTe+00) .0
40,20 1.003 5.183e-005 -1.484~002 0.00e¢000 0.00e¢000 -2,.050¢003 0.0
€203  0.9% A.9T2e-00F =1.EJa~001 0.0004000 0.0080000 -2,75e+003 0.0
€3.78  1.000 6.)00e~005 =1.E84-002 0,004+000 0.004¢000 ~2.THe+00) 0.0
5,53 0.9%5 6.TATe-005 -1.83a-007 0,004+000 0.006+000 =~2.640+003 0.0
5,52 0.935 6.061e-005 =1.63e~002 0,000+000 0.0044000 =2.642+003 Q.0
65,53  0.997 B.B194-005 ~1.83a-002 O0,00s+000. 0,00s+000 =2.65e+003 0.0
7,20 0.9%1  6.3990-005 ~1.68a-002 0,000+030 0.00s+000 =2.564+003 0.0
Comasnt)
= DT = 4.9 (981); C) = 5.6; PO = 24.0 pai
- 23 wa lenp; =40 NAz frequency shift
= sams canditisns as P23 {but differant Tun), £e check 20T Consistenty

= Thesis ladbel: SP1d
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= Input

Input filenase * J1251%
Numbar of pesitiens = 16
Starting peasatien = T87.0 an
HeEh langth * 14.50 mm
Staric pressure = 644 pai
Traverse dirsction = I
Tranifars ssthed =1

/e - 0.00

Outliers remaved: Sample st. dev.

dlebal
ng = 1.955#~005 kg/im 5} H
Wach-p =  1.412; Hach-u = 1.528;
U=ceat = 0.00T50; U=sxp = 1.1754;
¥-cesf = 0.00000; ¥=e1p = 0.0000;

Enswnble lnfermation

Patametefy ---=-=--==-=c= samssssssamaman
Bumber of recsTds 10
Increment = £.3500 mm
Tormalizing welocity = 447.9 w/s
Total prsmurs = 20.84 psy
Total cemparatucs = 540.00 R
Maighting msthed =2

s  3.00; Record T, dev. = 1.50

InZormation

rhe = 7T.211e=00% hg/ad

Urnean = 440.563; Re_m = 132672

Usarp=ci = 0Q.4936; U-cor = -0.2942

¥-axp=ci = 0.0000; ¥-car = 0.0000

pes  Drdsr nsam Ratelavg} XVal(avg) arejlavg) Rac.rey

.28 0 1000 1569 9%.5 4.0 o

54.39 15 1600 067 9.4 3.9 Qo

LTS W ) 1000 2003 99.6 3.3 o

55.15 2 1000 2109 99.3 4.7 Q

E5.59 3 1800 Frall 9%.3 4.8 9

56.03 4 1000 W 9.6 2.6 L]

56.47 S 1000 2352 9.0 3.n L]

Es.90 & 100v ;07 99.1 3.0 [

5. 7 1000 2982 n.e 5.7 o

5r.78 3 1000 75 93.3 4.8 9

58.22 9 1000 AN .2 3.6 o

58.66 10 1000 23 9.5 2.5 0

59.0% 11 1080 2103 9.4 3.4 L]

59.58) 13 1000 2609 9.3 4.1 0

£9.97 13 1000 2839 93.2 4.3 0

60.41 14 1000 e 9.4 3.6 0

pos v Uock ut outed * Y.l v owt el uvfute’ utiet uosk
54.70 455,97 0.13 3.M16 0.076 ©.00 0.00 0.000 0.000 0.000 0.00 -0.189
£4.20 455,93 0.09 J.562 0.085 0.00 0.00 0.000 0.000 0.000 0.00 -0.10)
B4.T1 454.29 003 J.558 0.075 0.00 0.00 0.000 0.000 0.000 0.00 -0.0)E
B5.15 454,73 0.08 3.499 C.045 0.00 0.00 0.000 0.000 0.000 0.00 -0.0M4
B5.5% 482.M1 0.1t 3,74 0.078 Q.00 0.00 0,000 0.000 0.000 0.00 =0.053
56,03 448.84 0©.07 4.009 0.064 O.00 0.00 0.60C 0.000 €.000 0.00 0.064
B6.A7 445.93 0.1) 4,085 0,054 0.00 0.00 0.000 ©€.000 0.000 0.00 0.1%4
56.90 444.99 0,00 4.213 0.071 0.00 0.06 0.000 0.000 0.000 0.00 0.154
57.34 443,47 0.13 J.BE5 0.052 0,00 0.60 0,000 0.000 0.000 0.00 0.29)
BT.78  444.9) 0.05 3.68) 0.034 ©0.00 0.00 0,000 0.000 0.000 0.00 0.17%
B8.22 445.76¢ 0.12 3.5% 0.066° 0.00 0.00 ©0.000 0.00C ©0.000 0.00 6.11)
58.66 44T .45 0.09 3,543 0.052 0.00 0.00 0.000 0Q.000 0.000 0.00 0.038
£9.08 448,95 0.13 3,637 0,144 0.00 0.00 0.000 0.000 0.000 0.00 =-0.010
$9.53 447,78 0.12 3,426 0,049 0.00 0.00 H.000 0,000 0.000 0.00 0.03}
E9.97 44T.27 0.10 3.49% 0,048 0.00 0.00 0.000 0.000 0.000 0.00 0.0M¢
80.4t A4T.E7 0.05 3.433 0.046 0.00 0.00 0.000 0.CO0 0.000 0©.00 0.00%
pas U/l w22 integral tayler kelusg  dins rate Re_tay

§4.25  1.018 €.64Te=-005 ).B0e=003 5.)36s~004 12.64e-005 1.54e4004 104.2

54.28  1.000 €.114¢-005 .B80s=003 5.36e-004 2.&4s~005 1.5Jes004  106.2

E4.7T1 1.014 6.140e~005 3010003 5.J9¢~004 1.4%4004  1046.0

S5.15  1.015 5.9120-005 1.82e-00) 6.41e-004 2.67T4-005 1.4Tes04 1080

55.5% 1,010 6.056¢-005 3.33e=00Y 5.44e=004 2.6%e-005 1.42e+004 105.6

56.03  1.002 T.984e-005 J.85e=003 5.4%s~004 2,72e~006 1.3Te+D04  106.1

B6.4AT  0.996 B.397¢-005 J.B6e-003 B5.5Ne-004 2.T4e=005 1.32¢+004 104.7

E6.90 0.9%4 0.9509-005 ).0Te=003 5.55e-004 2.T6e=005 1.2%+004 1045

57.34  0.991 7.592¢=005 3.08e-003 5.504-004 2.784-006 1.25e+004 104.)

ET.TH  0.49) 6.B54e005 3.0%e-003 B.40e~004 1.78e-005 1.244e004 1044

58,22 0.995 6,432e=005 ).91e-003 E.6le-004 3. 005 1.23e4004 1044

5066 ©0.999 6.274e~005 J.924-003 5.62e=004 2.79e-005 1.23e+004 1045

59.09  0.990 €.6520-005 3.93e=003 5.E54-004 2.81e-005 1.20e+004 1044

59.53 1000 E.B58e~005 3.M4e-003 5.662-004 2.820-005 1.18e+004 1044

59.97  0.999 6.1200-005 3.950=003 5.63a-004 2.03e-005 1.1TesD04 1042

£0.41  0.999 B5.853e=005 3.97e~003 5.Tie-004 2.34»=005 1.165a%004 104.3

e

~ DT = 4.9 (90%); Cf = 5.6; PO = 24.0 psi
- lens; =40 HEz frequency shift

=y = =0.4 cm by accident
= 1/4" traverse
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Seeesssmsem—en smmm—en emmannn lnput Paramster:
Input filspams - )13%a7

Number af pasitisns = 1% Susber of recerda - 10
LLarting pesitish * 802 O nn Increment = 1.5875 an
Resh length = 14.50 ma Bormalizing velacity = 447.9 a/s
STALIC pPressurs = £.27 pnx Total pressure = 21.1% psi
Traveras divectish @2 Tetal tssperature = 518,00 K
Transterm methed -1 Weighring mathed -2

ab/m = 0.00

Outliera resoved: Saaple st dev. =  3.00; Recerd st. day. = 2.50

Sttosiasttiomssrsmstsmmamm——— Glsbal Inforsacisn
hu #  1.%5)eC05 kg/ia 1} . rhe = 7.13Te-00: kg/ad
Nach=p = 1.440; Nach=u = 1.539; Urmsan = 448.34%; Rem = 122828
Us¢unt & §.00000; U-eap = -16.1933; U-srp=ci = 0.B8503; U=-cor = 0.8%2
¥Y-caat = Q.00000, ¥-eap = 0.0000; Y=exp-c1 = 0.0000; ¥=cor = 0.0000

Enzeabdls Infermation
pen Ordar nesa Rate{avgl 1A¥allavg) nrejlavg) Rec_rey
99,

.0 [} 1000 1796 3 4. ']
E5.31 18 1000 1568 $9.3 1.8 [+]
B5.42 [} 1000 182t 3.4 3.7 Q
55.5) 1 1000 17TR 9.4 4.0 0
B5.84 3 1000 1706 .6 4.3 [}
£5.75 4 1000 1307 $9.7 3.5 [}
Bh.e¢ & 1000 1938 .5 2.7 ]
55.97 [ 1 1000 20Ty .4 2.8 [}
is.o0 7 1000 nee 9.5 T.7 [}
56.1% q 1000 k3113 9.4 .7 [}
$s.30 9 1000 236 »a 2.8 [}
54.4r W0 1600 242 .2 3.7 [}
§4.51 11 1000 19460 9.0 4.1 Q
54,62 12 1000 1990 .1 4.5 -]
E4.73 1) 1000 110 .4 A7 -]
66.84 14 1000 1964 51.9 4.0 4]
B4.95 1E 1000 noe 9.6 2.7 Q
£7T.06 16 1000 41L5 9.6 3.7 -]
57,17 17 1000 2109 0.4 3.1 L]
pes v theh w'oyted ¥ Toedl v vt el ue/etvt y'/iet
BE.3t 454.8) 0.17 J.E85 0040 O0.00 ©.00 O.000 0,000 Q.000 Q.00
55.31 453,91 ©.08 3.822 0.080 Q.00 Q.00 0.000 0.000 ¢.000 0.00
E5.42 454,34 0.1 ).65% 0.040 0.00 S.00 0,000 0,000 0.000 0,00
55.E3 453,55 0.2 3.57T) 0.027 0.0 0.0¢ 0.000 0.000 0.000 0O.00
55.44 452,78 0,12 J.63) 0.0¥0 0.00 0,00 ©.000 0.000 0.000 Q.00
E5. 7 451.9% 0.11 3.0 0.045 0.00 D.00 0.000 0.000 0,000 0.00
ES.Bé 450,24 ©.10 J.¥3% Q.00 0O.00 0.00 0.000 0,000 0.000 0.00
ES.9T 449.42 0.07 4.063 0.06) 0.00 0.00 0.000 0,000 0.000 0.00
§6.08 440.3) 0.17 4.05) ©.080 0.00 0.00 0.000 Q.C00 0.000 0.00
E4.1% 447.97 0.11 4.0%7 0.0TT 0.00 0.00 0.000 0,080 0C.000 0.00
56.30 446.%3 0.12 4.722 0.07C 0.00 0.00 0.000 0.000 0.000 C.00
B5.4) 446,10 0,06 4.038 C.054 0.00 0.00 0,000 D.000 ©.,000 0.00
b.6t 446,20 0.0% 3.%84 O0.046 0.00 0.00 0.000 0.000 0.000 0.0
54,82 446.%2 0,12 3.929 0.080 0.00 0.00 0.000 0.000 0,000 Q.00
B6.7T3 44681 012 3.963 0.0 000 0.00 0.000 0.000 0,000 0.00
B&.B4 445.74 0.11 4.219 0074 0.00 0.00 0.000 0.000 0,000 0,00
BE.95 442,22 0,13 4473 0092 Q.00 0.0¢ 0.000 0.000 0,000 0.00
57.04 442,00 0,10 4.444 0.080% Q.00 0.00 C.000 0.000 0.060 0,00
$T.1T 442,27 0,13 4.844 0.0T2 Q.00 0.00 0,000 O0.000 0.000 0.00

uork
0.08)
Q.011
.010
-8.001
=0.020
=0.033
-0.021
0.005

0.05)
0.101
0.135
0.113
0.07¢
G.18)
0.070
0.185
0.209
0.013

pes Ve w'ann integral tayler kolmeg  dias tats Re_tay

B5.31  1.016 &.217e-005 =2,594=004 0.00ae000 0.00s+000 =1.75a+005
85,31 1.004 6.3774-005 -2,.6%4-004 0.00e000 ©.004+000 =1.T4e+008
85.42 1014 6.124e-005 =2.620-D04 0.00e+000 0.00¢+000 ~1,80#+005
55.5)  1.013 6.3004-005 ~2.684~004 0.004+000 ©.00s+000 =1.B4e+005
55.64 1.001  §.4400-005 =2.73e~004 ©0.000+000 O.00e+000 =-1.B%+005
85.75 1.009 6.5499-005 ~2.784-004 ©.00e+000 0.00e+000 <1.93e005
85,86 1.00T T.6284-005 =2.83e~004 0.0004000 0.00et000 =1.8300005
$5.97  1.004 D.175e~005 =2.00e-004 0.004+000 0.004¢000 -2.020005
56,08  1.001 B.176s5-005 =2.93e~004 0.004+000 0.00e+000 ~2.06e+005
B6.19  1.000 0.3T4e-005 -2.982-004 0.00e+000 0.004¢000 =2.120+005
56,30 0.998 B.932e=005 ~3.040-004 0.004+D00 0.C0s000 =2.1Ts+005
EC.4) 0.996 S.195e=008 =3.09e=004 0.00e*000 0.00e+000 =2.22e+005
B6.51  0.99¢ T.9T3e~005 =2.154=004 0.00s+000 0.00se000 =2.3%+005
S56.62  0.998 T.TMe-005 -).200-004 0.00e+000 0.00e4000 ~2.3Te+005
6.7  0.998 T.BEBe=005 =).260-004 0.004+000 0.0000000 =2.440+005
E6.84  0.995 %.3984=005 =2.320-004 ©0.C0e+000 D.00s+00D =2.432+008
§6.95  0.990 1.113e<004 =3.3Ta=004 0.00e+000 D0.00a+000 ~2.510+005
ET.068 0987 [ 105e~004 -3.430~004 0.000¢000 0.000+000 ~2,580+005
£7.17 09898 D.056e-004 -2.49e=004 0.004+000 0.006+000 -2.680+005
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243 ma lens; =40 HHz
¥y = -0.45 cm {laoked
1/16" travarss
Thesis ladsl: SPld

[ ]

Cazments
BT = 4.9 (98%); C) = S.6, PO = T4.D pa1
frequency sh1ZE

best to ger clean wave crossing)

Input P {14) -

Input filsnams = jiasady

Nuaber 8F posictisns = 13 Susber ef records =15

Startang pesitien = 747.0 ma Increment = 35.4000 an

Resh lsngth = 18.40 ma Normaliting velecicy = =-1.0 /s

Static pressure = 537 psi Tokal pressure = 21.20 psl

Traverse dirsction =3 Tetal cemparature = 534.00 }

Transform mathed =1 Veighting methad =2

10/m - 0.00

Outliers removed: Sample sC. dev. =  3.00; Record 3%, dev. = 2,50

Gletal Informacisn

e & 2.064e-005 xg/(n 3) Drhe = 64436001 kg/wd

Hach=p =  1.552; Hach-u = L.573; U-mean = 445.015; Re_m = 97876

U-cont = 0.01371; U-exp = 1.2910; U-sxp-ci = O.6124; U-cor = -0.4161

Y=casf = 0.00000; ¥=eap = 0.0000: ¥=-exp=ci = 0.0000; ¥=csr = 0.0000

B ble lnfermatien

pes Order nsam Ratelavg) 3X¥allarg) nrejlavg) Rec ref
40.60 1 1000 1108 9.9 3.2 1
.98 & 1400 iTee .5 1.2 1
43.26 2 1000 1562 "n.y 1.7 0
LTV L T 1000 1804 #%.1 4.3 L]
45.12 3 1000 1570 .5 4.5 [}
47.50 38 1000 1456 9.8 27 -]
a8 4 1000 1 "7 4.1 ]
50,2¢ 9 1000 FLH "”e 5.5 0
51.64 0 1000 139 LA ] 4.8 1
5164 B 1000 1677 1.5 4.9 q
1.4 11 1000 244 .7 5.0 L]
33.02 10 1000 423 8.0 5.9 o

pes 1] U_ek y*  w' el ¥  Y.ei L A v el uvfute’ u'fyt yoak
40.40 450.75 0.05 4.438 0.034 0.00 0.00 0.000  0.000 0.000 0.00 -0.269
41.98 446,62 ©.0% 5.840 0.070 0.00 0.00 0.000 0.C00 0.000 0.00 0.011
43,36 440.90 0.11 5,107 0.077 0.00 ©.00 0.000 0.000 0.000 0.00 0.241
4074 444,32 0,06 3.902 0.047 0.00 0.00 0.000 0.000 0.000 0.00 =0.0i1
46.12 44T7.82 0.07 J.0)3 Q.08 0.00 0.00 0,000 0.000 0.000 0.00 -0.092
47.80 432,37 0.05 2.9 0,052 0.00 0.00 0.000 0.000 0.000 0.00 =0.12)
49.838 4E1.83 0.07 4.087 0.037T 0.00 0.00 0.000 0.000 0.000 0.00 -0.132
£0,26 437.21 0.09 4.707T 0.085 2,00 0.00 9,000 0,000 0.000 0,00 0,151
S1.64 440.87 0.06 4.149 0.047 0,00 0.00 0.000 0,000 0.000 0.00 -0.078
GL.64 439.80 Q.07 4.166 0.042 0.00 06.00 0.000 0,000 0.000 0©.00 -0.14%
S1.64 430.11 ¢.08 3,972 0.03% 0.00 0.00 0.000 0.000 0.000 0.00 -0.175
83.02 440.37 0.0% J3.98% 0,052 0.00 ©0.00 0.000 0,000 05.000 0.00 -0.04%
pes Ufts wranR intagral tayler xelmog  diss rats Re_tay
40.60  1.039% 9.3524-005 4.134-00) 5.10e-004 7.36a-005 2.08se004 316
41,98 1.001 1.7114=004 4.184=003 5.20#-004 2.45e-005 2.46e004 11%.4
43,36 0.98%  1.343e-004  4.2)4-003 5.304-004 2.51s-00F 2.20e+004 11B.1
.74 0.956  T.T19e-005  4.200~00) 5.44a-004 2.554-005 2.0%a°00¢  110.0
46,12 1,004 7,340e=00% 4.33e=00) 5.50e~004 2.500-005 3.00e+004¢ 117.9
47.50  1.014  T.B11e=005 4.37Te=003 E.364-004 2.604-005 1.92e0004¢ 110.0
48,80 1.01) B.231e-D05  4.420=003 5.64e-004 2.454-005 1.79ee004 117.4
50,26 0.980 1.180e=004 4.460-00) 5.83e=004 1.T5e-005 1.53ee004 115.0
B1.64 0.38% 5.863e-005 4.50e-00) 5.87e=004 2.7Be-005 1.4Tec004 1151
51.64 0,906 D.96Te-005 4.50e=00) 5.88a-004 2.79e-005 1.45e+004 114.3
BL.64 0997 8.14%:-005 4.50¢=00) 5.074-004 2.78e-005 3.46e+00¢ 118.0
53,02 0.938 9.201e~005 4.55s-003 5.9Ee=004 2.820-005 1.30es004 114.€

=~ DT = .0 (100%); CJ = 5,6: PO » 25.5 psi
= 243 nm lens: =40 KHz frequancy shift

hele plate
= Thesis label: SPla

202

u.tl
2.8
2.6
3.8
2.9
.09
2.0
2.95
3.18
3.02
3.04
3.0%
3.08



smesmsecmccmmccmmmoman- wesess= fnput Parsmeters

Input filensas = 12514

Busber sf pesttiens = 16 Eunber of recerds - 10

Starting pesitien = T43.0 ma Incramant = £.J500 an

Nash length ® 10.40 pa Bormalizing welscity = 445.0 n/s

Static prassure = 5.37 psy Tetal prassure = 21.51 psi

Travarss dirsétien =2 Tetal semparature = 50.00 R

Transfers methed =1 Welghting aethed -2

10/m - 0.00

Dutlisrs zemewsd: Sample 8%, dev, ¢  3.00, Kecord sr. dev. « 2.50

Glebal Infermatish

nu = 2.045-005 kg/im ») : The = 6.415e-00t xg/a}

Nach-p = 1.560; Kach-y = 1.502; U-mesan = 44T .462; Ro_m = 402648

U-coea? » 9.39064; U-eap = 3.0T54; Usaspeci = O.E844; U-cor = =0.560)

Y=cest = 0.00000; ¥-eap = 0.0000; ¥-epp-ci = 0.0000; ¥<cor = 0.0000

t bis Informatien

pes Order noas Matelavg)l AVallavg} nrejlavg) Nec ref
6.3 O 1000 196 5.8 1.4 ]
0.8 16 1000 1488 9.6 2.7 i
W 1 1000 1737 ”.7 2.9 0
a.07 3 1000 1B3% ”.2 3.3 0
a0 2 1000 211 .8 1.4 0
a.m 4 1000 JETR 9.6 3.2 L]
2.1 b 1000 ar .1 2.8 0
12.45 ¢ 1000 wnet 5.1 2.3 L]
9.5 7 oo W LY £.2 L
43.14 2 1000 22058 18.3 3.5 Q
43.4% ¥ 1000 2955 "w.s €.0 0
43.83 10 1000 1143 .3 5.5 L]
LY i} 1000 TN 0.5 5.1 ]
4.5 12 1000 270 .5 3.0 [
44.27 1) 1000 2697 1.8 1.5 -]
45,2t 14 1000 nis n.s 1.4 [}

pos 1] U_cl ' wt el LI 1Y w' et el uvfutvt utfet yak
40.30 4ET.47 O0.06 4.270 0.057 0.00 0.00 0.000 0.000 O.000 0.00 ~0.22%
40.38 456.56¢ 0.04 4,427 0062 0.00 0.00 0.000 0.000 0.000 .00 =0.146
40.73 4ABD.B4 0.08 4.34) 5,04} 0.0 0.00 0.000 0.000 0.000 0.00 -0.355
41.07 439.95 0.10 4.407 D.082 0.00 0.00 0.000 0.000 0.000 0.00 ~0.286
41.42 45451 ©.09 4.T4F 0.034 0.00 0.00 0.000 0.000 0.000 0.00 -0.207
41.76 449.11 C.1F 4041 0.054 0.00 0.00 0.000 0.000 0.000 0.00 -0.042
42,11 444,01 ©0.13 4.BE8 O.048 000 0.00 0.000 ©.000 0.000 0.00 0.377
42.45 44597 0.00 4.129 O.047 0.00 0.00 ©.000 0.000 0.000 0.00 0.179
42.00 444.04 ©.13 4.300 0.055 0.00 C.00 ©.000 0.000 0.000 0.00 O.185
4334 440 0.1 4T 0.0 0.00 0.00 0,000 0.000 0.000 C.00 0.438
43.4% 441,44 0.0B 4.108 0.052 0.00 0.00 0.000 0.000 0.000 0.00 0.204
42,83 44046 0.1} 4.145 0,09 0,00 0.00 D000 0,000 0.000 0,00 0,140
4418 442.2) 005 3869 0.0%3 0.00 0.00 0.000 0,000 0,000 0.00 0.110
44,57 444,74 0,08 ).769 O.042 0,00 0.00 0.000 0,000 0,000 0.00 0.052
44.87 443,05 0.1 3.T3) 0.038 0.00 0.00 0.000 0.000 0.000 0.00 0.07F
45,21 44447 ©.08 3.62¢ O.CAZ 0.00 0.00 0.000 0.000 0.000 0.00 0.056
pes V/vm urfu2 integral tayler kelmsg  diss rate Re_tay
40.38  1.028 0.710=005 1.67#=003 3.2%-004 1.914=006 &.42ee004 T6.4
4008 1,026 9.408e=005 1.67e=003 3.2%-004 1.910=00F §.38e+004 T6.3
40.73  1.031 5.981e~00F 1.674=00) 3.30¢-004 1.92¢~005 ¢.25e+004 75.8
4307 1.0 9.186s=005 1.884=003 3. Me=004 1.94e~005 §.0Be004 8.2
41,42 1.021 1.101e=004  1.65e-003 3,344~004 1.97¢-005 5.87e+004 ".2
41,76 £.009 1.167s=004 1.64e=003 3.37e=004 2.00e=005 B5.2%e¢004 1.
42.11  0.990  1.197e-004 L1.64¢-003 J.41e-004 2.044-005 4.9%5e+004 T2.0
42,45 1.002 0.5T7e-000 1.630=00) J.414-004 2.054-005 4.B3ee004 1.6
42.20  C.998 9.302e-005 1.62e=003 3430004 2.070=005 4.6Jas0M 0.0
4314 0991 1.25%e-004  1.614=003 3.464~004 T.100-005 4.3%ec00H T0.0
43,49 0,997 B.#4Ta=005 £.61e=00) 3.4Te~004 2.12e-005 4.2Tev 004 0.5
43.8) 0950 B.8d5e~005 1.604~00) J.40e-004 2.14e-005 4.10e+004 e
4410 0.9 T.44%9-005 1.5%-003 3.50e=004 2.154=005 4.0Ze+00A .4
44.57 0999 T.188e-008 1.5%4-003 3.EQe-001 2.16e-00F 3.9Ee+004 e
44,87 098 T.061e-005 1,58a-00) ).53e-0D4 2.1Be-005 3.30e+004 7.4
45,21 0.9%% €.65Ba=005  1.BTe~003 J.52e~004 2.1%0-005 3.Tie+004 7.0

[+ { ]

- DT = 8.0 (200%); C) = B.6; PO « 25.5 pn1

=~ 243 wa lens; =40 KNz frequency shift

= Large-Rels plate
=y = =0.4 cu by accident
= 174" traveTms

u.tl
2.1%
2.8
2.5
2.1
2.79%
2.1
.00
2.89
.95
3.1
3.0
3.4
3.00
.9
.M
2.91



laput filenase
Iyaber of pesitl
Starting positie
el langth
Static pressutre
Traverss directi
Transfoers assthed
0/e

Outliers removed

bH}
2%
5
18

ans
n

on %

L]
1 Sample

Input
¥{13])

6.0 an
AU &
5.39 pat

.00
s, der,

ny *  2.102e-00%

kg/im #}

Glebal

Kach=p &  1.551: Hach=u = 1.B6Y;

U-cost = 9.11160
¥=¢uet = 0.00000

3 Umeap =
i Yeaxp =

1.8634;
©.0000;

pes  Order nsam
1.09 o0 1040

Ratelavg
2305

41.09 3 1000 ne
aar 1 1000 2405
4126 2 1000 At
4136 )} 1000 2787
.43 4 1000 g bl
41,52 & 1000 T
41.60 & 1000 359
aw.é 7 1060 N
41.18 B 1000 Jae2
mn.e 9 1000 byl
41.95 10 1000 410
2.0 1 1000 aTne
42.12 12 1000 4460
2.1 1) 1000 m?
A2.2% | 1000 I
42,38 15 1000 1299
42.47 18 1000 s
42.65 17 1000 1272
42.84 19 1000 T4
42.73 1% 1400 3408
42.81 20 1000 an
42,90 1000 187
2.9 2 1000 4500
43,07 23 1000 1872
43,16 N 1000 amn
pes u U.ch '
41.00 455.84 0.1 ).500
A1.09 481.69 D.12 4.075
41,17 455.57 0.07 J3.970
41,26 455,26 G.17 4.0M4
41.35 45).9% 0.08 4.480
41.43 452,68 0.1 4.858
41.52 451.10. 0.11 4.983
41,60 44507 0.09 5.084
41.69 A46.61 0.aB 5.557
41.78 444,13 0.13 5.0
41,86 442,74 014 BN
41,95 442,75 0.18 E.396
42.04 442,74 0.10 4,955
42,12 442,57 0.13 A6
42,21 443,00 0.14 4.304
42,29 440,70 0.1 4.8
42,38 444.5) 0.10 A.086
42.47 444,33 0.08 J.MO
42.55 446.0% 0.12 4.660
42,64 444,70 0.07 4,253
42,73 4a%.44 0,05 4.1
42,81 442.26 0.13 4.258
42.90 0,83 (.30 4.42)
42.99 439,57 0.0% 4.399
43,07 433,18 0.1 4.350
4).16 442.01 0,30 4.508
ot Vil u'anR
41,09 1.022 7.322-005
431.09  1.035 7.B0)e-00S
41,17 1.02t T.5%6e-00S

41,26 1071 B.093e-005

41,35 1018 4.6
4143 1,045 1.

Sde-005
53e=004

Ennsmble Infarmatisn

Paransters

Husber of racerds =18
Increment * 1.5875 as
Tormalizing velecity = 446.0 /s
Total pressure = L.¥pna
Total ta ature = 540.00 R
Weighting methed -2

«  3.00; Recerd at, dev, = 2,50

Infarmatisn

rhe = 6.390e~001 kg/nd

Uemsan = 445.904; Re_m = 390295
U=axprci = 0.0000: U-cor = ~0.1177
¥rexp-ci = 0.0000; ¥-cor = 0.0000

) T¥Aliavg) nrejlavg) Rec_ts)

9%.9 3.4 0

9.7 4.3 [

9.9 2.7 ]

99.% a [

99.% 1.7 ]

9%.0 1.3 0

9%.8 1.4 °

.5 2.3 [

9.7 1.2 [}

.3 2.2 [

9.5 2.5 ]

9.3 4.7 ]

9.3 5.6 ]

9%.4 T4 o

9.4 Ta )

9.5 6.7 ]

1.4 5.5 ]

9.6 4.8 -]

”.t 4.3 0

"4 1.7 L]

"4 4.0 o

.4 6.7 [

" 6,2 ]

"2 8.6 [}

.1 8.5 ]

9.4 8.6 0
wioek ¥ Yoel vt wi_cl wefutvt wt/et uak
0.045 0,00 7,00 0.000 ©.000 0.000 0.00 -0.039
0.0 0.00 0.00 0.000 0.000 0.000 0.00 -0.33)
0.048 0.00 0.00 0,000 0.000 0.000 0.00.0.005
0.068 0.00 0.00 0,000 0©.000 0.000 0.00 -0.008
0.047 0.00 0.00 0.000 0.000 0.000 0.00 =-0.028
0.101 ©6.00 0.00 0,000 0.000 0.000 0.00 =-0.021
0.066 ©.00 0.00 0.000 0.C00 0.000 0.00 0.044
5.08) 0.00 0.00 0.000 0.000 0.000 0.00 0.112
0.067 0.00 90.00 £.000 0.000 0.000 0.00 0,14%
0.t00 0.00 0.00 ©.000 0.000 0.000 0.00 0.307
9.13% 0.00 0.00 0.000 0.000 0.000 0.00 0.42%
0.108 0.00 0.00 0.000 0,000 ©.000 0.00 O.EN
0.118 0.00 0,00 0.000 0,000 0.600 0.00 0.550
(0,128 0.00 000 0,000 0.000 0.000 0.00 0.4B4
0.085 0,00 0.00 0.000 0.000 0,000 0.00 0.461
0.055 0.00 0.00 0.000 0.000 0.000 0.00 0.431
0.090 0.00 0,00 0.000 0.000 0.000 0.00 0.192
0.057 0.00 0.00 0.000 0,000 ©.000 0.00 ©.27%
0.067 0.00 0.00 0.000 0.000 ©.000 ©€.00 0,302
0.073 0,00 0.00 0,000 0.000 0.000 0.00 0.371
0,074 0.00 0.00 0,000 0.000 0.000 0.30 0.3
0,089 0.00 0.00 0.000 0.000 0.000 0.00 0.34€
0.074 0.00 0.00 0,000 0.000 0.000 0.00 0.208
0.130 0.00 0.00 0.000 0.000 0.000 0.00 0.255
0.062 0.00 O.00 0.000 0,000 0.000 0.00 0.247
D064 0.00 0.00 0,000 0,000 0,000 O.00 0.351
intagral tayler Relmag  diss rate Re_tay
2.834-003  4.33¢-004 2.2720=005 J,05e+004 ”n.3
2.83¢-003  4,30=004 2.204=005 4.00s004 ”.3
2.034~003  4.33e=004 2,22e-005 3.Finc004 8.2
2.840-003  4.340-004 2,230-005  J.T3e+000 0.1
2.040-003  4,350-004 2.239-00F 3.THeeDH ne
2.0467003  4.36a-004 2.240-005 3.6Ba003 e

204

u.tl
2.%0
.8
2.88
2.88
2.18
2.713
.85
2.72
2.6
2.78
2.9
an
3.7
3.48
3T
an
312
3.05
1.9
3.0
3.20
3.14
3.3¢
M
am
3.3



11
L1}
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L1
41

41.
42.
42,
13.
12.
12.
42.
42,
2.
42.
42.
42.
43
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L¥]
0
A9
T
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"»%
-1}
12
n
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3
17
ES
£4
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L 1
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18

OO0 00000 DODOO00 O R M-

043

oo
(-1
e
"
293
"
"
”
2”5
"
”s
”e
”r

9

192
"3
"

B LF
.1

Y R N N N N N ol T eyt

L421e-004
-2T0w=004
549e-004
(T4 Te=004
6140004
.407e-004
L 2550=004
123e-004
5Ble-00%
I06e-00%
460e-00%
926+-008
0¥7e-004
1558-005
€53a~005
202e-005
00Ta=004
004e=004
4130-005
.040+-004

Bl b R R R R R AR M R AR R RS Y

= 243 ma lens; =40 KNz frequenty ihift

84e-003 4.37«-004
bHe=003  4.)0e-004
544-00) 4 .40e-004
B4a-003  4.42a-004
849-00) 4 43e-001
84-003  4.40e-004
840-00) 4. 440004
Q40003 4 A0
04s=003  4.450-004
049=003 4. 450004
Bae-003 4. 454004
Baa-003  4.454-004
B4e-003 4. 454004
B4e-003  4.464-004
A4e=00)  4.47e=004
B4e=G03 4. 4Ba-004
24e-00)  4.4%¢-004
B4e=00) 4. 510004
H4e=00)  4.52e-004
.340=00)  4.500-004
Commants

254005
26e~005
2Te-005
29e-005
30e-005
Ha-005
30e-005
31e=005
31e-005
3e-c0S
J3le=C05
-31e~005
L3le=005
d2e=C05
Ae-005
Me-005
.3e-005
I50=005
2. 360005
T.350-005

N NSRS NN DY

3 6787004
). 5544004
ATat00A
3392004
J4e+004
.Y2ne004
30es004
L28es001
2Te4004
684004
2604004
2544004
3.24e4004
3. 2104004
31784004
J.128004
3.0Bes004
3.03e+004
2.98e+004
3.05++004

97.
97.

%

4.
.

96
£

5.
95,

"%

5.
95.

L
95

5.

»”s
H

.

b L]
H

DT = 5.0 (1001); €I = 5.6, PO = 25,5 pui

= Large=hels plats

=7 = =0.65 n {te

1716 traverss
= Thanis labal: SPXc

get clean wave cressing)

BAUD LN TN O e



...... Tnput Paramesars

Inpuc filename = J136x2

Nuaber &2 positions = 16 Bumber of records =10
Starting pasitien = 43.0 =» Incramsnt = §.3500 ma
Kesh length = 13.40 ma Normalizing velecity » 446.0 a/s
Static prezsure * 5.3 pmy Total pressurs = 3.2 pmi
Travarse direction =13 Total tempaTature = 5)7.00 R
Teanitorm methéed -1 Waighting methed -2

0/m = D0.00
Oucliers rekovsd: Sasple st. dev. =  3.00; HRecerd st. dev, * 2,50

Glabal Intormatien
Ay = 2.087¢-005 kgfim 3) s rhe = £.4100=001 Rg/ad

Kach=p =  1.54%; Rach-y = 1.576: U-mean = 448,454 Re_m = 395462
U~caef = 2.23205; U=azp = 2.7083; U-sxp=<i = 0.0795; U-coar = -0.3T46
Y-casf = 0.00000; Y-exp = 0.0000; ¥=sxp=ci = 0.0000; ¥-cer = 0.0000

L bie Informatien
pen Order nsan Ratelavg? JIVallavg) nrejlavg} Rec rej
100 2.4

0.8 0 1000 2274 L]

40.38 1§ 1080 63T 93.9 4.3 0

40.73 1 to00 2283 100.0 s °

41.0r 2 1000 nn 9.9 2.7 -]

41.42 3 1900 e} 9.9 3.4 [}

41.7% 4 1000 M4 .7 1.0 T

4rar 5 1000 50 99.3 4.9 Q

42.45 ¢ 1000 356 9.8 1.9 ]

42.%0 7 1060 |12 9.8 8.4 0

.14 8 1000 M6 9.2 .2 0

.49 9 1000 s 9%.2 3.5 0

43,88 10 1000 4269 99.5 5.7 [

4.1 11 1000 Aste 99.6 1.0 -]

44,52 12 1000 3926 ".7 1.7 [}

44.27 13 1000 12} 9.6 5.2 Q

5.1 14 1000 pAri] 9.7 1.7 o

pos LU TR 21 ut oyt et LI 31 v' vl ch uv/u'vt utfvt uask w t)
40,38 459,72 OG.11 4.154 0.077 0.00 0.00 0,000 ©.000 0.000 0.00 -0.249 2.8
40,30 450,62 C.0B 4.147 ©0.035 0.00 0.00 0.000 0.000 0.000 0.00 -0.7M4 12.85
40.73 462.06 0,00 4.118 0,072 0,00 $.00 0.000 0.000 0.000 0.00 =0.36) 21.92
© 41,07 440,82 0.1 4,036 0.03¢ 0.00 0.00 0.000 0.000 0.000 0.00 -0, 210 23.73
41.42 457.07 0.07 ).964 0,041 0.00 0.00 0.000 ©0.000 0.000 0.00 -0.053 2.89
41.7¢ 4488 0.1F 5,910 0.092 0.00 0,00 0.000 06,200 0,000 ©.00 0.05% 2.5
42,11 443,46 0.0% 4.936 0.078 0.00 0.00 0,000 0.000 0.000 0.00 0.39% I
42.45 448.08 Q.11 4,107 0.082 0.00 0.00 0,000 C.000 0,000 0,00 O.174 2.37
42,00 442,86 0.10 4.34) 0,112 0.00 0.00 0.000 O.000 0.000 0.00 0.278 I N
43,14 440,42 0.5 4.415 0.0% 0.00 G.00 0,000 0,000 0.800 0.00 0.235 3.4
4).49 440.48 0,08 4.174 0.085 0.00 O.00 0.000 0.000 0.000 0.00 0.176 3.0
43,83 443,03 0.08 3.73T 0.064 0.00 0,00 0.000 0.000 0.000 0.00 ©.111 .07
44,10 445,07 ©0.1) 3.Te0 O.045 0.00 0.00 0.000 0.000 0.000 0.00 ~D.016 2.92
44,52 445,30 0.05 3.6)7 0.05) 0.00 0,00 0.000 0.000 0.080 Q.00 0.010 2.0
44.97 445.78 0.08 644 0.05¢ 0.00 0.00 0.000 0.000 0.000 .00 -0.010 2.0%
46,21 447,17 0.07 3.71% 0,05 0.00 0.00 0.000 0.000 0.000 0.00 -0.074 2.89

pes uits utdne integral tayler kelmeg  diss rats Re_tay
40,30 1.0)1 E.171e-005 1.83a-003 3.EJe=004 2.034-00F §.30e+004 IT..
40,38  1.031 B.143e-005 1.03s-003 3.E3a=004 4.CHe~00b 5.20e+004 .6
40,73 1,006 T7.950e-005 1.820-003 3.53e-004 2.04e~005 5.21e0004 T3
41,07 1,033 T.679e-005 1.32e-00) J,584-004 2.08e~005 B5.00av004 76.6
41,42 1.025 7. 487e=005 1,81a-003 3.EBe~D04 2.00-005 4.TdesD04  75.8
41,76 1.005 1.T44e=004 1.004-003 D.63e~004 L.14e=005 4.330+004 T4.5
42,11 0.9 1,240e-004 1.80e-003 3.8Te~004 2.17e-005 4.07e+004 T3.8
42,45  1.000 B.4B2e-005 1.79e-00) J.6T4-004 2.1B4-005 4.C2e¢O04 T3.3
42,50 0.993 $.833e-005 1.799-003 3.70e=C0& 2.21e~006 J3.02e+004 15
43.t4 0,987 1.006e-004 1.78s~00) 3.T3e=004 2.2)4~0056 3.64s+004 n.s
42.4%  O.88% 8.774s~005 1.784=003 ), T4e=004 2.25¢-005 3.54e+004 T3
43.83  0.993 T.1199-005 1.7T7e=003 J.T4e-004 2.28e~005 3,50u+004 TL.1
.08 0,938 T 2300005  1.TTe=002  3.754-004 2.27e-005 J.44e+004 70.7
44.52 C0.998 £.675e=L05  1,764-003 3.T6e=004 2.28e-005 J.35e004 70.3
44,87  0.998 €,700e-005 1.T76e~003 3.784-004 2.308-005 3.26ae004 3.0
45,21 1.003 €.9%0e=005 1.76e-003 3.79e=004 2.31e=005 J3.2iec004 4.5

Comments
~ DT = 5.0 (100%); €) = 5.6; PO = 35.5 psi
= 243 mn 1en3; =40 NNz frequency shift

= Large-hels plate

~ same conditiens ms j125x4. but y=0

= 1/4" tTamerse

= Thesis label: SP2b
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Input
Input filenans = 11762
Tusber of pazitisns = 1§
Starting psaitien * TOT.0 an
Nesh length = 14.50 ma
Static pressure = 543 pn2
Travarse diracktian = x
Transters sethsd -1
e = 0.00
Ouctliers ramaved: Sanple 2t. dev.

Glebal
Au = 2.023e-00% kg/im 2) B
Nach-p = 1.677; Nach=u = 1 BO4;

U=conf = 0.01252; U=aap = " .2920;
¥-cosf = 0.00000; Yeeap = 0.0000;

Paramstary

Number ef recerds =10
Incremsnt = £.3500 ua
Hermalizing welocity = 44T.8 afs
Tetal presaurs s 2.3 pn1
Texal temperature = §)T.00 &
Welghting methad -2

= 3.00;

Infersatien

rhe = §.5
U-nean =
Usazp=ci =
Yoarp-ci =

Easenble Infermatisn

Racord sk, dev. = 2,50

469=001 kg/m)

448.15T7; Re.m ~» 221210
0.6758; U=car » =0, 2433
0.0000; ¥=cer = 0.0Q00

pet  Ordat  neam  Ratslavg) IVallavg) nrsjfavg) Rec_pe)

84.28 0 1000 uer .4 3. 0

54.30 5 1000 3392 9.4 3.0 L)

e 1 1000 1352 "5 4.4 L]

55.15 2 1000 1308 "5 5.0 Q

L2178 3 | 1000 {907 3.7 4.2 ]

6.01 4 100 T 9.4 2.7 L]

E6.4T & 1000 2807 ”.e 1.0 0

[ 38 I 1000 kill] "4 LS ) 0

BT.M4 7 1000 m¥e .5 7.2 ]

§7T.70 B 1000 kil 29%.3 5.1 ]

£80.22 % 1000 81 9.2 5.2 ]

5B.46 30 1000 236 7.5 1.8 L

59.09 1t 1000 1951 ".5 3.4 o

$v.83 12 1000 1963 9.3 3.5 o

E$.87 13 1000 il 9.1 3T L]

0.4 1 1000 2305 "8 3.6 o

s v i L IO A 1 ¥ Y.l ¥ vt uvfutvr wtiyt uanx

64.38 455.47 0.21 3.3 0.060 0.00 0.00 0.C00 0.000 0,000 ©.00 =0.054

B4.28  454.29 0.11 ). 70T 0.074 0,00 0.00 D.000 0.000 0.000 0,00 -0.04%
45577 0.12 D.452 0.066 D.00 0.00 0.000 0.000 0.000 05,00 -0.02%
466.831 0.10 3477 0.0%) 0.00 0.80 0.000 0.000 0.000 0.00 -0.037
4H.77T 0.10 ) Ti1 0.070 0.00 0.00 0.000 ©.000 0.000 0.00 -0.052
450.89 0.1 N.614 0.137 0.00 0.00 0.000 ©.000 0,000 0.00 -0.027
449,61 0.00 ). 4% 0.053 Q.00 0.00 0.000 ©0.000 0.000 0.00 -0.04:
445.89 0.13 4.154 0.055 ©0.00 0.00 0.000 0.000 0.000 0.00 D.0RE
43944 0.1) 4.6% 0.10) 0.00 0.00 0.000 0.000 0.000 0.00 0.4RM
443,17 0.080 J.400 0.049 000 0.00 C.000 0.000 0,000 0,00 0.158
444.20 Q.00 D406 0.059 0,00 0.00 OQ.000 0.000 0.000 0.00 0.112
44693 011 53¢ 0.080 0,00 0.0 0.000 0.000 0.000 0,00 0,029
418,04 0,07 ), 3E4 0,084 0.00 ©.00 D.000 0.000 0.000 0,00 ~0.015
446.1) 0.07 J.497 O.08 0.00 0.00 0.000 0.000 0.000 0.00 0.048
443.91 0.0 3.6010 0.097 0.00 C.00 D.000 0.000 0.000 0.00 D0.05)
445.45 0.C9 32024 0.084 0.00 0.00 0.000 0.000 0.000 0.00 0.027

11} Ue v UL integral tayler kelaeg  diss rate Re_tay

54.28  1.017 7.095e=0C5  3.44e=003 5.204=004 2,054-005 1.6Ta*004 9.3

54,28 1.008 G.84Te-005 3.44e-003 35.200-004 2.88e~005 1.87a¢004 9%.2

BLTL 1010 £.4200=008  3.45e<003 5.200=004 2.84e~00F 1.840¢004 ”.2

B5.AF  1.010 6.519e=00F J.4e-003 5. 2Me=004 2.680-005 1.620+004 .1

55.8%  1.009 £.75)e=028 J.4Te~003 35.29e-004 2.T1e~005 1.54e+004 0.5

6.0}  1.00T &.4B6e=005 3.40e-003 E.)e=004 2.T72e~00E 1.51a+004 9.2

BE.AT  1.004 5.BB4e=005 J.4%e-003 5.34e=004 2.74s-005 1.4Tas004 0.1

BE%0 0995 0.705e-008 J.ECe=00) 5.38e~004 2.77e=005 1.408+004 7.5

57.34  0.981 1.141e-004 D.Ele~00] 5.44¢-004 2.81e=005 1.320+004 »®.7

ET.78 090 £.60Be=008 3.520=003 B.44a-004 2.81e=005 1.330+D04 7.0

§8.22  0.992 6.163e=005 J.EJe=003 6.45¢=004 2.851e~005 1.32e+004 1.0

ES.66 C.998 £.270s=005 3.544=005 B5.45e~004 7.518-005 1.32s+004 .2

ES.00  1.000 5.6130=008 J.E54-003 5.47e~004 2.87e~005 1.31e+004 n.ae

59,53  0.998 §.1K6e~CO5  3.560=003 5.5Ce=004 2.844-005 1.27e+004 .9

597 0.1 $.5%4e-008 3. BTe~003 5.B4e-004 2.844-005 1.23e4004 "w.é

$0.41 0995 5.560-005F D.67e-003 G5.554-004 2.0T4=005 1.23e+004 ».7

&

~ BT = 5.0 (1003): €) = 5.6; PO = 25.5 puy
= 24 ma lens; =40 Nkz frequency shift
= B4ant te be correctisn of j125a2, with ye0, bur PO and DT slightly

ditfarent.
= 174" traverse
= Theais label: SPic

Thess shauld Bave & negligible effect an results.

]
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Input Paramerars --===-

Input filaname = 12624

Nuaber of pasitiong = 7 Huntar of recerds -5
Starting positien = 747.0 ma lncreasnt = 25.4000 mn
Hesh langth = 14.50 ma Rormalizing velscity = 1.0 w/s
Static pressure =  5.4) pay Tetal pressurs = 18.20 p1i
Travarse directien = { Total temparature = 53700 B
Transters mathod =1 Weighting methed -2

x0/m = 0.00
Outliers remsved: Sanple 3t. dav, «  3,00; Record sc. dev. = 3.50

Qlebal Informatsen ===== B
Ay e 2.2530-005 xg/im 1} i the = 6.1T6e-00) kg/m.
Kach=p =  1.437: Hach-y = 0.775; U-mean = 225.651; Ms_m = 145223
U=caet = 0.00000; U=sxp = 0.0000; U-exp-c1 = 0.0000; U-cor = 0.0000
¥-ceef = D.00000; Yesxp = 0Q.0C000; Y-exp-ci » 0.0000; ¥-cor = 0.0000

B ble Infermatisn
per Order nsam  Mats(avg) S¥allavg) nmrsjlavg) BRec_re)

W00 0 1000 sm 100.0 2.6 [
U001 1000 T 100.0 3 [}
2.60 2 1000 7528 100.0 2.8 -}
.00 2 1000 an 100.9 11.9 -]
N0 4 1000 4354 100.0 1.0 ]
25.00 & to00 T34 160.0 6.2 o
2%.00 ¢ 000 L1113 100.0 5.0 ]
por ] [/ 3% vt outcdl L I vhoowtoch uvfutet ut/vt ook u tl
20.00 1%5.87 0.25 2.857 0.037 0.00 0.00 O0.000 0.000 0.000 0.00 0.136 2.M
W00 07.2) 0.1 2.752 0.071 .00 0.00 0.000 0.000 0.000 0.00 O0.161 2.M4
22.00 22.3% 0.16 3.271 0.09) 0.00 0.00 0.000 0,000 ©.000 0.00 0.11t 2.6
23.00 34,86 0.45 5.179 0.46% 0.00 C.00 0.000 0.000 0.000 0.00 0.164 2.8%
24,00 231,82 .30 9,254 1.168 0.00 0.00 0.C00 0.0C00 ©.000 0.00 0.2t7 .37
15,00 2395.83 D0.50 B8.729 0.533 Q.00 Q.60 0.000 0.000 0.000 0.0 0.3 2.9¢

26.00 I56.56 0.5 11.0T7 0.479 0.0 0.00 0.000 0.000 0.000 0.00 -0.335 32.%4

poa Uita u'afu invegral tayler kelmeg  disa rate Re_tay
20.00 196,888 1.821e-004 0.0Ce*000 ©0.00w+000 0.008+000 0.00+000
21.00 207.223 1.765e-004 0,00e+000 0.00se000 0,.000+000 0©.008+000
22.00 227090 2.165e~004 0.000+000 0.00a+000 0.004+000 ©.00s+000
@3.00 724.880 5.340=004 0.00e+000 0.00a*C00 0,0000000 ©.004+000
24.00 21,820 1.2994=003 0.0044000 0.00es000 ©.000+000 0.00s+000
25.00 239.004 1.347e-003 0.00a4000 0.0004000 0.004+000 0.00e+000
26.00 256,540 1.867¢-003 0.000+000 0.00s+000 0.00e+000 0.000+000

oeeoopa
- - - - -

Comanhits
= DT = 4.6 {$21): €] = €.2: PO = 20-2¢ poi
=~ 243 mn lens: O RNz frequency shife

= Fressure traverse {tunnel calibratisn}




mrwrmam—— A ke ssmammma=== Inpyt Parsketsrs

Input filsname = 112625

Numbser of paaltisns = 17 Jusber of recards - 1%
Starting pesitisn * T47.0 =& Intrement = 25.4000 ma
Nesh length * 14.50 am Bersalizing velocaty = -1.0 a/s
Statlc pressurs = 11.73 pai Tatal pressurs - 16.16 pr1
Traverse diraction =2 Tecal taspsraturs = 535.00 &
Transfera methed =1 Weighting msthed -2

0/ - 0.00
Qutljers remeved: Sample st. dev. = 3.00; Racerd st. dev. = 2.50

Glebal Infermatisn
n = 1.644e=005 ag/{n n) s The = 1.0399+000 kg/md

Rachep = 0.692; Hach=u = 0.67); U-sean = 222.284; Re_m = 196105
Usgoa? = 0.01202; U-sxp = 1.003%; U-eap-cl = 0.0498; U-cor = -0.9752
¥-caaf = O 00000; ¥-exp = 0.0000; Y-sapci = 0.000¢; ¥=cor = 0.0000

Ensemble Infermation
pes Order nsan Ratelavg} IValfavgl amcejlavg} Recore)

E1.52 1 1000 T84 n.r 1.5 0
.71 & 1000 nw .8 2.8 0
E5.02 2 1000 ™ 9.2 1.7 ]
.77 7 1000 1139 %.0 2.1 1
E9.B2 3 1000 S444 9%.3 2.7 [
40.72 0 1030 10 99.6 t.5 [}
$3.03 4 1000 T4 ”.0 0.9 o
.18 0 1000 TJo87 "9 1.3 [}
45.83 0 1000 13 9"%.% 1.5 -]
45,8} b 1006 5440 "y 2.4 [}
£5.53 1 1000 5540 9.9 1.4 L]
47.28 W0 1000 T .3 1 ]
par U Uoci [T R 3 ¥ Y.ei w' vl el uvnfure' ut/y
51.52 230.02 0.0 J.3it8 O0.040 000 0.00 0.000 0.000 0.000 0.00
3.2 220.13 0.06 J3.241 0.0 0.00 0.00 0.000 0.000 0©.000 0.00
ES.02 73220.93 ©.0B 3,227 0055 0.00 Q.00 0.000 0.000 G.000 D.0C
E6.77 221,33 0,17 3.73% O0.05t 0.00 ©.00 0.000 0.000 0.000 0.00
§3.52 171.6F 013 Mi48 O.0AB O.0u 0,00 0,000 0,000 0.00¢ 0.00
$0.38 122,24 0,09 3.131 0.033 0.00 0.06 0.000 0.000 0.000¢ 0.00
£2.03 223.14 0.08 J.088 0.027 0.0 O0.00 0.000 0.000 0.000 0.00
41.78 223.8% ©0.10 3.110 O.043 0.00 0.00 0.000 0.000 0,000 ©.00
45.83 224.2% 0.06 2.985 0.0)9 0.00 0.00 0.000 0.000 0.000 0.00
£5.8 224,08 0.09 2.995 0.045 0.00 0.0 0.000 0,000 0.000 0.00
46.5) .07 0,17 3.006 0.03% 0.00 0.00 0.000 0.000 0.0060 0.00
87.28 225.0% 0.07 2.840 0,040 0.00 0.00 0.000 0.000 0.000 0.00

pes U/le w2 integral wuyler Xelneg  diss race N
51,52  0.990 3.276a-004 T.B2e=003 T.46s-004 13.0%0-005 4.%3ee00)
£3.27  0.990 2.197e-004  T.454-00) T.EBe-004 3.130-008 4.824003
£§3.03  O.900 2.1364-004 T.TTe~00) 7.6%a=004 J.1Te~005 4.304400)
B6.TT 0904 2.130e-004 T.884-003 T7.004=004 3.22e=005 4.1)e003
E8.52 0.937 2.0154-004 0.01e=003 T.92¢=004 3.27e-0CF 3.%1ss003
40,28 1.000 1.900a-004 B.13e=003 B.02¢=004 3.310-005 3.T1e+003
$2.03  L.004 1.913s004 B.25e~00) 8.12e=004 3.34e-005 3.55e000)
63.7¢  1.007 1.931e~004 E.36e=00) 3.22e-004 3.300-005F  3.3%ee003
66,53  1.00% 1.7)7e-000 B.434=003 3.330~004 J.434-005 3.23e¢003
65.53  1.009 1.TT3e~004 B.400=003 0.336-004 ), 42e-005  3.33a+003
65,53 1,003 1.801e-004 0.43e=003 0.33e-004 J3.43e~005 3.32e+00)
67.23  1.01) 1.708e~004 D.594-00) 0,430-004 3.46s-005 3.08a+003

Yok
0,180
0.138
0.151
0.108
0.124
0.107
0,040

~0.,032
=0.029

=-3.011
“0. 14

v tay
151.3

151.3

151.6
151.7
154,80
152.0
152.3
152.8
152.7
152.7
152.8
152.9

Commants

- DT = 4.6 (921); C) = 6.3, PO = 2 pol

=~ 243 ma lens; O Nz frequency shifs

~ calibration {}12624) shews it is in subsenie regise, but ne platesu
yeached befors transitisn te transenic regime

= detAy 14w parameter’ vary sensitive te data rejectien criteria

= Thesis Jabsl: NSt

u.tl
2.3%
2.87
2.89
2.7
2.6%
2.4%
2.51
2.8
2.5%
2.58
2.5¢
2.7



lnput Parametsry . -

Input filename = Ji26aé

Jusber of pesitions = 7 Bunber of recerds =10
Starting pesitimn = T4T.0 an lncremant = 25 4000 mm
Ussh length » 14.50 mn Uermalizing velecity = 221.8 n/s
Static presiuts = 131.73 02 Tezal pressure = 16.18 piy
Travarss diractisn v ¥ Tetal temparaturs = 535.00 R
Teanators mathed =1 Usighting methed -2

wim = 0.60
Qurliesrs remeved: Supl. aC. dev, = 3.00; Racerd st. dev. = 2.50

Glebal lntarmatien
nu ® 1.644e-005 kg/(m 3} rhe = 1.009e4000 kg/md

Rach=p =  0.692; Hach=u » Q.675; U-mean = 322.737; Rem = 1964505
U-coef = 0.00000; U=erp = G.0000; U=eap=ci = O0.0000; U-cer = &.0000
¥ecou? = 0.00000; ¥-eap = 0.0000: Y-sip-ci * O0.0000; Y-car = 0©.0000

Enasabls Infurmatien
per Order meam Mazalavg) T¥allavg) nrejlavg) Rec_re)

04T © 1003 1414 "6 1.3 L]

R 1 H 1000 12 ".0 .9

0.1 2 1000 (1] "6 3.0 Q

000 3 1000 7263 .5 2.7 [}

0.6 4 1000 353 " 2.4 []

1% L I 1 1060 NN ”".4 3.7 []

04t & 1060 190 ”".e 4.0 )

pes v U et LA L 1 L B A 1Y L M wich uv/ulv’ u'le! uosk  uw . ?l
-0.47 I24.11 0,15 3877 0.074 DN.00 0.00 O0.000 0.000 O.000 0.00 0.010 2.6%
=0.31 223.0% 0. J.J82 0.043 0.00 0.00 0.000 0.000 0.000 0.00 O.065 2.68
=0.16 331.7T8 O0.0T J.i193 O0.048 0.00 Q.00 O.000 O.000 O0.000 Q.00 0,136 2.78
Q.00 221.82 0.12 3.202 ©.043 0.00 G.00 0.000 0.000 0.000 .00 0.092 2.4%
9.16 222.00 0.1t 3723 O0.8T1 0.00 000 O.000 0,000 0.000 0.00 0.107 2.85
0.3t I22.80 0.0% I.3T 0.06) 0,00 D.00 0.C00 0.000 D.000 O.00 0.07% .40
0.47 233.85 0.1 3.4 0.058 ©0.00 0.00 0.000 0.000 0.000 0.00 0.047 2.75

pes Ula w2 integral taylar kalmeg  dias Fate  Re_tay
=0.47 1.010 2.550e=004 0.00s+000 0.00e+000 0.0Ce+000 ©.00e+00D 0.0

=03 1.0068 2.2994=004 0.004+200 0.000+000 0.00¢+000 ©.00e+000 0.0
=016  1.000 2.0T4e=004% 0.00ee000 0.0004C00 0.00e+000 0.000+000 o.0
0.00 1.000 2.0854=004 O.00ee000 O0.00se000 0.004+000 0.00#+000 0.0
016 1,001 2.1108-004 0,00s9000 0.00e+000 0,G0e+000 0.000+000 0.0
0.3  1.004 2.786e-004 O.00«+D00 0.008+000 ©.000+000 0.002+000 a0
0.47  1.008 2.490e-004 O.00et000 0.00e+000 0.000+000 O.00e+000 0.0

& -

- Jame Tun A jl262S
= y=traveris
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Input Paramatery ~sovewe-

Input Pilenage = JiTaT

Busbar Wt pasitiang =t fusbar af retards = o

Starsing pesitish «s MO ma lacremant = 1% 4000 aa

Nuah Lasgih = 1440 ma Farmalining velscity = 332 ) afs

Aeatic presturs = 11 73 pal Tetal prussurs = 1616 prl

Travarse ditaction =1 Tetal tempsraturs = 535 00 R

Transters sethed -1 Wsighting methad -2

10/e « 000

Outliers ressved  Sampls 3t dev = X 00, Macord 3t. dey =« 2.5
Teveremcsmsomecmmermo-m-ueens Global INnfermatien -

n = L S44e=00% kgiie o) . the = 1.03%+000 hg/md

Hath-p = D 32, Hacheu ® O €7), Usmsan = 222017, Jem = 1M1M

Uscaaf = 0 00000, Ussap = 0.0000, Y-eap-ci = ©.0000; U-cer = 0.0000

¥-toet = 0 DOVGO, Yeeap = 0.0000. ¥-sap=¢l = 0.0000; ¥=¢or & 0.0000

== Enasable Infetmabisn

por Drder  ness  Retslasgl  Ivaliawg) nee)lavg) Recorw)
b I LI - 142 1 "1 9.} o
01 1 jobo Fi-L) "e 3.4 -]
00 3 1000 1347 "4 3.9 1]
oo 23 1000 e .3 ) ]
vos ¢ 1000 e .4 3.8 -]
L1 1000 iy " s Q
LI L B Y 1000 V0L ".s: 138 ] [
pe 1] [T ¥ ot el [ B N 31 v w'och uvfutyt utfet oy ok
=04 I G2 XA ook 000 0.00 Q.00 O0.000 Q.000 0.0 G.070
“0 16 ITLEC .30 470 O.0AY OO0 0.0 D.O00 0.000 0.000 ©.00 ©.148
~008 2t WY D4 D IV4 G.1DE DGO O 0D D.000 Q.000 0.000 0.00 Q.0M
Q00 J2r.00 021 J.42% 0.107 G.00 O.00 O.000 0.000 0.000 0.00 ©.02
008 3T AD OAD I 4 D.O% O.00 0.00 D.000 Q.000 0.000 0.60 D.ON1
016 338 0.7 2.42) 0,087 C.00 0.00 O.000 0.000 O.000 0.00 0.01¢
O3 22293 0.1 4.00) 0.159 000 Q.00 0.000 0.000 0.000 0.00 D.04)
P w2703 integral taylar kelmeg  dies Taks Mo ka
-0 3. a46e-004  Q.0De+BO0 O DOWSOO0 0.000+000  0.00a+000 9.0
=018 T WHla=004 0 00e*Q00 0.00e+000 0.00e*000 0.000+000 0.0
0. o8 2. 0MTa-004 0.00s+000 0.00s+000 0.00e+000 0.00es0GD0 0.0
00 2.30%~004 D.O0s+000 0.00040300 0.00s+000 0.00e+000 9.0
o o8 2.4034=000 0.00e*000 0.00+*000 0.0Ce*000 0.CO0e+D00 0.0
0.8 2.647e-004 D.00a+D00  G.004*D00C  0.004e000 0.004+000 0.0
o 3. 20%4-004 D.00e+000 0.00e+00C  Q.00e4200  0.004+000 Q0.0

[ { )
= sl Cuh B3 JlIEad
= TeLrarerse
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== Input Parsnstery m——

input filenass = jiduag

Tumbsr ©f pesitiens = 32 Buaber of tecords =15
Starting pesitien = T4T.0 an lncremant = 25 4000 ma
Hesh length = 14.50 =aa Normalizing welecity = +1.0 m/s
STatic presiute * 11.0% pat Tetal pressurs = 16.12 p3i
Ttaverse dirsctien =1 Teral veapsraturs = 535.00 R
Transtern methed -1 Wsighting methed -2

x0/s = 0.¢0
Qutlisry renzesg. DaRPas ai. dév, 5 3.00. MNecerd st. davy » 2,53

Glsbal Intermatisn
au o= 1.635e=005 Xg/(n £) ¢ The = 1.048e+000 hg/ad

Hach-p =  0.674: Rach=u » CQ.656: U-mean = 2t7.150; Re.m = {57604
U=ces? = 0.00T09; U=a2p = 0.9213; U-exp-ci = 0.0275; U=cor = =0.9%08
¥ecost = 0.00000; Yesap = 0.0000; ¥~exp-ci = 0.0000; Y=car = ©.0000

Enssnble Infermatish

pes Ordsr nsam RNats{avg) I¥al{awg) nrejlavg) Rec.re)
0.4

§1.52 1 1000 5987 2.1 L]
53.2r & 1000 5849 .0 4.2 0
£5.02 2 1000 E526 $1.6 s 0
56.77 T 1000 £155 ’%.6 3.4 0
58.52 3 1000 5 "e 1.6 5
te.78 B 1000 B354 7.0 3.0 [}
2.0 4 1000 11119 7.4 2.8 1
£3.78 ] 1000 518 "0 3.3 1
5.5 o 1000 L3¢ .2 2.1 []
€5.5) & 1000 5812 "2 2.9 ]
£5.53 1t 1000 41901 0.5 .8 0
7.8 a0 1000 ™m .1 2.1 0
pas L1 Uoed v w'cl ¥.cd v v gl ouv/utyt utier

£1.82 24,27 0.05 2.9%% D.ON)
53.27 215,39 0.06 2.917 Q.03
55.02 215.47 0.07 2.872 0.035
56.TT 216.38 0.06 2.341 0.03%
58.52 2A6.62 0.11 2.19% 0.047

0.60 0.000 0.000 Q.000 0.00
.00 0.000 0.000 ©0.000 0.0¢
0.00 0,000 0.000 9.000 0.00
6.00 0.000 0.000 ©.000 0.00
0.00 D.000 O0.040 0.000 O.00

888838888888~
o
o
o

60.28 2UT.T0 0.06 31.768 0,038 0.000 0.000 0.000 0.00
62.03 NT.B4 0.0 T.T1T 0.048 0. .00 0.000 0.000 0.000 Q.00
61.78 21%.8) 0.04 I.88% 0.026 .00 0.000 0.000 0.000 0.00
65.53 218,29 0.05 2.43 0.032 0. 0.060 0.000 0.000 0.000 0.00
65,683 219.04 Q.07 T.497 0.000 0. 0.00 0.000 0.000 0.000 0.00
€5.53 219.47 0,05 2.665 0.0%4 0. 0.00 0.000 0©.000 0.00C 0.00
6T.28 9.9 0.05 2.638 0.0% .00 0.000 0.000 0.000 0.00

pes Wim u'innR integral taylar kolueg  diss rate
BL.52  0.937 1.884a-00L 7.40e-003 T.87e~004 J.340=005 3.41ee00)
B3.2T  0.992 1.836e~004 T.F4e=00} T.38e004 3.408-005 3.25e400)
55.02 0.2 1.777e-004 T.674-00) D.11e=004  J.4Ea-005 3.04e+003
56,77  0.996 1.7260-004 T.00a-003 B.22a-004 J.50e~005 2.92¢+00)
58.52  0.998 1.464e-004 T.93a-003 0.3e-004 3.5Ea-005  2.76es003
€0.20  1.003 1.61Be-004 B.06e-000 E.44e-004 3.5Be=005  2,.65e+00)
62.0)  1.003 1.557e-004 £.18:-003 B.544~004 J.63a-005 1.51a+00}
£3.78  1.008 1.5104-004 0.31s-00) B.660-004 3.47e=005 T.41s+00)
§5.53  1.005 1.4584-004 0.43¢-003 B.78e-004 3.720=005 2.37e+003
€5.53  1.00% 1.51Te-004 0.436-003 8.77e~004 3.T1e-00F  7.30a+00)
€5.53  1.011 1.4T5e~004 0.430-003 0.76e-004 J.71e=005  2.318+003
€7.28  1.013 1.491a~004 08.560-003 0.87e-004 3.754-005F 2.71a+00)

[od g

~ DT = 4.6 {920): €) = §.2: PO = 22 poi

= 243 ma lany; Q ENZ frequency shife

= repeat »? J126x5 to check fer coensistency

~ decay law parametsrs still wary sensitive ta data rejectien criceria
= Thesis labsl: ES5%b-

[ 41
2.1
.60
S
F it
.71
.8
.M
"
2.9
3.0
2.9
2.98



tmm——— cemsomssmsmmmEmss—————— Input Paraseters .

1nput fllename LANTEIEE]

Number of peritiens * 12 Busbar of recerds =15
Scarting pssitien = 747.0 a= Increment = 25.4000 ==
Heah lengkh “ 14.50 ma Nurmalizing velocity = ~1.0 w/s
STATIC pressurs = 12.67 ps) Tatal pressurs = 17.67 pny
Traverse dirsctisn = 1 Tatal temparatuls * 542.00 %
Transfern methed -1 Weighting methed -2

10/m - 0.0

Outlsers remeved: Sample at. dev. = 3,00, Recerd st. dev, = 2,50

Gleval Infermatien
oy = §.588e-005 kp/im ) ; rhe = 1.111e%000 xg/red

Hachep = 0.706: Mach-y = 0.E86; U-mean = 227.395; Reom = 213037
Urcent = 0.00211; Uesap = 0.3366; pe¢h = 0,2432; U-cer = -0.1086
¥=ceaf = 0.00000; Y-azp = 0.0000, V-sapeci = 0.0000; ¥=¢or = 0.0000

Tnsanblie Infermatisn
pes Order nsam Ratafavg) 12¥al(avg) nrejlavg) Rec.re)
9.7

51.62 1 1000 5760 9.9 1
£3.27 ¢ 1080 S51) L LN ] 3.8 ]
3%5.07 2 1000 4812 0.y 3.7 -]
%.717 7 1000 5340 7.4 9.3 [}
i8.52 ) no0 11311 .5 %9 [}
0.38 @ 1000 ATOT 9.6 .3 1
2.0 4 1000 soge 5.4 3.7 -]
.78 % 1000 4823 ".7 1.7 ]
5.8 0O 1000 A2 9.6 3.4 -]
$6.53 5 1000 459 9.6 8.1 Qo
45,50 1 1000 472 ".7 n.g 1
€r.38 10 1000 565 9.2 9.3 L]
pes u U.ed wt o owt.ed L X1 vt vt ol uvfutyt ut/et ouosk
51,83 224.30 o0 €311 ¢.115F 0.00 0.00 €.000 0.000 0.000 0.00 0,332
53.27 226.1% ©0.1% €.83) 0.137 0.00 0.00 0.000 0.000 0.000 0.6 0.3
55.0% 225.37 0.1 £.305 0,182 0.00 0,00 0.000 0.000 0,000 0,00 0,3
$6.77 726.14 0.3% €£.094 0.304 0.00 0.00 0.000 0.00 0.272
53.67 T27.47 0.3 &£.442 0.384 D.OD D.00 0.000 Q.00 0.3T4
$0.28 237.41 0.1% &.14% 0,119 0,00 0.00 0.000 0.00 0.2%7
§2.083 3729.08 O0.17 T7.018 0.09% 0.00 O0.0C0 0.0 0.00 0.3
£3.78 220.41 0.2% £.187 Q.15 0,00 0.00 0.000 0.00 0,785
5.5} 720.9% 0.1% £.344 0.21% 0.00 0.00 0.000 0.00 0.351
85,53 73972 0.42 4.T14 0313 0,00 000 0.000 0.00 0.376
6B.53 3F.1% 0.30 #4.335 0.276 0.00 0.00 0.000 0.00 0.3
67,20 22%.6% 0.29 €.140 0.234 0,00 0,00 0.000 ©.00 0.324

P U/ wInn integral taylar diss rate Re_tay
51.52  0.936 T.920e-004 6.07e-~002 1.42s-003 3.020-005 4.46e+00)  £16.9
$3.37 0995 9.302¢-004 6.254-002 1.4%4-003 3.03e-0O5  4.39e4003 - 627.4
B5.02  0.9M T.B53e-004 6.434-007 1.52¢-00) 3.074-005 4.17ee003  £34.0
677 0.995  T.331e=000 £.614=007 1.544~00)3 3.000-00F 4.050+00) €428
BB.52  1.000 B.5874-004 €.794-002 1.56+-003 3.11-005 3.3Tee003  652.2
§0.28  1.000 T.J23e-00% 4.97e-002 1.59s-003 J.140-00F 3.83e+00) €505
2.0 1.007 $.301a-004 T.158-007 1.60e-003 3.15e=C05 3.70e¢003  663.2
3.8 1,005 T.o4Je=004  7.33e-002 1.630=003 J.184=005 3.634+00)} €756
SE.5Y 1,007 T.519e~004 7. 50e-002 1.654-003 3. 20e=005 J.62e+003  €33.2
65.53  1.010 3.616e-004 7.B0e-002 1.64s=003 3.194=005 J.56e+003 631
§5.53  1.00B 7. 431e-004 7 B0e-002 1.654=003 3.204-005 J.53e0003 683.%
67.20  1.010 7.106e-004 7T.680-002 1.679-003 3.22¢-005 J.44¢+00) 691.%

Commanti

= DT & 4.6 923} CF = £.2; PO = 24 pud

~ 243 =& lspe: O NNz frequancy shift

= the tunmal cenfiguratien is identical te the runs J27zl threugh jiSzl,
Newsver. Ghis tims the tunnel is in the transenic regime.

= Thenis label: AS1

Ty OO D
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1nput Paramstsers --

Input filename = jidze

Rumbsr of positicna = 8 Sumbsr #f recards -5

Starting pesition = 74T.C =n Incremant = 25.4000 ma

Hesh length * 14.50 mn Normalizing velscaty = 1.0 m/s

STatic prassule * 12.67 pn1 Total presture - {767 pa)
Traverse dirsctien = { Tetal tesparaturs = 542.00 &

Transtors method =1 Veighting msthod -2

x0/n = 0.60

Dutlisrs remeved. Sample 3t. dev. = 3.00; Recerd st. dav. = 250

Global Information

nu *  §.548s-005 kg/{m s} 3 Ehe = 1.111e+000 xg/md

Hach=p = 0.70&: Rach-u = 0.530; U-mean = 175.797; Reom = 164697

U=cesf = 0.00C0Q; U=ezp = 0.0000; U-eap-ci = ©.0000; U-cer = 0.0000

¥=cea? = 0,00000; ¥-sap = 0.0000; ¥-sap-ci = 0.0000; ¥-cor = 0.0000

Ennestls Informacien

pes  Ordsr nzam Ratefavg) TValfavg) nrejlavg) Rec_1sj
13.00 0 1000 6% 100.0 2.2 Q
0.00 1 1000 UN 100,0 3.4 L]
mne0 2 1900 2B/ 100.0 4.0 0
.00 3 1900 2104 100.0¢ 2.4 -}
.00 4 1000 1972 100.0 2.4 [
W00 S 1000 1M 100.0 4.2 [}
25.00 6 1000 1855 100.0 3.8 ]
B 7 1000 17125 100.0 i.0 -]

s u U el ' ur.el ¥ T v ek uviute ut/yt uoak
13,00 t74.29 0.09 2.944¢ 0,112 0.00 0.00 0.000 0.000 0.000 0.00 0.006
W00 17464 0.05 2,992 0.0 0.00 ¢.00 0.000 0.000 0.000 0.00 O©.05L
21.00 175,37 0.10 2.9%0 0.089 0.00 0.00 ©0.000 ©0.000 0.000 O.00 0O.054
22.00 176.00 0.5 J3.037 0.103 0.00 0.00 0.000 0.000 0.000 0.00 0.074
23.00 176,21 0.10 J.145 ©0.081 Q.00 0©0.00 0£.000 0.000 0.000 0.00 0.082
24.00 17644 018 D.0M 0.08) 0.00 0.00 0.000 O0.000 0.000 Q.00 0.0M1
2WB.O0 1T6.69 0.08 .07 0071 0.00 0.00 0.000 0000 O0.000 0.00 0.010
26.00 176.82 0.09 J.138 ©0.092 ©.00 D.,00 0,000 0.000 0.000 €.00 D.GAT
pes L] utzfl inkagral tayler kelunag  dise rake Ra_tay
19.00 174,295 2.856+-004 0.00s¢000 0.004+000 0.004+000 0.00++000 0.0
20,00 174,640 2.9364-004 0.00eeD00 0.0004000 0.0004000 0.0Ce+000 0.0
2W.00 175274 T.%146-004 0.00e+000 0.00a+000 O0.00a4+000 0.00s+000 0.0
2000 1TE.003 2.961e~004 O.004+000 0.00e+G00 0.00e4000 0.000+000 0.0
23.00 176.307 23.1B8e=0C4 0.004*000 0.00s*000 0.00e¢000 0.00s+000 0.0
24,00 176,437 J.077e-004  0.00a4000 0,0004000 0,008+000 0.00s+000 4.0
25.00 176,693 3.032e-004 0.00e+000 0.004+000 0.00e¢000 0.00e+000 0.0
26,00 t76.024 3.140e-004 0.000¢000 0.00a4000 0.00e+000 0.00s+000 0.0

e

~ DT = 3.8 {76X); C) = 5.0; PO » 19=26 psi

=~ 243 un lens: O Hiz frequency ahitt

= Pressurs traverse (tunnsl calibratien)
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wmm= = lnput
Input Ziishame = J1311%
Bumber ef pasitisns = 12
Startiag peritien ® 747.0 ma
Xwsh length = 14.50 =a
SCAtLC pressure = 1400 pri
Traveris dirsctian = 3
Transfars asthed -t
/e - 14.00

Parausters
Eumbsr 4f recerds =15
Intremant - 25.4000 ms
Fermalizing velecity = =1.0 n/2
Tetal pressure - 16.96 pai
Tetal temperaturs * 541.00 K
¥eighting meched -2

Outliers remeved: Sasple at. dev. = 3.00; BRacerd st. dev. = 2.50
Glebal Infsrmatien
mos ). 4994-008 kg/im 3) D rhe @ 1.182e4000 kg/md
Rach=p =  0.530. Rach=u = 0,817, U-sean = 174.810; Ram = 169041
U-cenf = 0.01322, U-exp = 1.0020; U-azp-cy = 0.0331; U-car = -0,9832
¥=coenf = 0.00000; ¥=exp = 0.0000. ¥Y-erp-c1 = 0.0000; Y=cer = 0.0000
=mm=m=susvescessssso-—e--——-- Enssable IRferwatian
pev Dedur  nean Ratelsegd  T¥alfavg) nrsjlavg) Rac_re)
51.52 1 1000 Re) ] 100.0 2.4 [}
$3.3r &6 1000 1884 100.0 e ]
$h.02 2 1000 kilH 100.0 2.4 ]
56.77 T 1000 pLLTS 100.0 T.6 [}
68.52 3 1000 pLLL] it0.0 3.0 L]
L1052 I ] 1000 %40 100.0 3. ]
3.0 4 1000 R LR 100.¢ 13 ]
.73 9 1000 a2 100.¢ 2.7 0
.5 ¢ 1000 Fik}] i00.0 33 ]
45.83) 6 1000 nn 100.0 2.% 1
5.8 1 1000 Fikl} 100.0 3.0 ]
$7.38 10 93 488 0.0 2.9 ]
[17] !] Vel utouted LI A3 v vt el uviu'vt utivY uwak
81,62 1714 0.0 32T C.01 080 0.00 0.000 0.000 0.000 0.00 0.000
53.27 1T4.05 0.20 2.2 0.07F 0.00 0.00 0.000 0.000 0,000 0.00 0.046
B5.0Y 174.22 0.00 J.047 0.030 0.00 0.00 0.000 0.000 0.000 0.00 O.024
6.77 174.23 0.2 3.067 0.03% 0.00 ©.00 ©.000 0.000 0.000 0.00 -0.001
50.62 17471 0.0 2.98% 0.037 0.00 Q.00 0.000 0.000 0.000 0.00 0.002
40.78 iT4.70 0.7 2.9%8 0.0)8 0.00 D.00 D.COC 0.030 0.000 .00 0.012
§2.0) 175.10 0.0% 3.%00 0.040 0.00 5,00 0.000 0.000 5,000 0.00 0,040
$3.7T8 1TE.44 0.6 2.032 0.03F 0.00 D.00 0.000 0.000 0.000 0.00 0.047
$5.6) 175.49 0.06 12.B14° 0.03% 0.0 0.00 0.000 0.000 0.000 0.00 0.070
45,63 17618 0.0F 2,817 0.0 Q.00 0.00 0.000 0.000 0.000 0.00 O.087
£5.5) 175.7¢ 0.13 .20y 0.027 0.00 0,00 0.000 0,000 0.000 0.00 O.088
67.70 176.24 0.10 2.754 0.035 0.00 0.00 0.000 0.00C 0.000 0.00 0.085
per Vim w2 inxegral tayler kelnag  diss rave Netay
81,62 0991 2.44%e=000  £.7T7e=003 £.E5e-004 2.860-005 5.03ee00d 1482
53,27 0,995 3 453a-004 6.93a-00) T.C0e-004 2.920-005 4.E5s+003 14,6
BE.OT 0.7 3.100e-004 T.08a-00) T.154-004 2.90e~005 4.2Tes003 143.5
EC.TT D997 3.101e-004 T.230<003 T.306-004 3.04e-005 3.833e+00) 143.5
50.82 2.910e=004  T.27e=003 T.440~004 J3.104=005 D.G8ee00) 142.7
0,28 20500000 T.520~003 T.52e~004 3.16e-005 3.2%0¢003 143.7
€1.03 2.T604~000  T.660=00) T.71e=004 J3.21e-005 J.18e+003  14B.%
1.1 2.6000=-004  7.804-003 T.0Ee=004 2.27¢-005 2.%84+003 140,00
5.5} 2.8670-004  T.900=003  T.9Be=004  2.02e-00B  2.7Has03} 1431
45.5) 25500004 T.930=003 T.9Te=004 J.21a-005 2.B804+003 1403
5.5 2.8680=004  T.900-003 T.9Be=004 1.32e-005 2.THeeD03 2492
.28 2.4849-004  B.0£0=003 B.100=004 2. OTa-00F  2.620000) 1492
5
= DT = 3.8 {TiL); C) = .0, PO » 30 pui \
= 343 un lens; O KMz frequency shife
= Calibratisn {13124} shewsd plateau wan reached
= Thesin label: KSSa
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= lnput
Input filename - atal
lumbar of positiens = 12
Starting peritien s T47.0 as
#esh langch = 14.50 us
Static prefiurs - 1304 pil
Traverss Qirsction = 1
Transfers wethed =t
ad/a = 6.50

Ouclisrs removad: Saspls at. dav.

Global
ny = 1.462e=005 Xg/im 3) H
Rach-p = 0,590: Rach-u » 0.583;
U=coat = 0.61133; U=eap = 1.0005;
¥-coaf = 0.00000; ¥-s1p = 0.0000;

Enseublis Infermatian

PArAROTATE ~——=--- meorocsrreserssves—ee
Huabar of recerds =15
Intreaent = 25 4000 ma
Narmalizing walscity = -3.0 w/3
Tatal pressure = 1T.6) pay
Total temparature . 53750 R
Waighting methed -2

= .00 Mecerd pt. dev, = 2,50

InZormation

rhe » 1.1%38+000 kg/md

U-medn  * 194.5%1; Reom = 19799}

U«exp=ci = 0.02027: U«cer = -0.9958

Y=sxp-c1 = 0.0000; Yecor & 0.0000

pes  Order nsam Ratelavg) I¥allavg) nrsjlavg) Rec_re)

5152 t 1000 4985 1¢0.0 2.9 -]

8327 6 1000 455) 169.0 2.6 H

85.02 2 1000 418) 100.0 2.5 °

56.17 7 1000 ATT2 100.9 2.8 Q

£8.52 1000 4351 100.0 2.7 L]

60.28 @ 1000 4429 103.0 3.1 0

62.03 4 1000 113 100.0 2.1 L]

(L { B 1000 AMS 100.0 2.1 0

65.5) ¢ 1000 IS 100.0 2.4 1

5.5 5 1000 Q70 100.¢ 2.1 o

65.5) 11 1000 56 100.0 2.4 -]

67.20 10 1000 1002 100.0 3.0 ]

pes U Ued R L § L S X 11 vhoowtoel uwfutet oyt ouoak
51,52 192,62 0.06 )03 0.030 0.00 0©.00 D0.000 0.000 0.000 0.00 -0.011
53.27 193.3% 0.04 3.0 0,038 0.00 0.00 0.000 0.000 0.000 0.00 0©.0%8
£5.03 19).40 0.05 2.M43 0.03% 0.00 0.00 0.000 0.000 €.000 0.00 =0.003
56.77T 194.00 0.07 2.%26 0.0)% 0.00 0.00 0.000 0.000 ©.000 O.00 0.015
50.52 1M.15 0.06 2.84) 0.0 0.00 0.00 0.000 C.000 0.000 0.00 ©.0M
€0.23 195,04 0.08 2.B)} 0.020 D.00 O.00 6.000 ©.000 0.000 0.40 ©.018
$2.03 195.03 0.07 2.707 0.038 0.00 0.00 0.000 ©0.000 0.000 0.00 0.010
€378 195.85 0.07 :.750 0.03) 0.00 0.00 0,000 0,000 0.000 ©.00 -0.030
65.53 195.59 0.04 2645 0.03% 0.00 0.60 0.000 ©0.000 0.000 0.00 =0.012
€5.53 195.91 0.06 2.710 0.05 0.00 0.00 0.000 0.000 ©.000 0.00 -0.0f)
85,53 196.30 0.07 2.745 0,032 6,00 0.90 0,020 0.000 ©.000 0.00 -0.03)
67,20 196.61 0.04 2.477 0.041 0.00 0.00 0,000 0.000 0.000 0.00 ©.002
pas U/un uhann integral taylsr Eelmeg  dins rate  Re_tay
§1.52  0.990 7.400e-004 £.0%4-003 T.04e-004 2.954-005 4.13a+003 14T.0
§3.27  0.993 L.44%e-004 7T.03e-003 7.160-004 3.004=005 3.BTesbw. 14T.2
55.02 0.9 2.334e-004 7.184-00) 7.3%-004 3.054-00F J.60e+003 147.3
B6.77T  0.997 2.2TBe~004 T.294~003 7.41e=004 J3.10e=006 3.30a¢00) 147.5
58,52 0.998 2.1464=004 T.41e-003 T.54e-004 J3.15e~006 J.1744003 147.%
80,20 1.002 2.1t0e-004 T.544-003 T.64e~D04 3.184=005 3.00e+003 147.9
$2.03  1.002 2.043-004 T.864=003 T.T7e-004 3.268-005 2.03e4003  147.%
.70 1.006 1.973e=004 T.T04~003 T.B7e~004 J.39e-005 2.4804003 143.2
65.53  1.005 1.B)0e=004 T.B9s003 B.00e-004 3.348-005 2.5Lee003 148.1
65,53  1.007 1.915e=004 T.0%4~001 T.99s-004 3.24e~005 2.53e+003 148.2
65,53  1.000 1.95Te=004 T.B9e=003 T.90s-004 3.334-005 2540001  14B.4
67.28  1.010 1.856e~004 B8.01e~00) 0.0Fe~004 JI.200-00F 2.410+003 1405

Cemments

= DT = 4.2 {M41): C) = 5.,0: PO = 30 psi

= 3 == lens; O WAz frequency shife
= Theais label: NSE

216

u.tl
2.82
.82
2.82
2.78
.79
2.8
284
278
2.78
.77
2.81
2.80



rsmseasn msasss Input Paramstery

Input fllenams * a3zl

Fuaber of pesitiens = 13 Eusber of recerds =15
Starting pesitian ® T47.0 a» Incresent = 35.4000 nm
Nesh length = .50 . Uormalizing velacity = =1.0 m/s
Static prassure = 12.72 psy Tecal prassurs = 17.02 psy
Traverss dirsctian =~ 1 Total Cempsrature = 54).00 &
Transfera mathed -1 Waighting methed .2

0/a = 23.00

Outliers remsved: Sample st. dev. = 3.00; Qecerd st. dev. = 2,50

Glabal Infermatisn
nu = § 580e~005 xg/(m ») iorhe & 1.101%000 kgp/sd

Rach=p =  0.859; Hach=u = 0.£39; Usmean = 213.534: Re_m = 195992
U-casf = 0.00570; U-ezp = O.3984; Ureap-ci = 0.0225; U=car = =0.9M7
Yocoat = 0.00000; ¥=e3p = 0.0000; ¥-eap=ci = O.0000; ¥=cor » 0.0000

E Sle Infermatian

per Ordat neam  Ratalavgd TVallavg) nre)lavg) Rec_re)
2.6

51.57 1 1000 sate 9.9 -]
£3.2T & 1000 nr 100.0 2.8 [}
55.02 ? 1000 Tise 100.0 3.3 Q
110+ S 1000 0w ".9 3.1 Q
n.82 3 1000 T048 100.0 3.3 [}
60.22 13 1000 ki i) 100.0 2.5 [
§2.0) 4 1000 M L2 ] 2.9 H
[ 109 ] ] 1000 T95% 9.3 3 ]
5.8 O 1000 (11 .9 2.9 ]
5.8 & 1000 03 100.0 2.9 L]
5.5 1 1000 (11}] 100.¢ 3.8 ]
1.2 10 1000 1374 100.0 14 [}
b1l '} Uocd u*  w'.ct L 1Y ¥ wt_cl uw/utet u'/fy
51.53 11048 0.05 3.011 0.0 0.00 0,00 0,000 0.000 0,000 0.00
£3.27 MI.TE 0.06 2.M15 0.047 0.00 0.00 0.000 0.000 0.000 O.00
§5.02 212.1) 0.0€ 2,347 0.0H 0.00 0.00 0,000 0.000 0.000 ©.00
B4.77 212.8¢ £.04 2.74% 0.035 Q.00 0.00 0.000 0.000 0.000 0©.00
B8.E2 213.0) 0.06 2.7 0.03% ©.00 0.00 0.000 ©.000 0.000 Q.00
40,20 13.W 0,06 2.668 0.040 O©.00 0,00 0.000 0.000 0.000 Q.00
§1.0) 214.18 0,03 2.412 0.023 0.00 0.00 0.000 0.000 0.000 ©.00
€370 21502 O0.0F 1.347 0.034 0.00 0.00 0,000 0.000 0.000 0.00
5.8 nk.0y o.04 2,537 0,005 0.00 0.00 0,000 0.000 0.000 0,00
65.83 15,76 0.04 2.540 0.023 ©£.00 6,00 0.000 0.000 0.060 0.00
§5.8) .44 0,04 2,801 0.03 0,00 0.00 0,000 0.000 0.000 ©.00
67.28 214,04 0.0 2.443 0.034 0.00 0.00 0,000 0.000 0.000 0.00

pes U/ w32 integral tayler Eolneg  diss rate X

E1.52  O0.98% 2.04Ba-004 3.93a=003 §5,.58a-004 2.760-005 €.B3s+003

53.27  0.992 1.897e~004 4.054=00) B.73a-004 2.834-005 6.18a+003

B5.02  0.993 1.302e=004 4.17e=003 5.B%e-004 2,914-005 5.54s4003
B6.77  0.937 1.666a~004 4.200-003 €.040-004 2.98e=005 §.03ee003
$0.57  0.998  1.6Me-004 4.399-003 £.1%4-004 3.0Fe=005 4,684+003
€0.28  1.002 1.55Te-004 4.50e-003 £.324=004 2.110-005 4.1%e+003
$2.03  1.00) 1.4BTe~004 4.40e-003 £.4Te=004 3.18s~005 3,04ee003
€3.78  1.007T 1.4040-004 4.T10-00) 4.600=004 3.24s-005 J,G6a+003
GE.B)  1.007 1.3934-004 4.81e-003 £.T4e=004 3.31a-005 3,2Te+00)
SE.E}  1.010 1.395e-004 4.810=00) £.732-004 3.308~005 3,30e+003
S5.53 1000 1.0460-004 4.81e003 £.724-004 2.310-005 3, M0e+003
£7.20 1012 1.290=000 4. B1e-00) £.B6e=004 3.3Te-005 3.06e+003

' ouk
-g.058
0.03¢
=-0.00%
0,013
=0.003
0.024
.03
-0.004
-0.018
=0.003
=0.010
-2.032

v tay
105.8

‘108.1

108.2
104.4
104.4
104.8
108.7
108.9
107.0
107.2
10t1.1
107.2

Compants
DT = 4.5 {30X): C) = 5.6; PO = 23 pai
243 ma lans: O WKz frequency shifc
laballed alz2 instead »f atz? by accident
Therir label: RSTa

S
—
-1

u.tl
"
2.85
2.80
2.81
2.03
2.
2.88
.78
2.0
2.82
2.m
2.719



lnput Paraseters -
Input filenums = atad
Humber ¢f positisns = 12 Number of recards = 15
Starting pesition * T4T.0 =» Incressnt = 254000 ma
Hesh length = 14.50 za Normalizing velocicy = -1.0 m/s
STatic pressurs - 12.Tt pay Tatal prassurs = 17.08 pny
Traveras dirsction = 1 Tetal temperaturs = 547.50 Rk
Transtsrs asthed -1 Weighting msthad -2
w/ie = 20.00
Qutliers remsved: Sample st. dev. = 3.00; Necerd st. dev. = 2,50
Glsbal Infermatisn
ru = 1.603e=-00%5 kg/im 5} : The = 1.09te*000 xg/m}
Rach-p =  Q.660; Hach-y = 0.440; U-nsan = 2314.5)%: Re .3 = 194010
U=coe? = 0.00310; U=aap = 1.0077; U=ezp=ci = 0.0260; U-car = =0.9932
¥-coaf = 0.00000; ¥Y-exp = 0.0000; Y-exp-ci = 0.0000; ¥-cor = 0.0000
Ensenbls Infarmatien
pes Order nsam Ratelawg} A¥allavg) arsjlarg) Reg re}
$1.52 1 1000 €17 100.0 .t 0
83,77 % 1000 5003 180.0 3.7 Q
.02 2 1000 S 9.9 2.8 1
56.77 7 1000 5401 100.0 2.5 L]
50.52 3 1000 510 100.0 2.2 1
.29 B 1000 5420 100.0 2.5 0
6.0 1 1000 5340 100.0 2.6 ¢
.18 3 1000 535 100.0 4.0 1
65.53 0 1000 N 190.0 3.6 ]
€65.5 5§ W0 5285 100.0 3.8 1
€5.53 1 1000 soan 100.0 4.2 0
§r.38 10 1000 T8 100.0 4.5 ]
par 1] LR 31 'R "L 3 LA A3 v vicl uvfulvt ut/y u sk
51.62 21,94 0.0¢ 2.916¢ 0.035 0.00 0.00 0.000 0.000 0,000 0,80 0.005
§3.27 112.78 0.0) 2.832 0,042 0.00 0.00 0.000 0.000 0.000 0.00 ©.00)
55.02 213.23 0.04 2.81) 0.4 €00 0.00 0.000 0.000 0.C00 0.00 0.04%
E4.T7 213.47 0.04 2.737 0.029 0.00 0.00 0.000 0,000 0.000 0.00 0.00%
EB.EX 4.2% 0.04 2,701 Q.05 Q.00 0.00 0.000 O.000 0.000 0.00 0.0iB
§0.28 21484 0.05 2.446 0.0)5 0.0C 0.00 0.00¢ ©.000 0.000 0.00 -0.049
€2.0) 5.38 0.0} 2.577 0.029 0.00 0.00 0.000 0.000 0.000 0.00 0.005
£3,78 5.9} 0.0} 2.516 0.027 0.00 0.00 0.000 0.000 0.000 0.00 ©.006
65,53 6,10 0.0 2,472 0.0 0.00 0.00 0.000 0.000 0.000 0.00 -0.070
65,53 2N4.45 0,02 2.450 0.033 0.00 0.00 0.000 0.000 0.000 0©.00 0.010
5.5} .M 006 2.488 0.019 000 0.00 0.000 0.000 0,000 0.00 -0.02%
$7.28 116.89 0.04 2.45) 0.040 0,00 .00 0.000 0.000 0.000 0.00 0.01)
j113 U/un uwrajuz integral tayler kelmeg  diss rats Re_tay
£1.52 0,988 1.5M4e-004 4.1Bs=003 K. BEe-004 2.8Be-005 £.014+00) 107.0
53.27  0.992 1, 7THe-004 4.29¢=00) §.0te~004 2.95e=005 B5.46ee003 107.2
S5.02 0.9 1.T41e-004  4.404=003 6.16e-004 3.02-005 4.Mae00} 107.)
EE.TT 0,996 1.6430-004  4.51e-003 £.304-004 3.094-008 4.52e+003  107.4
EB.52 0,399 1.E90e-004 4620003 £.444-004 3.164-005 4.1544003 107.%
£0.285  1.001 1.518e-004 4.72s-003 8 3.20-008  2.030¢003  107.8
62.03  1.004 1.4320-004 4.02¢-003 3.200=008  3.640003 10Y.7
€3.78  1.006 1.338a~004 4.%2e-80) 3.350-008  3.294+003  107.9
E5.53 1.008 1.)0Be=004 5.0Me~00) 2. 410-005  3.064+003  107.9
€5.5)  1.00% 1.282e-004 5.01e~002 3.410-005  3.04ee003  108.0
65.53 1,008 1.)200~004 5.014-003 £.97e=004 J.410-005 3.06e4003 108.0
67,20  1.011 1.201e-004 5.114-003 T7.0%-004 3.47e-005 2.36ee003  30D.1

e

= DI = 4.5 (B0R); CF =~ E.6; PO = 2 pui

=~ 241 == lens; O Nkz fraguancy shift

~ sams conditions as alx2 {te check for repeatability)

= Thesis label: UsT

u fl
2.79%
T.1T
.7
2.8
2.0)
2.04
2.8
2T
.0
2.88
2.80
2.8



- v Input Parasetars

Input filenaas = alrt

Tuaber sf peaitysns = 7 Huabsr of recards =15

Starting pesicien = M41.0 =2 Incremant = 25.4000 =n

Nash length * 14.50 aa Nursalizing velocity = =1.0 afs

Static prezsure = 14.01 pri Tecal prasaure - 16.98 pay

Traveras dirsctisn = 2 Tetal temparaturs = 544,50 &

Traniferm nethed -3 Weighting methed -2

at/a = 10.00

Gutliers remsved: Sample at. dev. = 1.00; Recerd sk, dev, ® 2.50

Glatal Infermatisn

nu = 1.516e~005 kg/{n s} s The = 1.178e0000 Xg/ad

Nach-p = Q.5)1; Nach-y = Q.517; U-mean = IT5.324; Re_m = 1METTQ)

U=coal = 0. 01462, U-ezp = O0.9%69, U-axp=ci = 0.0326; U-cer = ~0.984)

¥-cae? = 0.00000; Yeaxp = 0.0000; Y-exp-ci » 0.0000; ¥-cor = 0.0000

Ensamble Infermatian

pes Order nian Racwlavg) Yvallavg) nrejlarg) Rec.rej
51.82 1 1000 hres 100.0 2.0 -]
§3.31 & H- Frill 100.0 2.7 L)
5.0 2 1000 nse 100.0 2.7 Q
L1730 £ B 1000 248 100.0 LR ¢
.52 3 1000 pELH 100.0 3.é L]
0.7 8 1000 um 100.0 3.8 -]
2.0 4 1000 EA Y 100.0 3] -]
.78 % 1000 pLAR) 100.0 A2 -]
455 © 1000 nun 100.0 2.2 L
.5 & 1000 Fiat] 100.0 1.8 ]
$5.83 11 1000 1632 100.0 2. 1
1.2 10 " 0o 100.0 2.8 0

pes v U,ed u' oyl ¥ Y.ed v vi_cl uvfutet ulfet usk
$1.52 17401 0.05 3.1 O0.047 0.00 0.00 0.000 0.000 0.000 0.00 0.0%
£3.27 tT4.76 006 3.8 0.039 0.00 0.00 0.000 ©.000 0,000 0.00 0.09%
55.02 1T4.8% 0.0 J.15¢ 0.041 0.00 0.00 0.000 0.000 0.000 0.00 0.06%
6.7 175.84 0.14 308 0.043 000 0.00 0.000 0.000 ©.000 0.00 £.10t
832 175,72 0.0F J.c4% 0.040 000 0,00 0,000 0.000 0.000 0.00 ©.00¢
60,38 175.1 0.1) 2.9 0.0 0.0¢ 0.00 0.000 0.000 0.000 ©.00 0.073
€3.0) 1T6.30 0.7 1.%41 ©.018 0.00 0.00 0.000 0.000 0,000 0.00 0.073
€1.78 175.T1 0.11 2.%3% ¢.008 0.00 0.00 0.000 C.000 0.000 C.00 0.03%
$6.63 176,73 0.04 2.M18 0.0)0 0.00 0.00 0.000 ©,000 0.000 .00 0,076
45,63 176.64 0.03 2,%I0 0.037 Q.00 0.00 0.000 8.000 0.000 0.00 0.038
$65.53 1TE.M 0.00 2.%07 0.0 0.00 0.00 0.000 0.000 0.000 0.00 0.080
£7.28 175.5% 0.0% 2.78% 0.010 0.00 0.00 0.000 0.000 0.000 0.00 0.109
pes Y 'z intsgral taylar kelmag  diss rate Re_tay
.52 0,99 2.42)e-004 T.60e~003 T.280-004 2.Ma-005 4.466ee003 157.2
53T 0BT 3.092e-00¢ T.T6e=003 T.3%e-004 2,9%0-00% 4.354+003 157,85
85.02 0.938 D.786a-004 T.91e-00) T.Ede~004 ).CEe=00F 4.03e+003 137.6
36,77 0.988 3.1)0e-004 B.OTe=00) T.60e=004 ).130-005 3,T4e+00) 157.6
58.52 0.992 ),070a-000 £.22s~00) 7.01e~004 D.18e-00F J.4%e¢00) 157.7
€0.20  1.000 2.91%-004 B.342-003 T.95a~004 3.22¢=00F 3.35a+003 137.7
€2.03 1,008 2.824e-004 B.51s~00) 0.0Te~004 J.24e~005 ).0Bee00) 150.2
63,70 1,002 2.B00e-004 B.65s-003 0.21e~004 2.22¢~005 2.WHec00) 150.0
65,53 1.000 2.720e-004 B.79s-003 8.320-004 J.36e-008 2.73e+00) 1BB.4
5.5} 1,007 2.738e-CON B.78a-00) B.23-004 ). 244-005 2.72¢+00) 1ED.4
65,53 1,00 2.T3he-004 B.78e~003 B 3Ms~004 J1.3Te-005 2.6%4+00) 1EB.O
61,20 1.002 2.524e-004 B£.9)e-00) B5.48s-004 3. 434-005 T.B2e+003 157.%

e &

- BT = 3.8 (76%); €I = 5.8; PO = 30 p3t

243 =8 lens; 0 ARz fregusncy shift
sans conditiens as 125 {(te chack
Thesis labal: NSSB

for tepeatadllicyl
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u.tl
2.9
2.86
2.80
2.7
2.8
2.0
2.72
2.12
2.
2.46
.12
.13



Input
Inpuz filename = alxb
Humber of peitisns = 12
Starsing pesitaan = 470 an
HSegh lengeh * 14.50 ma
Static pressure * 14.01 pn2
Traverss direction = x
Transferm methed -1
10/a = 5.00
Outliers remeved: Sample at. der.

Glebal
ny = 1. 5164=005 ¥g/ls ) H
Bach~p =  0.532; Hach=u » 0.525;

U-coat = 0.02013; U-ezp = 1.0004:
V¥=coaf = 0.00000; Y-sap = 0.0000; T-axp=ci =

pas

£1.52
$3.27
5.2
BTy
58.52
%0.20
$2.03
3.1
5.8
€5.5)
€5.5)
67.29

pes
E.52
E3.3T
§5.02
56.77
$3.52
§0.28
$2.03
61.78
€5.E3
65.53
§5.5)
&7.20

pes
51.52
B3.ar
§5.02
56.77
§3.52
40.10
$2.03
.1
$5.8)
$5.5)
$5.53
i1.28

Order
1

RO N - R

-

v
176.20
176.%%
176.89
171.715
177.87
170,51
1.3
me.n
178.57
179.26
178. 1
179.26

ufm
0. 90
0.9
2.99%4
0.99%
0.9%%
1.002
1.002
1.008
1.003
1.007
1.008
1.007

Parassters m———
Nusber 82 records =15
Incrament = 35.4000 =m
Bormalizing velecity = =1.0 wfs
Tetal prassure = 16.99 pny
Total temperature = $45.00 1
Weighting methad -2

- 3.0

Inferaation
1.1749+000 kg/md
» 177.9%7); Rla.m

rhe =
U=mnean
U=exp=ci *

Record st. dev. = 2.50

= 170040
0.0019; U=cor = -0.909%

0.0000; ¥=cer = 0.0000
E ble Infermatisn

nean  Rate(avg) YVallavg} nrejlavg) Rec_re)
1500 1359 9.9 1.7 ]
1000 Fi) rd 100.0 20
1000 i A 100.0 2.2 )
1000 INAE 100.0 1.3 [
1000 00 100.0 21 1
1000 1999 100.0 2.0 )
1000 n 100.0 1.7 -]
1000 1639 100.0 2.5 ]
1000 207 100.¢ 2.3 -]
1000 2382 100.0 1.9 -]
1000 1403 100.0 2.3 0
1000 42 100.0 2.3 o
U.ck uwhouted ¥ Y.ei ' wtoed uvfuty? utfvt uak
0.05 J.637 0.040 0.00 0.00 0,000 0.000 0.000 0©.00 0.07)
©.10 3.BB3 O0.055 0.00 0.00 ©0.000 0.000 ©.000 0.00 0.033
0,05 3.B75 0.04: 0.00 Q.00 0.000 O0.000 0.000 Q.00 0.045
0.11 3.510 0.037 0.00 0.00 0.000 0.000 0.000 Q.00 0,050
0.05 3.456 0.050 0.00 0,00 0.000 0.000 0.000 0.00 0.02%
0.08 3404 0.04) 0.00 0.00 0.000 0.000 0.000 0.00 0.03%
0.14 330 0,035 0.00 0.00 0.000 0.000 0.000 0.00 0.024
0.14 329 0.08) 0.00 0.00 0.000 0.000 0.000 0.00 -0.007
0.06 3.241 0.01% 0.00 0.00 0.000 0.000 0,000 0.00 0.042
0.07 3.2% 0,055 ©0.00 0.00 0.000 0.000 0.000 0.00 0O.00%
0.12 3.178 0.044 0.00 0.00 0.000 6.000 ©.000 0.00 -0.02)
9.11 3.177T Q.05 0.00 ©.00 0.000 0.000 0.000 0.00 =0.0M2

whnn invagral taylor Ralmeg  diss rate e tay
4.2630-004  9.340=003  T.62¢-004 2.364-005 5.26e000) 1819
A.117e4004 - 9.526-003  T.T6e-004 2,904~005 4.95e+003 1BAD
4.0884-004 9.452-003 T.08%e-004 2.95e-C05 4.40e4003 tH4.2
3.301-004  $.B64-003 3,0018-004 2.990-005 4,3644003 1047
3.T7807004  1.000~002 B.14e-004 3.040-005 4.0%ee00) 104.B
3.4470004  3.072-002 8.263-004 3,094-005 3044003 1050
S.6570=004  1.030~002 B.3%a~004 J.13e-005 3.83e¢00) 105.0
3.3904=00¢  1.054~002 8.500=004 J.1Te~005 J.45e+00) 1052
3.2984=004  1.078=002 B.64e=004 3.23¢-005 3.23ee00) 125.1
J.381e-004 1.0Te~002 0.62e-004 3.220-005 13.27e+003 185,85
3.188e-004 1.0Te=002 B.62s=004 3.22+-005 13.25a¢00} 1B5.}
3.145e=004 1.0Bs=002 B.T4s-CO04 3.26s-005 1.0%s+00) 1055

= DT « 3,8 (741); €) » 5.0; PO = 20 pri
= 160 mm lent; O WMz frequency shift
= sams canditiang as jL31aS and ajad, but dlfferent Jens {te eheck fay Lons effect)
= Thesis labsl: N5S¢

220

u.rl
2.1
.1
2.75
2.1
.1
237
2.73
2.76
.71
N
2.70
2.n



Input Zilsname L
Tunbar af pasicians = )

es== Lnput
117
2

Jearting perition = T47.0 an
Nash length = 14.50 a»
Jtatic pressure = 14.02 pay
Traverse directish = 3
Transfers methed -
/e = §.00
Outlisrs cremaved: Sample st. der.
Gladal
au = 1.507e-00% kg/im 5} .
Nach-p = ©.533; Kach-y = 0.525;

U=counf = 0,.01942; U-sxp = 0.9991;
Yecaa? = 0.00000; ¥-exp = 0.0000;

0
b1.53
(183
8E.02
.77
k162
40.79
€2.03
(3R] ]
5,53
5.5
£5.53
€1.20

pes
51.52
8.7
85.0%
E&.TT
58.52
40.20
$2.03
4. 78
45.51
$5.63
65.63
1.2

pes
61.52
$3.27
£8.02
1 s
s0.52
80,20
$2.0)
43.78
5.5
$1.52
3.5
$7.28

Grdsr

O PO aR R

u
176.78
176,84
176.461
1mn.m
177.64
177.0
170.0%
178,92
17820
179.00
179.27
179,34

U/ta
0. 953
0. M
0.9
0.9
0.9
1.001
1.002
1.007
1.00)
1.007
1.009
1.00%

aran  Ratelay
1040 3156
1000 ki th)
1000 H
1000 2956
1040 104
1000 T
1000 Frill
1000 125
1000 FLiyi]
1600 1344
1000 133
1000 460

U} u*

0.0T J.651
0.06 J.B62
Q.05 3.482
.13 3.4
o8 J.450
13 3.an
i% ).
12 3.8
o6 3.917
FE I 11 ]
11 1. Mé
14 3k

Ll
4. 3180=004
4, 040=004
3.08%e=004
3, 8248004
3. TThe-004
3, 8348004
3.817e~004
3.308e-004
3.257e-004
3. 310004
3.330e-004
3. 08e-004

g Ialtay
8.0
100.0
100.0
100.0
100.0
100.0
0.0
100.0
106.0
100.0
100.0
100.0

ut.cd
0.045
0.01%
0.041
0.0
0.04%
0.038
0.040
0.03%
0.033
0.040
.07
0.04%

000000000000

integral
9.11e=003
9.280~00)
9.460=003
9.630~00)
9. M9e~00)
0.%5,-00)
1.01e-002
1.03«-002
1.048-002
1.0e-002
1.CHe-002

Paramaters

Bumber #
Incresen
armaliz
Tetal pri
Total tu
Velghtin

- 3.00;

the = 1.1804+000 Xxg/md

1 racards

%

ing velocacy
sifure
upeTALUTS

£ methsd

15

=1.0 s/s
17.01 p2
S43.00 Rk
2

25.4000 am

4

Lscerd at. dev. » .50

h

U-mean = IT7.715; Rem = 17104}

Usaap=ct = O0.0467; U=cor = =0.57T00
Teaapeci = 0.0000; ¥-cer = &.0000
E Bis Infsrmatisn

g! arsjlavg) Rac.re)

2.1 9

2.0 o

1.4 -]

1.8 ¢

1.7 ]

2.4 ]

2.2 9

3 ]

2.1 ]

2.3 0

1.5 L]

21 ]
L X3 ¥rooowtoel ur/utyt ut/vt uaak
.80 0.00 0,000 0.000 O.C00 0.00 0.053
.00 0.00 9,000 0,000 0.000 0.00 0.080
L0 0.00 0,000 0.000 0.000 0.00 0.026
.00 0.00 0.060 0.000 0.000 0.00 ©.047
00 0,00 0.300 0.000 0.000 O0.00 0.0
0 0.00 0.000 0.000 0.000 Q.00 D.0)2
6 0.00 0.000 0.000 0.000 Q.00 0.0i%
® 0.0 0.000 0.000 0.000 0.00 0.035
060 0,00 0.000 0.000 0.000 0.00 0.000
8 0.00 0.000 0.000 0.000 0.00 ©.04
00 0.00 0.000 ©€.000 ©0.000 0.00 ~0.0)1
00 000 0.000 0.000 0.000 0.00 ~0.015

taylor kalmeog"  diss rate Re_tay

7.52e~004 2.849-005 E.2Be+00) .7
T.454-004 2 4.9Tee003 1B2.1
T.The=004 4.620%003 i81.1
T. 910004 4.360400) 101.5
50400t 3.02e~005 4.0%ee003 102.6
8.17a-004 1.0Te~005 J.854+003 102.8
B.280-004  3.12-005 J3.63ev003 101.%
0.40s-004 J).150-006 3.46s+00) 1023
B.54=004 3,21e-00F 3.227e%00) 18).0
B.5e=004  J.30e~006 3.36ee00) 1234
0.520=004 3.30~006 3.38ee00) 1EJS
06400080 3.240~005 3.0%e+00) 1B).5

1.040-002

= bt = 3.8 (T61); €3 = 5.0; PO = 30 pst
= 160 ma lens; O RNz fregquency shife
= sams condiviens as alxé
= Thesls label: KS5d

o
(3]
—

(7833
2.80
2.1
2.78
.75
2.78
3.10
.n
2.75
.74
2.87
2.74
2.1



Input Parameter:

Input filenams » alad

Humber of pesitions = 13 Bumbap of recnrds =15

Starting pesition = T47.0 ma Incrasment = 25.4000 mm

Rash lengeh * 14,50 m Normalizing velocity = ~=1.0 a/s

Static pressure = 15.13 psi Total prassure = 17.59 pii

Iravarses directioh = x Tatal tamwperaturs = 540.00 R

Itansfers methsd -t Weighting methed -2

10/a = 0.00

Outlisrs removed: Sample st. dev. = 3.00; Recetd st dew. = 2.50
Glabal Iatormatien

Ao » 1.413e-005 Xg/(m 5) rhe = 1,264s+000 kg/md

Bach=p =  O.468; Rach=v = 0.462; U-mean = 156.830; kem = 160926

U-ceet = 0.02072: Urazp =
¥=ceat = 0.00000; Y-azp =

1.0184; U~-ezp-ci = 0.0199; U-cer = ~0.9044

0.0000; Y-sap=ei = 0.0000; ¥-co

Easenble Infermatisn

T

0.0000

pss  Order nsam  Ratefavg) X¥allargt  nrsjlavg) Rec.re)

51.52 1 1000 AT42 100.0 3.2 1

5327 & 1000 3 100.0 2.9 °

85,02 2 1000 3385 100.0 2.1 1

56.77 7 1000 R11p) 100.0 .5 [

58.52 ) 10600 nay 100.0 2.6 [

40.28 L] un 00.0 2.4 ]

2.0 14 1000 1361 100.¢ 1.8 [}

0.7 9 1000 299 100.0 2.7 )

5.8 ¢ 00 Jass 100.0 2.1 9

5.5 & 1000 A5¥ 100.8 2.7 -]

€5.5) 11 1000 1604 100.0 2.5 ]

€7.28 10 1000 1290 100.0 1.9 ]

pes U U_ci e wted Y v.a ¥ owt el uvfutyt ut/et uaak
51.52 155.%4 0.04 3.029 0,045 0.00 0.00 ©0.000 0.000 0.000 0.00 0.048
63.27 185.%1 0.08 2.%64 0.02¢ 0,00 0.00 D.000 0.000 ©.000 0.00 O.04P
55.07 156,50 0.04 2.%17 0.02¢ 0.00 0.00 0.000 0.000 0.000 0.00 0.040
56.77 156.44 0.07 2,832 0.042 0.00 0.00 0.000 0.C00 0.000 0.00 0.057
58.52 t56.73 0.06 2.86% 0.03) 0.00 OC.00 0.00C¢ 0.000 D000 0.00 0.044
6€0.20 156.03 0.06 2.81% O.021 O.00 0.00 G.000 0.000 0.000 0.00 0.040
61.0) 157.06 ©0.05 2.783 D.026 0,00 C.00 ©0.000 0.000 0.000 0.00 0.007
63,78 157.44 0.04 2,741 0.022 0.00 0.00 0.000 0.000 0.000 0.00 0.000
65.53 150,14 0,08 2.678 0.01%8 0.00 0.00 0.000 0©.000 0.000 0.00 0.000
€5.53 157,56 Q.05 2.675 0.034 0,00 0.00 0,000 0,000 0.000 0.00 0.003
€5.8) 157.40 0,05 2.71% 0,035 0.00 0.00 0.000 0.000 0.000 0©.00 =0.007
67.70 158.05 0.04 2.430 0.033 0.00 0.00 0.000 0.000 0.000 0.00 -0.007
paa Vm u'i/n integral tayler kelueg  diss rats Re_tay

51.52 0.0 3. T78a-004 %.46e-003 9.15e-004 3.14e-005 2.30e4003 IT4.0

5$3.27 0980 3.595e-004 9.61e-003 0.20e-004 J.20e-005 2,.7044003 173.9

S5.02 0990 J.475e-004 9.7Te~003 B.4le-004 D.24e-005 2.57e4003  1N2

SE.TT  0.937 1.200a-C04 9.920-003  0.54e-004 3.2804-005 2.41e+00) 174,21

EB.52  0.99% ).352e-004 1.00e-002 B.6Te~004 J.J4e-005 2.30a¢003 1T4.2

€0.20 1,000 3.2)2e=004 1.070-002 B.738=004 J1.3%e-005 2,15e4003 174,72

2,03 1,001 J.141e=004 1.044-002 S.914=004 3.43¢~00E 2.04e+003 1T4.D

£1.78 1,004 3.032¢=004 1.05e=002 9.034=004 J3.4Te-005 1.He+00) 174.5

65.53 1.008 2.86%e-004 1.08e=002 9.134=004 J3.E1e~005 1.080¢003 174.B

65.53 1,005 2,803e-004 1,060-003 9.16e-004 3.524-005 1.04e¢00) 1745

€5.53  1.004 2.987e~004 1.060-002 %.154-004 3.52+-005 1.83a¢00) 174.4

67,38  1.008 2,831e-004 1,080-007 9.254-004 3. 564005 1.764+00) ITH.T

= DT = 3.4 (68%); C) = 5.0; PO = 20 psi

= 180 lsns; O Hix frequency shife

= Thazis label: RS54



- Input
Iaput filenase - a1y
Busber af peajtiens = 12
Scarting pesitien “ 747 O na
Kesh langth = 14.50 ms
Static pressure - 16.9¢ put
Traverss dirsccian = 3
Transfers mathed -

/e - =8.00
Outliery Tremsved: Sample st. dev,
Glebal
My o= ). 28084005 kg/lm 1) H
Each=p =  0.376; Rach-u = 0Q.34%;
U-cesf » Q.0LRED; U-ezp = O.9M45;

¥=conf » 0.06000; Vesxp = 0.0000;

Enssnbls Infermatisn

Paramaters
Rusbsr «f racerds . 15
Incremsnt * 15.4000 ma
Normalizing velecity « =1.0 /s
= 18.70 ps1
= 538.50 %
Weighting methed =2
= 3,00, Record st. dev. = 2.50
Infermation
ths = 1.400#+000 kg/ad
U=mean = 126.179; Re.m = 4024
U-ezp=ct * 0.0779; U-cor = -0.9416

Y-exp=¢1 = 0.0000; ¥ecor = 0.0000

pes Order npam Ratslavgl X¥allavgl nrejlavg) RecTe)

51.52 1 1000 027 100.0 2.5 -]

Byt 4 1000 E784 100,49 2.7 -]

65.02 2 1000 5909 106.0 2.9 -]

w1 7 0ed B9y 100.0 3.6 ]

8.5 ) 100 S840 100.0 1. L]

waim e 1000 £33¢ 100.0 4.2 0

2.0 4 1000 5623 100.0 34 0

$3.13 % 1000 1{311) 100.0 4.1 Q

4.3 o 1000 [R13] 100.0 3.4 L)

45,53 § 1000 033 100.0 3.3 o

€6%.5 u 1000 132 100.0 4.4 1

47.28 10 1000 ey 180.0 2.5 o

111 v Ul ut o ou'el LI X | v owtoel uvfulet ut/et uosk
E1.582 125.45 0.04 2.200 0,038 0.00 0.00 0.000 C.000 0.000 0.00 00N
E3.27 125.88 Q.05 2.2%1 0.02% 0.00 0.00 0.000 0.000 0,000 0.00 0.011
§5.07 175,88 0.04 2.177 0.023 0.00 0.00 0.000 0.000 0,000 0.00 -0.011
56.77 125,83 0.05 2.158 0.020 0.00 0.00 0,000 0,000 0,000 C.CO0 O.0U4
58.52 126,15 0.04 2.142 0.01% 0.00 0.00 0.000 0.000 0.000 0.00 0.0i4
0,28 124.1% 0.04 2,001 0.021 0.00 0.00 0.000 0.000 0.080 0.00 =0.009
€2.03 124.50 0.04 12.081 0,021 0.00 0.00 0.000 0.000 0.000 0.00 0.030
$3.78 126.5¢ 0,05 3.008 0.017 0.00 ©.00 0.000 Q.000 0.000 0.00 0.030
€5.53 126.% 0,04 2.08) 0.0} 0.00 0.00 0.000 0,000 D.Q0Q 0.00 -0,002
45.5) 124.00 0.0} 2.111 Q.03 O0.00 O.00 0.000 0.000 0.000 0.00 0.02%
$3.58) 134.58 0.02 .09 0.0)5 0.00 0.00 0.000 0.000 0.000 0.00 0.002
47.76 126,04 0,03 2.01% 0.02% 0.00 0.00 0.000 0.000 0.000 0.00 0.024
2 1) LT R integral tayler kelmog  diss vate Re_tay
$1.62  0.9%4 3.306e-004 1.048002 9.440-004 J.734-005 1.11s+00) 1856
$3.77  O.M95 1.7454-004 1.06e-002 9.5Te~004 J.78e-005 1.05e+00} " 165.7
B5.O3  O.990 2.991e-004 1.07¢-071 9.T0e=D04 3.B3e=005 9.9Be+002 1459
58.77 1.000=002 #.030=004 J.B04=005 9.4400002 145.9
50,82 1.100-002 9.950=004 3.920=006 9.02¢+002 144.1
€0.20  1.000 72.722¢~004 1.120-007 1.01e=003 J.97e-005 B,5Tee002 144.1
£2.0)  1.003 2.708e-004 1.134-002 3.02e=003 4.00e-005 N.21e¢002 184.)
€378 1.00) 2,725e~004 1.14¢-002 1.03e~00) 4.0T¢-005 T.B2ee002 166.4
65.83  1.006 2.89Te-004 1.164=002 1.040=003 4.110-005 T7.52e+002 164.8
65.53  1.005 2,776e-004 1.16e-002 1.048-00) 4.110-005 7.50ae02 165.8
65,53 1.003 2,7)7e-004 1.16e-002 1.048-00) 4.11e-006 T.44ee002 1664
67.28  £.005 2.534e-004 1.17e=002 1.06e~00) 4.16e-005 T.16eed02 186.6

Conments

~ DT = 2.0 (542); C) = 5.,0: PO = 20 psi

= 160 = lan3; O RNz frequency shtlt
= Thesis label: XS)
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