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ABSTRACT

A comprehensive description of the technique to obtain a time
series of the quasi-instantaneous transverse vorticity from =&
four—wire array of probes is presented. The algorithmic structure
which supports the technique is described in detail and demonstration
data, from a large plane shear layer, are presented to provide a spec-
ific wutilization 6f the technique. Sensitivity calculations are
provided which allow one contribution to the inherent uncertainty of

the technique to be evaluated.
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FOREWORD

The present document is to record the substantial advances made
in the measurement of the quasi-instantaneous transverse vorticity as
a result of the M.S., Thesis work of C.L. Klewicki. This report is,
in 1large measure, taken directly from her thesis as it was submitted

in September 1983.

Some specific features: Chapter 6 and Appendix D, have been
added to the original document to clarify the uncertainty/sensitivity
aspects of the measurement technique. Also, since the X-array for the
C.L.K. Thesis had been incorrectly fabricated with an included angle
of 70 degrees (cf the intended 110 degrees), the response function
plots of Chapter 4, Appendix A, and Appendix C of that original docu-
ment are not representatiQe of the conventional probes (with a 90
degree included angle). Hence, these original plots have been
replaced with calibration data from the 1984 Ph.D. thesis® of P.J.

Disimile.

It is further noted that continuing efforts to streamline and
improve the computational speed of the processing routines, by using
tabular data in place of the analytic functions of the present report,
has led to a modified algorithm for the (Q,y) calculation. It is

apparent, from these efforts, that the use of "table-look-ups” cannot

1 pisimile, P.J. [1984) "Transverse Vorticity Measurements in an
Excited Two-Dimensional Mixing Layer” Ph.D, Thesis, Submitted to
Michigan State University, June and printed as FSFL-R-85-003,

xi



provide the required accuracy for the voltage—to~speed—and-angle.
conversions that are carried out by Process I. The Curlett report:
FSFL-D-85-004, presents a description of the inherent inadequacies of

the tabular technique.
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CHAPTER 1

INTRODUCT ION

The concept of vorticity is fundamental to the understanding of
turbulent flows. Fluctuating, three—dimensional, components of vorti-
city are a necessary condition for a flow to be labeled turbulent;
hence, vorticity («’) is a primitive variable of turbulent flows.
Corrsin and Kistler[1] considered this in their study of the boundary
region between a turbulent and non—turbulent flow. A signal from a
pyramidal configuration of four hot-wires, responding primarily to the
streamwise component of vorticity, was used to detect the passage of
the turbulent - non-turbulent boundary. More recently Kibens,
Kovasznay and Oswald [2] have developed an anolog circuit for the
detection in real time of the boundary. Several input signals to the
detector were considered. The signal chosen was that used by Corrsin
and Kistler (a signal proportional to wye) since it offered the most
contrast between the turbulent and nonturbulent regions. Hardin [3]
has used the concept of vorticity to model and predict the far field
noise associated with turbulent jets., Willmarth and Bogar [4], in
their investigation of the near wall region of a turbulent boundary
layer, used the concept of pressure gradients at the wall as a source
of vorticity. They attempted to measure the streamwise component of

vorticity in order to gain understanding of the turbulent structures
1



and mechanisms that result in an increase or decrease of drag.
Several other studies, Brown and Roshko[5], Blackwelder and
Eckelmann[6], Eckelmann, Nychas, Brodkey, and Wallace[9], Signor and
Falco[7], Falco and Lovett[8], etc have also used vorticity in
attempts to understand phenomena associated with turbulent flows,
i.e., coherent structures (typical eddies), bursting phenomenon, mix-

ing, etc. Thus an accurate measurement of the instantaneous vorticity

would be most useful in experimental fluid mechanics.
1.0 Historical Review of Techniques to Measure Vorticity

The measurement of vorticity is much more difficult than measur—
ing wvelocity. Each component of vorticity involves spatial gradients
in two different directions of two different velocity compoﬁents.
Hence, the measuring instruments (hot-wire anemome try, hot films, LDV)
tend to be complex, both geometrically and electrically. Typically if
hot-wires are used, more than one probe is involved, which suggests
multichannels and simultaneous measurements., Even so, the final meas—
urement is wusually one or two out of the three components of

vorticity.

Kovasznay [10], 32 years ago, developed a streamwise vorticity
meter. (Since then, it has been commonly referred to aé the
Kovasznay-type probe). It consists of four hot-wires mounted on four
prongs, which form a Wheatstone Bridge when operated as a constant
current anemoneter. The output voltage across opposite prongs is pro—

portional to the streamwise vorticity, Wy. Some of the earliest users



were Uberoi and Corrsin[11] for studies of the propagation of a turbu-
lence into non—turbulent regions. At that time the frobo was assumed
to be insensitive to cross—stream velocities. Since that time Kastri-
nakis, Eckelmann and Willmarth[12] have investigated the influence the
effect of these transverse velocities on the wy measured by the
Kovasznay probe. The authors concluded that instantaneous measure—
ments of vorticity in flows of high turbulence levels is impossible
since the influence of the transverse velocity fluctumations (u’', v’)
cannot be corrected for; simultaneous knowledge of both u’ and v' is
unavailable. Also the effect of these components of velocity can not
be ignored since they may be of the same order of magnitude as the
vorticity signal being observed. To allow for the measurement of all
three velocity components and their influence on w,, Vukoslavcevic and
Wallace[13] constructed a probe with the same configuration as the
Kovasznay probe but supported each wire by a separate pair of prongs
(a total of 8), and electrically operated each wire independently. In
effect the configuration is 2 x—arrays in perpendicular planes which
are parallel to the flow. It was concluded that the instantaneous wy
measurment was badly in error whether transverse velocity components
were accounted for or not, since the effects of the velocity gradients
introduced large errors in their measurement. The errors could be
reduced by decreasing the spacing between wires, but thermal cross

talk then becomes a problem.

In an in?estigation of the vortex structures associated with the
bursting phenomenon, Blackwelder and Eckelmann[6] developed a techni-

que to obtain a measure two vorticity components in the near wall



region. Two hot film sensors in a v-configuration were flush mounted
to the wall with a hot-wire located directly above, the signals were

considered to be proportional to Wy and w,.

The importance of making direct measurements of vorticity is
attested to by the novel concepts that have been developed for this
purpose. Two of these are noted in the following. Frish and Webb[14]
developed an optical method to directly measure vortictiy in fluid
flows. Spherical particles imbedded with crystal mirrors were
suspended in a liquid. The vorticity was obtained directly by measur-—
ing the time required for laser reflections from the mirrors to rotate
through small angles, Q=.50. The technique is limited by sensitivity
of the optics and electronics to noise and the technique can only
determine the vorticity of one sign. Lang and Dimotakis[15] have used
a laser doppler velocimeter technique to measure the circumferential
velocity components at the 4 vertices of a small diamond shaped
region. These velocity components can be related to the curl of V,
i.e. through the use of Stokes theorem. Smoothing and interpolation
procedures are required since the probability of obtaining four simul-
taneously sampled velocities at the four vertices, is relatively

small.

Foss, in a series of publications([16,17,18] presents the develop—
ment of a technique to obtain a measure of the transverse component of
vorticity using a 4 wire array. The present manuscript reports impor—
tant revisions and improvements of the tecﬂnique and calculation

schemes. The technique lends itself to flows in which large pitch



angles are encountered; free shear flows, outer regions of boundary
layers and wakes. Specifically, fhis writing presents the theory and
computational schemes involved in obtaining a time series of the
transverse vorticity, strain rate, and velocity components for a small
sample domain in a flow field. The influence of the transverse velo—
city, w, on the measurements is analytically described and a technique
to correct for its existance is presented and it is applied to a body
of data. Experimental data, obtained in a free shear flow, have been
used to demonstrate the complete technique. An organizational flow
chart of the complete techmique used to obtain the values for the time
series of vorticity, strain rate and velocity components from the vor—
ticity probe response voltages, E;,E,,E;,E,, is shown in Figure 1.1.
Each rectangular box represents a supporting calculation scheme used
in determining the time serieé values. Note that these calculation
schemes utilize various functioms which are defined from a complete

calibration data set.



CHAPTER 2

VORTICITY MEASUREMENT

2.0 Introduction

A regular time series of voltages from an array of four hot wires
is wused to obtain an irregular time history of vorticity. The compu-
tational scheme used to determine the time history of vorticity has
the same basic structure as the scheme described in Foss [21] but with
important additions and revisions. The complete method is described

herein.

2.1 A Qualitative Description of the Micro-Circulation Domain

The quantities derived from the four wire probe are to be spa~
tially averaged values over a small domain (£ 1mm). The domain will
be referred to as the ‘’'micro—circulation’ domain. These spatially
averaged values approach 'point measures’ in the flow field for situa-—
tions where the scale of the micro-circulation domain is sufficiently
smaller than the scales of the motion being studied. An example of
such a flow field is shown in Figure 2.la; the measurements, taken . in
the intermittent region of the free shear layer with a hot-wire probe,
approach point measures since the length scale of the probe is much
smaller than that of the energetic turbulent motion. For the smaller

6
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scales, the scheme acts as a low pass spatial filter; ie; the smallest
scale that can be measured is 1limited by the length scale of the

micro—circulation domain.

In constructing a value for the traﬁsverSe vorticity, w,, two
spatial velocity gradients are required; o, = 3v/3x - du/dy. A value
for the cross—stream spatial gradient du/dy may be obtained by wusing
measurements from two hot wire probes that are parallel to the z-axis
and separated by a distence Ay. The measurement of dv/dx, by wusing
two probes that are displaced in the streamwise direction, would be
disallowed due to probe interference effects. Hence a streamwise
length proportional to (velocity) x (time) is used instead. Foss [16]
used [(1/u)3/8t]=-93/8x; however this formulation does not account for
the contribution of v3a[ 1/dy to the 8l 1/9t value. A more accurate
description‘would utilize the total velocity component in the x-y
plane as the convection or translation velocity: (1/Q)a[ 1/3t=-3[
1/0s. An incremental streamwise length: &8s, may be defined in this

manner and an appropriately defined sum of such lengths may be used to

create a micro—domain over which the vorticity (wz) is defined as:

{w,> A = IAA w, dA ; where AA = AsAn (eq. 2.1)

A schematic representation of the micro—-domain is shown in Figure
2.1b. Note that the width of the domain: An, depends upon the spa-
tial orientation of the parallel array with respect to an average of
the streamwise directions for the time segment used to define the

micro—domain., The time segment is chosen such that the micro—domain



8
is nominally square: As=An. As a result of these procedures, the
reqularly sampled voltages: El(tj)....E4(tj)]. are converted to an
irregular time series of spatially avéraged values over the
micro-domain: <u(tj)),<v(v;)>,¢w(r;)>, and (egy(tj)>. The irregular

time series: t;, reflects the variable speed of translation as well

as the variable dimensions of the micro~domain.
2.2 The Vorticity Probe

The vorticity probe consists of four hot wiios or two arrays: an
x—array and a parallel array. A schematic representation of the probe
is presented in Figures 2.2a and 2.2b. The slant wires of the x—array
are nominally at an angle of 45° with respect to the probe axis. The
distance between them is of the order 1mm. The parallel array is
located below the x-array and consists of 2 straight wires which are
parallel to the z—axis. They are separated by a distance of nominally
1mm, The placement of the parallel array is such that the wires are
directly below the active region of the x—-array wires; hence, the
measurements from the parallel and x-arrays are at the same streamwise
location. The distance between centers of the 2 arrays is approxima-

tlely 3.8 mm.

The fundamental, and the most limiting, assumption in the use of

the four wire array to define w, is that:

39v/3z = 0 for each t; value
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The (8z) separation between the two arrays requires that this assump—
tion be made; its validity is dependent upon the instantaneous
character of the velocity field. - One motivation for the present
algorithm, and that of Foss [17] is that the error in: dy/3z=0, is
presumed to be much less than the error in the alternative assumption:

9(dv/9x)/3z=0, a 1la Foss [18].

Each of the 4 wires of the vorticity probe is fabricated using
the same technique. A representative wire is shown in Figure 2.2.b
The wire is 5 pm tungsten which is copper plated on the ends. The
copper plating enables the wire to be soft-soldered to the ends of the
jeweler’s broaches (prongs) and it aerodynamically isolates the active
portion of the wire from the prongs. The total wire length is nomi-
nally 3mm with an active portion of 1mm, ie 1/d 2 200. The minimum
spatial resolution that can be expected is greater than or equal to
1mm. No wire length corrections, (e.g., Wyngaard[19]) were wutilized
in the present algorithms. According to Collis and Williams[20] and
others, the effects of bouyancy forces may be neglected if Gr < Re?,
For the cordition; Gr2Re?, the velocity components adjacent to the
wire induced by the buoyancy forces become comparable in magnitude
with the flow velocity being measured. The relation Gr{Re® therefore
defines the lowest speed at which the hot wire is capable of measuring
without ambiguity. For the flow conditions and hot-wires used in the
present study the effect of buoyancy forces was insignificant. That
is .the Grashoff number was of the order 3.5E-06 (using an overheat
ratio of 1.7) and the Reynolds number based on the 5um diameter was of

the order .59 for U°o=2nds. The free convection effects for these
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conditions would become significant at a flow speed of .05m/s or less.
2.3 Role of the x—array in the Vorticity Calculation

The primary role of the x-array is to provide a measure of the
pitch angle ¢y at the 1location of the vorticity probe. This pitch
angle information is used at the parallel array location in defining
the velocity components and the orientation of the micro~circulation
domain with respect to the probe axis. It is assumed that the spatial

variations of the pitch angle are sufficiently small that:

v(x,y,2z+82) = y(x,y + Alz,z)

n

y(x,y - 8/5,2)

A secondary role of the x—array is to provide the requisite informa-
tion to allow a correction for the influence of the transverse
velocity. Namely, if the velocity magnitude determined from the
x-array exceeds the velocity magnitude defined by the parallel array,
the differeuce may be attributed to the existance of a (w?) influence
on the hot wire voltages of the x—array. ‘A technique to correct for

this w* influence is presented in a later section.

2.4 The Vorticity Calculation

2.4.1 Definiton of the Micro—-Circulation Domain

The vorticity calculation scheme yields a time series of spatial~-

ly averaged quantities; the velocity components (<u),<{v>) and their
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derivatives from which the transverse vorticity, and the strain rate
are found. The spatial averaging is performed in a region referred to
as the micro-circulation domain. This domain has been defined quali-
tively in section 2.1. The present section provides an operational
definition of this domain and specifies the procedures which are used

to compute the locally averaged quantities.

A key element in the computational procedure is the use of cumu-—
lative averaged quantities for the identification of the length (As)
and the width (An) of the micro—circulation domain. The cumulative
averaging procedure can be defined using the terms introduced in Fig-

ure 2.3 and the following operational steps.

For a given time step (tj). the previous and present quantities
are used to define an incremental value; e.g., the convection speed

for the increment: ti-dty is:

Quonvection(tj) = 0.5[[(Qu+Q)/21(t;) + [(Q;+Q)/21(t;_1)] (eq. 2.2)
The locally averaged quantities at time (ri) are defined by the incre—
mental values existing beétween Tj-: and <Tj. For purposes of
illustration, consider a time counter: k, such that k=0 at T ;_,. The
convection speed: Qc(tk)’ and the cumulative average of v:

GUtE)> = (yo + y5 + 73 + vou + 7g) [/ (k+1), ~ (eq. 2.3)

are used to define an incremental length in the streamwise direction:
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8s(ty) = Q(ty) cosly(ty) = <y(ty)>) (tp—ty_,) (eq. 2.4)

where y(ty) is the incremental value for ty_; 9 ty.

The corresponding value of the transverse dimension is:

An(ty) = A cos(y(ty) - <y(tg)>). (eq. 2.5)

Note that the An(ty) values will form a convergent series for the

expected, i.e., smoothly varying, y(ty) values.
The nominally square micro—domain is established by comparing, at

each time step value, An with the cumulative sum of the &s values.

Namely, for

k
As(ty) = 2k'=1 8s(ty'), (eq. 2.6)

the computational scheme allow k to increase wuntil the cumulative

length first exceeds the current value of the width:

As(ty) 2 An(ty) , (eq. 2.7)

The proper number of time stebs (N) is defined as that value which

causes As to most nearly equal An. Specifically, N=k if
[as(ty) - antep)] ¢ [Ancty_y) - asttgp ] (eq. 2.8)

Similarly, N=k-1 if the inequality is reversed. These operations
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define the number of time steps to proceed from Tj-a to Ty; viz.

Ty = Tien v NOE; (eq. 2.9)

and the quantities at these two limits will be identified as, for

example, u,(t;) or u,(vj_,). It is pertinent to note that the nature

of the variable in question defines whether it represents an instan
taneous (e.g.,nn(ti)), an incremental (e.g.,8s(ty)), or a cumulative

(3-8--<Y(fi)>) value. The procedures to evaluate the spatial average

quantities given the correct N value are presented in the following.

2.4.2 Micro-Domain Average Values

The spatial average value for the transverse vorticity over the

micro-circulation domain [AnAs](t;), can be expressed as:

-2
Cw,>(t;) = (AsAn) | u,dnds. (eq. 2.10)

The area integral in eq. 2.10 is transformed into a contour integral
around the circumference of the parallelogram AsAn by applying Stokes

Theorem:

-1 +An/32
{w,> = (AnAs) [I:rAn/z[un(S+A8/2) = u,(s-As/2))cos<y>]dn/cosy>

_ IS+AS/2

S_Aslzlns(n+An/2)—ns(n-An/2)]ds] . (eq. 2.11)

Figure 2.4 shows a representation of the defined circulation 1loop

around the circumference of the micro domain. The first integral in



14
equation 2.11 may be interpreted as {8u,/3s> and the second integral
as <3ugy/3dnd>. Hence equation 2.11 may be rewritten in terms of these

spatial velocity gradients;

$w,> = (@uy/ds> — <3ug/dnd (eq. 2.12)

The strain rate, exy' may be readily evaluated using these spatial

velocity gradients; viz.,

{exy> = <3uy/ds> + <(dug/and (eq. 2.13)

The evaluation of <3u,/3s)> is estimated using the difference between

the cross—stream velocity o, calculated at s and s+As and then divid-

ing by As;, ie.;

Qu,/as>(t;) = [uy(vy,) - ()] /7 As(zy) (eq. 2.14)
where

up(zy) = Qp(ti)sin(y(ti)-<7(ti>) (eq. 2.15)

Bp(Ti-1) = Qlzi_y)sinly(rj_,)-<y(z;d) (eq.2.16)

and

Qp = (Q, +Q,)/2. (eq. 2.17)
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The factor sin(y(tr;)-<y(t;)>) accounts for the difference between the
direction of the instantaneous streamwise velocity [Qp(tj)] and the

mean flow direction: (7(11)), for the averaging time t;_, to =T; of

the current micro-circulation domain.

The second integral represents {9ugy/3n>(t;) which is analogous to
<{9u/dy> in laboratory coordinates. The strategy to obtain a value for
(dug/dn>(v;) utilizes a summation of the incremental values of

Su (ty); namely, for

dug(ty) = 0.5[(Q=0;)cos(y(ty)=<y(ty)>) +

(Q,-;)cos(y(ty_) =<y (ty_y)>) ] (eq. 2.18)
the <3us/an> value can be written as
N N
<dug/an(zy)) = §k=1[sus<tk>][ss(tk)1 / [An(ri)§k=16s(tk)] (eq. 2.19)

Note that the factor cos(y(ty)=~<y(ty)>) aligns each incremental con-
vective length: 8s(ty), with the average convection velocity vector

of the fluid element. In a similar manner, the spatial average for

the two velocity components, {ug(v;)> and Cup(t;)> are also defined

over the micro—-circulation domain: AsAn(z;), as:

_.N
Cg(ry)> = (As) *}k_l 0.5[a,(tp)cosly(ty)~<y(ty)>) +

Qp(ty_s)cos(y(ty ) =<rlty 1)) Jos(ty) (eq. 2.20)
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N
Cup(y)> = (As)“§k=1 o.s[op(tk>s;n<y(tk)-<y(tk)>) +

Qp(ty—a) sinly(tp_y) =<y (ty_s)>) Jos(ty) (eq. 2.21)

Thus equations 2.12-21 are used to obtain values for the irregular
time series of the spatially averaged quantities: <ns(ci)),(ﬁn(ci)>,
dug/an(ry)>,<duy/ds(v;)>,<wy (), Cexy(tj)>. These quantities are in
terms of the s-n or micro—circnlation domain coordinates. A coordi-
nate transformation converts these quantities to laboratory
coordinates: x-y; the transformation equations are presented in
Appendix B. The vorticity values are independent of this transforma—
tion but the strain rate, velocity components and their derivatives
are not. Figure 2.5 shows the relation between the s—n coordinates,
probe coordinates and the laboratory coordinates. The relative angle
between the x~-y and s—n coordinate systems of a given

micro—circulation domain is given by
ﬂ.(fi) =49 + (‘Y(‘Ci)> » (eq. 2.22)

where © is the angle between the vorticity probe axis and the
x-laboratory coordinate and <y(t;)> is the angle between the velocity

vector <Q(t;)> and the vorticity probe axis.



CHAPTER 3

SUPPORTING SCHEMES FOR THE VORTICITY CALCULATION
3.0 Introduction

The complete scheme to determine the time history of the
transverse vorticity involves several intermediate calculations; spec—
ifically, the regular time series: [Qx(tj),y(tj)], is computed from
the slant wires of the x-array, and a calculation to correct for the
influence of the transverse velocity component on the computed Qy and
Y values may be performed. The present section describes these calcu—
lation procedures and the extensive processing of the calibration data

that is required to support them.
3.1 Determining Q and y From the x—array Voltages

The response of the x—array, [EI,E,](tj), is used to construct
the regular time series of Qx(tj),y(tj). Basically there are.three
schemes that have been evolved from which the Q; and y information may
be extracted from the x—-array measurements: (1) a
two-equation/two—unknown scheme technique (e.g., Bradshaw [21]), (2) a
table look-up (e.g. Willmarth and Bogar [4]) and (3) an iterative :
speed wire/angle wire procedure (Foss [18]). The data base for the

iterative scheme is similar to that required for the table look-up

17
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technique. Smoothing and interpolation operations that are made pos—
sible by thé use of analytic relationships, are employed in the
iterative technique; hence, this method gains accuracy, at the expense
of computation time and complexity, with respect to the table look-up

scheme.

The two-equation/two—unknown scheme is characterized by the
method described by Bradshaw [21]. For E’=A+Bngf and Qq¢¢=Qcos(f-v),

the resulting velocity component equations are:

o cosf; + v sinf, = [(Ei_Al)/Bl]lln1 (eq. 3.1)

w coshy + v sinfy = [(E%,-A,)/B,]" 2 (eq. 3.2)
where

y = TAN *(v/u) (eq 3.3)

Thus the regular time series of sampled voltages [El,Ez](tj) fram the
x—array are used to obtain a regular time series of n(tj).v(tj).v(tj).
This calculation scheme is referred to (herein) as COSLAW and is. de s~
cribed more fully in Appendix A. Implicitly, it is assumed that the
cosine relationship is uniformly valid over a range of angles from the
orientation at yhich the calibration is executed (i.e.; y=0 for the

present study).
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A correction to the basic cosine relationship c¢an extend the
range of validity for a given slant wire; for example, Foss [16] con
siders the available analytical forms. The pitch angle range of
validity for the cosine and extended cosine laws for a given slant
wire is shown schematically in Figure 3.1. Note that the viable range
for an x-array to deliver accurate Q and v values is limited by the
inaccuracy of the analytical form at large |p—y| values. The range of
pitch angles where the analytical form fails to describe E=£(Q,y)
relationship is referred to as the ’outer range'. This inability of a
single analytic form to accurately represent E(Q,y) in the 'outer
range’ motivates the develmeent of an alternative calculation strate~
gy. The strategy involves the designation, for a given data pair
[E,,E,]1, of one slant wire as the angle wire and one slant wire as the
speed wire. An iterative calculation is used to determine Q and y
for each sample time t; as noted below.

J

3.1.1 Speed-Wire/Angle-Wire Technique: Iterative

At a given sample time, tj’ one of the slant wires will be
oriented at a relatively large value of |B-y| while the other will be
at a relatively small value of |B-7|. The wire at the small IB-Yl
value is designated the ’'speed wire' since it is predominantly sensi-—
tive to the speed Q and minimally sensitive to the pitch angle <.
Likewise, the wire at large Ip—y| is designated the ’‘angle wire’ and
is most sensitive to y with a reduced sensitivity to Q. Figure 3.2
depicts wire 1 as the speed wire and wire 2 as the angle wire (i.e.

v>0°).
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Given the state shown in Figure 3.2, the pitch angle and flow

speed are determined as follows. From the calibration of the x-array

the functions: f, and fs, are available; specifically,

Y = fa(Ea(v)/Ea(O);ij) (eq. 3.4)

Qs = £,(Eg:iv,) (eq. 3.5)

where the convention: (a;b) is used to distinguish between an inde-
pendent variable: ‘a’, and a parameter: 'b’. Figures 3.3a-c show
schematically how these functions are used to obtain the Q and ¥
values. Note that wire 1 is the speed wire and wire 2 is the angle

wire for this illustration.

The calculation scheme is initiated with an estimate for the
speed ,Q,, via the QOSLAW technique. Using Q; as a parameter, the
pitch angle y is determined from the functional form given in eq.
3.4, for which le-ijl is minimized. Then, using y as a parameter, a
new value for the speed is determined from the functional form given
in eq. 3.5, for which |7-7c| is minimized. (Note, both ij and v,
are members of the calibration grid; see Figure 4.1.) For values of vy

£ Yc the speed is adjusted accordingly by (locally) employing the conm

cept of an effective cooling velocity;

Q (Eg;v) = Qg [cos(B-yc)/cos(ﬁ-y)] (eq. 3.6)
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The value of Q;, found using eq. 3.6, may then be used as the

parameter to re-evaluate 1. The process iterates to convergence

wherein l7n+1‘7n[$A7°° A value of Ay°=.5° was used for the present
study, but the value may be arbitrarily established. Note that as
AY°30 the Q,y values converge to the true values. This convergence
was observed numerically and it follows from considering the effect of
a perturbation, from the true values, in the sequence of steps shown

in Figures 3.3a-c.

The above iterative scheme accurately determimes Q and y for
large |[p—y| values. At the smaller |B-y| values the accuracy is also
maintained but the convergence time is significantly increased with
Tespect to using an explicit two—equation/two—unknown scheme. To max—~
imize the accuracy and efficiemcy in determining Qx and vy from the
[EI.E,] data pairs, the calculation algorithm employs both methods.
The initial value of y is determined using the COSLAW; if it exceeds
the +12° range, then the corresponding Qx value is used as the start-
ing value for the iteration technique. If the initial value of vy is
within the ly]£12° range, then this initial value is accepted and the
computation continues with the Q, and y values provided by the ODSLAW

calculation.

3.2 Three-Dimensional Effects

3.2.1 Effect of the Transverse Velocity Component on the Q and v

Evaluation

Neither the COSLAW nor the iterative scheme accounts for the
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effects of a transverse velocity compoment (w)on the response of slant
wires. Neglecting this effect may introduce significant errors in the
Qx and ¥ values calculated from the "contaminated” x—array voltages.
These errors have been observed, for example, by Vukoslavcevic and
Wallace [13], Bruun [23] and Kastrinakis, Eckelmann and Willmarth [12]
in flows where large turbulence intensities are present. In the ana-
lyses _of their data, these authors have accounted for the effect of
the transverse velocity by including higher order terms in the model
for the hot wire response. -The following section presents a different
technique for determining the magnitude of the transverse velocity (w)

and a method to correct for its influence on the calculated values of

Q; and v.

3.2.2 Detection of the Transverse Velocity

Consider that a z-component velocity (w) is added to the =x~y
plane velocity magnitude (Qx)' The change in the parallel array vol-
tages would be relatively small, since this component is parallel to
these wires, however, the speed-wire and the angle-wire would experi-
ence non-neglible changes in their voltages. The speed—-wire,
angle-wire voltages that would be created by [Q,y] will retain their
designations as: E_ and E, respectively. The measured voltages, that
include the effect of w, will be designated as Eslm and Ealm respec—
tively. The effects of w are then designated as the difference (&E)
values as:

Egly = Eg + 8Eg and  Eyly = E, + 8E,. (eq. 3.7)
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It is pertinent to note that a given w value represents a relatively
larger effect on the angle-~wire since its additive cooling effect is a
larger fraction that that which is provided by (Qx'Y) acting alone.

Specifically,

8E,/E, > SE4/Eg (eq. 3.8)

Since the x-array voltages are significantly more responsive to
the presence of a z-component velocity that are the vlotages of the
parallel array, an inequality of the form: Qx>Qp may signal the pres—
ence of a z-component of velocity. This inequality is not, however,

uniquely related to the presence of a nomzero w value as noted below.

The physical separation (5z) between the two arrays and the exis—
tance of three-dimensional effects in the flow are sufficient to
produce an inequality in the Q, and QP values. These effects alomne
would cfeate a symmetric distribution for the velocity magnitude
difference: 8Q=[Qx-Qp]. However, the existance of nomzero w values
will give a positive bias to this distribution. A first order techni-
que, to discriminate between the effect of w and the effect of
3Q/3220, can be established using the measured frequency distribution
that approximates the probability density function (p.d.f.) of the
velocity differemce: p(8Q). A typical frequency distribution is
presented in Figure 3.4. The area of the frequency distribution that
is associated with 5Q<0 represents the dominance of a negative value

of 3Q/3z, If it is assumed that w=0, then a symme trically distributed
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area for 5Q>0 would exist since the average value of 9Q/dx is equal to
zero. For computational simplicity, the magnitude of a "cut-off”

value: 5ant—off=5pr’ is defined from the negative values of the 6Q

distribution. Specifically,

ap(8Q)da = k Io ap(8Q)da (eq. 3.9)
J‘O-SQXP [+] R

where k. may be selected arbitrarily. A nominal value of 0.8 is used
in order that extreme values of 5Q are not inappropriately weighted.
Hence, if 5Q is positive and greater than 8pr, the value of w at the
time of the [E,,E,] measurement is assumed non—zero. The procedure to
correct the measured voltages, for the influence of this w value, is

described below.
3.2.3 The w? Correction

The strategy for the correction scheme is that for an "inverse
problem”: Given 8Q>8pr, vhat value of the transverse velocity (w),
is required to cause 5Q to be equal to zero. To answer this question,
the effect of w on the x~array response must be investigated. (It is
assumed that the magnitude of w is identical at both of the slant

wires.)

The concept of an effective cooling velocity in the x~y plane is
invoked in order to account for the effect of w. The effective cool-
ing velocity may be thought of as a velocity that is perpendicular to

the wire and that provides a cooling effect equal to that of the actu-
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al velocity. The effective velocity may therefore be described as:

2 2 {1
Qeffltotal = [Q efflx—y +w ] /2 (eq. 3.10)

‘where: Qeffltotal = cooling effect on the wire including w
Qeff'x-y - cooling effect on the wire from a velocity

in the x-y plane only.

An explicit analytic expression for chflx—y is not required; however,
the response from each of the slant wires may be used to determine its

own effective cooling velocity.

2
Qefflspeed—wire = ([((Es+5Es)z‘A(ﬁ))/B]z/n(ﬁ) - [#*]) /= (eq. 3.11)
and
(B) 1/a
Qeff'angle—wire = ([((Ea+8Ea)z-A(B))/B]z/n P [w?1) (eq. 3.12)

The above coeffients: A B n, were determined by calibrating the wire
at the respective B values for each slant wire. If an initial esti-
mate for w* is arbitraily selected, then effective velocities for the
speed and angle wires may be computed. Note that these effective
velocities are in the x-y plane; hence, the initial estimates for the
corrected speed and angle wire voltages may be evaluated by using the
equations:

n(Bg)

E*s = A(Bg) + B(B)[Queel,] (eq. 3.13)
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n(p,)
E*, = A(By) + B(By)[Queel,] 2

(eq. 3.14)
The corrected voltages represent the response of the x~array given the
cooling effect of a velocity that is totally in the x-y plane. These
voltages are then used to determine Q. and y in the same manner
presented previously, i.e., using equations 3.4 and 3.5 and the itera-
tive calculation scheme. A complete utilization of the previously

described scheme also accounts for the second order effect of y on the

Qp calculation; viz,:

QP = OQS[Qg(Eg;Y) + Q‘(E4;Y)] (eq. 3.15)

The resulting Q, value is then compared with the Qp value determined

from the parallel array response. If the two are in agreement, it is
inferred that the postulated w value is correct; if not, a new w value

is selected and the above computation is repeated until §Q=0,

The above describes an overview of the strategy for determining
Q, and y from the response of an x—-array; this strategy assumes that
the proper calibration functions are available. The next section pro-
vides the detailed considerations for obtaining the calibration
functions and the associated processing algorithms that are required

for the complete ’'vorticity calculation’.



CHAPTER 4

CALIBRATION OF THE VORTICITY PROBE AND PROCESSING ALGORITHMS

4.0 Introduction

The objective of the vorticity probe calibration is to obtain
analytical forms that accurately describe the response of each wire
for a range of pitch angles and flow speeds, Specifically the

required analytical forms are:

Y = £,(E (v)/E(0) ; Q) (eq. 4.1)
Q = £,(Eg ;5 v¢) (eq. 4.2)
Q3'4 = fp(Bz" H Yc) (eq. 4.3)

Equations 4.1 and 4.2 utilize the voltages from the =x-array response
and equation 4.3 utilizes the parallel array voltages for the range of
pitch angles and flow speeds established for the calibration grid.
The calibration grid is represented in Figure 4.1. For |7|$12° the
coefficients determined from a calibration at y=0° are sufficient to

determine Q_ and y; recall that the COSLAW was shown to provide accu-

27
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rate results for this range of y values. For ly]>12° a more elaborate
calibration is required to obtain the functions giveﬁ in equations
4.1-4.3. The following sections present the details of the complete
calibration: i.e, the calibration facility and equipment, the data
aquisition procedure and the processing of the calibration data to

obtain the required analytical functions,

4.1 The Data Acquisition Facility

A complete set of calibration data is obtained by sampling
[E, ,E,,B,,E,] at each of the grid points: [Q,,y.], shown in Figure
4.1. For the present study, 7 flow speeds: =2m/sSQc$=13m/s, and 15
pitch angles, ranging from -42° to 42° in increments of 6°, were used.
The calibration facility is shown in Figures 4.2a-b, The x and paral-
lel arrays of the vorticity probe are supported by the fixture shown
in figure 4.2b. This fixture is mounted on a vertical stem which 1is
attached to a (=25¢cm) horizontal arm. The active portions of the
hot-wires are positioned on the axis of rotation of the stem/arm
assembly; ‘.e. the hot wires spatial location (x,y.z) remains con—
stant as the probe body is rotated through the calibration pitch
angles. The constant temperature hot wire probes are operated with
DISA 55M01 anemometers and the data acquisition system is based upon a
TSI 1075X (12-bit A/D , 0-5 volts, matched 50kHz low pas filters) and
a Charles River Data LSI-11/23 computer (hereafter referred to as 'the
computer'). The rotation of the probe through the set of calibration
pitch angles is computer controlled, whi;h insures the precision and

repeatability of the orientation for each calibration grid point. The
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flow speed is monitored using an additional straight wire (referred to
as the 'reference wire') which is located near the vorticity probe.
Prior to calibrating the vorticity probe, the reference wire is cali-
brated using a Validyne DP45-22 pressure transducer and CD12 carrier
demodulator over the same range of speeds as that to be used for the

probe calibration,

4,2 The Calibration Data

The calibration data set is acquired by sampling the 4 wires of
the vorticity probe at each of the 15 angles for the 7 flow speeds.
The reference wire voltage is simultaneously recorded. The final data
set consists of : [E,,E,,E;,E,,E_,¢] taken at each of the conditions

defined by the grid points in Figure 4.1,

The flow speeds indicated by the reference wire are used to cali-
brate one of the straight wires of the parallel array. The selected
wire is designated as the 'master—-wire’. The remaining 3 wires of the
probe are then calibrated using the speed indicated by the master—wire
for the particular y, value. The selection is based on the best fit
(i.e. smallest standard deviation) to the modified Collis and Willi-

ams equation:

n(yg)

B? = Aly.) + B(y.)Q (eq. 4.4)

STD [Qmeas. - Q] = [(N—l)—1§§=1[ameas..al;]1/z (eq. 4.5)
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where: Qmeas. is determined from the reference wire and Q is
evaluated from the measured E and the coefficients of equation 4.4.
This procedure relates 3 of the measured voltages to the 4th voltage
from the designated master—wire, Note that the vorticity is deter-
mined as the difference between two gquantities which themselves are
differences, the relative (and not the absolute) values of the vol-
tages at a given time are of principal importance. Hence, a
calibration scheme vwhich maximizes the relative accuracy of the wire
responses is both recommended and utilized. At each of the Yo values,

the [E,Q(E

naster)] Ppairs are fit to the modified Collis and Williams

equation (eq. 4.4). This results in 15 sets of the coefficients

(ABn) for each of the 4 wires.

4.3 A Measure of the 'Effective’ Angle of the Slant Wires

The angle between the wire and the probe axis, (B), is be deter—
mined operationally for each of the slant wires of the x-array. That
is, when the probe is pitched at 7c=t12° the data provides redundant
measures o¢f P, and f,. The cosine law can be used to obtain a rela-

tion for P as a function of y:

E*(y) = A(0) + b(0)QR{Y (eq. 4.6)

where Q.¢¢ = Q cos(f-v).

Equation 4.6 represents a four parameter family of equations; viz,
A(0), ©(0),n(0) and 8. The previously described calibration pro-

cedures provide best-fit values for A(0) and n(0); however, b(0) and 8
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must be evaluated using additional information. Note that the compan—
ion value, B(0), may be used with the calibration data from one other

angular position to evaluate b(0) and §; specifically,

n(o)
B(0) = b(0) cos (8) (eq. 4.7)
and, for example,
o) )
E*(12°) = A0) + b(0)cos” ' (p-12°)Q"" (eq. 4.8)

The second of these equations, i.e.(4.8), may be subjected to an aver-

aging procedure to evaluate the coefficient:

N (o)
K = (1/Ns)§ sl[b(O)cosn (B-12°) 1
s:.‘

where Ns = number of speeds used for the calibration (eq. 4.9)

Since E*,A(0),n(0) and @ are known wvalues, B can be solved for

explicitly as that value which satisfies:
K = [B(O)/cosn(o)ﬁ] cosn(o)(ﬂ-12°) (eq. 4.10)

The values of B found using equation 4.10 are approximately 3° Jess
than the measured values. Vukoslavcevic and Wallace[13] have also
observed this difference and attribute it to the hydrodynamic upstream

effect of the prongs on the flow and non—uniform properties of the

wires.
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4.4 Construction of Calibration Functions

4.4.1 The ’'Smoothed’ Calibration Data Base

The hot-wire voltages for wires 1 and 2 represent surfaces above
the Q,y plane. In principle, these surfaces monotonically increase in
"height” as y>f and as Q increases. Similarly, the voltages from
wires 3 and 4 represent surfaces that monotonically increase in height
with increasing Q but are, in principle, not dependent upon . (The .
acceleration around the support prongs does provide a weak dependence
upon y, as shown comparatively in Figures 4.10a-b gnd 4.12a-b. This
effect is also noted in the section 3.2.1 for the w3 correction

scheme.)

The calibration data are acquired at discrete positions in the
(Q,v) plane; see Figure 4.1. To insure the implied differentiability
of the E(Q,y) surface, the discrete data samples are replaced with an
appropriately selected analytic function. The modified Collis and
Williams [20] relationship (eq. 4.4) is used for this purpose. The
coefficients are selected by minimizing the standard deviation (eq.
4.5)for discrete values of n:.20,.21,.22, .... .70. Recall that Q is
derived from the voltage value of the master—-wire and its A,B,n coef—

ficients for that y value.

The above procedure is uniformly valid for wires 3 or 4 (i.e.,
the non-master-wire for a given <) and for wires 1 and 2 in their

speed-wire range of y values. For the angle range, and especially for



33

large Pp-y values, the calibration data may be better fit to equation
4.4 in a piecewise manner. That is, the coefficients A,B,n may vary
for different segments of the velocity range: Qmideamnx' This can
result in a non-differentiable condition at the juncture points of the
Ea(QSYG) distributions. However, this condition does not present any
difficulty since the analytical fit in the angle-wire range need only
provide for interpolation between measured velocity values at a given

vY. These considerations are explored more fully below.

4.4.2 A Computationally Efficient Form for the Velocity Magnitude

Evalunation

A smoothed calibration "data” base is constructed using equation
4.4, for the speed-wire range of wires 1 and 2 and for all y values
of the non—master—wire: 3 or 4. Each wires’ response (E) is analyti-
cally evaluated (using eq. 4,4) at the grid point conditions:

(Q ) of Figure 4.1. The smoothness of these "data” is insured by

¢’ Tc

the use of this analytical form.

Drubka and Wlezian [22] have shown that a polynomial fit to such
data® can dramatically increase the computational efficiency of evalu-

ating Q from a measured E and with a negligible effect on the accuracy

‘It is pertinent to note that a polynomial fit to the orginal (i.e.,
the non-smoothed) data base led to a condition in which the higher
derivatives: (anE/aQ“)Y for n23, did not show a montonic decrease

c

with increasing Q values. In scme cases, this led to problems of

convergence when the iterative method was employed.
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of the E-Q relationship. That is, although eq. 4.4 also offers =a
relation for Q=f(E.7c), the computation time is significantly greater
on the computer than using a polynomial of integer powers. The poly-
nomial form is suggested by the inverse form of eq. 4.4: "for a
function that is defined and continuous on a closed interval, there
exists a polynomial that is close to the given function as
desired”(Burden [25]). A 4th order Chebychev polynomial was chosen
since it allowed for maximum accuracy at a reduced degree of the

approximating polynomial. Specifically,

S
Q(E;y,) = 21—1 a; B*(17%) (eq. 4.12)

where a; are the polynomial coefficients

For each of the slant wires, the approximating polynomial is
required only over the range of Yo for which that wire is designated

the speed-wire:

wire 1 - speed-wire: Yo 2 0°

wire 2 - speed-wire: vy, < 0°

For the straight wires, the polynomial coefficients are determined at
every Y., even though their responses are a very weak function of the

pitch angle.

4.4.3 The Angle-Wire Response Functions
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The iterative calculation scheme requires that Yy be determined

from a function of the form:

¥ = £, (Ey(v)/Eg(0) 5 Q) (eq. 4.13)

where E (y) represents the measured voltage, Qj- is a reference velo-
city that is "close” to that existing at the instant of the
measurement and E,(0) is the corresponding voltage at y=0° for the

angle-wire. The calibration data provide the necessary information to

develop the function "fa"'

The procedure to interpolate: E(Q:Yc), between the measured Q
values at a given Y. was described in section 4.4.1; from that discus—
sion it is apparent that the subdivision of the velocity range into a
set of ij values can be accomplished. The ij values are described

as:

011'!1..11 £ ij £ Qmax s 5QJJ = (Qmax—Qmin)/64 (eq. 4.14)

For convenience, fa is expressed as a function of n with a parametric

dependence upon ij as

y=£f,(n; Q;3) where n = E,(y)/E,(0) (eq. 4.15)

The function: fa is known from the smoothed calibration data, at the

discrete 1locations described by the y values of the calibration pro—

cess: Y.; viz.,
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lvel = 12,18,24,30,36,42 degrees.

Cubic splines are used to interpolate between these discrete Ye
values. Figures 4.5 and 4.6 are represcntative sets of such functions

that were fitted to the smoothed and doubly interpolated data set.

4.5 A ''Data-Day’’ Correction Scheme

From the time of calibration to the time of a data day run, the
wires response character may be altered due to corrosion, dust, etc.
The calibration coefficients for the Q and y functionms (eq. 4.12 and
4.13) may then become invalid. If the overall changes are small and
have only the effect of causing a minor drift in each wire's response,
a linear correction may be applied to the data-day voltages. The mag-
nitude of the drift is estimated by assming that the data—day
voltages have shifted by SE?:

Edz = Ecz + §E3’ (eq 4.16)
where: Ey - data-day voltage and

Ec =~ voltage measured at the time of the master calibration
This expression may be expressed in terms of the coefficient A as:
Eq* = E,* (1+ 1) ; where A = 8E*/E_*, (eq. 4.17)

A 'minor’ drift condition is represented by A=0, For this condition
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wires 3 and 4. Note the slight pitch angle dependence for the Q=f(E?)
curves as identified in section 4.4.1; see Figures 4.10a-b and
4.12a-b. This slight y dependence is also apparent in Figures 4.9a-b

and 4.11a-b for the E*=f(Q®) curves.



CHAPTER 5

DEMONSTRATION DATA

5.0 Introduction

A limited body of experimental data has been acquired to demon—
strate the computational procedures described in Chapters 2 and 3.
These experimental results, and the relevant observations that are

inferred from them, are presented in this chapter.

5.1 Expermental Results

The four—wire array was placed in the intermittent region of a
large plane shear layér. The shear layer measurements were taken in
the test section of the Free Shear Flow Facility that is shown in Fig—
ures S.la-b. The probe position: =1m, y=.099m, was selected to
provide an intermittent condition wherein vortical and non-vortical
fluid would occupy the probe 1location. The non-dimensional probe
location may be described in terms of Yi/2 (i.e., the y value such
that u/U,=.5) and the apparant origin (x,) of the linearly growing

shear layer: § =C(x~x,). The vorticity thickness: 3§ is defined

wl

as:

8, = U, / (3u/3y) ;.

38
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The non-dimensional: n=(y-y,;,)/(x-x,), location of the probe was

0.076 and the corresponding value of u/U, was 0.17.

The data were acquired with an imposed probe angle of: 0=-20°;
this insured that the large angles of the entrainment stream, with
respect to the x—axis, would not exceed the ()42° pitch angle of the

calibration grid.

The four, hot-wire voltages were simultaneously sampled at a rate
of 15,625 bz and the data acquisition computer (see section 4.1) was
able to store a continuous record of 8,125 samples per wire. The ini-
tial processing made use of the scheme, described in Chapter 3, to
convert these voltages to Q, and y values at each time value. A value
of 0.25 degrees was used for the y-convergence criterion. A computa-
tion time of 42 minutes was required on the 11-23 micro—computer(RT-11
operating system). These (Qx,y) values were then combined with the
measured (E,,E,) values as the inputs to the computational procedures
described in Chapter 2. This computation time was 16 minutes. The Qx
and QP values were then used to correct E; and E, for the presence of
a transverse velocity: w2, as described in Chapter 3. The corrected
vy values were then used to recompute the micro—domain quantities. The
resulting time series for the transverse vorticity, the strain rate
and velocity components are presented in Figures 5.2a~5.6a. The
influence of the transverse velocity, w on each of these quantities
was also determined. The time series using the corrected valmes are

presented in Figures §5.2b-5.6b.
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In principle, the transition from the vortical to the
non-vortical state can se characterized by the magnitude of the vorti-
city. In practice, this transition is obscured by the difficulty of
providing a measurement of i that is sufficiently free from uncer—
tainties. For the present demonstration data, it is encouraging that
the effect of the w? correction has very little influence on the
inferred location of the transition. It is also encouraging that the

w,(t) time series appears to be qualitatively reasonable.

Given the w (v) signal, it is of interest to note that the vorti-
cal/non-vortical transition is not readily apparent in the
corresponding u and v time series record. This observation is compa-
tible with the motivation for the present effort: that the direct
measurement of the transverse vorticity consitutes a significant

experimental capability for fluid mechanic investigations.

The frequency distribution in Figure 3.4 showed the occ;rance of
both Qx>Qp and Qx(Qp in the processed data. it is speculated that for
Qx>Qp, the difference is in part due to the presence of a transverse
velocity (w) and in part due to d[1/3z#0. A correction for the w?
influence on the x-array voltages was made (k.=0.8 from eq. 3.9) and
the resulting time series for the vorticity and velocity components
are shown in Figures 5.3b-5.4b. For the present data, the qualitative
character of the signals remain unchanged by the application of the w?
correction. Quantitatively, the magnitude of the vorticity values in
the highly fluctuating regions 1is increased by approximately

400(1/sec). The velocity components, for the corresponding times,
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showed a slight decrease (approximately .6 m/s) in magnitude for the
large fluctuations of <u) and <v)>. The corresponding time series for
the strain rate and velocity derivatives are presented in Figures 5.4

to 5.6.



CHAPTER 6

ERRORS AND SENSITIVITY ANALYSIS

6.0 Introduction

As shown by the ability of Process I to replicate the (Q,y) con—
ditions from (E,, E,) over the entire range of pitch ;ngle and
velocity conditions of the calibration data set, and given the similar
capabilities of accurately converting (E,, E,) to (Q,, Q,), there are
no inherent errors in the computational scheme for the basic
voltage-velocity conversions. This does not, however, imply that the

method is "error free”.

The error, in the evaluation of <u), <v), or {w,>, for any given
set of voltage measurements, depends upon the specific conditions in
the flow field at the time of the measurements, For example, the
assumption that: 9y/3z=0, is inherent in the technique and the exent
to which it is violated depends upon the particular conditions in the
flow at the instant of the measurement, Similarly, the error in v,
associated with the presence of a transverse velocity component (w),
and the influence of w on the voltages of the parallel wires represent

flow field dependent error sources. The validity of the "localized

42
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Taylor hypothesis"” (Article 2.1) is inherently assumed in this techni-
que and it is not subject to independent evaluation given the use of
hot-wire anemometry.l Hence, it is apparent that errors, in the meas-
urement technique, cannot be addressed in general. One can, however,
establish the sensitivity of the present algorithms to perturbations
in the four wire voltages. The sensitivity of the computations, to
perturbations in E;, ., E, can, therefore, be used as the basis for omne
source of uncertainty estimates. The present chapter identifies the
development of a perturbation scheme and it gives the results of

applying this scheme to a representative set of calibration data.

6.1 The Perturbation Analysis

A psendo-time series, with 1000 entries for each of the four vol-
tages, was created by randomly perturbing the calibration voltages at
each "location” in the calibration grid: Qmin 9 Qpay and 0 Ly & 42°.
The time series values were used as the input to Process I and the
<u), ¢v) and <w> (asynchronous) time series outputs, from Process 1II,
were used to create the entries shown in Table 6.1. Specifically, the
rms values of the <u), <v)> and <w,)> perturbations and the bias (or

mean) value of w, value that was created by the perturbations are

Lang and Dimotakis [1984] have presented LDV data which show that
this assumption must be, in general, questioned. Further evalua-
tions of the influence of this assumption on the (mz(t)) values
will be made in future studies at the Free Shear Flows Laboratory.
The present method, however, utilizes 8un/a(s> and it is apparent
that this use of a localized Taylor's hypothesis is superior to
using only the x-componment velocity: (1/<u>)(dv/dt), as examined
by Lang and Dimotakis.
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given in this table. Note that the mean <u) and <v) values are the
Qcosy and Qsiny values of the original calibration conditions since
the mean perturbation is zero. The tabulated deviations, for the <ud
and <v)> values, reveal that the conversion process is relatively
insensitive to the small perturbation values of this test case.
Similarly, the mean value of the transverse vorticity is relatively
small. The standard deviation of the vorticity is, however, quite
large with respect to it’s mean vaiue. This result clearly shows the
sensitivity of the vorticity computation to small perturbations of the
input voltages. This sensitivity can be attributed to the:
"difference-of-differences”, character of vorticity computation.

For the segment: [*], of the 0.0 x < 1,0 line, the perturbation value
[**] is:

[*] [**]
0.45 { x £ 0.55 0
0.37 £ x ¢ 0.45 and 0.55 < x £ 0,63 1 LSB
0.27 £ x ¢ 0.37 and 0.63 < x £ 0.73 2 LSB
0.15 £ x ¢ 0.27 and 0.73 < x £ 0.85 3 LSB
0 £x ¢0,15 and 0.85 < x £ 1.0 4 LSB

where 1 LSB = one least significant bit = 1,22 mv,

The perturbation values were derived from the use of a random
number generator with the following properties: i) a given sample
from the generator has a uniform probability of taking on values from
0.0 to 1.0, 4ii) the 031 line was subdivided into the following seg-—
ments and the corresponding perturbation quantities were added to the
E,, E,, E; or E, value from the corresponding location (Q, 7) of the

calibration grid.
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The perturbation, derived from this techmique, are essentially
"lowest level” values since they are given as low integer LSB's. The
non-linearity of the voltage to velocity calculations would only allow
a modest extrapolation of these results to larger perturbation levels,
To test the extent, over which a linear extrapolation of the Table 6.1
results might be found valid, the values in Table 6.2 were prepared
using values of 5, 10, and 20 times the perturbations noted above.
The results, for the 5, 10, and 20 times perturbations, were divided
by their respective multipliers before being presented in Table 6.2.
This allows a direct comparison with the primary results of Table 6.1.
As can be seen, there is no significant non-linearity over the indi-
cated span of the perturbations, Hence, the sensitivity of the
computation to small perturbations of the input voltages is well esta-

blished by the primary values of Table 6.1.
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To test the extent, over which a linear extrapolation of the Table 6.1
results might be found valid, the values in Table 6.2 were prepared
using values of 5, 10, and 20 times the perturbations mnoted above.
The results, for the 5, 10, and 20 times perturbations, were divided
by their respective multipliers before being presented in Table 6.2.
This allows a direct comparison with the primary results of Table 6.1.
As can be seen, there is no significant non-linearity over the indi-
cated span of the perturbations. Hence, the sensitivity of the
computation to small perturbations of the input voltages is well esta-

blished by the primary values of Table 6.1.



6.1 Computed Values From the Sensitivity
Analysis -~ With Base Level Perturbation

DATA SET AT GAMMA® 0 DEGREES
’ TRANSVERSE VORTICITY (1/s)
Q (a/s) Q: X DEV ARCTANC(V/U) (STD DEV uU)s/Q (STD DEV v)/Q HEAN STD. DEV.

3.049 =0.224 =0.031 0.97E~03 0.11E-02 -2.133 14,093
4,736 -0.048 -0.014 0.11E-02 0.12E-02 3.830 19.4634
644642 =0.041 -0,016 . 0.12E-02 0.,12E-02 -1,041 23.431
8,169 =0.121 0.019 0.12E~-02 0.12E-02 4.734 31.249
9.876 =0.065 0,007 0.12E-02 0.13E-02 11.443 36.276
11,383 -0.018 -0.002 0.15E-02 0.14£-02 -0.011 46,421
13.290 -0.,083 =0.013 0.14E-02 0.13E-02 5.560 47.262

BATA SET AT GAMMA= 12 DEGREES
TRANSVERSE VORTICITY (1i/s3)

a (m/s) Q: % DEV ARCTAN(V/U) (STD DEV Uj/Q (STD DEV WV)/Q MEAN STD. DEV.
3,049 -0.144 12.122 0,10E-02 0.11E-02 4,945 14.161
4,756 -0,149 12,048 0.11E-02 0.11E-02 ~6.209 21.023
6.462 ~0.188 2,091 0.13E-02 0.12E-02 =1.275 23.099
8.169 -0.123 12.088 0.12E-02 0.11E-02 4,515 29.253
7.876 -0.108 2,077 0,12E-02 0,12E-02 =5.370 35.308

11.3583 ~0.132 12.023 0.13E-02 0.13E-02 =0.154 44.798

13.290 -0.087 2,072 0,13E-02 0.17€-02 -15.183 58.357

DATA SET AT GAMMA= 18 DEGREES
TRANSVERSE VORTICITY (1i/s)

a (m/s) a: % DEV ARCTAN(V/U) (STD DEV W/Q (STD DEV W) /Q HMEAN STD. DEV,
3.049 ~0.194 18.045 0.10E-02 0,10E-02 4.996 15,096
4,756 ~0.092 18,045 0.11E-02 0.99E-03 2.341 18.820
6,462 -0.051 18.015 0.12E-02 0,.98E-03 -4.261 20.925
8,169 -0.020 18,012 0.12E-02 0.,98E-03 04191 26.513
?.876 -0.136 18,006 0.12E~02 0.10E-02 5.610 2.448

11.383 =0.073 18,031 0,15E~-02 0.13E-02 =7.849 50.794

13.290 ~0.145 18,318 0.16E-02 0.,28E-02 =3.35835 80.407

DATA SET AT GAMMA= 24 DEGREES
TRANSVERSE VORTICITY (1/s)

Q (a/s) Q! % DEV ARCTANCV/U) (STD DEV U)/Q (STD DEV V)/Q MEAN STD. DEV.
3.049 ~0.136 24,010 0,10E-02 0.94E-03 -5.429 14,378
4.756 -0.076 24,015 0.11E-02 0,90E-03 -2.068 17.503
64,462 -0.162 24.042 0,12E-02 0.88E-03 2,670 19.535
B8.169 =0.077 24.062 0.13E-02 0.74E-03 =7.323 29.330
?.876 -0.1464 24,0035 0.12E-02 0.87E-03 =3.367 30.510

11,3983 -0.,128 24.149 0.17E-02 0.20E-02 1244 664329

13,290 -0.,071 24,506 0.16E-02 0.19E-02 6,681 68,624

DATA SET AT GAMMA= 30 DEGREES
TRANSVERSE VORTICITY (1/s)

Q (m/s) Q: % DEV ARCTAN(V/U) (STD DEV U)/Q (STD DEV V)/Q HEAN STD. DEV.
3.049 ~0.,249 30,011 0.11E-02 0.92E-03 0.4644 16,120
4,736 -0.164 30.028 0,11E-02 0.93E-03 4,932 16.980
64,462 -0.117 30,057 0.12E-02 . 0.91E-03 -3.825 22.536
8.169 -0.139 30,049 0.12E-02 0.87E-03 ~0.3035 27.743
?.874 ~0.113 30.140 Q.17E-02 0.17E-02 -135.474 53.8%2

11.383 ~0.077 30.357 0.15E~-02 0.13E-02 -13.329 S51.495

13.290 -0.139 30.482 0.13E-02 0.86E-03 12.536 39.493

T GAMMA= 34 DEGREES
DATA SET 4 - TRANSVERSE VORTICITY (1/s)

Q (m/s) Q! X DEV ARCTANCV/U) (STD DEV W/Q (STD DEV V)/Q HMEAN STD. DEV.
3,049 -0.155 354111 0,14E-02 | 0.,13E-02 +283 23.849
4,756 -0.,2035 36.015 0.,12E-02 0.12E-02 -3.108 22.866
6,462 ~0.,207 36.068 0.,12E-02 0.11E~02 -0.791 27,307
8.169 4 -0,131 36,012 0.12E-02 0.99€-03 2.427 31.042
?.876 -0.103 34.026 0.14E-02 0,11E-02 6,052 37.777

11.583 -0.1350 36.016 0.13E~-02 0.98E-03 10.091 39.190

13.290 -0.086 36,135 0.15E-02 0.11E-02 -10.,602 2,785

AMMA= 42 DEGREES :
DATA SET AT G TRANSVERSE VORTICITY (1/s)

Q (m/39) Q: Z DEV ARCTAN(V/U), (STD DEV W)/Q (STD DEV V)/Q MEAN STD. DEV.

3.049 -0.147 42,180 0.19E-02 0.20€-02 9.008 335.003
4,756 -0.151 42,153 0.19€-02 0.17E~02 -0.201 39.2635
6,462 -0.126 42,099 0,15E-02 | 0.13E-02 -0,223 39.106
84169 -0.033 42,024 0.14E-02 0.13E-02 0.598 40.813
9?.826 =0.203 42,043 0.18E-02 0.16E~02 1.415 47,033
11.583 - -0.031 42,0435 0.14E-02 0.12E-02 2.580 46.380
13.290 =0.057 42,353 0.15E-02 0.13E-02 4,077 63-§35
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6.2 Computed Values From the Sensitivity
Analysis - With Perturbation Multipliers

Multiplier = 5

DATA SET AT GAMMA= O DEGREES

TRA

Q (a/s) Q: % DEV ARCTAN(V/U) (STD DEV W/Q (STD DEV W)/Q :EXERSE voaT;?;TYDé${‘)
3,049 -0.038 0.010 0.97E~03 G.11E-02 8--: ---------
4,756 -0.008 0.020 0.11£~-02 0.12E~-02 l.g;; :;:2;3
4,462 -0.004 0,013 0.12E€-02 0.12E-02 0.717 25.312
8.149 -0.020 0.048 0.126~02 0.12E-02 1.975 31:250
9.576 -0.010 0.034 0.12E-02 0,13E-02 3.515 36.313
11.:83 -0.,001 0.024 0.15E-Q2 0,14E£-02 1,328 46.494
13.290 -0.,014 0.010 0.14E-02 0,13E-02 2.516 47.334

DATA SET AT GANMMA= 42 DEGREES

TRA
Q (m/s) Q: % DEV ARCTAN(V/U) (STD DEV U)/Q (STD LEV W)/Q :g:sRSE UuRT;?;TYDé3TS)
3.049 -0.004 42,048 0.17E~02 0, 14E-02 :-;;” -:-------
. 2 . 2862 27.23
;.323 :0-038 42,105 0,17E~Q2 0.16E-02 0.999 36-512
462 0.020 42.140 0.15E~02 0.,14E-02 0.9946 43.112
g.;g? -0.004 2.077 0.14E~02 0.13E-02 1.509 42-33;
11.583 -g.gga 45.085 0.13E~-02 0.13E-02 1.749 48,863
3 -0.001 42,077 0.13E-02 0.12E-02 2.481 51.200
13.290 =-0.009 42,407 0.16E-Q2 0.14E-02 2,775 70,262

Multiplier = 10

DATA SET AT GAHMA= O DEGREES
TRANSVERSE VORTICITY (1/s)

a (m/s) a: % DEV ARCTAN(V/U) (STD DEV U)/Q (STD DEV V)/Q MEAN STD. DEV.
3.049 -0.009 0.059 0.,97E-03 0,11E-02 0,326 14.039
4,756 0.004 0.0560 0.11£-02 0.,12E-02 1.223 20.847
6,462 0,004 0.053 0.12£-02 0,.,12E-02 0.945 25.409
8.149 -0.00S 0.083 0,126-02 0,12E-02 1,666 31.247
9.876 -0.000 0,068 0.12E-02 0.,13E-02 2.561 36,353

11,583 0.007 0.0353 0.14€-02 0,13E-02 1.826 47.041

13.290 -0.004 0.042 0.,14€-02 0.13E-02 2.152 47.423

DATA SET AT GAMMA= 42 DEGREES
TRANSVERSE VORTICITY (1/s)

Q (n/s) Q: % DEV ARCTAN(V/WU) (STD DEV U)/0 (STD DEV V)/Q MEAN STD. DEV.
J.04°7 0,014 41.767 0.14E-02 0,13E-02 1,405 20,239
4,756 0.003 41.751 0.15€~02 0.14€~02 0.830 30.393
60462 0.008 41.941 0.,14E-02 0,13E~02 .278 37.493
8.1569 0.009 41,996 0.13E-02 0.12€~02 1.730 37.232
9.876 ~0.013 42,061 0.,15E-02 0.13E-02 1.771 AS5.445

11.583 0.017 42,103 0.14E-02 0.13E~02 2.529 $1.778

13.290 -0.001 42.451 0.15E~02 0.14E-02 2.611 64,386

Multiplier = 20 :

DATA SET AT GAMMA= O DEGREES
: TRANSVERSE VORTICITY (1/s)

Q (m/s) Q: % DEV ARCTAN(V/U) (STD DEV U)/Q (STD DEV W)/Q MEAN STD. DEV.
3.049 0.013 0.129 0.10E-02 0.10E-02 0.731 14.028
4,758 0.019 0.140 0.11E-02 0.12E-02 1.022 20.886
6.462 0.014 0.120 0,12E-02 0,12E~02 1.162 26,736
8.169 0.007 0.148 0.126-02 0,12E-02 1.564 31.227
9.876 0.009 0.131 0.12€-02 0.13E-02 2.134 36.437

11.3583 0.020 0.107 0.14E-02 0.13E-02 1.481 47.053

13.290 0.004 0.101 0.14E-02 0.13E-02 2.004 47.5359

MMA= 42 DEGREES
DATA SET AT GAMHA= TRANSVERSE VORTICITY (1/s)

Q (m/s) Q: % DEV ARCTAN(V/U) (STD DEV U)/Q (STD DEV V)/0 MEAN STD. DEV.
3.049 0.034 40,999 0.11E-02 0.11E-02 1,158 18.665
4,736 0.025 40.988 0.13E-02 0,12E-02 1.180 25.32
6.462 0.027 41.347 0,13E-02 0.13E-02 1.218 30,979
8.169 0.028 41,579 0.13E-02 0.12E-02 1.496 35.790
9.876 0.008 41.733 0.,14E-02 0.12E-02 1.752 41.32

11.3583 0.035 41.894 0,14E-02 . 0.12E-02 2,207 49.563

13.290 0.010 42,287 0.14E-02 0,13E-02 2.517 $8.409
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CHAPTER 7

SUMMARY

A method to obtain time series for the transverse vorticity, and
the in-plane velocity components from 4 hot-wire voltages has been
presented. The method includes several calculation schemes. The
iterative scheme, which determines the velocity magnitude (Qx) and (7v)
from the voltages of the x—array, is basically the same as Foss[18];
however several sign?ficant improvements have been made in this compu-
tation procedure. Specifically, the present scheme utilizes the
two-equation two-unknown method (COSLA¥) for pitch angles that are
within +12° of the probe axis. This modification significantly
decreases the computation time.'with;ut decreasing the accuracy, and
it provides a viable first estimate of the flow speed as required for
the iterative procedure ([y]>12°). An evaluation of the iterative
method subsequent to the preparation of [18], =revealed a very slow
convergence at small y values; hence, the used of the COSLAW solves an
inherent problem with the iterative method. The iterative method is
found to be relatively efficient at large pitch angle values; when the
calibration data are inserted in the (Qx,y) calculation scheme. Using

Q, and y values determined from COSLAW as initial estimates the method
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converged to the correct values within 3 interations at the large

pitch angles for a convergence criterion of Ay=.25°,

The use of a temporally aligned (s-n), micro-domain in the
present computational scheme 1is considered to be a significant
improvement compared with the (x-y) orientation of the previous
method. Specifically, the basis for the space (58s)/time (Stk) cor—
respondence of the convected (u.) fluid element is more rational if
the velocity vector in the x-y plane is used for the convective speed.
The variable size and orientation of the micro-domains is compatible

with the reconstruction of the time series (ti).

The locally defined s-n coordinates require that coordinate
transformation techniques be used to evaluate the velocity components
and their spatial derivatives in the laboratory, or (x-y), coordi-
nates. These considerations have been used for the demonstration data
of the present study and the coordinate transformations account for
the pitched probe orientation (0=-20°) as well as the s-n orientation

with respect to the probe axis.

The calibration of the vorticity probe and the subsequent cali-
bration functions, (7=£(n:055), 0=£(E®,y_)) have revealed some
interesting characteristics of the vorticity probe. Namely at large
IpB—| values the acrodynamic influence of the parallel array on the
slant wire adjacent to it, is suggested by the consistent appearance
of a steepening in the 1=f(n;ij) function for 7)36°. In the present

configuration of the vorticity probe, wire 1 shows this steepening
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trend, see Figure 4.3a. The same steepening character was found to
exist in two previous calibration curves for different wires but in
the same position, that is the trend appeared in the x—array wire
directly above the parallel array. A study to determine the minimum
distance for which no significant effect is observed would be useful.

The calibration speed functions for the parallel wires showed a
slight dependence for specific ranges of pitch angle. These ranges
corresponded alternately for the large |7| values in which Ane wire
affected th; flow on the other wire. Specifically wire 4 appeared to
show the pitch angle dependence for large positive y and negligible
dependence for y<0, see Figures 4.,12a-b. The opposite trend was

observed for wire 3,

The designation of a 'master wire’' for the evaluation of the flow
speeds during calibration was introduced by Foss[17]. The present
calibration scheme utilizes this.concept in defining one of the wires
of the parallel array as a master wire, for each pitch angle used dur-
.ing the vorticity probe calibration, The straight wire chosen, wire 3
or 4, is based on the minimum STD of the data fit to the response
function at a given Yc. This is in constrast with the technique of
[18] which defined on straight wire as the master wire for the entire

calibration.,
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APPENDIX A

COSL AW

The technique, COSLAW, uses the voltages from the x-array to

obtain estimates for Q apng y, These estimates are either accepted as
valid measures of Q; and y (1¢1€12°) or are utilized as initial values

for the iterative scheme.

The COSLAW technique employs the following form of the Collis and

Williams equation,

E* = A0) + 5(0)Qye (" (eq. A.1)
where

Qore = Qg cos(B-y) (eq. A.la)
and

b(0)=B(o)/cosn(®)p

Note that B(0) is the coefficient dotermined for the modified Collis

and Williams form (eq. 4.4) and the calibration data at y=0°,
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Equation A.1 may then be written for both slant wires in an expanded

form, as:

1/n(o)
[(E,’-Ax(O))/bl] " = Qcos(fy-v)
= Q (cospycosy + sinfysiny) (eq. A.2)
1/a(°)
[(Ezz-Az(O))/bg] " = OICOS(BQ-Y)
= Q (cospscosy + sinPisiny) (eq. A.3)

Rocognizing that u=Q,cosy and v=Q;siny equations A,2 and A.3 may be

rewritten as:

C; = u cospy + v sinf, (eq. A.4)
C, = u cosf, + v sin, (eq. A.5)
where
1/n4 (o)
% = [(Ekz'Ak(O))/bk(O)] " ;  for k=1,2.

Equations A.4 and A.5 are then solved simultaneously for the velocity

components u and v;

u = A™* [C,5inB, - C;sinB,] (eq. A.6)
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and

v = A-x [03008ﬁ1 -~ C1c08ﬂ3] (OQ' A'7)

where

>
I

= cosP,sinB, - sinficosP,,

from which Q; and y are readily determined as:

)
Qx = [nz + vz]x/

Y = TAN"* (v/u).

The COSLAW technique is considered to adequately determine Qx and
v for values of 7$|12°|. Figure A.1 shows the difference between cal-
culated values of y (using COSLAW) and the Y, value of tho calibration
dats. Note that this difference is both speed and angle dependent.
Table A.1 presents the numerical valunes of these differences as well
as the percent difference between the calculated and measured speed
values for both slant wires. For 7(|12°| these differences for both
wires are relatively constant and adequately close to zero at all flow
speeds. This is the angle-range for which the COSLAW technique is
considered valid in determining values for Qg and y. It is interest-
ing to note that the COSLAW provides a relatively accurate Q value
for a much larger range of y values; the relative errors in the u and

v calculations are self-compensating since Q=(n’+v’)1/’.
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a. [(Q.-q,,4)/Q,] * 100.

m/s

-30.0
-24.0
-18.0
-12.0
0.0
12.0
18.0
24.0
30.0
36.0
42.0

3.973

-1.069
-0.341
0.276
0.080
0.172
0.235
0.131
-0.286
-0.177
-1,310
-2.211
-3.088
-3.251

5.808

-1.108
-0.894
-0.225
0.228
0.220
0.456
0.178
0.200
0.051
-0.375
-1.520
-2.317
-2.896

~7.736
-3.874
-1.773
-0.829
-0.405
-0.173
-0.010
0.025
0.154
0.501
1.440
3.356
7.251
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TABLE A.1

ACCURACY OF COSLAW

7.642

-1.333
-1.064
-0.450
0.099
0.258
0.362
0.150
0.392
0.166
-0.106
-1.289
-2.095
-2.603

-6.666
-3.128
-1.293
=0.496
-0.248
~0.097
-0.029
-0.076
-0.103
0.146
0.820
2.491
6.267

9.746

=-1.494
-1.318
-0.732
=0.092
-0.002
0.266
0.181
0.323
0.176
-0.137
=1.247
-2.094
-2.730

-5.938
-2.581
-0.990
-0.356
-0.099
-0.024
-0.012
-0.208
-0.188
~0.092

0.437

1,936

5.574

11.310

-1.882
~1.405
-0.794
-0.377
-0.195

0.128

0.124

0.168
-0.042
-0.333
~1.192
-1.915
-2.670

-5.393
-2.193
-0.757
-0.205
-0.027
0.030
0.009
~0.252
-0.281
~-0.194
0.175
1,554
5.055

13.145

-1.980
-1,395
-0.923
-0.691
-0.348
-0.038

0.164

0.089
-0.022
-0.627
-1.151
-1.923
~2,627

-4.991
-1.910
-0.592
-0.111
0.054
0.010
~-0.005
=0.240
-0.315
-0.295
0.030
1.248
4,672

14.979

=-2.272
-1.399
-1.024
-0.813
~0.479
-0.199

0.042
-0.137
-0.206
~-0.825
-1.179
-2.015
-2.833

-4.678
~1.684
-0.432
-0.074
0.085
0.064
0.011
~0.245
-0.334
-0.300
-0.076
1.024
4,320
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APPENDIX B
COORDINATE TRANSFORMATION

The spatially averaged values, associated with a _given
micro-domain, are in terms of the local s-n (micro—domain) coordi-
nates. A coordinate transformation is used to express the values in
terms of the laboratory coordinates; x~y. From Spencer{29], the
transformation for the velocity components in tensor notation is given

by;

i T X5 44 (eq. B.1)

where * quantities represent the value in the new corrdinates; x-y,

pon-starred values are in terms of the original coordinates;

s-n, and e,; and e} are direction cosines.

By setting i=1 and i=2, the velocity components u and v may be

expressed in terms of u_ and v, as;

v’ = u, cosa - u, sina ' (eq. B.2)
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V' = ug sina + u,; cosa. (eq. B.3)

Similarly, the transformation for the spatial derivatives in tensor

notation is given by;
.
Aj,j = °ki °1j Ax,1 (eq. B.4)
To express onme spatial derivative in the new coordinates, four spatial
derivatives in the s-n system must be converted to x-y corrdinates.

The following sequence presents the transformations to obtain du/dy

and dv/dx. Specifically, du/dy may be written as;

du, /3x, = e;30;, 9u,/3x; + e,;50;, 9u,/dx, +

©5,6,, 0uy /3x, + €,358,, 0u,/3x, (eq. B.5)
which is determined from setting i=1 and j=2 in eq. B.4.
du/dy = cosa sina du,/ds - sin’a du,/ds +

cos?a duy/dn ~ sina cosa du,/dn (eq. B.6)
du/dy = cos’a dug/dn - sin’a du,/ds +

sina cosa (duy/ds - du,/dn) (eq. B.7)

Similarly by setting i=2 and j=1 in eq. B.4 the equation for dv/dx is

3u,/3x, = ©5;61390,/3x; + €;;0,,9u,/3x, +
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€4 363,00,/3x,; + €,,0;;0u,/3x, (eq. B.8)

dv/dx = sina cosa du,/3s + cos’a du,/ds -
sin*a 3ug/an - cosa sina duy/an (eq. B.9)
dv/dx = cos®a du_/3s - sin*a dugy/dn + 1
sina cosa (du,/3s - du,/dn) (eq. B.IO)!
where
a=0+ v, (eq. B.11)

Since the vorticity is coordinate independent (perpendicular to the
x-y plane), the equation for its value should be the same in terms of
s-n and x-y. By the addition of eqs. B.7 and B.10, it can be shown
that the vorticity vectors in the s-n and x-y coordinates, do have the

same form:

dv/3x - 3u/dy = du,/35 - 3u,/dn. (eq. B.12)



APPENDIX C

RESPONSE FUNCTION COEFFICIENTS

For each of the four wires of the vorticity probe the response
function, i.e. modified Collis and Williams equation, was determined
at every calibration pitch angle Yc» The set of coefficients, [ABn],
from each of these functions are presented in Figures C.1-C.4 as a

function of y,, for each of the wires.
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APPENDIX D
FLOW CHARTS FOR THE CALIBRATION AND

DATA PROCESSING ALGORITHMS

109



110

Nomenclature used in Flow Charts

A,B,n calibration coefficients at a given angle (7c) for the modified

Collis and Williams equation

8jp jth polynomial coefficients from Q vs E2 for parallel wires (3 or 4)
ajs jth polynomial coefficient from Q vs EZ for the speed wire of the
xX-array

Cja jth cubic spline coefficient from y vs n

EN voltage from wire N: N=1l...4

Ep parallel wire voltage (wire 3 and 4)

Eteference a voltage (pressure transducer or reference hot-wire) that is

used to determine the velocity in the calibration data set

Q velocity magnitude in the x-y plane

Q speed computed from x-array

Qc convection speed

Q* speed computed from polynomial form

Qd speed measured during data day calibration

QJJ subdivided values of the calibration range of Qelocities:
[QMAX-QMIN]/[ num*K ]

QP average of speeds computed from wires 3 and 4

Us’UN velocity components in the intrinsic (s,n) coordinates for a
given velocity measurement. Note, UN(t)-O; however, (3UN/38> # 0
(in general) for a given microcirculation domain

num a designated number to subdivide the velocities of the calibration

data set (e.g., 8)
u,v velocity components (x,y) in the laboratory coordinates
a pitch angle in laboratory coordinates a = y + 8
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B angle of the normal to a wire in the x-array as determined opera-
tionally using the "cosine law" cooling relationship and its average
value for a range of velocities.

As,An length and width of the micro circulation domain referenced to the
intrinsic (s,n) coordinates

v 4 pitch angle of the flow with respect to the probe axis (Note, for probe

axis in x-direction, y=arc tan (\/u))

7. angular position used to calibrate the probe

8s incremental distance in the streamwise direction: §&s = ucct

n a voltage ratio: Ea(y,ij)/Ea(O,ij) used to determine the pitch angle
(7) of the velocity vector

0 angle of probe axis in laboratory coordinates

A data day correction term for the data day voltages

T time variable for the quantities referenced to the micro circulation
domain

Special Symbols

K,J number of velocities and angles in the calibration data set

N designates the wire number: 1,2 of the x-array or 3,4 of the parallel
array

i,] iteration counters

< D> a quasi-~instantaneous value; the value bracketed has been averaged over
the micro domain (=1 x 1 mmz)

Subscripts

( )9, ( )a refers to the speed and angle wires of x-array

( )d refers to data-day value...if a master calibration is not repeated
at the time when a data acquisition run is executed. (Note, the

data-day calibration is only executed at y=0)
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CALMAN

This program converts the measured voltages from the four-wire
array into the coefficients required for the processing program
(Process I). It creates the coefficients for the speed-wire range
of the x-array (1,2) and for all angles of the parallel-array (3,4).

Note: The four wire array is positioned in the flow at a known
angle, with respect to the probe axis, Yos and at a known flow speed

Q before the four voltages (E,, E,, E,, E,) are recorded during the
1 2 3’ 74
calibration data run.
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CALMAN

START

input: angles used to calibrate; ycj
number of angles, J;
number of flow speeds, K;

l

set j=0, Note j=1 is the minimum angle
of the calibration grid

j=i+l

’

input five voltages: Ereference and El’ EZ, 23, E&

N&te: these data are taken at each 7cj from CALIB

Determine Master Wire for 7cj:

1. fit wire 3 and wire 4 data to modified éollis & Williams eq.; {i.e.,
determine A, B, n:
2 "(7cj)

Ep = Alrgy) + B IQ ™ 5 Qe = £(E ¢ 5 7 ) and p=3,6

ref. £.° Tey

2. determine 'best fit'

K 1
sTDlQ_ , - Q] = [iéf ;z; Qg - Q)i]z ,

1

2 e ———

Ej - A(y _)n(y_))

where Q = [-23?;-—321-]n cd for p = 3,4
cd

3. designate wire 3 or 4 as Master Wire based on minimum STD[Qref-Q]
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Fit data from remaining 3 wires to Collis and Williams eq.; i.e., determine
A,B,n
2 nN(rcj)

EN - AN(TCJ) * BN(rcj) Qmaater i vhere Qmaster = f<Bmastet)

output: AN(rcj) ’ BN(réj) , nN(7cj)

Note: Smoothed calibration data are defined using A,B,n coefficients. All
agpagquenc steps utilize the smoothed calibration data.

Note: for computational speed, a polynomial form is used for the parallel
wires (3,4) and for the "speed-wire" range of the x-array. The coefficients:
a y are stored for these wires.

Fit data to polynomial form for wires 3,4 and speed wire of x-array

5

ey . 2(i-1)
Qlr 3By E agy B
i=l

where Q = QMIN + (k-1)6Q ; k=1, ...K
§Q = (QMAX - QMIN)/(K-1)

QMAX, QMIN are the max and min speeds used

in the calibration.

Output: a i=1,5

iN’?

NO -

['YES

Compute and output a smoothed calibration data set: EN = EV(Qk’ch)

2 n(rcj)
(Q;EN); N=1,...4 using E (Qk,7cj) = A(rcj) + B(7cj)Qk '

for Q, = QMIN + (k-1)8Q ; k=1,...K
k

ch s j=1,...J
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Determine BN for wires of the x-array (N=1,2)

K
i) Compute BN = :E: BNk for N=1,2
k=l 1
cony BN(Yr))nN(O)
-1 r BN(O)
where BNk = TAN [ sin v ]

Ye = T(I+1) )2

and 7(J-1)/2 ”

Output: BN: N=1,2

STOP
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ETAMAN

This program provides for the coefficients that are required to
implement the angle calculation of the x-array data processing:
Y=y(n3;QJJ) where n-Ea(y;QJJ)/Ea(O;QJJ). The cubic

spline coefficients for the y=y(m) curves are output for use in
Process I.

Note: The full velocity range: [QMAX-QMIN] is naturally
subdivided into the k discrete speeds of the calibration data
set. This range 1s further subdivided into the discrete QJJ
values where 6QJJ is, for example,

QMAX-QMIN _ QMAX-QMIN

6QJJ = num * K 64

given that k=8 and num (for number)=8.
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START

Input: smoothed calibration data set for El' ?
AN(7c)’ BN(rc). nN(rc) ; N=1,2 and ircl- 2,18,...42

degrees from CALMAN
- maximum and minimum flow speed

Subdivide the flow speed range into num * K speeds:
- - *
define 3QJJ (Qmax Qmin)/(num K)

set i=l (counter for QJJs)

Qmax' Qmin
used for calibration

!

r

1
Compute QJJi - Qmin + (1-1)8Q3J

!

i=i+l

!

Compute 2(7c H QJJi) for the angle wire range for wires 1 & 2 using

n(7cj)
B (rseia) = [ar p + 30 aasy T
for wire 1 as angle wire: (i.e., - 7y < rcj s 0)
lmax
wire 2 as angle wire: (i.e., 0 S 7cJ < 7. )
}max
E(y_;3Q33))
Determine nj = ECO : QJJi)
vhere: E(03QJJ,) = (A(0) + B(0) QJJ:L’(O)]”2

|

Fit cubic splines between sequential data pairs (7c nj H QJJi)
?

OQutput the spline coefficients (ci; i=1,2,3) for each wire (1 & 2)

ETAMAN
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COSLAW

This subroutine is implemented as the first step of Process I.
Its results are (Q,y) from the x-array and it determines if an
iterative computation is required: |y| > Iyrl, and (if required)

which wires (1,2) will serve as the speed and angle wires for the
iterative process.
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Input: B1 s BZ
AN’ BN' nN for N=1,2 at y=0

:

2

B, /cosB
1 1
Bz/cose2

set: B
B

1

2 - A1 n1

_] = Q cos (31-7)
L

___2]“2 = Q cos (82-7)

Expand: Q cos(sv-7) = Q(cosBNcosr + cosBNsin7); for N=1,2

tSet: u = Q cos ¥y

v=0_Qgsiny

C, = ucos B8, + v sin B

C2 = 4y cos 82 + v gin Bz

solve simultaneocusly for u & v

COSLAW



120

PROCESS I

This program utilizes the calibration coefficients from CALMAN
and ETAMAN and computes:

Q, 7, 23, Q,

from the measured voltages

Ey» By Egy E
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Y

Input: QMAX used in master calibration

-1
(1+X)N 'data day' correction factor for minor drift

PROCESS I

i

Input: wvoltages El, Ez, 23, EA

from data acquisition program,
correct voltages for minor drift
(A # 0) if necessary

!

Compute Q and y from cosine law. Use A, B and n
values at y=0 for wires 1 and 2.

-10° S 7 § 10°

X

WIRE 1 = 'speed-wire
WIRE 2 = 'angle wire

~ WIRE 1 - 'angle wire'
. WIRE 2 - 'speed wire'

'
Set iteration counter
i=Q

j=i+l ‘

Compute:

E_ (0,0) = A(0) + 3(0) Q™%

using A(Q), B(0), n(0) from
Flow Chart A output

E (measured)

C t B ———
ompute n Ea(O,Q)
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Determine QJJ: i.e. select QJJ
such that |Q-QJJ| is minimized

NOTE: §QJJ = [QMAX - QMINfnum * K]

Input the appropriate (i.e., for QJJ)

cubic spline coefficients: €. for }=0,1,2,3
from the output of ETAMAN ja

Compute:
7, = 7(n5Q37)

= C_ + C1 n+C

2 3
0 n

TWC3 n

2

Determine 7.¢ i.e. select *c such

that lyi-ycl is minimized

:

Input ajs; j=1,5 from CALMAN

-

* -1
Compute: Q (YC.ES) = EE: a4 Ei(j )
j=1

* cos(E-rc)
Compute: Q@ = Q —————
. cos(B-Yi)

1y < 1/2° NO

17 7!
or
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Determine y_: i.e. select v, Compute: ' Input calibration data

such that I'r-rcl is minimized [ 5 | SR . ajp for j=1...5
EZ(j-l)

Jjpp

Qp(Yc. Ep) = a
i=1

NOTE: p=3,4 (parallel array)

Output: Qq, Q4. 7. Q

End of input

- - X

notes: . 3p;‘e;:_l-—v“t;.—x:e:A 's
angle-wire: a
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PROCESS II

This program computes the velocity and vorticity time series from
the time series data: Q, v, Q3, Q4 of PROCESS I.



125

START

Input:

8: angle between probe axis and x-laboratory coordinate
A: distance between straight wires of the parallel array

§t: 1l/data sample rate

define wire on +y
side as wire 4

l

Wire 4 on the +y side

$$

—

|

Input: Q3, QA’ y (radians)

Set: j = 1 counter for
1 = 0 counter for

k = 0 counter for
defining the

t
T

ét's used in
micro-domain

Q(0) = o

'

1
y(0) = 7

10-0

.Initialize values for t=0

dQ(0) = (q, - Q)
: 1

k= k+l
J o= j+1

Input: Qq(t,), Qﬁ(tj)' LCORCS

|

PROCESS IT
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Calculate: ka = (Q3(tj) + Q&(tj
dQ, = (Qa(tj) - Q3(tj))
Q0 = (ka + ka_l)lz

)12

)

Set: 7, = y(t

3

Compute: average angie <7k) for the time step k
oy = Lk <y o>+ 7 1/ (keD)

- -

¢ incremental convected length:
§s) = <Q_>, cos[yk-<7>k] 5t

¢ cumulative convected length

Ask = Ask_1 + Gsk

: cumulative micro domain width
Ank = A cos(7k - <7>k)

(Ask - A??) < (Ank:l_- Ask-l

i - ti_l + k 4t
<7(1i)> = {y>

l

T

N




$S

t 127

Define: Un(ti) = Qp(ri) sin (7N - <7(ti)> )

Us(ti) = Qp(ti) cos (7N - <7(ti)> )

dUS(tk) = .S[ko cos (Yk - <7)k)

)

+ ko (cos (Yk-l -7

'

k-1

compute micro-circulation domain derivatives and velocities
au

n
"y (Ti)> = [Un(ti_l) - Un(ti)]/AsN
3Us
(5;— (ti)> = fUS(Ii_I) - Us(Ti)]/AsN
QUS N N
<—8_n (ti) > = { Z [dUs(tk)][dsk] / Ank} Z Gsk
k=1 k=1
3Un QUS
<Tn (‘ti)> = - 33 (ri)>
N
1
(Us(ti)> iy :E: .S[Qp cos(‘rk - <7>k) +
N k
k=1 .
ka-l c°3(7k-1 - <7>k-1)] Gsk

-

i v U

set:

k=0

Q. =Q

P Py
dUk = dUN
<7>k - <7>N
7k bd YN

As = 0

An = 0

: n
i<wz(ti)> < s (Ti)) -

S
< ™ (ri)>

I

l?ransform to laboratory coordinates CALL XYLAB

!

-Define midpoint of the local time series
-as the equivalent data-point-time:

= 2
'tM 11—1 + N 6t(5
U av
Qutput: tM’ A, <, (5;), <3;), (wz), <8xy>

NO

YES
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XYLAB

This subroutine is used to transform the velocity components, and
their derivatives, from the intrinsic s-n coordinates to the
laboratory x-y coordinates. Note that the partial derivative
BUnlan is not available; it is approximated (using a planar (x,y)

flow conservation of mass statement) as shown below.
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Transform spatial derivatives and velocities

8 -~ angle between probe-axis and laboratory x-axis

a(tj) -9 + (7(1j)>

au au v U
<§H> - ('----g - == cosa sina - R i za + —= cosza
3y as an as ° 1 an
A U v U auy
{(gx} = (——i - —2) cose sine - —2 sinza + —= cos‘a
- P'3 ds an dn ds

-KU> = KU > cosa = <U > sina
s n

V> = <Us) sina + (Un> cosa

<e_ > = <§g) + (2!)
xy ay ax
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DATADAY

This program is used to determine if a multiplier |A| is required to
bring the master calibration data into agreement with the data-day
(y=0) calibration data. The motivation for this is to eliminate the
need for a complete recalibration, of the wires at all angles, on
the day of the data acquisition.
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START

Prior to running experiment:
Acquire data day calibration data; i.e., Eld' EZd’ E.,,
E,q 3t y=0 for range of K flow speeds 3d

note: ( )d signifies "data day"

Identify master wire 3 or 4 for y=0
as done in CALMAN

Compute the speed using Emascer

2 1
Emdi- Am(O) m(0)
Qi = [ Bm(o) H i’l, S <

where m-master for the data day calibration

¥-

Compute A (data day correction factor)

£ 2

d, 1 —1:i=1, ...K

i,¥ (o) + By(o) sz°) "y=1,4

A

where o = original calibration

— .
1 .
Compute XN X :E: Xi,N N=1, ... 4
i=]
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To determine if lN are sufficiently small,

Compute:
2
E
ldix ()1()
+ - o o
Q, . = [ v M ]nN for i=1...K
d,i By (o) N-1,...4

K

' . 2 .1/2
Determine STDN = [E:T }E: [Qd,i - Qi] ]

_ . i=1

9

Master calibration invalid
irecalibration is necessary

Output A, , N=1...4

for minor variations

iTo be used to correct data-day data
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on the measurements is analytically described and a technique to correct for its
existence is presented. The correction technique is applied to the measured data
and the results are presented.
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