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Abstract

The development of the hot-wire vorticity probes, since the appearance of the first
one- component vorticity meter till the most sophisticated multi-sensor probes, is
presented. This process can be described as a series of efforts aimed to improve the
probes capabilities and accuracy. It was a complex process, viewed as an elusive
goal of turbulence researcher over a long period. It required sophisticated optimiza-
tion methods in order to avoid worsening one or more by improving the other pa-
rameters. The DNS (direct numerical simulation) database had and still have a great
role in optimization of the probe size and geometry (number and position of the
arrays and sensors) and uniqueness range. As a result of these efforts, we have probes
that can reliably measure the cross-stream velocity gradients, necessary to define the
vorticity components, with sufficient spatial resolution at least in laboratory condi-
tions. Unfortunately, we still do not have a probe capable of the streamwise velocity
gradients measurement with sufficient accuracy. Probes designed for that porpoise
still have unacceptable measurement error in the near wall regions of turbulent
flows. Besides the great results in the probe geometry improvement and various de-
signs, presented in this paper, there is still a number of technical parameters like
sensor temperature, flow blockade, frequency response and fabrication methods that
should be optimized.

Keywords: multi-array hot-wire probes, vorticity measurements, virtual experi-
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1. INTRODUCTION

Vorticity is a measure of the rotation motion of a fluid particle. It is a defining
property of turbulence that characterize almost all fluid flows of technical inter-
est. The presence of vorticity is assumed essential to identifying them as truly
turbulent motions. Having in mind that a fluid particle can simultaneously rotate
and deform the vorticity is defined as a mean angular velocity of the all axes
passing through the center of a fluid particle. There could exist three vorticity
components describing the rotation around all three Cartesian coordinate axes:
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There is a great advantage to describe the dynamics of turbulent motion in
terms of vorticity. This is the possibility to express the equation of motion of
turbulent flow particles in vorticity form:
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For the difference from the Navier Stokes equations, this form does not directly
include the fluid pressure, which allows great simplifications in interpretation as
well as in experimental and computational determination of fluid motion.

2. VORTICITY COMPONENTS MEASUREMENTS

In order to measure vorticity two basics method have been developed; thermal
anemometry and optical anemometry. The first attempt to measure the wy vorti-
city component using thermal anemometry was made about 70 years ago. It took
about 40 years to develop reliable vorticity probe capable to simultaneously
measure all three vorticity components. The first successful results using optical
methods were obtained about 30 years ago. Both methods are rather complex
requiring very expensive equipment to collect and process the experimental data.
Wallace and Vukoslavéevi¢ (2010) give an interesting presentation of these
methods. Both methods are still under investigation in order to improve their
characteristics, accuracy and possibilities to be applied in various fluids and prac-
tical conditions. Having that in mind, a historical review of their development
with the emphasizes on the encountered problems and the approaches of their
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resolving, could be of great interest to the further improvements of these meth-
ods. This paper is devoted to the the thermal anemometry method only.

It is clear from the expression (1) that in order to determine vorticity compo-
nents experimentally the velocity gradients should be measure. To measure ve-
locity gradients in a given direction, the velocity components has to be measured
in two points separated in that direction by a distance of the same order as the
smallest structure that can be expected in the turbulent flow. The size if these
structures define the probe spatial resolution. Having in mind that these struc-
tures are of the order of the Kolmogorov microscale n defined by Kolmogorov
(1941), it was clear from the very beginning that constructing of a probe capable
of resolving the smallest turbulent structures was an elusive goal even in labora-
tory conditions. The researchers have aimed their efforts to construct the probes
as small as possible. The minimal probe dimensions were limited by the sensors
and prongs dimensions as well as the mutual sensor thermal contamination and
flow blockade by its presence. The construction techniques and skills has been
developed over time, so today is possible to built the probe capable to resolve up
to 80% of the existing turbulent structure, at least in laboratory conditions.

3. KOVASZNAY TYPE VORTICITY PROBE

Kovasznay (1950), (1954) pro-
posed the first probe capable of
streamwise vorticity and velocity
components measurements. The
probe consists of four hot wire
sensors and four prongs, Fig.l.
Each support prong is common
for two sensors. It was believed
GU(' that, under some assumptions, the
streamwise vorticity component
should be a function of voltage
difference between points A and
C and streamwise velocity component a function of the voltage difference be-
tween the points B and D:

Fig.1. Sketch of Kovasznay-type
vorticity probe

o, =F(E,~E.); U=F(E,—E,). (21

These functions should be determined in a calibration procedure. The neces-
sary assumptions has been discussed in details by Vukoslavéevi¢ and Wallace
(1981).



208 Petar V. Vukoslavéevié¢

They found out that, in order to form the expressions (2.1), the following con-
ditions has to be satisfied:

ha—w<<w0, ﬁ<<l, v—°<<1, (2.2)
0z 0 U,

where Uy, vo and wy are the velocity components at the probe center. Besides, the
probe should bi built as symmetrical as possible, with the same length and sensor
inclination a for each sensor. A linear sensor voltage response to the velocity
magnitude should be assumed too.

It is clear that he first of the two conditions (2.2) will be valid only if the sensor
separation / is mall enough or, in other word, if the probe has sufficient spatial
resolution. Wingard (1969) has analyzed the response of the Kovasznay’s vorti-
city probe. He fond out that 7/, where # is the Kolmogorov microscale, should
be greater than 0.3 for the ratio of the wire lengths to the spacing between wires
h being close to 1.0. The other two conditions cannot be satisfied in the near wall
region of the flow. This region, known as the boundary layer, is present in the
most of the flows of practical interest. The probe was used infrequently in the
next 30 years due to the technical difficulties in construction to make it small
enough to satisfy the spatial resolution. It also requires a rather complex and
expensive calibration mechanism. It has been used by Uberoi and Corsin (1951),
Kistler (1952) and Kastrinakis, Eckelmann and Wilmarth (1979). They found out
that insufficient probe spatial resolution and the influence of v and w velocity
components can create a significant measurement error. They also suggested that
a way around his problem is in constructing a probe with each sensor supported
by separate pair of prongs. This means to use a probe of the same configurations
but with eight in place of four prongs. Each sensor should be operated separately.
That way, the probe should be capable to measure not only the streamwise vor-
ticity and velocity components but also the span wise velocity components v and
w. With known values for v and w velocity components, their influence on the
streamwise vorticity components could be corrected. They also emphasized that
such a probe will be much more difficult to built and satisfy the spatial resolution,
than in the case of the original version.

4. THE MODIFIED VERSION OF THE KOVASZNAY’S TYPE
VORTICITY PROBE

Vukoslavéevi¢ and Wallace (1981) perform the first detailed analysis of the
influence of the spanwise velocity components v and w on the accuracy of the
streamwise vorticity component measured by a modified version of the Ko-
vasznay-type vorticity probe. A schematic drawing of this probe is shown in
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/ Fig.2. The probe consist of four

/ . / pair of prongs and four sensors.
3 For the difference from the Ko-

4 vasznay-type probe, each sensor

\ / is supprted with a separate pair of
! , /// prongs. This way twoo pair of X-

wire probes are formed; one in
vertical plain with sensors 1 and

: v » 4 and the other in horisontal
S . plane, with sensors 2 and 3. Such
Fig.2 Sketch of modified Kovasznay-type p_rObeS are, under ussul assump-
vorticity probe tions, capable of measuring all

thre velocity components, what
should give a posibility to correct tne influence of the spanwise velocity com-
ponents on the accuracy of the streamwise vorticity component measurements.

The dimensions of the probe were chosen to meet the spatial resolution crite-
rion proposed by Wyngaard (1969). The wire lengths are /~ 0.72 mm and the
distances between the planes containing the oposite wires are also #~0.72 mm.
For the low speed boundary layer flow, where the probe was tested, the Kolmo-
gorow microscale was 7~0.4 mm at y'=15. The ratio of the wire length to the
spacong between wires is //4=1.0 and the ratio of Kolmogorow microscale to
the wire distances is #//~0.55, well above the minimum value of 0.3 proposed by
Wyngaard. Despite the more complex probe geometry, in comparison to the orig-
inal version of the Kovasznay's type probe, the dimensions of this probe were
about five times smaller than any of the previously constructed Kovasznay-type
probes.

They proved that this probe can account for the influence of the streamwise
velocity component to the streamwise vorticity measurement under a common
assumption that these velocity components can be reliably measured with a pair
of X-array wires. It is well known that this assumption is correct only if the
streamwise velocity incriments 20U / dy and hOU / 0z are much smaller than
U. This can be achieved by reducing the spacing / betwen the plane cantaining
the wires. Unfortunately, the spacing between the horizontal wires is limited by
the length of vertical wires and vice versa. They studied the influence of oU / 0y
and OU / 0z gradients by measuring their mean and maximal instantenous val-
ues. They have proven hat the streamwise vorticity component can be badly in
error whether the effect of cross-stream velocity compnents v and w are ac-
counted for or not. When they are accounted for, the error over 30% in the near
wall region apperas due to the neglection of the streamwise velocity gradients.
The final conclusion was that all six velocity gradients:oU /0y, 0U / 0z,
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ov/0y,0v/ 0z, ow/ Oy as well as all three velocity components have to be
measured simultabeously. They proposed the construction of a nine sensor
probe, having the same number of sensors as the number of the unknowns to be
maesured.

5. THE NINE SENSOR HOT-WIRE VORTICITY PROBE

The first probe capable of reliable simultaneous measurements of all three
vorticity components is constructed by Vukoslavcevi¢ et al (1991), and the first
measurements and statistical analysis of the velocity and vorticity fields is per-
formed by Balint et al (1991). The probe is shown in Fig.3.

(a) (b) (c)

Fig.3 Nine sensor probe to measure simultaneously vy, vy, v: and @, @,,, @, : (a) end-view
sketch, (b) schematic view of one of its three-sensor arrays, (c¢) photograph of the probe

The construction of the probe started in 1979. It took more than 10 years to
develop it to full operational capability. Progress reports on its development and
partially successful measurements has been presented by Wassman and Wallace
(1979), Vukoslavcevi¢ and Wallace (1984), Balint et al. (1987), Vukoslavcevi¢
et al. (1989) and Balint et al. (1990).

The probe consist of three arrays spaced 1.2 mm in y and z directions. Each
array consists of two sensors forming a V shape in x-z plane and a third sensor
at 45° in the orthogonal x-y plane. In order to achieve better space resolution, this
probe has a common prong in the center of each array. To avoid the electrical
cross talk between the circuits it was necessary to reduce the common prong
resistance below 0.1 ohms. As an optimal value, the overheat ratio was chosen
to be 1.2. A higher overheat ratio will cause the sensor thermal contaminations
and the lower one will affect the probe sensitivity. The probe is quite compact
with the largest sensing dimension of 2.2 mm, as it can be seen in Fig.3 (¢) and
sketch of Fig.3 (a). The average distance between sensor centers over which the
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velocity gradient were estimated is about 6.3n at y'=135, decreasing to 3.7 at
y'=183 in the boundary layer of Balint et al (1991).

The effective velocity cooling each sensor are expressed in function of nor-
mal, tangential and binormal velocity component acting to each sensor as pro-
posed by Jorgensen (1971). The functional form of these expressions, for the j-
th sensor of i-th array are,

2
U2 =F(a,.U

V) 6.

The velocity components at each sensor center can be expressed as a function
of the velocity components at the probe center, Uy, V' and W), and velocity gra-
dients in the cross-stream y and z-directions,

U2 =Fylay Uy Vo W, 0(UV, W)/ p,0(UV. W)/ ez}, (52)

g

This way nine algebraic nonlinear equation with three velocity components
and six velocity gradients unknown are formed. The 27 a; coefficients are de-
termined from the probe calibration procedure. The form of the expression (5.1)
depend on the various versions of the cooling law. In a case of the nine-sensor
probe, the influence of tangential cooling velocity is taken into account by the
concept of an effective sensor angle introduced by Bradshaw (1975) and used by
Bruun and Tropea (1980).

A specific numerical algorithm is developed to solve these equations. One of
the problem encountered was the uniqueness range of the obtained solution. They
found out that each of the sensor array has a cone acceptance of about 20°. This
means that if the resulting velocity vector forms an angle with x-axes higher than
20° the solution cannot be unequally determined. This is usually not the case in
the boundary layer flows except very close to the wall.

The statistical properties of turbulent boundary layer, measured by this probe,
are reported by Balint et al (1991). Having in mind that this type of probes cannot
measure the streamwise velocity gradients, these gradients were estimated using
Taylor’s hypothesis (1938). This hypothesis, in its simplest form, is given by the
expression,

% =— 1 % , (5.3)
ox U, ot

where U, is the convective velocity, taken usually as the streamwise velocity
component or its mean value. Several authors have questioned the validity of
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Taylor’s hypothesis in a flow with large mean gradients. Piomelli et al (1989)
have investigated this hypothesis using a well resolved numerical simulation of
turbulent channel flow. They found out that the correlation of the gradient
0U, /0x determined from numerical simulation and Taylor’s hypothesis is quite
high, above 0.9 for y"™>20. Besides Balint et al (1991), this probe has been used
by Ong (1992) and Wallace et al (1992).

Honkan (1993) and Honkan and Andreopoulos (1993) implemented several
improvements to the design of the Vukoslavcevi¢ et al (1991) probe. First, the
sensor in each array are rotated 120° in the cross-stream plane, Fig.4. This con-
figuration increases the uniqueness range to about 30°. As is discussed by Vuko-
slavéevic et al (2004), the maximum value of the uniqueness cone for this con-
figuration is 35.26°. Second, each sensor is supported by a pair of separate
prongs, that way eleiminated any possibility of cross talk between the senors. As
a consequences the spatial resolution of this configuration was twice vorse than
in the previous one. They also used a calibration procedure with simultaneous
pitch and yaw variation. This approach should provides a better representation
of turbulent flow fields in comparison to separate pitch and yaw as it was done
by Vukoslavcevi¢ et al (1991). In the data algorithm mechansam the velocity
was assumed to be constant over the array sensing area and vary only between
the arrays.This was an other disandvantage in comparison to Vukoslavcevic et
al (1991) approach, where the velocity linear variation over the whole sensing
area was assumed.

dy=2.46

Fig.4 Sketch of the nine-sensor orthogonal configuration probe (b).
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6. TWELVE SENSOR HOT WIRE VORTICITY PROBES

Studding the uniqueness range of the nine-sensor vorticity probe of Vuko-
slavCevic etal. (1991), they found out that the uniqueness range is strongly atenu-
ated if the v velocity component is positive. A function F(v), shown in Fig.5, can
be obtained in an iterative procedure for each array of nine sensor probe, shown

in Fig.3, by eliminating the # and w velocity components from the three of the
equations (5.1).

F(v)
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Fig.5 Function F(v) curves for various v/U ratios and w nearly zero: (—) the combi-
nation with sensor 1 below sensors 2 and 3; (- -) the combination with sensor 1 above
sensors 2 and 3

135
=5

The intersection of this function with abscissa define the value of v-velocity
component. For the case with sensor 1 below sensors 2 and 3, as shown in Fig.3,
there is only one intersection of this curve with abscissa in the region of v<0,
giving a unique solution for v, as seen in Fig.5. For v>0 there are two solutions
one always smaller and the other bigger then a critical value, v.., defined by the
point where the curve F(v), is touching the abscissa. This critical value defined
the uniqueness range. If we know in advance that v is always smaller than v we
can chose the smaller of the two obtained solutions. Otherwise, it is impossible
to distinguish which of the two solutions really exists in a flow. It was clear that
if the sensor 1 is placed above sensors 2 and 3, the uniqueness range problem
will shift in the range v<0 (the dashed lines in Fig.5). Keeping the sensor 1 below
sensors 2 and 3 and adding an additional sensor above sensors 2 and 3, forming
that way a four-sensor arrayi, it is always possible to choose the appropriate sen-
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sor, depending on the sign of v value component, and that way reduce the prob-
lem of uniqueness range to a great extent. As it was found later by Vukoslavcevi¢
et al (2004) a theoretical upper limit of the uniquenss cone, defined by the ratio
of spanwise and streamwise velocity components, in this case is 39.2°, for the
sensor inclination angle of a=45°. Having that in mind, they started to develop
a twelve-sensor probe, with four sensors in each of the three arrays.

The probe was used first by Nguyen (1993) and Marasli et al. (1993). The
probe design and signal data reduction procedure are explained in detail by
Vukoslavcevi¢ and Wallace (1996). The sketch of the probe is shown in Fig.6
(a) and Fig.6 (b) and its photograph in Fig.6 (c).

(a) (b) (©)

Fig. 6 (a) Sketch of the front view of a twelve-sensor probe, (b) schematic view of one
of its four-sensor arrays, (c) photograph of the twelve-sensor probe

The array separation in this probe was 1.14 mm in the y-direction and 1.32 mm
in the z-direction. The distance between the supporting prongs of each sensor, in-
clined at 45° to the probe axis, was 0.44 mm with a sensing area of 2.2 mm in y-
direction and 2.4 mm in z-direction. The diameter of the tungsten sensors was 2.5
pm and their length was about 0.62 mm, giving an aspect ratio of about 250.

The 12-sensor hot-wire vorticity probe was also constructed by Tsinober et al
(1992). Their probe is shown in Fig.7.

Their motivation to add the fourth sensor was not the enlargement of the
uniqueness range. It was related to the data reduction mechanism. They made
four combinations of three sensors for each array, find the appropriate solutions
and took the average value of each velocity component. That way they did not
utilize the full extent of the uniqueness range that can be achieved by this probe.
They also assumed that the velocity gradients were constant over each of the
three arrays of four sensors and vary only between the arrays, like Honkan et al
(1993) did. Having in mind that the ratio of the sensor sensing dimension and
array separations are of the same order, this approach is questionable.
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Fig. 7 Sketch of the front view of a twelve-sensor probe and schematic view of one of
its four-sensor arrays

7. OPTIMIZATION OF THE HOT WIRE VORTICITY PROBES

A number of various probe size and configurations have been used so far in
order to measure vorticity components in turbulent flows. Typical array config-
urations are shown in Fig.8.

Fig. 8 Various array configurations of multi-sensor hot-wire probes:
(a) VWB3, (b) TKD3, (c¢) VW3, (d) HA3, (e) TKDS, (f) TKD4
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A set of convenient abbreviations, is used here to label the various configura-
tions. These set of abbreviations is introduced by Vukoslavéevi¢ and Wallace
(2013). They consist of the first letters of the names of authors who designed and
used them and the number of the arrays for each probe. The configuration VWB3
was used by Vukoslaveevi¢ et al. (1991), configurations TKD3 and TKDS by
Tsinober et al. (1992), VW3 by Vukoslavéevi¢ and Wallace (1996) and HA3 by
Honkan and Andreopoulos (1997). Configuration TKDS, with the central array
moved upstream of the other four arrays, was used by Galanty et al. (2003) and
by Gulitski et al. (2007). Configuration TKD4 was used as a part of the TKD5
configuration.

There are a great number of parameters that can influence the accuracy of the
vorticity measurements. These are: the array configurations, the sensor arrange-
ments within an array and the ratio of the array and array separation size. All
these parameters can be assigned as the geometrical configurations probe param-
eters. Besides these parameters the important influence on the measurements ac-
curacy have the probe dimensions or probe spatial resolutions of a given geo-
metrical configuration. Finally, a number of parameters set by electronics or an-
emometers boards, like overheat ratio of the sensors and their frequency response
have also a great role on the measurements accuracy. The optimization of these
parameters is a complex task. The simplest approach is to analyze the influence
of each of them separately by varying it while keeping the other one constant.
Unfortunately, many of these parameters influence each other so a simultaneous
analysis of two or more of them is also necessary.

7.1 The influence of the geometrical configurations

In order to test the probe measurements accuracy and optimize its geometrical
arrangements it will be necessary to place the probe in a turbulent flow of the
known velocity field at each point in space and time and compared the measured
values with the known (induced) one. Unfortunately, it is impossible to create
such a turbulent flow with known velocity field as a function of space and time
because the turbulence is a strongly stochastic process. In place of a real, a virtual
experiment can be performed using the DNS (direct numerical simulation) of
turbulent flows that are available since the work of Spalart (1988).

As discussed by Vukoslavcevi¢ and Wallace (2013), in order to eliminate all
problems related to the sensor response and array characteristics (such as sensor
dimensions, overheat ratio, thermal cross-talk between sensors within an array,
disturbance of the flow by the presence of sensors and prongs, number and sen-
sor’s orientations, uniqueness range) and study the effects of the array arrange-
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ments (positions and separations), one can imagine a perfect array that can pre-
cisely measure all three velocity components at its center. This can be any of the
sensors arrays with ideal sensor response and array dimensions small enough to
neglect the velocity variation over the array sensing area. The perfect arrays can
be thought of as points arranged in the appropriate probe geometry and located
on the mesh of a DNS. The relative positions of these points, for a specific con-
figuration defined by the distances S, and S. from the probe center C to the
array centers, are specified in Fig. 8. The velocity components values, measured
by these perfect arrays, are the DNS values computed at these points.

A highly resolved DNS database of turbulent channel flow with a Reynolds
number of Re, =200, whereRe, =u h/v, u,is the friction velocity and 4 is the
channel half-width, created by Piomelli et al. (2000), is used for this analysis.
The first use of this database for this type of study was by Vukoslavcéevic et al.
(2009). The size of the computational domain was set to 2h x 2h x h and was
discretized using 400 x 400 x 200 grid nodes in the streamwise, wall normal and
spanwise directions, respectively. The grid was uniform in all directions, and the
resulting resolution is Ax™ = Ay™ = Az" ~ 1, where “+” denotes normalization
with the viscous length v/u_. Near the wall, the grid size is almost 1.5 times
smaller in each coordinate direction than the Kolmogorov length.

In order to study the geometrical arrangements only, the same spatial resolu-
tion of ST =S" =4, A"=1 is taken for all array configurations shown in Fig.8.
This resolution is sufficient to place any of the sensor configuration within an
array with prong separation of »"=2. This resolution is slightly better in the y-
direction and much better in z-direction than the best spatial resolution of any of
the experiments performed with vorticity probes so far. For the DNS of Piomelli
et al. (2000) channel flow the ratio of the Kolmogorow microscale and array
separationis 7/ A~ 1.6 aty" =15, which givesS, /n =S, /n=2.5, and max-
imum separation of the array centers about 577. These values increase closer to
the wall and decrease toward the channel centerline. Maximum array separation
of the VWB3 probe in the experiment of Balint et al (1991) was 6.3n in both
directions.

Due to the dimension of the central array of the “TKDS5” configuration, given
in Fig.8, the distance from the probe to the arrays centers has to be slightly in-
creased in this case depending on the sensor configuration within an array. An
average value of S; =5.2 A"=5.2 should be sufficient for the most arrays used
so far.

The effects of the array configurations on the vorticity component rms values,
shown in Fig. 9, are presented by Vukoslavcevi¢ and Wallace (2013).
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Fig. 9 Effects of the array configurations on the vorticity component rms values:
Solid line DNS, triangle VW3, dash VWB3, plus TKD4, star HA3, all with
.~ =4; circle TKD5 with Sy* =S, =5.2.
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The rms accuracy of @_and @_is the best for VW3 configuration due to the
best resolution in y direction. The accuracy of the rms of @, is in large error for
the VWB3 and HA3 configurations while it is close for the other configurations.
The VW3 configuration is also superior in the measurements of the skewness
and flatness factor of vorticity components in comparison with the other config-
urations.

7.2 The influence of the probe spatial resolution

The assumption of linear velocity variation over the probe sensing area, nec-
essary to operate the vorticity probes, is valid only if the probe has sufficient
spatial resolution. In order to study the geometrical arrangements presented in
the previous paragraph, the spatial resolution of S =S" =4, A"=1 was taken
for all array configurations shown in Fig.8. The best spatial resolution achieved
so far was close to these values in y-direction, but the most of the probes used in
various experiments have much worse spatial resolution. In order to analyze haw
does the spatial resolution affects the measurements accuracy it is necessary to
vary the array separation with proportional varying of the arrays size or keeping
the array size unchangeable. This should be done for each of the configuration
shown in Fig.8. Having in mind that the VW3 arrangements has superior array
configuration, Vukoslavcevi¢ et al (2009) analyzed the influence of the spatial
resolution for this configuration. They varied proportionally the dimension of
this configuration shown in Fig.10 on a DNS mesh of Piomelli et al. (2000)
channel flow , taking the S” and S; values as 2, 4, 8 and 12.

This choice is based on the spatial resolution achieved in the several experi-

ment; Vukoslavcevi¢ et al. (1991),
*»  Balint et al. (1991), Wallace et al.
_ R (1992), Ong and Wallace (1995),
o——o—+—o0 b Ong and Wallace (1998), Loucks

(1998). In all of these experiments
the spatial resolutio was close to

Sy

S*:S;zS;zS, what

| 111 I I I coresponds to array separation in z
I G ere o o+ direction of about 1.3 mm. So the
11 rrrrrrrrird consequence of the better or worse
spatial esolution of the one achieved

! () + + + + 1 ) i 4 4
Sz Az

« : » & so far should be clear. The effect of
Fig. 10 Sketch of 12-sensor probe repre- spatial resolution on the @_ vorti-
Sented as pOil’ltS ona DNS mesh Wlth Clty rms Values is presented in

Sy =S =8and Ay" =Az" =1 Fig.11.
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Fig.11 Attenuation of the _ rms for different array separations of 12-sensor probe
plus configuration; DNS (0), S7=2 (+), ST =4 (-), ST=8 (x), S’ =12(0)

There is almost no resolution effects for the S+ =2 and 4 cases. For S+ = 8,
o_is attenuated about 18% at y* =15, and the simulation with experimental
probe coefficients is identical to that with the ideal probe coefficients for this
array separation. The attenuation with the S* = 12 separation is considerably
larger, reaching about 30% at y* =15. Similar results are obtained for @_ and
@, vorticity components. It is clear that to eliminate the spatial resolution prob-
lem, a probe of S* = 4 or half the size of the smallest existing probes has to be
constructed. Although it looks possible from the technical point of view by re-
ducing the sensor diameters from 2.5 to 1.2 microns, serious problems related to
the thermal contamination and flow blockade by the prongs are expected.

The influence of the spatial resolution is extremely strong on the accuracy of
the measurements of the streamwise velocity gradients. As it was mentioned in
Section 5, the most of the vorticity probes are not capable of measuring the
streamwise velocity gradients. These gradients are usually estimated using Tay-
lor’s hypothesis (1938), exp. (5.3). The only vorticity probe that is, in principle,
capable of streamwise velocity gradients measurements is TKDS model de-
signed by Galanty et al. (2003), Fig.8(e). This probe has a central array moved
upstream to measure the velocity components at a point separated by a distance
Ax from the plane of the other four arrays. In order to make the space for this
array and reduce the thermal contamination created by the central array to the
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other arrays, the dimension of this type of probe has to be higher than the dimen-
sion of the other models. The model used by Galanty et al. (2003) and Gulitski
et al. (2007) was double the size of the VW3 model. A minimal dimension of
this type of probe can be obtained by replacing the 2.5 micron sensors with 1.2
microns sensor. In that case the dimension of this probe will be S| =S =8 and
ST =4. Still the problem of the thermal contamination and sensor sensitivity is
open, so this is a rather optimistic expectation to be realized in the near future.
The results of the analysis of the accuracy of the streamwise velocity gradients
measurements is presented in Fig.12, Vukoslavéevi¢ and Wallace (2013).
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Fig.12 Comparison of the DNS and simulated rms distributions of the streamwise
velocity gradients of the TKDS array configuration with the central array moved upstream.
DNS: solid line, Ou / Ox ; dash line, Ov / Ox ; dotted line, Ow/ Ox . TKDS5: circle, Ou/ Ox ;

square, Ov/ OX ; triangle, Ow/ Ox , with Sx"* =4 and S," = S," = 8.

In the near the wall region, the error is over 100%, being the worst for the
Ou/0Ox velocity gradient. Not only that the measurement of the streamwise ve-
locity gradients by such a configuration is not reliable, but also it is hard to im-
agine any multi-sensor hot-wire probe configuration that can simultaneously
measure all three velocity gradients in the x-direction with sufficient accuracy.

As mentioned above, in order to study the probe spatial resolution all probe
dimensions (prong separation, array size and array separation) are varied propor-
tionally. By reducing the array size the error in velocity measurements will be
reduced (the assumption of linear velocity variation over the array will be more
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accurate) which will increase the accuracy of velocity gradient measurements.
On the other hand, reducing the array separation results in increasing of the error
in the velocity gradient measurements (the same error in velocity measurements
is divided by smaller separation between the arrays). Therefore, it is not clear in
advance whether the error in velocity gradient measurements will decrease or
increase by proportional decreasing the probe dimensions. In order to study this
effect Vukoslav¢evi¢ and Wallace (2017) analyzed the Ov/ Oy gradient, using
the DNS of Piomelly et al. (2000). The influence of four different ratios of array
to array separation size are presented in Fig.13.
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Fig.13 Effects of the various ratios of array to array separation size for the VW3 array:
Solid line DNS, square S| = S7=9 and b"=2, triangle S =S} =4.5 and b'=1,
circle ST =87 =9 and b*=1, dash ST = S"=9 and h*=0 (perfect array)

In a case of S; =S7=9 and b"=2, the measurement error is about 25% at
=20, as it can be seen from Fig.13. By reducing all dimensions in half (
S, =8.=4.5 and b"=1), the error is decreased to 16%. However, keeping the
array separation unchanged and reducing the array size only (Sy+ =S57=9 and
b"=1), the measurement error is practically zero. It is clear that in case of v / Oy
measurement it is better to reduce the array dimension only rather than reducing
all probe dimensions proportionally. An optimal ratio of array dimension to the
array separation distance obviously exist. Vukoslavéevi¢ and Wallace (2013a)
studied a simultaneous influence of the array size, configurations and separation
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on the measurements accuracy. They have shown that the velocity gradients and,
therefore, the vorticity components are affected differently, what makes the op-
timization process very complex.

7.3 The influence of the technical aspects

The sensor temperature defined by the overheat ratio is one of the most im-
portant parameter to be optimized. The higher overheat ratio is the higher sensor
sensitivity and signal to electronic noise are. Unfortunately, the high overheat
ratio cause a thermal contamination of the sensors. In other word, the heat com-
ing from a neighbor sensor reduce the sensor output what underestimate the value
of measured velocity. The problem was noticed by Vokoslavcevi¢ et al. (1991).
They had to keep the overheat ratio small enough to avoid the thermal contami-
nation within and between arraays. The other parameters to optimized is prongs
diameter. The ticker the prongs are the higher is the flow distortion or aer-
dinamical blockade. The thin prongs increse the prongs resistance what afect the
sensor frequence response and signal stability. To increase the ferquence re-
sponse and avoid the signal instability, besides the probe parameters, it is neces-
sary to simultaneously optimize several electronic circuit components like: re-
sistors, amplifiers, capacitors and transistor. In additional to the complex theo-
reticcal analysis, this optimisation requires sophisticated labratory experiments.
The probe fabrication and calibration method is also a complex proces, Vuko-
slavcevi¢ and Wallace (2007). To make the probe available to the brother oudi-
ence all of these proces has to be improved and optimized.

8. CONCLUSIONS

In order to measure all three vorticity components it is necessary to simulta-
neously measure the cross-stream and streamwise velocity gradients. The hot-
wire vorticity probes developed over last forty years are capable of measuring
the velocity gradients in cross-stream plane with reasonable accuracy. There was
only one attempt to develop a probe to be able to simultaneously measure both;
cross-stream and streamwise velocity gradients. An analysis of measurement ac-
curacy, based on the DNS data bases, have shown that due to the pour spatial
resolution the streamwise velocity gradients can be in error over 100%. So, the
only way to determine these gradients, so far, is by using the Taylor’s hypothesis
of frozen turbulence.

Various probe models with specific geometrical arrangements of the array and

sensors and their dimensions have been developed and used in a series of meas-
urements in laboratory conditions as well as in atmospheric turbulence. Using
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the DNS databases an analysis of the influence of the probe geometrical arrange-
ments and dimensions on the measurements accuracy has been performed. A
minimum of 8 viscous length between arrays centers is necessary to achieve a
reasonable measurements accuracy of the vorticity components. This means that
even for a laboratory conditions measurements it is necessary to place 12 sensors
and 24 prongs in a circle of less then 2.5 mm in diameter. To increase the meas-
urements accuracy and make the vorticity probes useful in various technical con-
ditions with high turbulence level flows it is still necessary to overcome serious
technical difficulties.

The further efforts should be aimed at replacing the sensor of 2.5 microns with
1.2 microns, optimizing the overheat ratio and improving the electronics compo-
nents of the anemometers boards to reach the higher frequency response and sig-
nal stability. Various DNS databases can be used to further optimize the probe
geometry and dimensions. Further optimization of the overheat ratio, reducing
the thermal contamination and improving the frequency response and probe fab-
rication method requires sophisticated laboratory conditions. A general approach
to optimize the measurement accuracy of velocity and therefore the vorticity
components has not been found yet. Optimization depends on many parameters;
the array configuration, the sensor configuration and the technical possibilities
to construct a probe of a given dimensions.

References

[1] Balint JL, Vukoslavéevi¢ PV, Wallace JM. 1987. A study of the vortical structure of
the turbulent boubdary layer. Advances in Turbulence. First European Turbulence Con-
ference, ed. G Compte Bellot, pp. 456-64.

[2] Balint JL, Vukoslavcevi¢ PV, Wallace JM. 1990. The transport of enstrophy in turbu-
lent boundary layer. Near wall turbulence. 1988 Zoran Zaric Memorial Conference, ed
SJ Kline, pp 932-50.

[3] Balint JL, Vukoslavcevi¢ PV, Wallace JM. 1991. The velocity and vorticity vector
fields of a turbulent boundaryn layer. Part 2. Statistical properties. J. Fluids Mechanics,
132: 87-103.

[4] Bradshaw P. 1975. An introduction toturbulence and its measurements, 2nd edn,
pp-121-126.

[5] Brunn HH, Tropea C. 1980. Calibration of normal, inclined and X-array hot-wire
probes. Sonderforshungbereich, vol.80. University f Karlsruhe.

[6] Galanti B, Gulitski G, Kholmyansky M, Tsinober A, Yorish S (2003) Velocity deriva-
tives in turbulent flows in an atmospheric boundary layer without Taylor hypothesis. /n
Turbulence and Shear Flow Phenomena 2, 745-750.

[7] Gulitski G, Kholmyansky M, Kinzelbach W, Luthi B, Tsinober A, Yorish S (2007)
Velocity and temperature derivatives in high-Reynolds number turbulent flows in the
atmospheric surface layer. Partl. Facilities, methods and some general results. J Fluid
Mech 589: 57-81.

[8] Honkan A. 1993. An experimental study of the vortical structure of turbulent flows. Ph
D thesis. City Univers. New York. 233 pp.



On the Development of the Vorticity Hot Wire Probes 225

[9] Honkan A, Andreopoulos J. 1993. Experimentalinvestigation of time resolved vorticity
in two dimensional turbulent layer fluid flows. AIAA Pap. 93-2910.

[10] Honkan A, Andreopoulos J. 1997. Vorticity, strain rate and dissipation characteristics
in the near wall region of turbulent boundary layers. J Fluid Mech 350:29-96.

[11] Jorgensen F. 1971. Directional sensitivity of wir and fiber film probes. DISA Inf.11,
31-7.

[12] Kastrinakis EG, Ekelmann H, Wilmarth WW.1979. Influence of the Flow Velocity on
the Kovasznay type Vorticity probe, Review of Scientific Instruments. Vol. 50, 759-67.

[13] Kistler AL. 1952. M.S. Thesis, The John Hopkins University.

[14] Kolmogorow AN. 1941. The local structure of turbulence in incompressible viscous
fluid for very large Reynolds number. Dokl. Akad. Nauk. SSSR 30: 301-5.

[15] Kovasznay LSG. 1950. Q. Prog. Rep. Aeronaut. Dept. Contract NORD-8036-JHB-39.
Johns Hopkins Univ. 39 pp.

[16] Kovasznay LSG. 1954. Turbulence measurements In High Speed Aerodynamics and
Jet Propulsion, ed. RW Landenbuerg, B Lewis, RN Pease, HS Taylor, 9: 213-85.
Princeton Univ. Press.

[17] Loucks RB. 1998. An experimental investigation of the velocity and vorticity fields in
a plane mixing layer. PhD Thesis, University of Maryland, College Park

[18] Marasly B, Nguyen P, Wallace JM. 1993. A calibration technique for multiple-sensor
hot-wire probe and its application to vorticity measurements in a wake of a circular
cilinder. Exp. Fluids 15: 209-18.

[19] Nguyen PN. 1993. Simultaneous measurements of the velocity and vorticity vector
fields in the turbulent near wake of a circular cylinder. PhD D thesis. Univ. of Maryland,
College Park, 211 pp.

[20] Ong L. 1992. Vizualization of turbulent flows with simultaneos velocity and vorticiry
measurements. Ph D thesis. University of Maryland, College Park.

[21] Ong L, Wallace JM. 1995. Local isotropy of the vorticity field in a boundary layer at
high Reynolds number. In: Adv. in Turbulence V. Kluwer (Springer), Berlin, pp
392-397

[22] Ong L, Wallace JM. 1998. Joint probability density analysis of the structure and dy-
namics of the vorticity field of a turbulent boundary layer. J Fluid Mech 367:291-328

[23] Piomelly U, Balint JL, Wallace JM. 1989. On the validity of Taylor's hypothesis for
wall bounded flows. Physis of fluids A 1: 609-11.

[24] Piomelli U, Balaras E, Pascarelli A (2000) Turbulent structures in accelerating bound-
ary layers. J Turbulence 1:Art. No. N1

[25] Spalart P.R. 1988. Direct simulation of a turbulent boundary layer up to Re=1410. J.
Fluid Mech. 187. 61-98.

[26] Taylor GI. 1938. Production and dissipation of vorticity in a turulent fluid. Proc. R. Soc.
London Ser. A 164: 15-23.

[27] Tsinober A, Kit E, Dracos T. 1992. Experimental investigation of the field of velocity
gradients in turbulent flows. J Fluid Mech 242: 169-192.

[28] Uberoi MS, Corrsin S. 1951. Prog. Rep. Contract NAW 5504 for NACA, The John
Hopkins University.

[29] Vukoslaveevi¢ PV, Wallace JM. 1981. Influence of the velocity gradiens on measure-
ments of velocity and streamwise vorticity with hot-wire X-arryz probes, Review of
Scientific Instruments Vol. 52, No.6, 869, American Institut of Physics.

[30] Vukoslavcevi¢ PV, Wallace JM. 1984. A multi sensor probe for measuring the velocity
and vorticity components. Proc. Of the YU Congress of Theoretical and Applied Me-
chanics, Beci¢i, Yugoslavia.



226 Petar V. Vukoslavéevié

[31] Vukoslavcevi¢ PV, Wallace JM, Balint JL. 1989. A Multisensor Hot Wires Probe to
Measure Vorticity and Velocity in Turbulent Flows. Trans. Of Asme: J. of Fluids Eng.,
111, p. 220-224.

[32] Vukoslavcevi¢ PV, Wallace JM, Balint JL. 1991. The velocity and vorticity vector
fields of a turbulent boundary layer. Part 1. Simultaneous measurements by hot-wire
anemometry. J. Fluid Mechanics, 228: 25-51.

[33] Vukoslavéevi¢ PV. Wallace JIM. (1996) A 12-sensor hot-wire probe to measure the ve-
locity and vorticity vectors in turbulent flow. Meas Sci Technol 7: 1451-1461.

[34] Vukoslaveevi¢ PV, Petrovic DV, Wallace JM. 2004. An analytical approach to the
uniqueness problem of hot-wire probes to measure simultaneously three velocity com-
ponents.Meas. Sci. Technol. 15, 1848-1854.

[35] Vukoslavéevi¢ P and Wallace JM. 2007. Measurements of the Vorticity Vector and
other Velocity Gradient Tensor-Based Turbulent Properties. Handbook of Experi-
mental Fluid Mechanics, Chap 5. Ed. Tropea C, Yarin AL, FossYF, ISBN: 978-3-540-
25141-5, Springer.

[36] Vukoslavéevi¢ PV, Beratlis N, Balaras E, Wallace JM, Sun O (2009) On the spatial
resolution of velocity and velocity gradient-based turbulence statistics measured with
multi-sensor hot-wire probes. Exp. Fluids 46:109-119.

[37] Vukoslavéevi¢ P and Wallace JM. 2013. The influence of the arrangements of multi-
sensor probe arrays on the accuracy of simultaneously measured velocity and velocity
gradient-based statistics in turbulent shear flows. Exp Fluids 54.

[38] Vukoslavcevi¢ P and Wallace JM. 2013a. Using DNS to optimize hot-wire probe sensor
and array confgurations for simultaneous measurement of the velocity vector and the
velocity gradient tensor. Physics of Fluids 25.

[39] Vukoslavéevi¢ P and Wallace JM. 2017. On the accuracy of the measurement of turbu-
lent velocity gradient statistics with hot-wire probes, Thermal Science, Vol.21, Issue 3,
pp- 533-551.

[40] Wallace JM, Balint JL, Ong L. 1992. An experimental study of helicity density in tur-
bulent flows. Phys. Fluids A 4:2013-26.

[41] Wallace JM, Vukoslavcevi¢ PV. 2010. Measurements of the Velocity Gradient Tensor
in Turbulent Flows, Annual Review of Fluid Mechanics, Volume 42, PP.157-181.

[42] Wassman WW, Wallace JM. 1979. Measurement of vorticity in turbulent shear flow.
Bull. Am. Phys. Soc. 24: 1142 (abstract).

[43] Wyngaard JC. 1969. Spatial Resolution of the Vorticity meter and other Hot-wires Ar-
rays, Journal of Scientific Instruments, Ser. 2, 983-87.

Acknowledgements This research was supported by Montenegrin Academy
of Science and Art. Author wish to thank Nicolas Beratlis and Elias Balaras who
provided the DNS database used in this investigation.



	Petar V. Vukoslavčević: ON THE DEVELOPMENT OF THE VORTICITY HOT WIRE PROBES



