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A very high resolution minimal channel flow direct numerical simulation was
used to examine, virtually, the ability of various multi-sensor hot-wire probe configurations to measure the statistics of velocity gradient components. Various array and sensor configurations and the spatial resolution of probes with these
configurations were studied, building on designs and investigations of various
authors. In contrast to our previous studies, which focused on turbulent vorticity,
vorticity-velocity correlations, dissipation and production rate, here the measurement accuracy of each component of the velocity vector gradient tensor is analyzed separately. The results of the study show that the virtual experiments compare well with a physical experiment, and that such virtual experiments are a
powerful tool to examine the accuracy of velocity gradient measurements. The
cross-stream gradients needed to determine the vorticity components can be
measured with sufficient accuracy with most of the array and sensor configurations of vorticity probes used so far. A systematic error of some of the gradient
measurements can appear due to the array or sensor configurations. None of the
examined probe designs can measure, with sufficient accuracy, the streamwise
velocity gradients, directly or indirectly, using the continuity equation.
Key words: multi-array hot-wire probes, virtual experiments,
velocity gradient measurements, probe configurations,
spatial resolution

Introduction

The first successful simultaneous measurement of the cross-stream velocity gradients were made by multi-sensor hot wire probes. These probes were designed to simultaneously measure all three vorticity components. Three or four sensors were arranged in three or
more arrays displaced over small distances in the cross-stream y- and z-directions. By simultaneous measuring of all three velocity components at the center of each array, the velocity
gradients in the cross-stream plane could be estimated by finite difference. The streamwise
velocity gradients were estimated using Taylor’s hypothesis [1] of frozen turbulence. Another
possibility to estimate the streamwise gradients was to use an additional array placed at a
_____________
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close upstream distance from the arrays in the downstream cross-stream plane. Typical array
and sensor configurations used to measure vorticity components, shown in fig. 1, are discussed by Wallace and Vukoslavčević [2]. The same set of convenient abbreviations, as the
one used by Vukoslavčević and Wallace [3], is used here to label the various configurations.
They consist of the first letters of the names of authors who designed and used them and the
number of arrays for each probe.

Figure 1. Various array configurations of multi-sensor hot-wire probes;
(a) VWB3, (b) TKD3, (c) VW3, (d) HA3, (e) TKD5, (f) TKD4

The configuration VWB3 was used by Vukoslavčević et al. [4], configurations
TKD3 and TKD5 by Tsinober et al. [5], VW3 by Vukoslavčević and Wallace [6] and HA3 by
Honkan and Andreopoulos [7]. Configuration TKD5, with the central array moved upstream
of the other four arrays, was used by Galanti et al. [8] and by Gulitski et al. [9]. Configuration
TKD4 was used as a part of the TKD5 configuration.
The influence of the geometrical configuration and number of the sensors within an
array on the measurement accuracy of velocity components have been studied by many authors, who mainly focused on just a single array. A recent study of this type was carried out
by Vukoslavčević and Wallace [10] and Vukoslavčević [11]. The only attempt to analyze the
best array configuration was done by Vukoslavčević and Wallace [3]. They focused primarily
on the accuracy of measurements of vorticity, vorticity-velocity correlations and turbulent
kinetic energy dissipation and production and they also tested the accuracy of using Taylor's
hypothesis. An analysis of the simultaneous influence of array arrangements within a probe
and sensor arrangements within arrays on the accuracy of the vorticity and velocity-vorticity
correlation measurements was also presented by Vukoslavčević and Wallace [12].
The aim of this study is to analyze the influence of the sensor arrangements within
an array, the array arrangement within a probe sensing area, the probe spatial resolution and
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the ratio of the array to the array separation size on the accuracy of the measurement of each
component of the velocity gradient tensor.
Virtual experiment

As was first demonstrated by Moin and Spalart [13], a useful application of direct
numerical simulation (DNS) of turbulence is to help improve the design of laboratory probes
and to analyze their accuracy. This can be achieved by performing virtual experiments with a
well resolved DNS database. The details about the database used in the present investigation
are given in Vukoslavčević et al. [14], Vukoslavčević and Wallace [10], Vukoslavčević [11],
Vukoslavčević and Wallace [3] and Vukoslavčević and Wallace [12], who analyzed the characteristics of single and multi-array hot-wire probes. Single array probes were also analyzed
by Pompeo and Thomann [15] and Antonia et al. [16] using the same approach.
Although the parameters that affect the response of a hot-wire sensor, like finite sensor lengths, flow blockage by the presence of prongs and the thermal cross-talk between sensors, are not accounted for in this approach, it has provided real insight into the influence of
the sensor and array configuration as well as the probe spatial resolution on the measurement
accuracy.
To obtain the well resolved DNS, a minimal turbulent channel flow, similar to that
of Jimenez and Moin [17], was simulated for a Reynolds number of Reτ = 200 where Reτ =
= uτh/ν, uτ is the friction velocity and h is the channel half-width. The details of the numerical
methodology can be found in Piomelli et al. [18]. The numerical grid was uniform in all directions, and the resulting resolution is Δx+ = Δy+ = Δz+ ≈ 1, where “+” denotes normalization
with the viscous length ν/uτ. Near the wall the grid size is a little less than two-thirds of the
Kolmogorov length in each coordinate direction and a little more than one-quarter of this
length at the channel centerline.
Using this DNS database the sensors can be treated as points within the numerical
mesh at the sensor centers. The positions of these points depend on the specific probe geometry, given in fig. 1, and the chosen probe spatial resolution to be simulated. This spatial resolution depends on the array center positions, defined by the distances of the array’s center
from the probe center, and on the distance from the array center to the sensor center.
The effective velocity, Ueij, cooling the j-th sensor of i-th array can be written in
functional form as:
2
U eij
 F (aijk ,U ij ,Vij ,Wij )

(1)

The specific form of this expression depends on various versions of the cooling
laws. The aijk terms are calibration coefficients that can be determined from a calibration procedure for a real probe or theoretically for ideal sensor responses. The velocity components at
each sensor center can be expressed as a function of the velocity components at the probe center, U0, V0, and W0, and velocity gradients in the cross-stream y- and z-directions:
2
U eij
 Fij {aijk ,U 0 ,V0 ,W0 , (U ,V ,W ) / y, (U ,V ,W ) / z}

(2)

Using the velocity components at the virtual sensor centers from the DNS, Uij, Vij,
and Wij, the effective cooling velocity at each sensor center, Ueij, can be found from expression (1). The three velocity components at the probe center and the cross-stream velocity gradients can be obtained from the set of eqs. (2), by applying an adequate numerical algorithm
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and assuming linear velocity variations over the probe sensing area. For sufficiently small
probe dimension, the linear velocity variation is approximately true, so that the calculated
values will be close to those of the DNS.
By comparing the statistical properties obtained from a virtual experiment in this
way, for the various configurations of virtual probes, with the same properties determined
directly from the DNS, the influence on the accuracy of velocity gradient measurements of
the array and sensor geometrical arrangements, for a given spatial resolution, can be systematically examined. In addition, by varying the array separation and sensor size for a given probe
geometry, the effects of spatial resolution also can be analyzed.
The accuracy of the cross-stream velocity gradient measurements

As stated in the previous section, the parameters that affect the accuracy of crossstream velocity gradient measurements that we analyzed using virtual experiments are: the
array arrangement within a probe sensing area, the sensor arrangements within an array, the
probe spatial resolution and the ratio of the array to the array separation size. Each of these
parameters is analyzed separately.
The influence of the array configuration

As discussed by Vukoslavčević and Wallace [3], in order to focus the analysis only
on the effects of the array configurations and their spatial separations one can imagine perfect
arrays that can exactly and simultaneously measure all three velocity components at their centers. Other sources of measurement errors, such as calibration errors (due to the complex form
of sensor response, sensor dimensions, thermal cross-talk between sensors within an array,
disturbance of the flow by the presence of the sensors and prongs), limited uniqueness range
depending on number and orientations of the sensors, and electronic noise of instruments,
were not considered. If the array separation is small enough to assume linear velocity variation between arrays, all the array configurations presented in fig. 1 with perfect arrays would
give equal and accurate values of velocity and velocity gradient-based statistics at any referent point of the probe sensing area. Unfortunately, the experience of various probe designers
has shown that fabricating multi-sensor probes small enough to achieve such linear velocity
variation is practically impossible for even the most optimal laboratory conditions.
If the array separations are small enough to have either concave or convex variation
of velocity component ui between arrays, fig. 2(a), without the inflection point shown in fig.
2(b), the velocity derivative can be calculated using a finite difference:
ui( x) 

ui ( x2 )  ui ( x1 )
x2  x1

At a midpoint x the gradient is close to the exact value, but the velocity component
that we can calculate there, is underestimated. It will be overestimated in the case of a concave variation between points x1 and x2.
The error in velocity determination at a given point can strongly affect the accuracy
of velocity gradient determination at a given direction in a case of the multi-array probe configurations shown in fig. 1. For example, the velocity gradients in the z-direction, for the array
configuration shown in fig. 1(a), would be in error because the velocity estimate at midpoint
between array 1 and array 3 would be in error. The situation with the configuration shown in
fig. 1(d) is similar, only the errors of velocity gradients in the z-direction will have opposite
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signs. By contrast with these configurations, the velocity gradients in the z-direction can be
reasonably accurately estimated for the configuration shown in fig. 1(c), but the velocity gradient in y-direction could be in error for this configuration. In order to obtain the velocity gradients in the y- and z-directions with the same accuracy, the array configuration shown in fig.
1(f) can be used. However, due to the addition of an array, this configuration is more difficult
to fabricate and operate. The gradients in both directions will be in error for the configuration
shown in fig. 1(b). The configuration with five arrays, shown in fig. 1(e), has a referent point
at its center with the simultaneous accuracy of the velocity components and velocity gradients
in the y- and z-directions. Due to the presence of the central array the disadvantage of this
configuration is much worse spatial resolution as well as much more complex fabrication and
operation in comparison to the other configurations.

Figure 2. A nonlinear
convex velocity variation (a), with an inflection point (b)

A virtual probe with the VW3-configuration and array distances, a+ = 8 and h+ = 4 is
shown in fig. 3.
In order to “measure” the velocity gradients at the probe center in a virtual experiment it is necessary to know the velocity components at the array centers. In the case of
probes with perfect arrays, they are equal to the velocity components from the DNS when the
array centers coincide with the nodes of the grid. Otherwise an adequate interpolation procedure can be applied. If the array separation is small enough so that a linear velocity variation
over probe sensing area can be assumed, the velocity gradient statistics measured this way
will be the same as the one obtained from the DNS for all array arrangements. Otherwise, the
difference will indicate the effects of the array geometrical arrangement on the measurement accuracy for a
given spatial separation of the arrays.
In order to compare the various array configurations shown in fig. 1, the same spatial resolution (the distances between arrays) was maintained, i. e. a+ = 8 and
h+ = 4, Δ+ = 1 for all configurations. The spatial resolution of probes with this array separation is close to or
better than the best spatial resolution of any of the probes
used in the experiments cited in chapter „Introduction“.
This means that the gradient measurement error in a
physical experiment, due to array arrangements, will be
close to or higher than the error obtained in a virtual exFigure 3. Sketch of a VW3periment performed in this way. In fact, this is the mini-configuration with arrays shown
mal error because the influence of the sensor arrangement
as points on the DNS grid with
Δx+ = Δy+ = Δz+ ≈ 1 resolution
within the array and imperfection of the cooling law will
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increase the measurement error. It is possible that in some rare cases these errors are of opposite signs for some of the statistics, so they could cancel out, to some extent, but this will not
generally be the case. If the technical difficulties are resolved and a probe of much smaller
dimension can be fabricated, corresponding minimal error can be determined in a similar way.
For this channel flow DNS, η/Δ ≈ 1.7 at y+ = 15 so that a/η = 4.7 and h/η = 2.35.
These ratios increase closer to the wall and decrease toward the channel centerline. In the case
of the TKD5 configuration, given in fig. 1, the distance from the probe to the array centers
should be higher due to the presence of the central array. An average value of a+ = 10.4
should be sufficient for most of the sensor configurations used so far.
The influence of the geometrical arrangements of the probe arrays, for a given spatial resolution, on the accuracy of the rms of the cross-stream velocity gradient measurements
is presented in figs. 4 and 5 for the various array arrangements. Because the configuration
TKD3 does not yield the best ∂/∂y or ∂/∂z gradient values, this configuration is not
presented here.

Figure 4. Effects of the
array configurations,
shown in fig. 1, on the
velocity gradient
component rms values in
y-direction, all with a+ = 8
and h+ = 4;
solid line DNS,
triangle VW3,
dash VWB3,
star HA3,
plus TKD4
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As expected from fig. 2(a) and the discussion related to this figure, the accuracy of
∂ui/∂y rms is the same for the configurations VWB3, HA3, and TKD4, as demonstrated in fig.
4. A similar result is seen in fig. 5 for ∂ui/∂z for the VW3 and TKD4 configurations, although
a slight difference is evident between the two cases due to the different position of the probe
center with the respect to the array 2 and array 3 centers. The rms of ∂u/∂z of the VWB3 and
HA3 configurations is overestimated. Due to the strong mean gradient of the U velocity component in the near the wall region, the U velocity component at midpoint of array 1 and array
3 of these configurations will be underestimated, as explained in fig. 2(a). As a consequence
∂u/∂z must be overestimated. The rms of ∂w/∂z is also overestimated with these configurations. This is due to the underestimated value of the rms of ∂w/∂y because of the insufficient
probe spatial resolution in the y-direction. The effect is the same as in the case of the rms of
∂u/∂z. So, the configurations VWB3 and HA3 are less accurate for most of the gradient rms
measurements in comparison to the VW3 and TKD4 configurations. The accuracy of the
∂ui/∂y rms is better in the case of VW3 than for the TKD4 configuration due to the better spatial resolution in the y-direction. Although none of the configurations presented here gives the
best accuracy for the statistics of the all cross-stream velocity gradients, the VW3
configuration gives the best accuracy for ∂ui/∂y. It is slightly less accurate for the ∂ui/∂z

Figure 5. Effects of the
array configurations,
shown in fig. 1, on the
velocity gradient
component rms values
in z-direction, all with
a+ = 8 and h+ = 4;
solid line DNS,
triangle VW3,
dash VWB3,
star HA3,
plus TKD4
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gradients in comparison to TKD4 configuration, but much easier to construct and operate due
to the smaller number of arrays and sensors.
Although the presented measurement accuracy is the best that can be achieved for
the given spatial resolution, it is clear that the measurement error of some of the gradients is
rather high. For example the minimal error of the ∂u/∂z rms is about 7% at y+ = 15. In addition to this error, the error due to the finite array size and imperfection of the cooling law will
be added in a real experiment.
The influence of the sensor configuration

Various sensor configurations within an array used so far as a part of multi-array or
single array vorticity probes are presented in fig. 6.

Figure 6. Various sensor configurations within an array to simultaneously measure all three
velocity components; (a) PL-plus configuration, (b) T-configuration, (c) OR-orthogonal configuration,
(d) SQ-square configuration

As a part of a multi-array vorticity probe, the PL-configuration was used by
Tsinober et al. [5], Vukoslavčević and Wallace [6], Gulitski et al. [9] and Galanti et al. [8].
The T-configuration was used by Vukoslavčević et al. [4] in the first vorticity probes capable
of simultaneous measurements of all three vorticity components. The OR-configuration was
used by Honkan and Andreopoulos [7]. The SQ-configuration was used as a single array
vorticity probe, capable of measuring the streamwise component of vorticity only, by
Vukoslavčević and Wallace [19] and Kastrinakis and Eckelman [20]. The SQ, PL and OR
configurations are also analyzed as a single array probes to measure all three velocity compo-
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nents by, among the others, Samet and Einav [21], Lekakis et al. [22], Holzapfel et al. [23],
Dobbeling et al. [24] and Maciel and Gleyzes [25]. A single array consisting of an X-pair of
sensors oriented in vertical planes and a V-pair in a horizontal plane was analyzed by Pompeo
and Thoman [15]. The influence of the velocity variation on the measurement accuracy depends on the sensor arrangements. It has been studied in detail by Vukoslavčević [11]. He
proposed a new, XP-configuration, consisting of an X-pair of sensors oriented in vertical
planes and two parallel slanted sensors in horizontal planes. The measurements accuracy of
this configuration should be less affected by the velocity gradients in comparison to the other
configurations shown herein.
The testing of the influence of the sensor configurations on the accuracy of the velocity gradient measurement can be performed for various array configurations and various
array separations, which would lead to a large number of virtual experiments. A reasonable
choice to start with would be the most promising array configuration discussed in previous
chapter, i. e. VW3. The spatial resolution with this probe design of h+ = 10 and a+ = 11.5 was
achieved in the boundary layer experiment of Vukoslavčević and Wallace [6]. It is possible to
further improve the spatial resolution by reducing the prongs and array separation almost in
half. However, to go below h+ = 6 and a+ = 6.8, corresponding to a critical sensor length to
diameter ratio close to 200, with minimal prong separations at array centers does not seem
realistic. Based on our experience in constructing this type of probe, thermal and
aerodynamical cross-talk between sensors and prongs can be expected even with this separation. It would be possible to further improve the spatial resolution using 1 micron sensor diameters in place of the 2.5 micron that have been used so far. We believe that technical difficulties in constructing such a probe can be resolved, but the thermal and aerodynamical crosstalk between sensors and prongs can be serious problems in this case. With these considerations in mind, we chose a spatial resolution of h+ = 6 and a+ = 6.8, as was also done by
Vukoslavčević and Wallace [12]. A sketch of a VW3 probe with this resolution and the PL
sensor configuration, placed over the numerical grid is shown in fig. 7.
Testing the influence of various sensor configurations is performed by replacing the PL with SQ, OR, and XP
configurations. The T configuration is a
part of PL configuration, so it is not
tested separately. The results are presented in fig. 8 and fig. 9.
The sensor configurations used so
far for vorticity probes designs were PL
and OR. It is clear that the ∂v/∂y and
∂w/∂z gradients are strongly in error
with these configurations. Fortunately
these two gradients do not affect the
accuracy of any of the vorticity components. This was a fortunate coincidence
that the designers of the vorticity probes
probably were not aware of when they
made the choice of the sensor configuFigure 7. Virtual presentation of the VW3 12-sensor
rations. The rms of the ∂u/∂y and ∂u/∂z
probe with the PL sensor configuration
gradients are almost unaffected by the
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sensor arrangements. It is interesting that in the case of ∂w/∂y the errors due to the array configuration and sensor configuration are of opposite signs. They practically cancel out for the
PL configuration. The rms of the ∂v/∂z gradient is much more accurate for the PL compared
to the OR or SQ configurations. It turns out that the PL configuration, which was the choice
most used in the design of vorticity probes, was the best choice among the available configurations at that time. The rms values obtained with the new proposed XP configuration are
practically the same as the ones obtained by a virtual perfect array. The sensor configuration

Figure 8. Effects of the
sensor configurations,
shown in fig. 6, on the
velocity gradient
component rms values in
the y-direction, all with
h+ = 6 and a+ = 6.8;
solid line DNS,
plus PL,
star OR,
square SQ,
diamond XP,
dash perfect array
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does not add any error in this case. Although this configuration looks to be the most promising, the influences of thermal and aerodynamic cross-talk as well as the uniqueness range for
this configuration are not clarified yet.

Figure 9. Effects of the
sensor configurations,
shown in fig. 6, on the
velocity gradient
component rms values
in the z-direction, all
with h+ = 6 and a+ = 6.8;
solid line DNS,
plus PL,
star OR,
square SQ,
diamond XP,
dash perfect array

The influence of the probe spatial resolution

The effects of the spatial resolution of the probe depend on the array as well as on
the sensor configurations. Examining all possible combinations requires a very large number
of virtual experiments. Rather than attempting that, we have chosen the array and sensor configurations that appear to be most promising and then have proportionally varied their size. As
previously discussed, the VW3 array configuration looks to be the most promising one. The
most frequently used sensor configuration for vorticity probes was the PL configuration. As
shown in previous chapter, it is more accurate than the OR configuration, which was also used
in a vorticity probe design. Although the XP sensor configuration shows great promise, it has
not been used so far. Therefore, the PL configuration is the choice we will examine in this
analysis.
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As shown in fig. 7, the characteristic probe dimensions are the array separations, a
and h and the sensor centers separation b. We decided to start from a+ = h+ = 9 and b+ = 2,
separations that are slightly better than the best spatial resolution of this type of the probe
used so far for boundary layer measurements. We then proportionally increase the probe‘s
spatial resolution. As discussed in previous chapter, by reducing the array separation and
choosing a sensor diameter of 1 micron in place of the 2.5 micron wire, theoretically it is possible to construct a probe with dimensions close to a+ = h+ = 3. Although constructing a probe
of this size does not seem realistic at this time, it is worthwhile studying its spatial resolution
as a guideline for future designs. The results of the effects of the probe spatial resolution on
the cross-stream velocity gradients are presented in fig. 10 and fig. 11. All other array and
sensor configurations as well as the probe spatial resolution can be studied in a similar way.

Figure 10. Effects of the
probe spatial resolution,
on the velocity gradient
component rms values in
the y-direction for the
VW3 array and the PL
sensor configuration;
solid line DNS,
square a+ = h+ = 9,
diamond a+ = h+ = 6,
circle a+ = h+ = 4.5,
triangle a+ = h+ = 3
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A strong influence of the probe spatial resolution for a+ = h+ > 4.5 for the most of
the velocity gradient components is evident. The most affected are the ∂u/∂y and ∂v/∂y gradients, which is typical for the PL sensor configuration. The ∂u/∂y gradient is about 8% in error
at y+ = 15 and ∂v/∂y about 17%. Fortunately, the ∂v/∂y does not affect the vorticity measurement accuracy. For the best spatial resolution, a+ = h+ = 3, the virtual probe approximates the
DNS gradient values very well.

Figure 11. Effects of the
probe spatial resolution,
on the velocity gradient
component rms values in
the z-direction for the
VW3 array and the PL
sensor configuration;
solid line DNS,
square a+ = h+ = 9,
diamond a+ = h+ = 6,
circle a+ = h+ = 4.5,
triangle a+ = h+ = 3

The influence of the ratio of the array to the array separation size

As discussed in previous section, in order to study the probe spatial resolution, the
array size and array separation are reduced proportionally. By reducing the array size the error
in velocity measurements, due to the sensor configuration and separation, will be reduced
which will increase the accuracy of velocity gradient measurements. On the other hand, reducing the array separation results in the error in velocity measurements increasing the error
in the velocity gradient measurements. So, it is not clear in advance whether the error in velocity gradient measurements will decrease or increase by proportional decreasing the probe
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dimensions. In order to study this effect the ∂v/∂y gradient is analyzed. The measurement error of this gradient is higher than the measurement errors of the other gradients, for the same
probe dimensions, as shown in fig. 10. The influences of four different ratios of array to array
separation size are presented in fig. 12.

Figure 12. Effects of the various ratios of array to array separation size for
the VW3 array and the PL sensor configuration;
solid line DNS, square a+ = h+ = 9 and b+ = 2, triangle a+ = h+ = 4.5 and b+ = 1,
circle a+ = h+ = 9 and b+ = 1, dash a+ = h+ = 9 and b+ = 0 (perfect array)

In a case of a+ = h+ = 9 and b+ = 2, the measurement error is about 25% at y+ = 20.
By reducing all dimensions in half (a+ = h+ = 4.5 and b+ = 1), the error is decreased to 16%.
Keeping the array separation unchanged and reducing the array size in half (a+ = h+ = 9 and
b+ = 1), the measurement error is practically zero. Reducing the array size to zero and thus
eliminating the error due to the finite array size, the measurement error is about -11%. This is
the error due to the array separation only. It is clear that the errors due to the array separation
and array size are of the opposite signs. In this case they cancel out if the array separation is
a+ = h+ = 9 and array size b+ = 1. So in the case of ∂v/∂y it is better to reduce the sensor separation only rather than reducing all probe dimensions proportionally. An optimal ratio of these
separations obviously exists. The other gradients are affected differently. A general approach
to optimize the measurement accuracy of all gradients simultaneously does not appear to exist. Optimization depends on the array configuration and the technical possibilities to construct a probe of a given dimensions.
The accuracy of the streamwise velocity gradient measurements

The only probe capable of direct streamwise velocity gradient measurements is the
TKD5 configuration shown in fig. 1. It has the central array moved upstream of the other four
arrays for some distance Δx. A detailed investigation of the influence of the array configuration of this probe on the accuracy of the streamwise velocity gradient measurements was done
by Vukoslavčević and Wallace [3]. They showed that all three gradients ∂ui/∂xi are greatly in
error, even for the best spatial resolution that can be practically achieved. These errors are
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over 100% at y+ = 15. An additional error due to the finite array size and various factors that
can affect probe calibration, will add to this error. It may happen that some of these errors
have opposite signs, but to expect to cancel out an error of over 100% is not likely. They also
analyzed a possibility of indirect measuring of the ∂u/∂x gradient using the continuity equation by:
V W
 U 


 
y
z
 x c

(3)

for various array configurations.
Assuming that the gradients ∂V/∂y and ∂W/∂z are measured with sufficient accuracy,
the ∂U/∂x gradient can be calculated from eq. (3) and used to test Taylor’s hypothesis:

1 U
 U 

 
U con t
 x T

(4)

for a given value of convective velocity, Ucon. This expression can be also used to determine
the appropriate value of Ucon, assuming that the (∂U/∂x)c is determined with sufficient accuracy. In order to test these possibilities, Vukoslavčević and Wallace [3] analyzed the influence
of various array configuration on the accuracy of rms of (∂U/∂x)c. They found that the influence of the array configuration is almost negligible for the VW3 configuration. All other configurations are strongly in error, especially the VWB3 and HA3 configurations. In order to get
real insight into the possibility of using this configuration to measure (∂U/∂x)c, it is necessary
to simultaneously examine the influence of the array size and sensor configuration on the
measurement accuracy.
The rms of (∂U/∂x)c is compared in fig. 13 for the PL and SQ sensor configurations
and the VW3 array configuration.
Although the influence of the array configuration is negligible, the influence of the
sensor configuration is very large for both the PL and SQ configurations. The error is over
100% at a distance of y+ = 15 from the wall.
From this it is clear that neither direct nor indirect measurement of any of
streamwise velocity gradients is possible with multi-sensor hot-wire probe with sufficient
accuracy.

Figure 13. Effects of the sensor configurations, shown in fig. 6, on the
(∂U/∂x)c velocity gradient rms values for the VW3 array configuration,
all with h+ = 6 and a+ = 6.8;
solid line DNS, diamond zero array size, plus PL, square SQ
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Fortunately, these gradients can be accurately determined using Taylor’s hypothesis
by choosing an appropriate value of convective velocity except near the wall [26].
Comparison of the virtual and physical experiments

In order to compare a virtual and physical experiment it is necessary to perform both
of them under the same conditions. Building a set of vorticity probes with various array and
sensor configurations, sizes and separations and then performing a physical experiment, like
the virtual one presented in two previous chapters, is a very complex task that has not been
attempted to date. The only experiment of this type was performed by Antonia et al. [16] with
a probe capable of measuring the ∂U/∂y velocity gradient only. The probe consisted of two
parallel sensors separated by a distance ∆y. The statistical variances of ∂U/∂y fluctuations, for
a channel flow, were compared for various sensor separations in a physical and virtual experiment. The results obtained at the channel centerline are shown in fig. 14.
The comparison of the virtual and physical results is excellent for Δy* > 2, where
*
Δy = Δy/η is the sensor separation scaled by Kolmogorov microscale. This means that, in this
range, the virtual experiments can be successfully used to analyze the performance of this
type of probe. A difference from unity in this region is a measure of the attenuation of the
physically measured rms values of the gradient due to insufficient probe spatial resolution.
For example, with a sensor separation of about four Kolmogorov scales the error is about
10%. For Δy* < 2 an increasing difference between the virtual and physical data is evident.
This difference goes to infinity when Δy* → 0. In a physical experiment some error in the
velocity measurement will always occur. Even in a case of perfect calibration, when the influence of thermal crosstalk and aerodynamic blockage are fully taken into account, a small error
due to electrical noise will be present. When this small error in velocity measurement is divided by the inexactly known small sensor separation, a large velocity gradient error results,
going toward infinity for a sensor
separation close to zero. A probe
with two parallel sensors, like the
one used in this experiment, can
measure the U velocity component
only by neglecting the influence of
the V and W components. If the influence of these components is significant, a difference between physical and virtual experiments must appear, but this difference is small for
the data shown in fig. 14. The W
component is aligned with both sensors, so its influence is negligible. At
the channel centerline, both sensors
should be equally affected by the V
velocity component. Therefore, the
∂U/∂y gradient, measured in the
physical
experiment referred to in
Figure 14. Comparison of physical (□) velocity gradient
fig.
14
should
not be affected by
fluctuation variances to DNS simulated values (○) at the
channel centerline for varying separations over which
neglecting these two velocity comthe velocity difference was determined [16]
ponents for measurements at the
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channel centerline. So the physical and virtual data should match well, as is the case for
Δy* > 2.
To perform an experiment similar to the one of Antonia et al. [16] with a vorticity
probe would be an enormous task. Even if a set of these probes with various array separation
distances were constructed, it does not seem realistic to reduce the array separations below
h* = 6 at y+ = 15. The array separation in a case of vorticity probes is equivalent to the sensor
separation Δy* of Antonia et al. [16]. So, the only possibility to compare a physical and virtual
experiment at the present time is to use some experimental results obtained by vorticity
probes of a given spatial resolution, similar to the results from the virtual experiment shown
in two previous chapters. Most vorticity probe data has been obtained in turbulent boundary
layer experiments. However, the statistics of these channel and boundary layer flows are similar in the wall region, so a comparison of the distribution of the rms values of the ∂U/∂y variance in this region should provide an indication of the usefulness of the virtual experiment.
In fig. 15, the virtual channel flow data of ∂u/∂y rms, for various array separations
are compared to the boundary layer data of Balint et al. [27] obtained with the VBW3 vorticity
probe. The array separation in the y-direction of this probe was h+ = 10.9. The results compare very well with the virtual one obtained by a probe with array separation of h+ = 9. Keeping in mind the uncertainty in the determination of ut, as discussed by Ong and Wallace [28],
the difference in flow characteristics and array separations, the agreement between the virtual
and physical experiments is surprisingly good. The comparisons in figs. 14 and 15 indicate
that virtual probe experiments can serve as a good tool to assist in the design and analysis of
complex probes, an idea first put forward by Moin and Spalart [13].

Figure 15. Comparison of the
channel flow virtual and
boundary layer flow physical
experiments of ∂u/∂y rms for
the VW3 array configuration;
solid line DNS,
square a+ = h+ = 9,
diamond a+ = h+ = 6,
circle a+ = h+ = 4.5,
triangle a+ = h+ = 3 and
boundary layer experiment of
Balint at al. [27],
(a+ = h+ = 10.9) full diamond

Conclusions

 Virtual experiments using a well resolved DNS database can serve as a good tool to examine the capability of various multi-sensor probe designs to measure the components of the
velocity gradient tensor.
 The probe spatial resolution as well as the array and sensor configurations strongly affect
the accuracy of the measured velocity gradient statistics. No unique configuration exists
that gives the best accuracy for all components of velocity gradients.
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 It appears that the plus sensor configuration, the one most frequently used thus far to
measure vorticity components, was the best choice for that purpose.
 Most vorticity probes used thus far can measure the ∂u/∂y, ∂u/∂z, ∂v/∂z, ∂w/∂y velocity
gradients needed to determine all the vorticity components with reasonable accuracy.
None of these probes can measure ∂v/∂y and ∂w/∂z gradients with sufficient accuracy.
 The only probe designed to directly measure the streamwise velocity gradients cannot
measure them with sufficient accuracy, even with the best spatial resolution that is possible to achieve at the present time. It looks as if simultaneous measurements of streamwise
and cross-stream velocity gradients is impossible with sufficient accuracy using multiarray hot-wire probes.
 The ratio of the array and array separation sizes strongly affects the accuracy of some of
the gradient measurements. An optimal ratio is evident for some of the gradients.
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