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Abstract A highly resolved turbulent channel flow direct
numerical simulation with Re, = 200 has been used to
investigate the ability of 12-sensor hot-wire probes to
accurately measure velocity and velocity gradient based
turbulence statistics. Various virtual sensor separations have
been tested in order to study the effects of spatial resolution
on the measurements. First, the effective cooling velocity
has been determined for each sensor for (1) an idealized
probe where the influence of the velocity component tan-
gential to the sensors and flow blockage by the presence of
the prongs and the finite lengths of and thermal cross-talk
between the sensors are neglected and, (2) for a real probe,
the characteristics of which have been determined experi-
mentally. Then, simulating the response of the virtual probes
for these two cases to obtain the effective velocities cooling
the sensors, velocity and vorticity component statistics have
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been calculated by assuming the velocity gradients to be
constant over the probe sensing area.

1 Introduction

The use of numerical simulations to investigate the
response characteristics of hot-wire probes to turbulent
flow fields has provided new insight into sources of mea-
surement error for this frequently used experimental
technique. Of particular importance has been the insight
gained regarding the effects of the spatial separation
between sensors of multi-sensor probes on measured flow
properties. These effects occur because all hot-wire probes
are exposed to a spatially varying instantaneous velocity
field when the flow is turbulent, but this fact is necessarily
neglected in the response equations for all but the most
complex probes. Even when such complex probes take this
velocity field variation into account, they rarely have been
able to account for its non-linear variation.

Using a turbulent boundary layer direct numerical sim-
ulation (DNS) database, Moin and Spalart (1987) studied
the spatial resolution effects on the response of an X-array
probe with sensor separations of one viscous length as well
as the effects of the velocity components in the direction of
the sensors’ separation. The probe’s sensors were modeled
as two points in the simulated flow, thus the finite sensor
lengths were not accounted for. Even with this small sensor
separation, they found that the wall normal velocity com-
ponent root-mean-square (rms) values were significantly
overestimated near the wall. Suzuki and Kasagi (1992)
extended this type of probe response analysis by varying
the sensor separation of X- and V-array probes in various
orientations in a turbulent channel flow DNS. They found
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that, although the effects of the out-of-supporting-prongs-
plane velocity components are quite small, the rms values
of the cross-stream components were greatly overestimated
near the wall with increasing sensor separation while the
streamwise component rms values were only slightly
underestimated. They proposed a correction method which
depends on the knowledge of two-point correlation coef-
ficients in the flow region where the measurements are to
take place—something, however, usually not available to
experimenters. Tagawa et al. (1992) drew similar conclu-
sions about the large errors in the wall-normal velocity
component caused by sensor separation by using a simu-
lated Gaussian velocity field to reproduce typical wall
turbulence conditions. Pompeo and Thomann (1993)
compared the values of various turbulence statistics from a
turbulent channel flow DNS to those from a four-sensor
probe with various sensor arrangements. All the sensors
were modeled as points in the simulated flow, and the
results were compared to laboratory measurements of a
real four-sensor probe. Consistent with previous studies,
they also found that the errors became quite large with
increasing sensor separations.

Park and Wallace (1993) independently confirmed the
conclusions of Suzuki and Kasagi (1992) and others by
synthetically studying the response of two- and four-sensor
probes to an experimental nine-sensor probe turbulent
boundary layer database that provided velocity gradient
tensor as well as the velocity vector component informa-
tion. For the largest sensor separation they investigated,
ST = 9 (where + indicates normalization with the friction
velocity, u,, and kinematic viscosity, v), the four-sensor
configuration resulted in a 43% greater wall-normal
velocity rms, a 19% greater spanwise velocity rms and a
33% greater streamwise vorticity rms than the nine-sensor
probe database values for y* = 30 at the upper edge of the
buffer layer. Petrovi¢ et al. (2003) carried out a similar
investigation using a 12-sensor probe boundary layer data
base. Having studied combinations of two-, three-, four-
and nine-sensors, they concluded that the wall-normal and
spanwise instantaneous velocity gradients have the largest
influence on the errors. Wyngaard (1969) theoretically
examined the spatial resolution effects on measurements of
streamwise vorticity for isotropic turbulence with a four-
sensor probe configured like that of Park and Wallace
(1993). He recommended that the ratio of sensor lengths to
the Kolmogorov scale should not be smaller than 3.3 to
avoid significant attenuation of the measured variance.

This paper examines the dependence on spatial resolu-
tion of important velocity and velocity gradient-based
statistical properties of turbulence measured with multi-
sensor hot-wire probes. For example, to determine
the vorticity vector and the strain rate tensor it is neces-
sary to simultaneously measure all the elements of the
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instantaneous velocity gradient tensor. To do this with hot-
wire anemometry at least three arrays of three sensors each,
separated in the cross-stream, y and z, directions, are nee-
ded (Wallace and Foss 1995). To provide some redundancy
and more accuracy, usually three arrays of four sensors are
used for a total of 12 sensors. Determination of the three
streamwise gradients is possible using Taylor’s hypothesis
(Taylor 1938) or even by placing some of the sensors
upstream of the others as in Galanti et al. (2004). With
eight sensors it is also possible to estimate all three com-
ponents of the vorticity vector when Taylor’s hypothesis is
utilized. Several investigators have made such measure-
ments with eight- and nine-sensor probes in turbulent
boundary layers (Balint 1986; Vukoslavcevi¢ et al. 1991;
Balint et al. 1991; Wallace et al. 1992; Ong and Wallace
1995; Ong and Wallace 1998; Andreopoulos and Honkan
1996; Honkan and Andreopoulos 1997; Andreopoulos and
Honkan 2001) and grid flows (Kit et al. 1988; Wallace
et al. 1992; Antonia et al. 2002). Others have used 12-
sensor probes in boundary layers (Tsinober et al. 1992;
VukoslavCevi¢ and Wallace 1996; Folz 1997), wakes
(Marasli et al. 1993), mixing layers (Loucks 1998), jets
(Cavo et al. 2007) and grid flows (Tsinober et al. 1992).
Twenty and 21-sensor probes have even been used for such
measurements in boundary layers (Lemonis 1995), grid
flows (Lemonis 1995) and the atmospheric surface layer
(Kholmyansky et al. 2001; Galanti et al. 2004). Details
about the configurations of such probes, their fabrication
and many of their performance characteristics are given in
VukoslavCevi¢ and Wallace (2007).

Zhu and Antonia (1996) studied analytically the effects
of the spatial resolution of their eight-sensor probe, and
devised a method to correct the vorticity component vari-
ances and their spectra. To date, however, little is known
about the effects of spatial resolution on the accuracy of
important statistical properties of turbulence measured with
other multi-sensor probes with nine or more sensors, par-
ticularly on those properties derived from the velocity
gradient tensor, such as strain-rate, dissipation rate, and
vorticity. To further examine the spatial resolution question
we have used a highly resolved turbulent channel flow
DNS to simulate the responses of a 12-sensor probe for
various sensor separations.

2 The 12-sensor probe

A 12-sensor probe, capable of simultaneous measurements
of all three velocity components and the velocity gradients
in the y—z plane is shown in the photograph and sketch in
Fig. 1. The characteristic probe dimensions are the array
separations, S, and S, and the prongs separation, b. One of
the most widely used expressions describing the effective
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Fig. 1 Photograph of 12-sensor
probe and front view sketch.
Typical dimensions in mm

velocity, U,, cooling each hot-wire sensor in a three
dimensional turbulent flow field is that proposed by Jor-
gensen (1971),

U? = U? +1PU + h*U; (1)

where U,,, U; and U, are the orthogonal components of the
velocity vector with respect to the sensor coordinate
system, i.e. normal, tangential and binormal to the sensor,
while k and A are the so-called yaw and pitch coefficients
that take into account flow distortion by the prongs and
thermal and finite sensor length effects. Replacing the
orthogonal velocity components U,, U, and U, in
Jorgensen’s expression with U, V and W, the streamwise,
cross-stream and spanwise velocity components in the flow
coordinate system, the following expressions for the
response of the jth (j = 1—4) sensor of the ith (i = 1-3)
array is obtained:

UZ_ = aUlU —l—a,ﬂV —|—aU3W
+ Ajj4 U,'j Vij + ais U,'jW,'j + dijje V,'j W,j (2)

The coefficients a;; (k = 1—6) are products of sines and
cosines of the sensor angle orientations o and of the pitch
and yaw coefficients, 4 and k, of each sensor. For an ideal
probe with specified sensor angle orientations and without
prong interference and thermal and finite sensor length
effects, i.e. k =0 and h = 1, they can be defined analyti-
cally as shown in the Appendix. For a real probe an
adequate calibration procedure is required to determine the
a;x. The velocity components Uy, V; and W; can be
defined in terms of the velocity components Uy, V, and W,
at the probe center, Cy (see Fig. 1), their gradients in the
cross-stream plane, i.e. the plane normal to the probe axis
that passes through the sensor centers, and the distances c¢;;
and dj; in the y and z directions between C and the centers
of each Sensor.

Expanding the velocity components U,, V, and W, to
first order in a Taylor series about C, results in the

following 12 nonlinear algebraic approximate equations
with nine velocity component and cross-stream velocity
gradient unknowns:

Uij R a; (Uo + gUij)z + aijz(Vo + gVij)2
+ a3 (Wo + gWij)Z + ajju(Uo + gUy)
x (Vo + gVij) + ays(Uo + gUy) (Wo + gWy)

+ a,'j6(V() + gV,-j)(Wo + gW,j), (3)
where
ou ou
4
gUj = cj— 3 + dij—— i oz (4)

and with U replaced by V and W for gV;; and gW;,. The c;
and d;; constants can be expressed as pos1t1ve or negative
fractions of the prong spacings b projected on this cross-
stream plane for a given probe geometry.

In these response equations, the velocity gradients in the
cross-stream plane experienced by the sensors, 0U,/0x;, with
(U;=U, V, W) and (j =y, z), are assumed to be constant
over the probe measurement region, i.e. the velocity field is
assumed to vary linearly over the sensors and probe. The
accuracy of this approximation obviously depends on the
lengths of the sensors and the distances between the array
centers, i.e. on the spatial resolution of the probe.

3 Physical experiment

In a real physical experiment the effective velocity cooling
each sensor U, can be found from King’s law

=A+BU,, (5)
where E is the anemometer voltage responding to U,, and
A, B and n are parameters determined by calibration. U,

can also be found from a polynomial fit of the data of the
form
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5
> bE = Uz, (6)
p=1

where the b, are coefficients of the polynomial in E;;. In this
investigation (6) was used. None of the coefficients in the
above equations need to be known in advance. They can be
determined with a calibration procedure. Only the distances
between the probe center, Cy and the array centers, ¢; and
d;j, have to be measured, and they must be determined very
accurately. How the a;; and b, coefficients are obtained by
calibration is described in the Appendix.

A numerical algorithm is used to solve the system of
equations in (3) iteratively to obtain the three velocity
components at the probe center and the six velocity gra-
dients in the y and z directions. A special feature of this
algorithm is that, for each array, it chooses the three sensor
response equations, out of the four available, that give the
maximum uniqueness range for the solution (see Vuko-
slavCevi¢ and Wallace 1996 for details).

4 Virtual experiment

To simulate the response of a 12-sensor probe and to
investigate its spatial resolution, the sensors can be simply
modeled as points arranged in the appropriate probe
geometry and located on the mesh of a DNS. The relative
positions of these points can thus be varied to study spatial
resolution effects. A more complex analysis in which the
variation of the velocity field along finite length sensors
could be undertaken, but the simplified approach taken here
is an appropriate prior step. To obtain a highly resolved
DNS, a minimal turbulent channel flow (Jimenez and Moin
1998) was simulated for a Reynolds number Re, = 200,
where Re, = u.h/v, and h is the channel half width. The
equations of motion were solved using a fractional step
method where both advective and diffusive terms were
treated explicitly using an Adams—Bashforth scheme. All
spatial derivatives were discretized with second-order,
central finite differences on a staggered grid. The details of

the numerical methodology together with applications in
wall-bounded and free-shear flows can be found in Piomelli
et al. (2000) and Balaras et al. (2001). The size of the
computational domain was set to 24 x 2h x h and was
discretized using 400 x 400 x 200 grid nodes in the
streamwise, wall normal and spanwise directions, respec-
tively. The grid was uniform in all directions, and the
resulting resolution is Axt = Ayt = Az" ~ 1. This con-
figuration permits the existence of about two low and high
speed streaks as can be seen in Fig. 2. The variation of the
Kolmogorov scale across the channel for this fixed grid
spacing is also shown in Fig. 2. Near the wall the grid size
A is about 1.5 times smaller in each coordinate direction
than the Kolmogorov length #; near the channel centerline
the resolution improves to approximately four times
smaller. To be able to perform the virtual probe experi-
ments a database of approximately 50 statistically
independent instantaneous realizations over 15 eddy turn-
over times was generated. The sample was found to be
sufficient to obtain converged statistics. The mean velocity
and the root-mean-square (rms) velocity and vorticity
fluctuations compared very well to those of Kim et al.
(1987) at the same Reynolds number. Near the wall in the
buffer layer at y* = 15 where the effects of spatial reso-
lution are greatest, the ratios of the values of the spanwise
microscales to the Kolmogorov scale #, to the maximum
distance between supporting prongs b and to the spanwise
maximum spacing between arrays examined here, as esti-
mated from the DNS, are respectively: 1;/n = 12.3, 8.4 and
16.8; 4,/b = 3.6, 2.1 and 4.2 and 4/S, = 1.8, 1.1 and 2.1,
with i = x,y and z. Thus, for the worse resolution examined
here with S;” = ST = 12, the spanwise microscale is over
twice the spacing between arrays. For a physical experi-
ments with R, ~ 1000, like those in the references cited
where such probes have been used, the ratios 4,/S, will be
smaller than for the DNS at R, = 200 considered here. In
such cases, typically S, and S, would be about %) A virtual
probe is shown in Fig. 3 with array separations S, and S, of
eight mesh cells Ay and Az. This separation between arrays
was varied between 2 and 12, and the separation between

Fig. 2 a Contours of the y+=14 b 200
streamwise velocity fluctuations a oo T T T T T T T 180
in the minimal turbulent channel
flow showing low- and high- 160
speed streaks; b comparison of 150 - 1 140
grid size A to Kolmogorov |— 120
length 1 across the channel - + 100
& toof - 1
80
60
50
40
20
0 . . . . . . 0
0 50 100 150 200 250 300 350 400 1 2 3 4
X+ nA
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Fig. 3 Sketch of 12-sensor probe represented as points on a DNS
mesh with Ax* = Ayt = Azt =& 1 resolution. Here the array
separations are S; = ST ~ 8.

the virtual supporting prong locations was varied propor-
tionately so that S,/b = S./b = 2. Thus the size of each array
was varied in this proportion with the distance between
arrays. Other ratios could, of course, be studied, but this
one is of greatest practical interest because it is the ratio
corresponding to the minimum array separations for a
given value of b. When the sensor centers coincide with the
nodes of the grid, the velocity components at each sensor
center are equal to the velocity components at the corre-
sponding node. Otherwise the velocity components at the
sensor centers can be found by an adequate interpolation.

Using these simulated velocity components at the sensor
centers, Uy, V;; and Wy, the effective cooling velocity at
each sensor center, U,;;, can be found from (2). The values
of the probe coefficients, a;y, with k = 1—6 that are nee-
ded can be obtained theoretically for an ideal probe with k
= 0 and h = 1, or the calibration coefficients of an actual
probe can be used (see the Appendix). With these sets of
coefficients and effective cooling velocities, three velocity
components and six velocity gradients at the probe center
can be obtained from (3) by applying the same numerical
algorithm as in the case of the physical experiment. To
obtain the streamwise velocity gradient values for all the
resolution cases, we applied central differencing over three
nodes from the DNS database. Because the DNS database
was not temporally resolved, Taylor’s hypothesis could not
be incorporated in this investigation to obtain the values of
the streamwse velocity gradients as would be done with a
physical 12-sensor probe. This is, in fact, a virtue for this
investigation because the spatial resolution effects are
separated from those due to the use of Taylor’s hypothesis.

By comparing the statistical properties of the simulated
flow “measured” in this way by the virtual probe, with the

same properties determined directly from the DNS, the
influence of the probe’s spatial resolution can be system-
atically examined. This is done for velocity statistics in
Sect. 5, for the vorticity statistics in Sect. 6 and for the
turbulent kinetic energy production and dissipation rates in
Sect. 7.

5 Velocity

5.1 Root-mean-square velocity distributions
and spectra

In Fig. 4 the rms distributions of the three velocity com-
ponents, denoted by u’, v/ and w', are shown for the ideal
probe cases. The distribution values with different resolu-
tions are compared to the values of the DNS from which
they are determined. For S* = 2 and 4, there is very little
attenuation of the fluctuation rms values throughout the
channel half width (only y* < 100 is plotted in this and
subsequent figures to emphasize the wall region where the
resolution effects are evident). For St = 8, which is a
slightly better resolution than that of probes used in several
of the experiments cited in the Introduction (Vukoslavcevié
et al. 1991; Balint et al. 1991; Wallace et al. 1992; Ong
and Wallace 1995; Ong and Wallace 1998; Loucks 1998),
the peak of «’ is attenuated by about 7% at y© ~ 15. The v/
distribution varies differently near the wall from the other
cases with ST = 12. This shape appears to be a real reso-
lution effect, because it is also evident for ST = 10 which is
not plotted in the figure.

Also shown in Fig. 4 are the rms values for ST = 8
calculated with the experimental probe coefficients. The
values are almost identical to those for the ideal probe with
the same resolution, which is a clear indication that the
experimental probe calibration coefficients account very
well for flow blockage and thermal cross-talk between
sensors and their finite length, effects which are not con-
sidered with the ideal coefficients.

The k, spectra for the streamwise velocity component at
yt = 18 are shown Fig. 5. Consistent with the rms distri-
bution attenuation effects, at higher values of the wave-
number the spectra roll off at a steeper rate with increasing
sensor array separation, up until the k5 values where the
unresolved energy begins to pile up and the spectra turn
upward.

5.2 Velocity fluctuation skewness and flatness factor
distributions

The skewness factors for the velocity fluctuations are

shown in Fig. 6. The skewness factor values for the span-
wise velocity fluctuations, S,,, oscillate slightly around
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Fig. 4 Attenuation of the velocity component rms values with
increasing sensor array separations. Small circle DNS data; solid
line ST = 2; dashed line ST = 4; dash with dotted line ST = 8;
dotted line ST = 12 (determined with ideal coefficients); cross
ST = 8 (determined with experimental coefficients)
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Fig. 5 Streamwise velocity fluctuation k, spectra at y© = 18 with
increasing sensor array separations compared to the DNS spectra.
Normalization with Kolmogorov scaling

zero, as they should because of the symmetry of the mean
flow. That the DNS and high resolution (S = 2 and 4)
values are not precisely zero is probably due to a combi-
nation of the minimal channel effects and, perhaps, a
somewhat too small data sample size. However, the max-
imum deviation from zero is less than 0.1. The greatest
resolution effects are seen for the skewness of the wall
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Fig. 6 Resolution effects on the velocity component skewness factor
values with increasing sensor array separations. Small circle DNS
data; solid line St = 2; dashed line ST = 4; dashed with dotted line
ST = 8; dotted line ST = 12 (determined with ideal coefficients);
cross St = 8 (determined with experimental coefficients)

normal component, S,. The peak negative values, which lie
between y+ = 12—15, become much more negative than the
DNS values with increasing sensor array separation until
the shape of the distribution changes for ST = 12 when the
negative peak diminishes. As for the rms, this is a real
resolution effect because it is also seen for ST = 10, which
is not plotted. Values of the skewness of the v velocity
fluctuations found in the literature exhibit a great deal of
scatter in the buffer layer for turbulent channel flows and
boundary layers. The present investigation indicates that
this is likely due to the wide range of spatial resolutions of
the probes that were used in those experiments and in those
simulations.

The values for the ST = 8 case with experimental probe
coefficients are also shown in the figure. At its most neg-
ative, the skewness values for the ST = 8 case with
experimental coefficients are only a little less negative than
with the ideal probe coefficients.

There is very little effect of probe resolution on the
flatness factor values of the streamwise velocity fluctua-
tions, F,, as seen in Fig. 7, although the shape of the St =
12 distribution is altered a bit. Near the wall the effects for
the lower resolution cases, ST = 8 and 12, on F, and F,, are
quite large. Except for the locations closest to the wall, the
S* = 8 cases with ideal and experimental coefficients agree
very well with each other.
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Fig. 7 Resolution effects on the velocity component flatness factor
values with increasing sensor array separations. Small circle DNS
data; solid line St = 2; dashed line ST = 4; dashed with dotted line
ST = 8; dotted line ST = 12 (determined with ideal coefficients);
cross St = 8 (determined with experimental coefficients)

6 Vorticity

6.1 Root-mean-square vorticity distributions
and spectra

In Fig. 8 the greatest resolution effects are for the wall
normal vorticity rms values, coy As for the velocity fluc-
tuation rms values, almost no resolution effects are evident
for the ST =2 and 4 cases. For ST = 8, w; is attenuated
about 17% at y+ ~ 15, and the simulation with experi-
mental 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 27% at y* ~ 15.

The wall normal component k, spectrum at y© = 18 is
shown in Fig. 9. As for the streamwise velocity component
spectrum, up until the unresolved energy pileup at high
wavenumber, these vorticity component spectra roll off at a
steeper rate with increasing sensor array separation, leading
to lower peak rms values.

6.2 Vorticity fluctuation skewness and flatness factor
distributions

The skewness factor values in Fig. 10 are within a range of
+0.25 of zero for both the streamwise and wall normal

0 20 40 60 80 100

Fig. 8 Attenuation of the vorticity component rms values with
increasing sensor array separations. Small circle DNS data; solid line
ST = 2; dashed line St = 4; dash with dotted line St = 8; dotted
line St = 12 (determined with ideal coefficients); cross ST =8
(determined with experimental coefficients). Normalization with
viscous time scale, v/uf

Fig. 9 Wall normal vorticity fluctuation k, spectra at y* = 15 with
increasing sensor array separations compared to the DNS spectra.
Normalization with Kolmogorov scaling

components, S, . and S, ,. As for the velocity field, this
deviation from the zero values, required by the mean flow
symmetry conditions, are likely due to a combination of the
minimal channel effects and, perhaps, a somewhat too
small data sample size. The resolution effects on the
spanwise vorticity skewness factor values occur all
across the channel half width. With increasingly poorer
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Fig. 10 Resolution effects on the vorticity component skewness
factor values with increasing sensor array separations; solid line
St = 2; dashed line ST = 4; dashed with dotted line ST = 8; dotted
line ST = 12 (determined with ideal coefficients); cross ST =8
(determined with experimental coefficients)

resolution, the negative skewness factor diminishes in
magnitude. For S* = 8 the results with ideal and experi-
mental probe coefficients are practically identical.

The vorticity component flatness factor distributions for
the three vorticity fluctuation components, seen in Fig. 11,
are all affected by the probe resolution for all array sepa-
rations and throughout the half width of the channel. The
effects are particularly great for the wall normal compo-
nent, w,. As for the other statistical properties, the
simulated values with S* = 8 with the ideal and experi-
mental coefficients track each other very closely.

7 Turbulent kinetic energy production
and dissipation rate distributions

The production rate for turbulent kinetic energy in the
transport equation for a fully developed channel flow is given
by P = —uvdU /dx. The mean velocity distribution is only
slightly affected by the spatial resolution of the virtual probe.
Therefore, almost all the resolution effects on the production
rate are due to how the Reynolds shear stress, —uv, is affected
by the spatial resolution. The full dissipation rate expression
is e= fv((aui/axj)z + Ou; /0x; Ou;/0x;). To estimate the
effect of spatial resolution of the virtual probe on the dissi-
pation rate, the cross-stream gradients obtained with the
different spatial resolutions were used in this expression. As
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Fig. 11 Resolution effects on the vorticity component skewness
factor values with increasing sensor array separations; solid line
ST = 2; dashed line ST = 4; dash with dotted line ST = 8; dotted
line St = 12 (determined with ideal coefficients); cross ST =8
(determined with experimental coefficients)

describe in Sect. 4, the streamwise gradients obtained by
central differencing over three points from the DNS were
used in this calculation for all the virtual probe resolutions.

Figure 12 shows the distributions of the turbulent
kinetic energy production (above) and dissipation rate
(below) for the various array separations. As for the other
statistical properties examined above, the array separations
of St =2, 4, 8 and 12 are considered for the ideal probe
coefficients, as well as ST = 8 for the real probe coeffi-
cients. The differences in the results for the real and ideal
coefficients for both production and dissipation rates are
small, although somewhat larger near the wall, than for
other statistics. The distribution of the production rate is
very strongly attenuated due to spatial resolution for
y* < 20 for all sensor separations. The attenuation of the
Reynolds shear stress is amplified as the wall is approached
because the multiplative mean velocity gradient becomes
larger. Some production rate values are only about 1/4 the
DNS values in this region. Fortunately, smaller, two-sensor
hot-wire probes can be used for production rate measure-
ments. On the other hand, probes with nine or more sensors
are needed to measure the full dissipation rate. Fortunately
as well, the attenuation of this velocity gradient-based
property with increasing sensor separation is not nearly so
great as it is for the production rate. Only for an array
separation of St = 12 is the attenuation very significant for
yt <25.
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Fig. 12 Resolution effects on the production and dissipation rates
with increasing sensor array separations; solid line St = 2; dashed
line ST = 4; dash with dotted line ST = 8; dotted lines St = 12
(determined with ideal coefficients); cross ST = 8 (determined with
experimental coefficients)

8 Conclusions

1. For simulated probe separations of ST = 2 and 4, the
velocity component rms, skewness and flatness values
show little change due to spatial resolution compared
to the values obtained directly from the DNS except
for the skewness values of v in the buffer region and
the flatness values of the v and w near the wall.

2. Velocity and vorticity component spectra for the
different simulated probe resolutions illustrate the
attenuation of the spectral energy with decreasing
spatial resolution consistent with the rms results.

3. The velocity component rms values are attenuated less
than 10% at y© = 15 for ST < 8, which is only a
slightly better resolution than for a number of labora-
tory experiments with 9- and 12-sensor probes. Closer
to the wall the relative accuracy of the rms values
diminishes due to loss of resolution, particularly for
the w velocity fluctuations.

4. The attenuation of the vorticity rms values is greatest
for the wall normal component, w,. For y+ = 15 and
St < 8 it is attenuated not more than 17%. Nearer the
wall the attenuation can exceed 20%

5. The skewness factor distributions of the wall normal
velocity fluctuations, S(v), display strong dependence
on spatial resolution in the buffer layer, explaining the
large degree of scatter in this region of data in the
literature from experiments and simulations.

6. The skewness factor of the spanwise vorticity compo-
nent, w,, is particularly sensitive to the effects of
spatial resolution throughout the channel. The is also
true for the flatness factors of w, and w,.

7. The statistics obtained with ideal and experimental
probe coefficients are nearly identical for all of these

statistical properties, showing that the experimental
probe calibration coefficients account very well for
flow blockage by and thermal cross-talk between
sensors and the finite lengths of the sensors.

8. The distribution of the turbulent kinetic energy
production rate is very strongly attenuated due to
spatial resolution for y* < 20 for all sensor separa-
tions. Some production rate values are only about 1/4
the DNS values in this region. Fortunately, smaller,
two-sensor hot-wire probes can be used for production
rate measurements. The attenuation of the velocity
gradient-based dissipation rate with increasing sensor
separation is not nearly so large as it is for the
production rate. Only for an array separation of
S* = 12 is the attenuation for y* < 25 very signifi-
cant. This is fortunate because probes with nine or
more sensors are needed to measure this property.

9. The virtual experiment carried out here to examine the
resolution effects of varying the array separations of
12-sensor probes was in a low Reynolds number
minimal turbulent channel flow. At higher Reynolds
numbers where the ratios of the spanwise microscale to
the array separations will be smaller, the errors
introduced by diminishing spatial resolution will
become larger.

Appendix

The a;j coefficients in Eq. 3 were determined for sensor 1
of array 1 of the ideal probe by expressing the effective
cooling velocity as

U? = U?cos® o+ V?sin® « + W? — 2UV sinacosa,  (7)

where U, V and W are the streamwise, wall normal and
spanwise velocity components in the flow coordinate
system respectively, and o is the sensor orientation angle
between the sensor and the y coordinate direction. The
above equation is obtained by setting k =0 and 2 = 1 in
Eq. 1 and substituting U,, = U cosa. — V sina and U, = W.
For oo = 45° Eq. 7 becomes

UZ:%U2+%V2+W2—UV. (8)
Comparing Eq. 3 for sensor 1 of array 1 with Eq. 8, it is
evident that the values of the coefficients for the ideal
probe are ay ;= 1/2,a11,=1/2,a113=1,a114=1,a;;5=0
and a6 = 0. In like manner, values of the coefficients for
the other sensors can be obtained for the ideal probe.

The real a;j coefficients in Eq. 3 needed for this virtual
investigation, together with the b, coefficients in Eq. 6
that also are needed in a physical experiment, were
obtained from the calibration measurements described in
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Vukoslavéevi¢ and Wallace (1996) carried out in a nomi-
nally irrotational calibration jet. The streamwise velocity
for the calibration of the 12-sensor probe used in that
experiment was varied over a range of 0.6-2 m/s, with
pitch and yaw angles ranging from —20° to +20° in steps
of 5°. This calibration velocity range covered the mean
velocities at positions in the boundary layer where the
turbulence measurements were made in that investigation.
The extremes of the pitch and yaw range in that calibration
corresponded to v and w values in the range of £0.34u. For
each speed, 45 different U, V and W combinations were
induced, giving 45 linear equations. Using a least square fit,
these equations were solved for the ten a;; and b, (for
p = 1-5) coefficients for each sensor.

In Vukoslavcevi¢ and Wallace (1996) and other papers
cited herein, it has been shown that, in this low speed
range, the probe response can be accurately described with
the combination of (3) and (6) and a properly chosen set of
calibration coefficients. For the real probe response pre-
sented in the present paper, we took the mean values of the
calibration coefficients covering the complete velocity and
pitch and yaw angles ranges mentioned above. Better
accuracy is obtained if a separate set of calibration coef-
ficients is used for a given value of the local mean
streamwise velocity over the whole range of pitch and yaw
angles, but this was not necessary for this virtual investi-
gation where the focus is on spatial resolution effects
arising from the separation of the virtual sensors. In a
real physical experiment, like the one described in
Vukoslavcevi¢ and Wallace (1996), one can start the cal-
culation with mean values of the calibration coefficients
over the whole speed and pitch/yaw range, and then update
it with a set that corresponds to the measured value of
the local mean streamwise velocity at each measurement
position.
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