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Abstract A highly resolved turbulent channel flow direct

numerical simulation (DNS) with Res = 200 has been used

to investigate the ability of probes made up of arrays of

three or four hot-wire sensors to simultaneously and

accurately measure statistics of all three velocity compo-

nents in turbulent wall flows. Various virtual sensor

arrangements have been tested in order to study the effects

of position, number of sensors and spatial resolution on the

measurements. First, the effective cooling velocity was

determined for each sensor of an idealized probe, where the

influence of the velocity component tangential to the sen-

sors and flow blockage by the presence of the probe are

neglected. Then, simulating the response of the virtual

probes to obtain the effective velocities cooling the sensors,

velocity component statistics have been calculated

neglecting the velocity gradients over the probe sensing

area. A strong influence of both mean and fluctuation

velocity gradients on measurement accuracy was found.

A new three-sensor array configuration designed to mini-

mize the influence of the velocity gradients is proposed,

and its accuracy is compared to two-sensor X- and V-array

configurations.

1 Introduction

The use of numerical simulations to investigate the char-

acteristics of hot-wire probes and their ability to measure

the statistics of turbulent flow fields has provided new

insight into sources of measurement error and helped to

optimize the probe parameters. 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. Even with this

small sensor separation, they found that the wall normal

velocity component root-mean-square (rms) values were

significantly overestimated near the wall. Suzuki and

Kasagi (1992) extended this analysis by varying the sensor

separation of X- and V-array probes using a turbulent

channel flow DNS. They found that, although the effects of

the out-of-supporting-prongs-plane velocity components

are quite small, the rms values of the cross-stream com-

ponents were greatly overestimated near the wall with

increasing sensor separation. 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. Consistent with

previous studies, they also found that the errors became

quite large with increasing separation of the sensors.

The influence of sensor separation on the accuracy of

the velocity gradient measurements was investigated by

Antonia et al. (1993) in a virtual experiment using the

direct numerical simulation (DNS) channel flow databases

of Kim et al. (1987) and Moser et al. (1989). They also

compared the results of this virtual experiment to the

values obtained by measurements in a laboratory channel

flow with a probe having the same sensor separation as

the point separation in the virtual experiment. They
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showed the strong influence of sensor separation on the

measurement accuracy and found that the DNS estimate

and experimental results agree well for the sensor sepa-

ration Dy? [2. In a recent paper, Vukoslavčević et al.

(2009) examined the dependence on the spatial resolution

of the important velocity and velocity gradient-based

statistical properties measured with a virtual representa-

tion of a multi-sensor hot-wire probe using a highly

resolved channel flow DNS database. In addition to the

idealized sensor response, they also studied the real probe

response, the characteristics of which have been deter-

mined experimentally. The results of the idealized and

real probe response were qualitatively the same, showing

that the assumption of the ideal probe response is good

enough for a qualitative analysis of the probe resolution

parameters.

In the present investigation, the probe’s sensors were

modeled as points in the simulated flow, so the finite sensor

lengths were not accounted for. Moreover, the probe

response has been idealized by neglecting the influence of

the velocity component tangential to the sensors and flow

blockage by the presence of the prongs. Even with these

simplifying assumptions, which were also made in all the

previous investigations cited except for that of Suzuki and

Kasagi (1992), the study of the sensor separation of X- and

V-array probes and the array separation and size of three-

and four-sensor array probes used to measure both velocity

and velocity gradient components has revealed some of the

significant sources of measurement error of the velocity

statistics and, by extension, velocity gradient-based

statistics.

2 The 3-component velocity probes

The most frequently used probe configurations to measure

all three components of the velocity vector are shown in

Fig. 1. A set of convenient abbreviations to label them is

given in Fig. 1: ‘‘PL’’ for plus, ‘‘SQ’’ for square, ‘‘OR’’ for

orthogonal and ‘‘T’’ for three out of the four sensors of the

‘‘PL’’ configuration. These configurations previously have

been used as single arrays to measure velocity statistics or

in multiple array arrangements to measure velocity and

velocity gradient-based statistics.

The ‘‘PL’’ configuration was analyzed by Samet and

Einav (1987), Dobbeling et al. (1990), Holzapfel et al.

(1994), Lemonis and Dracos (1995), and Van Dijk and

Nieuwstadt (2004). It also has been used in multi-array

probe arrangements to measure vorticity components and

other velocity gradient-based properties by Tsinober et al.

(1992) and Vukoslavcevic and Wallace (1996). The ‘‘SQ’’

configuration is a modified version of the Kovasznay

(1954) probe. In contrast to the Kovasznay probe design,

which had only four supporting prongs and was capable of

measuring only the streamwise velocity and vorticity

components, the ‘‘SQ’’ configuration has separate prongs

for each sensor. It has been analyzed by Vukoslavčević and

Wallace (1981), Wittmer et al. (1998) and Marasli et al.

(1992). The ‘‘OR’’ configuration is used in a well-known

commercial probe from DANTEC (model 55P91). It has

been employed by Huffman (1980) and Lekakis et al.

(1989), as a single array, and as arrays in multi-array

probes by Andreopoulos and Honkan (1996) and Honkan

and Andreopoulos (1997). The ‘‘T’’ configuration has been

Fig. 1 Various configurations

of hot-wire arrays to

simultaneously measure all

three velocity components.

a Plus: ‘‘PL’’ configuration,

b Square: ‘‘SQ’’ configuration,

c Orthogonal: ‘‘OR’’

configuration, d ‘‘T’’

configuration
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analyzed by Wallace and Vukoslavčević (1982) as a single

array and in arrays of a vorticity probe by Vukoslavčević

et al. (1991).

3 Virtual experiment

To simulate the response of hot-wire probes and to inves-

tigate their sensor geometrical configurations, the sensors

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 configura-

tion and for a given probe spatial resolution defined by the

distance b from the array center to the sensor center, is

specified in Fig. 1.

To obtain a highly resolved DNS, a minimal turbulent

channel flow was simulated for a Reynolds number of

Res = 200, where Ret = ush/v, us is the friction velocity

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

can be found in Piomelli et al. (2000), and the first use of

this database for this type of study was by Vukoslavčević

et al. (2009). The size of the computational domain was set

to 2h 9 2h 9h and was discretized using 400 9 400 9

200 grid nodes in the streamwise, wall normal and span-

wise directions, respectively. The grid was uniform in all

directions, and the resulting resolution is Dx? =

Dy? = Dz? & 1, where ‘‘?’’ denotes normalization with

the viscous length v/us. This configuration permits the

existence of about two low and high-speed streaks as can

be seen in Fig. 2a. The variation of the Kolmogorov length,

g, across the channel for this fixed grid spacing is shown in

Fig. 2b. Near the wall, the grid size is almost 1.5 times

smaller in each coordinate direction than the Kolmogorov

length.

To be able to perform the virtual probe experiments, a

database of approximately 50 statistically independent

instantaneous realizations over 15 eddy turnover times was

generated. This sample size was found to be sufficient to

obtain converged statistics. The mean velocity and the

root-mean-square (rms) velocity and vorticity fluctuation

distributions compared very well to those of Kim et al.

(1987) at the same Reynolds number.

A virtual probe with the ‘‘PL’’ configuration is shown in

Fig. 3. The distance from the array to the sensor centers

b? = 2Dy = 2Dz = 2. 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

corresponding node. Otherwise, the velocity components at

the sensor centers can be found by an adequate interpola-

tion. The same approach has been used for the other con-

figurations shown in Fig. 1, with the same spatial

resolution, b? = 2, which was close to or better than the

best spatial resolution of any of the experiments cited in

Sect. 2, i.e., about 3g. It follows from Fig. 2b that, for this

channel flow DNS, g/D & 1.6 at y? = 15, which gives b/

g = 1.25. This means that the separation of the sensor

centers is about 2.5 g and the sensor lengths are about 2g.

These values increase closer to the wall and decrease

toward the channel centerline.

Fig. 2 a Contours of the

streamwise velocity fluctuations

in the minimal turbulent channel

flow showing low- and high-

speed streaks. b Comparison of

the grid size, D, to the

Kolmogorov length, g, across

the channel

Fig. 3 Sketch of a ‘‘PL’’ configuration shown as points on the DNS

grid with Dx? = Dy? = Dz? & 1 resolution. The distance from the

array to the sensor centers is b? = 2
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Using the velocity components at the sensor centers

from the DNS, Ui, Vi and Wi, the effective cooling velocity

at each sensor center, Uei
, can be found from the expression

of Jorgensen (1971),

U2
e ¼ U2

n þ k2U2
t þ h2U2

b ; ð1Þ

where Un, Ut and Ub 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 h are the so-called yaw and pitch

coefficients that take into account flow distortion by the

prongs and thermal effects. Replacing the orthogonal

velocity components Un, Ut and Ub in Jorgensen’s

expression with U, V and W, the streamwise, cross-

stream and spanwise velocity components in the probe

coordinate system, the following expressions for the

response of the ith (i = 1-4 or i = 1-3) sensor is

obtained:

U2
ei
¼ ai1U2

i þ ai2V2
i þ ai3W2

i þ ai4UiVi þ ai5UiWi

þ ai6ViWi: ð2Þ

The coefficients aij (j = 1-6) depend on the probe

geometry, the flow distortion by the prongs and thermal

effects. In fact, they are products of sines and cosines of the

sensor angle orientations and the pitch and yaw

coefficients, h and k, of each sensor. For an ideal probe

with specified sensor angle orientations and without prong

interference and thermal effects, i.e., k = 0 and h = 1, they

can be defined analytically. For a real probe, an adequate

calibration procedure is required to determine the aij. With

these sets of coefficients and effective cooling velocities,

the three velocity components at the probe center can be

obtained from the set of equations in (2) by neglecting the

velocity variation over the probe sensing area, i.e.,

assuming Ui, Vi, and Wi are the same at each sensor, and

applying an adequate numerical algorithm.

By comparing the statistical properties of the simulated

flow ‘‘measured’’ in this way by the various configurations

of virtual probes with the same properties determined

directly from the DNS, the influence of the probe’s geo-

metrical arrangements for a given spatial resolution can be

systematically examined. In addition, by varying the sensor

separations for a given probe geometry, the effects of

spatial resolution also can be analyzed.

4 Velocity component statistics

The distribution of the mean streamwise velocity compo-

nent, U, is shown in Fig. 4. The rms distributions of the

velocity components, denoted by u0, v0 and w0, are shown in

Fig. 5, where the values have been normalized by the

friction velocity, us. The skewness and flatness factors for

the velocity fluctuations are shown in Figs. 6 and 7. The

distribution values for different array geometrical config-

urations and the ideal probe case with b? = 2 are compared

to the values of the DNS from which they are determined.

They are also compared to the statistics of the u and v

velocity fluctuation components obtained with an optimal

X-array configuration and to statistics of u and w obtained

with an optimal V-array. An optimal V-array consists of

sensors 2 and 3 of the ‘‘PL’’ configuration, shown in

Fig. 1a, and an optimal X-array of sensors 1 and 3 of the

‘‘XL’’ configuration, shown in Fig. 10a. In order to study

the influence of the oU=oy gradient, the statistics obtained

with the ‘‘SQ’’ configuration, for which this gradient is

assumed known and has been taken into account in the

analysis, are also presented.

It is evident that the distribution of U and the statistical

moments of the u velocity fluctuation component are close

to those of the DNS and of each other for all geometrical

configurations. They compare very well to the induced

values. This means that these statistics are neither affected

by velocity gradients nor by the array geometrical con-

figurations, except very slightly with the ‘‘OR’’ configu-

ration. The values obtained with the X- and V-array

configurations are the same, so only the X-array data are

presented. It is clear that oU=oy can be accurately deter-

mined with any of these configurations from the measured

mean velocity profile, and its influence can be taken into

account in determining the moments of the velocity

fluctuations.

In contrast to that of u, the rms distribution of v is

strongly affected by the array geometrical configuration,

especially close to the wall, in the region of high oU=oy

gradient. The most affected are the distributions from the

‘‘OR’’, ‘‘PL’’ and ‘‘T’’ configurations due to their large
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Fig. 4 Comparison of the mean streamwise velocity component

profile for various geometrical array configurations and b? = 2:

(empty diamond) DNS, (plus) ‘‘PL’’, (triangle) ‘‘T’’, (square) ‘‘SQ’’,

(circle) ‘‘OR’’, (line) X-array
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sensor separations in the y-direction. The rms of v mea-

sured by the ‘‘SQ’’ configuration is least affected by the

oU=oy gradient, because sensors 1 and 3 (Fig. 1b), that are

most sensitive to v, are at the same distance from the wall.

These sensors are obviously affected by the instantaneous

oU=oz gradient. The numerical algorithm for the ‘‘PL’’

configuration is constructed so as to choose the optimal

three out of the four available sensors. These are usually

the upper or lower three sensors. This is why the values

obtained from the ‘‘PL’’ and ‘‘T’’ configurations are often

quite similar. They are also more accurate than the values

obtained with the ‘‘OR’’ configuration due to their better

spatial resolution in the y-direction.

It is evident from Fig. 6 that the skewness factor, Sw, of

the w velocity component is the worse for the ‘‘SQ’’ con-

figuration. This is due to the fact that sensors 2 and 4 (see

Fig. 1b) that are mostly sensitive to w, are displaced in the

y-direction and are subject to high oU=oy. By contrast, for
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Fig. 5 Comparison of the velocity component fluctuation rms

distributions for various geometrical array configurations and
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the ‘‘PL’’ and ‘‘T’’ configurations, the equivalent sensors 2

and 3 are at the same distance from the wall. The rms of the

w velocity component is the same for the ‘‘PL’’-array and

the V-array. This means that adding the third sensor in

order to account for the binormal cooling velocity com-

ponent does not make any significant improvement. It is in

error due to the strong influence of the velocity gradients in

the z–direction. The rms of v obtained by an X-array is

even more accurate than the rms of v obtained with the

‘‘SQ’’-array. This is because of better spatial resolution in

the z-direction of an optimal X-array configuration com-

pared to the ‘‘SQ’’ configuration. This again indicates the

strong influence of gradients in the z-direction.

Accounting for the influence of oU=oy did not have

any effect on statistics of v measured by the ‘‘SQ’’ con-

figuration. This is to be expected because the sensors that

are the most sensitive to v are exposed to the same U. By

contrast, the statistics of w are strongly affected, espe-

cially the skewness factor. Although the result for Sw is

improved when oU=oy is accounted for, it is still in large

error which is obviously due to the influence of the

fluctuation gradient, ou=oy. Surprisingly, the result for the

rms of the w fluctuations is somewhat worse than

when oU=oy is not taken into account. The influence of

accounting for oU=oy was also analyzed for the other

configurations. As expected, the statistics of the w

velocity component for the ‘‘PL’’ and ‘‘T’’ configurations

were not affected while the v component statistics were

affected in a similar manner as the w component for the

‘‘SQ’’ configuration.

The variation of the uv correlation is shown in Fig. 8.

The Reynolds shear stress values are obviously strongly

in error for the configurations that also have the v fluc-

tuation velocity statistics in error. These are the ‘‘PL’’,

‘‘T’’ and ‘‘OR’’ configurations. The ‘‘OR’’configuration

is the worse due to its large sensor separation in the

y -direction, while the results for the ‘‘PL’’ and ‘‘T’’

configurations are practically the same close to the wall

for the reason explained above when the v fluctuation

velocity component statistics were discussed. Besides the

X-array, the only configuration that measures the u0v0

correlation for b? = 2 with reasonable accuracy is the

‘‘SQ’’ configuration.
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5 Array configurations to reduce the influence

of velocity gradients

There are two possible sources of the large measurement

error in most of the velocity statistics presented in Sect. 4.

One is that the velocity gradients are neglected over the

sensing area of the probes, and the other is the result of

falling outside the uniqueness ranges of the probes. The

problem of uniqueness range is discussed in detail by

Vukoslavčević et al. (2004), among others. The uniqueness

range is smallest for the ‘‘T’’ configuration, is larger for the

‘‘OR’’ configuration and is the largest for the ‘‘PL’’ and

‘‘SQ’’ configurations. Due to the fact that the uniqueness

range does not depend on the array dimension, it is possible

to analyze the influence of the uniqueness range by reducing

the probe size close to b? = 0. In this way the influence of

neglecting the velocity gradients is eliminated, and the only

possible error is due to the insufficient uniqueness range. We

did this analysis and found that, in the case of b? almost zero,

the induced and measured data are practically identical for

all of the statistics and geometrical arrangements shown in

Fig. 1. This means that, for this DNS database, the errors are

only due to the unavoidable neglecting of the velocity gra-

dients for finite size sensor arrays. In order to reduce these

errors, it is obviously necessary to optimize the array

geometry so as to reduce the distance from the array to

sensor centers in the y- and z-directions. It was expected that,

due to the strong oU=oy gradient present in a turbulent wall

layer flow, the separation in the y-direction will affect the

accuracy more than the separation in the z-direction.

The first attempt to completely eliminate the influence

of the oU=oy gradient was made by Pompeo and Thomann

(1993). They proposed the array geometry, shown in

Fig. 9, consisting of an X-array in the vertical direction and

a V-array in a horizontal plane.

They examined this configuration experimentally and

did a numerical analysis, similar to the one presented in

this paper, using the numerical database of Hirschberg

(1992). They also modeled the sensors as points located in

the middle of each sensor with their real response to the

flow known from the calibration procedure. They com-

pared the velocity statistics obtained from the virtual

experiment to the induced ones at the distance from the

wall of y? = 100 and found that the statistics related to the

w velocity component were badly in error. For example,

the correlation vw for their probe was 50% of the corre-

lation uv, although it should be zero from symmetry con-

siderations. It was clear, as they stated, that these large

errors are due to the large sensor separation in the z-

direction. Making this separation smaller was limited by

the prongs separation, number of sensors and prongs, and

the interference from the wakes of the sensors. Although

the mean velocity gradients in this direction were zero, the

errors in the w statistics were obviously due to the

instantaneous velocity gradients.

A possibility to reduce the probe size in the z-direction,

keeping the same prongs separation and avoiding prongs

and sensor wake interference, is to use three instead of four

sensors. Three possible configurations are presented in

Fig. 10. For the ‘‘XL’’ configuration, sensors 1 and 3, that

are mainly sensitive to the U and V velocity components,

are close to each other, so these two velocity components

should be measured accurately with this arrangement.

Sensor 2, which is sensitive to the W velocity component,

is positioned to the side of the other two sensors, so this

component will be affected by gradients in the z-direction.

The overall probe dimension in the z-direction for this

arrangement is smaller than in the case of the Pompeo and

Thomann probe for the same prongs separations, so the

influence of the velocity gradients in the z-direction should

be smaller too. For the ‘‘H’’ configuration, the situation is

opposite to that of the ‘‘XL’’ configuration. It should

measure more accurately the W component rather than the

V velocity component. In contrast to the ‘‘XL’’ and ‘‘H’’

configurations, which have zero separations in the y-

direction and rather large separations in the z-direction, the

‘‘U’’ configuration is a compromise arrangement obtained

by minimizing the separation in both directions.

The uniqueness range of the Pompeo and Thomann probe

is the same as for the ‘‘PL’’- and ‘‘SQ’’-arrays, because the

uniqueness range does not depend on either the sensor

position in the y- and z-directions or on the probe size. By

removing one of the sensors, as is the case for the configu-

rations shown in Fig. 10, the uniqueness range is reduced to

one equivalent to the ‘‘T’’ configuration array. As was dis-

cussed at the beginning of this section, the uniqueness range

is still large enough for the DNS database used for this

analysis. If necessary, for a real probe designed for mea-

surements in a particular turbulent flow, it can be increased

by changing the sensor inclination angle while maintaining

the same number of sensors, as discussed by Petrović et al.

(2010). The distance between the sensor centers, for all

configurations shown in Fig. 10, was chosen to avoid the

wake interference in the pitch and yaw angle range of ±30�,

which was sufficient for this DNS flow.Fig. 9 Front view of the Pompeo and Thomann (1993) probe
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The distribution of the velocity statistics for the array

geometrical configurations shown in Fig. 10, with an ideal

probe response and with b? = 2 are compared to the

values from the DNS from which they were determined.

The ‘‘SQ’’ configuration data as well as X- or V-array

data are also presented to demonstrate the difference

between the two-, three- and four-sensor array configu-

rations (Figs. 11–13).

As expected, the U and v statistics are very good for the

‘‘XL’’ configuration, in fact as good as for an optimal

X-array. The rms and flatness factor distributions of the w

component are even better than for an optimal V-array.

Due to the asymmetry of the ‘‘XL’’ configuration, the

skewness factor distribution of the w fluctuations is worse

than for an optimal V-array or for the ‘‘H’’ configuration.

On the other hand the rms and skewness of v are rather bad

for the ‘‘H’’ configuration due to the strong influence of the

instantaneous gradients in the z-direction. The velocity

statistics of the ‘‘SQ’’ and ‘‘U’’ configurations are close to

each other. By reducing the distance between sensors 1 and

3 for the ‘‘U’’ configuration in comparison to the ‘‘H’’

configuration, the statistics of the v velocity fluctuation

component are improved. Unfortunately, the statistics of

the w component get much worse due to the strong influ-

ence of the gradients in the y-direction on sensor 2. The

distribution of Reynolds shear stress, uv, compares very

well to simulated values for the ‘‘XL’’ configuration. This

is expected because the statistics of u and v are very good

for this arrangement. Surprisingly, although the statistics of

v are not very good for the other configurations, the uv

correlation is pretty accurate for the other configurations,

especially for the ‘‘H’’ configuration, and compare well to

the X-array values (Fig. 14).

6 Conclusions

A virtual experiment carried out to examine the response of

various sensor arrangements of hot-wire probes used to

simultaneously measure all the three velocity components

has demonstrated the strong influence of velocity gradients

on the measurement accuracy of velocity statistics in the

Fig. 10 Front view of proposed

new configurations of three-

sensor probes. a ‘‘XL’’

configuration, b ‘‘H’’

configuration, c ‘‘U’’

configuration
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Fig. 11 Comparison of the velocity fluctuation component rms

distributions for the new proposed geometrical array configurations

in Fig. 10 with b? = 2: (empty diamond) DNS, (square) ‘‘SQ’’,

(times) ‘‘XL’’, (asterisk) ‘‘H’’, (minus) ‘‘U’’, (line) X- or V-array
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near wall region, even for a probe with sensor separations

of only several viscous lengths. The investigation was

performed assuming an ideal probe response. A much more

complex simulation is necessary for a real probe response,

but it is expected that the measurements error will be of the

same order or larger than in the case of the ideal probe

response.

All configurations should accurately measure the

velocity statistics as a part of a multi-array probe with a

spatial resolution sufficient to meet the assumption of

linear velocity variation over the probe sensing area.

Keeping in mind that it is hard to meet this condition, it

is expected that the configuration which performs best,

under the assumption of neglecting the velocity gradi-

ents, will be least sensitive to the nonlinear velocity

variations.

Several general conclusions can be drawn from this

study:
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factor distributions for the new proposed geometrical array config-

urations in Fig. 10 with b? = 2: (empty diamond) DNS, (square)
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1. Both, the mean, oU=oy and fluctuating, ou=oy gradi-

ents strongly affect measurement accuracy, so the

configurations with minimal dimensions in the y-

direction give the best results.

2. Although the mean velocity gradients in the spanwise

direction have zero values, depending on the sensors

arrangements, the velocity fluctuation gradients in this

direction can strongly affect the accuracy of the

fluctuation velocity component statistics.

3. Adding a third sensor to account for the binormal

cooling velocity component and a fourth sensor in

order to increase the uniqueness range does not

significantly improve measurement accuracy.

4. The only three-sensor configuration that measures all

three components simultaneously with reasonable

accuracy comparable to the two-sensor X- and

V-arrays is the ‘‘XL’’ configuration.

This study was carried out using a low Reynolds number

minimal channel flow database. Thus, the question arises as

to its applicability to higher Reynolds numbers. It is for-

tuitous that, as Reynolds number increases, it has been

recently shown [see Smits et al. (2011)] that the relative

contribution to the total spectral energy from high wave-

numbers decreases because of the increasing influence of

larger scale motions. This fact indicates that multi-array

probes with sensor configurations and array sizes opti-

mized, as described herein, may be suitable for velocity

and velocity gradient measurements at higher Reynolds

numbers than are currently accessible via DNS.
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