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Abstract

Four data reduction schemes for four-sensor hot-wire probes
have been implemented and used to measure the turbulent statis-
tics in the near field of a round jet. Each data reduction scheme
was used on the set of signals obtained and compared to data
from the literature and LES computation to quantify the level of
accuracy of the probe and the data reduction schemes proposed
in the literature in a consistent manner. Results for u�rms, u�v�

and v�w� are presented.

Introduction

Hot-wire probes with more than two wires have been developed
to measure simultaneously all three components of velocity.
Simultaneous measurement of three velocity components im-
proves the accuracy of measurements in highly turbulent, three-
dimensional flows and can reduce the time required to acquire
data when compared to the use of traditional single and X-wire
probes. Various four wire probe geometries have been described
in the literature and are usually preferred over three-wire probes
due to their slightly larger acceptance domain and increased ac-
curacy [7]. These improvements can be attributed to the fourth,
“redundant” wire that can provide additional information about
the flow. Four-sensor hot-wire probes like the one used for this
study have become available commercially.

The reduction of the four signals into a three-dimensional veloc-
ity vector becomes an over-determined, nonlinear system when
four sensors are used to measure the three components of ve-
locity. This complicates data analysis compared to traditional
hot-wire probes. A variety of data reduction schemes, based
on analytical equations and/or look-up tables, have been devel-
oped over the years to tackle these complications [2, 4, 8, 7, 13].
Some methods solve the system of equations using a least-
square approach, while others form a system of three equations
that can be solved directly, based on either analytical or empir-
ical functions. Depending on the way the signals are used to
extract the velocity vector and on the assumptions made, each
data reduction scheme will have different characteristics regard-
ing the size of the acceptance domain and the accuracy of the
results.

In this paper, a consistency of approach (i.e. same data, same
experimental rig, same filter and bridge settings, and same ex-
perimenter) is used to quantify the level of accuracy of the probe
and the data reduction schemes that have been proposed in the
literature. The four data reduction schemes are used to reduce
measurements taken in the near field of a round jet, the results
of which are compared to each other, data from the literature
and LES computations.

Calibration Rig and Procedure

A novel calibration rig has been designed for in situ calibration
of the probe. The rig consists of a round jet with a diameter of
6.35 cm with a variable velocity axial fan capable of producing
velocities between 1 m/s and 22 m/s at the jet exit. The shape of
the converging nozzle is defined by a fifth order polynomial to
provide a flat velocity profile at the exit plane (profile constant
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.5%). The jet is mounted on gimbals to allow rotation in
) and pitch(β) relative to the center point of the exit plane.
tepper motors enable rotation of the jet with respect to the
probe within a cone angle of �35o in both α and β. A
static tube is attached onto the nozzle and oriented parallel
flow to measure the exit velocity.

typical calibration, α and β are varied in steps of 5o within
le of 70o in diameter for a total of 184 angular positions.
ach position, 12 velocity levels are measured in the range
o 22 m/s. LabVIEW is used to automate the calibration
ata acquisition procedures, which takes about 5 hours. If
rectional response of the probe is uncoupled from the ve-
magnitude (see below), the effective velocity calibration

sts of 20 velocity points taken between 2 and 22 m/s with
obe aligned with the flow.

our-sensor Probe and Experimental Setup

USPEX AVEP-4-103 four-sensor hot-wire is used (see fig-
). Four 5 µm tungsten wires with a length of 1 mm are
d in a square-base pyramid. The sensor wires are oriented

to the probe and 90o from each other. To avoid cross-talk
en the wires, there is no common central prong.

Figure 1: Four-sensor probe geometry

ree jet facilities consist of a variable velocity centrifugal
hich provides the air flow to a converging nozzle with an

iameter of 7.2 cm. The signals from the probe were sam-
t 14 kHz for 15 seconds for each data point. Experiments
done at a Reynolds number of approximately 74,000. A
ocouple was used to measure the air temperature and the
ls were corrected for temperature changes with the linear
tion formula [1].

ata Reduction Schemes

our data reduction schemes used in this study will be
y described in this section, more details are provided in
iginal papers. For the purpose of this paper, each method
e referred to by the name of the first author of the paper
troduced the technique.

rst method considered is by Marasli et al. [8]. This
d depends entirely on analytical equations to relate the
signals to the velocity vector. The equation relates the



output signal from one of the wires to an effective cooling ve-
locity. Although King’s Law has been traditionally used for
this, a fourth order polynomial is used in this case.

U2
e f f �i � a0 �a1e�a2e2 �a3e3 �a4e4 (1)

where e is the voltage output from the sensor and the subscript
‘i’ is an integer between 1 and 4 that represents each of the
sensors.

Jorgensen’s directional response equation [5] is used to relate
Ue f f �i to the three-dimensional velocity vector sensed by each
wire.

U2
e f f �i � u2

N � k2u2
T �h2u2

B (2)

where uN , uT and uB are the normal, tangential and bi-normal
components of the velocity with respect to the sensor respec-
tively, while k and h are the tangential and bi-normal cooling
coefficients respectively. It is more convenient to express Jor-
gensen’s equation in terms of u, v and w, the velocity compo-
nents in the global coordinate system, as follows

U2
e f f �i � b0u2 �b1v2�b2w2 �b3uv�b4uw�b5vw (3)

where the b j coefficients are functions of k, h and the orientation
of the sensor relative to the global coordinate system. Since the
geometry and thermal coefficients are combined, they can be
determined together by direct calibration and hence the exact
orientation of each individual sensor does not need to be known.
If equations 1 and 3 are combined and then divided by b0 to
make the u2 coefficient unity, one obtains

u2
�K1�iv

2
�K2�iw

2
�K3�iuv�K4�iuw�K5�ivw � Pi�e�� (4)

where

Pi�e� � A0�i �A1�ie�A2�ie
2 �A3�ie

3�A4�ie
4 (5)

The parameters of equations 4 and 5 are solved simultaneously
using a least-square method.

It is important here to note that the k and h parameters have
been assumed constant over the full angular and velocity range.
Marasli et al. warn that this assumption is not valid for yaw
and pitch angles in excess of �20o. The calibration range for
the present study is �35o. This method is in fact used here as
a benchmark to quantify the improvements introduced by look-
up tables, which take into account changes in k and h at large
angles of attack.

In order to determine the instantaneous velocity vector, the right
hand and left hand sides of equation 4 are compared to form a
residual equation for each sensor

fi � u2
�K1�iv

2
�K2�iw

2
�K3�iuv�K4�iuw�K5�ivw�Pi�e�

(6)
The velocity vector is then taken as the vector that minimizes
the residual defined by

F �
4

∑
i�1

f 2
i (7)

Newton’s method is used to minimize F . An initial guess was
obtained by treating the four-sensor probe as two X-wires. See
Wygnanski et al. [14] for a description of the calibration proce-
dure used.

The next method considered is by Döbbeling et al. [4]. This
method is the first of three that are based on look-up tables. For
this method, the effective cooling velocity concept is used to
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ple the velocity magnitude from the directional response
probe. An empirical directional function is defined by

Ue f f �i � Pi�ei�
U2

e f f �i � Q2
�gi�α�β�

(8)

Pi is a fourth order polynomial, Q is the velocity magni-
nd gi�α�β� is the directional response function.

termine the velocity vector from the probe signals a resid-
nction is defined by

Esq �
4

∑
i�1

�
U2

e f f �i�ei�

∑4
i�1 U2

e f f �i�ei�
�

gi�α�β�
∑4

i�1 gi�α�β�

�2

(9)

rative algorithm is used to minimize Esq and solve for the
ion of the velocity vector. Once the direction of the vector
wn, its magnitude can be found from a modified version
ation 8.

Q �

�
1
4

4

∑
i�1

U2
e f f �i�ei�

gi�α�β�

� 1
2

(10)

hird technique is from Wittmer et al. [13]. The moti-
behind this method was to find empirical functions that
have a slow rate of change so that a simple interpola-

cheme could be used without the introduction of large er-
To achieve this goal analytical functions are used to make
, rough estimate of the velocity vector. Three correction
ons can then be defined to relate the estimated to the real
ity vectors.

Φ � f j�Ve�Qe�We�Qe� �Qe �Φe j � 1�2�3 (11)

the subscript ‘e’ marks an estimated value and Φ is re-
d by V , W and Q for j=1, 2 and 3, respectively. Note that
timate for the velocity magnitude is used by this method
ouple the velocity and directional response functions. See
or equations used to estimate velocity vectors.

case of Marasli and Döbbeling, the acceptance domain
probe is larger than the current calibration range, assum-
e error levels are acceptable at these large angles of at-
However, for Wittmer it is found that the correction func-
can take more than one value for a given �Ve�Qe�We�Qe�.
cceptance domain then needs to be restricted to the range

f1, f2 and f3 are single valued. The edge of this domain
e identified from a change of sign in the Jacobian defined

∂�Ve�Qe�We�Qe�

∂�V�Q�W�Q�
(12)

cceptance domain of this method is larger than 35o in the
f the sensors but can be as small as 31o in the region di-
l to those axes (see figure 2).

ast technique studied was developed by Béharelle [2]. For
ethod, the effective velocity concept is used to uncouple
locity magnitude to the directional response of the probe.

s case two angular coefficients, Kα and Kβ, and one correc-
oefficient for the velocity magnitude, Cq, are used. These
cients are defined in terms of velocity independent coeffi-
, Ai, computed for each wire from the calibration.

Ai ��Ue f f �i�α�β�Q � � � QQ � (13)

� � are averages over all velocity levels. Equation 1 is
to express Ue f f �i as a function of the output signal of the



Figure 2: Acceptance domain of Wittmer (dotted line) and
Béharelle (dashed line). Each square is one calibration point.

wires. Kα, Kβ and Cq are defined as

Kα�α�β� � �A2
4�A2

3���A
2
4�A2

3�
Kβ�α�β� � �A2

1�A2
2���A

2
1�A2

2�

Cq�α�β� � �A2
1�A2

2 �A2
3 �A2

4��4
(14)

For easy data reduction, the functions Kα and Kβ can be inverted
to give the yaw and pitch angles, α and β, as a function of Kα
and Kβ. These two parameters can be computed from the ef-
fective velocity sensed by each wire in the data reduction phase
using:

Kα � �U2
e f f �4�U2

e f f �3���U
2
e f f �4 �U2

e f f �3�

Kβ � �U2
e f f �1�U2

e f f �2���U
2
e f f �1 �U2

e f f �2�
(15)

As in the case of Wittmer’s correction functions, regions with
more than one possible yaw and pitch combination for a given
set of Kα and Kβ values are found. The acceptance region of this
method is thus restricted to the region where only one solution
is possible (see figure 2). The edge of the domain can be found
from a change in sign of the Jacobian defined by

∂�Kα�Kβ�

∂�α�β�
(16)

Once the direction of the velocity vector is known, the velocity
magnitude, Q, can be computed from the correction function Cq

Q2 �
U2

e f f �1 �U2
e f f �2 �U2

e f f �3 �U2
e f f �4

4 �Cq�α�β�
(17)

It is relevant to discuss the effects of uncoupling velocity mag-
nitude and direction. It is well known that the directional re-
sponse of a hot-wire, though constant for velocities above 10
m/s, changes at lower velocities [7]. Though it is possible to
compute the directional response at multiple velocity levels and
include these in the look-up table algorithm, most researchers
elect not to do so due to the exponential increase in compu-
tational time necessary in the data reduction phase. Though
quantification of this issue is outside the scope of this paper, it
is important to keep this source of error in mind especially when
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rements are made at low velocity. This issue is studied in
s by Lavoie [6].

ntation and Discussion of Results

to verify the accuracy of each scheme, the signals from
libration points were reprocessed by each data reduction
e. In addition, the calibration rig was used to generate

ity vectors distributed over the acceptance domain of the
chemes. The results of these points as reduced by each
d were compared to the known velocity vectors. The re-

of these two tests are summarized in table 1. It can be
rom table 1 that Béharelle and Wittmer have error levels
re similar over their acceptance domain. Döbbeling dis-
slightly larger errors; however, it is more accurate than

sli, which is the least accurate method of the four consid-
When the error was plotted as a function of velocity direc-
or a given velocity magnitude, it was found that Béharelle
ittmer offer a constant level of accuracy over the full ac-

nce domain. Döbbeling and Marasli exhibited error peaks
diagonal axes as high as 10% on velocity magnitude and

n direction.

e 3 presents u�rms and figure 4 presents the u�v� and v�w�

es as measured at x�D � 3 of a round jet with the four-
probe. u�rms is normalized by the centreline velocity Ucl ,
u�v� and v�w� are normalized by the square of the cen-

e velocity. The figures include measurements taken by
et al. [12] and Citriniti [3], and LES computation by McIl-
[10]. Measurements taken with a single hot-wire are in-
d in figure 3. The profiles are given as a function of the
distance, r, from the center of the jet normalized by the
mter, D.

e 3: Profile of the RMS of axial fluctuating velocity com-
t, u�.

be seen that the profiles measured by the four-wire probe,
h similar in shape, are different in magnitude to the ex-
ental data and the simulations obtained from Large Eddy
lation. However, the similarity between the four-wire and

wire measurements suggests that the differences may
e to non-similar initial conditions of the jet. The ex-
ents by Sami et al. [12], for instance, were done at a
olds number of 220,000 rather than 74,000 and the LES
s, for Re� 68�000, axially forced the flow at the preferred
ency to give St � 0�35, see Macrouyre et al [9]. Olsson
uchs [11] found that higher Reynolds number flows will
ce smaller fluctuating velocity components which is con-
t with the differences between each data set of figures 3
.

easured by Beharelle and Wittmer are never different by



Figure 4: Turbulent shear stress profiles, u�v� and v�w�.

more than 1% of the local value, while u�v� is always within
1.6%. Döbbeling and Marasli display larger deviations, up to
respectively 10% and 1.5% on u�rms, and deviations of up to
respectively 55% and 20% in u�v�, when compared to the results
of the other two schemes. v�w� should be equal to zero because
of circumferential symmetry. Indeed, the normalized value of
v�w� as measured by the four-wire probe is typically less �5�
10�4. The deviation from zero offers a measure of the accuracy
of the four-wire probe to measure Reynolds stresses. The results
from Béharelle, Wittmer and Marasli match more closely the
u�rms measured with the signal wire (typically within 5%), while
Döbbeling displays deviation as high as 15%.

Conclusions

The effects of using different data reduction schemes were stud-
ied in a systematic manner. Despite the fundamental differences
in the techniques proposed by Béharelle and Wittmer, it was
shown that these two data reduction procedures provide virtu-
ally identical results in the near field of a jet. From calibration
results, Béharelle and Wittmer have also exhibited better ac-
curacy than Marasli and Döbbeling, although their acceptance
domain was shown to be smaller than those of the former.
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Marasli Döbbeling Wittmer Béharelle
Velocity Direction Velocity Direction Velocity Direction Velocity Direction

Group A 1�82% 1�68o 1�39% 1�10o 1�22% 0�96o 1�16% 0�87o

Group B 1�01% 1�19o 1�18% 0�98o 0�90% 0�65o 0�88% 0�63o

Table 1: Error on points processed by the four data reduction schemes. Group A: Calibration points within acceptance domain, Group
B: Velocity vectors generated with calibration rig.
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