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Multiorientation of a single normal hot wire is a novel way to measure the three time-mean velocities, three
turbulent normal stresses, and three turbulent shear stresses. The present study focuses on the accuracy and
directional sensitivity of the techmnique with respect to mean flow velocity orientation to the probe. Both
nonswirling and swirling free jets are considered, using five probe configurations at each of five locations in the
flowfield. Variation of input parameters and their effect on the output data has shown that the least accurate
output quantities are the shear stresses, in particular the x6 component. The directional sensitivity analysis has
shown that the technique adequately measures the properties of a flowfield independent of the dominant flow
direction except when the flow is predominately in the direction of the probe holder. Results demonstrate
relative insensitivity, indicating that the method is a useful cost-effective tool for turbulent flows of unknown

dominant flow direction.

Nomenclature

A,B,C = calibration constants

D =test section diameter

d =inlet nozzle diameter

E =hot-wire voltage

G = pitch factor

K =yaw factor

v=(u,u,w) =time-mean velocity (in x,r,6 directions) in
facility coordinates

x,r,0 =axial, radial, azimuthal cylindrical polar
coordinates

V4 =effective cooling velocity acting on a wire

Yzz; =correlation coefficient (estimated) between
cooling velocities of adjacent wire orienta-
tions

¢ =gwirl vane angle with respect to facility axis

Subscripts

0 =value at inlet to flowfield

rms =root mean squared quantity

Superscripts

) =time-mean average

()’ =fluctuating quantity

- =relative to probe coordinates

1. Introduction

T Oklahoma State University, Janjua' studied the six-
orientation hot-wire probe technique, developed a
suitable data reduction computer code, and presented results
of its application in nonswirling free and confined jet flows.
Jackson? extended the technique to investigate nonswirling
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and swirling nonreacting turbulent confined flows in an ax-
isymmetric test section with expansion ratio D/d=2, which
may be equipped with a strong contraction nozzle of area ratio
4 further downstream at x/D=2. The flowfield contains cor-
ner and central recirculation zones typical of gas turbine and
ramjet combustion chambers. Swirl may be imparted to the in-
coming flow by means of a variable-angle vane swirler. The
technique and its application to nonswirling and weakly swirl-
ing confined flows is described at length in Refs. 3 and 4. A re-
cent paper’ presents measurements for a full range of swirl
strengths in the confined jet facility. This extended the data
base given earlier?® to higher inlet vane swirl angles, more axial
measurement stations, and downstream nozzle effects. The
data are being used to aid in the evolution of turbulence
models for these complex flow situations.

The method is based upon earlier studies on multiorienta-
tion of a single normal hot wire. Dvorak and Syred® presented
time-mean and turbulence property measurements in a com-
plex flowfield with 45 deg between three successive orienta-
tions of the wire. A crossed-wire probe was additionally used
to measure correlation coefficients. Measurements in swirling
recirculating flows at the exit from a swirl generator were ob-
tained with similar techniques, using up to six separate point
measurements, by Syred et al.” Later, King® developed the six-
orientation single normal hot-wire technique and applied it to
vortex flows. There is some work on the use of a multiorienta-
tion single slant wire in turbulent flows, but its use in swirling
flows is not yet established. For example, Arterberry®
discusses the application of a 45 deg slanting wire suitable for
weakly swirling flows. The present authors have restricted
themselves to the normal wire configuration.

The aim of the present paper is to address questions about
accuracy and directional sensitivity of the six-orientation,
single normal hot-wire technique. An uncertainty analysis is
performed on the data reduction procedure by changing in-
dividually strategic input parameters and noting their effect on
deduced properties of the flow. A directional sensitivity
analysis is presented that assesses the relative values of de-
duced flow properties (in facility coordinates) to local time-
mean velocity orientation relative to the probe.

Essential features of the six-orientation, single hot-wire
measurement technique are described briefly in Sec. II. The
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directional sensitivity study is discussed in Sec. III and the
mathematical coordinate transformations for velocity vectors
and normal and shear stresses in Sec. I'V. Results are presented
and discussed in Sec. V and conclusions drawn in Sec. VI.

I1. Measurement Technique

One of the most widely used instruments to obtain tur-
bulence quantities is the hot-wire anemometer, the most com-
mon of which is the single hot wire. When used on a two-
dimensional flow with a predominate flow direction, a single
hot wire positioned normal to the main flow can be used to
measure the streamwise components of the time-mean velocity
and the rms velocity fluctuation in a standard manner.®

The anemometer used for the present study is DISA type
55M01, CTA standard bridge. A normal hot-wire probe,
DISA type 55P01, is used in the experiments. This probe has
two prongs set approximately 3 mm apart that support a 5 um
diameter wire, which is gold plated near the prongs to reduce
end effects and strengthen the wire. The mean voltage is
measured with a Hickok Digital Systems model DP100 in-
tegrating voltmeter and the rms voltage fluctuation is
measured using a Hewlett Packard model 400 HR, ac
voltmeter.

In a complex swirling flowfield, the dominant flow direc-
tion is unknown and the standard single-orientation single
hot-wire method fails to supply sufficient information. The
six-orientation method calls for a normal hot wire to be
oriented through six different positions, each orientation
separated by 30 deg from the adjacent one. Orientation 1 is
normal to the facility centerline, orientation 2 is rotated 30 deg
from this, etc. Mean and rms voltages are measured at each
orientation. The data reduction is performed using assump-
tions that the turbulence follows a normal probability
distribution having mean voltage as the mean and the squared
value of the rms voltage as the variance. It is then possible to
obtain the three time-mean velocity components, the three
normal Reynolds stresses, and the three shear Reynolds
stresses in the manner described here.

The six-orientation hot-wire technique requires a single
straight hot wire to be calibrated for three different flow direc-
tions in order to determine the directional sensitivity of the
probe. In the following relationships, tildes signify com-
ponents of the instantaneous velocity vector in coordinates on
the probe. Figure 1 shows how the #, &, and W velocities in
probe coordinate x, y, and z, respectively, are oriented with
respect to the probe. In the usual radial traverse, the probe
holder is aligned radially (as in case 1 of the five possible con-
figurations subsequently studied). Then probe and facility
coordinates coalesce and

(i, 0, w]” = [u,v,w]”

xy.21" =[x,r,617

Figure 1 also illustrates how rotating the probe holder sequen-
tially yields the six orientations of the normal wire with respect
to the facility main flow direction. The first orientation is with
the wire perpendicular to the facility centerline (regardless of
radial location), the second orientation is achieved by rotating
the probe holder 30 deg about its axis, etc.

Each of the three calibration curves is obtained with zero
velocity in the other two directions. The calibration curves
demonstrate that the hot wire is most efficiently cooled when
the flow is in the direction of the # component (which is nor-
mal to both the wire and the supports). The wire is most ineffi-
ciently cooled when the flow is in the direction of the w com-
ponent (which is parallel to the wire). Each of the calibration
curves follows a second order, least-square fit of the form

E}=A,;+ B, +Cu; n
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Fig. 1 Six orientations and probe coordinates.

which is an extension of the familiar King’s law. In this equa-
tion, 4;, B;, and C; are calibration constants and #; can take
on a value of &, 0, and W for the three calibration curves,
respectively. This form of the cooling equation does not suffer
from the problems of nonlinearity of response over a wide
range of velocities, a problem encountered typically with the
conventional King’s law. This expression has been found® to
give an excellent fit to calibration data over a velocity range of
1-60 m/s. It is expected that in a steady turbulent flowfield
when using the six-orientation technique that vortex shedding
will occur from the hot-wire prongs. This phenomenon is also
expected in the calibration, especially in the W direction.
However, this vortex shedding is time dependent with short
periodicity. In the turbulent flowfield, these effects are not
time averaged out to zero, but are considered to be higher-
order effects, which are very small and can essentially be con-
sidered negligible.

When the wire is placed in a three-dimensional flowfield,
the effective cooling velocity experienced by the hot wire is

77 =2+ G*a* + K2 w? ¥))

where G and K are the pitch and yaw factors defined by
Jorgensen!® and deduced from the calibration curves. Hence,
equations for the effective cooling velocity can now be ob-
tained for each of the six wire orientations. The effective cool-
ing velocity is a function of the mean and fluctuating voltage.
A Taylor series expansion can be carried out on Eq. (1) in
terms of the effective cooling velocity. This expansion is trun-
cated after the second-order terms with the assumption that
higher-order terms are relatively small. This inclusion of
second-order terms eliminates the necessity for assuming that
the fluctuations are small with respect to the mean velocity.
Solving simultaneously any three adjacent equations provides
expressions for the instantaneous values of the three velocity
components (¥, v, and w in facility x, r and 6 coordinates,
respectively) in terms of the equivalent cooling velocities. It is
then possible to obtain the three time-mean velocity com-
ponents and the six different components of the Reynolds
stress tensor in the manner described in Refs. 1 and 3.

Dvorak and Syred® used a DISA time correlator (55A06) to
find the correlation coefficients between the velocity fluctua-
tions in the three directions. One approach is to use the infor-
mation obtained by all six orientations and to devise a
mathematical procedure to calculate the covariances. These
are calculated using the relationship

Kz,-zj =’Yzizj[¢7?'zi0%j] 7 3

where vz, z, is the correlation coefficient between the two cool-
ing velocities Z; and Z;. By definition, the absolute value of
the correlation coefficient v,z is always less than 1.

Certain assumptions are made in order to calculate the
covariances. However, King® observed that at times the
calculated value of the correlation coefficient is greater than
one at which instance he assigned previously fixed values to
the correlation coefficients. It may be deduced that if two
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wires are separated by an angle of 30 deg, the fluctuating
signals from the wires at the two locations will be such that
their contribution to the cooling of the wire will be related by
the cosine of the angle between the wires. This assumption
leads to the following three values of the correlation
coefficients:

Yzpzy = COS 30 deg=0.867
Yzgzp = €08 30 deg=0.867 4)

The correlation coefficients may be related via®

Yzpzp =M 2pzY7p2p ()

where 7 is given a value of 0.8. Hence,
Yzpz, =(0.8)(0.867)(0.867) = 0.6 6)

The three covariances are then obtained by substituting the
corresponding values of the correlation coefficients into
Eq. (3). King® used the above technique. The present study,
however, uses Eqgs. (4) and (6) during the entire data reduc-
tion. This simplification is justified a posteriori in Sec. V,
where it is demonstrated that deduced results are relatively in-
sensitive to correlative term inaccuracy.

TI1. Directional Sensitivity Analysis

The analysis is performed at any specific flowfield location
by initially placing the probe in a free jet such that the coor-
dinate system of the probe coincides with the coordinate
system of the jet, as shown in Fig. 2a. Measurements are then
taken by rotating the probe in the manner of the technique just
described. To simulate the effect of the flow shifting its domi-
nant flow direction, the probe is rotated by 6 deg about its z
axis, as shown Fig. 2b. This rotation causes a misalignment
between the probe coordinate system and the facility coor-
dinates. This discrepancy can be accounted for by use of the
Eulerian matrices described in Sec. IV. In this configuration,
the measured time-mean values and the normal and shear
stresses are in a coordinate system oblique to the jet coor-
dinate system. However, they can be transformed back to the
facility coordinate system.'! Notice that the correct directional
sense of the rotation must be followed so that standard coor-
dinate transformations may be used on the probe data so as to
obtain facility coordinate data. Results shown later in Sec. V
have been obtained in this manner.

To examine the directional sensitivity of the wire further,
the probe was subsequently rotated about its new x axis,
thereby forming a compound angle between the probe and the
dominant flow velocity, as also shown in Fig. 1, see Fig. 2c.
Again, the time-mean velocities and Reynolds stress tensor can
be deduced in terms of the jet coordinate system by the
method shown in Sec. I'V and the results and their accuracy are
discussed in Sec. V.

Specifically, the directional sensitivity of the technique is
assessed at five flowfield situations for self-consistency using
the following five configurations:

Case 1 =0 deg 6=0 deg
Case 2 0= —45 deg 0=0 deg
Case 3 f= —45 deg 0= —45 deg
Case 4 #= —90 deg 0=0 deg
Case 5 0= —90 deg 0= —90 deg

The above five probe/flow configurations are used at each
of five representative situations in a free axisymmetric
nonswirling jet at x/d =0 (laminar in potential core region), 3
and 10 (turbulent in shear layer region), and in a free axisym-
metric swirling jet at a location in a region of strong shear just
downstream of the exit from a variable-angle vane swirler with
swirl vane angles of 45 and 70 deg representing moderate and
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PROBE

(a) CASE 1t

(b) CASES 2 AND 4

PROBE /

(c) CASES 3 AND 5

Fig. 2 Configurations used in the directional sensitivity study.

10d

Fig. 3 Free nonswirling jet measurement locations for situations
A-C.

strong swirl cases. In these swirling jet cases, the probe was
located just downstream of the swirler exit, outside of any
regions of recirculation. This part of the flow was chosen as it
is in an area of rapid acceleration and is unlikely to contain
any instantaneous flow reversals that might cause erroneous
readings. This is because hot-wire sensors have the fundamen-
tal disadvantage of being unable to distinguish between for-
ward and reverse flow. This causes a serious problem with hot
wires in instantaneous flow reversal situations, which occur
predominantly on the edges of the recirculation zones. It is ex-
pected that any measurements taken in these regions will be
subject to some degree of error. Specifically, the following
Jfive situations are used:

Situation A x/d=0 nonswirling laminar region
Situation B x/d=3 nonswirling turbulent region
Situation C  x/d=10 nonswirling turbulent region
Situation D x/d=0 swirling turbulent region with
swirl vane angle 45 deg
Situation E  x/d=0 swirling turbulent region with

swirl vane angle 70 deg

These locations are illustrated in Figs. 3 and 4. It will be
seen later that the sensitivity analysis assures users that
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knowledge of local configuration of probe vs flow direction is
not required a priori and useful results are forthcoming and
relatively insensitive to specific configurations.

IV. Coordinate Transformation

To investigate the shifting of the dominant flow direction,
the probe holder vs local time-mean flow vector configuration
is varied through five different cases of interest. To relate
probe coordinate data back to the facility coordinate system,
use is made of Eulerian rotational matrices. These make it
possible to relate all time-mean velocities and the full
Reynolds stress tensor back to the facility coordinate system
after any axis rotation. The required matrix transformations
are given in Ref. 2.

V. Results
Uncertainty Analysis

The uncertainty analysis includes a determination of the
sensitivity of the six-orientation hot-wire data reduction to
various input parameters having major effects on the response
equations. Pitch and yaw factors (G and K) are used in the
response equations described in Sec. II in order to account for
the directional sensitivity of the single hot-wire probe. Both
the pitch and yaw factors are functions of the hot-wire mean
effective voltage, but the yaw factor is far more sensitive. A
1% increase in the hot-wire voltage reduces the pitch factor by
1.3% and the yaw factor by 56%.'-* For the present study, the
values of these factors are chosen at an average hot-wire
voltage experienced in the flowfield. This was appropriate
since the output quantities (v, u/,, u’v’, etc) are only weakly
dependent on the value of K. This can be seen in the data of
Table 1, which summarizes an analysis performed on the data
reduction program at a representative position in the
flowfield.

Table 1 demonstrates the percent change in the output
quantities for a 1% change in most of the important input
quantities. For the data presented in this table, only quantities
calculated from the probe orientation combination 5, 6, and 1
are used, for simplicity. The situation is that of a moderately
swirling confined flowfield from a swirl generator with vane
angle of 38 deg. In this swirling flow, orientation 6 was the
minimum of the six mean effective cooling velocities. King?
has argued that the probe orientation combination approx-
imately centered around the minimurn effective cooling veloc-
ity produces more accurate estimates of calculated turbulence
quantities than do the other orientation combinations.
However, all previously reported data have been obtained by
averaging all the six possible combinations.

It is not unusual in hot-wire anemometry for the mean
velocity components and turbulence quantities to be quite sen-
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sitive to changes in the mean hot-wire voltage. For interpretive
purposes, the mean hot-wire voltage variations can be thought
of as being either errors in measuring the mean voltage or
shifts in the individual wire calibrations due to contamination
or strain ‘‘aging’’ of the wire. The data of Table 1 demon-
strate that the most serious inaccuracies in the measurement
and data reduction technique will be in the estimates of tur-
bulent shear stresses, the most inaccurate output term being
u'w’.

As already discussed in Sec. II, an ad hoc assumption is
made regarding the numerical values of the correlation coeffi-
cients used in the deduction of time-mean and turbulence
quantities. The results of the uncertainty analysis (Table 1)
show the time-mean and turbulence quantities to be relatively
insensitive to variations in the correlation coefficients.
Therefore, the major ad hoc assumption made in the tech-
nique does not seem to have a great effect on the output quan-
tities compared to the effect of other input quantities.

Laminar Jet

The directional sensitivity of the technique was assessed at
the five locations A-E (see Figs. 3 and 4) corresponding to five

Downstream View

Section

Fig. 4 Free swirling jet measurement locations for situations D
and E.

2 T T T T k]
A ulug
| 41 ® v/up
O wl/up
it A A A A

o [ 4 [ d
CASE 1 2 3 4 5

Fig. 5 Measurements for situation A with different probe configura-
tion cases.

Table 1 Effect of input parameters on turbulence quantities in a confined swirling flow with swirl vane angle of 38 deg
at a representative flowfield position (x/D=1, r/D=0.25)

Change in time-mean and turbulence quantities, %

Change in
parameter,
Parameter % u v W Ulns Ulms Wns u'v’ u'w’ v'w’
E, +1 +16.10 +0.66 +4.98 +15.75 —2.06 +2.75 +6.0 +51.43 +11.94
E; +1 +2.19 -2.21 +11.49 -6.50 +2.42 +12.88 +4.0 +14.29 +7.46
Eg +1 -10.59 —-0.36 —8.50 —1.88 +7.07 -9.54 -6.0 —54.29 —11.94
Trms +1 +0.27 —0.06 +0.14 +1.63 +0.13 +0.39 +2.0 +2.86 +1.49
Esrms +1 +0.05 0.0 +0.14 0.0 -0.13 +1.57 0.0 0.0 +1.49
7 +1 -0.16  +0.18 -0.14 —0.63  +1.03 -1.08  -2.0 -5.71 0.0
+1 -1.02 0.0 —-1.01 -1.0 0.0 —-0.98 -2.0 -2.86 —1.49
K +1 +0.01 —-0.04 +0.01 +0.01 0.0 +0.01 0.0 0.0 0.0
Yzpz +1 +0.05 0.0 +0.14 -0.13 -0.13 -1.77 0.0 —-2.86 +1.49
'ngzg +1 +0.21 +0.01 +0.05 ~1.63 +0.13 -0.79 0.0 -5.71 +1.49
YZpzy +1 ~0.16 +0.18 —0.08 +0.13 +0.0 +0.69 -2.0 +2.86 0.0
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different flow situations. Table 2 gives a summary of the
measurements by presenting the ensemble average x of the
deduced results from each of the six possible combinations of
three adjacent wire orientations and the coefficient of varia-
tion o/x, where o is the standard deviation of the six values
about the mean. The first configuration is situation A with
measurements in the laminar potential core region, at x/d=0
and r/d =0. The first data set in Table 2 gives the results with
the probe coordinates aligned with facility coordinates, as case
1 of Fig. 2 illustrates. This is referred to as situation A/case 1
with analogous statements used for other configurations as
well. The time-mean velocities, nondimensionalized with the
jet exit velocity deduced from an independent measurement,
are shown. In this one-dimensional flowfield, the axial veloc-
ity is expected to be unity with the other two components of
the velocity vector to be equal to zero. Results using each of
the six possible combinations of three adjacent wire orienta-
tions are simply averaged and the mean x of the values is
given. The ratio of standard deviation to the mean o/x, called
the coefficient of variation, is also presented to show the
amount of scatter in the readings. As can be seen, the scatter
for the axial and swirl velocities is very low for each combina-
tion. The radial velocity scatter tends to be larger, but is less
significant because of the low mean value of radial velocity.
The mean of these quantities brings the data to well within ac-
ceptable limits.

Results of the probe being rotated by 45 deg about the z axis
(as in case 2 with 6 = — 45 deg) are also shown in Table 2. This
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Fig. 6 Measurements for situation B with different probe configura-
tion cases.

Table 2 Ensemble average X and coefficient of variation ¢/X measurements

Situation/ - o o
case u/ug v/ugy w/ug Ulms/ Uy Urms/ o Wims/Ug u'v' /u} u'w’ ful v'w' /ul
A/l x 0.970 0.147 0.013

o/x 0.006 0.503 0.353
A/2 X 0.983 0.021 0.033
a/x 0.006 0.553 0.353
A/3 X 0.958 —-0.039 0.001
/X 0.009 0.805 38.986
A/5 X 0.969 0.147 0.013
a/x 0.006 0.503 0.317
B/1 X 0.593 0.189 0.030 0.149 0.084 0.105 0.0031 0.0012 0.0129
/% 0.022 0.212 0.537 0.98 0.718 0.330 1.1910 0.9350 0.7130
B/2 X 0.546 0.010 0.092 0.159 0.161 0.170 0.0163 —0.0014 0.0014
a/% 0.037 4.600 0.493 0.177 0.170 0.369 2.2371 1.7875 1.7875
B/3 X 0.556 0.046 -0.017 0.117 0.123 0.128 0.0031 -0.0088 -0.0024
/X 0.018 0.429 0.669 0.159 0.188 0.183 2.9016 2.7612 6.0300
B/4 x 0.549 0.212 0.238 0.111 0.285 0.184 0.0032 0.0109 0.0083
a/% 0.083 0.589 0.546 0.221 0.259 0.446 0 1.4700 1.2864
B/5 X 0.583 0.205 0.035 0.159 0.116 0.082 0.0035 0.0054 0.0035
o/X 0.076 0.357 0.573 0.053 0.320 0.465 0.9143 0.6490 0.4571
C/1 X 0.456 0.144 0.023 0.130 0.062 0.083 0.0038 0.0011 0.0037
/X 0.032 0.182 0.396 0.068 0.112 0.353 0.6468 0 0.5833
C/2 X 0.445 0.066 0.019 0.119 0.119 0.121 0.0160 0.0013 0.0012
a/X 0.020 0.561 0.862 0.111 0.111 0.169 0.3861 0.6421 1.0000
C/3 x 0.446 0.048 —0.060 0.098 0.094 0.102 0.0049 0.0044 0.0063
a/x 0.035 0.713 0.707 0.154 0.153 0.145 2.1632 3.1641 1.3516
C/4 X 0.343 0.228 0.176 0.098 0.252 0.237 0.0149 0.0107 0.0507
a/x 0.107 0.602 0.368 0.113 0.210 0.223 0.7584 0.5047 0.5355
C/5 X 0.446 0.029 0.147 0.147 0.089 0.047 0.0036 0.0038 0.0044
/% 0.044 0.717 0.249 0.046 0.473 0.214 0.2608 0.4676 0.6735
D/1 X 1.739 0.585 1.613 0.134 0.149 0.123 0.0064 0.0057 0.0082
a/x 0.029 0.038 0.034 0.213 0.225 0.158 0.1983 0.6131 0.3321
D/4 X 1.641 0.833 1.525 0.121 0.140 0.133 0.0037 0.0032 0.0044
/X 0.089 0.107 0.051 0.120 0.234 0.226 0.3690 0.8348 0.7578
D/5 X 1.802 0.409 1.447 0.142 0.158 0.186 0.0068 0.0007 0.0142
/X 0.036 0.175 0.050 0.026 0.224 0.492 0.7682 0.3571 0.4571
E/1 by 0.624 0.458 0.403 0.437 0.219 0.422 0.0424 0.0295 0.0362
/% 0.130 0.263 0.110 0.256 0.451 0.315 0.2846 1.0975 0.3903
E/4 X 0.521 0.394 0.382 0.373 0.561 0.704 0.0271 0.0440 0.0288
a/x 0.302 0.414 0.476 0.007 0.410 0.154 0.5251 0.6197 0.0582
E/5 X 0.599 0.220 0.508 0.534 0.416 0.300 0.0245 0.0163 0.0425
o/X 0.225 0.331 0.318 0.202 0.349 0.231 0.4773 0.5958 0.6824
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is situation A/case 2. The probe coordinate system is now dif-
ferent from the jet coordinate system, but the measured
velocities can be related to the facility coordinates by use of
the rotational matrices given in Sec. I'V. All values in the tables
are presented in terms of the facility coordinate system. The
results show that this misalignment of the probe with the
dominant flow direction still gives excellent values of velocities
in the laboratory coordinate system with the use of any of the
six possible wire combinations. Consequently, averaging of
the data also gives good results.

Rotation about the z axis by —90 deg to obtain case 4
results in no data being generated by the technique. This is
because in a steady one-dimensional flowfield all the instan-
taneous cooling velocities acting on the hot wire are equal for
all six orientations. As the data analysis requires that their
cooling velocities be subtracted from each other (see Ref. 3),
all the output terms are deduced as zero.

To further investigate the shifting of the dominant flow
direction, the probe was rotated twice (—45 deg about its z
axis, followed by — 45 deg about its new x axis) so as to con-
form to case 3. The results of these axis rotations can be seen
in Table 2. Again, the laboratory coordinate deduced values
are presented and deviations from expected values are rela-
tively low, although not quite as good as in.the previous case.
The advantages of averaging can be seen, where the under-
and/or overestimation of the velocities for the individual posi-
tions are smoothed after averaging.

Rotations of § = — 90 deg and ¢ = — 90 deg were also carried
out at the same flow location, thus obtaining case 5. Good ax-
ial and tangential velocity values can also be seen in the table
but with a decrease in the accuracy of the radial velocity.
Figure 5 gives a summary of the ensemble-averaged data (ob-
tained from the six possible combinations of three adjacent
wire orientations being used for data reduction). It reveals
very clearly that the measurements in facility coordinates are
quite insensitive to probe holder vs facility configuration.

Turbulent Nonswirling Jet

Similar probe configurations (cases 1-5) have been per-
formed on the shear layer of a free nonswirling axisymmetric
jet at two axial locations, x/d =3 and 10, referred to as situa-
tions B and C. Results are included in Table 2 with ensemble-
averaged data assembled in Figs. 6 and 7 for visual impact.
The style of these figures is the same as Fig. 5 and again the
changes to deduced quantities are seen for the different cases
of probe configuration vs main flow direction. In general, the
scatter is within tolerable limits. Table 2 included further
details, which are discussed below.

At these points in the flow, the axial velocity dominates with
a small contribution from the radial velocity. In axisymmetric
jets, it is well known that the axial directional turbulence in-
tensity is larger than its other two components.'’'> The only
significant shear stress in this flowfield is the rx shear. Results
in Table 2 obtained with case 1 probe configuration in situa-
tions B and C confirm this. Incidently, all of the data
presented in this paper are a consequence of a typical set of
readings obtained from the hot-wire technique. If a large
amount of scatter is found in the deduced results at a par-
ticular location, the problem is further investigated and/or
remeasured before being accepted as valid. Data reported
elsewhere®* has been thoroughly analyzed and checked for
repeatability.

The case | data at locations B and C are used as a standard
for nonswirling flowfield values, so as to be able to compare
the results obtained from other probe configuration cases.
However, the radial time-mean velocity appears to be very
large for this particular flowfield and could possibly be in er-
ror. The coefficient of variation ¢/x is seen to be acceptable
for most of the flow properties except for the shear stresses.
These large variations are caused by the shear stresses being
two orders of magnitudes lower than the time-mean velocities.
Sometimes the data reduction will not resolve a particular
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parameter. This is usually the consequence of subtracting two
almost equal effective cooling velocities, as described earlier.
If a large proportion of the data is not resolved from the dif-
ferent combinations of cooling velocities used, the parameter
deduced is taken to be zero.

Results for probe configurations of cases 2 and 4 for loca-
tions B and C may also be analyzed. It can be seen that the
case 4 results give poor estimates of the time-mean radial and
swirl velocities and underestimates of the axial components of
the velocity vector. This is expected because the time-mean
velocity vector is almost parallel to the hot-wire support axis
and rotating the probe through its six orientations has little ef-
fect on the sensed data. This also decreases values of the axial
turbulence intensity, but significantly increases the other two
normal stress components. Shear stress values for cases 2 and
4 are found to be very poor with large coefficients of varia-
tion. Also, many of the turbulence quantities are not resolved.
It would appear from these results that the six-orientation hot-
wire technique is a poor tool to use if the flow is dominantly in
the direction of the probe support, for the reasons just
described. If this occurs, simply reconfiguring the probe
holder vs flow direction can overcome the problem.

Cases 3 and 5 at locations B and C may be observed and
compared with the previous cases 2 and 4 at these same loca-
tions. Now the time-mean velocity components are seen to be
in excellent agreement with the values determined from the
standard configuration of case 1. The axial normal stress tends
to be underestimated at x/d =3 and overestimated at x/d =10,
relative to the case 1 calculations. The radial turbulence inten-
sity is consistently overestimated for both compound con-
figurations and both axial locations. This could infer a failing
of the hot-wire technique. The tangential turbulence intensity
mesurements are found to provide acceptable results. The
dominant shear stress (the rx component) in this flow is found
to be measured very well in the configurations of cases 3 and
3, relative to case 1 values. The coefficient of variation is not
too large considering the magnitude of the numbers involved.
The final components of the Reynolds stress tensor, although
appearing to be measurable, exhibit a great deal of scatter,
perhaps indicating that these values are close to zero.
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Turbulent Swirling Jet

Two free swirling jets were considered for further assess-
ment of the hot-wire technique. The airflow exiting from an
axisymmetric nozzle of a wind tunnel passes through a vane
swirler with 10 adjustable flat blades. The test facility and
time-mean performance of the swirler are described at length
in Ref. 13. For the present study, the subsequent large
chamber confinement was removed and the free jet flow alone
was studied, with swirl vane angles of 45 and 70 deg being
used. Figure 3 gives the specific measurement locations D and
E used for measuring the 45 and 70 deg swirl situations,
respectively. These locations are in the high-shear region of
the flow close to the swirler exit. They were chosen since it was
expected that all six components of the stress tensor would be
significant, thereby providing a good test of the technique for
their measurement. The hot wire was also placed well away
from the edge of the recirculation zone, so as to avoid any in-
stantaneous flow reversal on the wire. Measurements con-
forming to cases 1, 4, and 5 have been made for both of the
swirl strengths. The relevant data also appear in Table 2 with
Figs. 8 and 9 summarizing the ensemble-averaged data over
the cases investigated. The increase in the turbulence proper-
ties of the flow is clearly evident as the swirl strength increases,
even though the D and E locations are not coincident.

Rotation about the z axis by —90 deg to case 4 probe con-
figuration causes a deterioration in the accuracy of the results
obtained from the technique, as inspection of the case 4 results
for situations D and E reveals. The axial and swirl time-mean
velocities are still fairly accurate for both flows, but the radial
velocity has suffered a large increase relative to its measur-
ment with case 1. The normal stresses deduced after the rota-
tion appear to be reasonable. The shear stresses show a reduc-
tion in accuracy, with all three components either over- or
underpredicting the case 1 values. It is again felt that these
poor results are because of the technique’s inability to measure
flow properties accurately when the dominant flow direction is
in the direction of the probe holder. That is, when a large
velocity is approximately normal to the wire in each of the six
measuring orientations, insensitivity results, as already dis-
cussed earlier.

The results of the compound angle of case 5 are presented in
Table 2 for the 45 and 70 deg swirl cases of situations D and E,
respectively. The axial time-mean velocity is seen to be good
when compared to the standard case, but the other two com-
ponents show a reduction in accuracy in these highly turbulent
flowfields. The inaccuracy of the radial velocity was discussed
earlier. The three components of the turbulence intensity ap-
pear to be fairly good with reasonable values deduced com-
pared to the standard case 1 values. Again, however, the radial
and tangential component are less than desirable for the
strongly swirling flowfield. The shear stresses for the 45 deg
swirl situation D are considered good except for the u’'w’
term. This component is subject to great inaccuracies for only
slight errors in this input data, as described above.

SENSITIVITY OF THE SINGLE-WIRE TECHNIQUE
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Assessment of the Technique

General results of the present and previous studies are now
assessed in connection with the applicability, accuracy, and
directional sensitivity of the six-orientation, single normal hot-
wire technique.

Previously, in his measurements of strongly swirling vortex
flows, King® compared his time-mean velocity and normal
stress measurements with corresponding measurements ob-
tained using a laser Doppler velocimeter (LDV). He found ex-
cellent agreement indicating the validity of the method. He
was not able to compare shear stress measurements in his swirl
flow, however, because he was unable to use his LDV for this
purpose. In fact, despite the existence of advanced multicolor
LDV systems and their use for shear stress measurement, no
one has yet reported them in highly swirling flow situations:
certainly not over a range of swirl strengths as reported in
Ref. 5.

The present authors have already compared their six-
orientation measurements with previously available data
whenever possible, including nonswirling'4!> and swirling!6:17
data. Results are useful in recent prediction studies for con-
fined swirling flows, 1820

For the present study, Figs. 5-9 summarize measured values
for the five situations A-E, respecitively. Each figure presents
facility coordinate time-mean velocity, normal and shear
stress values obtained with each of the five probe holder vs
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Fig. 8 Measurements for situation D with different probe configura-
tion cases.

Table 3 Comparison of averaged results from six possible wire combinations with ‘‘optimal’’ combination

Measured - . B

Situation u/ugy v/ug w/ug Ulme/Ug Vims/Uo W/ms/ Uy u'v'/ud u'w'/u} v'w'/ud
A 345 0.968 NR? 0.013

b 0.970 0.147 0.013
B 345 0.587 0.110 0.019 0.125 0.209 0.126 0.0001 0.0000 NR

X 0.593 0.189 0.030 0.157 0.084 0.105 0.0031 0.0012 0.0129
C 345 NR

X 0.456 0.144 0.023 0.130 0.062 0.083 0.0037 0.0011 0.0036
D 561 1.702 0.665 1.609 0.138 0.091 0.108 0.0043 0.0045 0.0066

x 1.739 0.585 1.613 0.134 0.149 0.123 0.0064 0.0057 0.0082
E 3561 0.628 0.323 0.478 0.463 0.135 0.525 0.0384 0.0411 NR

x 0.624 0.458 0.403 0.437 0.219 0.422 0.0424 0.0295 0.0362

3Not resolved.
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Fig. 9 Measurements for sitnation E with different probe configura-
tion cases.

facility configuration possibilities of cases 1-5. A remarkable
observation is that, in general, the configuration is of little im-

portance—the results appearing quite constant across the five
cases.

On the other hand, production run results!> have used the
case 1 configuration exclusively. In those results, generally, an
ensemble average of the deduced results from each of the six
possible combinations of three adjacent wire orientations has
been used. This was because of a lack of local flow directional
knowledge—if this knowledge is available, it is expected® that
the combination with minimum cooling velocity in the central
of the three wire orientations used will produce more accurate
estimates of deduced flow quantities. From results of the pres-
ent study for situation A-E, Table 3 presents the ‘‘optimal”’
values and the ensemble-averaged values. Surprisingly, the
values are quite comparable. In any case, the appropriate
choice of wire orientation for minimum cooling velocity is not
known a priori. The values given in the table could be deter-
mined only after the measurement. However, for turbulence
quantities and in the 45 and 70 deg situations, more con-
fidence may be placed in the average of all possible wire com-
binations. This smoothing has been used exclusively in recent
studies. !’

VI. Conclusions

The accuracy and directional sénsitivity of the six-
orientation hot-wire technique has been performed in axisym-
metric and swirling free jets. Variation of input parameters
and their effect on the output data has shown that the least ac-
curate output quantities are the shear stresses, in particular,
the x60 component. The directional sensitivity analysis has
shown that the technique adequately measures the properties
of a flowfield independent of the dominant flow direction ex-
cept when the flow is predominately in the direction of the
probe holder, with the six orientations of the probe then
creating insignificant changes in hot-wire response. Results
also show that the component of Itime-mean velocity in the
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probe holder direction is inadequately deduced. Only recon-
figurating of the probe can overcome this problem a
posteriori.
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