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Current understanding of the ice accretion process is based largely on icing wind-tunnel tests. Wind-tunnel
turbulence has been identi� ed as having potentially important effects on the results of tests performed in icing
tunnels. The turbulence intensity level in icing tunnels in the absence of the spray cloud had been previously
measured and found to be quite high because of the lack of turbulence-reducing screens and because of the
presence of the spray system in the settling chamber. However, the turbulence intensity level in the presence of
the spray cloud had not been measured. A method for making such measurements was developed and a limited
set of turbulence measurements was taken in the NASA Lewis Research Center’s Icing Research Tunnel (IRT).
Turbulent velocity � uctuationswere measured using hot-wire sensors. Droplets striking the wire resulted in distinct
spikes in the hot-wire voltage that were removed using a digital acceleration threshold � lter. The remaining data
were used to calculate the turbulence intensity. Using this method, the turbulence intensity level in the IRT was
found to be highly dependent on nozzle air pressure, whereas other factors such as nozzle water pressure, droplet
size, and cloud liquid water content had little effect.

Introduction

W IND-TUNNEL testing continuesto play an important role in
research to improve the understanding of the physical pro-

cesses behind ice accretion and its effects on aircraft performance.
While wind-tunnel testing is an invaluable tool, there will always
be important differencesbetween the wind-tunnel environment and
that which an aircraft experiences in � ight. One problem of partic-
ular importance is the turbulent � uctuations in wind-tunnel � ows,
which are often signi� cantly larger than those in the atmosphere.
The in� uence of freestream turbulence is important in the study of
aircraft icing because turbulence in icing wind tunnels is inherently
high as a result of the lack of antiturbulence screens and the tur-
bulence generated by the spray apparatus. These � uctuations are
commonly measured in terms of turbulence intensity, which is de-
� ned as the standard deviation of the velocity normalized by the
mean velocity.

GonsalezandArrington1 measuredturbulencelevels in theNASA
Lewis ResearchCenter’s IcingResearchTunnel (IRT), rangingfrom
»0.4 to 1.0% for test-section velocities between 50 and 200 mph.
With the nozzle spray air (no water) operating,they saw even higher
turbulence levels that varied from between 3 and 4% at low speeds
to about 1% for test-section velocities of 200 mph. In similar mea-
surements, Poinsatte2 found turbulence levels in the IRT ranging
from 0.5 to 0.7% over a range of 70–210 mph without the spray
nozzle air operating. He also measured higher levels with the noz-
zle air (no water) on, but these values were not reported because
of concerns about temperature � uctuations from the heated nozzle
air. In contrast, taking hot-wire measurements in � ight, Poinsatte
measured turbulence intensity levels of less than 0.1% in clear air.

The role of freestream turbulence in the ice-accretion process is
not well understood.While there are several possibleways in which
increased velocity � uctuations could affect the accretion of ice, it
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seems likely that enhancement of heat transfer in the region of ice
growth would play the most important role.

Gelder and Lewis3 and Poinsatte2 made comparisons of heat
transfer on an airfoil in � ight and in the IRT. Gelder and Lewis
found an increase in heat transfer of as much as 30% in the IRT.
Poinsatte’s more recent investigationof heat transfer froman NACA
0012 found a maximum heat transfer increase in the IRT of 10%
over heat transfer in � ight. These studies indicate that the tunnel
environmenthas a signi� cant effect on heat transfer. This increased
heat transfer is likely a result of increased turbulence, and it is log-
ical that such increased heat transfer would affect ice accretion. It
is thus important to characterize the turbulence level in � ight icing
conditions and icing wind tunnels.

While hot-wire anemometry is the most popularmethod for mea-
suring turbulent � uctuations, the icing environment presents a par-
ticularproblemin theuseof this technique.The presenceof thewater
droplets has a signi� cant effect on the hot-wire signal. To success-
fully measure turbulence in these conditions, a method must be de-
veloped for separating the effects of droplets striking the wire from
the turbulent � uctuations in the freestream. Several researchers4¡8

have used hot-wire anemometry to make measurements in � ows
containing liquid droplets by noting that there is a distinct spike
in the hot-wire signal when a droplet strikes the wire. By removing
such spikes,Hetsroni et al.7 were able to successfullymeasuremean
velocitiesand turbulentvelocity� uctuations.HetsroniandSokolov8

madesome importantobservationswhen theyappliedthismethodto
two-phase turbulent jet � ow with droplet sizes and airspeedssimilar
to the icing tunnel case. They noted that the droplets were almost
immediately swept off the wire and the signal returned quickly to
the initial heat transfer level. They also observed that some small
droplets caused signal � uctuations that were only slightly greater
than those caused by velocity � uctuations, and thus fell under the
threshold voltage. However, they assumed that, in general, the sig-
nals caused by droplet strikes were much higher than those caused
by turbulent � uctuations. Farrar et al.,9 in a study of air bubbles in
a liquid � ow, also observed that the passing of some small bubbles
was dif� cult to detect.However, they found that these small bubbles
were much more clearly identi� ed if they applied the � lter to the
derivative of the hot-wire voltage. Ritsch and Davidson10 success-
fully applied a similar threshold technique to the time derivative of
the signal from a � ow containing small particles. They also noted
that a high data rate was necessaryto detect the rapidphasechanges.

It is important to characterize the turbulence level in icing tun-
nels because of the potential impact on ice accretion. However, the

577



578 HENZE AND BRAGG

measurement of turbulence intensity using hot-wire anemometry
in droplet cloud conditions is complicated by the effects of the
water droplets on the anemometer signal. The � uctuations in the
anemometer signal caused by the droplet strikes must be � ltered
from the data if accurate turbulence measurements are to be made.
The developmentof such a � lter is outlinedhere.Tests conductedin
the University of Illinois Subsonic Aerodynamics Research Labo-
ratory and in the IRT at NASA Lewis Research Center were used as
the basis of the � lter development. The results of the data taken in
the IRT to support the developmentof the � ltering method also pro-
vided some preliminary insight into the turbulence characteristics
in the icing cloud of the IRT, and they are presented here.

Experimental Method Development
This sectionpresentsthedevelopmentof theexperimentalmethod

used to measure the turbulence level in the presence of the spray
cloud in the IRT. The � ltering technique used to remove droplet
strikes from the hot-wire signal will be described � rst. Two correc-
tions to the measured turbulence intensity levels will then be dis-
cussed, and � nally, the resulting turbulence measurement method
will be summarized.

Data Acquisition and Reduction

The hot-wire anemometry system used was a TSI Inc., IFA100.
The hot-wire probes chosen were TSI model 1210 general-purpose
probes. The 1.27-mm-long wires on these probes were platinum-
coated tungsten with diameters of 3.8 or 5.1 ¹m. The hot-wire
sensors were calibrated in a small wind tunnel at the University of
Illinois.A Pentium personalcomputerwith an A/D data-acquisition
board was used to acquire data from the anemometer. The probes
were operated in the end-� ow orientation to measure axial turbu-
lence intensity. The data were acquired at an acquisition rate of
100kHz in thedropletcloudto resolvethe spikesin the signalcaused
by droplet strikes. Through the use of signal conditioners, both dc
and high-pass-� ltered hot-wire signals were recorded to obtain the
mean and � uctuatingvelocity,respectively.For a more completede-
scription of the data acquisition methods and wind-tunnel facilities
used, see Henze.11

Prior to being converted to velocities, the hot-wire voltages were
corrected for the difference between the ambient temperature at
the time of data acquisition and the ambient temperature at which
the wire was calibrated.Velocities were then calculated from these
temperature-corrected voltages by means of a calibration polyno-
mial. The temperature-correctedvelocities were then corrected for
differences in the air density at calibrationand acquisition.The tur-
bulence intensity was then calculated. For measurements acquired
in the spray cloud of the icing wind tunnel, the droplet � lter and
corrections for the effects of the probe shield and the heated nozzle
air were applied. These corrections and � ltering technique are de-
scribed in the following sections.These data reduction methods are
also explained in detail by Henze.11

Droplet Filtering Technique

An acceleration threshold method was developed for identifying
the droplet strikes in the hot-wire data. The term threshold method
refers to removing data that exceed some preset level in a mea-
suredor derivedquantity.The followingexplanationof this � ltering
method will rely on the time traces of velocity and accelerationdata
shown in Figs. 1 and 2. The calculated velocities and accelerations
presented in these plots were not actual velocities or accelerations
when a droplet struck the wire, but were the accelerationor velocity
calculated based on the hot-wire calibration in air alone. The high
heat transfer as a result of the water leads to unrealistically large
sensed velocities and accelerations,which can be removed using a
threshold� lter.Figure1 is a 0.01-s time trace,whereasFig. 2 is a plot
of a 0.002-ssegmentof the same data.Time traces for the same con-
ditions with no water present were also plotted for comparison.The
importance of using an acceleration threshold � lter as opposed to a
velocity threshold,as noted by Farrar et al.9 in their work in bubbly

Fig. 1 Velocity and acceleration traces. (Drop size = 30 § 3 ¹m,
LWC = 1.5 § 0.15 g/m3, freestream velocity = 100 § 2.5 mph, velocity
§ 4.2 ft/s, acceleration § 3.1%, time § 0.01%.)

� ows, was apparent in these time traces. Although the larger spikes
caused by dropletswere clearly apparent in the velocity plots, some
of the smaller spikes, apparently caused by small drops or partial
droplet strikes, were dif� cult to differentiate from freestream tur-
bulence. Plotting the accelerations made even the smaller spikes
considerably more apparent, and thus, much easier to � lter using a
threshold method.

The acceleration threshold � ltering method used is illustrated in
Fig. 3. An upper and lower threshold, indicated by the two hor-
izontal lines, was set just above the maximum absolute accelera-
tion of a corresponding data set with the nozzle air operating at
the appropriate pressure, but with no water present. At 100 mph,
a threshold level of 100,000 ft/s2 was found to be appropriate for
nearly all cases. When any acceleration value exceeded the thresh-
old, it was consideredto be partof a droplet-impingement-generated
spike. That sample along with all data points 0.0001 s (10 points
in the case of data acquired at 100 kHz) before and after it were
then marked to be excluded from the turbulence intensity calcula-
tions. These additional points were removed to avoid the remaining
stumps of the droplets spikes that were noted by Hetsroni et al.7

Dotted lines were used to indicate the excluded points in Fig. 3. It
should be noted that the acceleration threshold level and number of
data points removed would likely not be appropriateat signi� cantly
higher or lower freestream velocities, or for drop sizes outside the
range tested. Only a small amount of data was acquired at other
velocities during this test. Therefore, no observations concerning
appropriate � lter settings at other conditions can be made. With the
data � lteringcomplete, the turbulenceintensitycalculationwas then
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Fig. 2 Expanded view of velocity and acceleration traces. (Drop size =
30 § 3 ¹m, LWC = 1.5 § 0.15 g/m3 , freestream velocity = 100 § 2.5
mph, velocity § 4.2 ft/s, acceleration § 3.1%, time § 0.01%.)

performed on the remainingdata. It can also be seen in this plot that
some small spikes, apparently indicating small droplet impacts or
partial impacts, fell below the thresholdand were not � ltered. How-
ever, in general, the acceleration peaks caused by the droplets were
much larger than those caused by turbulent � uctuations in the air.
As an indication that this was the case, for the data from which the
time traces in Figs. 1 and 2 were extracted, the magnitude of the
maximum acceleration in the no-water case was 8.06 £ 104 ft/s2 . In
comparison, the maximum sensed acceleration in the water-on case
was much higher at almost 1 £ 107 ft/s2 .

There was some initial concern that setting such a threshold
would essentially set the turbulence intensity by removing not only
droplet strikes but any additional � uctuations caused by the injec-
tion and presence of the water droplets in the airstream that were
not a result of the water striking the wire. However, while the max-
imum accelerationin the water-off data plotted in Figs. 1 and 2 was
80,600ft/s2 , applyinga thresholdlevelas low as 50,000ft/s2 to these
data only removed 0.617% of the data, reducing the turbulence in-
tensity from 0.663 to 0.662%. This indicated that the majority of the
accelerationsin the water-off data were actually considerablylower
than the maximum acceleration, and thus, considerably lower than
the threshold level. Assuming that any � ow accelerations caused
by the spray cloud that were not caused by droplets striking the
wire were on the order of the accelerations in the water-off data,
then the majority of those accelerations were also well below the
threshold.

Figure 4 shows the results of applying the � ltering technique to
the same data set from which the previous time traces (Figs. 1–3)

Fig. 3 Droplet threshold � lter example. (Drop size = 30 § 3 ¹m,
LWC = 1.5 § 0.15 g/m3 , freestream velocity = 100 § 2.5 mph, acceler-
ation § 3.1%, time § 0.01%.)

Fig. 4 Turbulence intensity and percent data removed as a function
of acceleration threshold value. (Drop size = 30 § 3 ¹m, LWC =
1.5 § 0.15 g/m3 , freestream velocity = 100 § 2.5 mph, turbulence in-
tensity § 0.04.)

were extracted. (The turbulence data are uncorrected for heated air
and model interferenceeffects to be discussedlater.) The turbulence
intensity as a function of the acceleration � lter setting is depicted
along with the percent of the data removed by the � ltering process.
The turbulence intensity level for the water-off data is also shown
for reference. Note that water-off means the nozzle water pressure
was zero and the nozzleair remainedat the level requiredto produce
the desired cloud properties for that water-on test condition.

The turbulence intensity level was observed to approach that of
the correspondingwater-off case as the � lter setting was decreased.
The maximum accelerationof the water-off data was 8.06 £ 104 for
this case. At this acceleration� lter setting the value of the water-on
turbulenceintensitywas 0.073%greater than the water-offvalue.At
an acceleration� lter settingof 5 £ 104 the increaseabove the water-
off data was only 0.031%. The amount of data removed from the
water-on data set in Fig. 4, »77% at a � lter setting of 100,000 ft/s2,
was quite large. This indicates that the number of detected water
strikes was very high for these conditions.However, with the model
shield present, applying the � lter to data sets where the LWC was
lower resulted in far less data being removed.

The � lter resultsshownin Fig. 5 are for the same tunnelconditions
as Fig. 4, except that the liquid water content (LWC) was 0.9 g/m3
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Fig. 5 Turbulence intensity and percent data removed as a function
of acceleration threshold value. (Drop size = 30 § 3 ¹m, LWC =
0.9 § 0.15 g/m3, freestream velocity = 100 § 2.5 mph, turbulence in-
tensity § 0.04.)

instead of 1.5 g/m3. In this case a � lter setting of 100,000 ft/s2 re-
moved only about12% of the data, and the water-on turbulencelevel
asymptotically approached 0.594%, a value slightly larger than the
value of 0.555% with no water present. Based on extensive � lter
setting studies similar to that depicted in Figs. 4 and 5, � lter settings
near the maximum water-off acceleration level provided consistent
and defendable results. Therefore, a value of 1 £ 105 , representa-
tive of the range of maximum water-off accelerations measured,
was chosen as the � lter setting for all turbulence data acquired at
100 mph.

Hot-Wire Shielding

In an attempt to shield the hot-wire sensor from the majority of
the droplets in the � ow, the sensor was placed between the boundary
layer and the trajectoriesof the larger droplets passingabove an air-
foil at an angleof attackas illustratedin Fig. 6. While the majorityof
the data taken in the IRT were acquiredat temperaturesabove freez-
ing to prevent ice accretion,a small amount of data was acquired in
icingconditions.The ice accretionon the probesupportduring these
tests (Fig. 7) revealed that a majority of the water mass in the cloud
was indeed being de� ected away from the probe by the model. The
measured rms level of the hot-wire signal was seen to decreasewith
increasing angle of attack, also indicating that the model was serv-
ing to shield the sensor.However, after furtheranalysis, it was found
that while the large droplets in the cloud were being de� ected away
from the probe, small dropletswere still striking the sensor. Droplet
trajectory calculationsat ® D 8 deg and V1 D 100 mph showed that
droplets below 12 ¹m in diameter could potentially strike the sen-
sor located 1.5 in. above the model surface. However, because the
smaller droplets are orders of magnitude greater in number than the
de� ected largedroplets, the actualnumberof droplet strikeswas not
appreciablyreducedby the use of the model shield.The fact that the
shield reduced the ice accretion at the probe location will be valu-
able if these measurement techniques are used in icing conditions,
either in � ight or in the wind tunnel.

Because the data presented in this paper were acquired using
the airfoil shield technique, a means for correcting the data for the
airfoil-generatedturbulence sensed by the probe was developed.To
acquire the needed data, a wind-tunnel test was conducted at the
University of Illinois Subsonic Aerodynamics Laboratory. Turbu-
lence intensity measurements were taken with the probe at varying
distances from the model surface, with the model at varying angles
of attack.Turbulence intensityvalues owing to different sources can
be combined as shown in Eq. (1)12:

TI D TI 2
1 C TI 2

2 C TI 2
3 C ¢ ¢ ¢ (1)

Fig. 6 Use of an airfoil to shield the hot-wire sensor.

Fig. 7 Ice accretion on the hot-wire mounting support. (Freestream
velocity = 100 § 2.5mph,LWC = 0.7 § 0.07g/m3, dropsize = 20 § 0.02
¹m, total temperature = 25 § 2±F.)

In Eq. (1), TI is the total measured turbulence level, and TI1, TI2,
etc., are the turbulence levels from various sources. For the tests
performed in the IRT, the probe was positioned 1.5 in. from the
model surfacewith the model at 8-degangleof attack.UsingEq. (1),
and the data from the University of Illinois at Urbana–Champaign
tests at these conditions, the average turbulence resulting from the
presence of the model was found to be 0.18%. This value was used
to correct the turbulence intensity measurements presented. Note
that this correction is only valid at 100 mph with the probe location
and model angle of attack used for these tests.

Effects of Heated Nozzle Air

The air exiting the IRT spray nozzles is heated to »180±F to
prevent ice from forming in the nozzles. As noted by Poinsatte,2 it
is likely that this hot air was causing high-frequency temperature
� uctuations that were being misinterpreted as velocity � uctuations
and thus contributed to the measured turbulence intensity values in
his data.

To examineandquantifythis effect, identicalturbulencemeasure-
ments were taken at varying nozzle air pressures with and without
the nozzle air heated and with no water cloud present. As expected,
the heating of the nozzle air did cause an increase in the measured
turbulence intensities.Larger turbulencevalues at higher nozzle air
pressures indicated that as more heated air was introduced into the
freestream � ow by the nozzles, the temperature � uctuations seen
in the test section increased. Based on Eq. (1), the errors in the
turbulence intensity caused by the temperature � uctuations were
calculated.The turbulence intensity contributionresulting from the
heated nozzle air ranged from 0.2% at 10 psig nozzle air to almost
0.4% at 80 psig, and correspondedto temperature � uctuationrms of
»0.3±C. This apparent turbulence intensity caused by temperature
� uctuations was � t by a polynomial in nozzle air pressure (psig)
with a correlation coef� cient, R2 D 0:97:

TIheat D 1:55 £ 10¡6 ¢ P3
air ¡ 2:86 £ 10¡4 ¢ P2

air C 1:78 £ 10¡2 ¢ Pair

(2)
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The results of the measurements taken in the IRT were corrected
using this equation. Note that Eq. (2) is only valid at 100 mph and
the 180±F nozzle air temperature tested. It is also quite likely that
these temperature � uctuations are spatially dependent on location
relative to a nozzle. This spatial variation was not studied in this
test.

Summary of Turbulence Measurement Technique

To calculatea turbulenceintensityvalue from the velocitydata ac-
quired using the hot-wire sensor, the droplet strike signals were � rst
removed from the corrected velocity data using the threshold � lter.
The total turbulenceintensitywas found by calculating the standard
deviationof the remainingvelocitymeasurements,normalizing that
value by the mean velocity, and multiplying by 100 to express the
turbulenceintensity as a percent. The effect of the heated nozzle air
was then calculatedusing Eq. (2). This value along with the correc-
tion for the presence of the airfoil shield were then subtracted from
the total turbulence value by arranging Eq. (1) as shown in Eq. (3):

TI� nal D TI 2
total ¡ TI 2

heat ¡ TI 2
shield (3)

In this equation, TI� nal is the resulting turbulence level, TItotal is the
total value calculatedfrom the measuredvelocities,TIheat is the con-
tribution because of heated nozzle air, and TIshield is the turbulence
resulting from the presence of the model shield.

IRT Turbulence Variations Caused
by Cloud Conditions

While theprimarypurposeof the icing researchtunneltestswas to
support the developmentof the droplet � ltering techniquedescribed
earlier, some observationsconcerning the turbulenceintensity level
in the spray cloud were made. Speci� cally, the effects of nozzle air
and water pressure, and the resulting droplet size and liquid water
content were investigated, and those results are presented here.

The effect of the variationof nozzleair pressureon the tunnel tur-
bulence intensity level was examined by acquiring data at varying
nozzle air pressureswith no water present. For thesemeasurements,
the model was set at 0-deg angle of attack, and the probe was 6 in.
from the model surface; therefore,no correction for the presence of
the model was needed.The data were correctedfor theheatednozzle
air. The results of the tests are shown in Fig. 8. Overall, these water-
off turbulence measurements agreed reasonably well with those of
other researchers. Poinsatte2 found turbulence levels of 0.6, 0.52,
and 0.7% at velocities of 70, 140, and 210 mph, respectively, with
no nozzle air pressure. Gonsalez and Arrington1 measured turbu-

Fig. 8 Turbulence intensityvs nozzle airpressure with zero waterpres-
sure at 100 § 2.5 mph. (Freestream velocity = 100 § 2.5 mph, turbu-
lence intensity § 0.04, pressure § 1%.)

lence intensity in the IRT, including the spatial variation in the test
section. At 100 mph he reported 0.4–1.0% with no nozzle air and
1.0–1.5% with the nozzle air operating at 80 psig. It was apparent
that increasing nozzle air pressure caused a signi� cant increase in
the tunnel freestream turbulence level. This was not surprising, as
the air from the nozzles entered the freestream with a considerable
cross� ow component.

The effect of nozzle water pressure on turbulence level was ex-
ploredby taking measurementsat varyingnozzlewater and air pres-
sures. The model shield was used in acquiring the data presented
here; therefore, the turbulence levels have been corrected for the
presence of the model as well as the effects of the heated nozzle
air. Analysis of the data was performed using multiple regression
analysis to quantifythe dependenceof turbulencelevel on nozzleair
and water pressure. The analysis resulted in the following equation
for the turbulenceintensity (%) as a functionof nozzle air and water
pressure (psig):

TI D 0:464 C 0:00493Pair C 0:000110Pwater (4)

The coef� cient on the air-pressure term in Eq. (4) is over 44 times
that of the water-pressure term, again indicating that turbulence in-
tensity is largely a function of air pressure. For the mod-1 nozzles
used in the IRT, a typical cloud of 25-¹m droplets requires a nozzle
air pressure of 30 psig, and a nozzle water pressure of »110 psig.
At these nozzle pressuresand 100 mph, based on Eq. (4), the nozzle
air pressure contributes 0.15% to the turbulence level, whereas the
nozzle water pressure only results in an increase of 0.012%. The
correlation coef� cient R2 was 0.83, indicating that Eq. (4) does an
excellent job of predicting the turbulence intensity values. If LWC
and droplet size were also included as independent variables, no
improvement in the regression equation was seen. Assuming that
turbulence intensity was a function of LWC and drop size alone
produced a poor prediction with a correlation coef� cient of only
0.346. This analysis clearly indicates that turbulenceintensity is de-
pendenton nozzle air pressure,and to a lesser extent,water pressure
with no signi� cant contributions from LWC and droplet size. Note
that Eq. (4) is not intended to be a calibration of the turbulence in-
tensity in the IRT, as data were only acquired at one velocity. It is
presented only to demonstrate the relative effects of nozzle air and
water pressure on the turbulence level in the spray.

Lines of turbulenceintensityvs nozzleair pressurefrom the linear
regression were plotted in Fig. 9 along with the experimental data

Fig. 9 Turbulence intensity vs nozzle air pressure for a range of water
pressures. (Freestream velocity = 100 § 2.5 mph, turbulence intensity
§ 0.04, air pressure § 1%, water pressure § 0.05%.)
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Fig. 10 Turbulence intensity vs LWC for a range of droplet sizes.
(Freestream velocity = 100 § 2.5 mph, turbulence intensity § 0.04,
LWC § 10%, drop size § 10%.)

used in the regression.The data havebeen corrected for the presence
of the model as well as the effects of the heated nozzle air. The data
contain water pressures from 0 to 282.6 psig, and the curve � t of
Eq. (4)was shownforwaterpressuresof 0 and 300psig.The focusof
this study was the developmentof the techniqueand not the detailed
documentationof the water-on turbulence level and � ow quality in
the icing tunnel.As a result, suf� cient data were not alwaysavailable
to reduce the uncertainty in the measured turbulence, so that the
regressionanalysis was used to establish the important in� uence of
air and water pressure. It was clear from Fig. 9 and Eq. (4) that icing
tunnel turbulence was predominantly controlled by the nozzle air
pressure and that water pressure was a small effect.

During testing in the IRT and other icing wind tunnels, speci� c
LWC and droplet size conditions are set using the nozzle air and
water pressures. Therefore, it is possible that trends observed in
tunnel-test results,where droplet size and LWC are varied, could be
affectedby variations in turbulenceintensity becauseof the varying
nozzle air and water pressures required to produce these LWC and
droplet size changes. Turbulence intensity data are plotted vs LWC
and grouped into three droplet size ranges on Fig. 10. These results
were corrected for heated air and model shield effects. The lines
on this curve were based on the air and water pressures from the
IRT nozzle calibration13 required to produce a given droplet size
and LWC. Then the multiple regression of Eq. (4) was used to de-
termine the tunnel turbulenceat these conditions.The general trend
that emerged was an increase in turbulence intensity as droplet size
decreased and LWC increased. The experimental values are seen
to be well predicted by the empirically derived lines. These trends
agreed with earlier observationsbecause an increase in air pressure
causesa decreasein dropletsize. Also, as water pressureis increased
to increase LWC, nozzle air pressuremust also increase to maintain
a givendroplet size. Based on this, it was apparent that the increased
turbulencewas primarily a result of higher nozzle air pressures that
generate higher LWCs and lower droplet sizes.

Summary and Conclusions
The turbulence level in icing wind tunnels is inherently high

because of a lack of � ow straighteners and turbulence reduction
screens, and the presence of the spray bar system. It is reasonable
to assume that this increased turbulence intensity has affected the

results of tests performed in icing tunnels, although to what extent
is unknown. Documentationof the turbulence level in wind tunnels
and natural icing clouds is needed to address this problem.However,
the presence of the water droplets complicates making such mea-
surements by using thermal anemometry, the most common method
of measuring turbulence intensity. In this paper, a method has been
presented that uses an acceleration threshold � lter to successfully
remove the in� uence of the droplets from the hot-wire anemometer
data.

From this study the following conclusions can be drawn:
1) A hot-wire probe with a digital acceleration � lter can be suc-

cessfully used to measure the turbulence level in an icing tunnel
with the water spray on.

2) The airfoil shield reduced the mass of water at the hot-wire
sensor location by de� ecting the large droplets. If such shielding is
used, a small correction in the measured turbulence intensity must
be applied because of the airfoil-generatedturbulence.

3) The heated nozzle air used to prevent ice formation in the noz-
zles caused temperature � uctuations that were falsely interpretedas
velocity � uctuations.Turbulence data must be corrected to account
for this effect unless measurements can be made with the nozzle air
at the freestream temperature.

4) At a given velocity, the measured turbulence intensity in the
icing-tunnelspray cloud was primarily a functionof nozzle air pres-
sure.Nozzle water pressurehad only a small effect on the turbulence
level. Changes in turbulence level caused by LWC and droplet size
can be explained in terms of the nozzle air pressure. Turbulence
measured in the icing cloud was consistently slightly higher than
that measured with no water present at the same nozzle air pressure.
However, it is not clear at this time whether this is a result of the
presence of the droplets, or a result of small droplets striking the
wire that are not properly removed by the threshold � lter.

A more thorough study of the turbulence level in the IRT and
other icing tunnels needs to be performed using techniques simi-
lar to those outlined here. These techniques may also be useful in
measuring the turbulencelevels in natural icing clouds during � ight
tests.Once turbulencelevels in icing tunnelsandnaturalicingclouds
are known, progress can be made in understandingthe in� uence of
tunnel turbulenceon the ability of the tunnel to simulate the natural
icing environment.
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