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Abstract

The results of the December 2013 to February 2014 Icing Research Tunnel full icing cloud calibration
are presented. The calibration steps included establishing a uniform cloud and conducting drop size and
liquid water content calibrations. The goal of the calibration was to develop a uniform cloud, and to
generate a transfer function from the inputs of air speed, spray bar atomizing air pressure and water
pressure to the outputs of median volumetric drop diameter and liquid water content. This was done for
both 14 CFR Parts 25 and 29, Appendix C (‘typical’ icing) and soon-to-be released Appendix O
(supercooled large drop) conditions.

CDP
CIP
DeltaP
DvO0.##
FZDZ
FZRA
LWC
MVD
OAP-230X
Pair
Pwat
SLD
TWC
VvV

um

Nomenclature

Cloud Droplet Probe, drop sizer, 2 to 50 um

Cloud Imaging Probe, drop sizer, 15 to 930 um

Spray nozzle Pwat - Pair (psid)

drop diameter at which ##% of the total volume of water is contained in smaller drops
Freezing Drizzle

Freezing Rain

Liquid Water Content (g/m’)

Median Volumetric Diameter (um)

Optical Array Probe, drop sizer, 15 to 450 um

Spray nozzle atomizing air pressure (psig)

Spray nozzle water pressure (psig)

Supercooled large drops

Total Water Content (g/m”)

Calibrated true air speed (velocity) in the test section (kn)
micrometer
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Introduction

A calibration of the NASA Glenn Research Center Icing Research Tunnel (IRT) was performed
between December 2013 and February 2014. The first step in this calibration process was to complete
water flow coefficient tests of new spray nozzles. Once new nozzles were chosen, cloud calibration
commenced with establishing a uniform cloud and calibrating the drop size and liquid water content.
Transfer functions were developed to relate the inputs of air speed, spray bar atomizing air pressure and
water pressure to the outputs of median volumetric drop diameter and liquid water content. This was done
for both 14 CFR Parts 25 and 29, Appendix C (Refs. 1 and 2) (‘typical’ icing) and soon-to-be released
Appendix O (supercooled large drop) conditions. The previous cloud calibration report was released in
2012, following the 2011 IRT heat exchanger and refrigeration plant upgrades (Ref. 3).

Facility Description

The IRT is a closed-loop refrigerated wind tunnel that simulates flight through an icing cloud. A plan
view of the facility is shown Figure 1. A 5000-hp electric motor drives the 24-ft fan made of wood from
Sitka spruce. The calibrated speed range in the test section ranges from 50 to 325 kn. The fan drives air
through expanding turning vanes in “C-Corner”, and into the face of the staggered heat exchanger. There,
the air gets chilled/warmed within a temperature range of 20 °C total to —40 °C static. Twenty-four RTDs
distributed on the D-Corner contracting turning vanes measure the total temperature. Several are visible in
the inset picture. The heat exchanger is 26 ft high and 50 ft wide.

Downstream of the D-Corner contracting turning vanes are 10 rows of spray bars with two different
air-atomizing nozzle types: Mod1 (lower water flow rates) and Standard (higher water flow rates). Each
bar has 55 nozzle positions that contain either a Mod1 nozzle, a Standard nozzle or a plug. Each nozzle
location is fed from two water manifolds through remotely controlled solenoid valves. It is possible to
turn on only the Mod1 nozzles, only the Standard nozzles or both (with the same air pressure). The struts
mounted vertically between spraybars that were required to help mix the cloud in 2006 are still necessary
(Ref. 4).

The contraction area ratio into the test section is 14:1. The test section itself is 20-ft long by 6-ft high
by 9-ft wide. The center of the test section is 44 ft from the spraybars. From the test section, the cloud
flows into the diffuser toward A-Corner, and on around into B-Corner and into the fan.

Facility Change Notes

In preparation for the new icing cloud calibration, the Mod1 nozzle water tubes were replaced with
new versions. A test stand was developed to perform water flow coefficient calibrations so that the new
tubes could be tested and a set of nozzles could be selected with closely matching flow coefficients.

A set of nozzles with flow coefficients within 3 percent of the average were installed and used for this
calibration effort. The plan had also been to replace the Standard nozzle water tubes as well. However, the
flow coefficients for the new batch of Standard tubes were found to be 20 percent higher than the
previous set. This would have increased the operating envelope gap between the Mod1 and Standard
nozzles. The Standard tubes therefore were not replaced.

Icing Cloud Uniformity

Before the cloud characteristics of MVD and LWC can be determined, a uniform cloud must be
established. This is determined by identifying which of the 550 possible nozzle locations should spray
Mod1, which should spray Standard nozzles, and which should be plugged.
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The diagnostic device is a 6x6 ft grid. This grid extends floor to ceiling, and covers the central 6-ft of
the 9-ft span. The grid mesh is 6x6 in. Mesh elements are 2-in. deep with a flat 1/8-in. face for ice
accretion. Digital calipers are used to measure the ice thickness accreted at the center mesh point of the
vertical elements. An image of a technician measuring ice on the grid is shown in Figure 2.

The first step in developing a uniform cloud is to establish a nozzle transfer map. Single rows (i.e.,
spray bars) and columns of nozzles are sprayed to observe where ice accretes on the grid. This transfer
map aids in the optimization of nozzle locations to produce a uniform cloud, and in the identification of
problematic nozzles during routine testing.

To start the uniformity calibration, the previous January 2012 Standard nozzle pattern was loaded
(Ref. 3), and still exhibited good uniformity over all airspeeds and drop sizes. A representative Standard
nozzle uniformity pattern is shown in Figure 3; the legend indicates a ratio of the local LWC measured on
the grid compared to the average of the central twelve values. The light green color shows most of the
map is within £10 percent.

The Mod1 nozzles were installed in a somewhat uniform pattern. Nozzles positions and number of
nozzles were adjusted until a uniform icing cloud was developed on the icing grid. Since the majority of
the IRT’s models are airfoils mounted vertically and centered in the test section, greater care was taken to
make the spanwise central —12 to 12 in. as uniform as possible. The Mod1 pattern was finalized with
88 spraying nozzles and 2 air-only nozzles. The LWC uniformity plots are shown in Figure 4 for four
airspeeds at a drop size of 20 pum. Similar, but not shown, are the uniformity plots as a function of MVD.
These can be made available to customers upon request.

Uniformity for a large drop case, MVD = 138 um, is shown in Figure 5. Clearly, the vertical extent of
the cloud is smaller than those in Figure 4, but the large drop uniformity is significantly improved over
previous calibrations.

Drop Size Calibration

Drop Size Data Acquisition

In order to measure a complete drop size distribution, three instruments are sometimes needed. For
the January 2014 drop-size calibration, these were the Cloud Droplet Probe, CDP (2 to 50 um), Optical
Array Probe, OAP-230X (15 to 450 pm) and Cloud Imaging Probe—Grayscale, CIP-GS or simply CIP in
this document (15 to 930 pwm). The IRT’s OAP-230Y for the 50 to 1500 um range was not functional at
the time of testing. Figure 6 shows these probes mounted in the IRT test section. The OAP-230X was
made by the Particle Measurement Systems, Inc. and is no longer being manufactured. The CDP and CIP
were made by Droplet Measurement Technologies, Inc. (Boulder, CO). Through extensive testing in the
IRT, it has been found that both these probes require considerable tuning to obtain reasonable data.

The CDP measures drop sizes between 2 to 50 um in diameter using the Mie-scattering theory for
forward-scattered light intensity. When a drop passes through the beam path of the CDP laser, it scatters
light in all directions, and the forward-scattered light intensity is recorded by the probe and used to sort
the drop size into one of 30 size bins. Since the CDP measures the smallest drop sizes of the three probes
and since all spray conditions in the IRT contain small drops, data from the CDP is collected and used for
the full range of spray conditions. Spray conditions ranged over the following: air pressures, Pair = 10 to
60 psig; delta pressures (water pressure minus air pressure), DeltaP = 5 to 250 psid for the Mod1 nozzles
or 5 to 150 psid for the Standard nozzles.

Both the OAP-230X and the CIP measure drop size using a shadowing technique. Both probes have
an array of photodiodes that are illuminated by a collimated laser beam. When a drop passes through the
laser beam, the diodes that are shadowed to a certain threshold define the drop size. Data were taken with
the OAP-230X for all spray conditions that produce a median volumetric diameter (MVD) greater than
18 um. For this test, CIP usage was limited to larger drop conditions, Pair < 8 psig.
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Data Processing of Drop Size Distributions

An example drop size distribution is shown in Figure 7. The number density is the number of drops
that are recorded in each bin normalized by its sample volume for that drop size and the bin width. The
squares show the size distribution as measured by the CDP, and the triangles show the size distribution as
measured by the OAP-230X. Note that the first three bins of the OAP-230X (the solid-black triangles)
overlap with the CDP; these three OAP bins are not used in the drop size calculations.

The MVD is used to characterize the drop size distribution. This is the value at which half of the
water volume is contained in smaller (or larger) drops; MVD is also referred to as Dv0.5.
Correspondingly, Dv0.9 is the diameter at which 90 percent of the volume is contained in smaller drops.
Normalized cumulative volume distributions for the IRT are shown in Figure 8. Bin volumes are plotted
cumulatively, such that each data point represents the amount of water contained in all smaller diameters,
normalized by the total volume contained in all bins. Figure 8(a) shows cumulative volume distributions
for MVD values less than or equal to 50 um and Figure 8(b) shows cumulative volume distributions for
MVD greater than 50 pm.

Drop Size Equations

The MVD curve fit equations were determined by inputting the measured Pair, DeltaP and MVD into
the curve fit generator TableCurve (Systat Software Inc.). The equations that were generated, while quite
complex, fit the majority of the data within 10 percent, which is the typical target for the IRT. Different
curve fits were generated for the Standard and Mod1 nozzles.

The Standard MVD curve fit equation is,

a+b*(Pair)+c* (Pair)2 +d *In(DeltaP)

MY Dsandara = 1+ e *(Pair) + f * (Pair)2 +g* (Pair)3 +h*In(DeltaP) M
where a=19.034,b=0.0927, ¢ = 0.00150, d = -3.945, e = 0.0474, f = -0.000669, g = 0.00000497,
) }?12 ?\?fodl MVD curve fit equation is
MVDyoq; = a + b *(Pair)° + d * (DeltaP)° + f * (Pair)° * (DeltaP)° 2)

where a=12.178,b=267.014,c =-2.184,d=0.00112, e = 1.362, £ =22.742.

Figure 9 and Figure 10 summarize these MVD curve fits for Standard and Mod1 nozzles,
respectively. In Figure 9(a) and Figure 10(a), the curve fit lines are plotted as a function of DeltaP for
each calibrated Pair line. Measured MVDs are plotted against the respective curve fits for two Pair lines
in each plot. Figure 9(b) and Figure 10(b) show how the curve fit values from the above equations
compare to the measured values for all Standard and Mod1 conditions. The 1:1 line, as well as
10 percent lines are shown for reference. These plots show that the curve fits for the vast majority of the
data points are within the IRT’s typical targeted accuracy of 10 percent.

SLD in the IRT

A significant, current question is the IRT’s ability to produce supercooled large drops or SLD. Larger
drops are achievable by reducing the spray nozzle atomizing air pressure so there is less break up of the
water stream. Operating the Mod1 nozzles between 2 < Pair < 8 psig is referred to as “SLD” conditions in
the IRT. To be clear, this short-hand phrase is mostly, but not fully technically accurate.

These SLD conditions were measured with the CDP and both the OAP-230X and CIP. Since the
OAP-230X cannot measure drops larger than 450 um, for the IRT nozzles its effective MVD limit is
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175 um. Previously, the CIP had been able to extend the range and returned values very similar to the
OAP-230Y-combined distributions. During this calibration, however, there was a significant problem
with the larger drops splashing or running off the CIP probe tips into the measurement volume. Until
these difficulties can be overcome, the calibrated MVD range is limited to 175 pum. The MVD reported is
the average of the CDP + OAP-230X and CDP + CIP that agreed within 10 percent. Note that the IRT has
not lost the ability to produce its largest MVDs (historically up to 230 um), only the ability to accurately
characterize their diameter.

The measured Pair, DeltaP and averaged MVD values were put into the curve fit generator
TableCurve (Systat Software Inc.). The SLD MVD (Modl, 2 < Pair < 8 psig) curve fit equation is

MVDgp =a+ L + ¢ * DeltaP + +e* (DeltaP)2 +f* Delt.aP
Pair Pair Pair

A3)
where a = 6.5846, b =-92.6377, ¢ =-1.7970, d = 341.4440, ¢ = 0.007341, and f=23.2670.

Figure 11 summarizes the MVD curve fits for the SLD operating range. Figure 11(a) shows the curve
fit lines as a function of DeltaP for each Pair line. Each of the measured MVDs are also plotted against
their respective curve fits for all Pair lines. Figure 11(b) shows the MVD goodness of fit, plotting how the
curve fit values (per Eq. (3)) compare to the measured MVD. The 1:1 line, as well as 10 percent lines
are shown for reference. These plots show that the curve fit for these data points is well within the IRT’s
typical targeted accuracy of 20 percent for SLD conditions.

With the difficulty in measuring the largest MVDs, comparisons of the IRT distributions to the FAA
Appendix O (Ref. 5) requirements are limited to freezing drizzle (FZDZ) conditions. These are seen in
Figure 12 for FZDZ, MVD < 40 um and FZDZ, MVD > 40 um. IRT distributions are selected that match
the MVD (Dv0.5), or Dv0.98. Matching Dv0.9 (or similarly, Dv0.95 or Dv0.98) rather than the MVD
would better assure that the effects of the larger drops in the distribution are captured.

Also recognize that FZDZ, MVD < 40 pum conditions can be met with the more normal operation of
Pair > 10 psig for the Mod1 nozzles. This is due to the fact that the IRT nozzles have long “tails”; that is,
the largest drops produced for a spray condition are typically three to six times the MVD value.

Another concern with producing large drops in any facility is the ability to supercool them. A
numerical and experimental study was conducted for and in the IRT (Ref. 6). Though the number of cases
was limited, it found that 160 um MVD drops (max drop size approximately 400 um) at V = 195 mph
were 1.9 F warmer than the static air temperature in the test section. As drop size increases, it can be
expected that the difference between the drop temperature and the static air temperature will increase.

Liquid Water Content Calibration
Liquid Water Content Data Acquisition

A multi-wire instrument manufactured by Science Engineering Associates’s (SEA; Mansfield
Hollow, CT) was used to generate the liquid water content calibration (LWC). A picture of this
instrument is shown in Figure 13. There are four elements within the anti-iced probe head. The three
vertical elements (perpendicular to the flow) are a 0.5-mm wire, 2-mm cylindrical tube, and a 2-mm half-
pipe element. The wire and cylindrical tube primarily measure LWC while the half pipe captures both
LWC and ice particles (if present). The half-pipe measurement is therefore called total water content
(TWC). The fourth element is a compensation wire which is placed behind the center element and parallel
to the flow. It is designed to stay dry so that it tracks air temperature, air pressure and airspeed effects
only. The four heated elements are held at a constant temperature of 140 °C. The power required to
maintain this temperature is proportional to the amount of water each element must evaporate. SEA
defines the LWC calculation as (Ref. 7):
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LWC (i _ Cc* Psense,wet (4)
3
m [Levap + (Tevap - Tamb )] A Lsense * Wsense

where C = 2.389%10° » Poense.wet = Piense total = Peomp = Wet power (W) measured by the sense element,

Levap = latent heat of evaporation (cal/g), Tevsp = evaporative temperature (C), T,mp = ambient static
temperature (C), Lgense and Wiense = length and width respectively of the sense element (mm) and

V = true airspeed (m/s). Pgense otal 15 the total power measured by the element, P.omp 1s the power measured
by the compensation element.

The half-pipe is the primary sensor used in the IRT for LWC measurements. A collection efficiency
correction for this element was determined and applied for analysis. The collection efficiency is a
function of airspeed, drop size and geometry. For this design, Eb was calculated by the FWG two-
dimensional particle trajectory code (Ref. 8).

Liquid Water Content Equations

The data from the multi-wire were compiled to build the LWC curve fits, correlating liquid water
content to Pair, DeltaP, and V. As described in the 2006 IRT calibration report (Ref. 4), the liquid water
content calibration is a function of the form:

+/ DeltaP

LWC = K(V, Pair)* — )

where K is a function of velocity and Pair. The first step of fitting the LWC curve is to determine the
function K for both parameters, “Kv” and “Ka”. To do this, measurements were made from V = 50 to
325 kn while Pair and DeltaP (and MVD) are held constant, defining Kv. Ka is defined by holding
velocity and MVD constant while making measurements from Pair = 10 to 60 psig. K is calculated for
each of these measured values based on the above relationship: K = LWC * V/+/DeltaP. Figure 14 shows
the linear relationships that were found when K was correlated to velocity and Pair for both Mod1 and
Standard nozzles. These linear fits are combined to determine the planar function K. An additional
correction factor was added after it became apparent that even with this curve fit optimized, there was a
clear correlation of LWC to MVD for both the Mod1 and Standard nozzle sets. From this, the expected
curve is of the following form:

LWCpod1 =(a*V+b*Pair+c)*( (6)

MVD)e . ¥ DeltaP

d v

where a is the slope of the Kv versus V line, b is the slope of the Ka v Pair line, d is a basis MVD and ¢
and e are constants.

A MATLAB code was written that would optimize a curve fit in this specific format. For the Mod1
nozzles, the curve fit predicted the measured values within £10 percent, as shown in Figure 15(a). The
LWC curve fit equation for Mod1 nozzles in Appendix C conditions follows the above form, with
a=0.02989, b =-0.050414, ¢ =9.519,d =21.6256, e = 0.18306.
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The Standard LWC curve fit is similar, but with a DeltaP correction that was found to improve the fit
of the curve. The LWC curve fit for Standard nozzles is

LWCsndard = (@ * V + b * Pair + ¢ )* ( (7

MVDT . VDeltaP — 1

d v

where a=0.156, b=-0.25,c =44, d =22, e = 0.17. The goodness of fit for this equation is shown in
Figure 15(b), which plots the predicted curve fit values against the measured values.

The LWC curve fit equations for SLD conditions (Mod1, 2 < Pair < 8 psig) were determined by
inputting the measured Pair, DeltaP and LWC into the curve fit generator TableCurve (Systat Software
Inc.). Because of the parameter limitations of the software, one curve was created for the basis velocity
value, and then a velocity correction was applied so the equation would account for the velocity
dependency of LWC.

The LWC curve fit for SLD conditions is

LWCsp = [a + L + ¢ * DeltaP + s+e* DeltaP? +f * Delt‘aP +8 3
Pair Pair Pair  Pair ®
2 m
4 e DeltaP” ., DeltaP |, (V
Pair Pair? k

where a=0.1871, b =-0.2469, ¢ = 0.00173, d =-0.0396, ¢ = 0.000107, £ = 0.1058, g = 0.6597,
h=-0.000713, i =-0.0830, k = 148, and m =—0.75. The goodness of fit for this equation is shown in
Figure 15(c), which plots the predicted curve fit values against the measured values.

Figure 15 shows that the curve fits agree with the majority of the data within 10 percent, even for
SLD conditions, which have a target accuracy of 20 percent.

Icing Cloud Operating Ranges

The IRT’s icing envelopes for both the Mod1 and Standard nozzles are compared to the FAA
Appendix C icing criteria in Figure 16. The airspeed of 225 kn is selected. At lower air speeds, the curves
shift up to higher LWC, at higher air speeds they shift down. While the commonly requested data points
MVD =20 pm, LWC = 0.5 and 1 g/m’ are easily achieved, another requested point, MVD = 40 um,
LWC = 0.07 g/m’ will likely never be achieved with the current nozzle design. The operating envelopes
for the SLD conditions of Mod]1 at 2 < Pair <8 psig are shown in Figure 17. The maximum and minimum
calibrated velocities are plotted. Also indicated are the range of temperature-dependent maximum LWC
values for each freezing drizzle environmental condition of Appendix O (per Fig. 1 in Ref. 9).

Conclusion

The procedures and results of the full cloud calibration that was conducted in NASA Glenn’s Icing
Research Tunnel from December 2013 to February 2014 have been described. The calibration followed
the installation of a new set of Mod1 nozzles that had a tighter range of water flow coefficients.

Uniform icing clouds were established with both the Standard and Mod1 nozzles. The MVD and
LWC curve fits for both the Standard and Mod1 nozzle sets are within the £10 percent targets. For SLD
conditions, the calibrated MVD range is limited to 175 pm, until such time that the difficulties in
measuring the largest drops the IRT can produce can be overcome. The SLD MVD and LWC curve fits
were well within the +20 percent targets, coming in around +10 percent.
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V = (a) 100 kn, (b) 150 kn, (c) 200 kn, (d) 250 kn (Axes same as Figure 3).
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Figure 5.—LWC uniformity contour plot for an SLD case, V = 150 kn,
MVD = 138 pum, Pair = 3 psig. (Axes same as Figure 3).

(b) (c)
Figure 6.—Images of drop-sizing probes used for calibration in the IRT: (a) Cloud Droplet Probe (CDP),
(b) Optical Array Probe (OAP-230X), (c) Cloud Imaging Probe-Grayscale (CIP-GS).
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Figure 7.—Drop size distribution presented as number density
versus drop diameter, measured by the CDP + OAP-230X,
MVD = 25 pum.
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Figure 8. —Cumulative volume distributions: (a) MVD < 50 um with Dv0.5 (= MVD) and Dv0.9 indicated, (b) MVD > 50 um.
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Figure 9.—Drop size calibration curves for the Standard Nozzles: (a) MVD versus DeltaP for each (labeled) Pair line.
The curves are the fit. The measured MVD for Pair = 10 and 40 psig lines are also plotted as data points.

(b) Curve fit versus measured MVD for all Standard-nozzle calibration points.
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Figure 10.—Drop size calibration curves for the Mod1 Nozzles: (a) MVD versus DeltaP for each (labeled) Pair line.
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The curves are the fit. The measured MVD for Pair = 10 and 40 psig lines are also plotted as data points. (b) Curve

fit versus measured MVD for all Mod1-nozzle calibration points.
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Figure 12.—Comparison of IRT distributions to proposed FAA Appendix O conditions for FZDZ: (a) MVD < 40 um,
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Figure 14.—LWC parameters, K, for the Standard and Mod1 nozzles sets showing the effect of (a) Kv versus
airspeed, and (b) Ka versus Pair.
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(b) Standard nozzles, (c) SLD conditions.
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Figure 16.—Comparison of the IRT operating envelopes, LWC versus MVD, to the FAA
Icing Certification criteria for an airspeed of 225 kn. The FAA Appendix C envelopes are
shaded and indicated in black. The Mod1 nozzles are in red and the Standard nozzles
are in dashed blue. The Mod1 and Standard nozzles can be combined under limited
circumstances to produce higher LWC, shown in green.
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Figure 17.—The IRT SLD operating envelopes at V = 100 and 250 kn. (Pair between 2.0 and
8.0 psig.) For reference, the Appendix O max LWC ranges are also shown for each FZDZ
condition, per Figure 1 of Reference 9.
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