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1. SCOPE 

This SAE Aerospace Information Report (AIR) presents and discusses the results of tests of three models in six icing wind 
tunnels in North America and Europe.  This testing activity was initiated by the Facility Standardization Panel of the SAE 
AC-9C Aircraft Icing Technology Subcommittee.  The objective of the testing activity was to establish a benchmark that 
compared ice shapes produced by icing wind tunnels available for use by the aviation industry and to use that benchmark 
as a basis for dialogue between facility owners to improve the state-of-the-art of icing wind tunnel technology. 

1.1 Purpose 

The purpose of this AIR is to discuss the results of these tests.  It documents that for any particular test-condition 
specifications the ice accretions produced in all of the participating facilities bore a broad resemblance to one another, but 
there were substantial facility-to-facility differences in ice shape and volume of accreted ice.  Possible causes of the 
differences are discussed. 

2. REFERENCES 

2.1 Applicable Documents 

The following publications form a part of this document to the extent specified herein. The latest issue of SAE publications 
shall apply. The applicable issue of other publications shall be the issue in effect on the date of the purchase order. In the 
event of conflict between the text of this document and references cited herein, the text of this document takes 
precedence. Nothing in this document, however, supersedes applicable laws and regulations unless a specific exemption 
has been obtained. 

2.1.1 SAE Publications 

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA 
and Canada) or 724-776-4970 (outside USA), www.sae.org.  

AIR4906 Droplet Sizing Instrumentation Used in Icing Facilities 

AIR5320 Summary of Icing Simulation Test Facilities 

ARP5624 Aircraft Inflight Icing Terminology 

ARP5905 Calibration and Acceptance of Icing Wind Tunnels 

2.1.2 U.S. Department of Transportation, Federal Aviation Administration (FAA) Publications 

Available from FAA, 800 Independence Avenue, SW, Washington, DC 20591, Tel: 866-835-5322, www.faa.gov.  The FAA 
Icing Handbook is available through National Technical Information Service Springfield, Virginia 22161 (800)-553-6847 or 
(703)-605-6000. 

Title 14 of the US Code of Federal Regulations, Federal Aviation Regulation Part 25 Airworthiness Standards: Transport 
Category Airplanes (14 CFR Part 25) 

Title 14 of the US Code of Federal Regulations, Federal Aviation Regulation Part 29 Airworthiness Standards: Transport 
Category Rotorcraft (14 CFR Part 29) 

DOT/FAA/CT-88/8-l, "Aircraft Icing Handbook, Volume 1 of 3" March 1991 

2.1.3 NATO Advisory Group for Aerospace Research and Development (AGARD) Publications 

Available from the North Atlantic Treaty Organization (NATO) office, at 7 Rue Ancelle, Neuilly-sur-Seine, France. 

AGARD Advisory Report AR-304, Quality Assessment for Wind Tunnel Testing 
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2.1.4 Other Applicable Documents 

Bragg, M. B., “A Similarity Analysis of the Droplet Trajectory Equation,” AIAA Journal, Vol. 20, no. 12, pp. 1681-1686, 
Dec. 1982. 

Chigier, N., “Spray Science and Technology,” FED-Vol.178/HTD-Vol. 270, Fluid Mechanics and Heat Transfer in Sprays, 
ASME, 1993. 

Chintamani, S., Delcarpio, D., and Langmeyer, G., “Development of Boeing Research Aerodynamic Icing Tunnel Circuit,” 
proc. AGARD Symposium on Aerodynamics of Wind Tunnel Circuits and Their Components, Moscow, Oct. 1996, AGARD 
CP-585, pp. 8.1- 8.27. 

Gonsalez, J.C., Arrington, E.A., and Curry, R.M., “Aero-Thermal Calibration of the NASA Glenn Icing Research Tunnel 
(2000 Tests),” AIAA-2001-0233, Reno NV, Jan. 2001. 

Ide, R. F. and Oldenburg, J. R., "Icing Cloud Calibration of the NASA Glenn Icing Research Tunnel," AIAA-2001-0234, 
Reno NV, Jan. 2001. 

Kind, R.J., Potapczuk, M.G., Feo, A., Golia, C., and Shah, A.D., “Experimental and Computational Simulation of In-Flight 
Icing Phenomena,” Progress in Aerospace Sciences, Vol. 34, pp. 257-345, 1998. 

Knezevici, D., Kind, R.J., and Oleskiw, M.M., “Determination of Median Volume Diameter (MVD) and Liquid Water 
Content (LWC) by Multiple Rotating Cylinders,” AIAA Paper 2005-0861, Reno NV, Jan. 2005. 

Kreith, F., Principles of Heat Transfer, 2nd  ed., International Textbook Co., Scranton, PA, 1965, ch. 9, 13. 

Marek, C. J. and Bartlett, C. S.; “Stability Relationship for Water Droplet Crystallization with the NASA Lewis Icing Spray 
Nozzle,” AIAA-88-289, Reno, NV, Jan. 1988. 

Miller, D.R., Potapczuk, M.P. and Langhals, T.J., “Preliminary Investigation of Ice Shape Sensitivity to Parameter 
Variations,” AIAA-2005-0073, Reno, NV, Jan. 2005. 

Oleskiw, M.M., Hyde, F.H., and Penna, P.J., “In-Flight Icing Simulation Capabilities of NRC’s Altitude Icing Wind Tunnel,” 
AIAA-2001-0094, Reno NV, Jan. 2001. 

Olsen, W., Takeuchi, D., and Adams, K., “Experimental Comparison of Icing Cloud Instruments,” AIAA Paper 83-0026, 
Reno NV, Jan. 1983. White, F.M., Viscous Fluid Flow, 2nd ed., McGraw-Hill Inc., 1991. 

Schick, R.J., “An Engineer's Practical Guide to Drop Size,” Spraying Systems Co. (www.spray.com/lit/g_dropguid.asp). 

Smolik, J., Dzumbovia, L., Schwartz, J., and Kulmala, M., “Evaporation of Ventilated Water Droplet: Connection Between 
Heat and Mass Transfer,” Journal of Aerosol Science, Vol. 32, pp. 739-748, 2001. 

Strapp, J.W., Oldenburg, J., Ide, R., Lilie, L., Bacic, S., Vokovic, Z., Oleskiw, M., Miller, D., Emery, E. and Leone, G., 
“Wind Tunnel Measurements of the Response of Hot-Wire Liquid Water Content Instruments to Large Droplets,” Journal 
of Atmospheric and Oceanic Technology, Vol. 20., No. 6, pp. 791-806, 2003. 

2.2 Related Publications 

The following publications are provided for information purposes only and are not a required part of this SAE Aerospace 
Technical Report. 

Wright, W.B., “User Manual for the NASA Glenn Ice Accretion Code LEWICE (Version 2.2),” Ch. 13. 
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2.3 Abbreviations and Symbols 

Ac Accumulation parameter 

ASSP Axial scattering spectrometer probe 

CIRA Centro Italiano Ricerche Aerospaziali 

CD Compact Disc containing a complete set of all test data (see Section 5) 

CR Contraction ratio 

FAA Federal Aviation Administration 

FSSP Forward scattering spectrometer probe 

FSTL Approximate freestream turbulence intensity in test section with atomizing air on 

H Test section dimension in the direction perpendicular to the model span 

L Approximate distance from spray nozzles to model mid-chord 

LWC Liquid water content 

MPSA Malvern particle size analyzer 

MVD Median volumetric diameter 

PDPA Phase Doppler particle analyser 

S1 Upper horn height (in) 

S2 Upper horn angle (deg) 

S3 Lower horn height (in) 

S4 Lower horn angle (deg) 

S5 Ice area (sq. in) 

S6 Leading edge  minimum thickness (in) 

S7 Upper icing limit (in) 

S8 Lower icing limit (in) 

α Angle of attack 

β Collection efficiency 

τ  Test-run duration 
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3. INTRODUCTION 

Partly in response to the United States Federal Aviation Administration (FAA) Inflight Aircraft Icing Plan, the Facility 
Standardization Panel of the SAE AC-9C Aircraft Icing Technology Subcommittee initiated an activity involving tests of 
three models in various icing wind tunnels and comparison of the ice shapes produced on the models.  The test results 
were discussed by test participants at a workshop held in August 2003 at Galaxy Scientific Corp. in New Jersey and again 
at a meeting of the Facility Standardization Panel held at the Italian Aerospace Research Center (CIRA) in Capua, Italy, in 
October 2003.  This report presents an outline of the test results and a discussion of possible reasons for some features 
of the results.  Included in Appendix C and Appendix D are reports which were prepared for that workshop and meeting, 
and which support the discussion contained in the main body of this AIR. 

4. BACKGROUND 

Each of the major icing wind tunnel facilities in North America and Western Europe were invited to participate in the 
Facility Standardization activity, with a deadline of March 31, 2003, for submission of initial test results.  It was agreed at 
early meetings of the Facility Standardization Panel that test results would be kept anonymous so that the facility that 
produced any particular set of results could not be identified.  Each participating facility would be identified only by a 
randomly assigned letter.  However, once testing was completed and an initial review conducted, it was agreed that the 
facilities could be identified in the final report and the identifying letters are included in Table 1. 

Six facilities (designated by the randomly assigned letters A, E, F, H, M, and P) performed tests. Table 1 lists these 
facilities and includes icing wind tunnel parameters and information regarding instrumentation used for the tests. 

Three models were tested: a 36 in chord NACA 0012 airfoil at angle of attack α = 3 degrees, a 12 in chord NACA 0012 
airfoil at α = 3 degrees, and a 1.5 in diameter circular cylinder.  The same three models were shipped from facility to 
facility for use in each test.  Nominal test condition parameters were specified as follows: 

• freestream air static temperature: -7, -23 and -30 °C 

• liquid water content (LWC): 0.5 and 1.0 g/m3 

• drop diameter (MVD): 20 and 40 µm 

• freestream airspeed: 67 and 90 m/s 
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TABLE 1 - PARTICIPATING FACILITIES DATA 

Tunnel Letter H P F A E M 
 

Facility 
AIWT, NRC 

(Oleskiw,  
et al [2001]) 

GKN ATS 
(formerly ACT), 

UK* 

BRAIT, Boeing 
(Chintamani, 
et al [1996]) 

COX Goodrich IRT, NASA 
(Gonsalez, et al 

[2001]) 
H 22.5 in (57.2 cm) 30 in wide  

(76.2 cm) 
72 in 

(182.9 cm) 
46 in 

(116.8 cm) 
44 in 

(111.8 cm) 
108 in 

(274.3 cm) 
L 13 ft (3.96 m) 16 ft (4.9 m) 20 ft (6.1 m) 19 ft (5.8 m) 21 ft (6.4 m) 44 ft (13.4 m) 

CR 5.8 15.5 7.2 9.6 11.0 14.1 
 

FSTL (%) 
1.5 No details 

available at 
present 

Less than 2% 1 to 1.25 3 <1.5 

 
 
 

Instrumentation for 
LWC 

Single Rotating 
Cylinder confirmed 

by Icing 
Blade.Multiple 

rotating cylinders 
and King Probe 

have also been used 
for some conditions. 

Icing blade. Icing Blade Icing Blade Rotating 
Cylinders 

Icing Blade 

 
 
 

Instrumentation 
for MVD 

Malvern Spraytec 
(borrowed from Cox 
& Co.) and PDPA 
(borrowed from 

AEDC).  Multiple 
rotating cylinders 

have been used for 
some conditions. 

Malvern Insitec 
(Spraytec)  
Model No. 

OHD-EPCS-4.0 

PDPA Malvern 
Spraytec 

RTS 5214 
(mainly), and 
FSSP+OAP 

TSI PDPA FSSP & OAP 

 
 
 
 
 

Calibration 
Standards for 

LWC 

Single Rotating 
Cylinder and Icing 

Blade. 

LWC  
calibrated at 1 in 

or  2 in grid 
spacing 

(depending on 
test component 

size) for each new 
test installation / 
configuration or 

variation of 
airspeed and/or 
cloud drop MVD 

Icing Blade ARP5905 ARP5905  

 
 

Calibration 
Standards for 

MVD 

Field calibration 
Reticule for Malvern 
(borrowed from Cox 

& Co.) 

Malvern Insitec 
calibrated 

(verification) 
annually by 

manufacturer 
using standard 

reticule 

Boeing  
Procedure 

utilizing mono-
dispersed drop 

generator 

Malvern 
Reticule 

ARP5905 Glass beads 
(FSSP) 
Rotating 

Reticule (OAP) 
(Ide, et al 
[2001]) 

Test Date 7/02 & 7/04 2/03 & 5/04 11/98 9/02 10/02 & 10/03 11/98 & 9/00 

* When required the Malvern instrument is used to confirm the cloud drop MVD just before the start of test. The 
measurements are made "in situ" just downstream of the tunnel contraction - immediately before entering the tunnel 
working section. 

H = test section dimension in the direction perpendicular to the model span 
L = approximate distance from spray nozzles to model mid-chord 
CR = contraction ratio 
FSTL = approximate freestream turbulence intensity in test section with atomizing air on 

Up to three repeat runs were carried out for some cases and centerline and off-centerline ice-shape tracings were made 
by most of the facilities.  The specified test matrix is shown in Table 2. 
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TABLE 2 - SPECIFIED TEST MATRIX 

 Icing Time (min)  

Test 
Cond. 

Static 
Temp 
°C/°F 

LWC 
g/m3 

Drop 
Size μm 

Speed 
m/s/mph 

36 in 
NACA 
0012 

12 in 
NACA 
0012 

1.5 in 
Cylinder 

Icing 
Type 

Repeat 
Cond. 

1 -7/20 0.5 20 67/150 25 20 15 Glaze 3 
2 -7/20 0.5 20 90/200 20 15 10 Glaze 3 
3 -7/20 1.0 20 67/150 20 15 10 Glaze 3 
4 -7/20 1.0 20 90/200 15 10 10 Glaze 3 
5 -7/20 1.0 40 67/150 20 15 10 Glaze 3 
6 -7/20 1.0 40 90/200 15 10 10 Glaze 3 
7 -30/-22 0.5 20 67/150 25 20 15 Rime 2 
8 -30/-22 0.5 20 90/200 20 15 10 Rime 2 
9 -23/-10 0.5 20 67/150 25 20 15 Rime 2 
10 -23/-10 0.5 20 90/200 20 15 15 Rime 2 
11 -30/-22 1.0 20 67/150 15 10 10 Rime 3 

 

No standard was available to gauge which ice shapes were closest to the “truth.”  The test results consist primarily of ice-
shape tracings.  Tracings obtained in the different facilities are compared to provide an indication of facility-to-facility 
variations. 

In the original test plan (Appendix A), 12 test condition cases were proposed.  Test condition 12 was nominally the same 
as test condition 2 except that the test facilities would adjust the air temperature to get a model temperature that was 
recorded when the first facility (NASA) ran the test.  The intent was to evaluate any facility-to-facility differences in 
measured air temperature.  Because of an inadequate explanation in the test plan of how to run test condition 12 and a 
confusion of the intent behind condition 12, that condition was not run consistently or widely at all. Therefore, condition 12 
results are not included in this report. 

The test matrix in Table 2 would involve 29 test runs for each model, for a total of 87 runs, if the specified number of 
repeats were carried out.  Some of the facilities carried out a substantially smaller number of test runs, mainly by reducing 
the number of repeat runs.  Note that glaze icing is expected for about half of the specified test conditions and rime icing 
for the remainder.  The results were collected in the form of ice-shape tracings on cardboard templates, prepared using 
the techniques in normal use at each facility.  Facility operators were encouraged to collect three tracings from each ice 
accretion, one at the centerline (i.e., mid-span), one some distance to the left and another some distance to the right.  The 
spanwise distances between tracings were chosen by the operators. 

The tracings are designated as centerline, left, and right.  However, only one tunnel provided tracings with these 
designations.  In order to facilitate comparison of the data, the designations provided by tunnel operators were mapped 
onto centerline, left, and right.  Table 3 shows the designations provided by the tunnel operators and their mapping onto 
left and right.  All centerline tracings were designated centerline by the tunnel operators, except for one which only 
provided one tracing for each test.  These were assumed to be centerline. 
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TABLE 3 - LEFT/RIGHT MAPPINGS 

LEFT RIGHT 

West East 
Starboard Port 
Outside Inside 

- + 
Below Above 

5. PROCESSING AND PRESENTATION OF RESULTS 

All ice-shape tracings were digitized using a Calcomp digitizing tablet controlled by Didger 3® software created by Golden 
Software, Inc.  The initial digitization typically yielded files containing several thousand coordinates for each tracing.  The 
number of coordinates was reduced to about 200, using a process called decimation, and these coordinates were entered 
into an MS-Excel® spreadsheet.  Checks showed that the number of coordinates retained was more than adequate to 
represent the tracings in detail. 

A Cartesian coordinate system was used for the clean models and digitized ice-shape tracings. The origin is at the leading 
edge of the clean model and the x axis is coincident with the model's chordline. The x-axis points to the right which is the 
downstream direction in the plots. Coordinates of the model were entered sequentially, proceeding counterclockwise, 
starting at the trailing edge (x/c, y/c = 1.0, 0) of the model.  However, coordinates of the ice shapes were entered in either 
clockwise or counterclockwise direction, depending on the complexity of the plot.  Plots of the tracings and clean models 
were prepared in Excel®.  The plots are in terms of non-dimensional coordinates, (x/c, y/c), where c is the chord length.  
Only selected results will be presented in the hard-copy version of this document, to illustrate the discussion. The 
complete results are stored on a CD-ROM (CD), which is available by request from the Flight Safety Branch, FAA William 
J. Hughes Technical Center.  This CD contains directories for each participating facility, A, E, F, H, M, and P, as well as 
Composites directory and a directory using the THICK computer program written by W. Wright for NASA Glenn Research 
Center. Table 4, and also the file Overview Matrix on the CD, shows which test runs were done by each facility. The 
facility directories contain Excel® spreadsheets, including plots of all tracings, for every test condition provided by that 
facility. The Composites directory contains Excel® files with composite plots, i.e., overlaid plots of the centerline tracings 
from the various facilities for each test condition of Table 2. The plots in the Composites directory enable easy comparison 
of the results from the different facilities.  See the Read Me file on the CD for details. 

After the August and October 2003 workshop and meeting, several of the participating facilities carried out additional test 
runs.  These were runs specified in the test matrix, Table 2, that the facility had either not done in its initial tests, or wished 
to repeat, because tunnel settings or icing times in the initial test runs had not corresponded with the specifications of 
Table 2.  In cases where initial tests were re-run, only the results of the re-runs are included on the CD-ROM; that is the 
results of the corresponding earlier runs have been discarded.  The final results comprise tracings from 340 runs, with 930 
ice-shape tracings. 

The following identification convention was adopted for the test runs: 

 first field  [model] N36, N12 or C15  for 36 in NACA 0012, 12 in NACA 0012 or 1.5 in Cylinder, 
respectively 

 second field  [test condition] 01 to 11 per left hand column of Table 2 

 third field  [repeat #] R1, R2, or R3 corresponding to first, second or third run for the particular test 
condition; this field is omitted if reference is to more than one repeat run 

 final field  [facility] A, E ,F, H, M, or P 
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For example N12-05-R1E denotes the first run (R1) of the 12 in NACA 0012 for test condition 5 of Table 2, in Facility E.  
This convention is used in the computer filenames and spreadsheet headings. 

The target test conditions are specified in Table 2. Settings in the actual test runs were often, of course, somewhat 
different from the values specified in Table 2. Usually the differences were small, but in some instances they were 
substantial. If the differences exceeded the tolerances given in Table 5, the results were still processed and are presented 
in the normal way, but notes drawing attention to the differences appear in the relevant plots, and the out-of-tolerance 
values are highlighted in the numerical sheets of the Excel® spreadsheets.  Results recently presented in Miller, et al 
[2005] indicate that ice-shape variations due to parameter variations within the tolerances of Table 5 would be relatively 
minor, although those due to ±5% LWC variation and to ±1 °F/ ±0.5 °C temperature variation would be discernible. 

TABLE 4 - OVERVIEW OF AVAILABLE TEST RESULTS 

 
 

TABLE 5 - PARAMETER TOLERANCE LIMITS 

Parameter Limits 
Temperature ±1 °F/±0.5 °C 

LWC ±5% 
MVD ±2 µm 

Speed ±2 mph/ ±1 m/s 
Time ±2% 

Figure 1 shows a sample plot of all results from a particular facility for one test case, in this example for three runs from 
Facility F for test condition 6 of Table 2 for the 12-in chord NACA 0012 airfoil model (N12-06-F). Figure 2 shows a sample 
composite plot for the same test case. Recall that the composite plots only include centerline tracings unless a centerline 
tracing was not provided. 

Run 1 NACA 0012 36" NACA 0012 12" Cylinder
Total 
Tracings

Total 
Runs

Tunnel/Run # 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11
A 3 3 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 3 3 2 3 3 2 3 3 3 83 29
E 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 81 27
F 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 90 30
H 3 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 88 30
M 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 96 32
P 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 26 26

Run 2 NACA 0012 36" NACA 0012 12" Cylinder
Tunnel/Run # 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11
A 3 3 2 3 2 3 3 3 3 3 3 3 2 3 3 42 15
E 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 72 24
F 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 90 30
H 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 77 26
M 3 3 3 3 3 3 3 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 79 27
P 1  1 1 1 1 1 1 1 1 1 1 1 1 13 13

Run 3 NACA 0012 36" NACA 0012 12" Cylinder
Tunnel/Run # 1 2 3 4 5 6 11 1 2 3 4 5 6 11 1 2 3 4 5 6 11
A 3 3 1
E 3 3 1
F 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 54 18
H 0 0
M 3 3 3 3 3 3 3 3 3 3 3 33 11
P 0 0
Shading denotes runs that should be made.  "n" denotes the number of tracings that were made. GRAND TOTALS
Total Tracings 37 34 42 27 34 32 13 13 29 30 23 32 32 34 20 34 31 16 15 31 29 31 34 34 35 19 35 34 15 18 32 26 29 930 340
Total Runs 14 12 16 9 12 11 5 5 11 10 9 12 12 12 8 12 11 6 5 11 11 11 12 12 13 8 13 12 5 7 12 10 11 930 340
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FIGURE 1 - SAMPLE PLOT OF ALL TRACINGS OBTAINED BY ONE OF THE PARTICIPATING FACILITIES  
FOR THE 12 IN NACA 0012 AIRFOIL, TEST CONDITION 6 OF TABLE 2 

 

FIGURE 2 - CENTERLINE TRACINGS FROM ALL PARTICIPATING FACILITIES  
FOR THE 12 IN NACA 0012 AIRFOIL, TEST CONDITION 6 OF TABLE 2 
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In an effort to concisely quantify and summarize the results, the digitized centerline tracings were processed using the 
THICK computer code.  For clean-body and ice-shape tracings input as x, y coordinates, THICK determines the following 
eight parameters: upper horn angle, lower horn angle, upper horn height, lower horn height, ice area, leading edge 
minimum thickness, upper icing limit, and lower icing limit.  The definitions of the horn parameters are shown in Figure 3. 

Of course some of these parameters are inappropriate for some ice shapes and in such cases THICK may return 
meaningless or unreasonable values.  Both the wrapped plot (i.e., plots like those of Figures 1, 2, and 3) and the 
unwrapped plot (i.e., ice thickness as ordinate versus s/c as abscissa) produced by THICK for each tracing were 
examined to check the THICK results for reasonableness.  Only the reasonable results are reported.  Where THICK 
results were unreasonable, reasonable values selected from the plots are reported wherever possible. 

The results of the processing with THICK are contained in three Excel® files, ThickSmry-RunID-12in.xls, ThickSmry-
RunID-36in.xls, and ThickSmry-RunID-Cylinder.xls which are available on the CD (see Section 5). The Overview tab is 
the same in all three files as it shows which tunnels provided data for which runs. Samples of the results are shown in 
Tables 6 and 7.  Detailed information on the processing with THICK is contained in Appendix B. 

FIGURE 3 - DEFINITION OF HORN PARAMETERS GIVEN BY THICK 
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TABLE 6 - SAMPLE OF RESULTS PROVIDED BY THICK (FOR CENTERLINE TRACINGS,  
ALL FACILITIES, CASES N12-06) (FROM FILE \THICKSMRY-RUNID-12IN.XLS OF CD) 

 

Tunnel Run ID 

S8 
lower 
icing 
limit 
(in) 

S7 
upper 
icing 
limit 
(in) 

S3 
lower 
horn 

height 
(in) 

S6 
leading 
edge  

minimum 
thickness 

(in) 

S1 
upper 
horn 

height 
(in) 

S5 
ice area 
(sq. in) 

S4 
lower 
horn 
angle 
(deg) 

S2 
upper 
horn 
angle 
(deg) 

A N12-06CR1A 1.65 0.44 0.67 0.09 1.24 2.01 263 114 
F N12-06CR1F 2.49 1.01 1.08 0.25 1.02 2.21 257 121 
H N12-06CR1H 3.05 0.56 1.26 0.44 1.26 3.76 310   90 
M N12-06CR1M 0.96 0.19 0.90 0.60 1.08 1.56 280 110 
P N12-06CR1P 1.68 0.48 0.80 0.36 1.01 2.25 311   92 
A N12-06CR2A 1.63 0.48 0.87 0.28 1.23 2.18 256 117 
F N12-06CR2F 2.12 0.81 0.91 0.29 0.90 2.43 248 133 
H N12-06CR2H 1.75 0.54 1.15 0.47 1.30 2.94 300 127 
F N12-06CR3F 2.10 0.82 0.91 0.24 0.99 2.23 268 139 

 

TABLE 7 - SAMPLE OF RESULTS PROVIDED BY THICK (FOR CENTERLINE TRACINGS,  
ALL FACILITIES, CASES C15-06) (FROM FILE \THICKSMRY-RUNID-CYLINDER.XLS OF CD) 

Tunnel Run ID 

S8 
lower 
icing 
limit 
(in) 

S7 
upper 
icing 
limit 
(in) 

S3 
lower 
horn 

height 
(in) 

S6 
leading 
edge  

minimum 
thickness 

(in) 

S1 
upper horn 

height 
(in) 

S5 
ice area 
(sq. in) 

S4 
lower horn 

angle 
(deg) 

S2 
upper horn 

angle 
(deg) 

A C15-06CR1A 0.51 0.50 1.05 0.33 1.00 2.18 260 107 
E C15-06CR1E 0.56 0.39 1.46 0.31 1.26 2.29 244 125 
F C15-06CR1F 0.70 0.54 1.23 0.17 1.08 1.98 239 131 
H C15-06CR1H 0.56 0.62 1.22 0.36 1.22 2.95 245 115 
M C15-06CR1M 0.40 0.40 1.17 0.33 1.16 1.93 256 112 
P C15-06CR1P 0.51 0.51 0.98 0.26 1.08 1.98 278   95 
E C15-06CR2E 0.70 0.73 1.23 0.28 1.28 2.26 236 130 
F C15-06CR2F 0.54 0.46 1.15 0.26 1.04 1.68 246 126 
H C15-06CR2H 0.61 0.59 1.27 0.35 1.23 2.89 242 113 
M C15-06CR2M 0.47 0.50 1.04 0.29 1.09 1.79 253 106 
F C15-06CR3F 0.66 0.62 1.20 0.22 1.18 2.44 236 135 
M C15-06CR3M 0.59 0.62 0.98 0.17 1.17 1.76 270 102 
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6. DISCUSSION 

6.1 Comments on the Results 

As mentioned earlier, the complete results are available on a CD-ROM (see Section 5). For discussion purposes only 
selected results are presented in the present document. The general characteristics of the results are the same for the 
three models, but the results selected to illustrate the discussion will be mainly for the 12 in NACA 0012 airfoil.  This is 
because, as will be seen below, the 36 in NACA 0012 airfoil at 3 degrees angle of attack is subject to excessive wall 
interference effects in the smaller participating icing wind tunnels and because icing on circular cylinders is of more limited 
interest than airfoils. 

Repeatability was generally good, as illustrated by the Facility F results for cases N12-06 and N12-02 in Figures 4 and 5, 
the Facility A results for the same cases in Figures 6 and 7, and the Facility M results for case C15-02 in Figure 8.  Bear in 
mind that these ice accretions were clearly quite irregular, especially for N12-06, so that differences between tracings in 
Figures 4 to 7 would be due mainly to stochastic irregularities, not to any systematic lack of repeatability. 

Agreement between centerline and off-centerline tracings was generally quite satisfactory indicating cloud uniformity over 
the measurement span.  The agreement seen in Figure 1 is typical.  Again the irregularity of the ice shapes must be kept 
in mind. 

 

FIGURE 4 - ILLUSTRATION OF TYPICAL REPEATABILITY - FACILITY F CENTERLINE  
TRACINGS FOR CASE N12-06 
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FIGURE 5 - ILLUSTRATION OF TYPICAL REPEATABILITY - FACILITY F CENTERLINE  
TRACINGS FOR CASE N12-02 

 

FIGURE 6 - ILLUSTRATION OF TYPICAL REPEATABILITY - FACILITY A CENTERLINE  
TRACINGS FOR CASE N12-06 
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FIGURE 7 - ILLUSTRATION OF TYPICAL REPEATABILITY - FACILITY A CENTERLINE  
TRACINGS FOR CASE N12-02 

 

FIGURE 8 - ILLUSTRATION OF TYPICAL REPEATABILITY - FACILITY M CENTERLINE  
TRACINGS FOR CASE C15-02 
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The composite plots compare centerline tracings from all of the facilities.  Figure 2 is an example of a composite plot and 
Figure 9 is another.  It can be said that there is a broad resemblance between the ice shapes from the various facilities for 
a particular test-condition specification.  However, from Figures 2 and 9 and the other composite plots it is clear that there 
are substantial differences between ice shapes from the various facilities for the same test-condition specifications.  Not 
only do the ice shapes, but even the ice areas vary substantially, with the areas enclosed by the tracings, varying by up to 
a factor of two.  The numerical ice-shape parameters evaluated for the tracings by THICK reflect these facts, as can be 
seen from the sample THICK results in Tables 6 and 7 and in Figure 10.  The facility-to-facility differences substantially 
exceed the typical variations between repeat runs in any one facility.  This is true not only for the glaze cases, but also for 
most of the rime cases (e.g., Figure 11) and for the three models (e.g., Figures 11, 12, 13, and 14).  On a more positive 
note, some of the rime results for the cylinder showed quite good agreement between the participating facilities, as 
exemplified in Figure 15.  The overall situation revealed by the results is, however, one of substantial facility-to-facility 
differences in ice shapes and amounts of accreted ice.  The remainder of this discussion will attempt to identify possible 
causes of the discrepancies. 

 

FIGURE 9 - CENTERLINE TRACINGS FROM ALL PARTICIPATING FACILITIES  
FOR THE 12 IN NACA 0012 AIRFOIL FOR TEST CONDITION 2 OF TABLE 2 
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FIGURE 10A - 12 IN NACA 0012, GLAZE CASES (I.E., CASES 1 TO 6 OF TABLE 2) 

 

FIGURE 10B - 12 IN NACA 0012, RIME CASES (I.E., CASES 7 TO 11 OF TABLE 2) 
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FIGURE 10C - 1.5 IN CYLINDER, GLAZE CASES (I.E., CASES 1 TO 6 OF TABLE 2) 
 

FIGURE 10D - 1.5 IN CYLINDER, RIME CASES (I.E., CASES 7 TO 11 OF TABLE 2) 

FIGURE 10 - TOTAL ICE AREA VALUES EVALUATED USING THE THICK CODE FOR THE CENTERLINE TRACINGS 
SUBMITTED BY PARTICIPATING FACILITIES FOR THE 12 IN NACA 0012 AND 1.5 IN CYLINDER MODELS 
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FIGURE 11 - CENTERLINE TRACINGS FROM ALL PARTICIPATING FACILITIES FOR THE  
12 IN NACA 0012 AIRFOIL FOR TEST CONDITION 9 OF TABLE 2 

 

FIGURE 12 - CENTERLINE TRACINGS FROM ALL PARTICIPATING FACILITIES FOR THE  
36 IN NACA 0012 AIRFOIL FOR TEST CONDITION 5 OF TABLE 2 
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FIGURE 13 - CENTERLINE TRACINGS FROM ALL PARTICIPATING FACILITIES FOR THE  
1.5 IN CYLINDER-FOR TEST CONDITION 6 OF TABLE 2 

 

FIGURE 14 - CENTERLINE TRACINGS FROM ALL PARTICIPATING FACILITIES FOR THE  
1.5 IN CYLINDER-FOR TEST CONDITION 11 OF TABLE 2 (MVD OF R1F, R2F AND R3F = 24 ΜM) 
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FIGURE 15 - CENTERLINE TRACINGS FROM ALL PARTICIPATING FACILITIES FOR THE  
1.5 IN CYLINDER-FOR TEST CONDITION 9 OF TABLE 2 

6.2 Identification of Probable Problem Areas 

As seen in Table 1, there are substantial differences in the size of the participating facilities. Facility size could 
conceivably affect results by virtue of wall interference effects and by virtue of effects on velocity and temperature 
equilibrium between spray drops and the tunnel air, as well as on evaporation from the drops.  Figure 16 shows estimated 
wall interference effects for the three models used in the present tests as a function of height of the icing wind tunnel test 
section.  The figure shows the percent error in the air velocity at the point of maximum velocity (suction peak) for each 
model, calculated using a potential flow code. Wall interference effects are acceptably small for the 12 in NACA 0012 at 
three degrees incidence and for the 1.5 in cylinder models in all participating tunnels, but they may be a concern in the 
smaller tunnels for the 36 in chord NACA 0012 airfoil at three degrees incidence. 

A time-integrating code was developed in Excel® to compute drop velocity, temperature, and diameter as drops moved 
from the spray nozzles to the model along the tunnel centerline.  Bragg's drag law, Bragg [1982], and a convective heat 
transfer relation from Smolik, et al [2001], valid for Reynolds numbers in the range 0 < Re < 100, were used.  The usual 
analogy between convective mass and heat transfer (Kreith [1965]) was used to estimate evaporation rate and 
evaporative heat transfer.  The results were found to be insensitive to the heat transfer correlation, provided it had the 
correct theoretical limiting value of 2.0 for Nusselt number for Reynolds numbers below about 1. 
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FIGURE 16 - ESTIMATED WALL INTERFERENCE EFFECTS FOR THE THREE MODELS AS A  
FUNCTION OF TEST SECTION HEIGHT; THE ORDINATE GIVES THE ERROR IN THE  

NON-DIMENSIONAL AIR VELOCITY AT THE SUCTION PEAK OF THE CLEAN MODELS 

Figure 17 shows results for 20 and 40 µm drops in a hypothetical small tunnel having a contraction ratio of 6 and a 
contraction length of 3 m (10 ft).  For these plots the tunnel air temperature and the initial temperature of the drops are 
assumed to be -7 ºC (20 ºF) and +20 ºC (68 ºF), respectively.  Initial drop velocity at the nozzles is assumed to be 10 m/s 
(22 mph) and the airspeed in the test section is assumed to be 90 m/s (200 mph).  The graphs show that the temperature 
and velocity of the drops and of the air are virtually identical from about 0.5 m (1.7 ft) aft of the contraction exit. This is true 
for any reasonable values of initial drop temperature, velocity, and contraction ratio. Also, even with a tunnel air relative 
humidity of 70% the diameter of the 20 µm drops decreases only about 4% by 8 m (26 ft) downstream of the spray 
nozzles. The decrease is only 1% for a more realistic relative humidity of 100%. It can be concluded that neither 
non-equilibrium of temperature and velocity nor excessive evaporation are problems for the size range of the participating 
tunnels for the test conditions of Table 2. 

Assuming that uniformity of dynamic pressure and flow angularity are within generally accepted limits in all of the 
participating facilities, quality of the time-average flow in the tunnels need not be a significant concern in this discussion. 

  

Test Section Dimension H - see Table 1   (inches)

W
al

l-
in

te
rf

er
en

ce
 e

ff
ec

t

36" NACA-
0012, α = 3deg

12" NACA-
0012, α = 3deg

1.5" 
Cylinder

0              20              40              60              80             100
0

0.1

0.2

SAE INTERNATIONAL AIR5666™A 23 OF 107

Full document details: SAE AIR5666A

http://www.avadocuments.com/doc/sae-air5666a
http://www.avadocuments.com/doc/sae-air5666a


 

 

FIGURE 17 - DROP BEHAVIOR ALONG TUNNEL CENTERLINE, RELATIVE HUMIDITY OF TUNNEL AIR = 70% 
  

Droplet Behaviour Along Tunnel Centerline
Initial MVD = 20 microns

-20
0

20
40
60
80

100

0 1 2 3 4 5

x-position  (m from spray nozzle)

Air Velocity  (m/s) Droplet Velocity   (m/s)

Droplet Temperature  (Deg C) Droplet Diameter  (microns)

Droplet Behaviour Along Tunnel Centerline
Initial MVD = 40 microns

-20
0

20
40
60
80

100

0 1 2 3 4 5

x-position  (m from spray nozzle)

Air Velocity  (m/s) Droplet Velocity   (m/s)

Droplet Temperature  (Deg C) Droplet Diameter  (microns)

SAE INTERNATIONAL AIR5666™A 24 OF 107

Full document details: SAE AIR5666A

http://www.avadocuments.com/doc/sae-air5666a
http://www.avadocuments.com/doc/sae-air5666a


 
Turbulence characteristics, vibrations, and acoustic phenomena in the vicinity of the spray nozzles are known to affect the 
atomization process (Chigier [1993]) and thus the eventual drop size distribution. However, provided that they are 
repeatable, these effects will be accounted for in the facility calibration. 

Freestream turbulence intensity and/or scale might conceivably affect the ice accretion process. There is, however, little 
information available on this. In one-phase airflows, the freestream turbulence characteristics can affect transition, 
boundary-layer development, separation positions, and convective heat transfer rates (White [1991]). The effects are 
somewhat similar to those of surface roughness.  In the case of icing, especially glaze icing, the surface of the accreting 
ice is rough and separation positions tend to be fixed by abrupt changes of the surface slope.  Thus it seems reasonable 
to expect that potential effects of freestream turbulence are largely overwhelmed by the effects of roughness and abrupt 
geometry of the accreting ice.  Furthermore, the freestream turbulence intensity in the test section will tend to be similar in 
all of the participating icing wind tunnels, because all have approximately the same contraction ratio (see Table 1), all 
have spray bars and air-blast atomizing nozzles a short distance upstream of the contraction, and none have any flow 
conditioning devices between the spray bars and the test section.  It seems unlikely that facility-to-facility differences in 
freestream turbulence characteristics are a major cause of the observed differences in ice accretion shape and size. 

With the elimination of basic tunnel characteristics as probable major causes of the observed facility-to-facility differences, 
attention must turn to characteristics of the icing spray clouds at the model position in the icing tunnel test sections.  
Recall that both ice shapes and amounts of accreted ice differed substantially from facility to facility for the same specified 
test conditions. This is evident from both the plots of the tracings (e.g., Figures 2, 9, 11, 12, 13, and 14) and from the 
THICK results (e.g., Tables 6 and 7 and Figure 10).  In particular, ice areas sometimes differ by a factor of roughly two.  
The discussion will focus on possible causes of the large discrepancies in ice area, which is proportional to the amount of 
ice accreted on the model during a test run. The same causes may well also be responsible for the discrepancies in ice 
shape, especially in glaze icing cases, where differences in liquid water impingement rates result in differences in freezing 
fraction and runback. 

A measure of the mass of liquid that impinges onto the model during a test run is given by the product of the accumulation 
parameter, Ac, and the collection efficiency β.  That is, e.g., Kind, et al. [1998]: 

 Acβ =   [LWC * V * τ /(L ρw)]β (Eq. 1) 

where: 

LWC = the liquid water content of the spray cloud in the test section 

V  = the freestream airspeed 

τ  = the test-run duration 

L  = a measure of model size 

ρw = the density of liquid water 

If we are interested in the total mass of ice, the average collection efficiency is used for β.  If we are interested in the 
spatial distribution of impinging water the local collection efficiency is used for β clearly the distribution of this β has an 
effect on the ice accretion shape.  In the present context, barring operator errors, the facility-to-facility variations of V, τ, L, 
and ρw will be negligible.  It is straightforward to measure and control V and τ reliably within the tolerances of Table 5; also 
model size, L, is identical and ρw is a virtually constant physical property.  That leaves LWC and β as possible sources of 
discrepancies in mass of impinged water. 

Discrepancies in LWC and β would translate directly into discrepancies in ice area, provided that aerodynamic stripping of 
liquid water is either negligible or the same in all facilities, and provided that the density of accreted ice is approximately 
the same in all facilities.  In view of the discussion of flow quality, aerodynamic shear and pressure forces acting on liquid 
water accumulations on the ice surface should be approximately the same in all facilities so that the proviso regarding 
aerodynamic stripping should be satisfied.  It is also reasonable to expect only small facility-to-facility variations of ice 
density, especially for the glaze icing cases. 
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It can be concluded that problems with LWC and/or collection efficiency are the most probable causes of the facility-to-
facility discrepancies in ice areas.  Of course the collection efficiency, β, is directly related to the diameter of the water 
drops in the spray cloud, i.e., the MVD, as well as to other parameters.  Appendices C and D present extensive analysis 
and discussion of the test results that supports the conclusion that problems with LWC and/or MVD are a key factor in the 
facility-to-facility discrepancies.  The analyses in these appendices give some indications of the particular facilities in 
which LWC and/or MVD discrepancies may be most problematic. 

Having decided that problems with LWC and/or MVD are amongst the most probable causes of the substantial facility-to-
facility discrepancies in ice areas, the discussion must now turn to consideration of the possible nature of the problems.  
Icing wind tunnels are normally calibrated using procedures similar to those outlined in ARP5905.  Basically the calibration 
process consists of measuring the LWC and drop size spectrum or MVD in the tunnel test section over the full range of 
tunnel operating conditions and spray-system settings such as water pressure, temperature, and flowrate, and atomizing-
air pressure and temperature.  Graphical and/or analytical calibration relations between LWC and MVD and the tunnel 
and spray-system settings are then established on the basis of the calibration data.  This would appear to ensure that, 
within a facility's capability envelope, specified values of LWC and MVD can readily be obtained in the test section simply 
by using the corresponding settings indicated by the calibration relations.  At least in principle, however, two types of 
problems can occur. 

First the LWC and/or MVD measurements during the calibration process could be inaccurate so that use of settings aimed 
at achieving certain specified values produces different actual values, resulting in different actual LWC and MVD in 
different facilities.  Second, there might be unknown factors which affect the relationships between LWC and MVD and the 
various system settings in some haphazard way so that the calibration relationships may be seriously wrong for some or 
all test runs.  Problems of the second type would cause deficiencies in repeatability.  Potential problems of both types will 
be considered next, first for LWC and then for MVD. 

6.3 Potential Accuracy and Repeatability Problems with LWC 

ARP5905 recommends use of an icing blade, rotating cylinder, or calibrated hot-wire instrument for LWC calibration.  
Details on each method are provided in the Appendix of ARP5905, where the hot-wire instrument is specifically a King 
probe.  The appendix suggests that an LWC calibration accuracy of better than ±10% can be achieved with careful use of 
a rotating cylinder or King probe and implies a similar accuracy for an icing blade.  A recent paper by Strapp, et al [2003] 
contains much valuable information on the accuracy of both LWC and particle-sizing instrumentation. The icing blade and 
rotating cylinder can be considered as primary instruments for LWC measurement and Strapp, et al [2003] indicates an 
absolute accuracy of roughly ±5% for them.  It also indicates that random tunnel variations can be expected to contribute 
an additional dispersion of about 3.5% to calibration points giving an overall accuracy consistent with the ±10% suggested 
by ARP5905, Strapp, et al. [2003] show evidence both from their own experiments and others that the response of the 
King probe rolls off for MVD values above about 30 μm. The LWC indicated by a King probe when MVD = 50 µm is only 
about 70% of that when MVD = 20 µm, for the same reference LWC.  Thus unless appropriate calibrations are used for 
each MVD value, a King probe could give LWC readings that are roughly 25% low at the MVD = 40 µm values specified 
for Test Conditions 5 and 6 of Table 2.  Inaccuracies of LWC calibrations could thus account for about a 25% ice-area 
discrepancy for test conditions 5 and 6 if LWC values are established using a King probe that has not been calibrated at 
an MVD of about 40 µm. The maximum observed discrepancies are however much larger, roughly 100%. Moreover the 
large discrepancies in ice area also occurred when the specified MVD was 20 µm.  Assuming that the LWC calibrations of 
the participating facilities were carried out with due care, it can be concluded that inaccuracies in LWC calibration are 
probably not a major cause of the observed facility-to-facility discrepancies in ice area or ice shape. 

If the water flowrate supplied to the spray nozzles is monitored during testing and is consistent with values during facility 
calibration, it is unlikely that the total water content in the test section will be substantially different from calibration values.  
However the liquid water content, LWC, could differ substantially if the amount of water that freezes out, rather than 
remaining supercooled, varies in some haphazard way. It is known, that if the temperature of the atomizing air drops too 
low upon expansion, drop crystallization occurs (Marek and Bartlett [1988]). That is, some of the spray drops freeze rather 
than remaining liquid and becoming supercooled. This, of course, results in lowered LWC. Appendix B of ARP5905 
outlines how the possibility of freezeout should be dealt with during the tunnel calibration process; it basically involves 
determining acceptable temperature ranges for the atomizing air and spray water for all operating conditions.  Provided 
that freezeout behavior is repeatable over medium and long periods of time, this should ensure satisfactory determination 
of actual LWC values from the calibration data. If, on the other hand, freezeout behavior is unstable over time, 
repeatability of results from the facility will suffer. 
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This could be a significant contribution to the observed facility-to-facility discrepancies in ice areas and ice shapes.  While 
discussion at the August and October 2003 workshop and meeting indicated that current opinion does not support this 
speculation, it is inescapable that there are large unexplained facility-to-facility discrepancies in the ice-accretion results.  
The possibility of variations in drop freezeout due to haphazard variations in spray-water or atomizing air characteristics 
should not be completely dismissed at this stage as a potential contributing factor, although it is probably more applicable 
to rime ice conditions than glaze ice conditions.  

6.4 Potential Accuracy and Repeatability Problems With MVD 

ARP5905 gives some guidance on MVD calibration of icing wind tunnels, but does not consider accuracy of the drop-
sizing instruments that are of course central to the procedure.  Instruments commonly used for this purpose for drop sizes 
below about 60 μm are the forward scattering spectrometer probe (FSSP), the Malvern particle size analyzer or equivalent 
(MPSA) and the phase Doppler array probe (PDPA).  The FSSP shines a laser beam through a tube through which a 
portion of the particle-laden airflow passes.  As tested in these wind tunnels, the MPSA is not exposed to the moist 
airstream and is only suitable for use with small tunnels; it shines a laser beam through the entire test-section flow and 
thus deduces a transverse average of the particle size spectrum from the scattering of the laser beam.  The PDPA splits a 
laser beam into two and uses the Doppler shift frequency and spatial frequency of the interference pattern produced when 
a particle crosses the small volume where the two laser beams intersect.  More detailed descriptions of these and other 
instruments are available in Schick and AIR4906.  AIR4906 explicitly considers their application in icing test facilities and 
discusses accuracy in qualitative terms.  It gives quantitative estimates of repeatability, but not of absolute accuracy, for 
some of the instruments. 

Strapp, et al [2003] includes a discussion of the accuracy of drop-sizing instrumentation.  Several FSSP probes were 
tested in the NASA IRT in the study of Strapp, et al [2003].  The authors found the icing wind tunnel to be a particularly 
challenging environment for FSSPs, because of the high number-density or concentration of small particles in the spray 
cloud, a feature not typical of natural clouds where FSSPs are widely used.  Only with “much remedial effort” were they 
able to obtain stable data at an airspeed of 67 m/s and no useful data was obtained at 100 m/s.  This suggests that FSSP 
measurements during calibration of icing tunnels could be highly inaccurate unless suitable steps, for example operation 
of a reduced number of spray nozzles, are taken during calibration.  An earlier study, Olsen, et al [1983], had more 
success with FSSPs and ASSPs, a somewhat similar drop sizing instrument that is no longer in use.  Olsen, et al [1983] 
found that repeatability of individual FSSP/ASSP instruments was good with an uncertainty (for 95% confidence or two 
standard deviation limits) of about ±3%, but that MVD indications from different instruments differed widely with about 
±30% overall uncertainty.  On the other hand, Strapp, et al [2003] concluded that an accuracy of about ±10% was 
attainable with a PDPA in cases where all of the drops in the distribution were less than 62 µm, as may be the case for the 
20 µm study cases.  They did not report any results for an MPSA which is more suitable than FSSPs for high density 
sprays {AIR4906). 

Calibration of FSSPs, MPSAs, PDPAs, and other optical particle-sizing instruments relies on scattering or other optical 
theory, (AIR4906).  Strapp, et al [2003] states that there is no true MVD reference standard, making rigorous error 
estimates impossible.  The oil slide technique (AIR4906) would appear to be useful as an MVD reference standard, but it 
is cumbersome and tedious and thus not well suited for MVD calibration of instruments or facilities.  Knezevici, et al [2005] 
reports considerable success in adapting the rotating multicylinder method, previously used only in meteorological icing 
work, for measurement of LWC and MVD in icing tunnels.  Four separate rotating cylinders having diameters ranging from 
2.1 to 40 mm are inserted, one after the other, into the icing tunnel test section and the mass of ice accreted on each 
cylinder is determined by weighing.  Since collision efficiency depends on MVD as well as on cylinder diameter, MVD can 
be determined together with LWC by a regression analysis procedure. The method appears to have good potential for use 
as a reference standard for calibration of both LWC and MVD instrumentation. 
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It would appear that instruments presently available for particle sizing are complex, relatively difficult to use, and subject to 
errors from a variety of causes.  In the words of AIR4906 none of them can be considered ‘turnkey' systems.  Moreover 
their absolute accuracy is difficult or impossible to quantify. Table 1 includes information on what particle-sizing 
instruments were used in the MVD calibration of the facilities participating in the present facilities standardization study.  
Strapp, et al [2003] tentatively suggests an uncertainty of ±10 to ±30% MVD values within the range of this study.  As 
already mentioned, Olsen, et al [1983] found a ±30% scatter of MVD measurements from different FSSP/ASSP 
instruments.  The ±30% uncertainty is for a confidence level of 95% which corresponds to two standard deviations; that is, 
95% of measured values can be expected to be within two standard deviations, or in this case ±30%, of the true value 
(AGARD AR 304). Assuming that the probability density distribution is normal or Gaussian, about 1% of values can be 
expected to fall beyond 2.6 standard deviations, or about ±40%, from the true value.  It is thus plausible that for the same 
specified value of MVD the highest actual MVD value in one of the six participating facilities was roughly twice that in 
another participating facility (140% versus 60%). 

Figure 18 shows LEWICE 2.0 computational results for collection efficiency and ice shape for case N12-07, for the 
specified MVD of 20 µm and also for MVD values of 13 µm and 27 µm. Note the large differences in areas under the 
collection-efficiency distribution curves and the directly corresponding differences in ice areas. Clearly uncertainties of 
order ±30% in true MVD values could account for a substantial part of the observed facility-to-facility differences in ice 
areas. The differences in the distributions would also cause differences in ice shape in both rime and glaze icing cases. 

If non-repeatability of drop freezeout were indeed a problem, as discussed in 6.3, MVD would most probably also be 
subject to non-repeatability since the larger drops are more prone to freezeout. This is because, for thermodynamic 
reasons, larger drops are less stable in the liquid state at sub-freezing temperatures. For a given initial drop-size 
distribution, MVD will thus tend to decrease as more freeze out occurs. The lower attendant values of collection efficiency 
would tend to aggravate somewhat the effects of decrease in LWC in the tunnel test section. 

6.5 Potential Problem Areas of Secondary Importance 

As discussed above, the main probable causes of the observed facility-to-facility discrepancies are problems with LWC 
and/or MVD of the spray clouds.  However a few additional issues may be possible contributing factors of secondary 
importance.  These are briefly mentioned here. 

At the August 2003 Facility Owners Workshop it was suggested that erosion of developing ice accretions by ice particles 
circulating in the tunnel circuit may be responsible for discrepancies in ice area in rime conditions.  It is surmised that the 
circulating ice particles are shed from tunnel components in some facilities under some conditions. This deserves 
investigation. 

Another possible contribution to systematic differences in ice tracings between facilities is differences in operator tracing 
technique.  Examples of different tracing techniques can be found in Run 2 of the N12-01-Composite-SAE and N12-03-
Composite-SAE files found on the CD.  In these cases, Facility H compared the results of their standard tracing technique 
(using a specialized tracing instrument) to those obtained using a pencil.  While discernible differences can be noticed in 
comparing the techniques, the magnitude of the differences in these cases appears to be smaller than that noted in 
comparing tracings from different facilities.  

Miller, et al [2005] recently presented results for change in total mass of accreted ice when the LWC is changed by about 
±15% and all other parameters are held constant. The measured changes in ice mass were not usually directly 
proportional to the changes in LWC, as one would expect from Equation 1, if aerodynamic stripping was negligible.  This 
would suggest that aerodynamic stripping of liquid water from the surface of the accreting ice may be significant, at least 
in glaze icing conditions, and that factors, such as model vibration, that might affect it should be monitored.  One can 
speculate that facility-to-facility differences in model vibration may have contributed somewhat to the observed 
discrepancies in ice shape.  However this would not be an issue in rime icing conditions, Cases 7 to 11 of Table 1, for 
which facility-to-facility discrepancies in accreted ice area were also substantial. 
  

SAE INTERNATIONAL AIR5666™A 28 OF 107

Full document details: SAE AIR5666A

http://www.avadocuments.com/doc/sae-air5666a
http://www.avadocuments.com/doc/sae-air5666a


 

 

FIGURE 18A - LEWICE 2.0 COMPUTED COLLECTION EFFICIENCIES 

 

FIGURE 18B - LEWICE 2.0 ICE SHAPES 

FIGURE 18 - LEWICE 2.0 COMPUTED COLLECTION EFFICIENCIES AND ICE SHAPES FOR  
MVD = 13, 20 AND 27 MICROMETERS FOR 12 IN NACA 0012 AT 3 DEGREES INCIDENCE,  

- 30 °C, V = 67 M/S, LWC = 0.5 G/M3, 20 MINUTE EXPOSURE 
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7. CONCLUSIONS AND RECOMMENDATIONS 

Icing tests using the same models have been done in six tunnels for a number of specified test conditions.  For any 
particular target test-conditions the ice accretions produced in all of the participating facilities bore a broad resemblance to 
one another, but there were substantial facility-to-facility differences in ice shape and ice area or volume of accreted ice.  
Ice areas varied by a factor of roughly two for the three models (36 in and 12 in NACA 0012 airfoils at 3 degrees incidence 
and a 1.5 in diameter circular cylinder) and for both rime and glaze icing conditions. 

Repeatability at each facility was good, with a few exceptions.  The exceptions, although limited, may be indicative of 
problems of a somewhat sporadic nature. 

Possible causes of the observed facility-to-facility differences are discussed.  Wall interference, adjustment of drop 
velocity and temperature to tunnel air values, and drop evaporation are estimated to be acceptable in all participating 
facilities and are ruled out as probable causes of the differences.  Difficulties with actual LWC and MVD are identified as 
the most probable causes of the substantial facility-to-facility discrepancies in ice areas and ice shapes. 

The usual techniques of measuring LWC for calibration purposes are judged to be sufficiently accurate.  It is somewhat 
plausible, however, that actual LWC values may occasionally vary substantially in a haphazard way from calibration 
values, due to variations in drop freezeout associated with variations of water-quality and perhaps also of atomizing-air 
quality. 

The uncertainty of techniques normally used to determine MVD for calibration purposes is difficult to quantify and may 
well be rather large, of order ±30%.  Actual MVD values could then differ by a factor of roughly two at different facilities for 
the same target value of MVD.  Collection efficiency would then also differ greatly, giving rise to substantial differences in 
ice area and ice shape. 

The basic reasons for the problems with LWC and/or MVD can probably only be identified by comparative experimental 
work.  It is recommended that facility owners occasionally run one or more of the test cases of Table 2 (e.g., cases 2 and 
6) to monitor long term repeatability in their facility.  A replica of the cylinder model would be simple to make and suitable 
for this purpose.  Informal interfacility comparison of the observations may provide some insights.  It is also recommended 
that the aforementioned multiple rotating cylinder apparatus of Knezevici, et al [2005], which belongs to the NRC/AIWT 
facility, be circulated to other facilities and that the measured ice masses accreted on each of the four cylinders for a few 
sets of target conditions be compared.  Simultaneous, or nearly simultaneous, measurements of LWC and MVD in the 
test section of one or more facilities using different instruments is also recommended.  Facility owners should also be alert 
to the possible significance of the potential secondary problem areas mentioned in the discussion. 
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APPENDIX A - TEST PLAN 

The following is the original test plan for the facilities standardization test program.  This plan has evolved and may not 
have been followed in its entirety.   It has been modified to conform to SAE format. 

ICING GROUND SIMULATION FACILITY 
ICE SHAPE COMPARISON TEST 
WORK PLAN (REV. 4, 7-JAN-00) 

 

A.1 INTRODUCTION & BACKGROUND 

An acceptable icing ground simulation facility is one that credibly simulates conditions from the 14 CFR Part 25 and 14 
CFR Part 29 Appendix C aircraft/rotorcraft icing envelope. 

The SAE AC-9C Aircraft Icing Subcommittee chartered the “Icing Facility Characterization Panel” in 1989 to better 
understand and improve the quality of ground ice accretion testing.  The tangible accomplishment of this panel is the 
publication of AIR5320, “Summary of Icing Simulation Test Facilities."  This AIR is the first step to the goal of improving 
ground ice accretion testing. 

At the Spring ’97 SAE AC-9C meeting held in Minneapolis, MN, the Facility Standardization Panel was chartered.  The 
purpose of this Panel is to define standards for icing simulation facilities with respect to icing cloud and 
aerothermodynamic characteristics.  The need arises from a requirement to comply with the above listed 14 CFR Part 25 
and Part 29, i.e., the need of the airframe, propulsion systems, ice protection systems and other OEMs to use acceptable 
ground simulation facilities for designing, building, and certifying safe aircraft. 

The approach presented and agreed to at the Fall ’97 SAE AC-9C subcommittee meeting, held in Pittsburgh, PA, was a 
four phase program leading to the development of an Icing Facility Standard. The four-phased program is shown 
schematically in Figure 1. The first phase of this program includes the facility comparison test described herein. The 
purpose of the first phase is to conduct a controlled experiment to quantify the comparison of ice shapes created in 
different icing facilities. This is accomplished by measuring the predominant features of glaze, mixed and rime ice 
accretions and using the data analysis techniques described in A.9 of this work plan to compare ice shape 
similarities/differences. The second phase of the Facility Standardization program is to characterize the ground simulation 
facility “independent” variables including aerothermodynamic and icing cloud characteristics and to establish uniform or 
translatable cloud calibration methodology, measurement (instrumentation) methods and data processing techniques.  
The third phase of the program will include establishing facility-to-facility relationships or characterization of the 
“dependent” variables. These include defining ice shape similitude criteria and the measurements of ice shape induced 
aerodynamic effects on airfoil lift and drag.  Phase four is the completion of an “Icing Ground Simulation Standard.”  The 
need for phases 2 and 3 of this program is dependent upon the results of phase 1. 

Concurrent with the SAE sponsored Facility Comparison Test, the FAA has formed a working group 11A to address 
simulation validation requirements issues that are documented in the FAA Icing Plan. The work of the SAE Facility 
Standardization Panel supports the efforts of the FAA 11A Simulation Validation Requirements working group. The icing 
ground facilities subgroup of the 11A working group is authoring an “Icing Ground Simulation Standard.” This is being 
done concurrent with this Facility Comparison Test program with the understanding that Facility Comparison Test results 
may have an impact on the content of the “Icing Ground Simulation Standard.” 
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A.2 PROJECT OBJECTIVE & APPROACH 

This work plan describes the Facility Comparison Test being sponsored by the SAE AC-9C Aircraft In-flight Icing 
Subcommittee.  The objective of the test is to compare ice accretion shapes from various icing ground simulation facilities 
to validate the similarities that exist between these facilities. 

The proposed approach is to use two NACA 0012 airfoils (36-in chord and 12-in chord) and one 1.5-in diameter cylinder.   
The participating facilities in this facility comparison test are identified in A.3.  The test conditions are defined in A.4.  The 
similarities and/or differences in ice accretion shapes produced by each facility will be quantified using the methodology 
described in A.9.  Each participating facility should have their facility calibration report on record prior to the start of the 
Facility Comparison test and will make this available to the Facility Standards Panel if necessary.   

 

FIGURE A1 - FOUR STEP APPROACH TO ICING GROUND SIMULATION FACILITY STANDARDIZATION 
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