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PREFACE 
 
Under contract to the Transport Canada Programs Group Innovation Centre, APS Aviation 
Inc. has undertaken a research program to advance aircraft ground de/anti-icing technology. 
The primary objectives of the research program are the following: 
 
• To develop holdover time data for all new de/anti-icing fluids; 

• To evaluate and develop the use of artificial snow machines for holdover time 
development; 

• To conduct wind tunnel testing with a vertical stabilizer common research model to 
evaluate contaminated fluid flow-off before and after a simulated takeoff; 

• To conduct comparative endurance time testing and evaluate endurance times in mixed 
conditions including snow and freezing fog; 

• To conduct general and exploratory de/anti-icing research; 

• To conduct analysis to support harmonization of the Transport Canada and the Federal 
Aviation Administration visibility table guidance; 

• To finalize the publication and delivery of current and historical reports; 

• To update the regression information report to reflect changes made to the holdover time 
guidelines; and 

• To update the holdover time guidance materials for annual publication by Transport 
Canada and the Federal Aviation Administration. 

 
The research activities of the program conducted on behalf of Transport Canada during the 
winter of 2022-23 are documented in five reports. The titles of the reports are as follows: 
 
• TP 15557E Aircraft Ground De/Anti-Icing Fluid Holdover Time Development Program 

for the 2022-23 Winter; 

• TP 15558E Regression Coefficients and Equations Used to Develop the Winter 
2023-24 Aircraft Ground Deicing Holdover Time Tables; 

• TP 15559E Aircraft Ground Icing General Research Activities During the 2022-23 
Winter; 

• TP 15560E Wind Tunnel Testing with a Common Research Model Vertical Stabilizer: 
Winter 2022-23; and 

• TP 15561E Testing and Evaluation of Mixed Phase Icing Conditions: Winter 
2022-23. 

 
In addition, the following interim report is being prepared: 
 
• Artificial Snow Research Activities for the 2022-23 Winter. 
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This report, TP 15560E, has the following objective: 
 
• To evaluate contaminated fluid flow-off from a vertical stabilizer. 
 
This objective was met by conducting a series of representative scaled wind tunnel tests at 
the National Research Council Canada Icing Wind Tunnel located in Ottawa, Canada. 
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EXECUTIVE SUMMARY 
 
Under contract to the Transport Canada (TC) Programs Group Innovation Centre, 
with support from the Federal Aviation Administration (FAA) William J. Hughes 
Technical Center, TC Civil Aviation, and FAA Flight Standards – Air Carrier 
Operations, APS Aviation Inc. (APS) carried out research in the winter of 2022-23 in 
support of the aircraft ground icing research program. 
 
As part of a larger research program, APS conducted a series of representative scaled 
tests in the National Research Council Canada (NRC) 3 m x 6 m Icing Wind Tunnel 
(IWT) evaluating contaminated fluid flow-off from a vertical stabilizer. 
 
 
Background and Objective 
 
There is a lack of standardization in the treatment of vertical surfaces during deicing 
operations. A wind tunnel testing program was developed for the winter of 2022-23 
with the primary objective of continuing aerodynamic testing to document 
contaminated fluid flow-off using a custom-built common research model (CRM) 
vertical stabilizer. 
 
 
Conclusions 
 
Based on results from paint trials conducted using test plates, the model was painted 
light grey using aircraft-grade paint, the same colour as the NRC Convair underside. 
Load cells were installed into the four-point force balance to allow for the collection 
of aerodynamic data. 
 
The CRM vertical stabilizer was tested in a dry and clean configuration and 
demonstrated a linear and symmetric trend in side force and yawing moment with 
rudder deflection (δr) at sideslip β = 0° and β = -10°. This indicated that the model 
stall was not within the parameter ranges tested and that the data compares well to 
the computational fluid dynamics (CFD) predictions calculated by NRC and used 
during the model design.  
 
Sandpaper roughness testing indicated that most of the side force was generated by 
the forward half of main element, and sealing the gap between the main element and 
the rudder with speed tape was observed to offset the loss in side force generated 
by the sandpaper. The 40-grit sandpaper testing provided representative effects as 
compared to fluid and contamination tests. 
 
In general, fluid, fluid and contamination, and roughness testing all had comparable 
maximum side force losses, however, the worst-case conditions may not have been 
explored yet as testing was generally limited to warmer temperatures above -10ºC. 
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In addition, the overall precipitation “catch factor” may vary based on precipitation 
types and wind speed, and these effects can impact fluid performance and flow-off, 
and this is an area of research that should be explored further.  
 
Laser scanning of the model with ice contamination was possible once coated with 
titanium dioxide (TiO2) mixture for both pre- and post-simulated takeoff surface 
conditions, however the laser scanning process was very long, and should be 
improved for efficiency.  
 
In general, the test campaign confirmed the desired performance of the new model 
equipped with load balances to evaluate aerodynamic forces and helped in 
understanding the effects of sideslip and rudder deflection on pristine and 
contaminated fluid flow-off. However, due to the unseasonably warm temperatures 
encountered during this test campaign, the effects of fluid and contamination at 
colder temperatures remains unknown and remains a gap in our understanding.  
 
 
Recommendations 
 
Due to the unseasonably warm temperatures encountered during this test campaign, 
the effects of fluid and contamination at colder temperatures remains unknown and 
remains a gap in our understanding. Cold weather data collection is recommended to 
provide a better understanding of the sensitivity and context of the results. 
 
Future testing should build upon the testing matrix described in this report, including 
calibration and validation of procedures, dry surface testing and tuft visualization, 
and fluid testing and flow-off characterization. Testing should also focus on areas 
not extensively explored during this preliminary phase, including colder temperatures, 
different contamination types and levels, asymmetric contamination, and different 
fluids. 
 
Research conducted to date is still exploratory and has indicated benefits associated 
with specific fluid type applications (thickened or not) depending on the types of 
contamination and temperatures tested. Future research should focus on refining 
these observations through testing and industry discussion, with the aim of 
developing recommended operational practices. 
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SOMMAIRE 
 

En vertu d’un contrat avec le groupe des programmes du Centre d’innovation de 
Transports Canada (TC) et avec le soutien du William J. Hughes Technical Center de 
la Federal Aviation Administration (FAA), du département de l’aviation civile de TC, 
et de la FAA Flight Standards – Air Carrier Operations, APS Aviation Inc. (APS) a 
mené des essais au cours de l’hiver 2022-2023 dans le cadre d’un programme de 
recherche sur le givrage d’aéronefs au sol. 
 

Dans le cadre d’un plus vaste programme de recherche, APS a mené une série 
d’essais à échelle représentative dans la soufflerie de givrage de 3 m sur 6 m du 
Conseil national de recherches Canada (CNRC) afin d’évaluer les propriétés de 
ruissellement de liquides contaminés sur la surface d’un stabilisateur vertical. 
 
 

Contexte et objectifs 
 

On constate un manque de normalisation dans le traitement de surfaces verticales 
dans le cadre d’opérations de dégivrage. Un programme d’essais en soufflerie a été 
élaboré pour l’hiver 2022-2023 avec comme principal objectif de poursuivre des 
tests d’aérodynamisme visant à documenter les propriétés de ruissellement de 
liquides contaminés sur la surface d’un stabilisateur vertical d’un modèle consensuel 
de recherche (MCR) construit sur mesure. 
 
 

Conclusions 
 

À la lumière des résultats des essais de peinture réalisés sur des plaques, le modèle 
a été peint au moyen d’une peinture de qualité aéronautique gris pâle, soit la même 
couleur que la surface inférieure du Convair du CNRC. Des capteurs de pression ont 
été installés dans le dispositif d’équilibrage des forces en quatre points pour 
permettre la collecte de données aérodynamiques. 
 

Le stabilisateur vertical du MCR a été testé dans une configuration sèche et propre, 
et a démontré une tendance linéaire et symétrique de la force transversale et du 
moment de lacet avec un débattement de la direction (δr) aux angles de dérapage 
β = 0° et β = -10°. Ces constatations indiquent que le décrochage du modèle ne 
se situait pas dans les plages de paramètres testées et que les données pouvaient 
être comparées aux prévisions en matière de mécanique des fluides numérique 
calculées par le CNRC et utilisées lors de la conception du modèle.  
 

Les essais de rugosité du papier abrasif ont démontré que la plus grande partie de la 
force transversale était générée par la moitié avant de l’élément principal, et on a 
observé que le scellage de l’espace entre l’élément principal et la gouverne de 
direction au moyen d’une feuille d’aluminium autocollante permettait de compenser 
la perte de force transversale engendrée par le papier abrasif. L’essai avec papier 
abrasif à grain 40 a généré des effets représentatifs, comparativement aux essais sur 
les liquides et la contamination. 
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En général, les essais sur les liquides, sur les liquides et la contamination et sur la 
rugosité ont tous produit des résultats comparables en matière de perte maximale de 
force transversale; toutefois, les conditions les plus défavorables n’ont peut-être pas 
encore été explorées, puisque les essais étaient généralement limités à des 
températures plus chaudes, supérieures à -10 °C. De plus, le « facteur d’accrétion » 
des précipitations global peut varier en fonction du type de précipitations et de la 
vitesse du vent, et ces effets peuvent avoir une incidence sur la performance et le 
ruissellement des liquides; il s’agit d’un domaine de recherche qui devrait être exploré 
davantage.  
 

Le modèle avec contamination par la glace a pu être balayé par faisceau laser une 
fois recouvert d’un mélange de dioxyde de titane (TiO2) pour les conditions de surface 
avant et après la simulation du décollage; le processus de balayage laser était 
toutefois très long et son efficacité devrait être améliorée.  
 

En général, la campagne d’essais a permis de confirmer le rendement souhaité du 
nouveau modèle équipé de dispositifs d’équilibrage des charges afin d’évaluer les 
forces aérodynamiques, et a aidé à comprendre les effets du dérapage et du 
débattement de la direction sur le ruissellement des liquides intacts et contaminés. 
Cependant, en raison des températures anormalement chaudes au cours de cette 
campagne d’essais, les effets de la contamination des liquides à des températures 
plus froides demeurent inconnus et constituent une lacune dans notre compréhension.  
 
 

Recommandations 
 

En raison des températures anormalement chaudes au cours de cette campagne 
d’essais, les effets de la contamination des liquides à des températures plus froides 
demeurent inconnus et constituent une lacune dans notre compréhension. Il est 
recommandé de recueillir des données par temps froid pour pouvoir mieux 
comprendre la sensibilité et le contexte des résultats. 
 

Les futurs essais devraient s’appuyer sur la matrice décrite dans le présent rapport, 
y compris l’étalonnage et la validation des procédures, les essais sur surface sèche 
et la visualisation à l’aide de fils, ainsi que les essais sur les liquides et la 
caractérisation du ruissellement. Ils doivent également être axés sur les aspects 
n’ayant pas été explorés de façon approfondie au cours de cette phase préliminaire, 
par exemple, les températures plus froides, les divers types et degrés de 
contamination, la contamination asymétrique et les différents liquides. 
 

Les recherches effectuées à ce jour sont encore de nature exploratoire, et ont 
démontré des avantages associés à des applications spécifiques au type de liquides 
(épaissis ou non) selon les types de contamination et les températures évaluées. Les 
prochaines recherches devraient viser à parfaire ces observations au moyen d’essais 
et de discussions entre parties prenantes du secteur dans le but d’élaborer des 
pratiques d’exploitation recommandées.
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1. INTRODUCTION 
 
Under winter precipitation conditions, aircraft are cleaned prior to takeoff. This is 
typically done with aircraft ground deicing fluids, which are freezing point depressant 
fluids developed specifically for aircraft use. If required, aircraft are then protected 
against further accumulation of precipitation by the application of aircraft ground 
anti-icing fluids, which are also freezing point depressant fluids. Most anti-icing fluids 
contain thickeners to extend protection time.  
 
Prior to the 1990s, aircraft ground de/anti-icing had not been extensively researched. 
However, following several ground icing related incidents in the late 1980s, an 
aircraft ground icing research program was initiated by Transport Canada (TC). The 
objective of the program is to improve knowledge, enhance safety, and advance 
operational capabilities of aircraft operating in winter precipitation conditions.  
 
Since its inception in the early 1990s, the aircraft ground icing research program has 
been managed by TC, with the co-operation of the United States Federal Aviation 
Administration (FAA), the National Research Council Canada (NRC), several major 
airlines, and de/anti-icing fluid manufacturers.  
 
There is still an incomplete understanding of some of the hazards related to aircraft 
ground icing. As a result, the aircraft ground icing research program continues, with 
the objective of further reducing the risks posed by the operation of aircraft in winter 
precipitation conditions.  
 
Under contract to the TC Programs Group Innovation Centre, with support from the 
FAA William J. Hughes Technical Center, TC Civil Aviation, and FAA Flight 
Standards – Air Carrier Operations, APS Aviation Inc. (APS) carried out research in 
the winter of 2022-23 in support of the aircraft ground icing research program. Each 
major project completed as part of the 2022-23 research is documented in a separate 
individual report. This report documents the wind tunnel research performed to 
evaluate contaminated fluid flow-off from a common research model (CRM) vertical 
stabilizer. 
 
 

1.1 Background 
 
There is a lack of standardization in the treatment of vertical surfaces during deicing 
operations. Some operators in the United States and Canada exclude the treatment 
of vertical surfaces, including the vertical stabilizer, while others only consider 
treatment during ongoing freezing precipitation. In some cases, the vertical stabilizer 
may only be deiced while the wings are being deiced and anti-iced. Some reports 
have also indicated that treatment of the vertical stabilizer may worsen takeoff 
performance as the anti-icing fluid on the vertical stabilizer may lead to increased 
accumulation of contamination in active precipitation conditions. 
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Current TC and FAA rules and regulations require that critical surfaces be free of 
contamination prior to takeoff, and the vertical stabilizer is defined as a critical 
surface by both TC and the FAA. However, from a regulatory implementation and 
enforcement standpoint, there is currently no standardized guidance that offers 
inspectors a means to determine if an air operator is complying with operational rules. 
If current operational rules aim to achieve the clean aircraft concept – which requires 
the vertical stabilizer to have zero adhering frozen contamination – the question 
remains: How can this be adequately achieved, or appropriately mitigated by 
operators, to ensure a satisfactory level of safety? 
 
TC and the FAA, with the support of APS, the National Aeronautics and Space 
Administration (NASA), and the NRC, have been directing research to explore 
de/anti-icing of vertical surfaces. The discussion has also been brought to the SAE 
International (SAE) G-12 Aerodynamics Working Group (AWG) meetings to obtain 
additional expert feedback from the group’s original equipment manufacturers 
(OEMs) and aerodynamicists.  
 
 
1.2 Previous Related Research 
 
Flat plate testing conducted in 2015-16 demonstrated the variability in both fluid 
protection times and characteristics of contamination on vertical surfaces (see the 
TC report, TP 15340E, Aircraft Ground Icing General Research Activities During the 
2015-16 Winter [1]). 
 
In 2019-20, aerodynamic testing to document contaminated fluid flow-off on a 
Piper PA-34-200T Seneca II vertical stabilizer demonstrated that fluid and 
contamination were always present at the end of each test run (see the TC report, 
TP 15454E, Wind Tunnel Testing to Evaluate Contaminated Fluid Flow-Off from a 
Vertical Stabilizer [2]). The amount of residual increased or decreased based on the 
severity of the condition tested and was affected by the sideslip and rudder 
deflection, the level of contamination, the temperature at which the test was run, 
the type of fluid used, and other factors. The applicability of these results to 
commercial airliners was reviewed by the SAE G-12 AWG, and it was recommended 
that a new generic model be designed to allow for better, more relevant data to be 
collected.  
 
In 2021-22, based on feedback and support from the AWG, a CRM was designed 
and built by the NRC based on an analysis of existing aircraft geometries. The size 
and shape of this model was better suited as compared to the previous Piper 
Seneca II model (see the TC report, TP 15538E, Wind Tunnel Testing to Evaluate 
Contaminated Fluid Flow-Off from a Common Research Model Vertical Stabilizer [3]). 
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Testing provided valuable insight into fluid and contamination flow-off and the effects 
of sideslip and rudder deflection on pristine and contaminated fluid flow-off. The 
installation of load cells for future testing was recommended to further support the 
interpretation of the acquired data through comparative aerodynamic load forces 
analysis. 
 
 
1.3 Working Group Discussions 
 
Regular discussions have been held with the SAE G-12 AWG to ensure the continued 
relevance of the methodologies and data collected. As it is anticipated that the test 
data collected could be used by aircraft manufacturers to better understand the 
expected impacts on their specific aircraft types, OEMs have been encouraged (via 
the forum of the AWG) to participate in the test plan preparation, observe the testing, 
and provide feedback on the analysis.  
 
 
1.4 Project Objectives 
 
A wind tunnel testing program was developed for the winter of 2022-23 with the 
primary objectives of conducting aerodynamic testing to document contaminated 
fluid flow-off on a CRM vertical stabilizer. 
 
Table 1.1 reports the number of vertical stabilizer wind tunnel tests conducted during 
the winter of 2022-23, broken down by test objective. It should be noted that this 
research was conducted in conjunction with the yearly TC/FAA wind tunnel ice pellet 
research campaign. 
 
The statement of work for these tests is provided in Appendix A. 
 

Table 1.1: Summary of 2022-23 Vertical Stabilizer Tests by Objective 

Objective # Objective # of Runs 

1 Dry Wing Model Performance  29 

2 Sandpaper Roughness Testing 32 

3 Fluid Testing and Flow-Off Characterization  51 

Total 112 
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1.5 Report Format 
 
The following list provides short descriptions of subsequent sections of this report: 
 

a) Section 2 describes the methodology used in testing, as well as equipment 
and personnel requirements necessary to carry out testing; 

b) Section 3 describes data collected during the wind tunnel testing; 

c) Section 4 describes the results from the calibration and validation of procedures; 

d) Section 5 describes the results from the dry model, tuft visualization, boundary 
layer rake, and sandpaper roughness testing; 

e) Section 6 describes the results from the fluid testing and flow-off characterization; 

f) Section 7 describes the results of the laser scanning of fluid and contamination; 

g) Section 8 provides a summary of the conclusions; and 

h) Section 9 provides a summary of the recommendations. 
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2. METHODOLOGY 
 
This section provides a brief description of the test methodology and equipment 
specific to the representative scaled aerodynamic tests conducted at the NRC 
3 m x 6 m Icing Wind Tunnel (IWT). 
 
 

2.1 Test Schedule 
 
Ten days of overnight testing were organized between January 15 and 
January 26, 2023. Setup and teardown times were kept to a minimum and done 
during the first two hours on the first day of testing and during the last two hours 
on the last day of testing, respectively. Table 2.1 presents a summary of the total 
wind tunnel tests performed with the CRM vertical stabilizer. At the beginning of 
each test day, a plan was developed that included the list of tests (taken from the 
global test plan) to be completed based on the weather conditions and testing 
priorities. This daily plan was discussed, approved, and modified as needed by TC, 
the FAA, and APS. 
 

Table 2.1: 2022-23 Summary of Total Tests 

Date 
(Start date of testing) # of Tests Run 

January 15, 2023 13 

January 16, 2023 6 

January 17, 2023 10 

January 18, 2023 11 

January 19, 2023 12 

January 22, 2023 13 

January 23, 2023 25 

January 24, 2023 10 

January 25, 2023 8 

January 26, 2023 4 

Total 112 

 
 
2.1.1 Wind Tunnel Procedure 
 
To satisfy the fluid testing objective, simulated takeoff and climb-out tests were 
performed with the vertical stabilizer. Different parameters including fluid thickness, 
wing temperature, and fluid freezing point were recorded at designated times during 
the tests. 
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The typical procedure for each fluid test is described below. 
 

• The vertical stabilizer was treated with deicing or anti-icing fluid, applied over 
a clean dry surface. 

• When applicable, contamination, in the form of simulated ice pellets, freezing 
rain, and/or snow, was applied to the vertical stabilizer. Test parameters were 
measured at the beginning and end of the exposure to contamination. 

• At the end of the contamination application period, the tunnel was cleared of 
all equipment and scaffolding. 

• The wind tunnel was subsequently operated through a simulated takeoff and 
climb-out test. 

• The behaviour of the fluid during simulated takeoff and climb-out was recorded 
with video cameras and digital high-speed still cameras. In addition, windows 
overlooking the wing section allowed observers to document the fluid 
elimination performance in real-time. 

 
The procedures for the wind tunnel trials are included in Appendix B. The procedures 
include details regarding the test objectives, test plan, methodologies, and pertinent 
information and documentation. 
 
 
2.1.2 Sandpaper Testing Procedure 
 
In addition to the fluid testing, dry model performance tests and sandpaper roughness 
testing were performed to characterize the wing model. These were separate tests 
that did not require fluids and were conducted with a variety of different testing 
parameters specific to the individual objectives.  
 
Testing was conducted with 40-grit sandpaper applied to various components of the 
CRM to simulate fluid/contamination effects and help understand model performance. 
The sandpaper represents a roughness to chord ratio (k/c) of 0.00025. The model 
was covered from leading edge (LE) to trailing edge (TE); sandpaper was then 
removed in segments loosely simulating shearing fluid/contamination during a 
takeoff. Testing was done with both sides covered in sandpaper, as well as the 
suction side only. 
 
Additional tests were done to simulate fluid/contamination blocking the gap between 
the main element and the rudder on the pressure side by using speed tape to seal 
that gap in the model. 
 
All tests were configured to β = 0, δr = -10, and the data was analysed by evaluating 
the performance loss (%∆CY) for each sandpaper and/or sealed gap test versus the 
clean β = 0, δr = -10 baseline test run. 
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2.1.3 Test Sequence 
 
The duration of each test (from start of setup to end of last measurement) varied 
largely due to the length of exposure to precipitation (if applicable). Time required for 
setup and teardown as well as preparing and configuring the vertical stabilizer was 
relatively consistent from test to test. Figure 2.1 demonstrates a sample timeline for 
a typical wind tunnel trial. A precipitation exposure time of 30 minutes was used for 
illustrative purposes; this time varied for each test depending on the objective.  
 
It should be noted that the dry wing characterization and sandpaper roughness tests 
did not require application of fluid or precipitation.  
 
 

 
Figure 2.1: Typical Wind Tunnel Test Timeline 

 
 
2.2 Wind Tunnel and Vertical Stabilizer Model Technical Overview 
 
The following subsections describe the wind tunnel and major test components. 
 
 
2.2.1 Wind Tunnel Test Site 
 
IWT tests are performed at the NRC Aerospace Facilities, Building M-46, at the NRC 
Montreal Road campus, located in Ottawa, Canada. Figure 2.2 provides a schematic 
of the NRC Montreal Road campus showing the location of the NRC IWT. Photo 2.1 
shows an outside view of the wind tunnel trial facility. Photo 2.2 shows an inside 
view of the wind tunnel test section with the CRM installed. The open-circuit layout, 
with a fan at entry, permits contaminants associated with the test articles (such as 
heat or de/anti-icing fluid) to discharge directly, without recirculating or contacting 
the fan. The test section with inserts is 3 m (10 ft.) wide by 5 m (16 ft.) high by 
12 m (40 ft.) long, with a maximum wind speed of 78 knots when using the electrical 
turbine drive and with a maximum wind speed of just over 115 knots when using 
the gas turbine drive. The fan is normally driven electrically, but high-speed operation 
can be accommodated by a gas turbine drive system. Due to the requirements of 
both high-speed and low-speed operations during the testing, the gas turbine was 
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selected to allow for greater flexibility; the gas turbine drive can perform both 
low- and high-speed operations, whereas the electric drive is limited to low-speed 
operations. 
 
 

 
Figure 2.2: Schematic of the NRC Montreal Road Campus 

 
 
2.2.2 Common Research Model Vertical Stabilizer  
 
In consultation with the SAE G-12 AWG, a CRM was designed and built by the NRC 
(see Photo 2.3) in 2021-22. The geometry (see summary in Table 2.2) was based 
on an analysis of existing aircraft geometries and designed to be a best representation 
of commercial aviation aircraft while maintaining a size and span of the section small 
enough to test in the IWT. The model (see Figure 2.3) was initially installed and 
characterized for testing in the winter of 2021-22 (see Photo 2.4). The model was 
then painted and had load cells installed to be able to record aerodynamic load forces 
for the winter of 2022-23. 
 

Table 2.2: Summary of CRM Geometry Parameters 

Parameter Value 

Aspect Ratio 1.07 

Taper Ratio (Ctip/Cbase) 0.50 

¼ Chord Sweep 40° 

CRudder/CVS 0.38* 

Height 1.83 m / 6 ft. 

Mean Chord 1.71 m / 5.6 ft. 
*Design specification for rudder chord ratio was 0.3, but the actual value was 0.38.  
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As shown in Photo 2.5, the vertical stabilizer was mounted on a splitter plate to 
minimize the aerodynamic effects from the tunnel floor. The splitter plate was 
attached to a turntable in the floor that allowed the effective sideslip angle of the 
model to be changed dynamically prior to and during a test. The effective sideslip (β) 
of the model ranged from -10 to +10 degrees. The rudder was servo-actuated and 
could also be changed dynamically prior to and during a test. The rudder 
deflection (δr) of the model ranged from -20 to +20 degrees. The sideslip and rudder 
limits were selected such that they provided adequate structural safety margins 
based on the load forces when in the tunnel. Crosswind effects were simulated by 
controlling the effective sideslip. Figure 2.4 and Figure 2.5 demonstrates the 
effective sideslip and rudder deflection angles that would occur during a crosswind 
takeoff roll and lift-off. Figure 2.6 demonstrates the simulated crosswind takeoff 
configuration used in the NRC IWT for the scenario shown in Figure 2.5. Figure 2.7 
describes the sign conventions when referring to the CRM in the IWT. 
 
 

 
Figure 2.3: Common Research Model Vertical Stabilizer 
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Figure 2.4: Effective Sideslip and Rudder Deflection Angles During a Crosswind 

Takeoff Roll (Prior to Rotation Holding Runway Centerline) 

 

 
Figure 2.5: Effective Sideslip and Rudder Deflection Angles During a Crosswind 

Lift-off (After Rotation with Weather Vane Effect) 
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Figure 2.6: Simulated Crosswind Takeoff Configuration in the NRC IWT  

 

 
Figure 2.7: Sign Conventions for the CRM 

 
 
2.2.3 Wind Tunnel Measurements 
 
The vertical stabilizer was equipped with eight resistance temperature detectors 
(RTDs); these were installed by NRC personnel to record the skin temperature on 
both the port and starboard sides on the model. The eight RTDs were positioned at 
approximately one- and two-thirds the span of the port and starboard sides of the 
main element and rudder. The RTDs were labeled Main Port Lower, Main Port Upper, 
Main Starboard Lower, Main Starboard Upper, Rudder Port Lower, Rudder Port 
Upper, Rudder Starboard Lower, and Rudder Starboard Upper, accordingly. 
Figure 2.8 shows the approximate location of the RTDs on the port side; the 
starboard side would be symmetric, but it is not shown in the figure. 
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Figure 2.8: Location of RTDs on CRM 

 
The wind tunnel was also equipped with sensors recording the following parameters: 
 

1. Ambient temperature inside the tunnel; 

2. Outside air temperature (OAT); 

3. Air pressure; 

4. Wind speed; and 

5. Relative humidity. 
 
The vertical stabilizer model was designed to include load cells for aerodynamic 
measurements; however, due to issues with procurement, dummy cells were used 
for Winter 2021-22 and the actual load cells were only installed for the winter of 
2022-23. The load cells allowed for the measurement and calculation of side force, 
yaw, drag, lift, pitch, and roll, and they included corrections for solid blockage, wake 
blockage, and streamline curvature. Early data reviews during testing in 2022-23 
indicated that side force, yaw, and drag were the most relevant to the research 
objectives; however, as testing progressed, analysis became focused on side force 
and evaluating the fluid and contamination tests against the clean baseline tests.  
 
To evaluate the effect of fluid and contamination on rudder effectiveness, the delta 
difference in measured side force was calculated at the simulated time of rotation 
using Equation 2.1 and Equation 2.2. 
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Equation 2.1: Side Force Coefficient Calculation 

 

 
Equation 2.2: Performance Loss Calculation 

 
For a given run, 𝐶𝐶𝑌𝑌−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 was the respective comparative run using the same β and δr, 
i.e., a fluid test with β = 0, δr = -20 was compared to a dry model test with β = 0, 
δr = -20. The delta side force was then reported in percentage as %∆𝐶𝐶𝑌𝑌. 
 
Many of the observations in this report are based upon the aerodynamic data 
obtained from the force balance, focusing mainly on the side force. As such, the 
force balance data has proven to be very useful in the interpretation of the fluid and 
contamination behaviour. It is important to keep in mind that the measurements are 
specific to this model configuration and may or may not be applicable to other 
configurations. 
 
 
2.3 Simulated Precipitation 
 
The following types of precipitation have been simulated for aerodynamic research 
in the IWT: 
 

• Ice Pellets; 

• Snow; 

• Freezing Rain/Rain; and 

• Other conditions related to holdover times (HOTs). 
 
 
2.3.1 Ice Pellets 
 
Simulated ice pellets were produced with diameters ranging from 1.4 mm to 4.0 mm 
to represent the most common ice pellet sizes observed during natural events. The 
ice pellets were manufactured on-site inside a refrigerated truck (see Photo 2.6). 
Cubes of ice were crushed and passed through calibrated sieves (see Photo 2.7) to 
obtain the required ice pellet size range. Hand-held motorized dispensers (see 
Photo 2.8) were used to dispense the ice pellets. The ice pellets were applied to the 
port and starboard sides of the vertical stabilizer at the same time. 

𝐶𝐶𝑌𝑌 =  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑌𝑌)

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
 

%∆𝐶𝐶𝑌𝑌 =
(𝐶𝐶𝑌𝑌(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) − 𝐶𝐶𝑌𝑌(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.))

𝐶𝐶𝑌𝑌(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
× 100 
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2.3.2 Snow 
 

Snow was produced using the same method for producing ice pellets. The snow 
used consisted of small ice crystals measuring less than 1.4 mm in diameter. 
Historical testing conducted by APS investigated the dissolving properties of the 
artificial snow versus natural snow. The artificial snow was selected as an 
appropriate substitute for natural snow. 
 

The snow was manufactured on-site inside a refrigerated truck (see Photo 2.6). 
Cubes of ice were crushed and passed through calibrated sieves (see Photo 2.7) to 
obtain the required snow size range. Hand-held motorized dispensers were used to 
dispense the snow. The snow was applied to the port and starboard sides of the 
vertical stabilizer at the same time. 
 
 

2.3.3 Freezing Rain/Rain 
 

The NRC sprayer head and scanner that is typically used for HOT testing and has 
been retrofitted to work in the wind tunnel for the RJ wing model could not be used 
due to the location of the equipment versus the location of the vertical stabilizer. 
Instead, a mix of water and ice in a garden sprayer was used to dispense simulated 
freezing rain (see Photo 2.9). A constant “S” shape spray pattern was produced 
manually, and the quantity of water being sprayed was measured before, after, and 
at several increments during the contamination period to ensure even distribution and 
a proper rate of precipitation. 
 
 

2.3.4 Definition of Precipitation Rates 
 

For the simulation of precipitation rates for representative scaled and plate testing, 
the rate limits defined in SAE Aerospace Recommended Practice (ARP) 5485, 
Endurance Time Tests for Aircraft Deicing/Anti-Icing Fluids: SAE Type II, III, 
and IV (4), and SAE ARP5945, Endurance Time Tests for Aircraft Deicing/Anti-Icing 
Fluids: SAE Type I (5), for standard HOT testing were referenced. Figure 2.9 
demonstrates the HOT testing rate precipitation breakdown as follows: 
 

• Light Ice Pellets:   13-25 g/dm²/h; 

• Moderate Ice Pellets:   25-75 g/dm²/h; 

• Light Freezing Rain:   13-25 g/dm²/h; 

• Freezing Drizzle (Heavy):   5-13 g/dm²/h; 

• Light Rain:   13-25 g/dm²/h; 

• Moderate Rain:   25-75 g/dm²/h; 

• Light Snow:   4-10 g/dm²/h; and 

• Moderate Snow:   10-25 g/dm²/h. 



2.  METHODOLOGY 

APS/Library/Projects/301351 (TC Deicing 2022-23)/Reports/V-Stab/Final Version 1.0/TP 15560E Final Version 1.0.docx 
Final Version 1.0, June 24 

15 

 

Figure 2.9: Precipitation Rate Breakdown 
 
 
2.3.5 Simulated Crosswind Contamination 
 
The test plan originally included a test parameter that was set to simulate the effect 
of high crosswinds. This high-crosswind scenario would result in an asymmetric 
contamination to one side of the vertical stabilizer versus the other. This would be 
simulated by applying contamination to only one side. 
 
It should be noted that due to changing priorities during the test campaign, only 
limited simulated crosswind contamination tests (asymmetric contamination) were 
performed; most test runs performed featured symmetric contamination (equal mass 
of contamination applied to the model on both sides). The asymmetric contamination 
remains a parameter to investigate in future testing.  
 
 
2.4 Fluid Failure on the Vertical Stabilizer Model 
 
The time of visual failure was observed for each fluid test. The fluid was determined 
to have failed visually when the snow or precipitation was no longer absorbed by the 
fluid and began to accumulate on the fluid surface. A 10 percent failure coverage 
was historically used during TC/FAA representative scaled aircraft fluid testing in the 
1990s and was determined to correlate with the 33 percent failure coverage on the 
standard aluminum 10º angled test plates that have since been used to develop the 
HOTs. A fluid is expected to have visual failure at the end of the HOT.  
 
For the purposes of this testing, 10 percent failure coverage of the vertical stabilizer 
was used as the standard fail call, and in some cases application of contamination 
was allowed to proceed beyond the standard failure (up to 100 percent failure 
coverage). 

ROCSW - Rain on Cold-Soaked Wing 
ZD -Freezing Drizzle 
ZR- -Light Freezing Rain 
FOG- Freezing Fog 
 

 
(g/dm²/h) 
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2.5 Test Equipment 
 
A considerable amount of test equipment was used. Key items are described in the 
following subsections. A full list of equipment is provided in the test procedure, 
which is included in Appendix B. 
 
 
2.5.1 Video and Photo Equipment 
 
Osmo® and GoPro® cameras were used for wide-angle filming of fluid flow-off during 
the test runs. Due to facility occupancy and travel restrictions, a closed-circuit 
television (CCTV) system was installed by APS and allowed remote viewing of the 
tests by participants using iPad®-based software. The CCTV cameras were positioned 
to provide different angle views of the vertical stabilizer model. Additional 
light-emitting diode (LED) lighting was installed in the observation windows in the 
steel doors overlooking the test area to further enhance the videography. Photo 2.10 
demonstrates the camera setup used for the testing period. 
 
 
2.5.2 Refractometer/Brixometer 
 
Fluid freezing points were measured using a hand-held Misco 10431VP refractometer 
with a Brix scale (shown in Figure 2.10). The freezing points of the various fluid 
samples were determined using the conversion curve or table provided to APS by the 
fluid manufacturer. 
 
 

 
Figure 2.10: Hand-Held Refractometer/Brixometer 
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2.5.3 Wet Film Thickness Gauges 
 

Wet film thickness gauges, shown in Figure 2.11, were used to measure fluid film 
thickness. These gauges were selected because they provide an adequate range of 
thicknesses (0.1 mm to 10.2 mm) for Type I/II/III/IV fluids. The rectangular gauge 
has a finer scale and was used in some cases when the fluid film was thinner (toward 
the end of a test). The observer recorded a thickness value (in mils), as read directly 
from the thickness gauge. The recorded value was the last wetted tooth of the 
thickness gauge; however, the true thickness lies between the last wetted tooth and 
the next un-wetted tooth; the measured thickness was corrected accordingly. 
 
 

 
Figure 2.11: Wet Film Thickness Gauges 

 
 

2.5.4 Hand-Held Immersion and Surface Temperature Probes 
 

Hand-held immersion and surface temperature probes were used to provide 
instantaneous spot measurements during testing. These devices have an accuracy 
of ±0.4°C with 2-3 seconds read time. Figure 2.12 shows the schematic of the 
probes. 
 
 

 
Figure 2.12: Hand-Held Immersion and Surface Temperature Probes 
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2.6 Personnel 
 
During the fluid testing and exploratory research testing, three APS staff members 
were required to conduct the tests, and six additional personnel from Ottawa were 
tasked to manufacture and dispense precipitation as well as to help with general 
setup tasks. A professional photographer was retained to record digital images of the 
test setup and test runs. Three persons from the NRC were required to operate the 
tunnel. Representatives from TC and the FAA provided direction in testing and 
participated virtually as observers. Photo 2.11 shows a portion of the research team 
(due to scheduling, not all participants were available for the photo). 
 
 
2.7 Data Forms 
 
Several different forms were used to facilitate the documentation of the various data 
collected in the wind tunnel trials. Copies of these forms are provided in the test 
procedure, which is included in Appendix B. Completed vertical stabilizer 
temperature, fluid thickness, and fluid Brix data forms have been included in 
Appendix C. 
 
 
2.8 Data Collection 
 
Fluid thickness, fluid Brix, and skin temperature measurements were collected by 
APS personnel. The measurements, along with other pertinent data parameters, were 
collected before and after fluid application, after the application of contamination, 
and at the end of the test. Visual evaluations of the model were also documented 
before, during, and after the simulated takeoff runs. The completed data forms have 
been scanned and included in Appendix C for referencing purposes. 
 
Video and photography were also taken during the tests. Due to the large amount of 
data available, photos of the individual tests have not been included in this report, 
but the high-resolution photos and video have been provided to TC in electronic 
format and can be made available upon request. 
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2.9 De/Anti-Icing Fluids and Application  
 
Three fluids were used for the majority of the testing. Information about the fluids 
used as well as the viscosity measured by APS using the manufacturer recommended 
method is listed below. 
 

• Dow Chemical Company UCAR™ propylene glycol (PG) aircraft deicing 
Concentrate Type I Fluid (measured viscosity n/a). 

• Cryotech Deicing Technology Polar Guard® Advance Type IV Fluid (measured 
viscosity 13,660 cP). 

• Dow Chemical Company UCAR™ Endurance EG106 De/Anti-Icing Type IV Fluid 
(measured viscosity 42,600 cP). 

 
Additional limited testing was also conducted with the following:  
 

• Clariant Produkte (Deutschland) GmbH Max Flight SNEG Type IV Fluid 
(measured viscosity 28,700 cP); 

• Cryotech Deicing Technology Polar Guard® Xtend Type IV Fluid (measured 
viscosity 14,020 cP); and  

• JSC RCP Nordix Defrost North 4 Type IV Fluid (measured viscosity 4,060 cP). 
 
Due to the height and vertical orientation of the model, pouring fluid by hand was 
not possible; battery-operated garden sprayers were used to apply the fluid to the 
CRM. The atomizing nozzle was removed from the sprayer to prevent shearing of the 
fluid. The sprayer’s hand-held wand attachment allowed personnel to apply fluid 
directly to the model with minimal waste. Due to the cold weather effects on the 
battery, additional care was taken to ensure batteries were fully charged and ready 
on standby for testing. The fluid application process was refined on the first day of 
testing and typically took about 10 minutes to complete for each test.  
 
 
2.9.1 Viscometer 
 
Historically, viscosity measurements have been carried out using a Brookfield 
viscometer (shown in Photo 2.13) fitted with a recirculating fluid bath and small 
sample adapter. In recent years, on-site measurements are also done with the Stony 
Brook PDVdi-120 Falling Ball Viscometer whenever possible (Photo 2.14) to obtain a 
quick verification of the fluid integrity. The falling ball tests are much faster and more 
convenient to perform compared to tests with the Brookfield viscometer. The falling 
ball, however, does not provide the absolute value of viscosity, but rather a time 
interval that is compared to historical samples to identify changes in viscosity. 
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2.9.2 Fluid Application Equipment 
 
The Type II/III/IV fluids were stored outside the wind tunnel and were kept at ambient 
temperature. Type II, III, and IV fluids are generally received in 20 L containers; however, 
some fluids are received in large 200 L barrels or larger 1000 L totes.  
 
The fluid was applied to the model by using a garden sprayer with the atomizing 
nozzle removed to minimize fluid shearing (Photo 2.12). Type I fluid was diluted with 
hard water and heated in large pots using hot plates. The Type I fluid heated to 60°C 
was applied to the vertical stabilizer using a garden sprayer. 
 
 
2.9.3 Waste Fluid Collection 
 
APS personnel used a vacuum to collect the fluid that would drip onto the tunnel 
floor prior to each test. The NRC also fitted the wind tunnel with appropriate drainage 
tubes to collect spent fluid during the simulated takeoff test runs. At the end of the 
testing period, the services of a waste removal company were employed to safely 
dispose of the waste glycol fluid. 
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Photo 2.1: Outside View of the NRC Wind Tunnel Facility 

 
 
 
Photo 2.2: Inside View of the NRC Icing Wind Tunnel Test Section with the CRM  
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Photo 2.3: Collage of Images During Manufacturing of the CRM 

 
 
 
Photo 2.4: Vertical Stabilizer Mounted in the NRC IWT for Testing with Fluid Being 

Applied 
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Photo 2.5: View of Splitter Plate Used to Mount the CRM 

 
 
 

Photo 2.6: Refrigerated Truck Used for Manufacturing Ice Pellets 
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Photo 2.7: Calibrated Sieves Used to Obtain Desired Size Distribution 

 
 
 

Photo 2.8: Ice Pellet/Snow Dispenser Operated by APS Personnel 
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Photo 2.9: Simulating Freezing Rain with Garden Sprayer 

  
 
 

Photo 2.10: Location of Osmo® and CCTV Video Camera Mounts 

 
 
 

 
x2 
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Photo 2.11: 2022-23 Research Team 

 
 
 

Photo 2.12: Garden Sprayer Hand-Held Wand Applying Fluid 

 
 
 

2022-23 Research Team

Remote Team (TC, 
FAA, APS, Boeing) 

not in photo
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Photo 2.13: Brookfield Digital Viscometer  

 
 
 

Photo 2.14: Stony Brook PDVdi-120 Falling Ball Viscometer 
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3. REPRESENTATIVE SCALED DATA COLLECTED 
 
 
3.1 Test Log 
 
A detailed log of the tests conducted in the NRC IWT during the winter of 2022-23 
is included in Table 3.1. The log provides relevant information for each of the tests, 
as well as final values used for the data analysis. Each row contains data specific to 
one test. The following is a brief description of the column headings for the logs 
included in Table 3.1. 
 
Test #: Exclusive number identifying each test run. 

Date: Date when the test was conducted. 

Test Objective: Description of the test objective.  

Fluid Name: Aircraft anti-icing fluid used during the test.  

Sideslip β: The effective sideslip angle of the model 
during the test, ranging from +10° to -10°. 

Rudder Deflection δr: The rudder deflection angle during the test, 
ranging from +20° to -20°. 

Speed (kts): Maximum speed obtained during simulated 
takeoff run, recorded in knots. 

Tunnel Temp. Before Test (ºC): Static tunnel air temperature recorded just 
before the start of the simulated takeoff test, 
measured in degrees Celsius.  

 Note: This parameter was used as the actual 
test temperature for analysis. 

OAT Before Test (ºC): OAT recorded just before the start of the 
simulated takeoff test, measured in degrees 
Celsius. 

 Note: This is not an important parameter as 
“Tunnel Temp. Before Test” was used as the 
actual test temperature for analysis. 

Precipitation Rate (Type: [g/dm²/h]): Simulated freezing precipitation rate (or 
combination of different precipitation rates); 
“-” indicates that no precipitation was 
applied. 
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Exposure Time: Simulated precipitation period, recorded in 
minutes. 

Extra Comments: Extra comments describing methodology 
changes or observations related to the test.  
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Table 3.1: Test Log 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

1 15-Jan-23 Dry Wing None β=0º δ=-10º 100 -7.9 n/a - -  

2 15-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 -7.9 n/a - -  

3 15-Jan-23 Dry Wing None β=0º δ=0º 100 -7.57 n/a - -  

4 16-Jan-23 Dry Wing None β=0º δ=-10º 100 -8.2 n/a - -  

5 16-Jan-23 Dry Wing None β=0º δ=-20º 100 -8.42 n/a - -  

6 16-Jan-23 Dry Wing None β=-10º δ=-20º 100 -7.78 n/a - -  

7 16-Jan-23 Dry Wing None β=0º δ=-10º 100 -6.99 n/a - -  

8 16-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 -6.99 n/a - -  

9 16-Jan-23 Fluid Only Polar Guard Advance β=0º δ=0º 100 -9.21 -10.1 - -  

10 16-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -9.96 -10.5 - -  

11 16-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-20º 100 -9.35 -10.8 - -  

12 16-Jan-23 Fluid Only Polar Guard Advance β=-10º δ=-20º 100 -10.68 -11 - -  

13 16-Jan-23 Fluid Only EG106 β=0º δ=-10º 100 -10.96 -10.9 - -  
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

14 16-Jan-23 Dry Wing None β=0º δ=-10º 100 -1.5 -4.5 - -  

15 16-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 -1.5 -4.5 - -  

16 16-Jan-23 Fluid and Cont. 
(FZR) Polar Guard Advance β=0º δ=-10º 100 -5.7 -5.7 FZRA: 25 75 Exposure to HOT (Laser scan) 

17 17-Jan-23 Dry Wing None β=0º δ=-10º 100 -5.53 n/a - -  

18 17-Jan-23 Fluid and Cont. 
(FZR) Polar Guard Advance β=0º δ=-10º 100 -3.8 -6.7 FZRA: 25 13.5 Exposure to V-Stab 10% fail (Laser scan) 

19 17-Jan-23 Fluid and Cont. 
(FZR) Polar Guard Advance β=0º δ=-10º 100 -5 -6.7 FZRA: 25 19 

Exposure to V-Stab 10% fail. Since 
contamination only on 1 side happened at 

19 minutes rather than 13.5 minutes. 

20 17-Jan-23 Dry Wing None β=0º δ=-10º 100 0.62 n/a - -  

21 17-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 0.62 n/a - -  

22 17-Jan-23 Fluid Only EG106 β=0º δ=0º 100 -0.51 -2.4 - 0  

23 17-Jan-23 Fluid Only EG106 β=0º δ=-10º 100 0.2 -2.3 - 0  

24 18-Jan-23 Fluid Only EG106 β=0º δ=-20º 100 0.17 -2.2 - 0  

25 18-Jan-23 Fluid Only EG106 β=-10º δ=-20º 100 0.5 -2.1 - 0 Post-run laser scan 

26 18-Jan-23 Fluid Only Polar Guard Xtend β=0º δ=-10º 100 0.5 -1.7 - 0 Repeatability test (1 of 4) 

27 18-Jan-23 Fluid Only Polar Guard Xtend β=0º δ=-10º 100 -0.2 -1.3 - 0 Repeatability test (2 of 4) 
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

28 18-Jan-23 Fluid Only Polar Guard Xtend β=0º δ=-10º 100 -0.7 -1.4 - 0 Repeatability test (3 of 4) 

29 18-Jan-23 Fluid Only Polar Guard Xtend β=0º δ=-10º 100 -1.2 -1.3 - 0 Repeatability test (4 of 4) 

30 18-Jan-23 Dry Wing None β=0º δ=-10º 100 4.32 n/a - -  

31 18-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 4.32 n/a - -  

32 18-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 0.8 0.3 - 0  

33 18-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-20º 100 0.4 0.3 - 0  

34 18-Jan-23 OEI 
Simulations Polar Guard Advance β=0º δ=0 to -20 

@100kts 
100 1.27 -0.2 - 0 OEI 

35 19-Jan-23 OEI 
Simulations Polar Guard Advance 

β=+10º to 0 
@100kts 

δ=-20º 100 0 0 - 0 OEI + Xwind 

36 19-Jan-23 OEI 
Simulations Polar Guard Advance 

β=+10º to -10 
@100kts 

δ=-20º 100 0.2 0 - 0 OEI + Xwind (2) 

37 19-Jan-23 Fluid Only Polar Guard Advance β=-10º δ=-20º 100 1.2 0.1 - 0  

38 19-Jan-23 Fluid Only Dow Type I PG STD 
MIX 55/45 

β=0º δ=-10º 100 1 -0.1 - 0 STD MIX 

39 19-Jan-23 Fluid Only Dow Type I PG STD 
MIX 55/45 

β=0º δ=-20º 100 1.7 -0.3 - 0 STD MIX 

40 19-Jan-23 Fluid Only Dow Type I PG STD 
MIX 55/45 

β=-10º δ=-20º 100 1.6 -0.4 - 0 STD MIX 

41 19-Jan-23 Dry Wing None  β=0º δ=-10º 100 0.25 n/a - -  
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

42 19-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 0.25 n/a - -  

43 19-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -1.62 -3.1 - 0  

44 19-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -1.1 -3 - 0 Fluid Only Pressure Side 

45 19-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -1.57 -2.9 - 0 Fluid Only Suction Side 

46 20-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -0.79 -2.7 - 0 Fluid Only Rudder Both Sides 

47 20-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -0.87 -2.5 - 0 Fluid Only Rudder Pressure Side 

48 20-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -0.46 -2.2 - 0 Fluid Only Rudder Suction Side 

49 20-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -0.57 -2.2 - 0  

50 20-Jan-23 Fluid Only Polar Guard Advance β=0º δ=-10º 100 -0.51 -2.2 - 0 Fluid Only Pressure Side 

51 20-Jan-23 Fluid Only Max Flight SNEG β=0º δ=-10º 100 -0.76 -2.3 - 0 Fluid Variance v. PGA and others 

52 20-Jan-23 Fluid Only Defrost North 4 β=0º δ=-10º 100 0.29 -2.1 - 0 Fluid Variance v. PGA and others 

53 22-Jan-23 Dry Wing None β=0º δ=-10º 100 8.1 n/a - -  

54 22-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 8.1 n/a - -  

55 22-Jan-23 Dry Wing None β=-10º δ=5 to -20 
@5° incr. 

100 8.1 n/a - -  
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

56 22-Jan-23 Roughness None β=0º δ=-10º 100 9.37 -1.2 - 0 3M tape both sides, 40 Grit Port Rudder 
(Suction Side) 

57 22-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 9.37 -1.2 - 0 3M tape both sides, 40 Grit Port Rudder 
(Suction Side) 

58 22-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 9.37 -1.2 - 0 3M tape both sides, 40 Grit Port Rudder 
(Suction Side) 

59 23-Jan-23 Roughness None β=0º δ=-10º 100 9.17 -1.3 - 0 3M tape both sides, 40 Grit Both Rudder 
Sides 

60 23-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 9.17 -1.3 - 0 3M tape both sides, 40 Grit Both Rudder 
Sides 

61 23-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 9.17 -1.3 - 0 3M tape both sides, 40 Grit Both Rudder 
Sides 

62 23-Jan-23 Roughness None β=0º δ=-10º 100 10.38 -1.7 - 0 3M + 40 Grit Main and Rudder w/o LE 

63 23-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 10.38 -1.7 - 0 3M + 40 Grit Main and Rudder w/o LE 

64 23-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 10.38 -1.7 - 0 3M + 40 Grit Main and Rudder w/o LE 

65 23-Jan-23 Roughness None β=0º δ=-10º 100 6.76 -1.7 - 0 3M + 40 Grit Main and Rudder w/o LE, 
taped gap 

66 23-Jan-23 Roughness None β=0º δ=-10º 100 2.91 -0.1 - 0 3M + 40 Grit Main and Rudder w/o LE 

67 23-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 2.91 -0.1 - 0 3M + 40 Grit Main and Rudder w/o LE 

68 23-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 2.91 -0.1 - 0 3M + 40 Grit Main and Rudder w/o LE 

69 23-Jan-23 Roughness None β=0º δ=-10º 100 7.56 -0.1 - 0 3M + 40 Grit Main and Rudder + Leading 
Edge 
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

70 23-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 7.56 -0.1 - 0 3M + 40 Grit Main and Rudder + Leading 
Edge 

71 23-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 7.56 -0.1 - 0 3M + 40 Grit Main and Rudder + Leading 
Edge 

72 24-Jan-23 Roughness None β=0º δ=-10º 100 9.98 -0.2 - 0 3M + 40 Grit LE + Main, and Rudder on 
Suction Side 

73 24-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 9.98 -0.2 - 0 3M + 40 Grit LE + Main, and Rudder on 
Suction Side 

74 24-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 9.98 -0.2 - 0 3M + 40 Grit LE + Main, and Rudder on 
Suction Side 

75 24-Jan-23 Roughness None β=0º δ=-10º 100 6.34 0 - 0 3M + 40 Grit LE + Main/Rudder on 
Suction Side, Gap Sealed 

76 24-Jan-23 Roughness None β=0º δ=-10º 100 6.08 0 - 0 3M + 40 Grit Main/Rudder on Suction 
Side. No LE 

77 24-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 6.08 0 - 0 3M + 40 Grit Main/Rudder on Suction 
Side. No LE 

78 24-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 6.08 0 - 0 3M + 40 Grit Main/Rudder on Suction 
Side. No LE 

79 24-Jan-23 Roughness None β=0º δ=-10º 100 7.1 0.5 - 0 3M + 40 Grit 1/2 of Main + Full Rudder 
on Suction Side 

80 24-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 7.1 0.5 - 0 3M + 40 Grit 1/2 of Main + Full Rudder 
on Suction Side 

81 24-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 7.1 0.5 - 0 3M + 40 Grit 1/2 of Main + Full Rudder 
on Suction Side 

82 24-Jan-23 Roughness None β=0º δ=-10º 100 1.51 0.6 - 0 3M + 40 Grit 1/2 of Main + Full Rudder 
on Suction Side. Sealed Gap 

83 24-Jan-23 Roughness None β=0º δ=-10º 100 2.82 0.7 - 0 3M Tape, 40 Grit Port Rudder (Suction 
Side) 
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

84 24-Jan-23 Roughness None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 2.82 0.7 - 0 3M Tape, 40 Grit Port Rudder (Suction 
Side) 

85 24-Jan-23 Roughness None β=-10º δ=5 to -20 
@5° incr. 

100 2.82 0.7 - 0 3M Tape, 40 Grit Port Rudder (Suction 
Side) 

86 24-Jan-23 Roughness None β=0º δ=-10º 100 1.27 0.7 - 0 3M Tape, 40 Grit Port Rudder (Suction 
Side) + Sealed Gap 

87 24-Jan-23 Roughness None β=0º δ=-10º 100 1.13 0.8 - 0 Clean Wing, Sealed Gap 

88 24-Jan-23 Dry Wing None β=0º δ=-10º 100 2.35 n/a - 0  

89 24-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 2.35 n/a - 0  

90 24-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 2.35 n/a - 0  

91 24-Jan-23 Dry Wing None β=0º δ=-10º 100 -1.08 n/a - 0  

92 24-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 -1.08 n/a - 0  

93 24-Jan-23 Fluid and Cont. 
(PL) Polar Guard Advance β=0º δ=-10º 100 -3.17 -5.4 PL: 75 15 Exposure to AT 

94 25-Jan-23 Fluid and Cont. 
(PL) EG106 β=0º δ=-10º 100 -2.76 -6.6 PL: 75 35 Exposure to AT 

95 25-Jan-23 Fluid and Cont. 
(SN) EG106 β=0º δ=-10º 100 -4.97 -7.4 SN: 25 40 Exposure to HOT 

96 25-Jan-23 Fluid and Cont. 
(SN) EG106 β=0º δ=-10º 100 -4.98 -7.7 SN: 25 10 Exposure to V-Stab 10% fail 
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

97 25-Jan-23 Fluid and Cont. 
(SN + FZRA) EG106 β=0º δ=-10º 100 -4.06 -9.1 SN: 18, 

FZRA: 21 11 

Frankenstein Test: SN + FZRA applied 
freestyle over run 96 residual fluid. Total 
estimate SN 44+ FZRA 21 = 65 g/dm²/h 

for 11 minutes. 

98 25-Jan-23 
Adhered 

Contamination 
from Run 97 

None β=0º δ=-10º 100 -1.67 -9.3 - 0 Repeat of #97 adhered contamination 

99 25-Jan-23 
Adhered 

Contamination 
from Run 97 

None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 -1.67 -9.3 - 0 Repeat of #97 adhered contamination 

100 25-Jan-23 
Adhered 

Contamination 
from Run 97 

None β=-10º δ=5 to -20 
@5° incr. 

100 -1.67 -9.3 - 0 Repeat of #97 adhered contamination 

101 25-Jan-23 Dry Wing None β=0º δ=-10º 100 -5 -6.6 - 0 Snow Ingestion during Baseline Test 

102 25-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 -5 -6.6 - 0 Snow Ingestion during Baseline Test 

103 25-Jan-23 Fluid and Cont. 
(SN) Polar Guard Advance β=0º δ=-10º 100 -4.57 -6.3 SN: 25 65 Exposure to HOT 

Note: Snow ingestion during test 

104 26-Jan-23 Fluid and Cont. 
(SN) Polar Guard Advance β=0º δ=-10º 100 -4.08 -6 SN: 25 15 Exposure to V-Stab 10% fail 

Note: Snow ingestion during test 

105 26-Jan-23 Fluid and Cont. 
(SN) 

Dow Type I PG 
10° Buffer (-5 / -15) 

β=0º δ=-10º 100 n/a n/a SN: 25 25 
Exposure to Type IV HOT (25 min) 

ABORTED RUN AT 81 KTS DUE TO FOD 
IN TUNNEL 

106 26-Jan-23 Fluid and Cont. 
(SN) 

Dow Type I PG 
10° Buffer (-5 / -15) 

β=0º δ=-10º 100 -3.92 -5.2 SN: 25 25 
Repeat of residual fluid/contamination of 

run 105.  
Note: Snow ingestion during test. 

107 26-Jan-23 Fluid and Cont. 
(SN) 

Dow Type I PG 
10° Buffer (-5 / -15) 

β=0º δ=-10º 100 -3.3 -4.8 SN: 25 5 Exposure to HOT 
Note: Snow ingestion during test. 

108 26-Jan-23 Fluid and Cont. 
(SN + FZRA) EG106 β=0º δ=-10º 100 -2.67 -4.4 SN: 20, 

FZRA: 5 45 Exposure to FZRA HOT (45 min) - laser 
scan 

109 26-Jan-23 Dry Wing None β=0º δ=-10º 100 -2.28 -5.1 - 0  

110 26-Jan-23 Dry Wing None 
β=0º and -10 
when δ=-20 

δ=5 to -20 
@5° incr. 

100 -2.28 -5.1 - 0  
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Table 3.1: Test Log (cont’d) 

Test 
# Date Test Objective Fluid Name 

Sideslip 
(β) 

Rudder 
Deflection 

(δr) 

Speed 
(kts) 

Tunnel Temp. 
Before Test 

(ºC) 

OAT 
Before 

Test (ºC) 

Precip. 
Rate 

(g/dm²/h) 

Exposure 
Time (min) Extra Comments 

111 26-Jan-23 Fluid and Cont. 
(SN) EG106 β=0º δ=-10º 100 -5.34 -5.9 SN: 25 40 

Exposure to SN HOT (40 min) with 2x 
catch factor (Simulating higher wind 

speeds and increased catch factor) - laser 
scan 

112 26-Jan-23 Cont. (FZRA) None β=0º δ=-10º 100 -5.72 -7.2 FZRA: 13 20 

20 minutes no fluid - just FZRA on dry 
wing - laser scan 

Droplets not freezing, even with small 
fans - freezing occurred during takeoff. 
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4. MODIFICATIONS TO TEST EQUIPMENT AND PROCEDURES 
 

This section describes the modifications to test equipment and testing procedures.  
 
 

4.1 Selection of Paint Colour for the Common Research Model 
 

When the CRM was initially built for testing in the 2021-22 winter season, the model 
was left unpainted (bare aluminum). It was noted during the testing that year that 
this caused some challenges relating to the photography and videography, including 
surface reflectivity to light and flashes, fluids not being apparent after application 
(especially those with less dye), and snow and ice contamination not being apparent 
after application on a fluid-covered surface.  
 

In addition to the above challenges, it was determined that the NASA laser scanning 
system that was being used in the 2022-23 tests would require a painted surface to 
minimize reflection for proper functionality. As a result, it was decided to paint the 
CRM in advance of the 2022-23 testing session. 
 

To determine the most appropriate colour to paint the CRM, paint trials were 
conducted using test plates mounted on vertical stands. The test plates were painted 
various shades of colour from white to grey to black, including both glossy and flat 
finishes (see Figure 4.1). Fake snow (typically used for Christmas decorations) made 
from small pieces of reflective plastic film was used to evaluate the appearance of 
contamination on the painted surfaces. The use of fake snow was necessary as these 
trials were performed outdoors prior to the 2022-23 winter. 
 
 

 
Figure 4.1: Setup with Different Colour Test Plates 
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The trials consisted of application of anti-icing fluid and fake snow to the painted 
surfaces, followed by photography and evaluation of the visibility of fluid/contamination 
on the different surfaces evaluated. Trials were conducted with both ethylene 
glycol (EG) and PG Type IV fluids (see Figure 4.2).  
 
 

 
Figure 4.2: Results with EG and PG Fluids and Fake Snow 

 
Review of the photography obtained during the trials indicated that white paint makes 
identifying snow and ice contamination more difficult (as seen with the Piper model), 
but it is best for seeing fluid. Black paint is best for seeing contamination (hence why 
representative surfaces are often black), but seeing fluid is more difficult. There were 
no significant differences noted when comparing glossy and flat finishes of the same 
paint colour. Type I fluid was not tested; however, it is expected that results would 
be similar to the Type IV PG fluid with faint dye. The colour of “#5 Flat Light Grey” 
paint seems to provide the best combination of fluid and contamination visibility, and 
based on discussions with the NRC, the model was painted light grey using 
aircraft-grade paint, the same colour as the NRC Convair underside (see Figure 4.3).  
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Figure 4.3: NRC Convair Aircraft Showing Grey Underside 

 
 
4.2 Installation of Load Cells and Shakedown Runs 
 
The CRM vertical stabilizer was mounted on a four-point balance with risers within 
the wind tunnel turntable floor. This configuration lifted the main element out of the 
floor boundary layer and provided space for the rudder motion system. The setup 
includes four six-component load cells, with thermal blankets to maintain a constant 
temperature. See Figure 4.4 for details.  
 
 

 
Figure 4.4: CRM Risers and Balance Configuration  

 
As this was the first year of testing with the load cells installed in the CRM, several 
tests were done prior to the start of the testing program to verify proper functionality, 
and additional tests were done on the first day of testing.

Support Plate

Risers

Load Cells
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5. DRY MODEL, TUFT VISUALIZATION, BOUNDARY LAYER 
RAKE, AND SANDPAPER ROUGHNESS TESTING 

 
This section describes activities related to the dry model testing, tuft visualization 
testing, boundary layer rake testing, and sandpaper roughness testing. 
 
 
5.1 Dry Model Performance  
 
The CRM vertical stabilizer was tested in a dry and clean configuration to document 
the baseline aerodynamic performance of the model. The aerodynamic data collected 
and analysed by the NRC (shown in Figure 5.1) demonstrated a linear trend in side 
force and yawing moment with rudder deflection at β = 0° and β = -10°, indicating 
that the model stall was not within the parameter ranges tested (otherwise the data 
plotted would not be linear). The model performance was generally symmetric with 
rudder deflection through 0° for side force and yawing moment and went through 
the 0-0 intercept (when looking at the -5º, 0º, and +5º rudder deflection data for 
side force and yaw). The data measured during the dry model runs compared well to 
the values predicted through computational fluid dynamics (CFD) modelling 
performed by the NRC and used during the model design. 
 
 

 
Figure 5.1: Dry Model Performance Data Provided by the NRC 

 
The model uncertainty and the level of experimental variation were documented (see 
Figure 5.2). In addition, dry wing repeatability testing was conducted with three tests 
(#1, #4, and #7) configured to β = 0, δr = -10, and the standard deviation of the 
side force and yaw measured was 3 percent and 1 percent, respectively (see 
Figure 5.3).  
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Figure 5.2: Side Force and Yaw Uncertainty Analysis by the NRC 

 
 

 
Figure 5.3: Dry Wing Repeatability Analysis 

 
 

5.2 Tuft Visualization 
 

Tuft testing was conducted with the unpainted CRM model in 2021-22. The 
historical results are presented in Table 5.1 for reference. The data from this testing 
was used to establish the standard research configuration (which could be modified 
based on objective), which included sideslip angle set to 0º and rudder deflection 
angle set to -10º. For the winter of 2022-23, this testing was not repeated as the 
results are expected to remain the same: the painting of the model should have little 
or no effect.  
 

Table 5.1: Historical 2021-22 Summary of Aerodynamic Effects Visualized with 
Varying Configurations 

Effective Sideslip 
β 

Rudder Deflection 
δr Flow Characteristics 

0˚ 0˚ Flow was attached with little turbulence. 

-10˚ -20˚ Flow separated on the rudder on the suction side. 

0˚ -12˚ Flow separation began (tip of the rudder on the 
suction side). 

0˚ -10˚ Selected as the limit of where flow remained 
attached. 

Side Force Yawing Moment
Profile β=0º,  δr=-10º Profile β=0º,  δr=-10º
Average -0.187756667 Average -0.141646667
Runs 1 -0.19255 Runs 1 -0.14254

4 -0.18199 4 -0.14213
7 -0.18873 7 -0.14027

STDEV -3% STDEV -1%
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5.3 Boundary Layer Rake Testing 
 

Boundary layer testing was conducted with the unpainted CRM model in 2021-22. 
The data collected in 2021-22 was analysed by the NRC and a separate report was 
prepared for TC and the FAA. The following provides a summary.  
 

The test runs indicated uniform, attached flow and model symmetry with rudder 
deflection and sideslip. The results also indicated that the boundary layer was thicker 
at the bottom of the model and thinner at the top, a function of the greater chord 
length at the bottom. It was also observed that the boundary layer was thicker over 
the rudder compared to the main element. While the main element of the vertical 
stabilizer did not stall, the rudder stalled at 12° for the top boundary layer rake and 
at 16° for the middle and bottom boundary layer rakes. The boundary rake testing 
did not identify any anomalies in the flow characteristics.  
 

For the winter of 2022-23, this testing was not repeated as the results are expected 
to remain the same: the painting of the model should have little or no effect. 
 
 

5.4 Sandpaper Roughness Testing  
 

Testing was conducted with 40-grit sandpaper applied to various components of the 
CRM to simulate fluid/contamination effects and help understand model performance. 
Figure 5.4 and Figure 5.5 provide the testing details showing the configuration tested, 
photos of both sides of the CRM, and the calculated delta loss in side force as compared 
to the clean baseline.  
 

A selection of the data was plotted in Figure 5.6 and Figure 5.7 showing data from 
tests runs where sandpaper was applied to the suction side only, as well as from 
runs where sandpaper was applied to both sides.  
 

The maximum %∆CY observed during the suction side only tests (Figure 5.6) was 
approximately 13 percent, with this result having been obtained when the entire 
suction side of the model was covered in sandpaper. Approximately 60 percent of 
the measured side force loss at β = 0°, δr = -10° was recovered when sandpaper 
was removed from the forward half of the main element, suggesting that most of 
the side force is generated by this section of the model (which is typical of most 
airfoil pressure distributions).  
 

A similar trend in data was also observed when the sandpaper was applied to both 
sides (Figure 5.7); however, overall %∆CY was less as compared to the suction side 
only tests. The diagram in Figure 5.8 may provide some justification as to why the 
observed %∆CY was less when sandpaper was applied to the whole model as 
compared to the suction side only. The sandpaper applied to both sides serves to 
“re-centre the forces” and therefore nets a better %∆CY than the suction side only 
when compared to the baseline.  
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Sealing the gap between the main element and the rudder of the CRM with speed 
tape was observed to offset the loss in side force generated by applying sandpaper 
to the model. This needs to be further investigated in how it relates to aircraft 
configurations where the gap is sealed or not, and how the performance changes as 
a function of time during takeoff when the fluid is shearing off. Additional testing 
with fluids with the gap sealed was also conducted and is discussed in Section 6.
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Figure 5.4: Sandpaper Grit Testing Details (Part 1 of 2) 
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Figure 5.5: Sandpaper Grit Testing Details (Part 2 of 2)
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Figure 5.6: Sandpaper Removal Effects When Applied to Suction Side Only 

 
 

 
Figure 5.7: Sandpaper Removal Effects When Applied to Both Sides 
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Figure 5.8: Depiction of Sandpaper Roughness Effects on Side Forces Generated 
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6. FLUID TESTING AND FLOW-OFF CHARACTERIZATION 
 
This section describes the activities related to the fluid testing and flow-off 
characterization. 
 
 
6.1 Overview of Testing Strategy 
 
As the CRM vertical stabilizer testing was limited due to time and weather conditions, 
the tests performed were chosen based on their likeliness to provide the most 
informative data. This testing was conducted with Type IV EG- and PG-based fluids, 
as well as with PG-based Type I fluid. 
 
The plan for the fluid testing and flow-off characterization can be inferred by the 
following major headings. 
 

1. Fluid-Only Testing: 

a. Type IV PG Fluid Only (Cold and Warm); 

b. Type IV EG Fluid Only (Cold and Warm); and 

c. Type I PG Fluid Only (Warm). 

2. Fluid and Contamination Testing: 

a. Type IV EG Fluid – Simulated Moderate Snow; 

b. Type IV PG Fluid – Simulated Moderate Snow; 

c. Type I PG Fluid – Simulated Moderate Snow; 

d. Type IV EG and PG Fluid – Ice Pellets; 

e. Type IV PG Fluid – Simulated Freezing Rain; and 

f. Type IV EG – Mixed Snow and Freezing Rain. 

3. One Engine Inoperative (OEI) and Crosswind Simulations: 

a. Type IV PG Fluid – OEI; 

b. Type IV PG Fluid – OEI + Crosswind #1; and 

c. Type IV PG Fluid – OEI + Crosswind #2. 

4. Repeatability and Variability Testing: 

a. Type IV PG Fluid Repeatability; and 

b. Type IV EG and PG Fluids Variability.  
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5. Non-Standard Fluid/Contamination Applications to Isolate Specific Aerodynamic 
Parameters: 

a. Asymmetric Simulated Freezing Rain with Type IV PG Fluid;  

b. Asymmetric Mixed Snow and Freezing Rain with Type IV EG Fluid;  

c. Simulated Freezing Rain on an Unprotected Wing; 

d. Adjusted Catch Factor on Vertical Surface with Type IV EG Fluid; and  

e. Sealed Gap Effect. 
 
A photographic summary of each set of tests is included at the end of this section. 
In addition, a summary of the fluid thickness measurements for each set of tests is 
included in Appendix D. For ease of cross-referencing, the photo number in Section 6 
refers to the corresponding figure number in Appendix D (e.g., Photo 6.3 refers to 
Figure 3).  
 
 

6.2 Fluid-Only Testing 
 
The following subsections provide a summary of the fluid-only testing. 
 
 
6.2.1 Type IV PG Fluid Only 
 
Four comparative Type IV PG fluid-only tests (#9, #10, #11, and #12) were 
conducted with an approximate tunnel temperature of -10˚C, where the only 
variables changed were the β and δr angles. Four different configurations of β and δr 

were tested: 
 

• Test #9: β = 0°, δr = 0° (a zero crosswind scenario); 

• Test #10: β = 0°, δr = -10° (the “basic” configuration); 

• Test #11: β = 0°, δr = -20° (a full rudder configuration); and 

• Test #12: β = -10°, δr = -20° (a maximum crosswind scenario). 
 
The test results demonstrated that the fluid was generally well removed from the 
forward part (main element) of the vertical stabilizer; however, some pooled fluid 
remained on the rudder on the suction side. The observed residual fluid increased as 
the β and δr decreased. For Tests #10 and #11, the aerodynamic data showed 
performance degradation as δr increased at β = 0° however, there was an 
improvement for Test #12 at β = -10, δr = -20 (likely from the additional suction 
peak at a yaw angle helping to clear off the main element, which contributes 
significantly to the side force). For Test #9, the %∆CY was not calculated because 
with the side force being zero, any small deviation causes a large error. Photo 6.1 
provides a photographic summary of these tests. 
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This testing was later repeated at a warmer temperature. Three comparative Type IV 
PG fluid-only tests (#32, #33, and #37) were conducted with an approximate tunnel 
temperature of +1ºC, where the only variables changed were the β and δr angles. 
The three configurations of β and δr explored were the following: 
 

• Test #32: β = 0°, δr = -10° (the “basic” configuration); 

• Test #33: β = 0°, δr = -20° (a full rudder configuration); and 

• Test #37: β = -10°, δr = -20° (a maximum crosswind scenario). 
 
The test results demonstrated a trend similar to the Type IV PG colder temperature 
data; however, the decreases in side force recorded tended to be less severe than at 
the colder temperatures, likely a result of lower fluid viscosities at warmer 
temperatures. Photo 6.2 provides a photographic summary of these tests. 
 
 
6.2.2 Type IV EG Fluid Only 
 
Four comparative Type IV EG fluid-only tests (#22, #23, #24, and #25) were 
conducted with an approximate tunnel temperature of 0˚C, where the only variables 
changed were the β and δr angles. Four different configurations of β and δr were 
explored: 
 

• Test #22: β = 0°, δr = 0° (a zero crosswind scenario); 

• Test #23: β = 0°, δr = -10° (the “basic” configuration); 

• Test #24: β = 0°, δr = -20° (a full rudder configuration); and 

• Test #25: β = -10°, δr = -20° (a maximum crosswind scenario). 
 
The test results demonstrated a trend similar to the Type IV PG cold and warm 
temperature data; however, the decreases in side force tended to be less severe than 
those recorded during the PG fluid tests, likely a result of the lower shear viscosity 
of EG versus PG fluids. The test results demonstrated that the fluid was generally 
well removed from the forward part (main element) of the vertical stabilizer; however, 
some pooled fluid remained on the rudder on the suction side. The observed residual 
fluid increased as the β and δr decreased. For Tests #23 and #24, the aerodynamic 
data showed performance degradation increasing as δr increased at β = 0; however, 
there was an improvement for Test #25 at β = -10, δr = -20 (likely from main 
element’s contribution to the side force). For Test #22, the %∆CY was not calculated 
because with the side force being zero, any small deviation causes a large error. 
Photo 6.3 provides a photographic summary of these tests. 



6.  FLUID TESTING AND FLOW-OFF CHARACTERIZATION 

APS/Library/Projects/301351 (TC Deicing 2022-23)/Reports/V-Stab/Final Version 1.0/TP 15560E Final Version 1.0.docx 
Final Version 1.0, June 24 

56 

Testing was repeated at a colder temperature. One Type IV EG fluid-only test (#13) 
was conducted with an approximate tunnel temperature of -11ºC in the following 
configuration: 
 

• Test #13: β = 0°, δr = -20° (a full rudder configuration). 
 

The test result demonstrated an overall increase in side force loss recorded as 
compared to the warmer temperature, Type IV EG fluid-only data, likely a result of 
the viscosity of the fluid increasing at colder temperatures. Photo 6.4 provides a 
photographic summary of these tests. 
 
 

6.2.3 Type I PG Fluid Only 
 

Three comparative Type I PG fluid-only tests (#38, #39, and #40) were conducted 
with an approximate tunnel temperature of +1˚C, where the only variables changed 
were the β and δr angles. Three different configurations of β and δr were explored: 
 

• Test #38: β = 0°, δr = -10° (the “basic” configuration); 

• Test #39: β = 0°, δr = -20° (a full rudder configuration); and 

• Test #40: β = -10°, δr = -20° (a maximum crosswind scenario). 
 

As compared to the Type IV EG and PG tests, the fluid layer was much thinner after 
application and barely present after the run, which made measuring fluid thickness 
very challenging. This was demonstrated in the aerodynamic data, which indicated 
the fluid had minimal effects on the measured side force. The residual fluid observed 
seemed to increase as the β and δr decreased; however, the fluid layer could not be 
measured using a thickness gauge as it was too thin. Photo 6.5 provides a 
photographic summary of these tests. 
 
 

6.3 Fluid and Contamination Testing  
 

The following subsections provide a summary of the fluid and contamination testing. 
 
 

6.3.1 Type IV EG Fluid – Simulated Moderate Snow 
 

Two comparative Type IV EG tests (#95 and #96) were conducted at an approximate 
tunnel temperature of -5°C with the model configured to β = 0° and δr = -10°. At 
-5°C, the HOT estimated from the Type IV HOT Guidelines was approximately 
40 minutes. 
 

In the first test (#95), the model was exposed to artificial snow precipitation for the 
full HOT of 40 minutes, resulting in a fluid that was 100 percent failed (the entire 
surface was covered in failed fluid) by the end of exposure. In the second test (#96), 
application of contamination was stopped after 10 minutes, at which point 
approximately 10 percent of the vertical stabilizer surface was failed. 
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The flow-off performance greatly varied in the two scenarios. In the first test, slushy 
contamination remained on various areas of the main element and rudder, especially 
in the areas where the fluid had thinned or dried out during the contamination 
application period. The contamination remaining after the test was not adhered (it 
could be easily moved around with a finger), but it was not removed by the shear 
forces during the test run. In the second test, the uncontaminated fluid was easily 
removed by the air stream, and the failed portions also sheared off.  
 
The results were supported by the aerodynamic data collected whereby the second 
test (#96) demonstrated negligible difference in side force compared to the clean 
baseline, an improvement over Test #95, which demonstrated a 6.1 percent decrease 
in side force. Photo 6.6 provides a photographic summary of these tests. 
 
 
6.3.2 Type IV PG Fluid – Simulated Moderate Snow 
 
Two comparative Type IV PG tests (#103 and #104) were conducted at an 
approximate tunnel temperature of -4°C with the model configured to β = 0° and 
δr = -10°. At -4°C, the HOT estimated from the Type IV HOT Guidelines was 
approximately 65 minutes. 
 
In the first test (#103), the model was exposed to artificial snow precipitation for the 
full HOT of 65 minutes, resulting in a fluid that was 100 percent failed by the end of 
exposure. In the second test (#104), application of contamination was stopped after 
15 minutes, at which point approximately 10 percent of the vertical stabilizer surface 
was failed. 
 
Like the Type IV EG results, the flow-off performance greatly varied in the two 
scenarios. In the first test, slushy contamination remained on various areas of the 
main element and rudder, especially in the areas where the fluid had thinned or dried 
out during the contamination application period. The contamination remaining after 
the test was not adhered (it could be easily moved around with a finger), but it was 
not removed by the shear forces during the test run. In the second test, the 
uncontaminated fluid was easily removed by the air stream, and the failed portions 
also sheared off.  
 
The results were supported by the aerodynamic data collected whereby the second 
test (#104) demonstrated less loss in side force than in the first test (#103); 
however, the improvement was not as significant as observed with the EG fluid. This 
could be a function of the fluid properties, but may be due to snow having been 
ingested into the wind tunnel during the test (it was snowing outdoors) and sticking 
to the model during simulated takeoff. Photo 6.7 provides a photographic summary 
of these tests. 
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6.3.3 Type I PG Fluid – Simulated Moderate Snow 
 
Two comparative Type I PG tests (#105 and duplicate test #106, and #107) were 
conducted at an approximate tunnel temperature of -4°C with the model configured 
to β = 0° and δr = -10°. At -4°C, the HOT estimated from the generic Type IV HOT 
Guidelines was approximately 25 minutes, and the Type I HOT was approximately 
5 minutes.  
 
In the first tests (#105 and duplicate test #106), the model was exposed to artificial 
snow precipitation for the full Type IV HOT of 25 minutes simulating a Type IV wings 
and Type I vertical stabilizer deicing procedure request. This resulted in a fluid that 
was 100 percent failed by the end of exposure with significant adhered 
contamination.  
 
In the second test (#107), the model was exposed to artificial snow precipitation for 
the full Type I HOT of 5 minutes simulating a Type I full body deicing procedure 
request. This also resulted in a fluid that was 100 percent failed by the end of 
exposure, but with less accumulated contamination by comparison. 
 
The results were supported by the aerodynamic data collected whereby both tests 
demonstrated a loss in side force, with a marginally better performance in the second 
test conducted. Losses were comparable to the results observed with Type IV fluid 
when the wing was completely failed prior to simulated takeoff. Note that it was 
snowing outdoors during the runs, which may have resulted in snow being ingested 
into the wind tunnel and sticking to the model during simulated takeoff. Photo 6.8 
provides a photographic summary of these tests. 
 
 
6.3.4 Type IV PG and EG Fluid – Simulated Moderate Ice Pellets  
 
Two tests (#93 and #94) were conducted with PG and EG Type IV fluid at an 
approximate tunnel temperature of -3°C with the model configured to β = 0° and 
δr = -10°. At -3°C, the allowance time in moderate ice pellet conditions was 
15 minutes for PG Type IV fluid and 35 minutes for EG Type IV fluid.  
 
In both tests, contamination was present at the end of the exposure time, but the 
majority of the ice pellets slid down or bounced off the surface during application. 
This resulted in a generally clean fluid that was thinned out by the application of 
contamination.  
 
The results were supported by the aerodynamic data collected whereby both tests 
demonstrated minimal losses in side force, indicative of the generally clean fluid 
present with minimal contamination at the time of simulated takeoff. Photo 6.9 
provides a photographic summary of these tests. 
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6.3.5 Type IV PG Fluid – Simulated Freezing Rain 
 
Two comparative Type IV PG tests (#16 and #18) were conducted at an approximate 
tunnel temperature of -5°C with the model configured to β = 0° and δr = -10°. 
At -5°C, the HOT estimated from the generic Type IV HOT Guidelines was 
approximately 75 minutes. 
 
In the first test (#16), the model was exposed to simulated freezing rain for the full 
HOT of 75 minutes and resulted in a fluid that was 100 percent failed by the end of 
exposure with adhered contamination. In the second test (#18), application of 
contamination was stopped after 13.5 minutes, at which point approximately 
10 percent of the vertical stabilizer surface was failed. 
 
In the first test, residual slushy and adhered contamination remained on various areas 
of the main element and rudder after the simulated takeoff. In the second test, the 
residual slushy and adhered contamination fluid was less significant by comparison.  
 
The results were supported by the aerodynamic data collected whereby the second 
test (#18) demonstrated no loss in side force, a significant improvement compared 
to the 9.6 percent loss observed in the first test (#16). Photo 6.10 provides a 
photographic summary of these tests. 
 
 
6.3.6 Type IV EG Fluid – Mixed Snow and Freezing Rain 
 
One Type IV EG fluid test (#108) was conducted at an approximate tunnel temperature 
of -3°C with the model configured to β = 0° and δr = -10°. No HOTs currently exist 
for the mixed condition of snow and freezing rain, so the light freezing rain HOT of 
45 minutes was used for this test. The ratio of snow (20 g/dm²/h) to freezing rain 
(5 g/dm²/h) was chosen specifically to try and generate a rough contamination 
whereby the lower rate of freezing rain would serve to solidify the contamination 
rather than wash it off.  
 
The test demonstrated a slushy and adhered rough contamination that was 
particularly adhered on the LE where the fluid layer was thinner. At the time of 
rotation, most of the contamination was still present on the LE, with slushy residual 
present on the TE of the main element and on the rudder. 
 
The results were supported by the aerodynamic data indicating a 9.5 percent loss in 
side force due to the residual contamination present. A laser scan of the 
contamination present after the run was also performed. Photo 6.11 provides a 
photographic summary of the test. 
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6.4 One Engine Inoperative and Crosswind Simulations 
 
For the purposes of simulating OEI and crosswind scenarios in the wind tunnel, a 
NASA representative (with the support of the research team) developed operational 
scenarios that could be simulated by modifying the controllable testing parameters.  
 
The OEI scenario simulated an engine failure (assuming the port-side engine) with no 
crosswind occurring at V1 (the maximum speed at which a rejected takeoff can be 
initiated in the event of an emergency) during the takeoff. Failure of the port engine 
will cause a counterclockwise yaw moment around the centre of gravity. For any 
velocity greater than V1, rudder deflection would be needed to maintain the runway 
heading (see Figure 6.1). Therefore, with no crosswind, we would assume that the 
sideslip and rudder angles would be β = 0º and δr = 0º up to engine failure at 
100 knots (V1 in this simulation), and then the model would transition to β = 0º 
and δr = -20º (at 4º/sec), simulating the rudder deflection required to compensate 
for the counterclockwise yaw moment of the failed engine. 
 
 

 
Figure 6.1: Schematic Representation of OEI Scenario 

 
To simulate an OEI plus crosswind scenario, we would assume that in the initial 
takeoff roll prior to engine loss, nosewheel steering and rudder deflection are 
sufficient to maintain runway heading and prevent the aircraft from “weathervaning” 
into the wind. Rudder deflection would be maintained for the OEI and crosswind 
condition. At the point of rotation, the nosewheel steering would no longer hold 
runway heading, allowing the aircraft to “weathervane” into the wind, and the 
resulting angle would be added at the point of rotation (see Figure 6.2).  
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Assuming a crosswind condition from the port side, with port engine failure at 
V1 = 100 knots, this would be simulated with a starting configuration of β = +10º 
and δr = -20º while accelerating to 100 knots and then transition to β = -10º 
(at 2.5º/sec) and δr = -20º (at 4º/sec), or β = 0º and δr = -20º at the simulated time 
of rotation.  
 
 

 
Figure 6.2: Schematic Representation of OEI + Crosswind Scenario 

 
Based on these two scenarios, OEI and OEI plus crosswind, additional scenarios were 
run while further modifying specific parameters of the simulated takeoff profile. The 
following subsections will provide a summary of the different scenarios explored.  
 
 
6.4.1 Type IV PG Fluid – OEI  
 
Two comparative Type IV PG fluid-only tests (#34 and #33) were conducted with 
an approximate tunnel temperature of +1ºC. Test #34 simulated the OEI by 
dynamically transitioning from β = 0º/δr = 0º to β = 0º/δr = -20º at a rate of 4°/s 
once a speed of 100 knots was achieved. The results were compared to Test #33, 
run with a static configuration of β = 0º/δr = -20º. The results in the Test #34 OEI 
scenario demonstrated a generally improved flow-off as compared to the static 
scenario, as the ramp-up time spent at the β = 0º/δr = 0º configuration would have 
helped the fluid shear off prior to the transition. In addition, the extra ramp time 
required to perform the maneuver (approximately 5 seconds) may also have 
contributed to the improved flow-off. The results were supported by the aerodynamic 
data, which indicated a slight improvement in side forces from the OEI scenario at 
time of rotation but comparable results 10 seconds after time of rotation. Photo 6.12 
provides a photographic summary of these tests. 
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6.4.2 Type IV PG Fluid – OEI + Crosswind #1 
 

Two comparative Type IV PG fluid-only tests (#35 and #33) were conducted with 
an approximate tunnel temperature of 0ºC. Test #35 simulated the OEI plus 
crosswind scenario by dynamically transitioning from β = +10º/δr = -20º to 
β = 0º/δr = -20º at a rate of 2.5°/s once a speed of 100 knots was achieved. The 
results were compared to Test #33, run with a static configuration of 
β = 0º/δr = -20º. The results demonstrated a generally improved flow-off from the 
OEI plus crosswind scenario as compared to the static scenario, as the ramp-up time 
spent at the β = 0º/δr = 0º configuration would have helped the fluid shear off prior 
to the transition. In addition, the extra ramp time required to perform the maneuver 
(approximately 4 seconds) may also have contributed to the improved flow-off. The 
results were supported by the aerodynamic data, which indicated a slight 
improvement in side forces from the OEI plus crosswind scenario at time of rotation 
but comparable results 10 seconds after time of rotation. Photo 6.13 provides a 
photographic summary of these tests.  
 
 

6.4.3 Type IV PG Fluid – OEI + Crosswind #2 
 

Two comparative Type IV PG fluid-only tests (#36 and #37) were conducted with 
an approximate tunnel temperature of 0ºC. Test #36 simulated a variation of the OEI 
plus crosswind scenario by dynamically transitioning from β = +10º/δr = -20º to 
β = -10º/δr = -20º (instead of β = 0º/δr = -20º) once a speed of 100 knots was 
achieved. The results were compared to Test #37, run with a static configuration of 
β = -10º/δr = -20º. The results demonstrated a generally improved flow-off from the 
OEI plus crosswind scenario as compared to the static scenario, as the ramp-up time 
spent at the β = 0º/δr = 0º configuration would have helped the fluid shear off prior 
to the transition. In addition, the extra ramp time required to perform the maneuver 
may also have contributed to the improved flow-off. The results were supported by 
the aerodynamic data, which indicated a slight improvement in side forces from the 
OEI plus crosswind scenario at time of rotation but comparable results 10 seconds 
after time of rotation. Photo 6.14 provides a photographic summary of these tests. 
 
 

6.5 Repeatability and Variability Testing 
 

The following subsections provide a summary of the tests conducted to investigate 
the repeatability and variability in the fluid testing results. 
 
 

6.5.1 Type IV PG Fluid – Repeatability 
 

To understand the repeatability of fluid testing, four comparative Type IV PG 
fluid-only tests (#26, #27, #28, and #29) were conducted with an approximate 
tunnel temperature of 0ºC with the model configured to β = 0° and δr = -10°. 
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The tests demonstrated good repeatability both visually and aerodynamically. The 
average loss in side force was 4.7 percent with individual test values of 5.4 percent, 
4.7 percent, 3.6 percent, and 5.0 percent. These results provide confidence in the 
ability of the testing setup to provide repeatable results. Photo 6.15 provides a 
photographic summary of these tests. 
 
 
6.5.2 Type IV EG and PG Fluid – Variability 
 
To understand the variability between different brands and types of Type I fluids, 
five comparative Type IV EG and PG fluid-only tests (#23, #26, #32, #51, and #52) 
were conducted with an approximate tunnel temperature of 0ºC with the model 
configured to β = 0° and δr = -10°. 
 
As expected, the tests demonstrated variability in the visual and aerodynamic 
performance of the fluids tested. The loss in side force ranged from 2.5 percent to 
7.6 percent for the same conditions with different fluids. This type of variance has 
been observed and well reported as part of the allowance time research with the thin 
high-performance wing and is being observed with the CRM as well. These results 
indicate that fluid-specific performance is an important consideration in testing. 
Photo 6.16 provides a photographic summary of these tests. 
 
 
6.6 Non-Standard Fluid/Contamination Applications to Isolate Specific 

Aerodynamic Parameters 
 
The following subsections provide a summary of the results from the non-standard 
fluid and contamination tests conducted with the purpose of isolating specific 
aerodynamic parameters for analysis.  
 
 
6.6.1 Asymmetric Simulated Freezing Rain with Type IV PG Fluid 
 
One Type IV PG fluid test (#19) was conducted with fluid applied to both sides of 
the wing; however, contamination was only applied to the suction side, simulating a 
high-crosswind taxi scenario resulting in an asymmetric level of contamination. The 
test was conducted with an approximate tunnel temperature of -5ºC with the model 
configured to β = 0° and δr = -10°. At -5°C, the HOT estimated from the generic 
Type IV HOT Guidelines was approximately 75 minutes; however, the application of 
contamination was stopped after 19 minutes, at which point approximately 
10 percent of the vertical stabilizer surface was failed. The exposure time was longer 
as compared to Test #18 (described in Subsection 6.3.5) since a larger surface area 
needed to be failed on the port side of the model to meet the 10 percent failure 
criteria for the entire surface area of the CRM. 
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For Test #19, the residual slushy and adhered contamination fluid was well removed 
by the shear forces during simulated takeoff, and the aerodynamic results supported 
these results. Photo 6.17 provides a photographic summary of these tests. The 
results were comparable to Test #18 (described in Subsection 6.3.5), in which 
contamination was applied to both sides. Further testing should evaluate the 
asymmetric contamination with a more severe level of adhered contamination to 
determine if the outcome would change.  
 
 
6.6.2 Asymmetric Mixed Snow and Freezing Rain with Type IV EG Fluid 
 
One Type IV EG fluid test (#97) was conducted with mixed snow (44 g/dm²/h) and 
freezing rain (21 g/dm²/h) for a total of 65 g/dm²/h. For this test, residual fluid and 
contamination remaining on the wing from previous symmetric snow-only Test #96 
(see details in Subsection 6.3.1) was further contaminated with “freestyle” snow 
and freezing rain to create a worst-case roughness on the LE and suction side only. 
The primary objective was to support the laser scanning activity (to generate a 
notably rough surface for scanning purposes). 
 
The residual slushy and adhered contamination remained on various areas of the main 
element and rudder after the simulated takeoff, supported by the aerodynamic data 
indicating a 14 percent decrease in side force. Photo 6.18 provides a photographic 
summary of the test. Of interest is that this was one of the more severely 
contaminated tests, and yet the delta in side force was still comparable to the 
worst-case fluid-only test, which indicated that the model may not be very sensitive 
to contamination and roughness.  
 
 
6.6.3 Simulated Freezing Rain on an Unprotected Surface 
 
One test (#112) was conducted with an unprotected vertical surface, where no 
de/anti-icing fluid was applied, and the model was exposed to simulated freezing 
rain. This scenario represented an operation whereby a pilot would request only 
wings de/anti-iced but not the vertical stabilizer.  
 
The approximate tunnel temperature during the test was -6ºC. The freezing rain did 
not immediately freeze, so the contaminated model was allowed to sit in the cold 
prior to simulated takeoff. Only small areas of adhered ice were present on the model 
before the run, and these areas nucleated and grew during the simulated takeoff run. 
The adhered areas were not removed, and the rest of the water turned slushy and 
was not removed during simulated takeoff, though the contamination was generally 
smooth. The contamination caused a loss in side force of 6.1 percent. Photo 6.19 
provides a photographic summary of the test. 
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6.6.4 Adjusted Catch Factor on Vertical Surface with Type IV EG Fluid  
 
One test (#111) was conducted with Type IV EG fluid to simulate the effect of the 
“catch factor” on the vertical surface, where increased wind speed will increase the 
amount of precipitation impacting a surface dependent on the angle of the surface 
to the wind vector and terminal velocity of the precipitate.  
 
An analysis was completed to determine the effective catch factor using the 
parameters of a standard 30 cm x 50 cm test plate oriented at 10º into the wind (the 
standard for HOT testing) or 90º into the wind simulating a vertical stabilizer (see 
Figure 6.3 for an example of the catch factor on a vertical plate in snow with 3-knot 
wind speed). The results for different wind speeds are summarized in Table 6.1, 
which indicated that the effective rate on the 90º versus 10º vertical surface is equal 
at 3-knot wind speed, doubles at 7.7 knots, and more than quadruples at 36.5 knots. 
A full detailed analysis on how the catch factor was calculated for snow, freezing 
rain, and freezing drizzle is found in Appendix E. One consideration is that the vertical 
stabilizer may not always be oriented sideways into the wind as the aircraft taxis; 
therefore, the rate could be halved if the aircraft were continually rotating (for 
simulation purposes). In addition, taxi speeds could add or negate the catch factor.  
 
 

 
Figure 6.3: Example Catch Factor Analysis for a Vertical Plate in Snow 
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Table 6.1: Summary of Catch Factor Calculations 

Effective Precipitation Rate on Surfaces as Function of Wind Speed and Surface Angle 

Wind 
Speed  
(kts) 

Snowfall 
Angle  

(°) 

10° Pan Rate 
(g/dm²/h) 

Static Vertical  
Surface Rate –  

Static Asymmetric 
(g/dm²/h)  

Rotating Vertical  
Surface Rate –  

Dynamic Symmetric 
(g/dm²/h)  

0 90 25 0 0 

3.0 40 25 25 12.5 

7.7 18.3 25 50 25 

36.2 4 25 103 51.5 

 
 
For this test, the simulated 10º plate (or wing) rate of precipitation was moderate 
snow (at 25 g/dm²/h), but the vertical stabilizer was exposed to twice the rate to 
simulate an increased catch factor. The approximate tunnel temperature during the 
test was -4ºC. The vertical stabilizer was exposed for a total precipitation time of 
40 minutes, which is the holdover time for this condition. 
 
Because of the warmer temperatures, the fluid drained out and only small patches of 
slush were present; however, these patches were removed during simulated takeoff. 
The loss in side force was less as compared to the moderate snow test conducted 
with the same fluid (Test #95 described in Subsection 6.3.1). A laser scan was also 
performed during this test to try and document the surface topography after the run. 
Photo 6.20 provides a photographic summary of these tests. It was observed that 
the overall precipitation “catch factor” may vary based on precipitation type and wind 
speed, and these effects can impact fluid performance and flow-off. This is an area 
of research that should be explored further. 
 
 
6.6.5 Sealed Gap Effect 
 
One test (#47) was conducted with fluid to investigate the effect of the sealed gap. 
A Type IV PG fluid was applied to the pressure side of the model only. During 
flow-off, the fluid partially sealed the gap, and the test resulted in an improved side 
force (less performance degradation). The results were similar to those observed 
during sealed gap Test #87 (see Subsection 5.4), in that an increase in side force 
was observed (not a loss) but to a lesser degree since the gap was only partially 
sealed from the fluid and was draining during simulated takeoff. Photo 6.21 provides 
a photographic summary of these tests. 
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6.7 Summary of Fluid Thickness Measurements 
 
For all tests conducted with fluid, thickness measurements were taken at 
seven locations on the port side of the model (typically the pressure side) and at 
seven locations on the starboard side of the model (typically the suction side [see 
the procedure in Appendix B for more details]). The data collected was summarized 
graphically per test set in Appendix D.  
 
The fluid thickness data collected is summarized in Table 6.2 to provide minimum 
and maximum fluid thickness records for the port and starboard sides of the vertical 
stabilizer at the three different stages of the test – after fluid application, after 
precipitation application, and after simulated takeoff – using available data (some 
tests have partial or incomplete data sets). The summary includes only Type IV EG 
and PG data and does not include the limited data with Type I fluid. 
 
As expected, the “after fluid application” measurements were similar for all four test 
objectives. The results for “after precipitation application” were generally less than 
the ”after fluid application”, which is likely a result of the warmer testing temperatures 
allowing the fluid to drip down better as compared to colder temperatures where the 
fluid thickens and generates a thicker slush (the previous year’s testing showed the 
contrary in colder temperature testing). After simulated takeoff, the results were 
comparable with the exception of freezing rain, which had some adhered patches. 
 

Table 6.2: Summary of Fluid Thicknesses for Type IV Tests 

Condition 

Fluid Thickness (mm) 

After Fluid Application After Precip. Application After Takeoff Run 

Port STBD Port STBD Port STBD 

Min Max Min Max Min Max Min Max Min Max Min Max 

Snow Contamination 0.3 1.1 0.4 1.0 0.0 0.8 0.0 0.8 0.0 0.4 0.0 0.4 

Freezing Rain Contamination 0.2 0.6 0.3 0.6 0.1 0.3 0.1 0.4 0.0 1.6 0.1 0.2 

Ice Pellet Contamination  0.4 1.0 0.3 0.7 0.0 0.2 0.0 0.2 0.2 0.7 0.1 0.3 

Other Icing Contamination  0.6 0.7 0.5 0.8 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.1 

Fluid Only 0.3 0.8 0.2 0.8 - - - - 0.1 0.8 0.1 0.5 

OEI + Crosswind 0.3 0.6 0.3 0.6 - - - - 0.1 0.4 0.1 0.2 
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6.8 Summary of Fluid, Contamination, and Roughness Tests 
 
In general, the fluid, fluid and contamination, and sandpaper roughness testing all 
had comparable maximum side force losses (see Table 6.3). There were two notable 
exceptions. First, fluid and ice pellets had the least effect on side force, likely due to 
the pellets not sticking in the fluid and dragging down the fluid, resulting in a thinner 
fluid layer that was less contaminated and easier to flow off. Second, freezing rain 
alone generated a somewhat smooth surface; therefore, although contaminated with 
ice, the smooth surface did not significantly impact side force. 
 

Table 6.3: Summary of Maximum Percentage Loss in Side Force by Test Type 

Test Type 
(Only β=0, δr=-10) # of Tests Max % Loss 

in Side Force 

Fluid and Cont. (PL) 2 -3% 

Cont. (FZRA) 1 -6% 

Fluid and Cont. (FZR) 4 -10% 

Fluid and Cont. (SN) 12 -10% 

Fluid Only (Including Partial Application) 26 -13% 

Roughness 14 -13% 

Fluid and Cont. (SN + FZRA) 2 -14% 

 
 
The testing results also showed a trend of greater side force losses at lower 
temperatures, indicating that the higher viscosity of fluid and resultant thicker fluid 
layers on the model may not be as effectively removed as in warmer temperatures. 
There was good repeatability observed amongst the tests conducted with the same 
fluid. There was expected variation amongst different fluid brands and types as 
indicated by the aerodynamic impacts with PG fluids compared to EG fluids, a 
phenomenon also observed with the ice pellet allowance time testing wing model. A 
negligible change in model performance was seen with clean Type I fluids. Finally, 
during contamination tests, the worst-case loss in side force was no more extreme 
than the worst fluid-only case.  
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Photo 6.1: Type IV PG Fluid Only (Cold) 

 
 
 

Photo 6.2: Type IV PG Fluid Only (Warm) 
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Photo 6.3: Type IV EG Fluid Only (Warm) 

 
 
 

Photo 6.4: Type IV EG Fluid Only (Cold) 
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Photo 6.5: Type I PG Fluid Only (Warm) 

 
 
 

Photo 6.6: Type IV EG Fluid – Simulated Moderate Snow 
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Photo 6.7: Type IV PG Fluid – Simulated Moderate Snow  

 
 
 

Photo 6.8: Type I PG Fluid – Simulated Moderate Snow  
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Photo 6.9: Type IV PG and EG Fluid – Simulated Moderate Ice Pellets 

 
 
 

Photo 6.10: Type IV PG – Simulated Freezing Rain  
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Photo 6.11: Type IV EG Fluid – Mixed Snow and Freezing Rain 

 
 
 

Photo 6.12: Type IV PG Fluid – OEI  
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Photo 6.13: Type IV PG Fluid – OEI + Crosswind #1 

 
 
 

Photo 6.14: Type IV PG Fluid – OEI + Crosswind #2 
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Photo 6.15: Type IV PG Fluid – Fluid Testing Repeatability 

 
 
 

Photo 6.16: Type IV EG and PG Fluids – Variability  
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Photo 6.17: Type IV PG Fluid – Asymmetric Simulated Freezing Rain 

 
 
 

Photo 6.18: Type IV EG Fluid – Asymmetric Mixed Snow and Freezing Rain 

 
 
 



6.  FLUID TESTING AND FLOW-OFF CHARACTERIZATION 

APS/Library/Projects/301351 (TC Deicing 2022-23)/Reports/V-Stab/Final Version 1.0/TP 15560E Final Version 1.0.docx 
Final Version 1.0, June 24 

78 

Photo 6.19: No Fluid – Simulated Freezing Rain on Unprotected Surface 

 
 
 

Photo 6.20: Type IV EG Fluid – Adjusted Catch Factor 
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Photo 6.21: Type IV PG Fluid – Sealed Gap Effect 
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7. LASER SCANNING OF FLUID AND CONTAMINATION  
 
This section describes the activities related to the laser scanning of the fluid and 
contamination on the CRM vertical stabilizer. 
 
 
7.1 NASA Laser Scanning Technique 
 
For the winter of 2022-23, NASA was scheduled to participate in the CRM tests by 
conducting laser scanning to collect three-dimensional imagery of the fluid and 
contamination present on the model. NASA has been using a laser scanning 
technique for several years that is designed to work with frozen in-flight icing shapes 
that are painted with a custom paint formula (mixture of titanium dioxide [TiO2] 
pigment, poly binder, and tetrahydrofuran solvent) to improve the reflectiveness of 
the ice. The purpose of these tests was to demonstrate the feasibility of using this 
technology to document fluid and contaminated fluid for ground icing research 
purposes.  
 
 
7.2 Painting of Fluid and Contamination for Scanning 
 
The NASA custom paint formulation required sourcing of specific chemicals which 
required special handling precautions and the use of an ultrasonic mixer to fully 
suspend the solids in solution. Therefore, sixteen alternative products, including 
aerosol and power-based, were evaluated to determine if a more practical solution 
could be identified. TiO2 was determined to have produced the best surface for laser 
scanning. With some trial and error, APS developed a formulation of food-grade TiO2 
powder with 99% isopropyl alcohol mixed to a 1:4 ratio by weight, respectively, that 
could be sprayed using a high-volume low-pressure (HVLP) spray gun paint applicator 
(see Photo 7.1). This formula was much easier to mix and readily sourced from 
numerous potential suppliers.  
 
Due to concerns with airborne TiO2 powder in the wind tunnel, the NRC and APS 
developed a mitigation plan for application of the TiO2 mixture during testing, which 
included personal protective equipment, large fans to improve airflow in the test 
section, and personnel limitations in the test area during application (see Photo 7.2). 
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7.3 Sample of Laser Scanning Results  
 
The scanning of the model and analysis of the data were the responsibility of NASA, 
and a separate report will be compiled by NASA for TC and the FAA. Three tests 
were attempted and included scans before and after simulated takeoff (Photo 7.3 
demonstrates a laser scan in progress). Due to the amount of time required to install 
equipment, spray the surface, and scan the area (which could be approximately 
1-2 hours per test), scanning was limited to smaller sections of interest to accelerate 
the process and minimize impact on the testing schedule. Photo 7.4 provides a 
sample of the laser data collected from NASA in comparison to the test photos 
captured by APS at the same time. 
 
 
7.4 Summary of Laser Scanning  
 
The testing indicated that laser scanning of the model with fluid and ice 
contamination was possible once the surface was coated with the TiO2 mixture for 
both pre- and post-simulated takeoff scenarios. However, clean fluid or wet slushy 
contamination was not feasible as it was sliding off and not static enough to allow 
the laser scanning process to occur without distortion. One test was conducted with 
spraying the TiO2 mixture pre-simulated takeoff, and it was observed that this did 
impact the fluid flow-off and also interacted with the fluid layer.  
 
An important finding was that the ice thicknesses derived from the scan data 
compared well to manual point measurements, supporting the future use of this 
technology. The laser scanning process was long; therefore, it should be improved 
for efficiency for future testing. Photogrammetry should also be explored to evaluate 
the feasibility of an instantaneous point-and-shoot process.  
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Photo 7.1: APS Mixture of 99% Isopropyl Alcohol and TiO2 

 
 
 

Photo 7.2: NASA Applying TiO2 Mixture to Contaminated CRM 

 
 



7.  LASER SCANNING OF FLUID AND CONTAMINATION 

APS/Library/Projects/301351 (TC Deicing 2022-23)/Reports/V-Stab/Final Version 1.0/TP 15560E Final Version 1.0.docx 
Final Version 1.0, June 24 

84 

Photo 7.3: NASA Personnel Performing Laser Scan  

 
 
 

Photo 7.4: Sample of NASA Laser Scanning Data in Comparison to Test Photos 
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8. CONCLUSIONS 
 
These conclusions were derived from the testing conducted during the winter of 
2022-23. 
 
 
8.1 Modifications to Test Equipment and Procedures 
 
To determine the most appropriate colour to paint the CRM, paint trials were 
conducted using test plates mounted on vertical stands painted various shades of 
colour from white to grey to black, including gloss and flat finishes. Light grey paint 
provided the best fluid and contamination visibility, and based on discussions with 
the NRC, the model was painted light grey using aircraft-grade paint, the same colour 
as the NRC Convair underside. 
 
The CRM vertical stabilizer was mounted on a four-point balance with risers within 
the wind tunnel turntable floor. As this was the first year testing with load cells 
installed in the CRM, several tests were done prior to the start of the testing program 
to verify proper functionality, and additional tests were done on the first day of 
testing.  
 
Many of these observations are based upon the aerodynamic data obtained from the 
force balance, focusing mainly on the side force. As such, the additional force 
balance data has proven to be very useful in the interpretation of the fluid and 
contamination behaviour. It is important to keep in mind that the measurements are 
specific to this model configuration and may or may not be applicable to other 
configurations. 
 
 
8.2 Dry Model, Tuft Visualization, Boundary Layer Rake, and Sandpaper 

Roughness Testing 
 
The CRM vertical stabilizer was tested in a dry and clean configuration to document 
the baseline performance of the model. The aerodynamic data collected 
demonstrated a linear trend in side force and yawing moment with rudder deflection 
at β = 0° and β = -10°, indicating that the model stall was not within the parameter 
ranges tested. The model performance was generally symmetric, and the data 
compares well to the CFD predictions calculated by the NRC and used during the 
model design. The model uncertainty was documented and provided an acceptable 
level of experimental variation. 
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For the winter of 2022-23, testing with tufts and the boundary layer rake was not 
repeated as the results were expected to remain the same: the painting of the model 
should have little or no effect. 
 
Sandpaper roughness testing was conducted with 40-grit sandpaper (k/c = 0.00025) 
applied to various components of the CRM to simulate fluid/contamination effects 
and help understand model performance. Data indicated that most of the side force 
was generated by the forward half of main element, and a sealed gap versus unsealed 
gap does not change the net effect of contamination on side force loss. The 40-grit 
sandpaper testing provided representative effects as compared to fluid and 
contamination tests. 
 
 
8.3 Fluid Testing and Flow-Off Characterization 
 
As the CRM vertical stabilizer testing was limited due to time and weather conditions, 
the tests performed were chosen based on their likeliness to provide the most 
informative data. This testing was conducted with Type IV EG- and PG-based fluids, 
as well as with PG-based Type I fluid. 
 
Repeatability testing with fluids demonstrated that results were consistent, providing 
confidence in the data obtained. The calculated percentage decrease in side force 
was effective as an aerodynamic measure for comparative evaluation.  
 
Exploratory fluid-only testing allowed the documentation of aerodynamic forces with 
different simulated takeoff profiles, as well as with non-standard fluid applications.  
 
In general, fluid, fluid and contamination, and roughness testing all had comparable 
maximum side force losses; however, the worst-case conditions may not have been 
explored yet as testing was generally limited to warmer temperatures above -10ºC. 
In addition, the overall precipitation “catch factor” may vary based on precipitation 
types and wind speed, and these effects can impact fluid performance and flow-off. 
This is an area of research that should be explored further.  
 
 
8.4 General Observations 
 
In general, the test campaign confirmed the desired performance of the new model 
equipped with load balances to evaluate aerodynamic forces and helped in 
understanding the effects of sideslip and rudder deflection on pristine and 
contaminated fluid flow-off. However, due to the unseasonably warm temperatures 
encountered during this test campaign, the effects of fluid and contamination at 
colder temperatures remains unknown and remains a gap in our understanding.
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9. RECOMMENDATIONS 
 
These recommendations were derived from the testing conducted during the winter 
of 2022-23. 
 
 
9.1 Cold Weather Data 
 
Due to the unseasonably warm temperatures encountered during this test campaign, 
the effects of fluid and contamination at colder temperatures remains unknown and 
remains a gap in our understanding. Cold weather data collection is recommended to 
provide a better understanding of the sensitivity and context of the results. Options 
for scheduling accommodations should be explored with the NRC to optimize the 
chances of being able to test in colder weather conditions.  
 
 
9.2 Better Lighting in the Wind Tunnel 
 
The location of the CRM when installed in the M-46 wind tunnel makes lighting a 
challenge. The model sits on the floor of the tunnel, downwind of the overhead 
lighting. A temporary LED lighting installation was used by APS in 2022-23, which 
proved useful. Consideration should be given to this or better permanent lighting 
installations.  
 
 
9.3 Laser Scanning Photogrammetry 
 
Laser scanning of the model with ice contamination was possible once coated with 
a TiO2 mixture for both pre- and post-simulated takeoff; however, the laser scanning 
process was very long and should be improved for efficiency. Photogrammetry 
should also be explored to evaluate the feasibility of an instantaneous 
point-and-shoot process. Development of these technologies could help support 
interpretation of results and potential implications for aerodynamic effects. 
 
 
9.4 Future Testing with the Common Research Model Vertical Stabilizer 
 
Future testing should build upon the testing matrix described in this report, including 
calibration and validation of procedures, dry surface testing and tuft visualization, 
and fluid testing and flow-off characterization. Testing should also focus on areas 
not extensively explored during this preliminary phase, including colder temperatures, 
different contamination types and levels, asymmetric contamination, and different 
fluids. 
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9.5 Development of Recommended Operational Practices 
 
Research conducted to date is still exploratory and has indicated benefits associated 
with specific fluid type applications (thickened or not) depending on the types of 
contamination and temperatures tested. Future research should focus on refining 
these observations through testing and industry discussion, with the aim of 
developing recommended operational practices.  
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TRANSPORT CANADA 
STATEMENT OF WORK EXCERPT –  

AIRCRAFT & ANTI-ICING FLUID WINTER TESTING 2022-23 
 
 
12. Wind Tunnel Testing – Planning and Setup Activities – Priority 1  
 

a) Coordinate with staff of NRC M-46 for scheduling and to organize any 
modifications to the wind tunnel, model, or related equipment. Review fluid 
requirements and request fluid samples from fluid manufacturers. 

b) Develop a procedure and test plan and coordinate with the NRC staff that 
operates the PIWT. 

 
 
14. Wind Tunnel Testing – CRM V-Stab Testing – Priority 1 
 

Note: The NRC facility costs associated with manufacturing test models and testing at M-46 
are not included in this task and are dealt directly with TC through a M.O.U. agreement with 
NRC. 

 
a) Coordinate with staff of NRC M-46 for scheduling and to organize any 

modifications to the wind tunnel, model, or related equipment. Review fluid 
requirements and request fluid samples from fluid manufacturers. 

b) Develop a procedure and test plan and coordinate with the NRC staff that 
operates the PIWT. 

c) Perform pre-testing activities including the preparation of equipment, 
purchasing of equipment, training of personnel, and transportation and setup 
of equipment. 

d) Perform ten days of wind tunnel tests with the vertical stabilizer common 
research model. Testing objectives should be focused on further evaluation of 
contaminated fluid flow-off from a vertical stabilizer. 

The typical procedure is described as follows, but may be modified to address 
specific testing objectives. Prior to starting each test event, correlation testing 
is required to calibrate the TC model and to demonstrate repeatability. Wind 
tunnel tests will be performed with ethylene glycol and propylene glycol anti-
icing fluids at below freezing temperatures; Type I deicing fluids may also be 
considered. Tests will simulate low speed or high speed takeoff runs. During 
contaminated test runs, a baseline fluid only case may be run immediately 
before, or after the contaminated test run to provide a direct correlation of the 
results. High resolution photos will be taken of the fluid motion. Observers will 
document the appearance of fluid on the vertical stabilizer during the simulated 
takeoff run and climb of the aircraft by analyzing the photographic records. 
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The use of photogrammetry technology should be considered for integration, 
if resources are sufficient. The testing team will collect, among other things, 
the following data during the tests: type and amount of fluid applied, type and 
rate of contamination applied, and extent of fluid contamination prior to the 
test run. 

e) Analyse data. 

f) Report the findings and prepare presentation material for the SAE G-12 
meeting. 
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Figure C1: Runs #1-8 

 

 
Figure C2: Run #9 
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Figure C3: Run #10 

 

 
Figure C4: Run #11 
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Figure C5: Run #12 

 

 
Figure C6: Run #13 
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Figure C7: Run #14 

 

 
Figure C8: Run #15 



APPENDIX C 

APS/Library/Projects/301351 (TC Deicing 2022-23)/Reports/V-Stab/Final Version 1.0/Report Components/Appendices/Appendix C/Appendix C.docx 
Final Version 1.0, June 24 

C-5 

 
Figure C9: Run #16 

 

 
Figure C10 Run #17 
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Figure C11 Run #18 

 

 
Figure C12 Run #19 
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Figure C13 Run #20 

 

 
Figure C14: Run #21 
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Figure C15: Run #22 

 

 
Figure C16: Run #23 
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Figure C17: Run #24 

 

 
Figure C18: Run #25 
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Figure C19: Run #26 

 

 
Figure C20 Run #27 
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Figure C21 Run #28 

 

 
Figure C22 Run #29 
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Figure C23 Run #30 

 

 
Figure C24: Run #31 
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Figure C25: Run #32 

 

 
Figure C26: Run #33 



APPENDIX C 

APS/Library/Projects/301351 (TC Deicing 2022-23)/Reports/V-Stab/Final Version 1.0/Report Components/Appendices/Appendix C/Appendix C.docx 
Final Version 1.0, June 24 

C-14 

 
Figure C27: Run #34 

 

 
Figure C28: Run #35 
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Figure C29: Run #36 

 

 
Figure C30: Run #37 
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Figure C31: Run #38 

 

 
Figure C32: Run #39 
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Figure C33: Run #40 

 

 
Figure C34: Run #41 
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Figure C35: Run #42 

 

 
Figure C36: Run #43 
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Figure C37: Run #44 

 

 
Figure C38: Run #45 
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Figure C39: Run #46 

 

 
Figure C40: Run #47 
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Figure C41: Run #48 

 

 
Figure C42: Run #49 
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Figure C43: Run #50 

 

 
Figure C44: Run #51 
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Figure C45: Run #52 

 

 
Figure C46: Runs #53-92 
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Figure C47: Run #93 

 

 
Figure C48: Run #94 
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Figure C49: Run #95 

 

 
Figure C50: Run #96 
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Figure C51: Run #97 

 

 
Figure C52: Runs #98-102 
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Figure C53: Run #103 

 

 
Figure C54: Run #104 
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Figure C55: Runs #105 and #106 

 

 
Figure C56: Run #107 



APPENDIX C 

APS/Library/Projects/301351 (TC Deicing 2022-23)/Reports/V-Stab/Final Version 1.0/Report Components/Appendices/Appendix C/Appendix C.docx 
Final Version 1.0, June 24 

C-29 

 
Figure C57: Run #108 

 

 
Figure C58: Run #109 
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Figure C59: Run #110 

 

 
Figure C60: Run #111 
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Figure C61: Run #112 
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SUMMARY OF FLUID THICKNESS DATA
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Figure 1: Thickness Data: Type IV PG Fluid Only (Cold) 

 

 
Figure 2: Thickness Data: Type IV PG Fluid Only (Warm) 
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Figure 3: Thickness Data: Type IV EG Fluid Only (Warm) 

 

 
Figure 4: Thickness Data: Type IV EG Fluid Only (Cold) 
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Figure 5: Thickness Data: Type I PG Fluid Only (Warm) 

 

 
Figure 6: Thickness Data: Type IV EG Fluid – Simulated Moderate Snow 
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Figure 7: Thickness Data: Type IV PG Fluid – Simulated Moderate Snow 

 

 
Figure 8: Thickness Data: Type I PG Fluid – Simulated Moderate Snow 
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Figure 9: Thickness Data: Type IV PG and EG Fluid – Simulated Moderate Ice Pellets 

 

 
Figure 10: Thickness Data: Type IV PG – Simulated Freezing Rain 
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Figure 11: Thickness Data: Type IV EG Fluid – Mixed Snow and Freezing Rain 

 

 
Figure 12: Thickness Data: Type IV PG Fluid – OEI 
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Figure 13: Thickness Data: Type IV PG Fluid – OEI + Crosswind #1 

 

 
Figure 14: Thickness Data: Type IV PG Fluid – OEI + Crosswind #2 
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Figure 15: Thickness Data: Type IV PG Fluid – Fluid Testing Repeatability 

 

 
Figure 16: Thickness Data: Type IV EG and PG Fluids – Variability 
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Figure 17: Thickness Data: Type IV PG Fluid – Asymmetric Simulated Freezing Rain 

 

 
Figure 18: Thickness Data: Type IV EG Fluid – Asymmetric Mixed Snow and Freezing Rain 
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Figure 19: Thickness Data: No Fluid – Simulated Freezing Rain on Unprotected Surface 

 

 
Figure 20: Thickness Data: Type IV EG Fluid – Adjusted Catch Factor 
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Figure 21: Thickness Data: Type IV PG Fluid – Sealed Gap Effect
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APPENDIX E 
 

CATCH FACTOR ANALYSIS IN SNOW, FREEZING RAIN, AND 
FREEZING DRIZZLE
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