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PREFACE 
 
Under contract to the Transport Canada 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 conduct testing to determine holdover times for Type II and Type IV fluids in snow at 
temperatures below -14°C; 

• To conduct additional testing and analysis to evaluate and/or determine appropriate 
holdover times for Type I fluids in snow at temperatures below -14°C; 

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

• To conduct wind tunnel testing with a thin high performance wing model to support the 
development of guidance material for operating in ice pellet conditions; 

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

• To conduct further research for the development of temperature-specific snow holdover 
time data; 

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

• 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. 

 
Some project timelines were impacted due to the COVID-19 pandemic. The details of these 
impacts are described in the individual reports, if applicable. The research activities of the 
program conducted on behalf of Transport Canada during the winter of 2019-20 are 
documented in six reports. The titles of the reports are as follows: 
 
• TP 15450E Aircraft Ground De/Anti-Icing Fluid Holdover Time Development Program 

for the 2019-20 Winter; 

• TP 15451E Regression Coefficients and Equations Used to Develop the Winter 
2020-21 Aircraft Ground Deicing Holdover Time Tables; 

• TP 15452E Aircraft Ground Icing General Research Activities During the 2019-20 
Winter; 

• TP 15453E Wind Tunnel Trials to Support Further Development of Ice Pellet 
Allowance Times: Winter 2019-20; 

• TP 15454E Wind Tunnel Testing to Evaluate Contaminated Fluid Flow-Off from a 
Vertical Stabilizer; and 



PREFACE 

APS/Library/Projects/300293 (TC Deicing 2019-20)/Reports/Artificial Snow Research/Final Version 1.0/TP 15455E Final Draft 3.0.docx 
Final Version 1.0, October 21 

iv 

• TP 15455E Artificial Snow Research Activities for the 2018-19 and 2019-20 
Winters. 

 
This report, TP 15455E, has the following objective: 
 
• To further develop artificial snow endurance time testing for the use of holdover time 

development. 
 
This objective was met by conducting natural snow characterization endurance time tests 
with fluids in natural snow at the APS Aviation Inc. test site at Montreal-Trudeau Airport, 
and by further developing the multi-organizational project plan for artificial snow research. 
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EXECUTIVE SUMMARY 
 
In the winter of 2018-19, Transport Canada (TC) and the Federal Aviation 
Administration (FAA) tasked APS Aviation Inc. (APS) to conduct natural snow 
characterization testing in order to investigate factors affecting variance in natural 
snow endurance time testing. 
 
APS conducted 139 natural snow characterization tests comprising 52 test runs 
during the 2018-19 and 2019-20 winters. The test runs consisted of standard 
endurance time tests with three reference fluids; additional environmental and fluid 
layer data was collected during each test to allow for investigation into factors that 
contribute to variance in natural snow endurance time testing. Data packages 
containing the full complement of environmental data were assembled for each of 
the test runs performed. 
 
Analysis of the data collected identified several environmental parameters that 
contribute to variance in the fluid endurance time performance. The effects of the 
identified environmental parameters differed for each of the three fluids tested. The 
primary environmental parameter affecting the variance in the propylene glycol (PG) 
Type II data set was identified as wind speed. The primary environmental parameters 
affecting the variance in the PG Type IV data set were identified as wind speed and 
particle size. The ethylene glycol (EG) Type III data set was found to not have been 
as significantly affected by the environmental parameters analysed. Many additional 
environmental factors were examined, but were found to not be as consistently 
significant as those previously mentioned. 
 
It is recommended that APS, National Center for Atmospheric Research, TC, and the 
FAA continue their joint efforts in developing artificial snow endurance time testing 
as a tool for holdover time development. It is also recommended that wind speed 
and particle size data be collected during future natural snow testing related to the 
artificial snow development program, in order to further validate the observed effects 
on endurance time variance. 
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SOMMAIRE 
 
Au cours de l’hiver 2018-2019, Transports Canada (TC) et la Federal Aviation 
Administration (FAA) ont chargé APS Aviation Inc. (APS) de réaliser des essais de 
caractérisation de la neige naturelle afin d’étudier les facteurs influant sur la variance 
dans les durées d’endurance dans des conditions de neige naturelle. 
 
APS a effectué 139 essais de caractérisation de la neige naturelle, dont 52 essais de 
fonctionnement au cours des hivers 2018-2019 et 2019-2020. Les essais de 
fonctionnement consistaient en des essais standards sur les durées d’endurance avec 
trois liquides de référence; des données supplémentaires sur l’environnement et la 
couche de liquide ont été recueillies durant chaque essai afin d’étudier les facteurs 
contribuant à la variance des durées d’endurance dans des conditions de neige 
naturelle. Des ensembles contenant l’intégralité du complément de données 
environnementales ont été assemblés pour chacun des essais effectués. 
 
L’analyse des données recueillies a permis de cerner plusieurs paramètres 
environnementaux qui contribuent à la variance des durées d’endurance d’un liquide. 
Les effets des paramètres environnementaux relevés diffèrent pour chacun des trois 
liquides mis à l’essai. Le principal paramètre environnemental influant sur la variance 
dans les données sur les liquides de type II à base de propylène glycol (PG) est la 
vitesse du vent. Les principaux paramètres environnementaux influant sur la variance 
dans les données sur les liquides de type IV à base de PG sont la vitesse du vent et 
la dimension des particules. Les données sur les liquides de type III à base d’éthylène 
glycol (EG) ne semblent pas avoir été aussi touchées par les paramètres 
environnementaux analysés. De nombreux autres facteurs environnementaux ont été 
examinés, mais ils n’ont pas été jugés aussi systématiquement significatifs que ceux 
mentionnés précédemment. 
 
APS, le National Center for Atmospheric Research, TC et la FAA devraient poursuivre 
leurs efforts communs afin d’élaborer d’autres essais sur les durées d’endurance dans 
la neige artificielle comme outil pour établir les durées d’efficacité. Il est aussi 
recommandé de recueillir des données sur la vitesse du vent et la dimension des 
particules dans le cadre de futurs essais dans des conditions de neige naturelle liés 
au programme de développement de la neige artificielle afin de valider les effets 
observés sur la variance des durées d’endurance. 
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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, improve safety, and enhance 
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 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 2019-20 in 
support of the aircraft ground icing research program. Each major project completed 
as part of the 2019-20 research is documented in a separate individual report. This 
report documents the artificial snow research project. 
 
 
1.1 Background 
 
APS has been involved in artificial snow research for almost two decades, conducting 
numerous artificial snow equipment assessments, tests, and analyses on behalf of 
TC and the FAA. Development of artificial snow testing capabilities has been a 
priority for TC and the FAA for many years, as testing in artificial snow can be 
conducted at any time of year (not just winter) and test variables such as temperature 
and precipitation rate can be tightly controlled. In addition, holdover times (HOTs) 
could potentially be determined with fewer tests, as testing in natural conditions is 
conducted over a range of uncontrolled temperatures and precipitation rates. Testing 
in artificial snow need only be conducted at the boundary conditions of each HOT 
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table cell (tests are conducted at the lowest temperature in the cell: two tests at the 
low precipitation rate and two tests at the high precipitation rate). 
 

Despite significant research efforts, correlation between natural and artificial snow 
data has not been sufficiently positive for artificial snow data to replace natural snow 
data in the derivation of HOTs. As a result, regulators have not been willing to publish 
fluid-specific HOTs derived from artificial snow data. 
 

As a result of other pressing research priorities, artificial snow research has been 
limited in recent years. However, in the winter of 2016-17, various industry 
stakeholders (fluid manufacturers, operators) called on TC and the FAA to renew 
their research efforts in this area. As a result, artificial snow research initiatives were 
reinitiated in the winter of 2017-18. This work was documented in the TC report, 
TP 15399E, Artificial Snow Research Activities for the 2017-18 Winter (1) and 
resulted in the creation and development of a new multi-year research plan, which 
commenced in the winter of 2018-19. 
 
 

1.2 Objectives 
 

The detailed objectives of this project are provided in Appendix A, in an excerpt from 
the related TC statement of work for the winters of 2018-19 and 2019-20. 
 

In summary, TC and the FAA tasked APS to conduct natural snow characterization 
testing to investigate factors affecting variance in natural snow endurance time test 
results. 
 

This report documents the work completed by APS to meet these project objectives.  
 
 

1.3 Report Format 
 

The following list provides short descriptions of subsequent sections of this report: 
 

• Section 2 describes the testing methodology and the data collected for the 
natural snow characterization project that was conducted in the winters of 
2018-19 and 2019-20; 

• Section 3 describes the global data set analysis conducted in 2019-20 as part 
of the natural snow characterization project; 

• Section 4 describes the point-to-point comparative analysis conducted in 
2019-20 as part of the natural snow characterization project; 

• Section 5 describes the conclusions reached following the completion of the 
natural snow characterization project; and 

• Section 6 lists recommendations for future work relating to artificial snow 
development. 
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2. NATURAL SNOW CHARACTERIZATION TESTING – 
TESTING METHODOLOGY AND DATA 

 
This section documents the test methodology and the data collected as part of the 
natural snow characterization project during the winters of 2018-19 and 2019-20. 
 
 
2.1 Background 
 
There is an ongoing effort involving APS, TC, the FAA, and the National Center for 
Atmospheric Research (NCAR) to further develop the artificial snow machine for use 
as a tool in HOT development. Despite significant research efforts, correlation 
between natural and artificial snow data has remained challenging. As a result, 
regulators have not been willing to publish fluid-specific HOTs derived from artificial 
snow data. 
 
As part of the continued effort to improve the correlation between natural and 
artificial snow data, it was determined that there would be value in conducting 
natural snow endurance time tests with a limited subset of fluids to better understand 
the factors affecting variance in natural snow endurance time test results. To assist 
with this goal, NCAR installed various environmental sensors at the APS test site. 
These sensors will provide APS with additional real-time, localized environmental 
data. The output from these sensors was used to supplement the endurance time 
test data collected in the winters of 2018-19 and 2019-20 by APS, forming a more 
robust overall data package for analysis. 
 
 
2.2 Objective 
 
The primary objective of this research is to conduct natural snow endurance time 
testing with select anti-icing fluids, with the goal of identifying environmental factors 
that affect variance in fluid endurance time performance. 
 
 
2.3 Methodology 
 
This subsection describes the overall approach, test parameters, and experimental 
procedure followed during the winters of 2018-19 and 2019-20. For additional 
information, see the detailed testing procedures included in Appendix B. 
 
APS measurement instruments and test equipment are calibrated and verified on an 
annual basis. This process is carried out according to a calibration plan derived from 
approved International Organization for Standardization 9001:2015 standards and 
developed internally by APS. 
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2.3.1 Test Location – APS Montréal–Pierre Elliott Trudeau International 
Airport Test Site 

 
Fluid endurance time testing during natural snow conditions was conducted by APS 
personnel at the APS test site located at the Montréal–Pierre Elliott Trudeau 
International Airport in Montreal. The location of the test site is shown on the plan 
view of the airport in Figure 2.1. 
 
 

 
Figure 2.1: Plan View of APS Montréal–Pierre Elliott Trudeau International Airport 

Test Site 
 
 
2.3.2 Test Methodology 
 
The general premise of the natural snow characterization testing was to conduct 
standard natural snow endurance time tests, with additional environmental and fluid 
layer data being recorded. The environmental data package was supplemented using 
data collected from environmental sensors installed at the test site. The fluid layer 
data package was supplemented by making additional manual measurements of 
certain fluid layer characteristics, as well as by capturing the fluid failure progression 
using a revised photography process. 
 
The general natural snow endurance time testing procedure is described in the APS 
procedure, Endurance Time Testing in Natural Snow with SAE Type I, II, III, and IV 
De/Anti-Icing Fluids (included in Appendix B). While the above-mentioned procedure 
provided the basis for this testing, several modifications to this procedure were made 
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relating to set-up and secondary data collection. These modifications are described 
in the following subsections, and they are detailed in-depth in the APS procedure, 
Natural Snow Characterization Endurance Time Testing (also included in Appendix B). 
 
 
2.3.2.1 Test Surface Set-Up 
 
A total of four standard aluminum test plates (each inclined at 10°) were used for 
this testing. The test stand set-up is depicted below in Figure 2.2. 
 
 

 
Figure 2.2: Natural Snow Characterization Test Stand Set-Up 

 
Fluid and plate positions were kept static to simplify data handling. The plate on 
position six was kept bare to assess the characteristics of the snowfall on an 
untreated surface. 
 
 
2.3.2.2 Photography Set-Up and Equipment 
 
Each test run was documented photographically to allow for a thorough review of 
each run during the analysis phase of this research activity. 
 
The photographic equipment used for the testing includes the following: 
 

1. DSLR camera: Used to document the fluid failure progression on each plate 
during the testing process; 

2. GoPro™ cameras: Used to capture time-lapse imagery of plates one, two, and 
three during the testing process; and 

3. PowerShot™ camera: Used to document the snowflake morphology during the 
testing process. 

 
Figure 2.3 depicts the test stand photography set-up for this project. 
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Figure 2.3: Test Stand Photography Set-Up 

 
 

2.3.3 Fluids 
 

Testing was conducted using neat, mid-production viscosity samples of currently 
commercialized anti-icing fluids. Three fluids were specifically selected for this 
testing to ensure diversity of fluid type, fluid formulation (propylene vs. ethylene 
glycol), and fluid endurance time performance. The selected fluids are listed below 
in Table 2.1. 
 

Table 2.1: List of Fluids for Natural Snow Characterization Testing 

Fluid Test Name Fluid 
Type Fluid Formulation Fluid Dilution Viscosity Profile 

PG Type II II Propylene Glycol 100 Mid-Production 

EG Type III III Ethylene Glycol 100 Mid-Production 

PG Type IV IV Propylene Glycol 100 Mid-Production 

 
 

Natural snow characterization data collection took place over two winters (2018-19 
and 2019-20). As such, the viscosity of the test fluids was measured periodically to 
ensure that no degradation of the fluids had taken place. The measured viscosity 
results are shown below in Table 2.2. 
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Table 2.2: Natural Snow Characterization Test Fluid Viscosity Results 

  Test #1 Test #2 Test #3 

Fluid Test Date 
Test 

Result 
(cP) 

Test Date 
Test 

Result 
(cP) 

Test Date 
Test 

Result 
(cP) 

PG Type II 15-May-19 14,380(1) 10-Jul-19 14,340(1) 22-Oct-19 14,900(1) 

EG Type III 19-Feb-19 16,500(2) 17-May-19 15,400(2) 24-Oct-19 15,700(2) 

PG Type IV 8-Jan-19 15,000(1) 15-May-19 15,360(1) 22-Oct-19 15,520(1) 

1 LV1 (with guard leg), 600 mL beaker, 575 mL fluid volume, 20°C, 0.3 rpm, 10 minutes, method error ± 200 cP 
2 SC4-31/13R, small sample adapter, 9 mL fluid volume, 0°C, 0.3 rpm, 65 minutes, method error ± 2,000 cP 

 
 
As the viscosities of the test fluids showed minimal change from their initial 
measurements to the measurements made in October 2019, the samples were 
suitable for testing for the 2019-20 winter. 
 
 
2.3.3.1 Environmental Sensor Set-Up 
 
To ensure that a complete set of high-quality environmental data could be captured 
during each test run, NCAR installed several environmental sensors at the APS test 
site. The sensors that were used are as follows: 
 

1. WS600 Multi-Parameter Weather Sensor: Used to measure the temperature, 
wind speed, wind direction, barometric pressure, and relative humidity within 
the area surrounding the test surfaces; 

2. GEONOR Rain Gauge: Used to measure snowfall; and 

3. Parsivel2 Disdrometer: Used to measure the particle size distribution and rate 
of the falling snow. 

 
The sensors are respectively depicted in Figure 2.4, Figure 2.5, and Figure 2.6. 
  



2.  NATURAL SNOW CHARACTERIZATION TESTING – TESTING METHODOLOGY AND DATA 

APS/Library/Projects/300293 (TC Deicing 2019-20)/Reports/Artificial Snow Research/Final Version 1.0/TP 15455E Final Draft 3.0.docx 
Final Version 1.0, October 21 

8 

 
Figure 2.4: WS600 Multi-Parameter Weather Sensor 

 
 

 
Figure 2.5: GEONOR Rain Gauge 
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Figure 2.6: Parsivel2 Disdrometer 

 
 
2.3.4 Procedure Modifications for 2019-20 Data Collection 
 
The following modifications were made to the testing procedure after the 2018-19 
testing season was completed, and they were in place for all natural snow 
characterization data collection that took place during the 2019-20 testing season. 
 

1) The snowflake morphology photography, previously captured using a 
PowerShot™ camera, was captured with a DSLR camera inside a specialized 
structure designated for photography only. A felt pad used to observe the 
snowflakes was kept inside this unheated structure to ensure that the 
snowflake photography was not affected by the temperature of the testing 
trailer. The intent of the change was to obtain more standardized output from 
the snowflake morphology photography process. 

2) A field was added to the testing data form to allow the testing manager to 
indicate the relative difficulty of each failure call at the time that it is 
performed. The intent of the change was to provide additional context to the 
failure calls to complement the data analysis packages. 

3) Fluid thickness measurements at failure were added to the testing process, in 
addition to the regularly scheduled thickness measurements. The intent of the 
change was to provide a more complete measure of the fluid thickness profile 
of each fluid during each test. 
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2.4 Data 
 
This subsection describes the natural snow characterization data collected during the 
winters of 2018-19 and 2019-20. 
 
 
2.4.1 Data Log 
 
A total of 139 natural snow characterization tests composing 52 test runs were 
conducted in 2018-19 and 2019-20. The majority of the test runs consisted of three 
individual tests, one for each fluid being tested (PG Type II, EG Type III, and PG 
Type IV). Several early 2018-19 test runs consisted of only two tests as the PG 
Type II fluid was received later in the 2018-19 test season. 
 
A log containing details on all natural snow characterization runs conducted is 
provided in Appendix C. 
 
 
2.4.2 Data Packages  
 
A data package has been assembled for each of the tests conducted with each fluid. 
The contents of each data package are summarized below in Table 2.3. 
 
The data packages for the PG Type II runs, the EG Type III runs, and the PG Type IV 
runs are provided in Appendices D, E, and F, respectively.  



2.  NATURAL SNOW CHARACTERIZATION TESTING – TESTING METHODOLOGY AND DATA 

APS/Library/Projects/300293 (TC Deicing 2019-20)/Reports/Artificial Snow Research/Final Version 1.0/TP 15455E Final Draft 3.0.docx 
Final Version 1.0, October 21 

11 

Table 2.3: Summary of Data Package Contents 

Data Package Element Description 

General Test Information 
Contains general details including test number, date, start and 

end times, environmental data averages, fluid Brix at failure, ET, 
and expected ET based on regression analysis. 

Precipitation Rate Chart 
Depicts the average test rate, the APS pan-measured 

precipitation rate, and the precipitation rate measured by the 
Parsivel2 sensor during the test run. 

Temperatures Chart 
Depicts the average test temperature (as measured by 
Environment Canada), the plate temperature, and the 

temperature measured by the WS600 sensor during the test run. 

Wind Speeds Chart 

Depicts the average test wind speed (as measured by 
Environment Canada), as well as the average wind speed and 
maximum wind speed recorded each minute by the WS600 

sensor during the test run. 

Wind Direction Chart Depicts the wind direction recorded each minute by the WS600 
sensor during the test run. 

Relative Humidity Chart Depicts the relative humidity recorded each minute by the 
WS600 sensor during the test run. 

Barometric Pressure Chart Depicts the barometric pressure recorded each minute by the 
WS600 sensor during the test run. 

Fluid Layer Thickness 
Progression Chart 

Depicts the fluid layer thickness measurements taken during the 
test run. 

Fluid Brix Progression Chart Depicts the fluid Brix measurements taken during the test run. 

Particle Size Distribution 
Chart 

Depicts the distribution of the snow particle sizes recorded by 
the Parsivel2 sensor during the test run. 

Failure Progression Photos Depicts the progression of the fluid failure on the test surface in 
a series of photos. 

Snow Characteristics Photos Depicts the felt pad and bare plate photos captured during the 
test run. 
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2.4.3 Natural Snow Results and Regression Curves 
 
Regression analysis was performed on the data sets collected with each fluid to 
generate regression curves in accordance with the standard HOT analysis 
methodology. The regression analysis methodology for deriving HOT regression 
curves is described within the APS report, Methodology for Endurance Time Testing 
of Type II, III, and IV Fluids, Winter 2019-20 (included in Appendix B). 
 
Table 2.4 provides the outputs from the regression analyses. Figure 2.7, Figure 2.8, 
and Figure 2.9 present the endurance time data included in the regression analyses 
with each of the three fluids tested.  
 
Data points collected at temperatures below -16°C were excluded from the 
regression analyses for the PG Type II and PG Type IV fluids (consistent with how 
standard warm snow HOT data sets are handled). Data points at all temperatures 
were included in the regression analysis for the EG Type III data, as this fluid was 
found to exhibit temperature-independent characteristics. 
 
The data set used for the PG Type II regression analysis included two runs that were 
conducted with a separate batch of the PG Type II fluid. These runs were conducted 
before the receipt of the test batch of the PG Type II fluid, and they are identified in 
the test log included in Appendix C. 
 
 

 
Figure 2.7: PG Type II 100/0 Natural Snow Characterization Test Results 
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Figure 2.8: EG Type III 100/0 Natural Snow Characterization Test Results 

 
 

 
Figure 2.9: PG Type IV 100/0 Natural Snow Characterization Test Results 
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Table 2.4: Natural Snow Characterization Regression Equation Coefficients 

Fluid Dil. Temp. R2 Intercept (I) Coeff. Rate 
(A) 

Coeff. 
Temp. (B) 

Total 
Pts. 

PG Type II1 100% ≥ -14°C 85% 3.2499 -0.8159 -0.5720 39 

EG Type III2 100% All 90% 2.2860 -0.6566 N/A 50 

PG Type IV1 100% ≥ -14°C 90% 3.2306 -0.8210 -0.5820 46 
1 Standard HOT Regression Equation Format: t = 10 I RA (2-T)B 
2 Temperature-Independent HOT Regression Equation Format: t = 10 I RA 

 
 
2.4.4 Status of Natural Snow Characterization Data Sets 
 
A natural snow data set used to derive natural snow HOTs through multi-variable 
regression analysis should include data collected across a range of temperatures and 
precipitation rates. This is necessary to ensure that the output of the derived 
regression equation is appropriate and can be applied across the same range of 
temperatures and precipitation rates.  
 
Although it was not the intent of this research activity to derive natural snow HOTs 
for the fluids being tested, the outputs from the multi-variable regression analyses 
were used as a baseline for comparison within the global data set analysis described 
in Section 3. 
 
Table 2.5 provides the recommended natural snow data requirements for regression 
analysis of a neat anti-icing fluid, categorized by temperature and precipitation rate. 
The table also provides the data counts for each fluid tested in these respective 
categories. The data requirements were met in all categories for all fluids, except for 
the very light snow requirement for the PG Type II fluid data set (one data point was 
collected, while the target was two data points). 
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Table 2.5: Natural Snow Characterization Data Sets Analysis 

Temperature / Rate 
Criteria 

Minimum Data 
Points 

Required for 
Neat Fluid 

Current Data 
Point Total – 
PG Type II 

Current Data 
Point Total – 
EG Type III 

Current Data 
Point Total – 
PG Type IV 

≥-3°C 4  8 9 8 

<-3 to -8°C 6  17 18 17 

<-8 to -13°C 4  10 19 17 

<-13 to -16°C 1  4 4 4 

0 to 4 g/dm²/h 2  1 7 2 

>4 to 10 g/dm²/h 5  10 10 12 

>10 to 25 g/dm²/h 5  15 20 18 

>25 to 40 g/dm²/h 2  8 8 9 

>40 g/dm²/h 1  5 5 5 
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3. NATURAL SNOW CHARACTERIZATION – GLOBAL DATA 
SET ANALYSIS 

 
This section describes the global data set analyses performed on the natural snow 
characterization data sets. 
 
 
3.1 Background 
 
Anti-icing fluid endurance time performance in snow is primarily determined by 
precipitation rate and by ambient temperature. This characteristic is reflected in the 
current HOT regression methodology: HOT regression equations include coefficients 
for precipitation rate and temperature, but not for any other environmental 
parameters.  
 
Unique regression equations have been derived for each anti-icing fluid that has 
undergone HOT testing through regression analysis of the endurance time data set 
collected with the fluid. These regression equations quantify the effects of 
precipitation rate and temperature on a given fluid’s endurance time performance. As 
such, they can be used to predict a given fluid’s endurance time performance in 
snow, provided that the precipitation rate and temperature are known. 
 
Variance in anti-icing fluid performance in snow can be defined as the deviation 
between measured endurance time at a specific precipitation rate and temperature 
and the expected time derived from a fluid’s regression equation at the same 
precipitation rate and temperature. The term variance in this context is illustrated in 
Subsection 3.4.1. As the regression equation is believed to accurately encapsulate 
the effects of precipitation rate and temperature on endurance time performance, 
any deviation from this expectation is therefore considered to be due to other 
environmental factors. Furthermore, the magnitude of an endurance time test result’s 
deviation from its corresponding regression prediction can be seen as an indication 
of how significantly these other factors impacted the test result. 
 
This principle can be used to investigate the impact of environmental factors on 
endurance time performance by assessing which factors have a statistically 
significant relationship with the variance seen in the endurance time test data 
collected.  
 
This analysis used multiple linear regression to investigate these relationships on a 
global data set level and, as such, has been titled the global data set analysis. 
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3.2 Analysis Objective 
 
The objective of the analysis was to use multiple linear regression to assess the 
impact of various environmental parameters on endurance time test variance within 
the data sets collected as part of the natural snow characterization project. 
 
 
3.3 Data 
 
All of the natural snow characterization test data that was included within the HOT 
regression curves described in Subsection 2.4.3 was used within the global data set 
analysis. As such, PG Type II and PG Type IV data points that were collected at 
temperatures below -16°C were excluded from this analysis. 
 
 
3.4 Analysis Methodology 
 
This subsection describes the methodology employed for the global data set analysis. 
 
 
3.4.1 Quantifying Variance in Endurance Time Testing 
 
To assess variance within the data set through linear regression, endurance time 
variance must first be quantified so that it can be used as the dependent variable 
within a regression analysis. 
 
For a given test, endurance time variance due to factors other than temperature or 
precipitation rate can be quantified by expressing the difference between the 
measured endurance time (ETM) and the regression-expected endurance time (ETReg) 
as a percentage of the ETReg. This value can be expressed as either a positive or a 
negative value, depending on if the endurance time was longer or shorter than the 
regression-expected endurance time. 
 
A sample endurance time variance calculation is shown below in Figure 3.1. 
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Figure 3.1: Endurance Time Variance Calculation Example 

 
This endurance time variance calculation was performed for each test conducted with 
the three reference fluids. The calculated endurance time variance provides a 
quantitative measure for how much each test was affected by environmental 
parameters unrelated to precipitation rate and temperature. It should be noted that 
the endurance time variance metric was created specifically for use in this analysis; 
it is not related to statistical variance. 
 
 
3.4.2 Assessing Factors Contributing to Variance 
 
Regression analysis was performed with each of the fluid data sets using the 
calculated test endurance time variances as the dependent variable and various 
environmental parameters from the test run data packages as independent variables.  
 
Each test run with a given fluid was included in this analysis, provided that the full 
slate of environmental parameter data was available for that test (there were a small 
number of tests where this information was not available, generally due to sensor 
malfunction at the time the test was conducted). 
 
Table 3.1 below lists the different parameters included in the regression analyses as 
independent variables. The data sets used for the regression analyses are included in 
Appendix G.  
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Table 3.1: Independent Variables in the Global Data Set Analysis 

Parameter Description 

Average Wind Speed The average wind speed recorded by the WS600 sensor during the 
test. 

Average Particle Size 
The average bin size of all snow particles measured by the Parsivel2 
disdrometer during the ET test. A description of the bin sizes can be 
found in within the data package appendices (Appendix D, E, and F). 

Final Rate vs. Average Rate 
The difference between the final measured precipitation rate (APS 
pan rate) during the test and the calculated average precipitation rate 
for the entire test. 

Rate Standard Deviation The standard deviation of the individual precipitation rate 
measurements (APS pan rate). 

Relative Humidity The average relative humidity recorded by the WS600 sensor during 
the test. 

Barometric Pressure The average barometric pressure recorded by the WS600 sensor 
during the test. 

Day/Night 

The time at which the test took place, recorded as a binary value (1 
for daytime, 0 for nighttime). 
Tests occurring primarily between 6:00 AM and 5:59 PM were 
categorized as “Day.” 
Tests occurring primarily between 6:00 PM and 5:59 AM were 
categorized as “Night.” 

Precipitation Rate The average precipitation rate during the test (APS pan rate). This 
was included as a control variable. 

Test Temperature The average ambient temperature during the test.  
This was included as a control variable. 

 
 
The outputs of the initial regression analyses were reviewed to determine which 
independent variables demonstrated a statistically significant link to change in the 
calculated endurance time variances within each fluid data set.  
 
Statistical significance was assessed by reviewing the R-square of the regression 
analysis, as well as the individual p-values assigned to each independent variable 
included within the regression model. 
 
The R-square was used to confirm that the observed differences in the individual test 
endurance time variances could be attributed to the independent variables included 
in the analysis. 
 
The p-values were used to evaluate the relationship between the individual variables 
and the endurance time variances. A p-value of less than 0.05 indicates that the null 
hypothesis (the assumption that a given independent variable has no effect on the 
dependent variable) can be rejected for the independent variable in question.  
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Following the review of the initial regression analysis output for each data set (where 
all listed independent variables were included), the regression model for each fluid 
data set was refined by removing the independent variables that were found to not 
have a significant relationship with the endurance time variance. This included the 
control variables, average precipitation rate and average temperature, as would be 
expected. The regression analysis on the endurance time variances was then 
repeated with only the statistically significant variables for further validation. 
 
It should be noted that the goal of these analyses was not to conclusively model the 
relationship between the environmental parameters and the endurance time variance; 
the intent was only to identify which parameters are linked to the endurance time 
variance in a meaningful way. 
 
 
3.5 Analysis Results and Findings 
 
This subsection describes the results of the analysis for each of the fluid data sets. 
 
 
3.5.1 Global Data Set Analysis Results – PG Type II 
 
For the PG Type II fluid, the initial regression model including all of the independent 
variables listed in Table 3.1 yielded the regression outputs seen below in Table 3.2. 
Of all the parameters included in the initial model, only average wind speed was 
found to have a statistically significant link to change in the endurance time variance. 
The regression analysis was then repeated with average wind speed as the only 
independent variable. The regression outputs from this subsequent analysis are seen 
below in Table 3.3. 
 
Removing the nonsignificant variables decreased the R-square of the regression 
model from 59 percent to 50 percent; however, the p-value associated with the 
average wind speed also decreased (from 3.28 x 10-5 to 6.48 x 10-7). The refined 
model explained slightly less of the change in the endurance time variance (as 
indicated by the lower R-square) but it also revealed a greater likelihood that the 
relationship between wind speed and endurance time variance within the PG Type II 
data set is statistically significant. 
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Table 3.2: Global Data Set Analysis Multiple Regression Results – PG Type II 

R-Square of Regression # of Tests Dependent Variable 

59% 37* ET Variance 

Independent Variables Parameter 
p-Value  

Average Wind Speed 3.28 x 10-5 

Average Particle Size 0.742 

Final Rate vs. Average Rate 0.726 

Rate Standard Deviation 0.920 

Average Relative Humidity 0.269 

Average Barometric Pressure 0.618 

Day/Night 0.378 

Average Precipitation Rate 0.922 

Average Test Temperature 0.113 

*A total of 39 tests were conducted with the PG Type II fluid. Two tests were omitted from the 
analysis due to incomplete environmental data. 

 
 

Table 3.3: Global Data Set Analysis Refined Regression Results – PG Type II 

R-Square of Regression # of Tests Dependent Variable 

50% 38* ET Variance 

Independent Variable Parameter 
p-Value  

Average Wind Speed 6.48 x 10-7 

*A total of 39 tests were conducted with the PG Type II fluid. One test was omitted from the 
analysis due to incomplete environmental data. 

 
 
3.5.2 Global Data Set Analysis Results – EG Type III 
 
For the EG Type III fluid, the initial regression model including all of the independent 
variables listed in Table 3.1 yielded the regression outputs seen below in Table 3.4. 
 
Of all the parameters included in the initial model, only average wind speed was 
found to have a statistically significant link to change in the endurance time variance. 
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The regression analysis was then repeated with average wind speed as the only 
independent variable. The regression outputs from this subsequent analysis are seen 
below in Table 3.5.  
 
Removing the nonsignificant variables from the analysis decreased the R-square of 
the regression model from 36 percent to 5 percent. The refined model accounts for 
only a very small amount of the observed change in the endurance time variance 
metric, which indicates that there is no strong relationship between endurance time 
variance and average wind speed.  
 
Ultimately, none of the parameters evaluated in the EG Type III data set were found 
to have statistically significant links to the endurance time variance. 
 

Table 3.4: Global Data Set Analysis Multiple Regression Results – EG Type III 

R-Square of Regression # of Tests Dependent Variable 

36% 48* ET Variance 

Independent Variables Parameter 
p-Value  

Average Wind Speed 0.0184 

Average Particle Size 0.379 

Final Rate vs. Average Rate 0.351 

Rate Standard Deviation 0.914 

Relative Humidity 0.229 

Barometric Pressure 0.107 

Day/Night 0.142 

Precipitation Rate 0.303 

Test Temperature 0.162 

*A total of 50 tests were conducted with the EG Type III fluid. Two tests were omitted from the 
analysis due to incomplete environmental data. 
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Table 3.5: Global Data Set Analysis Refined Regression Results – EG Type III 

R-Square of Regression # of Tests Dependent Variable 

5% 49* ET Variance 

Independent Variable Parameter 
p-Value  

Average Wind Speed 0.133 

*A total of 50 tests were conducted with the EG Type III fluid. One test was omitted from the 
analysis due to incomplete wind speed data. 

 
 
3.5.3 Global Data Set Analysis Results – PG Type IV 
 
For the PG Type IV fluid, the initial regression model including all of the independent 
variables listed in Table 3.1 yielded the regression outputs seen below in Table 3.6. 
 
Of all the parameters included in the initial model, only average wind speed and 
average particle size were found to have a statistically significant link to change in 
the endurance time variance. The regression analysis was then repeated with average 
wind speed and average particle size as the only independent variables. The 
regression outputs from this subsequent analysis are seen below in Table 3.7.  
 
Removing the nonsignificant variables decreased the R-square of the regression 
model from 48 percent to 41 percent; however, the p-values associated with both 
average wind speed and average particle size remained below the 0.05 threshold for 
statistical significance. This outcome suggests that both average wind speed and 
average particle size are linked to the endurance time variance for the PG Type IV 
data set. 
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Table 3.6: Global Data Set Analysis Multiple Regression Results – PG Type IV 

R-Square of Regression # of Tests Dependent Variable 

48% 44* ET Variance 

Independent Variables Parameter 
p-Value  

Average Wind Speed 0.0338 

Average Particle Size 0.00352 

Final Rate vs. Average Rate 0.583 

Rate Standard Deviation 0.417 

Relative Humidity 0.800 

Barometric Pressure 0.507 

Day/Night 0.682 

Precipitation Rate 0.698 

Test Temperature 0.335 

*A total of 46 tests were conducted with the PG Type IV fluid. Two tests were omitted from the 
analysis due to incomplete environmental data. 

 
 

Table 3.7: Global Data Set Analysis Refined Regression Results – PG Type IV 

R-Square of Regression # of Tests Dependent Variable 

41% 44* ET Variance 

Independent Variables Parameter 
p-Value  

Average Wind Speed 0.00508 

Average Particle Size 0.00298 

*A total of 46 tests were conducted with the PG Type IV fluid. Two tests were omitted from the 
analysis due to incomplete environmental data. 
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3.6 Observations 
 
The environmental parameters that were found to have a statistically significant 
effect on the variance in the endurance time data sets differed for each of the three 
fluids tested. 
 

- For the PG Type II fluid, average wind speed was found to have a statistically 
significant effect on the endurance time variance. 

- For the EG Type III fluid, no variable was found to have a statistically 
significant effect on the endurance time variance. 

- For the PG Type IV fluid, average wind speed and average particle size were 
found to have a statistically significant effect on the endurance time variance. 

 
The other parameters examined (rate variance, relative humidity, barometric 
pressure, and daytime testing vs. nighttime testing) were not found to have 
statistically significant effects on the endurance time variance in the data sets 
collected.
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4. NATURAL SNOW CHARACTERIZATION – POINT-TO-POINT 
ANALYSIS 

 
This section documents the point-to-point analysis completed as part of the natural 
snow characterization work completed in the winters of 2018-19 and 2019-20. 
 
 
4.1 Analysis Background 
 
As mentioned in the introduction, fluids qualified for use as de/anti-icing aircraft fluids 
have gone through a series of tests to ensure they meet industry specifications and 
standards. The endurance time data obtained for fluids used in this research was 
collected following that same methodology. This data was then plotted to obtain 
fluid regression curves and used for this analysis. Ideally, the same fluid tested under 
identical temperatures and precipitation rates should give rise to the same HOT value. 
However, this is not always the case. Some discrepancies in endurance times have 
been obtained for many tested fluids, and the fluids used in this study are no 
exception. The differences in measured endurance times are considered to be due to 
environmental factors other than temperature and precipitation rate. Therefore, an 
in-depth analysis based on a point-to-point comparative analysis on data points with 
differing endurance times but similar temperatures and precipitation rates should aid 
in identifying the underlying parameters affecting this variance. 
 
 
4.2 Analysis Objective 
 
The primary objective of the point-to-point analysis was to determine environmental 
parameters that influence natural snow endurance times. 
 
 
4.3 Data and Data Selection Methodology 
 
To identify data points that were strong candidates for comparison, the data 
collected with each fluid was reviewed and suitable pairs of tests were identified 
using the following criteria1: 
 

1) Similar Test Rate (± ≈15%); 

2) Similar Test Temperature (± ≈17.5%); and 

3) Differing Endurance Times (> 17.5%). 

 
 

1 Note: A small number of data points lay outside the range of these criteria. 
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Also included in this analysis was one pairing for each fluid where Criterion 1 and 
Criterion 2 were slightly modified to approximately ± 25% but where Criterion 3 had 
very similar endurance times (< ≈20%). This pairing was included for control 
purposes. 
 
Table 4.1 below lists all the test pairings satisfying the above criteria that were 
identified within the data set. 
 
The data point pairings for each fluid are shown in the context of their regression 
curves in Figure 4.1, Figure 4.2, and Figure 4.3.
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Table 4.1: List of Test Pairings Included in Point-to-Point Analysis 

 
* Note 1: These tests were conducted with the same temperature and rate but similar endurance times as a control test. 
** Note 2: This test was conducted in very cold temperatures compared to rest of data.

Pairing 
Number Fluid Test 1 

(Run #)
Test 1 Rate 
(g/dm2/h)

Test 1 
Temperature (°C) 

Test 1 ET 
(Min)

Test 2 
(Run #)

Test 2 Rate 
(g/dm2/h) 

Test 2 
Temperature (°C)

Test 2 ET 
(Min)

1* PG Type II PG2-13 22.5 -7.4 35.0 PG2-11 20.2 -5.9 43.0
2 PG Type II PG2-35 24.1 -8.7 30.5 PG2-5 23.5 -8.2 43.5
3 PG Type II PG2-14 9.1 -7.1 89.0 PG2-2 8.5 -7.8 120.3
4 PG Type II PG2-32 13.2 -9.9 49.0 PG2-3 15.2 -11.5 95.5
5 PG Type II PG2-33 17.4 -9.6 43.0 PG2-4 16.9 -9.8 71.8
6 PG Type II PG2-11 20.2 -5.9 43.0 PG2-28 20.1 -5.8 72.5
7 PG Type II PG2-7 38.3 -7.2 34.2 PG2-6 32.1 -6.5 41.0
8 PG Type II PG2-7 38.3 -7.2 34.2 PG2-29 36.0 -6.1 55.3
9 PG Type II PG2-4 16.9 -9.8 71.8 PG2-3 15.2 -11.5 95.5
10 PG Type II PG2-12 48.6 -6.7 16.0 PG2-8 45.3 -7.3 38.7
11* EG Type III EG3-8 11.7 -10.7 39.0 EG3-7 10.5 -10.8 41.0
12** EG Type III EG3-2 7.6 -19.4 110.0 EG3-1 6.7 -21.2 150.0
13 EG Type III EG3-6 4.8 -10.4 67.0 EG3-10 3.4 -9.2 81.2
14 EG Type III EG3-11 8.8 -8.1 43.3 EG3-23 8.9 -7.1 52.5
15 EG Type III EG3-44 12.6 -9.9 31.0 EG3-12 14.5 -11.6 60.0
16 EG Type III EG3-40 14.2 -5.6 26.3 EG3-20 19.3 -5.7 30.0
17 EG Type III EG3-45 16.5 -9.6 27.0 EG3-13 16.6 -10.0 44.8
18 EG Type III EG3-47 22.0 -8.7 20.0 EG3-14 23.9 -8.5 24.8
19 EG Type III EG3-14 23.9 -8.5 24.8 EG3-5 27.3 -8.6 29.0
20 EG Type III EG3-41 28.5 -6.0 19.4 EG3-16 33.9 -7.1 27.5
21 EG Type III EG3-16 33.9 -7.1 27.5 EG3-15 31.6 -6.5 29.7
22* PG Type IV PG4-6 5.0 -10.5 75.0 PG4-3 6.5 -11.8 76.0
23 PG Type IV PG4-6 5.0 -10.5 75.0 PG4-10 4.6 -9.0 131.2
24 PG Type IV PG4-28 8.3 -1.6 124.1 PG4-45 8.3 -0.3 155.0
25 PG Type IV PG4-11 9.2 -8.0 82.3 PG4-23 8.8 -7.1 114.7
26 PG Type IV PG4-20 20.2 -5.9 44.0 PG4-37 19.1 -5.7 59.0
27 PG Type IV PG4-44 24.4 -8.7 32.0 PG4-14 23.5 -8.2 42.5
28 PG Type IV PG4-16 32.6 -7.1 24.5 PG4-15 32.0 -6.5 37.0
29 PG Type IV PG4-5 27.2 -8.6 26.0 PG4-14 23.5 -8.2 42.5
30 PG Type IV PG4-16 32.6 -7.1 24.5 PG4-38 34.6 -6.0 44.5
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Figure 4.1: PG Type II Regression Curve with Point-to-Point Analysis Pairings 

Identified 
 
 

 
Figure 4.2: EG Type III Regression Curve with Point-to-Point Analysis Pairings 

Identified 
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Figure 4.3: PG Type IV Regression Curve with Point-to-Point Analysis Pairings 

Identified 
 
 
4.4 Analytical Methodology 
 
HOT regression curves are generated based on data obtained by varying the 
temperature and precipitation rate for a specific type of precipitation and fluid. All 
other factors that may affect the regression curve are not directly accounted for due 
to their significantly lower impacts. Ideally, any variable that has the possibility of 
influencing the final regression of a fluid should be considered. However, if the 
impacts are minimal and pose no substantial risk to the industry, they can generally 
be disregarded. Still, for the purpose of this research, which is to better correlate 
natural snow testing with the artificial snow machine, all variables that can affect 
the HOT regression curve were determined with the goal to maximize effectiveness.  
 
The collection of data involved the standard methodology for the collection of HOT 
data, augmented with additional data collection capabilities described in 
Subsection 2.3. An example of the list of variables is illustrated in Table 4.2.  
 
  



4.  NATURAL SNOW CHARACTERIZATION – POINT-TO-POINT ANALYSIS 

APS/Library/Projects/300293 (TC Deicing 2019-20)/Reports/Artificial Snow Research/Final Version 1.0/TP 15455E Final Draft 3.0.docx 
Final Version 1.0, October 21 

32 

Table 4.2: List of Variables Obtained for Each Test Run 

Variable 

Date 

OAT (°C) 

Average Rate (g/dm2/hr) 

Fail Time (min) 

Brix @ Fail (°) 

Average Wind Speed (km/hr) 

Wind Direction (°) 

Average Snowflake Size (Bin) 

Thickness @ 5 Mins (mm) 

Thickness @ Mid Test (mm) 

Thickness @ Fail (mm) 

Rate Last 15 Mins (g/dm2/hr) 

Failure Call By 

Day/Night 

Amount of Precipitation on Bare Plate 
at End of Test (mm) 

Average Humidity (%) 

Average Pressure (hPa) 

 
 
4.4.1 Effects of Variables on Endurance Time  
 
To characterize the effect of each variable on a fluid’s endurance time, each variable 
was observed to produce a particular impact. The following is a list of variables and 
their potential impacts or implications on the endurance time of a fluid. 
 
 
4.4.1.1 Precipitation Rate 
 
If the variance during the last 15 minutes of a test has a higher rate compared to the 
average, the endurance time may be shortened. The opposite also holds true.  
 
 
4.4.1.2 Wind Direction  
 
No effect is expected on the endurance time of a fluid since the testing stands were 
always positioned into the wind (head wind). 
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4.4.1.3 Wind Speed 
 

The wind speed may have a two-pronged effect on the endurance time of a fluid. 
High wind speeds may cause the fluid to remain on the test plate for an extended 
period (preventing runoff) while simultaneously warming up the fluid due to 
convection and viscous drag. These effects increase the endurance time of the fluid 
and decrease its concentration (measured Brix) at fail. The opposite may also hold 
true. 
 
 

4.4.1.4 Particle Size 
 

Large particles size may decrease the rate of fluid absorption due to the decreased 
surface area available compared to smaller particles. Large snowflakes will cause the 
fluid to reach failure earlier, as unabsorbed particles contribute to visual failure. 
Smaller snowflakes will produce the opposite effect. See Appendix H for a 
mathematical proof concerning total surface area available for absorption between 
different particle sizes. 
 
 

4.4.1.5 Initial Fluid Temperature 
 

A cooler initial fluid temperature may increase the fluid thickness on the plate due to 
the higher fluid viscosity, decreasing fluid runoff. The opposite may also hold true. 
 
 

4.4.1.6 Plate Temperature (Thermal Analysis) 
 

The plate temperature will be cooler than the Outside Air Temperature (OAT) if 
no/low winds are present due to sensible cooling of the fluid. As a snowflake (solid) 
enters the fluid (liquid), a phase change occurs due to the lower freezing point of the 
fluid mixture, which consists of mostly glycol. Going from a solid to a liquid phase, 
the process is endothermic and results in a cooler plate temperature than the OAT. 
Observations should also be made regarding the last 10 minutes of the test where 
less melting occurs resulting in an increase in plate temperature.  
 
 

4.4.1.7 Time of Testing (Day or Night) 
 

Daytime testing may result in a warmer plate temperature since thermal radiation 
from the atmosphere can warm up the fluid. The reverse is also true of nighttime 
testing. 
 
 

4.4.1.8 Failure Calls 
 

Failure calls may vary depending on personnel. The same person should determine 
or validate all failure times to maintain consistency. 
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4.4.1.9 Bare Plate 
 
If precipitation accumulates on the bare plate during a testing event, it may indicate 
two potential causes. The first may be a greater amount of water content within the 
precipitation than usual. The precipitation would effectively “stick” to the plate when 
contact occurs. The second may be low wind speeds. A low wind speed would not 
provide enough kinetic energy for the snow to overcome the frictional forces of the 
plate; thus, it would remain on the plate. 
 
 
4.4.1.10  Outdoor Ambient Temperature 
 
The variance in OAT may affect the endurance time of a fluid. If the OAT increases 
in temperature during testing, the effect may be an increase in endurance time or 
vice versa.  
 
 

4.4.2 Determination of Trends 
 
By considering the above-mentioned impacts when evaluating a selected test pairing, 
the variables affecting the observed differences in endurance time performance were 
determined. This process was repeated for each identified pairing, and the findings 
were tallied to determine if any trends could be found.  
 
It is important to note that, when analysing individual tests in a pairing, many 
variables may simultaneously affect the endurance time of the fluid. In these cases, 
only the net effect of the combined variables is observed on the test plate. 
 
 

4.5 Analysis Examples 
 
The following subsections detail several examples of a point-to-point analysis and 
have been included to demonstrate the analytical methodology.  
 
Note that the examples included below are in summary form; detailed versions of 
these examples containing the full set of analytical observations have been included 
within Appendix I. 
 
In addition, summaries of each point-to-point analysis have been included within 
Appendix J. 
 
 

4.5.1 Example 1 – Pairing #6 (Test PG2-11 vs. Test PG2-28) 
 
Using the analytical methodology presented in Subsection 4.4, the relevant variables 
for each test pairing were identified and compiled. Table 4.3 depicts these variables 
for Test PG2-11 vs. Test PG2-28. 
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Table 4.3: List of Variables for Pairing #6 – Point-to-Point Comparison 

Variable  Test PG2-11 Test PG2-28 

Date 21-Feb-19 07-Feb-20 

OAT (°C) -5.9 -5.8 

Average Rate (g/dm2hr) 20.2 20.1 

Endurance Time (min) 43 72.5 

Brix @ Fail (°) 14 13 

Average Wind Speed (km/hr) 15.5 38.1 

Wind Direction (°) Varies between 95 and 72 17 

Thickness @ 5 Mins (mm) 1.2 1.5 

Estimated Thickness @ Mid Test 
(mm) 1.55 1.45 

Thickness @ Fail (mm) 1.6 3.3 

Average Snowflake Size (Bin) 6.3 6.87 

Rate Last 15 Mins  At Average – 21.64 Above Average – 27.19 

Failure Call By Senior Observer  Senior Observer 

Day/Night Night Day 

Accumulation of Precipitation on 
Bare Plate at End of Test (mm) 1.25 0 

Average Humidity (%) 85 90 

Average Pressure (hPa) 1012 983 

 
 
Test PG2-11 had an endurance time of 43 minutes, while Test PG2-28 had an 
endurance time of 72.5 minutes. The average precipitation rates and average test 
temperatures were similar for both tests. 
 
Overall, the key variables to consider for the endurance time extension of 
Test PG2-28 are the higher wind speed, thermal radiation from daytime testing, and 
possibly the rate variance. The combined effects of thermal radiation and convective 
heat transfer supply the system with energy, which effectively keeps the fluid at a 
warmer temperature and closer to OAT compared to Test PG2-11. In addition, the 
higher wind speeds experienced in Test PG2-28 may also extend the endurance time 
by preventing fluid runoff. In so doing, more precipitation would be required to 
achieve fluid failure. Finally, the rate variance may also contribute to the extended 
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endurance time in Test PG2-28 by maintaining a lower average rate for the first half 
of the run compared to Test PG2-11. When combined, all key variables – namely, 
wind speed, daytime testing, and rate variance – aid in extending the endurance time 
of Test PG2-28 while the opposite also holds true of Test PG2-11. 
 
 

4.5.2 Example 2 – Pairing #23 (Test PG4-6 vs. Test PG4-10) 
 

Using the analytical methodology presented in Subsection 4.4, the relevant variables 
for each test pairing were identified and compiled. Table 4.4 depicts these variables 
for Test PG4-6 vs. Test PG4-10. 
 

Table 4.4: List of Variables for Pairing #23 – Point-to-Point Comparison 

Variable  Test PG4-6 Test PG4-10 

Date 29-Jan-20 02-Feb-20 

OAT (°C) -10.5 -9 

Average Rate (g/dm2/hr) 5 4.6 

Fail Time (min) 75 131.2 

Brix @ Fail (°) 19.5 14 

Average Wind Speed (km/hr) 19 26 

Wind Direction (°) Consistent between 28 and 
34 

Consistent between 230 and 
250 

Average Snowflake Size 
(Bin) 9.19 6.68 

Thickness @ 5 Mins (mm) 0.7 1 

Thickness @ Mid Test (mm) 1 1.1 

Thickness @ Fail (mm) 1 1.1 

Rate Last 15 Mins  Above Average – 6.91 Above Average – 7.54 

Failure Call By Senior Observer  Senior Observer 

Day/Night Night Day 

Accumulation of 
Precipitation on Bare Plate at 

End of Test (mm) 
0 0 

Average Humidity (%) 83 80 

Average Pressure (hPa) 1007 1012 
 
 

Test PG4-6 had an endurance time of 75 minutes, while Test PG4-10 had an 
endurance time of 131.2 minutes. The average precipitation rates and average test 
temperatures were similar for both tests. 
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The key variables associated with this comparison are the snowflake size and time 
of testing (day/night). Test PG4-10 had a smaller snowflake size and was conducted 
during the day, while Test PG4-6 had a larger snowflake size and was performed at 
night. The combined effects of smaller particle size and thermal radiation supply a 
greater overall surface area for absorption and increased thermal energy to the 
system, respectively. This effectively prolongs the endurance time of Test PG4-10 
compared to Test PG4-6 and decreases the Brix at fail. 
 
 

4.6 Analysis – Photographic Evaluation Examples 
 

Photographic evaluations were performed on three point-to-point comparisons to 
visually illustrate the impacts of variables on the endurance time of a fluid. In 
addition, a cross-fluid photographic evaluation was conducted to determine fluid 
effects. 
 
 

4.6.1 PG Type II Pairing #6 (Test PG2-11 vs. Test PG2-28) 
 

A visual side-by-side comparison was generated to better understand the effects of 
the key parameters on fluid failure. The key parameters to consider for this 
comparison are the low wind speed and nighttime testing for Test PG2-11 and vice 
versa for Test PG2-28. 
 
 

 
Figure 4.4: Side-by-Side Comparison: PG Type II Pairing #6 – Test PG2-11 vs. 

Test PG2-28 
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The comparison in Figure 4.4 illustrates the effects of wind speed and time of testing 
for each plate. Test PG2-11 shows the snow particles resting on top of the fluid. 
Test PG2-28 shows more snow embedded within the fluid compared to Test PG2-11. 
This observation may be the result of the added thermal energy in Test PG2-28 
compared to Test PG2-11. The fluid layer becomes slightly cooler than the OAT but, 
through convective heat transfer and thermal radiation, is warmer when compared 
to Test PG2-11. This effectively melts the snow particles, which are penetrating the 
fluid, and delays visual failure, prolonging the endurance time of Test PG2-28, as 
evidenced by the photo comparison. 
 
 
4.6.2 PG Type IV Pairing #26 (Test PG4-20 vs. Test PG4-37) 
 
A photographic evaluation was also conducted to determine the effects of the key 
parameters on fluid failure and fluid type. The key parameters to consider for this 
comparison are, again, the low wind speed and nighttime testing for Test PG4-20 
and vice versa for PG4-37. 
 
 

 
Figure 4.5: Side-by-Side Comparison: PG Type IV Pairing #26 – Test PG4-20 vs. 

Test PG4-37 
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Similar to Pairing #6, the comparison in Figure 4.5 illustrates the effects of wind 
speed and time of testing for each plate. Test PG4-20 shows the snow particles 
resting on top of the fluid. Test PG4-37 shows that more snow is embedded within 
the fluid compared to Test PG4-20. This observation may be the result of the added 
thermal energy in Test PG4-37 compared to Test PG4-20. Through convective heat 
transfer and thermal radiation, the fluid layer becomes slightly warmer compared to 
Test PG4-20. This difference in plate temperature gradient, which is on average 
1.9°C warmer (in Test PG4-37), is sufficient to effectively melt the snow particles 
penetrating the fluid and delay visual failure, as evidenced by the photo comparison. 
 
 
4.6.3 Cross-Fluid Comparison – EG Type III Pairing #16 (Test EG3-40 vs. 

Test EG3-20) 
 
Pairing #16 was simultaneously tested alongside Pairing #6 and Pairing #26. A 
photographic evaluation was thus performed to determine the effects of the key 
parameters on fluid failure and fluid type. The key parameters for this comparison 
are, again, the low wind speed and nighttime testing for Test EG3-20 and vice versa 
for Test EG3-40. 
 
 

 
Figure 4.6: Side-by-Side Comparison: EG Type III Pairing #16 – Test EG3-40 vs. 

Test EG3-20 

 
Figure 4.6 reveals the effects of wind speed and time of testing for each plate. Test 
EG3-20 shows the snow particles resting on top of the fluid with some bare areas. 
Similar to Test EG3-20, Test EG3-40 also shows that snow is resting on the fluid 
with bare areas. With this particular fluid, the added thermal energy in Test EG3-40 
compared to Test EG3-20 has little to no effect on the endurance time, which may 
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be due to fluid resistance. Although the fluid temperature is slightly increased through 
convective heat transfer and thermal radiation in Test EG3-40, the plate temperature 
gradient alone is not sufficient to affect the endurance time for this fluid type. 
Therefore, the parameters that affect the PG Type II and IV fluids do not affect the 
EG Type III fluid. This is a critical finding and must be considered when conducting 
further research pertaining to the overall scope of this project. 
 
 
4.7 Analysis – General Findings 
 
The general findings for this analysis were obtained by analysing a total of 30 pairings 
with 1 pairing for each fluid as a control test. Of the 27 remaining pairs, 9, 8, and 
10 pairings were analysed using the Type II, IV, and III, respectively. 
 
 
4.7.1 General Findings – PG Type II 
 
Table 4.5 displays the findings obtained for each parameter that was flagged and 
found to be influencing the endurance time variance of a test. Table 4.5, Table 4.6, 
and Table 4.7, which refer to PG Type II, PG Type IV, and EG Type III, respectively, 
should be read as follows, using Table 4.5 as an example. 
 
A total of 9 pairings were compared. Of these 9 pairs, the snowflake size was flagged 
a total of 6 times as a contributor affecting the endurance time. Of these 6 pairs, the 
larger snowflake size was found to be associated with the longer endurance time in 
2 of the 6; the smaller snowflake size was found to be associated with the longer 
endurance time in 4 of the 6. 
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Table 4.5: PG Type II – Influence of Parameters on Endurance Time 

 
 
From Table 4.5, the most significant parameter affecting the PG Type II fluid was 
the wind speed. Specifically, the greater wind speed was always associated with the 
longer endurance time. Other variables also influenced the endurance time but to a 
lesser extent. These secondary variables include, but are not limited to, the following: 
 

- Snowflake Size; 

- Time of Testing (daytime or nighttime testing); and 

- Bare Plate (possible indication of wet snow).  
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4.7.2 General Findings – PG Type IV 
 

Table 4.6 illustrates the general findings for the PG Type IV fluid. 
 

Table 4.6: PG Type IV – Influence of Parameters on Endurance Time 

 
 

The most significant parameters affecting the PG Type IV fluid are the wind speed 
and the snowflake size. Specifically, the higher wind speed and smaller snowflake 
size are associated with the longer endurance time of the fluid. Another variable 
influenced the endurance time but to a lesser extent. This secondary variable 
includes, but is not limited to, the following: 
 

- Initial Fluid Temperature. 
 

It is important to note that, although the initial fluid temperature is considered a 
secondary variable, it may have a significant impact on the endurance time of a fluid 
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if not tightly controlled. In a previous study conducted and reported in TC report, 
TP 14874E, Effect of Heat on Endurance Times of Anti-Icing Fluids (2), the author 
provides some insight on how the endurance time of a fluid is affected when heated. 
The current endurance time testing protocol outlined in the SAE International (SAE) 
standard Aerospace Recommended Practice (ARP) 5485, Endurance Time Tests for 
Aircraft Deicing/Anti-Icing Fluids: SAE Type II, III, and IV (3), states that an initial 
fluid temperature must be within ± 3°C of the OAT. However, the differences in 
thickness measurements (indicating viscosity differences) observed during this 
research within this temperature range may be substantial enough to affect the 
endurance time. 
 
 

4.7.3  General Findings – EG Type III 
 

Table 4.7 illustrates the general findings for the EG Type III fluid. 
 

Table 4.7: EG Type III – Influence of Parameters on Endurance Time 
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The most significant parameters affecting the EG Type III fluid are the wind speed 
and the snowflake size. Specifically, the higher wind speed and smaller snowflake 
size are associated with the longer endurance time of the fluid.  
 
It is important to note, however, that the number of times the wind speed and 
snowflake size were flagged as a parameter compared to the number of pairs 
analysed is significantly less than those observed for the PG Type II and the PG 
Type IV fluids. This finding also supports the observations from the visual analysis 
described in Subsection 4.6.3, where the parameters have no effect on the 
endurance time of the fluid. Therefore, it is reasonable to conclude that the 
parameters influencing both PG Type II and the PG Type IV fluids have no bearing on 
the EG Type III fluid. 
 
 

4.8 Final Observations 
 
Many parameters were investigated to determine their impacts, if any, on the 
endurance time of a fluid. The following are observations obtained from the 
point-to-point analysis.  
 
 
4.8.1 PG Type II 
 
The main parameter affecting the endurance time for the PG Type II fluid is as 
follows: 
 

- Wind Speed.  
 
Possible secondary parameters include the following: 
 

- Snowflake Size; 

- Time of Testing (daytime or nighttime testing); and 

- Bare Plate (possible indication of wet snow). 
 
 
4.8.2 EG Type III 
 
The EG Type III fluid is affected by the following parameters: 
 

- Snowflake Size; and 

- Wind Speed. 
 
It is important to note, however, that the parameters affecting the EG Type III fluid 
are less significant. As stated in Subsection 4.7.3, these variables were only flagged 
in 3 out of 10 comparisons.  



4.  NATURAL SNOW CHARACTERIZATION – POINT-TO-POINT ANALYSIS 

APS/Library/Projects/300293 (TC Deicing 2019-20)/Reports/Artificial Snow Research/Final Version 1.0/TP 15455E Final Draft 3.0.docx 
Final Version 1.0, October 21 

45 

4.8.3 PG Type IV 
 
The PG Type IV fluid is mainly affected by the following parameters:  
 

- Snowflake Size; and 

- Wind Speed.  

 
A possible secondary parameter includes the following: 
 

- Initial Fluid Temperature. 
 
 
4.9 Suggestions 
 
The SAE testing standard ARP5485 (3) indicates that the fluid application 
temperature must be within 3°C of the OAT for natural snow tests. However, it was 
observed that differences in fluid application temperature within the acceptable range 
defined by the SAE standard could produce observable differences in fluid layer 
thickness, which could in turn affect the fluid endurance time.  
 
It is therefore recommended that further research be conducted to determine how 
the fluid application temperature affects the endurance time of a fluid.  
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5. CONCLUSIONS 
 

The analyses conducted on the natural snow characterization data collected have 
identified several environmental factors that contributed to variance within the 
endurance time test results.  
 

The global data set analysis identified which environmental parameters had a 
statistically significant impact on the endurance time variance, noting that the 
relevant parameters differed for each of the three fluids tested.  
 

- For the PG Type II fluid, average wind speed was found to have a statistically 
significant effect on endurance time variance. 

- For the EG Type III fluid, no variable was found to have a statistically 
significant effect on endurance time variance. 

- For the PG Type IV fluid, average wind speed and average particle size were 
found to have a statistically significant effect on endurance time variance. 

 

The other parameters examined (rate variance, relative humidity, barometric 
pressure, and daytime testing vs. nighttime testing) were not found to have 
statistically significant effects on the variance in the endurance time data sets 
collected. 
 

The point-to-point analysis also identified several primary and secondary parameters 
as having an impact on the endurance time variance within the data collected. The 
identified parameters differed for each of the three fluids tested. 
 

- For the PG Type II fluid, average wind speed was found to be the primary 
parameter influencing endurance time variance. Snowflake size, time of 
testing, rate variance, wet/dry snow, and changing OAT during the test run 
were identified as possible secondary parameters having a more minor effect. 

- For the EG Type III fluid, snowflake size and wind speed were identified as 
parameters that influenced endurance time variance; however, it was noted 
that the effects of these parameters were less significant when compared to 
the effects of the primary parameters identified for the PG Type II and PG 
Type IV data. 

- For the PG Type IV fluid, average wind speed and average particle size were 
found to be the primary parameters influencing endurance time variance. Initial 
fluid application temperature, rate variance, and changing OAT during the test 
run were identified as possible secondary parameters having a more minor 
effect. 

 

In summary, both analyses demonstrated that wind speed and particle size were the 
parameters with the greatest effect on endurance time variance. Both analyses also 
revealed that each fluid tested is affected differently by the parameters that were 
investigated.
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6. RECOMMENDATIONS 
 
It is recommended that APS, NCAR, TC, and the FAA continue their joint efforts in 
developing artificial snow endurance time testing as a tool for HOT development.  
 
As the development of the next-generation NCAR snow machine is nearing 
completion, it is recommended that a round of artificial vs. natural comparison testing 
be performed to evaluate if the new machine produces results that are well-correlated 
with natural snow testing.  
 
The comparison testing should include data collection in natural snow conditions with 
four reference fluids, with the goal of obtaining separate data sets in both warm 
(≥-14°C) and cold (<-14°C) snow. The natural snow data sets should then be 
replicated with the artificial snow testing systems to allow for comparison of the 
HOTs derived from each testing set-up (natural and artificial). This activity is 
recommended to be completed within the next two years. 
 
It is also recommended that wind speed and particle size data be collected during 
future natural snow testing related to the artificial snow development program, to 
further validate the observed effects on endurance time variance.  
 
Additionally, it was observed that differences in fluid application temperature within 
the acceptable range defined by the SAE standard could produce observable 
differences in fluid layer thickness, which could in turn affect fluid endurance time. 
It is therefore recommended that further research be conducted to determine how 
the fluid application temperature affects the endurance time of a fluid.  
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TRANSPORT CANADA 
STATEMENT OF WORK EXCERPT – 

AIRCRAFT & ANTI-ICING FLUID WINTER TESTING 2018-19 
 
 
2. Snow Machine R&D Project: Natural Snow Characterization Testing 

and Support for NCAR Snow Machine Hardware Improvements  
 

a) Develop and finalize long term testing and development plan. 

b) Provide support to NCAR for snow machine hardware and test method 
improvements including: distribution adjustments, snowflake size, and 
frosticator gap/plate temperature. 

c) Provide failure call training for NCAR personnel. 

d) Perform setup and planning activities for natural snow characterization testing 
including: fluids test selection, development of test plan and procedure, setup 
for fluids monitoring, setup for environmental monitoring, fluid management, 
and training. 

e) Conduct natural snow characterization testing at P.E.T. airport test site. 

f) Coordinate filing, log entry and charting of characterization test data. 

g) Conduct preliminary analysis of results. 

h) Prepare presentations as required and attend team meetings. 

i) Prepare an interim report. 

j) Review and modify testing and development plan for the 2019-20 testing 
season. 
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TRANSPORT CANADA 
STATEMENT OF WORK EXCERPT – 

AIRCRAFT & ANTI-ICING FLUID WINTER TESTING 2019-20 
 
 
3. Snow Machine R&D Project: Natural Snow Characterization Testing 

and Support for NCAR Snow Machine Hardware Improvements 
(Continuation) 

 
a) Review and modify long term testing and development plan. 

b) Provide support to NCAR for snow machine hardware and test method 
improvements including: distribution adjustments, snowflake size, and 
frosticator gap/plate temperature. 

c) Provide failure call training for NCAR personnel. 

d) Review and modify setup and planning activities for natural snow 
characterization testing including: development of test plan and procedure, 
setup for fluids monitoring, setup for environmental monitoring, fluid 
management, and training. 

e) Conduct natural snow characterization testing at P.E.T. airport test site. 

f) Coordinate filing, log entry, and charting of characterization test data. 

g) Conduct analysis of results. 

h) Prepare presentations as required and attend team meetings. 

i) Prepare report. 

j) Review and modify testing and development plan for the 2020-21 testing 
season. 
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NATURAL SNOW CHARACTERIZATION TESTING – TEST PROCEDURES 
 

• Procedure: Endurance Time Testing in Natural Snow with SAE Type I, II, III, 
and IV De/Anti-Icing Fluids 

• Procedure: Natural Snow Characterization Endurance Time Testing 

• Methodology for Endurance Time Testing of Type II, III, and IV Fluids — Winter 
2019-20 



 

 



 

 

PROCEDURE: 
ENDURANCE TIME TESTING IN NATURAL SNOW 

WITH SAE TYPE I, II, III, AND IV DE/ANTI-ICING FLUIDS 
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PROCEDURE: 
NATURAL SNOW CHARACTERIZATION ENDURANCE TIME TESTING
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

1 20-Jan-19 EG3-1 Snow PET III EG Type III 0:00:00 2:30:00 150.0 -21.2 6.7   

1 20-Jan-19 PG4-1 Snow PET IV PG Type IV 0:00:00 0:31:00 31.0 -21.3 4.9   

2 20-Jan-19 EG3-2 Snow PET III EG Type III 3:20:00 5:10:00 110.0 -19.4 7.6   

2 20-Jan-19 PG4-2 Snow PET IV PG Type IV 3:20:00 3:45:00 25.0 -19.8 9.1   

3 23-Jan-19 EG3-3 Snow PET III EG Type III 9:00:00 10:03:00 63.0 -11.9 6.3   

3 23-Jan-19 PG4-3 Snow PET IV PG Type IV 9:00:00 10:16:00 76.0 -11.8 6.5   

4 23-Jan-19 EG3-4 Snow PET III EG Type III 11:00:00 12:47:00 107.0 -10.6 3.1   

4 23-Jan-19 PG4-4 Snow PET IV PG Type IV 11:00:00 14:26:00 206.0 -9.6 3.0   

5 23-Jan-19 EG3-5 Snow PET III EG Type III 15:10:00 15:39:00 29.0 -8.6 27.3   

5 23-Jan-19 PG4-5 Snow PET IV PG Type IV 15:10:00 15:36:00 26.0 -8.6 27.2   

6 29-Jan-19 EG3-6 Snow PET III EG Type III 16:30:00 17:37:00 67.0 -10.4 4.8   

6 29-Jan-19 PG4-6 Snow PET IV PG Type IV 16:30:00 17:45:00 75.0 -10.5 5.0   

7 29-Jan-19 EG3-7 Snow PET III EG Type III 18:30:00 19:11:00 41.0 -10.8 10.5   

7 29-Jan-19 PG4-7 Snow PET IV PG Type IV 18:30:00 19:14:00 44.0 -10.8 10.7   

8 29-Jan-19 EG3-8 Snow PET III EG Type III 19:40:00 20:19:00 39.0 -10.7 11.7   

8 29-Jan-19 PG4-8 Snow PET IV PG Type IV 19:40:00 20:23:00 43.0 -10.7 11.7   

9 29-Jan-19 EG3-9 Snow PET III EG Type III 21:00:00 21:34:00 34.0 -9.8 12.8   
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 (cont’d) 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

9 29-Jan-19 PG4-9 Snow PET IV PG Type IV 21:00:00 21:45:00 45.0 -9.8 12.1   

10 2-Feb-19 PG2-1 Snow PET II PG Type II 10:30:00 12:41:10 131.2 -9.0 4.6 Old fluid 
batch 

10 2-Feb-19 EG3-10 Snow PET III EG Type III 10:30:00 11:51:10 81.2 -9.2 3.4   

10 2-Feb-19 PG4-10 Snow PET IV PG Type IV 10:30:00 12:41:10 131.2 -9.0 4.6   

11 2-Feb-19 PG2-2 Snow PET II PG Type II 13:20:00 15:20:20 120.3 -7.8 8.5 Old fluid 
batch 

11 2-Feb-19 EG3-11 Snow PET III EG Type III 13:20:00 14:03:15 43.3 -8.1 8.8   

11 2-Feb-19 PG4-11 Snow PET IV PG Type IV 13:20:00 14:42:20 82.3 -8.0 9.2   

12 12-Feb-19 PG2-3 Snow PET II PG Type II 17:00:00 18:35:30 95.5 -11.5 15.2   

12 12-Feb-19 EG3-12 Snow PET III EG Type III 17:00:00 18:00:00 60.0 -11.6 14.5   

12 12-Feb-19 PG4-12 Snow PET IV PG Type IV 17:00:00 17:35:30 35.5 -11.8 16.2   

13 12-Feb-19 PG2-4 Snow PET II PG Type II 19:10:00 20:21:50 71.8 -9.8 16.9   

13 12-Feb-19 EG3-13 Snow PET III EG Type III 19:10:00 19:54:50 44.8 -10.0 16.6   

13 12-Feb-19 PG4-13 Snow PET IV PG Type IV 19:10:00 20:00:00 50.0 -10.0 16.9   

14 12-Feb-19 PG2-5 Snow PET II PG Type II 21:00:00 21:43:30 43.5 -8.2 23.5   

14 12-Feb-19 EG3-14 Snow PET III EG Type III 21:00:00 21:24:50 24.8 -8.5 23.9   

14 12-Feb-19 PG4-14 Snow PET IV PG Type IV 21:00:00 21:42:30 42.5 -8.2 23.5   

15 12-Feb-19 PG2-6 Snow PET II PG Type II 22:30:00 23:11:00 41.0 -6.5 32.1   

15 12-Feb-19 EG3-15 Snow PET III EG Type III 22:30:00 22:59:40 29.7 -6.5 31.6   
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 (cont’d) 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

15 12-Feb-19 PG4-15 Snow PET IV PG Type IV 22:30:00 23:07:00 37.0 -6.5 32.0   

16 13-Feb-19 PG2-7 Snow PET II PG Type II 0:00:00 0:34:10 34.2 -7.2 38.3   

16 13-Feb-19 EG3-16 Snow PET III EG Type III 0:00:00 0:27:30 27.5 -7.1 33.9   

16 13-Feb-19 PG4-16 Snow PET IV PG Type IV 0:00:00 0:24:30 24.5 -7.1 32.6   

17 13-Feb-19 PG2-8 Snow PET II PG Type II 1:20:00 1:58:40 38.7 -7.3 45.3   

17 13-Feb-19 EG3-17 Snow PET III EG Type III 1:20:00 1:38:20 18.3 -7.4 54.9   

17 13-Feb-19 PG4-17 Snow PET IV PG Type IV 1:20:00 1:46:05 26.1 -7.3 51.4   

18 13-Feb-19 PG2-9 Snow PET II PG Type II 2:40:00 3:01:20 21.3 -7.3 58.4   

18 13-Feb-19 EG3-18 Snow PET III EG Type III 2:40:00 2:55:45 15.8 -7.3 61.9   

18 13-Feb-19 PG4-18 Snow PET IV PG Type IV 2:40:00 2:58:00 18.0 -7.3 60.9   

19 13-Feb-19 PG2-10 Snow PET II PG Type II 4:00:00 4:34:25 34.4 -6.9 32.1   

19 13-Feb-19 EG3-19 Snow PET III EG Type III 4:00:00 4:24:10 24.2 -7.0 32.7   

19 13-Feb-19 PG4-19 Snow PET IV PG Type IV 4:00:00 4:30:15 30.3 -7.0 32.9   

20 21-Feb-19 PG2-11 Snow PET II PG Type II 0:10:00 0:53:00 43.0 -5.9 20.2   

20 21-Feb-19 EG3-20 Snow PET III EG Type III 0:10:00 0:40:00 30.0 -5.7 19.3   

20 21-Feb-19 PG4-20 Snow PET IV PG Type IV 0:10:00 0:54:00 44.0 -5.9 20.2   

21 21-Feb-19 PG2-12 Snow PET II PG Type II 1:20:00 1:36:00 16.0 -6.7 48.6   

21 21-Feb-19 EG3-21 Snow PET III EG Type III 1:20:00 1:37:00 17.0 -6.7 48.4   
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 (cont’d) 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

21 21-Feb-19 PG4-21 Snow PET IV PG Type IV 1:20:00 1:38:00 18.0 -6.8 48.0   

22 21-Feb-19 PG2-13 Snow PET II PG Type II 2:20:00 2:55:00 35.0 -7.4 22.5   

22 21-Feb-19 EG3-22 Snow PET III EG Type III 2:20:00 2:50:00 30.0 -7.4 21.8   

22 21-Feb-19 PG4-22 Snow PET IV PG Type IV 2:20:00 2:56:00 36.0 -7.4 22.7   

23 21-Feb-19 PG2-14 Snow PET II PG Type II 3:20:00 4:49:00 89.0 -7.1 9.1   

23 21-Feb-19 EG3-23 Snow PET III EG Type III 3:20:00 4:12:30 52.5 -7.1 8.9   

23 21-Feb-19 PG4-23 Snow PET IV PG Type IV 3:20:00 5:14:40 114.7 -7.1 8.8   

24 3-Mar-19 EG3-24 Snow PET III EG Type III 22:30:00 1:01:20 152.0 -3.7 1.8   

25 10-Mar-19 PG2-15 Snow PET II PG Type II 9:30:00 10:06:10 36.2 -1.8 36.7   

25 10-Mar-19 EG3-25 Snow PET III EG Type III 9:30:00 9:44:00 14.0 -1.8 34.4   

25 10-Mar-19 PG4-24 Snow PET IV PG Type IV 9:30:00 10:01:00 31.0 -1.8 36.5   

26 10-Mar-19 PG2-16 Snow PET II PG Type II 10:30:00 11:09:15 39.3 -1.7 47.6   

26 10-Mar-19 EG3-26 Snow PET III EG Type III 10:30:00 10:42:40 12.7 -1.7 56.0   

26 10-Mar-19 PG4-25 Snow PET IV PG Type IV 10:30:00 11:00:30 30.5 -1.7 50.4   

27 10-Mar-19 PG2-17 Snow PET II PG Type II 11:40:00 12:30:15 50.2 -1.3 31.4   

27 10-Mar-19 EG3-27 Snow PET III EG Type III 11:40:00 12:09:45 29.7 -1.3 20.8   

27 10-Mar-19 PG4-26 Snow PET IV PG Type IV 11:40:00 12:31:45 51.8 -1.3 31.8   

28 18-Dec-19 EG3-28 Snow PET III EG Type III 14:40:00 15:30:30 50.5 -3.7 6.2   
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 (cont’d) 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

29 6-Jan-20 PG2-18 Snow PET II PG Type II 11:40:00 15:41:25 241.4 -7.8 4.1   

29 6-Jan-20 EG3-29 Snow PET III EG Type III 11:40:00 12:53:00 73.0 -8.1 3.3   

29 6-Jan-20 PG4-27 Snow PET IV PG Type IV 11:40:00 14:11:38 151.6 -7.9 5.1   

30 16-Jan-20 PG2-19 Snow PET II PG Type II 4:20:00 6:33:30 133.5 -1.7 8.2   

30 16-Jan-20 EG3-30 Snow PET III EG Type III 4:20:00 4:56:15 36.3 -1.6 9.8   

30 16-Jan-20 PG4-28 Snow PET IV PG Type IV 4:20:00 6:24:05 124.1 -1.6 8.3   

31 16-Jan-20 PG2-20 Snow PET II PG Type II 6:50:00 9:45:33 175.6 -1.9 6.7   

31 16-Jan-20 EG3-31 Snow PET III EG Type III 6:50:00 7:19:00 29.0 -1.8 12.2   

31 16-Jan-20 PG4-29 Snow PET IV PG Type IV 6:50:00 9:08:50 138.8 -1.9 7.3   

32 18-Jan-20 PG2-21 Snow PET II PG Type II 17:40:00 18:21:13 41.2 -15.1 11.5   

32 18-Jan-20 EG3-32 Snow PET III EG Type III 17:40:00 18:17:00 37.0 -15.1 11.4   

32 18-Jan-20 PG4-30 Snow PET IV PG Type IV 17:40:00 18:18:00 38.0 -15.1 11.4   

33 18-Jan-20 PG2-22 Snow PET II PG Type II 19:00:00 19:19:30 19.5 -15.1 26.5   

33 18-Jan-20 EG3-33 Snow PET III EG Type III 19:00:00 19:18:33 18.6 -15.1 26.2   

33 18-Jan-20 PG4-31 Snow PET IV PG Type IV 19:00:00 19:16:45 16.7 -15.1 25.9   

34 18-Jan-20 PG2-23 Snow PET II PG Type II 20:40:00 20:56:20 16.3 -15.0 33.1   

34 18-Jan-20 EG3-34 Snow PET III EG Type III 20:40:00 20:54:45 14.8 -15.0 34.2   

34 18-Jan-20 PG4-32 Snow PET IV PG Type IV 20:40:00 20:52:33 12.5 -15.0 36.0   
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 (cont’d) 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

35 18-Jan-20 PG2-24 Snow PET II PG Type II 22:10:00 23:06:58 57.0 -14.8 6.3   

35 18-Jan-20 EG3-35 Snow PET III EG Type III 22:10:00 23:05:40 55.7 -14.8 6.3   

35 18-Jan-20 PG4-33 Snow PET IV PG Type IV 22:10:00 23:03:05 53.1 -14.8 6.2   

36 6-Feb-20 PG2-25 Snow PET II PG Type II 7:00:00 12:31:30 331.5 -8.2 2.4   

36 6-Feb-20 EG3-36 Snow PET III EG Type III 7:00:00 10:22:30 202.5 -8.0 1.2   

36 6-Feb-20 PG4-34 Snow PET IV PG Type IV 7:00:00 12:10:00 310.0 -8.2 2.3   

37 6-Feb-20 EG3-37 Snow PET III EG Type III 12:50:00 13:47:00 57.0 -8.2 4.7   

38 7-Feb-20 PG2-26 Snow PET II PG Type II 6:40:00 7:27:47 47.8 -5.4 20.7   

38 7-Feb-20 EG3-38 Snow PET III EG Type III 6:40:00 7:07:00 27.0 -5.4 13.4   

38 7-Feb-20 PG4-35 Snow PET IV PG Type IV 6:40:00 7:26:27 46.5 -5.4 20.5   

39 7-Feb-20 PG2-27 Snow PET II PG Type II 8:10:00 9:05:15 55.3 -5.6 19.7   

39 7-Feb-20 EG3-39 Snow PET III EG Type III 8:10:00 8:34:10 24.2 -5.5 15.9   

39 7-Feb-20 PG4-36 Snow PET IV PG Type IV 8:10:00 9:02:30 52.5 -5.6 19.2   

40 7-Feb-20 PG2-28 Snow PET II PG Type II 10:50:00 12:02:32 72.5 -5.8 20.1   

40 7-Feb-20 EG3-40 Snow PET III EG Type III 10:50:00 11:16:20 26.3 -5.6 14.2   

40 7-Feb-20 PG4-37 Snow PET IV PG Type IV 10:50:00 11:49:00 59.0 -5.7 19.1   

41 7-Feb-20 PG2-29 Snow PET II PG Type II 12:40:00 13:35:20 55.3 -6.1 36.0   

41 7-Feb-20 EG3-41 Snow PET III EG Type III 12:40:00 12:59:25 19.4 -6.0 28.5   
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 (cont’d) 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

41 7-Feb-20 PG4-38 Snow PET IV PG Type IV 12:40:00 13:24:28 44.5 -6.0 34.6   

42 7-Feb-20 PG2-30 Snow PET II PG Type II 16:30:00 17:40:00 70.0 -7.8 16.8   

42 7-Feb-20 EG3-42 Snow PET III EG Type III 16:30:00 16:50:57 20.9 -7.8 23.5   

42 7-Feb-20 PG4-39 Snow PET IV PG Type IV 16:30:00 17:21:10 51.2 -7.8 19.7   

43 10-Feb-20 PG2-31 Snow PET II PG Type II 0:20:00 1:39:45 79.8 -10.4 5.0   

43 10-Feb-20 EG3-43 Snow PET III EG Type III 0:20:00 1:30:15 70.3 -10.4 4.1   

43 10-Feb-20 PG4-40 Snow PET IV PG Type IV 0:20:00 1:36:45 76.8 -10.4 4.8   

44 10-Feb-20 PG2-32 Snow PET II PG Type II 2:10:00 2:59:00 49.0 -9.9 13.2   

44 10-Feb-20 EG3-44 Snow PET III EG Type III 2:10:00 2:41:00 31.0 -9.9 12.6   

44 10-Feb-20 PG4-41 Snow PET IV PG Type IV 2:10:00 2:52:00 42.0 -9.9 12.8   

45 10-Feb-20 PG2-33 Snow PET II PG Type II 3:30:00 4:13:00 43.0 -9.6 17.4   

45 10-Feb-20 EG3-45 Snow PET III EG Type III 3:30:00 3:57:00 27.0 -9.6 16.5   

45 10-Feb-20 PG4-42 Snow PET IV PG Type IV 3:30:00 4:00:05 30.1 -9.6 16.6   

46 18-Feb-20 PG2-34 Snow PET II PG Type II 8:10:00 8:38:00 28.0 -12.0 22.0   

46 18-Feb-20 EG3-46 Snow PET III EG Type III 8:10:00 8:34:00 24.0 -12.1 22.3   

46 18-Feb-20 PG4-43 Snow PET IV PG Type IV 8:10:00 8:38:30 28.5 -12.0 22.0   

47 18-Feb-20 PG2-35 Snow PET II PG Type II 9:30:00 10:00:30 30.5 -8.7 24.1   

47 18-Feb-20 EG3-47 Snow PET III EG Type III 9:30:00 9:50:00 20.0 -8.7 22.0   
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Log of Tests – Natural Snow Characterization 2018-19 and 2019-20 (cont’d) 

RUN DATE TEST # CONDITION LOCATION FLUID 
TYPE FLUID 

Start 
Time 

(Local) 

Fail Time 
(Local) 

ENDURANCE 
TIME  
(MIN) 

OAT              
(oC) 

PRECIP 
RATE 

(g/dm²/h) 
Comments 

47 18-Feb-20 PG4-44 Snow PET IV PG Type IV 9:30:00 10:02:00 32.0 -8.7 24.4   

48 18-Feb-20 EG3-48 Snow PET III EG Type III 11:50:00 14:22:12 152.2 -2.9 2.5   

49 26-Feb-20 PG2-36 Snow PET II PG Type II 17:50:00 20:31:00 161.0 -0.3 8.7   

49 26-Feb-20 EG3-49 Snow PET III EG Type III 17:50:00 19:17:30 87.5 -0.3 3.7   

49 26-Feb-20 PG4-45 Snow PET IV PG Type IV 17:50:00 20:25:00 155.0 -0.3 8.3   

50 27-Feb-20 PG2-37 Snow PET II PG Type II 10:20:00 11:13:20 53.3 0.4 46.9   

50 27-Feb-20 EG3-50 Snow PET III EG Type III 10:20:00 10:31:45 11.8 0.6 48.3   

50 27-Feb-20 PG4-46 Snow PET IV PG Type IV 10:20:00 10:58:30 38.5 0.5 49.9   

51 27-Feb-20 PG2-38 Snow PET II PG Type II 12:40:00 14:55:30 135.5 -2.3 11.2   

51 27-Feb-20 EG3-51 Snow PET III EG Type III 12:40:00 13:13:45 33.8 -1.4 11.8   

51 27-Feb-20 PG4-47 Snow PET IV PG Type IV 12:40:00 14:30:00 110.0 -2.0 10.8   

52 27-Feb-20 PG2-39 Snow PET II PG Type II 17:00:00 19:54:10 174.2 -4.5 6.4   

52 27-Feb-20 EG3-52 Snow PET III EG Type III 17:00:00 17:40:25 40.4 -4.5 8.5   

52 27-Feb-20 PG4-48 Snow PET IV PG Type IV 17:00:00 19:50:00 170.0 -4.5 5.5   
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G-1 

PG Type II Analysis 

Test # 
Average 
Test Rate 
(g/dm²/h) 

Average 
Test 

Temperature 
(°C) 

Measured 
Endurance 

Time 
(min) 

Regression 
Expected 
Endurance 
Time (min) 

Measured 
vs. 

Regression-
Expected 

(min) 

ET 
Variance 

Average 
Wind 
Speed 
(km/h) 

Average 
Particle 

Size 
(Parsivel 

Bin) 

Final 
Rate vs. 
Average 

Rate 

Rate 
Standard 
Deviation 

Average 
RH (%) 

Average 
Barometric 
Pressure 

(hPa) 

Day/Night Day/Night 
Binary 

PG2-1 4.6 -9.0 131.2 144.8 -13.6 -9.4% 14.3 6.7 3.5 1.7 80.1 1012.2 Day 1 

PG2-2 8.5 -7.8 120.3 93.0 27.4 29.5% 13.5 6.4 -1.9 1.9 83.0 1009.5 Day 1 

PG2-3 15.2 -11.5 95.5 49.0 46.5 94.9% 17.2 6.9 1.8 2.7 79.2 1018.3 Day 1 

PG2-4 16.9 -9.8 71.8 48.1 23.8 49.4% 18.3 6.8 0.8 2.6 83.2 1014.5 Night 0 

PG2-5 23.5 -8.2 43.5 39.8 3.7 9.2% 14.6 7.0 1.9 2.2 86.4 1011.3 Night 0 

PG2-6 32.1 -6.5 41.0 34.0 7.0 20.7% 15.0 7.0 0.6 4.4 88.9 1008.5 Night 0 

PG2-7 38.3 -7.2 34.2 28.3 5.9 20.8% 15.8 6.3 18.1 11.3 88.6 1006.4 Night 0 

PG2-8 45.3 -7.3 38.7 24.5 14.2 58.1% 18.3 7.0 -8.3 11.1 88.9 1003.7 Night 0 

PG2-9 58.4 -7.3 21.3 19.9 1.5 7.4% 16.0 6.9 -13.5 6.6 89.0 1002.0 Night 0 

PG2-10 32.1 -6.9 34.4 33.1 1.3 4.0% 15.1 7.4 -5.2 4.1 89.5 999.5 Night 0 

PG2-11 20.2 -5.9 43.0 51.7 -8.7 -16.8% 6.3 6.6 3.8 5.5 85.2 1011.7 Night 0 

PG2-12 48.6 -6.7 16.0 23.9 -7.9 -33.1% 7.8 8.3 -4.5 3.0 87.8 1011.0 Night 0 

PG2-13 22.5 -7.4 35.0 43.1 -8.1 -18.8% 11.6 5.7 4.2 3.0 87.6 1008.5 Night 0 

PG2-14 9.1 -7.1 89.0 91.6 -2.6 -2.9% 10.3 5.8 -0.3 3.0 87.8 1005.9 Night 0 

PG2-15 36.7 -1.8 36.2 46.5 -10.4 -22.3% 10.0 7.3 0.9 4.8 92.0 1015.1 Day 1 

PG2-16 47.6 -1.7 39.3 38.2 1.1 2.8% 12.2 6.7 -9.4 11.0 94.8 1013.4 Day 1 

PG2-17 31.4 -1.3 50.2 56.9 -6.7 -11.7% 11.1 7.1 10.5 14.4 95.5 1011.4 Day 1 

PG2-18 4.1 -7.8 241.4 168.2 73.2 43.5% - - -2.7 2.3 - - Day 1 

PG2-19 8.2 -1.7 133.5 162.0 -28.5 -17.6% 7.8 8.0 -1.9 1.6 90.7 1009.7 Night 0 

PG2-20 6.7 -1.9 175.6 183.4 -7.9 -4.3% 9.9 7.7 -2.7 4.0 93.1 1009.4 Day 1 

PG2-21 11.5 -15.1 41.2 54.2 -13.0 -23.9% 15.2 6.8 1.0 1.2 75.5 1012.0 Day 1 

PG2-22 26.5 -15.1 19.5 27.4 -7.9 -28.9% 12.7 7.0 7.3 3.0 78.3 1010.6 Night 0 

PG2-23 33.1 -15.0 16.3 23.0 -6.6 -28.9% 12.7 6.9 -10.6 7.9 80.9 1007.0 Night 0 

PG2-24 6.3 -14.8 57.0 89.5 -32.6 -36.4% 10.8 7.3 1.7 1.9 81.1 1002.8 Night 0 

PG2-25 2.4 -8.2 331.5 253.2 78.3 30.9% 7.9 6.1 4.3 2.3 80.9 1006.7 Day 1 

PG2-26 20.7 -5.4 47.8 52.2 -4.4 -8.5% 13.2 5.8 7.4 10.2 89.1 990.3 Day 1 
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PG Type II Analysis (cont’d) 

Test # 
Average 
Test Rate 
(g/dm²/h) 

Average 
Test 

Temperature 
(°C) 

Measured 
Endurance 

Time 
(min) 

Regression 
Expected 
Endurance 
Time (min) 

Measured 
vs. 

Regression-
Expected 

(min) 

ET 
Variance 

Average 
Wind 
Speed 
(km/h) 

Average 
Particle 

Size 
(Parsivel 

Bin) 

Final 
Rate vs. 
Average 

Rate 

Rate 
Standard 
Deviation 

Average 
RH (%) 

Average 
Barometric 
Pressure 

(hPa) 

Day/Night Day/Night 
Binary 

PG2-27 19.7 -5.6 55.3 53.8 1.4 2.6% 11.3 6.2 10.6 4.6 89.5 988.1 Day 1 

PG2-28 20.1 -5.8 72.5 52.1 20.5 39.3% 14.9 6.9 8.1 5.7 89.7 983.3 Day 1 

PG2-29 36.0 -6.1 55.3 31.8 23.5 74.0% 28.6 6.8 1.5 7.2 89.4 981.8 Day 1 

PG2-30 16.8 -7.8 70.0 53.3 16.7 31.4% 20.4 7.6 -8.1 6.4 87.4 986.7 Day 1 

PG2-31 5.0 -10.4 79.8 126.6 -46.8 -37.0% 8.7 8.0 4.8 3.6 81.5 1019.4 Night 0 

PG2-32 13.2 -9.9 49.0 58.6 -9.6 -16.4% 10.0 8.9 1.1 1.7 84.9 1016.6 Night 0 

PG2-33 17.4 -9.6 43.0 47.5 -4.5 -9.4% 11.2 9.0 1.4 3.3 85.7 1014.2 Night 0 

PG2-34 22.0 -12.0 28.0 35.6 -7.6 -21.3% 4.9 8.4 -2.0 2.3 76.1 1022.0 Day 1 

PG2-35 24.1 -8.7 30.5 38.0 -7.5 -19.8% 6.3 8.4 6.1 5.2 83.1 1020.0 Day 1 

PG2-36 8.7 -0.3 161.0 195.1 -34.1 -17.5% 9.7 7.1 11.2 6.8 86.1 1010.1 Night 0 

PG2-37 46.9 0.4 53.3 60.8 -7.5 -12.3% 5.4 10.3 -13.8 6.4 91.8 986.1 Day 1 

PG2-38 11.2 -2.3 135.5 114.4 21.1 18.4% 17.3 7.0 3.5 2.5 92.4 987.2 Day 1 

PG2-39 6.4 -4.5 174.2 146.0 28.2 19.3% 19.2 - 14.5 5.7 86.8 990.8 Night 0 
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G-3 

EG Type III Analysis 

Test # 
Average 
Test Rate 
(g/dm²/h) 

Average 
Test 

Temperature 
(°C) 

Measured 
Endurance 

Time 
(min) 

Regression 
Expected 
Endurance 
Time (min) 

Measured 
vs. 

Regression-
Expected 

(min) 

ET 
Variance 

Average 
Wind 
Speed 
(km/h) 

Average 
Particle 

Size 
(Parsivel 

Bin) 

Final 
Rate vs. 
Average 

Rate 

Rate 
Standard 
Deviation 

Average 
RH (%) 

Average 
Barometric 
Pressure 

(hPa) 

Day/Night Day/Night 
Binary 

EG3-3 6.3 -11.9 63.0 57.5 5.5 9.6% 11.5 7.0 -0.5 1.5 80.9 1014.4 Day 1 

EG3-4 3.1 -10.6 107.0 92.1 14.9 16.2% 12.6 7.2 0.1 0.4 80.8 1013.5 Day 1 

EG3-5 27.3 -8.6 29.0 22.1 6.9 31.5% 11.2 9.4 -1.0 1.5 85.1 1009.3 Day 1 

EG3-6 4.8 -10.4 67.0 69.3 -2.3 -3.3% 14.6 9.1 2.4 1.5 82.7 1006.6 Day 1 

EG3-7 10.5 -10.8 41.0 41.3 -0.3 -0.7% 13.2 8.9 2.4 1.0 82.9 1006.1 Night 0 

EG3-8 11.7 -10.7 39.0 38.5 0.5 1.3% 10.4 8.6 0.2 1.8 83.6 1006.0 Night 0 

EG3-9 12.8 -9.8 34.0 36.2 -2.2 -6.2% 11.0 9.4 -3.2 1.3 84.7 1005.0 Night 0 

EG3-10 3.4 -9.2 81.2 86.0 -4.8 -5.6% 16.0 6.4 0.7 0.6 79.4 1012.8 Day 1 

EG3-11 8.8 -8.1 43.3 46.4 -3.2 -6.8% 13.9 6.2 0.8 1.8 82.6 1010.0 Day 1 

EG3-12 14.5 -11.6 60.0 33.3 26.7 80.0% 16.6 7.0 -1.3 2.8 78.4 1018.7 Day 1 

EG3-13 16.6 -10.0 44.8 30.6 14.3 46.7% 18.5 6.8 1.1 3.0 82.7 1015.1 Night 0 

EG3-14 23.9 -8.5 24.8 24.1 0.8 3.2% 13.7 6.4 -2.9 2.5 86.1 1011.6 Night 0 

EG3-15 31.6 -6.5 29.7 20.0 9.7 48.3% 14.8 7.2 2.4 5.1 88.7 1008.7 Night 0 

EG3-16 33.9 -7.1 27.5 19.1 8.4 43.9% 15.1 5.2 21.5 8.3 88.6 1006.5 Night 0 

EG3-17 54.9 -7.4 18.3 13.9 4.4 31.6% 19.2 7.1 -1.3 3.6 88.8 1004.0 Night 0 

EG3-18 61.9 -7.3 15.8 12.9 2.9 22.3% 15.4 7.0 -7.5 2.7 89.0 1002.0 Night 0 

EG3-19 32.7 -7.0 24.2 19.6 4.6 23.5% 14.9 7.6 3.3 3.8 89.5 999.7 Night 0 

EG3-20 19.3 -5.7 30.0 27.6 2.4 8.6% 6.0 7.0 -1.2 6.2 84.8 1012.0 Night 0 

EG3-21 48.4 -6.7 17.0 15.1 1.9 12.3% 7.8 8.3 -4.3 3.1 87.8 1011.0 Night 0 

EG3-22 21.8 -7.4 30.0 25.5 4.5 17.5% 11.7 6.8 4.9 2.7 87.6 1008.6 Night 0 

EG3-23 8.9 -7.1 52.5 46.2 6.3 13.7% 10.7 5.8 -1.0 3.7 87.9 1006.3 Night 0 

EG3-24 1.8 -3.7 152.0 131.5 20.5 15.6% 6.1 5.4 -1.6 0.7 88.5 1010.1 Night 0 

EG3-25 34.4 -1.8 14.0 18.9 -4.9 -26.1% 9.8 7.7 -8.7 2.0 90.8 1015.1 Day 1 

EG3-26 56.0 -1.7 12.7 13.7 -1.1 -7.9% 11.5 6.9 1.7 7.1 94.5 1014.0 Day 1 

EG3-27 20.8 -1.3 29.7 26.3 3.4 13.1% 11.6 6.7 12.7 6.7 95.4 1011.7 Day 1 
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EG Type III Analysis (cont’d) 

Test # 
Average 
Test Rate 
(g/dm²/h) 

Average 
Test 

Temperature 
(°C) 

Measured 
Endurance 

Time 
(min) 

Regression 
Expected 
Endurance 
Time (min) 

Measured 
vs. 

Regression-
Expected 

(min) 

ET 
Variance 

Average 
Wind 
Speed 
(km/h) 

Average 
Particle 

Size 
(Parsivel 

Bin) 

Final 
Rate vs. 
Average 

Rate 

Rate 
Standard 
Deviation 

Average 
RH (%) 

Average 
Barometric 
Pressure 

(hPa) 

Day/Night Day/Night 
Binary 

EG3-28 6.2 -3.7 50.5 58.0 -7.5 -12.9% 14.7 5.9 -1.5 0.6 88.2 1002.3 Day 1 

EG3-29 3.3 -8.1 73.0 88.8 -15.8 -17.8% - - 1.1 0.8 - - Day 1 

EG3-30 9.8 -1.6 36.3 43.1 -6.8 -15.9% 11.2 8.1 -0.5 0.6 90.3 1010.0 Night 0 

EG3-31 12.2 -1.8 29.0 37.5 -8.5 -22.6% 6.2 8.4 -1.2 2.8 92.8 1010.0 Day 1 

EG3-32 11.4 -15.1 37.0 39.1 -2.1 -5.4% 15.3 6.8 1.5 1.2 75.3 1012.1 Day 1 

EG3-33 26.2 -15.1 18.6 22.6 -4.1 -18.0% 12.8 7.0 7.6 2.6 78.3 1010.6 Night 0 

EG3-34 34.2 -15.0 14.8 19.0 -4.3 -22.5% 12.6 6.9 -10.0 7.4 80.9 1007.0 Night 0 

EG3-35 6.3 -14.8 55.7 57.9 -2.2 -3.9% 10.8 7.2 1.7 1.9 81.1 1002.8 Night 0 

EG3-36 1.2 -8.0 202.5 167.5 35.0 20.9% 7.2 7.3 0.3 1.4 80.1 1007.7 Day 1 

EG3-37 4.7 -8.2 57.0 69.5 -12.5 -18.0% 8.5 5.9 1.6 1.3 82.6 1003.1 Day 1 

EG3-38 13.4 -5.4 27.0 35.1 -8.1 -23.1% 12.8 5.3 10.7 6.4 88.7 990.6 Day 1 

EG3-39 15.9 -5.5 24.2 31.5 -7.3 -23.2% 11.3 5.9 5.1 3.5 89.3 988.1 Day 1 

EG3-40 14.2 -5.6 26.3 33.9 -7.6 -22.3% 12.8 6.6 -0.6 1.4 89.9 984.0 Day 1 

EG3-41 28.5 -6.0 19.4 21.4 -2.0 -9.3% 27.2 6.8 1.9 2.1 89.5 982.2 Day 1 

EG3-42 23.5 -7.8 20.9 24.3 -3.3 -13.7% 20.9 7.5 -0.4 1.6 87.7 985.8 Day 1 

EG3-43 4.1 -10.4 70.3 76.7 -6.4 -8.4% 9.3 7.4 4.9 2.5 81.3 1019.5 Night 0 

EG3-44 12.6 -9.9 31.0 36.6 -5.6 -15.2% 10.5 8.7 0.7 1.6 84.7 1017.0 Night 0 

EG3-45 16.5 -9.6 27.0 30.7 -3.7 -12.1% 11.0 9.6 -1.5 3.6 85.7 1014.3 Night 0 

EG3-46 22.3 -12.1 24.0 25.1 -1.1 -4.5% 4.8 8.4 -2.3 2.4 75.6 1022.0 Day 1 

EG3-47 22.0 -8.7 20.0 25.4 -5.4 -21.2% 5.8 8.6 5.9 5.3 82.9 1020.0 Day 1 

EG3-48 2.5 -2.9 152.2 105.4 46.8 44.4% 13.2 4.9 2.2 2.2 85.4 1012.3 Day 1 

EG3-49 3.7 -0.3 87.5 81.9 5.6 6.9% 9.5 7.1 1.4 2.1 84.4 1010.6 Night 0 

EG3-50 48.3 0.6 11.8 15.1 -3.4 -22.4% 5.8 12.0 1.3 2.3 91.3 987.0 Day 1 

EG3-51 11.8 -1.4 33.8 38.3 -4.6 -11.9% 16.8 6.5 2.1 2.1 93.5 986.9 Day 1 

EG3-52 8.5 -4.5 40.4 47.3 -6.9 -14.5% 17.8 - 0.5 1.3 90.6 990.0 Day 1 
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PG Type IV Analysis 

Test # 
Average 
Test Rate 
(g/dm²/h) 

Average 
Test 

Temperature 
(°C) 

Measured 
Endurance 

Time 
(min) 

Regression 
Expected 
Endurance 
Time (min) 

Measured 
vs. 

Regression-
Expected 

(min) 

ET 
Variance 

Average 
Wind 
Speed 
(km/h) 

Average 
Particle 

Size 
(Parsivel 

Bin) 

Final 
Rate vs. 
Average 

Rate 

Rate 
Standard 
Deviation 

Average 
RH (%) 

Average 
Barometric 
Pressure 

(hPa) 

Day/Night Day/Night 
Binary 

PG4-3 6.5 -11.8 76.0 79.5 -3.5 -4.4% 11.7 7.1 2.0 1.5 80.9 1014.5 Day 1 

PG4-4 3.0 -9.6 206.0 167.9 38.1 22.7% 11.4 6.8 5.7 1.5 81.5 1012.4 Day 1 

PG4-5 27.2 -8.6 26.0 28.6 -2.6 -9.0% 11.4 9.1 -0.9 1.6 85.0 1009.3 Day 1 

PG4-6 5.0 -10.5 75.0 103.8 -28.8 -27.8% 14.5 9.2 2.2 1.6 82.8 1006.6 Day 1 

PG4-7 10.7 -10.8 44.0 55.3 -11.3 -20.4% 13.1 9.0 2.2 1.1 82.9 1006.1 Night 0 

PG4-8 11.7 -10.7 43.0 51.6 -8.6 -16.6% 10.4 8.5 -1.6 1.8 83.6 1006.0 Night 0 

PG4-9 12.1 -9.8 45.0 52.2 -7.2 -13.8% 11.1 9.3 -1.4 1.6 84.7 1005.0 Night 0 

PG4-10 4.6 -9.0 131.2 120.4 10.7 8.9% 14.3 6.7 3.5 1.7 80.1 1012.2 Day 1 

PG4-11 9.2 -8.0 82.3 72.1 10.2 14.2% 13.2 6.4 1.0 1.5 82.7 1009.7 Day 1 

PG4-12 16.2 -11.8 35.5 37.5 -2.0 -5.2% 16.3 7.0 -4.6 2.2 77.3 1019.0 Day 1 

PG4-13 16.9 -10.0 50.0 39.4 10.6 26.8% 18.4 6.8 2.4 2.9 82.8 1015.0 Night 0 

PG4-14 23.5 -8.2 42.5 33.0 9.5 28.8% 14.6 6.6 1.9 2.2 86.4 1011.3 Night 0 

PG4-15 32.0 -6.5 37.0 28.4 8.6 30.1% 15.1 7.0 1.4 4.6 88.8 1008.6 Night 0 

PG4-16 32.6 -7.1 24.5 26.9 -2.4 -8.9% 14.9 6.3 8.0 6.0 88.6 1006.6 Night 0 

PG4-17 51.4 -7.3 26.1 18.3 7.8 42.9% 19.2 7.0 -19.1 8.6 88.8 1004.0 Night 0 

PG4-18 60.9 -7.3 18.0 15.9 2.1 13.1% 15.8 6.9 -6.5 3.8 89.0 1002.0 Night 0 

PG4-19 32.9 -7.0 30.3 26.9 3.4 12.5% 15.1 7.6 3.1 3.7 89.5 999.6 Night 0 

PG4-20 20.2 -5.9 44.0 43.3 0.7 1.7% 6.3 6.6 3.8 5.5 85.2 1011.7 Night 0 

PG4-21 48.0 -6.8 18.0 20.0 -2.0 -10.0% 7.7 8.3 -21.0 5.7 87.7 1011.0 Night 0 

PG4-22 22.7 -7.4 36.0 35.7 0.3 0.8% 11.6 5.7 31.6 6.0 87.6 1008.5 Night 0 

PG4-23 8.8 -7.1 114.7 79.2 35.4 44.7% 10.4 5.9 -1.4 2.7 87.8 1005.7 Night 0 

PG4-24 36.5 -1.8 31.0 40.8 -9.8 -23.9% 10.0 7.3 1.1 5.1 91.8 1015.1 Day 1 

PG4-25 50.4 -1.7 30.5 31.8 -1.3 -4.0% 12.1 6.7 -15.4 11.0 94.7 1013.5 Day 1 

PG4-26 31.8 -1.3 51.8 50.0 1.8 3.5% 11.1 7.2 10.1 14.3 95.6 1011.4 Day 1 

PG4-27 5.1 -7.9 151.6 116.9 34.7 29.7% - - 2.1 2.2 - - Day 1 
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PG Type IV Analysis (cont’d) 

Test # 
Average 
Test Rate 
(g/dm²/h) 

Average 
Test 

Temperature 
(°C) 

Measured 
Endurance 

Time 
(min) 

Regression 
Expected 
Endurance 
Time (min) 

Measured 
vs. 

Regression-
Expected 

(min) 

ET 
Variance 

Average 
Wind 
Speed 
(km/h) 

Average 
Particle 

Size 
(Parsivel 

Bin) 

Final 
Rate vs. 
Average 

Rate 

Rate 
Standard 
Deviation 

Average 
RH (%) 

Average 
Barometric 
Pressure 

(hPa) 

Day/Night Day/Night 
Binary 

PG4-28 8.3 -1.6 124.1 140.9 -16.8 -11.9% 7.9 8.0 -1.5 1.6 91.7 1009.7 Night 0 

PG4-29 7.3 -1.9 138.8 149.7 -10.8 -7.2% 9.7 7.7 -2.2 4.3 93.1 1009.3 Day 1 

PG4-30 11.4 -15.1 38.0 44.1 -6.1 -13.9% 15.3 6.8 1.4 1.2 75.4 1012.1 Day 1 

PG4-31 25.9 -15.1 16.7 22.5 -5.7 -25.5% 13.0 7.1 0.6 1.9 78.2 1010.6 Night 0 

PG4-32 36.0 -15.0 12.5 17.2 -4.7 -27.2% 12.5 7.0 -11.9 6.5 80.9 1007.0 Night 0 

PG4-33 6.2 -14.8 53.1 73.8 -20.7 -28.1% 10.8 7.2 1.8 1.9 81.1 1002.8 Night 0 

PG4-34 2.3 -8.2 310.0 223.7 86.3 38.6% 8.0 6.1 0.5 2.3 80.9 1006.8 Day 1 

PG4-35 20.5 -5.4 46.5 44.4 2.0 4.5% 13.3 5.8 4.3 10.4 89.1 990.3 Day 1 

PG4-36 19.2 -5.6 52.5 46.3 6.2 13.4% 11.3 6.1 7.1 4.2 89.5 988.1 Day 1 

PG4-37 19.1 -5.7 59.0 45.9 13.1 28.5% 13.8 6.8 9.4 5.1 89.8 983.6 Day 1 

PG4-38 34.6 -6.0 44.5 27.6 16.9 61.1% 27.7 6.7 6.6 7.2 89.4 982.0 Day 1 

PG4-39 19.7 -7.8 51.2 38.9 12.2 31.4% 20.3 7.7 -9.4 5.0 87.7 986.3 Day 1 

PG4-40 4.8 -10.4 76.8 108.5 -31.7 -29.2% 8.9 7.8 8.3 3.5 81.4 1019.4 Night 0 

PG4-41 12.8 -9.9 42.0 49.7 -7.7 -15.4% 10.4 8.8 0.4 1.4 84.9 1016.7 Night 0 

PG4-42 16.6 -9.6 30.1 40.7 -10.6 -26.0% 11.0 9.5 2.9 3.5 85.7 1014.3 Night 0 

PG4-43 22.0 -12.0 28.5 29.0 -0.5 -1.8% 4.9 8.4 -2.0 2.3 76.1 1022.0 Day 1 

PG4-44 24.4 -8.7 32.0 31.1 0.9 2.8% 6.3 8.5 5.7 5.3 83.1 1020.0 Day 1 

PG4-45 8.3 -0.3 155.0 183.0 -28.0 -15.3% 9.6 7.0 1.0 6.5 86.0 1010.1 Night 0 

PG4-46 49.9 0.5 38.5 53.2 -14.7 -27.6% 4.9 10.8 -4.7 3.5 91.6 986.4 Day 1 

PG4-47 10.8 -2.0 110.0 107.4 2.6 2.5% 17.4 7.0 2.2 2.5 92.6 987.0 Day 1 

PG4-48 5.5 -4.5 170.0 140.6 29.4 20.9% 19.2 - 15.4 5.3 86.7 990.7 Night 0 
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NS Characterization Information 

Mathematical Proof Illustrating the Surface Area Available for 
Absorption between Two Different Particle Sizes 

 
 
General Concept: 
 
Assuming the geometry of a Snowflake is a Sphere: 
 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆

𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑉𝑉𝑆𝑆
=

4𝜋𝜋𝑅𝑅2
4
3𝜋𝜋𝑆𝑆

3
=

3
𝑆𝑆
 

 
Where, 𝑅𝑅 = 𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 𝑉𝑉𝑆𝑆 𝐿𝐿𝑆𝑆𝑆𝑆𝐿𝐿𝑆𝑆 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃𝑅𝑅𝑆𝑆𝑉𝑉𝑆𝑆 & 𝑆𝑆 = 𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 𝑉𝑉𝑆𝑆 𝑆𝑆𝑉𝑉𝑆𝑆𝑉𝑉𝑉𝑉 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃𝑅𝑅𝑆𝑆𝑉𝑉𝑆𝑆. 
 
Thus, the Surface Area to Volume Ratio is inversely proportional to the Radius i.e., 
increasing the particle size decreases the surface Area to volume ratio. 
 
 
Example of the Above Concept 
 
Volume: 
 

Assuming 1 large snowflake particle is broken down to 1,000 smaller snowflake 
particles with conservation of volume: 
 

𝑉𝑉 = 1,000 �
4
3
𝜋𝜋𝑆𝑆3� =

4
3
𝜋𝜋𝑅𝑅3 

 
Where, 𝑅𝑅 = 𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 𝑉𝑉𝑆𝑆 𝐿𝐿𝑆𝑆𝑆𝑆𝐿𝐿𝑆𝑆 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃𝑅𝑅𝑆𝑆𝑉𝑉𝑆𝑆 & 𝑆𝑆 = 𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 𝑉𝑉𝑆𝑆 𝑆𝑆𝑉𝑉𝑆𝑆𝑉𝑉𝑉𝑉 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃𝑅𝑅𝑆𝑆𝑉𝑉𝑆𝑆; thus, 𝑆𝑆 = 𝑅𝑅

10
. 

 
 
Surface Area:  
 
Total Surface Area of 1 Large Particle: 
 
𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿 = 4𝜋𝜋𝑅𝑅2 
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Total Area of 1,000 Small Particles: 
 
𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 1,000 𝑠𝑠𝑠𝑠𝐿𝐿𝑃𝑃𝑃𝑃 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝑠𝑠 = 1,000 (4𝜋𝜋𝑆𝑆2) 
 
 
Solving: 
 
𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 1,000 𝑠𝑠𝑠𝑠𝐿𝐿𝑃𝑃𝑃𝑃 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝑠𝑠

𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿
 =  

1,000 (4𝜋𝜋𝑆𝑆2)
4𝜋𝜋𝑅𝑅2

  

 
𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 1,000 𝑠𝑠𝑠𝑠𝐿𝐿𝑃𝑃𝑃𝑃 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝑠𝑠

𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿
 =  1,000�

𝑆𝑆2

𝑅𝑅2
� 

 
Knowing that 𝑆𝑆 = 𝑅𝑅

10
 as stated above, substitute and simplify: 

 

𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 1,000 𝑆𝑆𝑠𝑠𝐿𝐿𝑃𝑃𝑃𝑃 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝑠𝑠

𝑇𝑇𝑉𝑉𝑃𝑃𝑆𝑆𝑉𝑉 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿
=  1,000�

� 𝑅𝑅10�
2

𝑅𝑅2 � = 10 

 
Therefore, if a large snowflake particle is broken up into 1,000 pieces, the surface 
area for absorption into the fluid increases 10 fold. 
 
Proof that the overall surface area of breaking up a large particle into many smaller 
pieces increases if keeping the volume constant. 
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1. DETAILED POINT-TO-POINT COMPARISON METHODOLOGY 
 
The following point-to-point comparison examples are included in this appendix to 
demonstrate the analytical methodology used and to clarify/provide additional 
context to Subsection 4.4 of the report. 
 
 

1.1 Classification of Variables 
 
To effectively describe which variables/parameters may directly influence the HOT 
of a fluid, the list depicted in Table 1.1 was split into two categories. The first is 
described as the independent variables which can be “manipulated.” For example, if 
HOT tests are being conducted at the APS test facility, the rate may change from 
one test to another. The rate, in this case, would be considered the manipulated or 
independent variable. The second category, the dependent variables, are affected by 
a change in the independent variable. In other words, by manipulating the 
independent variable, a change in the dependent variable can be “measured.” Taking 
the above example, if the rate is manipulated or varies from one event to another, 
the measured endurance time (ET) will be affected and thus result in a different value. 
 

Table 1.1: List of Variables Obtained for Each Test Run 

Variable 
Date 

OAT (°C) 

Average Rate (g/dm2/hr) 

Fail Time (min) 

Brix @ fail (°) 

Average Wind Speed (km/hr) 

Wind Direction (°) 

Average Snowflake Size (Bin) 

Thickness @ 5 min (mm) 

Thickness @ Mid Test (mm) 

Thickness @ fail (mm) 

Rate last 15 min (g/dm2/hr) 

Failure Call By 

Day/Night 

Amount of Precipitation on Bare Plate 
at End of Test (mm) 

Average Humidity (%) 

Average Pressure (hPa) 
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In a particular test comparison, not all independent variables need to be considered. 
In fact, only the independent variables, which are determined to be significant were 
evaluated. Significance was thus characterized by contrasting the pair of data points 
to be compared. Generally, if the independent variable contrasted had a significant 
difference, the variable was considered in the final analysis. If no differences were 
observed, then the variable was not considered. The same approach was taken when 
considering only the dependent variables. 
 
The general trend of a variable during a test can also be of interest when comparing 
data points. This information is obtained from the data packs and is included in the 
analysis if deemed to be significant. 
 
A thermal analysis was also conducted to determine the effects of thermal energy, 
or more specifically, temperature differences on the system i.e., the fluid, 
precipitation, and test plate. Table 1.2 shows the thermal parameters which were 
measured or calculated. 
 

Table 1.2: List of Thermal Parameters Measured or Calculated 

Temperature (°C) 
Average OAT - APS 

Average OAT - NCAR 
Average OAT - NCAR & APS 

Average Initial OAT - NCAR & APS 
Fluid Temperature @ Start 

Fluid Temperature Gradient 
Starting Plate Temp 

Average Plate Temperature 
Plate Temperature Gradient 

Plate Temp @ Fail 

 
 
N.B.: The fluid temperature gradient refers to: 
 

TFluid Gradient = TFluid, Initial – TOAT, Initial 
 
While the plate temperature gradient refers to: 
 

TPlate Gradient = TPlate, Average – TOAT, Average 
 
In industry, it is commonly known that de/anti-icing fluids increase in viscosity with 
decreasing temperature. Therefore, it is reasonable to assume that if the fluid 
temperature gradient is negative (cooler fluid compared to that of OAT), the viscosity 
of the fluid being poured on the test plate is greater than it should be for that 
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particular test. The opposite is also said to hold true. The effects of a cooler or 
warmer fluid during HOT testing is discussed below in Subsection 1.2. 
 
The plate temperature gradient was calculated to determine if thermal energy is being 
transferred from the environment to the system or vice versa, since the transfer of 
energy may influence the ET of a fluid. The system which includes the aluminum test 
plate, anti-icing fluid (glycol based) and snow as the main form of precipitation, forms 
part of the testing process. Specifically, the snow, which is a solid, is converted to 
the liquid phase when forming part of the glycol-water mixture on the aluminum test 
plate. This change in phase, from solid to liquid, is an endothermic process. Thermal 
energy is required for a solid to melt and in this case, the energy is extracted from 
the glycol-water mixture. Therefore, in a typical HOT test, the plate temperature 
decreases below that of the OAT. The plate temperature remains below OAT until 
the mixture reaches saturation and no more solid is converted to liquid. Thus, a 
negative temperature gradient is expected and indicative that the fluid is performing. 
 
To further justify if key variables should be considered for comparison and to aid in 
determining general hypotheses for the comparison analysis and/or test in question, 
some essential statistics were calculated. Table 1.3 refers to these key statistical 
calculations. 
 

Table 1.3: List of Statistical Variables Calculated 

Statistical Variables 
APS Average Rate (g/dm2/hr) 

APS Rate Standard Deviation (g/dm2/hr) 

APS Rate Variance (g/dm2/hr)2 

NCAR Average Wind Speed (km/hr) 

NCAR Wind Speed Standard Deviation 
(km/hr) 

NCAR Wind Speed Variance (km/hr)2 

Average Snowflake Size (mm) 

Difference in Size (%) 

Kurtosis 

Skewness 

Range 

OAT (°C) 
Plate Temperature Standard Deviation 

(°C) 

Plate Temperature Variance (°C)2 
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Besides determining the standard statistical values for precipitation rate, wind speed, 
OAT and plate temperature, which include the averages, standard deviations and 
variances, the average bin particle size was also determined. In addition, the kurtosis, 
skewness, and range were calculated from the snowflake distribution plots. The 
coefficient of kurtosis is a measure for the degree of peakeness/flatness in the 
variable distribution and is thus negative, zero or positive in value. In other words, it 
describes the distribution as being “peaked” giving rise to a positive value, “flatness 
or square” giving rise to a negative value and zero which results in a standard 
distribution. The coefficient of skewness is a measure of the degree of symmetry in 
the variable distribution. A positive value means the distribution is skewed to the 
right, a negative value indicates it is skewed to the left and a value of zero implies a 
symmetrical distribution. The range in statistics represents the difference between 
the highest and the lowest value obtained. 
 
The point-to-point analysis was thus conducted in the following order: 
 

1) Determine all variables available for comparison;  

2) Determine which variables are independent variables; 

3) Determine which independent variables are significant when compared; 

4) Determine which variables are dependent variables; 

5) Determine which dependent variables are significant when compared; 

6) Document the general trend of all variables from the data packs; 

7) Determine which variables have a general trend which need to be considered 
when compared; 

8) Perform a thermal analysis and contrast; 

9) Calculate statistical values for key variables and contrast; and 

10) Determine a hypothesis for what is observed and verify with findings from 
multi variable analysis (Global Data Set Analysis). 

 
 
1.2 Example 1 – Pairing # 6 (Test PG2-11 vs. Test PG2-28) 
 
The regression curve for PG Type II in Subsection 4.3 of this report illustrates where 
the two points to be compared are relative to each other and to the expected HOT 
for that temperature band and rate. 
 
Using the analytical methodology presented in Subsection 4.4, the relevant variables 
for each test comprising this pairing are identified and compiled. Table 1.4 depicts 
these variables for the two tests (PG2-11 vs PG2-28). 
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Table 1.4: List of Variables for Pairing # 6 Point-to-Point Comparison 

Variable  Test PG2-11 Test PG2-28 

Date 21-Feb 07-Feb 

OAT (°C) -5.9 -5.8 

Average Rate (g/dm2hr) 20.2 20.1 

Fail Time (min) 43 72.5 

Brix @ Fail (°) 14 13 

Average Wind Speed (km/hr) 15.5 38.1 

Wind Direction (°) Varies between 95 and 72 17 

Thickness @ 5 min (mm) 1.2 1.5 

Estimated Thickness @ Mid Test 
(mm) 1.55 1.45 

Thickness @ Fail (mm) 1.6 3.3 

Average Snowflake Size (Bin) 6.3 6.87 

Rate last 15 min  At Average — 21.64 Above Average — 27.19 

Failure Call By Senior Observer Senior Observer 

Day/Night Night Day 

Amount of Precipitation on Bare 
Plate at End of Test (mm) 1.25 0 

Average Humidity (%) 85 90 

Average Pressure (hPa) 1012 983 

 
 
Independent variables are identified and tracked by adding a check mark () as 
depicted in Table 1.5. A second check mark is added next to the variable if it is 
determined to be significant and should be considered as part of the analysis. For 
Test PG2-11 vs. Test PG2-28, the independent variables are circled in red as shown 
in Table 1.5. 
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Table 1.5: Identification of Independent Variables – Test PG2-11 vs. Test PG2-28 

Variable Test PG2-11 Test PG2-28 
Independent 
Variable? () 

Significant 
Independent 

Variable?  (or ) 

Date 21-Feb 07-Feb  – 
OAT (°C) -5.9 -5.8   

Average Rate (g/dm2/hr) 20.2 20.1   

Fail Time (min) 43 72.5 – – 
Brix at Fail 14 13 – – 

Average Wind Speed (km/hr) 15.5 38.1   
Wind Direction (°) Varies between 95 and 

72 17   

Thickness @ 5 min (mm) 1.2 1.5 – – 
Estimated Thickness @ Mid Test 

(mm) 1.55 1.45 – – 
Thickness @ fail (mm) 1.6 3.3 – – 

Average Snowflake Size (Bin) 6.3 6.87   
Rate last 15 min At Average - 21.64 Above Average - 27.19   
Failure Called By Senior Observer Senior Observer   

Day/Night Night Day   
Amount of Precipitation on Bare 

Plate at End of Test (mm) 1.25 0 – – 
Average Humidity (%)  85 90   
Average Pressure (hPa) 1012 983   
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To summarize Table 1.5, the independent variables comprise of: 
 

o Wind Speed; 

o Wind Direction; 

o Rate Last 15 mins; 

o Day or Night Testing; and 

o Pressure. 
 
Dependent variables are identified and tracked by adding a check mark () as 
depicted in Table 1.6. A second check mark is added next to the variable if it is 
determined to be significant and should be considered as part of the analysis. For 
Test PG2-11 vs. Test PG2-28, the dependent variables are circled in blue as shown 
in Table 1.6. 
 
To summarize Table 1.6, the dependent variables comprise of: 
 

o ET (Fail Time); 

o Brix at Fail (Glycol Concentration at Fail); 

o Fluid Thickness at 5 min; 

o Estimated fluid Thickness at Mid-Test; 

o Thickness at Failure; and 

o Bare Plate Thickness at Fail. 

 
The general trend of each variable obtained from the data packs are summarized in 
Table 1.7.  
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Table 1.6: Identification of Dependent Variables - Test PG2-11 vs. Test PG2-28 

Variable Test PG2-11 Test PG2-28 Independent 
Variable? () 

Significant 
Independent 

Variable? 
(or ) 

Dependent 
Variable? () 

Significant Dependant 
Variable? (or ) 

Date 21-Feb 07-Feb  – – – 

OAT (°C) -5.9 -5.8   – – 

Average Rate (g/dm2/hr) 20.2 20.1   – – 

Fail Time (min) 43 72.5 – –   

Brix at Fail 14 13 – –   

Average Wind Speed (km/hr) 15.5 38.1   – – 

Wind Direction (°) Varies between 
95 and 72 17   – – 

Thickness @ 5 min (mm) 1.2 1.5 – –   

Estimated Thickness @ Mid Test (mm) 1.55 1.45 – –   

Thickness @ fail (mm) 1.6 3.3 – –   

Average Snowflake Size (Bin) 6.3 6.87   – – 

Rate last 15 min At Average - 
21.64 

Above Average 
- 27.19 

  – – 

Failure Called By Senior Observer Senior 
Observer 

  – – 

Day/Night Night Day   – – 

Amount of Precipitation on Bare Plate at 
End of Test (mm) 1.25 0 – –   

Average Humidity (%) 85 90   – – 

Average Pressure (hPa) 1012 983   – – 
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Table 1.7: Identification of Independent and Dependent General Trend Variables — Test PG2-11 vs. Test PG2-28 

Variable  Test PG2-11 Test PG2-28 
Independent 

Variable? 

() 

Significant 
Independent 

Variable? 
(or ) 

Dependent 
Variable? 

() 

Significant 
Dependent 
Variable? 
(or ) 

  

Variable Test PG2-11 Comments from Data 
Packs 

Test PG2-28 
Comments from 

Data Packs 

Date 21-Feb 07-Feb  – – – – – – 
OAT (°C) -5.9 -5.8   – – OAT Relatively Constant Relatively Constant 

Average Rate 
(g/dm2/hr) 20.2 20.1   – – Rate 

Begins above average, decreasing to 
below average and finally increases to 

above average for end of test  

Begins below 
average, increasing to 

above average for 
second half of test 

Fail Time (min) 43 72.5 – –   – – – 

Brix @ fail (°) 14 13 
– 

–   Brix 

Relatively linear decrease Relatively linear 
decrease except for 

end of test remaining 
constant 

Average Wind Speed 
(km/hr) 15.5 38.1   – – Wind Speed Relatively constant 

Relatively constant 
but slowly increasing 
for last 30% of test 

Wind Direction (°) Varies between 
95 and 72 

 
17   – – Wind 

Direction 

Varies, starting at 95 changing to 60, 72 
and finally remains constant for rest of 

test 
Constant 

Thickness @ 5 min 
(mm) 1.2 1.5 – –   – – – 

Estimated Thickness 
@ Mid Test (mm) 1.55 1.45 – –   – – – 

Thickness @ fail 
(mm) 1.6 3.3 – –   Thickness Relatively linear increase 

Relatively constant 
followed by 

significant increase at 
end of test 

Average Snowflake 
Size (Bin) 6.3 6.87   – – Snowflake Slightly lower variance Slightly greater 

variance 

Rate last 15 min  At Average - 
21.64 

Above Average 
- 27.19 

  – – Rate last 15 
min 

Begins with a below average rate but 
increases to above giving rise to a similar 

average test rate and last 15 min rate 
Above average 

Failure Call By Senior 
Observer 

Senior 
Observer   – – – – – 

Day/Night Night Day   – – – – – 
Accumulation of 

Precipitation on Bare 
Plate at End of Test 

(mm) 

1.25 0 – –   – – – 

Average Humidity 
(%) 85 90   – – Humidity  Slowly increasing by 2% throughout 

test  Constant 

Average Pressure 
(hPa) 1012 983   – – Pressure Relatively constant 

Relatively constant 
but slowly dropping 

throughout test 
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If the general trend of the variable in question is significantly different when 
contrasted, it is included in the analysis. In this example, the following are the 
independent variables which have differences in trends (circled in red in Table 1.7): 
 

o Rate; 

o Wind Speed; and 

o Rate Last 15 min. 
 
The dependent variable with differences in trend is (circled in blue in Table 1.7): 
 

o Fluid Thickness. 
 
The thermal analysis (illustrated in Table 1.8 with dependent variables circled in blue) 
indicates that the plate temperature gradient for Test PG2-11 is 2.7 °C below that 
of the OAT compared to 0.8 °C for Test PG2-28. This suggests one of two 
possibilities. The first is that Test PG2-11 is converting more snow (solid) into water 
(liquid - forming part of the glycol-water mixture) than Test PG2-28. The second is 
the higher wind speed and daytime testing during Test PG2-28 supplies a greater 
amount of thermal energy to the system by convective heat transfer and thermal 
radiation, respectively. Of the two possible scenarios, the latter is the only credible 
case to consider. The former would require the systems to be physically different, 
for example, different plate sizes, different amounts of fluid used etc., which was 
not the case as all tests were conducted using the same methodology. Hence, the 
thermal analysis strongly suggests that wind speed and daytime testing are key 
factors to consider for the difference in ETs. 
 
Statistical values and significant coefficients were calculated for both tests and are 
illustrated in Table 1.9. The key factor to consider is the difference in the average 
wind speed using both the APS data (obtained form Environment Canada) and NCAR 
weather sensor positioned near the test stand (circled in red). This further supports 
the thermal analysis conducted above. 
 
To determine the variables affecting the outcome of this test, all variables must be 
accounted for. In other words, an independent variable usually affects a depended 
variable where appropriate. The thermal analysis and calculated statistics also serve 
part of the overall findings of this comparison.  
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Table 1.8: Thermal Analysis — Test PG2-11 vs. Test PG2-28 

Temperature (°C) Test 
PG2- 11 

Test PG2- 
28 

  

Variable 

Test PG2-11 
Comments 
from the 

Data Pack 

Test PG2-28 
Comments 
from the 

Data Pack 
Average OAT - APS -5.9 -5.8 OAT - APS Constant Constant 

Average OAT - NCAR -5.1 -5.0 OAT - NCAR 
Relatively 
Constant  

Relatively 
Constant  

Average OAT - NCAR & APS -5.5 -5.4 – – – 

Average Initial OAT - NCAR & APS -5.4 -5.3 – – – 

Fluid Temperature @ Start -5.2 -5 – – – 

Fluid Temperature Gradient  0.1 0.3 – – – 

Starting Plate Temp -5.5 -5 – – – 

Average Plate Temperature -8.1 -6.2 Plate 
Temperature 

Typical profile 
but significantly 

below OAT 

Typical profile 
just under OAT 

Average Plate Temperature 
Gradient -2.7 -0.8 – – – 

Plate Temp @ Fail -8 -6 – – – 

Final Analysis 

Plate 
temperature 
gradient is 
below that 

of OAT 

Plate 
temperature 
gradient is 
approx. at 

OAT 
  

Conclusion 

Test PG2-28 plate 
temperature gradient 

indicates an added source 
of energy to the system. 

Possibly by convection and 
thermal radiation 

 
 

Table 1.9: Statistical Values and Coefficients — Test PG2-11 vs. Test PG2-28 

Variable  Test PG2-11 Test PG2-28 
APS Average Rate (g/dm2/hr) 20.4 20.1 

APS Rate Standard Deviation (g/dm2/hr) 5.5 5.7 

APS Rate Variance (g/dm2/hr)2 29.9 32.2 

APS Average Wind Speed (km/hr) 15.5 38.1 

NCAR Average Wind Speed (km/hr) 6.3 14.9 

NCAR Wind Speed Standard Deviation (km/hr) 0.7 2.7 

NCAR Wind Speed Variance (km/hr)2 0.5 7.4 

Average Snowflake Size (mm) 0.766 0.795 

Difference in Size (%) -3.8 3.8 

Kurtosis 1.6 0.2 

Skewness 1.6 1.2 
Range 15979 31929 

Average OAT - NCAR & APS -5 -5 

Plate Temperature Standard Deviation (°C) 0.6 0.4 

Plate Temperature Variance (°C)2 0.4 0.1 
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1.2.1 Impacts of Independent Variables on Dependent Variables 
 
The following subsection explains the effect of each independent variable on the 
dependent variable(s) for Test PG2-11 vs. PG2-28.  
 
 
1.2.1.1 Effect of Wind Direction on ET 
 
The wind direction for this example and all tests conducted, did not influence the 
measured ETs due to the way tests are run. The procedure is to position the test 
stand into the wind during testing. If the wind direction happened to change during 
a test, the test stand was repositioned to account for the change. Therefore, the 
wind direction does not have an effect of a fluids ET. 
 
 
1.2.1.2 Effect of Pressure on ET 
 
The atmospheric pressure for the tests conducted in this example and all other tests 
performed, did not influence the measured ETs. A drop in atmospheric pressure is 
indicative of an arriving form of precipitation. The drop mainly occurs due to changes 
in temperature and humidity. Hence, the atmospheric pressure does not have an 
effect of a fluids ET. 
 
 
1.2.1.3 Effect of Rate Last 15 min on Thickness at Failure 
 
The rate during the last 15 min for test PG2-28 increased significantly to affect the 
thickness at failure. This is also observed in the general trend of the variable. As the 
glycol concentration decreases on the plate, snow begins to accumulate. This 
ultimately increases the thickness measurements and is observed in Test PG2-28 to 
have a value of 3.3 mm compared to 1.6 mm for Test PG2-11.  
 
 
1.2.1.4 Effect of Day/Night Testing on the Plate Temperature Gradient 
 
ET testing conducted during the day may provide thermal energy to the fluid being 
tested. For this comparison, Test PG2-28 was conducted during the day while Test 
PG2-11 was performed at night. Thus, it is probable that thermal energy from the 
atmosphere slightly heated the plate temperature of Test PG2-28 to obtain a smaller 
plate temperature gradient compared to Test PG2-11. This in turn may influence the 
ET of Test PG2-28 by extending its performance.  
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1.2.1.5 Effect of Wind Speed on Fluid Thickness at 5 min, Estimated Fluid Thickness 
at Mid-Test, Bare Plate Thickness at Fail, Brix at Fail and ET 

 
The wind speed can affect the outcome of a test by the two-pronged manner as 
previously discussed in the report. The higher average wind speed and higher minute 
maximum wind speed for Test PG2-28 may have affected the fluid thickness at 
5 minutes by preventing some fluid runoff. The recorded wind speeds for this 
comparison may possibly support this hypothesis. Test PG2-28 had an average wind 
speed and minute maximum wind speed of 14.9 and 33 km/hr respectively, while 
Test PG2-11 was 6.3 and 16 km/hr, respectively.  
 
The estimated thickness at mid test of Test PG2-28 was similar to Test PG2-11. This 
may be due errors associated with thickness measurements during testing since the 
overall fluid thickness trend for Test PG2-28 is increasing and not decreasing.  
 
The amount of precipitation on the bare plate may also be affected by wind speed. 
If wind speeds are relatively low as is the case for Test PG2-11, accumulation may 
be seen on the bare plate. If the wind speeds are relatively high however, no 
accumulation is usually present. Another factor which may affect the accumulation 
of snow on a bare plate is the water content (wet snow). The added water may aid 
in “sticking” compared to its dry counterpart.  
 
The ET of Test PG2-28 is primarily extended due to convective heat transfer and 
viscous drag from the air to the fluid. As the plate temperature decreases due to a 
phase change (solid snow particle to liquid water-glycol mixture), the warmer air 
transfers some thermal energy to the fluid. This essentially keeps the plate 
temperature just slightly below OAT by -0.8 °C for Test PG2-28 compared to -2.7°C 
for PG2-11. This smaller temperature gradient aids in extending the ET of the fluid. 
By consequence, the final brix/concentration is lower compared to Test PG2-11.   
 
 
1.2.2 Additional Information from Data Packs 
 
The following subsection documents a key independent variable to be considered in 
the final analysis when its general trend is taken into account and contrasted.  
 
 
1.2.2.1 Effect of Rate on ET  
 
When the rates of precipitation of Test PG2-28 and Test PG2-11 are contrasted, the 
different trends observed may have an impact on the final ETs. Test PG2-28, with 
an average rate of 20 g/dm2 hr, started below average and stayed below average for 
the first 39 minutes of the test run. The average rate during the first 39 minutes, 
however, was approximately 15 g/dm2 hr. The ET of Test PG2-11 is 43 minutes with 
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an average rate of 20 g/dm2 hr. Thus, Test PG2-11 reaches its ET while Test PG2-28 
is approximately midway before finally reaching failure. Hence, the rate difference of 
5 g/dm2 hr for the first 39 minutes of this comparison may contribute to the extended 
ET of Test PG2-28. 
 
 
1.2.3 Summary of Pertinent Variables and Hypothesis to Consider for 

Example 1 — Test PG2-11 vs. PG2-28 
 
Overall, the key variables to consider for the ET extension of Test PG2-28 are the 
higher wind speed, thermal radiation from daytime testing and possibly the rate 
variance. The combined effects of thermal radiation and convective heat transfer 
supplies the system with energy which effectively keeps the fluid at a warmer 
temperature and closer to OAT compared to that of Test PG2-11. In addition, the 
higher wind speeds experienced by Test PG2-28 may also extend the ET by 
preventing fluid runoff. By doing so, more precipitation would be required to achieve 
fluid failure. Finally, the rate variance may also contribute to Test PG2-28 extended 
ET by maintaining a lower average rate for the first half of the test compared to that 
of Test PG2-11. All key variables namely, wind speed, daytime testing, and rate 
variance when combined, aid in extending the ET of Test PG2-28.  
 
 
1.3 Example 2 – Pairing #23 (Test PG4-6 vs. Test PG4-10) 
 
Using the analytical methodology presented in Section 4.4, the relevant variables for 
each test comprising this pairing are identified and compiled. Table 4.4 depicts these 
variables for the two tests (PG4-6 vs. PG4-10). 
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Table 1.10: List of Variables for Pairing #23 Point to Point Comparison 

Variable  Test PG4-6 Test PG4-10 

Date 29-Jan 02-Feb 

OAT (°C) -10.5 -9 

Average Rate (g/dm2/hr) 5 4.6 

Fail Time (min) 75 131.2 

Brix @ fail (°) 19.5 14 

Average Wind Speed (km/hr) 19 26 

Wind Direction (°) Consistent between 28 to 
34 

Consistent between 230 to 
250 

Average Snowflake Size (Bin) 9.19 6.68 

Thickness @ 5 min (mm) 0.7 1 

Thickness @ Mid Test (mm) 1 1.1 

Thickness @ fail (mm) 1 1.1 

Rate last 15 min  Above Average — 6.91 Above Average — 7.54 

Failure Call By Senior Observer Senior Observer 

Day/ Night Night Day 

Accumulation of Precipitation on 
bare plate at end of test (mm) 0 0 

Average Humidity (%) 83 80 

Average Pressure (hPa) 1007 1012 

 
 
Independent variables are identified and tracked by adding a check mark () as 
depicted in Table 1.11. A second check mark is added next to the variable if it is 
determined to be significant and should be considered as part of the analysis. For 
Test PG4-6 vs. Test PG4-10, the independent variables are circled in red as depicted 
in Table 1.11.  
 
To summarize Table 1.11, the independent variables comprise of: 
 

o Snowflake Size and; 

o Day or Night Testing. 

 
Dependent variables are identified and tracked by adding a check mark () as 
depicted in Table 1.12. A second check mark is added next to the variable if it is 
determined to be significant and should be considered as part of the analysis. For 
Test PG4-6 vs. Test PG4-10, the dependent variables are circled in blue as shown in 
Table 1.12. 
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Table 1.11: Identification of Independent Variables – Test PG4-6 vs. Test PG4-10 

Variable  Test PG4-6 Test PG4-10 Independent 
Variable? () 

Significant 
Independent 

Variable? (or ) 

Date 29-Jan 02-Feb  – 

OAT (°C) -10 -9   
Average Rate (g/dm2/hr) 5 4.6   

Fail Time (min) 75 131.2 – – 

Brix @ fail (°) 19.5 14 – – 

Average Wind Speed (km/hr) 19 26   
Wind Direction (°) Consistent between 

28 to 34 
Consistent between 

230 to 250   
Average Snowflake Size (Bin) 9.19 6.68   

Thickness @ 5 min (mm) 0.7 1 – – 

Thickness @ Mid Test (mm) 1 1.1 – – 

Thickness @ fail (mm) 1 1.1 – – 

Rate last 15 min  Above Average - 
6.91 

Above Average - 
7.54   

Failure Call By Senior Observer  Senior Observer   
Day/Night Night Day   

Accumulation of snow on bare plate at 
end of test at failure (mm) 0 0 – – 

Average Humidity (%) 83 80   
Average Pressure (hPa) 1007 1012   
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Table 1.12: Identification of Dependent Variables – Test PG4-6 vs. PG4-10 

Variable  Test PG4-6 Test PG4-10 
Independent 

Variable? 
() 

Significant 
Independent 

Variable? 
(or ) 

Dependent 
Variable? 

() 

Significant 
Dependent 
Variable? 
(or ) 

Date 29-Jan 02-Feb  – – – 

OAT (°C) -10 -9   – – 

Average Rate (g/dm2/hr) 5 4.6   – – 

Fail Time (min) 75 131.2 – –   
Brix @ fail (°) 19.5 14 – –   

Average Wind Speed (km/hr) 19 26   – – 

Wind Direction (°) Consistent 
between 28 to 34 

Consistent between 
230 to 250   – – 

Average Snowflake Size 
(Bin) 9.19 6.68   – – 

Thickness @ 5 min (mm) 0.7 1 – –   
Thickness @ Mid Test (mm) 1 1.1 – –   

Thickness @ fail (mm) 1 1.1 – –   
Rate last 15 min  Above Average - 

6.91 
Above Average - 

7.54   – – 

Failure Call By Senior Observer Senior Observer   – – 

Day/ Night Night Day   – – 
Accumulation of Precipitation 
on Bare Plate at End of Test 

(mm) 
0 0 – –   

Average Humidity (%) 83 80   – – 

Average Pressure (hPa) 1007 1012   – – 
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To summarize Table 1.12, the dependent variables comprise of: 
 

o ET (Fail Time); 

o Brix at Fail (Glycol Concentration at Fail) and; 

o Fluid Thickness at 5 minutes. 
 
The general trend of each variable obtained from the data packs are summarized in 
Table 1.13.  
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Table 1.13: Identification of Independent and Dependent General Trend Variables – Test PG4-6 vs. Test PG4-10 

Variable  Test PG4-6 Test PG4-10 
Independent 

Variable? 
() 

Significant 
Independent 

Variable? 
(or ) 

Dependent 
Variable? 

() 

Significant 
Dependent 
Variable? 
(or ) 

  

Variable 
Test PG4-6 

Comments from  
Data Pack  

Test PG4-10 
Comments from Data 

Packs 

Date 29-Jan 02-Feb  – – – – – – 

OAT (°C) -10 -9   – – OAT 
Relatively constant, 

slightly cooling 
throughout test 

 Slightly warming 
throughout test 

Average Rate 
(g/dm2/hr) 5 4.6   – – Rate 

Begins at a higher rate but 
subsequently decreases to 
below average until finally 
increasing for final portion 

of test 

Begins below average 
until finally increasing for 

the last 40 min of the 
test 

Fail Time (min) 75 131.2 – –   – – – 
Brix @ fail (°) 19.5 14 – –   Brix Linear decrease. Similar 

slope 
Linear decrease. Similar 

slope 

Average Wind Speed 
(km/hr) 19 26   – – Wind Speed 

Constant 
Varies. Initially slightly 

higher until dropping off 

Wind Direction (°) Consistent 
between 28 to 34 

Consistent 
between 230 to 

250 
  – – Wind 

Direction 

Constant 
Constant 

Average Snowflake 
Size (Bin) 9.19 6.68   – – Snowflake Smaller variance Greater variance  

Thickness @ 5 min 
(mm) 0.7 1 – –   Thickness Relatively constant Fairly constant. Very 

slow increase 

Thickness @ Mid Test 
(mm) 1 1.1 – –   – – – 

Thickness @ fail (mm) 1 1.1 – –   – – – 
Rate last 15 min  Above Average - 

6.91 
Above Average - 

7.54   – – Rate last 15 
min Increasing Increasing 

Failure Call By Senior Observer Senior Observer   – – – – – 

Day/ Night Night Day   – – – – – 
Accumulation of 

Precipitation on Bare 
Plate at End of Test 

(mm) 

0 0 – –   – – – 

Average Humidity (%) 83 80   – – Humidity Fairly constant. Slow 
increase from 82 to 84% 

Slow increase from 77 
to 82% 

Average Pressure (hPa) 1007 1012   – – Pressure Relatively constant Relatively constant 
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If the general trend of the variable in question is significantly different when 
contrasted, it is included in the analysis. In this example, the following are the 
independent variables which have differences in trends (circled in red in Table 1.13): 
 

o OAT; 

o Rate; 

o Wind Speed and; 

o Snowflake Distribution/Variance. 
 
The dependent variable with differences in trend is (circled in blue in Table 1.13): 
 

o Fluid Thickness. 
 
The thermal analysis, as illustrated in Table 1.14 with independent and dependent 
variables circled in red and blue, respectively, indicates that the plate temperature 
gradient for Test PG4-6 is NA however, Test PG4-10 is 1.4 °C above that of the 
OAT. This suggests that the thermal radiation from daytime testing is causing the 
plate temperature to remain above that of the OAT. It is important to note that 
although the average wind speed is the same for both runs, the minute maximum 
wind speed is higher for most of Test PG4-10 than Test PG4-6. Furthermore, the 
average wind speed for Test PG4-10 was greater than the average wind speed of 
Test PG4-6 for 52 minutes of the 131-minute duration. This represents 40 percent 
of Test PG4-10. Thus, it is possible, although minor, that thermal energy was added 
to the system by convective heat transfer and resulted in an increase in plate 
temperature. In addition, the higher wind speed during Test PG4-10 may have 
contributed to the greater fluid thickness on the plate during testing resulting in the 
extension of Test PG4-10’s ET. Hence, the thermal analysis suggests that thermal 
radiation and to a minor extent, convective heat transfer, are factors to consider for 
the difference in ET. 
 
The initial fluid temperature gradient was calculated to be -2.9 °C for Test PG4-10 
compared to 0.8 °C for Test PG4-6. This indicates that the fluid temperature for 
Test PG4-10 was substantially cooler than Test PG4-6 and may result in a thicker 
fluid layer due to the greater viscosity. Progression thickness data for both runs may 
support the hypothesis that pouring a thicker fluid can result in a thicker fluid layer 
during testing.  
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Table 1.14: Thermal Analysis – Test PG4-6 vs. Test PG4-10 

Temperature (°C) Test PG4-6  Test PG4-10 

  

Variable 

Test PG4-6 
Comments 
from Data 

Pack 

Test PG4-10 
Comments 
from Data 

Pack 
Average OAT - APS -10 -9 OAT - APS Constant Constant 

Average OAT - NCAR -9.4 -7.9 OAT - NCAR 

Relatively 
constant, 

slightly cooling 
throughout test 

 Slightly warming 
throughout test 

Average OAT - APS & 
NCAR -9.7 -8.5 – – – 

Average Initial OAT - APS & 
NCAR -9.8 -8.8 – – – 

Temperature (Fluid) @ Start -9 -11.7 – – – 

Fluid Temperature Gradient 0.8 -2.9 –  – –  

Starting Temp (Plate) NA -8 – – – 

Average Plate Temperature NA -7.1 Plate 
Temperature NA 

Fairly Constant, 
slowly warming. 

Temperature 
above OAT  

Plate Temperature Gradient NA 1.4 – – – 

Plate Temp @  
Fail NA -6.5 – – – 

Final Analysis – 

Greater cooler 
fluid 

temperature 
gradient than 
Test PG4-6. 

Plate is 
warming 

through test 
  

Conclusion 

Although the plate seems to be 
warming for Test PG4-10, this is 
probably due to thermal radiation, 

slightly warming OAT and 
possibly wind effects 

 
 
Statistical values and significant coefficients were calculated for both tests and are 
displayed in Table 1.15. The key factor to consider is the coefficient of kurtosis for 
this comparison. The coefficient was -1.2 for Test PG4-6 and +0.9 for Test PG4-10. 
The negative coefficient for Test PG4-6 describes a “squarer” snowflake distribution 
compared to Test PG4-10. The hypothesis for a negative kurtosis is the implication 
that smaller snowflakes may be hindered from being absorbed due to the larger 
snowflakes “resting” on top of the fluid. It is possible that as the test is progressing 
and a greater number of large snowflakes accumulate on the fluid, the smaller 
snowflakes may not be able to completely be absorbed by the fluid. This would result 
in a greater amount of snow resting on the fluid over time and ultimately prompt 
visual failure. The coefficient of skewness, 0.5 and 1.4 for Test PG4-6 and PG4-10, 
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respectively and the calculated range, 2166 and 16948, respectively also supports 
the latter hypothesis. 
 

Table 1.15: Statistical Values and Coefficients – Test PG4-6 vs. PG4-10 

Variable Test PG4-6 Test PG4-10 

APS Average Rate (g/dm2/hr) 5 4.6 

APS Rate Standard Deviation (g/dm2/hr) 1.6 1.7 

APS Rate Variance (g/dm2/hr)2 2.5 3.0 

APS Average Wind Speed (km/hr) 19 26 

NCAR Average Wind Speed (km/hr) 15 14 

NCAR Wind Speed Standard Deviation (km/hr) 0.4 2.6 

NCAR Wind Speed Variance (km/hr)2 0.1 6.7 

Average Snowflake Size (mm) 1.072 0.772 

Difference in Size (%) 21 -21 

Kurtosis -1.2 0.9 

Skewness 0.5 1.4 

Range 2166 16948 

OAT (°C) -10 -9 

Plate Temperature Standard Deviation (°C) NA 0.4 

Plate Temperature Variance (°C)2 NA 0.1 

 
 
To determine the variables affecting the outcome of this test, all variables must be 
accounted for. In other words, an independent variable usually affects a depended 
variable where appropriate. The thermal analysis and calculated statistics also serve 
part of the overall findings of this comparison. 
 
 
1.3.1 Impacts of Independent Variables on Dependent Variables  
 
The following subsection explains the effect of each independent variable on the 
dependent variable(s) for Test PG4-6 vs. PG4-10.  
 
 
1.3.1.1 Effect of Snowflake Size on ET and Brix/Concentration at Fail 
 
The snowflake size will have an effect on the ET of a fluid based on the surface area 
available for absorption. The mathematical proof can be found in Appendix H but is 
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summarized here for completeness. Assuming a large snowflake is broken into 
1,000 smaller pieces, the surface area available for absorption increases 10-fold. 
Hence, a smaller snowflake will have the tendency to prolong the ET of a fluid while 
a larger snowflake will have the opposite effect. Test PG4-6 for this comparison had 
a 21 percent larger average snowflake size (average bin range size) compared to Test 
PG-10. Therefore, Test PG4-6 should theoretically reach visual failure in a shorter 
time span than Test PG4-10, as is the case.  
 
By shortening or extending the ET of a fluid, it is reasonable to assume that the 
concentration/brix at fail will be affected. Test PG4-6 with a shortened ET than 
Test PG4-10, therefore, has a higher brix compared to that of Test PG4-10. 
 
 
1.3.1.2 Effect of Initial Fluid Temperature (From Thermal Analysis) on Fluid 

Thickness at 5 Minutes  
 
As previously discussed, a negative fluid temperature gradient may result in a thicker 
fluid layer upon pouring and remains thicker throughout the test. From the thickness 
data obtained during testing, the fluid thickness is greater for Test PG4-10 compared 
to test PG4-6 at 5 minutes. In fact, it is almost consistently higher throughout the 
progression of Test PG4-10 compared to Test PG4-6. This supports the previously 
presented hypothesis that a cooler initial fluid temperature will result in a thicker fluid 
layer.  
 
 
1.3.1.3 Effect of Day/Night Testing on the Plate Temperature Gradient 
 
ET testing conducted during the day may provide thermal energy to the fluid being 
tested. For this comparison, Test PG4-10 was conducted during the day while 
Test PG4-6 was performed at night. Thus, it is possible that thermal energy from the 
atmosphere slightly heated the plate temperature of Test PG4-10 to obtain a positive 
plate temperature gradient. This in turn may influence the ET of Test PG4-10 by 
extending its performance. 
 
 
1.3.2 Additional Information from Data Packs 
 
The following subsection documents key independent variables to be considered in 
the final analysis when the general trends are taken into account and contrasted.  
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1.3.2.1 Effect of Rate on ET 
 
When the rates of precipitation of Test PG4-6 and Test PG4-10 are contrasted, the 
different trends in rate observed may have an impact on the final ETs. The total 
amount of time under the average rate for Test PG4-10 was 62 percent or 
81 minutes. Comparably, Test PG4-6 was under average for 53 percent or 
38 minutes. The approximately 10 percent longer time under average for 
Test PG4 10 may have contributed to the ET by withstanding a longer duration due 
to a lower rate. 
 
 
1.3.2.2 Effect of OAT on ET  
 
The OAT may have slightly contributed to the ET of Test PG4-10 by increasing from 
-8.5 to -7.4 °C. 
 
 
1.3.3 Summary of Pertinent Variables and Hypothesis to Consider for 

Example 2 — Test PG4-6 vs. PG4-10 
 
The key variables associated with this comparison are the snowflake size and time 
of testing (day/night). Test PG4-10 had a smaller snowflake size and was conducted 
during the day while PG4-6 had a larger snowflake size and was performed at night. 
The combined effects of a smaller particle size and thermal radiation supplies a 
greater overall surface area for absorption and thermal energy to the system, 
respectively. This effectively prolongs the ET of Test PG4-10 compared to 
Test PG4-6 and decreases the brix/concentration at fail. 
 



APPENDIX J 
 

POINT-TO-POINT COMPARISON 
 

Note: All photos and data references in this appendix can be found in Appendix D to Appendix F. 
Temperature calculations may include the average between EC and NCAR data. 
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Point-to-Point Comparison – PG Type II Test PG2-13 vs. Test PG2-11  
 
For this comparison, many variables influence the fail times of these tests. Starting 
with Test PG2-11, the initial fluid temperature is closer to the actual OAT compared 
to Test PG2-13; this indicates the correct fluid layer thickness for Test PG2-11. 
Test PG2-13, however, is slightly warmer and tends to be slightly thinner than 
expected, possibly decreasing the ET. The OAT for Test PG2-13 is also 1°C cooler 
which should slightly decrease the ET as well, however, the slightly higher wind 
speed and smaller snowflake size induce a longer ET. Specifically, for Test PG2-13, 
a warmer initial fluid temperature gradient, slightly cooler OAT, and slightly higher 
average rate all contribute to reducing the ET, while the smaller snowflake size and 
slightly higher wind speed extend the ET. 
 
Overall, the variables either seem to cancel each other out or are not significant 
enough to have a relevant impact on the ET. The opposite also holds true for 
Test PG2-11. The rate variance for Test PG2-13 is much smaller than Test PG2-11. 
Test PG2-11 is below average until it rises at the end of the test. Test PG2-13 is 
approximately at average then increases at the end of the test. Thickness at 
5 minutes is explained by starting at a rate below average for Test PG2-13, whereas 
Test PG2-11 starts above average. Brix and thicknesses at fail can also be explained 
by the rate variances between tests. The amount of snow on the bare plate is 
explained by the difference in wind speeds. 
 
Usually, the bare plate is also indicative of wet snow, however, in this case both 
tests appear to include this type of precipitation. No significant effect is observed by 
the change in wind direction. No significant variable stands out for this comparison. 
Instead, a combination of variables is observed which effectively cancel each other 
out or are not significant enough to have a meaningful impact on the ET. 
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Point-to-Point Comparison – PG Type II Test PG2-35 vs. Test PG2-5 
 
This conclusion was streamlined and put into bullet form; please see other detailed 
comparisons within this appendix for key hypotheses and theories regarding this 
project.  
 
• Initial fluid temperature and gradient is cooler for Test PG2-35 than Test PG2-5. 

There is no evidence that Test PG2-35 resulted in a thicker fluid application. 
Variable not to be considered. 

• The OAT is slightly warming for Test PG2-35 (1.5°C) and Test PG2-5 (0.6°C); 
however, Test PG2-35 is warming at a slightly higher rate. This may positively 
impact the ET of both Runs (greater for Test PG2-35) to a minor extent. Variable 
to be considered. 

• Wind speed for Test PG2-5 is greater than Test PG2-35 using both APS and NCAR 
data. Minute maximum is also greater for Test PG2-5. Variable to be considered. 

• Test PG2-35 was conducted during the day while Test PG2-5 was performed at 
night. Variable to be considered. 

• The rate during the last 15 minutes of Test PG2-35 is slightly greater than the 
average rate, however, it is not significant enough to be considered as a variable. 
The rate in the last 15 minutes for Test PG2-5 is at average. Variable not to be 
considered. 

• Test PG2-5 barometric pressure was lower than Test PG2-35. This is indicative 
of high wind speed during the storm and is supported by the NCAR minute 
maximum data. Variable to be considered. 

• The snowflake size for Test PG2-5 is significantly smaller (27%) than 
Test PG2-35. This has the tendency to extend the ET of the fluid, as is the case. 
The kurtosis can help explain the flakes on top of other flakes during visual failure 
(hypothesis). The skewness and range are evidence in support of Test PG2-5 
having a smaller snowflake. Variable to be considered. 

• The bare plate shows some sign of accumulation on Test PG2-35. This may 
indicate the presence of wet snow in the form of snow pellets/graupel (see pad 
pictures) and/or low wind speed. If this wet snow is indeed present, the snow 
pellets/graupel will melt at a slower rate compared to crystalized snow. This may 
also explain the linear decrease in concentration of Test PG2-35 compared to the 
parabolic for Test PG2-5. The larger wet snow pellets/graupel particles melt at a 
slower rate and accumulate more readily on the fluid until failure is reached, 
decreasing the ET. Variable to be considered. 

• Test PG2-35 plate temperatures are slightly cooler than Test PG2-5 due to the 
lower wind speed despite being conducted in the day. This is also evidenced by 
the lower minute maximum of Test PG2-35. The plate temperature gradient for 
both runs is approximately the same. 
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• Test PG2-5 plate temperatures are slightly warmer compared to Test PG2-35 due 
to the greater wind speed despite being conducted at night. This is also evidenced 
by the greater minute maximum of Test PG2-5. The temperature gradient for both 
runs is approximately the same. 

• Test PG2-5 fluid thickness is greater throughout the first 15 minutes compared 
to Test PG2-35 due to the higher wind speed and greater precipitation rate during 
this time. The thickness at fail is NA for Test PG2-5 but has significantly increased 
for Test PG2-35. This is most likely due to the large snowflakes resting on top of 
the plate and further influenced by the slightly elevated precipitation rate and 
lower wind speed (thermal effects). 

• No effect of wind direction on the ET of both runs is observed. 
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Point-to-Point Comparison – PG Type II Test PG2-14 vs. Test PG2-2 
 
For this comparison, the rate variance (time below average), rate last 15 minutes, 
day/night testing and snowflake size are the variables to consider. The high initial 
rate for Test PG2-14 explains why the concentration has a steeper initial drop 
compared to Test PG2-2. The initial fluid thickness is also greater for Test PG2-14 
due to the higher rate. PG fluids have been known to experience an initial increase 
in thickness before subsequently decreasing, further validating the former. In 
addition, theoretically, the run with the cooler initial fluid temperature should result 
in a thicker fluid layer at the start of the test. However, the initial fluid temperature 
for Test PG2-14 is not supported by this as the temperature is warmer when 
compared to Test PG2-2. 
 
On another note, the fluid temperature and gradient illustrate that the cooler fluid 
(Test PG2-2) cools the plate down to OAT. Test PG2-14 however (the warmer fluid), 
quickly cools down the plate below OAT and remains constant. This difference is 
due, in part, by thermal radiation from daytime testing (Test PG2-2) compared to 
nighttime testing (Test PG2-14). As can be seen from the temperature chart, 
Test PG2-14 is consistently below the OAT without warming. Test PG2-2, on the 
other hand, is approximately at OAT and warms up throughout the test. This 
suggests that more fluid may be involved in providing protection (more snow going 
through a phase change) due to the warmer plate temperature gradient. This 
observation is also supported, in part, by the difference in final concentration of both 
runs where Test PG2-2 is significantly less than Test PG2-14. 
 
The rate variance also plays a key role for this comparison. For Test PG2-14, 40% 
(approx. 35 of 89 minutes) of the test is below average (from mid point of test) and 
picks up near the end to above/at average. The increased rate seems to allow more 
snow accumulation as slush (see photos). This snow also seems to have minimal 
water content as seen in the pad and bare plate pics. The snowflake size is also 
smaller for Test PG2-14 which should theoretically increase the ET by allowing a 
greater amount of snow to be absorbed by the fluid which eventually results in a 
slush as well, as less glycol becomes available for protection. This may explain the 
increase in fluid thickness at the end of the test. For Test PG2-2, the rate during 
testing is average however, the last 15 minutes is below average. In fact, it is below 
average for the last 37 of the 120 minutes of total test time (31%). The rate during 
the last 15 minutes should therefore aid in prolonging Test PG2-2 compared to 
Test PG2-14. Although the wind direction changed during Test PG2-14, no 
significant impact was observed. 
 
Another way to interpret this comparison is to state that for Test PG2-2, the below 
average rate during the last 15 minutes and daytime testing overcame the impacts 
of having a consistent rate and slightly larger snowflake size to prolong the ET. The 
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opposite also holds true for Test PG2-14 with the rate in the last 15 minutes at 
average.  
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Point-to-Point Comparison – PG Type II Test PG2-32 vs. Test PG2-3  
 
The comparison of these tests includes the combined effects of multiple variables, 
however there are a few which need consideration. To begin, the initial fluid 
temperature gradient for Test PG2-3 was warmer than Test PG2-32 by approximately 
1°C. Although this has the tendency to decrease the fluid viscosity which is in turn 
observed as the fluid thickness on the plate, the thickness plots show no significant 
differences at the 5-minute mark. Furthermore, the plate temperature plots show 
little differences between runs. In fact, the slightly higher thickness for Test PG2-3 
can be attributed to the higher-than-average precipitation rate at the start of the test. 
 
However, one can also argue that the initial fluid temperature of Test PG2-3 was 
0.7°C cooler compared to Test PG2-32 which may also result in an increase in fluid 
layer thickness; however, since the difference is small (0.7°C), this effect is 
considered minor when compared to the initial precipitation rate. The remaining 5 
independent variables all contribute, to some extent, to the extension of the ET for 
Test PG2-3. The first variable considered is the day/night testing. Test PG2-3 was 
performed in part during the day (first 16 min) and at night (remainder of test) while 
Test PG2-32 was performed at night. Since only a small fraction of test 3 was 
performed during the day, it is reasonable to assume that the thermal radiation from 
sunlight only had a marginal contribution to the extension of the ET. 
 
The next variable, the variance in rate, on the other hand is seen to contribute to the 
extension of the ET. The rate for Test PG2-3 was below average for approximately 
33 minutes (mid test) while Test PG2-32 was under average for approximately 
8 minutes (mid test). The extended time of precipitation below average extends the 
ET. In addition, the rate the last 15 minutes for Test PG2-3 is above average and 
ultimately ends the test run. Using both APS & NCAR data obtained for wind speeds, 
there is no doubt that this variable contributed to the fail time extension of 
Test PG2-3. Wind speeds contribute by warming the fluid by convection and induces 
viscous drag on the fluid. The viscous drag not only warms the fluid but also reduces 
fluid runoff, keeping more of the fluid on the plate. The wind speed minute maximum 
for Test PG2-3 also indicates strong wind bursts which aids in keeping the fluid on 
the plate. The OAT for Test PG2-3 can also contribute to the extension of the ET 
since the air temperature is warming throughout the test while air temperature in 
Test PG2-32 is constant. Although Test PG2-3 is warming by 1°C, the impact of 
this variable is minor at best.  
 
The last and most significant variable observed for this comparison is the snowflake 
size. Test PG2-3 has a 27% smaller average snowflake size compared to 
Test PG2-32. The statistical skewness and range also provide additional evidence 
that the snowflake size in Test PG2-3 is smaller during this test. As seen from the 
progression pictures, the larger flakes rest on top of the plate to a greater extent 
compared to Test PG2-3 due to a lower absorption rate. This is also evidenced in the 
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plate temperature plot as the temperature remains cooler for Test PG2-32 than 
Test PG2-3. 
 
In addition, the final concentration of Test PG2-32 is greater than Test PG2-3, which 
also suggests a lower absorption. Another mechanism which may demonstrate as to 
why the concentration at the end of Test PG2-32 is greater can be explained with 
the obtained statistical results. The kurtosis of Test PG2-3 is positive 1 while it is a 
negative 1.1 for Test PG2-32. The negative value suggests a squarer distribution. As 
the test progresses for Test PG2-32 and nears its end, the larger snowflakes which 
remain on the plate prevent the smaller flakes (and other large flakes) from reaching 
the fluid. This effectively reduces the amount of snow absorbed by the fluid in a 
2-pronged manner, keeping the final concentration greater. The final thickness of 
Test PG2-32 is therefore greater than Test PG2-3 and is illustrated in the thickness 
plots. 
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Point-to-Point Comparison – PG Type II Test PG2-33 vs. Test PG2-4 
 
The main variables for this comparison are the snowflake size, wind speed, OAT, 
and the initial fluid temperature. For Test PG2-4, the initial fluid temperature is 
warmer than the OAT. This can result in a thinner fluid layer on the plate after 
pouring, however, this is not the case. The fluid layer is thicker at 5 minutes when 
compared to Test PG2-33. The skewness and range data support Test PG2-4 having 
a smaller snowflake size. The smaller snowflake size for Test PG2-4 has the tendency 
to extend the ET, which is observed. The larger snowflakes also increase the fluid 
thickness as observed by the higher mid and final thickness values of Test PG2-33. 
The negative kurtosis of Test PG2-33 indicates somewhat of a "square" distribution 
where some snowflakes are hindered from contacting the fluid by the larger 
snowflakes present on the plate near the end of a test. 
 
The OAT may also play a minor role for Test PG2-33 as the temperature is slightly 
warming, extending the ET. The high wind speed of Test PG2-4 compared to 
Test PG2-33 plays a role in extending the ET. This is done through convective heat 
transfer due to viscous drag and by decreasing fluid run off from the plate during 
testing. The high minute maximum for Test PG2-4 also indicates strong blowing 
winds which supports the retainment of fluid on the plate and is evidenced by the 
greater fluid thicknesses. The final concentration for Test PG2-33 is lower than 
expected (assuming Test PG2-4 is accurate). This may be due to testing a spot on 
the plate with a high amount of fresh snow, effectively lowering the final 
concentration. 
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Point-to-Point Comparison – PG Type II Test PG2-11 vs. Test PG2-28 
 
For this comparison, many factors are at play in determining the failure mechanism 
responsible for the extension of the ET for Test PG2-28. To begin, the rate variance 
(time below average) has some effect on the prolonged duration of Test PG2-28. The 
rate for the 1st half of Test PG2-28 is consistently below average and only increases 
in the 2nd half of the test. The rate during the last 15 minutes, however, is also 
higher for this run producing the opposite effect. Since the rate is below average for 
the 1st half of the run, it must increase the ET as it has almost reached the calculated 
regression ET while being below. Test PG2-28 has a higher wind speed than 
Test PG2-11. This has a tendance to warm up the fluid on the plate due to convective 
heat transfer and aids in keeping the fluid on the plate by reducing fluid runoff. 
 
Test PG2-28 is also conducted during the day while Test PG2-11 was tested at night. 
Day testing also tends to heat the fluid due to thermal radiation. The effects of both 
wind and thermal radiation extend the ET and are observed in the plate temperature 
where it is significantly below OAT for Test PG2-11 and just under OAT for 
Test PG2-28. These effects, to some degree, are also observed in the pictures of 
Test PG2-28 where the snowflakes are more within the fluid and form "mountains" 
as a result. The thickness at start of Test PG2-28 is obviously lower due to a below 
average rate and higher at the end due to the significant increase in rate and longer 
duration. When comparing both runs to each other, Test PG2-28 thickness at 
5 minutes is greater than Test PG2-11, however, there is no evidence indicating that 
this is due to the initial fluid temperature. Alternatively, the comparative thickness at 
mid test is approximately the same. 
 
The relatively low wind speed for Test PG2-11 along with some wet snow explains 
the snow on the bare plate. This also explains the snow on the top of the test plate 
prior to failure. The low wind speed and to a minor degree the cooler plate, allows 
the snow to rest on top of the fluid as shown in the pictures. A slightly higher final 
concentration for Test PG2-11 is thus the result of the latter. Another key 
observation from the available pictures shows Test PG2-28 to have snowflakes 
which resemble that of a powder whereas Test PG2-11 is more of a typical 
snowflake. It is possible that this powdery snow significantly affects the ET by 
extending it. However, the MVD obtained from the distrometer does not support this. 
It is possible that many snow particles were calculated as being one instead of 
individual flakes as it passed the sensors. However, since there is no direct evidence 
of this, it is only a speculation. The wind direction for each run is somewhat different 
but no significant effect is observed. The low barometric pressure for Test PG2-28 
is also generally indicative of high wind speed during testing. In a nutshell, the rate 
variance (time below average) including last 15 minutes rate, high wind speeds, 
thermal radiation, bare plate, low barometric pressure and possible "powdery snow" 
are all variables to consider for the increased ET of Test PG2-28. 
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Point-to-Point Comparison – PG Type II Test PG2-7 vs. Test PG2-6 
 
For this comparison, the OAT, rate variance, last 15-minute rate, snowflake size and 
possibly the wind speed and variance are the variables to consider.  
 
The OAT for Test PG2-6 tends to be warming whereas Test PG2-7 is cooling. 
Although minor, this tends to a longer ET for Test PG2-6. The temperature gradients 
also follow in the same direction. Test PG2-6 plate temperature gradient is decreasing 
(warming) due to the near constant precipitation rate indicating less glycol available 
for phase change (thinning fluid). Test PG2-7, however, has an almost constant 
greater temperature gradient (cooler plate vs OAT). This is particularly due to the 
variance in rate (higher precipitation rate converts the available snow at a higher rate 
removing more heat from the fluid) and in some part due to the decreasing (cooling) 
OAT. 
 
The high variance with a significant precipitation rate near the end of the test tends 
to decrease the ET for Test PG2-7. The high rate quickly saturates the plate causing 
the plate to fail at a lower ET. This is confirmed by the failure pictures and higher 
final concentration. The wind speed also varied significantly during Test PG2-7 
whereas Test PG2-6 remained constant. Nevertheless, the average wind speed for 
both tests is approximately the same and indicates no significant impact on the tests. 
 
Wind direction also changed during Test PG2-7 however, no impact was observed 
on any other variable. Snowflake size was significantly smaller for Test PG2-7 which 
tends to increase the ET however, this variable was not substantial enough to 
overcome the rate variance observed. Finally, the fluid thickness is thicker for 
Test PG2-6 than Test PG2-7, possibly due to the differences in snowflake size. When 
considering the initial temperature and gradients for these runs, Test PG2-6 should 
provide a thinner layer due to the warmer measured temperatures however, the 
thickness data indicates the opposite, a thicker layer for Test PG2-6. This obviously 
does not support the hypothesis where a cooler fluid results in a thicker fluid layer. 
 
However, when considering the temperature profiles, Test PG2-6 begins to increase 
in temperature (warms up) during testing with a lower precipitation rate. Comparing 
this observation to Test PG2-7, the temperature profile remains cooler and does not 
increase in temperature while tested at higher rate. This indicates that run 15 may 
have started with a thinner fluid but the thickness data may have been masked by 
thicker data values due to the differences in snowflake size (greater snowflake gives 
rise to thicker fluid). 
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Point-to-Point Comparison – PG Type II Test PG2-7 vs. Test PG2-29 
 
Please note, this conclusion was streamlined and put into bullet form. please see 
other detailed comparisons within this appendix for key hypotheses and theories 
regarding this project. 
 
• Initial fluid temperature gradient is warmer for Test PG2-7 than Test PG2-29. 

There is no evidence that Test PG2-7 resulted in a thinner fluid application. 
Variable not to be considered. 

• The OAT is slightly cooling for Test PG2-7 while Test PG2-29 is relatively 
constant. This may negatively impact the ET of Run 7 to a minor extent. Variable 
to be considered. 

• Wind speed for Test PG2-29 is much greater than Test PG2-7 using both APS 
and NCAR data. Minute maximum is also much greater for Test PG2-29. Variable 
to be considered. 

• Test PG2-29 was conducted during the day while Test PG2-7 was performed at 
night. Variable to be considered. 

• Longer time below average rate may have played a role in the extended ET of 
Test PG2-29. The first half was below average for 30 minutes ≈ 55% of test 
time, while the second half was above average for 25 minutes ≈ 45%. 
Test PG2-7 was below average for 15 minutes which represents 44% of the test. 
Thus, Test PG2-29 was below average for 50% longer than Test PG2-7. The rate 
variance also suggests that the rate may have played a role when comparing Runs 
7 and 29 (greater Test PG2-7 rate variance to Test PG2-29). Variable to be 
considered (rate variance). 

• The rate during the last 15 minutes of Test PG2-7 may have contributed to ending 
the test since it is significantly greater than the average rate when compared to 
Test PG2-29. The rate in the last 15 minutes for Test PG2-29 is also above 
average but it is less than the rate in Test PG2-7 (rate of 50 vs 41). Variable to 
be considered. 

• Test PG2-29 barometric pressure was significantly lower than Test PG2-7. This 
is indicative of high wind speeds during the storm and is supported by the NCAR 
minute maximum data. Variable to be considered. 

• Test PG2-7 average plate temperature and gradient is cooler than Test PG2-29 
due to overnight testing and lower wind speed including lower minute maximum. 

• Test PG2-29 average plate temperature and gradient is warmer compared to 
Test PG2-7 due to daytime testing and higher wind speed including greater minute 
maximum. 
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• Test PG2-29 fluid thickness is greater throughout the test (except for 5 minutes 
thickness) compared to Test PG2-7 due to the higher wind speed with a lower 
variance including a greater minute maximum. 

• The final concentration for Test PG2-29 is lower than Test PG2-7 due to the 
longer duration of the test provided by the daytime testing and wind speed. 

• No effect of wind direction on ET of both runs is observed.
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Point-to-Point Comparison – PG Type II Test PG2-4 vs. Test PG2-3 

 
Upon reviewing the data packages, it was determined that the initial fluid 
temperature (fluid temperature gradient and cooler initial fluid temperature for 
Test PG2-3), wind speed (a possible contributor), and the rate variance (coupled with 
the initial fluid temperature) were the causes for different fail times. To begin, the 
rate throughout the test was as follows: Test PG2-3 started with a higher rate which 
decreased below average until proximity to the end of the test, where it increased 
again to a higher rate. The rate for Test PG2-4 started below average but then 
increased throughout the test and stayed above average until failure. The rate in the 
last 15 minutes (minor effect to end test) and the variance, thus, played a part in the 
extended ET of Test PG2-3. 
 
The warmer initial fluid temperature also contributed to the quicker fail of Test PG2-4, 
as the starting rate was below average for the warmer initial fluid. It is, therefore, 
reasonable to assume that a thinner fluid thickness would not be greatly affected at 
this time. For Test PG2-3, the initial fluid temperature is cooler by 3.5°C compared 
to Run 4. Additionally, Test PG2-3 also has a 2°C cooler fluid temperature gradient. 
The thicker fluid, however, was precipitated on with a higher-than-average starting 
rate, which caused the fluid thickness to decrease and then remain constant as the 
rate began to decrease. 
 
It is interesting to note the fluid thickness at the 5-minute mark; the thickness for 
Test PG2-3 & Test PG2-4 at the 5-minute mark is the same even with differing 
precipitation rates. Furthermore, Test PG2-3 never decreased throughout the test 
while Test PG2-4 decreased until finally increasing at failure. The APS wind speeds 
are higher for Test PG2-3 while the NCAR recorded speeds are similar for both runs. 
If wind speed is to be considered, then it would also contribute to the delayed ET of 
Test PG2-3. 
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Point-to-Point Comparison – PG Type II Test PG2-12 vs. Test PG2-8 
 
For this comparison, there are a few variables to consider when determining how the 
ET is greater for Test PG2-8 than Test PG2-12. The main variables are the initial fluid 
temperatures, wind speed, variable rate including the rate the last 15 min, and the 
snowflake size and distribution. To begin, the initial fluid temperature gradient for 
Test PG2-8 is 1.5°C warmer than Test PG2-12. A warmer initial fluid tends to 
provide a thinner layer of protection on a plate when compared to a cooler fluid due 
to viscous changes. However, 1.5°C is not a substantial gradient to significantly 
decrease the fluid viscosity. Furthermore, there is no thickness data which supports 
the premise for this run, rendering this variable insignificant. The wind speeds for 
this comparison are comparably different. Test PG2-8 is significantly greater than 
Test PG2-12 when using either APS or NCAR data. 
 
In addition, the barometric pressure for Test PG2-8 is significantly lower than 
Test PG2-12 indicating the presence of high wind speed during the storm. This 
suggests that the wind speed did play a role in providing convective heat transfer to 
the fluid and inducing some viscous drag. The high wind speed (and greater average 
minute maximum) also aids in reducing fluid run off from the plate, providing more 
protection. The precipitation rate during Test PG2-8 was highly variable whereas 
Test PG2-12 is relatively consistent. The higher-than-average rate for the first part 
of Test PG2-8 quickly reduces the concentration of glycol while maintaining the same 
thickness, indicating complete absorption of precipitation during this period. As the 
precipitation remains high, the fluid thickness begins to decrease indicating dilution 
and some fluid runoff. The rate then reduces to below average until the end of the 
test. Since the rate remained below average for the last 15 minutes (of 38 minutes 
total test time), it aided in prolonging the ET even though the rate was above average 
for the first part of this test. 
 
The snowflake size and variance play a significant role in this comparison. As 
observed in the progression pictures, after the initial absorption phase where much 
of the precipitation has melted, the snowflakes for Test PG2-12 begin to remain on 
the top of the surface. The large snowflakes are absorbed at a lower rate (smaller 
overall area available with larger snow particles) compared to the smaller snowflakes 
seen in Test PG2-8 (support for smaller snowflakes is also seen in the statistical 
skewness and range). This is also illustrated in the plate temperature profiles. 
Test PG2-8 melts the precipitation (snow) reaching a max plate temperature gradient 
of -2.6°C. At this point, the amount of precipitation (snow) going through a phase 
change has reached the maximum conversion rate. As the glycol concentration 
decreases, the amount of glycol available for H-bonding begins to decrease. This 
effectively increases the temperature of the plate as less precipitation is converted 
to the liquid phase. The plate temperature continues to increase until ultimately the 
fluid ET is reached. 
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In the case for Test PG2-12, the larger snowflakes (including the small available 
snowflakes during the test), melt within the fluid during the initial phase. Although 
the larger snowflakes have an overall smaller surface area available, the large 
non-melted snowflakes occupy a greater area (greater absolute amount) on the plate 
(fluid surface area) at one time for conversion (phase change). This decreases the 
plate temperature by 3.5°C (below OAT) compared to 2.6°C for Test PG2-8. The 
wind speed, which can slightly warm the fluid, is accounted for when analyzing these 
temperature gradients. If the wind speed were to completely account for the 
differences in temperature gradients, then both runs would have a similar profile. 
Hence, a similar profile would be observed for both runs but with different 
temperature gradients. However, this is clearly not the case. The maximum 
conversion rate, therefore, also lasts for a longer period since less snow is converted 
per particle at one time (less surface area available per particle) from solid to liquid. 
 
The limiting rate for this process is the surface area of large snow particles covering 
the plate compared to the amount of glycol available. The ET is thus shorter as the 
snow rests on the plate. To further the idea on Test PG2-12 having a smaller amount 
of surface area available for snow conversion per particle, the large flakes which rest 
on top of the plate may also prevent the smaller snowflakes from reaching the fluid, 
keeping the glycol concentration higher than expected as illustrated by the final brix. 
 
Additional support is provided by the negative kurtosis which suggests a "square" 
distribution indicating a relatively equal number of small flakes compared to large 
flakes, rendering a higher final concentration. On another note, since the drop in plate 
temperature is so great for Test PG2-12, it might be possible to compare it to the 
next cooler temperature band as some tests in that band can possibly have a plate 
temperature equal to the testing OAT, rendering these tests possibly equivalent. The 
snow on bare plate is indicative of lower wind speeds and possibly some wet snow 
as indicated on the pad pictures. 
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Point-to-Point Comparison – EG Type III Test EG3-8 vs. Test EG3-7 
 
The major variables in this analysis are the rate variance, snowflake distribution (not 
average size), fluid temperature gradient, and wind direction. The higher rate at the 
start of Test EG3-8 results in a constant decrease in fluid thickness, while Test EG3-7 
starting at an average rate keeps the thickness consistent for the first five minutes 
of the test. Although the latter difference is observed, the rate variance has limited 
impact on the ET. The rate for the last 15 minutes is slightly higher for Test EG3-7 
than Test EG3-8, although to a minor extent. Hence, no effect is observed for this 
variable. 
 
The snowflake distribution for this comparison is significantly different. Although the 
average sizes are the same for both tests, the kurtosis for Test EG3-7 is significantly 
negative, while it is significantly positive for Test EG3-8. The negative kurtosis 
indicates a "square" distribution while the positive indicates more of a standard one. 
Therefore, a greater number of larger snowflakes are observed in Test EG3-7. This 
variance in snowflake distribution significantly impacts the concentration by keeping 
the brix high due to a lower absorption rate. As snowflakes fall on the plate, the 
larger flakes may also prevent the smaller flakes from being absorbed in the fluid. 
Consequently, although the average is the same for both runs giving a similar ET, the 
different snowflake distribution impacts the concentration of the fluid. This impact 
is primarily observed towards the end of the test as the fluid begins to fail and the 
snowflakes remain on the fluid/plate. 
 
A fluid temperature gradient is also calculated for both tests and is warmer for 
Test EG3-7. Although it is different when compared by 1.5°C, no impact is seen in 
fluid thickness at the start of tests as demonstrated by the thickness graphs. The 
wind direction is also slightly different. Since no significant difference was observed 
in the HOT, no causal relationship may exist between wind direction and endurance 
time. 
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Point-to-Point Comparison – EG Type III Test EG3-2 vs. Test EG3-1 
 
After analysis, rate variance for Test EG3-2 is slightly greater than Test EG3-1. The 
snowflake size for Test EG3-1 is also smaller than Test EG3-2 by 10%. A smaller 
snowflake size results in a higher ET and brix at fail for Test EG3-1. The higher wind 
speed (NCAR sensor) for Test EG3-1 also contributes to the extended fail time by 
providing more convective heat transfer and aids in retaining fluid on the plate, 
hindering fluid run off. This will also result in a thicker fluid layer throughout the test. 
The lower barometric pressure indicates more turbulent weather conditions and 
greater wind speeds. The plate temperature gradient for Test EG3-1 is cooler than 
Test EG3-2, possibly providing a thicker fluid throughout the test as indicated by the 
graphs and thickness at fail. 
 
Another factor contributing to this test is the error associated with being the first of 
the testing session (specific to this testing event only). It appears that the test plates 
did not have sufficient time to temper to OAT, which would result in a warmer fluid 
temperature on the plate and thus reduce the fluid viscosity. This is observed in the 
initial lower fluid thickness for Test EG3-1. However, it does not account for the 
longer ET of the test. Wind direction has no effect on ET. Therefore, the variables 
that are most likely responsible for the extension of the ET for Test EG3-1 are the 
following: 
 

• variance in rate (slight impact, if any); 

• snowflake size; 

• wind speed;  

• plate temperature gradient; and 

• barometric pressure. 
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Point-to-Point Comparison – EG Type III Test EG3-6 vs. Test EG3-10 
 
For this comparison, the rate during the last 15 minutes, wind speed, snowflake size, 
time of testing (day/night), initial fluid temperature and gradient, the OAT, and bare 
plate are the variables to consider.  
 
The rate during the last 15 minutes has a minimal impact, if at all, for this case since 
the rate is only marginally higher for Test EG3-6. The time of testing seems to play 
a major role for this comparison as Test EG3-6 was at sunset and Test EG3-10 was 
conducted during the day. This is supported by the plate temperature profile for 
Test EG3-10 which is above OAT indicating an external source of energy warming 
the plate, possibly increasing the ET. The OAT is also slightly warming for 
Test EG3-10 possibly contributing to the warmer plate. The opposite for the OAT is 
also observed for Test EG3-6. 
 
The wind speed for Test EG3-10 plays a role in warming up the plate of Test EG3-10 
compared to Test EG3-6. APS wind speed data suggests a much higher velocity for 
Test EG3-10 than Test EG3-6. However, NCAR data shows Test EG3-10 and 
Test EG3-6 with approximately the same average but with higher minute maximum 
data. The snowflake size also played a significant part. The snowflake size is much 
smaller for Test EG3-10 (48% smaller) which tends to decrease the concentration 
and increase the ET. The smaller thicknesses throughout the test and at fail for 
Test EG3-10 can be explained by the warmer plate (lower viscosity), smaller 
snowflake size, and to a minor extent the initial fluid temperature (warmer compared 
to Test EG3-6). 
 
The bare plate may also indicate a minor impact on Test EG3-10 as it suggests some 
minor wet snow. The wet snow would decrease the ET by diluting the fluid quicker 
as the water does not need to go through a phase change, thus, easily bonding with 
the surrounding glycol molecules. As seen from the progression pictures, the fluid 
seems to dilute at a much higher rate compared to Test EG3-6. Due to the foregoing 
explanation and the smaller snowflakes which provide for a quicker absorption, 
Test EG3-10 fails by dilution failure. Again, this is due to the smaller snowflakes, 
wet snow, slightly warmer initial fluid temperature, and warmer plate caused by the 
daytime testing, slightly increasing OAT and possibly the higher wind speeds. 
Test EG3-6 plate temperature, however, is below OAT. The snow particles are also 
larger and readily accumulate on the top of the plate (to some extent). The kurtosis 
may also indicate that as the large snowflakes fall on the plate, the smaller flakes 
may be prevented from reaching the fluid thus resulting in a more typical visual 
representation of fluid failure and a higher final concentration. 
 
Although Test EG3-6 initial fluid temperature and gradient are cooler by 1.4°C and 
0.3°C, respectively, providing a minor impact at a higher thickness as seen from the 
thickness plots, it does not increase the ET in this comparison. The above-stated 
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variables are no doubt significant to consider. However, the Type III fluid withstands 
all these variables and is shown to have no effect on the ET for this comparison. This 
data follows the trend of the regression curve. 
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Point-to-Point Comparison – EG Type III Test EG3-11 vs. Test EG3-23 
 
Hypothesis for this comparison: The first variable to consider is the time of testing 
(day/night). Test EG3-11 was conducted during the day which raised the temperature 
of the plate as illustrated by the temperature gradient. Although the initial fluid 
temperature gradient and fluid temperature is cooler compared to Test EG3-23, 
which should theoretically lead to a greater thickness at the 5-minute mark, a 1°C 
and 2.3°C difference, respectively, did not substantially affect the fluid layer 
thickness for this test comparison. Test EG3-23 had a very high initial rate. This may 
have caused the fluid to have a greater thickness for Test EG3-23 as compared to 
Test EG3-11 which is not typical of EG fluids. 
 
Next, the temperature of the plate during the test was above the OAT for 
Test EG3-11 whereas for Test EG3-23, the temperature was below OAT (see plate 
temperature gradients). At the same time, the rate variance (including the rate the 
last 15 min) plays a key factor. Test EG3-11 has a much smaller variance and was 
about average for most of the test. Test EG3-23, however, was very high and drops 
off to below average for the second half of the test. Furthermore, this snow was 
somewhat wet compared to Test EG3-11 (see pad pics and bare plate). Combining 
these variables results in the following: Test EG3-11 is mostly above OAT, fluid thins 
out due to a warmer plate and the constant snow fall results in dilution failure. 
Test EG3-23 plate temperature is below OAT, rate is high at first and results in a 
higher thickness, rate drops off, fluid remains more on plate (low rate & colder fluid) 
but also fails by dilution. 
 
Thus, due to the cooler plate temperature gradient and wet snow, snow accumulates 
at the top of plate (see rate, pad pics and bare plate), results in higher thickness at 
fail, lower brix due to snow/wet snow accumulation, longer ET. Overall, although the 
ET is longer for Test EG3-23, it is not substantially longer than Test EG3-11. The 
Type III fluid seems to withstand the impacts of the significant variables resulting in 
the data following the regression curve. 
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Point-to-Point Comparison – EG Type III Test EG3-44 vs. Test EG3-12 
 
For this comparison, there are 3 main variables which need to be considered. The 
first being the wind speed. The wind speed for Test EG3-12 is higher than 
Test EG3-44, which extends the ET of the fluid by providing convective heat transfer 
and decreases fluid run off. The convective heat transfer is not observed in the plate 
temperature profile of Test EG3-12 when comparing to Test EG3-44. However, when 
looking at Test EG3-12 plate progression pictures, the snow on the fluid seems to 
have mostly changed phases. It is possible that the convective heat transfer aids in 
the phase change of the snow particles by providing a minor amount of heat to the 
top layer of the fluid, essentially melting some of the snow. 
 
The slowly warming OAT may also contribute to this melted top layer by providing 
additional thermal energy. Since it is difficult to observe the change in heat transfer 
from the temperature profile of Test EG3-12, the greater impact of high wind speeds 
(including higher minute maximum) may be attributed to the increase in fluid 
thickness on the plate. Test EG3-12 has a much greater fluid thickness compared to 
Test EG3-44. Although an initial higher rate is observed for Test EG3-12, EG fluids 
do not tend to increase in thickness with increased snow rates, further supporting 
the hypothesis that higher wind speeds result in greater fluid thickness. 
 
It is possible the fluid temperature gradient and difference in OAT, being cooler for 
Test EG3-12 than Test EG3-44, provides a thicker fluid layer at start. If this is the 
case, the OAT would be the significant factor (not the fluid temperature gradient) as 
it could explain the greater thickness of Test EG3-12. The smaller snowflake size is 
also known to cause greater fluid absorption, extending the ET of the fluid as 
depicted in the progression pictures. The rate during the last 15 minutes may also 
extend the ET of Test EG3-12 since the rate is below average compared to 
Test EG3-44. Another factor which may be considered to a minor extent, but not 
included in this analysis, is the relative humidity. The relative humidity may contribute 
to decreasing the ET of a fluid by evaporative cooling. The process of higher energy 
molecules evaporating, causes the fluid to decrease in temperature for Test EG3-12. 
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Point-to-Point Comparison – EG Type III Test EG3-40 vs. Test EG3-20 
 
This comparison has a few key variables to consider. However, they do not have a 
major impact on the difference in ET for this fluid. This may be due to the specific 
fluid characteristics of the EG Type III. A key factor of interest to note in this 
comparison is the mechanism of failure for these two tests. The two tests fail by 
means of similar mechanisms (dilution failure) at relatively the same ET. The main 
variables are the wind speed, time of testing (day or night), OAT, rate including rate 
variance, and barometric pressure. 
 
The OAT for Test EG3-40 is constant while Test EG3-20 is slightly cooling. The 
cooling OAT has the tendance to decrease the ET of the fluid. The low wind speed 
and wet snow (see pad pictures) also allows for the accumulation of snow on the 
bare plate (Test EG3-20). It is possible that the snow density for this run is higher 
than the snow in Test EG3-40. For Test EG3-20, the lower wind speed and overnight 
testing causes the plate temperature to drop significantly below the OAT (by 3.1°C). 
This drop in temperature aids in causing the snow to form some slush when 
sufficiently diluted (still considered a dilution failure). Additional snow then 
accumulates on the plate and forms a snow layer. 
 
The hypothesis is that the wet snow (the water content) already in liquid form, bonds 
to the glycol before the snow can change phases. The salvated glycol molecules 
within the vicinity of snow, therefore, prevent the phase change from occurring. 
Of course, this only occurs once the fluid is sufficiently diluted (water and snow 
diluted the fluid). This results in the snow layer observed and in the relatively simple 
visual failure depicted in the progression pictures. For Test EG3-40, however, the 
high wind speeds and daytime testing causes the plate temperature to approximate 
that of the OAT. The bare plate during this test is also bare indicating little wet snow 
(and possibly justifying the high wind speeds). 
 
Overall, a similar failure mechanism is observed for this test to that of Test EG3-20. 
The additional energy transferred to the fluid allows the fluid to dilute further than 
expected. Hence, since the fluid has a plate temperature gradient close to 0°C and 
no wet snow exists, the snow particles can change phases and dilute the fluid until 
the fluid separates showing a bare plate (see progression photos). As the snow 
continues to fall on the plate, snow particles begin to accumulate in the crevices and 
a visual failure is obtained. The brix for Test EG3-40 would result in a lower final 
concentration as is the case. The fluid thickness is initially greater for Test EG3-20 
and is possibly due to the higher precipitation rate at start and the cooler plate 
temperature, however, as the rate decreases, the fluid thickness for both 
Test EG3-20 and Test EG3-40 become similar. 
 
The barometric pressure for Test EG3-40 is substantially lower than Test EG3-20 
indicating much greater wind speeds during the storm and is illustrated in the wind 
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speed plots. The wind speed minute maximum is also substantially greater indicating 
wind bursts which can aid in keeping fluid on the plate as well as transfer heat. 
Finally, the rate and rate variance for this comparison are different. Test EG3-20 rate 
and variance are greater than Test EG3-40. The rate alone does not seem to influence 
the ET (for this comparison only) as the higher rate for Test EG3-20 also has a higher 
ET. The opposite is also true for Test EG3-40. The variance, however, may possibly 
play a role in the extension of Test EG3-20 ET as it is greater. It is important to keep 
in mind that the failure mechanisms are considered equivalent even though the 
above-mentioned variables are at play. The rate and fail time still line up to the 
regression curve for this comparison indicating that the EG Type III fluid may be 
better at withstanding different environmental conditions in warm natural snow. 
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Point-to-Point Comparison – EG Type III Test EG3-45 vs. Test EG3-13 
 
To begin, the OAT for Test EG3-13 is slightly warming during the test which may 
have a minor effect in extending the ET. The initial fluid temperature gradient is also 
cooler for Test EG3-13 when compared to Test EG3-45, which has the tendency to 
increase the thickness of the fluid on the plate. In this case, the fluid temperature 
gradient between these tests is approx. 1°C providing a minor increase in viscosity 
at best. 
 
When considering the plate temperature profile for Test EG3-13, a dual effect may 
be observed. The initial plate temperature increases, indicating that the fluid is 
warmer than initially measured while also possibly warming due to convective 
effects. In summary, this warming is the effect of high wind speeds for Test EG3-13 
compared to Test EG3-45 which may warm the plate due to convective heat transfer 
and aids in retaining the fluid on the plate. The thickness measurements indicated a 
significant thicker layer for Test EG3-13 compared to Test EG3-45, further 
supporting the hypothesis that high wind speed help retain deicing fluid on the plate. 
The wind speed minute maximum is also much greater for Test EG3-13 compared to 
Test EG3-45 which indicate wind bursts, also supporting the latter. 
 
Upon initial inspection, the rate during the last 15 minutes was considered significant 
since Test EG3-13 is above average and Test EG3-45 is at average. However, 
Test EG3-13 is only slightly above average and the overall standard deviation for 
both tests are approximately the same rendering the rate for the last 15 minutes to 
have only a minor effect, if any. The variable which remains for this comparison is 
thus the snowflake size. 
 
The smaller snowflake size has the tendency to prolong the ET of the fluid as seen 
for this comparison and as indicated by the final concentration of the fluid. The main 
theory supporting this hypothesis is the increased rate of absorption of small 
snowflakes compared to larger flakes due to the total surface area available. Another 
hypothesis stems from the statistical kurtosis. The negative kurtosis indicates a 
"square" distribution whereas a positive one indicates a more typical shape. It is 
possible that with a negative kurtosis, the larger snowflakes which remain on the 
plate near the end of a test prevent some smaller snowflakes from contacting the 
fluid. This, in turn, would aid in visual failure representation and keep the final 
concentration high compared to a test with a smaller snowflake. The statistical 
skewness and range also support Test EG3-13 snowflake size being smaller than 
Test EG3-45. 
 
In addition, the final thickness for Test EG3-45 is greater than Test EG3-13 due to 
the large amount of snow on the plate driven by the larger snowflakes. To 
summarize, the greater fluid temperature gradient, slightly warming OAT, high wind 
speeds, and small snowflakes drive the fluid to prolong the ET for Test EG3-13. The 
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slightly higher rate during the last 15 minutes of Test EG3-13 may have a minor 
effect to oppose the latter, however, the effect is almost negligible.
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Point-to-Point Comparison – EG Type III Test EG3-47 vs. Test EG3-14 
 
This conclusion was streamlined and put into bullet form; please see other detailed 
comparisons within this appendix for key hypotheses and theories regarding this 
project. 
 
• Initial fluid temperature gradient is cooler for Test EG3-14 than Test EG3-47, 

however, the fluid temperature is the same for both runs. Therefore, the resultant 
fluid layer should be approximately the same for both. Variable not to be 
considered. 

• The OAT is slightly warming for Test EG3-47 (1.4°C) but relatively constant for 
Test EG3-14. This may positively impact the ET of Test EG3-47 to a minor extent. 
Variable to be considered. 

• Wind speed for Test EG3-14 is greater than Test EG3-47 using both APS and 
NCAR data. Minute maximum is also greater for Test EG3-14. Variable to be 
considered. 

• Test EG3-47 was conducted during the day while Test EG3-14 was performed at 
night. Variable to be considered. 

• The snowflake size for Test EG3-14 is significantly smaller (31%) than 
Test EG3-47. This generally has the tendency to extend the ET of the fluid, 
however, this is not the case here. The kurtosis can help explain the flakes on top 
of other flakes during visual failure (hypothesis). The skewness and range are 
evidence in support of Test EG3-14 having a smaller snowflake. Variable to be 
considered. 

• The bare plate shows some sign of accumulation on Test EG3-47. This may 
indicate the presence of wet snow in the form of snow pellets/graupel (see pad 
pictures) and/or low wind speed. If wet snow is indeed present, the snow 
pellets/graupel will melt at a slower rate compared to crystalized snow. In this 
case, a linear decrease in concentration is observed for both Test EG3-14 and 
Test EG3-47 with a greater concentration for Test EG3-47 throughout when 
directly compared. With this information, it is not possible to determine if the 
higher concentrations for Test EG3-47 is due to the snow pellets/graupel and/or 
particle size. Conclusively, one or both parameters tend to influence the 
concentration (greater for Test EG3-47 than Test EG3-14). The larger wet snow 
pellets/graupel particles of Test EG3-47 also seem to accumulate more readily on 
the fluid as fluid dilution progresses until failure is reached. Variable to be 
considered. 

• In Test EG3-47, the starting plate temperature is cooler (1°C) than in Test EG3-14 
due to the lower (cooler) OAT. The average plate temperature is also very slightly 
cooler (0.2°C) due to the lower OAT and possibly the lower wind speed, despite 
being conducted in the day. This is also evidenced by the lower minute maximum 
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of Test EG3-47. The plate temperature gradient for Test EG3-14 is slightly cooler 
than Test EG3-47, however, as previously stated, the differences are very small 
and not significant. 

• In Test EG3-14, the starting plate temperature is warmer (1°C) than in 
Test EG3-47 due to the warmer OAT. The average plate temperature is also very 
slightly warmer (0.2°C) due to the warmer OAT & possibly the higher wind speed, 
despite being conducted at night. This is also evidenced by the greater minute 
maximum of Test EG3-14. The plate temperature gradient for Test EG3-47 is 
slightly warmer than Test EG3-14, however, as previously stated, the differences 
are very small and not significant. 

• Test EG3-14 fluid thickness is greater at the 5-minute mark and 15-minute mark 
compared to Test EG3-47 due to the higher wind speed and possibly, though 
unlikely, the greater average precipitation rate for the period leading up to this 
time (first 15 minutes). The thickness at fail is not available for Test EG3-14 but 
has significantly increased for Test EG3-47. This is most likely due to the large 
snowflakes resting on top of the plate, further influenced by the slightly elevated 
precipitation rate and lower wind speed (thermal effects). 

• No effect of wind direction on ET of both runs is observed. 
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Point-to-Point Comparison – EG Type III Test EG3-14 vs. Test EG3-5 
 
Overall, this comparison has three independent variables which can influence the 
outcome; these variables are the wind speed, snowflake size and distribution, and 
time of testing (day/night). Upon further review, the wind speed is approximately the 
same according to NCAR data and, therefore, the wind speed can be neglected. 
 
The fluid temperature gradient is cooler for Test EG3-14 then Test EG3-5 by 1.4°C 
which should theoretically lead to a thicker fluid on the plate. However, this is not 
observed for this comparison. When comparing the day/night testing, the average 
plate temperature gradients for both tests are approximately the same and, therefore, 
no significant thermal radiation is transferred to the plate. 
 
The only variable which remains is the snowflake size and distribution. They are 
significantly different with Test EG3-5 being approximately 40 % larger than 
Test EG3-14. However, the Type III fluid significantly withstands the impact of this 
variable on the ET hence, there is only a minor difference. The major impacts 
observed from the snowflake size are the final brix and thicknesses. The brix is higher 
for Test EG3-5 due to the slower absorption of the bigger snowflake. The snowflake 
distribution may also play a role in a greater brix at failure due to small snowflakes 
resting on top of larger snowflakes. 
 
This hypothesis is also supported by the statistical kurtosis. Test EG3-5 kurtosis is 
negative implying a "square" distribution while Test EG3-14 is positive implying a 
more typical form. The thicknesses are greater for Test EG3-5 due to the larger 
snowflakes being absorbed at a slower rate as seen by the progression photos. 
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Point-to-Point Comparison – EG Type III Test EG3-41 vs. Test EG3-16 
 
This conclusion was streamlined and put into bullet form; please see other detailed 
comparisons within this appendix for key hypotheses and theories regarding this 
project. 
 
• The rate for Test EG3-16 is slightly greater compared to Test EG3-41. However, 

no effect is observed. 

• Initial fluid temperature and gradient is cooler for Test EG3-16 than Test EG3-41. 
EG fluids usually do not increase in thickness due to higher rates. In this 
comparison, the rates, during which the thicknesses were measured, are 
approximately equal. Evidence thus suggests that Test EG3-16 resulted in a 
thicker fluid application due to temperature differentials. Variable to be 
considered. 

• The OAT is slightly cooling for Test EG3-16 while Test EG3-41 is constant. This 
may negatively impact the ET of Test EG3-16 to a minor extent. Variable to be 
considered. 

• Wind speed for Test EG3-41 is much greater than Test EG3-16 using both APS 
and NCAR data. Minute maximum is also greater for Test EG3-41. Variable to be 
considered. 

• Test EG3-14 was conducted during the day while Test EG3-16 was performed at 
night. Variable to be considered. 

• Test EG3-41 barometric pressure was significantly lower than Test EG3-16. This 
is indicative of high wind speeds during the storm and is supported by the NCAR 
minute maximum data. Variable to be considered. 

• The snowflake size is much greater for Test EG3-41 than Test EG3-16. This has 
the tendency to decrease the ET of the fluid as is the case. Variable to be 
considered. 

• The variance for Test EG3-16 is greater than Test EG3-41. The variance does not 
seem to influence the ET of Test EG3-16. 

• The rate during the last 15 minutes of Test EG3-16 may have contributed to 
ending the test since it is significantly greater than the average rate. Rate last 
15 minutes for Test EG3-41 is at average. Variable to be considered. 

• Test EG3-16 average plate temperature and gradient is cooler than Test EG3-41 
due to overnight testing and lower wind speed including lower minute maximum. 

• Test EG3-41 average plate temperature and gradient is warmer compared to 
Test EG3-16 due to daytime testing and higher wind speed including greater 
minute maximum. 
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• Test EG3-16 fluid thickness is greater throughout the test compared to 
Test EG3-41 and is possibly due to the fluid and plate temperature differentials. 

• The final concentration for Test EG3-41 is lower than Test EG3-16 and may be 
due to the thicker fluid layer present throughout the test for Test EG3-16. 

• No effect of wind direction on ET of both runs is observed.  
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Point-to-Point Comparison – EG Type III Test EG3-16 vs. Test EG3-15 
 
For this comparison, the rate variance, rate last 15 min, initial fluid temperature and 
gradient, wind speed and wind speed variance and snowflake size are the variables 
to consider. The rate variance explains the steep drop in fluid concentration at the 
beginning of Test EG3-15. Test EG3-15 was high above average at the start of this 
test while Test EG3-16 was approx. at average or below. The rate during the last 
15 minutes and the initial fluid temperature and gradient had no significant impact 
on the ET. 
 
The non effects of initial fluid temperature and gradient are also seen on the thickness 
graphs for both runs as they start with the same thickness. Furthermore, it is not a 
common occurrence for EG fluids to initially increase in thickness with an increased 
precipitation rate, further supporting the latter. In fact, the only time a difference in 
thickness is observed between these runs is during mid-test and can be explained by 
the rate variance up to that point in time. 
 
The wind speeds are significantly different according to APS data (EC data) with 
Test EG3-16 being much higher (with a greater variance according to NCAR data). 
However, NCAR weather sensor show ap. same wind speeds. If wind speed is to be 
considered, it would aid in prolonging the ET of Test EG3-16 by providing thermal 
energy to the fluid and prevent some fluid runoff. When comparing snowflake size, 
Test EG3-16 also had a smaller snowflake compared to Test EG3-15 (15% smaller). 
These last 2 variables (wind speed and/or snowflake size) may seem to change the 
fluid failure characteristics (see photos) however in general, the Type III fluid seems 
to maintain its integrity since the same ET is obtained for this comparison. 
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Point-to-Point Comparison – PG Type IV Test PG4-6 vs. Test PG4-3 
 
For this comparison, the main variables are the snowflake size including variance in 
distribution, the variance in rate (extended time below the average rate) including the 
rate the last 15 min, the day/night testing, the fluid temperature gradient including 
the difference in initial fluid temperature in direct test comparison, and the OAT to a 
minor extent. The OAT is slightly cooling during Test PG4-6 which may very slightly 
reduce the ET, if at all. The opposite also holds true for Test PG4-3 as it is very 
slightly warming up during the test. The fluid temperature gradient was 0.8°C above 
OAT while the initial fluid temperature difference shows a 2.6°C (cooler) in a direct 
comparison for Test PG4-6 and Test PG4-3, respectively. 
 
When considering the fluid temperature gradient, although it is above the OAT, it is 
only marginally higher which results in a very small impact, if any, on the relative 
fluid thickness. The actual fluid temperature difference between tests, however, can 
result in greater fluid thickness at the start of test. Although PG fluids usually 
experience an increase in fluid thickness during initial precipitation, this is not 
supported from the thickness plots in this comparison. The thickness for Test PG4-3 
is greater at a lower rate while Test PG4-6 has a lower thickness at a rate which is 
above average. This may support the hypothesis of a thicker fluid for Test PG4-3. 
 
The thickness at 5 minutes, mid test and at failure is lower for Test PG4-6 and may 
be explained by both the variance in the rate throughout the test and starting fluid 
thickness. The rate started higher at first, decreased to below average, and then 
increased towards the end of the test, and still resulted in a lower thickness 
compared to Test PG4-3. For Test PG4-6, the brix is much higher due to the larger 
average snowflake size and variance in distribution. The large snowflakes have an 
overall smaller surface area for absorption when considering water equivalents to the 
small snowflakes of Test PG4-3. 
 
The distribution in snowflakes may also have an impact on the failure time and final 
concentration. As Test PG4-6 progresses, the large snowflakes which rest on the 
plate (on the fluid) may prevent the smaller snowflakes from reaching the fluid; this 
may enhance the visual failure with more snow resting on top of the plate. The 
kurtosis for Test PG4-6 is -1.2 which indicates a "square" distribution supporting the 
latter hypothesis. 
 
It is interesting to note that the very slightly cooling OAT, warmer fluid temperature 
gradient and direct fluid temperature comparison, extended lower than average rate 
during the test (for 38 min), the increase in rate at the end of the test, the larger 
snowflake size and night-time testing for Test PG4-6 reached failure at the same time 
as Test PG4-3. The difference, however, is that Test PG4-3 had a slightly warming 
OAT, a cooler initial fluid temperature gradient and direct fluid temperature 
comparison, a relatively consistent rate throughout the test, a smaller snowflake and 



APPENDIX J 

APS/Library/Projects/300293 (TC Deicing 2019-20)/Reports/Artificial Snow Research/Final Version 1.0/Report Components/Appendices/Appendix J/Appendix J.docx 
Final Version 1.0, October 21 

J-33 

day-time testing. Furthermore, the regression curve also suggests that Test PG4-6 
could have under-failed, and should have recorded an ET of 90 minutes instead of 
75 minutes compared to Test PG4-3 which failed directly on the curve. The variables 
associated with Test PG4-6 are also all directly related to the under-failing, except 
for the extended lower than average rate, of Test PG4-6. 
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Point-to-Point Comparison – PG Type IV Test PG4-6 vs. Test PG4-10 
 
This comparison consists of many variables which have the effect of prolonging the 
ET of Test PG4-10. The snowflake size and distribution, amount of time under the 
average rate (to some extent), initial fluid temperature, day/night testing and the OAT 
are the main variables for this comparison. The wind speeds may also have 
contributed however, to a minor extent. 
 
The average snowflake size for Test PG4-10 is significantly smaller than Test PG4-6. 
This effects the performance by extending the ET; having a greater absorption 
compared to larger snowflakes. The smaller flakes can dilute the fluid to a greater 
extent over time while still provide adequate protection. The final concentration, 
consequently, will be lower for Test PG4-10 than Test PG4-6 as is illustrated in the 
concentration chart (Brix). The snowflake distribution may also play a role in 
decreasing the ET of Test PG4-6. As larger snowflakes rest on top of the plate, the 
smaller flakes are hindered from reaching the fluid as they stay on the larger flakes. 
This would ultimately result in an increased visual representation of fluid failure and 
end with a higher final concentration as less snow is absorbed. The negative kurtosis 
suggests a "square" distribution and may support this hypothesis. The rate may also 
affect the ET of Test PG4-10. 
 
The total amount of time under the average for Test PG4-10 was 62% (81 minutes) 
of the test. Comparably, Test PG4-6 was under average for 53% (38 minutes) of the 
time. The 10% longer time under average may contribute to the ET by withstanding 
a longer time frame due to a lower rate. The initial fluid temperature for Test PG4-10 
was recorded to be 3°C cooler than the OAT. This may result in a thicker fluid layer 
due to higher viscosity at lower temperatures. As illustrated on the thickness graphs, 
Test PG4-10 at 5 minutes is thicker than Test PG4-6. Furthermore, the thickness 
throughout the test for Test PG4-10 is consistently higher with a below average rate 
than Test PG4-6. This indicates the strong possibility of a thicker fluid layer for 
Test PG4-10, extending the ET. 
 
Test PG4-10 was also performed during the daytime compared to Test PG4-6 which 
was conducted at night. During the day, thermal radiation may contribute as a source 
of energy by supplying heat to the fluid and thus extending the ET. The plate 
temperature for Test PG4-10 shows a temperature consistently above that of the 
OAT. The OAT for Test PG4-10 is also slightly warming throughout the test run. 
Test PG4-6 shows the opposite effect for the OAT without any information on the 
plate temperature. It is possible that the thermal radiation and warming OAT for this 
test was substantial enough to cause the warmer plate temperatures recorded, 
thereby extending the ET. The wind speed may also have contributed to the 
prolonged ET of Test PG4-10 by supplying thermal energy by convection and viscous 
drag. If this is the case, it was to a minor extent as illustrated by the wind speed 
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graphs. It is also possible that the wind may have contributed to the warmer than 
OAT plate temperature, however, to a minor extent. 
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Point-to-Point Comparison – PG Type IV Test PG4-28 vs. Test PG4-45 
 
For this comparison, there are many variables at play which ultimately produce the 
obtained result. To begin, the variance in rate (below average rate) and rate during 
the last 15 minutes influences the ET of Test PG4-45. As seen from the precipitation 
rate graph, the rate is below average for the first 58% of the test and then above 
average for the remainder. This has the effect of increasing the ET since the rate is 
much lower for the 1st part of the test. The opposite effect can also be observed 
when the rate is elevated for the last 15 minutes of the test run, however, in this 
case, the ET is extended due to the long duration below average. 
 
The initial fluid temperature for Test PG4-28 is slightly cooler than Test PG4-45 
which may provide a thicker fluid layer upon pouring, however this is not observed 
due to the marginal difference in temperature (0.8°C). The fluid thickness at 
5 minutes is greater for Test PG4-28 primarily because of the greater precipitation 
rate. The above freezing OAT, wind speed (mostly from the minute maximum), 
smaller snow particle size, and low starting precipitation rate for Test PG4-45 all 
contribute to the extended ET. 
 
As can be seen from the plate temperature profile, at approximately 18:22, the 
temperature is seen to reach 0°C for 20 min. The precipitation rate at that time was 
effectively 0 g/dm2/hr (very low). This is due to the lack of snow particles going 
through a phase change (solid to liquid) which is an endothermic process. The 
convective heat transfer above the freeze point also contributes to this plate 
temperature. At this point, some snow on top of the plate begins to melt while some 
stay as a solid particle. It is important to note that at 17 minutes, where no 
precipitation is observed, the fluid thickness on the plate remains constant. As the 
precipitation rate increases through the test and in particular the end of the test, the 
plate ultimately fails. The smaller snow particles have an overall greater surface area 
to penetrate the fluid, lowering the final measured concentration. 
 
The negative kurtosis of Test PG4-28 may also explain the easier visual failure and 
greater final concentration. The fluid thickness at 5 minutes and mid test are lower 
for Test PG4-45 than 28 due to the lower precipitation rate, warmer plate temp and 
above freezing OAT during testing. The higher rate during the last 15 minutes of 
Test PG4-45 had no effect on increasing the thickness due to above freezing OAT, 
convective heat transfer and fluid thinning failure. The below freezing OAT and 
variable wind speed for Test PG4-28 causes the fluid to fail with snow on the plate. 
This is also observed in the graph showing the driving force for nucleation. The bare 
plate also supports the varying wind speeds (low speeds at end of test) as snow 
remains on the plate. 
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Point-to-Point Comparison – PG Type IV Test PG4-11 vs. Test PG4-23 
 
For this comparison, the initial fluid temperature gradient is above OAT for 
Test PG4-11 and vise versa for Test PG4-23. 
 
The cooler fluid seems to leave a thicker fluid layer on the plate for Test PG4-23 
(observed at start and throughout the test). Furthermore, since this test is taking 
place at night with slightly lower wind speeds compared to Test PG4-11, the negative 
plate temperature gradient obtained may help retain this added thickness (greater 
viscosity). For Test PG4-11 by contrast, this test is taking place during the day with 
slightly higher wind speeds. In addition, the initial fluid temperature is above OAT 
resulting in a thinner fluid layer application (observed at start and throughout the 
test). The former variables (day testing and slightly higher wind speeds) aid in keeping 
the plate temperature above or at OAT for the duration of the test. Although the fluid 
is slightly warmer and could theoretically provide longer protection compared to 
Test PG4-23, the added "benefit" from the warmer plate temperature gradient does 
not overcome the combined variable effect of Test PG4-23 which includes the added 
fluid layer thickness, slightly smaller snowflake (minor effect) and slightly greater 
variable rate (minor effect) including the below average rate during the last 
15 minutes (minor effect). 
 
The fluid concentration for Test PG4-23 also decreases at a slightly slower rate due 
to the variance in rate and has a lower final value due to the extended duration of 
the test (smaller snowflake size, below average rate during last 15, thicker fluid 
layer). 
 
The bare plate including the pad pictures illustrate some evidence of wet snow during 
Test PG4-23. This may also have a slight effect in decreasing the thickness of the 
fluid as the added water can dilute the fluid at a faster rate however, this is not 
evidenced to be substantial for this test. The added water is therefore seen in the 
rate and in the morphology of the fluid failure. Test PG4-23 may also have been 
over-failed according to the APS test manager. Nevertheless, removal of some time 
still results in a longer ET when compared to Test PG4-11. The change in wind 
direction does not seem to have any effect on Test PG4-23. 
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Point-to-Point Comparison – PG Type IV Test PG4-20 vs. Test PG4-37 
 
This conclusion was streamlined and put into bullet form; please see other detailed 
comparisons within this appendix for key hypotheses and theories regarding this 
project.  
 
• Initial fluid temperature and gradient is cooler for Test PG4-20 than Test PG4-37. 

There is no evidence that Test PG4-20 resulted in a thicker fluid application. 
Variable not to be considered. 

• Wind speed for Test PG4-37 is much greater than Test PG4-20 using both APS 
and NCAR data. Minute maximum is also much greater for Test PG4-37. Variable 
to be considered. 

• Test PG4-37 was conducted during the day while Test PG4-20 was performed at 
night. Variable to be considered. 

• Longer time below average rate may have played a role in the extended ET of 
Test PG4-37. The first half was below average (33 minutes ≈ 56% of test time) 
while the second half was above average. Test PG4-20 varied somewhat but was 
more along the average. Variable to be considered (rate variance). 

• The rate during the last 15 minutes of Test PG4-37 may have contributed to 
ending the test since it is significantly greater than the average rate. Last 
15 minutes for Test PG4-20 is at average. Variable to be considered. 

• Test PG4-37 barometric pressure was significantly lower than Test PG4-20. This 
is indicative of high wind speeds during the storm and is supported by the NCAR 
minute maximum data. Variable to be considered. 

• Test PG4-20 plate temperature gradient is much cooler than Test PG4-37 due to 
nighttime testing and lower wind speed including lower minute maximum. 

• Test PG4-37 plate temperature gradient is warmer compared to Test PG4-20 due 
to daytime testing and higher wind speed including greater minute maximum. 

• Test PG4-37 fluid thickness is greater throughout the test compared to 
Test PG4-20 due to the higher wind speed and greater minute maximum. 

• The final concentration for Test PG4-37 is lower than Test PG4-20 due to the 
longer duration of the test provided by the daytime testing and higher wind speed. 

• No effect of wind direction on ET of both runs is observed. 
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Point-to-Point Comparison – PG Type IV Test PG4-44 vs. Test PG4-14 
 
This conclusion was streamlined and put into bullet form; please see other detailed 
comparisons within this appendix for key hypotheses and theories regarding this 
project.  
 
• Initial fluid temperature and gradient is cooler for Test PG4-44 than Test PG4-14. 

Data suggests that Test PG4-44 may have resulted in a thicker fluid application. 
Test PG4-44 experiences a lower precipitation rate during the first 5 minutes of 
testing, however, the data shows a slightly thicker or similar fluid thickness. 
Variable to be considered. 

• The OAT is slightly warming for Test PG4-44 (1.5°C) and Test PG4-14 (0.6°C); 
however, Test PG4-44 is warming at a slightly higher rate. This may positively 
impact the ET of both Runs (greater for Test PG4-44) to a minor extent. Variable 
to be considered. 

• Wind speed for Test PG4-14 is greater than Test PG4-44 using both APS and 
NCAR data. Minute maximum is also greater for Run 14. Variable to be 
considered. 

• Test PG4-44 was conducted during the day while Test PG4-14 was performed at 
night. Variable to be considered. 

• The rate during the last 15 minutes of Test PG4-44 is slightly greater than the 
average rate, however, it is not significant enough to be considered as a variable. 
The rate in the last 15 minutes for Test PG4-14 is at average. Variable not to be 
considered. 

• Test PG4-14 barometric pressure was lower than Test PG4-44. This is indicative 
of high wind speeds during the storm and is supported by the NCAR minute 
maximum data. Variable to be considered. 

• The snowflake size for Test PG4-14 is significantly smaller (27%) than 
Test PG4-44. This has the tendency to extend the ET of the fluid, as is the case. 
The kurtosis can help explain the flakes on top of other flakes during visual failure 
(hypothesis). The skewness and range are evidence in support of Test PG4-14 
having a smaller snowflake. Variable to be considered. 

• The bare plate shows some sign of accumulation on Test PG4-44. This may 
indicate the presence of wet snow in the form of snow pellets/graupel (see pad 
pictures) and/or low wind speed. If this wet snow is indeed present, the snow 
pellets/graupel will melt at a slower rate compared to crystalized snow. This may 
also explain the linear decrease in concentration of Test PG4-44 compared to the 
likely parabolic for Test PG4-14. The larger wet snow pellets/graupel particles 
melt at a slower rate and accumulate more readily on the fluid until failure is 
reached, decreasing the ET. Variable to be considered. 
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• Test PG4-44 starting plate temperature is slightly cooler (0.5°C) than 
Test PG4-14 due to the lower OAT and cooler fluid application. The average plate 
temperature is also cooler due to the lower OAT & possibly the lower wind speed 
despite being conducted in the day. This is also evidenced by the lower minute 
maximum of Test PG4-44. The plate temperature gradient for both runs is 
approximately the same. 

• Test PG4-14 starting plate temperature is slightly warmer (0.5°C) than 
Test PG4-44 due to both the warmer OAT and fluid application. The average plate 
temperature is also warmer due to the warmer OAT & possibly the higher wind 
speed despite being conducted at night. This is also evidenced by the greater 
minute maximum of Test PG4-14. The plate temperature gradient for both runs 
is approximately the same. 

• Test PG4-14 fluid thickness is greater at the 15 minutes mark compared to 
Test PG4-44 due to the higher wind speed and greater average precipitation rate 
during the period leading up to this time (first 15 min). The thickness at fail is NA 
for Test PG4-14 but has significantly increased for Test PG4-44. This is most 
likely due to the large snowflakes resting on top of the plate, further influenced 
by the slightly elevated precipitation rate and lower wind speed (thermal effects). 

• No effect of wind direction on ET of both runs is observed. 
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Point-to-Point Comparison – PG Type IV Test PG4-16 vs. Test PG4-15 
 
For this comparison, the initial fluid temperature gradient is cooler for Test PG4-15 
than Test PG4-16. This has the tendency to increase the fluid viscosity on the plate. 
Therefore, the colder fluid may leave a thicker fluid layer on the plate for 
Test PG4-15. The high initial rate for Test PG4-15 also contributes to the greater 
thickness at 5 minutes and this greater thickness is also observed throughout the 
comparison. 
 
The OAT for Test PG4-15 seems to be slowly warming compared to Test PG4-16 
where it is slightly cooling. This also has a minor effect in prolonging the ET for 
Test PG4-15. The variance in wind speed for Test PG4-16 may slightly contribute to 
the earlier fail compared to Test PG4-15. The lull in wind speed during the test 
prevents convective heat transfer to the plate and, therefore, the plate temperature 
remains cooler for Test PG4-16 than Test PG4-15. This may provide a minor 
contribution to the earlier fail of Test PG4-16. 
 
The snowflake size also has a minor contribution for this test as Test PG4-16 is 
approximately 13% smaller than Test PG4-15 which should make the fluid last a 
longer time however, this is not the case. The rate for the last 15 minutes also plays 
a factor for the earlier failure of Test PG4-16 (see failure pics). Test PG4-16 has a 
higher last 15 minutes rate compared to Test PG4-15 which is only slightly above 
average. This can also be verified with the higher final concentration for Test PG4-16. 
Hence, the initial warmer fluid temp, wind speed variance, plate temperature 
gradient, slightly cooling OAT and last 15 minutes rate all contribute to the earlier 
fail call which the smaller snowflake size can not overcome for Test PG4-16, and by 
contrast Test PG4-15. 
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Point-to-Point Comparison – PG Type IV Test PG4-5 vs. Test PG4-14 
 
To begin this comparison, the initial fluid temperature gradient and the available 
temperature plot for Test PG4-14 indicates that the fluid thicknesses at start are 
similar. This is also observed in the fluid thickness measurements as they are equal. 
The day/night testing also shows no significant impact for this test since Test PG4-5 
should have a longer ET than Test PG4-14, which is not the case. The rates for both 
tests (variance) are approximately the same including the rate during the last 
15 minutes. Hence, no significant impact is observed from the influence of rate. The 
variables which remain are the wind speed and snowflake size. 
 
The APS wind speed data suggests that the wind speed may be playing a significant 
factor for the extended ET of Test PG4-14. However, NCAR sensor data positioned 
close to the test stands indicate a small difference in the wind speed. This smaller 
difference in the wind speed does have an impact on the ET however, not as the 
major contributing factor, but one nonetheless as the minute maximum is 
considerably much higher than Test PG4-5. 
 
The snowflake size for this comparison is, thus, the major impact factor. Test PG4-14 
has a snowflake size approximately 35% smaller than Test PG4-5 (the skewness and 
range is also to some extent representative of this). A smaller snowflake size tends 
to extend the ET of the fluid (greater absorption). This is observed in the final 
comparison pictures where, in this case, the smaller snowflakes impact more of the 
fluid (greater absorption) and thus for a longer duration resulting in a larger amount 
of slush on the plate. Due to the latter, the final concentration is also lower when 
compared to Test PG4-5. 
 
In addition, the negative kurtosis may also suggest that the larger flakes on the fluid 
nearing the end of a test can prevent the smaller flakes from being absorbed. This 
hypothesis is difficult to observe in the progression pictures, however, remains 
plausible especially with such a large difference in snowflake size. The mid fluid 
thickness is also slightly greater for Test PG4-14 than Test PG4-5 and is also due to 
the greater amount of slush present. Hence, snowflake size is the greatest 
contributing factor for the difference in ET while the wind speed is also considered 
to provide a smaller impact. 
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Point-to-Point Comparison – PG Type IV Test PG4-16 vs. Test PG4-38 
 
This conclusion was streamlined and put into bullet form; please see other detailed 
comparisons within this appendix for key hypotheses and theories regarding this 
project. 
 
• Initial fluid temperature and gradient is cooler for Test PG4-16 than Test PG4-38. 

There is no evidence that Test PG4-16 resulted in a thicker fluid application. 
Variable not to be considered. 

• The OAT is slightly cooling for Test PG4-16 while Test PG4-38 is constant. This 
may negatively impact the ET of Run 16 to a minor extent. Variable to be 
considered. 

• Wind speed for Test PG4-38 is much greater than Test PG4-16 using both APS 
and NCAR data. Minute maximum is also much greater for Test PG4-38. Variable 
to be considered. 

• Test PG4-38 was conducted during the day while Test PG4-16 was performed at 
night. Variable to be considered. 

• Longer time below average rate may have played a role in the extended ET of 
Test PG4-38. The first half was below average for 20 minutes ≈ 46% of test 
time, while the second half was above average for 14 minutes ≈ 32%. 
Test PG4-16 varied somewhat but was more along the average. Variable to be 
considered (rate variance). 

• The rate during the last 15 minutes of Test PG4-38 may have contributed to 
ending the test since it is significantly greater than the average rate. The rate in 
last 15 minutes for Test PG4-16 is at average. Variable to be considered. 

• Test PG4-38 barometric pressure was significantly lower than Test PG4-16. This 
is indicative of high wind speeds during the storm and is supported by the NCAR 
minute maximum data. Variable to be considered. 

• Test PG4-16 average plate temperature and gradient is cooler than Test PG4-38 
due to nighttime testing and lower wind speed including lower minute maximum. 

• Test PG4-38 average plate temperature and gradient is warmer compared to 
Test PG4-16 due to daytime testing and higher wind speed including greater 
minute maximum. 

• Test PG4-38 fluid thickness is greater throughout the test compared to 
Test PG4-16 due to the higher wind speed with a lower variance including a 
greater minute maximum and greater precipitation rate during the last 15 minutes. 

• The final concentration for Test PG4-38 is lower than Test PG4-16 due to the 
longer duration of the test provided by the daytime testing and wind speed. 

• No effect of wind direction on ET of both runs is observed.
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