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ABSTRACT 

 
ANALYSIS OF AN ARTIFICIAL TAIL PLANE ICING FLIGHT TEST OF A 

HIGH-WING, TWIN ENGINE AIRCRAFT 

 

Shehzad M Shaikh, MS 

 

The University of Texas at Arlington, 2016 

 

Supervising Professor: Dr. Baxter R. Mullins, Jr. 

The US Air Force Flight Test Center (AFFTC) conducted a civilian, 

Federal Aviation Administration (FAA) sponsored, evaluation of tailplane 

icing of a twin-turboprop business transport at Edwards Air Force Base. The 

flight test was conducted to evaluate ice shape growth and extent of ice on 

the tailplane for specific weather conditions of Liquid Water Content (LWC), 

droplet size, and ambient temperature. 

This work analyzes the flight test data comparing the drag for various 

tailplane icing conditions with respect to a flight test verified 

calibrated aircraft model.  

Although less than a third of the test aircraft was involved in the icing 

environment, the results of this analysis shows a significant increase in the 
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aircraft drag with respect to the LWC, droplet size, and ambient 

temperature. 

  



vi 

TABLE OF CONTENTS 

 
ACKNOWLEDGEDGMENTS ....................................................................................iii 

ABSTRACT .................................................................................................................... iv 

LIST OF ILLUSTRATIONS ........................................................................................ ix 

LIST OF TABLES .........................................................................................................xii 

NOMENCLATURE ...................................................................................................... xiii 

Chapter 1 Introduction ................................................................................................. 1 

Chapter 2 Test Plan ...................................................................................................... 5 

Planned Test Procedure ........................................................................ 6 

Test Objectives ...................................................................................... 8 

Chapter 3 TEST EQUIPMENT AND INSUMENTATION .................................. 9 

Icing Tanker ........................................................................................... 9 

Chase and Safety Aircraft .................................................................... 10 

Flight Test Aircraft ................................................................................ 12 

Flight Test Aircraft Instrumentation ...................................................... 15 

CHAPTER 4 FLIGHT TESTS ................................................................................. 18 

Tests conducted................................................................................... 18 

Test Matrix ........................................................................................... 20 

Flight Test Process .............................................................................. 20 

Water Stream Coverage ...................................................................... 23 

Test Procedure .................................................................................... 24 



vii 

TABLE OF CONTENTS (cont.) 

 
CHAPTER 5 DATA COLECTED ............................................................................ 27 

Cloud Data Measurements (Chase) Aircraft ........................................ 27 

Droplet Distribution .............................................................................. 27 

Flight Test Vehicle Data ....................................................................... 30 

CHAPTER 6 CALCULATION MODELS ............................................................... 33 

Method for Determining Drag ............................................................... 33 

Rate of Change of Altitude (𝒉) ............................................................. 35 

True Air Speed (𝑽𝑻𝑨𝑺) ........................................................................ 37 

Advance Ratio (J) ................................................................................ 37 

Shaft Horsepower (SHP) ..................................................................... 37 

Coefficient of Power (Cp) ...................................................................... 38 

Propeller Efficiency (𝜼𝒑) ...................................................................... 38 

Thrust (T) ............................................................................................. 38 

CHAPTER 7 CALIBRATION AND ERROR ANALYSIS .................................. 40 

Calibration Flight .................................................................................. 40 

Test point 1.1 .................................................................................... 40 

Test Point 1.2 ................................................................................... 41 

Calibration Results Test 1.1 ................................................................. 41 

Examination of Test Point 2A, Run 006. .............................................. 45 



viii 

TABLE OF CONTENTS (cont.) 

 
CHAPTER 7 RESULTS ............................................................................................. 48 

Analysis of a Data File without a Boot Activation Shown in 

Data ..................................................................................................... 48 

Velocity Variation .............................................................................. 48 

Percent Torque ................................................................................. 50 

Percent RPM of Left Engine ............................................................. 51 

Coefficient of Drag ............................................................................ 51 

Analysis of a Data Fill with a Boot Actuation ........................................ 52 

Velocity Variation .............................................................................. 52 

Percent Torque of Engines ............................................................... 54 

Coefficient of Drag ............................................................................ 54 

Results of Analysis for All Clean Configurations .................................. 55 

APPENDIX………………………………………………………… ................ 78 

BIOGRAPHICAL INFORMATION ............................................................ 68 

 
  



ix 

LIST OF ILLUSTRATIONS 

Figure 1. United States Air Force Icing Tanker SN 55-3128 in formation 

with the Mitsubishi MU-2B-60 test aircraft in the water stream. .... 10 

Figure 2. Gates Learjet Model 36 chase aircraft during a calibration sweep 

of the cloud being emitted from the icing tanker nozzle. ............... 12 

Figure 3. Mitsubishi MU-2B-60 3-view Drawing. ...................................... 14 

Figure 4. Mitsubishi MU-2B-60 Flight Test Aircraft in the cloud stream ... 14 

Figure 5. Flight Test Card used in the icing flight tests – only.  The run 

numbers in yellow were actually conducted. ................................. 19 

Figure 6. Flight test matrix for the first three days of testing. ................... 21 

Figure 7. Flight test matrix for the last two days of testing. ...................... 22 

Figure 8. U.S. Air Force Icing Tanker’ circular icing array. ...................... 23 

Figure 9. Cloud stream is focused on the left-side of the test  aircraft and 

has a diameter at the aircraft is approximately 7 feet 10 inches in 

diameter. ....................................................................................... 24 

Figure 10. An example of a test point summary average conditions for an 

indicated time period for flight 209. ............................................... 28 

Figure 11. Average droplet size data table. ............................................. 28 



x 

LIST OF ILLUSTRATIONS (cont.) 

Figure 12. An example of the particle distribution and Liquid Water 

Content in cloud stream at -5 C, at 10,570 feet, 100% relative 

humidity for an average 0.78 g/m3 LWC and a MDV 64 microns. 29 

Figure 13. Example of data file provided from the data acquisition system 

of the flight test aircraft.................................................................. 31 

Figure 14. Sample output provided in the flight test data package. ......... 32 

Figure 15. Coordinate system definitions for development  of the force 

equations. ..................................................................................... 33 

Figure 16. Review from data of flight test data for stability. ..................... 36 

Figure 17. Comparison of flight test data with three  degree of freedom 

model. ........................................................................................... 42 

Figure 18. Comparison the drag profiles of the flight test with  respect to 

the three degree of freedom model. .............................................. 43 

Figure 19. Filtered indicated airspeed compared to base airspeed with 

respect variation with respect to time. ........................................... 50 

Figure 20. Percent torque variation with time due to icing ....................... 51 

Figure 21. Percent RPM variation of left engine. ..................................... 51 

Figure 22. Coefficient of drag variation with time due to icing. ................ 52 

Figure 23. Air speed variation with time. .................................................. 54 



xi 

LIST OF ILLUSTRATIONS (cont.) 

Figure 24. Torque variation with time ...................................................... 54 

Figure 25. Variation and comparison of Coefficient of Drag. ................... 55 

 

  



xii 

LIST OF TABLES 

TABLE 1. TEST DATA POINTS ................................................................5 

TABLE 2. FLIGHT AIRCRAFT INSTRUMENTAION DATA LIST ........... 16 

TABLE 3. FLIGHT TEST DATA FILES ASSOCIATES WITH THE 

FLIGHT TEST CARD .................................................................... 49 

TABLE 4 MAXIMUM DIFFERENCE BETWEEN CALCULATED    

FLIGHT TEST DRAG COEFFICIENT AND THE BASELINE 

MODEL. ......................................................................................... 57 

  



xiii 

NOMENCLATURE 

 
FAA Federal Aviation Administration 

DC Direct Current 

AC Alternate Current 

MVD Mean Volumetric Diameter 

LWC Liquid Water Content 

OAT Outside air temperature 

TIT Turbine inlet temperature 

RPM Revolutions per minute 

VKIAS  Indicated Air Speed 

𝑉𝑇𝐴𝑆  True Air Speed 

SHP   Shaft Horse Power 

 
 
  



 

1 

Chapter 1 Introduction 

 In the 1980’s and 1990’s several civil and commercial turboprop 

aircraft were involved in accidents in which airframe icing played a major 

role.  Petty and Floyd1 presented a statistical review of U.S. aviation 

airframe icing accidents between 1982 and 2000 at an American 

Meteorological Society meeting in which they reported 583 accidents with 

80.8% of the accidents related to general aviation aircraft and 17.6% Part 

135 aircraft.  Commuter and many medium and small businesses use twin-

engine reciprocating and turboprop powered aircraft that generally operate 

at altitudes below 25,000 feet in a region of the atmosphere with the highest 

probability for exposure to icing2.  The normal operating envelope for these 

aircraft requires an “all-weather” capability including flight into known icing.  

This increases the likelihood of accidents resulting from changes in the 

performance of the aerodynamic surfaces when ice is present.  Ongoing 

icing research has resulted in the increased availability of data on the 

aerodynamic performance of the individual components of an airplane and 

of the total aircraft.  These studies have shown that icing can cause a 

significant increase in drag and a significant reduction in maximum lift.  

Wing-tail interaction with tailplane icing can result in the phenomena of 

horizontal tailplane stall3. 
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 This research is a continuation of analytical and experimental work 

examining the effects of icing on the aerodynamic performance of a 

horizontal stabilizer due to residual ice formation.  Initial research was 

proposed by Dr. Kenneth Korkan at Texas A&M University to examine two-

dimensional airfoil shapes of three sections, a NACA 23012, a NACA 

64A415-mod, and a NACA 64A010-mod.  NASA’s LEWICE4 was used to 

predict ice shapes after which the forward section of the ice was removed 

to simulate the action of a deicing boot in shedding of ice5.  An experimental 

program was conducted to examine the effects of simulated ice shapes and 

shedding for the three sections.  The models were based on a 24% scale 

of a typical turboprop business class airplane.  The results showed a 

maximum lift coefficient reduction of 40-60% and increase in drag of 300-

500 percent6. 

 As the airfoils were small and the lift and drag results were affected 

by the low Reynolds number, a larger model was proposed using a two-

dimensional flapped airfoil with a NACA 64A010-mod airfoil section.  The 

model was scaled to be about 57% of a typical business-class turboprop 

horizontal tailplane chord with a 40% flap.  The experiments again 

examined the effects of simulated leading edge ice and ice shedding.  The 

tests were conducted for angles of attack between ±6 degrees for flap 

deflections between -28 degrees and +12 degrees.  Test results showed an 
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increase in the profile drag between 300% and 400%.  The residual ice 

shapes disrupted the chordwise pressure distribution.  This change in 

chordwise pressure distribution alters the flap hinge moment which in turn 

affects the flap trim requirements.  Chordwise location of the residual ice 

shape with respect to the leading-edge of the airfoil showed significant 

changes in laminar bubble separation extent and reattachment with 

significant separation without reattachment occurring for ice shapes nearer 

the leading edge.  The aerodynamic performance of the 57% scaled model 

compares very favorably with full scale data7. 

 Although the 57% flapped airfoil offered a good representation of the 

full-scale horizontal stabilizer a follow-on experimental program was 

conducted using a modified full-scale horizontal stabilizer from a 

representative business-class turboprop aircraft.  Wind tunnel tests were 

conducted to systematically document the experimentally observed effects 

of generic ice formation and its partial rejection on the aerodynamic 

characteristics of a full-scale, 3-dimensional, “as manufactured” horizontal 

tail assembly.  The airfoil section of the test device was a NACA 64A010-

mod which matched the airfoil section of the previous two tests. Test 

configurations included a clean, as manufactured, horizontal empennage 

with a naturally weathered pneumatic deicing boot and a new pneumatic 

deicing boot, and various combinations of simulated light icing and heavy 
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icing configurations with residual ice ridges formed aft of the deicing boot 

after activation.  The residual shapes were based on a LEWICE model 

developed by Dr. Korkan.  The extent of boot coverage in percent chord 

and flap position were also evaluated.  Experimentally obtained test data 

indicate that even light icing conditions result in a significant increase in the 

minimum drag coefficient (CDo), while larger protuberances simulating 

various ice shapes resulted in more than 300 percent increase in drag for 

zero flap conditions.  Maximum lift coefficient (CLmax) was significantly 

reduced with the stall angle of attack reduced from 22 degrees to 14 

degrees.  Finally, there was a slight reduction in the lift curve slope (CL) 

probably due to leading-edge flow separation8. 

The current work is a follow-on to the previous analytical and 

experimental work.  Fortunately, an icing flight test was conducted by the 

United States Air Force at the Air Force Flight Test Center, 6510 Test Wing 

at Edwards Air Force Base in California using a modified tanker (S/N 55-

3128) to provide artificial icing.  In addition to the Air Force Icing Tanker, a 

fully instrumented Mitsubishi MU-2B-60 was available for in-flight icing tests 

and a Learjet Model 36 was available to be used as a chase and safety 

aircraft and was also for measuring the cloud stream characteristics before 

and after the in-flight icing tests to verify properties. 
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Chapter 2 Test Plan 

 This test was designed to verify the growth and extent of ice aft of 

the active boot for specific weather conditions of liquid water content, 

droplet size, and ambient temperature.  In addition, activation of the 

pneumatic boots in the condition was planned to verify ice shedding and the 

rejection shapes remaining after boot operation. 

 Nine test points were planned as shown in Table 1.  The required 

separation distance between the tanker and the test aircraft and 

instrumented chase aircraft was determined by the icing parameters to meet 

the test point conditions.  The test duration for each point could vary 

depending on the ice conditions experienced by the test aircraft. 

 

TABLE 1. TEST DATA POINTS 
 

Test 
Point 

Desired 
MVD 

(microns) 

Required 
LWC 
(g/m3) 

TOAT 
(C) 

TIME 
(min) 

AIRSPEED 
(KIAS) 

1 20 0.2 -5 15 190 
2 20 0.4 -5 15 190 
3 20 0.6 -5 15 190 
4 40 0.2 -5 15 190 
5 40 0.4 -5 15 190 
6 40 0.6 -5 15 190 
7 40 0.8 -5 15 190 
8 30 0.8 -5 15 150 
9 30 0.6 -5 15 170 

 Notes: (1) Test point #8 is with test aircraft One Engine Inoperative (OEI). 
 (2) Test point #9 is with flaps 20. 
 (3) Airspeed may range between 150 and 200 KIAS based on flight condition. 
 (4) The test data point may be reduced if ice thickness limits are reached. 
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Planned Test Procedure 

The test altitude will depend on achieving the required OAT and will 

be determined by the AFFTC flight test (icing specialist) engineer. The 

instrumented chase plane will enter the cloud produced behind the tanker 

to record and provide information to the flight test engineer on board the 

tanker for calibration of the required conditions. If changes to the water flow 

rate or to aircraft separation distance are required, the instrumented chase 

plane will drop out of the cloud and then repeat the calibration once 

adjustments have been made.  

Once the instrumented chase plane has confirmed the ice conditions 

specified for the test point have been achieved, the chase plane departs the 

stream and the test aircraft then enters the cloud in the same position that 

the instrumented chase plane vacated. The test aircraft positions itself such 

that exposure to the cloud is limited to the left side of the aircraft.  

Instrumentation on board the tanker monitors the separation distance to 

ensure that it is maintained. Left engine Torque, Turbine Inlet Temperature 

(TIT), percent RPM, Airspeed, and aircraft TRIM is monitored by the test 

aircraft crew.  A sudden loss in or rapid decrease in airspeed, engine power, 

or excessive trim requirements results in rapid termination of the test.   

Ice accrues on the left main wing and left tailplane until it reaches a 

thickness of approximately 0.125 inches on the tailplane.  At this point, the 
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test aircraft clears the stream and the pilot stabilizes the aircraft and 

activates the leading edge pneumatic boots.  The test aircraft pilots evaluate 

the aircraft performance degradation before re-entering the ice cloud. The 

ice will then be allowed to accrue on the left wing and left tailplane until it 

reaches a thickness of approximately 0.25 inches on the tailplane or 0.5 

inches on the main wing.  At this point, the test aircraft again departs the ice 

cloud and the pilot again activates the pneumatic boots.  The test aircraft 

pilot further evaluates the aircraft performance degradation. If the specific 

icing condition and the ice thickness limits have not been reached, the test 

duration can be extended as appropriate.  When the test point has been 

terminated, the remaining ice Is allowed to sublimate or shed before 

proceeding to the next test point.  Additional test points will repeat the 

procedure with a higher Liquid Water Content (LWC) and/or higher Medium 

Volumetric Diameter (MVD)9. 
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Test Objectives 

The objective of this test is to (1) examine ice accretion on the aircraft 

resulting from droplets greater than 20 microns, (2) evaluate performance 

degradation of the test aircraft due to ice accretion, (3) evaluate 

performance degradation of the subject aircraft due to partial rejection of 

accumulated ice, and (4) examine horizontal tail icing characteristics during 

One Engine Inoperative (OEI) condition. 
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Chapter 3 TEST EQUIPMENT AND INSUMENTATION 

Icing Tanker 

 The U.S. Air Force modified a NKC-135A tanker aircraft (S/N 55-

3128) to provide artificial icing and/or rain cloud conditions for in-flight 

aircraft testing. The general requirement for rain and ice testing was in AF 

80-31, “All-Weather Qualification Program for Air Force Systems and 

Material.”  MIL-STD-210C, “Climate Extremes for Military Equipment” and 

MIL-STD-810D, “Environmental Test Methods” were the driving factors in 

creating the system for in-flight testing.  The modified aircraft has been used 

to test more than 30 military and civil aircraft. 

 The tanker can carry 2000 lbs of demineralized water and provide a 

spray diameter of about 7 feet at the expected separation distance of 50 

feet.  The icing tanker can provide flows of up to 55 gallons per minute 

through the boom and nozzle array.  The circular array used for this test has 

a maximum diameter of 44 inches with the smallest ring being only 12 

inches in diameter.  The spray is emitted from one-hundred nozzle 

elements.  Figure 1 shows the U.S. Air Force Icing Tanker in formation with 

the test aircraft. A complete description may be found in reference 9, “The 

Air Force Flight Test Center Artificial Icing and Rain Testing Capability 

Upgrade Program.” 
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Figure 1. United States Air Force Icing Tanker SN 55-3128 in formation 
with the Mitsubishi MU-2B-60 test aircraft in the water stream. 

 

Chase and Safety Aircraft 

 A Gates Learjet Model 36 was used as a chase aircraft and 

performed additional functions including measurements of the water flow 

emitted from the spray nozzle, photographic and videotaping of the test 

aircraft wing and horizontal stabilizer.  The instruments about the Learjet 
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collected parameters such as Liquid Water Content (LWC), Mean 

Volumetric Diameter (MVD), Relative Humidity (RH), and Outside Air 

Temperature (OAT). Video equipment was provided not only for the Chase, 

but for the tanker which provided a frontal view of the test aircraft wing and 

tailplane ice accretion and shedding.  The chase video system was used to 

monitor the ice accretion and shedding on the fuselage, wing, horizontal tail 

and vertical tail.  Upper and lower wings and horizontal stabilizer were 

monitored and as determined by the chase crew close-up video and stills 

taken.  All video was time stamped.   

 The instrumented Learjet performed cloud calibration using two laser 

spectrometers, a Johnson and Williams’s Liquid Water Content probe, and 

instruments for ambient air temperature, dew point, and airspeed.  A 

Forward Scattering Spectrometer (FSSP) and a Cloud Particle 

Spectrometer (CPS) were used to measure droplet size and Liquid Water 

Content (LWC).  The chase aircraft performed horizontal and vertical 

sweeps of the cloud to compare to “FAA FAR Part 25, Appendix C”10.  

Figure 2 provides a photograph from the icing tanker of the Learjet during a 

calibration sweep of the cloud.  The calibration instrument can be observed 

under the Learjet’s left wing. 
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Figure 2. Gates Learjet Model 36 chase aircraft during a calibration 
sweep of the cloud being emitted from the icing tanker nozzle. 

 

Flight Test Aircraft 

 The flight test aircraft is a Mitsubishi MU-2B-60.   The horizontal 

stabilizer uses a 64A010-mod airfoil similar to the experimental wind tunnel 

models used in previous testing.  It is a twin-engine, high-wing, utility aircraft 

with a circular cross section, retractable tricycle undercarriage and is fitted 
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with large wingtip tanks.  The MU-2B-60 is a long body derivative with 

excellent speed performance.  The aircraft has a high wing loading (65 

pounds per square foot) and uses modified 6-series airfoils to improve 

performance.  The aircraft uses full-span double-slotted flaps to improve 

landing performance and as a result uses spoilers for roll control.  A highly 

modified inverted, 6-series airfoil section with a leading edge droop is used 

for the horizontal stabilizer to improve low-speed landing characteristics.  

The aircraft is certified for flight into known icing and has pneumatic boots 

on the leading edge of the wings, horizontal stabilizer, and vertical stabilizer.  

It also has various flight equipment protected by heating.  The aircraft has 

a wing span of 37.083 feet, wing area of 178.143 square feet, and a chord 

of 5.0459 feet.  The aircraft is powered by two Garrett TPE331-10-501M 

engines rated at 715 SHP. The weight is in the 11,000-pound class.  A 

three-view drawing is provided in Figure 3 and a photograph in Figure 4. 
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Figure 3. Mitsubishi MU-2B-60 3-view Drawing. 

 

Figure 4. Mitsubishi MU-2B-60 Flight Test Aircraft in the cloud stream 
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Flight Test Aircraft Instrumentation 

 Kohlman Systems Research supplied the data acquisition system for 

the test aircraft to record engine performance parameters; flight control 

positions; air data, including temperature from a total temperature fitted 

under the right wing of the test aircraft.  Kohlman Systems collected data 

from the test vehicle and the chase aircraft and provided the data in a 

combined data package.  A list of the items recorded is provided in Table 2. 

 In addition to the instrument package a number of video cameras 

were mounted on the flight test aircraft to record the top and bottom of the 

horizontal stabilizer and a number of hand-held video cameras to record the 

underside of the wing.  Additional video cameras were mounted in the 

cockpit to observe to instrument panel and engine instruments9. 
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TABLE 2. FLIGHT AIRCRAFT INSTRUMENTAION DATA LIST 

ITEM DEFINITION 
 

BLKCNT  Time Slice Counter 

IRIGB_TIME IRIG-B Time (seconds) 

AX Linear Acceleration (g) Positive Forward 

AY Lateral Acceleration (g) Positive Out Right Wing 

AZ Vertical Acceleration (g) Positive Down 

PITCH_RATE Pitch Rate (deg/sec) Positive Nose Up 

ROLL_RATE Roll Rate (deg/sec) Positive Right Wing Down 

YAW_RATE Yaw Rate (deg/sec) Positive Nose Right 

PITCH_ACC Pitch Acceleration (deg/sec/sec) Positive Nose Up 

ROLL_ACC Roll Acceleration (deg/sec/sec) Positive Right Wing Down 

YAW_ACC  Yaw Acceleration (deg/sec/sec) Positive Nose Right 

PITCH_ATT Pitch Attitude (deg) Positive Nose Up 

ROLL_ATT Roll Attitude (deg) Positive Right Wing Down 

TORQUE_L Left Engine Torque (%) 

TORQUE_R Right Engine Torque (%) 

EGT_L  Left Exhaust Gas Temperature (deg C) 

EGT_R  Right Exhaust Gas Temperature (deg C) 

RPM_L  Left Engine Speed (%) 

RPM_R  Right Engine Speed (%) 

ELE_DEF  Elevator Deflection (deg) Positive Trailing Edge Down 

ELE_TAB  Elevator Tab Deflection (deg) Positive Trailing Edge Down 

STATIC_PX Static Pressure (psf) 

DIFF_PX  Differential Pressure (psf) 

TAT     Total Air Temperature (deg K) 

H_IND  Pressure Altitude (ft) 

KIAS  Indicated Airspeed (kt) 

MACH_IND Indicated Mach Number 

QBAR_IND Indicated Dynamic Pressure (psf) 

IRIG_B_RAW Raw IRIG Signal, Binary Coded Decimal (not Meaningful) 

CG_LONG_FS Longitudinal Center Of Gravity, Fuselage Station (IN) 

CG_PCT_MAC Longitudinal Center Of Gravity, % Mean Aerodynamic Chord 

FUEL_USED Fuel Used (lb) 

AC_WEIGHT Aircraft Weight (lb) 
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TABLE 2 FLIGHT AIRCRAFT INSTRUMENTAION LIST (Cont.) 
 

ITEM DEFINITION 
 

FUEL_WT  Fuel On Board Weight (lb) 

MVD     Median Volumetric Diameter, (micron)  

LWC    Liquid Water Content, (Gram/cubic Meter) 

CLOUD_TEMP Ice Cloud Static Air Temperature (deg C)  

 

.    
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CHAPTER 4 FLIGHT TESTS 

 The flight tests were conducted at Edwards Air Force Base over a 

five-day period and accumulated a total of 12-flight hours, two more hours 

of testing than originally allocated.  Figure 5 shows an annotated flight card 

used to conduct the flight tests.  In preparing for the tests, multiple flight 

cards were created so that flight tests could be changed based on flight-by-

flight evaluation of the conditions.  As such, multiple flight cards were 

prepared for each day.  Only those flight test numbers in yellow were 

actually conducted 

Tests conducted 

 Day 1 of the tests was used to familiarize the flight crews with their 

aircraft and to conduct practice runs in flying formation with the icing tanker.  

The test aircraft conducted calibration runs with flaps up (clean) 

configuration and flaps set at 20 degrees. 

 Day 2 through Day 5 conducted a number of flights obtaining data in 

both clean and flaps 20 configurations.  These runs examined the aircraft 

icing accumulation for various liquid water contents and mean variable 

diameter super-cooled water droplets at temperatures near -5 Celsius. 
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Test Matrix 

 Figure 6 provides a copy of the flight text matrix as executed.  The 

data shown in the matrix shows the flight number, flight test card run or point 

as recorded, time and duration of the test run, airspeed (KIAS), outside air 

temperature (OAT), liquid water content (LWC), and mean variable diameter 

(MVD) of the water droplet.  Note that the point number contains the flight 

card number and the MVD of the water droplet, i.e., a 4A.50 would be flight 

card number 2A with a MVD of 50 microns.  The comment column provides 

a description of the events and when they took place.  

Flight Test Process 

 The three aircraft crews would meet at a preflight meeting to discuss 

the day’s flight plan which included choosing the flight cards for the day.  

Once the preflight briefing was completed, the aircraft would takeoff and fly 

to the appropriate test area at Edwards Air Force Base, where the icing 

tanker would climb to an appropriate altitude to meet the outside air 

temperature of -5 Celsius and setup a “race-track” orbit at the preselected 

airspeed.  The flight test aircraft would climb to altitude to cold soak the 

aircraft as the temperature of the aircraft exterior had to be at the same 

temperature as the outside air temperature.  Flight instruments were  
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checked out and calibrated.  The chase aircraft carried equipment to 

measure the liquid water content (LWC), mean volume diameter (MVD), 

relative humidity (RH), and temperature of the water cloud produced by the 

icing tanker.  

Water Stream Coverage 

 The cloud, or water stream, is produced by a circular frame 

containing 100 nozzles with 49 providing a water stream while the remaining 

51 being used for anti-icing using aircraft engine bleed air10.  The nozzle 

array has five rings (Figure 8) with the smallest being twelve inches in 

diameter, and the largest ring is forty-four inches in diameter.  

 

 

Figure 8. U.S. Air Force Icing Tanker’ circular icing array. 

 Since the super-cooled water cloud produced at the circular area was 

only forty-four inches, only a small portion of the test aircraft could be 

covered with the spray.  The cloud expanded from the diameter of the array 
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to about seven feet.  Ice would be allowed to accrue on the left main wing 

and left tailplane.  The approximate coverage is shown in Figure 9. 

 

Figure 9. Cloud stream is focused on the left-side of the test  
aircraft and has a diameter at the aircraft is approximately 7 feet 10 

inches in diameter. 
 

Test Procedure as Conducted 

 The test altitude depended on achieving the required OAT and was 

determined by the flight test engineer on board the icing tanker. 

 The instrumented chase plane entered the cloud produced behind 

the tanker to record and provide information to the flight test engineer 

onboard the tanker for calibration of the required conditions.  If changes to 

the water flow rate or aircraft separation distance are required, the 
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instrumented plane would drop out of the cloud and then repeat the 

calibration once adjustments had been made. 

 Once the instrumented chase plane confirmed the ice conditions 

specified for the test point were achieved, the chase plane departed the 

stream and the test aircraft entered the cloud in the same position as the 

instrumented chase plane vacated.  The test aircraft positioned itself such 

that exposure to the cloud is limited to the left side to the maximum extent 

possible.  Instrumentation on board the tanker monitored the separation 

distance to ensure it was maintained. Engine torque, turbine inlet 

temperature, percent RPM, airspeed, and aircraft trim will be monitored by 

the test aircraft crew and flight test engineer.  Consideration was given to 

possible ice formation and ingestion effects.  A sudden loss or rapid 

decrease in airspeed, engine power loss, or excessive trim requirements 

will result in test point termination. 

 Ice was accrued on the aircraft horizontal stabilizer in one-quarter 

inch increments.  At each point the pilot cleared the cloud, stabilized, and 

activate the pneumatic boots. Personal and video observations of the icing 

and deicing were conducted from the tanker and the chase plane.  In 

addition, the pilot evaluated the performance of the aircraft before 

reentering the cloud for the next cycle of ice accretion.  If the time limit is 

reached, without achieving the specific icing condition described in detail on 
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the flight card procedures, the test duration was extended as appropriate.  

If the time limit was reached and the icing effects were achieved, then the 

next test point on the daily flight card was performed. 
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CHAPTER 5. DATA COLLECTED 

 The data collected included photographic, video, and instrument 

data from the icing tanker, the chase plane, and icing test aircraft.  In 

addition, sketches of the ice formation on the flight test vehicle were 

constructed showing relative location and extent of the ice accumulation.  

Cloud Data Measurements (Chase) Aircraft 

 The Gates Learjet flew with an instrument under the right wing to 

measure the stream data.  The cloud calibration was performed with an 

instrument consisting of two laser spectrometers, a Johnson and William's 

Liquid Water Content (LWC) probe, and indication for ambient air 

temperature, dew point, and airspeed.  A Forward Scattering Spectrometer 

Probe (FSSP) and the Cloud Particle Spectrometer (CPS) were used to 

measure droplet size (MVD) and liquid water content (LWC). 

Droplet Distribution 

 Droplet distribution was provided as a set of tables for each test 

condition.  The initial table was a summary of the conditions for a given test 

point.  In particular, a test point may contain one or more conditions based 

on the number of icing cycles the test aircraft conducted for a given flight 

card.  A sample of a summary chart is provided in Figure 10 and an 

individual flight condition test point is provided in Figure 11. 
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Figure 10. An example of a test point summary average conditions for 
an indicated time period for flight 209. 

 

 

Figure 11. Average droplet size data table. 
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 Figure 12a shows a typical distribution of super-cooled water 

droplets in the cloud stream as measured from the chase aircraft 

instrumentation.  Figure 12b shows the distribution of the liquid water 

content of the cloud. 

 
(a)  Particle distribution in cloud stream. 

 

 
(b) Liquid Water Content distribution content in the cloud. 

 

Figure 12. An example of the particle distribution and Liquid Water 
Content in cloud stream at -5 C, at 10,570 feet, 100% relative humidity 

for an average 0.78 g/m3 LWC and a MDV 64 microns. 
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Flight Test Vehicle Data 

 The flight test aircraft carried a calibrated instrument package 

provided by Kolhman Systems Research as previously described in 

Chapter 3.  The data from the system was provided as text files as a function 

of time with one set of data points listed every tenth of a second for the 

duration of a test segment.  The data was collected at a rate of 10 samples 

per second is shown in Table 2.  Figure 13 shows a sample of the data 

provided.  These data files are easily loaded into a spreadsheet or a 

program like MATLAB®.  These data files are of a time window and do not 

necessarily contain the sequence of an icing sequence but of the time 

period beginning near the time the test aircraft pulled out of the cloud. 

 In addition to the data files a set of graphics where provided for each 

data set as described in Figure 6, “Flight test matrix for the last two days 

of testing.”  Figure 14 provides a sample of the description page and the 

graphics page for test condition 2A, Run 009. 

. 
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(a) 

 

 
(b) 

 
Figure 14. Sample output provided in the flight test data package. 
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CHAPTER 6 CALCULATION MODELS 

Method for Determining Drag 

For a given flight card data point, a set of data as defined in Table 2, 

Flight Aircraft Instrumentation Data List, was generated every tenth of a 

second for a time window.  Each test aircraft variable was smoothed by non-

phase shifting, fifth-order Butterworth filter14 and the smoothed data was 

used to determine drag assuming performance model was acceptable for 

performing the necessary calculations.  The performance model assumes 

the flight test aircraft maintains a relatively stable flight attitude15. 

 

 

Figure 15. Coordinate system definitions for development  
of the force equations. 
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From Figure 15, the equations of motion with respect to the flight 

path and perpendicular to the flight path may be written using the force 

distribution on an aircraft during a climb.  Resolving the forces in direction 

parallel and perpendicular to the velocity of aircraft and equating them we 

get the following two equations 

 𝑇 cos 𝜖 + 𝑋 − 𝑚𝑔 sin 𝛾0 = 𝑚𝑈̇ (1) 

 −𝑇 sin 𝜖 + 𝑍 + 𝑚𝑔 cos 𝛾0 = 𝑚𝑊̇ (2) 

Where T    , we solve sin 𝛾0, we get 

 sin 𝛾0 =
𝑇 cos 𝜖 + 𝑋 − 𝑚𝑈̇

𝑚𝑔
 (3) 

But here X is the resultant aerodynamic force in the direction of the 

aircraft velocity and can be replaced with the minus of the Drag (D) force.  

So we can replace X with –D and the corresponding equation (7) becomes 

 sin 𝛾0 =
𝑇 cos 𝜖 − 𝐷 − 𝑚𝑈̇

𝑚𝑔
 (4) 

From the figure (19) we can write rate of climb as  

ℎ̇ = 𝑈 sin 𝛾0 

 sin 𝛾0 =
ℎ̇

𝑈
 (5) 

Comparing equation (8) and (9) we get 
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 ℎ̇ =
𝑈(𝑇 cos 𝜖 − 𝐷 − 𝑚𝑈̇)

𝑚𝑔
 (6) 

For our case the thrust offset is very small so assuming 𝜖 < 10°, then 

the cos 𝜖 ~1. So we can write  

ℎ̇ =
𝑈(𝑇 − 𝐷 − 𝑚𝑈̇)

𝑚𝑔
 

Here 𝑚𝑔 = 𝑊 (weight) and solving for drag (D), we get 

 𝐷 = 𝑇 − 𝑚𝑈̇ −
𝑊ℎ̇

𝑈
 (7) 

In order to obtain drag we need all other quantities which we will get 

from the obtained smooth results. We directly have m, W and U̇ and all the 

quantities can be obtained as follows. 

Rate of Change of Altitude (𝒉̇) 

 

 
ℎ𝑛̇ = (

ℎ𝑛+1 − ℎ𝑛

𝑑𝑡
+

ℎ𝑛 − ℎ𝑛−1

𝑑𝑡
) 2⁄  

 
(8) 

Here dt is the time period for the given change in altitude. The above 

equation is for the rate of change of height for all the data points except the 

first and the last. For the first data point ℎ̇ can be obtained as  

 
ℎ1̇ =

ℎ1 − ℎ2

𝑑𝑡
 

 
(9) 

And for the last data point  

 ℎ𝑛̇ =
ℎ𝑛−1 − ℎ𝑛

𝑑𝑡
 (10) 
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Flight Test Data Review with Respect to Equation Formulation 

 Following the development of the data reduction equations, a review 

of the data flight test data showed that after filtering to remove the noise 

from the data the data was rather smooth for a period of a second or more.  

Each flight test was analyzed for variation in the data.  A sample of the 

analysis is shown in Figure 16 below.  The mean and standard deviation 

were evaluated for KIAS Indicated Altitude, Left and Right Torques were 

examined and found to small deviations from the mean value during periods 

of interest where data samples were analyzed.  The Figure 16 below is a 

sample of the analysis and is typical of the results.  This allowed the 

equations to simply be reduced to the standard performance form of  

T – D = 0, or D = T.  This was the form of the equations used in the analysis. 

 

Figure 16. Review from data of flight test data for stability. 

 

 

MU203006 MU203007 MU203009 MU203010 MU203011 MU203012 MU203014 MU203015

KIAS 187 188 189 191 189 194 191 189

σ 1.7 2.2 1.3 0.7 0.5 0.9 2.7 0.7

H_IND (FT) 9194 9162 9158 9143 9158 9124 9129 10930

σ 6.3 12.0 11.0 8.0 8.4 5.7 7.2 7.9

TORQUE_L  (%) 49.6 50.1 50.4 50.6 53.9 54.4 54.6 51.0

σ 0.32           0.20 0.15 0.27 0.15 0.13 0.23 0.17

TORQUE_R (%) 50.4 50.0 49.8 50.2 53.8 53.8 54.8 50.5

σ 0.33 0.27 0.19 0.31 0.22 0.17 0.29 0.20

X

X

X

X
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True Air Speed (𝑽𝑻𝑨𝑺) 

The speed we have in the test results is the Indicated speed and that 

needs to be converted into True Air Speed (VTAS) and it can be done as 

follows, 

𝑉𝑇𝐴𝑆(𝑘𝑡) = 𝑉𝐾𝐼𝐴𝑆√
𝜌0

𝜌
 

 
∴ 𝑉𝑇𝐴𝑆 (𝑓𝑝𝑠) = 𝑉𝑇𝐴𝑆(𝑘𝑡) ∗ 1.687 

 
(11) 

 

Advance Ratio (J) 

The Advance Ratio is a nondimensional coefficient used for propeller 

charts in order to obtain the efficiency.  It is given by the following equation, 

 
𝐽 =

𝑉𝑇𝐴𝑆

𝑁𝐷
 

 
(12) 

 

Here N is the rotation per second of the engine propeller and D is the 

propeller diameter. 

Shaft Horsepower (SHP) 

 The Shaft Horse Power is given by the following equation, 
 

 
𝑆𝐻𝑃(ℎ𝑝) = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑝𝑚 ∗ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑡𝑜𝑟𝑞𝑢𝑒

∗ 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 
 

(13) 

Here we have percent rpm and percent torque in the test data and 

we know the rated power of the engine. 
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Coefficient of Power (Cp) 

          The Coefficient of Power, Cp, or the propeller is provided by 

the following equation, 

 

𝐶𝑝 =
𝑆𝐻𝑃 ∗ 550

𝜌 ∗ 𝑁3 ∗ 𝐷5
 

 

(14) 

Propeller Efficiency (𝜼𝒑) 

Propeller efficiency, 𝜂𝑝, of the engine can be obtained from the table 

of 𝜂𝑝 for the advanced ratio and coefficient of power for the given activity 

factor. 

Thrust (T) 

 
𝑇 =

𝜂𝑝 ∗ 𝑆𝐻𝑃 ∗ 550

𝑉𝑇𝐴𝑆
 

 

(15) 

So finally we can substitute all the obtained quantities to find the drag 

of the aircraft. And from the Drag we can determine the coefficient of drag. 

 𝐶𝑑 =
2𝐷

𝜌𝑉𝑇𝐴𝑆
2 𝑆

 (16) 

And finally from this 𝐶𝑑 we can get the increase in 𝐶𝑑 because of ice 

i.e., Δ𝐶𝑑 as follows 

 

𝐶𝑑 = 𝐶𝑑0 + 𝐾𝑖𝐶𝑙
2 + Δ𝐶𝑑 
 

∴ Δ𝐶𝑑 = 𝐶𝑑 − 𝐶𝑑0 − 𝐾𝑖𝐶𝑙
2 

 

(17) 

Here the values of 𝐶𝑑0 and 𝐾𝑖 for given test aircraft are 0.0315 and 

0.0516 respectively. And the value of 𝐶𝑙 can be obtained from equation 
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𝐶𝑙 =

2𝑊

𝜌𝑉𝑇𝐴𝑆
2 𝑆

 

 

(18) 

The sample calculation of this model is shown in Appendix A. 
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CHAPTER 7 CALIBRATION AND ERROR ANALYSIS 

Calibration Flight 

 Flight test points 1.1 and 1.2 were conducted as pilot familiarization 

flights and performance analysis.  Test point 1.1 was conducted at 15,000 

feet pressure altitude, zero-degree C outside air temperature, and a gross 

weight of 9895 lb.  A clean configuration (flaps and gear up) although the 

aircraft had been fitted with external video cameras and additional flight test 

instrumentation under the right wing.  Propeller RPM was set to 100% which 

is maximum cruise setting.  Test point 1.2 was a performance test with flaps 

at 20 degrees and a slightly lower gross weight of 9645 lbs. 

Test point 1.1  

 The aircraft was stabilized at 15,000 feet pressure altitude at an 

indicated airspeed of 230 KIAS.  Left and right torques were read and 

copied into a table.  The engine torques were reduced in steps and aircraft 

was stabilized and torque and airspeed noted.  This process was continued 

for several steps until the airspeed was at 145 KIAS.  At this point the engine 

torques were reduced to 29% and the aircraft allowed to slow to stall. 
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Test Point 1.2 

 The test procedure followed the same method as discussed in Test 

Point 1.1 except the aircraft flaps were deployed to 20 degrees.  As the 

aircraft has a flight limitation to under 155 KIAS with flaps at 20, the initial 

airspeed was decreased and stabilized to 150 KIAS.  The test proceeded 

as before, noting engine torque and airspeed, reduce torque and stabilize 

airspeed in small increments until stall. 

 Flaps down data provides little useful information and was not 

considered in this analysis. 

Calibration Results Test 1.1 

 The data from Test Point 1.1 were compared to a full three-degree of 

freedom dynamic model.  The computer model’s initial conditions were set 

to the weight, CG, pressure altitude, outside air temperature, and indicated 

airspeed for each data point taken for test point 1.1.  The results of from the 

computer model was compared to the flight test model (Figure 17).  There 

is very good agreement between the flight test and computer model 

particularly in the speed range that the tests were conducted, i.e., between 

170 and 200 KIAS, with a majority of the flight tests conducted about 190 

KIAS. 
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Figure 17. Comparison of flight test data with three  

degree of freedom model. 
 

 Another comparison between the flight test and the computer model 

was to follow the procedure used to analyze the flight test data to determine 

the coefficient of drag and compare it with the computer model drag polar.  

As the weight of the aircraft is known, the lift and thus the coefficient of lift 

may be directly determined and the drag polars plotted and compared.  As 

the aircraft has power effects and high angles of attack effects, a drag polar 

in the form of 2

1OD D L i LC C K C K C    was chosen as the form to compare.  
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The results are shown in Figure 18.  The variation is not unexpected as the 

test aircraft has additional equipment installed externally which may 

account for some variation.  That said, the variation in the drag profile was 

about 1.5% to 5.5% as the aircraft approaches stall and large coefficient of 

lift.  The flight tests were conducted for coefficients of lift between 0.40 and 

0.55 with a majority near 0.45. 

 

 
Figure 18. Comparison the drag profiles of the flight test with 

 respect to the three degree of freedom model. 
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 The technique used to calculate the drag from the flight test torque 

provides a reasonable result.  It is known that instrument system on the 

flight test aircraft has about 2% plus or minus 0.5% error. 

Finally, the torques as read by the flight test pilots for a given 

stabilized flight condition was compared to the computer model.  During this 

test, the data acquisition system was not active and the pilot simply provided 

the left and right torques along with the indicated aircraft speed.  Figure 19 

shows the comparison between the model and the flight text data.  The 

difference in the torque data ends up as a difference in the drag between 

the flight test and computer model as detailed in Figures 17 and 18. 

 

Figure 19.  Torque variation between flight test aircraft and model data. 
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Examination of Test Point 2A, Run 006. 

File MU20032A006 was examined and using an approach simplified 

by assuming the test aircraft attempted and maintained level flight such that 

the Thrust equaled to drag and the Lift equaled Weight, the fundamental 

performance equation.  The data file was smoothed using a 10-point 

averaging technique.  Figure 20 shows the smoothing of the airspeed data 

from the data file. 

 Finally, the drag was calculated from the flight test data using the 

simplified performance model, again assuming that the test aircraft 

maintained a straight and level (steady-state) flight condition.  The computer 

model’s drag polar of the flight test aircraft was used to calculate the drag 

coefficient and compared to the flight test aircraft coefficient of drag based 

on the measured flight test torques.  Although the flight test aircraft was 

flying in very light icing test, most of the ice had sublimated due to the bright 

sunlight in which the aircraft were flying.  This is only important in noting that 

the drag due to icing for this case should be low and Figure 21 shows the 

result. 

 The result of this example shows the coefficient of drag calculated 

using the flight test aircraft and model data practically overlap one another 

with nearly zero difference, an average of -0.0001 with a standard deviation 
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of 0.0006.  This works out to be a variation of about 1.3 percent in coefficient 

of drag. 

 

 

Figure 20. Ten-point averaging of the indicated airspeed. 
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Figure 21. Comparison of drag coefficient between model drag  
profile and torque derived drag profile. 
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CHAPTER 7 RESULTS 

The flight tests were carried out at different altitudes and flight speed 

with different values of MVD and LWC.  The test points executed are shown 

in Figure 6a and 6b.  The data files associated with the test points are 

provided in Table 3.  Flaps 20 data was not evaluated in this analysis. 

Analysis of a Data File without a Boot Activation Shown in Data 

Velocity Variation 

Flight test condition 4A, Run 014, as shown in Table 3, is used to 

demonstrate the analysis process in determining the coefficient of drag of 

the aircraft.  It this case the test aircraft entered the icing cloud, accumulates 

a specific level of ice on the horizontal stabilizer.  Once the level of icing had 

been achieved the test aircraft left the airstream, stabilized its flight 

condition and activated the anti-icing system – a pneumatic boot system on 

the main wings, horizontal and vertical stabilizers.  Although the data 

acquisition system was operating throughout the flight, File MU20044A014A 

only contains 43.9 seconds of data which began after the pneumatic boot 

had been activated. 
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The raw data (non-processed data) from the file was passed through the 

non-phase shifting, fifth-order Butterworth filter to reduce data noise while 

maintaining proper phase between the various variables in the data file.  As 

an example, Figure 22 shows the variation of the air speed with time with 

the blue line being the indicated airspeed prior to filtering and the orange 

line being the filtered indicated airspeed.  Note that the two curves are 

overlapping with minimum phase difference.  The data in the file are taken 

after the desired ice accumulation is achieved. 

 

Figure 22. Filtered indicated airspeed compared to base airspeed with 
respect variation with respect to time.  

 

Percent Torque 

Figure 23 compares the post ice accumulation flight test aircraft 

engine torque to a theoretical clean aircraft torque for the same flight 

condition.  The theoretical aircraft model was calibrated against the flight 

test aircraft as described in Chapter 7.  We can see in Figure 21 that there 

is almost little variation (less than 0.3%) in the torque throughout the data 
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period.  This variation is within the measurement error of the instrumentation 

system.  

 

Figure 23. Percent torque variation with time due to icing 

. 
 

Percent RPM of Left Engine 

Figure 24 shows that the RPM maintains a 100 percent value as it 

should.  The variation is within measurement error.  

 
Figure 24. Percent RPM variation of left engine. 

 

 

Coefficient of Drag 

The coefficients of drag for the “iced” flight test aircraft and the 

baseline “non-iced” model were determined using the process developed in 

Chapter 6.  Figure 25 shows the flight test airspeed as a function of time.  

This airspeed was used along with the other flight conditions to determine 
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the coefficient of drag for the flight test vehicle and for the base line clean 

aircraft model.  The coefficient of drag for both are plotted together so the 

iced-aircraft’s coefficient of drag could be compared to the clean aircraft 

model. 

A comparison of the coefficient of drags in Figure 25 shows that the 

flight test aircraft had an increased drag coefficient of about 0.009-0.01 

above the clean aircraft model.  This is about 21.6% increase due to ice 

accumulation on the flight test vehicle. 

 
Figure 25. Coefficient of drag variation with time due to icing. 

 

 

Analysis of a Data Fill with a Boot Actuation 

Velocity Variation 

The flight test condition is shown in TABLE 4 file name 

MU20067B015A.  The test aircraft was flying at 157 KIAS at a pressure 
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altitude of 10535 ft. in a clean configuration.  The icing cloud had an average 

liquid water content of 0.56 g/m3 with a median volumetric diameter of 55 

microns.  The temperature was -4 C. 

The Figure 26 shows the variation of the air speed with time.  Prior 

to boot activation, the test aircraft flew in station keeping mode in order to 

maintain the cloud stream down the left side of the aircraft in order to 

accumulate ice to a prescribed height. Once the ice had been accumulated 

the test aircraft exited the cloud stream and stabilized the flight condition to 

the prescribed airspeed for the test.  Then the pilot activates the pneumatic 

boot and the ice is shed from the flight surface.  Residual ice may remain 

on the aircraft behind the boots or on non-protected surfaces.  Without 

changing the engine torque the aircraft performance is evaluated for change 

in airspeed and trim.  For this case after the boot was actuated, the airspeed 

increases suggesting that the drag due to ice accumulation was significant.  

Although the pilot does not apply additional torque, the torque will increase 

as airspeed increases. 
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Figure 26. Air speed variation with time. 
 

 

Percent Torque of Engines 

We can see in Figure 27 that there is almost no change (max 1%) in 

the torque throughout the flight. The rise in the end is the manual command 

by the pilot. 

 
Figure 27. Torque variation with time 

 

 
 

Coefficient of Drag 

Figure 28 compares the coefficient of drag calculated from the flight 

test data to that of the baseline model.  The comparison shows a period 

prior to boot activation where the flight test aircraft drag is increasing when 

compared to the “clean” aircraft model.  The flight test aircraft is in the icing 
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cloud and accumulating ice on its control surfaces and airframe and drag is 

increasing.  Once the test aircraft pneumatic boots are activated and ice is 

shed, drag decrease and the airspeed increases without pilot intervention 

to increase airspeed.  The red line is for the clean aircraft so we can also 

see the increase in coefficient drag because of icing. 

 

Figure 28. Variation and comparison of Coefficient of Drag. 
 
 

 If we calculate the coefficient of drag for both cases, then we get 

overall about 17.72% increase in coefficient of drag and ultimately drag.   

Results of Analysis for All Clean Configurations 

Out of 33 test files following Table 4 shows the important file showing 

the increase in drag. And from this table we can see that the max increase 

in drag is 22.9% and with the average of 6.6% increase. From this we can 

imagine that the 2/3rd part of tail plane icing on just left side can cause such 
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high increase in drag then the icing of both side can cause severe drag 

increase. And all the graph of variation of coefficient of drag of all the files 

are shown and compared in figures of Appendix. 

 
 Plotting the graph of percent increase in drag versus the Liquid water 

content and Mean Volumetric Diameter respectively we get the results as 

shown in Figures 29 and 30.  Here different coloured dots belong to different 

flight conditions. 
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TABLE 4 MAXIMUM DIFFERENCE BETWEEN CALCULATED 
FLIGHT TEST DRAG COEFFICIENT AND THE BASELINE MODEL. 

 

 

*Negative drag is a result of using the aircraft model as a baseline and is a reflection of 
the differences torque and drag profiles as noted above. 
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Figure 29.  Percent increase in drag v/s Liquid Water Content. 

 

 
Figure 30. Percent increase in drag v/s Mean Volumetric Diameter. 
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CHAPTER 8 
 

CONCLUSION 
 

 The data reduction of the aircraft flight test data showed that certain 

icing conditions could significantly increase the drag on the aircraft.  As only 

the left-side of the aircraft was involved in the icing cloud during the ice 

accretion event it would appear that full evolvement of the aircraft would 

more than double the drag encountered. 

 The method chosen to review and compare the flight test data 

provided adequate information to estimate drag increase when an aircraft 

is properly instrumented and a baseline determined and set based on a 

flight test calibration test and a computer model of the aircraft. 

 For this particular flight test, there are a few specific results of note 

and should be considered when discussing the analytic results. 

 There is almost no increase in the coefficient of drag for smaller 

values of the Liquid Water Content and smaller values of Median 

Volumetric Diameter. 

 There is a significant increase in the coefficient of drag the higher 

values of the Liquid Water Content and higher values of the Median 

Volumetric Diameter. For our case we get higher Coefficient of drag 

from the Liquid Water Content of 0.41 gm/m3 and from the Median 

Volumetric Diameter of 34 μm of the water droplet. 
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 Only a portion of the left-side of the test aircraft was in the icing cloud 

and was only about 1/3rd of the total aircraft surface area results in 

about 13.5% increase in drag and so the effect will be severe in case 

of icing on both side. 

 Issues with the flight test was the lack of cloud cover to shield the 

aircraft as it would be in icing encounters.  The sun was bright and 

shown on the black, pneumatic boot adding a radiance transfer that 

may speculatively account for some of the self-shedding that 

occurred during testing.  In addition, a pre- and post- test flight 

calibration would have provided better test aircraft calibration data 

especially for the 2000 to 3000 pound changes in weight that 

occurred on each day’s flight test. 
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CHAPTER 9 

FUTURE WORK 

This work allowed the estimation of drag from a flight test.  These 

types of studies are very expensive and allow only a limited set of data to 

be taken during a testing period.  In addition, the types of facilities available 

for these tests are difficult to find due to the reduction in available equipment 

as government agencies retire or reduce equipment.   

In order to move to the next step, it is suggested that computer codes 

that have been developed to specifically study airframe icing be employed 

to first recreate this flight test to compare the results of this work with a 

model.  Secondly, to expand the study to include the full model of the test 

aircraft to examine the effect of the icing levels in this work to the change in 

not only drag, but lift and pitching moment.  Of particular interest is a 

computer code developed by Dr, Wagni Habashi and his team at 

Newmerical Technologies International.  Recently, ANSYS acquired the 

rights to FENSAP-ICE.  Information may be found at the references below. 

 

 http://www.ansys.com/Products/Fluids/ANSYS-FENSAP-ICE 

 http://www.ansys.com/Products/Fluids/Simulating-Aircraft-Icing 

 
 
 

http://www.ansys.com/Products/Fluids/ANSYS-FENSAP-ICE
http://www.ansys.com/Products/Fluids/Simulating-Aircraft-Icing
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APPINDIX 
 

SAMPLE CALCULATIONS 
 

The calculation of all the above quantities for one of my case is as 

follows 

ℎ1 =
10538.203 − 10538.104

0.1
= 0.9949 

𝑈̇ = 0.079711 

𝑊 = 10225 𝑙𝑏 

𝑔 = 32.17 𝑓𝑡 𝑠𝑒𝑐2⁄  

𝑚 =
𝑊

𝑔
= 317.82 𝑙𝑏 

𝑉𝐾𝐼𝐴𝑆 = 157 𝑘𝑡𝑠 

𝑉𝑇𝐴𝑆 = 157 ∗ √
0.002377

0.0017
 = 186.205 = 314.13 𝑓𝑝𝑠 

𝑁 = 1.0038 ∗
1591

60
= 26.62 𝑟𝑝𝑠 

𝐷 = 8.1667 𝑓𝑡 

For left engine 

𝐽𝐿 =
𝑉𝑇𝐴𝑆

𝑁𝐷
=

314.127

26.62 ∗ 8.1667
= 1.445 

𝑆𝐻𝑃𝐿 = 1.0038 ∗ 0.47843 ∗ 715 = 343.3773 ℎ𝑝 

𝐶𝑝𝐿 =
343.3773 ∗ 550

0.0017 ∗ 26.623 ∗ 8.16675
= 0.163 
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The Activity factor of our test plane propeller is 123 and for the 

obtained value of J and 𝐶𝑝 from the table the propeller efficiency (𝜂𝑝) is 

84.7%. 

Now Thrust 

𝑇𝐿 =
0.847 ∗ 343.3773 ∗ 550

314.1274
= 509.23 𝑙𝑏 

Similarly, for right engine 

𝐽𝑅 =
𝑉𝑇𝐴𝑆

𝑁𝐷
=

314.127

26.62 ∗ 8.1667
= 1.448 

𝑆𝐻𝑃𝑅 = 1.0038 ∗ 0.4703 ∗ 715 = 336.697 ℎ𝑝 

𝐶𝑝𝑅 =
343.3773 ∗ 550

0.0017 ∗ 26.623 ∗ 8.16675
= 0.161 

The value of propeller efficiency is almost same i.e. 84.7% 

𝑇𝑅 =
0.847 ∗ 336.697 ∗ 550

314.1274
= 499.32 𝑙𝑏 

Now Drag 

𝐷 = 1118.2 𝑙𝑏 

𝐶𝑑 = 0.0749 

𝐶𝑑,𝐶𝑙𝑒𝑎𝑛 𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 = 0.0558 

Δ𝐶𝑑 = 0.0191 

This entire calculation is coded in MATLAB® for all the cases. 
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