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ABSTRACT 

 

  Recorded flight data from two EC-130Q and two L-382G aircraft have been analyzed to 

perform operational airframe usage assessment and flight loads analysis. These aircraft were flown 

in support of USFS aerial firefighting missions during 2016 through 2019 for a total of 1,354 

flights, which accounted for approximately 882 hours of flight time. For analysis, flights were 

divided into two types; firefighting and ferry/maintenance flights. Firefighting flights were also 

further separated into five different phases.  

Usage information was found for complete flights between takeoffs and landings.  Aircraft 

statistical usage information regarding maximum altitude, maximum indicated airspeed, flaps 

usage, and vertical load factors is presented and compared between the two types of flights. It is 

shown that the aircraft were largely flown within the operational limits. 

Load factors exceedances spectra of gust and maneuver loads were developed and are 

presented for overall flights as well as for each firefighting flight phase. It is shown that the drop 

phase had the highest number of occurrences of both gust and maneuver loads.  Comparisons were 

also made with results in the current literature. 

Derived gust velocities were compared with results in the current literature for similar 

airframes.  The results showed that the firefighting flights occurred in an atmosphere with higher 

and more frequent gust velocities than that of the ferry/maintenance.  

Results of this study are expected to help aircraft operators determine how the current 

operational usage and flight loads differ from those for which the aircraft was originally designed.  

Once the differences are known, inspection and maintenance programs can then be adjusted 

accordingly.  
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CHAPTER 1 

INTRODUCTION 

The United States Forest Service (USFS) uses aerial support to assist in fire suppression, 

prevention and management. An average of 80,000 flight hours are logged annually for firefighting 

missions by the US Forest Service aviation program [1]. USFS uses various types of aircraft to 

manage wildfires including helicopters, scoopers, single-engine airtankers (SEATs), large 

airtankers (LATs), and very large airtankers (VLATs). These aircraft play an important role in 

managing wildfires especially in terrains that are difficult to reach for ground based operations.  

Among the USFS LATs are two variants of the C-130 aircraft, the EC-130Q [2], which is 

the Navy’s version of the aircraft, and the L-382G [3]. The L-382G is the commercial variant of 

the military C-130 Super Hercules aircraft. As it is based on the same platform, the L-382G can 

also operate from short, unprepared airfields without ground support equipment, offer rapid on-

load/off-load capabilities, and fly in all-weather conditions like its military counterpart [4].  This 

is important because the response time to a fire affects the success of the attack [5].  In addition, 

high maneuverability of the aircraft is important to deliver the retardant effectively over the fire 

zone [6]. 

In response to two airtanker accidents in 2002, the National Transportation Safety Board 

(NTSB) recommended that USFS ensure an appropriate maintenance and inspection program and 

monitor factors that affect the fatigue life of the aircraft used in USFS missions [7].  As a result, 

all airplanes on contract with USFS are required to have Digital Flight Data Recorders (DFDRs) 

in order to collect information specified by USFS.  Of particular interest are the operational loads 
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experienced by the fleet [1]. This is especially true for the retardant drop, which is normally 

conducted at 150 feet AGL [6] and results in large gust and maneuver load factors. 

In this research, recorded flight data from four C-130 airtankers was used to conduct 

airframe usage and operational flight loads analysis. The aircraft were modified for firefighting 

missions and were equipped with the Retardant Aerial Delivery System (RADS) which holds up 

to 4,000 gallons of retardant and has a flow rate of up to 1,600 gallons per second [8].  

Results for the statistical usage of the four airframes are presented for overall flights 

(ground-air-ground cycles) as well as for different phases of the firefighting flights. Firefighting 

flights are also compared with ferry/maintenance flights to determine the difference in usage. 

Flight loads were first separated into those due to maneuvering and those due to gust/atmospheric 

conditions. Both gust and maneuver loads were considered important in analyzing firefighting 

missions due to the very low Above Ground Level (AGL) altitudes and extensive maneuvering 

required for retardant drops. Results from loads analysis are presented in the form of exceedance 

spectra and comparisons have been made with other USFS aircraft as well as with civilian 

operations.  

The method of analysis is detailed in Chapter 2 of this document, along with the data files 

structure, and data reduction criteria used for this study. Aircraft statistical usage information, 

including results from overall flights as well as individual phases, are presented in section 3.1. The 

results from aircraft loads data, including gust and maneuver load factors and the derived gust 

velocities are shown in sections 3.2 and 3.3. The conclusion is presented in Chapter 4. 
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CHAPTER 2 

METHOD OF ANALYSIS 

2.1 Aircraft Information 

The four aircraft analyzed in this study are referred to as aircraft 1 through 4 in this 

document. These aircraft were modified and converted to airtankers with the installation of a 

4,000- gallon internal tank to carry retardant for firefighting missions. A planform view of the EC-

130Q aircraft is shown in Figure 1 [9], while basic information about the aircraft geometry and 

operating limits is presented in Table 1 [2] [10].    

 

 

Figure 1. Lockheed EC-130Q Aircraft [9]. 
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TABLE 1 

AIRCRAFT INFORMATION 

Parameter Value 

Wing Span 132.6 ft 

Wing Area 1744.6 ft2 

Mean Aerodynamic Chord 13.64 ft 

Total Length (EC-130Q) 97.75 ft 

Total Length (L-382G) 112.75 ft 

Maximum Takeoff Weight 155,000 lb 

Max Landing Weight (EC-130Q) 155,000 lb 

Max Landing Weight (L-382G) 135,000 lb 

Maximum Retardant Quantity 4,000 gal 

Maximum Operating Altitude 29,000 ft 

Maximum Speed in Level Flight at Sea 

Level with Maximum Continuous Power, 

VH (EC-130Q) 

269 Knots 

Load Factor Limit (Flaps Retracted) -1.0 / +2.5 g 

Load Factor Limit (Flaps Extended) 0.0 / +2.0 g 
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2.2 Data processing 

Files from aircraft’s DFDRs were retrieved from the online central library for all four 

aircraft for processing. The information was recorded in a 32-Hz format and a total of 1,702 files 

were used in the analysis. Breakdown of files that were available for each aircraft per year is shown 

in Table 2.  

TABLE 2 

NUMBER OF FILES PROCESSED FOR EACH AIRCRAFT 

A/C Type A/C No. 2016 2017 2018 2019 Total 

EC-130Q 1 435 343 304 81 1,163 

L-382G 2 0 157 1 0 158 

L-382G 3 0 301 1 0 302 

EC-130Q 4 0 0 2 77 79 

Total  435 801 308 158 1,702 

 

It was noted that the files had slightly different format and parameters from each other and 

the data needed to be pre-processed into a standard format for consistency, which is presented in 

Table 3. All files were converted to the standard format with consistent parameters and units. 
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TABLE 3 

STANDARD FILE FORMAT FOR ANALYSIS AND POST-PROCESSING 

# Parameter Unit # Parameter Unit 

1 line number # 18 pitot pressure psf 

2 time sec 19 static pressure psf 

3 latitude deg 20 outside air temperature F 

4 longitude deg 21 cabin pressure differential psi 

5 heading deg 22 indicated airspeed kts 

6 elevation ft 23 equivalent airspeed kts 

7 pressure altitude ft 24 true airspeed kts 

8 ground speed (GPS) kts 25 weight on wheels 0/1 

9 vertical speed fpm 26 flap position deg 

10 longitudinal acceleration g 27 speed brake deg 

11 lateral acceleration g 28 bay door 0/1 

12 normal acceleration g 29 fuel quantity lb 

13 pitch deg 30 retardant quantity lb 

14 pitch rate deg/s 31 Instantaneous weight lb 

15 roll deg 32 cg acceleration g 

16 roll rate deg/s 33 ground elevation ft 

17 yaw rate deg/s    

 

 

2.2.1 Retardant Quantity Unit 

In total, 449 files had the retardant recorded in gallons while the remaining files had it in 

pounds. The files with units in gallons were pre-processed to convert the retardant quantity to 

weight in order to be consistent with the standard format. The weight conversion used was 9 

pounds per gallon. 
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2.2.2 Weight-on-Wheels (WOW) Processing 

Weight-on-wheels was an important data signal in determining the takeoffs and landings, 

and separating the ground phases from the flight phases. For this project, USFS and FAA were 

only interested in the flight loads.  The weight-on-wheels signal was recorded in the files as a 

discrete channel, with 0 representing the aircraft being on ground and 1 being in air. After initial 

processing of the files, several very short flights were found. Upon further examination of the data, 

it was determined that these were either anomalies in the WOW signal or hops during landing. 

Landing hops were identified as any WOW signal switch shorter than three seconds. The WOW 

data channel was thus processed before further analysis to eliminate such data. 

The data was first filtered by scanning the first and last five seconds of the file and if the 

signal switched twice in that time, the aircraft was considered to be on ground and the signal was 

switched to 0. Next, the rest of the data was scanned and if the WOW signal switched between 0 

and 1 at any time for less than three seconds, the aircraft was considered to be in air and the signal 

was switched to 1. A comparison of original and filtered WOW data, from the portion of one flight, 

is presented in Figure 2. Short WOW signal switches, identified as two landing hops, were 

observed clearly at around 2,291 seconds, before the actual landing. These were effectively 

removed in filtering. 
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a) Original 

 

b) Filtered 

Figure 2. Comparison of Original and Filtered WOW Data. 
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2.2.3 Flight Rejection Criteria 

 In order to maintain data quality, and to ensure that derived parameters were calculated 

correctly, the following criteria was incorporated in the analysis code to effectively exclude flights 

with potentially erroneous data. 

a.  Incomplete Flights 

The filtered WOW signal was used to determine if the flight was complete or incomplete. 

If one or both of the ground phases were missing (i.e. if the file started or ended when the aircraft 

was in the air), the flight was marked as incomplete. In total, 311 flights were flagged as 

incomplete.  Only complete flights were included in the results presented in this document. 

b.  Unknown Spikes in the Data 

Key flight parameters were scanned for possible spikes in the data. Flights were rejected if 

a data spike(s) was encountered in one or more of the following parameters; GPS Altitude, pressure 

altitude, dynamic pressure, static pressure, outside air temperature, indicated airspeed, equivalent 

airspeed, and true airspeed. In total, 22 complete flights and 303 incomplete flights triggered this 

flag. 

c.  Discrepancy in True Airspeed 

Flights were also rejected if the absolute difference between recorded GPS speed and true 

airspeed was greater than 50 knots.  In total, 30 complete and incomplete flights triggered this flag 

and were excluded from analysis. 

Many of the flights flagged using the above criteria were common among the three 

categories. Breakdown of all rejected flights for each aircraft per year is given in Table 4. 
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TABLE 4 

NUMBER OF EXCLUDED FLIGHTS PER AIRCRAFT/YEAR 

 Number of Excluded Flights 

Aircraft 2016 2017 2018 2019 Total 

1 12 23 4 11 50 

2 0 99 1 0 100 

3 0 187 1 0 188 

4 0 0 0 19 19 

Total 12 309 6 30 357 

 

2.2.4 Bay Door Signal Processing 

Bay door signal was another important parameter because it indicated when retardant was 

leaving the airplane.  Because these parts of the flight were specific to USFS operations, they were 

of particular interest for this project.  Therefore, it was important that the bay door signal was 

accurate, and it was examined and processed before any further analysis.  

If the discrete bay door channel signaled that it was opened for less than one second at any 

time during the flight, it was considered a spike in the data and was changed to ‘closed’ position. 

Similarly, if the bay door was opened for more than twenty seconds or the recorded GPS speed 

was less than the takeoff speed, it was changed to ‘closed’. This was done to filter out false drops 

due to any erroneous data. 

2.2.5 Instantaneous Weight Estimation 

After examining all the files, it was found that all aircraft had the correct retardant quantity 

signals but only aircraft 2 and 3 had the fuel quantity and gross weight channels. However, the 

instantaneous weight of the aircraft was needed for calculating the derived gust velocities. 

Therefore, instantaneous weight was estimated using other available parameters such as retardant 
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and fuel quantities. In order to estimate the weight, the average takeoff weight and fuel burn rate 

(FBR) were determined first.   

Files from aircraft 2 and 3 were further examined to determine if the retardant and fuel 

quantities were correctly accounted for, during the flight, in the recorded instantaneous weight. It 

was found that only aircraft 3 files correctly accounted for both the fuel and the retardant in the 

weight. Hence, only data from aircraft 3 was considered for determining the method for 

instantaneous weight estimation. 

Out of a total of 302 files of aircraft 3, 113 files were found to have the correct weight 

channels and the average takeoff value was calculated to be 135,000 lbs. All of these flights 

contained a retardant drop.  The average flight contained just under 4,000 gallons of retardant at 

takeoff, which was equivalent to 35,000 lbs.  Next, fuel quantity channels were examined to 

determine the average takeoff quantity and the fuel burn rate. The average takeoff fuel quantity 

was calculated to be 16,000 lb, but the contents of this channel were not consistent or smooth 

enough to calculate FBR from it. The fuel channel often had sudden jumps in the data, as shown 

in Figure 3. This yielded an incorrect estimate of FBR and even a positive rate in some cases. 

Moreover, a relationship between the instantaneous weight and recorded fuel quantity could not 

be established as the former did not seem to be affected by the sudden jumps in the latter. 

Therefore, an alternate method of estimating FBR had to be devised. 
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Figure 3. Aircraft 3 Typical Gross Weight, Retardant, and Fuel Quantity Channels. 

 

2.2.5.1 Fuel Burn Rate Estimation 

To estimate a reliable FBR value, the recorded takeoff (TO) and touchdown (TD) values 

for weight and retardant were first determined along with total flight time. Then the estimated 

weight at touchdown was calculated with equation (1), using different FBR values. These values 

were estimated by calculating the slope of the fuel data, plotted against time, from several different 

files. 

 

 

WEstimated =  WTO 
− (RetardantTO −  RetardantTD)

− (FBREstimated  ×   TimeElapsed) 

(1) 

 

            For each of the 113 files, estimated weight at touchdown was calculated with FBR values 

of 1.25 to 1.5 lb/s., with increments of 0.05 lb/s. The estimate value of FBR was considered 
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acceptable if the calculated landing weight was within 10% of that recorded at touchdown. An 

FBR of 1.5 lb/s yielded the results that were closest to the recorded data.  

            Next, the empty weight of the aircraft was calculated by subtracting the average takeoff 

retardant and fuel quantities from the takeoff weight. The average empty weight of the aircraft was 

calculated to be 84,000 lb.  

TABLE 5 

SUMMARY OF DATA USED FOR AIRCRAFT WEIGHT ESTIMATION 

Parameter Value 

Average Takeoff  Weight 135,000 lb 

Average Takeoff Retardant Quantity 35,000 lb 

Average Takeoff Fuel Quantity 16,000 lb 

Estimated Fuel Burn Rate 1.5 lb/s 

Estimated Aircraft Empty Weight 135,000 – (35,000+16,000) = 84,000 lb 

 

            Finally, using the recorded retardant weight, the values in the instantaneous weight channel 

were estimated for rest of the files using equation (2), where, ‘i’ is the line number in the file. This 

methodology for estimating the instantaneous weight of the aircraft was checked manually with 

the files in which the recorded weight was available. The estimated weights were found to be 

reliable and sufficiently accurate to be used for calculating the derived gust velocities.  

 

 

InstantaneousWeight(𝑖)

=  84000 +  Retardant(𝑖)  +  (16000 − (TimeElapsed ×   1.5)) 

(2) 
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2.3 Usage Data Analysis 

 After initial processing of the data and prior to any analysis, flights were simulated from 

some of the data files using a program in MATLAB developed for this purpose. This program was 

coupled with the FlightGear software. FlightGear is an open-source flight simulation software 

which, using various data channels, allowed for simulating flights along with terrain information 

obtained from latitude and longitude data. Animating the flights helped in visualization of flight 

patterns and proximity to the ground, and in examining the accuracy of key parameters such as 

aircraft altitude, roll, pitch, and heading. It was clear after visualizing several flights that the roll 

and pitch angle data were unreliable and were not used in subsequent analyses. Figure 4 shows a 

screenshot from FlightGear animation of one of the flights. 

   

 

Figure 4. Screenshot from FlightGear Animation of a Typical Firefighting Flight. 
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2.3.1 Treatment of Flaps Signal 

  Figure 5 shows the flaps signal from a typical firefighting flight. Although the overall flaps 

data was accurate and reliable, two issues were noted in the data that needed to be addressed before 

further processing. First, there were large spikes in the data at that moments when the flap motion 

began or ended, as shown in Figure 6.  These spikes could have led to misunderstanding the actual 

flap deflection.  Second, when the flaps were stationary, the signal tended to fluctuate about the 

mean position, as shown in the inset of Figure 6. During analysis, the flap signal was converted 

into detents, and the fluctuation was especially troublesome when it occurred at one of the detent 

limits.  A two-step data smoothing process was devised to eliminate the spikes and fluctuations in 

the flaps signal. The original data was first filtered and then forced into 10% increments to establish 

a more reliable and consistent data.  

 

 

Figure 5. Typical Flaps Signal, Original. 
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Figure 6. Spikes and Data Fluctuation in Flaps Signal. 

 

2.3.1.1 Exponentially Weighted Moving Average (EWMA) 

The original flaps signal was first filtered using the exponentially weighted moving average 

(EWMA) method. The EWMA is a data averaging method in which older data is given lower 

weight.  The weights decrease exponentially as the data point becomes older. 

Parameters used in calculating the EWMA are given in equation (3). Parameter N is the 

range of data used in averaging. For this analysis, 3 seconds of data, or N equals 96 lines, was used 

for averaging. The lower the value of N, the more closely the EWMA tracks the original time 

series.  

 

 𝐹𝑙𝑎𝑝𝑠 𝐹𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑖) = [(𝐶𝑉 − 𝑃𝑉) × (2 (𝑁 + 1)⁄ )] + 𝑃𝑉 (3) 
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Where, 

CV  =  Current flaps value 

PV  =  Previous flaps value 

N = Range (lines of data) 

Full retraction or extension of the flaps took between 10 and 13 seconds [9]. Examination 

of data showed that it took approximately 6 seconds for the flaps to retract or extend to 50%, as 

shown in Figure 7. Hence, averaging 3 seconds of data at a time worked well for eliminating the 

spikes at the beginning and the end of the flaps movement. 

 

 

Figure 7. Flaps Extension, 50%. 

 

The flaps were filtered by forward-backward averaging technique.  In this method, the data 

was first filtered forwards in time. The filtered array was then flipped backwards in time and 

filtered again [11]. Figure 8 shows the filtered flaps signal for a flight that contained five retardant 
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drops.  Figure 9 shows a comparison of the original and filtered data from a portion of the same 

flight shown in Figure 8.  It can be seen that combining EWMA with forward-backward filtering 

effectively removed the spikes from the data that were associated with flaps movement and 

smoothed the data enough to eliminate data fluctuations as well. However, it was noted that the 

data was over-smoothed in some cases and it took significantly longer for flaps to switch in filtered 

data than it did originally, as is evident by smooth corners of the filtered data in Figure 9.  

Examination of approximately fifteen files showed that the time difference between the original 

and filtered could be anywhere between 4 and 8 seconds. Therefore, further processing was 

required for a more accurate flaps signal. 

 

 

Figure 8. Flaps Signal, Filtered. 
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Figure 9. Comparison of Flaps Before and After Filtering. 

 

2.3.1.2 Forcing Flaps Into 10% Increments 

 After filtering the flaps data, it was forced to the closest 10% increment according to the 

method given in Table 6. Data that fell between 50% and 60% was changed to 55% and full 

extension of flaps was forced to 95% because these were the mean positions of half and full flaps 

in the original data respectively. 

 

 

 

 

 

 

 



20 

 

TABLE 6 

SCHEME FOR 10% FLAPS INCREMENT 

Filtered Flaps Position New Position 

≤ 5% 0% 

> 5% and ≤ 15% 10% 

> 15% and ≤ 25% 20% 

> 25% and ≤ 35% 30% 

> 35% and ≤ 45% 40% 

> 45% and ≤ 65% 55% 

> 65% and ≤ 75% 70% 

> 75% and ≤ 85% 80% 

> 85% 95% 

 

Figure 10 shows the filtered flaps data after being placed in 10% increments. One apparent 

consequence of this scheme was that small changes/movements of the flap deflections were 

flattened out as shown in Figure 11 for a short portion of the flight. This was not considered 

problematic since these small changes in deflections would not affect the associated flap 

limitations before and after flattening.  
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Figure 10. Flaps Signal, 10% Increments. 

 

 

Figure 11. Comparison Between Filtered and 10% Flaps. 
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Finally, the flap deflections were converted to detents and this data was used to extract flaps usage 

information. For the purpose of this analysis, flaps were divided into four detents which are 

described in Table 7. This was done after careful examination of firefighting flights and noticing 

that positions of interest were flaps retracted (UP), approximately 50% (Detent 3) used during 

takeoffs, and fully extended (Detent 4) used at landings and retardant drops. Detents 1 and 2 were 

identified as mostly transition phases.  Figure 12 shows the original flap signal from Figure 5, after 

it was filtered and converted to detents.  

TABLE 7 

DESCRIPTION OF FLAP DETENTS 

Flaps Position Detent Description 

≤ 10% UP 

> 10% and < 40% Detent 1 

≥ 40% and ≤ 50% Detent 2 

> 50% and ≤ 60% Detent 3 

> 60% Detent 4 
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Figure 12. Flaps Signal, Converted to Detents. 

 

2.3.2 Separation of Flight Types and Flight Phases 

After identifying the takeoffs and landings in each file based on the WOW signal, flights 

were first separated between firefighting and ferry/maintenance flights. If a flight had a retardant 

drop (identified by the switching of bay door signal) it was marked as a firefighting flight. All 

other flights with retardant quantity less than 10,000 lb at takeoff and no drop recorded were 

marked as ferry or maintenance flights. Any ferry or maintenance flights with more than 10,000 

lb of retardant were not included in the results presented here. 

Ferry and maintenance flights were distinguished by the distance between takeoff and 

subsequent landing. The distance was determined using the great circle distance (GCD) calculation 

method as described in Ref [12]. If the distance was greater than 20 miles, the flight was marked 

as ferry flight, otherwise it was marked as maintenance flight. For the purpose of comparison with 

firefighting operations in this study, ferry and maintenance flights are collectively referred to as 
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Ferry/Maint in this document.  This was due to the fact that there was very little time associated 

with these flights. 

Each firefighting flight was further divided into five different flight phases, for easy 

assessment of usage in each phase of the flight. Figure 13 shows the schematic representation of 

different phases and Table 8 details the identification criteria for each phase. The schematic in 

Figure 13 shows a case with a single drop during the flight.  If there were multiple drops, the entry, 

drop, and exit would be analyzed for each.  However, in multiple drop cases, the segments of flight 

between the end of each exit and the beginning of the next entry are omitted.   

 

 

Figure 13. Schematic Representation of Flight Phases. 

 

 

 

 

 

 



25 

 

TABLE 8 

IDENTIFICATION OF FIREFIGHTING FLIGHT PHASES 

Flight Phase Start Time Identification End Time Identification 

Cruise 1 One minute after takeoff Three minutes before the start of the first drop 

Entry 
Flaps lowered prior to start of the drop or three 

minutes before the opening of the tank door 
Opening of the bay door 

Drop Opening of the bay door Closing of the bay door plus 0.5 second 

Exit Closing of the bay door plus 0.5 second 
Two flap movements after the end of the drop 

or ninety seconds after the end of the drop 

Cruise 2 Three minutes after the end of the last drop One minute before landing 
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2.4 Flight Loads Data Analysis 

2.4.1 Counting Loads 

The method of peak-between-means, as detailed in Ref. [13], was used to count the number 

of occurrences of the vertical accelerations (nz) and derived gust velocities (Ude). Using this 

method, the highest or lowest value between two consecutive crossings of the mean was considered 

a peak or a valley, respectively. A dead band of +/- 0.05 g was defined for nz and +/- 2.0 ft/s for 

Ude, to filter out the insignificant variations near zero. 

2.4.2 Gust and Maneuver Loads Separation 

The incremental normal accelerations at the center of gravity of the aircraft may be due to 

either maneuvers or gusts and it is imperative to separate the two. In order to effectively separate 

maneuver-induced accelerations from the gust loads, the two-second method was used. This 

criterion for separating loads, as detailed in Ref. [14], suggests that load factors lasting longer than 

two seconds are classified as maneuver-induced while those shorter than two seconds be counted 

as gust loads.   

The cumulative incremental load factor occurrences were calculated for each phase of the 

firefighting flights as well as for ferry/maintenance flights, and were also separated into eight 

different altitude bands. The pressure altitude bands used for analysis are shown in Table 9. All 

analysis was conducted using mean sea level (MSL) altitudes. 
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TABLE 9 

ALTITUDE BANDS 

Bands MSL Altitude (ft) 

1 < 500 

2 501 –– 1,500 

3 1,501 –– 4,500 

4 4,501 –– 9,500 

5 9,501 –– 14,500 

6 14,501 –– 19,500 

7 19,501 –– 24,500 

8 > 24,500 

 

2.4.3 Derived Gust Velocities 

Derived gust velocities (Ude) were calculated using equation 4. In this equation nz is the 

incremental vertical acceleration and 𝐶̅ is the aircraft gust response factor, which was calculated 

using equation 5. 

 

 𝑈𝑑𝑒 =
∆𝑛𝑍

𝐶̅
 (4) 

  

 𝐶̅ =  
𝜌𝑂𝑉𝑒𝐶𝐿𝛼

𝑆

2𝑊
𝐾𝑔 (5) 

  

The aircraft lift curve slope, CLα, was calculated from equation (6), and the wing and 

horizontal tail lift curve slopes were determined from equations (7) and (8) respectively. Also 

required were the gust alleviation factor, Kg from equation (9), the reduced mass, µ from equation 

(10), and the downwash on the tail due to the wing, ∂ϵ/∂α from equation (11).  The list of aircraft 
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geometric information and other parameters used in calculating the derived gust velocities is given 

in Table 10.  

  

 𝐶𝐿𝛼
=  𝐶𝐿𝛼,𝑊

+ 𝐶𝐿𝛼,𝑇
∙  

𝑆𝑇

𝑆𝑊
 ∙  (1 −  

𝜕𝜖

𝜕𝛼
) (6) 

 

 𝐶𝐿𝛼,𝑊
=  

2𝜋𝐴𝑅𝑊

2 + √(𝐴𝑅𝑊 × 𝛽)2 + 4
 (7) 

 

 𝐶𝐿𝛼,𝑇
=  

2𝜋𝐴𝑅𝑇

2 + √(𝐴𝑅𝑇 × 𝛽)2 + 4
 

(8) 

 

 𝐾𝑔 =  
0.88µ

5.3 + µ
 

(9) 

 

 µ =  
2𝑊

𝜌𝑔𝑐̅𝐶𝐿𝛼
𝑆𝑊

 
(10) 

 

 
𝜕𝜖

𝜕𝛼
=  

0.349 ∙  𝐶𝐿𝛼,𝑊

𝜆0.3  ∙  𝐴𝑅𝑊
0.725  ∙  (

3𝑐̅

𝑙�́�

)

0.25

 (11) 
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TABLE 10 

PARAMETERS DESCRIPTION AND VALUES 

Parameter Description Value 

g Acceleration due to gravity 32.20 ft/s2 

𝑐̅ Wing mean chord length 13.64 ft 

SW Wing reference area 1744.60 ft2 

ST Tail reference area 381.00 ft2 

ARW Wing aspect ratio 10.09 

ART Horizontal tail aspect ratio 7.27 

λW Wing taper ratio 0.52 

λT Horizontal tail taper ratio 0.374 

lt’ Distance between wing and tail 43.60 ft 

W Aircraft instantaneous weight equation (2) 

𝜌𝑂 Air density at sea level 0.002377 slugs/ft3 

  



30 

 

CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Aircraft Usage Results 

 Aircraft statistical usage results are presented in this section. Results are divided into four 

subsections. Overall usage information is presented in 3.1.1, results from each flight phase are 

presented in 3.1.2, flaps usage results are given in 3.1.3, and the V-n plots for each phase and flaps 

limitation are shown in 3.1.4. Comparisons between firefighting and ferry/maintenance flights are 

also presented. 

3.1.1 Overall Usage 

 Overall flight was defined as the complete airborne phase from takeoff to landing. Total 

number of flights and the total duration and distance flown for each flight type is summarized in 

Table 11. In total, 1,354 flights were analyzed, which represented 195,365.6 nautical miles and 

882.49 hours of flight data. More than 90% of the flights contained retardant drops.  The distance 

for firefighting flights was 167,580 nautical miles and was more than that of ferry and maintenance 

combined. Breakdown of flights, duration, and distance for each aircraft is also given in Table 12. 

The majority of the flights analyzed were from aircraft 1 (EC-130Q). 

 The longest firefighting flight was just over 3 hours long, had one retardant drop, and had 

a distance of 900 nautical miles. The longest ferry/maintenance flight was approximately 3.5 hours 

long and its total distance was 1,018 nautical miles. 
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TABLE 11 

TOTAL NUMBER OF FLIGHTS, DURATION, AND DISTANCE (FLIGHT TYPE) 

Flight Type Flights 
Total Duration 

(Hours) 

Avg. Duration 

(Minutes) 

Total Distance 

(Nautical Miles) 

Avg. Distance 

(Nautical Miles) 

Firefighting 1,231 822.8 40 181,473 147 

Ferry 29 35.0 72 9,570 330 

Maintenance 94 24.7 16 4,322 46 

Total 1,354 882.5 - 195,366 - 

 

TABLE 12 

TOTAL NUMBER OF FLIGHTS, DURATION, AND DISTANCE (PER AIRCRAFT) 

Aircraft Flights 
Duration 

(Hours) 

Distance 

(Nautical Miles) 

1 1,083 727.4 163,077 

2 61 40.2 8,867 

3 105 60.7 13,067 

4 105 54.2 10,355 

Total 1,354 882.5 195,366 

 

 The number of retardant drops recorded per flight are shown in Figure 14. More than 74% 

of all firefighting flights had one drop. Only one flight had more than 6 drops, which was an 

anomaly, but was confirmed to be correct. 



32 

 

 

Figure 14. Number of Drops per Flight. 

 

a.  Maximum Altitude and Takeoff/Landing Weight 

 Maximum altitude attained in each flight was plotted against flight distance and is 

presented in Figure 15. The maximum operating altitude limit of the aircraft was 29,000 feet [2] 

and is shown on the plot as a solid line. This limitation was not exceeded for any flight. Only a 

few ferry or maintenance flights attained altitudes of 25,000 feet or more, whereas firefighting 

flights remained well below. USFS recommends that the aircraft should reach the fire zone quickly 

[6]. There seemed to be a linear correlation between flight distance and maximum altitude for 

ferry/maintenance flights, but this did not appear to be the case for firefighting flights. 
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Figure 15. Maximum Altitude and Flight Distance. 

 

Average takeoff and landing weights for each flight type are given in Table 13 as calculated 

from equation (2). The average takeoff weight for firefighting flights was almost 40% more than 

that of ferry/maint, and the average landing weight was only 2% more. The difference in the takeoff 

weights was attributed to the retardant. The aircraft tanks could hold up to 4,000 gallons of 

retardant, which weighs 36,000 lb. Out of the 1,231 firefighting flights, 1,121 had close to a full 

tank of retardant (i.e. 35,000 lb or more) at takeoff and the least amount carried during any 

firefighting operation was 19,600 lb. 
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TABLE 13 

AVERAGE TAKEOFF AND LANDING WEIGHTS 

Flight Type 
Avg. Takeoff 

Weight (lb) 

Standard 

Deviation (lb) 

Avg. Landing 

Weight (lb) 

Standard 

Deviation (lb) 

Firefighting 134,166 2,140 96,001 2,853 

Ferry/Maint 96,660 3,364 94,026 3,713 

 

The normal probability distributions of takeoff and landing calculated weights are 

presented in Figures 16 and 17. The takeoff weights for firefighting flights were higher than those 

for ferry/maintenance.  This was due to the fact that more than 90% of the firefighting flights 

carried close to maximum retardant weight. Distribution for ferry and maintenance flights showed 

a wider variation as expected due to the difference in retardant weight between each flight. The 

retardant weight varied from 0 lb to 4,600 lb in ferry/maintenance operations. In addition, it was 

determined that the longer ferry flights probably carried more fuel than the relatively shorter 

maintenance flights.  However, the difference in fuel weight could not be quantified as only very 

few files recorded on Aircraft 2 had the correct fuel weight. 

The landing weight distributions showed a better correlation between ferry/maintenance 

and firefighting flights. The difference between average calculated landing weights was 

approximately 2,000 lb. Maximum landing weight for ferry/maintenance was 99,000 lb, while only 

2% of all firefighting flights landed with a weight of 100,000 lb or more. This was attributed to 

the remaining retardant and fuel in the aircraft. For example, in one instance the landing weight 

was 117,000 lb, and it was observed that the aircraft landed with more than 20,000 lb of retardant 

on board. All flights were well within the takeoff and landing weight limit of 155,000 lb [2]. 
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Figure 16. Normal Probability Distribution, Gross Takeoff Weight. 

 

 

Figure 17. Normal Probability Distribution, Gross Landing Weight. 
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b.  Maximum Airspeed 

Figure 18 shows the maximum indicated airspeed (IAS) and flight distance. Maximum IAS 

and corresponding altitude for each flight is presented in Figure 19. The design dive speed, V
D
, 

and the maximum level flight speed with continuous power, V
H
, limits of the aircraft, as defined 

in the flight manual [9], are also shown on Figure 19. Each point, in both plots, represents the 

maximum airspeed attained during the overall airborne phase, regardless of the individual flight 

phases. Flights with longer distances tended to have higher airspeeds.  Firefighting flights 

approached much higher maximum speeds than ferry/maintenance. As shown in Figure 19, VH was 

approached and exceeded several times during firefighting operations.  The two highest airspeeds 

occurred just as the nose was lowered in preparation for the descent into landing.  For 

ferry/maintenance flights, the airspeed limitation was exceeded only twice at altitudes above 

15,000 feet and both occurrences were in descent before landing. Airspeed exceedances in 

firefighting flights at low altitudes occurred just before the start of the entry phase. The VD 

represents the maximum permissible speed of the aircraft in any condition and all flights remained 

well within this limit. Results from individual flight phases and those with speed restrictions due 

to flaps extension are presented in the following sections. 
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Figure 18. Maximum Indicated Airspeed and Flight Distance. 

 

 

Figure 19. Maximum Indicated Airspeed and Corresponding Altitude. 
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c.  Takeoff and Touchdown Airspeeds 

Average takeoff (TO) and touchdown (TD) speeds, for each flight type, are presented in 

Table 14. Comparison of the normal probability distributions of TO/TD speeds between 

ferry/maintenance and firefighting flights is shown in Figures 20 and 21. Average TO speed for 

firefighting flights was approximately 10 knots higher than that of ferry/maintenance, because of 

higher weight and smaller flap deflections. The TD speeds were similar for both flight types and 

the normal probability distribution shows a good correlation between the two as well.  

  

TABLE 14 

AVERAGE TAKEOFF AND LANDING SPEEDS (FLIGHT TYPE) 

 Takeoff Landing 

Flight Type 
Average Speed 

(kts) 

Standard 

Deviation (kts) 

Average Speed 

(kts) 

Standard 

Deviation (kts) 

Firefighting 125.8 4.7 102.7 7.3 

Ferry/Maint 116.7 6.4 102.5 10.4 
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Figure 20. Normal Probability Distribution, Takeoff Speed. 

 

 

Figure 21. Normal Probability Distribution, Landing Speed. 
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Average TO and TD speeds for each aircraft are presented in Table 15. It was noted that 

aircraft 1 seemed to have higher speeds than the other aircraft. The average TO speed for aircraft 

1 was as much as 9% higher and the average TD speed was 15% higher than that of other aircraft. 

No such variation was observed in the TO and landing weight among aircraft as shown in Table 

15.  

Scatter plots of TO and TD speeds for firefighting and ferry/maintenance flights are shown 

in Figures 22 and 23 respectively. The difference in takeoff and touchdown speeds between aircraft 

1 and all other aircraft for each flight is evident in both plots. Moreover, the flights for each aircraft 

are plotted in chronological order and it seemed, from the trend in Figure 22, that this difference 

in aircraft 1 speeds increased over time.  

TABLE 15 

AVERAGE TAKEOFF AND LANDING SPEEDS (AIRCRAFT) 

  Takeoff Landing 

Flight Type Aircraft 
Average Speed 

(kts) 

Average 

Weight (lb) 

Average Speed 

(kts) 

Average 

Weight (lb) 

Firefighting 

1 127 134,172 105 95,912 

2 119 134,416 89 96,284 

3 121 134,350 91 96,643 

4 118 133,196 88 96,154 

Ferry/Maint 

1 120 98,726 107 95,397 

2 - - - - 

3 109 99,386 95 95,544 

4 113 94,681 98 92,717 
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Figure 22. TO/TD Speeds Comparison among Aircraft, Firefighting Flights. 

 

 

Figure 23. TO/TD Speeds Comparison among Aircraft, Ferry/Maintenance Flights. 
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3.1.2 Phase Usage 

 Usage results from each phase of the firefighting flights are presented in this section. The 

total number of phases and their respective total duration and distance are shown in Table 16. A 

total of 1,687 drops were analyzed, with a total duration of 3 hours and distance of 462 nautical 

miles. The same number of exit and entry phases were also analyzed. Recall, cruise phases were 

only counted once per flight.  There were fewer cruise 2 phases than cruise 1 due to the fact that 

in certain flights the time between the end of the last exit and the landing was not long enough to 

count as a phase.  The profiles of entry, drop, and exit phases were largely consistent among 

different flights.  However, the cruise phases varied depending on the distance to and from the fire 

site.  The maximum altitude, maximum indicated airspeed, and duration for each phase are shown 

in Figures 24 through 38.  

 

TABLE 16 

TOTAL NUMBER OF PHASES, DURATION, AND DISTANCE 

Phase Number 
Total Duration 

(hrs) 

Total Distance 

(nm) 

Cruise 1 1,244 398 92,884 

Entry 1,687 22 3,455 

Drop 1,687 3 462 

Exit 1,687 28 4,684 

Cruise 2 1,232 243 60,518 

Total 7,537 694 162,003 
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a. Cruise 1 

 The average distance flown in cruise 1 phase was 75 nautical miles. The maximum altitude 

varied greatly, depending on the phase distance, as shown in Figure 24. The profile of cruise 1 

phase included the departure after takeoff and the cruise to the fire zone. This phase was largely 

determined by the distance to and MSL altitude of the retardant drop site. Figure 25 shows the 

maximum indicated airspeed achieved in cruise 1 phase. As in the case of altitude, maximum 

speeds were lower for shorter phases. 

 The duration of an average cruise 1 phase was 1,148 seconds (or approximately 19 

minutes). Figure 26 shows the normal probability distribution of cruise 1 phase duration. The phase 

duration varied from 8 seconds to 9,000 seconds and the standard deviation was 940 seconds. Only 

13 cruise 1 phases (~1%) lasted longer than 4,500 seconds. They were manually checked and 

confirmed.  

 

 

Figure 24. Maximum Altitude and Phase Distance, Cruise 1. 
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Figure 25. Maximum Indicated Airspeed and Phase Distance, Cruise 1. 

 

 

Figure 26. Normal Probability Distribution of Phase Duration, Cruise 1. 
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b.  Entry 

 The average distance for entry phase was 2 nautical miles, with a maximum distance of 9 

nm. Figure 27 shows the maximum altitude and distance for entry phases. There did not seem to 

be any clear correlation between the altitude and distance. Rather, the altitude during entry 

appeared to be driven by that of the retardant drop, which nominally occurred at 150 feet AGL [6].  

Maximum indicated airspeed is shown in Figure 28. Entry phases with shorter distances had 

maximum indicated airspeeds closer to 150 knots, which was approximately the average retardant 

drop speed observed.  However, longer phases had maximum airspeed far higher than this due to 

the airspeed still being lowered before the drop.   

 Figure 29 shows the phase time and number of phases. The average time for entry phase 

was 47 seconds. Out of 1,687 phases, 58 (3.5%) were terminated at three minutes and the rest were 

based on flap motion.  
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Figure 27. Maximum Altitude and Phase Distance, Entry. 

 

 

Figure 28. Maximum Indicated Airspeed and Phase Distance, Entry. 
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Figure 29. Phase Duration, Entry. 

 

c.  Drop 

 There was very little variation in distance and duration among the drop phases. The average 

distance was 0.3 nautical miles, and very few phases exceeded 0.5 nm. Maximum MSL altitude 

varied from 40 feet to approximately 12,000 feet during the drop phase, as shown in Figure 30. 

Maximum IAS and coincident distance are presented in Figure 31. Very little variation was 

observed in the maximum airspeed.  Only few phases had airspeeds which exceeded 170 knots.  

 Figure 32 shows the normal probability distribution of drop phase duration. The average 

duration of the drop phase was 6.5 seconds with a standard deviation of only 2.25 seconds.  
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Figure 30. Maximum Altitude and Phase Distance, Drop. 

 

 

Figure 31. Maximum Indicated Airspeed and Phase Distance, Drop. 
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Figure 32. Normal Probability Distribution of Phase Duration, Drop. 

 

 

d.  Exit 

 The average distance for the exit phase was 2.8 nautical miles. Figure 33 shows the 

maximum altitude and distance for the exit phases. There did not seem to be any correlation 

between the altitude and distance, the former of which was most likely driven by the ground 

elevation at the retardant drop. Maximum indicated airspeed is shown in Figure 34. The maximum 

airspeeds were slightly higher than those of the entry and drop phases.   

 Figure 35 shows the phase duration and number of exit phases. The average duration for 

the exit phase was 60 seconds. Out of 1,687 phases, 559 (33%) were cut off at 90 seconds and the 

rest were terminated after two flap movements. In Figure 35, the phases having a duration of 90 

seconds were those determined by duration.  
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Figure 33. Maximum Altitude and Phase Distance, Exit. 

 

 

Figure 34. Maximum Indicated Airspeed and Phase Distance, Exit. 
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Figure 35. Phase Duration, Exit. 

 

e.  Cruise 2 

 The average distance for cruise 2 phase was 49 nautical miles. The maximum altitude in 

this phase had a linear correlation with distance, as shown in Figure 36. There were more flights 

at higher altitude than in cruise 1 phase.  Out of 1,232 phases, 56 (4.5%) had a maximum altitude 

of more than 15,000 feet, as compared to one cruise 1 phase. Figure 37 shows the maximum 

indicated airspeed and phase distance. Airspeeds varied greatly among flights, although shorter 

distances often correlated with lower maximum airspeeds.  During two flights, the maximum 

airspeed exceeded 280 knots and both occurred during the start of the descent into landing.   

 The average duration of cruise 2 phase was 711 seconds (or approximately 12 minutes). 

This is significantly shorter than the cruise 1 phase which often included some loiter time before 

entering the fire zone.  Figure 38 shows the normal probability distribution of cruise 2 phase 

duration. The standard deviation for cruise 2 phase duration was 595 seconds. There were 11 
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phases (0.9%) with duration of 3,000 seconds or more. They were manually checked and 

confirmed.   

 

 

Figure 36. Maximum Altitude and Phase Distance, Cruise 2. 
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Figure 37. Maximum Indicated Airspeed and Phase Distance, Cruise 2. 

 

 

Figure 38. Normal Probability Distribution of Phase Duration, Cruise 2. 
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3.1.3 Flaps Usage Comparison 

 The comparison of flaps usage between firefighting flights and ferry/maintenance flights 

is presented in this section. Usage data showing time spent in each flap detent is presented for both 

flight types. Table 17 shows the average times spent in each detent per flight. Normal probability 

distributions of flap time are shown in Figures 39 through 43, for each detent. The average time 

spent in flaps retracted and detent 1 positions were similar in both firefighting and 

ferry/maintenance flights. However, the standard deviation in case of ferry/maintenance was much 

higher as evident in Figures 39 and 40, respectively. Detents 1 and 2 were defined such that flaps 

were mostly transitioning through these positions.  

 The average time spent in detents 3 and 4 by firefighting flights was approximately twice 

that of ferry/maintenance flights. This was expected as flaps were fully extended for the retardant 

drops in firefighting operations, which was more than once per flight in some cases, as well as 

landings. For ferry/maintenance flights, half flaps were typically used for takeoffs and full for 

landings.  
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TABLE 17 

FLAPS USAGE COMPARISON 

Flap 

Detents 
Flight Type 

Average Time Per 

Flight (s) 

Standard Deviation 

(s) 

UP 
Firefighting 1,616.76 1,178.54 

Ferry/Maint 1,302.32 2,302.53 

Detent 1 
Firefighting 13.15 12.89 

Ferry/Maint 13.65 41.58 

Detent 2 
Firefighting 16.06 24.15 

Ferry/Maint 5.00 7.75 

Detent 3 
Firefighting 610.66 402.45 

Ferry/Maint 347.04 314.83 

Detent 4 
Firefighting 149.74 60.21 

Ferry/Maint 78.11 65.45 

 

 

 

Figure 39. Normal Probability Distribution of Flaps Time, Flaps UP. 
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Figure 40. Normal Probability Distribution of Flaps Time, Detent 1. 

 

 

Figure 41. Normal Probability Distribution of Flaps Time, Detent 2. 
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Figure 42. Normal Probability Distribution of Flaps Time, Detent 3. 

 

 

Figure 43. Normal Probability Distribution of Flaps Time, Detent 4. 
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3.1.4 V-n Plots 

a. Overall Flights 

 The V-n diagrams were developed for each flap detent to show vertical accelerations, nz 

and the coincident IAS. Stall curves were determined for both aircraft empty weight (84,000 lb) 

and average takeoff weight (135,000 lb) at sea level altitude from data given in Ref [9]. Table 18 

shows the flaps-extended airspeed limitations given in the aircraft flight manual [9]. The maximum 

speed in level flight with the maximum continuous power, VH, was used for the flaps retracted 

case, which was 269 knots. Because the flap detents could include a range of flap positions, V-n 

diagrams show both higher and lower speed limits for the respective flap ranges. Ref [9] suggests 

that the maximum and minimum maneuver load factor limitations for flaps extended is 0.0 g and 

+2.0 g, respectively.  When flaps were retracted the load factor limitations were -1.0 g and +2.5 g. 

TABLE 18 

AIRSPEED LIMITATIONS FOR FLAPS EXTENDED [9] 

Flaps (%) 10 20 30 40 50 60 70 80 90 100 

Indicated 

Airspeed 

(Knots) 

220 210 200 190 180 165 155 150 145 145 

 

Figures 44 to 48 show the maximum and minimum vertical load factor and respective IAS 

for overall firefighting and ferry/maintenance flights. For the flaps retracted case, shown in Figure 

44, one ferry/maintenance flight had an occurrence in which the result fell outside the minimum-

weight stall curve with a vertical load factor of 1.6 g’s. This instance was identified as landing 

flare and the pilots were performing a touch-and-go during which the flaps remained retracted until 

after touchdown, although they were extended before the subsequent takeoff.  
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There were several occurrences of airspeeds exceeding the flaps extended limits. All of the 

speed exceedances were identified to be from aircraft 1. It is worth noting however that 80% of all 

flights analyzed were from aircraft 1. It was also noted that detents 1 and 2 were flaps transition 

phases and speed exceedances in these cases lasted for less than half a second in most cases. 

Figures 47 and 48 show that the load factor limit was also exceeded in several cases with flaps in 

detents 3 and 4.  In detent 4, the flaps were fully extended, which occurred when the airplane was 

flown near the retardant drop and on the approach for landing.  The V-n diagrams for individual 

flight phases are presented in the following sections. 

 

 

Figure 44. V-n Diagram – Overall Flights, Flaps UP. 
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Figure 45. V-n Diagram – Overall Flights, Detent 1. 

 

 

Figure 46. V-n Diagram – Overall Flights, Detent 2. 
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Figure 47. V-n Diagram – Overall Flights, Detent 3. 

 

 

Figure 48. V-n Diagram – Overall Flights, Detent 4. 

 

     



62 

 

b. Cruise 1 Phase 

 Figures 49 through 53 show the V-n diagrams, for all flap detents, for the cruise 1 phase. 

For flaps retracted, presented in Figure 49, there were few airspeed exceedances. These typically 

occurred at the beginning of the descent before the entry phase. The majority of the time was flown 

with flaps retracted.  The exceptions were just after takeoff and near the fire zone when the flaps 

were extended to 50%.  Speed exceedances in detents 1 and 2 were mainly in transition stage. In 

approximately 6% of all cruise 1 phases, the aircraft was flown over the drop site with flaps fully 

extended (i.e. in detent 4) without opening the bay doors. While this led to an atypical maneuver 

in the cruise 1 phase, it resulted from the fact that the bay door did not open, which was the trigger 

to start the firefighting-specific phases.  Results for detent 4 are shown in Figure 53, and are due 

to the show-me runs which did not contain a retardant drop.  

 

 

Figure 49. V-n Diagram – Cruise 1 Phase, Flaps UP. 
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Figure 50. V-n Diagram – Cruise 1 Phase, Detent 1. 

 

 

Figure 51. V-n Diagram – Cruise 1 Phase, Detent 2. 
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Figure 52. V-n Diagram – Cruise 1 Phase, Detent 3. 

 

 

Figure 53. V-n Diagram – Cruise 1 Phase, Detent 4. 
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c. Entry Phase 

 Figures 54 and 55 show the entry phase V-n diagrams for detents 3 and 4 respectively. 

Flaps were typically fully extended before the drop.  Hence, a majority of the results shown in 

Figure 54 are while the flap was transitioning to full deflection.  In a limited number of cases, flaps 

remained at 50% throughout the entry phase and the airspeed exceedances in detent 3 were from 

such instances. The airspeeds largely remained within the limit when the flaps were in detent 4. 

The few exceedances occurred during the descent into the drop. 

 

 

Figure 54. V-n Diagram – Entry Phase, Detent 3. 
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Figure 55. V-n Diagram – Entry Phase, Detent 4. 

 

d. Drop Phase 

 Drops were conducted with flaps fully extended in detent 4, the results of which are shown 

in Figure 56. In addition to the airspeed exceedances, the maximum vertical load factor limit was 

also exceeded several times during the drop phase. It was noted that airspeed and nz exceedances 

seemed to correlate with the retardant drop, which was all but 0.5 seconds of this phase. Figure 57 

shows one such instance of load factor exceedance. As mentioned earlier, the roll and pitch angles 

values were not available to further characterize the drop maneuver. 
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Figure 56. V-n Diagram – Drop Phase, Detent 4. 

 

 

Figure 57. Load Factor Exceedance during a Drop 
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e. Exit Phase 

 Figures 58 through 60 show the V-n diagrams for detents 2, 3 and 4 respectively, for the 

exit phase. During this phase, the flaps were retracted and airspeed was increasing following the 

drop phase. Flaps remained mostly in detents 3 and 4 during the exit phase and detent 2 was in 

transition as the flaps were being retracted. The load factor exceedances were also observed in 

detent 4 as in the drop phase. 

 

 

Figure 58. V-n Diagram – Exit Phase, Detent 2. 
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Figure 59. V-n Diagram – Exit Phase, Detent 3. 

 

 

Figure 60. V-n Diagram – Exit Phase, Detent 4. 
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f. Cruise 2 Phase 

 Figures 61 through 65 show the V-n diagrams, for all flap detents, for the cruise 2 phase. 

The results for flaps retracted, presented in Figure 61, show three very high speed exceedances. 

These occurrences were noted to be during the descent in the approach for landing. It is pertinent 

to note here that the speed limit shown in Figure 61 is the maximum speed in level flight with 

continuous power (VH), and the maximum operating limit speed (VMO) of the aircraft is higher. 

Exceedances in detents 1 and 2 were mainly in transition. Maximum airspeed and load factor 

largely remained within limits for detent 4. 

 

 

Figure 61. V-n Diagram – Cruise 2 Phase, Flaps UP. 
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Figure 62. V-n Diagram – Cruise 2 Phase, Detent 1. 

 

 

Figure 63. V-n Diagram – Cruise 2 Phase, Detent 2. 
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Figure 64. V-n Diagram – Cruise 2 Phase, Detent 3. 

 

 

Figure 65. V-n Diagram – Cruise 2 Phase, Detent 4. 
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3.2 Aircraft Flight Loads 

Statistical flight loads results are presented in this section. Results are shown for gust and 

maneuver loads for individual phases as well as for overall flights. The cumulative occurrences of 

incremental vertical accelerations were normalized per 1000 flight hours and per nautical mile. 

The results are plotted for MSL altitude bands and also compared with similar results from other 

aircraft/sources.   

3.2.1 Gust Loads 

Results for each firefighting flight phase are given in Figures 66 to 70, while the results for 

ferry and maintenance flights are given in Figure 71. For these figures, the results were separated 

according to MSL altitude bands.  Figures 72 and 73 show the comparison between all firefighting 

phases and a comparison between firefighting and ferry/maintenance flights, respectively. Results 

from all altitude bands were combined for these comparisons.  In addition, for Figure 73 the phases 

were also combined to represent the overall firefighting flight.   

Cruise 1 and cruise 2 phases are shown in Figures 66 and 67 respectively. The total vertical 

load factor remained below +/- 2.0 g in cruise 1 phase, but it reached +2.5 g in the cruise 2 phase. 

In general, gust loads were higher in cruise 2 phase and occurred more frequently than cruise 1, 

probably because of the difference in wing loading due to lower weight. Both phases were flown 

at similar MSL altitudes and the majority of time would have been at high AGL altitudes. The 

dependency of gust load frequency on altitude is not clearly evident in both cases. This was 

probably because very little time was spent in some altitude bands. Tables 19 and 20 show the 

time and distance in each MSL altitude band during each flight phase respectively. It is clear that 

most of the time was spent in altitude bands 3, 4, and 5. In cruise 1 phase, vertical load factors 
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were slightly more frequent for the altitude band of 14,500‒19,500 feet. Whereas in cruise 2 phase, 

load factors were more frequent for the lower altitude band of 9,500‒14,500 feet. 

Results for entry and exit phases are given in Figures 68 and 69, respectively. During the 

entry phase, the pilots configured the aircraft for the retardant drop, which usually required the 

flaps to be extended while decreasing the airspeed and descending into the drop zone.  During the 

exit phase, pilots maneuvered the aircraft out of the drop zone, which required the flaps to be 

retracted while increasing airspeed and climbing to a higher AGL altitude. The AGL altitudes were 

similar in both phases and the applicable load factor limit was +2.0 g due to the fact that the flaps 

were normally extended. Results indicate that the vertical gust load factor remained well below 

+2.0 g in both phases. Load factors were higher and more frequent in the exit phase due to the 

lower wing loading as compared to the entry phase. The aircraft were typically 36,000 lb lighter 

in the exit phase than they were during entry. Therefore the gust loads were higher during exit 

even though the AGL altitude were similar to those during entry. 

Figure 70 shows results for the drop phase. Vertical gust load factors were larger in drop 

than entry and exit phases and occurred more frequently than other phases as well. Frequency of 

positive gust load factors was slightly higher for MSL altitude band of <500 feet, although the gust 

load factors remained below +2.1 g.  

The results for the ferry/maintenance flights are shown in Figure 71.  While the gust load 

factors seemed to occur less frequently than those for the firefighting phases, a clear correlation 

with MSL altitude was not readily apparent.  This is most likely due to the small amount of time 

on which these results were based.   

A comparison of all firefighting phases is given in Figure 72. It is clear that the drop phase 

had the highest frequency of gust load factors among all phases. This was probably due to the fact 
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that most retardant drops were conducted at altitudes of about 150 feet AGL [6], which was much 

lower than other phases. Comparison between firefighting and ferry/maintenance flights is shown 

in Figure 73. All firefighting phases were combined in this figure. Firefighting flights were shown 

to have higher gust loads and occurrences than ferry/maintenance flights. This could be driven by 

the fact that the firefighting flights had phases which occurred at low AGL altitudes.   

 

TABLE 19 

TIME SPENT IN ALTITUDE BANDS DURING EACH PHASE 

Altitude 

Band 

Duration (minutes) 

Cruise 1 Cruise 2 Entry Exit Drop Ferry/Maint 

1 3 17 3 7 2 23 

2 375 409 59 105 18 394 

3 4,880 3,387 508 633 75 1,461 

4 11,476 5,717 703 891 87 1,499 

5 7,073 3,820 61 50 3 879 

6 22 1,123 3 1 0 506 

7 57 130 1 0 0 354 

8 0 0 0 0 0 701 
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TABLE 20 

DISTANCE FLOWN IN ALTITUDE BANDS DURING EACH PHASE 

Altitude 

Band 

Distance (nautical miles) 

Cruise 1 Cruise 2 Entry Exit Drop Ferry/Maint 

1 9.27 39.87 6.18 14.33 3.67 53.84 

2 1,195 1,086 137.52 263.39 41.32 1,099 

3 16,217 12,108 1,238 1,697 181.26 4,623 

4 42,955 23,455 1,878 2,551 227.76 5,283 

5 32,140 17,636 180.59 155.63 7.89 3,923 

6 103.83 5,535 12.16 3.2 0 2,477 

7 264.11 658.18 2.53 0 0 1,754 

8 0 0 0 0 0 3,638 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 66. Incremental Vertical Gust Loads, Cruise 1 Phase. 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 67. Incremental Vertical Gust Loads, Cruise 2 Phase. 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 68. Incremental Vertical Gust Loads, Entry Phase. 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 69. Incremental Vertical Gust Loads, Exit Phase. 

 



81 

 

 

a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 70. Incremental Vertical Gust Loads, Drop Phase. 

 



82 

 

 

a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 71. Incremental Vertical Gust Loads, Ferry/Maintenance Flights. 
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Figure 72 Gust Loads Comparison, All Firefighting Phases 

 

 

Figure 73. Gust Loads Comparison, Firefighting and Ferry/Maintenance Flights. 
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 Figure 74 shows the comparison of the gust loads spectra between C-130 and BAe-146 and 

RJ-85 aircraft used in USFS operations [15]. The gust loads spectrum from commercial operations 

of Boeing-747 aircraft [12] is also given for comparison. Because the results from Ref [15] were 

from aircraft flown in USFS operations, the firefighting environments were similar. Hence the 

results compared well with those from C-130 firefighting flights. Load factors from 

commercial/civil operations were much lower, in magnitude and frequency, than both firefighting 

and ferry/maintenance flights.  This is most likely due to the MSL altitudes being much higher 

than those of the firefighting flights.  In addition, the Boeing-747 was probably flown in a manner 

to avoid atmospheric turbulence.   

 

 

Figure 74. Gust Loads Comparison, C-130 and Other Aircraft. 
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3.2.2 Maneuver Loads 

Cumulative occurrences of incremental vertical maneuver load factor are shown as both 

per 1000 hours and per nautical mile. Results for each of the firefighting flight phases are given in 

Figures 75 to 79, while the results for ferry and maintenance flights are given in Figure 80. In these 

figures, the results were separated according to MSL altitude bands. Figure 81 shows the 

comparison between the firefighting phases, without consideration of the altitude bands.  For 

Figure 82, the firefighting phases were combined in to a single line that represented the entire 

flight.  A comparison between firefighting and ferry/maintenance flights is shown in Figure 82.  

Again, in this figure the altitude bands were combined.   

Cruise 1 and cruise 2 phases are shown in Figures 75 and 76, respectively. As in the case 

of gust loads, the magnitude of the maneuver loads was also higher in cruise 2 phase as compared 

to cruise 1, especially at lower altitudes.  

Maneuver loads were considerably higher in the exit phase than they were in the entry. 

Results for both phases are given in Figures 77 and 78. The maximum load factor did not exceed 

the +2.0 g limit in the entry phase but it was close to +2.3 g in the exit phase. During the entry to 

the drop, the airplanes are flown at low altitudes and contains the retardant.  Therefore, less 

maneuvering is done during the entry to the drop.  After the drop, the pilots are required to 

maneuver out of the fire zone quickly, which may be the cause of higher maneuver loads during 

the exit phase.  

Results from the drop phase are given in Figure 79. Load factors were significantly higher 

in magnitude and frequency as compared to other phases. Retardant drops were typically 

conducted at very low AGL altitudes with flaps fully extended.  The maneuver load factors during 

the drop phase exceeded the +2.0 g limit in several cases, with the maximum being +2.5 g.  
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The results for the ferry/maintenance flights are shown in Figure 80.  Considerably more 

scatter was observed in the highest altitude bands due to lack of sufficient data.  However, it did 

seem that the maneuver load factors occurred more frequently at lower altitudes than they did at 

higher altitudes.   

In Figure 81, the altitude bands were combined in order to compare the firefighting phases. 

It is clear that the drop phase had the highest frequency of maneuver load factors among all phases. 

This was followed by the exit and entry phases.  The cruise 1 and 2 phases had the lowest frequency 

of maneuver load factors.  Comparison between firefighting and ferry/maintenance flights is 

shown in Figure 82. All firefighting phases were combined in this figure. Firefighting flights were 

shown to have higher maneuver loads and occurrences than ferry/maintenance flights. This was 

probably due to the fact that significantly more maneuvering was performed in the entry, drop, and 

exit phases of the firefighting flights which was not required in ferry/maintenance flights.   
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 75. Incremental Vertical Maneuver Loads, Cruise 1 Phase. 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 76. Incremental Vertical Maneuver Loads, Cruise 2 Phase. 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 77. Incremental Vertical Maneuver Loads, Entry Phase. 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 78. Incremental Vertical Maneuver Loads, Exit Phase. 
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a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 79. Incremental Vertical Maneuver Loads, Drop Phase. 

 



92 

 

 

a) Per 1000 Flight Hours 

 

b) Per Nautical Mile 

Figure 80. Incremental Vertical Maneuver Loads, Ferry/Maintenance Flights. 
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Figure 81. Maneuver Loads Comparison, All Firefighting Phases 

 

 

Figure 82. Maneuver Loads Comparison, Firefighting and Ferry/Maintenance Flights. 
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Figure 83 shows the comparison of the maneuver loads spectra between C-130, P2V, and 

P3A aircraft [16], which were heavy airtankers used in USFS firefighting operations. Maneuver 

loads from commercial/civil operations of Boeing-747 [12] and CAADRP [17] are also given for 

comparison. Results from P3A aircraft compared well with those from C-130 in firefighting 

missions. However, P2V had higher loads magnitude and frequencies above +2.0 g than other 

aircraft.  The load factors from commercial/civil operations were lower, in magnitude and 

frequency, than C-130 firefighting operations. CAADRP results were much closer to C-130 

ferry/maintenance operations than those from B-747. This was probably because CAADRP data 

was collected from training and test flights [17], whereas the Boeing 747 data was collected from 

typical commercial revenue flights [12].  

 

 

Figure 83. Maneuver Loads Comparison, C-130 and Other Aircraft. 
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3.3 Derived Gust Velocities 

Results for the derived gust velocities, U
de

, are presented in this section. The derived gust 

velocities were calculated from the gust vertical accelerations according to the procedure described 

in section 2.4.3. Results are plotted as cumulative occurrences per nautical mile for the eight MSL 

altitude bands described previously. Figures 84 through 88 show the results for the firefighting 

flight phases, while the results for ferry/maintenance flights are presented in Figure 89. 

Cruise 1 and cruise 2 results are presented in Figures 84 and 85, respectively. In both cases, 

positive velocities occurred slightly more frequently than negative, especially for the 4,500-9,500 

feet altitude band. This could be due to the presence of maneuver loads in the gust loads results. 

The correlation of gust velocities with altitude bands was more apparent in cruise 2 results than in 

results from other phases. 

Results from the entry phase, shown in Figure 86, indicate high frequency of gust velocities 

at the lowest altitudes, where these phases were typically flown. Contrary to the entry, gust 

velocities were higher in magnitude and frequency at the higher altitude bands for the exit phase, 

as shown in Figure 87. Dependency on MSL altitudes was not clearly evident in either cases.  This 

could be due to the fact that not enough data was available in the higher altitude bands.  The 

frequency of occurrence of the gust velocities was much higher than those for the cruise phases 

for both the entry and exit.   

Results from the drop phase are given in Figure 88. Frequency of positive gust velocities 

was clearly higher than the negative velocities. Again, this was identified as a possible effect of 

maneuver loads present in the results. As observed in the entry phase, the lowest altitude band had 

the highest frequency of gust velocities in the drop phase. However, the results in Figure 88 are 

plotted in MSL altitude bands, which may be misleading.  This phase is typically flown at an AGL 
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altitude of approximately 150 feet.  In past studies [15], the derived gust velocities have been 

shown to correlate better with AGL altitudes, rather than MSL.   

Results from the complete ferry/maintenance flights, shown in Figure 89, show a very good 

correlation between frequency of gust velocities and MSL altitude bands. This was probably 

because the majority of the time for ferry flights was in the higher MSL altitude bands, as shown 

in Table 19. 

 

 

Figure 84.  Derived Gust Velocities, Cruise 1 Phase 
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Figure 85. Derived Gust Velocities, Cruise 2 Phase. 

 

 

Figure 86. Derived Gust Velocities, Entry Phase. 
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Figure 87. Derived Gust Velocities, Exit Phase. 

 

 

Figure 88. Derived Gust Velocities, Drop Phase 
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Figure 89. Derived Gust Velocities, Ferry/Maintenance Flights. 

 

Figure 90 shows the comparison of the derived gust velocities between the C-130 

firefighting and ferry/maintenance operations and the results from commercial operations of 

Boeing-747 aircraft from Ref [12]. Gust velocities were higher in both magnitude and frequency 

for firefighting operations than they were for ferry/maintenance flights. This was expected due to 

the low AGL altitude phases in firefighting flights. Gust velocities from commercial operations 

were significantly lower than both firefighting and ferry/maintenance flights.  Again, this could be 

due to the fact that pilots generally try to avoid turbulence when flying commercial operations. 
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Figure 90. Derived Gust Velocities Comparison, C-130 and B-747. 
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CHAPTER 4 

CONCLUSION 

Flight data from four C-130 aircraft, flown in USFS aerial firefighting missions between 

the years 2016 and 2019, were analyzed in this study. Data from onboard DFDRs were used to 

extract the airframe operational usage information, gust and maneuver load factors, and derived 

gust velocities. In total, 1,231 firefighting flights and 123 ferry/maintenance flights were analyzed. 

The ferry flights were considered most similar to those for which the aircraft were originally 

designed, and hence a comparison was done between the ferry/maintenance and firefighting flights 

to show the differences in the airframe usage, flight loads, and derived gust velocities. 

The firefighting flights were divided into five separate phases. These included the two 

cruise phases to and from the fire zone, and the entry, drop, and exit phases for the retardant drop.  

The airframe usage results were presented for both the overall flight as well as for each of 

the individual phases. The average duration of a firefighting flight was 40 minutes. The average 

durations of ferry and maintenance flights were 72 and 16 minutes, respectively. The service 

ceiling of the aircraft was 29,000 feet and it was not exceeded in any of the flights. However, the 

indicated airspeed was exceeded in a few cases in both firefighting and ferry/maintenance flights. 

Most of the speed exceedances were within 10 knots of the limit. In one case, the maximum 

indicated airspeed was exceeded by 20 knots.  

In firefighting flights, approximately 92% of the time was spent in the cruise phases. The 

aircraft was largely flown within the limitations during the cruise phases. There was just one 

instance of vertical load factor exceedance in the cruise 2 phase.  In this instance, the load factor 

was exceeded by less than 0.7% while the flaps were retracted. There were some maximum 
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airspeed exceedances, especially during the cruise 2 phase, which occurred at the beginning of the 

initial descent for landing.  

Flaps were usually extended for takeoffs, landings, and during the entry, drop, and exit 

phases. It was noted that, on average, flaps were extended for twice as much time in a firefighting 

flight than in a ferry/maintenance flight. There were several maximum airspeed exceedances in 

the entry, drop, and exit phases for all flap detents. While these exceedances have been manually 

confirmed, there are still questions regarding the recorded data.  In addition, the maximum load 

factor limit was exceeded in several cases during the drop and exit phases, mostly while the flaps 

were fully extended. These cases were also manually confirmed in the recorded data.  

Flight loads spectra were also presented for each flight phase as well as for overall 

firefighting and ferry/maintenance flights. Occurrences were counted using the peaks-between-

means method, gust and maneuver loads were separated using the two-second rule, and results 

from each were further separated into eight MSL altitude bands. Cumulative vertical load factor 

occurrences were normalized per 1000 flight hours as well as per nautical mile. 

It was shown that the drop phase had the highest occurrences for both gust and maneuver 

loads. This was most likely due to the very low AGL altitudes at which the aircraft operate for the 

retardant drop and the maneuvering required to move away from the fire zone as quickly as 

possible after the drop. Gust and maneuver loads were slightly higher in the exit phase than they 

were in the entry phase. The higher gust loads were attributed primarily to the lower wing loading 

in the exit phase after the retardant drop. Higher maneuver loads were the result of more aggressive 

maneuvering that was done in the exit phase as compared to the entry. Similarly, the cruise 1 and 

cruise 2 phases had very similar maneuver load factors, but gust loads were higher in the cruise 2 

phase. This may be because cruise 2 phases were flown at slightly higher speeds and had reduced 



103 

 

wing loading as compared to the cruise 1 phase. Load factors were higher in magnitude and 

occurred more frequently in the entry, drop, and exit phases than in the cruise phases. Overall 

firefighting flights exhibited slightly higher load factor magnitudes and frequencies than the 

ferry/maintenance flights.  

Comparisons of C-130 results with other USFS aircraft and from civilian operations were 

also presented. Results from USFS aircraft with similar flight profiles correlated very well with 

the C-130 firefighting flights. Load factors from commercial/civilian operations were much lower 

than fire operations in all cases.     

Derived gust velocities were shown to be higher for the drop phase, as compared to other 

phases. Firefighting flights had slightly higher occurrences of gust velocities than 

ferry/maintenance, and both were considerably higher than the civilian operation results from the 

Boeing 747 aircraft. 

Results presented here are expected to help the Federal Aviation Administration (FAA) 

and USFS in monitoring and studying the factors that affect the fatigue life of aircraft flown in 

aerial firefighting missions. Since these aircraft operate in an environment which is different than 

what they were originally designed for, this study will also be helpful in adjusting and updating 

their maintenance and inspection programs.  
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