


takeo� weight. The induced drag was derived from the lift required for level �ight using VSPAERO and the vehicle
parasitic drag was determined according to the methods listed in Section V.C.

Figure 8shows a contour plot of the resulting fuel burn increase in pounds per hour, pph, as a function of additional
APU power output and APU speci�c power. The results of the initial study seemed surprisingly optimistic considering
the size and power of the SOFC pod attached. Therefore, we implemented more detailed sizing methods and opted to
use FLOPS-estimated mission performance as a more rigorous analysis.

Fig. 8 Estimated fuel burn increase from SOFC APU pod attached to fuselage.

V. Mission Performance Experiment
To examine the feasibility or a�ordability of using a SOFC system on board the MQ-9, an experiment was derived to

explore the design space and to feed trade studies between performance and cost. This experiment built on the lessons
learned from the initial sizing study and incorporated additional information into the updated sizing methods. Rather
than examining the additional fuel burn resulting from the updated pod designs against the baseline mission only, we
decided to also analyze the additional fuel burn from scaling the existing 900 SHP TPE331-10 engine. The engine
scaling option was expected to strongly outperform the SOFC APU due to the relatively small increase in required
shaft power to produce the additional output electrical power. However, the cost of changing the engine in the MQ-9
was expected to be greatly larger than the cost of adding a SOFC pod, therefore a notional cost comparison was also
performed to establish the value of investing in SOFC technology for an aircraft of this scale.

A. Determining Relevant Factors
Using the initial sizing method, we performed an analysis of variance, with a Taguchi L8 orthogonal array, on

the variables to establish the most dominant factors a�ecting system weight and drag. At a constant power output,
mission duration, and battery size for a given design, the driving factors were SOFC speci�c power and LHV conversion
e�ciency. Therefore, these factors were added to a full-factorial design of experiments which also included power
output and SOFC operating time as well as engine scaling options (Table 4).
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Table 4 Input Factors for Full-Factorial Experiment

APU Pod Sizing Factors Units 1 2 3 4 5 6 Levels
SOFC Speci�c Power W/kg 150 200 250 300 350 5
Power Output kW 5 10 15 30 60 5
SOFC E�ciency % 50% 60% 2
SOFC Fuel (Time Operating) hrs 10 15 20 25 4

Total 200
Engine Scaling Factors
Power Output kW 5 10 15 30 60 5

Total 5

TOTAL NUMBER OF TESTS 205

B. Updated SOFC APU Pod Sizing
We implemented a variety of updates to the sizing methods to remove some of the inherent optimism in the model,

incorporate system sizing and performance estimates from FUELEAP SOFC system designs, and to more realistically
model the various system components.

Mission Duration
To better represent the use case of an APU, the operational duration was varied in the experiment. Assuming that

the additional power output would only be needed while the aircraft was on station, or perhaps that the maximum power
output would not be needed for the entire mission, allowed for an additional degree of freedom when sizing the system.
This essentially allowed the amount of stored APU fuel in the system to be varied while keeping all other parameters
relatively unchanged. The most signi�cant e�ect of this modi�cation was on the total weight of the SOFC APU system
which, in turn, a�ected the induced drag. However, the size of the fuel tank remained capable of a 25 hr. mission
duration to appropriately model only partially �lling the tank.

Fuel Tank Sizing
The fuel tank sizing was changed from a �xed percentage of volume and weight to a more representative model that

assumed a spherical, urethane rubber bladder within the APU pod, maintaining the 5% margins for fuel reserve and tank
void space. To determine the tank weight, the spherical surface area is calculated from the tank diameter and then a
1/100 ratio of wall thickness to surface area is used to determine the volume of the tank material. A urethane rubber
density value of 78lb�ft3 was used to calculate the fuel tank weight [13].

SOFC System Sizing
The initial study used incremental packing e�ciencies to account for additional volume in each component of the

SOFC APU system. However, because the scaled SOFC volume was derived from the FUELEAP DAC models [1],
SOFC packing e�ciency was already accounted for. Rather than attempt to account for these values separately, we
decided to treat the system as an integrated unit and applied an overall packing e�ciency of 90% to the total volume.

A FUELEAP subcontractor provided fuel cell system sizing for outputs powers from 5 to 60 kW which we then used
to update the SOFC system sizing methods [4, 14]. With this data we were able to form a much more representative
model of a possible SOFC APU pod and set accurate data points for comparison with the general sizing method. The
calculations used the full 25 hour fuel capacity for each con�guration to be conservative. However, the estimated
mission duration tends to be signi�cantly less than 25 hours. This implies that the fuel sizing for the manual method
should be updated to better re�ect the mission length and perhaps an iterative sizing process could be performed as part
of future work.
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C. Parasite Drag Calculation
We estimated parasitic drag using OpenVSP's Parasite Drag solver [8] and the MQ-9 model. Fully turbulent,

incompressible �ow (Eq. (3)), based on low Reynolds number, was assumed to provide an upper bound on the expected
vehicle and pod drag.Table 5lists the form factor equations used to calculate the friction coe�cient in the parasite
drag model. Additional interference factors were applied to the model to simulate drag resulting from bodies in close
proximity and a 20% excrescence factor was applied to account for surface imperfections and any unaccounted-for drag
sources [15]. The drag coe�cient,CD , was calculated according to Eqs. (7) and (8).

Table 5 Form Factor Equations for MQ-9 Model Components

Component Form Factor Equation Eqn. No.

Fuselage Hoerner Streamlined Body [16] Eq. (4)
Engine Cowling Hoerner Streamlined Body Eq. (4)
Wing Hoerner Wings [16] Eq. (5)
Tails Hoerner Wings Eq. (5)
Pylon Hoerner Wings Eq. (5)
Pod Jenkinson Aft Fuselage-Mounted Nacelle [17] Eq. (6)
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D. FLOPS Inputs
As previously discussed, the baseline FLOPS parameters were selected based on a 26.35 hour endurance cruise

mission pro�le and calibrated using a Honeywell TPE331-10 engine deck and aerodynamic performance tables. Because
FLOPS does not inherently allow the user to choose alternate power sources for various power loads, we determined
that all of the additional power output would be supplied by the SOFC APU. For this experiment, the APU fuel remains
constant throughout the mission i.e., the APU fuel weight does not decrease over time, and therefore the aircraft
performance is penalized by carrying this weight. A future study would allocate the SOFC APU fuel in addition to the
maximum fuel capacity, or more speci�cally return the APU fuel weight to aircraft fuel weight, and insert a �fuel leak
rate� (FLEAK) that corresponds to the expected SOFC fuel conversion rate. This would allow the SOFC APU fuel to
deplete while operating and more accurately model the mission performance. The current analysis is therefore an upper
bound on actual mission fuel burn.

The takeo� weight is �xed at 10,500 lb or the maximum allowable takeo� weight listed for the MQ-9, equaling
the total of 4,900 lb empty weight, 3,900 lb of fuel, and 1,700 lb of payload. We assumed that payload capacity was
�xed at 1,700 lb for each mission. This implies that any weight increases from modifying the aircraft systems or the
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