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Bench-to-Flight Validation of a Passively Air-
Cooled 90 Ah Battery Module for Cargo eVTOL.:
Power Margin and Post-Landing Heat-Soak
Characteristics

SuHo Yu,Member, |EEE, Yu-Jin Jung, Bum-Dong Cho and Gee-Soo Lee

Abstract— Battery design for electric vertical takeoff and landing
(eVTOL) aircraft requires quantitative verification of high-power
capability against actual flight demand. In this stidy, a passively
air-cooled 14S1P 90 Ah battery module was evaluatdd bench
tests and then installed unchanged in a cargo eVTOAircraft for
eight flight tests. The bench-verified 720 A (8C)60 s discharge
capability was compared with measured flight load b the same
time scale. Relative to the maximum 60 s flight deamd of 305.2 A,
the current- and power-based capability-to-demand rargins were
2.36 and 2.38, respectively. A model-based correati for the end-
of-mission battery state yielded an estimated currég margin of
approximately 2.0. In all flights, the maximum measred
temperature occurred 140-736 s after landing, witlan additional
rise of 4.9-10.1 K; the highest value recorded, %°C, remained
below the 60 °C cell limit. Residual-current Jouléheating was no
more than 0.26% of in-flight Joule heat generationsuggesting that
stored-heat redistribution and internal thermal relaxation
contributed to the post-landing rise. A two-node tlermal model
reproduced in-flight stack-center temperature for ifve unseen
flights with a root-mean-square error (RMSE) of 1. K but
underpredicted the additional post-landing rise.

Index Terms— electric vertical takeoff and landing aircraft, flight

test, lithium-ion battery module, passive thermal ranagement,
thermal model.
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[. INTRODUCTION
atteries for electric aircraft are required to pdevboth
high specific energy and high specific power. Sjeci
energy strongly affects flight range and enduraaod,

aircraft propulsion systems, power-conversion systeand
mission-level energy optimizatiof9], [10], [11], [12],
relatively few studies have directly measured tttea battery
load during flight and quantitatively linked it fmerformance
demonstrated in bench testing. High power demarsd al
increases the thermal burden on the bafigr\8], whereas the
additional mass of the cooling system required itigate this
burden reduces system-level specific enefdy], [14].
Therefore, the energy, power, and thermal-managemen
performance of aircraft batteries should be evallidah an
integrated manndf.3], [14], [15].

Experimental evaluation of these performance
characteristics requires two distinct types of infation: the
available battery capability demonstrated in betesting and
the mission demand imposed when the same hardwgare i
installed in an actual aircraft. Conventional bepeinformance
studies can quantify battery energy and power padace, but
they do not directly show the operational margiat tthis
performance provides for an actual flight missiGonversely,
flight-demonstration studies provide realistic gy
conditions, but the required power cannot be diyeximpared
with bench capability when battery-level current aroltage
are not sufficiently measured and reported. In pravious
work [16], a 24S NCM battery system was designalri€ated,
and demonstrated in flight, but the evaluation Viéted to
system-level functionality; neither a duration-nietd
comparison between bench-verified capability andsueed
flight demand nor the post-landing thermal behawias

previous studies have reported that practical eVTOLqqressed. The present study differs in the bastemyitecture

operation requires a pack-level
approximately 230-300 Wh/Ka], [2], [3], [4]. Specific power,
on the other hand, constrains the power availabtang high-
power flight phases such as takeoff and hover, \atical
takeoff and landing aircraft require higher transieand
sustained power than during crui&], [5], [6], [7], [8].
Although extensive research has been conductedeatrie-
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specific energy  qf451p module for a cargo multicopter), and in thath the

capability-to-demand margin and the post-landingttseak
characteristics are quantified for the same physigait.
Previous studies investigating high-power operatibaVTOL
batteries have also relied primarily on missiondlgaofiles
reproduced under laboratory conditiofig], [8]. Publicly
available eVTOL battery datasets are likewise basad
laboratory-reproduced mission-load profiles rathdran
measurements obtained during actual fligh¥]. Battery
thermal models have also been validated mainly unde
laboratory conditions at the cell or pack ley&8], [19]. For
electric-vehicle battery packs, experimentally daled
electrothermal models incorporating cell-to-celtigdon and
aging have been reportgD], while integrated electrothermal-
aging modeling and design optimization have beeastigated
for liquid-cooled aircraft battery pack21]. However, the
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thermal-prediction accuracy if21l] was evaluated against temperature performance evaluation, and the mehsnasses

computational fluid dynamics results, and the agpload was
based on a hypothetical mission profile; therefibsesalidation
differs fundamentally from validation using loadsasured

of Specimens A and B were 18.295 kg and 18.320 kg,
respectively. All module-level specific-energy vedureported
in this study were calculated using this mass bagndThe

during actual flight. At the cell level, high-rgtellse tests have detailed module configuration and mass distributiare

shown that substantial heat may continue to beseld during
thermal relaxation after current interrupti¢22]. However,
how such post-load thermal relaxation manifestsnasule-
level post-landing temperature behavior during alcey TOL
flight has not yet been sufficiently demonstrated.

This article links the capability verified in bentésting
with the demand measured in flight for the samesjay
battery module. The contributions of this work #nesefold.
First, a two-step procedure is proposed to compapability
and demand on a consistent basis: a moving-avevagiw
equal to the bench test duration matches the toakesand a
60 s equivalent resistance together with the passion open-
circuit voltage transfers the full-charge capapild the state at
which peak demand occurs. Second, measurementeisded
beyond load termination, which allows post-landiveat soak
to be quantified; conventional high-rate dischartgsts
terminate too early to observe this behavior. Thrtivo-node
lumped-parameter thermal model driven by measuligtit f
current is validated on flights withheld from iddicttion, and
its limits in predicting the post-landing peak greantified.

It should be emphasized that the 720 A (8C), 60-s

discharge condition used in this study is not id&h to

represent a general requirement for eVTOL battebiesrather
a bench-verified test point for the present modiilee hover
load of the test aircraft was approximately 2.4W®jle the

maximum measured load was 3.65C. Accordingly, #seilts

of this study should be interpreted as the powegimdetween
the verified bench capability and the flight enysaneasured
in the present experiments.

Il. BATTERY MODULE AND EXPERIMENTAL METHODS
A. Battery-module Configuration and Mass Boundary

The battery module for the cargo eVTOL consisted14f
commercial high-nickel NCM pouch cells connected an
14S1P configuration, and the main cell
specifications are summarized ifable I Aluminum heat
spreaders and acetal separators were alternateingad
between adjacent cells, providing both structutgdpsrt and
heat-transfer paths between cells. No active cgdlievice or
dedicated coolant passage was employed; insteadndiolule
relied on passive cooling by the ambient airflovowsrd the
module during flight. The external configurationdaimternal
cell-stack structure of the module are showhim 1

To evaluate the specific energy of the battery neéor
the cargo eVTOL, the mass boundary must be clekfined.
In this study, the total mass of the energy-storaggembly
actually installed on the aircraft was used as lthsis for
calculating specific energy. This mass includes oy the
cells, but also the battery management system,asishnd
supporting structures; no separate active-coolipstes is
included. Two test specimens were fabricated foonro

summarized imable |
(@)

(b)
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Fig. 1. Passively air-cooled 14S1P 90 Ah battery modate f
cargo eVTOL applications: (a) assembled battery uteodnd
(b) internal cell-stack configuration.

TABLE |
Cell and module specifications and mass boundatiyeof
14S1P 90 Ah battery module

Category Parameter Value
Chemistry / format High-Ni NCM / pouch
Cell Nominal capacity / 90 Ah/3.8V
voltage
Cell mass 1.05 kg
Configuration / 14S1P/ 532V
nominal voltage
60.2 V performance
Charge-voltage limit evaluation / 58.8 V
operation
Module D1schar.gejv01tage 40V
limit
Thermal management Passive air cooling
Measured module 18.295 kg (specimen A)
mass
Cell-to-mOfiule mass 80.4%
ratio

and modufe

Prior to module assembly, the 0.5C discharge cgpani
1 kHz ac internal resistance of each cell were oreds The
incoming-inspection criteria were set to a disckargpacity of
at least 85.0 Ah and an internal resistance of ncerthan 1.6
mQ. Cells that satisfied these criteria were grougethat cells
with similar internal-resistance characteristicsevassigned to
the same module. The cells used in the modules for
performance testing had discharge capacities di088.7.56
Ah and internal resistances of 1.084-1.552.nHowever,
because no control module assembled without cedlesing
was tested in this study, the screening procechweld not be
interpreted as demonstrating improved electricalthmrmal
uniformity of the module. Cell screening is therefdescribed
only as part of the module-assembly procedure adioipt this
study.



B. Bench-Test Setup and Procedures

The bench performance tests of the battery moduléhé cargo
eVTOL were conducted in an environmental test chamithe
test specimens were connected to a constant-vidtagsant-
current charger and a dc electronic load, and peitage,
current, and multichannel temperature data wererdec at 1
Hz using a regenerative pack cycler. The benchpesiram
consisted of an energy performance evaluation ugaifg A
constant-current discharge and a 720 A, 60 s constarent
high-rate discharge test. All tests were conduaé&doom
temperature, and the test setup is showign 2 The bench-
performance values reported in this paper wereutztkd from
the raw measurement data acquired during the tests.

il 90 Ah Battery i
! Module for
Cargo eVTOL

Fig. 2 Bench-test configuration: (a) the module insthiteside
the environmental chamber and (b) the chamber a¢ldseing
testing.

Two modules of identical design were used for thergy and
high-power discharge tests, and Specimen A wasesuiestly
installed in the aircraft for the flight tests watlt replacement.
Therefore, the bench capability—flight demand corispa in
this study was performed using the same physicdlheaather
than different modules, thereby eliminating intesdule
variation between the bench and flight tests. Shime-unit test
configuration provides the experimental basis fareatly
linking the power capability demonstrated in betesting to
the power demand measured during actual flight.

C. Flight-Test Setup, Instrumentation, and Test Matrix

The cargo eVTOL flight tests were conducted usinfylly
electric cargo multirotor aircraft with a maximuakeoff mass
of 110 kg, equipped with a single 14S1P 90 Ah atteodule.
The test aircraft employed a coaxial counter-rotathultirotor
configuration with four foldable arms and eightarst, and the
battery module was installed at the lower centéheffuselage.
The instrumentation and payload were also positiarear the
center of the aircraft to minimize changes in tlemter of
gravity. A total of eight flight tests were condedtwithin a
seven-day period. The main specifications of the #ércraft
and the battery installation location are preserfte@iable |l
andFig. 3 respectively. The actual takeoff mass duringeises
ranged from 72.30 to 89.85 kg, and an additiondd.payload
was applied under the maximum-payload test comditio
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(ESC) temperature, three channels of module teryreraand
ambient temperature at 10 Hz, while barometridualé was
obtained from the flight-control logs. Pack currewas
measured using a unidirectional Hall-effect cursansor rated
at 500 A, and temperatures were measured usingp&-ty
thermocouples. The maximum current recorded athessight
flights, 328.5 A, is 66% of this rating, so no saensaturation
or clipping occurred at the current peaks. Of tire¢ module-
temperature channels, two were attached to theateftright
heat spreaders, while the remaining channel wasrtet
between Cells 6 and 7 at the center of the 14statk. Because
the stack-center channel exhibited the highest umeds
temperature in all flights, it was used as the esentative
maximum measured temperature location in the suieseq
thermal analysis. However, because temperatureneasured
at only three locations, the maximum temperatupsnted in
this study refers to the highest value among thisee
measurement points rather than the physical maximum
temperature within the entire module.

TABLE Il
Specifications of the cargo eVTOL test aircraft
Parameter

Specification
Coaxial counter-rotating multirotor
with four foldable arms and eight rotors

1,970 x 1,970 x 732 mm

Aircraft configuration

Overall dimensions (L

x W x H)
Propeller 40 in (1.016 m) diameter, 13.1 in pitch
Rotor arrangement 4 CW +4 CCW
Effective rotor-disk 3243 m?
area
Maximum takeoff mass 110 kg
Empty mass including
battery 60.2 kg
Battery module 14S1P, 90 Ah
Battery thermal Passive air cooling
management

Fig. 3. Cargo eVTOL test aircraft and battery installati¢a)
battery-module installation beneath the fuselagk(Bhoverall
aircraft configuration.

The flight procedure was kept as consistent asilpless
across all tests. Before takeoff, data were recbfde several
minutes with the motors stopped to establish thieeot-sensor
zero and the initial thermal state. After takedffe aircraft
hovered at the designated altitude for approxirgat€l min

Flight-test measurements were acquired through Wo.tore anding. Measurements were continued fdeast 20

independent systems: a dedicated data logger andittraft
flight-control system. The data logger recordedaltgtack
voltage and current, four channels of electroneesicontroller

min after landing to capture the thermal resporiseeomodule
following load termination. During this period, theodule was
not connected to a charger, and the measured turren



corresponded to the residual discharge currenevtthd aircraft
electrical system remained powered. Therefore, pbst-
landing temperature rise analyzed in this studysadu include
heat generated during charging. Measurement umntgrigas
bounded from the records themselves rather tham feo
complete budget. Detrended residual standard dengabver
the pre-takeoff stationary period were 0.10 K atdtack center,
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conducted under a 0.1C (9.0 A) discharge conditang the
measured discharge capacities of Specimens A amkei®
87.286 Ah and 88.689 Ah, respectively. The dischaigrgies,
calculated by integrating the measured voltagecamnant over
time, were 4,437.1 Wh and 4,507.0 Wh, correspondiong
module-level specific energies of 242.53 Wh/kg &dd.02
Wh/kg, respectively, based on the module masseaedefn

0.10-0.12 K at the heat spreaders, 0.33 K for amhbieSection II-A The specific energies calculated using the noimina

temperature, and 0.001 V for pack voltage. Theenirsensor
zero offset, taken as the difference between the@e-takeoff
mean and the stationary value at the end of eamrdewas
0.3-10.5 A; applying it as an upper bound shifesrttargins of
2.36 and 2.00 reported Bections IlI-Candlll-D to 2.28-2.44
and 1.93-2.07, respectively.

voltage and measured discharge capacity were 253818kg
and 257.49 Wh/kg, respectively. In this study, #pecific
energy obtained from time integration of the meedur
discharge data was used as the primary performaratec
because it accounts for the voltage variation thhowt the
actual discharge process. The main bench-perforenggsults
are summarized ifable IV.

TABLE Il
Flight-test conditions and training—validation sfdir the TABLE IV
thermal model Bench performance evaluation results for the tvgb te
Takeoff Payloa Thermal- specimens
Flight Tkas)s d (kg) Flight profile dm(t)delt Parameter Specimen A| Specimen B
g atase _
Flight 1 73.80 0 Nominal hover| Validation Energy ge(l;fzrg?anr(]:e evaluation
Flight 2 72.30 0 Nominal hover| Training ©. ischarge)
Flight 3| 73.85 0 Nominal hover| Training Module mass (kg) 18.295 18.320
Nominal hover, Discharge capacity (Ah) 87.286 88.689
Flight 4 73.80 0 lower ambient | Validation -
temperature Discharge energy (Wh) 4,437.1 4,507.0
Flight5| 73.85 0 Nominal hover| Training Specific energy based on
- — 242.53 246.02
Flight 6 | 89.85 16 Payload hoverl  Validation measured energy (Wh/kg)
Hover followed High-rate discharge
Flight7 | 73.85 0 by three climb—| Validation performance (720 A, 8C, 60 s)
descent cycles Test temperature (°C) 21.9 20.9
Flight 8 73.80 0 Nominal hover| Validation —circui
Open CI.I’CUI'[ voltage before 58513 58.740
. . discharge (V)
The same charging procgdure was applied beforetesich Terminal voltage at 60 s (V) 48137 49.004
270 A constant current, transition to constantagdtat 58.8 V,
and termination when the current remained at oovel.8 A Average power over 60 s (kW) 35.96 36.46
for 1 s. At termination, the pack voltage and cotravere  Average specific power over 60|s 1.97 1.99
58.800 V and 1.720 A, and the total charging timas\82.6 (kWikg)
min. The battery was then rested for at least 3@ ifine pre- R15(MmQ) 9.402 9.010
takeoff open-circuit. vqltages of the eight. flighesnged from Reo(MQ) 14.41 13.52
58.03 to 58.33 V, indicating that the initial baytestate was

maintained within a relatively narrow rangd&able Il

summarizes the takeoff mass, payload, and trainalgtation
split for the thermal model for each flight. Flight—-5 and 8
were conducted primarily under nominal hover cdadsg,

Flight 6 included an additional 16 kg payload, dfijht 7

employed a dynamic load profile consisting of thofienb—

descent cycles between 10 and 30 m following thiaimover
segment.

Ill. BENCH-TO-FLIGHT BATTERY PERFORMANCE
ASSESSMENT

A. Bench Energy and Power Capability
The bench performance of the battery module watiatexd

through an energy performance test and an 8C (72B®s
high-rate discharge test. The energy performanse was

For the energy performance evaluation, the module
charge-voltage limit was set to 60.2 V, correspogdo the cell
manufacturer’'s maximum charge voltage of 4.30 V/del
contrast, the charge-voltage limit during actuigiht operation
was restricted to 58.8 V (4.20 V/cell) to provideédaional
voltage, thermal, and cycle-life margins. Accordyngthe
specific energy values reported in this sectionenaraluated
under the condition of charging up to 60.2 V andusth not be
interpreted as the usable energy available oveadheal flight
operating voltage range. Hereafter, 60.2 V is refeto as the
performance-evaluation charge limit, whereas 58.8isV
referred to as the flight-operation charge limit.

The high-rate discharge performance showhig 4 was
evaluated by applying a constant current of 72®RA60 s to
both specimens under fully charged, room-tempegatur
conditions. The 720 A current corresponds to 8@dam the
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nominal capacity of 90 Ah and to 8.25C and 8.12€ facorresponding to approximately 2.41C based on tiraimal

Specimens A and B, respectively, based on theirsared
discharge capacities. Both specimens completedrttiee 60 s
discharge without low-voltage cutoff or activatiaf any
protection function. The 60 s average powers oftcBpens A
and B were 35.96 and 36.46 kW, respectively, cpoeding to
average specific powers of approximately 1.97 aB8 kW/kg
based on the module mass of approximately 18.3Tkg
voltage and current responses during the 720 As Gkt are

shown inFig. 4 Because this test point represents a powe

capability directly verified under fully charged,oom-
temperature conditions, the available power undparially
discharged state representative of actual flighgragon is
separately corrected and evaluatedSection 1lI-D. The 1 s

equivalent resistance®®,; , obtained from the high-rate

discharge tests were 9.402xnrand 9.010 2 for Specimens A
and B, respectively. Their mean value of 9.2 mas used in

Section IV as the module-level equivalent resistive heat-

generation coefficient, thereby linking the bendbctical
performance to the thermal behavior observed dusicial
flight.

60 T T T T T T T
I Pre-load: 58.51 and 58.74 V —— Specimen A:
< — — Specimen B:
) L .
g 55 1 s voltage drop .
= Rys = 9.40 and 9.01 mQ
)
> N
E o~
e€50F T - - _ _ _
E |  TU—----=----
—
Q At60 s ‘
) 48.15and 49.01V
3 45 - g
o) :
= | .. 3.0V per cell limit |
40 L 1 1 i

10 20 30 40 50 60
Time under load (s)

Fig. 4. Validation of 720 A (8C) 60-s high-rate discharge

capability.

B. Flight Power Demand and Repeatability

Fig. 5shows the time histories of pack current and batdm
altitude measured during a representative flighmmediately
after takeoff, the current increased sharply areh ttemained
relatively stable at approximately 210-235 A durihg hover
segment, before decreasing rapidly upon landingeXaude

capacity of 90 Ah. The mean pack power was 11.G8F kW,

the charge consumed during flight was 39.10 + 8B5and the
flight duration was 651.3 * 4.6 s. Despite beingducted on
different days and under different ambient condgiothe
flights showed only limited scatter in the prindifi|ght metrics,
indicating good repeatability of both the flightopedure and
the measured results under the present test comsliti

—— Pack current

300 | — Altitude 130
< ~
+— S
5200 - 420 B’
3 E
% <
@ 100 b A {10

0 -_JI 1 1 1 1 1 1 1 0

0 2 4 6 8 10 12
Time from takeoff (min)
Fig. 5. Representative flight profile and pack-currennded.

240 T T T T T

N
w
o

N
N
o

Pack current (A)
N N
8 o

190 ——Flight1  ----- Flight2 oo Flight 3 |
~--~Flight 5 Flight 8
180 1 1 1 1 1
0 2 4 6 8 10

Time from takeoff (min)

Fig. 6. Repeatability of hover-current demand over five
nominal flights.

Fig. 6 compares the hover-current profiles of the fivgHts,
for which a 5 s moving average was applied to redbe

the effects of the initial-flight and landing traests, the hover jnfiuence of short-term current fluctuations. Therent

segment was defined as the period from 25 s afkexoff to 15
s before landing.

histories remained at similar levels throughoutttbeer
segments, showing only limited scatter around teanmvalue

To evaluate repeatability under the nominal hovess216.6+ 3.1 A. These repeated-flight resultsever

condition, five flights conducted under comparabhabient
conditions (Flights 1, 2, 3, 5, and 8), with takeofasses
ranging from 72.3 to 73.9 kg, were compared; Flighvas
excluded from this set because it was conducted latver
ambient temperature. The mean pack current dugrngrhwas
216.6 = 3.1 A, with a coefficient of variation of.4%,

subsequently used as the reference nominal-hoadniten
comparing the maximum flight demand with the bench-
verified power capability.

C. Time-Scale-Matched Bench-to-Flight Power Margin

The 720 A power capability demonstrated in the hetast



corresponds to a test point sustained for 60 srefbie, to
directly compare this capability with actual fligtemand, the
flight load must be evaluated on the same timeesdéécause
an instantaneous current peak and a high-powerdosizined
over a finite duration impose different demandshmbattery,
moving-average currents were calculated over théreen
airborne segment of each flight. The moving-averageent
for a window lengthr was defined as

_ 1t
RO =7] 1©d &
t-t

wherel (t) is the measured pack current afglthe moving-
average window length. The maximum flight demaneaath
time scale was then defined as

ljemz = m?X[I_r ] (2
In this study,r = 1,5,10,30,and60 s were considered. This
procedure distinguishes flight loads of differentations and

enables direct comparison with the 60 s benchpeistt on a
consistent time basis.
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between the fully charged bench capability and fiight
demand occurring late in the mission.

800 fr T T T T

o0 Verified bench 65p56i|ﬁ>77’.—
g 720 A held for 60 s
600 —e— Flight 6 (payload) 1
= Other flights (n = 7)
o
~ 500 | 1
[$]
®
o
X 400 - .
(0]
[

300 |

1 5 10 30 60
Averaging window (s)
Fig. 7. Maximum flight-current demand as a function of

Across the eight flights, the maximum moving-averagaveraging window.

currents for window lengths of 1, 5, 10, 30, and&@re 312.5,
310.6, 309.0, 305.7, and 305.2 A, respectively,ahoccurred
during Flight 6 with the additional 16 kg paylodd.contrast,
the maximum instantaneous current in the raw 1@#ta was
328.5 A and occurred during the takeoff transiehlgght 8.
However, the maximum 1 s moving-average curretitéersame
flight was only 247.6 A, indicating that the instaneous peak
represented a very short takeoff transient ratieer & sustained
power demand. Therefore, the maximum 60 s moviregeme
current, rather than the instantaneous peak curvead used
when comparing the 60 s bench capability with thstained
flight-power demand.

D. Sate-Corrected Capability-to-Demand Margin at End of
Mission

Although the capability-to-demand comparisorSiection Il1-
C matched the time scale at 60 s, the battery sthtésg the
bench and flight tests were not identical. The 2A2®ench
capability was verified under fully charged, rooemperature
conditions, whereas the maximum 60 s flight demafir805.2
A occurred during Flight 6 between 588 and 648ex afkeoff,
by which time 52.15 Ah had been consumed. Therefmre
evaluate the power margin near the end of the hotission,
the bench-measured capability must be correctecthéo

Fig. 7 compares the maximum current demand of eadiorresponding operating state.

flight as a function of moving-average window lemgtith the
directly verified 720 A, 60 s bench-test pointghli 6 exhibited
the highest demand at all moving-average time scalbereas
the mean load of the five repeated nominal-hoveghts, 216.6
+ 3.1 A, remained lower. On the same 60 s baséscthrent
capability-to-demand margin was defined Mg = I.,p 0/

For this purpose, the 60 s equivalent resistdhgavas

defined from the 720 A, 60 s bench test of Specifers
Voc,O - V60

Rgo = I (3
test

where V.o is the rested open-circuit voltage immediately
before dischargely,is the terminal voltage after 60 s of

lyemeo - The directly verified 60 s current capability wasdischarge at 720 A, arig.is the test current. For Specimen A,
Ieapgo = 720 A, while the maximum measured 60 s flightVoco = 58.513 V and Vg, = 48.137 V, vyielding Ry, =

demand across the eight flights wagn, e = 305.2 A.
Accordingly,M; = 720/305.2 = 2.36.

The same time-scale matching was applied to polles.
lower of the two bench 60 s average powers, 356 Was
conservatively adopted as the bench capability.aBse the
maximum 60 s flight-power demand was 15.08 kW,gbeer
capability-to-demand margin  waslp = Pcap 60/ Paem,60 =

14.41mQ. This value should not be interpreted as a purely
ohmic resistance; rather, it is an equivalent doiefft
representing the terminal-voltage reduction oves 80 s
interval and therefore includes both resistive agdt drop and
the voltage change occurring during the pulse.

The current that could be drawn for 60 s at the-@&fnd
mission state was estimated using the pack openitiroltage

35.96/15.08 = 2.38. The maximum 60 s flight-power demandocEoM: measured after the aircraft electrical system ieseh

of 15.08 kW corresponds to 824 W/kg based on a teadass
of approximately 18.3 kg. Therefore, on the sames@bne
scale, both the current- and power-based bencligta-f
margins were approximately 2.4.

This comparison matches only the time scale; th&e st
difference is corrected iBection IlI-D. The margins of 2.36
and 2.38 should therefore be interpreted as cosgpesi

powered off and the battery had rested for more 2@ min
after landing, together with the pack dischargaagse limit
Vinin = 42.0V:
Voc,EOM - Vmin
IEpeo = — R, (4)
For Flight 6, the end-of-mission open-circuit vgikawas
50.785 V. ApplyingEquation (4)gives an estimated 60 s



available current of approximately 610 A. Accordingthe
state-corrected current capability-to-demand mangis610/
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the takeoff mass of Flight 6 was 89.85 kg, représgnan
increase of 22.2%. Accordingly, the mean hover enirr

305.2 = 2.00. Thus, although the margin decreased from thHacreased by 34.1%, from 216.6 to 290.4 A, while gack

value of 2.36 obtained irsection IlI-C using the directly
measured fully charged capability, a margin of agpnately 2

remained relative to the maximum measured 60 shtflig

demand. For the five repeated nominal-hover fligtite end-
of-mission open-circuit voltages ranged from 52®32.22 V.
Using the same procedure, the estimated 60 s bladarrents

were 696-709 A, corresponding to margins of 3.015-3.

relative to the maximum 60 s demand of each flighe full-
charge and end-of-mission margins are summarizeajirg
Using the same model, if 720 A were sustained fos &t
the end-of-mission state of Flight 6, the predigtedk voltage
would decrease to approximately 40.4 V, below thecsied
discharge-voltage limit of 42.0 V. Therefore, th207A test
point directly verified at full charge should na Imterpreted as
being directly available at the end-of-missionestat
It should be emphasized that the 610 A value waslinectly
measured in a 60 s discharge test at the end-cionistate;
rather, it is a state-corrected estimate derivethfthe open-

power increased by 30.9%, from 11.36 to 14.87 kW.

§16 [ - - - - Momentum-theory scaling P oc W2 7

< O Flight 1, 2, 3, 5, 8 (nominal-hover) ,/
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Fig. 9. Hover-power scaling with takeoff mass and conguari

circuit voltage and the bench-derivRg,,. This approach does With momentum theory.

not independently account for the temperature datb-®f-
charge dependence of resistance, the dynamic lha¥i
polarization, cell-to-cell imbalance, or the minimwoltage of
individual cells; the resistance increase expeatedower state
of charge is, however, partly offset by the eledateodule
temperature at the end of the mission. In additiom calculated
current margin is defined at the pack-voltage lewvel does not
guarantee that individual-cell voltage or tempeamtlimits
would not be reached first.

[ 60 s capability T
[ worst measured 60 s demand

800

720 A

End of mission
(V,est = 50.79 V)

Full charge
=58.51V)

Fig. 8. Measured and estimated capability-to-demand margiFig. 10 shows the measured temperature histories and post-

(Vrest rest

at full charge and end of mission.

E. Takeoff-Mass Effect on Hover Power

To evaluate the effect of increased payload on hpower
demand, the nominal hover condition was compar#u Flight
6, which carried an additional 16 kg payload, asashin Fig.
9, in which all eight flights are plotted’he mean takeoff mass
of the five nominal-hover flights was 73.52 + 0l&8 whereas

Under hover conditions, the ideal induced power is
proportional to thrust raised to the power3gR according to
momentum theory23]. Because the hover thrust for the same
aircraft can be taken as equal to its weight, tbegy ratio
between the two weight conditions can be expreased

fiz (WZ)m 5)

Py \W

Applying this relationship, a 22.2% increase inetafk

mass is predicted to increase the ideal inducedepdwy
approximately 35.1%. The measured pack-power isereas
30.9%, which was 4.2 percentage points lower thaa t
theoretical prediction, while the overall trendpiower demand
with increasing mass was broadly consistent withmeiotum
theory. Because momentum theory predicts poweerdttan
current, the measured power increase of 30.9%grétlan the
current increase of 34.1%, was used for compariBba.larger
increase in current resulted from the reductiorofrerating
voltage as the payload increased. The minimum pattkge
under the nominal-hover condition was 49.93 + 0\M7
whereas that of Flight 6 decreased to 48.38 V.

IV. POST-LANDING THERMAL BEHAVIOR AND M ODELING
A. Post-Landing Heat-Soak Characteristics

landing heat-soak behavior during representatieeated-
hover Flight 8. The stack-center temperature irezddrom an
average of 27.7 °C during the ground-recording qaerio
37.3 °C at landing. The left and right heat-spreade
temperatures increased by averages of 6.1 K andK7.3
reaching average maxima of 33.8 °C and 34.5 *Qgectively.
Across all flights, the ambient temperature ranigech 25.7 to
31.1 °C. The stack-center temperature was congigtéme
highest among the three measurement locations, thaed
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temperature difference between the stack centertlamdieat 0.01-0.26% of the in-flight resistive heat genematof 271—
spreaders at landing was approximately 6-11 K. iflikates 506 kJ (75-140 Wh) for the corresponding flighten@erting

that heat generated during flight was stored ndoctmiy
within the module.

this energy using the combined heat capacity ofwleenodes,
C, +C, =5964 JK (Section IV-B, gives a maximum

However, the maximum measured temperature did netjuivalent temperature rise of 0.13 K, which isslg¢ban

occur at landing. In all eight flights, the stackater

temperature continued to increase after landingraadhed its
maximum 140-736 s later, with an additional risel&-10.1
K relative to the landing temperature. In particulduring

Flight 6 with the additional 16 kg payload, thec&t&enter
temperature increased from 44.6 °C at landing t6 3@ after

257 s, corresponding to the largest additional 0s&0.1 K.

Even this maximum of 54.6 °C remained below thé®opper

limit of the cell manufacturer's specified discleatgmperature
range, indicating that passive cooling was sufficiender the
conditions tested. Under the climb—descent cormditibFlight

7, the temperature increased from 39.9 °C at lantdit9.8 °C
after 452 s, corresponding to an additional ris@.8fK. For the
nominal-hover flights, the post-landing temperatise ranged
from 4.9 to 8.4 K.

45 T T T T T T T T
Stack (center)
—— Spreader (right)
40 - —— Spreader (left)
§ ----- Ambient
o 35}
2
o
8 30}t ]
E ] At ,‘ M), A
g gQUR VL TMVE WA KT LV
25 .
20 1 1 1 1 1 1 1 1
-5 0 5 10 15 20 25 3
Time (min)

Fig. 10. Measured temperature histories and post-landaadr h
soak behavior during representative repeated-Helignt 8.

approximately 3% of the observed 4.9-10.1 K pastlilag
increase. Therefore, Joule heating associatedthétmesidual
post-landing current alone cannot explain the ofeser
additional temperature rise.

These results suggest that redistribution of héated
within the module during flight, internal thermadlaxation
after load termination, and reduced convection aheerotor
downwash ceased contributed to the post-landingeeature
rise. This interpretation is also consistent wigti-tevel high-
rate pulse-test results showing that heat releasecontinue
during thermal relaxation after current interruptja?2].

B At landing
[ Post-landing peak

+73K+T4K +49K +8.4 K

736s 483s +8.0K 535s
1785 140

+10.1 K -
257s 199K

(o))
o
T

N w H (&)
o o o o
T

Battery internal temperature (°C)
=

1 2 3 4 5 6 7 8
Flight

Fig. 11 Post-landing temperature rise and peak delayeigbt
flights.

The additional post-landing temperature rise aedilay
to the maximum measured temperature for all eiligtts are
compared inFig. 11 The observation of a post-landing
temperature increase in every test indicates lieatitmperature

To determine whether this post-landing temperaturat landing does not necessarily represent the marim

increase could be explained by additional heatiogfresidual
current, the post-landing current was examined.iriguthe
post-landing recording period, the module was panected to
a charger, and the measured current correspondeitheto
residual discharge current while the aircraft eleat system
remained powered. The mean residual current framditey
until the time of maximum temperature ranged from6-to
18.1 A among the flights.

The resistive heat generation was calculated utieg
mean 1 s equivalent resistance of the two benctirepeas, 9.2
mQ, as the equivalent heat-generation resist&)cq:

2
Q)(t1,t2) = Rmoa f 12 () dt ®)

Using Equation (6) the resistive heat generated fro
landing to the time of maximum temperature was B2-J
(0.02—-0.21 Wh) across the eight flights, corresrundb only

measured temperature for the corresponding mission.
particular, conditions associated with increasecrntal
loading, such as higher payload or elevated curdemtand
near the end of the mission, also exhibited laaptitional
temperature rises after landing. However, becausentimber
of flights and operating conditions examined irs tsiudy were
limited, these results should be interpreted asdsebserved
under the tested conditions rather than as a gemeaatitative
relationship between load history and post-landémgperature
rise.

These results highlight the importance of extendimg
measurement period beyond load termination in hatésting
and operational procedures. If the measuremertteipresent

niests had been terminated at landing, the actuafinmoan

measured temperature could have been underestintgted
approximately 5-10 K. In addition, because heaistgdution
within the module continued for several minutegrfnding,



subsequent operations such as reflight or chargimguld
consider not only the temperature at landing bsb ahe
ensuing thermal transient.

B. Two-Node Thermal Model Formulation and |dentification

To predict the measured stack-center temperatuna fhe

flight-current history, a two-node lumped-parametteermal

model was employed. The first nodg,, represents an
equivalent heat-generation region, whifg represents the
measured stack-center temperature between Cetld 8.al'he
governing equations are

dT1 T1 - T2
Ci—— = Rpoal® — ——= 7
1 dt mod 12 ( )
dT. T,—-T, T,-T.
. 2 — 1 2 "2 amb (8)
dt Ry, Ry,

where T, IS the ambient temperaturé€; and C, are
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ranged from —208 to +309 s.

Fig. 12 compares the measured and predicted statkc
temperatures for representative validation fligiitse model
reproduced the in-flight temperature trends reasignaell,
whereas the post-landing temperature rise was regsically
underpredicted, particularly for the climb—descmmdition of
Flight 7.

For the four validation flights excluding Flight The
measured post-landing temperature rise was 7.1-K0.1
whereas the model predicted 3.5-5.7 K, correspgntdird6—
55% of the measured rise. Thus, although the nregebduced
the overall in-flight temperature response reashynaiell, it
systematically underpredicted the magnitude of 4{arsding
heat soak.

One- and three-node models were identified usirg th
same training—validation split. The one-node magilets an in-

equivalent thermal capacitancés,is the thermal resistance flight RMSE of 3.01 K and reproduces none of thetganding
between the two nodes, aRd,is the resistance from the rise, whereas in the three-node model the addedcitapce

measurement node to ambient. Heat generation wessented

degenerates to 4.8 J/K and the condition numbireaJacobian

by I2Rp04, With Rpog = 9.2mQ fixed from the mean 1 s in log-transformed parameters rises frorh0 x 10% t09.19 x

effective dc resistance of the two bench specim&hs. two-
node structure was adopted as a minimal represamtztpable
of reproducing delayed post-landing heat transfemfthe
internal heat-generation region to the measureckstanter
location. Higher-order and distributed-parametedeis have
also been proposed for spatial temperature resal{24], [25],
but the three available measurement points doupyict their
identification.

Flights 2, 3, and 5, all nominal-hover flights, wersed for
parameter identification. The paramet&s, R,,, C;, and
C,were obtained by nonlinear least squares usingdh®lete
record from the pre-takeoff ground period to 20 raitter
landing, without segment weighting. The state equatwere
integrated using forward Euler wittt = 0.1s, and the initial
conditions were set 8(0) = T,(0) = Tpeas(0).

Optimization was performed in log space using thstt
region reflective method to ensure positive paramealues.
The identified parameters werm;, = 1.036 K/W, R,, =
0.4233K/W, C; =5,417J/K, andC, = 547.2J/K. These are
equivalent model parameters and should not bepirgtrd as
one-to-one physical properties of specific cells noaterial
regions.

C. Flight Validation and Prediction Limits

Flights 1, 4, 6, 7, and 8, spanning nominal-hol@rer-
ambient, payload, and climb—descent conditions,ewssed
exclusively for validation. The coupled two-node deb
exhibited thermal time constants of 7,972 and 163
representing slow internal heat redistribution arad
comparatively faster heat-rejection response t@thbient.

During the in-flight period from takeoff to landinghe
model achieved a root-mean-square error (RMSE)3ff K for
the five validation flights (0.66 K for the threaining flights).
During the post-landing period, the RMSE was 1.2fbKthe
four validation flights excluding Flight 7 and 4.84for Flight
7. The corresponding maximum-temperature errorg wéro0
to —2.40 K and -6.26 K, respectively, while thelpéiene error

10, with a maximum parameter correlation of 1.000e Th
underprediction therefore reflects the model oslgaported by
three-point temperature sensing rather than aréiof the
optimization.
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Fig. 12 Representative validation results of the two-node
thermal model under unseen flight conditions.

The present results are limited to eight flightswgghe same
aircraft and battery module, with takeoff masseg23-89.9
kg and ambient temperatures of 25.7-31.1 °C. lrtiadd the

end-of-mission 60 s capability was model-estimaster than
directly measured, and module temperature was oreuitat
only three locations.

V. CONCLUSIONS

This study linked bench testing with eight fligksts of
the same physical 14S1P 90 Ah passively air-codligh-
nickel NCM module, evaluating the bench-verifiedweo
capability, flight demand, and post-landing therinahavior.

First, when the time scales of the bench and fligkts
were matched at 60 s, the directly verified 720 éndh



capability under fully charged, room-temperatureditons

provided current- and power-based margins of 2186 238,

respectively, relative to the maximum 60 s fliglentand of
305.2 A. Even after correction for the batteryestagar the end
of the mission, the estimated current margin
approximately 2.00. The 720 A value representsriieg test
point rather than the maximum power capabilityhaf inodule;
therefore, these margins should be interpretedivelto that
verified test point.
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during flight was the dominant mechanism. The higgh&lue

recorded, 54.6 °C, remained below the 60 °C cailitjiactual

operation should nevertheless consider the postirgn
transient rather than the temperature at landing.
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stack-center temperature with an RMSE of 1.30 Ktffierfive
flights not used for training. However, for the foralidation
flights excluding Flight 7, the model reproducedyof6—55%
of the measured additional post-landing temperatise,
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