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Abstract

This work presents the aerodynamic effects of installinga-retractable electric regenerative propulsion system
in a typical Standard Class glider. The propulsion systaiuding the weight for batteries and power available

are estimated using a comparison with existing electripglted gliders. The thrust available, the additional

drag during free-wind milling, and the possible power estiiin are estimated. This data is used to determine
the performance of a glider during gliding flight, poweredlili, and while regenerating electrical power. The

conclusion is that a Standard Class glider with a 1.9 metndter two-bladed variable pitch propeller that is

driven by an electrical 25 kW motor mounted in a fixed pyloadeto a quite interesting, safe and reliable electric
motor glider that is suitable for club and cross country flighining.

Nomenclature

W  Maximum glider weight
b Wing span We Empty glider weight
c Airfoil chord B Propeller blade pitch angle
Cp, Parasite drag coefficient 6  Variable increment
Cp, Frontal area drag coefficient p  Airdensity
Cp Power coefficient
Cr Trust coefficient Introduction
D Drag, Propeller diameter . S .
e Oswald factor The use of battery fed electric propulsion in gliders, eithe
f Equivalent flat-plate drag area for take-off assistance or for flig_ht sustaining is in_cregsiiue _
g Gravity acceleration to some advantages th_at electrlcal motors have in compariso
L/D  Max. gliding ratio to the |nt.ernal combgstlon engines (ICE) reprgsenteq _by the
n Motor or propeller rotation in rps Iower'n0|se, onver direct opgratlonal cpsts, higher réliigh
p Motor power and higher confidence levels in out landings.
Q Motor torque Otherwise, their lower electric motor weight and cost affe of
O Electric motor idle torque set by th_e present battery Weig_ht and cost, and thei_r a_llbﬂged
R, Propeller useful power CO, emission may be unreal if “well to wheel” emissions are
= Power index taken into account, anywhere thermal generation eledtices
RC  Rate of climb are used. _ S
Re Reynolds Number The late American gliding pioneer Dr. Paul MacCready, was
S Wing area one of the first to point to the regenerative possibilitiegletc-
Sy Pylon lateral area trical propelled gliders that by reducing their propellécp can
S Frontal area use them as wind turbines in order to charge their battewieite
t Thickness flying in rising air currents [1].
T Propeller traction An additional advantage of electrical propulsion is that; u
V] Glider flight speed like ICE engines, the electrical motors offer near zero uerq
Vip gliding ratio flight speed resistance when running idle, and in this condition, as litha
Xm Maximum thickness ordinate shown in this paper, a propeller set at the right pitch magemme
W Glider sinking speed quite small “wind milling” drag values.

Another thing to be considered is that a great number ofsingl|

Presented at OSTIV Congress XXXI, Uvalde, Texas USA, 8-15 Au place gliders manufactured to this date are of the FAI Stahda
gust 2012 Class type, and that many of them are no longer used for com-
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petition flying, have selling prices that are a fraction dtthf a
brand new electric glider.

The above considerations led to the writing of this paper tha
investigates the possibility of obtaining inexpensive arghly
reliable, electric propelled touring and training club oroglid-
ers, just by equipping used standard-class gliders witld fire
generative electric propulsion systems and using theigwia-

ter ballast structural weight margins and supporting $tmecto o e i R I
install the batteries. Such a battery installation willuee the e AR TP
non-lifting parts weight increase that will be restrictedhe en- B T v, (o MACK TE- €501 )

gine, propeller, controller and cabling weights, and atsallow

the use of less efficient, but also cheaper batteries, sutteas

MeH (Metal Hydride) type used in some hybrid automobiles.
The following discussion is based on the assumption of a typ-

ical Standard Class glider similar to those that have belri-fa

cated in large numbers but are no longer in production or used

in Standard Class world gliding championships.

Basic Data

Glidersand Motors

Table 1 shows some of the available data of three current
electric-propelled gliders as well as of the adopted bas&ian-
dard Class glider and of its proposed electric version. Taom
power of the electric version was chosen so that its powesind
PI, defined by Eq. 1 below, falls into the range of the othezé¢hr TR AR T el BRI
electric gliders power index values. ’

EEBLOC D3 A0 17 1% [h 15 60 52 A 26 0F

Pl =

W(RC+Vp/(L/D)) (1) Figurel Cr andCp vs. V/nD, andf from 15 to 60 deg. for
P three bladed propeller, with spinner [2].

Table 1 Comparison of glider characteristics. Mass properties 1T ]
in parentheses include ballast. n;%zzzif“\ﬁ .
GLIDER Antares ApisE SilentE  Baseline  Stand|E ok h“"‘"—--_h""""h%“i"“‘ ~J
Max. weight (kg) 480 350 300 | 349 (460) 460 I ) A ] )
Empty weight (kg) 233 200 275 350 o8 £ \“{\( - NE \§ ek eoig t K
Span (m) 18 15 13 15 15 or \ N N
Wing area (m2) 11.9 12.2 10.3 10.7 10.7 - \ \ ’ N N
PERFORMANCE oa N N
Max. glide ratio 52 40 39 36.3 32.9 \ \\
@ V (km/h) 110 90 90 | 95(110) 105 ° A\ \
Min. sink (m/s) 0.51 0.58 0.6 | 0.65(0.75) 0.78 - \a ]\_ \ i L
@ V (km/h) 71 60 85 75 (80) 80 ° [T R T RT TR T R & 1 & 18 Lt 24 26
Rate of climb (m/s) 4.6 2 25 - 2.7 nb
ENGINE Fig. 16:1%,  Gr va. ¥/nD fur two-blade 5865-5 pmpel};rﬁ:éth Clark ¥ sce—
Power (kW) 2 15 13 — 25 tions (98 bhick =t OLFSR). (From RAGA ]
Rotation (rpm) 6000 3400 - -
Weight (kg) 22.5 8.5 - 15 .
Power Index] 0582| 0.601| 0.711 _ 0.521 Figure2 Cy vs. V/nD andf from 15 to 45 deg. for two bladed
PROPELLER propeller [3].
Diameter (m) 2.0 1.7 1.9 - 1.8-1.9
Rotation (rpm) 1500 1300 - 1800
Number of bladeg 2 2 1 - 2
Pitch control fixed fixed fixed — | variable
BATERY PACK Propellers
Type | Li-ion | Li-poly NiCd - MeH . .
Quantity 72 21 _ 40 Figures 1, 2, and 3 show typical propeller power and thrust
Weight (Kg) 76 40 36 - 42 coefficientsCp andCr for two and three bladed propellers with
Total charge (Kw.h) 5 4.1 - 54]  spinner [2,3] as a function of thé/nD advance ratio parameter.
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Fig. 16114, Cp vs. V/nD for same propeller as in 10% 15% 20% 259% 30%
Fig. 16:13, with Cp plotted as parameter,
tic (%)
Figure3 Cpvs.V/nDandf from 15 to 45 deg. for two bladed Figure4 Pylon drag.
propeller [3].
Table 2 Pylon drag for various thickness ratios (V=90 km/h) lon is: f 0009
t/c 12% | 15% | 18% | 21%| 24%]| 27% oCp, = ST 0.00084
c(m) 1.250| 1.000] 0.833] 0.714| 0.625| 0.556 ‘
xm/c 45% | 40% | 35% | 30%| 25% | 20% This is a relatively conservative value when compared to the
Sp (M%) 1250| 1.000| 0.833 0.714] 0.625| 0.556 Cp, computed using an optimum frontal area pylon drag coeffi-
ge (1?2(: . 50%352 . 01(-;;% . 01657% 5 01(-)32 . 01111?; . oli%g cientCp, ~ 0.055, given in Ref. 5 (pp. 6-9, Fig. 10) that for the
moothCp,, . . . . . . - P
Smoothf | 0.0065| 0.0070| 0.0066| 0.0066| 0.0073| 0.0073 0.15 nf pylon frontal area will result in:
RoughCp, | 0.0111] 0.0132] 0.0142| 0.0154| 0.0169] 0.0178 0.050.0.15
Roughf 0.0139| 0.0132| 0.0118] 0.0110| 0.0106| 0.0099 5Cp, = ———— —=> _ 0.00077
0 10.66
Power and thrust are defined by : Motor Nacelle Drag
P — CppnDS ) The dra_lg of an qptimal :_%:1 fineness ratio streamlined motor
>4 nacelle with a maximum diameter of 40 cm and a frontal area
T = Crpn°D 3)

S, = 0.126 n?, can be also conservatively estimated using a tur-

o bulentCp,, = 0.050, given in Ref. 5 (pp. 6-19, Fig 25):
Gliding Performance

The estimated gliding performance of the baseline glides wa 0.050-0.126
adjusted in order to account for the additional drag due ¢o th 0Cp, = 1066 0.00059
pylon, the motor nacelle, as well as the two- or three- bladed

propellers under wind-milling conditions. Drag of Wind Milling Three-Bladed Propeller

Since electric motors running at idle have negligible terqu
PylonDrag _ values, the wind milling propeller drag for various bladéchi
Using a simplified method [4] to estimate the smooth antyngles will be equal to the negative thrust computed wittCthe
rough airfoil drag coefficients, the smooth and rough eqUivaextrapoIated in th€r vs. V/nD plot of Fig. 1 for thep and

lent parasite areas “f” for 15 cm wide and one meter high ps/lonv/nD values for whictCp = 0 in theCp vs. V/nD plot of the
were computed in Table 2 and plotted in Fig. 4, for variouspyl - same figure.

cross section thickness ratios. Using these values, the resulting propeller drag and tidegli

f =CpSP drag coefficienCp,increases are computed in Table 3 for blade
pitch angles from 35 to 55 degree, and for speeds of 90 (see
Adopting f ~0.0090 nt corresponding to a 24% thick, and 50% Fig. 5), 120 and 180 km/h, showing the same minimum value
smooth pylon, the glider drag coefficient increase due t@jhe Cp, ~ 0.00098, when the blade pitch is 45 degrees.

VOL. 36, NO. 4 October—December 2012 96 TECHNICAL SOARING



-1,200

-1,000

-0,800

-0,600

Drag (DaN)

-0,400

-0,200

0,000

Figure5 Estimated drag at 90 km/h of a free (CP = 0) wind

Table 3 Free Cp = 0) wind milling drag of a 1.8 m diameter three-bladed progrell

CP=0 V=250 ms V=333 ms V=500 ms
Beta V/nD CT n(rps) npm) T(DaN)| n(rps) n(rpm) T (DaN)| n(rps) n (rpm) T (DaN)

35 1,87  -0,008 7,43 446 0,64 9,90 594 -1,14 14,85 891 -2,55
40 2,30 0,009 6,04 362 042 8,05 483 0,75 12,08 725 -1,69
5 273 o2l s0e 305 o40]  e78 47 471 lols Bl -L6o)
50 330 0,020 4,21 253 046 5,61 337 0,81 842 505 -1,82
55 4,10 -0,035 3,39 203 -0,52 4,52 271 -0,92 6,78 407 -2,07)

6Cdo = 000098 6Cdo = 000098 6Cdo = 0,00098

Table4 Free CP = 0) wind milling drag of a 1.9 m diameter two-bladed propeller

IS(m2) CP=0 V= 25,0 m/s V= 33,3 ms V= 500 ms
Beta V/nD CT nps) npm) T(DaN)| n(rps) n(rpm) T(DaN)| n(rps) n(rpm) T (DaN)
20 1,07 -0,0025 12,30 738 -0,60 16,40 984 -1,07 24,59 1476 -242)
25 1,32 -0,0030 9,97 598 048 13,29 797 0,85 19,54 1196 -1,90
30 158  -0,0030 833 500 0,33 11,10 666 0,59 16,66 98 -133
35 1,88 -0,0060 7,00 420 047 9,33 560 083 14,00 240 -1,88
40 232 -0,0120 5,67 340 0,62 7,56 454 -1,10 11,34 681 -247
6Cdo = 0,00081 6Cdo= 0,00081 6Cdo = 0,00081
Polars
Assuming the usual quadratic drag variation with speed (par
R asite drag proportional t¢2 and induced drag to/V/?) [6], the
\ glider sinking speed as function of flight speed or its “pblar
4\ curve, can be approached by:
\\ ’ o, Coo(1/2)pS\ w
\ \?‘/ W en(1/2)pViR
Fitting the above expression to the flight test measured pola
points of the Jantar 2 Standard glider [7] will define a baseli
polar curve with:
20 40 60 80

Pitch (Degree)

milling three bladed 1.8 m diameter propeller

Drag of Wind Milling Two-Bladed Propeller

Cp,=0.010 e=0.80 W =349kg

In Table 5, and in Fig. 6 are shown the computed w and V
for this baseline glider with 349 kg, for it with 460 Kg (pati
ballast), and for its 460 kg electrical powered version ppad
with an 1.9 m diameter two blade propeller.

For all these three gliders the same Oswald efficiency factor
was used and for the E version the already computed pylon, en-

In Table 4 the same procedure is applied using Fig. 2 extrap@ine fairing and wind milling 1.9 m two blade propell€p,
lated negativ€r values for thg3 andV /nD values correspond- were added to the baseline glidas, resulting in:
ing toCp = 0 in Fig. 3, and the minimum glide¥Cp,, due to the

wind milling drag of a two blade propeller with 1.9 m diameter

is estimated to béCp,, ~ 0.00081, for3 = 30 degrees.

A more accurate assessment of the wind milling propellein comparison to the base aircraft the fixed electric prapuols
drag would require the knowledge of the idle electric motorsystem results only in a small increase in minimum sink of&ibo
torqueQs (small but not zero) due basically to the axle friction 0.13 m/s and a reduction of the maximum glide from 1/36.3 to
and magnetic hysteresis, both probably proportional. td-or
Qs =k-n, the idle motor power would b& = —k-n?, anddCp
proportional tov /nD.

TECHNICAL SOARING
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Cp, = 0.01000+ 0.00085+ 0.00059+ 0.00081~ 0.0122

1/32.8. At high speeds the performance loss due to the addlti
drag of the propulsion system is compensated by the highmey wi
loading of the electric version, as shown in Fig. 6.
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Table5 Computed flight polars.

g (m/s2) 9,807 Baseline Baseline w ballast (460 kg) E . Standard
S (m2) 10,7] M (kg) 348,6 M (kg) 460 | M(kg) 460 |
b (m) 15| Cdo 0,0100 Cdo 0,0100 | Cdo 10,0122 [
ﬂ(g}nﬂ) 1226] e 0,80 e 0,80 e 0,80
q D L/D w D L/D w D L/D w
Km/h DaN/m2] DaN - (mv/'s) DaN - (m/s) DalN - (m/s)
75 26,6 10,6 22 0,65
80 30,3 10,1 34,0 -0,65 15,1 298 -0,75] 159 285 -0,78
85,0 34,2 97 3’2 067 14,2 3,8 -074] 150 301 079
90,0 383 95 360 069 135 334 075 144 3,3 080
95,0 427 94" 36,3 0,73 130 34,7 -0,76] 14,0 322 -0,87
105,0 52,1 95 38  -081 125 361 -0s81] 137 329 089
110,0 57,2 97 31 087 124 363 -0s4] 138 27 093
125,0 739 10,7 3,9 1,09 128 353 098] 145 3,0 -1,17
130,0 799 11,1 307  -118 131 U6 -] 150 301 -1,20
140,0 92,7 121 281  -1,38 138 327  -L19] 160 282 -1,34
150,0 1064 133 %7 -162 14,8 306  -1,36] 173 26,1  -1,60
160,0 1210 147 233 -1,91 15,9 283  -157] 188 240  -1,85
170,0 1366 16,1 21,2 223 17,3 261  -18l] 205 20 215
180,0 1532 17,7 193 258 187 21 208 24 201 24§
190,00 1707 195 176 -301 204 21 -238] 245 184 2,86
200,0 1891 21,3 160 347 221 204 273
00 the maximum thrust is 70.3 DaN at 1900 rpm and the resultant
climb speed 3.35 m/s.
05 = speed Polars Table 7 presents the computation of the thrust, useful power
10 N and corresponding efficiency for a 1.9 meter diameter two-
\ bladed propeller driven by a 25 kW electric motor. At 95 km/h
2w \\ the maximum thrust is 63.2 DaN at 1800 rpm and the resultant
z L, N climb speed 2.69 m/s.
! 4 | Jantar IT (349 kg) (Johnson,1979) ‘.\ ‘\\‘
e — = Baseline (349 kg) N ] .
------ Baseline w/ ballast (460 kg) Power R@enef ation
30 = B St KE) > The power regeneration [1, 8] is computed assuming the E-
% glider flying in up currents at 95 km/h, and that the drag insee
o i o . 140 5 150 60 D due to its propeller acting as a wind turbine, will not caase
V (Km/h) increase in its sink speadlarger than 1.5 m/s. Since
Figure6 oD -V =W-oN
then for V = 26.4 m/s, M = 460 kg, and w = 1.5m/s we need to
Powered Climb Performance have:
The powered rate of climb of the electric E glider at 95 km/h
is estimated using Eq. 7: oD < 25.7 daN
(T-D)-V
RC= v, Three-Bladed Propeller

In Table 8, using D as a negative tractiafy,nD, Cr andP
(both negative) are computed for different rpm by extrapota
of Fig. 1 curves and using th@found in theCr vs. V /nD plot
to find theCp in theCp vs.V /nD plot.
Two- and Three-Bladed Propeller It is found that about 7 kW can be harvested by the 1.8 meter
Table 6 presents the computation of the thrust, useful powediameter propeller set at a low 7 degree pitch, but this value
and the corresponding efficiency for a 1.8 meter diameteethr shall be taken with caution due to the extrapolation empuldge
bladed propeller driven by a 25 kW electric motor. At 95 km/h,compute botlCp andCs.

whereD is the drag at this speed of the E glider without the
propeller that ist 12 daN Cp, ~ 0.0114).
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Table 6 Traction and efficiency of the 1.8 m three bladed propell&5gtm/h

Climb M= 460 Kg
p= 1,226 Kg/m3 D= 1,8 m
P= 25000 watt V= 95 Kmh 264 m's
n n VimD CP B CT T Pu n
Ipm Ips - - degree - DalN watl
1500 25,0 0,586 0,069 20,0 0,090 724 19096 0,764
1600 267 0,550 0,057 17,5 0,080 732 19313 0,773
1700 28,3 0,517 0,047 16,5 0,070 723 19077 0,763
1800 30,0 0,489 0,040 152 0,085 753 19860 0,794
1900 31,7 0,463 0,034 14,0 0,061 78,7 20766 0,831
2000 33,3 0,440 0,029 13,0 0,055 78,6 20746 0,830

Table 7 Traction and efficiency of the 1.9 m two-bladed propellermkén/h

p= 1,226 m D= 1,9 m 74,8 pol
P= 25000 watts V= 95 Kmh 25,000 m's
pm Ips V/nD CP B CT T (Dall) Pu (watt) eta

1500 25,00 0,526 0,0527 17,0 0,059 58,9 14723 0,589
1600 26,67 0,493 0,0434 15,5 0,054 51,3 15332 0,613
1700 28,33 0,464 0,0362 135 0,049 828 15706 0,628
1800 30,00 0,439 0,0305 12,1 0,044 63,2 15811 0,632
1900 31,67 0416 0,0259 11,0 0,039 825 15615 0,625

. turbines at low pitch they operate at negative angles otlatta
Table 8 Generated power, and drag of 1.8 m diameter three; P y op 9 9

. . As a result their power conversion efficiencies are low, eigpe
bladed propeller used as wind turbine at 95 km/h in comparison to wind turbines, which use negatively caratber

M= 460 Kg a= 1,5 m's . . .
D=  -257 DalN airfoils in order to better harvest wind power.
n n V/nb CT p Cp P The use of propellers with symmetrical airfoils have beex pr
Pm P _ deg. ___1 watt posed in order to improve the power regeneration [8]. Asalres
1100 1833 0,800 -0,0593 70 0045 -5421 . . .
— s ool oS 1] B R of their lower efficiency, however, they require more powerf
1200 2000 0733 -0,0498 70 0,040  -7410 and heavier motors to attain the same take-off and climbéng p
formance.
Table 9 Generated power, and drag of 1.9 m diameter two- Results
bladed propeller used as wind turbine at 95 km/h. S
M= 460 Kg a= 1,5 m's A sketch of the modified glider is shown in Fig. 7. The added
b= 257 DaN propulsion system consists of a 1.9-meter variable pitah pr
n n_|Vv/oD) cf dB CF ptt peller and the 25 kW electric motor are mounted on a fixed py-
I'pm Ips - - eg. - wa’ . . .
T W] B T ST IET !on. The s’Freamllned pylon has a height of one meter high and
1400 2333 0595 -0,0295 5 0020 -7710 is 15 cm wide.
1500 2500 0,556 -0,0257 5 -001s  -8009 In gliding flight, the addition of a free-milling propulsiays-

tem results in a 3.4-point reduction in maximum glide ratio a
a 0.13 m/s increase in minimum sink in comparison to the base
Two-Bladed Propeller glider as visible in Fig. 6. Due to the engine and battery ddde
Table 9, using negativer andCp extrapolated values from weight the high speed performance of the modified gliderlis re
Figs. 2 and 3, shows that a similar power can be obtained with gtively similar to that of the baseline glider without balia
1.9 m diameter two bladed propeller set a 5 degree pitch. The resulting powered rate of climb is 2.7 m/s. The energy
needed for takeoff and climb to 600 m (approx. 5 min.) can be
Propellersand Wind Turbines recharged using the propeller as a wind turbine and by flying a
In the Appendix, itis shown that a 1.8 m diameter three blade®5 km/h for about 20 minutes in an up current of at least 1.5 m/s
wind turbine or a 1.9 m diameter two bladed one, operating in The use of a three-bladed propeller increases the powered
a 95 km/h wind, generates twice the power at the expense afimb performance and reduces the necessary recharging flig
nearly only one third of the drag needed by the propellers. time. Itis, however, less suitable for an higher perfornearer-
Propeller airfoils are usually slightly positively cambdrin ~ sion with a retractable propulsion system. In additiors iniore
order to provide thrust with low drag. When operating as windawkward to be dismounted and stowed in a trailer.
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Standard E

Batteties

Figure7 Three view of the baseline Standard Class glider includiegteéc motor conversion.

Conclusions [7] R. H. Johnson. A flight test evaluation of the Jantar Stadsl 1
The main aerodynamic aspects of installing a non- retréetap ~ and 2.Soaring April 1979.
regenerative electric propulsion system in a typical Saacid [8] J. P. Barnes. Flight without fuel — regenerative soafieasibility
Class glider have been analyzed. It is concluded that a quite StUdY- SAE Technical Paper 2006-01-2422, August 2006.
reliable and safe cross country and training club motoreglig  [] D. Burton et al. Wind Energy Handbook John Wiley & Sons,
obtainable by installing such a system in existing and less-c Chichester, England, 2001.
petitive Standard Class gliders.
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Table -1 1.8 m diameter three bladed wind turbine power and

P — CoipnrVe -1 drag.
i V= 9,0Kmh 26,4 /s
2 Cp n A P CT T
T = CTEanZV (I-Z) - rpm - dfg. watt - DalN
) . ) 0,235 1000 357 20,5 6769 0,040 4,3
Using these coefficients the power and drag of a 1.8 m diameter 0470 1950 7 00 06 13467 0068 56

three-bladed wind turbine, and of a 1.9 m diameter two-lladead tur-
bine, computed for a 95 km/h wind are presented in Tablesngll 2.

Table -2 1.9 m diameter two bladed wind turbine power and
drag.

S-Bpy
B FOEBE 2 u,
a2 (oY Fom, V= 95,0 Km/h 26,4 mv/s
B, iy T

r ol
04— - ¢ P @ e Cp n A B P CT
i W A ™ - Ipm - deg. watt - Dall
] 0210 2000 7,54 16,0 6765 0,071 56

o ~ .
] 2 LY .
: 0,440 7387 5,00 54 a7 0,080 5.7
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Figurel-2 Wind turbine traction (drag) coefficients
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