BRERAEEBOEBNEAEICRET SR
(RERRICL SEEMEREDM L)

wE ET BRILOBR, gk HET, BRSO ERT

Research of Electric Power Regeneration using Automotive Cooling Fan
(Improvement of Wind Turbine Efficiency by Changing Blade profile)
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Abstract

The common purpose for vehicle development has always been lowest fuel consumption. Therefore, engine and motor
hybrid vehicles, and plugin hybrid vehicles are rapidly prevailing. The electricity plays an increasingly important role
as a power source for those vehicles. This work aims at developing a new cooling fan for vehicle engine. This fan can
operate as a cooling fan at low vehicle speed. At high vehicle speed, however, the fan is rarely used as a cooling fan.
Therefore the fan can be used as a wind turbine, which generates electric power and also reduces the vehicle air
resistance due to decreased flow rate through the cooling system. We have developed a new fan rotor that can operate
both as a cooling fan with the same performance as the current fan and a wind turbine at higher performance than the
current fan.
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Fig.1 Appearance of test rotor. This kind of rotor is commonly used for vehicle cooling fan.
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Fig.2 Double Circular-Arced blade profile. This profile is
commonly used for vehicle cooling fan.

Fig.3 S-Shaped blade profile. The feature of this profile
is the inverse camber at the trailing edge. We set the
inverse camber at 4%.

Tablel Blade configuration. The pitch angle of S-Shaped blade profile is two degrees higher than Double Circular-Arced

profile.
root middle tip
Chord length C 0.045m 0.067m 0.085m
Camber ratio h/C 0.09 0.06 0.06
Pitch angle | Double Circular-Arc 19.5° 16.6° 19.7°
B S-Shape 21.5° 18.6° 21.7°




WAFETHY, SR ENEZHEL-. STEo—ZOBRAIZ, X—RAu—FZ Ly FaE 2°5m<
FRET HEHIE, fi4.2 TR 5.

2.2 A - REFEDOAESE

B 4@IZAMFIETHW - FEREE OB 27~ 7. R R OREFEIZIE, Z7 N 2RO i M BLE
57 NERE, Fr o R_"—2HMICEET DT ¥ o N\—FABb Y, A TIIF 7 N Lz £0D
PRHE, EEOHEMIZBWTIE, 7a Y h 7 U A0 b EFEEVHAZR OFHETS 2T C, BYR[E] D ARG IED T8,
Xy NTHES Z L2k, BRSO ABEE KT 2 OR—ITENL Th 5.

AHFFETIE, —3 400 mm O A 7k Z LR — % OFMINCEHRE L, v—% Lji 1m (2 —2 &0 34%)
DOALEIZBWTOEEp (F—U) &, X7 MR ve 2 DIEARIEZ R DT, 7 —Z @i OpivER
KU T 5. X7 MREOFFEIX 15KW O Ok ERE D[RS A A L 3 — 2T 25 Z LI X vITy, #27 b
JEE: Q IF, o LEEREAIICIGA ) AN EFRE L, ERh—FICLY 2 AVNEEZ G L TRz, fgte—
2 DR AHE 0 OFIENL, BREIe—% 2 A 3 —% (FLEKR FLENIC-mini)) SHHAGDE TITo7. m—
ARV T T by ar"—4% (NBFRIZREL TS2600) (X Wk, m—HE/ L=TokHH L.

17— 2 EOFEM & R A X ADITRT. 2T Y ROBGEREr—2 A ETI Y U AEERLTEY, 2
ZEMNST AT b z FORENE L L, PR E r, BEEGmEel L.

n—#PEREE, () HX(G) TEERT 2 MIOTREMEIC L VEHE L7z, 72ds, v —X8J) LITEREeR R
Thbbu—Z ICEhENz 550 %EL L, BEEGR, +hbbo—4 L@ 258258824817 1
— 4 LD —=VETHAHEIE p 1, EEEGRCIE, SEEEERNOITA S RS, SR, REEER T
X @)LV, HEMGERRHIA )LV EH L, RERREsE, KR LEE L.

2.3 O—A2HIROZEE S HBIESLZE

[ 4(b) HIZ R d 1 — & Fiitk OWIEIZ 3\ T, Y 2 BREGE R CIIES 5 Z &I X 0, JiiduikiEDmE 2> 5 CFD
fRNT & DI, WFEEAT -7z, BWREEGHCIZ | 7 o —7 2 L, 7 o—7RElsEC LY u—Ziiidm & E
Hr 5 [ DB Ry 2R 7=, EORENENL, v—Z AR5 15mm B @D=-0.09) , BLOr—xH0O
M 15, 30, 45mm FHEONE (2/Dy=0.11, 0.15, 0.19) TITV, m—XEOEHAAH & [RS8 CF B %
1To7z. 7—#1%20.1msec fHCEUAE I, v—X[EHEEEL 1000 rpm, FEEEL 5 OYE, B 1Yy F o7 —4
BUAAEHUE 120 U725, AR DT —4% % 16 [FIBGAZ, SEEILER L Cr— X Jith OEE 54 2 K ed 7

1500 I400 1200 2D, .
-— lele > . ) 0.19
° T Torgue converter 009 0050 007 , 0.5
i 0400 -/ PowerL — T
Pitot tube .- _._.}.___ 13- P Doy
Flow rate Q L ' Motor LT b
800 000! Rotor ! A ! |
Centrifugal fan ' Static pressure p ,<’ P z‘
Aiir velocity in duct v ' 4 g
(a) Overview of equipment (b) Detail view of rotor section

Fig.4 Wind tunnel test equipment. (a)The centrifugal fan blows the air through 400mm rectangular duct toward the test rotor.
The duct method can simulate the real flow field more exactly than the chamber method. Static pressure is measured at
1000mm upstream of rotor that is three times the rotor diameter. The flow rate is calculated from the velocity measured by
pitot tube at the suction duct of centrifugal fan. (b)Velocity distributions are measured by hot wire anemometry in front of
rotor and behind rotor. By measuring velocities with two different angles toward the air flow direction, the axial and
rotational velocity components are specified. The coordinate system is (r, 8, z) and the origin of the z coordinate is the step
portion of the shroud diameter that forms the labyrinth between the rotor and the shroud.



Flow coefficient ¢ =Q/(Au) 1)

Power coefficient Co=L/{0.5p (u?+v? Au} 2
Pressure coefficient Co=-p/{0.5p (U +Vv?)} 3
Wind turbine efficiency n=L/{(p+0.5pVvs? Q} (4)
Fan efficiency n={(-p+050va2)Q}/L (5)
where
Area of rotor A=n(DP-Dw)/4
Mean rotor speed U=(Dr+Dn) 0/ 4
Mean axial velocity through rotor v=0Q/A
Mean velocity in duct Vd
Rotor diameter Dy
Hub diameter Dn
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Fig.5

Efficiency #

Fig.6

Periodic
boundary condition

Outlet passage

1.33D,

The computational model and the coordinate system. The flow around one blade is calculated by using periodic boundary
condition. The inlet passage is circular and its area is the same as the rectangular of the experimental equipment. The both
lengths of inlet and outlet passage are three times the rotor diameter. The wake of rotor is released into the atmosphere in the
experiment, therefore we set the diameter of outlet passage two times of the rotor diameter in the computational model.
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Fig.8 Circumferential velocity component at inlet section (z/D = -0.09, ¢ = 0.67) . The direction of velocity is rotational near the
leading edge and anti-rotational near the trailing edge. CFD calculation is qualitatively in good agreement with hot wire
measurement.
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Fig.9 Circumferential velocity component at outlet section (z/D = 0.11, ¢= 0.67) . The direction of velocity is anti-rotational
at the middle and root portion and rotational at the tip portion. This indicates that the reaction force of the driving rotor
works mainly at the middle and root portion. On the other hand, at the tip portion, the rotor drives the air like the cooling
fan operation. CFD calculation is qualitatively in good agreement with hot wire measurement.
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Fig.10 The schematic drawing of inlet flow relative to S-Shaped blade section. Attack angle of inlet flow is positive at the
cooling fan operation and negative at the wind turbine operation. S-Shaped blade profile increases lift coefficient at the
wind turbine operation because S-Shaped blade profile has the inverse camber at the trailing edge. The inverse camber
rate is defined with the equations (6) and (7), and smoothly joined to the maximum camber. We investigated the
maximum inverse camber rate in order not to decrease the cooling performance. As a result we set the inverse camber
ratio to 0.04.
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Fig.11 Pressure distributions operating as a cooling fan analyzed by xfoil («= 6°). Pressure on the pressure side of S-Shaped
profile is decreased rapidly near the trailing edge. Therefore pressure difference of S-Shaped profile between pressure and

suction side is smaller than base profile near the trailing edge. Reynolds number is 1.0x10° based on chord length C and
relative velocity W.

25 25
20 -20
o -5 O 15
= oy
g -10 - 2 10
:‘;E) / Pl’eSSUIIE sife = ? Prgssure s{de
-05 [ T 05[]
g —///ﬂ — S —/ ZZ A
g A Sugtior) side = v Suttio side
2 05[] g 05— /l
(&) —
a 10 ] i - 10 h
o0 02 04 06 08 L ~ ol 02 04 06 08 1
i 1 , 1
Relative velocity: Suction side Xeh ~— Suction side xe |
1 1 1
\ 1 1 ! 1
Pressure side Pressure side
(a) Base profile (b) S-Shaped profile

Fig.12 Pressure distributions operating as a wind turbine analyzed by xfoil (= -15°). Pressure difference of S-Shaped profile
between pressure and suction side is larger than base profile near the trailing edge. Therefore it is expected that S-Shaped
profile will have higher performance than base profile at the wind turbine operation. The relative velocity operating as a
wind turbine is lower than the velocity operating as a cooling fan because of lower rotational speed. Therefore Reynolds
number is 0.6x10° based on chord length C and relative velocity W.
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Fig.13 Drag/lift ratio shown as a function of inverse camber ratio n and maximum camber position Cma/C.
In the figures , drag/lift ratio ¢ is divided by the drag/lift ratio of base rotor &o. () The red circle shows the drag/lift ratio of
S-Shaped rotor specified in section 4.1. The red dashed line shows the same drag/lift ratio as the red circle, which means
the same cooling performance. (b) The red dashed line in Fig.13(a) is also shown in Fig.13(b). The minimum drag/lift
ratio operating as a wind turbine on the red dashed line is obtained at n=0.04 and Ca/C =0.3. The black line in Fig.13(b)
shows the condition that & /eg is 1.0 at a cooling fan operation. From this black line, it is found that the maximum n is
about 0.05. Therefore the margin of manufacture tolerance is about 0.01.
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Fig.14 Lift and drag characteristics of the blade profiles analyzed by xfoil. Lift coefficient of S-Shaped profile at attack angle 8°
is the same as the base profile at 6°. On the other hand, drag coefficient of S-Shaped profile at attack angle 8° is lower than
the base profile at 6°. Therefore, it is expected that S-Shaped profile will have equal or higher performance by setting the
higher pitch angle than base profile.
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Fig.15 Pressure distributions on the suction side of the rotor blade analyzed by CFD ( ¢=0.67) . The pressure on the base profile
decreases toward the trailing edge. On the other hand, the pressure on the S-Shaped profile is flattened from the chord
center to the trailing edge.
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Fig.16 Circumferential velocity component at outlet section analyzed by CFD (z/D = 0.11, ¢= 0.67) . Circumferential velocity
at the tip portion of S-Shaped profile decreases compared to the base profile shown in Fig.9(a). This means that the force
to drive the air at the tip portion is weakened. Therefore, it is expected that the efficiency of wind turbine operation is

improved.
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Fig.17 Efficiency of S-Shaped and base profiles. Fig.18 Power coefficient of S-Shaped and base profiles.
Efficiency of S-Shaped profile operating as a Power coefficient of S-Shaped profile operating as a wind
wind turbine (negative efficiency) is two times turbine (negative coefficient) is higher than base profile.
higher than base profile, while the efficiency of The power coefficient of S-Shaped profile operating as a
S-Shaped profile operating as a cooling fan cooling fan (positive coefficient) is considerably less than
(positive efficiency) is almost the same as the base profile.

base profile.
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