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m EXAMPLE 11-1 Measuring the Drag Coefficient of a Car
—*  Wind tunnel

: The drag coefficient of a car at the design conditions of 1 atm, 20°C, and 60 mi/h
m 95 km/h is to be determined experimentally in a large wind tunnel in a full-
m scale test (Fig. 11-9). The frontal area of the car is 2.07 m2. If the force
B acting on the car in the flow direction is measured to be 300 N, determine
: the drag coefficient of this car.
SOLUTION The drag force acting on a car is measured in a wind tunnel,
The drag coefficient of the car at test conditions is to be determined.
Assumptions 1 The flow of air is steady and incompressible. 2 The cross
section of the tunnel is large enough to simulate free flow over the car. 3
The bottormn of the tunnel is also moving at the speed of air to approximate
actual driving conditions or this effect is negligible.
Properties The density of air at 1 atm and 20°C is p = 1.204 kg/m?.
Analysis The drag force acting on a body and the drag coefficient are

given by
Al ol o=

where A is the frontal area, Substituting and noting that 1 m/s = 3.6 km/h,
the drag coefficient of the car is determined to be

- 2X (0O (Lhecm o
(1.204 kg/m*)(2.07 m*)(95/3.6 m/s)y I N o

Discussion Note that the drag coefficient depends on the design conditions,
and its value may be different at different conditions such as the Reynolds
number, Therefore, the published drag coefficients of different vehicles can be
compared meaningfully only if they are determined under dynamically similar
moamddibiong ~e 8 Deveslds number independence s demonstrated (Chap. 7).
wce of developing standard testing procedures.

Co
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EXAMPLE T1-5 Lift and Drag of a Commercial Airplane

A commercial airplane has a total mass of 70,000 kg and a wing planform
area of 150 mZ {Fig. 11-54). The plane has a cruising speed of 558 km/
and a cruising altitude of 12,000 m, where the air density is 0.312 kg/m3.
The plane has double-slotted flaps for use during takeoff and landing, but it
cruises with all flaps retracted. Assuming the lift and the drag characteristics
of the wings can be approximated by NACA 23012 (Fig. 11-45), determine
(&) the minimum safe speed for takeoff and landing with and without extend-
ing the flaps, (&) the angle of attack to cruise steadily at the cruising alti-
tude, and {¢c) the power that needs to be supplied to provide enough thrust
to overcome wing drag.

SOLUTION The cruising conditions of a passenger plane and its wing char-
acteristics are given. The minimum safe landing and takeoff speeds, the
angle of attack during cruising, and the power required are to be determined.
Assumptions 1 The drag and lift produced by paris of the plane other than
the wings, such as the fuselage are not considered. 2 The wings are
assumed to be two-dimensional airfoil sections, and the tip effects of the

wings are not considered. 3 The lift and the drag characteristics of the wings 558 kem/h
are approximated by NACA 23012 so that Fig. 11-45 is applicable. 4 The
average density of air on the ground is 1.20 kg/m®. 70,000 /

P

150 m2, double-flapped

12,000 m




Properties The density of air is 1.20 kg/m? on the ground and 0.312 kg/m?
at cruising altitude. The maximum lift coefficient £, ., of the wing is 3.48
and 1.52 with and without flaps, respectively (Fig. 11-45).

Analysis (a) The weight and cruising speed of the airplane are

W = mp = (70,000 kg)(9.81 m/s? (—) = 686,700 N
8= EX ) 1 kg - m/s?
1 m/
V = (558 km!h)(—s) = 155 m/s
3.6 km/M

The minimum velocities corresponding to the stall conditions without and
with flaps, respectively, are obtained from Eq. 11-24,

v [ aw _\/ 2(686,700 N) (wg-nus‘)_mgw
TN BC A N 2kgm)(152)(150m)\ 1IN ) 0

v [ 2w _\/ 2(686,700 N) (lkg-mfs e
2N pC puwA V(1.2 kg/m®)(3.48)(150 m?) IN TR

Then the “safe” minimum velocities to avoid the stall region are obtained by
multiplying the values above by 1.2:

Without flaps: Vet se = 1.2Viio1 = 1.2(70.9 m/s) = 85.1 m/s = 306 km/h
With flaps:  Vinz e = 1.2V 2 = 1.2(46.8 mis) = 56.2 m/s = 202 km/h

since 1 mfs = 3.6 km/h. Note that the use of flaps allows the plane to take
off and land at considerably lower velocities, and thus on a shorter runway.




(b} When an aircraft is cruising steadily at a constant altitude, the lift
must be equal to the weight of the aircraft, F; = W. Then the lift
coefficient is

' 686,700 N (I kg - m/s

Cu= 1PV 3(0312kg/m*)(155 mis)?(150m?)\ LN

For the case with no flaps, the angle of attack comresponding to this value of
C, is determined from Fig. 11-45 to be o = 10°.

(c) When the aircraft is cruising sieadily at a constant altitude, the net force
acting on the aircraft is zero, and thus thrust provided by the engines must
be equal to the drag force. The drag coefficient commesponding to the cruising
lift coefficient of 1.22 is determined from Fig. 11-45 to be & == 0.03 for
the case with no flaps. Then the drag force acting on the wings becomes

=122

B p_ﬂ B o (0312 kg/m’)(155 mru)’( 1 XN )
Fp = CpA e ©.03X150 m*) - 1000 kg - s
= 16.9 kN

Noting that power is force times velocity {distance per unit time), the power
required to overcome this drag is equal to the thrust times the cruising
velocity-

Power = Thrust X Velocity = F,V = (16.9 kN)X155 mﬂ)(ﬁ)

= 2620 kW

Therefore, the engines must supply 2620 kW of power to overcome the drag
on the wings during cruising. For a propulsion efficiency of 30 percent {i.e.,
30 percent of the energy of the fuel is utilized to propel the aircrait), the
plane requires energy input at a rate of 8730 kl/s.
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