Chapter 17
The Drag Build-up Method

17.1 Description

A way of making an estimate of the drag area is to model the car as a composite of
shape elements which have known drag coefficients. The drag areas of these shape
elements are added to give the drag area of the car at a particular speed. This is
called the drag build-up method.

Figure 17.1 shows two views of a solar car. An arrow representing the drag of
each shape element is shown attached to that element. The front view shows the
profile areas of each element. The profile area of the car is the sum of the element
profile areas; likewise, the total drag force is the sum of the element drag forces.
But each element drag force can be represented by Eq. (2.1), and dividing out the
dynamic pressure, ¢, which is the common factor, gives an equation for the drag
area of the composite shape. Therefore, if there are 1, shape elements, the drag area
estimate would be, including ventilation drag,

i=ng

cpdp =Y (cpdp); +cy Ap. 17.1)

i=1

Both viscous friction and separation are included in the drag coefficient measure-
ments of the individual shape elements. Chapter 18 explains how to estimate the
ventilation drag, represented by ¢, in Eq. (17.1).

Corrections When shapes are assembled into a car or brought near the ground,
their drag contributions are altered by the change in the airflow caused by the near-
ness of the other shapes or the ground. Also, the surface of an actual car will usually
be rougher than that of a more idealized mathematical model and the smoothed
shape elements tested in wind tunnels.

Furthermore, objects such as rearview mirrors and antennas must be attached to
some of the shape elements. The drag contributed by these protuberances must also
be included.
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Fig. 17.1 Drag elements

The drag measurement of a shape element that has been taken free of the influ-
ence of the other elements, the ground, the roughness that comes from fabrication,
and protuberances is called a fiee air measurement. It is denoted by ¢, . Corrections
for interference, ground effect, protuberance, and roughness must be added to the
free-air drag to produce an estimate of the actual drag. When all drag corrections
have been referred to the element’s profile area, 4, in Eq. (17.1), the corrected drag
coefficient for the a shape element may be found from

Cp = Cpy + ACpg + Acp; + Acpp + Acpp. (17.2)
The subscript “G” denotes ground effect, “/” interference effect, “P " a protuber-
ance, and “R” refers to extra roughness. The corrections, each beginning with “A”,
increase (usually) the drag from the free-air measurement.

Flow Regime The discussion in Chap. 2 pointed out that most of the operation
of the solar car will be in turbulent, separated flow with Reynolds numbers in the
0.5(10%)-107 range. In this range the drag coefficient increases slowly with Reyn-
olds number, i.e., essentially the vehicle’s speed, as Fig. 2.6 shows. So it is possible
to speak, in a shorthand way, of “the” drag coefficient, as if it were a constant. By
this is meant the slowly increasing drag coefficient in the characteristic Reynolds
number range mentioned above. Note also that the drag coefficients of very blunt
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bodies, like the disk shown in Fig. 2.6, are nearly constant once separation occurs
and quite insensitive to the flow regime in the boundary layer.

When combining shape elements and applying corrections, as described earlier,
we must use data often taken at different Reynolds numbers. So we rely on the
insensitivity of the drag coefficient to Reynolds number changes when the flow
regime is separated on a small, blunt body, such as a rearview mirror, or turbulent
on a more streamlined body, such as a basic body in the shape of an ellipsoid with a
large fineness ratio. As their individual drag coefficients are insensitive to Reynolds
number, combining these elements produces a vehicle drag coefficient estimate in-
sensitive to Reynolds number and this is what we observe in testing.

Shape Geometry Figure 17.2 shows a side and front view of a wheelless, basic-
body shape. The length, L, and profile area, 4,,, already defined, are shown. The
camber line is the mean line of the shape; that is, it passes through the centroid of
every cross-section between the nose and tail. The chord is the straight line connect-
ing the points where the camber line intersects the boundary at the nose and tail. The
camber, b, is the perpendicular distance between the camber and chord lines at any
location along the chord. The pitch angle, m, is the angle between the chord line and
the horizontal, positive up. The chord length, L, and the body length, L, are related
by L/L.=cos m. The ratio of the minimum ground clearance to the width, &, /W, is
called the clearance ratio. The ratio of the maximum camber to the chord, b, /c,
is called the camber ratio. The ratio of the height of the profile area to the w1dth
hy/W, is called the aspect ratio. The ratio of the length to the diameter of a circle of
area A, L/d, is called the fineness ratio.

Steps The drag build-up method may be divided into eight steps.

1. Set the design ambient temperature, pressure, and airspeed relative to the car.
Calculate the air density from the ideal gas law.

2. Make at least side- and front-view drawings of the vehicle to scale on cross-
hatched paper (see Fig. 9.2).
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Fig. 17.2 Shape geometry
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3. Divide the car into shape elements for which free-air drag coefficients are
available.

4. Calculate the profile area of each shape element and that of the car by count-
ing the scaled squares or partial squares their respective front-view drawings
include, allowing for overlap.

5. Estimate the free-air drag coefficient of each shape element for the design condi-
tions and the characteristic length of the shape element.

6. Correct the free-air coefficients for the effects symbolized in Eq. (17.2).

7. Sum the element drag areas as shown in Eq. (17.1) and include the ventilation
drag, using the method of Chap. 18 .

8. The drag coefficient is the quotient of the drag area and the vehicle’s profile area
found in step 4.

Two examples of the application of steps 1 through 8 are presented in Chap. 9.
Hoerner (1965) uses this method to predict the drag of an ME-109-G, a German
fighter aircraft used in World War II.!

17.2 Shape Elements

The remainder of this chapter is devoted to presenting free-air drag coefficient in-
formation for shape elements and protuberances, and means of correcting for in-
terference and ground effect. Some information is presented as graphs. These were
constructed by carefully measuring points from the data in the referenced source
and then fitting interpolating curves through these points. Each such curve has a
correlation coefficient’ of at least 0.99. This information is limited to that required
for the examples in Chap. 9. However, a very large amount of information is avail-
able in the literature. Consult the references at the end of this chapter.

Ellipsoid Table 17.1, from White (1986), presents drag coefficient data for
ellipsoids of various fineness ratios and circular cross-sections. The data are for
both laminar separated flow and turbulent separated flow. The reference area is
nd*/4. To interpolate in Table 17.1, use ¢, =0.4311(L/d)***** for laminar flow and
¢, =0.1835(L/d) "+ for turbulent flow.

Table 17.1 Free-air drag coefficient of ellipsoid (R, >10%)

Lid Laminar Turbulent
0.75 0.5 0.2

1 0.47 0.2

2 0.27 0.13

4 0.25 0.1

8 0.2 0.08
! Page 14-3

2 As previously explained: a measure of the goodness of the fit, with 1.0 indicating an exact fit.
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Airfoils The zero-lift drag coefficient data in Table 17.2 was read from the airfoil
section data in Abbott and von Doenhoff (1959) and that in Table 17.3 from Bulli-
vant (1941). “R_” is the Reynolds number based on the section chord. The reference
area used to define ¢, is the unit planform area, that is, the product of the chord and
the unit span. Hence, to convert to a profile area reference,

p =¢p < (17.3)

profilearea ‘planformarea t :

The tables show both four-digit and six-digit airfoil designations. The meaning of
the four- and six-digit designations is given in the next two Tables (17.4 and 17.5).

Wheels Adding wheels to a basic body shape can give the largest increase in drag. For
example, Morelli (1983) reported a drag coefficient increase of about 0.09 from adding
four wheels to a basic body which had an initial drag coefficient of about 0.06. Thus
the wheels alone increased the drag by more than the drag of the entire basic body.

A wheel is essentially a short, rotating cylinder. In free air, friction and separation
cause drag on the wheel. When the wheel is rolling on the ground, ground interfer-
ence comes into play. Finally, when the wheel is installed on a car inside a wheel
housing, additional effects are induced by the housing and the external flow about the
car. Clearly this is in general a complex situation not easily reduced to simple rules.?

However, Cogotti (1983) pointed out that according to Morelli (1969), the drag
coefficient of an isolated wheel, when based on the profile area of its unshielded

Table 17.2 Free-air airfoil section drag coefficients (Lift =0)

R, 3(10% 6(10°) 9(10°)
NACA section

0006 0.0043 0.0050 0.0053
0009 0.0052 0.0055 0.0055
0012 0.0057 0.0057 0.0057
2415 0.0070 0.0065 0.0065
2418 0.0074 0.0066 0.0065
2421 0.0078 0.0070 0.0070
2424 0.0087 0.0081 0.0075
63,-015 0.0053 0.0051 0.0048
63,-018 0.0057 0.0052 0.0049
63,-021 0.0064 0.0056 0.0053

Table 17.3 More free-air airfoil section drag coefficients (Lift =0)

R.(107%) |1.75 2.00 2.50 3.00 4.00 5.00 6.00 7.50
NACA
section
0018 0.0080 |0.0079 |0.0077 |0.0076 | 0.0075 |0.0073 |0.00715 |0.0070
0025 0.0089 | 0.0088 |0.0082 |0.0081 |0.0081 |0.0081 |0.0081 |0.0081

3 Fortunately, solar racing cars can take advantage of some options that passenger cars usually can-
not. Solar racing cars can use wheels with smaller thickness-to-diameter ratios, and thus smaller
drag areas. They can partially enclose the wheels in streamlined fairings or in nearly-sealed wheel
housings.
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Table 17.4 NACA four-digit airfoil designation

Digit Meaning

1 Maximum distance of mean line from chord
(%oc)

2 Distance from leading edge to maximum
camber (¢/10)

3&4 t/c (%)

Table 17.5 NACA six-digit airfoil designation

Digit Meaning

1 Series designation

2 Position of minimum pressure from leading
edge (c/10)

3 ¢, range + design ¢, of low drag (10ths)

4 Design ¢, (10ths)

5&6 t/c (%)

portion, is approximately unchanged when the wheel is partly enclosed by the fair-
ing. These results suggest the thumb rule that the drag of the wheel is proportional
to the profile area of its unshielded portion,

Apy = hby,, 17.4)

where, 4,,, is the unshielded profile area, / is the height of this area above ground,
and b, is the width of the wheel.

Figure 17.3 shows the drag coefficient of an isolated, stationary wheel as a func-
tion of yaw angle. Accounting for the forgoing discussion, the drag of a wheel (the
jth one) would be

DVV] = qCDVVisulated ADW] ? (17.5)

Where, cmelmdwould be taken from Fig. 17.3, and ¢ is the dynamic pressure

defined in Chap. 2. The equation of the curve in the figure is

Com,,., =0.5272-3.2289(107%) A+ 4.8399(10°) &, (17.6)
Where, f is the yaw angle in degrees. Interpret this as the “free-air” drag coefficient
of the wheel.

The airflow changes direction at the front of the car in order to pass around the
car. Therefore, the wheel yaw angles will probably differ from zero for vehicles
with two wheels in front.* Figure 17.3 shows that this will probably cause the drag
to increase.’ The yaw angle will depend upon the direction of the relative wind near

the wheels, which will be difficult to estimate.

4 The flow would be symmetric with respect to a centered single wheel.
5 The drag coefficient passes through a maximum at 3= 15 (not shown).



17.2  Shape Elements 359
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Fig. 17.3 Drag coefficient of an isolated wheel. (adapted from Cogotti 1983)

Cogotti’s data show that the rotation of the wheel may slightly increase or
decrease the drag of wheels in housings. Which effect occurs depends upon the
inner and outer housing shape and the location of the wheels relative to the front of
the car. We will make no attempt to account for wheel rotation.

Cogotti also found that placing a flat or nearly flat fairing over standard wheel
rims decreases the drag of the car (not the wheel alone) by an amount

Acp,, =~0.009+0.003. (17.7)

The subscript “7f” denotes “rim fairing.”

Protuberance This category includes items such as rearview mirrors and anten-
nas which are small enough not to cause significant interference drag. They can
therefore be included using only their free-air drag characteristics. In addition,
as Pershing and Maskai (1976) pointed out, their characteristic lengths are small
enough to ensure that the flow about the protuberance is in the laminar-separated
region. Based on information in Hoerner (1965) the drag coefficients for cylindrical
protuberances, such as flat mirrors and antennas, are all about 1.1 and for cup-like
shapes which are convex in the upwind direction, are about 0.4.

¢ Pershing and Maskai also point out that such items may be located in regions of accelerated or
locally-separated flow. This will change their drag contributions.
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17.3 Interfering Flows

For most of the plots in this section, the original data has been normalized by the
tested ¢, . This helps to minimize dependence on the airfoil shapes tested.

Parallel Airfoils Consider the two identical symmetric airfoils used as fairings
over the rear wheels of the car in Fig. 17.1. Figure 17.4 shows first the flow around
the airfoil shape when tested independently at zero angle of attack to the wind.”

There is no lift force on the airfoil because the angle of attack is zero. Thus the
free-air drag coefficient could be selected from Tables 17.2 and 17.3. Figure 17.4
shows that free-air drag exists when y /¢ is greater than 5.

higher pressure

chord line —//——/AY\\”_\J

isolated airfoil

. lower pressure
higher pressure interfering airfoils

2.9
ACD = AD/qAD
24 ¢ R =4(10%)

19 |

1.4t
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—
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It

yMIN

Fig. 17.4 Interference between parallel airfoils

7 The angle of attack is the angle between the chord line and the relative wind.
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When the airfoils are brought near each other on the car, the symmetry of the
flow is disturbed because of the Bernoulli effect (Chap. 2). The figure shows that
the lower pressure region created between the fairings by the acceleration of the
flow creates an inward-directed “lift” force with an associated increase in drag. The
increase in the drag coefficient over the free-air drag has been plotted in Fig. 17.4 as
a function of y, . /¢, the minimum spacing divided by the airfoil thickness. The curve
was based on the data reported in Biermann and Herrnstein (1933).

2
A
261 _ 5 819929 — 2.084828y7’"+ 0.614002 [mi)

CDoo

3 4
—0.084466()/7’”] +0.00450[y7’"] : (17.8)

The interference is zero for y . /t more than about 5.

min

The drag increase is defined as

(17.9)
AD = (Dl + D2 )inte;ffering - (Dl + D2)free'

In the parallel airfoil case, the symmetry of the geometry implies that D, +D,=2D,
or 2D,, and that the total profile area will be twice the profile area of one airfoil.
Such is not the case for airfoils in tandem.

Tandem Airfoils Figure 17.5 shows two identical symmetrical airfoils in tandem.
Cogotti also found that placing a flat or nearly flat fairing over standard wheel x/c
is greater than 4. The free-air drag coefficients could be selected from Tables 17.2
or 17.3. The upstream and downstream curves are, respectively,

2
26.395047 % — 24.782729(£j

AC c c
—2L-0.000143exp \ ) . -(17.10)
b +10.118397[fj 1.911910@} +0.13672(fj
C C C
and
AC : ’
Dl X X X
=2.630656—0.575883In > + 21 .487285(ln —j ~37.82391 1[111—)
oo c c c
X 4 X 5
+25.489452(1n—] —6.118458(ln—] . (17.11)
C C

Hoerner (1965) assumes that the increase in the drag of the rear airfoil is caused by
separation induced by the wake of the upstream airfoil. The decrease in the drag of
the upstream airfoil is explained by the increased static pressure between the airfoils
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when they are close together. Note that these two effects tend to offset one another
so that the sum of the interference corrections is approximately zero.

Airfoil-Wall Figure 17.6 shows an airfoil attached to a wall. According to Hoerner
(1965) the interference drag is

t) ~ 0.0003 (17.12)

AD
Acp, =—’=o.75[— e
8

qt® c

Hoerner writes that this interference drag is independent of the span of the airfoil.
Hence, it is referenced to the “thickness area,” t2, instead of the profile area. Fig-
ure 17.6 shows Ac, going to zero below a #/c of 0.1. Hoerner points out that the
data upon which Eq. (17.12) was based suggests this, but does not actually extend
to zero beyond 0.1.

Equation (17.2) requires that ¢, and corrections to it be referenced to the
shape element’s drag area. This is 4;, = ¢S, where S is the airfoil’s span. Using this

AD A t
formula, the reader can show that Ac;; = —% = ¢, —2 =cp, —.
2 ¢
q4p S S
e s —
flow ’ |
I X T c 1
4
Cp. = 0.0694
3 R, = 4(10%)
2
1 downstream airfoil
[
&
&
s -0
upstream airfoil
-1
-2
-3
1.0 1.5 20 25 3.0 3.5 4.0
xlc

Fig. 17.5 Interference between tandem airfoils. (Adapted from Bierman and Hermstein 1933)
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Fig. 17.7 Canopy dimensions

Fairing Figure 17.7 shows a fairing (which could be a canopy) placed on a plane
surface. Hoerner (1965) summarizes the results of a number of tests. The drag of the
fairing or canopy is a function of its height ratio, //x, and (specially defined) fine-
ness ratio, L/h, width ratio, e/b, and the angle, B, between the tangent to its leading
edge and the plane wall.

Following Hoerner, we assume a ¢, of 0.03. As the height ratio becomes less
than about 0.3, Ac,/c,, rises, reaching a maximum of about 1.0 at about 0.1. At
height ratios larger than 0.3, Ac,,/c,, is about zero. All tests that Hoerner summa-
rizes were done at R, greater than the critical Reynolds number. Hence, he attributes
the influence of //x to be the interference drag associated with junction between the
surface and the fairing.
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The shape of the canopy, described by g, L/h, and e/b, also affects the drag.
Although, Hoerner gives no measurements of the tangent angle, he shows that re-
ducing f to considerably less than 90 can reduce Ac,)/c,, by as much as 43 %. The
effect of increasing L/h is generally to increase the interference drag.

0.4, 5<Z<15
- B . (17.13)
‘b, 0,067 =1, 15<-<30

Acp,

~ |~

17.4 Ground Effect

The discussion in Chap. 2 explained that when a shape element is moved toward the
ground from free air, lift and drag forces are created by the alteration in the pressure
distribution caused by the Bernoulli effect between the element and the ground.
This is similar to the parallel airfoil interference effect, with the plane of symmetry
between the foils representing the “ground.” As we shall presently see, ground ef-
fect is dependent upon the shape and pitch angle of the element.

We present curves that have been derived from the results of Morelli (1983).
This paper presented data from wind tunnel tests of the lift and drag forces on
cambered, wheelless, basic-body shapes (similar in appearance to Fig. 17.2)
designed to minimize the drag near the ground by adjusting the camber ratio. Call
these “shark” shapes, as in Chap. 9. Three Ac,/c,, curves for these shapes, are plot-
ted in Fig. 17.9. They display Ac,/c,, for zero pitch and camber ratios of 3.7, 5.3,
and 6.9 % as a function of clearance ratios from 0.05 to 1.0%. Morelli (1983) shows
that the zero pitch data approximately represents small pitch angles, say between
+1°. At larger pitch angle magnitudes the drag coefficient is higher.

Morelli (1983) also displayed ¢/, data for a family of teardrop shapes of differ-
ent camber ratios as a function of clearance ratio at zero pitch angle. The results for
+ 1° pitch were nearly the same. The 0 and 3 % camber ratio curves from this family
are also shown in Fig. 17.8. The data were taken at a chord Reynolds number of
4.7(10°).

The free-air drag coefficients of all the shapes are given in the figure.

The curves show the strong effect of clearance ratio on the drag. For the teardrop
shapes, as the clearance ratio increases the drag decreases, with the lowest value
occurring in free air. However, for the shark shapes at the two higher camber ratios,
the drag coefficient passes through a minimum in the clearance ratio range 0.1-0.2,
followed by a shallow maximum.

The general form of the equation of the curves for the shark shapes is

Acy,

h . h ) 2 h . n
=q,+aln—""+a, (lnﬂ) + <& +a, (lnﬂ) . (17.14)
Cpn /4 w w

8 According to Morelli (1983), most automobiles lie between clearance ratios of 0.05 and 0.2.



17.5 Flat Plate 365
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Fig. 17.8 Ground effect for two shapes. (Adapted from Morelli (1983))

Table 17.6 gives the set of a’s for each of these curves.
The equation for the teardrop curves has the form

ACDG hmin - hmin -
—ag+a || g, | | (17.15)
Chw w w

Table 17.7 gives the a’s for each teardrop camber ratio case

17.5 Flat Plate

The critical Reynolds number for a flat surface with the flow parallel to it is

R, ~5(10%)=3(10%. (17.16)
Table 17.6 Shark shape curve constants
Camber ratio| a, a a, a, a, a, ag
(%)
3.7 0.00031 |—0.00132 | 0.01741|—0.00254 |0 0 0
5.3 0.00776 | —0.05589 | 0.08372| 0.12379 |—0.00117 | —0.02897 | —0.00599
6.9 —0.0041 |—-0.0069 | —0.0928 | 0.2371 0.1303 0.0203 |0
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Table 17.7 Teardrop shape curve constants

Camber ratio (%) a, a, a,
0 —0.1256 0.1541 —0.0041
3 —0.1218 0.1168 —0.0029

>

The upper limit corresponds to a very smooth plate. The symbol “x_" is the distance
from the leading edge of the plate to the flow transition. The friction drag coefficient
is defined as

_ DF
Cpr = >

(17.17)
94y

where, 4, is the wetted area of the surface and the subscript “F”" denotes “friction.”
The following expression gives the friction drag coefficient of one side of the plate
when the laminar—turbulent transition occurs on the plate and the width of the
transition region in the flow direction is ignored.’

1.328 x.  0.031 X
o =128 OOy (248 (17.18)

fo R/

Bear in mind that Eq. (17.18) applies to flow over a smooth plate.

17.6 Roughening

Joints occur around access doors or around other portions of the body that must be
repositioned. There may be isolated defects such as cracks or pits, or there may be
wires and fasteners that project into the airflow. The distinguishing parameters dif-
fer in each case. Hoerner (1965) contains methods for accounting for many of these
relatively isolated defects.

Now, suppose the roughness is approximately uniformly distributed over the sur-
face. Then it makes sense to characterize the smoothness of the surface by the ratio
L/e, where &(Greek “epsilon”) is the mean roughness height. The larger this relative
roughness, the smoother the surface is relative to its length. For example, the 800-
odd cells of the solar array are often applied directly to the array substrate and thus
are raised above it by perhaps 1-2 mm. In addition, there may be 1.0 mm thermal
expansion gaps left between the cells. If the glazing does not smooth the array suf-
ficiently, the cells will contribute additional surface roughening which could be
characterized by a relative roughness.

? Dy was calculated over the laminar and turbulent regions (x=0 to X, and x. to L, respectively).
The results were added and (17.17) applied.
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We will consider the flat surface of the previous section. (The surface of an
actual vehicle will be curved. But for practicality we will ignore this when con-
sidering roughness as long as we judge that the flow is strongly one-dimensional.)
Suppose the flow is turbulent over the entire surface (x,=0 in Eq. (17.18)). If
the Reynolds number continues to increase, the flow will enter the fully rough
regime. Then the friction drag coefficient no longer depends upon the Reynolds
number, but only on the relative roughness. Also, the Reynolds number at which
this condition occurs becomes smaller as the relative roughness is reduced. If we
were to measure the friction drag coefficient on a smooth surface, L/e about 10°
perhaps, in laminar flow at a Reynolds number of 5(10%), we would find a value
of about 0.002. Suppose we were to paint that surface with a roughening agent
that reduced L/e to 500. At the same Reynolds number the flow would move into
the fully rough regime and the friction drag coefficient would rise to 0.01, a 5-fold
increase.

The critical relative roughness is that which precipitates fully rough flow. From
information in White (1986),

L
[—j — — 654963+ 335446 3l0gR, —57477.5(logR, )* +3299.78(logR, ). (17.19)

& c

17.7 Other Methods

Drag Rating White (1967) presented a method in which features of vehicles were
assigned to nine categories and then awarded a score, with the lowest score (one)
assigned to the feature contributing the least to the drag. The sum of the category
ratings is the drag rating, R, of the vehicle. The method does not incorporate ventila-
tion drag or ground and pitch angle effects. The correlation relating the drag rating
to the drag coefficient is

¢y =0.16+0.0095R. (17.20)

This relation was developed from drag data for 141 vehicles and it correlates that
data is within £7 %.

Note that even if a vehicle received a drag rating of zero, Eq. (17.20) would
predict a drag coefficient of 0.16, higher than most solar racing cars. However, the
method would be useful in the initial stages of design when selecting shape ele-
ments, or when modifying a stock body to reduce its drag.

Feature Build-up Pershing and Masaki (1976) reported a method that is well
adapted to predicting the drag of automobile shapes similar to that of the typical
sedan. Equations for the drag contribution of the elements of the body’s shape were
developed from the available test data. These equations were in terms of the details
of the shape element. For example, the front hood drag coefficient is to be calcu-
lated from
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(4, -4,

L
¢y =0.707—" " (17.21)
hood AR

A, is the projected area of the body below the hood-windshield intersection, L,
is the length of the hood, 4. is the front end projected area, and 4, is the projected
area of the car (less protuberances). If the difference 4,—A, is negative, it is to be
set to zero.

The method does not account for the effects of lift, side wind, and ground clear-
ance, and it assumes a fixed wheel drag coefficient of 0.14. It accounts for ventila-
tion drag.

Smalley and Lee (1978), reported that this method agreed with wind tunnel data
to within £10% for 13 of 17 vehicle tests. Five of which were duplicate tests using
a different tunnel blockage correction method. Three of the outliers were 12—18 %
below the tunnel tests and one was 16.5 % higher.

Due to its correlation with details of the vehicle’s design, this method will be
very useful for setting shape details, that is, actual dimensions rather than qualita-
tive features, when starting with stock bodies. Its major drawback is the use of a
large, constant, wheel drag coefficient. As in the drag rating method case, this value
alone is larger than the drag coefficient of most solar racing cars.

Ashley and Carr (1982); Rose (1986); and Calkins and Chan (1998) have fur-
ther developed the feature build-up method. Calkins and Chan have incorporated
a refined version of the method in a drag prediction tool called CDaero. CDaero is
a component of the Automobile Design Support System reported by Calkins et al.
(1996). The refined feature build-up method estimates the drag of the wheels from
their exposed projected area, as in this chapter, instead of assuming a constant val-
ue. The calculation is for zero yaw and does not account for ground effect.
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