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the combined unfavorable effects of both propeller and yaw-
ing initiated the left-wing stall at about a. = 10 deg, for the case
of positive /3 (+ 10 deg). This corresponds to a left-turn situa-
tion as described above, resulting in a left yawing moment
(into the turn) accompanied by a very high rolling moment ex-
tending beyond the control limits of the airplane.6 The stall of
the right wing is initiated only at above a= 13 deg (Fig. 3) and
the negative rolling moments are then reduced.

Because of the dihedral of the test airplane wing (5 deg),
rolling moments on the order of ±0.01 for both yaw condi-
tions are measured at the lower angles of attack (a. < 9 deg in
Fig. 3). On the other hand, because of the presence of the
fuselage (the test aircraft had a low wing), the trailing half-
wing section has a higher tendency to stall (in spite of the
lower effective angle of attack). The combination of this effect
with the propeller slipstream results in the considerable dif-
ference between the positive and negative yawing as shown in
Fig. 3. That is, when yawing the aircraft to the right, the
resulting rolling moment is within control limits, whereas,
yawing it to left will bring the aircraft beyond its control
limits.

Concluding Remarks
The study of propeller effect reported here shows that for a

typical single-engine, low-wing, general-aviation aircraft with
untapered wings, the propeller up wash on the left wing in-
itiated separation at an angle of attack which is 3 deg smaller
than the angle of attack at which the separation of the right
wing occurred. When the aircraft was yawed, it was found
that positive yaw angles resulted in a violent rolling moment
and wing separation was initiated at smaller angle of attack.
For the negative yaw condition, the separation occurred at 2-3
deg of angle of attack later, and the resulting rolling moments
were within control limits. The above finding suggests that air-
craft similar to the one tested, under positive sideslip condi-
tion, are likely to face a stall-spin entry when performing, for
example, a low-speed final left turn with excessive rudder
deflection before landing.
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Applications of Similitude
in Airship Design

C. K. Lavan* and C. K. Drummondt
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Introduction

T HE Buckingham TT theorem is often thought of simply as
a tool for the reduction of the number of independent

variables required in an experimental study of natural
phenomena. Similitude is, therefore, often overlooked during
the conceptual phase of engineering design. This Note
describes two clarifications gained by implementing the Buck-
ingham TT theorem in a conceptual airship design study. First,
a volume sensitivity parameter is obtained that permits a very
close description of traditional airship performance char-
acteristics in terms of a single curve. Second, the appropriate
parameters for nondimensionalization of drag for an airship is
discussed.

Airship Volume Sensitivity
The necessary airship volume V for a prescribed mission

depends on the airship's altitude z, velocity U, payload W, and
endurance t. Only three basic dimensions—mass, length, and
time—are necessary to express the five variables dimension-
ally. Interpreting air density p to correspond to the effect of
altitude on the airship performance, the functional relationship
for the airship volume is

F(V,p,U,W,t)=0 (1)

The TT theorem states that the number of variables (n = 5)
minus the number of dimensions (r= 3) is equal to the number
of independent parameters (n — r = 2) that characterize the
problem. Classic dimensional analysis1 leads one readily to
find the two IT parameters:

(2)

(3)= W/pU*t2 = W/(pU2)(Ut)2

Note the significance of the second term, which can be inter-
preted as the ratio of the useful load to the product of the
dynamic pressure and the ferry range squared. From the TT
theorem,

(4)

from which we define a new function, /, such that

so that a general relationship for airship volume is

V
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F(D,V,L,R,v,p,U)=Q (6)
HULL VOLUME IN MCF VS •
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Fig. 1 Hull volume sensitivity analysis.

CDv2/3

9.29

8.36

7.43

6.50

5.57

4.64

3.72

2.79

1.85

0.93

FINENESS RATIO

Fig. 2 Bare hull drag coefficient and drag area for a baseline 56,600
irr airship volume.

Recognizing the rules governing the manipulation of IT
parameters,1 we simplify the analysis by assuming a constant
of proportionality, Cl, for the function described by/; the ex-
pression for airship volume is now

V=Cl(Ut)(W/pU2) (5)

In words, we expect the hull volume to increase with increas-
ing ferry range, increasing payload, and decreasing dynamic
pressure (increasing altitude).

An interactive computer program—the Goodyear Airship
Synthesis Program (GASP)—was used to generate data to
check the dependence of volume (in the 30,000- 170,000-m3

range) on the sensitivity parameter in Eq. (5). A plot of this
data is shown in Fig. 1. Verification of the general trend is
provided by a plot of some historical data for airships such as
the ZPG-3W.

Figure 1 is a comprehensive measure of the hull volume sen-
sitivity to basic airship design parameters; it provides more
succinctly the message of the set of Normand equations
discussed by Burgess.2

Nondimensionalization of Airship Drag
Once an optimal airship volume has been established, it is

logical to design the hull for minimum drag. Allow the airship
volume to be included in the description for drag given by

where L is the theoretical airship length, R the airship radius,
and v the kinematic viscosity of air. Four TT parameters are an-
ticipated since there are seven parameters expressable in terms
of three basic dimensions; in the situation in which V, p, and
U have been selected as the repeating variables,

irl=D/pU2V2/3

7T2=L/F1/3

the idea is now that

D

PU2 V2/3 F1/3 ' F1/3 '
V-\

UVIA J

(7)

(8)

(9)

(10)

(U)

where the effect of selecting volume as a repeating variable is
quite evident. Appreciating that we are at liberty to invert TT
parameters, the fineness ratio \ = L/2R can be introduced and
the functional dependence for drag given by

D
y-ipu^v1' -=f(KRe) (12)

where the Reynolds number Re is based on the characteristic
length F1/3. Subject to the conditions described above, Eq. (12)
indicates that the appropriate (constant volume airship)
reference area for nondimensionalization is V2/3.

Of importance here is that for an airship of fixed volume
and a given Reynolds number, a parametric analysis to
establish the fineness ratio for which the drag coefficient is
minimized depends on the reference area used. Von Mises3

remarks that minimizing the resistance of, for instance, a
nacelle requires the optimization of fineness ratio for stream-
lined body of thickness t, while in airship design the problem is
to determine the fineness ratio of a streamlined body of
volume V. Although it might be intuitively deduced that the
appropriate characteristic reference area for the airship drag
coefficient is F2/3, dimensional analysis is capable of predicting
the same. Physically, the drag area (CDA) will not change for
any given reference area; however, minimum airship hull drag
area will correspond to minimum drag coefficient when the
latter is based on F2/3 rather than irR2. Figure 2 illustrates this
effect for a bare airship hull, where the minimum of CD based
on irR2 near a fineness ratio of 2.8 corresponds to the results
of Ref. 4; when CD is based on F2/3, the minimum is at approx-
imately 6.2 and corresponds with the minimum drag area.

Conclusion
The utility of dimensional analysis should not be over-

looked in the conceptual phase of engineering design. Two dif-
ferent uses of dimensional analysis have been used in the pres-
ent work. First, the derivation of an airship volume sensitivity
parameter eliminates the need for a multitude of single-
parameter plots. Second, the F2/3 reference area yielded an air-
ship drag area minimum corresponding to the minimum drag
coefficient.
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