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tigated for various angles of attack. The potential flow pro-
gram required only the shape of the NACA 0012 section and
the angle of attack to carry out the calculation. On the
average a typical calculation was carried out for 80 points
around the airfoil section surface, and required only two sec-
onds of computer time on an IBM 7044 digital computer.
All of the velocity and pressure calculations agreed with 2%
or better of those presented in Ref. 8. The small discrepancy
could be due to the fact that the present method probably
used more points on the airfoil surface in the calculations.
With these results it is seen that a digital computer can
truly make Theodorsen's technique a useful and practical
everyday design technique.

With the inviscid velocity and pressure calculated from the
potential flow, the boundary-layer flow can be computed.
The boundary-layer calculation starts at the stagnation point
and proceeds step by step in the x direction until the point of
separation (separation is defined as the point where u first
becomes negative) is reached, after which it is impossible to
proceed further with Eqs. (3) and (4). The results of these
calculations are shown in Fig. 2 where the laminar separation
point on the upper surface of the NACA 0012 airfoil section
has been computed as a function of the angle of attack. The
ordinate of the graph is the cordwise distance from the zero
angle-of-attack stagnation point, whereas the abscissa is the
local angle of attack.

For angles of attack less than 4° or 5° it can be seen from
Fig. 2 that the laminar flow calculations are academic, since
transition occurs on the airfoil section before laminar separa-
tion. However, for angles of attack equal to 50 or greater,
laminar separation occurs before transition. Actually, the
laminar separation causes the formation of a separation bub-
ble, which plays a significant role in transition and turbulent
boundary-layer reattachment. In Ref. 9 measurements on
the location of the laminar separation bubble were presented,
and it is seen from Fig. 2 that agreement between the theoreti-
cal calculations and experiments is excellent. The average
boundary-layer calculation took four seconds of computer
time on an IBM 7044 computer, and the step size in the 77
direction was A 77 = 0.1. (This corresponds to sixty points
across the boundary layer for 77 -> oo ~ 6.0.) The step size
in the x direction was made variable, so that small steps were
taken in regions of large pressure variations and large steps
in regions of small pressure variation. Also, the experimental
location of the laminar separation point should not be sensi-
tive to Reynold's number since the mechanisms for the causa-
tion of both the separation bubble and turbulent reattach-
ment are basically inviscid.

Summary and Conclusions

From the previous calculations it was shown that the inviscid
flow, pressure distribution and boundary layer flow can be
calculated exactly and rapidly over typical airfoil sections.
The calculations involve only seconds of computer time on an
IBM 7044 computer (not large by current standards), and are
capable of giving as much detail as desired about the flowfield.
Also, the calculation procedures presented are applicable to
arbitrary shaped bodies, and their validity is limited only by
the validity of the potential and boundary-layer approxima-
tions themselves. Because of the large scale availability of
digital computer facilities throughout the world, techniques
of calculation like those presented in this paper should have
a great impact on the teaching of aerodynamics and on the use
of theory in design procedures.
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Introduction

WHEN an aircraft that is flying through a portion of the
atmosphere in which there are no clouds undergoes ac-

celerations that cannot be directly attributable to the move-
ment or setting of the control surfaces or to the flight charac-
teristics of the aircraft, the aircraft is said to be in clear air
turbulence. The accelerations of the aircraft are functions of
the weight and characteristics of the aircraft in addition to the
atmospheric gusts. If the ratio of the turbulent flight miles
to total flight miles is to be computed, definitions of turbulent
and total flight miles are required. The definition of the
turbulent flight miles must include statements that give 1) the
lower limit of accelerations that are considered to be turbu-
lence, 2) the frequency interval of interest, and 3) a quantita-
tive evaluation of the duration of turbulence. The ratio may
also be a function of 1) the distribution of the total flight
miles by season, altitude and underlying terrain, 2) the use
and relative success of turbulence search or avoidance pro-
cedures, and 3) pattern flying through a known turbulent
region.

Discussion and Results

In the High Altitude Clear Air Turbulence (HICAT) pro-
gram, Crooks, Hoblit, and Prophet1 defined turbulence as
existing if rapid e.g. accelerations in excess of ±0.10 g were
observed for a duration of at least 10 sec. In his review of the
VGH data from 768,000 miles in the altitude range 40,000-
70,000 ft, Steiner2 defined turbulence to exist "whenever the
accelerometer trace was disturbed and contained gust veloci-
ties (presumably 'derived7 gust velocities) greater than 2 fps."
A comparison of the HICAT delved gust velocities with those
given by Steiner indicates that the two definitions are roughly
equivalent. Crooks et al.,1 and Ashburn, Waco, and Melvin3

also defined turbulence in terms of the rms gust velocity.
This definition is not useful for determining the ratio of tur-
bulent flight miles to total flight miles because the rms gust
velocity data are not available for all the turbulent regions
observed.
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Table 1 Ratio of turbulent flight miles to Table 3 Recommended ratio of turbulent flight miles to
total flight miles total flight miles

Category, ft

65,000-69,900
60,000-64,900
55,000-59,900
50,000-54,900
45,000-49,900
45,000-69,900

Water
Flatland
Low mountains
High mountains

Winter (Dec.-Feb.)
Spring (March-May)
Summer (June- Aug.)

Total flight
miles

16,000
87,000

107,000
105,000
30,000

345,000

124,000
132,000
49,000
40,000

108,000
81,000
71,000
85,000

Ratio
turbulent

0.019
0.014
0.028
0.047
0.042
0.031

0.027
0.027
0.036
0.049

0.038
0.039
0.019
0.024

Category, ft

65,000-70,000
60,000-65,000
55,000-60,000
50,000-55,000
45,000-50,000
45,000-70,000

Water
Flatland
Low mountains
High mountains

Winter
Spring
Summer
Autumn

Ratio turbulent

0.010
0.010
0.020
0.030
0.030
0.020

0.018
0.018
0.022
0.030

0.024
0.024
0.014
0.018

Efforts were made during the HICAT flight program to
seek turbulent regions and to fly repeatedly through these
regions once they were located. Thus, the HICAT records
presumably indicate a higher proportion of turbulence than
would be found on random flights. In the results presented
below, adjustments were made to correct for the effects of re-
peated flights through the turbulent regions. Table 1 lists
the ratios of turbulent flight miles to total flight miles for the
HICAT sample. Flatland was defined as land area with re-
lief differences <3000 ft. The analogous relief differences for
low mountains and high mountains were 3000-7000 ft and
>7000 ft, respectively. The percentage of HICAT flight
miles that were turbulent (Table 1) were judged to be high,
even with the effect of pattern flights within turbulent regions
removed, because of the apparent skill in locating turbulent
areas. Table 3 presents a subjective estimate of representa-
tive values of percentage of flight miles expected to be turbu-
lent. This estimate was based on the results given in Tables
1 and 2.

Table 2 Comparison of Steiner (NASA U-2),
and HICAT data

Altitude
interval, ft

60,000-70,000
50,000-60,000
40,000-50,000

40,000-70,000

Steiner

Flight
miles

576,000
141,700
49,500

768,100

(1966)

Ratio
turbulent

0.006
0.020
0.025

0.009

HICAT

Flight
miles

103,000
212,000
30,000

345,000

Ratio
turbulent

0.015
0.035
0.042

0.031

Concluding Remarks

Based on data from more than 200 flights the percentage of
flight miles that were turbulent has been shown to increase
with underlying terrain roughness, decrease with altitude,
and display a maximum in the winter and spring. The
sample size in several of the underlying terrain, altitude, and
seasonal categories limited definite conclusions as to which of
these factors most strongly influenced the distribution of tur-
bulence. However, a more detailed investigation which re-
stricted comparisons to categories with a large number of
flight miles has shown the following: 1) Turbulence over
mountains was definitely more pronounced in magnitude and
extent during the winter season than over flat terrain. 2)
The amount and intensity of turbulence decreased with alti-
tude only slightly between 45,000 and 65,0000 ft over moun-
tains but quite rapidly over flat terrain.
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