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where n—1
X} =(tany,) ~! ), s tany, (16)

k=1
x,’,f =X;:+S, a7
L, =R,/siny, (18)

If the first inequality in Eq. (15) holds, the end of the contour
has not been reached by the end of the segment, while if the
second inequality holds, it has. Thus the total area of the
contour for N segments is given by

UL

A=A, + z: [F] 19)

*ni
Contour Extremity

The end of the contour is of special interest, and it can be
determined from the equations already given. On the last
segment, X, =y 07 and x.,,=L,. Then, using the
transformations in Egs. (8) and (9), one obtains

Other Considerations

Landing problems have not been considered in the previous
analysis. However, it is obvious that such problems can be
solved by suitable transformations to an equivalent takeoff
problem. The details are discussed in Ref. 4.

Implementation of the preceding equations can be ac-
complished readily on a small hand-held programmable
calculator so as to rapidly determine the quantities of interest,
namely, the contour area, the contour, and its extremity for
arbitrary flight paths. The repetitive nature of the calculations
for successive segments is well-suited to such implementation.
A program has been devised for the Hewlett-Packard HP-67,
the details of which are given in Ref. 4. The inputs are the
parameters describing the successive segments as already
discussed as well as parameters describing the noise. The
outputs are the contour area, the actual contour in terms of
the y coordinates corresponding to any x coordinate, and the
coordinates of the extremity of the contour. The program is
valid for both takeoff and landing trajectories. Since the
equations are so simple, the program executes in seconds. For
this reason, the program, when suitably implemented, would
be ideally suited to on-line piloted simulation.

Another consideration concerns the accuracy of the closed-
form solution. This accuracy has been investigated in Ref. 4
by comparing the results from the closed-form solution with
that from the large computer contour program for identical
conditions. Many examples for takeoff and landing trajec-
tories of a conventional jet transport aircraft were used, too
numerous to detail here. A typical comparison is shown in
Fig. 3 by an example two-segment takeoff with thrust cutback
in which ground attenuation and shielding have been omitted.
Two sets of data are shown. First, the contour represents the
results obtained from the program of Refs. 1 and 2 using the
IBM-360 computer. The program is about 100,000 bytes in
size, and a substantial amount of time and effort was required
to obtain these results. Second, the crosses shown represent
the results from the closed-form solution using the hand-held
HP-67 calculator. Comparison shows excellent agreement. As
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Fig.3 Typical comparison of noise contours.
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Table1 Comparison of closed-form solution
and computer program

Area, km?
Example Closed-form solution IBM-360 program
1 154.93 154.9
2 154.93 155.4
3 100.49 99.5
4 17.59 17.4
5 24.22 24.1

for the contour areas, the results for several examples* are
illustrated in Table 1 where it can be seen that the accuracy is
within 1%.

Concluding Remarks

The simplicity of the noise analysis presented herein enables
one to obtain the noise contour, its area, and its extremities
for an arbitrarily complex flight path for both takeoffs and
landings. The method is simple and fast, and results can be
obtained either by manual calculation or by means of a small
programmable calculator. The analysis reveals the fun-
damental nature of the contours and how the various factors
that influence its size and shape enter into the analysis.

It should be noted that the effects of ground attenuation
and shielding have been omitted from the analysis. Generally,
their effects are important only on the initial portion of flight,
and are highly dependent upon aircraft configuration.
Preliminary analysis shows that such effects could be in-
cluded, and further work in this direction might be warranted.

It is also worth emphasizing that the single-event contour
discussed herein is the obvious choice for purposes of
minimizing noise impact. The impact of multiple flights of the
same type are handled by an obvious extension of the single-
event results.
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Ty  =bleed airflow temperature, °R
Ty  =windshield surface temperature, °R
|4 =aircraft speed, ft/s
Wy =bleed airflow rate, 1b/s
X =distance along windshield, ft
Introduction

IMILITUDE can be defined as a property that permits the

reduction of the number of parameters or variables upon
which a physical phenomenon depends. Such a reduction has
obvious desirable consequences, especially for the ex-
perimentalist. It means that a single test may result in ob-
taining all of the information normally requiring a whole
series of tests. A prime example is the hypersonic similarity
rule. Taking measurements on a slender body at high Mach
number and the use of the hypersonic similarity rule results in
data for a whole family of related thinner or fatter bodies at
correspondingly different Mach numbers. Thus similitude can
aid in planning an experiment as well as assist in analyzing the
resulting data. The goal is to reduce the number of in-
dependent quantities in an experiment because that provides
an important simplification and reduces the number of
measurements required tc define the solution.

Development of the Prediction Model

The first step in seeking similitude is to list the dependent
and independent quantities in the problem. This step is by far
the most important because the validity of the results depends
on the correctness of the quantities chosen. The appropriate
quantities in this problem are: bleed air mass flow, bleed air
temperature, bleed air pressure, ambient temperature, am-
bient pressure, aircraft airspeed, position on the windshield,
and surface temperature. At this step it is desirable to
distinguish the dependent variable from the independent
variables or quantities and to express the dependent variable,
in this case the windshield surface temperature 7, as a
function of the independent variables.

The second step is the application of dimensional analysis
which will provide a reduction in the number of independent
quantities by combining them into a smaller number of
dimensionless groups. These are frequently the familiar
dimensionless numbers such as Reynolds number, Mach
number, etc. Application of the familiar Buckingham =
theorem will show the number of dimensionless products that
exist in the problem, i.e., the number of dimensionless
products is equal to the number of original quantities in the
list reduced by the rank of the dimensional matrix formed for
the fundamental units (mass, length, time, temperature) of
the eight parameters previously listed. The rank of this matrix
is four so that there should be four dimensionless products.
The form of the unknown function relating these products is
not revealed by dimensional analysis but it can be derived
from analysis of observations.

The third step in the analysis is to bring in any sup-
plementary information that might lead to a further reduction
in the number of independent quantities. After the application
of this step we are ready to try the results on the problem at
hand. The pressure ratio, Pz/P,, can be eliminated as a
parameter by recalling that in incompressible flow, the ab-
solute level of pressure is irrelevant, because pressure plays
only a dynamic and not a thermodynamic role—only its
gradient is significant. Thus the final relation is

Ty/Ty=f(WgV/X'P,,Tg/T,) )

Test Procedure

The tests were conducted on a Gates Learjet M35. The M35
is equipped with Garrett Air Research TFE 731 turbofan
engines. The hot anti-icing air is obtained as bleed from the
engines and is supplied to the windshield on the aircraft

ENGINEERING NOTES 831

Table1 Flight test conditions

Condition Range
Altitude, 1000 ft 1.8-45
Ambient temperature, °F -90-61
Airspeed, knots 158-225
Bleed flow, Ib/min 4-9

Bleed temperature, °F 250-330

Fig. 1 Windshield anti-icing system.

Fig.2 Location of thermocouples.

through a duct exiting at the center of the lower side of the
windshield as shown in Fig. 1. Three thermocouples were
attached to the windshield at the locations shown in Fig. 2.
Test data were recorded for a variety of flight conditions as
shown in Table 1.

Data Analysis

The test data were reduced to the three dimensionless
groups as indicated by Eq. (1) and plotted on semilog graph
paper. Inspection of the data indicated that there were sets of
data points corresponding to nearly constant values of
Tg/T,. These were used as starting points for straight line
curve fitting.

In order to determine a uniform family of curves fitting the
data and conforming to Eq. (1), it was helpful to prepare
additional working curves. A plot of T,,/T, vs Tx/T, for
discrete values of WjyV/X?P, was prepared to find the
variation for lower bleed temperatures and to give better
definition to the shape of the curves. Linear regression
analysis was applied to the points in this curve as they were
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Fig. 3 Computational accuracy.

determined from the preliminary lines drawn through the data
in the initial plot.

Further inspection of the data plots revealed the numerical
equation that represents the function of Eq. (1). This is given
by

Ty /Ty =1.0+[0.2508+0.0952l0g,,(WyV/X?P,)]

X (Tg/Ty—1) )
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Discussion of Results

The test of validity of such a technique as derived is to
calculate the value of the windshield surface temperature
based on known test conditions and compare that value with
the corresponding measured value. This was done for all of
the available test data. The results are shown as measured vs
calculated T',/T, in Fig. 3. Error bands of =2 and +5% are
shown and the accuracy is satisfactory. On the basis of 45 test
points the average difference between measured and predicted
Ty/T,is0.016.

Conclusions

The formulation of a prediction technique has been ac-
complished with the use of similitude. The method allows the
prediction of windshield surface temperature, assuming that
proper information about the aircraft conditions, weather
conditions, and hot bleed air conditions is known. The
following conclusions are reached:

1) A dimensional analysis technique can successfully ex-
press windshield temperatures in the form of a mathematical
function whose mathematical equation is unknown.

2) Experimental data from aircraft flight tests are required
to determine the form of the correlation leading to the
prediction technique.

3) With the appropriate aircraft and atmospheric in-
formation available, windshield surface temperatures can be
predicted with acceptable accuracy.

4) Given sufficient experimental data, the exact mathema-
tical equation representing the problem under investigation
can be derived.
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Practical combustion systems are almost all based on turbulent combustion, as distinct from the more elementary
processes (more academically appealing) of laminar or even stationary combustion. A practical combustor, whether
employed in a power generating plant, in an automobile engine, in an aircraft jet engine, or whatever, requires a large and
fast mass flow or throughput in order to meet useful specifications. The impetus for the study of turbulent combustion is

In spite of this, our understanding of turbulent combustion processes, that is, more specifically the interplay of fast
oxidative chemical reactions, strong transport fluxes of heat and mass, and intense fluid-mechanical turbulence, is still
incomplete. In the last few years, two strong forces have emerged that now compel research scientists to attack the subject
of turbulent combustion anew. One is the development of novel instrumental techniques that permit rather precise
nonintrusive measurement of reactant concentrations, turbulent velocity fluctuations, temperatures, etc., generally by
optical means using laser beams. The other is the compelling demand to solve hitherto bypassed problems such as iden-
tifying the mechanisms responsible for the production of the minor compounds labeled pollutants and discovering ways to

This new climate of research in turbulent combustion and the availability of new results led to the Symposium from
which this book is derived. Anyone interested in the modern science of combustion will find this book a rewarding source
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