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ABSTRACT

The aims of the project which are the subject of this report have
been considerably modified since the beginning of the program. Originally,
it was thought that an analytical study of certain aspects of the flow tran-
sients in the ramjet addition would be sufficient for the needs of the de-
signers. BSubsequent developments showed that the emphasis of the work should
be placed on the exhauster system and as this work progressed, it became ap-
parent that the most urgent problem involved the interaction between an engine
under test and the exhauster equipment. An approximate method for determining
this relation has been developed, and the method of solution is based on data
and concepts that involve many other aspects of the system.
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OBJECT

The general objective of the work which is the subject
of this report has been to consider certain aspects of the dynamic
operations of the ramjet addition to the Arnold Engineering Devel -
opment Center. In particular, the objective has been to consider
the various forms of dynamic coupling which might exist between
the several components of the ramjet addition and to determine
what effects these couplings have on the components of the ramjet
addition.

vi
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SECTION I. GENERAL METHOD OF APPROACH

The ramjet addition of the Arnold Engineering Development Center is
arranged in such a way as to raise the possibility that a dynamic coupling may
exist between the unit under test and the exhauster compressors.

The coupling may have detrimental effects on the compressors. This
situation leads to a problem which involves the behavior of pressure disturb-
ances in a duct system which has water sprays, turns, valves, and water sepa-
rators, and in which a gas of varying temperature and composition is flowing.

The general complexity of the problem rules out the possibility of
the development of a general solution to the problem, but a method of approach
capable of giving useful results is developed in Section II of this report.
This section is in effect the main part of the report since it is here that
the relationship between the unit under test and the exhauster compressor is
developed. The analysis in Section IT makes use of the water-spray attenua-
tion factor and the corner-reflection coefficient. Since the determination
of these factors involved a considerable amount of work and some unusual con-
cepts, they have been considered in Sections III and IV of the report. These
sections are intended to support Section II. ©Section V is an independent part
although it makes use of the corner-reflection coefficient of Section IV.
Section V is included to cover the additional work which was done to investi-
gate the starting conditions in the ramjet addition. The main purpose of this
work was to examine the system for possible resonant conditions which could
adversely affect the exhauster compressors during the starting cycle.

The appendices of the report are devoted to brief items which are
important to the report, but which do not fit conveniently elsewhere. The
section on blade vibration contains material used directly in Section II.
The discussion of the sound-level meter is included because it was the main
measuring instrument of the study.

At one time, it was believed that the water table would be useful in
testing the individual components. This proved disappointing, but the idea
still seems to have possibilities; a section on the water table is included.
The propagation pattern of waves is predicted on the basis of the diffraction
theory, but the pattern of one of the corners with turning vanes is too com-
plex to be practicably analyzed using the diffraction theory. The considera-
tion of simpler cases, however, explains the reflection and transmission char-
acteristics of the individual components; a section is included in the appen-
dices on this subject.
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SECTION IT. PULSATIONS IN THE EXHAUST SYSTEM

The basic idea which is to be developed in this section is that
pressure pulsations which are developed in the exhaust system by the opera-
tion of the unit under test may cause harmful effects on the structure of the
system or on the exhauster compressors. The most particular danger would ap-
pear to come from the effects of a test unit which emitted the steady pulsa-
tions characteristic of rough burning and which at times could be in sympathy
with certain elements of the compressors. The effects of a single pulse of
pressure will also be considered, although the analysis is quite simple in
this case.

It should be noted at this time that the objective of this part of
the report is to provide a means by which conditions at the compressor, for
example, may be computed using known or assumed conditions at the test unit.
It is felt that the decision as to whether these conditions are detrimental
to the compressor can be best made by the manufacturer of this equipment.

If an arrangement of ducting with elbows, constrictions, enlarge-
ments, side chambers, etc., is filled with a gas and the gas is excited into
motion at some point by a stéady pulsating force, a complex system of pressure
and velocity waves will be developed within the contained gas. A complete
analytical solution for such a system would define the intensities of the pres-
sure and velocity waves for any and all particular points in the system. The
solution would furthermore give the phase relationship for these waves. The
difficulty with the analytical approach is in its complexity. Even the solu-
tion of fairly simple systems such as a tube with a single restriction placed
within involves some rather cumbersome mathematics. A complete analytical
solution for a system as complex as the ramjet addition is almost beyond hope.
The system is further complicated by a superimposed gas flow, the presence of

suspended water droplets, and a changing temperature of the gases in the duct-
ing.

If a complete analytical solution is not practicable, then some ap-
proach must be found which will give a meaningful result, and which is not
hampered by the rigors of a purely analytical approach. By working with the
real part* (as contrasted to the imaginary part) of the complete solution,

¥Any general equation relating some quantity (e.g., displacement) of a system
to the forecing function causing this displacement will contain real and imagi~
nary terms,provided that the system is made up partly or wholly of reactive
elements. In a mechanical system the reactive elements are the mass and the
compliance of the system.
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the analysis is greatly simplified and practical results can be obtained.
Thus, the real acoustical power flow through the system may be computed with-
out need for a detailed knowledge of the pressure pulsation at some point.
This approach will provide answers which may be adequate for the problem at
hand. This is particularly true since it is the real part of the power flow
which provides the energy necessary to maintain destructive vibrations in the
system or its components.

The general approach to the solution of a specific case involves the
making of assumptions as to the characteristics of and the operating conditions
imposed on a particular test unit. The acoustical power flow from the test
unit may be computed onece these quantities have been assumed or estimated on
the best available basis. The effects due to the ducting on attenuating this
power flow are then computed, and then the effects on the compressor of the
remaining acoustical power are determined.

In order to establish the power flow level due to pulsations in the
test unit (engine), a ramjet engine operating at sea level conditions at M-2.0
is assumed as fairly typical. The diameter of the test engine is taken to be
6 feet and the engine exhaust is directly connected to the exhauster system.
If the inlet air takes a normal shock on entering the compressor, the static
pressure ratio developed is 4.5, and the velocity following the shock is M-O.LT.
Subsequent subsonic diffusion would increase the static pressure ratio slightly,
but the necessity of securing a throughput and minimum cross section for the
engine limits the amount of subsonic diffusion that can be utilized. Actual
supersonic diffusors which would be used on an engine exceed the 4.50 pressure
ratio somewhat, developing about a 6.00 pressure ratio. It could be expected
then that the usual combustion chamber pressure with choked outlet would be
about 6 atmospheres.

The pulsations that accompany rough burning or "buzzing" in the test
engine are apparently due to regenerative instabilities in the combustion proc-
ess which are related to the pressure variation in some very complex ways. It
is thus conceivable that a pressure pulse approaching that due to constant-
volume, adiabatic burning could be developed in the engine, giving pressure
peaks of the order of 30 atmospheres. A small amount of available information
indicates, however, that, pressure pulsations of from 6 to 50 percent of the
steady~state pressures have been measured on engines under test. If the higher
value 1s used, then a pressure pulsation of 3 atmospheres may occur in the test
engine under some conditions.

The formula for acoustical power in plane waves may be applied now,
as follows:
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where

= acoustical power, ft-1b/sec;

= rms pressure variation, 1b/ft2;

area of duct (cross section), ft2;

= celerity of acoustical pressure, ft/sec; and
= average density of fluid, slug/ft3.

o o0 n kg H
|

The computed values for the various quantities are:

= (0.707) (3) (14.7) (14k) = 4480 1b/ft® [for sinusoidal wave],
= n/L(62) = 28.3 ft2,

= 2170 ft/sec (for temperature of 1500°F), and

= 0.0038 slug/ft3 (6 atmospheres steady-state pressure).

T 6O n o

The resulting acoustical power generated is therefore:
I = 69 x 10° ft-1b/sec = 125,000 hp.

This is a rather surprising amount of power to be associated with the pulsat-
ing energy, but a ramjet engine of the assumed size would develop about 500,000
equivalent horsepower at operating speed, and the result is not unreasonable
on this basis. The ramjet engine applies this acoustical power completely to
the exhauster system since the two are directly connected.

It is now necessary to consider the effect of the ducting system on
the power that is being fed into it. This would be exceedingly difficult if
it were not for the presence of the water spray which imposes a very large at-
tenuation on the pulsating power. The analysis to be used here is typical of
the approach used in reverberation studies where the build-up of energy in
rooms is considered under the influence of a constant imput power.

The part of the acoustical circuit of the exhauster system under
consideration is shown in Fig. 1. Considering Fig. 1, it is assumed that the
power flow from the engine is unity in the beginning. After one pass through
the water spray, the intensity is reduced to &. At the first corner, the
power reflected back is Of and the amount sent on around is (1-B). When the
reflected power reaches the engine there has been another attenuation factor,
o, applied which now brings the intensity to o®8. The reflection coefficient,
7, at the engine returns the quantity a257 to the ducting.

This continuing process is outlined in the diagram shown in Fig. 2.
The net transmitted power from the system is the sum of the colummns between
headings B and C. Some power is reflected from corner C and returns to the
region A-B to modify the situation there, but because of the large effect of
0, this can be practically neglected. It is further assumed here that there
is not much water left in suspension after the first corner has been passed.
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Fig. 1. Acoustical circuit of exhauster.
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Fig. 2. Development of reverberation formula.

The net transmitted power is then reducible to an infinite series
which converges to the sum:

_ _ 1
I, = (1-8) |:a€+ 1-06269

The values for the constants in the reverberation formula may now
be evaluated. « is the attenuation coefficient due to the water spray and
from the experimental and analytical work in the water-spray section, a power
loss of 10 decibels per pass can be expected. This sets the value for o to
be 0.10. The value for the corner-reflection coefficient taken from the sec-
tion on individual components is 0.80. The reflection coefficient y is de-
termined by the impedaﬁce mismatch at the sudden contraction on entering the
tailpipe of the engine. The analogous acoustical impedances at this point
are inversely proportional to the areas of the ducting and of the engine tail-
pipe. If the area of the tailpipe is termed A; and the area of the adjoining
ducting termed Ao, then the analogous impedences are proportional to l/Al and
1/As.
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The ratio between the reflected power and the incident power is then
given by:

2
L L

Ir _ As Ay

i 1,1
Az 1

Noting that areas of circular ducts are proportional to diameters squared:

2 2 2
_L> _l_>
E£ _ | \P2/ " \D1
i A%, /X |
D D;
and since
Dy = 6 ft D12 = 36 £t2, and Ir
] 1 )] —_ = Y = 0‘56.
D = 16 ft, D22 = 256 ft2, I;

In summation for this particular problem:

(0 = Onlo,
B = 0.80, and
y = 0.56.

By applying the reverberation formula, the net fraction of transmitted power
becomes:

I = 0.0k of the generated power,
and since

I generated = 125,000 hp,

I, = 5,000 hp.

This power is then transmitted without great loss through the remainder of the
ducting system and into the compressor. As mentioned earlier, no information
is given by this analysis as to the pressure pulsation level existing at any
particular point in the system. It can be said, however, that conditions must
adjust themselves so that the waves traveling in opposite directions are of
such amplitude that the power flow requirement is satisfied.

In order to determine the effect of the transmitted power on the
compressor, it is necessary to exercise some Jjudgment concerning the blading

6




r— ENGINEERING RESEARCH INSTITUTE + UNIVERSITY OF MICHIGAN —

arrangement. Here agaih a complete analysis is impractical owing to the gen-
eral complexities of the arrangement, but considering the first row of blades
in the compressor, a good appraximation of the power applied can be based on
the catceh area for the blades. On this basis, the power applied to the second
row of blades is determined by the catch area of this row and the portion of
the power unextracted by the first row.

Actual dimensional data are not immediately available for the first
row of blades which is the guide vane, but it is assumed that the blades are
similar in construction to the second row of blades (the first-stage rotor
blades). On this basis, the projected catch area for one guide vane is 36
square inches. The total annular compressor inlet area at the guide vane is
9,580 square inches. There are T8 guide vanes. These additional data are
used with previous calculations to obtain the power input to the guide vanes.

For each.guide vane, this turns out to be 18.8 hp and the power ap-
plied to all the guide vanes is 1,470 hp. This leaves 3,530 hp which passes
into the second row of blades (the first-stage rotor). Similar calculations
show that each first-stage rotor blade receives 13.% hp of acoustical energy.
Succeeding blade rows are computed in the same manner.

The next step in the computation is to determine the effects of the
applied power on the row of blades under consideration. This applied acous-
tical power must correspond to the resonant frequency of the blades (otherwise
they will not absorb energy readily) and for this reason a considerable re-
striction is placed on the possible causes of damage.

The amplitude of vibration of individual blades is determined by
the power input to the blade, the spring constant of the blade, the logarith-
mic decrement, and the frequency of vibration of the blade.

The method of computing the amplitude of blade vibration is straight-
forward, and is not included in this section. The results of the computation
give the amplitude of the guide vanes to be 1.41 inches and the amplitude of
the first-stage rotor blades to be 1.82 inches. These are tip amplitudes and
the direction of motion is the same as that used by the manufacturer in deter-
mining the spring constants and damping factors for the blades.

Considering the length of the blades, the amplitudes calculated seem
too large to be safely handled, but it is felt that this decision can best be
made by the manufacturer of the compressor. It may properly be questioned
whether the size of the ramjet engine that was chosen was really representa-
tive of the maximum size to be tested, and perhaps the assumed operating con-
ditions were too severe. These factors can be easily adjusted on the basis of
more complete information, but once the operating conditions have been chosen,
the analysis leads to definite results which must be taken into account.
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There are other factors which can influence the results to some ex-
tent. For instance, it was assumed that once the acoustical power flow had
left the spray chamber, there would be no further losses on this power until
it reached the compressor. This is, of course, not exactly true. Some power
is applied to the ducting itself. When the tests were made on the model com-
ponents, the losses noted were so low that they could not be readily distin-
guished from the inherent instrumentation errors. For this reason the con-
clusion is that a large portion of the calculated energy will reach the com-
pressor blades.

The exact calculation of the amount of energy in a sharp pulse is
usually difficult, and a graphical analysis is used. There is no general for-
mula for calculating the energy in a pulse, since this quantity depends on the
shape of the pulse. Roughly, the energy in a sharp pulse may be quickly cal-
culated by comparing the energy in the pulse to that in a single fluctuation
of a steady wave. The frequency of the steady wave used for comparison must
be estimated, based on the sharpness of the pulse. If the quantities used
earlier in this section are used with a frequency of 300 cycles per second,
the energy for pulsation is

- 69 X 106

1.15 x 10° ft-1b.
600

No reverberation can build up with a single pulse, so the portion
of this energy which reaches the compressor depends on the successive trans-
mission coefficients of the elements in the line. These are three corners and
the water separator.

Using the energy transmission coefficient of 0.50 for each of these
elements, the total transmission coefficient becomes 0.0625. The energy which
reaches the compressor is then

E = 1.15x 10% x 0.0625 = 7.20 x 108 ft-1b.

Of this energy, the amount which reaches one guide vane, for in-
stance, is

3
E - 7.20 x 10° x 36 = 27.0 ft-1b.

9580

Of this energy, only a part is transmitted to the blade owing to the
large differences in the specific impedences of the blade and the air. This
quantity is p. and these values are for:

air = 2.0k and
steel = 64,000.
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2
Reflection fractions = 64,000 - 2'6h) = 0.999
64,000 + 2.6k

This leaves only about 0.027 ft-1b of energy of the original pulse
which is applied to the blade. This quantity is apparently entirely negli-
gible.

In this section of the report, a method of relating pressure changes
in the test chamber to their effect on the compressor blading has been devel-
oped. Two conditions have been considered; the steady pulsation and the pulsed
Of these two conditions, the steady puslation appears to be the only one ca-
pable of affecting the system adversely.

The analysis is based on the real power concept of wave motion.
This simplifies the problem enough so that it is at least manageable, although
certain useful information is lost in the process.

The final form of the connecting relation is developed on page 5

of the report and is
Iy = (1-8)|afl + —1L
1-02By

I; 1s the portion of acoustical power applied to the exhauster sys-
tem that finally reaches the compressor. This relationship is based on the
assumption that it is only the water spray which attenuates the sound pulsa-
tions. The corners and the water separator may reflect and transmit pressure
pulsations, but do not account for much energy loss.

It is realized that the corners, etc., must account for some energy
-0ss, but this loss could not be detected on the model apparatus, and the los-
ses on the full-scale equipment may be even smaller.

In order to make the analysis less abstract, a numerical example was
chosen to illustrate the method of approach. The quantities were chosen for
this example on the basis that they represented something near maximum condi-
tions to be expected. The nature of the propulsive unit under test is not
important; it is the level of pressure pulsations produced that matters, and
regardless of the level of these pulsations, the application of the method
described is the same.

It was mentioned above that the use of the real power coneept re-
sulted in the loss of certain useful information. For instance, the condi-
tions calculated can be expected to occur at only certain combinations of
operating conditions that involve pulsation frequency and exhaust gas tempera-




ture, velocity, and composition.

does exist.

r— ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —

conditions will be realized during any particular run, and the real power
analysis gives no information about these matters. It can only be stated that
the possibllity of the simultaneous occurrence of all the necessary conditions

The real power analysis does not directly give any information con-
cerning standing pressures at points along the exhauster dueting, and this is
its greatest weakness since this information, if available, would allow the
computation of the power lost to the walls of the ducting, etec. It is be-
lieved that this power loss is significant, but since it cannot yet be com-
puted or estimated, it cannot be subtracted from that power applied to the
compressor blading. The net result of this situvation is that the stresses
calculated for the compressor blading will be somewhat too high.

It is by no means certain that all of these

10
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SECTION IIT. WATER-SPRAY ATTENUATION

GENERAL INFORMATION

The water-spray attenuation factor "&" is introduced and used in
Section II. The purpose of Section III is to show how the above factor is
analytically or experimentally evaluated. This has proved to be a difficult
subject in both the foregoing respects, but a substantial amount of progress
has been made.

Considering the experimental part of the investigation, it has been
necessary to develop equipment and techniques for the purpose. The chief fac-
tors to be determined experimentally are spray-drop sizes and distribution,
air-water volume ratios for given spray applications, and the attenuation of
pressure (sound waves due to the spray). The obstacles to making precise meas-
urements of the experimental quantities have not been fully overcome.

SPRAY-DROP SIZES AND DISTRIBUTION

In order to provide a correlation between experimental and analyti-
cal approaches to the attenuation determination, it is necessary to know the
effective drop sizes being used. Spray characteristics for two spray heads
(Fig. 3) were determined. The general arrangement of the apparatus used for
these tests is shown in Fig. 4. The experimental technique consisted of re-
cording the water flow rate through the rotameter and the nozzle pressure as
indicated by a Bourdon tube gauge. At the same time a sample of the spray was
collected on a specially prepared glass slide. The preparation given the slide
consists of a coating of an oil of approximately the same density as water, and
then covering the oil with a film of a long-chain alcohol which is lighter than
water and immiscible in water and oil. The droplets are caught and suspended
in the o0il layer between the glass and the alcohol. In this way, the droplets
retain their spherical shape, and their true size is visible (Fig. 5).. The
slide is then magnified and photographed with a modified metallographic camera
(Fig. 6). The photographs are then registered over a standard grid and the
drops are counted according to size. A graph showing the drop count and size
distribution for Figs. 7 and 8 is shown in Fig. 9.

It is seen that the larger holes produce only slightly larger drops.
In this manner a median drop size and count is determined for the purpose of
correlation. The most significant characteristic of the spray head with re-
spect to the properties considered is that the droplet size and distribution

11
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Mg, 5. Sample slide used in drop size determination.

Fig. 6. Metallographic camera.
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is primarily related to the water pressure and not to the diameter of the holes
in the spray head. This might be expected on the basis of surface tension re-
quirements necessary to produce sprays, but all spray nozzles produce much
larger drops than are predicted from surface-tension considerations.

Although the limiting performance of a spray head can be calculated
from surface-tension considerations, the actual performance depends on the dis-
tribution of the available fluid energy between surface tension, kinetic energy,
induced air, and nozzle friction. No satisfactory method of correlating these
variables has ever been found despite a great amount of work which has been
done in this country and elsewhere.

The reduction in droplet size distribution for a single spray head
with increasing pressure is easily seen in Fig. 10. The graph shows the re-
sults of tests made on spray head no. 1. The attenuation resulting from a
series of tests made on the horizontal apparatus is shown in Fig. 15. It is
noted that the attenuation increases for the high and low frequencies. This
variation in attenuation with frequency is predicted from the analytical ap-
proaches which have been made. This will be discussed presently.

ATR-WATER VOLUME RATIO

The air-water volume ratio for a given spray depends on the manner
in which it is used. In free air, this quantity is determined by the quantity
of the spray and by the quantity of air that the spray induces. An analysis
of this situation is probably impractiecal, but in the case of the ramjet addi=-
tion, it is not necessary to take this approach. The relative quantities of
air and water are closely determined by the exhaust system itself and the in-
duced flow should have small effect.

The first experiments to determine the spray attenuation were con-
ducted in a 15-foot length of 10-inch-diameter steel tubing. The tube was
placed in a horizontal position and the spray directed into one end of the
open tube (Fig. 11). In this case, the water spray induced a flow of air
through the tube, but the air velocity was so low that the total head tube
could not be used to measure the velocity. An attempt was made to measure the
air velocity by adding puffs of various smokes and timing the transit time for
the puff. This technique was unsuccessful because the spray washed the smoke
out of the air. This particular problem of measuring very low air velocity
was resolved by use of a small, vane-type anemometer made for the application
(Fig. 12). This device was calibrated by placing it at various positions on
a rotating arm in still air. The rounds per minute of the arm could also be
varied. In this manner, the speed of the device relative to still air could
be computed, and by noting the deflection angle of the vane, a calibration
chart for the device could be prepared (Fig. 13). It turned out that the hori-
zontal setup of Fig. 11 was inadequate for several reasons. The most important
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Fig. 12. Vane anemometer.
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Fig. 13. Calibration curve for vane-type anemometer
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of these was the lack of a proper termination for the tube. This is important
because unless the tube is terminated properly (analogous to nonreflective
termination in an electrical transmission line) standing waves will exist in
the tube. The usual technique of terminating such a tube is to fill the end
of the tube with a material that is highly absorbent to sound. This technique
did not work here because the tube being in a horizontal position provided
poor drainage for the packing material which filled up with water and no longer
provided an effective termination. The standing waves cause difficulty be-
cause the position of the sound-level pickup relative to the nodes and anti-
nodes is very critical. Even if the position of the pickup is rigidly fixed,
the introduction of the spray into the duct alters the velocity of sound
slightly (due to the humidity change and the drops present) and this changes
the end conditions slightly. The only way to accurately determine the attenua-
tion when standing waves are present is to traverse the entire length of the
tube with a pickup device and plot the intensities of the pressure antinodes
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as the pickup traverses the tube. This could not be done because the probe

tube could not be made long enough (because of losses in the probe tube) to

traverse a representative length of the spray tube. A waterproof microphone
might have been used but was not available at this time.

Another difficulty with the horizontal arrangement resulted from the
"fall out" of the spray in the tube so that it was difficult to determine the
actual volume of the tube which was filled with spray. The vane anemometer,
while quite useful for measuring low air velocities, was erratic because of
the impingement of water droplets on its surface. Considering these diffi-
culties it was decided to rearrange the setup so that the tube was placed in
a vertical position (Fig. 14). In this case, the "fall out" from the spray
was not such a problem, and the packing material was in a position to drain
properly so that the standing waves could be reduced.

Furthermore, the air in the tube was nearly stagnant under these
conditions and the problem of calculating air-water volume ratios was greatly
simplified. A small carbon-button microphone was obtained and waterproofed in
a suitable manner. This microphone was lowered into the tube through the spray
to determine the attenuation as related to tube length.

One major difficulty in making the attenuation measurements in this
manner comes from the noise generated by the spray itself which tends to mask
the sound introduced into the tube. Certain frequencies of the noise spectrum
will be favored because of resonance in the tube. This difficulty can be
partly resolved by using a sound which does not correspond to a resonant fre-
guency of the tube and by using tuned filters in the microphone line to dis-
criminate against the noise.

Unfortunately, the latter series of experiments was terminated by
the fire whieh destroyed the building and the water-spray testing equipment.
The work in progress at the time of the fire was aimed at getting a nonreflec-
tive termination in the tube. This is a cut-and-try process, and considerable
manipulation of packing materials must be done. Some attenuvation data were
taken during this period, but it is of doubtful value since the primary ob-
Jective was to get the equipment in proper working order.

Returning to the work done in the horizontal test setup, a calcula-
tion based on analysis using the known conditions applied to the test has been
using the following conditions:

diameter of duet = 10 in.,

length of duet = 15 ft,

water flow rate = 5 gal/min,

median drop size = 50 microns,

air flow rate = assumed O ft/sec,
sound frequency = 300 cycles/sec, and

nozzle drop velocity = 100 ft/sec.
20
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These conditions when applied to the Sewell equation (see below) give an at-
tenuation of 0.42 decibels for the 15-foot tube.

It is to be noted that the experimental curve for attenuation in the
horizontal test setup (Fig. 15) gives an attenuation factor at 300 cycles,
much greater than that which was calculated. The experimental attenuation is
4 decibels, while the calculated attenuation is 0.42 decibels. This discrep-
ancy is chargeable to several factors. -For one thing, the closest reliable
reading which could be made with the sound line meter, considering the methed
of terminating the tube, was about X 2 decibels. Also no weighing factor was
applied to the drop size taken for calculation. Since there are many drops
smaller than the 50-micron median size, and the smallest drops are especially
effective for attenuvation, it is apparent that the calculated attenuvation
could be increased on this basis. In addition, the calculated water-air ratio
was based on a nozzle velocity of 100 feet per second. This is reduced on
striking the air in the tube with the result that the effective water-air
ratio is increased. This would further increase the calculated attenuation.

Altogether it appears that when all known factors are considered,
there is a reascnable agreement between the experiment and analysis. In this
case, the analysis tends to give a conservative result, not because of the
theory leading to the analysis, but because of the manner in which the analyti-
cal conditions were chosen.

ATTENUATION OF SOUND IN FOG

Sewell* in 1910 derived some equations for calculating the attenuva-
tion of sound in a viscous atmosphere containing in suspension e¢ylindrical and
spherical obstacles. His equation for the attenuation of sound in an aerosol,
in which the density of the suspended spherical particles is large compared to
the density of the air, is

- 6—“)1/2
o = 9_ = + 2p 3
2 c PR R
where:
a = attenuation in decibles per centimeter owing to suspended
particles, -
Vp = volume of the suspended particles per cubic centimeter (Vp is

dimensionless; it is the ratio of the volume of the particles

*¥c. J. T. Sewell, "The Extinction of Sound in a Viscous Atmosphere by Small
Obstacles of Cylindrical and Spherical Form", Phil Trans Roy Soc, London (A),
p. 210 -239 (1910).
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to the volume of the space in which they are suspended.),
= velocity of sound in air,
= viscosity coefficient in air,
density of the air,
= average radius of particles, and
"= 2x times the frequency of sound.

E o 3 O

Epstein* in 1941 derived and extended Sewell's equations taking into
consideration the density and compressibility of the suspended particles. His
equation for the attenuation coefficient in an aerosol is

4 2
a = Vo (144) . 16a (lad) ,
2pcR? 16a%(145)2 + 72a3a(1+5) + 81d%(1+2a+2a?)
where:
a = density of air and
density of particles
a2 - Bup
2n

other quantities are as defined before. In the same notation, Sewell's equa-
tion becomes

9MVp
2pcR®

o = (l+a)

Epstein explains that the loss caused by viscosity results from the partial
conversion of the incident longitudinal sound wave into a transverse viscous
wave which is absorbed in a very short path. Similarly, a longitudinal "ther-
mal" wave is set up when sound is reflected at the boundaries of the particles.
This wave, which is associated with the heat conductivity of the air, causes a
loss of the same order of magnitude as that caused by the viscous wave. How-
ever, this loss associated with the heat conductivity has not been taken into
consideration in Epstein's formula. This has been studied by Garvin.** The
final attenuvation is the sum of the loss due to heat conductivity and the loss
obtained from Epstein's equation. The following conditions are assumed to ex=
ist in the ramjet addition for purposes of application to the Sewell equations

*p, s, Epstein, "On the Absorption of Sound Waves in Suspension and Emulsion',
Von Karman Anniversary Volume, p. 162, 1941,

**W. W. Garvin, Dissertation, California Institute of Technology .
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| C#ﬂ 1/27
Q:EY_E i 2p
¢ R

2 pR2
(a) volume of water spray, 100,000 gal/min
(b) pressure in duct, 1 atmosphere
(c) average temperature in spray-section duct, 600°F
(ad) air veloecity in duct 300 ft/sec
(e) frequency of pulsation 300 cycles per second
(f) drop diameter, 100 microns = 10
(g) diameter of duct, 16 ft
(h) path length for water droplet, 150 ft

When these conditions are applied to the Sewell equation, the at-
tenuation is calculated to be 0.57 decibels per meter, and for the 150-foot
path, a total attenuation of 26 decibels.

In summation, the limited experimental data taken tend to support
the Sewell equation. This is in the sense that the known errors in the ex~
perimental technique are great enough to bring these results into line with
those predicted by the Sewell equation. Since a fire destroyed a refined,
experimental setup before any significant data were taken, the only recourse
is to use the Sewell equation for computation, with the expectation that the
attenuation so computed will be conservative.
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SECTION IV. TESTING OF INDIVIDUAL COMPONENTS

The purpose of this section of the report is to show the means by
which individual component characteristics are evaluated and to present the
results of this evaluation. The primary characteristic of interest is the
corner reflection characteristic (B) used in Section II.

The testing of components for the model of the Tullahoma ramjet ad-
dition was considered secondary at the inception of the study program. At
that time it was hoped that a scale model of the entire system could be con-
structed and a series of tests made to determine how the exhauster system and
the pressure pulsations within it were related. (A sketch and photograph of
the scale model of the ramjet addition appear in Figs. 16 and 17.)

It was further assumed that by placing a loud speaker, or other
suitable pressure~generating device, at the point which was to be the test
cell and introducing a steady pulsation at a constant fregquency, it would be
possible to measure the sound intensity at the test cell and at the exhauster
opening. It was the intention then to use this data to calculate the attenua-
tien of a ducting system. It turned out, however, that it was possible to ob-
tain readings at the exhauster opening that were higher than the measured in-
tensity at the speaker. This is of course readily expected as a result of
reverberation and standing waves. This was by no means the end of the diffi-
culty since it was virtually impossible to determine, with any certainty, what
sort of a termination a rotating compressor or statiocnary blading presented to
the model of the duct work. The question of a termination plagued the study
from the very beginning, since the behavior of the entire ducting system, with
respect to the pressure pulsations, is affected by the amount of viscous fric-
tion and surge space that is present at the end of the tube. In order to
measure the attenuation in a tube carrying pressure waves, it 1is necessary
that reflections from an open end do not travel back up the tube to create
standing waves. As a result, the tube must be terminated with a plug of ma-
terial or a plug and a surge spaece that will absorb the incident wave. Physi-
cally the termination usually exhibits a sloping, wedge=-shaped fill with loose
granular material or tufts of cotton or glass wool. The proper termination
depends also on the frequency since a termination that proved effective at a
lower frequency will exhibit properties of reflection at higher frequency.
Granted, that with sufficient experiment, it is possible to produce an accept-
able termination for a pipe, a driver must further be provided with a duct to
transmit the initial wave, the corner or component under test, a tube to
transmit the portion of the wave passed, and the nonreflective termination at
the end of the final leg of the test assembly (see Fig. 18).
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Fig. 18. Experimental apparatus for determining the
characteristics of ducting components.
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A conventional "first quality" speaker capable of handling the power
necessary for the tests was used Tor a driver, and it was necessary that the
speaker be sufficiently large to produce an essentially plane wave in the tube.

The incident wave travels down a connecting tube to the component
under test and a portion of the wave returns. The remainder passes through to
the termination. The termination must be constructed to successfully absorb
all of the impinging wave and still provide access to the equipment for the
sampling probe.

The sampling probe was a Rochelle crystal microphone mounted on a
wire sled. The sled was attached to a long rod that permitted the operator to
move the microphone in and out of the pipe. The loud speaker in the test sec-
tion received its power inmput from a variable-frequency audio oscillator cou-
pled to the laboratory power amplifier. Under these conditions the generated
sound wave moves down the pipe to the corner or component under test where
some of the incident energy is reflected back to the source thereby producing
a train of standing waves in the duct. The remainder of the energy passes
through the obstruction or around the corner according to the nature of the
test. That portion which passes through the device under test moves down to
the termination and is dissipated there. The actual situation differs slightly
from this ideal. It appears that no termination is completely dissipative so |
that there is always a small component of reflected wave which results in
small standing waves in the terminated leg of the test equipment.

The procedure for the test calls for operating the equipment until
the variable frequency oscillator reaches the thermalvequilibrium, generating
a constant frequency. At this point the sampling probe of the sound-level
meter i1s inserted into the tube. The probe is then inserted by increments of
1 inch and the pressure level recorded after transients due to moving die out.
Under these conditions a train of standing waves, which are the sum and dif-
ference of the incident and reflected waves, is manifested when the data are
recorded in graphical form. A similar procedure is followed in the second leg
of the experimental equipment and a similar result is obtained. In this in-
stance, however, if the termination is carefully constructed, the amplitude of
the reflected component is sufficiently small to be neglected. The phrase
"carefully constructed” may be an oversimplification, since in some instances
the termination was reconsgstructed after the pressure traverse was made in an
effort to increase its dissipation. At this point it should be mentioned that
at the higher frequency range the interval of probe movement was shortened to
1/2 inch, because the larger inerement was too coarse to show all the effects
of interests. (The sound-level meter used in these tests is described in
Appendix 2.) The pressure level of the pulsations in the ducting are equal
to a constant times the antilog of the decibel ratio. These values are plotted
in Fig. 19, and are now in a condition where graphical manipulations can be
performed. In order to determine the incident wave amplitude, we can add the
value of the lower envelope to the upper envelope and divide by two. In effect
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the mean or average amplitude is found. The value of the reflected wave is
the average of the sum of the excursions from the mean line. It is now pos-
sible to calculate the amplitude coefficient of reflection for the component
at the given frequency. The level on an energy basis is equal to the square
of the amplitude level. For example, in Fig. 19, the incident wave has a value
of 60 units. The reflected wave has an amplitude of L42.3 units, and the am-
plitude reflection coefficient is equal to 70.4 percent. An accounting on an
energy basis can be made and it is discovered that the incident energy is 3,600
units (E = KA®). The reflected and transmitted energies are 1,790 and 960
units, respectively. The sum of the reflected and transmitted energies is
2,750, which indicates a loss of 850 units and an energy transmission coeffi-

cient of 27.8 percent. The reflection coefficient is 50 percent on an energy
basis.

After tests at several frequencies it is possible to present data
for the amplitude reflection coefficient versus frequency. A sample plot of
the operations for finding the wave amplitude appears in Fig. 19. The upper
envelope is labeled E-upper, and the lower envelope is labeled E-lower. The
excursions are labeled "D" for deviation. In a more precise fashion, the ar-
gument can be presented as follows:

The upper envelope shall be represented by the expression
(I+R), which indicates that the upper envelope is the sum of the
wave amplitudes. The lower envelope shall be represented in. the
form (I-R). If these two expressions are now added, the sum is
clearly 2I or twice the incident wave, so that it is then logi-
cally 1/2(2I) or the average. Secondly, if the expressions (I+R)
and (I-R) are subtracted, the result is 2R, and again logically,
the reflected wave will be 1/2(2R). The coefficient of reflection
is the ratio of R/I.

The mitered corner with the removable guide vanes, that was used in this study,
is reproduced for this report as Fig. 20. The guide vanes were designed to
slide into the corner from the outside edge, in order to facilitate testing
without guilde vanes.

Even a cursory examination of Fig. 21 leads to the conclusion that
the coefficient of reflection is an increasing quantity with increasing fre-
quency for all the cases tested, with the additional refinement that turning
vanes and louvers exhibit similar properties at low frequencies. However, at
the midrange frequencies the turning vanes exhibit the properties of reflectors
and return considerable proportions of the radiation back to the source. This
behavior leads to the coneclusion, which is supported by independent theoretical
considerations, that at lower frequencies diffraction effects predominate over
reflection effects and permit the energy to feed around the corner, whereas at
higher frequencies, the diffraction effects are small compared to the dimen-

sions of the systemj the phenomena of reflection are accountable for the wave
behavior.
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The phenomena of diffraction provide a ready mechanism for the trans-
fer of low-frequency pulsation around corners. If, for example, a plane wave
is permitted to fall on an obstruction, it is found that the pressure pulsa-
tions propagate into the geometric shadow. In the case of a plane wave of
wavelength 1/8 of 1 meter, the wave will diffract around the obstruction to
some extent for a distance of 8 wavelengths along a plane placed a distance of
L meters from the obstruction and parallel to the wave front. In Fig. 21, the
reflection coefficient versus frequency is represented for a square corner,
with turning vanes, and for a sample of the steel-tuyére material which is
proposed for the centrifix water separator. From Fig. 21, it appears that
corner vanes have an effeet very much like slots at low frequencies since much
of the impinging wave is transmitted as is evidenced by the low value of the
reflection coefficient for turning vanes at 500 cycles. At 1,000 cycles, the
reflection coefficient appears to be that of a corner without vanes.

It is evident that at a transition frequency between 500 and 1,000
cycles the turning vanes cease to exhibit louver characteristics and behave
like a square corner without vanes. The conclusion is that louvers assist
the propagation of low-frequency pulsations up to approximately 500 cycles and
have no measurable effect on the higher frequencies. There is no intention
to convey the impression that the higher frequencies are not affected, but
rather that the scale of the experiment made it impossible to detect such ef-
fects if they exist.

In summary, corners with and without turning vanes were tested. Sec-
tions of tuyére material were also tested. All the components tested show in=-
creasing values for the reflection coefficient as the frequency of pulsation
is increased (Fig. 21). Losses in all cases were too small to be measured.
The transmission coefficients can be taken as the complements of reflection
coefficients.

3
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SECTION V. THE STARTING CYCLE

This part of the report is intended to cover the additional work
which was done to investigate the starting conditions in the ramjet addition.
The main purpose of this work was to .examine the system for possible resonant
conditions which could adversely affect the exhauster compressors.

During the starting operation, there is apparently no other major
source of pressure pulsations than the compressors themselves, and for reso-
nances to develop, it would be necessary for the pulsations to be fed around
the return loop or reflected back at the corner of the ducting.

The general statements Just made should now be examined in detail
in an attempt to place the matter on a more quantitative basis. To begin with,
it should be determined in what manner the pulsations are applied to the duct-
ing.

This might be done at a constant energy rate, at a constant poten-
tial (pressure variation) or at a constant displacement. The actual manner
in which the pulsations are added will in the end depend on the characteristics
of the ducting, the characteristics of the compressor, and the manner of coup-
ling between the compressors and ducting. These quantities, and in particular
the last two, are so poorly definable from an acoustic basis, that it is proba-
bly best to assume a manner in which pulsations are applied and to proceed on
that basis. To this end, a constant, potentional pulsation will be considered.

In Fig. 22, an idealized type of feed-around circuit is shown. A
closed duct with no sharp bends to cause reflections is shown. Energy at con-
stant potential and frequency is fed in by the driver which is assumed to ra-
diate energy in only one direction.

Under these conditions two important types of resonance can exist.
One occurs when the wavelength associated with the-pulsations such that an
integral number of wavelengths completes the circuit of the duct. The waves
always add in phase at the driver, and the vibrational amplitude existing in
the air at the driver reaches the steady-state value of 1/1—@, where unity is
the effect produced by the potential alone and & is the propagation constant
around the ducting. The other type of resonance exists when an integral num-
ber of half waves completes the circuit of the duct.

In this case, the amplitude in the duct reaches the value 1/1+q,
where O is the propagation constant around the ducting. Although this much
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direction of prop ogation

NO CORNERS
coef. of transmission Xz % transmitted

Fig. 22, Tdeglized, feed-around circuit.

of the analysis rests on simplified concepts, it is already capable of giving
useful results. It is seen for example by taking the first case described
above, that when the value of Q approaches unity, the expression for the air
motion approaches infinity.

This is a condition for no losses in the system and the prediction
seems reasonable. The second case mentioned leads to the value of 1/2 for the
air motion as O approaches unity. Other cases are possible such as when the
number of third wavelengths is integral around the duct, but this and succeed-
ing cases fall within the limits already described. A numerical example should
be useful.

A case as in Fig. 23 ig considered where there are four 90-degree
corners in the duct. Experiment and theory indicate that a transmission co-
efficient of 30 percent for each corner is representative. Taking this value

gives: Q = (0.50)4 = 0.008l. The limits of the oscillation are then:
I, = — % = 1.0l and
1 - 0.0081
Is = — L = 0.99 .
1 4+ 0.008L

If the corner transmission coefficient is taken as 0.8, the value of O is now
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Fig. 23. TIdealized, feed~around circuit.

0.4 and the oscillation limits become:

I, = L1 - 1,67 and
1 - 0.4
1
In = ——E* = 0.71
1.

It is seen that the transmission coefficient must be very nearly
unity for each elbow in order that the oscillations due to feed around become
serious. The transmission coefficient is generally large (approaching unity)
for lengths of straight ducting, but corners, enlargements, and contractions
all have transmission coefficients appreciably less than unity.

The preceding analysis shows that the feed-around energy is unlikely
to become a serious problem in any complex piece of ducting. An exception to
this must be noted, however. This occurs if the compressor itself has the
characteristic of amplifying pressure pulsations that are applied to its ins
put. In this case, the effective value of & may approach or exceed unity, and
uncontrolled pulsations would result. This characteristic of the compressor
should be determined, if possible.

In addition to the feed-around pulsations, there is another way in
which resonances may develop in the system. This is by reflections at the
corners, and it can be assumed that this type of resonance will exist simul-
taneously with the feed-around type. As a matter of fact the two types of
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resonance should not be separated at all since they are part of the same sys-
tem, and it is theoretically possible to write a solution for the entire sys~
tem based on the wave equation if the proper boundary conditions can be de-

gcribed. The inability to do this, however, leads to the approximate approach

of considering the resonances as being of two types and then superimposing the
solutions.

The ideas to be developed are related to Fig. 24. Again it is as-
sumed that the condition of constant driving force results in'an initial wave
of unity amplitude traveling away from the driver. At the corner, a portion
B of the incident wave is reflected back toward the driver and to the preced-
ing corner. Here the reflection coefficient is B also.

7direcﬁon of propagation

CORNERS
/5 = COEF. OF REFLECTION

Fig. 24, Tdealized, corner-reflection coefficient.

Under conditions of wavelength more restrictive than for the feed-
around case (the number of wavelengths must be integral in both the section
preceding and the section following the driver), a similar result applies.
The motion at the driving unit builds up to the value

applies.

The major difference from the feed-around case (aside from the greater
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limitation on wavelength) is that the reflection ccefficient of a single corner
is the significant factor rather than the transmission coefficient of the en-
tire circuit. The transmission coefficient for a single corner has been taken
as 50 percent. If the reflection coefficient is also taken to be 50 percent,
the value of p is 0.50.

Therefore,

i}

T, = — L 2.0 and

L}

If B is taken at 0.90, I; = 10.0 and I = 0.91.

It is apparent from the foregoing consideration that considerably
larger pulsations may build up due to corner reflection than due to feed around

When a spectrum of frequencies is considered, it is possible that
for certain frequencies, the conditions for integral wavelengths will be met
simultaneously for the reflection circuit and for the feed-around circuit.
Under these conditions, the greatest pulsations are to be expected, but it is
certain that the condition will be realized at fewer frequencies than for the
feed around or for the reflection alocne.

Another factor is of importance in the analysis of the system. It
may be shown that the ratio of the pulsation wavelength to the duct diameter
(or other characteristic dimension) is a determining factor in the transmission
characteristics of a corner. Without enlarging on this matter, it may be said
that for relatively long wavelengths, the laws of refraction holdj and for
relatively short wavelengths, the laws of reflection hold.

Thus, with the simple 90-degree mitered bend, it would be expected
that the very high frequencies would be transmitted very little. Larger trans-
misgion coefficients for the lower frequencies would be expected. Experiment
confirms this prediction.

The application of the previous idea to the analysis of the system
leads to values for B that are a function of frequeney. In other words, at
the high frequencies, it is expected that the reflection circuit 1s predomi-
nate, while at the lower frequencies the feed around is dominant. The actual
frequency traverses seem to support this theory. At the lower frequencies,
the pulsations are not large due to the small value of the transmission copef-
ficient a; there is an occasional peak due apparently to the simultaneous con-
Junction of the feed-around and the reflection effects. At the higher frequen-~
cies, the peaks are more frequent and of larger variation; this apparently is
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due to the large value of B.

Another acoustical factor should be introduced now. The foregoing
analysis has been based on the assumption of plane waves in the system. If
the wavelength becomes smaller than the duct diameter, then the assumption of
plane waves no longer holds. Under these conditions, the foregoing analysis
has no meaning. In effect, the system becomes so random (in a sense) that it
is practically impossible for there to ever be a large simultaneous reinforce-
ment of waves at any one place in the ducting. The frequency traverse indi-
cates this effect, for at the highest frequencies tested, the pulsation peaks
tend to drop off again.

The following points should be emphasized in summation. The feed-
around circuit appears to offer no problem from a resonant standpoint, unless
it can be shown that the compressor possesses definite pressure-amplification
characteristics. As a matter of fact, owing to the tremendous mass of the
compressor rotating parts, the only source of difficulty from either type of
acoustical circuit mentioned earlier could not come from external causes, but
must be inherent in the characteristics of the compressor itself.
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BECTION VI. APPENDICES

Appendix 1. Blade Vibrations

One of the important considerations in the gtudy of the exhauﬁter
system is the level of vibration that may develop in the compressor blading.
This is related to the spring constant of the blade, the logarithmic damping
decrement, the frequency of vibration, and the power input.

The natural resonant frequency of the blade is the most logical fre~
quency to consider since the blade is not involved with reactive power and is
most susceptible to the driving forces at this frequency.

Let x be the displacement of the blade from the neutral position
taken in the direction in which the spring constant is measured. The poten-
tial energy in the spring for any position of displacement x is then:

2
k x
b.e. = £t-1b 1
21‘_ J ()
where:
X = tip displacement in inches from neutral pogition and
k* = spring constant, 1b/in.

The change in p.e: between any two positions x; and xz is given by

Ap.e. = — (Xlz - Xg?) ,

If the extreme position of the blade tip on successive cycles of vibration are
considered, then the logarithmic decrement conveniently relates these two quan-
tities as follows:

= X1
Xz = and 2
2 7 Ji.d. (2)
v I Sy A |
Ap.e. per cycle = o X1 (: ;ETTTE%) . (3)

F*Value taken from data supplied by the blade manufacturer, The Allis Chalmers
Company, Milwaukee, Wisconsin.
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kfx2 1
= 1 = ———) .
Power o < = l.d) £t 1b/sec ()
where:
f = frequency of vibration cyeles per second and
l.d. = logarithmic decrement of blade vibration.

The power as defined above, represents the average power which must be contin-
uously supplied to the blade to maintain it in a state of oseillation of maxi-
mum amplitude x inches.

It is permissible to drop the subseripts from the x's because the
second value is always related to the first by the logarithmic decrement, 1.d.
The first value of X may be picked arbitrarily, eliminating the need for the
subseript.

The power supplied to the blade to maintain oscillation may be ex-
pressed in horsepower as follows:

2
Kfx 1
h = 1 = ——— .
P % 13,200 < 2 Ld) (5)

This relation applied to the guide vanes gives:

2 - _(18.8)(13,200)  _ .01 and 6)
(3,470)(99) (0.30)

X 1.41 in.

i

Applied to the first-stage rotor blades the results are: X = 3.3 and x =
1.82 inches.
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Appendix 2. The Sound-Level Meter

The American-type sound-level meter used in making the acoustical
measurements described in this report is defined teo measure the gound level in
decibels. dJudging from the construction of this device, it is apparent that
what is actually measured is the sound pressure. The sound pressure is always
related to the acoustical power because the characteristics of the air (den-
sity, temperature, etc.) where the measurements are made are usually fairly
constant. It is only in the case where the medium always has constant char-
gceteristics that the pressure level can be related to the power level. This
is analogous to the eleetriecal case where two voltages can be related on a
decibel scale only if they are referred to the same load. The fundamental
reason for this rests with the definition of the decibel which, strictly speak-~
ing, relates only power ratios. It is apparent, however, that two different
voltages working into the same load give rise to power inputs whieh are re-
lated to each other by a function of the voltage ratios. It is thus possible
to relate voltages on a decibel scale under certain prescribed conditions.
The same, of course, applies to the relation between sound pressure and sound
power. The sound pressure as mentioned before may be related on a decibel
scale only as long as the characteristics of the air are constant. If this
condition does not exist, then correction factors must be used.

Another point of importance in the discussion of the meter is the
relation between the '‘power ratio and the pressure ratio. Owing to the squared
term which always relates pressure (or voltage) and power, the decibel ratio
for a given pressure pulsation is twice that which goes with the accompanying
power. It is not clear whether the American-type meter takes this matter into
account or not. The meter may simply measure the tenfold logarithm of the
pressure ratio. This could, with some logic, be considered a decibel ratio.
In order to be strietly accurate the meter should read the twentyfold loga-
rithm of the pressure. Actually when the meter is being used as a comparative
device, the concepts above are not of great importance.
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Appendix 3. Use of the Water Table

It was anticipated at the beginning of the study of the exhauster
gystem that the water table would play an important part in this work. Ex-
perience elsewhere has shown the water table to be generally useful and quite
flexible in certain types of flow studies. Unfortunately, the table did not
prove itself to be of any great use in the studies made here. This is not
necessarily an inherent fault of the water table. It turned out that the de-
gree of refinement and precision which would have to be built into the table
in order for it to accomplish the assigned task could net be attained on aproj-
ect of this size and duration.

The primary application of the water table was to be the determina-
tion of reflection and transmission coefficient for components of the duecting
system. This was to be done by studying the diffraction patierns caused by
the action of plane-front water waves on two-dimensional models of the ducting
components.

Three main problems had to be solved in order to successfully com-
plete the work. A way of generating and maintaining plane waves had to be
developed; the effects of the boundary of the water table on the wave patterns
had to be eliminated, and a means of recording the diffraction pattern had to
be provided. The method for recording the data was provided satisfactorily by
the arrangement shown in Fig. 25. This arrangement provided a small, brilliant
source of light which was projected upward through the water table onto a cleth
screen. By adjusting the height of this screen above the water to an optimum
value, the wave pattern in the water would be shown very clearly. The screen
was then photographed from above using a conventional camera. Except for a
certain amount of distortion caused by the relative positions between the light
source, the screen, and the water waves, this system worked very well.

The elimination of reflected waves from the boundaries of the table
was not accomplished completely. The placing of a sloping ramp of galvanized
screen wire around the edge of the table was the most effective procedure tried,
but this was not completely effective. The placing of several screens in se-
ries would probably serve adequately for eliminating reflections.

The most diffiecult technique about the water table is 1o generate
and maintain plane waves on the table. A slight difference in the amplitude
of the generated wave will change its velocity so that waves, even though gen-
erated-plane, will tend to become curved.
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CAMERA

TRANSLUCENT SCREEN

GLASS PLATE

WAVE
MEGCHANISM

LIGHT SOURCE

Fig. 25. Water table assembled for wave study.
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This difference in wave amplitude can result from a very slight bend-
ing of the paddle bar as it rises and falls in the water. Furthermore, unless
the water has a uniform depth, the velocity of the waves will not be constant.
The slight sag in the glass plate due to the water lead 1s encugh to introduce
this factor. The importance of maintaining plane waves comes from the neces-
sity of evaluating the results of the work on the table. The diffraction pat-
terns from simple arrangements can be predicted rather easily from geometric
considerations, but unless these results can be duplicated on the table, there
is no way of knowing whether other results obtained on the table are of any
value.

In summation, it appears that a water table constructed with consid-
erable precision, where the expense was not a factor, could be useful in wave-
diffraction studies, but anything less than this will not produce the desired
results.
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Appendix 4. Diffraction and the Frensel Integral

In the body of the report, frequent reference is made to diffraction
and diffraction phenomena, and it is therefore desirable that some discussion
of diffraction appear in the report. No attempt is made to be particularly
rigorous and the following discussion should be viewed as a short condensation
of the pertinent aspects of phenomena and theory. The essence of the diffrac-
tion theory is based on the work attributed to Frensel as it appears in An
Introduction to Acoustics by Robert H. Randall.*

In order to explain the derivation of the Frensel integrals, Fig.
26 is considered. The line B-B' is a line parallel to the advancing wave
front. The sound pressure at this plane may be described by the relation

De = (pm)f cos 23(%’5 ) (7)

4
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|
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Fig. 26. Geometrical construction for diffraction analysis.

*Robert H. Randall, An Introduction to Acoustics, Addison-Wesley Press, Inc.,
Cambridge, Massachusetts, 1951.
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where pre is the instantaneous sound pressure and (pp)ris the maximum sound
pressure. If we now consider the sound pressure at point "A" ecaused by the
disturbance at B-B' by the interval of the wave "dS", it is possible to repre=~
sent this pressure by writing:

dpACﬁ(Pm)fCDS[% (ct-R)]dS . (8)

(This expression neglects considerations such as the attenuation caused by
"A" being oblique to "dS" and the inverse square effect of the changing dis-
tance from A to dS.

The distance "R" has an effect on the phase of the pressure at "A"
with respect to the pressure at "dS". One other point to consider is the dis~
tance "R" in terms of R, and S. "R" is obviously equal to (Ro® + 82)1/2, and
if the quantity under the radical is expanded by using the binomial theorem,
and neglecting all but the first two terms,

2
R=R+.._S___.
2R,

is obtained. If this result is substituted into Equation 8 above and the re-
sult is rearranged and expanded as the cosine of the difference of two angles,
the differential pressure then becomes:

2
2% ﬁS 25 %S
dp, occ(p o8 — (et=Rp) cos =—— 4 gin — (ct=Rp) sin —|dS .
Pp By ) g [C A ( o) Re I ( o) ARg (9)

Therefore:

(@] O

Py = | dpyac (B, )p|cos 2X (ct-R,) | cos x5 dS + sin 2% (ct-R,) sm“sz
A = TR Mg 808 5 5o R, * N

Equation 10 is then the summed pressure at "A" when "A" is exposed to the en-
tire front. It is econvenient to make a substitution wherein:

732 _
JF cos —— dS = ncos o and (11)
Mo
S ,
JF sin2_ 45 = nsina . (12)
ARg

As a consequence of this subgtitution:
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ppcen (Py)e cos%‘i (et-Ry) - af . (13)

In this study we are interested in diffraction patterns around edges
which in effect cut out portions of the wave front B-B'. Thus, since n® is pro-

portional to PA? maximum, attention should be focused on the solution of the
equation:

2 2

2 2
N = \]ﬂcos lt§—-dS + \/ﬂsin x5 as . (14)
AR AR

(¢} &}

Equation 14 provides the means for finding the intensity at a given
point. In order to increase the utility of Equation 14 and concurrently to
generalize the solution the scale faetor

V4 f?‘ie
2
is introduced which is equal to "S". In this instance A is the wavelength,
and R, the distance normal to the wave front.

Further simplification yields the result:

2
‘ 2 2 2 '
2 = Mo cos B av) + sin 2 av . (15)
2 2 2

These integrals are called the Frensel Integrals. If we call

v 2
JF cos Eg— dav = "x" and
o

v 2
JF sin.ﬂg— av = "y"

we have an expression of the character n® = x® + y%, and when this function is
plotted, a figure known as Cornu's spiral is obtained. For the sake of sim-
plieity, and referring to the literature for more extensive treatment, the case
where an obstruction cuts off the wave front and extends far in the other di-
rection is considered. 1In Fig. 27, a generalized picture of the diffraction
phenomena is presented, wherein there is a detectable sound intensity within
the geometrical shadow.

In Fig. 27, X represents the steady-state wave strength. The point
k represents the edge of the obstruction and 1 and 2, the relative amplitudes
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B ]K .‘

2 - ‘ z
*._ax_.
Fig. 27. Wave intensity behind a straight edge.

of the wave at points along the plane of observation Z-Z'.

The intensity variation in this instance is of less interest than
the fact that the wave front has propagated into the geometrical shadow, since
it is this phenomenon that provides the mechanism for low-frequency propagation
around bends and square corners. From the diagram it is seen- that the wave has
an effect for a distance approximately 8 wavelengths into the "shadow".

The use of Fig. 28, Cornu's spiral, makes possible the determination
of intensity by graphical means. In Equation 15 the variable "V" represents
distance along the spiral in Fig. 28 and for an obstruction that moves out to
infinity the variable "V" also approaches infinity; so that for the intensity of
any point A, distance S along the plane of observation we take the square of
absolute value of the chord between E,, and a point on the spiral whose dis-
tance is

Mo

from the point O which corresponds to the edge of the obstruction. For points
within the geometrical shadow, the end of the chord moves along the right-hand
portion of the spiral toward point E;, and the intensity approaches zero as-
ymptotically (i.e., point A). For portions outside of the shadow the point
moves along the left-hand portion of the spiral toward E;, and the intensity
is equal to the square of the distance between E, and the point on the spiral
(i.e., point B). As the point travels around the loop of the spiral, the
chord alternately lengthens and shortens producing the intensity variations
characteristic of diffraction patteruns.
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Appendix 5. List of Symbols

propagation or transmission coefficient
cross-sectional area of duct, £t2
reflection coefficient

celerity of acoustical pressure, ft/sec
diameter of duct, ft

average density of air, slug/ft3
frequency, cycles per second
horsepower

intensity of acoustical power, ft-lb/ftz-sec
spring constant, lb/in.

logarithmic decrement

wavelength, £t or meters

Mach number

pressure variation, lb-ft2

potential energy, ft-1b

revolutions per minute

time, sec

blade displacement, in.
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