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ABSTRACT

A simplified two-dimensional peripheral jet theory for the
equilibrium performance of an air cushion vehicle is investigated.
The proposed theory intends to yield a rapid prediction of the actual
flow rate and actual power requirements for an Air Cushion Landing
System in the hover condition. Nine specific nozzle configurations
were tested to determine which resulted in the best power-height
performance and whether the theory is able to predict the experimental
performance. Three single peripheral jet configurations were tested
at a trunk pressure of 80 psfg. Six distributed jet configurations
were tested at a trunk pressure of 40 psfg. Effects of inward flow
injection angles of 30 degrees and 60 degrees were investigated.

It was found that the simplified theory can adequately predict
a value of the flow coefficilent CQ for an ACLS nozzle configuratiom.
Values of the power-height parameter Chd predicted by the theory always
indicated better performance than was achieved experimentally. The
beneficial effect of inward flow injection was demonstrated for each
group of similar nozzle configurations. The single slot with
60 degree flow injectlon resulted in the best performance below cushion
to trunk pressure ratios of 0.5. Above this pressure ratio the dis-
tributed jet configurations with 60 degree inward injection resulted

in superior performance.
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TWO-DIMENSIONAL AIR CUSHION LANDING SYSTEM

PERIPHERAL JET CONFIGURATION STUDY

I. Introduction

Background

The Air Force Flight Dynamics Laboratory is investigating the
concept of an Air Cushion Landing System (ACLS}. The system would
consist of a torus-shaped membrane on the underside of an aircraft and
an air source to provide the air flow necessary to inflate the membrane
and support the aircraft a small distance above the ground. The
membrane, called the trunk, would be inflated for takeoff, landing,
and ground operations. Figure 1 is an artist's concept of a CC-115
aircraft configured with an ACLS. The trunk would be perforated with
holes or slots to allow air to pass from the interior of the trunk to
the area of lower pressure exterior to the trunk. When the alrcraft
approaches the ground this escaping air creates a region of pressure
greater than ambient within the confines of the trunk underneath the
aircraft. This area is called the cushion. The combined forces of the
escaping air and the cushion pressure acting on the bottom of the
fuselage support the aircraft a slight distance above the ground. This
distance is called the daylight clearance, or jet height.

Interest in the ACLS has been stimulated by the success of several
ground effect machines, air cushion vehicles, and hovercraft systems.

Most of these vehicles operate primarily over water surfaces.
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Application of the concept to aircraft is appealing because an ACLS
would permit operation from surfaces whose austerity prohibits the use
of conventional landing gear. Much effort has been expended to
improve the rough-field capabilities of conventional landing gear
systems. To date, however, few of the conventional systems have

proven to be reliable or efficient from unprepared surfaces.

Air Cushion Landing System Problem Areas

There are several problem areas associated with the development of
a successful ACLS. One of the major problems is the selection of a
suitable material for the trunk. The desired material is one that is
flexible enough to allow inflation and complete deflation (i.e., stowage
against the fuselage). On the other hand, the material must be durable
enough to withstand the force and wear which occurs during ground
operations.

A host of other problems must also be addressed. An effective
braking system must be developed. An efficient method of attaching the
trunk to the fuselage must be found. Attention must also be directed
to the maintenance and logistical problems which will exist when the
ACLS becomes operational. The final design should lend itself to
relatively simple, rapid maintenance. Redundancies must be designed into
the system. One laceration in the trunk should not render the entire
system Inoperative. Likewise, some thought should be given to the
problem of partial or complete failure of the power source which inflates
the trunk. Conventional landing gears afford some protection even with

a partial failure such as a blown tire. The failure of one component
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of the ACLS should not result in complete failure, possibly causing
substantial structural damage to a landing aircraft.

Static and dynamic stability and control of the system must be
investigated. How will the system behave during onload and offload
of cargo? If applied to fighter type ailrcraft, will it affect
munitions carrying capability? Will the system cause a foreign object
ingestion problem for the engines? How noisy will the system be?

How will the alrcraft be parked when all power is removed? 1In the
final analysis, will an aircraft configured with an ACLS provide
sufficiently improved performance and/or capabilities which will
justify the development costs?

These are among some of the fundamental issues which must be
addressed before an ACLS is operationally feasible. Perhaps the most
immediate problem, however, is determining the power which will be
required to provide sufficient air flow to the trunk in order to yield
the desired clearance of the aircraft above the ground during hover.
Determination of the power requirement will dictate the type, size, and
cost of the power source(s). It will also give an estimate of the
weight to be incurred and the ducting required. This study is concerned
with an aspect of the determination of the power requirement for an

ACLS configuration in the hover condition.

Statement of the Problem

Figure 2 presents a general model of an ACLS and much of the

associated nomenclature. This model depicts a trunk with one slot
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(peripheral jet) which extends, theoretically, around the entire
perimeter of the trunk. Such a nozzle configuration is called a single
peripheral jet. An actual ACLS will have multiple slots or rows of
holes in the trunk, as shown in Figure 3. This is termed a distributed
jet configuration. Analysis of the power requirements of an ACLS
proceeds by applying the principles of conservation of mass, momentum,
and energy to a control volume about the nozzle configuration of the
model.

Several theories have been advanced for the estimation of the
static and/or dynamic performance of an ACLS. Some of these will be
discussed in further detail in Chapter II. Two non-dimensional
parameters have proven to be of significance in evaluating the static
performance of an ACLS. The first is a power-height parameter Chd
introduced by Digges (Ref 3). This parameter serves as a measure of
the power required to yield a desired height of the vehicle above the
ground. The second useful parameter is a flow coefficient CQ' This
parameter reflects the change in the nozzle flow rate caused by varying
the ratlo of cushion pressure to trunk pressure.

All of the previously developed momentum theories result in an

expression for C Digges' expression for Chd may be written directly

Q"
in terms of C.. Thus values of C_ and Chd may be computed from any of

Q Q
the previous momentum theories. However, the expressions are generally
quite involved mathematically, and a feel for the physical problem is

lost. Also, only two of the previous theories have been shown to agree

closely with experiment.
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a. Vertical Section Showing a Distributed Jet Configuration
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ACLS Distributed Jet Configuration




This study will be primarily concerned with a simplified jet
theory developed by Major John C. Vaughan of the Air Force Flight
Dynamics Laboratory. His theory also results In expressions for
CQ and Chd
Vaughan's theory are presented in Appendix A.

for the hover condition. The pertinent portions of

Objectives. The two cbjectives of this study are: (1) to perform
experimental work to evaluate the usefulness of the expressions for

CQ and Chd

nine specific two-dimensional nozzle configurations to determine which

developed in the simplified jet theory, and (2) to test

results in the best power-helght performance (the lowest experimental
value of Chd)'

Assumptions. For the purpose of initiating the study it is
assumed that the model for Vaughan's simplified jet theory (see Fig. 12)
is a realistic representation of the physical situation. The degree to
which the experimental apparatus used in this atudy satisfied the model
and meets the gssumptions made in the development of the theory must
be considered.

The theory is restricted to an ACLS in equilibrium over a smooth,
solid, horlzontal surface. The one in, thick plywood floor of the test
apparatus was maintalned as close as possible to horizontal by use of

the floor jacks and levels discussed in Chapter III.



The theory assumes no aerodynamic lift (no forward motion) and no
contact between the vehicle and the ground. These conditions were
satisfied since the trunk section is stationary and the floor was not
allowed to touch the trunk.

Vaughan's theory assumes that the flow within the control volume
is steady and incompressible. The flow was ailowed to stabilize
approximately five minutes at each condition before data was taken.

At low trunk pressures the flow was very steady. At trunk pressures
above 60 psfg the flow fluctuated slightly but did not prevent accurate
measurement. The pressure difference across the nozzle configuration
being tested was always low enough to keep the flow incompressible.

The last two assumptions made in the theory concern the nature of
the flow. The first of these 1s that the jet issuing from the nozzle
maintains a constant thickness within the control volume. The last
assumption is that the pressure at the nozzle can be expressed as the
sum of the ambient pressure plus some fraction of the cushion pressure.
The fraction may depend on the particular nozzle configuration, the

flow injection angle and the ratio of cushion pressure to trunk pressure.

Scope. The scope of this study is limited in several respects.
The entire study, both the experimental work and the theory which it
concerns, is two-dimensional in nature. The results will apply
strictly for a hover condition, as the experimentation does not include
any dynamic effects. The effect of injecting a portion of the flow

directly into the cushion region was not investigated.



I1I. Air Cushion Theory and Experimentation

Previous Theorles

Several different flow theories have been developed by authors
who made various assumptions and/or modifications regarding the general
physical model shown in Fig. 2. Digges reviewed the development of four
such inviscid momentum theories, using the appropriate models and
assumptions. In his theory, Digges introduced a power-height parameter
Chd' The expression for Chd involves all the physical variables in the
power problem. Thus it serves as a good measure for the relative power

requirements of competing nozzle configurations. In equation form,

Digges' expression for Cq 18
HPair 550 1 1
“ha ~ 173 372 eV
(144) (d) s (28C/9) (Pc - Pa)

(144) (P, - P)(Q)

(550)

where HP =
air

It can be seen from equation 1 that a low value of C is desirable.

hd
A good nozzle configuration is one which will maximize d for a given
HPair' Stated differently, a good nozzle configuration is one which

requires the least HPa to achieve a desired d. Digges also extended

ir
single peripheral jet theory to account for distributed jet config-

urations, which will be used in actual air cushion landing systems.

10



Previous Experimentation

Digges performed two-dimensional experimental work to determine
the power requirements of two specific distributed jet configurations
in a flexible trunk. The first configuration consisted of four
1/8 in. slots. The second consisted of 192 holes 5/16 in. in diameter
in eight staggered rows of 24 holes each. Digges found that the slotted
trunk gave better performance (lower experimental values of Chd) for
values of cushion to trunk pressure R less than approximately 0.6.
The hole configuration proved superior at R values greater than 0.6.
Gorman (Ref 4) performed additional work with the hole configuration.
Han (Ref 5) performed two-dimensional experimental work with multiple
hole configurations. The configurations differed in porosity and
spacing. Han was primarily interested in cushion pressure predictiomn;

however, power-height performance can be calculated from his test data.

Proposed Theory

The benefit of Vaughan's simplified theory lies in the mathematical
simplification it affords while maintaining a feel for the physical
problem. The theory will allow the prediction of values for CQ and Chd
if the value of a factor f can be assigned to a particular nozzle con-
figuration operating at a given value of R. The factor f is the percentage
of the cushion pressure which the nozzle exit "sees'". Figure 5 shows
the values of Chd predicted by various theories for different values of
R, the cushion to trunk pressure ratio. The Barratt and Exponential
theories are twc of the earlier momentum theories. The two remailning

curves show G, , values predicted by Vaughan's theory for f values of

hd
0.50 and 0.85. This demonstrates the utility of the simplified theory.

11



If values of the factor f can be asaigned to a nozzle configuration

based on experiment, then a value of C_, can be predicted directly

hd
from a figure such as Figure 5. The same can be done for the flow
coefficient Cq, as shown in Figure 4. Thus the use of the simplified

theory with £ values based on experiment will yield the same results

as the more inveolved theories.

12
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ITI. Apparatus

The test apparatus consisted primarily of an air supply, ducting,
and a two-dimensional test section for the evaluation of the nine
nozzle configurations. A schematic of the entire apparatus is shown
in Fig. 6. Several instruments were used for the measurement of the
pressures, distances and temperatures required for the calculation of
air flow rates and nozzle performance parameters. The apparatus is
essentially the same as that used by Digges and Gorman; however, it
was fitted with an aluminum trunk section with changeable nozzle plates.
Digges and Gorman had performed tests with a flexible trunk constructed

of a nyleon-hypalon material.

Two—Dimensional Test Section

The two-dimensional test section models the ACLS trunk, the cushion
region and the ground plane. The major part of the box-like test
section is made of one in. thick plywood. One wall is made of one
in. thick plexiglass. In Fig. 7 the test section 1s shown with the
aluminum trunk installed. The major components of the test section are
the aluminum trunk, the floor assembly, and the floor jacks.

For the purposes of this study an aluminum trunk was used in lieu
of the flexible trunk for two reasons. The first was the requirement
for accurate measurement of the daylight clearance. The flexible

trunk vibrated under certain loaded conditions and did not allow accurate

15
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Fig. 7. Test Section with Aluminum Trunk Installed
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measurement of the daylight clearance. The second reason for the
aluminum trunk was that it allowed the testing of several different
nozzle configurations using a common permanent trunk section. This
obviated the construction of nine separate trunks. The aluminum

trunk consiasts of the three sections shown in Fig. 8.

Permanent
Trunk
Sections

Removable
Nozzle
Plate

Fig. 8. Aluminum Trunk Components
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The curved portion of the trunk was rolled intec the shape which the
flexible trunk had assumed during previous tests for a cushion to
trunk pressure ratio of 0.52 (Ref 3:159). The shape at this
particular pressure ratio was chosen because such a hover pressure
ratio has been used in the actual design of an ACLS for the CC-115
ailrcraft (Ref 1:7). The permanent sections are made of 1/8 in. thick
aluminum. The details of the removable nozzle plates are given in
Table I. After the permanent sections were installed a silicone rubber
sealant was applied along the junction of the trunk and the walls of
the test section. The nozzle plates were fastened into the permanent
trunk sections for testing. Figure 9 illustrates one of each of

the three types of nozzle configurations.

The floor assembly, used to simulate the ground plane, consisted
of two pieces. The main floor was constructed of one in. thick
plywood with a width of 32 in. and a depth of 42 in. The sub-floor
was made with four legs extending upward to protect the pressure taps
protruding from the bottom of the main floor.

Four scissor-type automobile jacks were fastened to the bottom of
the test section and were used to vary the height of the floor assembly
to provide the required daylight clearance. The floor was leveled
with the aid of bubble levels placed on two sides of the sub-floor.
Horizontal strips of tape along the plexiglass wall of the test section

also served as a level reference.

19
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a. Single Slot (Configurations 21, 22, 23)

b. 192 Holes (Configurations 24, 25, 26)

c¢. Four Slots (Configurations 27, 28, 29)

Fig. 9. Representative Nozzle Configurations
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Air Supply

The air supply used for all tests was the same as that used by
Digges and Gorman. The Spenser Gas Booster hasla rated capacity of
3000 cfm at 1.65 psig. The airflow required to produce a desired
trunk pressure_ﬁps set by means of a butferfly vélvé located in the

blower housing of ‘the gas-bodste:.

Ducting

Twelve in. diameter galvanized ducting connected the air supply.
and the test section. The horizontal portion of the duct was
approximately sixteen fegt %ong. The duct downstream of the orifice:

plate was sealed and taped pridyﬁto the first test.

Measuring Instruments

Measurement of flow rates, pressures, distances, and temperatures
was required for the calculation of the nozzle performance parameters.

Measurement of the airflow rate to the test sectlon was performed
with the use of square-edged orifices constructed and mounted in
accordance with the standafds specified by the American Society of
MechanicaI Engiﬁeers (Ref 5:198). . Two such orifices were constructed.
A 2.4 in. diameter dfifiqg ﬁag used for the leakage tests,. during which
low flow rgtes ﬁare enéqqhtg;ed. A 3.6 in. diameger:orifice was used
for all ofﬁthe teats which=inv61ved evéldaﬁion of the nozzle configura-
tions. The appropriate orifice plate was bolted to flanges in the

horizontal portion of the duct five feet upstream of the test sectionm.
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The pressures which required measurement during the tests were
the trunk pressure, cushion pressure, upstream orifice pressure, and
the downstream orifice pressure. These pressures were measured with
four tubes of a 100 tube well manometer filled with water. Whenever
possible the pressure differential across the orifice was also read
from a q—tube diﬁfe;ential manomepegﬂfilled w;th_waterﬂ When testing
the large nozzle_arealconf%gurations_at the higheﬁ trunkﬂpre§Sures
the differential pressure across the orifice excegdgd the capability
of‘tbe differential manometer. Both ;he well manometer and thg Qiffer—J
ential manometer were calibrated in tenths of an in. of water. The
trunk pressure was tappgdtin two placeg gnd fedlgg,a chqnnec;or, which
averaged their_ya;ue.; The samerwagldppe for Fhercushiorrl_press‘ure.1

lThe daylight clearance, or distance between the-floor‘and the
trunk, was measured for all nqzz%g pg:?ormancg,tests. Ihig was
accomplisbed with vgrious g%ze ;elgggoping gauges and thickngss L
gauges. The distanqg geasured”wi;h_the gauges Waslyead‘qsipg
micrometers. Since ;he:daylight clearance was,not”exagtly constant
acrossithe width of the test sectioq, thg,qverage of fivgrmgasuremgnts
was used‘in the actual:no;z;e pe;fqrmance calculations. .

TwoﬁQ—lOO C ghgrmgmeteyg vere ysgd for temperature mgqggrement.
One was located in the dp;t 10 in. upstream of the o;;fice plate. Ihi§
tempe;agure wgs_ysed in the calculation of thg total flow rates ;o‘tbg
test sggF;on.‘}Thersecond thgrmometgr was located i?side theJt¥uqk,in
the v;cinity_og _the nozzle plate: Ihig_temperature was usedﬂin th,x

calculation of the nozzle flow rates.
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IV. Procedure

Testing consisted of the three different types of tests discussed

below.

Leakage Test

Prior to conducting the performance tests it was necessary to
determine the leakage mass flow rate of the basic test section as a
function of trunk pressure. This leakage rate was subtracted from the
total measured mass flow rate in later tests before nozzle performance
was determined.

For the leakage tests a solid plate was installed in the test
section. All leakage tests were taken with cushion pressure equal to
ambient, since there was no way to sustain a cushion pressure with a
blank nozzle plate installed. Therefore, the values of leakage used
in later performance calculations were pessimistic values, since less
leakage would occur 1f the cushion pressure were higher than ambient.

Leakage tests were performed for trunk pressures from 10 psfg to
140 psfg in intervals of 10 psfg. Two series of leakage tests were
performed. The first series was performed prior to all the nozzle
tests; the second, after the completion of all nozzle tests. The
linear approximation to the initial leakage tests, shown in Fig. 15, was
used for the nozzle discharge coefficient and performance calculations.

The leakage rate was five percent of the total flow rate during
tests of the single slot configurations. The leakage rate equalled
two percent of the total flow rate during tests of the other six

configurations.
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An explanation of the leakage calculations is given in

Appendix C.

Coefficient of Discharge Test

A coefficient of discharge was needed to determine the effective
nozzle area of each nozzle configuration and trunk pressure combination
to be used in the nozzle performance tests. Thus, a coefficient of
discharge test was performed for each nozzle configuration prior to the
nozzle performance tests. The only coefficient of discharge actually
needed for each configuration was the one for the trunk pressure at
which the nozzle performance tests were to be conducted. Nozzle
performance tests for configurations 21, 22 and 23 were conducted at
a trunk pressure of 80 psfg. The remaining configurations were tested
at a trunk pressure of 40 psfg due to the limited airflow available
for these large nozzle area configurations. Nevertheless, discharge
coefficients were determined for configurations 21, 22 and 23 for trunk
pressures from 10 psfg to 140 psfg in intervals of 10 psfg. Discharge
coefficients for configurations 24 through 29 were determined for trunk
pressures from 10 psfg to 50 psfg in intervals of 10 psfg. The values
are given in Table III in Appendix D. The coefficient of discharge
tests for each mnozzle configuration were performed immediately prior
to the nozzle performance tests in order to test under the same ambient

conditions and the same orifice temperature conditijons.
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The floor assembly was removed for discharge coefficient tests
to prevent the creation of a cushion pressure. Data was recorded
for each desired trunk pressure.

An explanation of the coefficient of discharge calculations is

given in Appendix D.

Nozzle Performance Test

The nozzle performance tests consisted of raising and lowering
the floor assemwbly to create different ratios of gauge cushion pressure
Lo gauge trunk pressure at a constant trunk pressure. The first test
for each configuration was performed with the floor removed; that is,
an R value of zero. The remainder of the tests for each nozzle were
performed with the floor assembly in the test section. The first
test with the floor installed was performed for an R value of
approximately 0.10. The four scissor jacks and the flow rate were
adjusted until the proper trunk pressure and R value existed simul-
taneously. This procedure was repeated for R values from 0.10 to
0.90 (or until the floor approached the trunk) in intervals of 0.10.
Then the floor was lowered and the process repeated for R values from
0.85 (or from where the floor had approached the trunk) to 0.15 in
decreasing intervals of 0.10.

An explanation of the nozzle performance calculations is given

in Appendix E.
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V. Results

To accomplish the first objective of the study (an evaluation
of Vaughan's theoretical expressions for CQ and Chd)’ tests were per—
formed with the nine nozzle configurations. The experimental value
of the flow coefficient CQ was computed as the ratio of the actual nozzle
flow rate Qn at any value of R to the reference nozzle flow rate
Qa (at R = 0). The experimental data points were plotted along with
Vaughan's theoretical curves for f = 0.50, 0.75 and 1.00. Experimental
values of Chd were determined with eq 1. Theoretical Chd values were
determined with eq 4, using the experimental CQ values. The theoretical
curves were plotted along with the experimental data points.

To accomplish the second objective of the study the experimental
power-height performance of the nine nozzle configurations was compared

to determine which was superior.

Flow Coefficilent

The variation of the value of the flow coefficient CQ with the
cushion to trunk pressure ratio R is showﬁ in Fig. 10. For actual ACLS
operation, ranges of R between 0.40 and 0.70 are desired for stability
reasons. Table II gives the values of f£ which, when used in Vaughan's
theoretical expression for CQ’ would agree with the experimental results.

In the group of single slot nozzles (21, 22, 23) it is noted that
the change in the flow injection angle has little or no effect on the
resulting value of f, which remains near 0.90 for all the plates between

R=0.40 and R = 0.70. Thus f is not a function of either R or 0.
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In the group of nozzles with 192 holes (24, 25, 26) both 30 degree
and 60 degree flow injection produce the same considerable change in
f value as compared to 0 degree injection. For the holes at 0 degrees
the value of f varies from 0.50 (at R = 0.40) to 0.65 (at R = 0.70).

For both the 30 degree holes and the 60 degree holes the value of f remains
near 0.85 for all values of R between 0.40 and 0.70. Thus £ is a function
of R only for the 0 degree holes.

In the group of nozzles with four slots (27, 28, 29) the effect
of increasing the flow injection angle is to broaden the range of f
values exhibited. For the four slots a 0 degrees, f remains between
0.80 and 0.85 for R values from 0.40 to 0.70. For the four slots at
30 degrees, f varies from 0.70 to 0.85 for R values from 0.40 to 0.70,
respectively. For the four slots at 60 degrees, f varies from 0.40 to
0.65 as R is varied from 0.40 to 0.70, respectively. For this series
of plates f depends on both R and 6.

Thus the effect of varying the flow injection angle was not the same
for all the configurations. In the first series of plates (single slot)},
varying the flow injection angle had almost no effect. In the second
series of plates (192 holes) the difference between 30 degree and
60 degree injection was again negligible, but the 0 degree plate digplayed
a noticeable variation of f with the cushion to trunk pressure ratio.

In the last series of plates the f values for 0 degree and 30 degree
injection are again quite consistent with the results of configurations
21, 22, 23, 25 and 26. Injection at 60 degrees produced a noticeable

variation in the value of f (similar to configuration 24).
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The results show that Vaughan's theory can be used to predict
the value of the flow coefficient if f is chosen in accordance with
the above experimental results. Very generally, an f value of 0.85
applies to both the single and distributed peripheral jet configurations.
Seven of the nine configurations can be reasonably correlated using
f = 0.85, while two configurations (24 and 29) show a definite

dependence of f on the cushion to trunk pressure ratio.

Power-Height Parameter

It should be recalled that a low value of Chd is desirable
{see eq 1).

Figure lla shows the performance of the single slot configurations.
The behavior of the single slots at 0 and 30 degrees was contrary to
the behavior of the other seven configruations, which exhibited a
continuous decrease in the experimental value of Chd as R was increased
{(up to the highest R tested). The performance of the single slot at
0 degrees was generally erratic, and seemingly unaffected by the value
of R. The data for the single slot with 30 degree injection indicates
that the injection is beneficial only at low values of R for this
configuration. At values of R above 0.30 the performance is severely
degraded. Since the performance of these first two configurations
was unusual, several graphs of the raw data from the tests of these
plates were made in an attempt to determine the cause of the abnormal
behavior. All the data curves were well behaved, however. The cause
is apparently due to the small values of nozzle flow and daylight clear-

ance which existed during the testing of these plates, especially at
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the higher values of R. For example, the daylight clearance for these
plates at R = 0.50 is on the order of 0.050 in. and the nozzle flow is
on the order of 4.0 cfs. Since both measurements are small the
experimental values of Chd for these plates are subject to considerable
variation. The performance of the single slot with 60 degree flow
injection is superior to the other single slots throughout the entire
range of R.

Figure 11b shows the performance of the three plates with 192 holes.
The solid curves again illustrate the values of Chd predicted by
Vaughan's theory for an f value of 0.85 and flow injection angles of
0, 30 and 60 degrees. For this series of plates the beneficial effect
of both 30 degree and 60 degree flow injection as compared to zero degree
injection is clearly shown. An injection angle of 60 degrees is superior
throughout the entire range of R.

Figure 1llc shows the performance of the three plates with four
slots. The favorable effect of inward flow injection is again evident.
In this case, however, the effects of 30 degree and 60 degree injection
are almost identical at low values of R. Above R values of 0.40 the
performance of the 60 degree flow injection is slightly better than the
30 degree flow injection.

Generally then, in each group of similar plates the benefit of
inward flow injection on power-height performance was shown.

The first objective of this study was to determine the usefulness
of Vaughan's theoretical expressions for CQ and chd' It has been shown
that the simplified constant thickness jet theory can predict the value

of the flow coefficlent CQ if a value of f is chosen with due regard for
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the injection angle and the cushion to trunk pressure ratio. The
experimental results for the power-height parameter, however , show that
the theory does not adequately predict the proper value of Chd' The
simplified theory always predicts better performance than is achieved

experimentally. The predicted values of C . get closer to the experimental

hd
values as the cushion to trunk pressure ratio R increases (See Table VI}.
For the configurations tested the predicted values of Chd ranged from
only 23 to 71 percent of the experimental values between R = 0.40 and

R = 0.70. Generally, the predicted Chd value was 40 percent to

50 percent of the experimental value between R = 0.40 and R = 0.70.

The discrepancy between the experimental and theoretical values of

Chd that appears in this study was also experienced by Digges for two
other inviscid momentum theories. Vaughan reports that the experimental
Chd results of this study correlate well with the data from tests
conducted by Han.

The second objective of this study was to determine which of the
nine nozzle configurations tested resulted in the lowest experimental
value of Chd' The single 60 degree slot demonstrated the best
performance for R values less than or equal to 0.50. For values of R
greater than 0.50 the performance of the 192 holes at 60 degrees and the
four slots at 60 degrees was almost identical to each other. The

performance of the four slots was just slightly better than that of the

192 holes between R values of 0.50 to 0.70.
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VI. Conclusions and Recommendations

Conclusions

Based on the results of this study the following conclusions are
drawn:

(1) The concept of the f factor introduced in the simplified
constant thickness jet theory can be used to predict experimental
values of the flow coefficient CQ which agree with experimental

results.,

(2) Theoretical values of C

hd predicted by the simplified constant

thickness jet theory always indicate better performance than is achieved
experimentally. Thus it appears that an efficiency factor must be
applied to the theoretical (predicted) values of Chd' The efficiency
factor would range from 0.40 to 0.50 for cushion to trunk pressure
ratios between 0.40 and 0.70.

(3) Although the predicted and experimental C,_, values for the

hd
distributed jet configurations did not agree quantitatively, the exper-
imental data did behave qualitatively as the theory predicts.

(4) The beneficial effect of inward flow injection on power-height
performance was demonstrated for all three groups of similar nozzle
configurations. In the range of interest of R values, 60 degree flow

injection resulted in roughly a 60 percent performance improvement

over 0 degree injection.
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(5) The values of the f factor and the experimental power-height

parameter C 4 vere extremely sensitive to small changes in the leakage

h
flow rate and the daylight clearance, respectively.

Recommendations

(1) A solid test section should be used for further two-dimensional
tests. Every effort must be made to eliminate leakage downstream of
the flow measuring orifice.

(2) A more rigid floor and test section should be used to eliminate
variations in daylight clearance across the width of the test section.

A more convenient means of varying the floor height and measuring
daylight clearance is desirable.

(3) A two-dimensional section of the actual trunk used on the
CC-115 ACLS should be tested to see if any correlation exists between
two-dimensional and three-dimensional power-height performance data.

(4) A flow visualization study of the trunk and nozzle region
should be conducted to investigate possible Coanda and/or entrainment

effects.
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Appendix A

A Simplified Peripheral Jet Theory to Describe Equilibrium

Hover Performance of an Air Cushion Vehicle

Introduction

A simplified model for this theory is shown in Fig. 12. The total
airflow of the single peripheral jet is assumed to be the same as the
total airflow of any given distributed jet. The injection angle of the
flow is assumed to be such that the total momentum of the single
peripheral jet is equal to the total momentum of the distributed jets.
Finally, a control velume is placed around the area where the jet turns

from its initial injection angle to become parallel to the ground.

Derivation of Theory

Assumptions for the Control Volume (Fig. 12)

(1) Steady flow

(2) Incompressible flow

{(3) The nozzle flow entering the control volume is subsonic
(unchoked) . Therefore the nozzle exit pressure of the
jet is equal to the effective back pressure Pn'

(4) Horsepower of air,

(144) (2, - 2 )(Q)

550

HPair =
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{5) The jet enters the control volume at a speed equal to
Vn and leaves the control volume parallel to the ground
at a speed equal to kVn, where k 18 a fraction. For
purposes of this theory, it will be assumed that k = 1.0.
Therefore, since the flow is steady and incompressible,
this is the same as assuming that the jet turns at a
constant flow thickness t and a constant velocity Vn.

(6) The jet leaves the control volume at a static pressure
equal to the ambient pressure Pa. Therefore, the flow
is not isentropic, since the total pressure of the jet
flow entering the control volume 1is greater than the

total pressure of the flow leaving the control volume.

Definitions of Dimensionless Parameters

(1) £=@ -2) /(B -P) (2)

(2) R = (Pc -P) / (Pt - Pa)

- 1/2
(3) cQ =V / v, = [(Pt - Pn) / (Pt - Pa)]
(HP . )(550)
(4) Gy = 2 172 372
(144) (d) (8) (28, /o) ' “(® - B )
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Governing Equations

(1

(2)

(3

Derivation of Expression for C

Continuity (for the nozzle)

StVn
Qn =m [/ p = 3 = constant

Energy (for the nozzle for isentropic flow)

2
o W)
t n 2g 144

x~-momentum {(for the control volume)

- =P
(12)(]?c Pa) 5d g Qn Vn (k + sin 8)

=9
Starting with the definition of CQ’ rearrange to put in terms
of £ and R:
(p -p | U2
C = Q
Q _Pt-Pa
B 1/2.
B2 ]
®, - 7) |
. 1/2
AL,
(p, -2 - B |
Cq = (- ey /2 (3
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Derivation of Expression for t/d

The x-momentum equaticn is

(lZ)(Pc - Pa) Sd = p ann {k + sin 8)

g

use the continuity equation to eliminate Qn

(12) (Pc - Pa) Sd=p _n (k + sin 9)
gc 12

use the energy equation to eliminate Vn2

2
Vo= (Pt - Pn) 2gC 144 [ p

(PC - Pa) Sd = 2(k + sin 9) St (Pt - Pn)

Rearrange to form t/d

(p. -P) (p, -~ P)
t/d= C a t a
2(k + sin 9)(Pt - Pn) (Pt - Pa)

t/d = R 2

2(k + sin &) CQ
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Derivation of Expression for C

~hd
c. . = HPair { 550 1 1
d
h 144d \ 3 (28 / /2 @ -p )32
substituting for HPair and Qn’

(B, - P)(SI(O)(V)

C =
3/2 1/2
a2 ()@, - 2> %25/ 0)

hd

Rearrange and eliminate Vn’

p, -2\ [, -2 )2 1 o0)t? e, - )t/?

t t
c., =&
hd = |3 : TS 172 Y
P2 ) | -2y 2s /0 @, - P)
Coa = £ =
d R3/2
substituting for t/d,
1
. - @)
hd 2(k + sin 8) C. RY?

Q
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Appendix B

Derivation of Flow Rate Equations

from the ASME Fluid Meters Report

Two square-edged orifice plates were constructed and used for the
measurement of the flow rate of air to the test section. The ASME
Fluid Meters Report (6th ed., 1971) develops the general expressions
for the calculation of flow rate using various types of metering
devices. The report also contains tables of empirical factors to be
used when tailoring the general flow rate expressions to a particular
type and size device and operating conditions. The following describes
the derivation of the specific flow rate equations for the 2.4 in.
diameter and 3.6 in. diameter square-edged orifices with flange
pressure taps used in this study. All references are to the Fluid
Meters Report.

The general flow rate expression for a differential pressure

meter is:

1/2

2
m = 0.52502 |——t—r | Y1 4 F, [%I(Pl - Pz)} (5)
(1172

where m is the flow rate in 1bm/sec

C is the orifice coefficient of discharge

f is the ratic of the orifice diameter to the duct diameter
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Y. 1s a net expansion factor
d 1is the orifice diameter in in.
Fa is a thermal expansion factor
is the density in lbm/ft3 computed with the perfect gas law
using the upstream pressure and temperature
P. is the upstream orifice pressure in psia
P, is the downstream orifice pressure in psia
This general expression will now be developed to apply specifically
to the 3.6 in. diameter orifice. The derivation for the 2.4 in. diameter

orifice proceeds identically.

Given: d = 3.6 in. D = 12.0 in. B = % = .30
from Table II-I-1, 1 = 1.00407
1 - gh1/2

from Figure 1I-1-3, Fa = 1.0 for the range of temperatures encountered
during testing

The general flow rate equation may now be rewritten as

_ 2 1/2
m = 0.52716 C ¥, d [pl(Pl Pz)]

Values of C are given In Tables II-III-2 for duct diameters of
certain sizes. Since there is no Table for the 12.0 in. duct used in
this study the value of C may be computed with the general equations

which were used to generate the data for Table II-III-2. This method of
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obtaining a value for C is given in section I-5-38., Values of C were
thus calculated for the 2.4 in. and 3.6 in. orifices for Reynolds
numbers (based on the orifice diameter d) from 100,000 teo 500,000 in
increments of 100,000. Based on the flow rates from previous tests this
was estimated to be the range of Reynolds numbers to be encountered
during this study. For the 2.4 in. orifice the value of € varied from
0.6032 at Red = 100,000 to 0.5996 at Red

were so close the C value of 0.6002 at Re

= 500,000. Since the values
q° 300,000 was used for the
remainder of the development. Likewise for the 3.6 in. orifice the C

value of 0.6007 at Red = 300,000 was used. Thus the flow rate equation

for the 3.6 in. diameter orifice may be written as

m = (0.52716) (0.6007) (3.6)2 ¥, [pl(Pl - Pz):l 1/2

= 1/2
or m= 4.104 Yl [pl(Pl - PZ)]

Yl is given by

(B; = Py
(1.4 B))

Yl =1 - (0.41 + 0.3584)

where Pl and P2 are the absolute pressures upstream and downstream
of the orifice, respectively. For the 3.6 in. orifice (B = 0.3) this

becomes

Yl = 0.7051 + 0.2949 2
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So the final expression for the mass flow rate for the 3.6 in.

diameter orifice becomes

P
- _2 _ 1/2
m = |2.8937 + 1.2102 [ ) o, (P = P

The same procedure was performed for the 2.4 in. diameter orifice

and the final mass flow rate expression becomes

£y

m = |1.2842 + 0.5322 L-——— 172

P, Py (B - By)

Figure 13 depicts the nozzle flow rate which existed for each

nozzle configuration throughout a range of trunk pressures.
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Appendix C

Calculation of Test Section Leakage

The 2.4 in. dizmeter square-edged orifice was Installed for all

leakage tests. The following data was recorded during each test:

Pa (ambient pressure in in. Hg)

Ta {ambient temperature in C)

Torif (orifice temperature in C)

Pup (upstream orifice pressure in in. HZO)
Pdown (downstream orifice pressure in in. H20)
Pt (trunk pressure in in. HZO)

The following expression, developed in Appendix B, was used to

compute the flow rate in lbm/sec:

1/2

(7)

P
2
m= |1.2842 + 0.5322 (—51—] pl(Pl - P2)

where P1 is the upstream orifice pressure in psia
P2 is the downstream orifice pressure in psia

Py is the density in 1bm/ft3 computed with the perfect gas law

using the upstream pressure and temperature

The entire mass flow rate thus measured represents test section

leakage because a sclid nozzle plate was installed for the test. To
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convert this mass flow rate into a volumetric flow rate a density was
computed using ambient pressure and the system (orifice) temperature.
A mass flow rate and a volumetric flow rate were thus computed for the
entire range of trunk pressures used during the subsequent tests.

The Fortran program shown in Fig. 14 was used to calculate the

leakage using the above procedure.
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Appendix D

Calculation of Nozzle Discharge Coefficients

The 3.6 in. diameter square-edged orifice was installed for all

coefficient of discharge tests. The following data was recorded during

each test:
Pa (ambient pressure in in. Hg)
Ta (ambient temperature in C)
TOrif (orifice temperature in ()
Pup (upstream orifice pressure in in. H20)
Pdown {downstream orifice pressure In in. HZO)
Pt (trunk pressure in in. H20)

The following expression, developed in Appendix B, was used to

compute the total flow rate in lbm/sec:

1/2

=)
]

P
2
2.8937 + 1.2102 [?} pl(Pl - P2)

where P. 1s the upstream orifice pressure in psia
P2 is the downstream orifice pressure in psia
p. is the density in lbm/ft3 computed with the perfect gas law

using the upstream pressure and temperature

The leakage mass flow rate for the existing trunk pressure was

subtracted from the total mass flow rate to give the nozzle mass flow rate.
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A density at the nozzle was computed with the perfect gas law using
the ambilent pressure and the system temperature. The nozzle mass
flow rate was divided by the nozzle density to give the nozzle
volunetric flow rate. An ideal (CD = 1) volumetric flow rate for the

nozzle was computed as:

1/2

(CfS) = An (144) (2gc) (Pt - Pa)

Qdeal o
144 Py

where An is the nozzle area in in.2
g 1s 32.2 ft-1bm/1bf-sec’
P_ is the trunk pressure in psia
P is the ambient pressure in psia

p. is the nozzle density in lbm/ft3

The coefficient of discharge of the nozzle configuration is the
ratioc of the actual nozzle flow rate (at Pc = Pa) to the ideal nozzle
flow rate:

Q

Q deal

a

A coefficient of discharge was thus determined for each nozzle
configuration for a range of trunk pressures. The results are shown
in Table III. The Fortran program shown in Fig. 16 was used to

calculate the discharge coefficlents using the above procedure.
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Appendix E

Calculation_gg Nozzle Performance Parameters

The 3.6 in. diameter square-edged orifice was installed for all

nozzle performance tests. The following data was recorded during each

test:
Pa (ambient pressure in in. Hg)
Ta (ambient temperature in C)
orif (orifice temperature in C)
Pup (upstream orifice pressure in in. HZO)
P (downstream orifice pressure in in. H.0)
down 2
Pt (trunk pressure in in. HZO)
Pc (cushion pressure in in, H20)
d (daylight clearance in in.)

The nozzle mass flow rate was calculated as described in Appendix D.
A reference flow rate for the nozzle was calculated based on the effective
nozzle area (actual nozzle area multiplied by the coefficient of
discharge). This reference flow rate Qa was calculated by assuming

that the nozzle exit pressure was equal to Pa'

1/2
(144) (28 ) (P, - P )

Qa (cfg) = CDAn ) )
144
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where CDAn is the effective nozzle area in in.2

Pt is the trunk pressure in psia

Pa is the ambient pressure in psia
p 1is the nozzle density in lbm/ft3 computed with the perfect gas
law using the cushion pressure and system temperature
At any other value of nozzle exit pressure, the experimental flow
coefficient CQ is the ratio of the existing nozzle flow to the

reference (Pn = Pa) nozzle flow. The value of f was computed by

rewriting Vaughan's theoretical expression for CQ as:

fe-t[1-¢2 (8)
R Q
exXp
A trunk volumetric flow rate was computed by dividing the nozzle
mass flow rate by a density Pes which was calculated with the perfect
gas law using the absolute trunk pressure and the system temperature.
The horsepower required to sustain the trunk flow rate and trunk

pressure was calculated from:

(P, ~ P )(Q)(144)
~ t a’ ‘“n
HP ir = 550

where Pt is the trunk pressure in psia
Pa is the ambient pressure in psia

Qn is the trunk flow rate in cfs
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The experimental value of the power-height parameter Chd was
computed using Digges' expression
(HPair)(55o)

C = (l)
hd (s @y (1) (e, - 2> [‘288]1/2

(o)

where HPair is in horsepower

S 1is the two-dimensional test section width in ft.

d is the daylight clearance in 1in.

P 1is the cushion pressure in psia

P is the ambient pressure in psia
g 1is 32.2 ft—lbm/lbf-sec2
P is the nozzle density in lbm/ft3 computed with the perfect gas

law using the trunk pressure and system temperature

The theoretical value of CQ was computed using Vaughan's expression

¢ = [1 - fR ] 1/2 (3)
thy

This value was then used to compute the theoretical value of Chd

using Vaughan's expression

1

C =
hd ok + sin 6 (¢, y Ry 2 (4)

thy

The Fortran porgram shown in Fig. 17 was used to calculate the

nozzle performance parameters using the above procedure.
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Appendix F

Effective Flow Injection Angle Investigation

A study was made to determine what flow injection angle actually
existed for 5/16 in. diameter holes drilled at angles of 30, 45 and 60
degrees in a 1/4 in. thick aluminum plate. Configurations 25 and 26 in
the study had holes drilled for inward injection at 30 degrees and 60
degrees, respectively. Since the nozzle plates were limited to a thick-
ness of 1/4 in. by machining considerations, it was desired to determine
what flow angle actually resulted. A sample of 1/4 in. thick plate was
drilled with three 5/16 in. diameter holes, one each at 30 degrees,

45 degrees and 60 degrees. The plate was bolted to a calming chamber
and connected to a compressed air source. The air pressure was set to
duplicate the mass flow rate through the holes which existed for
pressure differentials of 40 psfg and 80 psfg in the two-dimensional
test section. A ram pressure probe mounted on a traverse was used to
find the core of the flow issuing from the hole being tested. When the
core was located the actual angle of the flow was determined from the

location of the traverse. Table V gives the results of the investigation.
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Table IV. Effective Nozzle Injection Angles

Trunk
Pressure
Drilled P58 40 80 120
Angle
30 18 23 18
45 34 33 a5
60 41 45 42
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Appendix G

Effect of Qutward Injection on Nozzle Flow Rate

One series of tests was performed to determine what the effect on
the nozzle flow rate would be if the nozzle plate was installed for
outward injection. The nozzle flow rate for the plate with four slots at
60 degrees was determined for both inward and outward injection with cushion

pressure equal to ambient pressure. The results are given in Table V.

Table V. Increase in Nozzle Flow Rate with Outward Injection

Trunk Nozzle Flow Rate (cfs) Percent
Pressure Increase
Inward Outward with Outward
(psfg) Injection Injection Injection
10 6.04 6.67 10
20 8.55 9.31 9
30 10.56 11.30 7
40 12.26 13.02 6
50 13.71 14.65 7
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This increase for outward flow injection is thought to be due to

the circulation of the air in the trunk in the vicinity of the nozzle
plate. The circulation was such that it would enhance the outward
injection flow rate and inhibit the inward injection flow rate.

This condition is peculiar to the test section used and should be

avoided if possible in a new apparatus.
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Appendix H

Tabulated Theoretical and Experimental Data for

the Flow Coefficient and Power-Height Parameter
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Table VI a. Theoretical and Experimental Values of the
Flow Coefficient and Power-Height Parameter,

Configuration 21 (Single Slot at 0 Degrees)

“hd

R CQexp Chdthy Chdexp Chdthy
exp

.003 1.000 co co —
111 0.963 1.560 2.640 .591
.178 0.963 1.231 1.877 .656
204 0.932 1.187 2.506 474
L 245 0.917 1.101 2.639 417
.304 0.874 1.038 2.794 .372
349 0.853 0.992 2,927 .339
407 0.806 0.973 2.803 .347
.459 0.785 0.940 2.698 .348
. 504 0.749 0.941 2.704 348
568 0.716 0.927 2.694 344
609 0.674 0.951 2.581 .368
646 0.647 0.962 2.817 .341
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Table VI b.

Theoretical and Experimental Values of the

Flow Coefficient and Power-Height Parameter,

Configuration 22 (Single Slot at 30 Degrees)

Chdth

R CQexp Chdthy Chdexp Chdexp
.006 1.000 o o —
.105 0.968 1.061 1.612 .658
.151 0.941 0.912 1.455 .627
. 200 0.889 0.839 1.481 .563
.252 0.884 0.751 1.501 .500
.298 0.837 0.730 1.530 476
.345 0.822 0.690 1,641 420
415 0.776 0.667 1.824 .366
AN 0.767 0.652 1.956 .333
.505 0.729 0.644 2.259 . 285
.538 0.707 0.642 2.829 .227
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Table VI c.

Flow Coefficient and Power-Height Parameter,

Theoretical and Experimental Values of the

Configuration 23 (Single Slot at 60 Degrees)

C
hd
Cq Chd Cha Tthy
R exp thy exp c
hd
exp

.017 1.000 oo co —
.106 1.013 0.823 1.987 414
146 1.025 0.702 1.535 .457
.204 1.007 0.594 1.248 476
. 253 0.908 0.587 1.121 .524
.306 0.847 0.572 1.074 .533
.348 0.837 0.543 1.040 .522
.399 0.788 0.538 0.996 . 540
JA45 0.778 0.516 1.000 .516
. 500 0.732 0.518 0.960 . 540
. 548 0.724 0.500 0.982 .509
.601 0.691 0.500 0.991 . 505
.651 0.669 0.496 1.019 .487
.648 0.625 0.513 1.042 .492
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Table VI 4.

Theoretical and Experimental Values of the

Flow Coefficient and Power-Height Parameter,

Configuration 24 (192 Holes at Q Degrees)

Cha
R CQexp Chdthy Chdexp d;;ghz——“__“
exp
.000 1.000 o co —
.101 0.969 1.627 7.757 .210
.162 0.966 1.286 5.300 . 243
.211 0.953 1.143 4.037 .283
. 263 0.944 1.032 3,425 .301
.301 0.932 0.977 2.934 .333
. 369 0.907 0.908 2.562 .354
.401 0.893 0.885 2.279 .388
.453 0.871 0.853 2.158 .395
. 514 0.846 0.824 1.858 (443
. 564 0.812 0.820 1.769 464
.603 0.793 0.812 1.608 .505
. 662 0.757 0.812 1.494 .544
.691 0.741 0.811 1.403 .578
.769 0.675 0.844 1.280 .659
.813 0.646 0.859 1.170 734
.861 0.592 0.911 1.142 .798
.900 0.542 0.972 1.061 .916
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Table VI e. Theoretical and Experimental Values of the
Flow Coefficient and Power-Height Parameters

Configuration 25 (192 Holes at 30 Degrees)

C

R CQexp Chdthy Chdexp szthy
exp

017 1.000 O oo -
121 1.012 1.023 2.891 « 354
.160 0.917 0.908 2.592 .350
.212 0.895 0.809 2.179 .371
.272 0.873 0.732 1.851 395
.313 0.854 0.698 1.743 400
.366 0.832 0.663 1.572 422
421 0.803 0.640 1.471 .435
461 0.783 0.627 1.367 -459
.510 0.760 0.614 1.314 467
. 565 0.727 0.610 1.194 .511
.617 0.695 g.611 1.182 .517
. 663 0.670 0.611 1.115 . 548
.710 0.638 0.620 1.077 .576
743 0.613 0.631 1.053 . 599
.808 0.561 0.661 0.988 . 669
.865 0.513 0.698 0.941 742
. 909 0.462 0.756 0.917 .824
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Table VI f. Theoretical and Experimental Values of the

Flow Coefficient and Power-Height Parameter,

Configuration 26 (192 Holes at 60 Degrees)

Chd
R % “na Chd o —
exp thy exp hdexp
.050 1.000 co co -~
.110 0.949 0.853 2,222 - 384
.157 0.934 0.723 1.926 .375
,209 0.908 0.645 1.620 .398
.272 0.881 0.583 1.379 423
. 306 0.864 0.560 1.321 424
.351 0.839 0.539 1.226 440
406 0.814 0.517 1.151 449
455 0.790 0.503 1.119 450
.501 0.764 0.496 1.068 464
. 558 0.732 0.490 1.033 474
. 608 0.704 0.488 0.985 .495
671 0.669 0.489 0.978 . 500
.722 0.628 0.502 0.936 .536
.757 0.608 0.507 0.913 .555
.798 0.567 0.529 0.905 . 585
854 0.514 0.564 0.860 .656
.898 0.468 0.603 0.862 670
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Table VI g. Theoretical and Experimental Values of the

Flow Coefficient and Power-Height Parameter,

Configuration 27 (Four Slots at 0 Degrees)

“na,,

R quxp Chdthy Chdthy Chdexz
.000 1.000 oo o —
111 0.946 1.586 4.612 344
.166 0.922 1.329 3.406 -390
.217 0.908 1.182 3.144 .376
.255 0.897 1.103 2.874 .384
.306 0.873 1.035 2.588 400
.351 0.856 0.987 2.478 .398
.396 0.830 0.957 2.128 .450
463 0.796 0.923 1.918 481
.501 0.774 0.913 1.758 .519
.569 0.733 0.904 1.645 .550
.607 0.708 0.906 1.485 .610
.670 0.664 0.920 1.417 .649
. 704 0.640 0.931 1.317 .707
.801 0.551 1.014 1.182 .858
.846 0.502 1.082 1.119 .967
.894 0.454 1.164 1.061 1.097
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Table VI h. Theoretical and Experimental Values of the
Flow Coefficient and Power-Height Parameter,
Configuration 28 (Four Slots at 30 Degrees)

Cha
R Cq Cha Cd 5‘“£hx“““'
exp thy exp hd

exp
.038 0.999 co co —
114 0.975 1.013 2.241 .452
.159 0.954 0.875 1.809 484
.216 0.923 0.778 1.402 .555
271 0.906 0.706 1.220 .579
.307 0.892 0.674 1.198 .563
.357 0.866 0.644 1.116 .577
. 401 0.845 0.623 1.167 .534
456 0.817 0.605 1.124 .338
.501 0.787 0.599 1.107 . 541
.567 0.747 0.592 1.070 .553
. 606 0.718 0.597 1.091 .547
664 0.680 0.602 1.069 .563
.701 0.645 0.618 1.066 .580
.761 0.595 0.642 1.018 .631
.801 0. 554 0.672 1.033 .651
.848 0.509 0.710 0.982 .723
.904 0.442 0.793 0.962 .824
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Table VI 1.

Theoretical and Experimental Values of the

Flow Coefficient and Power-Height Parameter,

Configuration 29 (Four Slots at 60 Degrees)

Chdchz
R CQexp Chdthy Chdexp Chdexp
047 0.997 co co —
110 0.990 0.818 2.328 .351
142 0.983 0.724 1.779 407
.207 0.967 0.609 1.463 416
.261 0.962 0.545 1.304 418
. 300 0.950 0.515 1.220 422
-356 0.939 0.478 1.120 427
412 0.916 0.456 1.061 430
. 455 0.906 0.438 1.023 .428
. 504 0.879 0.429 0.994 432
.569 0.846 0.420 0.926 454
. 600 0.817 0.424 0.959 442
. 668 0.769 0.426 0.923 462
706 0.727 0.439 0.942 466
749 0.693 0.446 0.932 479
.796 0.639 0.470 0.886 .530
.864 0.543 6.531 0.941 . 564
.905 0.488 0.577 0.960 601
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