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Disclaimers

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents.

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Govein-
ment may have formulated, furnished, or in any way supplied the said
drawings, specifications, or other data is not to be regarded by impli-
cation or otherwise as in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission, to manu-
facture, use, or sell any patented invention that may in any way be
related thereto.

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commercial Fardware or software.

Disposition Instructions

Destroy this report when no longer needed. Do not return it to
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SUMMARY

The efficiency of an air mover for air cushion vehicles (ACV's) is a
function not only of the aerodynamic efficiency but also of the weight
per air-horsepower delivered at the nozzle. Earlier work had indicated
aerodynamic advantages of the rotating diffuser (RD) fan for ACV's.
This report presents the results of an investigation of the design and
fabrication problems of a minimum-weight rotating diffuser ACV lift
system.

Because such an analysis does not exist in the literature, a numerical
method for the stress analysis of an indeterminate rotating diffuser
centrifugal fan structure was reduced to practice and programmed
for the IBM 1620 computer. This method was used as a tool for the
analyticzl design of a minimum-weight RD fan. This fan, with a

64. 5-inch overall diameter, was built of aluminum and was structur-
ally tested in the fan test facility of the Joy Manufacturing Company,
New Philadelphia, Ohio. Stress levels throughout the fan were mea-
sured by mzans of 21 strain gages.

Results of the test are very encouraging and vindicate the analytical
approach to fan design. Based on measured weights and stress levels,
it is concluded that RD fans for ACV applications, for ratings between
100 and 1000 horsepower, can be built for 0.5 pound per horsepower.

The stress analysis developed in this contract appears to yield accu-
rate numerical data except at the base of the rotating diffuser and in
regions of large shroud curvature. Its extension to account for three-
dimensional effects appears feasible.

The method of fan fabrication used in this program is relatively ex-
pensive and time-consuming. It was determined, however, that plastic
fabrication of RD fans with approximately the same weight and strength
characteristics as the aluminum fans is both possible and practical,
with very significant cost reduction.
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FOREWORD

The study presented in this report was undertaken by Aerophysics

Company, Washington, D. C., as the prime contractor and Joy

Manufacturing Company, New Philadelphia, Ohio, as the subcon- ,
tractor. The study was cosponsored by the U. S. Army Aviation

Materiel Laboratories (USAAVLABS), Fort Eustis, Virginia, and

the U. S. Navy Bureau of Ships and was monitored by USAAVLABS.

Mr. William Sickles was the Project Officer.

The study is a continuation of the work reported in USATRECOM
Technical Report 64-33 (Reference 2). The report contains a
summary of the work performed between November 1964 and
February 1966.
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LIST OF SYMBCLS *

axial length of section, inches
ratio of radial to tangential stresses
Young's modulus

force acting on portion of body, pounds

shear modulus, inch4

gravitational constant, ft./sec. 2

AR QO mm e W

stress concentration factor

[

length of blades along ray

vane straight length, inches

F

N number of blades, rotating speed, r.p.m.

Nv number of vanes

R radius of sectinn, inches

r radial thickness of station, inches

S station

t tangential blade width, inches

Tv vane thickness, inches

w length of blade section along mean passage line, inches
WV vane width, iaches

coefficient of thermal expansion

T Q

diffuser angle, degrees
deflection of member, inches

radial distance between means with adjacent stations, inches

o O

A

ALy temperature rise of section above starting temperature, OF.

*SeeFigure 2, page 5, for identification of stations and symbols.
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angle betweean ray and axis, degrees

vane angle

Poisson's ratio

density, slugs/ft. 3

normal stress, pounds per square inch (p.s.i.)
energy of deformation

shear stress, p.s.i.

spring rate

EE4 MQgQDOD XX >

angular velocity

SUBSCRIPTS
b blade
c value obtained by energy-balance method
d inner diffuser
f fictitious value for calculation
h hub
i assumed value for calculation
m value obt2ined from finite-difference method
0 outer radius of disc
r radial
s shroud
t tangential
u ultimate strength
\ vane
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INTRODUCTION

The efficiency of an air mover for air cushion vehicles is a function
not only of the aerodynamic efficiency but also of the weight per air-
horsepower delivered at the nozzle. Work performed under Contract
DA 44-177-AMC-886(T) by Aerouphysics Company and by its subcon-
tractor, Joy Manufacturing Company, verified the aerodynamic per-
formance of the rotating diffuser fan and indicated a method of
designing a lightweight unit. Since the rotating diffuser lift system
appears to offer improved performance for presently contemplated
air cushion vehicles, Aerophysics Company,again in association with
Joy Manufacturing Company,was awarded Contract DA 44-177-AMC-
250(T) to conduct an investigation to verify the lightweight structural
design techniques developed under the previous contract, with a view
to permit substantial reductions in the weight, cost and manufacturing
time of rotating diffuser fans. The results of this investigation are
contained in the present report.

The program discussed in this report consisted of five phases.

Under Phase I, a detailed stress analysis of a lightweight RD impeller
was prepared, the analysis was coded on a 1620 IBM digital computer
and a method of fabrication, based on an aluminum riveted type of
construction, was selected and its choice was justified.

Under Phase II, a detailed design analysis of the aluminum fan pro-
posed in Phase [ was performed. This analysis was based on the
results of the computer-programmed stress analysis developed in
Phase I. Fabrication drawings of a 64.50-inch-diameter lightweight
RD fan were also prepared.

Under Phase III, two identical units of the design completed under
Phase II were fabricated. Under Phase IV, the first unit was
structurally tested in November and December 1965 in the fan test
facility of the Joy Manufacturing Company, New Philadelphia,

Ohio. Elaborate steps had been provided in advance for the speedy
substitution of the second fan, properly r:odified, in case of a failure
of the first fan during test. Since there was no such occurrence,
there was no need for modifying the second wheel or for testing it;

it was sirply sent to New Philadelphia for dynamic balancing.

This report presents an evaluation of the results obtained under
Phases I through IV of the contract. In order to insure maximum
clarity of the report, the report sections do not each exactly corres-
pond to one phase of the program. The report is thus organized as
follows: Phase I is discussed in Sections I and . Phases II and III
are reported in Section III. The report on Phase IV, which was
handled completely by Joy Manufacturing Company, was written by
Joy and is presented as Section IV. The last two sections of the




report do not correspond to specific phases. In Section V, a comparison
is made of the calculated stress levels, discussed in Sections I and 111,
and the measured stress levels, discussed in Section IV. In Section VI,
two preliminary design studies of air cushion vehicles representative of
potential uses of RD fans as internal-flow air movers are made and the
specific weight of the RD fan (weight per horsepower) is obtained.



SECTION I
STRESS ANALYSIS OF A LIGHTWEIGHT RD IMPELLER

GENERAL

Extensive coverage is given in the literature to the theoretical stress
analysis of rotating profiled discs with applied rim, bore and blade loads;
however, there has beea little work done on the analysis of the disc
with an integra®ly attached shroud, such as the RD wheel shown in
Figure 1. For wheels operating at low stress levels, application of

the loaded profile disc method (Stodola method) for the hub stresses
has geneially sufficed for a workable approximation of the stresses.
This method was used for the stress analysis of the 20-inch fan
analyzed under an earlier Aerophysics Contract (Reference 2).

It will always give a conservative value for the stresses, and therefore
can be used with confidence.

However, if a serious attempt is made to design a minimum-weight
RD ian, the need for a more exact method of analysis is apparent.

The problem is complicated by the fact that the shrouded wheel is an
indeterminate structure. An energy-balance method that properly
apportions deformation energy between the hub and shroud must be
used. In addition, an exact solution is impossible, and a computer
solution using an iterative scheme must be obtained.

Fortunately, a methodof stress analysis for shrouded discs has been
devised recently (1961) by Deutsch at Fairchild Stratos (Reference 5).
With proper modifications, the Deutsch analysis is quite suitable

for the analysis of RD fans. In the fall of 1964, Aerophysics Company
secured the consulting services of Mr. Deutsch to help prepare

the detailed stress analysis of a lightweight RD impeller required
under Phase I of Contract DA 44-177-AMC-250(T). The results

of the extension of the Deutsch analysis to RD fans are presented

in this section, as well as the listing of the corresponding computer
program.

NOTATION

The notation, fully described in the List of Symbols and in Figure 2,
is basically the same as that of Reference 5. However, additional
notation is introduced to describe the diffuser geometry and to account
for the fact that, to allow for the calculation of wheels of composite
construction, provision must be made to vary hub, shroud and blade
density independently at each station.
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EXTENSION OF THE DEUTSCH ANALYSIS OF REFERENCE 5 TO
BD FANS

To understand the following discussion, the reader must be familiar
with the original Deutsch paper (Reference 5), which is extended,
rather than superseded, herein. To be applicable to RD fans, however,
the Deutsch analysis must be modified as follows:

1. One of the differences between the original Deutsch paper
and the present one is that, in the original analysis, the
densities of the hub, of the shroud and of the blades are
assumed to be the same, while here it is found useful to
differentiate between them.

Equation (1) of the original paper is then rewritten as
P, = Pn+ Py (Nt&/2T Rya,) -

Similarly, the equation giving the fictitious density for the
shroud can be written as

Prg = P+ Pp(NtE/2TRhy -

Equation (4) similarly becomes
_ 2
Fb—we t prOW /g

Now, as shown in Figure 2, modulating vanes may be
incorporated in the diffuser region of the fan. In such

a case, the hub and shroud densities at the hub and shroud
stations where the diffuser vanes are attached must be
increased to allow for the weight of the vanes. This is
accomplished by assigning half of the vane weight to the
hub and half to the shroud.

The vane mass is given by (Figure 2): NyWyTy Pp(Ly + Rv>\).
The hub volume affected by the vane mass (that between the

vane station and the next inner station, provided they are not
too radially distant) is

2 TRy a [Rh(N) - R, (N - 1)]-
Therefore, the hub fictitious density becomes

vavTv (Lv & >\ Rv) Pb]

2T Ryay [Ry(N) - Ry(N- 1] P,

Pi, = Pn [1 E



Similarly, the shroud fictitious density is

P = p 1+vavTv [Lv+)\Rv] lob .
i I's 2T Rgag [Rg(N) - Ry(N-1)) Ps

The basic centrifugal stress analysis neglects the bending
stress imposed upon the disc because of its conical shape.
Only the average radial and tangential stresses at any radius
are calculated.

While this bending stress is in general of a secondary nature

it should be considered at the base of the diffuser section of
the wheel. Accordingly, the diffuser section of the wheel will
be considered as a circular plate with a hole of uniform radial
and axial thickness having its inner edge fixed and having a
uniformly distributed load applied. The bending stress found
ai the inner radius can be calculated from Reference 9 , page
200, case 21. That bending stress will be added to the centrif-
ugal stress at the base of the diffuser to obtain the maximum
tensile stress.

For the case of a simple diffuser without vanes, the centrii-
ugal force is resolved into two components, one acting in the
plane of the diffuser wall, the other acting axially. It is this
axial component which is used to determine the bending stress
acting at the diffuser base.

From Reference 9, using Roark's nomenclature, the radial
bending stress J; is given by

2 p'
4a2(m + 1) % - az(m+ 3) + b2 -b—z- (m-1) + 4)
o - ¥ a \
TP b2
m+ 1+ = (m-])
2
a ¥

where w is the distributed unit load
t is the thickness of the plate
a and b are outside and 1inside radii of
the circular plate
m is the reciprocal of Poisson's ratio

For our case, w, the unit load,is given by
centrifugal force X tanB

area
T = (ti+ to)jri + ro)pw2 sinB

4c cos[r(
where the subscripts i and o refcr to the inside and the
outside of the diffuser ring, respectively.

7
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By considering the diffuser sections of the hub and shroud
as composed by cantilevered beams of unit width, we can
calculate an equivalent bending moment per inch that would
produce the bending stress just found for the vaneless
diffuser:

M_bt3 T, ¢ or
= T — = 6

This will be of particular interest when the shroud or hub
is of composite construction. It will also be of immediate
use in the following paragraph.

Analysis of the diffuser vanes -- The shape of the diffuser
is such as to cause the sides to deflect toward one another
under centrifugal stress. When the diffuser is fitted with
vanes, however, each vane acts to overcome this tendency.
To account for this action, we shall make use of the elastic
equilibrium of the three members.

Let us return to the cantilever beam analogy for the hub
and the shroud.

We shall consider the beam width as the peripheral distance

between diffuser vanes. nFor a cantilever beam, the
deflection per unit load is given as

S .. &
3 EI

where € is the length of the beam. For the case of the hub,

£ = Ry 990 - Ry 203

(Station 220 corresponds to the inner diffuser station;
Station 203,to the vane station)

3
_ 2 T Ryp3 (ap990)
12N,

I

)

and the hub compliance is thus

3
Yy - Fnzo0 - Rnood) Ny
T (Rgg3)(apg00)° E

, in inches/li.

\ps is found similarly.



The compliance of the diffuser vane is obtained hy consider-
ing the half-blade as a cantilevered beam built in at the
centerlineof vane symmetry. Applying a unjt load in the

axial direction produces a force of (1) x(sm}\ ) normal to

the vane, acting at the junction of the vane and of the diffuser
wall. At the end of the_straight portion of the vane, a bend-
ing moment of L sin A acting at the end of a curved beam of
radius Rv anda ' central angle of )\ will be produced. The
change of slope at the end of the curved beam due tc a:

end moment is

MR
El

0 =

Substituting the value of the moment M = L, sin)\ , and
solving for this deflection normal to the vane at the
diffuser wall ( M = Ly 8), we obtain

2 sin>\
)

EI

In addition, the straight portion of the vane will undergo
a further deflection in the same direction. This may be
considered as a cantllevered beam, of length L_, loaded
with an end load of sin ,\ . The end point deflethon is

sin >\

3 EI

L

The total end point deflection normal to the end of the vane
is thus

8 8 _vﬂ(R A+ Ev)

N~ EI
and the total vane deflection in the direction of the unit
force is
2 sin >\ cos)\ ( )\ L )
Rv +
= =
Substituting 3
W. T
I = vV v
17

we have the expression for the compliance of the vane:




2 sin A
24 L_“ sin A cos\ L
v v
W - Ry X + =)
v - 9 3
Wv r,

Drawing a free-body diagram of the forces acting on the
diffuser vane, we obtain

F .
SR ol Fur

Resolving the centrifugal force into two components, one
axial and one along the vane, gives the following equation
or equilibrium:

F.,, = Fo, = ¢
HA = "SA =~ " tan )
where
AL + R,\ ) T,W, P 7 o2
c g )
Now
Fyp = OgKy + K)

where 8 H is the deflection in the direction of FHA
and KH and Kv are the spring rates (reciprocal of the
compliance) of the hub and vane. Substituting
F
OuKy + K) = —— = §_(K_ + K
H'' 'H Kv tan >\ s'\'s lg'

and F

5, -

C
tan \ (Ky + K,) ’

10



3, - L
S tan )\(KS + lg,)

The external force which must be applied to the hub and
shroud to produce these deflections is

5

F=——.

J

This force produces a bending moment at the base of the
diffuser opposed to that produced by the conicity of the
diffuser. Converting the moment into inch-pounds per
running inch, we have

8 N
AM, = 8 ( CRpe )V
Hy i’;H Rvane diffuser’ 29TR diffuser

Thus, the diffuser bending moment and its related stress
increment, found in the above paragraph,are reduced,
because of the modulating vanes, by the amount

1 - Ath .
Emh
The shroud can be treated in the same manner as the hub.

One final stress must be considered in this analysis. The
vane is acted upon by two opposing side forces, found
previously to be

Fe

tan>\

acting at a distance LV sin)\ from the midpoint of the
vane. This produces "the following bending stress in
the vane:

b

- Fccos>\Lv sin)\ Tvx 12
\ sin \ SW. T S
v'v

DISCUSSION OF THE COMPUTER PROGRAM

The computer program originally written by Deutsch in 1962 at Fairchild
Stratos to solve the type of problems discussed in Reference 5 was
extended to the general case of the RD fan shown on Figure 2. Revised
input and output sheets were also prepared to ad2"* in an optimum
manner to the RD fan configuration.

11




The program is written in FORTRAN language and is normally run on
the IBM 1620 computer. Because of its length, it had to be broken down
into two decks. The first deck is run first with the input cards; the out-
put of the first deck is added to the initial input data and forms the total
input for the second deck. The two decks are listed as Appendixes I and
IT of this report, respectively. For an understanding of the program, it
must be noted that the notation "CO'", say CO 48, stands for "Column"
and corresponds to the same column of the appendix of Reference 5. 8o,
CO 48 is the variable defined in column 48 of the appendix. Those items
which were not defined in Reference 5 and are not self-explanatory are
defined in the List of Symbols.

A blank revised input sheet is shown as Appendix III. As the program

is compatible with all types of wheels, only necessary data need be filled
in. For example, wherever there is no shroud, shroud input is left blank.
It is easy to find the computer symbol for each of the data inputs by re-
ferring to the source program.

12



JECTION II
LIGHTWEIGHT MATERIAL AND TECHNIQUES REVIEW

INTRODUCTION

For construction of the RD fan, the Aerophysics Company considered
structural materials from the major metallic, nonmetallic and mixed
groupings. Of these, aluminum and reinforced plastics were selected.

The first two test fans were constructed of aluminum. A suggested inno-
vation would be an alternate RD fan of glass cloth or preimpregnated
reinforced plastic.

STRUCTURAL MATERIALS

Aluminum

Aluminum was chosen from the structural materials because, handled
in the classic manner at this prototype level, the fabrication techniques
and strength characteristics are predictable.

A prime concern was choosing aluminum alloys that exhibit corrosion
resistance necessary to the RD fan operating in a marine environment.
The particular selection exhibits its superiority by its weight-to-strength
ratio and relative obvious ease of fabrication. (The obvious alterna-
tives, steel and magnesium, could measure up to aluminum only in
certain properties.

The stress levels of the test fans have. from the preliminary stress
analysis, proven to be uniformly low. Hence, it has been unnecessary
to investigate materials of unique mechanical properties or mixed
structural materials of metals and plastics.

The aluminum alloys selected for the test fans are as follows:

1. Full Quter Shroud - 6061-0, before fabricating, which is
heat-treated to the T-4 condition after forming. Because of
the depth of the outer shroud, considerable work hardening
of the piece will occur during spinning. As the spinning
progresses, the metal must be continually annealed. To
insure definite available stress levels, following spinning,
the shroud must be heat-treated to the T-4 condition.

2. Blades - 6061-T6 formed cold by routing, rolling and
joggling.

3. Backplate - two possibilities were considered:
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a) In anticipation of possible warping of the backplate
during heat treatment, because of its size, leave the
backplate in the 0 condition. This forces the use of a
high-strength alloy, such as 5052 aluminum. The
difficulty is that such an alloy in the 0 condition is not
easily available commercially. This solution was
therefore rejected.

b) Use 6061-T6 and take chances that some warping
may occur during the forming of the diffuser annuius
but that it can be corrected.

4, Hub - 6061-T6 billet.

Preimpregnated Reinforced Plastics

As suggested, an attractive RD fan, exceptionally well adapted to marine
environment and with a superior strength-to-weight ratio (as compared
to aluminum) could easily be constructed of preimpregnated plastics. In
considering both the evolution of the RD fan to a larger structure and the
properties of preimpregnated reinforced plastics, it can readily be fore-
seen that future RD fans could be of such plastics.

Preimpregnated reinforced plastics ire usually formed in sheets of com-
bined fabric webbed with resin. When subjected to heat and pressure, the
resin is cured, and the molded parts are remarkably uniform. Such
plastics can be used to build up the local structural areas of the fan.

Aerophysics Company chooses the preimpregnated reinforced plastic for
the alternate RD fan because of its suitable epoxy resin, which lends
itself to bonding with conventional epoxies and other materials at room
temperatures. (This suggests the use of honeycomb and aluminum sheet
combined with Scotchply construction.) Tooling requirements for this
material can be similar to those for alumipum forming. The preimpreg-
nated reinforced plastics lend themselves to many molding processes.

As with other preim, egnated reinforced plastics, Scotchply is easily
stored and handled, reducing material inventory and eliminating in-shop
formulation control. It allows for only a minimum of material waste.

The tolerance of the final layed-up Scotchply component wi'l corres-

pond to that of the mold or tools on which it is fabricated. It is available
in one-, two- and three-ply filament orientation, which allows an orienta-
tion of the direction of the fibers to achieve maximum directional strength.
This is a unique quality difficult to achieve with the conventional fabric-
glass-resin combinations.
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Glass Cloth Reinforced Plastics

There is no basic difference in materials between preimpregnated
reinforced plastics and glass cloth plastics reinforced with epoxy or
phenolic resins. The difference is in the way the materials are used.

As the name indicates, in preimpregnated plastics, the resin is incor-
porated into the glass cloth at the plastic supplier's factory. Inglass

cloth reinforced plastics, this is done at the time of fabrication of the

end product. Significant differences in fabrication techniques result. The
preimpregnated plastic must be cured at temperatures of 350-4000 F. This
usually requires an oven large enough to accommodate the whole fan to be
built. The glass cloth reinforced plastic is cured at room temperature, but
the reaction between the epoxy and the hardener takes place in a very short
time, often forcing the buildup of cloth layers in several steps, which easily
becomes time-consuming.

FABRICATION TECHNIQUES IN ALUMINUM
ginnigg
The main circular structure of the aluminum RD fan lends itself

naturally to fabrication by the spinning technique. The initial tooling
is comparatively inexpensive.

Aluminum lends itself well to the spinning process because of its
excellent ductility and its need of only a few intermediate anneals
during spinning. This technique is usually reserved for limited-
quantity production. Moreover, spinning gives a fine,aerodynamically
smooth surface.

In spinning the outer shroud of the RD fan,certain dimensional problems
arise from the spring-back characteristics of the piece, from work
thinning and from subsequent heat treatment; i. e., the tolerances on
the diameter, depth and wall thickness may vary from piece to piece.

A final acceptable outer shroucd depends on the skill of the spinning
operation. No two deep spinnings of the shroud will be identical, thus
creating certain assembly and fastening problems. The solution of
these problems will be discussed in the section dealing with assembly.

The spinning of the hub {optional) presents similar problems. In one
consideration, the RD fan would be driven from a structurai hub formed
by the spinning techniques. In this instance, the blades extend inwardly
only as far as this spinning. These blades are fastened to and driven
by this hub.

An alternate design is the use ot a hub spider, which is a lathe and
milling machine piece. The hub area replaced by the hub spider may
be faired in with "foam-in-place' plastics and sheet metal fairing
surfaces.
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Hydropress

The RD blades may be fabricated by the rubber die forming technique.
This process (particularly the Guerin process) provides low-cost tool-
ing of small shallow, flanged and ribbed parts of irregular shapes.
The hydropress tooling is relatively inexpensive for short runs, for
which conventional tooling would be uneconomical. This process may
provide for simultaneous blanking and piercing of flat pieces.

At the prototype level, such as in the present program, an alternate
method of fabrication of the blades is by hand-forming. The blade is
routed out by using a template and bent by using conventional sheet-

metal brake and roller equipment.

Forgiggs

Only the hub or a hub spider of the RD fan may be fabricated by forging
in aluminum. In the industrial practice of RD fan fabrication, the hub

is generally forged or cast in steel. Industrial experience indicates that,
of the two techniques, the forged hubs of this type are stronger and
more durable.

A small RD fan hub may be hand-forged in the simple biscuit shape.
Certain outstanding properties of aluminum hand forgings may be here
noted -- their high weight-to-strength ratio, toughness, and ability to
withstand shock and repeated applications of stress. Such forgings
provide a desirable combination of directional properties allowing
thinner structural sections, and thus a lighcweight hub.

Aluminum forgings maintain the advantages of aluminum previously
discussed; i.e., they are lightweight and corrosion resistant, and
have excellent machineability to achieve a smooth aerodynamic surface.

It is most important to the forging process that a suitable aluminum
alloy be selected. For the RD fan, the alloy 6061 at the standard T6
temper combines a moderate tensile strength with good ductility and
gives excellent corrosion resistance and forgeability. Moreover, it
particularly offers excellent welding characteristics possible for the
joining of the fan blades. Before the blades are ad oined, the forgea
biscuit must be machined to the operational outline of the working hub.

This latter machining, plus other factors, has led Aerophv'sics to
examine other methods for fabricating the hub. Despite th¢ attractive-
ness of hand forgings, design studies and weight analysis for the two
prototype fans show that the initial costs of hand forging and machining
are high, as compared to spinning. Spinning eventually eliminates the
additional costs of machining to achieve a smooth surface. Moreover,
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for the medium-sized projected RD fans, the forged hubs are not as
iight as spun hubs, because of machining problems. The aluminum
properties and advantages remain essentiaily the same as indicated
for the forged product.

Assembly Methods

Inert gas welding would be one acceptable method of assembly.

In this process argon or helium is used to shield the molten weld. How-
ever, accumulated distortions arise from the heat of welding, causing
warping. As in the case with all welding fabrication in aluminum, the
thin, lightweight metal areas are prone to distortions under welding,
and thus it is difficult to maintain a uniform structure.

During welding assembly, the fan may be held in a complicated fixture,
but despite this, localized stresses occur at all the weld junctions.
There is no concise way to determine the stress levels at the welds;
thus, these areas will remain indeterminah'c under stress analysis.

In addition, gaps may form from possible tolerance buildup between
the RD components. These would prchibit the welding of necessarily
joined surfaces.

Bonding is another possible assembly method. The assembly of heli-
copter techniques applicable te the RD fan production indicates a need
for elaborate clamping and holding fixtures. The entire blade bonding
technique must be closely quality controlled. The elaboration of this

method would eliminate its use for a small run of RD fans.

Riveting is a classical and accepted form of structural assembly. It
is a traditional sheet metal fastening mcthod and appears attractively
adaptable to the RD fan. The layout for the riveting is straightforward
and accessible. Conventional shop tooling is readily available and
adaptable. This method of assembly is extensively used by the British
for a)tssembly of their large lightweight centrifugal GEM fans (Rotol
fans).

The output from the Aerophysics stress analysis can be applied in a
conventional manner to the detail design of the fan. Therefore, fastenings
between components can be accurately determined and fabricated. The
tolerance buildup can be anticipated by the detailed arrangement of

local support and rivet fastenings.

TECHNIQUES IN PREIMPREGNATED REINFORCED PLASTICS

A review of 3M Scotchply indicates that it is well-suited to larger RD
fan fabrication. The entire fabrication may be accomplished through
the vacuum bag technique; i.e., the uncured Scotchply is fitted over
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the mold tooling, and these are encased in a plastic vacuum sack. The
vacuum is thus applied between the mold and the plastic sheet. The
surrounding atmospheric pressure forces the reinforced plastic firmly
over the mold. This technique is economical for short runs and allows
control over the surlace finish.

The curing time for the Scotchply fabric can be as short as 4-1/2
minutes at 3250 F. Scotchply may be re-added to the RD structure
by reheating at 325° F. without affecting the basic RD structure.

As previously discussed, the Scotchply is available in three fiber
orientations. In the outer shroud of the RD fan, the filament orienta-
tion may progress from filaments wound circumferentially at the inlet
area to filaments cross-mixed and blended from circumferentially to
radially at the curving shroud to filaments laid out radially in the
diffuser disc area. The inner shroud arrangement should be the same
for the curving area.

The overlapping of ply direction in the curving area is an attractive
usc f Scotchply. This development of patterns will also insure stress
unifor mity in this area. (All uncured Scotchply may be overlapped .
Upon hea)ting and curing, this overlap will diffuse into the adjoining
surface.

In the diffuser disc area of the shroud, a supplemeniary layer may be
required with fibers laid tangentially to stiffen the RD ring against
viaviness.

An important feature of the Scotchply preimpregnated plastic is its

use in patches where stresses are high or concentrated. In particular,
the area of bending that runs circumferentially around the root of the
RD rings may be increased in depth by progressively building up this
juncture with blended, stepped and laminated Scotchply segmented
rings.

Similarly, the areas where the blades join the shrouds are points of
load concentratior. and can be accordingly thickened by a Scotchply
buildup.

Although the attachment of the fan blades to the inner and outer shrouds
is aiways a difficult fabrication problem, Scotchply offers good solu-
tions for blade attachment -- either by direct epoxy bonding or by
routing and slotting the molds so that the slots can be incorporated

into the faces of the shrouds.

Because Scotchply may be built up, layer upon layer, a logical means

of fabricating the blades is offered. The blades are made over molds,
which insures uniformity of blade from blade to blade; thus, this
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tooling technique appears to be superior. In bonding the blades to the
shrouds, a heavily filled semiflexible epoxy will be suitable.

TECHNIQUES IN GLASS CLOTH REINFORCED PLASTICS

During Phase I of the contract, the review of lightweight materials and
techniques was not meant to be all-inclusive, but only to be sufficient to
permit, without preconceived ideas, an intelligent choice of the materials
and techniques for the fabrication of the two demonstration fans to be

built under the contract. At the end of Phase I, it was recommended by
Aerophysics that the two test fans be built of aluminum. Additional studies
of plastic fans were not made, therefore, during the remainder of the
contract, and the rest of this report deals only with metal fans.

As a follow-on Lo the contract, Aerophysics initiated additional design
studies of plastic fan fabrication during the summer and continued them
during the fall of 1965. Since they are directly pertinent to a discussion
of lightweight fan fabrication techniques, they will be briefly reported
below.

The studies started from the considerations developed in the section
above, in which an all-Scotchply fan is proposed. Additional reflection
indicated that a plastic fan incorporating some elements made of Scotchply
and others made of glass cloth reinforced plastics was possibly preferable.
The idea was to retain Scotchply wherever its use appeared advantageous
and to use glass cloth reinforced plastic elsewhere. In particular, inner
and outer shrouds do notneedto be made of Scotchply; the blades, which
provide dimensional accuracy of the fan, do. It is thus necessary to have
available a small oven for blade fabrication, but the need fo1 the large
oven for outer shroud fabrication disappears.

A design study of this composite plastic fabrication using the same fan

that was built of aluminum under the contract and is described in Section
I, fan Model RD 51-.50-1.3-75°, was made. This design, shown in
Figure 3, will be described here. The fan is built around five components,
which are bonded together. These components are as follows:

1. A main drive shaft which consists of a ccnstant-section
cylindrical aluminum tube, to which are fastened bulk-
head extensions which support the inner shroud.

2. A backplate, made of fiber glass or aluminum honeycomb,
which acts as foundation for the structure of the whole
fan.
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3. An inner shroud made of conventional reinforced
glass-fiber overlay, laid up by hand over a concave die.
This die or mandrel is a large piece of hardwood, similar
to that which one would use for turning an aluminum spin-
ning of the same size. It can be obtained fairly econom-
ically by going to the spinning people, who have available
large gluing presses and large wood turning saddle lathes.
Three to six layers of cloth may be required. This is
made possible by the recent development of new resins,
with over 1-hour pot time. The curing can be done at
room temperature. under pressure obtained by means of
the vacuum bag technique , for example,

4. An outer shroud, the fabrication of which is similar to
that of the inner shroud. The outer shroud is reinforced,
as shown in Figure 3, at circuniferential stiffeners which
take part of the hoop stress.

5. Eighteen blades made of 3M preimpregnated 1002
Scotchply material. The ~eason for using Scotchply as
blade material is quite significant and basic to the whole
design and will be discussed in some detail.

First, each blade is quite small (20 inches is the maximum
dimension) and does not require the same huge oven as the
shroud pieces.

Second, the blades are viewed as providing the dimen-
sional accuracy of the fan and must therefore be built
using the best materials and the best possible mold. It

is possible to make blade flanges integral with the blades;
these flanges are essential to bind the blades to the inner
and to the outer shroud,respectively.

For assembly of the finished blades to the shroud surfaces
there are a multitude of good epoxy bonding agents on the
market, such as 3M F.C2216.

The major advantage of plastic fabrication, in terms of simpler fan
assembly, will now become apparent. Not shown on the earlier sketches,
it is intended to provide both blade and shroud molds with locating grooves,
alignment tongues and indentations which will permit the immediate and
accurate positioning of blade with respect to shroud (in a manner similar
to that in which some childrens' plastic models are assembled). Thus,

the tedious lofting, layout and alignment of the metal fan can be climinated.
The hub can be much simnlified, since the central spider is not required
any more.
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Surprisingly, the total cost of plastics materials for a given fan (even if
made entirely of Scotchply) is lower than that of the corresponding alum-
inum fan. One reason is that for the aluminum hub, a lot of ""hogging out"
and material removal are required. Only a fraction of the original
material is used in the final plastic structure.

The main advantages of the plastic over the metal approach to fan design
are therefore seen to be cost and time of fabrication. (Subcontracting
delays for an aluminum shroud spinning can be quite substantial.) Stan-
dard advantages of plastics mentioned earlier may also be briefly recalled
here: lighter weight and resistance to fatigue, impact and corrosion.
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SECTiON III

DETAILED DESIGN OF RD FAN

AERODYNAMIC SELECTION OF THE RD FAN

The contract specified the design and fabrication of '"a 60-inch-
diameter fan that will absorb approximately 100 shaft horsepower. "
It was intended that this fan be representative of a family of internal-
flow air movers for potential ACV's or STOL aircraft in the range
of 100 to 1,000 horsepower. It was first decided that a total pres-
sure rise of 20 inches of water would he representative. Corres-
pondingly, the volume flow was fixed to 25,000 c.f. m. Several

RD fans were considered, and the choice wa ; narrowed down to two:
RD 51-.50-1.3-75° and RD 51-.70-1.3-75'. The aerodynamic
characteristics of these two fans are shown in Figures 4 and 5,
respectively (for an explanation of RD fan indexing, the reader is
referred to Reference 2).

It was decided to build the former fan (Figure 4). The reason was
that, for the same overall diameter, the air passage is narrower, and
that fan, therefore, is harder to assemble than the other one. If any-
thing, this results in weight penalties. As a redeeming feature, the
aerodynamic features of the fan of Figure 4 are such that no modulating
vanes are required. Vanes would most likely be required for the other
fan.

The fan which was built (RD 51-.50-1. 3-75°) is representative of
ACV's with high cushion pressures (50 to 100 pounds per square foot),
such as the landing craft described in Section IV. The other fan
(51-.70-1.3-759) is representative of ACV's with lower cushion
pressures (25 to 50 pounds per square foot), such as the Bell
Skimmer 5 (Westland SRNS).

GENERAL FAN CONFIGURATION

The assembly drawing of the two identical fans which were built is
shown as Figures 6 and 7. Detailed fabrication drawings were also
prepared and submitted to USAAVLABS in accordance with the con-
tract. A list of the detailed drawings is given in Appendix IV. The
general features of the fan will be summarized here.

First, the final fan design is an all-aluminum structure.
Second, the fan components are formed by the grocesses of spinning,
g

sheet metal forming (including stretch-forming) and conventional lathe
and milling machine work.
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Third, the final fan design is completely assem!led by aircraft fastener
technique: rivets, aluminum bolts and stainless steel bolts.

FAN DESIGN PHILOSOPHY

Because of the availability of the computer-programmed stress anzlysis
discussed i1, Section I, great strides could be made toward the orderly
development of an ""analytical design''. Following the debugging of the
computer program, 44 computer runs were made, representing about 30
different configurations. It was possible to vary systematically such
things as blade thickness; for example, for a given configuration, one
would try successively blade thicknesses of 0. 125 inch, 0.1 inch, 0.09
inch, 0.08 inch, and 0.07 inch. Similarly, the conical hub spider could
be evaluated against the cylindrical hub spider, the variable-thickness
shroud against the constant-thickness shroud, etc. This permitted the
selection everywhere of the minimum-weight component compatible with
the structural integrity of the fan. Since the centrifugal loads on the fan
are proportional to the mass of the fan, a lighter fan has lower centrifugal
loads; therefore, it is stronger than a heavier one, if properly designed.
The analytical approach thus allows one to put material in the load-
carrying elements, where it is needed, and tno remove it elsewhere. It
also allows the designer to choose between several fabrication techniques
and to optimize not only for weight, but for cost and ruggedness.

In the present program, the emphasis was placed on two qualities: light
weight and structural integrity of the fan. In order to achieve a 1ight
weight and to minimize risks of structural failure, great sophistication
was used in the detailed design and assembly of the fan. In particular,
the hub was machined from a solid piece of aluminum in the form of a
spider to insure accurate positioning of the blades. Backplate and blades
on the one hand, and blades and shroud on the other hand, were fastened
using stainless steel screws with helicoil inserts; welding which could
introduce distorsions in thin elements and reduce strength of the heat-
treated elements was not used anywhere. The result was an expensive
fan. This should be viewed only as a necessary step at the prototype
level. With the knowledge gained in the present program, it is possible
to do either of two things: (a) redesign the metal fan for production, for
the same weight, by simplitying the hub, or (b) as indicated in Section II,
mold the fan of plastics. However, neither of these steps could be taken
within the funding limitations of the present contract.

However, all of the objectives of the program -- the establishment of an
improved stress analysis, the analytical design of the fan and the demon-
stration of the structural feasibility of lightweight RD fans of large size --
were fully met.
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COMPUTER PROGRAM INPUT AND OUTPUT

As shown in Appendix III, 15 stations were chosen for describing the
fan configuration. The {inal fan configuration which was analyzed and
for which the results are shown in Appendix V is that of Figure T.
However, rather than drawing the rays corresponding to the 15 sta-
tions on Figure 7, Figure 7 was redrawn with only the outline needed
for the determination of the input physical characteristics shown. The
input drawing is shown as Figure 8. The definition of the various input
quantities was shown in Figure 2. It can be seen that the mass elements
corresponding to station n, for example, for the hub and for the shroud
are those extending on each side of ray n, half-way to rays (n - 1) and
(n + 1), respectively. It can be seen from Figure 8 that the determina-
tion of the "mean' values for the quantities ay., g, I's is not as obvious
in practice as would appear from Figure 2. For example, for Stations
1 to 6, ap is obtained as the sum of two quantities, one corresponding
to the axial length of the hub disc and the other to that of the hub spider.
Also, the axial length of the spider tangs must not be counted into the
input, since the tangs do not resist any tangential stresses. Similarly,
the thickness of the shroud doublers is not counted, in the mathematical
analysis, as part of the shroud thickness, since they are not continuous
in the peripheral direction. However, both the weight of the tangs and
that of the doublers must be introduced in the input. This is accom-
plished by calculating a Tictitious density for the hub or shroud station
to which the tang or the doubler element belongs. This was done for
each station in tabular form. Details of the input determination are not
reproduced her. .he reader is warned that great care must be exer-
cised in the dete.mination of the input, since the output is critically
dependent upon the input. No matter how good the stress analysis
method is, the results will be incorrect if the input "modeling" is not
done correctly. For example, to add the axial length of the tang, at
Station 7 on Figure 8, to that of the hub disc amounts to replacing the
tangs by a solid cylinder and results in an input value which is wrong

by a factor of five. Fortunatcly, with practice, an input error can be
immediately detected by looking at irregularities in the plots of output
tange-‘'al and radial stress distributions against radius.

It may be noted also that the outer shroud outline was drawn, double
size, on Figure 8. The reason is that, as explained in Section II, spin-
ning is an art ana aot a science, and no two spinnings are alike. It was
therefore decided by Aerophysics that a separate stress analysis «om-
puter run should be made, as a matter of routine, for each newly built
fan, prior to running it, using as shroud thickness the measured thickness
of the shroud of that particular fan rather than the nominal thickness.
The shroud thickness shown in Figure 8 is that of shroud no. 1, belong-
ing to the same fan for which experimental stress analysis results are
reported in Section IV.

The input layout for fan RD 51-.70-1. 3-75° is shown in Figure 9, for
reference. However, results of the computer program for that case are
not shown.
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A typical output for the RD fan stress analysis is shown in Appendix V
as ""Run 44. No Radial Thickness'. This case corresponds to the con-
figuration shown in Figures 6 and 7 and to the input shown in Figure 8.
configuration shown in Figure 6 and to the input shown in Figure 7.

The calculated stresses for this case are used later in this section

for the detailed stress analysis of the fan and in Section V for a com-
parison with the stresses determined experimentally by Joy Manufac-
turing Company, as reported in Section IV. The output lists the cal-
culated values of the hub stresses, shroud stresses and blade stresses
at the 15 stations shown on Figure 8 and defined mathematically

by the value of the ray angle. In accordance with the notation of
Reference 5, hub and shroud stresses are prescribed as tangential
and radial stresses,and the corresponding values of hub and shroud
radius are also shown. Blade stresses are shown as shear and

tensile stresses.

It is mentioned in Reference 5 that once the stresses are obtained
for the fan structure by application of the Deutsch analysis, an addi-
tional effect must be considered for the shroud; i.e., the additional
stress caused on the shroud by blade restraint. It is a tangential
shroud stress and it is maximum at the shroud-blade function.

To represent this effect, the following formula was proposed by
Deutsch:

T addit. = (1T FbRs) / (4N rg a).

s
The computer program was prepared with an option to include the
above additional stress. Practically, this was done by tying in T addit.
= 0 together with rg = 0. Therefore, each case was run for rg # 0 and
rg = 0 (the "No Radial Thickness'" heading). A comparison of
computed and experimentally-determined stresses definitely indicated
that the above formula did not hold for the lightweight fan which was
built. The following explanation is advanced: The above formula
assumes that the blade acts as a rigid support. Since the blade gage

is very thin, the blade restraint is very small, as the blade deflects
together with the shroud; hence, Taddit. is very small. As a con-
sequence, the computer runs with rg # 0 were discarded, and only the
run with ""No Radial Thickness'" is shown in Appendix V.

DETAILED DESIGN AND FABRICATION PROBLEMS

The assembly drawings of the two identical fans which were built under
the contract are shown in Figures 6 and 7. The detailed drawings

are not reproduced here, but are listed in Appendix IV. Instead, a
few photographs of the fan components are included. A discussion of
the detailed design and fabrication problems of the fan components

will first be made; next, the procedure for the assembly of the fan

will be described, with extensive use of photographs.
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Quter Shroud

It was found from the computer analysis of the early designs that the
shroud stresses were running consistently higher than the hub stresses;
hence, the need to pay great attention to the outer shroud structural
design. Alsgc, any foreign objects which might be ingested by the fan
would, because of centrifugal force, strike the shroud, not the hub.

It was also decided early that the shroud fabrication would lend itself
very naturally to the spinning technique. In finai analysis, this proved
to be a correct view, since the fan which was built possesses excepticnal
strength characteristics for its weight. However, the shroud design

and fabrication presented extremely bothersome developmental problems,
which at one time threatened the whole program with failure. These
problems were due to two causes: first, the fact that the ratio of the
thickness of the shroud to its maximum diameier was much smaller than
current practice in the spinning art, thus pushing the state of the art;
second, the carelessness of the spinning subcontractor. Both aspects
will be reviewed briefly.

A spinning such as the outer shroud is made by starting from a circular
plate of constant thickness which rotates on a saddle lathe and progres-
sively changing its shape by flowing the metal into the shape of a man-
drel also rotating on the lathe. The greater the curvature of the final
piece, the greater is the difficulty of the operation. Also, the thickness
distribution of the final piece is such that maximum thickness is at the
outer radius and minimum thickness is at the point of maximum curvature
(on Figure 8, this corresponds to the region betweer Stations 5 and 11).
On the other hand, the computer analysis discloses that the point of
maximum curvature usually corresponds to maximum stress. Consid-
eration was given to making a thick shroud and grinding it down to a
prescribed thickness distribution. This was rejected as too expensive.
Finally, starting from a plate 0. 25 inch thick, a criterion was set for
the minimum acceptable thickness of the shroud as 0.065 in.1, at the
point of maximum curvature. To play it safe, and because it was cheap,
it was decided to reinforce the shroud by means of doublers \see Figure
14) to take the in-between-blade bending.

The other potential problem area was the lack of rigidity of the shroud

of the fan because of its very small thickness and the poss.ble uistor-

tions coming from the fact that the shroud had to be spun in thez

0-condition and heat-treated to the T-4 condition afterwards. The first
shroud was rejected as having a minimum thickness below 0.065 inch.

The next two shrouds were received by Aerophysics at its Brentwood,
Maryland, plant on 10 August 1965. They satisfied the minimum thick-
ness requirement. However, upon inspection at Brentwood and careful
mating to the Aerophysics assembly fixture, it was determined that neither
of the two shrouds satisfied prescribed dimensicnal specifications as shown
on Aerophysics Drawing 036-1001; i.e., +1/8 inch off nominal dimensions,
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in the restrained condition. In particular, the diffuser angle was found
to be 9 degrees on the average, compared to a nominal value of 4 degrees
15 minutes. What had happened, naturally, was that the spinnings in the
0 condition probably complied with the dimensional requirements, but the
distortions had set in as a result of the subsequent heat-treat tn a T-4
condition.

Ultimately, the problem was solved by redesigning the spinning mandrel
from a convex to a concave shape, turning a flange outward at the tip of
the diffuser (Station 15 on Figure 8) and insuring that the shroud was
partially reworked and the distortions removed immediatcly after the
heat-treat operation, when the metal was still soft. The final shroud
dimensions fell well within the originai specifications.

Inner Shroud

It was decided that the inner shroud should be nonstructural, as an exam-
ination of Figures 6 and 7 will immediately disclose. Therefore, the
inner shroud is only a fairing for the air passage, and there was no reason
to use a spinning. It consists of 18 pieces of 0.025-inchi~thick al:iminum,
bent and joggled by hand, which are attached to the blades by means of
clips and are riveted directly to the backplat= and to the hub spinner.

It was decided originally to fill the void between the inner shroud and the
hub with foam-in-place "rensulate' plastic. Problems were encountered
with the foam-in-place, and the space inside the inner shroud was finally
1¢it hollow.

Backplate

The backplate was made of a 6061-T6 aluminum sheet, as shown on

Figures 6, 7, and 8. The computer program had indicated that a sheet
thickness of 0. 100 inch was acceptable. However, a thickness of 0.125 inch
was used, because a 0.100 sheet could not be procured in width greater than
5 feet.

The backplate diffuser annulus was originally bent, using an Aerophysics-
built roller, on the table which had been built for the assembly of the fan.
However, the plate showed a certain amount of waviness f~r both fans.
After it had been decided to turn the shroud flange up to iucrease its
rigidity, as explained in the previous section, it became necessary to
perform the same operation on the backplate. Thus, it become convenient
to use the same mandrel as for the shroud. As an experiment, one back-
plate was annealed, the flange was turned, and the plate was heat-treated
again. The other plate had the flange turned while it was in the T-4
condition. The latier one gave better results than the former one, but
both were acceptable.
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Blades and Blade Attachment

A blade thickness of 0.07 inch was chosen, following the results of the
stress analysis. This was a much lower gage than the designer would
spontaneously use. A consequence was that even partial blade attachment
by welding was out of the question. Blade attachment is entirely by rivets.

The blades, shown on Drawing 036-1005, were cut with a router, follow-
ing a template. They were bent individually on a brake, which was both
cheap and accurate. No special problems were encountered.

Blade attachment to backplate and shroud is achieved by using a channel
piece (Drawing 036-1006), milled from a 5/16-x-1-inch piece of bar
stock, which is bent to shape in the case of the backplate and bent and
stretch-formed in the case of the shroud. Channel-to-blade attachment
is by means of countersunk rivets. Channel-to-backplate attachment
and channel-to-shroud attachment are by means cof stainless steel bolts,
held tightly to the channel by means of helicoil inserts. This has the
advantage of making the shroud and the backplate removable. This type
of blade-to-fan attachment requires a lot of precise fitting, but is ex-
tremely strong.

Hub Spider

Two different considerations led to the design of the center hub as a
"spider' machined conical piece. First, for ease of assembly of the fan
a simple blade positioning device is desirable. Having a spider-type
hub, with the blades held on both sides at the root, this goal is achieved
simply. Second, the shroud dimensions hold true only within + 1/8 inch.
It is therefore desirable to be able to ''slide' the blade to match the
shroud. Hence, again, the slotted arrangement has an advantage.

The basic hub spider is a conical tube. This configuration was proved
by computer analysis to be superior to the cylindrical tube. Originallz,
the tangs were designed to have conical edges. In the meantime, from
the results of the computer analysis, the blade thickness was reduced
from 0. 125 inch to 0.07 inch and welding of the blades to the tangs
become impossible (0.1 inch is about the minimum thickness that can
be welded routinely). The design then reverted to an all-riveted
arrangement. It was then necessary to have the tang edge cylindrical,
rather than conical, to provide clearance of the drill for drilling the
rivet holds through the tangs above Station 7.

Fabrication of the hub spider for the two fans was subcontracted to
Applied Science Industries, Falls Church, Virginia.

Hub Disc

The hub disc for both impellers, shown on Drawing 036-1004, was subcon-
tracted to Ray B. Watson Co., Baltimore, Maryland. The two pieces were
received on schedule and were acceptable.



It may be noted that both hub spider and hub disc are very functional,
being both light and strong and appropriale for a prototype fan; however,
they are much too expensive for a production article (total cost of about
$1, 500 for each fan). As mentioned elsewhere, there is no problem in
redesigning, for the same weight, both spider and disc for easier and
cheaper fabrication.

FAN ASSEMBLY

Before discussing the fan assembly, a pictorial review of the fan com-
ponents to be assembled will be made. The hub spider is shown in Figures
10 and 11. Typical blades with channels riveted in place are shown in
Figures 10 and 13. A blanked blade is shown in Figure 12. The hub disc
is shown in Figure 12. The outer shroud spinning is shown in Figure 14.

There are actually several ways to assemble the fan. The fcllowing is
shown only as a general procedure, and covers the most important steps.

First, it is assumed that the fan components have been readied in accor-
dance with Drawings 036-1001 to 036-1007, with the exception of hole
drilling in the backplate, the shroud and the blades, which is done as
part of the assembly.

A key element in the accurate assembly of the fan was the design and
fabrication of a circular fixture table, which was used as basic dimen-
sional reference for the lofting and the final assembly. The table was
horizontal, and a dummy shaft extended axially above 1t. The shaft was
strictly perpendicular to the table, thus permitting repeatable accurate
positioning of the fan assembly (Figures 17, 18,and 19). The table was
20 inches high, providing a convenient working height (Figure 17).

The steps for the assembly of the fan can be described as follows:

1. Using templates rotating around the shaft for the backplate,
and also a height gage using the table top as reference, loft
the blade channels on both the backplate and the shroud, for
all li; blades (see Figure 12 for the marks on the back-
plate).

2. Bend and position the backplate blade channels. Pilot
drill through the backplate (Figure 15). Drill the final
holes and screw the channels in place. They will be
removed and replaced many times during the assembly.

3. Stretch form, bend and position the shroud blade channels.

4. Rivet the shroud doublers to the shroud (Figure 14).

5. Drill and tap holes for helicoil in the backplate channel and
in the shroud channel. Install the helicoil inserts.
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Figure 10. Basic Blade, With Channels Riveted in Flace, Attached
to Hub Spider,

Figure 11. Major Fan Machined Components, Hub Spider and
Hub Disc.
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Figure 12. Backplate and Hub Spider With Blanked Blade in Place.

Figure 13. Three Completed Blades With Channels Riveted in Place,
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Figure 15. Positioning and Pilot Drilling of Backplate Blade Channels,
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Figure 16. Individual Hand Fitting of Completed Blade to Backplate
and Hub Spider,

Figure 17. Individual Hand Fitting of Completed Blade to Inverted
Outer Shroud and Hub Spider,
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Figure 18. Blades in Final Position With Respect to Inverted
Outer Shroud,

Figure 19. Final Fan Assembly; Backplate, Hub Disc and Shroud
Screwed to the Blades,
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10.
11.

12.

13.

14,

15.

16.

Pilot drilling of the shroud from the shroud channel in place
is not practical. Pilot drill the shroud from the lofting on
the shroud instead.

As a bench subassembly, drill and rivet both channels to the
blade. Rivet two inner shroud clips to the blade. E# blade
is then in the condition shown in Figure 17 (but not attached
to the spider yet).

Rivet hub disc to backplate.

Loosely assembly backplate, spider hub and blades. Present
the shroud to insure a good fit and remove it. Locate the
blade holes through the tangs with a specially designed tool.

Remove the blades. Undersize drill the located holes.

Put the blades back in the fixture. Line ream the holes for
the explosive rivets attaching the blades to the hub spider.

Install the shroud in the inverted position on the fixture table.
Mount hub spider and blades. Finish drilling the-shroud holes.
Insure hand fitting of all blades, one by one, by alternating
between the inverted position (Figure 17) and the upright
position (Figure 16). When all blades fit, as in Figure 18,
insert the rivets tying in the hub spider and the blades and
explode them.

Unscrew the shroud. Screw the backplate and rivet the inner
fairing (18 pieces) to the backplate and to the clips.

Screw the shroud back and rivet the inlet spinner (it can be
seen in Figure 21).

Remove the backplate. As the last step, pop the 18 explosive
rivets that fasten the hub spider and the hub disc.

Screw the backplate on for the last time (Figure 19).
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Figure 21. Completed Fan, Model RD 51-.50-1.3-75°, General View,
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DETAILED STRESS ANALYSIS

The detailed stress analysis of the fan was made for a number of condi-
tions corresponding to various computer runs. Since the detailed stress
analysis indicates which and how many fasteners (rivets, screws, bolts)

to use, the most significant detailed stress calculation is that which was
made just prior to freezing the fan design; i.e., here, at the end of Phase
II of the program. The fan configuration as it stood at the end of Phase II
is embodied in the input of Runs 41 and 42. Runs 41 and 42 had the same
physical input, but Run 41 corresponded to r_ # 0 (in-between-blade bendin
included) and Run 42 corresponded to r_ = 0 ”(no in-between-blade bending).
It was stated earlier in this section thaf a comparison of calculated and
measured stresses made at the end of Phase IV of the program had indi-
cated that the fan actually behaved with negligibly small in-between-blade
bending. The input for the detailed stress analysis should therefore be

the results of Run 42, not of Run 41. However, this was not known at the
end of Phase II, and the detailed stress analysis, as shown in what follows,
is based on the output of Run 41. To be complete, both input and output
for Run 41 are shown in Appendix VI, as well as a sketch of the ray system
for Run 41, which differs slightly from that shown on Figure 8 for Run 44.

As explained earlier, after the fan was built, Runs 43 and 44 were made,
and they incorporate the very minor changes made between final design
of the fan and fabrication. Therefore, the ouﬁ)ut of Run 43 is very

close to that of Run 41, and the output of Run 44 is very close to that

of Run 42. Thereiore, to save space, input and cutput for Runs 42

and 43 are not included among the Appendixes.

So, again, the detailed stress analysis which follows is based on the
output of Run 41. Since the stresses for Run 41 (Appendix VI) are
higher than those for Run 44 (Appendix V), the results of the analysis
are certainly conservative.

Shroud Stresses

By inspection (shroud stresses for Run 41, Appendix VI), the maximum
stress, at Station 9 is

O‘t = 6,717 p.s.i. gy = 328 p.s.i.

From equation 21, Reierence 5,

Oy~ -\/o-rz ks Gtz -2v( o, o)

6,620 p.s.i. limit,

49



L ———

assume that ultimate stress = 1.5 x limit stress and design for 125 percent
overspeed; therefore,

g,

y = 1.96 x 1.5 x 6,620

15,500 p.s.i.
From the ALCOA manual (Reference 3, page 78) for 6061-T4 sheet,

T}y = 16,000 p.s.i.
M.s. =16,000 _ ;y _ o3,

15. 500

Another section which may be critical is section 13, the base of the diffuser:

gy = 3,889 p.s.i. g, = 1,509
g, = 3,790 .
Hence,
M.S. = 16,900 -1=0.81.

3,790 x 1.56 x 1.5

Hub Stresses

By inspection, the maximum stress at Station 11 is

g, = 2,892p.5.i., ¢, = 3,831 p.s.i.

Again using equation 31 of reference 5, one finds that

g, = 3,950 p.s.i.

From the ALCOA manual (Reference 3, page 78) for 6061-T6 sheet,

CJ’ty = 35,000 p.s.i.
Hence,

M.S. = 32000 ;. pigh.
3,950 x 2.34



Blade Stresses

By inspection, the maximum stress is on the hub side of the blade at Station 3:

O’t = 1,462 p.s.i., T= 284 p.s.i.
Hence, M.S. = high.

:
Shroud Rivet Design 1.949
Shroud Rivet
.065
{ ]
—
P [T :%\
125 -
Blade Rivet
. 156
094 —» L—
hy
| .070

As shown above, Station 9 is critical:
gy = 6,717 p.s.i.

Assume that the rivets are spaced radially .75 inch apart. The shear load is
p=6,717 x .75 x .065 = 328 pounds.

Using 5/32-inch rivets and 78° head angle, the allowable shear strength
is 670 pounds (24 ST).

Hence, in shear, M.S. = %g - 1 = high; in bearing, M. S. = %;g - 1 = high.

Allowable tensile strength = 683 pounds; M.S. = high. Therefore, the use
of 5/32-inchrivets throughout is permissible. However, for extra safety,
3/16-inchrivets can be used wherever there is a doubler.
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Check now the rivet at the upper flange on direct tension. The blade load
at Station 7 is

P= O't x A=2826x.75x.070 = 43. 3 pounds, which is
carried on two rivets of . 156-inch dia.
Aivet = .0192 inch square;
hence,
g, =L =28 = 1,10 p.5.1.,
070 5

S = —y— + .094 + 1.5 x Iy = . 364 inch, assumihg that therivet is at
a distance equal to 1.5 x diameter of rivet from the flange of clip.

The bending moment in doubler and shroud is

M= 21.6 x .364 = 8 inch-pounds.
°'b=—r TEXI752 = 4100 p.s.i.

Check now the bearing stress on the rivet and the shroud:

_F _ 328 .
Ub A = 097 x 156 = 22, 400 P.-S.1.

Finally, check the stress concentration in the shroud around the rivet
holes. At the rivets, the maximum loading occurs in pure tension. The
effective area between two rivets is that left after the metal is removed
for the holes. Now, at this point there is hardly any bending stress, and
the tensile stress is that from Run 42 (Station 9):

52



.7150
Ot equiv. W17 X =mr——5g = 2,300 p.s.i., o = 328 p.s.i.

Stress concentration at hole (Reference 9, page 387) is

o,=30,- 0, =5123p.s.i.

Rivets, Lower Flange to Blade

Select 5/32-inch countersunk rivets, spaced 1.5 inches apart.

Shear load due to blade tension load, using Station 7 (stresses computed are

nearly normal to passage wall) is

CTt = 826x 1.5x .070 = 87 pounds .

Shear load due to shear is

T =421x1.5x .07 = 44 pounds
P = Vg2 4 442 = 97 pounds
total
M.S. = high.

Hub Spider Rivets

By inspection, the maximum stress along the hub spider is at Station 7 and is

O, =1,364  T= 695 o, = V1,364% + 695° = 1,520

Yblade = 0.07 inch
The shear load is therefore 1,520 x .07 = 108 pounds per inch

Use 5/32-inch explosive rivets. In single shear, they can withstand
590 pounds per rivet. They are in double shear.

Bearing Failure

The rivets were originally spaced 1.25 inches apart (eight rivets). It
was decided to add one rivet. The spacing thus became 1.1 inches.

P _ 108x1.1
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Tear-out Failure !

=

The tear-out failure is based on cthe distance AC. The rivet center
is assumed to be two diameters from the edge of the blade.

AC = 2 x .156 - .078 cos. 40°
= .273 inch
PREpLOCAXTLIL = 3,125 p.s.i.

S 2x.07x.273

By inspection, it is seen that the maximum combined blade stress
along the hub backplate is 1,050 p.s.i. at Station 12. Therefore, the
same rivets can be used for the backplate as for the hub (5/32 inch).

FAN WEIGHT BREAKDOWN

%hglw?ight breakdown of the fan, as it was actually built, is given in
able I.
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TABLE 1
FAN WEIGHT BREAKDOWN

Weight Total Weight

Component Number (Ib.) (Ib.)
Hub Disc 1 13.00 13.00
Blades 18 1.025 i8. 45
Inner Shroud Fairing 18 .109 1.96
Shroud-Blade Channel 18 . 344 6.19
Fairing Clip 36 .0375 1.35
Backplate Channel 18 . 400 7.31
Hub Spider 1 11.75 11.75
Outer Shroud 1 32.50 32. 50
Backplate 1 40.00 40.00
Hub Spinner 1 . 30 0.30
Shroud Doubler 18 . 120 2.16
Bolts, Rivets 2.00 _2.00

136. 97
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SECTION IV
LIGHTWEIGHT RD IMPELLER TESTING

INTRODUCTION

Joy Manufacturing Company of New Philadelphia received a sub-
contract from Aerophysics Company to conduct the following tests
on a lightweight rotating diffuser fan impeller:

Balancing

Brittle Coating Stress Analysis
Strain Gage Stress Analysis
Proof Test

Sound-Excited Vibration Analysis

00 09 1

Before any of the tests could be conducted, the impeller was
mounted on the shaft and statically balanced. Then the impeller
was mounted on its bearing pedestals and coupled to the fan test
lab dynamometer (see Figures 22 and 23). Next, a protective
shed was built around the impeller to protect lab equipment and
personnel in case of impeller failure. The testing then proceeded
in the same order as given above.

Each of the above procedures will be discussed in this section.

The stresscoat stress analysis and sound-excited vibration analysis
techniques are supplemented with Joy reports listed in the Biblio-
graphy. The strain gage stress analysis technique using radio tele-
metry equipment will be the primary topic of this section, since
obtaining the strain gage test data is the primary objective of the
subcontract.

To avoid mix-up in nomenclature of different parts of an RD-type
impeller, the nomenclature is the same as that given in Figure 1,
SectionI.

BALANCING

There are two types of unbalance; thus, there are two types of
balance: static and dynamic. They may be present in a rotor in-
dividually, but normally an unbalanced rotor includes some of each.
The balancing procedure for static unbalance is quite simple and
will be discussed next.

By definition (Reference 1, page 7), "Static unbalance is that con-
dition of weight distribution of a rotor where the center of gravity
does not lie on the rotating centerline of the rotor.' Static unbal-
ance gets its name from the fact that it can be detected by placing
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Figure 22. Impeller Test Setup.
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Figure 23.

Joy 100 Horsepower Dynamometer.
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the part on level parallel knife edges. The heavy side of the rotor
will swing to the bottom. Corrections can be made and the part is
considered balanced when it does not rotate on the knife edges when
placed in any position. The Aerophysics RD rotor was statically
balanced by supporting each side of the rotor shaft on a "knife edge"
device. The "knife edge'" device consisted of two hardened steel
wheels with bearing on a support. The rotor then could rotate very
easily and thus be statistically balanced, as described above.
Approximately 4 ounces of static weight were required to statically
balance the rotor.

It is known (Reference 1, pages 7 and 8) that the center of gravity of
a part is the point about which all of the weight of a rotor is equally
distributed. If we were to slice a rotor into a series of small slices,
the line through the center of gravity of each slice would be the
principal inertia axis. This is the axis about which any rotor will
try to rotate. When a rotor is restricted in its bearing, vibrations
result if the rotating centerline and the principal inertia axis do not
coincide.

Thus, by definition, the dynamic unbalance is that condition of weight
distribution of a rotor which causes the principal inertia axis to in-
tersect the rotating centerline. The intersection will occur at the
center of gravity of the rotor. Such a condition is created by a heavy
spot at each end of the rotor on opposite sides of the centerline so

as to produce two forces acting in opposite directions on opposite
ends of the rotor. Dynamic unbalance cannot be detected on knife
edges (zils static can, and does not become apparent until the part is
rotated.

The equipment used to balance the Aerophysics lightweight RD rotor
dynamically is shown in Figure 24. The equipment consists of an
International Research and Development Company (IRD) Model 314
Portable Vibration Analyzer, additional vibration pickup (for rear
bearing), selector switch, scale and balancing weights. The IRD
Model 314 Portable Vibration Analyzer consists of amplitude meter,
variable frequency filter, vibration pickup and stroboscopic light.

The amplitude meter registers the peak-to-peak displacement of
vibration. The variable frequency filter measures individual vibra-
tions by separating them from other vibrations in the machine. The
vibration pickup picks up vibrations in the machine. The stroboscopic
light measures the relative phase of vibration. It is a flashing light
whose flash rate is determined by the vibration frequency or an internal
oscillator in the instrument.

A wheel such as the RD wheel running at more than 1,000 r.p. m.

is usually balanced in two planes. One plane is the back shroud and

the other is the front shroud. The balancing procedure, which

will be described next, is for the single-plane balancing. The procedure

59



At e e ey

‘$¢ 9an3ig

60



for single-plane balancing is used for two-plane balancing. First,
one plane is balanced and then the other. Norrnally, some effects
of balancing one plane affect the balance of the other, and the bal-

ancing process is then repeated by trial and error until both planes
are balanced.

The balancing equipment described (see Figure 24) is used in the
following manner to balance a wheel dynamically in a single plane.

1. The wheel is run up to balancing speed.

2. The analyzer f{ilter selector krob is set on OCS and
the filter oscillation frequency knob is turned until
the stroboscopic light stops a mark on the wheel from
rotating (for example, the tape on the inlet cover
shown in Figure 24).

3. The filter selector knob is then turned on IN, and the
vibration readings are taken from the displacement
scale of the analyzer for one bearing. The selector
switch is then switched to get vibration readings for
the other bearing.

4. The vibration displacement (mils-peak-to-peak) is
then recorded, and a trial weight is attached on the
diffuser.

5. The wheel is then again run up to balancing speed, and
the new vibration displacement and phase angle shaft
readings are recorded for both bearings.

6. A vector diagram is then drawn on a polar coordinate
paper calculation sheet, and the location and amount
of the balancing weight are determined.

7. The new calculated balancing weight is placed at the
calculated location, and the wheel should theoretically
be balanced in a single plane. Usually, however, it
takes at least three runs with trial weights before the
wheel is balanced.

8. Permanent balancing weights are attached, and the
balance is checked.

After the wheel was mounted on the dynamometer, it was dynamically
balanced at 500 r.p.m. and the balance was checked at 700 r.p. m.

The results are given in Table II. The wheel was finish balanced at
1,180 r.p.m. after the completion of strain gage tests, and the results
are given in Table II.

From Figure 25, T. C. Rathbune curves, it is seen that final dynamic
balance of .22 and . 44 mils-peak-to-peak is "very smooth".

€1



o
o
S
O

]
=3
S
S
(]
o
S
b
N
=

&

U o
<)

Q
L
5
|

Z

id _"

g 2

@ 2

E ol
@

z

w <

E ity

RS_.

= 7

=

> o
o> i
Q
o
®
—4

o
[ o | S -
—
o
2L

80 -
60

-~ R e T e - .

4

_
< _._\\j_u

ST = Z00LTLLY SOLIVUITA
IVId-DL-Nvdd

L | o -

1

|
|

kel

L=

40
0
20
o
8
6

3
0,6

Y

* Frequency corresponds to RPN when dynamic imbalance is tho cause of vibration

0.2
0

T. C. Rathbone Balance Criteria Curves.

Figure 25.

62




TABLE II
BALANCE DATA

Speed Vibration Amplitude Permanent Balance
(r.p.mlJ (Mils-Peak-to-Peak) Weights (Ounces)

Initial Balance
Front Brg. Rear Brg. Front Shroud Back Shroud
500 .30 .40 6.5 7.5
700 .30 .40 6.5 7.5

Final Balance

500 . 48 .78 3.2 8.1
700 . 40 .18 3.2 8.1
900 . 30 .42 3.2 8.1
1180 .22 .40 3.2 8.1

STRESSCCAT TESTING

The brittle coating (Stresscoat) technique consists of little more than
applying a coating of brittle lacquer to the structural member under
test, loading the member, and analyzing the resultant cracks for in-
formation about surface strains. The coatings fracture at a prede-
termined value, and cracks occur normal to the principal tension
strain. The values at which the coatings fracture are determined by
calibration. The stresscoat lacquers are calibrated by coating the
part and a calibration test bar. The bar is deflected a fixed amount
in a cantilever beam test fixture. By placing the test bar in a strain
scale, the least amount of strain required to fracture the coating is
determined. Thus, the first crack on the coated Lest part occurs at
the same value of strain as appears on the calibration bar. Once the
correspondence between load and strain is established, the strain

at any load is determined so long as the entire piece stays within the
elastic range. This is based on the premis~ that all load strains
vary in direct proportion to the load under the prescribed conditions
of complete elasticity. More complete description of brittle coat-
ing technique under dynamic loading is given in Reference 6.

The stresscoat equipment, purchased from Magnaflux Corporation,
is standard. It consists of a cabinet with built-in air compressor
spray guns, gas mask, cantilever beam calibration device, and
assorted stress coatings and undercoatings.
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A Joy 18-14-3450 Series 1000 fan with flexible ducting was used
to exhaust the stresscoat fumes to the outside of the test lab. The
stresscoat fumes are toxic and explosive.

The wheel was sprayed over three sectors about 30 degrees wide,
with three different stresscoat coatings: 1204, 1205 and 1206. The
calibration bars were :.lso sprayed with the same coatings at the
same time, and they were kept with the wheel. After a drying period
of about 20 hours, tne wheel was run at the following r.p.m.'s: 300,
500, 700, 900, 1,150, 1,350 and 1,450. After each run, careful
observation was made of the appearance of new cracks, as well as

of the propagation of old cracks from one run to the riext at a higher
r.p.m. The calibration bars were placed in the cantilever beam
calibration device, and the stresscoat sensitivity was recorded before
the wheel was run.

STRAIN GAGE TESTING

Selection of Strain Gage Locations

The stresscoat results were not sufficient to locate all the strain
gagor; refore, a meeting was held on December 13, 1965, between
Aeropiy...s and Joy personnel to review the results of the stresscoat
testing and to agree on the location of strain gages. It was decided

to apply strain gages primarily where past experience with RD fans
and the computer program indicated that the maximum stresses should
be. A few additional strain gages were located where the few stress-
coat cracks had been found. Fifteen strain gages were installed.

They were distributed as follows: eight on the front shroud, two on
the blades and five on the back shroud. The strain gage locations are
shown schematically in Figure 26 and are described in Table III.

After the above fifteen strain gages had been run and their data
analyzed, it was decided by Aerophysics that another six gages should
be mounted and run. The location of the gages is shown in Figure 26
and Table III.

Since strain gages measure strain and not stress, and because of
Poisson's effects (strains unaccompanied by stresses), two gages

set 90 degrees apart are required in biaxial stress field. Therefore,
a number of gages were mouanted in pairs: one at 90 degrees to the
other, one in honp (tangential), and one in meridional (radial) direc-
tion. For uniaxial field, or where stresses in the direction perpen-
dicular to gage direction are known, only one gage is required.

Instrumentation

There were two sizes of strain gages used: 1/2 in. by 1/2 in. and
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1/4 in. by 1/4 in. All gages were Budd metalfilm strain gages that
were temperature compensated when mounted on an aluminum struc-
ture and had a resistance of 120 ohms.

The radio telemetry eguipment was set up as shown in Figures 27,
28 and 29. The equipment shown operates thus: A strain gage feeds
through a balanced bridge and provides the modulation voltage of the
subcarrier (54 mc). The subcarrier rides on the main frequency

of approximately 103 mc. This, along with a battery for power, is
mounted in the instrument ring on the rotating impeller shaft
(Figure 27).

A receiving antenna picks up this signal and feeds it to an ¥M re-
ceiver. The output of the receiver is monitored by an electronic
counter to insure the subcarrier operation. The electronic counter

is also used to check and adjust the subcarrier frequency. The signal
then is fed into a filter and discriminator which changes the signal
from the strain gage into a DC signal. A zero voltage or centering
control is incorporated in this instrument. A DC impedance matching
amplifier connects the AC signal to the visicorder oscillograph. A
scope in parallel with the recorded input is used to keep a check on
hash and possible limiting of any previous circuit.

The signal from the strain gage is amplified and displayed as a wave
on the oscilloscope and as a vibrating light beam on the oscillograph.
This signal has no significance until it is calibrated, and the ampli-
tude of the electronic beam deflection is correlated to the strain to
which the gage is subjected.

Qutline of T'est Procedure

The test followed this procedure:

1. Strain gage locaticns were selected.

2. Strain gages were insta’‘ed.

3. Calibration was checke,

4., Zeror.p.m. calibratio:e mark was recorded.

5. Wheel was run up to 1, 1580 r.p. m. and stresses were

recorded.

6. Zeror.p.m. calibration mark was recorded.

Calibration

The following three calibration techniques were used:
1. Synthetic Strain
2. Cantilever Beam
3. Eccentric Weight

While any of the above three techniques could be used to calibrate

67



90149 uonIBIqI[RD 21X3U800Y pue judwdinby Answara], L7 24n3drg

68



-qjuawdinbg Suipac 0y pue 3UIA1909Y Aljows(a] Oo1pey

'g2 20814

69



"Wwa)sAg A11oWaTaL OTpRY JIOJ dTIBWAYDS ‘gz 9InJig

ydeax3oi1os0
JI9PJIOISIA

8011

T1omAsuocH

adoosg

Jaryduwy
Suryoreiy
sauepadw] D

JOJEUTWTIDST]

v
121114

e -

O FC
‘baag darareoqng

I2A1200Y WA

I31unc)
o1110914

O £01 I9j1wIsuea ],

WA -INA

70



the strain signal, each technique was used for a specific function.
Thus, the synthetic strain technique was used to calibrate the strain
signal before the wheel was run. The cantilever beam technique
was used to check the synuietic strain calibration and to check
static operation of the telemetering equipment. The eccentric
weight calibration technique was used to check the first two and
also to check the operation of the telemetering equipment under
actual operating conditions. Each of the calibration techniques will
be described next.

The synthet’c strain technique (Reference 8) is the electrical cali-
bration met 1od shown in Figure 30. The strain gage resistance in
one leg of { e Wheatstone bridge is shunted by an open-circuited
resistor of auchhigher resistance. When this resistor circuit is
ciosed, a b idge unbalance can be considered as a synthetic strain
and,as such, will appear as deflection of electron beam on the
oscillograph. The deflection of the beam from the synthetic or
calibrating strain makes it possible to determine the calibration
factor relating strain to the displacement of the oscilloscope elec-
tron beam.

The size of the calibration resistor Rc is selected so that the resis-
tance change obtained by shunting the gage is equal to that produced
by a particular strain.

The resistance Rc of the calibration resistor is found from the
following relation:

Rc = B&
¢ Fe
where
Rg = Gage resistance
F = Gage factor
€ = Strain (in./in.)
If the following are known,
Rc = 60,000 ohms
Rg = 120 ohms
F = 2.06,
the strain can be found thus:
e - Rg
FRc
_ 120
2.06 x 60,000
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€= 970.9 x 1078 in./in.

If the electron deflection is 2.5 inches or 25 marks on the oscillo-
graph scale, the strain for each mark is

970.9 x 1078

= 35

38.84 per mark
where
=1 x 1078 in.

Since the stress O is given by

o= Ee¢,
then
o= (10.3 x 10% x 38.84 x 1076
= 400 p.s.i./mark
where

E Modulus of elasticity (10, 300,000 p.s.i. for aluminum).

The cantilever beam calibration method is used by Joy Manufacturing
Company in the following manner: stresscoat cantilever beam calibra-
tion device (as seen on the right edge of the table in Figure 28) is used
to apply a known strain to a strain gage in the Wheatstone bridge and
to cbserve the deflection of the oscillograph electron beam. Thus, =
stresscoat calibrating bar is taken and placed in the calibrating scale,
and the desired calibration strain, such as 1,000 U in./in., is
location marked on the beam. A small (1/8 in. x 1/8 in.) strain gage
is then glued on the test bar with its centerline on the mark on the

test bar. The calibration test bar is then placed on the calibrating
device, and the strain gage is wired to the Wheatstone bridge. Then
the cantilever beam is deflected a known amount (1,000 A in./in.) by
moving the handle on the calibrating device cam. The deflection of the
oscillograph beams (2. 5 inches) is then equal to this kncwn strain. To
check the electrical calibration device, the gage is shunted with a high
resistance calibrating resistor and the oscillograph beam deflection
(2.5 inches) is observed. If the calibrating devices and telemetering
system operate properly, the beam deflection should be the same.

Thus, for che calibration used for strain gage testing, a 2.5-inch de-
flection is equal to 10,000 p.s.i., or 1 mark is equal to 400 p. s. i.
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Thus, the deflection of the cantilever beam to produce a strain of
1,000 L in. /in. produced the same deflection (2.5 inches) on the
oscillograph scale as the 6,000-ohm calibrating resistance. Since
the stress can be found from

o- Ec,
then o= 10° x 10% x 1,000 x 1076
- 10,300 p.s.i.

10, 300 p.s.i. = 2. 5-in. deflection.

Therefore, the cantilever beam method checked the synthetic strain
meinod.

The eccentric weight calibration method is similar to the cantilever
beam method. A known strain is applied on a strain gage and the
deflection is observed. The strain, however, is applied by the cen-
trifugal force of a weight at the end of a rotating bar. The device is
shown in Figure 27, and consists of two weights at the ends of
rods that have test sections of known area machined for the strain
gages. The weight of the bar above the centerline was carefully
calculated, and the weights were carefully weighed. Thus, for any
r.p.m., the centrifugal force of the weight can be calculated, and
stress can be found from

oy B
U'A

where
F = Centrifugal force (lb.)
A = Area of test section (in. 2).
This method can be used to check the calibration of the oti:er two

methods and to check operation of the telemetry system under oper-
ating cnnditions.

The calculation procedure for eccentric weight calibration method is
shown in Table IV. An example of the calculation is shown below.

The centrifegal force is given by

2
F = Wwr
g
where
W = Weight (1b.)

r

Radius to cg of weight (ft.)
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g = Constant of acceleration (32. 2 ft./sec. 2)
W = Angular velocity (rad. /sec.).
The angular velocity is given by:
w= 2N
60
1.0472 N
10
where

N = Rotating speed (r.p.m.).

Theref~re, for the calibration device shown in Figure 27,

W =0.99¢ 1b.
r =14 in.
0.999 x 14 2
= oS
o 32.2 x12

The stress is given by

o- E
A
- F
1/16
where

Al= Area = 1/16.in. 4.

Therefore, for 1,175 r.p. m.,

w . 104712 N
10

= 1.0472 x 1,175
10

= 123.05 rad./sec.
F = .0361958 x w2
- .0361958 x 123.052

= 547.9 Ib.
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g = 16F
16 x 547.9
8,766 p.s.i.

The deviation is calculated from
Exp. Stress - Cal. Stress
Cal. Stress
8.600-8, 766
8, 766

Percent deviation

1.89 percent.

Data Reduction

Structural analyses are usually presented in terms of stresses. The
stresses, however, are derived quantities; thus, the measured strain
readings must be converted to computed stresses.

The uniaxial stresses can be obtained from measured strains by using
Hooke's law ( O = E € ) so long as the proportional limit is not
exceeded. Thus, the uniaxial stresses were obtained directly from
the strain graphs by using the calibration factor.

Typical strain gage data as recorded by oscillograph are shown in
Figure 31. The middle trace in Figure 31, for gage number 16,
shows (starting from left to right) the O-r.p.m. calibration trace;

a dip of calibration trace due to switching off of the paper feed; full-
speed 1,184-r.p. m. trace; a dip due to switching off the paper feed;
and another O-r.p.m. calibration trace. The darker lines parallel
to the trace are 0. 5-inch lines and the lighter lines are 0. 1-inch
lines. The arrow shows that the strain is in tension, and the cali-
bration is 2. 5 inches, when the strain gage is shunted with a 60,000-
ohm resistor.  The calibration, as calculated in the calibration
section, is 2.5 inches = 10,000 p.s.i. or 0.1 inch = 400 p.s.i.

Thus, if gage 16 represents uniaxial stress, the stress at 1,184
r.p.m. is

Uniaxial Stress = (Number 0.1 in marks) x 400 p.s.i.
mark
= 2.6 x 400
= 1,040 p.s.i.

77



2

(ol

- ’
e & 7
r

1

Figure 31.

Typical Strain Gage Test Data.

78

&
&5




The biaxial stresses, however, cannot be calculated using Hooke's
law because of Poisson's effect -- strains unaccompanied by stresses
(Reference 8). The calculation of stresses from the indicated strains
is more complex, and at least two perpendicular strain gages are
necessary to define the stress picture. In case of two perpendicular
strain gages, the following equation (Reference 8) can be used to
calculate the stresses in the direction of each gage (0'1 in direction 1
and 0’2 in direction 2):

91 = M€, + Ne,
92 = M€, + NE

where
M= —E
1- V2
2
N = __E___.
1- v2

When a number of perpendicular gages are used. the calculation of
biaxial stresses is simplified if a computing table is made. Such a
table (Tables V and VI), similar to that used by Battelle Memorial
Institute for steel (Reference 4), was computed for aluminum
(V= .33 and E = 10,300,000 p.s.i.). An example of biaxial
stress calculation for gages 17 (radial) and 18 (tangential) is given
below. The photograph of recorded data for gages 17 and 18
is shown in Figure 31.

From Figure 31,

Cage 17 Strain = 6. 4 marks
Gage 18 Strain = 3.4 marks

From the calibration procedure section,

Calibration for 0. 1-in. mark on chart

400 p.s.i.
38.8 dn-,
}'Lin.

Actual strain of gage 17 in radial direction is
€ =-6.4 x 38.8
e dn.
a8 in.
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Actual strain of gage 18 in tangential direction is

3.4 x 38.8

€9

132 L 2

From Tables V and VI (interpolated for the last digit),

one finds
ME, = -2870 ME, = 1520
N€2 = 510 N€1 = -940.

Actual biaxial stress in radial directicn is

= -2,870 + 510
= -2,360 p.s.i.
Actual biaxial stress in tangential direction is

= 1,520 - 940

= 580 p.s.i.
The actual running speeds were 1,194 r.p. m. for gage 17 and 1, 198
r.p.m. for gage 18. The above stresses were not corrected for
exact speed of 1,180 because the difference is less than 3 percent
and the strain traces cannot be read that accurately.

PROOF TESTING

After completion of the strain gage testing, the wheel was cleaned up
and dynamically balanced. It was found, after cleaning the wheei, that
full-speed 1,180-r.p. m.dynamic balancing was required since double
amplitude of vibration was approximately 3 mils at 1,180 r.p. m. After
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permanent weights were added, the wheel was run up and held at
1,468 r.p. m. for 3.5 minutes; it was then run up to 1,468 r.p.m.
and a strain gage reading of gage 17 was taken. The uniaxial stress
for this reading is given on the bottom of Table VII. After proof
testing, the wheel was visually inspected and no damage was found.

SOUND-EXCITED VIBRATION TESTING

The equipment used in sound-excited vibration analysis is shown in
Figure 32 and in a schematic drawing, Figure 33. The equipment
shown in the above figures works as follows: A raudom noise gen-
erator (loudspeaker) beams a '""Pink Noise'" on the structure. The
"Pink Noise'" is a random noise with frequencies within a range of
35 to 10,000 cycles per second with equal sound power level per
octave. This random frequency noise excitation causes the struc-
ture to vibrate in all of its possible modes of vibration. The vibra-
tion sensing element, shown attached to the diffuser in Figure 32, is
an accelerometer, Endevco Series 2000, Model A 2213. The accel-
erometer transduces these vibrations into an electrical signal of
complex wave form, which is amplified and analyzed on a wave ana-
lyzer and recorded on a graphic chart. The chart is nondimensional
as to amplitude, and the inspection of this graphic chart indicates
predominant peak frequencies. For more details about sound-excited
vibration testing, see Reference 7.

Using the above equipment, graphic vibration recordings were made
of different parts of the wheel. The recordings were taken with the
accelerometer on different parts of the impeller blade inducer, the
top of the blade, the inlet cylinder and the front and back diffusers.
An attempt was also made to locate the nodal pattern of the front
diffuser excited with an exciting frequency of 70 cycles per second.
This was done in the following manner: A yardstick with the end taped
with electrical tape was moved around the periphery of the diffuser,
and the vibration trace was observed on the oscilloscope. Points

at which the stick did not affect the oscilloscope trace were marked
as nodes. These nodes are marked N with drafting tape and are
shown in Figure 34.

Each of the parts of the impeller has its own resonant frequency.

The frequencies of these parts are then forced on the other stiuctural
parts, which also have their own frequencies. Thus, a complicated
structure, such as an RD-type impeller, has a large number of pecak
frequencies which are difficult to analyze. If the exciting frequencies
to which the structure will be subjected are known, such as operating
frequency and blade passing frequency, then each part of the struc-
ture can be excited with a random noise generator at these discrete
frequencies. The part which has resonant frequency at the discrete
frequencies used can thus be found, and its damping can be changed
to alter its resonant frequency.
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RESULTS

The results for each type of test will be given next.

Balancing

Before the impeller was mounted on the shaft, it was statically
balanced; 4 ounces of static weight were required. After the

wheel was mounted on the dynamometer, it was dynamically bal-
anced at 500 r.p.m. and checked at 700 r.p. m. The results are
given in Table II. The impeller was finish balanced at 1,180 r.p.m.
after completion of strain gage tests, and results are given in
Table II.

Stresscoat Testing

From the calibration bars, the stresscoat sensitivity was found to

be 9,000, 6,500 and 7,000 pounds per square inch for coatings 1204,
1295 and 1206, respectively. Sensitivity is defined as the minimum
stress required to produce first crack in the coating. The impeller
was run at seven speeds (300, 500, 700, 900, 1,150, 1,350 and 1, 450
r.p.m.), and the impeller was checked for cracks after each run.
Cracks were found at 500- and 700~-r.p.m. runs on the edge of the
inlet cylinder, the top screw of one blade and a balancing weight.
These cracks did not propagate at higher speeds. No crack patterns
were obtained on any of the three coatings at the proof speed of 1, 450
r.p.m. The coatings were dy-checked after the 1,450-r.p. m. run
to find closed-up cracks, but none were found.

Strain Gage Testing

The strain gage test results are given in Table VII and strain gage
locations are given in Figure 26. The eccentric weight technique cali-
bration run results are given in Table IV. The air load results for
gages 17 and 18 at 728 r.p.m. are given on the bottom of Table VI.
The uniaxial stress for gage 17 at 1,486 r.p. m. is also given on the
bottom of Table VI.

From Table VI, it is seen that the highest stress at 1,180 r.p.m. is
the radial stress at the base of the back diffuser -- gage 19, 3,690
p.s.i. The highest tangential stress is near the rim of the front
diffuser -- gage 21, 2,800 p.s.i. To calculate biaxial stress of gage
6, the tangential stress of gage 8 was used.

The calibration using the synthetic strain technique was 2.5 inches =
10,000 p.s.i. It was checked using cantilever beam method, which
gave calibration of 2.5 inches = 10,300 p.s.i. The calibration using
the eccentric weight technique deviated from actual stress from -2.45
to + 7.45 percent.
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TABLE VII
IMPELLER STRESS LEVEL DATA
(POUNDS PER SQUARE INCH
AT 1,180 R. P. M.)

Radial Tangential
Gage No. (Meridional) (Hoop) Notes

1 0 - -

2 - 810 -

3 640 - -

4 - 1340 -

5 - 1400 Uniaxial

6 2980 - -

7 2760 = -

8 - 2310 -

9 480 - Uniaxial

10 - 0 (Axial) Uniaxial

11 - 1000 Uniaxial

12 1380 - -

13 - 1720 -

14 2080 - -

15 - 2040 -

16 - 1040 Uniaxial

17 -2360 - -

18 - 580 -

19 3690 - -
20 - 2210 -
21 - 2280 Uniaxial

17R -4200 - Uniaxial @ 1486 r.p.
17R 870 - 728 r.p.
18T - 270 728 r.p.
17R 910 + 310 - Air Load 728 r.p.
18T - 250 + 110 Air Load 728 r.p.

388383
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Proof Testing

The impeller was run at a proof speed of 125 percent above operating
speed for 3.5 minutes. Visual inspection of the impeller revealed no
damage.

Sound-Excited Vibration Testing

The results of the vibration testing are given in graphic recordings
which are not included in this report. There are two recordings 1or
each diffuser, three for each blade inducer, one for the top of the
blade and one for the inlet cylinder. The locations of the accelero-
meter for the above recordings are marked on each recording. The
frequencies of the peaks of the graphic recordings are given in Tables
VII and IX. Tables VIO and IX are arranged to show the peak fre-
quencies of graphic recordings as multiples of 32 and 36 cycles per
second, respectively.

The nodal pattern of the front diffuser at 70-cycles-per-second
excitation is shown in Figure 34. The nodes are marked N with
drafting tape.

ANALYSIS OF RESULTS

The results will be analyzed following the same order as the results
reported above.

ga_lancing

The good static balance (only 4 ounces required) i1dicates that the
impeller is accurately made and that its center of gravity is close to
the centerline of the impeller.

The final dynamic balance (see Table II) indicates that the impeller
on its test setup is well balanced at 1,180 r.p.m. If the T. C. Rath-
bone curves, Figure 25, are used as criteria, then the final balance
is "very smooth".

Stresscoa: Testing

The cracks that appeared during the 500- and 700 -r.p. m. runs can

be attribuled to stress concentrations, which were relieved by centrif-
ugal load. These cracks failed to propagate at higher speeds and were
not found in the same locations on symmetrical portions of the impel-
ler. Cracks on the inlet cylinder edge were probably caused by
putting on the inlet cover after the impeller was stresscoated. The
run at 1,450 r.p.m. (the design proof speed of the impeller) showed
that the stresses in stresscoated areas, with the exception of stress
concentration areas, were below6, 500 p.s.i. The only gcod stress
concentration area was near the top screw of one of the blades which
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stress-relieved itself after the 700-r.p. m. run. The main purpose

of the stresscoat testing was to find stress concentration areas in
which to locate strain gages. The stresscoat results at 1,450 r.p.m.,
however, were not sufficient to locate the strain gages properly.

Strain Gage Testing

The straiw ,age tests gave the stress levels (Table VII) of different
impeller locations (Figure 25) where the stress levels were highest.

The results indicate that the highest stress levels in the wheel are

at the diffuser base. The back diffuser had higher stress levels,
3,690 p.s.i. radial and 2, 210 p.s.i. tangential, than the front dif-
fuser, 2,980 p.s.i. radial and 2, 310 p.s.i. tangential. Since, from
experience, the industrial RD impellers have highest stress levels
at the front diffuser base, the lightweight RD wheel should also have
highest stress levels at the front diffuser base. The difference in
stress levels is probably due to a failure to locate the strain gages
at the exact point of maximum curvature of the front diffuser base.
The tangential stress of 2,800 p.s.i. near the diffuser rim is much
higher than expected and is probably due to the formed cylindrical
flange on the top of the diffuser. The stress levels of the impeller
are well below the yield strength of 40,000 p.s.i. and the fatigue
strength of 14,000 p.s.i. of the 6061 T-6 aluminum alloy from which
most of the wheel was fabricated (Reference 3). The material prop-
erty of primary interest in rotating structures is the fatigue strength
of the material, since some parts of the wheel are subjected to stress
reversals. Since the stress levels at all tested locations are well
below the fatigue limit of the material, the impeller is adequate from
a stress standpoint.

The expected accuracy of the above strain gage results should be
within + 7 percent, since the maximum deviation using eccentric
weight calibration technique was -2,45 to + 7.45 percent, The
higher stress level values should be more accurate, as can be seen
from the calibration data in Table IV.

Proof Testing

Since there were no structural failures during proof testing of the
impeller for 3.5 minutes at 1,468 r.p.m., or at 125 percent over-
speed, the impeller is adequate for operation at 1,180 r.p.m.

Sound-Excited Vibration Testing

From Tab.e VIII and the graphic plots, it is seen that the peak fre-
auencies common to most parts of the impeller are 128 and 320 cycles
per second. Therefore, the impeller should not be subjected to con-
tinuous excitation at the above frequencies. The front diffuser is
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probably the most sensitive part of the impeller, as far as vibration
is concerned, and an attempt should be made not to excite the diffuser
with any of the peak frequencies on the front diffuser graphic plot.

If the number of front diffuser peak frequencies of the lightweight RD
impeller is compared with the industrial RD impeller with thicker
structural parts, such as the Steel RD 56-50, it is seen that the
lightweight impeller has a larger number of peak frequencies in the
low frequency range (30 to 250 cycles per second). Typical peak
frequency comparison would be 160, 290, and 780 cycles per second
for the RD 56-50 impeller and 32, 68, 96, 125, 210 305 »nd 560
cycles per second for the lightweight RD impeller. Thus, it appears
that reduction in section modulus of the wheel structural parts in-
creases peak resonant frequencies, and thus vibration problems.

From Table VIII, it can be seen that most of the peak frequencies are
multiples of either 32 or 36 cycles per second. A good explanation for
this occurrence is not apparent.

From the analyses of the above tests, it can be concluded that the
wheel tested is adequate for operation at its design speed of 1, 180
r.p.m., provided it is not subjected to exciting frequencies which
coincide with resonant frequencies of its parts. Particular care
should be taken not to excite diffusers and blade inducers at their
resonant frequencies.

A standard practice for industrial RD impellers is to vibration test
them to obtain graphic plots and then to stiffen them if any of the pre-
dominant peak frequencies fall close to operating and blade passing
frequencies.
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SECTION V

COMPARISON OF CALCULATED AND MEASURED STRESS
LEVELS

PRESENTATION OF DATA

Calculated stresses obtained from the computer analysis discussed in
Section I of this report for fan RD 51-.50-1.3-759, shown in Figures 6, 7,
and 8, are tabulated in Appendix V for Run 44 and Appendix VI for

Run 41. As discussed in Section III, Run 44 better represents the fan
configuration which was built and tested than Run 41. In this section,
the results of Run 44 (Appendix V) will be used, except as noted. The
reader is also reminded that the ray or station locations for Run 44

are shown on Figure 8, page 33. Figure 8is a scaled reduction of the
corresponding full-scale drawing and the scale factor is 1 : 3. 195.

The ray locations for Run 41 can be laid out from the values of the angle
6 given in Appendix VI.

Measured stresses, obtained by means of dynamic strain gage readings
on the same RD 51-.50-1.3-750 fan, are discussed in Section IV. The
location of the 21 strain gages is shown both in Table II and in Figure 26.
It is better not to scale Figure 26, but to use the dimensions shown in
TableII to locate the strain gages. The measured stresses for the 21
strain gages are tabulated in Table VI.

Consideration was given to a graphical presentation of the results,
plotting radial and tangential stresses against radius for both hub and
shroud, as well as plotting tensile and shear stresses against radius
for the blades. This can be done very simply, since these stresses
are tabulated against the radius in Appendixes V and VI. It was felt,
however, that a discussion based on tabulated data would he clearer.
These data are presented in Table X. Results from the 21 strain
gage readings will be discussed successively, in three categories:
first, those for which perfect agreement between theory and experi-
ment was found; second, those for which a disagreement was found
but an obvious explanation can be offered; third, those for which
there is poor agreement, which may reflect on the validity of the
analysis.
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TABLE X

COMPARISON OF CALCULATED AND
MEASURED STRESS LEVELS (RAW DATA)

Gage Number Measured Value, pounds Calculated Value, pounds
(Figure 26 and Table III) (Table VII, p. 88) (Appendix V)

Run 44 Run 41

1 0 0
2 810 818
3 640 (radial component is 96
218)
4 1340 1624
5 1400 1818
6 2980
7 2760 1392 3889
8 2310 1490 1509
9 480 1024
10 0 255
11 1000 2771
12 1380 1400
13 1720 1700
14 2080 2135
15 2040 1400
16 1040 818
17 - 2360 - 1392 - 3889
18 580 Not available
19 3690 2135 2343
20 2210 1452 1491
21 2280 1200 1200
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COMPARISON OF DATA (TABLE X)

Perfect Agreement

Gage 1: The theory assumes no axial stress. This is the cylindrical
part of the shroud, where one would expect this hypothesis to be well
verified. Indeed, one finds that the stress reading is zero.

Gage 2: The tangential (hoop) stress is calculated to be 818 p.s.i.
(Station 3 for the shroud) and is mecasured to be 810 p.s.i., showing
excellent agreement.

Gage 16: The theory on which the computer program is based (the
original Stodola method) predicts a sharp increase in hoop stress at
the shroud inlet as one moves from the outside to the inside of the
shroud (see in Appendix V that the tangential stress at Station 3 of the
shroud, which corresponds to a radius of 13. 591 inches, is 818 p.s.i.,
while the tangential stress at Station 2, which corresponds to a radius
of 13.590 inches, is 3,050 p.s.i.). It is well shown that this stress
rise is due to an idiosyncrasy of the analysis, but Juoes not really take
place. In order to verify this, gage 16 was placed at the same station
as gage 2, inside rather than outside the shroud. A reading of 1,040
p.s.i. confirms that the stress rise of the program does not take place
in reality.

Gages 12 and 13: Gages 12 and 13 are the most significant gages for
the whole stress correlation program, since they correspond to a
condition in which t! ¢ mcridional stress is radial, the axial stress

is zero as posiulated in the analysis and ‘he hub cross section is
uniform. As shown in Table X, the measured radial stress (gage 12)
is 1,380 p.s.i., and the calculated one is 1, 400 p.s.i.: the measured
hoop stress is 1,700 p.s.i., and the calculated one is 1,000 p.s.i.

In view of the fact that hub and shroud stresses are interdependent in
the analysis of Section I, one is led to conclude from the agreement
between calculated and measured stresses both on the hub and the
shroud at more than one station that the analyfical method is essen-
tially quantitatively correct. Such agreement as shown above cannot
be cnincidental.

Qualified Agreement

Gages 3, 4 and 5: Gages 3, 4 and 5 were placed on the outside of the
shroud, in regions where the shroud meridional curvature (making it
a conical rather than a cylindrical surface) is quite pronounced. Gage
3 is a meridional gage. Therefore, it has both an axial and a radial
component. It is not possible physically to measure the radial com-
ponent alone; actually, that component is quite small, being calculated
in Appendix V to be 96 p.s.i. To satisfy the assumptions of the analysis
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of no axial stress, the measured meridional stress should be zero.

It is seen ir Table X that its value is 640 p.s.i. Therefore, the
Deutsch analysis does got strictly hold in regions of large shroud cur-
vature change. This is a relatively secondary effect, as can be seen
from the fact that the measured hoop stresses for gages 4 and 5 (1, 340
p.s.i. and 1,400 p.s.i.) do not differ by more than 20 to 25 percent
from the calculated ones (1,624 p.s.i. and 1,818 p.s.i., respectively).
However, an shown later, these three-dimensional effects can be
accounted for in an extension of the Deutsch theory.

Gage 11: What appears to be a large discrepancy (1,000 p.s.i.
2asured hoop stress against 2,771 p.s.i. calculated stress) can be
explained very simply. First, the reason that a gage had been placed

there was the existence of local stress concentrations shown at low
r.p.m. with the stresscoat paint (as explained in Section IV, these
stress concentrations relieved themselves at design r.p.m.). This is
a very unlikely location for a strain guge, since the strain gage was
mounted on the machined hub disc, not on the backplate, to which there
was no access after the fan had been assembled. V/hat happened ob-
viously was that the centrifugal load chose to trave! through the back-
plate rather than through the hub disc. Thus, the stress distribution
through a hub cross section at the gage-11 location must have been
very nonuniform. This could be verified by glueing a strain gage on
the inside of the backplate. This was not done, since it would have
necessitated a complete disassembly of the fan in the shop.

Disagreement

Gages 9 and 10: After the test program was under way, it was
realized belatedly that it was a mistake to install the strain gages
after fan assembly. It would have been much easier to install them

on the fan components, for example the blades, before the assembly.
In particular, it turned out to be practically impossible to instrument
the upper part of the hub and the blades. A total of only two strain
gages was put on the blades, as shown on Figure 26, and even those
were hard to install. The results of Table X show a discrepancy
between measured vaiue (480 p.s.i.) and calculated value (1,024 p.s.i.)
of tensile stress of the order of a factor of two. As to shear stresses,
they are 0 and 255 p.s.i., respectively. This means that the blades
carry less load than calculated. This is certainly conservative, but
no explanation for it will be advanced, as it is futile to try to speculate
from such a small number of measurements.

Gages 6, 7, 8, 14, 15, 17, 18, 19 and 20: Except for the general
validation of the Deutsch analysis, the most important results of the
experimental stress determination were concerned with a determination
of the stresses at the base of the diffuser {Station 13); at that particu-
lar point the Deutsch analysis, as applied in Run 44, was found to be
faulty. Therefore, this deserves to be discussed at some length.

It was recognized in Section I (page 7) that the basic Deutsch centrifugal
analysis did not account for the bending stress imposed upon both shroud

97



and hub discs because of the conical shape of the diffuser (ﬁ = 4,24
degrees for the present fan). It was proposed to represent this effect
by considering the diffuser section ... the wheel as a circular plate

viith a hole of uniform radial and axial thickness having its inner edge
fixed and having a uniformly distributed 10ad applied. The correspond-
ing radial bending stress, to be added to the radial bending s‘ress found
in the normal Deutsch analysis, is given on page 7. It is assumed that
the additional tangential stress due to this effect is zero.

During the first series of stress ruas, in December 1965, gages 6, 7,
8, 14 and 15 were installed. All were nominally at Station 13. The
first results were inconsistent; this was uttributed to errors on the
strain gage locations and errors in readings. F:nally, the radial
stress for gage 6 was found to be 2,980 p.s.i. and that for gage 7,
2,760 p.s.i. Gage 6 was near a blade; gage 7 was halfway between
blades. It made sense that the stress near the blade should be larger
than the other, because of blade restraint. Now, the results of the
readings of gages 7 (radial stress) and 8 {hoop stress) did not agree
well with the calculated results of Run 44: 2,760 p.s.i. against 1, 392
p.s.i. (radial); 2,310 p.s.i. against 1,490 p. s.i. (hoop). What was
still more surprising was that the results of Run 41 were far different
from those of Run 44 for radial stresses: 3,889 p.s.i. against 1, 390
p.s.i. The measured radial stress was just halfway between the cal-
culated stresses for Runs 41 and 44. This definitely must be considered
coincidental. Hoop stresses for Runs 41 and 44 were the same: 1, 509
p.s.i. against 1,490 p.s.i. Thus, for shroud stresses at Station 13,
the base of the diffuser, two facts were apparent: first, the calculated
additional radial stress was much too low (according to run 44) or much
too high (accoraing to run 41); second, there was a definite additional
tangential stress due to conicity which was not accounted for in the
theory.

Gages 14 and 15 gave the corresponding values for radial and hoop
stresses at Station 13 for the hub. The mcasured value for radial
stress was 2,080 p.s.i., against 2,135 p.s.i. calculated; for hoop
stress, it was 2,040 p.s.i. against 1,400 p.s.i. From this, one can
draw three conclusions. First, there is reasonable agreement between
theory and experiment for radial stress; however, this turned out to
be coincidental, since gages 14 and 15 had mistakenly been placed
between Stations 13 and 14, rather than exactly at Station 13. Second,
calculated hoop stresses are too low, as in the case of the snroud.
Third, hub stresces at Station 13 are lower than shroud stresses, this
being explained by the fact that tlic inner shroud disc exerts more
restraint on the diffuser section than the inner hub disc. Unfortunately,
this was disproved by further testing.

After these results were obtained, it was decided to use the remain-

ing strain gages around Station 13 in an attempt to clarify the situation
dascribed above. Additional gages 17, 18, 19 and 20 were therefore
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installed. Gages 17 and 18 were installed on the inside of the shroud,
and it was cnnfirmed that the tensile radial stress changed into a com-
pression stress. Gages 19 and 20 were installed on the outside of the
hub, exactly at Station 13. A radial stress of 3,690 p.s.i. and a hoop
stress of 2,210 p.s.i. were found, thus confirming that the analysis
definitely underestimated both radial and hoop stresses at the diffuser
base.

Etablissemeuts Neu, of Lille, Franch, has over the years established
empirical formulas tc calculate the additionai stresses at the base of
the diffuser due to diffuser conicity. These formulas were applied in
the above case, but failed to provide satisfactory agreement (they also
underestimated the magnitude of the additional stress). At least, these
formulas recognize qualitatively the need for an additional hoop stress,
as well as a radial one.

As the matter stood in January 1966, additional tests would have been
required. They were not possible because of a lack of time and a
shortage of strain gages. If a fan configuration similar to that tested
in the present program is used, the stress levels of Table X can be
used with great confidence. Pending a better analytical determination
of the stresses at the base of the diffuser, each new fan of different
design should be tested and strain gages should be monitored at the
base of the diffuser, the stresses elsewhere being safely determined
on the basis of the Deutsch theory.

Gage 21: The last gage was placed, in the tangential direction, as

far out on the shroud diffuser as possible (where the radial stress is
zero). As can be seen in Table X, the measured stress is 2, 280 p.s. i.
and the calculated one is 1,200 p.s.i. The reason for this discrepancy
was understood, as a result of the investigations reported above. The
difference is about 1,000 p.s.i., which is the magnitude of the hoop
stress increment due ‘o diffuser conicity; this hoop stress increment,
in the present case, is approximately constant between Stations 13 and
15 (while the additional radial stress is expected to decrease linearly
frcm its maximum vaiue at Station 12 to zero at Station 15).

EVALUATION OF THE RESULTS

The analyses of this report, including the theoretical stress analysis,
the design analysis, and the experimental stress determination, are of
a pioneering nature, and the results are felt to be both encouraging

and rewarding. The program had a double objective. First, the com-
puter program was used as an analytical tool, a design guide, for
"proportioning' a minimum-weight structure, as was explained in
Section II. €©~cnnd, it was meant to provide a quantitative assessment
of the stress ievels within the fan. The first objective was fully
achieved. As was shown in the previous paragraph, the second ob-
jective was accomplished in general, except at the base of the diffuser.

Quantitative agreement was not perfect, and this was due to many
factors which are worth recalling briefly. First, there were some
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incertitudes about stress readings and the exact location of the strain
gages (as pointed out in Section IV). Though the repeatability and reli-
ability of these dynamic readings is remarkable, still better results could
have been obtained with more time and more strain gages (about 40

more strain gages would have made possible a thorough job). Also,
strain gages should be installed at the time of the fan assembly, not
when the fan is mounted on the dynamometer; the strain gages should be
electrically connected to a collector ring, and the wires should be
imbedded within the structure.

Second, the Deutsch analysis can be improved in two respects. On the
one hand, the additional stresses due to diffuser conicity mist be rep-
resented better than they are now. On the other hand, in the regions
where shroud curvature (of a meridional section) is appreciable, the
assumption that the axial stress is zero does nol hold well and can be
removed as follows: consider station n-1, n and n + 1 and the corre-
sponding mass elements. Consider the equilibrium of element n to which

are applied the radial stresses of the neighboring elements, g and
i=-1
(Tr , respectively. Since in general O"r is different from
i+ 1 i-1

r;, 1, there results a net torque on element n, which can be represented
as an annular disc. Known formulas allow one to calculate the axial stress
Ta needed to be applied on element n to balance this torque. One can

thus find for each element an axial stress @ _, which can be superimposed
to the other stresses of the Deutsch analysis.” This can easily be incor-
porated in the computer analysis.

In conclusion, the present results are quite encouraging, and there are

no obstacles, with modest amounts of theoretical and experimental work ,
to a complete understanding of the stresses of RD fans.
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SECTION VI
WEIGHT OF LIGHTWEIGHT RD IMPELLERS

GEM DESIGN STUDIES

The contract specified that at the end of the program two design studies
would be made, with a view toward a determination of the weight per
horsepower of RD fans installed as lift fans for air cushion vehicles.
The configurations which were chosen for this exercise were a modified
Navy/Bell Aerosystems SK-5 air cushion vehicle and a Navy landing
craft air cushion vehicle. The main ground rules of the design studies
will first be described. Fan weight estimates will be discussed in the
next paragraph.

Modified Bell SK-5 ACV With RD Fan

The purpose of the exercise was to see if the Bell SK-5 vehicle could

be retrofitted, with minimum changes, with an RD fan and what the
advantages of the RD fan over the existing radial fan would be. The
design criterion furnished to Aerophysics by Bell Aerosystems came
from Table 1 of Section 04.09 of Saunders-Roe Division of Westland Air-
craft Ltd. Report No. Structure N5/53 for the static hover condition.
That condition called for 703 horsepower for the radial lift fan at 950
r.p.m. and 150 horsepower for the propeller fan at 1,998 r.p.m. Bell
also gave Aerophysics a pressure-capacity curve for the radial fan at
900 r.p.m. The pressure-capacity curve at 950 r.p. m. was thus easily
obtainec, and an RD fan was designed to match the above condition.

This resulted in the selection of fan RD 79-.84-1.3-75°. This fan is
slightly more bulky than the rc dial fan, 103 inches overall diameter
against 83 inches, but it turns slower, 780 r.p.m. against 950 r.p. m.

A drawing of the fan installed in the Bell SK-5 vehicle is shown in Figure
35. The RD fan can be installed with only very minor changes to the
structure of the vehicle and a partial relocation of one of the fuel tanks.

Initially, some thought had been given to the redesign of the SK-5
entire duct system to optimize it in conjunction with the use of the RD
fan. This was abandoned as being uapractical, since it would have
involved drastic changes to the SK-5 vehicle.

It is interesting to note that there are great resemblances between the
RD fan of the 84 series chosen here and the radial fan, but there are
differences in size and r.p.m. as noted above. The efficiencies are
nearly the same (the radial fan being slightly more efficient, with an
efficiency of 84 percent at design point). As will be seen in the next
paragraph, the weights are nearly the same. One worthwhile differ-
ence is that the RD fan is shown equipped with adjustable inlet vanes
which permit a modulation of tie flow which is not possible with the
radial fan. To use the reduced space available, 24 vanes are shown.
Their tota! weight is estimated to be around 75 pounds.
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As the SK-5 ACV starts operating in an overloaded condition, the RD
fan shows increased advantages over the radial fan. The radial fan
operates best a. cushion pressures under 50 p.s.f. The RD fan shows
to advantage at cushion pressures above 50 p.s.f.

Landing Craft ACV With RD Fan

Starting from the thought that the RD fan would show well for ACV's
with high cushion pressures (70 to 100 p.s. [.), design studies were
made of a family of landing craft air cushion vehicles. High cushion
pressures are required because of the need for efficient stowage aboard
LSD's (Landing Ship Dock). Vehicles of several sizes were studied. A
typical configuration is shown in Figure 36. This particular vehicle
was sized so as to have approximately the same lift-propulsion system
as the SK-5 vehicle. In other terms, what was investigaged here was a
Skimmer 5 with the same gas turbine-lift fan-propeller configuration,

a reduced planform area (and a corresponding increased cushion pres-
sure), and a full plenum chamber configuration.

It turns out that this configuration is very attractive in general, but

not in the size shown in Figure 36. The cushion area is 285 square
feet; assuming a cushion pressure of 100 p.s.f., this means a :iifting
capability of 28, 500 pounds and hence, a payload of the order ¢ 15,000
pounds. With rgo well of 7T-x-14-ft. size, there is no space to
accommodate «  payload. The design of Figure 36 should therefore
be looked upon as a concept, not a practical vehicle. This particular
design would become practical gain by reducing the cushion pressure
and the power plant size to match a 14, 000-pound gross weight.

A few words may be said about the fan installation of the vehicle of
Figure 36, which is matched to a plenum chamber configuration. The
plenum chamber is contained by a fully peripheral flexible skirt. The
plenum pressure bubble is fed through two transverse horizontal air
delivery ducts located in the stern section where the RD fan is. A system
of circumferential cut-off vanes around the RD fan, not shocwn, directs
the - ° to the right and left through these ducts and into the plenum.

Inlet air is drawn into the inverted RD fan through a large bulkheaaq,
with an opening facing the cargc hold area, thus minimizing ingest.on

of water spray. The skirted plenum chamber flexible walls extend high
up the side of the craft to the level of the fan discharge area. The hard
structural body of the craft is well down within the plenum chamber,

yet not so low as to be near the depressed water surface under the pres-
sure bubble. The nominal gap between the skirt and the water is
assumed to be 1 inch. This prescribes the use of an RD fan of the 70
series (such as the one shown on Figure 9, page 35).
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Fuel tank now located ahead of

fan and in plenum chamber. Must
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Design Study of Bell SK-5 Air Cushion Vehicle With RD Fan.



of Inlet

viust Inlet Guide
- \
0 — )
J : A
(- — , R 10

Guide Vanes

2 T Fan 3pindle
'.
\ , J SCALE - Feet
\ | || :
W
N O | — I,
. ..""H.,
e = SO
R e B e S 0= ) ¢ feo.
| = === ]
| | , N

__-—;l-_f; —
) S u=.=}=f’

= ; ;_} = : i i
= ¥
N } ]

RS | | I | o | B B SIN S

Figure 35. Design Study of Bell SK-5 Air Cushion Vehicle With RD Fan.

03



Cargo Well

Flexible
skirt :

e
—

=

e - S— 23 Fit.

— Power Distribution
Gearbox

— T 58 Marine
Gas Turbine

|
TL
7/

i hru Car;.:n frf.a
_-.._f._._-.

1l

| F—F I Fﬂl’l -

E'_L-.—--T-T_ = hFan Air Inlake
t

Plenum Chamber

Figure 36. Design Study of Landing Craft Air Cushiol

105



S ——

Flexible A
Skirt 2

D R Loading
AN Ramp

hamber

Study of Landing Craft Air Cushion Vehicle With RD Fan.

SCALE - Feet

Pusher
*Fropeller




CONCLUSIONS CONCERNING WEIGHT OF RD IMPELLERS

The {irst conclusions to be drawn about the weight of RD impellers
must logically concern the fan which was built under the contract:

fan RD 51-.50-1. 3-750. A weight per horsepower depends critically
upon which reference horsepower is being used. For the structural
analysis of the fan as well as for the tests, the design r.p.m. was
arbitrarily chosen as 1, 180 r.p.m. Under these conditions, the
strain gage results shown in Table X indicate that the maximum
stress within the fan was a radial stress of 3,690 p.s.i. (gage 19).

On the other hand, the maximum tensile yield stress for 6061-T4
aluminum sheet is 16,000 p.s.i. (see page 50 ). Even after assum-
ing the ultimate stress to be 1.5 times the limit stress and designing
conservatively for 125-percent overspeed, the margin of safety is
nearly 1. This means that, at 1,180 r.p. m., the fan is designed over-
conservatively. Actually, the margin of safety is still positive at

a design r.p.m. of 1, 600. The radial stress of 3,690 p.s.i. now
becomes 6,825 p, s.i., which is obviously conservative in comparison
with a 16,000 p. s. i. allowable.

The design horsepower at 1,180 r.p. m. 3js 110 horsepower (Figure 4).
Thus, at 1,600 r.p.m., it is 110 x 1.369 = 277 horsepower. The

fan weight was found to be 137 pounds (Table I, page 55). The corre-
sponding weight-to-horsepower ratio is therefore 0.5 pound per horse-
power. This figure holds only if the fan is operated at a design speed
of 1,600 r.p.m.; i.e., at a design fan pressure of 37-inch HZO'

Such a fan pressure is higher than needed for most of today's air
cushion vehicles. It is therefore of interest to calculate the weight
per horsepower for RD fans operating at lower heads.

The calculations made for the RD 51-.50-1. 3-75° fan were therefore
repeated for the RD 51-.70-1. 3-750 fan. This is a fan of the same
overall diameter as the one which was built, but with a larger inlet
area. It will be recalled that, originally, it had been a toss-up to
choose which one of the two fans to build. The aerodynamic charac-
teristics of fan RD 51-.70-1. 3-750 are shown in Figure 5. The fan
was laid out and stress analyzed (the input layout is shown in Figure 9),
and the components were weighed. It was found that the weight per
horsepower was again in the neighborhood of 0.5 pound per horsepower,
but this time at a design r.p. m. of 1,400.

It is concluded that with the methods of fabrication described in this
report, aluminum construction and hand fitting, an RD impeller can
be built in the sizes corresponding to pressure rises between 15- and
30-inch HyO and horsepower ratings between 100 and 1,000 for a
weight of 0.5 pound per horsepower.

For example, the fan installed on the redesigned SK-5 of Figure 35 would
weight 350 pounds (700 horsepower installed power). This is within 10
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percent the same weight as that of the persent radial fan. The RD
system is actually heavier because of the 75 pounds of inlet vanes.
However, these permit a very nice flow control job, which is impos-
sible with the radial fan.

It does not appear worthwhile to speculate about the weight of the duct-
ing that goes along with a giver. air mover, for example, an RD fan.
The advent of trunks has transformed most ACV's today into partial

or total plenum chamber types. Even with most pure annular jet types,
the trunk itself is an appreciable part of the ducting. It appears
necessary (o comp:re only the fans with one another.
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CONCLUSIONS

1. A numerical method for the stress analysis of an indeterminate
rotating diffuser fan structure was reduced to practice. The analyvsis
was programmed for the IBM 1620 computer and could be run in a few
minutes. This method was used as a tool for the analytical design of

a minimum-weight RD fan. The fan thus designed was built and tested.
The stress levels were established experimentally, using the strain
gage technique.

This experiment in analytical design turned out very successfully:
the fan which was built was both light and strong. No structural pro-
blems were encountered during the testing. A Yi:ckup fan was built
and did not have to be tested. Nou structural imgrovements to the fan
need to be recommended.

2. A comparison of calculated and measured stress levels within the
RD wheel indicates that the present analytical method gives satisfactory
results, except at the base of the rotating diffuser and in the regions

of large shroud curvature. An extension of the analysis to account for
three-dimensional effects can be accomplished in a relatively straight-
forward fashion. Additional strain gage investigations, using more
gages than were available for the present program, are desirable. The
strain gages should be installed before fan assembly.

3. The method of fan fabrication used in this program is relatively
expensive and time-consuming. It was determined that plastic fabrica-
tion of RD fans was both possible iand practical, with approximately

the same weight and strength characteristics as the wluminum fans,
but with significant cost reduction. An R and D program of plastic
fabrication techniques for large RD fans is strongly recommended.
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APPENDIX I
FORTRAN LISTING, STRESS COMPUTER PROGRAM, SOURCE DECK I

COMMON CULELS )Y sCuUlLo) o CUBIID LGl scubHILIB )Y (UEI1D)9(UT(1H)
COMMON CobllHreCuytlb)eCuloutlsrsCulllloleColzllin)eCulilly)
COMMON CCLlal15)sCULIB 121 aCOIEID) o COLTUI SN COIBLLo)sl0OL19115)
CUMMON Cleul1H) a2l 0159) 9O 01023115 sC026115) 900251150
COMMON Colullbh ) el o270l ) s lQlEILIo1eC022010 1903015 )»CU3111Y)
COMMON Co3cllo)eCodsl]lo)oCL3a(lo)eCush o)y H{LH)eCus0(l)h)
CUMMON Cusyllv)eCualilo)sCunsliolsCusbllo)sCiwyilnteClol{lb)
CUMItON COL2ILo) s CUB3LL2) 9 CULGLLIDYsCULD LT DNy LOLOILD) s CUAT(LD)
COMMO CObo LY )Ll oslunslllesCuzollo)lelaelilo)sCuyoild)
CIMIA0N CosT{loreCudslla)eColuullo)yCuludlls)sCuluallnd)
COMMON Coivb 1o esCOlup(19)sL0%Lll15 el n) sumdtlb)sinally)
 OMP Oy Roullb)detkulilodlelu 2l yoru3lLY)onustlo ) enunily)
COPIMUN Roo{1S)exu (1ol eRkuBIlD) kU9l ) eoxslllb)onsos(10)
COMIZON R33(15)eR1uCIH)eCUSBI1H)9CU3LLL9)9Cu331(10)

COMMON  COLUTTID) s CuB&Iin)sCCBL 1) s(06ulI]Y)

COMMCN COL151(12)eCOL0Z(19)

FORMAT (13s2Asb0 el slArsFGacsdrsldstanstban)
FORMAT (Fbelotbelotboessbrbeldetbel)
FORMAT (5Xsfbe39t6a3)

READ ouv
FORMAT (40Uh )
READ bul
FORMAT {40k )
READ Bul
FORMAT (40r )

READ 6U35201959C01999C019569COL959CU197

FORMAT (I3s1XeFBeusF7ausbXsboadrbasF3,u)

READ 827 9KO2uusCU2U19C02029K0O2u3 (0204

READ 8289C02u059CO2069C020T79C0O20UBCL2UY

DO 860U N=1y KO198

ReAD UG sCUTIN) 9CUIIIN) s CUSTINY s CULUlN) sCull (iv)

FORMAT (SAxsF/e3stBe3sFBadrstte3sbbes)

DO 861 N=19KU198 .

READ 88U sCO6INY . I3IN)9CO2IN) s COLIN) »COB(Iv)

FORMAT (5Xt+FT7e39F8e3sF8e3sFce3sFbeu)

DO B86<Z N=1sk0198

READ BUu69sCO4IN)sCOLLIN) «COLTIN)I»COLZ2INY9COL3IN)»CO16(N)I»COL5IN)
FORMAT (5XsFbeusFSelsbbelosbFbelsFbaldsF5639F063)

DO B29 N-1,K0198 ) B .

400
4U1

CU222=L02LU/ 160 283%CUTINI*CUGINI*(CUTINI=CUTIN=1]))*%CUL5(N))

829 READ B30sCO151(N)+CO152(N)

DO 526 N=1ly KO198

IF(COBIN))IG0Us40LUS25

IFIN=-KUZ0U3)5HL6s6ULsb20
COZ220U=CLU2U4*¥ULUD#*CULUTHICUZUE+{ULuB¥*CU2uI/DTel90) ) #CULDLZIN)
CU2233CUL0/0e o 3%CULIN)*CULUIN)IRICOSINV)=CUbIn=1))% UlD51(N))
COZ2LIN)I=CULSINI*{1le+C0222)

COL2INY=CULSLINI#*(Le+CUZZS)

CObL3IN)=CO2L(N}

CO64 (N)Y=COL22(N)
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245

5¢6

T 565

592
503

o206

u1d
137
534

066

513
513

GC 10 o406

CORLINI=CO1H N

CO220y=Coivl)

C\)b}(li)=gu.:¢( o)

CUubain)=Clde )

6C TO o520

COLlBIN)=Co8 L) #+CULINY*CO3 (V)
CULI9IN)I=0edo3d*CUTINI*COY(IN)
COLLINY=L0ILINI+COLSZ2IN) Rl i) /LUl D)
CO191=0elb3Cun {4 *CUlulN)

Cué2l=le+ e M) ~COl NI ¥CUBIN}/ZCULYL ) *CUlDZ2IN) /L0l 1(N)
CUL2IN)=COLs i) 4Culll

(.\JF\T lf‘.Ut

OJ 865 N=ls xClJdg

DMZINI=COTIN)

COMBIN)=COTIND

DAGENT=CO15 (N

DO U2 N=1lsl>

IFLCUTE) S5udebudsvus
CONTINUG

Ditl=N

L=1

ROL197=CU1ly7

GO TO il

NC 534 N=lsKulu8
COLa i) =ri32in)
CC24(IN)=R33(N)

R32(N)}Y = 0

R33(N) = 0

IF (SENSE SwlTCH 1) 5129534
PRINTT57aCUZ3IN) 9CUCHIN)
FORMATELSH 1oT HUg SIK_ooskluesskliuel)
CONTINUE

OV 866 N=zlsKUlYs

OMG (N)=CUZ1IN)

DO 533 N=1y9yKuUl9s
IF{COTIN)IS3395334513
CONTINUE

oMl=N

L=2

GO TO 511

DO 516 N=19K0198
COLTIN)=R32IN)
CUZ28(N)=R33(N)

R3Z(N) = U

R33(N)=V

515
1148
516

[F (SINSE Sa4lTCh 1) 5150516
PRINTT7389CO27(N)CO28(1I1)

FORMATIZIH 1oT HUg+olLALE STREoSsFluedafbluel)
CONTINUL
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ub?

5J9
>1lu

517

old
739
530
858

537
519

520

521
74a4d
369

511

DO 8617 N=19yKU1Yb

DMZ2(N)Y=CUS(N)

OM3(N)=CU10(N)

DM&IN)=CN15L (N)

DO 509 N=1s15

IFCCOSINY) Su9s5uU9951u

CUNT INUL

bMl=N

RU197=0.

L=3

GU TO 511

DO 535 N={sKU198

CCLZH5(IN)=R3Z2(N)

COZO6(IN)=R33(IN)

R32(N) = 0

R33(N) = 0

IF {(SeNst SalTCH 1) Sl8e535
PRINTT399CO22(N)sCOL6(N)
FORMAT(LIEBH 15T SHKOUD S>TRESO9Flue3sF1lue3)
CUNTINUE

DO 868 N=1eKuL198

DM&{N)=C02(N)

DO 537 N=lsl>

IF (CO5(NI)IH 3795374519

CONTINJE

Dil=N

L=4

GO TO 511

DO B86Y {=19KU1Yb

CO29(N)=k32(IN)

CO30U(NI=R33(N)

R32(N)} = u

R33(N) = v

IF (SuiNst 5w ITCH 1) 219009
PRINT74U9COZ2F(N) o CUSUINY)
FORMAT(Z24r 15T SHROUD+BLADE STRESOF1luedsFlue3d)
¢ ONTINUL

00O TO H2/

ROO(IN)=UMZIN) *OM3(N)
RULIENI=ROOIN) *¥OMZ NI ¥DIMGAIN)I*COLIIHCOL199%4auVUUZE3Y
RUZIN)=14U/(COL12IN)#¥]lUUUUUUeU)
ROZ(NY=COLOIN)*¥RU2(N)
RUOG(N)={V1 4G+ COLOIN}YRRUZIN) ZUm2 (V)
ROSINI=(COl4{N)/luuuuuUeu) #CULT(N)
ROG(NI=RO197

ROT(N)= 140

RUBIN)= Qa0

ROG(HN)= 060

Moo= N+ |
DO 504 N=MyKQ198
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)

504

595

522

528

CO3BIN)=CO-6(N)*COBIN)/(CO34(N)=CU33(N))

RUUIN)=0M2IN)*O13 ()
R11={DM2{IN)=OUNM2{N=1))/260
R12=DM3(N)I#R 11

R13=DM3(N=-1)+%x11
ROLINYISRUUIN) ®OV 2N *¥UrMG (N)#CUL99%(Ul99%eLuuUlb3Y
Kl4=RULIN)+RUL(N=1)

R15=R11#R14
RUZIN)I=1eU/1UL2IN)*1UUULUV V)
RU3(N)I=COL6IN) *¥RUZIN)

UG IN)IZ(1e0+CULOEIN) ) RRUZINI /UM IN)
K16 = Rug(y)*R11

Q17 = RuGa(N=1)%R11

R18=RU3(N)+RI16

R19=RUZIMI+RLE

REU=RU3IIN-1)-x17

R21=KU2(N=1)=-R17
RUSIN)I=(CULG(N)/Z1UVuuuueU*COLTIN)
R22=RKUS{IN)=RUS5(N=-1)
RE3=(R1IB*¥R1Z2)=(RUUIN)I*R]19)
RG={{R2O¥R1Z2)=IRUUIN=1)%K19)) /K23
RZ5={{nZ]1¥R1IZ)+1K]153%¥R19) I/ ({(=R23)
REO=(IRVUIN) *xdul)=(R18%RUUlin=1)))/KKZ3
R2T=((R1u#R13)+({RUVINI*RZL))I/(=R23)
REB={IReZ*RIZ)+(RID¥R]19))/R23
RI9={(RIBHK]1S5Y+(RUVIN)*¥R22)})/R23
ROGIN)I={R26%HOE6E(N=1))+(R25%ROT7(N=1))
ROTIN)=({RZO*¥KOE(N=1) )+ {R2TH#ROT(N=11))

RUBIN)I={{R24¥RUBIN=1))+(R25%KU9IN=-1)))+K28
RUIIN)I =L IRZOFRKUEB IN=1) )+ (K2T*RUG(N=-1)) )1 +K29Y
R3Ivu={Cul95=-Kud(KUlYb) ) /rRUb(KULIE)

NN = DM

DO 505 N= NNs»KULYS

R32IN)I=IRULEN) *¥R30)+ROBIN)

R33(NI=(RUTIN)*R3U)+RU9 (N}

GO TC (5UbsH 1495179520956 29548 )L

DC 527 N=1»K0198

IF(COBINY)527+95279528
CO31IN)=(COTIN)*(CO24(N)=(COL16(N)*C023(N)) 1)/ (COL12(N)*100000040)
CO311IN)={COL&(N)*COL1TIN)I*COT(N))/1000Q000eu
CCO32IMN)=(COTIN)*(CU2BIN)I=(CULEIN)I*¥CUZ2TIN) )/ LCOL2(N)*1UUUUL0e L)
COBSINI=(COSIN)* (CO20{N) - (CUL6IN)I*#CUZ5 (NI )/ ICOL2ZIN)*¥100U00U0VeU)
CO331(IN)=(COLGIN)#COLTINI*¥CUSIN))/LIUUUVUU ey
CO34INI=(COHINI*{CUBUIN)=(CULEINI*CU29(N)) ) )/ (COL2(IN)*¥100000U.0)
CO36(N)I=CUlIYI*CULII*UOVU2BII*COLIN)I®COL() *CUB(N)*CO6(N)*COL52(N)
CO37=CO36(NI*COB(N)/(CO32(N)-CO31(N})

CO39(N)={COLG(N)*COLTIN)*{CO5(N)=COTIN)))/1lUUUUOUV
CO40=(CO33(N)I=CO32(N))I=CO39(N)

(041 (N)=CO40%CO38(74)/CO8I(N)

IF (SENSE SWITCH 2) 530,531
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540 CONTINUE

530 PRINTT741sCO41(N)
741 FORMAT (175 15T bLALE FUORCEsFlUe3)
531 CU4A2=CU4TIN)*#CUB(N)/CULIN)

C CO422={SINICUGINI/STe296)%5INICOGIN)/5Te290) )/ {COL2(IN)I*1000000401
CU423=1COSICULINI/HTe296)*COSTCOLIN)/D5Te29€) )/ (COULIINI*¥100ULU0LO)

COL21=CUual+C0GL3
CO43(N)=C0all*COa/l

CO44=(CO3BINI*{CU33(N)-CU33L(N))¥(CO33(N)-CO331(N)}1/2e0
CO45=(CO3T*(CU32INI=CO31LIN)II*(CO32{(N}=CO311(N)))/240

 CO46(NI=C044+C0L5
CO47=COB(N) *CO41 (N)*CO43(N) /240
CO48=C046 (N)-CO4T
CO49(N)1=CO37+CO38(N)
CO5U=CU43 (N} *CO38(N)
C051=C043(N)#C050

 C092=CUb1=(240%CU43)

C03=CU49 (N) *CU52

COb4=(CO5U*CUBU) =CUb3

CO541 13SF(CUS4)

C055=5URT(CO541)

CO56=((C055=-C050)/CO49(N})+CO311(N)

(057=CU43(N)+lU56+CO39(N)}

COOBLI=((CO33(N)-CO57)#CO38(N)}/COBIN)

CO58(N)=ABSF{CUS501)
C059=CU41(N)=CO58 (N}
CO60(IN)=C059/CUHBI(N)
IF(SENSE SwITCH 3) 7454561

745 PRINT746 «NsCU6U(N)
746 FORMAT(L7HERKOR RATIO STAs 134F1045)

561 COOLULIN)=(COUINI*CO60(N))=e01
IFICO60L{N)) 56295629563

563 CO41(N)=CO58(N)
GO TO 531

562 CO61(N)=C0O56/C032(N)

CO62(N)=CO5T/CU33(N)
CO63(N)=CU21(N)*CU61(N)
CO64(N}=CUL151(N) *CU62(N)
CO58(NI=C0581
527 CONTINUE
DO 870 N=19KO198
DM2INI=COT(N)
OM3 (N)=CO9(N)
870 DM4(N)=CO63(N)
DO 540 N=1s1b
IFICOTIN) 154095405541
541 DM1=N
RO197=C0197
L=b
GO TO 511
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542 DO Y44 N=1eKULlYSE
CuoLOIN)=P3I2ZIN)
CULBIN)=R33I(N)

R3ZlNY = U
R33(N) J
IF (SENSE SaIlTCH 1) 63y 544

H63 PRINTT429Ns 0L (IN) s COLH(N)

742 FORMAT(Z25H ReVvISty HUY STReSS STA s13sFlUe39F1043)

Ha4 CONTINUL
U0 B71 N=ls<01l9y
DMZINY=CCSIN)
Om3inNy=Coluin)

oll VM4 (N)=LUbu (V)

V0 779 N=ls<ulYs
IF (CUDIN)) (9997999547

799 CuliTIndt

547 DM1=N
ROL197=ve
L=6
GO TO 511

548 DO 560 N=1sKOU198
CO6TIN)=P32(N)

CO68(INI=r33(N)
R32(N) = 0
R33{(N) = 0

IF (StNobL 2a4lTCH 1) 549956v

H4Y PRINITIG3sNsCUBTIN) sCUBB (IN)

743 FURMAT(ZTH RuVISED SHROUL STRESS STA [39F1Ue39F 1063}

56U CONTINUL
DO 565 N=zlsKuUl9s
CUE9={CULOI)=ICULOIN)*COELINY))I*COUTIN)/(CUL2IN)Y#1U000000)
COTU=(CUBBIN)=(CUlE(NI*COO6TIN) I )I*CULIN)/Z(CUL2(N)Yy*100000V0.0)
[FICUBINY)IOH60695669567

266 1 082(N)=CCOY

CuB3tiN)=CO7V
Cuob(in)=u
COLU3(N)=CUBY [N}
COLlO4{nN;=ClcoO (")
COlus Ny =Cos/{N)
CO108(N)=CO6uL N}
0O TO 5o

567 COT1=(CUT0-CUbY)=CO39(N)
COT2=CUSBINI+L(COTLI#CO3B(N))I/COUBIN))
COT3={CUTZH*COL3I(N)YI/COGT(N)
COT4=(CUBIN)*CUTLRCOUT3) /260
COT5=CUs6(NY=-CLTGL
CO76=CO38(N)¥CUT73
CO77=CUuT3=Cu /0o
COT8=CUTT=(2eU*CUTYH)
CO79=CU49(N)*CO78
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508

30V
Thé

gob

CoB0={COT6#¥CUTO)=CLOTY
CObOl=ABSFICUBY)
CubBl=5URT(CUBOL)

LoB2{N)s((CuBL-CUTO)/CO49{IN))+CO3L1LIN)
CUB3IN)=CO7T3+CUBL2(N)+CO39(N)
COLGANY=(ICOU33IN}I=CU33LIIN)=CO3(N)I®CO38(1N))/CUBIN)
VEO(SENoE L ITCH 3) 8759300

879 PRINTTG4 9NsCUBZ{in) 9CUB3 () 9COBGLIN)

CONTIANULE

FORMAT (26H Hlusory Vbky vlu LOAD STAI3sF1lUed9F10e89F1063)

IFLCOL{N))B3OIsbBOEEY
Cubb{n) =y
GO TO co?

569 COBSINY=CO8&4 NI/ (COLIN)#CO2IN))

867 COBOIN)=COBS{N)*¥STIN(CO4IN)/0Te2961)
CUBTIN)=COBS INY#CO5(CO4IN) /5Te296)

570
571
512

73

574
876

848

849
89U

891

8§92
893

515

879

877 CO98=({1e35%C0OY904)1%(CO36(N)+COB4IN)))/(COLIN)*CO2(N})

IF (N=KO19B)57155705571
C068=CO4(N)

GO TO 572

COB8=CO4(N+1)
IF(N=1)5739573+5 74
CU9=CUAL(N)

GO TO 876

CO89=C04 (N-1)
COT0=(CO89-CO4(N) /114459
CO91=(CO4INI=COBB) /114459
C092=SIN{CO90]
C093=SIN(CO91)
C0941=140-(C092+C093)
1F(C0941)889888 9889
C094=1.0

GO TO 890

C094=140/C0941
CO951=14N+(CUY2+C0Y3)
IF(CO95118925891 9892
C095=140

GO TG 893

CO95=140/C0951

IF (CUL95) 57595754576
CO96(N)=1435%COB6(N)*CO95
CO9T(N)=1435%COBT(N)*C095
IF(COLINIIBTY 8794877
C098=0

GO TO 577

~0 10O 577

576 CO96(NI=C0195*%COB6(NI*C095

gl CO98=11CLL95%CU94)*(CO36(N)I+CUBLIN)) )/ (COLIN}*CO2(N}}

CO97(N)=C0195*COBTIN)*CO95
IF(COLIN))IBTY»879y878
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577

B8R0

b4

895
b8l
896
883
898
o84
697

goo
904

498
850
903
902

901
900
565

8463

COYIN)=CUYB*SIN(CUGiN) /DT elYb)

COLOUIN) =CUIBHCUSICULINI/DTecd96)
IF{CO65({NI oYY G290

COLlO4(N)=0

CO103(N)=0

GO TO 896

CO0103(nN) -V

COl04 (IN)=CO6LIN)

LU Tu 890

CO101=Cu66{N)I/CO65(N)

IF (COT{N))gous8oUsbOl
COLO3IN)I=(CULAtN)*CUB2IN)* 1UuduUuuUeu) /ICOTINI*(LCOL1UL-CUOLl6(N)))
COL04IN)=COLULI*CU103(N)

IF(CO07(N)Id78sBE3s894

COLlOS(N)=Us

COICBIN)=CO6B(N)

GO TO 9U3

C0102=CO68INI/CO6TIN)

tF (CUSIN) o380 3s504

COLTUSIN) = tCULZ2IN) ¥ CUB3IN)I* 1uUuUUUeU) /{CUSINI*({COL1UZ—=COLE6(N]))
[IFICOLLIN)IEBYTsB9Tr88H

CO107=0eU

GO TO 4J¢

IF{COB{N)IBITeb9T7+904
COLlUOL=CURIN)I#*CULLIIN)I*COI1(N)#440%CUL0(N)
CUlOU7=(3414159%COBLINI*¥COSINY)/COLUG

CONTINUL
CO108(NY={COlUZ2¥COL105(N) I+ (COL10T7T*SIN{CO4(N}/574296))
FORMAT (2XFIeUsFYeUsFFeUsFI9e09FI4U)

IF (COBINYIFULWI0U2»901

COb6IN) =0,
COBT(N)=Ua
CO96(N1=0.
CO97(N)=0,
CO99(N)=0.
COL10UIN) =0
CONTINUE

PUNCH 8509COB6INYsCUOBTIN) s CO96 (NI 9COITIN) 9CUYI(N)
FORMAT(ZdXsF9e3sFYaS9F9e5)

PUNCH 9J0»COZIIN) sCUB2IN) »COB3(N)

PUNCH 8509CO10UIN) 9COLIU3IN) s COL104(N)9COLO05(N)»CO108(N)
PRINTBO3

FORMAT (474PUT QUTPUT CARDS AFTER INPUT CARDSPRUN DECK TwO)
PAUSL

00 TO ¢82

END
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CUMMOUN COLEL1S Yol UL sCU3IT15YsCGI19)eCLLH1158)9CUSI12)eCOT(1Y)
CUFMON Coollv)sCu915)sCULONTL1E)sCOLLI19)sCLLI2(012Y9CO13(1]5)
COMNMOIN Culal15)9sCOLIS(15)9COLGILR) 9 COLTHID ) aCODlelln) s CO19(1H)
Coiftiquin CuldullH)sCUZ111919CO24 (1219 COLAILH Y e 026101 ) 9 C025(1Y)
Cullitui CUZOILI2)oCUZTI15)YeCUcn(15)sCOLYILH I CQ30I15) e C1d1(1Y)
CUI’MON CUuallo)sCuU35(1L )9 CL3a1119)sCC3501)9CD36(11)9CU3KE(LS)
CuriiUiN Coavllo)eCuGl (1) eCuas(Lo)eCO4CILID )Y o CCud(lb)eCO61(1Y)
CuiriliViy Cuugllu)sCuEILL s CalLy)sCCeollo)sClLollb)eCLeET(LD)

R CuriMuis CeLellD)aluB Lol s oo 1) syCUoolle)sCOBT(15)sCUBILN)

CUMMUIN CUITELD) s CuUIILL) s CulDUlL5) e CUlUsi15)4CU104(1D)
CuUMMON ColubiloisCO10UBILD)sCOSOLIIL15)sDMEZETIOYSLMITLIO) sDNMLTLS)
COFMOIN KUU L9 oiRULT (15 ) aikul2 ({19 )emi3010)sikUGI115)sKOS(]1%)
CUMMUIN KUOLI ) s RUTEL19) skub{19)eRUFITILIs31(L1HYIRS2(115)
o _ COMMMON R33015)eRIG(15)»CUBS(15)C0O311115),20221(12) -

COMA0ON Cooull5)sCOBLI15)sCOBSI15)4€0601(1Y)
COMITON COlIH1(1519C0O152(15)

87 FOIMAT (1392XeF6elslXoFbaldrdXs[394X9Fba0)

828 FURMAT (FoedsFbeldstbbed9FTelsF5el)

BoUu FORMAT (5XeFbedsF0e3)

834 rFORMAT (19XelyrUlFFUSLR DIMLNSTONS) B o
535 FORMAT (4ac2H IhWNLr KADIUS SnkOUL ANGLE HUb AMOLE s BHDIAMETER)
0356 FURNMAT {oXelHINs LAXs31HDEGY lUX» 3HDEGYBX 9 oRRATIU)

0 A7 FORMAT (oA eFleda Xt baldoTXsFEalsbX9FEa3)
833 FORMAT {(18X921HDIFFUSER HAS NO VANES)
oud FORMAT (16X926r0IFFUSER VANE UIMENSIONS)

b4l FORMAT (aXsasHRAVIAL NO WwloTn FLAT  THICKNESS BEND s4H3END)
842 FORMAT (2Xs12HLOCATION OF 910X 9 €6HLENGTHo11X 9 13HRADIUS  ANGLLE)

043 FORMAT (AXs2HINIOXsIHVANES  INsGXe2HINsEX o 2HINs TX o ZHIN 96X 9 2HIN)
b4l FORMAT (3XsF/e391lXsFGeUo2XsFted s 1XFbha293X0FDe3923X0F6e292XsFbe2)
823 FORMAT (481 STA  YOUNGS SHE AR POISSUNS DENSITY)
Bed FORMAT (3211 Nue  MUDULUS MOLULUS RATIO)

825 FURMAT (6X»THHEGAPST 3 3Xs THMEGAP ST s 16X s 18HAJL  SHROUL  DLADE)
5260 FORMAT (J493XK9F5el 90X etFoelsoX9FSe393X9Fe39X9FBe302X9F563)
sul FORMAT (4UH )
gUl FORMAT (4UH )

802 FORMAT (40H )
603 FORMAT (1391XsFB8e0sFTaO90XsFH56295X3F3,0)

U4 FORMAT (5Xst7e39FBe39FBe39Fde3sFba3) o
BOUS5 FORMAT (5X9sF7e39FBe39FBe39F8e39F640)
dub FORMAT (5XQF‘4.U’F501’Féol9F602’F6-2!F5.39Fk’.03)

E50U FORMAT(Z2X9F9eUsF9.09F9409F9e409FF,0)
90U FORMAT ! ZXsF9e59r9409F940)
7U3 FORMAT(LIH )

194 FOURMAT (344 CALCULATED VALUES OF HUB STRESOSES ) L
7U5 FORMAT(16H STATIUN RADIUSEX1OHTANOENTIALZX6HRADIALEX6HRADIAL)
706 FURMAT(Z2Z2X3UHSTRESS STRESS GROWTH)

707 FORMAT(L12X2HINYX3HPSTIOXIHPSI1IUX2HIN)

709 FUKMAT (sasl 393X sF Te39bXsFBe0slXslF8e095A9FT765H)

710 FORMAT(39H CALCULATLDL VALUES OF SHROUD STRESSES )

711 FORMAT(L6H STATIUN  KADIUSOXOHRADIALAXIUHTANGENTIALAUX6HRADIAL)

APPENDIX II

FORTRAN LISTING, STRESS COMPUTER PROGRAM, SOURCE DECK II
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Tld FOURNMAT DA vl TAOHOTRLLUSOXOHOTRES SHXEHORUN TH)
F13 FunliiATULIALATIIUXK3PSI8A3nPSTIUXZHIN)

Tlo ruryal (AAs ] csAsroedssAsFBelUstrsrdelsbOXskT7e5)
flo Fonib AT (1.42)

117 Fussial (3ot CabCulalby VALJLO OF BLADL STRELBES)
Teu runiami lazrt 0lAOL 2TRESS CONCENTRATION FACTUR = le3b )

fel FuninTison curut olniS0 CORCLNTRaTION FACTUR = FYel)

173 Furial (loasorimtdy Slocs 20Xl oot D SIvtk)

few Founl AT (lagsoricr SLADL s Z1XedHUE SLADE)

Teo ron™ial 12enslunSTRLLS PoledukeslutiaTRESS PST)

746 FURIAT ol STAneloneomortl ARsw A e 7 TENSILE 914X eoHSHE ARG o THTENSTLE )
TT runal (am (JesDAsbrADJoeliXs6-RALTUS)

1o FunddAT (11Xl e Tae 370l s PAsiPE] oo Xe 2 HINeTX 3PS aTX 9390 5L])

T30 FUlRMNT (Jasaasr TeasdsblueushF lususFlUue2eFllelsFlueN)

/31 ror AT (1A lurianaine sLAvh)

130 Fur 'al (adn 5Tk RAJD UL SHEA R TEAULILe )
733 ruendl {491 1w st so 5Tk ss )
Tow Fun-al (494 [N Pyl Pol )

790 Funiind {laesFluedsblUelotluaun)

T57 FORMAT {a3r orrkCUU bNOINGLG DT LEN bLeots toT INCLUVED)

130 rORMAT (39 oricudu chbiNulhG v THtLN vLadon IThCLubiu)

oUT FunrMAT (Y2r INPUT DATA )

vlu Fulkiaall 7 WPrizF3e0e 1l RIM LOAOTF 740020 abbi L A5 Tt NT o HOLE)
vold ruriial (7 iKPr=F8e0s 1l RIM LUADSFTe )e2ltar il HAS NU CENT&HOLE)
old FuidiaT (17X 31UV IZ2As6HONRKIUU 9 16K 9 3-42AY)

ols FORMFATI30R3I3A5HANULL)

Ble FURMAT (o STAsBX14HMRADIUL  LENGTrHe8X e ttiaDIUS  LENGTH  DEPTH)
Blo FURVATI4R NUeluXesdhlINOX o dHINIZX odrINEX ol Ve X 9 2HINTIX 9 3HDEG)

010 f‘\)h.\b‘ﬂr(I‘*’7X9"7.)"’50}'7*!"‘/.5””50.5,”70:'5:("‘“-'))

ol7 FuxiiAT (2UuXsLrLLAILOIZHX e THCOLEF o UF s X9 briuLL ]

0lo FURMAT{3OUXLUAYHEXPANSTIUNGX 14T

0l9 FURMAT (4 STradsodrAviUS  LelvoTil wloTe Tl e ND UF)
0cU FUiAaT ot NUeUALHTINOXZHINS XN AL XOHoLabLS3XIIHYICROINSTN )
0dl FORMATI3IUXZLALbHVLLSF vEGet )

6l PURMAT{[GasF lUuessboe3sFTe3sF lassbkTavsoXsbbelooXsFbel)
6Juv READ ouv
READ oUl
READ 8UCZ
READ 0u3sdUl909C01999C01969COLG5sC0L197
ReAD 827 K020UsCU2U19C02U29K0ZUWCLL2UN
KErny 0cB8sCU2U5%0CU2u0sCULUTICULuLn s U9
Doy dbu ~w=ls wULl9s
ooV REmD ovasCuUul{ntsluylivteCubla)sCululin)sCOLLIN)
VO K61 N=lexulye
06l RLAD ouDsCUBIRN) s LI3IL ) sCO2L)sCUlliv) oCUBI V)
DU B2 N=lsKU198

652 RKLAD BU0sLOG (R sCULGINI sCULTIND) vCUL2IN) sCuUl2iin) sCULOEINI s COLSINT

DU BdY N=leKUlvu
829 ReAD 83usCUlolliv)sCulndN)
DO 851 'i=ls x0198
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AU BousCOGGIN) sCun TNy s CUFOIN) 9y CUITIN) 2COYIIN)
cend JUCICOZIIN) sCOB2(1) s COB83(N)
col o oatm) 30oJdeCUluv NI e COTUIIN) s CUOLUGLINDY ¢COL10IN)sCOL1UEIN)
[riklduvlibu3sauld il
PYVE R NVPRVEY!
cwedl=leuU/Culbliv)
Eleudin ) dlsvoussuTyslo
4ul Cuesh=ue
ol TU “4us
w0 (Ul =lu LR AL U ICUT ) +CUTIRULG8 ) P #ICOUIIN)+CU9TKVU1I98) I *¥COL5(N)
Ul U022l %euuUIUTUIa*SINICO202/5T74296)1/7C05(C02027/574296)
CULZL={TCUL2*el10%COULDINY)I/ZHLCOIIN)*%2 4
Cud= (0T ln) 8 ) ¥ COLLT~1e) )/ (COT(KUL19D)*3%2,)
CUL30= (4 e ¥COTIKOLFo) ¥#24 )% (CO22T7+1e ) #LOGICOT(KO198)/COT(NY)
CUE3253CUZ230=(CUTIRULYB T R#2 o (CUL2T+ 34 ) ) +CUTINYI*%#24% (4 o+(0228)
L CUd3a=1CUdeb*LU23L) /ICULLT+1e+C0LLB)
4u4 TFICOLUINY ) aubsaulyaud
4Ub (UL3D=Ue
Lo TO 4v9
475 (Udl23=CUl9y#* e ® (LU IN)I+CUSIRULIIB) ) *(COLOIN)+CO10(KO198))*COL51(N)
COL24=(C0OL234eUV0UUTUIB*SIN{CO201/574296))1/7C05(C02017574296)
CULL6=(CUL2a44aT5¥CULDTINI) ZICOLOLIN) *%2,)
COLLI=1LCOLIIN) A 2 )% (Ud2T—1a) )/ {CUS(KOLIB)*%2,4)
CO231=(4e#CULIKROLIu ) #5e )4 (CD22T+1e ) #LOGICUH(KO198)Y/COS5IN))
CUZ33=CUZ231— (UL RULYEI #52e#[LOL2T+34) 1 +CULIN)* %L o¥* {4 o+(0229)
C0235=(C0226#C0L33)/7(C022T+1e+C0229)
COL36=({COYIN)*%2e)%*¥CU234/60
COL3T=(CSIUN)*"24)%C0L35/60
TTT4U9 TF(C0CusaTuseITsblu o
411 COLO3INI=COLU3IN)I+COLZ34
COl05N)=CulusIN)+CUL3b
Gle TF (SHFYNSE SwITCH 1) 6139402
413 PRINT 4l49C0O2369C0C37
414 FURMAT 16HDIFF END MOMENTsFBeUe3HHUIBIFBeU s 6HSHROUD)
GO TO 4U¢
4 U COZ238=((COT(KOLU3)=-CUTIN)IY/COG(KO2U3) ) #%34%#(CU204/3416159,;
CO2349=C0238/7(COTIKQ203)*CO12(N)*10e*%6,)
CO2u4U={ (COB(KU2U3)-COS(N) /COL1U0(KO2U03) ) **#34%((C02uL/3414159)
C0241=CU240 /7 (COSIKOZUB)I*COL2(N)*10e%%6,)
CU242720 ¥ (LULUGH%24 JXSIN(CULU9/57e296)*%¥COSICU209/5T76296)/C0205
CO20V9=C0209/57e296
CO343=CULc{NI*10ex%6,
CO243=(CULG27/TCOL0TH# %34 ) )% ((COU20B*CO20G)1+(CLU206/3e))/CU3GL3
COL6LL=1CU206+1COUB*CULUY) I *CO2UTH*CO205*CuTIKU203)1*(CU199%%2,)
CO245=CU244% 40UUULHTE*(01521K0203)
(0246=1(11e/CUL39)+(1e/C0243)
C0209=COc09%574296
CO247=(CLU245%C0OS(C0209/5T7e¢296) )/ 1SINICO209/574296)%¥C02466)
CO248=(14/C0241)+(1e/C0243)
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CULG9=(CU265%CUSICULUI/HTa296) )/ ISINICO209/5T742961%C0248)
COZOHu= (U2 T7# LUl U3 =COTINY}*CUL204)/7({CUL39%COTIN)*bEa2b310)
CuUol=lcOda s ICURIRIZUINI=Cud NI *CU206)/71CULa1#COUBIN)*be28318)
CUdbd=le=(lLucu/Cilsn)
COZYB=1le={CUHI/CCIT)
CUlU3 ) =Quilvillil+liiudsanudbe)
CWIvoliN) =CulunIN)+(CLl2o5%CULD )
(uddb=cuciokiudsc
COL37=Cu23T#LucdHs
Cudba= (e LUt Ui Clduy /Y e 0 ) %LUl )/ ICU2USR(CU20T%% 24 1))
LUdnb=CUulbe5/cou
COLHT=0ulab/olN{CUclY/0Tel90)
w0 TC 4l2
4J2 CONTITHUE
PUNCH 8J0
PUNCH bl
PUNCH bul
PUNCH [u 3
PUNCH Tua
ronCH oz
PUNCH Tud
PUNiHd Tub
PuiCn 7ol
DU Tub N=lanul e
fub PudCr TuQa s o7 N sColua{N)eCOLlUAINY»CO8B2(%)
PUNCH Tu !
PUNCH 733
PuisCn 71y
Cubuc=Le
VU bui N=laKulys
oul Cubu/2=Cubud+CCllin)
[F(LooUd)hUIsbuisLus
ould PUNCH T27
[£19] TU oub
bu4 PUNCH T3
66U PUNCH To 3
PUNCH 711
PunCr 712
PUNCH 713
PUNCH 703 -
VU Tle N=lsrulsg
Ti4 PUNCH 7159iNeCUDIN)sCUlUSINIsCLULIUBIN) 9COB3IN)
PUNCH 716
PUNCH 717
[F (COLYH) TlvsTlasTly
718 PUNCr 7Z0
GO TO 74¢
719 PUNCH 7Z1sCOLYS
722 PUNCH 703
PUNCH 7u3
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PUNCH 723
PUNCH 724
PUNCH 7U3
PUNCH 725
PUNCH 703
PUNCH 726
PUNCH 727
PUNCHL 728
DO 729 N=19K0198
729 PUNCH 7309sNsCOTIN)»COL00INI»CO9G (NI COBINIvCOITIN)9COIOIN,
PUNCH 703
PUNCH 703
PUNCH 731
PUNCH 732
PUNCH 733
PUNCH 734
PUNCH 7u3
DO 735 N=19KO198
735 PUNCH 73 eNsCObIN)sCOBTIN)WCOBEIN)
PUNCH T7lo
PUNCH buu
PUNCH 801 . .
PUNCH 8u02
PUNCH 7u3
PUNCH 807
IF (CO197)808s8uUBsBUY
808 PUNCH B1l0sCul99,C0196
G0 10 81l L
8UY PUNCH B63+sC0199+C0196
811 PUNCH 7u3
»UNCH 703
PUNCH 81¢
PUNCH 813
PUNCH 8164 -
PUNCH 81¢%
DO 852 N=19K0O198
852 PUNCH BLlAWNsCOTINIoCUOFINY 9COSINI 2 CUIUIN}sCULLIN)»CULIN)
PUNCH 7u?2
PUNCH 7013
PUNCH 817
PUNCH dl8
PUNCH B19
PUNCH 82U
PUNCH 821
DO 853 N=1s KO198
PUNCH 822 sNsCO6INIsCU3IN) »CO2 (NI sCOLINY3CUBIN) 9COLSIN) »COLTIN])
IF{KO2uu)B31+832+9831
831 PUNCH B34
PUNCH 7u3

853
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PUNCH
PUNCH

b35
3836

PUNCA Tu3
tueHssUliKULYe ) /vulinLevu)
PuinCrt 8279COMIKUZuu s CU2ul oC020u2rULHS

639

oot

PULCre

fus

IriCucu=)b3osc 3903

PUNCH
ol o
PUNCH
PUNCH
PUNCH

o3
o3¢
&
7932
c.’g'l

PUNCH w42
PUNCH ©43

PUNCH

PUNCH
PUNCH
PUNCH
PUNCH
PUNCH

DO 894 R
PUNCH 8269Ns 12 (N)sCOL3(N)»CO16IN)»COTSEN)9CULB1IN) 9CUL521IN)

PUNCH
oo TO
ENUD

Ba4 9 I 70U sU2ubrCU2ubIULLEICLLUT»CL2ub sCULUY

832 CUNTINUL

7l

823

B4

Tus

g5
MNzleK(193

716
[eXVRV]
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APPENDIX III
BLANK INPUT DATA SHEETS

A copy of the blank input data sheets used for coding the input

of the computer program is shownon the next three pages.

Rather than showing the numerical values corresponding to the runs
of interest in this format, instructions were included in the
program to print the input values as part of the program

output. Thus, the input values corresponding to Runs 41 and

44 will be found with the print-outs shown in Appendixes VI and
V, respectively, with a different format from that shown here.
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APPENDIX IV

LIST OF FABRICATION DRAWINGS

Title Drawing No. Part No.
Assembly 036-1000 -9
Outer Shroud 036-1001 -1

Back Plate 036-1002 -1

Hub Spider 036-1003 -1

Hub Disc 036-1004 -1
Blade 036-1005 -1
Shroud Blade Channel 036-1006 -1
Backplate Blade Channel 036-1006 -3
Fairing Clip 036-1007 -1 and -2
Inner Shroud Fairing 036-1007 -13

Hub Spinner 036-1007 -5
Shroud Doubler 036-1007 -7
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APPENDIX V

INPUT AND OUTPUT DATA, FINAL DESIGN (RUN 44)

4

PROJECT~F INAL DtbluN—waH-bHROUU-fLANUF_

RUN=44&

NO RADTAL THTCKNZSS
ENGIMNEER BOCHLER

VATE=14 OCTa19

INPUT DATA
RPY= T18us R LOAD= o WHEEL rAS CENTWnOLE
HUB SHROUD RAY
T ANGLE
STA RADIUS LENGTH RADIUS LENGTH DEPTH
NO o I'N I'N IN IN I'N DEG
1 lellu 1e520 « 000 «U0U « U0OU G0
Z LelDU Z2e¢100 I13.5Y0 ¢ 34U e VOV BOe
3 lebUu 3el8U 156591 e 34U «U0N0 50 e
[ Le0OUU Je 10U 13.55/¢ e OFU o U0 TTe
5 Leg v Ze 170 136593 2eUlU e UNU T3
[$) Zeb7J EXR I 136 70U YA e UN)U 6he
7 Ze9UV 34000V 1309640 e 20V « 000 60
g 5170 «DUU 14,380 « 14T e UNT 5De
9 74800V e 220 144940 e lUu ¢« U0OU 52
10 JFe 04T 0230 154530 e UGU s UOU [
11 11,000 125 164120 U9V « 000 h6e
1Z 196J0U 1D ZUe 14U e 10U e UDU ZDe
13 224510V 012> 25 e 690 e 130 « 000 .
14 28000 o125 274550 o LZ2D e UOU .
1o 3lelvo eleb 3deloo eldo e UOV .
UBLADLS COEFsOF DELTA
EXPANSTON T
STA RADTUS CENCTH NIDTH THITX ~O OF
NQO o IN In IN IN BLADES MICROIN/IN
DEGeF OLGeF
1 VUV s UUU « U0O « U0V . o U )
P4 Beb /U 11U« 30U «OUU W UT7/Z I8, U .
3 Bed70 1Ue 30U e 600 VT 18 e 0 .
19 Bel /7D [U«GLU 1« UUU WU TZ 18. U .
5 BedBuU lUueb5uU Ze 100 eUTZ 18, o0 .
[¢) BeOlLU I T e 3U Ze 34T o UTd [0 o U .
7 BebGu 12106V 1le500 VT2 18, «0 .
8 Ye [OU I 1T «UBU le /UD Uil 18 o) .
9 11.370 7030 1500 UT2 18 o0 .
10 1724550 T+B8U T.110 UTZ 18, o U .
11 134570 feU30 34800 T2 18 o0 .
1Z I9.870 &L 4U3T 5e5d0 UT7Z 1B, o0 .
13 254510 26940 3,060 V72 18, «0 .
14 e UUU « UUU o JOU «U0T" . o0 .
15 «UUV sUUU e LUU s VU0 . o0 .
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VIFFUSER UDIMENSTONS

INNER RADIUS SHROUD ANGLE HUB ANGLEDIAMETER
IN DET Uth Kat 10
Z9e01U L 75 bGelD T TW 261
UIFFUSLR HAS RO VANES
2
STAT YOUNGS SHEAR “PUTSSUNS DENSTTY
NOe MOVULUS MOLULUS RATIO
MEGAPS] MECAPSI HUB  SHROUDL BLADE
I TOU 38 e 337 « 098 .098 «098
2 10,0 3.8 e 337 ¢ 376 e 187 «098
3 LUV 3e¥8 ¢ 337 o347 187 UV 8
4 10.0 3.8 ¢ 337 e 316 «lo? «(UY8
ol TUeV Je8 e 337 ¢ 289 e 197 «UY8B
6 100 3.8 ¢ 337 «232 « 208 e 098
I oy X)) o 337 o 155 ¢« 2UU s UYH
8 1060 3.8 e 337 o124 e 192 «098
v 1030 Je 8 T o 337 o 130 e IDD s UYE
10 1060 3.8 ¢ 337 0127 0147 «098
1 to.v 38 « 337 e Inw « 110 +U9H
12 1040 3.8 ¢ 337 0125 103 0098
) ] TOW U S e 0 e J3T o [ 1T e LUU e UYH
la 1040 3eb «337 « (98 « 0948 «098
TS5 100 Tl e - « 1T0° e 11U s U8
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PROJECT=FINAL LESTUAN=TouH=5HhQUO=FL G
RIN=064 NJ RADIALC THICKANESS
EHUINLER BOEHLER

LaAaTE=14 OCTaelv

CALCULATED Vvalies OF tdp STRESSES

STATION RALIUS TanvoenNT sl R [ IR
- STRESS STRt = T Gih T TT T
I'N F 51 P 5l ki
1 T« 120 T IaT3,. T e TR T
Z leZbu 4lobe S de w A
= 3 Te«500 3507, O lCe ESTREET T I
[N l1e600 3210 /37 al ol
5 TeE7J 2664, s0h e VIVIVE AT T
o) deblu l71lue Jube e UG,
7 Z2430C T 1883 . R F VIV T o
8 S5el7U ZLZZQ A2 o ULO
5 73800 2771 T 3e0U4e  L0Gl16 T
19 Je240 2o8<2 ATl eJU 167
100 110300 ZT2Te 304 PREIVE Y
17 15e UV 19986 167 4 evid
13 Zoe01C T45c. 2125, N
la 20ev0U 1lave. GUb e oLl
193] 3.« 158 B76 e VIPRE] -

CALCULATEDL VALULS JF SrHROULD STRESSES

SHRUUD BEWOTINWG BLTALEN 3LROES WOT  TNCLTUTET ™~ 77 o -
STATIUN RAUTUS T RKAUTAT TANGET " T'AL RAUTAT T
NO STRESS STre 55 LU Ty
I'N PSS T P51 TN
1 o JUU ° . PRS19241020)
l 13590 . 3UH 3 UNE R W
- 3 HEX RPN . Bl16e CUTTT
4 136592 . 1VU6Ge [RVIVERYA
> [ 3e5Y3 . ITH4 7T ewUc IU
6 13700 26 lol3. &
7 136740 F6 . _.1.6'2761 _.ut‘221
8 144380 200, 1B1lbe e JUZO Y
) 14,540 376, 1778, 2002473 o
Yo 154530 IS 165 VIS Y]
pps 16120 D40 2137, suU3T4
12 SUe 16U bbb e 1907 sUU3HGY
T 13 Z5 e« 4TFU 1397, T4950. sUU34L3
RS £7 950 360 1907 PRVIVIER X ?)
I 32188 . ITES. «UUJ3T7O
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<

TACUOLATED VALUJLS OF SUADE STRESGSES
BLALE STRESS CONCINTIRATION FalToed = 1euu

fUG SICLE SnxkOUL 5T
ur plavt ut BLAVL
STt oS Pol STeasS PSI
5T A St R TeEnSILE SHE AR TENSILE
RO RADTUS KRADTUS
IN PS5l Psl IN PSIT. Psl
P S (r Y (-4 & S T T « 000 * T .
Z ledbJ 90 1668 136590 193, 1094,
R T 1 T ZT8. 158U I3.,551 2073, 1152,
& letuO 377, 1512 134592 256 1024,
5] T-670 4314, 1750, 75573 PEXA 98
© et lu clle 1260 134700 342, TO2e
4 e F7JU 7175 T T34TG, T13.5470 LTE BZ5
<) 5el 7V B33 1169 1644380 499G, 713,
I Te8JU  BI4.  ToeT7. 14,540 518, 6673
10 Ye2G& () ol8e lulue 15¢530 5513, 636
TT TT+CTJ0 537 B0 e 16,120 3373, 345,
1< 12 v lulY,. G413, 2Ue THU 235 109
T3 oo U REE . 25« 450 229G .
14 28eUuU0 . . 274950 . o
12 T« 18T ° . 12178 . N
MEAN sLaLL
Sstw RADIUS SRR FENSTLE
NU o SIRESS STRESS
e 1%L — st i Sili
i s v U . [}
l Be&7U 2UY 1190
E) YA iU e TT9Z
4 Bel 75 271 1087
- 35 B.GBC P4 BT,
6 Be5GuU 381l 781
T De DXL IR S Ve
8 9.70\) H344, 163
g TT. 370 5G5S, 698
10 12ebby S8l 66Y.
171 130570 " TWUZ, D T
12 19e8 70 327 153,
123 dHe 21V 363, .
14 eV . .
5 «sCU0™ . T
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APPENDIX VI

INPUT, STATION LOCATION AND OUTPUT DATA (RUN 41)

T TSWH=-4125 SHROUD-FLANGE AND DOUBLER-REV.
RUN FORTY=ONE

~ BOEMLER JUNE 2041965
INPUT DATA
RPM= 1180, RIM LOAD= o WHEEL HAS CENT.HOLE
HUB SHROUD RAY
ANGLE
STA RADIUS LENGTH RADIUS LENGTH DEPTH
NN, IN IN IN IN IN DEG
1 14125 1170 «000 «000 «+ 000 S0
B 2 1430 20620 +000 « 000 « 000 90«
3 14950 2¢140 13,575 14400 ¢185 79
4 2200 1940 13,590 ¢ 890 e 180 75%¢
5 24460 1.680 13,600 0955 «180 Tle
6 24730 2740 134665 ¢685 «315 68
7 3,140 «880 14,010 «2N0 «315 63
8 3.500 « B840 14,530 «105 0345 58
9 44350 «450 14.680 «100 e 365 57
10 74190 «200 15,390 «072 « 500 53
11 11,000 «100 16,965 «070 «500 "060
}? 150900 «100 21.015 «090 1,000 29
13 254517 «100 25517 +0R0 1,800 .
164 28,000 «098 28,000 «090 1,200 .
1% 33,0%) «095 33,051 ¢ 100 « 700 .
BLADES COEF +OF DELTA
EXPANSION T
_STA RADIUS LENGTH WIDTH THICK NO OF
NO. IN IN IN IN BLADES MICROIN/IN
DEGeF DEG.F
1 «000 «000 « 000 «000 . o0 .
? _0900 «000 « 000 « 000 . 0 .
3 TeT4C 11,840 1,200 «070 18, o0 .
4 7870 11730 1,200 « 070 1e, o0 .
5 8,000 11700 14530 «070 18, o0 .
6 Bel60 11.680 1,689 «070 18, 0 .
7 84450 114870 «880 «070 18, 0 .
8 8780 12.430 1,150 «070 18, N .
9 96250 11730 2,200 «070 18, 0 .
10 11.000 94430 13,220 «070 18. 0 .
11 13,590 7020 13.950 «070 18, 0 .
12 19,000 44280 B.040 «070 18, o0 e
13 254560 20940 14960 «070 18, o0 .
16 +«000 «000 « 000 « 000 . «0 .
15 « 000 «000 « 000 «0N0 . 0 .
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DIFFUSER DIMENSIONS

INNER RADIUS SHROUD ANGLE HUB ANGLEDIAMETER

IN DEG DEG RATIO
254517 425 T 4e25 16295

DIFFUSER HAS NO VANES

STA YOUNGS SHEAR POISSONS DENSITY
NO, MODULUS MODULUS RATIO
MEGAPSI  MEGAPSI HUB SHROUD BLADE
1 10,0 348 «337 «098 «000 « 00N
2 10,0 3.8 2337 2098 2000 000
3 10.0 3.8 « 337 0118 0143 «098
4 1040 3.8 °337 o118 0143 0098
5 10.0 3.8 0337 «118 0143 «098
6 10.0 3.8 ¢ 337 «116 e180 «098
7 100 3.8 «337 «130 «212 «098
8 10,0 3.8 «337 «098 2206 <098
9 10.0 3.8 ¢337 «098 «210 «098
10 10.0 3.8 «337 «098 e167 «098
11 10,0 3.8 «337 +098 «130 «098
12 1040 3.8 2337 2098 al24 2098
13 10.0 3.8 ¢ 337 «098 0119 «09R
14 10,0 3.8 2337 2098 2098 2000
15 10.0 3.8 ¢ 337 «098 « 098 «000
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TSWH=-.125 SHROUD-FLANGE AND DOUBLER-REV.

RUN FORT ¢=-ONE

BOEHLER

JUNE 2

CALCULATED VALUES OF HUB STRESSES

0+1965

STATION RADIUS TANGENYIAL PADTAL RADIAL
STRESS STeEssS GROWTH
IN psi PsSt IN

1 1¢125 1190, o «00013

2 1e430 917, 153, «00012

3 1950 3109, 1509. «00050

&4 24200 2906, 1693, +00051

5 2¢460 27]4. 1853 «00051

5 2730 225¢, 096 «00051

7 3,140 2919, 3264, «00057

8 3.500 2650, 2082, «00059

9 44350 2831. 5e « 00067

10 7190 2812, «00111

11 11.000 2892, 3 «00176

12 18,000 2070. 17 +00264

13 256517 1491, 2343, «N0313

14 28.000 1189, 461, «002R9

15 33,051 858 . «N0283

CALCULATED VALUES OF SHROUD STRESSES

SHROUN BENDING RFTWEEN BLADES INCLUDED

STATION RADIUS RADTAL TANGENTIAL RADIAL

NO STRESS STRESS GROWTH

IN PsSI PS1 IN

1 « 000 . . «00000

2 «000 ) * «00000

3 134575 . 3023, «00153

4 134590 le 2717, 200156

5 13,600 2e 3048, «00180

6 13.665 10, 2252 eN0194

7 14,010 78, 2862 «00158

8 14530 2384 4788, 000197

9 14680 328, 6717, «00250

10 154390 S82. 626KKae 200291

11 16965 709, 65375, «N0312

12 21015 649, 2815, « 00359

13 254517 3889, 1509. +00337

14 28.000 440, 1562, «00396

15 33,051 P 1160. «00383
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CALCULATED VALUES OF BLADE STRESSES

BLADE STRESS CONCENTRATION FACTOR = 1,00
HUB SIDE SHROUD SIDE
OF BLADE OF BLADE
STRESS PS| STRESS PSSl
STA SHEAR TENSILE SHEAR TENSILE
NO., RADIUS RADIUS
IN PS1 PS1 IN PSI PS1
1 1¢125% . . «000 ° .
2 le430 . . «+000 . .
3 1950 284, 1462, 13,575 158 816,
[ 2200 360 1344, 13.590 226 846.
5 24460 432 1256 13,600 271, 788,
6 24730 495, 1226 13,665 301, T46b.
7 3.140 695 1364, 14,010 421, 826,
8 3.500 777 1243, 14.530 487, 779,
9 4350 688, 1060. 14.680 411, 634,
10 7190 681. 903, 15390 341, 452
11 11.000 772 800, 164965 2913, 303,
12 18,000 922. 511, 21,015 199, 110.
13 25517 872 . 254517 290 .
14 28000 . . 28,000 . .
15 33,051 . . 33,051 . .
MEAN BLADE
STA RADIUS SHEAR TENSILE
NO. . ) STRESS STRESS
IN PS1 PSI
1 «000 . .
2 ¢000 . .
3 7¢740 179 923,
4 7.870 242, 905.
5 8.000 288, 837,
6 84160 322, 798
7 8.450 458, 899,
8 80780 512 820,
9 9,250 429, 661,
10 11.000 373. 496,
11 13,590 354, 367,
12 19.000 279. 154,
13 254560 363, .
14 «000 . .
15 « 000 . .
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