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SUMMARY

This document is the final technical report of the “Technical Review and

Assessment of the Rotating Diffuser Fan for Current SES Applications.”

The report documents rotating diffuser fan technology for design use by

the Surface Effect Ship program.

The study focuses on aerodynamic performance, manufacturing and structural

fan considerations, as related to the SES system. Moreover, Rllfan ex-

perience and performance, and the RD fan’s place in the total lift system

are considered. Figures and appendices provide background information

considered useful to this documentation.

It should be noted that Aerophysics has an established reputation as pr

mary lift fan designer for the SES program. The RD fan appears to be

the ideal candidate design best-suited to the 1982 series of SES designs.
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INTRODUCTION

.

The Aerophysics company has developed Rotating Diffuser (RD) Fans for the

lift systems for currently-proposed Surface Effect Ships (SES). Since

1962, these fans have been applied to transportation, industrial and

marine services. Illustrations of such usage are found in the A~pendices

of this report. (See Appendices I, II and III).

The RD fan

studies wh”

RD fan was

system; th<

was first proposed for use in air cushion vehicles in 1962

ch demonstrated the RD advantages over other lift fans.

designed in 1970 as a backup for the 1OO-B SES lift fan

s was not used due to time and resources constraints.

However, this RD fan was considered the lift fan back-up candidate

the 3K SES program.

The search for a lift fan fulfilling basic needs of an ocean-going

was conducted at the Naval Ship Research and Development Center

An

for

SES “

(NSRDC). The fans studied and tested were of assorted sizes and configu-

rations, produced by various manufacturers and of centrifugal, mixed-flow,

jet flap and rotating diffuser types. A few were capable of satisfactory

static performance at lower pressures and under limited conditions.

None could meet the stringent demands of sea-going duty as well as the

RD fans proposed by the Aeroph.ysics Company. Such fans had been tested

at.sea as part of the fan-boiler propulsion system of the most important

French maritime ship, the France. (See Appendix).

This RD fan, developed by Etablissements Neu (NEU Company) of Line,

France in the 1950’s has been applied successfully to steel blast furnaces,

sulfuric acid processing, pollution control and as mentioned above,

marine propulsion. Neu has carefully documented its efficiency and

durability in pressures up to 1,200 psf and diameters up to 12 feet.



Neu is the major manufacturer of RD industrial fans, while Aerophysics

is the only firm applying RD fans to lift systems. As the sole U.S.

licensee of Neu, Aerophysics has produced and code-tested model RD fans.

It has developed and tested inlet guide vanes (IGV’S), designed and

dynamically tested models with IGV’S, run static performance tests of

full-scale fans, characterized industrial fans and in 1980-81, made fa-

brication designs and specimen construction of full-scale titanium RD

fans with producibility studies for the 3K SES programs.

Thus, Aerophysics has determined

istics essential to the extended

RD fan.

that the basic lift fan system character-

operation of an SES at sea exist in the

Tests performed at the David Taylor Model Basin, and by Neu have deter-

mined a fan efficiency above 80 percent over a wide range of flows. Use

of inlet guide vanes produces a constant exhaust plenum pressure despite

continuous volume fluctuations caused by wave pumping, thus ensuring

smooth movement. Extensive experience has proven the endurance of its

design. Moreover, noise is generally 15 to 20 decibels lower than in

other fans of similar performance.

This report seeks to analyze, correlate and document Aerophysics’ efforts

and provide a cohesive study of RD fan technology related to SES applica-

tion.

. -.
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2. THE RD FAN AND ITS PLACE IN SES SYSTEM TECHNOLOGY

2. General Statement of the Aerodynamic and Structural Features

of the RD System

The Aerophysics Company became interested in the application of rotating

diffuser fans for air cushion or captured air bubble vehicles in 1961.

Such fans have been marketed internationally for industrial uses since

the early 1950’s by the Neu Company of Line, France.

The RD fans have three major advantages in this application: high aero-

dynamic efficiency; a static pressure capacity curve with a negative slope

all the way to shut off and a very rugged inherent design.

Studies by Aerophysics under the sponsorship of the U.S. Army and U.S.

Navy from 1963 to 1967 and later studies have documented these advantages.

Aprugram completed for the Army in 1964 covered aerodynamic, structural

fabrication and design aspects. In 1966, a prototype RD fan was strain-

gage tested for the Army. In 1970, Aerophysics designed a backup fan

for the SES 100B lift fan and in 1980, a full-scale lift fan for the

Navy/Rohr 3K Surface Effect Ship.

As a result of work performed on RD fans by Neu and Aerophysics, this fan

is a fully developed unit whose performance, strength and weight can be

accurately predicted, and whose aerodynamic characteristics have been

carefully studied.

In brief, centrifugal fans with rotating diffuser impellers have two

important aerodynamic advantages:

- high efficiency over a wide operating zone and

a very stable characteristic curve.
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The principal reason for these advanta~es is that most of the conversions

of the velocity pressure (kinetic energy) at the exit from the impeller

blades to static pressure (potential energy) takes place under controlled

expansion in the rotating diffuser. Furthermore, the uneven velocity

profile at the outlet from the blades

diffuser.

In addition to these main advantages,

al benefits for SES application:

is considerably evened out by the

the RD-type impeller has addition-

- very flat volume/pressure curve enabling one fan to give 85

percent of the output of two identical fans operating in

parallel.

very good stability at low flow rates

- possibility for increasing the capacity in situ without cfiang-

ing the impellers

very steady aerodynamic operation allowing two fans to run

parallel without any surge problems

- flat radial blades which give maximum self-cleaning and

abrasion resistance.

The RD fan is of the family of

aerodynamically and structural”

The air first enters the inlet

shrouded centrifugal fan wheels. It is

y unique for the following reasons:

eye under the action of the induce!-

blading; it is turned in the blade passage areas where energy is added

to it, then diffused between the RD diffuser rings. (See Figure 2.1.1).

The key feature is the rotating fan exit. Its main purpose is to expand

the exhaust gases, thus recovering their kinetic energy in the form of

additional pressure rise.

In addition to the

effects are noted.

air velocity which

pressure recovery of the system, many other useful

One is noise reduction. The decrease in delivery

occurs at the blade tips causes a corresponding reduc-

.G
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tion in noise, especially at the blade passage frequencies. The volute

requires less expansion or spiral development than conventional systems.

Because much of the flow is diffused in the wheel rather than in the

volute, the noise producing volute cut-off can

(See Figure 2.1.2).

The RD concept reduces the discharge of air ve”

diffuser. With much of the diffusion confined

exhaust velocities reduced, the means of air C(

be opened up considerably.

ocities at the edge of the

to the wheel and with the

llection, in this case the

volute, can be comparatively compact. Single, double or multiple delivery

volutes are very effective.

In SES applications, the RD fan can operate directly without volute

discharging into a free plenum area. (See Chapter 6.2 on page ).

The RD fan can be arranged as either a single inlet single width wheel

(SISW, see Figure 2.1.3) or as a double inlet double widthksheel (DIDW).

The capacity can be doubled by mountinq two single systems back to back

to create the DIDW (See Figure 2.1.4).

CoIIIIJlct,cpressure and flow control can be obtained by the use of wheel,

volute and inlet guide vane (IGV) geometries. Their dimensions may be

adjusted to fit any performance, structural, sizing and mechanical re-

quirements of the lift fan system by using information derived from

Aerophysics tests.

As stated, RD fan technology has been fully proven and developed over

30 years of invention, testing, application and service. AS a structure~

the RD wheel is extremely robust. It is typically used under extreme

conditions of heat, corrosion and performance in heavy industry.

free Appendix I).
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The structural elements of the RD wheel were shown in Figure 2.1.1.

The RD impeller is a shrouded rotor with its blades acting as full

depth spokes radiating from the hub to the shroud surface. For a given

weight, an RD wheel will be stronger than other wheel systems because of

its spoke-like radial blades connecting shroud, back plate and hub into

a unified structure.

The leading edge of the inducer is radially developed from the hub to

the shroud. The highly rigid structure of the RD fan is very solid.

Anti-surge vanes permit stable pressure down to conditions of near zero

flow.

2.2 Application of RD SES Lift Systems and the Comparative Limitations

of Other Types

The RD wheel with its development and service experience is an excellent

choice for the SES lift system. It is particularly unique in that it has

useful cushion pressures ranging from 250 to 850 psf total. In this

range, it operates in an area of total efficiency in excess of 80 percent,

with tip speeds of less than 700 ft. per second and a stable flow-

pressure down to shutoff. It can be made at a weight and in materials

required for shipboard service. Industrial-type (Type L) RD units are

available which deliver 1,100 psf at a tip speed of 790 ft. per second with

only one stage.

The outstanding characteristic of the RD is its ability to deliver the

higher cushion pressure at lower tip speeds. The lower tip speeds ensure

a superior

In Figures

horsepower

Figure 2.2

systems co”

usually de”

or stronger wheel structure with lower stress levels.

2.2.1 through 2.2.3, the pressure and flow regimes at various

levels of several competing systems are shown. In contrast,

4 presents the performance boundaries Of Vafit)lJSNeu RD fan

lected into a single performance regime. The boundaries are

ermined by tip speed and structural considerations.
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In making a comparative examination of the RD as compared to other types

of wheel and impeller systems, we have noted the following: The ACV and

SES fans in Figure 2.2.1 produced pressure rises which barely reach

150 lb/ft2. Such low cushion pressures have been adequate for the small-

scale cushion craft built to date.

However, much hiaher cushion pressures become necessary, for example, in

a 325 Ib,;tsq.-ft. 1,500 ton surface effect ship. The aforementioned

centrifugal fans would have to be staged in order to produce an adequate

pressure rise. This would reduce overall system efficiency, increase weight

and increase space requirements. In addition, certain fans such as the

JEFF(A) have cracked under high stress.

Common axial and centrifugal fans are not an alternative, as shown in

Figures 2.2.2 and 2.2.3. Their performance is in the same range and

suffers from the same constraints as the ACV and SES fans.

Figure 2.2.4 shows that only the RD fan can produce the pressures neces-

sary for a large-scale SES in a single stage. Moreover, the same basic

design maintaining low tip speeds and high endurance, can be used for a

wide range of vehicle sizes, including the largest proposed SES.

Another problem common to lift fan systems in SES use is their inability

to provide adequate ride control. These fans, when subjected to the

sinustidallv ranging backpressures of wave pumping cannot compensate in

time. The resulting variable plenum pressure develop<’~ sh\~ride.,-/’ ) — .’

As will be demonstrated in section 6,1 of this report, the RD fan

combined with a set of inlet guide vanes can virtually eliminate the

adverse plenum effects of wave pumping. For surface effect ships

designed to travel long distances on open sea, this is a very signifi-

cant advantage.

, ,.
r .) . .
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3. EXPERIENCE WITH THE RD FAN

Industrial Background and Service Applications

Since its development thirty years ago, the RD fan has been applied to

a wide variety of tasks throughout the world. Its high performance, dura-

bility and adaptability to many functions make the RD invaluable to cer-

tain tasks which no other fan can perform.

RD fans are used in the iron and steel industry as blowers for blast

furnaces and cooper towers, as well as gas compressors. They are used in

natural gas production as air blowers and gas compressors. In the

chemical industry, they are used as blowers for air and air-S02 mixtures.

RD fans are employed as air blowers for other processes, including

pollution control, water purification, food manufacture and electrical

power generation.

Since the RD fan is designed to operate under such adverse conditions,

the quality of workmanship in the fan assures rugged and long-range

service. In addition, an on-going research program has produced improve-

ments in efficiency, pressure rise and capacity. (See Appendix I ).

Most RD fans have been installed at overseas sites. It is only since 1974

that a joint Aerophysics - Neu group, called Neuair, has been selling the

RD fan in the United States and Canada. A list of some local industrial

examples is presented in Appendix IV along with material on previous SES

applications, tests and studies. (See Appendices V through VI!I).

‘.,.,

,.

.
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4. RD LIFT FAN PERFORMANCE

4.1 General Aerodynamic Behavior of the RD Fan

Most single stage fan systems impart the greater part of their mechanical

energy to air in the form of high velocity flow, at low pressure rise.

While this may fulfill the volumetric requirements of an SES lift fan

system, it does not satisfy the high pressure needs of large, heavy

ships.

The RD fan diffuses the high speed air being expelled at its outer radius

into lower speed, higher pressure flow. It accomplishes this without

the inefficient losses incurred by the volute-diffusion configuration

of other systems. The RD is a “mixed flow” fan in which a significant

portion of the forced air is diffused within the rotating wheel structure.

Air is forced into the fan by the axial-flow “impeller” portion of the

blades, located at the fan inlet. The flow is then directed along the

blades until it becomes fully radial at the blade tips. The higher

velocity air at the tips is diffused through the radial portion of the

shroud beyond the blades to regain kinetic energy in the form of pressure

rise.

In a typical shrouded centrifugal fan, with fixed diffuser, flow separa-

tion occurs along blades and shroud walls. A boundary layer of slow

moving air is formed along the walls, increasing as it progresses down-

stream. This constricts the flow between the surfaces, thus increasing

its velocity. The difference between the velocity at the walls and in

the center causes flow disturbances and the ensuing losses of efficiency.

In an RD fan, flow separation also occurs along the blades and shroud

walls. However, the flow disturbances are absorbed in the rotating

diffuser section of the fan. The boundary layer formation along the

.
“.

/l-
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shroud and hub is reduced, thus increasing the effective flow area.

The flow rate is steadier, with less difference in velocity between

the center and the walls. Thus, turbulence is greatly reduced and

efficiency increased.

In order to mate the fan with the rest of the lift system, a special

duct leads to the inlet and a volute from the exhausts. The inlet duct

may contain the inlet guide vanes, which are used for varying either

the pressure rise or the flow of the fan, depending on which is needed.

While a good deal of air diffusion occurs within the RD, the final

expansion is completed in the volute. The volute also directs the flow

to its final destination in the plenum area of the ship.

Due to complex flow patterns of air through the RD fan, the performance

cannot be predicted by any theoretical means. It must be determined

experimentally. It does vary, however, within the various fan parameters

shown in Figure 4.1.1.

The NEU Company measured the performance of fans at various dimensional

parameters and created charts for predicting the performance of any

possible configuration. Figure 4.1.2 is a typical performance chart

displaying the values of the non-dimensional coefficients of flow (Cd),

pressure (Cpt.) and reduced orifice (O ) for any fan with a blade angle

as large as 9?0 and a diffuser ratio of 1.3,

From charts like this and others gauging different parameters, it is pos-

sible to determine the most efficient fan for a desired flow rate and

pressure range. An analysis of the influence of parameter dimensions

follows. \
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4.2 Effect of RD Wheel Geometry cm Pressure/Flow and Efficiency

An RD fan is designated by a model number that characterizes its

significant geometric parameters. Specifically, an example is

Model Number 200-0.65-1.30-67.5°.

The first number is the blade tip diameter of the wheel in centimeters.

The second is the hub to tip ratio, or the ratio of the radius of the

inlet eye to the blade tip i’ad+us. The third is the rotating

diffuser radius ratio, i. e., the overall diameter of the wheel to

the blade tip diameter. The fourth is the blade angle at the tip.

(See Figure 4.?.1. )

For SES applications, a hub tip ratio in the range .55 to .65 has been

found to be preferable. This parameter controls the air handling

capacity of the flow capability of a fan of given diameter. This is,

of course, because the inlet eye area is the controlled area for the

flow through the fan. (See Figure ?.1.1.)

A hub to tip ratio (also commonly referred to as tfe RD fan “propor-

tion”) of the order of 0.65 has been found most desirable for SES

applications or similar uses calling for operation over a wide range

of pressure and/or flow.

As has been noted, SES applications call for operation over a wide

range of pressures and flows with a performance curve that remains

stable to shut-off. It has been found that the latter tan be achieved

consistently only with blade angles l+essthan 90 degrees. The opti-

mum from this point of view is probably a blade angle of 67.5 degrees.

Unfortunately, blades with this muc$ divergence from a purely ra-

dial orientation are subject to quite high bending moments. A

compromise between performance and blade strength suggests the
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use of a blade angle of 70 degrees. A diffuser ratio of 1.3 is

preferred from the performance point of view (both peak pressure and

efficiency). At a ratio of 1.2, the stresses are lower, without

significant sacrifice of pressure and efficiency.

Normally for a fan of a given model number, the only control is the

rotational speed. For SES applications in particular, this type of

control is inadequate. Therefore, inlet guide vanes of some vari-

ety are necessary to obtain the flexibility to operate at the numer-

ous combinations of pressure/flow dictat~~ by the Variations of both

ship weight and speed. (See Figure 4.2.’land 4.2,2,)

In the”first case, one operating point, 6700 cfs and 345 psf, is

shown on the normal fan operating curve, i. e., guide vanes wide

open. In this case, the fan is being operated at a relatively low

speed, but the desired outDut is being obtained at near peak effici-

ency. Figure 4.2.2 shows the same fan operatinq at about 29 percent

higher speed. The operating point indicated in this case is well

below peak pressure and efficiency. To reach this lower pressure, the

guide vanes have been closed more than 50 degrees. This is a rather

extreme case that does, however, show the effectiveness of the inlet

guide vanes (IGVS) as controls in static performance.

4.3 Effect of the Inlet Guide Vane System on Ride Control

Based on the August 1980 DTNSRDC Report of John M. Durkin and tfie

attendant testing, the following conclusions were drawn:

. The aerodynamic behavior of the RD fan, when suh.ject to variable

back pressure due to wave pumping, is smooth and repeatable.

. The RD is an effective “buffer” between the variable pressure

air cushion and the fan. Other fans tested in a similar manner had
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greater pressure flow hysteresis. Because of these characteristics,

other fans did not achieve the smooth ride that RDs do with the in-

stallation of guide vanes. .

. Active dynamic tests showed the ability of axial flow inlet guide

vanes to maintain constant pressure in the SES cushion, in spite of

wave pumping. Inlet guide vanes can provide an effective ride control

system for any surface effect ship.

The tests conducted by Mr. Durkin were done on a single inlet, single

\#idth fan of a 0.73 proportion with a set of axial flow inlet guide

vanes. Subsequently, Aerophysics has built a double width, double inlet

model of the fan proposed for the 3KSES program. This D14DIfan has a

proportion of 9.65, and two types of guide vanes, axial and radial,

have been built for this fan. In spite of the increased distance

between the radial flow guide vanes and the fan inlet, this system

was found to be equally effective in control of plenum pressure in

the simulated wave pumping tests.

As a result of this test, a third type inlet is being tested -

the three-vanel damper caisson - which also has its vanes at a dis-

tance from the fan inlet. This third guide vane system is mechanically

simpler and, hence, would be less exDensive and possibly more reliable

than either the axial or radial systems. Should it prove as effective

in simulated ride control testing, this inlet system would be the con-

figuration of choice for the full-scale SES applications.

None of these tests of inlet guide vanes in closed loop arrangements

for ride control have simulated in full an SES lift system. That is,

the test configurations have not represented realistically the duct-

ing arrangements that will be necessary in an actual ship installa-

tion. For example, the installation proposed for the 3KSES includes

ducts of more than 100 feet from the aft fan to the aft cushion seal,

from which the air actually entered the cushion. A much shorter
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duct was used between the forward fan and forward seal. The center

Or cushion fan had very little duct.

Using inlet guide vanes to respond to pressure variations in the cushion

produced by wave pumping has been effective in each of the test arrange-

ments discussed. However, it cannot be concluder! from these tests

that a single controller could perform satisfactorily with ’ducting

arrangements as different as proposed for that ship. This is, of

course, a judgment only. None of the test configurations contained

provision for variation of the duct length as a test parameter. Exten-

sion of the ride control simulation tests would be appropriate before

attempting to finalize a lift system design, particularly a design

that will rely on inlet guide vanes for ride control. In fact,

an investigation of the effectiveness of volute exhaust flow control

would be of interest. In this application, a simple valve is placed

within the volute discharge - cushion intake feed air duct. Modul a-

tion of this gate type valve should be most effective in controlling

the pertutiationsof the cushion pressure. In planning further dyna-

mic tests of a lift fan system, it would be most desirable to con-

sider the requirements for the design and construction of a full-

scale “black box” that will be needed to close the loop between the

cushion pressure and the inlet guide vane system.

The vent valve had been proposed for use with other fans in earlier

.SES applications. However, tests with the RD fan strongly suggest

vent valves will not be necessary.

Figure 4.3.1 describes the axial flow

by Aerophysics in 1980 and referenced

nlet guide vane as tested

n this report. Figure 4.3.2

shows the radial inlet guide vane system installed with the same

model fan. Testing of this arrangement was completed by Aerophysics

in early 1982, a reference of which appears in this report.
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5. MA!WJFACTURI?IGA?JDSTRUCTURAL RD FAN CONSIDERATIONS

,

5.1 Mechanical Description of the RD FAN

The RD fan is a mixed flow fan, whose impeller combines the actions

of the centrifugal and axial flow impellers in a single fan stage.

The unique design feature of this fan is the extension of an inner

(backplate) and outer shroud beyond the blade trailing edges, facili-

tating further pressure recovery before the air is discharged into

the volute.

The RD fan for the SES program is of a design operating since 1960.

The wheel is a centrifugal discharge impeller with an integral axial

inducer system. As noted, the outer shroud as well as the back-

plate, may extend as much as 30 percent beyond the blade trailing

edges to create the rotating diffuser passage.

Single surface blades are made from flat sheets. Such blades are

easy to make, to install, to service and are long-lasting. The

diffuser rings may be arranged in a parallel manner, but in some

designs, they may be angled outward a few degrees. (See Figures

5.1.1, 5.1 .2and 5.1.3).

In some design studies, the hckplate may be of two elements, A

backplate inner portion, considerd as a radial extension of the hub

may be a tapered disc welded to the hub shift. The air passages

between the blades are completed by addition of an inner shroud fairing

surface on a contoured central hub.- The inner shroud or hub surface

is the inner boundary of the flow channel.

The inner shroud or bakcplate may be a common part to each of the

double inlet, double width units. An alternate is to mount two

. .-
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single inlet, single width units back-to-back on a comnon shaft, per-

mitting thus to double the airflow for a given pressure rise.
.

The outer shroud, which may vary in thickness, is welded to the

blades. The outward extension of the shroud forms the upper surface

of the radial diffuser.

— .
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5.2 Material Selection and Fabrication Limitations

Industrial RD wheels are manufactured in vario~s standard metals,

such as, high strength carbon steel , stainless steel, alloy aluminum;

in small high speed compressors, cast titanium is used. Basic in-

dustrial wheel material is chosen usually, to provide a balanced

service between:

high tip speeds, high stresses and usually high pressures

durability to resist destructive effects of abrasion and/or

corrosion

endurance of a long service life.

Marine SES requirements are similar in that the wheels must:

develop higher pressures at high tip speeds

resistthe effects of the marine corrosive experience

be of such a weight that the ship total weight requirement

is not overburdened

endure a long mission life between service or overhaul times,

Our preliminary studies show that for the ship design in which the

wheel and lift system wheel is a small fraction of the total ship

weight, it is well to use a wheel and lift system with the follow-

ing material selections criteria:

Wheel is generally to be made by industrial fabrication

techniques.

Wheel is to be built off from a central forged hubof the

industrial type.

Wheel is to be of a built-up sheet element welded structure.

Wheel is to be of a commercially-available high strength

alloy steel. USS T1 alloy steel or its conmerical counter-

part would be the material of choice.

Hub forging must have mechanical characteristics at least

equal to those of the plate T1 elements and have like corro-

sion resistant properties.

Wheel shaft, whether keyed or welded integral to the hub,

. ,.

— —
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should also be of T1 or its equivalent.

Surrounding elements of the wheel, such as the volute box,
●

inlet bellmuth IGVIS, inlet caisson and the like, can be

fabricated out of the same parent metal as the rest of the

ship - or if weight should be a problem, an aluminum alloy

such as S456 AL.

Choice of constructional alloy high strength “T1” is an ex-

cellent choice, because of its excellent proven corrosion-

resistant properties. There must be further study and consider-

ation of giving the steel elements of the wheel and shaft a

protective coating against further corrosion problems. One

such technique is the application of the “metallized” surface

treatment.

The excellent corrosion resistance of pure zinc and aluminum are

well-known. Metallizin@provides an ideal method of applying such

coatings at high speed, low cost, to any desired thickness - fre-

quently a very important consideration because ~ the corrosion-

resistant life of such a coating is directly in proportion to the t$ick-

ness of the metal applied.

*The term “metallizing” is used to describe that type of flame-

spraying process which involves the use of metal in wire form. The

wire is drawn through the gun and nozzle by a pair of powered feed

“rolls. Here the wire is continually melted in the oxygen-fuel-gas

flame and atomized by a compressed air blast which carries the metal

particles to the previously-prepared surface. The individual par-

ticles mesh to produce a coating of the desired metal. This meshing

action is still not completely understood, but the effect is

apparently due to a combination of mechanical interlocking and

cementation of the oxides formed during the passage of the particles

from the gun nozzle to the sprayed surface.

●
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Uss “T,’” and “T, “ type C Steels have 4 to 6 times the a!t~mospheric

corrosion resistance of structura? carbon steql. TO achieve the be.

nefits of the atmospheric corrosion resistance of bare “T-I” Steels,

it is necessary that proper design, fabrication and erection practices

be observed.

A general description of this remarkable steel, ~ts mechanical

properties and a brief description of its fabrication

requirements can be madezas follows:

The “Tl 4’Steels are a group of quenched and tempered

and welding

constructional

alloy steels with an attractive combination of advantages and charac-

teristics. The most important are high yield strength (about 3 times

that of structural carbon steel), weldability and good toughness

at low atmospheric temperatures. Designed for a wide range of

structural uses, as well as for machinery and equipment, these con-

structional alloy steels offer a selection to help approach the op-

timum in strength, toughness, cQrrosion resistance, impact-abrasion

resistance, and long-term economy. The high-yield-strength steels,

as a group, have a lower tolerance than Iower=strength structural

steels for zones of high stress concentration at design details

and weld imperfections. Therefore, to obtain maximum advantage of

the characteristics of

application that their

“’refinements in design,

the “T1 “ Steels, it is necessary in their

higher yield strength be accompanied by

workmanship, and inspection.

“T7 ‘“ Steel . . . the pioneer grade in the quenched and tempered

constructional alloy steel family-:-. . features an attractive com-

bination of strength, toughness, fabricability and economy in thick-

nesses through 2+ inches

steel and the mechanical

product are shown in the

(63mn). The chemical composition for “TII”

properties for quenched and tempered plate

following tables:

,1 ....
,.
{’
J:.—
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When so required, 11~,,, Steel plates can be produced to:

ASTM A511 Grade F
●

ASTM A517 Grade F

AASHTOM244 Type F

ASTM A709 Grade 100

ASTM A709 Grade 100W

USS “Tl.” Steel Chemical Composition, percent (cast or heat analysis)

c“ Mn P s Si Ni

0.10/0.20 0.60/1.00 0.035 max 0.040 max 0.15/0.35 0.70/1.00

Cu Cr Mo v B

0.15/0.50 0.40/0.65 0.40/0.60 0.03/0.08 0.0005/0.0006

USS “Tl’! Steel Tensile Properties - Plate

Thickness, in. (mm) Thru 24 (63)

Yield Strength, min KSI (MPa) 100(690)

Tensile Strength, ksi 110/130(’)
(MPa) (750/900)

Long. Trans.

Elongation in 2 in., (50mm), min % 18 16

Reduction of Area, rein, %

3/4 in. (19 mm) and under 40(3) 35(3).-. —.—. . .... . .__.._ . . .

Over 3/4 in. (19mEn)
50~2J 4,5(2)
40(3) 35(3)

Test specimens, procedures and elongation modifications conform to

ASTM specifications.

(1)

(2)

(3)

115/135 (790/930) when ordered to ASTM A517 Grade F.

Measured on kin. (12.7nm) diameter specimen (Fig. 5ASTMA370).

Measured on l% in (38 rnn)wide full thickness rectangular specimen

Fig. 4 ASTM A370), which is mandatory for thicknesses 3/4 in. and

under.

0’

—.
.-
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Impact Values, min ft/lb (J), Charpy V-notch, Avg. 3 Specimens - plate

.— — —
Thickness,in.(mm) ‘“z”fi~ thruIM ~111Ihru3?)-— .— -— ---- —.. -—— ——
Temperature,‘FC’C) -50 (-46)orhigher

MinFt-Lb(J)Long. 15(20)

MinFt-Lb(J)Trans. 15(20),
Althoughtoughness is a generalcharacteristicofUSS“f~‘“typeASteel,CharpyImpact
valuesfortough[lesswillbereportedonlywhenspecifiedontheorder.Theminimum
valuesshownin the above table may be specified, orother toughness values may be
specified, subject to negotiation. Charpy impact test specimens are located in accord
with ASTM specifications as near as practicable mid-way between the surface aodthe
center of the plate thickness. Modified impact values are applicable for thicknesses
under %in. fillmm).

“Tl” Constructional Alloy Steels are

(900/955°C) and tempered at a minimum

water-quenched

temperature of

(BHN plate may be tempered at lower temperatures).

from 1650/1750°F

llOO° F (590°C).
t

q, II Steels can be cold-formed. Suitable bending radii and increased

power must be employed because of the high strength of “TI” Steels

compared to that of structural carbon steel: Suggested minimum bend-

ing radii are given in the accompanying table.

For brake press forming,the lower die span should be at least 16

times the plate thickness to avoid high localized strains that might

cause fracture of the steel.

,.11T.I“ Steels - Typical Physical and Engineering Properties
-. —— —- --— ——

ThevaluesshownbelowareonlytyplCalpropertiesandarenot specificationraqulrerrrenta,..-. . I .--,

Density,lb/cuft(kg/m~) 490(7850)
ElectricalResistivity,microhrncm 18to26
ModulusofElasticity, I
Tension,psi(MPa)
Compression,psi{MPa)

CoefficientofExoansion.irt./in.r’F ~
(mm/mm/°C)inthe;angeo{ 50to 6.5X10s
+ 150”F(-46to+65°C) (11.7x10-6) .

,Shfl~lHrength
Approx.58% oftensileyieldstremgth

Ultimate Approx.75% oftensilestrength
FatigueLimit
Stressamplitudefrom
Iol.llill):hmI, irohslwlwwiwwi IAppmx,!io~nftrvrsilcstrrvrflfh

i

-’
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Drop-Weight Test, t4DT (flfl-l)uctllfty-Transaction) Temperature’

steel Thickness,in(mm)incl. Temp@~ature,“F(%)
“T-I” H to2Y (12.7t063)

)
-30 to-130(–34to-90)

“T-l”typeA Y2 tol’4(12.7t032) -5to –60(-20 to-51)
“T-l” ty~eB 1% (35) -40 (-40)’

I “T-1’’typeC I 5to6(j25to150) -80 to-110(-63to-79)t I

Explosfon-Bulge Test, FTE (Fracture-Transjtlon-Elastic) Temperature

?
steel Thickness,in(mm)incl. Temperature,“F~C)

“T-l” % to2(12.7to50) -40 to-60 (-40to-51)
“T-1”typeA % to1(12.7to25) -5to-60(-2oto-51)
“T-l”typeB 1?’8(35) -10 (-23)*L

‘Single test results.
tLimited test resuRs.

“T-1” Steels Cold-Forming Rdii for Plates

—..—
Thickness,~ches(mm) ‘ - SuggestedMinimumInsideRadius
Thru1(25) 2t
Over1(25)thru2(50) 3tL

Note: For improved formability “T-l” Steels Upto 2% in. (63 mm), incl can beordered
toayield strength rangeot 100.115ksi (690-790MPa) with tensile strength forlnfor-
mation only.

The “Tl” Steels cannot be hot-formed without impairing their mechanical

Propirtiei.i [i hqt &G~~,~..l~ !&e~;~ti.Y3 i$ Droduct must be quefichkkl.:.. .. .
and tempered after hot forming to~restore its ’properties. -Such a pro-

duct cannotbe designated as one of the “Tl” Steels unless

treatment is performed by &.’producer because the mechanical

of the “Tl” Steels may not have been restored.

this heat

properties

“Tl” Steels can be welded

when proper procedures are

T1 Steels are shown in the

satisfactorily by all major welding processes

used. Some suggested welding practices for

table on the next page.

.
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Suggested Welding Practices forT1 Steels

*

WeldingProcess Electrode
Shielded El1OI8-MperAWS A5.5,latesteditiorr;Jowerstrengthlow-
Metal-Arc hydrogenelectrodes,dependingondesignstressandapplication,

mayalsobesuitableifdriedtomoisturelevelofE11OI8electrode,-— —..
Subrrrerged-Arc

——
Fl14EF5-F5perAWS A5.23,latestedition.

GasMetal-Arc ERI10S-1perAWS A5.28,latestedition. “-
Flux-Cored-Arc~ El1OT5-K3orEl10Tb.K4perAWS A5.29,latestedition.

SuggestedMinimumPreheatorInterpassTemperature,?F(“C)

Plate Producedto Producedto
Thickness PublishedTensile MinimumBHN
in.(mm) Properties HardnessRequirements

UPto% (12.7),incl. 50(10) 100(40)

Over% (12.7)to1(25),incl. 50(10) .150(65)
- — -..--.—---- --- .-.
Over1(25)to2(50),incl. 150(65) “ 200(95)- -

Over2(50) 200(90) 250(120),
Notel. Other electrodes or electrode.flux or electrode. gas combinations depositing
weld metal of other classifications different in strength and toughness may be either
necessary or sufficient depeodingon design stress and application,
Note2. Apreheat temperature above themirlilnurn shown may berequired for highly
reslraitted welds.
Note3, Welding steel which isataninitial temperaturebelow 100`'F(38`'C) mayrequire
localized preheating to remove moisture from the steel surface,
Note4. Low.h drogen"electrodes forshielded metal .arcwelding, theelectrodes, fluxes

faild/or gases or the other weldlng processps, as well as the weld ioint, must be suffi.
clelitly low in moisture, hydroge!}or hydrogcll. cnttl,t~lliligcontam i!laflf,, tlt,!t unaccept.
able imperfections caused by excessive hydrogen are not produced i!} the weld metal
or hrwtaffected zone.
Note5. No welditlg SIIOUIIJbe done WIMVI tctllf.wr,lturc III the workplw~, IS Imlow(l I
(–18X) to minimize the possibility of poor workmanship.
Note6. Welding heat input should not exceed maximum values provided in tables In
“HowtoWeld USSiT.l' Constructiona lAlloy Steels,'' United States Steel Corporation,
latest edition.
Note7. Electrodes, orelectrode-flux ore!ectrode-gas combinations, normally used to
weld the “’T.l ° Steels have sufficient alloy content to provide welds with satisfactory

.

corrosion resistance for unpainted structures exposed to the atmosphere. If carbon
steel and some Iow.alloy steel weld metals are used, depending on joint design and.
welding procedure, such weld metal may not be satisfactory for the unpainted structures.

Further information on welding, postweld heat treatment, and gas or

plasma-arc cutting is given in Reference 8.

Generally welded structures ofT1 Steels should not be given a Postweld

stress-relief heat treatment. Loss :ofweld-r’netaland heat-affected-

zone touchness and stress-rupture cracking may occur as a result of

such treatment.

-:. -
-- _ — --- -,
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T1 Steels can be oxygen cut or plasma-arc-cut using good shop or field

practices in accordance with those suggested in the AklSHandbook. Cut-

ting of this material generally does not require preheating in thick-

nesses up to and including 4 in. (100 inn),but the steel temperature

should not be lower than 50”F (lO°C) during cutting to minimize the

possibility of thermal cracking.

To avoid cracking, T, Steels must be in the quenched and tempered condi-

tion prior to any oxygen cutting, plasma-arc cutting or welding.

In the case of the smaller SES, where the”lift system and the wheel weight

begin to be felt as a major fraction of the ship weight, a lighter wheel

and shaft weight are is called for. Sudies have shown that a titanium

wheel and integral shaft system might be the arrangement of choice. In

this approach, the major central hub forging is ,eliminated, and the fan

blades radiate directly from the combined hub-drive-shaft

5.1.1).

tube (Fig.

A titanium alloy of choice, Ti 6A1-4V is the most widely-used titanium

alloy It has been used by the Navy in other applications, and has been

extensively tested by the Navy research establishment at Annapolis. The

alloy is generally considered immune to corrosion in sea water environ-

ments at moderate temperature, and in the ELI (Extra Low Interstitial)

composition, annealed, is resistant to stress corrosion cracking and shows

only a limited corrosion fatigue degradation compared to similar tests

in air.

The composition of the alloy is about tltltitanium, 5.5 to 6.5 aluminum,

3.5 to 4.5 vanadium, and about 1 other elements, called interstitial

element; consisting primarily of oxygen, nitrogen, carbon, and hydro-

gen. Additionally, a small amount of iron is usually present and is re-

ported with the ingot chemistry. Trace amounts of other elements may

. . _ ~2— ---
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be present, but are considered unimportant and are not normally report-

ed in chemical analysis. The extra low interstitial grade imposes

restrictive limits on the five elements noted.*

The ELI grade is tougher, more ductile, easier to form, and more readily

welded than higher strength grades with normal interstitial content.

In the annealed condition, the material normally has a strength level

of 110 to 120 KSI yield and 120 to 135 KSI ultimate. Most mill products

are supplied in the annealed condition.

Mill annealing usually consists of holding for one to eight hours in a

furnace at 1,300 to 1,550”F, furnace cooling to 1,050”F, followed by

cooling in still air. It is important to note that achieving ful1

design properties in heavy sections (forged hub and shaf~ for example)

may require relaxation of the ELI restriction.

The titanium alloy Ti 6AI-4VELI has a fatigue limit in sea water approx-

imately, as follows:

Wrought material 90,000 psi

Cast of welded material 30,000 psi

These data were generated in Navy-sponsored programs related to cast

and wrought propellers for early hydrofoil applications. Titanium is

sensitive to structural notches as well as stress raisers associated

with changes in material section and junctures. In addition, titanium

mill products often have surface conditions that are detrimental to

fatigue performance unless appropriate surface treatment is undertaken.

These conditions include alpha case (oxygen enriched surface layer of

low ductility) and surface grinding (used at the mill to remove surface

defects from plate).

.
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These three eeneepts translate into design concepts applicable to the

RD fan wheel:
●

1. Minimize welding.

2. Locate welds out of zones of change of
cross section.

3. Use full penetration welds to eliminate notch
effects at critical weld structure.

4. Machine or chemically pickle mill surfaces
\ after final mill finishing.

The blades and outer section of the backplate for the RD fan are to be

fabricated from hot rolled plate. Generally, the minimum thickness for

hot rolling is .187 inch. Below that gage,flat roll products are de-

fined as sheet, and most of these products are cold finished. The pract-

ical size limitations on plate at .187 inch gage for U.S. mills is about

97 inches, which is adequate for a fan. Sheet products are limited to

48 inches in one mill and 60 inches in another, and would require ad-

ditional welding in the sizes required for the fan. Mill gage control

on cold finished (sheet) products is substantially better than in hot

finished (plate) products. This is significant because, without subse-

quent surface work, the weight of plate products can over-run the no-

minal weight by 5 to 15 percent. In addition, variance in gage on a

specific plate can result in increased problems of balancing the wheel.

Problems in plate gage control can be overcome by special suraface

‘~finishing, usually belt grinding or polishing followed by additional acid

pickling. Dimension control of the hub-shaft and center section of the

backplate will be achieved by machining. .

The shroud-thickness dimensional tolerances were discussed previously and

are a function of the forming method more than of the thickness of input

plate. The outer periphery of the shroud would be machined after final

assembly, and accurate control of both thickness and axial run-out can

be obtained.

++’;
-. — —— .
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Although many exotic welding processes could be considered, the most

widely-used method of producing satisfactory quality welds Is the gas-

tungsten-arc process. In this process, a welding arc between a non-

consumable tungsten electrode and the workpiece is maintained, with bare

filler meta? added to the weld puddle. The weld area is protected by

an inert gas from the welding torch. Argon is most widely used, although

argon and helium mixtures can be used also,

Titanium is a reactive metal which means itwill readily combine chemi-

cally with nearly every element except the inert gases. Normally, the

surface of titanium Is covered with a tenacious self-healing surface

oxide film that is the real source of the corrosion resistance of the

material. If the surface is scratched in air or water environment, the

oxide quickly re-forms. At elevated temperatures (nominally above

l,200°F), the surface oxide is dissolved by the metal and the oxygen

slowly diffuses into the surface, causing surface embrittlement. Long-

time exposure, such as occurs in hot working of mill products produces

a very heavy oxygen rich area commonly called “alpha case.”

When titanium is molten, it readily absorbs oxygen, nitrogen, and other

elements from the atmosphere. In the molten state, particularly in a

highly-agitated weld puddle, these contaminating elements quickly dis-

perse throughout the molten zone causing high levels of interstitial and

contaminating elements. Embrittlement, loss of corrosion resistance

and other undesirable effects result. ...

Consequentially, when welding titanium, the material must be clean

all molten and hot surfaces (over l,200°F) must be protected by an

gas blanket. Because a heavy visible surface oxide form quickly s

and

inert

n the .

temperature range of l,200°F to 800°F, the titanium surface is usually

protected by inert gas to a temperature where little vlslble surface

oxide forms.
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The principal problems with the gas-tungsten-arc process is that It is

slow and thermally inefficient. We can live’with the process speed,

but the thermal inefficiency results in relatively high welding-induced

distortion, low elastic modulus and rapid loss of strength even atmoder-

ate temperatures.

The primary concept in adapting design for titanium welding is provision

of access to both the front and back sides of every weld joint. This is

important because proper inert gas shielding is readily accomplished

when the root of a weld is accessible. Lack of access IS aeerjmtxiatecj

by purging where reliance is placed on monitoring the purity of the

purging gas.

In addition to weld shielding, inspection and verification of non-con-

tamination, weld repairs and ease of obtaining full penetration welds

with smooth surface contours fs enhanced. Often as important, future

inspection and repair of welds is also made possible.

Some areas within the smaller RD wheels may present welding problems,

because of accessibility to the weld $olnts inside the air passageways.

The full welded backplate has been designed to partially overcome thfs

problem. Removable Inner shroud fairing panels provide adequate access

to all welds both for manufacturing and subsequent inspection, in the

hub-tube-to-blade fan configuration.

We recormnend thermally stress-relieving the completed fan unit to improve

dimensional stability for final hub and seal ring machining, to reduce

the possibility of in-service distortion. These distortions result

from cyclic service loading. This stress relieving improves fatigue per-

formance in the finished wheel.

Stress-relieving of the unalloyed and Ti 6A1-4VELI alloy can be accom-

plished in conventional electric or gas fired (oxidizing atmosphere)
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furnaces at a temperature of about 950”F for the unalloyed and 1,150*F

to 1,200”F for-the Ti 6A1-4VELI furnace cooled.at a controlled rate to

500”F and air cooled to ambient.

Fan wheel balance will be achieved by various manufacturing controls

as well as final dynamic balancing.

Parts like blades and inner shrouds will be matched forwe+ght and in-

stalled to balance about the centerline. Parts lfke the hub-shaft and

backplate will be accurately pre-machined. The shrouds will be static

balanced and pre-machined. Careful control of radial positioning

blades and accurate alignment of the shrouds will also be used.

Finally, the outside diameters of the shrouds and backplanes will

trued when the shaftis finish machined. Dynamic balancfng of the

at normal operating speeds fs a routine procedure.

addition or removal for balancing

addition of weights or other prov

must be made.

of

be

fan

Consideration

is still a necesscty. Location

sion for removing balancing material

Several basic inspection techniques are applicable

. .

- .

.“

.,.
}*:4,..,

of weight

for

to the RI)fan wheel

design, depending on the configuration of the area being checked. Where-

ever possible, at least two techniques should be used on each area:

1. Visual inspection

2. Liquid penetrant inspection

3. Ultrasonic inspection

4. Film radiographic inspection.

The ultrasonic andradi~raphlc inspection methods tend themselves to

periodic “shop” or “drydock” inspections. However, with the elimination

of partial penetration welds and other structural discontfnuities below
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the surface, visual and penetrant inspection may be entirely adequate for

inspection in the field. There should be periodic visual Service inspec-
tion and liquid penetrant inspection of selected areas, on a monthly

basis. It is important to identify,in the inspection manual and instruc-

tions,the specific points in the design where problems would occur first,

Usually these areas are in welds where stresses are high or section

changes occur. Although other critical inspection locations can be ~den-

tified by detailed analysis, the welds between the fan blades and shrouds,

particularly at the blade inlet and outlet tips: are good examples of

areas where detailed inspection would probably be required. A descrip-

tion of the piece and part fabrication of t~b RD fan wheel elements. in

Titanium, is found in Reference 8.
.-J...

.,
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5.3 Stress Analysis

!
For purposes of preliminary design, as well as prototype model and

full-size wheel fabrication, Aerophysics uses a procedure of stress

analysis described by Deutsch in Reference 11. This is a method of

stress analysis for shrouded discs and wheels, which has been refined,

extended andaDp?fed considerably from its original presentation.

Formerly, wheels of simple configuration and operating at low stress

levels could be treated by the method of Stodola, as a loaded profile

disc. The higher tip speed, stress levels and mechanical geometries

of the RD wheels now make use of the basic Deutch procedure.

The Deutsch method of solution is based upon the availability of a

high-speed programmed digital computer. In setting Up the Input for

the calculations, it has been possible to keep the technical knowledge

required to a minimum. The data necessary for the calculations have

been arranged in such a manner as to enable a draftsman to fill out

the required input sheets, thereby freeing the stress analysts for

other work. The system to be solved is one of a redundant structure

which is analyzed by an iteratfve energy-balance method. All measure-

ments of the convergence of the successive approximation are pre-

programmed into the procedure, and the computer set to recycle as

required to obtain the desired accuracy.

“’Theproblem is complicated by the fact that

indeterminate structure. An energy-balance

portions deformation energy between the hub

the shrouded wheel is an

method that properly ap-

and shroud must be used.

In addition, an exact solution is impossible, and a computer solution

using an iterative scheme must be obtained. Additional refinements to

the basic analysis have been made to handle structural problems con-

cerning local and detailed design geometry refinements, as well as to

handle unique stress problems particular to the RD wheel. For example,

,,

. . _.. -- — .-
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means are included to handle local stresses particular to the addition

of the rotating diffuser rings. A procedure of “fictitious densities”

- a means to identify local wheel design additio~s - greatly enhances

the range of the original procedure.

A prerequisite for this system of calculation is the availability of a

method of determining radial and tangential stresses in profiled discs

by a finite difference analysis. Such a method should include provision

o

for varying the material density, coefficient of thermal expansion, Poisson’s

ratio, Young’s modulus, and operating temperature at each station. The

use of the system of calculation as given by Mansofii is recommended.

As the types of materials used by each manufacturer

to a few alloys, the input data can be simplified.

table of physical properties can be established for

are generally limited

Thus a predetermined

each material, and

the input data need only indicate the material code. Young’s modulus,

shear modulus, density, Poisson’s ratio, and coefficient of thermal ex-

pansion can then be fed into the calculations automatically.

In calculating stresses produced by rotation, the shape of the wheel

is first established. The profile of a simple disc may be mathematically

determined so as to give a desired stress pattern during rotation by

application of the method proposed by Tumarkin. ‘“ Use of this analysis

would be a good approximation for the desired hub shape. However, the

application of this method by an experienced designer is not warranted

in the case of the shrouded wheel. In general, minimum thicknesses are

desired for the outer portion of the shroud and hub, while all sections

should either increase in thickness as they approach the center of rota-

tion, or at least nowhere decrease in thickness. Hub contour is largely

determined by the mechanical requirements of the wheel drive. Mlth a

little experiencqa suitable contour can be assumed, the stress calculated,

and any readjustment of the profile quickly made.
.
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The nomenclature and identification of the various elements entering

into the’analysis of the disc are given in Fig. 5.3.1. In preparing,
to use this method of calculation, a focus point is chosen so that rays

drawn from this point will intersect both the shroud and hub as nearly

normal to their surfaces as is possible. These intersection points

establish the location of the sections used to determine the stresses

acting in the blades, hub and shroud. Sections along the rays are

given like station numbers in the blades, h@ and shroud. By means

of the finite-difference method, a conventional stress analysis is run

for: (1) the hub of the wheel alom; (2)-the shroud of the wheel alone;

(3) the hub loaded with the full weight of the

loaded with the full weight of the blades.

The designer graphically fashions the RDwheel

system, by picking off actual paper dimensions

bl~des; and (4) the shroud

around this “ray”

from layout wheel design.

He enters these dimensions into the computer and interacts the board

design with the stress analysis output. A peak stress at the mid-point

of the blade tip may occur in some designs. This additional stress is

not calculated by the Deutsch program. This stress is the result of

the non-radial orientation of the outboard section of the blade.

Strain gage measurements during model tests may indicate significant

stresses at the blade tip. The valves may be calculated by treating

the outer portion of the blade as a beam fixed at both ends with a

uniform loading equal to the tangential component of the centrifugal

force. The stre& as measured in model tests, together with the known

characteristics of th~ model and the conditions of the test, may be

used to determine a fixity factor applicable to the blade as a beam.

This factor may be used in calculating the stress for the full-scale

wheel. In some designs, it may become necessary to increase the

thickness of the blade tip to obtain an acceptable stress level.

$/’q’
-- _ ---- .— _-
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The refined Deutsch procedure serves well for current preliminary

wheel design. The advent of the finite element stress analysis is

now considered for application to future RD wheel design. This approach

is considered essential to obtain a more accurate evaluation of the

stresses in the wheel, particularly in the vicinities of the welds.

One proposed approach in applying this technology is presented here.

It is assumed that a single geometric configuration would be analyzed

at two operating steady state wheel speeds representing design and

overspeed conditions respectively.

A detailed geometric drawing of the rotor structure would be required,

including:

.

.

.

.

.

The general axisymmetric cross section of the rotor.

The detailed description of the diffuser vane including thickness,

twist, camber, etc., at a minimum of seven radial positions.

When intermediate geometry is required for finite element defini-

tion,a linear interpolation would be performed.

A detailed description of the interface joints of the structure

including specific weld geometry. Where weld tolerance exists,

the minimum section would be used in the analytical model.

The analysis would assume linear elastic behavior; therefore no

plasticity effects will be included.

The material would be assumed to be isotropic throughout with equal

material properties in the longitudinal (rolling) and transverse

direction of the plate.

2
— .- .—— .
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For completeness, two approaches would be presented. However, one

covers the entire rotor stress analysis including the detailed three

dimensional steady state stress and frequency analysis of the diffuser

vane, and the other covers the steady state stress and frequency

analysis of the diffuser vane. (This assumes a prior input of detailed

boundary condition.) These two approaches would be:

. Complete rotor steady state stress and diffuser fan

The technical approach proposed for the analysis of

frequency analysis.

the entire rotor

assembly would be: Analyze axisymmetric rotor :structure using two

dimensional finite element computer program, as follows:

Prepare axisymnetric model with blades assumed radial to provide

blade loading.

Run model at maximum RPM.

Printout steady state stresses and displacements.

Plot stresses and displacements.

Compare stresses with material properties.

Review data and make recommendations on possible design changes,

if required, prior to the analysis of the blade. Design-

computer iteration.

The resuJts of this analysis would yield accurate radial and tangent-

ial stresses and displacements in the axisymmetric rotor structure,

provided that the bending loads in the actual three dimensional

blade are not excessive in terms of producing large out-of-plane

loads. The stresses in the vanes have physical significance only

if the blades are radial with no bending. These values will only be

used as a reference in assessing the total centrifugal load of the

blade. The blade needs to be modeled as part of the axisymnetric

structure to provide the proper loading to the rotor structure.
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Conduct three dimensional finite element stress <analysis of the

diffuser vane.

Identify the blade-shroud segment to be analyzed.

Model the actual 3-D vane configuration and shroud segments

(if required).

Prepare material property related input for program.

Provide boundary conditions at the rotor interfaces consistent i

with the axisynwnetric 2-D analysis.

Plot model and debug prior to running program.

Run model at design and maximum operating conditions.

Obtain steady state vibrations modes.

Plot iso-stress contour.

Review overall analysis and results.

Provide conclusions and recommendations on the analysis results.

Prepare final report.

Diffuser vane steady state

This analysis would follow

finite element analysis is

stress and vibration analysis.

the same rotational as the blade. 3-D

r&quired, ~ except that no axisymmetric

analysis will be conducted But detailed displacement

boundary conditions will be required.

us now outline briefly a description of the computer

the analysis. Axisynmwtr-ic program description:

and/or loading

program required

This program permits the efficient and accurate analysis of the three-

dimensional axisymmetric stress distribution in solids of revolution.

In addition, 2-D finite elements handling plane stress or plane strain

problems can be handled separately or in combination with the axisymme-

tric option. The program handles: general mechanical, thermal or body

loading; non-homogenous material properties. The computer output wi?l

-59 3-24
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include principal and effective stresses and corresponding nodal dis-

placements. .

Finite element program description:

The program will use a parametric, 3-D, finite element computer program ..“.

capable of analyzing 3-dimensional anisotropic continua and particularly

gas turbine engine blades and vanes. The program accounts for the iner-

tia forces of rotation and vibration. The program y:ves deflections

and stresses in both stationary and rotating bodies. In addition, with

proper modification to the computer model, itwill calculate the lowest

eight modes and corresponding natural frequencies at a specified speed

of rotation. The program utilizes an eight noded isoparametric box

element of practically any shape. Each box has 33 degrees of freedom:

24 corresponding to the three motions at each of the eight nodes; and nine

internally eliminated to minimize streain energy. The material properties

would be 3-D-anisotropic. Thermal stresses would also be computed.

Distributed pressures or point forces can apply external load to the

“)~ructurc. ll[)un&lrycondlt,lons can be applied tn the form of displncc-

ments or loads in any of the mutually-perpendicular directions.

In addition to the requirement of having detailed geometry for the entire

rotor structure, a definition of blade air loading and rotor temperature

conditions should be provided if the levels are significant enough to be

included in the analysis.

——
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Stress analysis by 3-D photoelastic models is regarded by many as the

most powerful of all stress analysis techniques, as it allows complete

analysis - both external and internal - of a component or structure.

Photoelastic analysis is often used to obtain basic design data, such

os, strc~,c concentration factors and th~ determination of stress tra-

jectories. Unlike the previous

the 3-D photoelastic technique .

technique. It is essentially a

The procedure is$as follows:

Deutsch and finite element methods,

s not a des-gn-to-analysis iterative

one design, one duty point analysis.

- A mold of an exact-scale model of the RD

for an exact model pattern.

design wheel is fabricated

- From this pattern, a plastic (epoxy) model wheel is cast. This test

wheel must exactly represent all of the mechanical and geometric

characteristics of the design wheel. As an approximation, a DWDI

wheel could be

back.

- The model will

made from two SWS1 model wheels cemented back-to-

be then subjected to

simulating centrifugal loads only.

closed to prevent aerodynamic loads

The heated test wheel is allowed to

perature.

a spinning/stress freezing cycle

The wheel will be totally en-

during the stress freezing cycle.

cool down slowly to room tem-

- The photoelastic stress pattern is now “frozen in” the model and

will remain so indefinitely, provided the temperature is kept near

ambient.

- The model may now be physically sliced in any desired number of

planes. Cutting will not disturb the frozen stress pattern.

~+
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- The froz’enpatterns of interest may now be photoelastically examined.

- Photoelasticity measures stress and strain by detecting changes in

the indexes of refraction light passing through the photoelastic

material . The principle is based on the fact that polarized liqht,

passing through a transparent plastic under strain, will split into

two polarized beams, which travel in the planes of the principal

strains. These beams will have different velocities, and the result-

ing shift is easily converted into useful stress and strain measure-

ments with modern instrumentation. Direct surface-stress-concentra-

tion features of the wheel can now be determined.

To use this technique as a design-analysis-redesign iterative tool would

require that the model wheel be recast (reworked mold) with revised

detail geometry and design modifications, an untimely and expensive

process.

The model RD wheel is best used as a final stress check means after

application of one or both of the previous analytical techniques.

55-
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5.,4 Weight Estimation of the Wheel

Aerophysics has devised a very practical means o+ determining wheel

and lift system weights. The lift system considered here only includes

the complete wheel, wheel shaft, volute, shaftbearings, pedestal,

mountings and immediate skid-foundation structure.

The major prediction method does not include the weight of any kind

of inlet guide vane system intake air ducting, engine and engine

drive components.

The prediction method which is presented in a log-log form in Figure 5.4.1

is synthesized from previous, actual, SCV, comnerical and industrial

known and available fan wheels and complete volutes with hardware.

This actua~ experience of the wheel and system geometry and weight

relationships, when plotted on the log-log graph of Figure 5.5.1, can

be seen to fall in characteristic straight llnes. Therefore, these

relationships can be presented in the following simple formulas:

when: ~B = Wheel Blade Diameter, ft.

w, = SWSI Wheel CR System Weight, Lbs.

For SWSI Wheels: RD

w= 20 DB2“67 Industrial Type in Steel. Smal?
.) Inlet Eye & Small Diffuser Rings.

w= 31 DB2074 Industrial Type in Steel+ Large

Inlet Eye & Large Diffuser Rings

W = 2.58 DB2”67 Light Weight A7uminum Type

Backward Curved Consnercial Type, High Efficiency

W = 5.75 DB3 Punker, Steel

W=ll.5DB 2.42 Heba A & B, Steel

w= 5.3 DB2G42 Heba, Aluminum

M= 1.98 DB2”42 Bicycle Wheel Type. Dowty Rotol

Mixed R.P. Metal Construction

~ .-
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Backward Curved Commercial Type, High Eff. (cent’d)

W = DB3 BHC prediction ,

Note: Wt. of DWDI Wheel = 2x’ Wt. SWSI.

For Systems - Including Wheel, Shaft, Bearings, Volute and Framing

but not IGV’S

Backward Curve Industrial Type

w = ~~ ~;.so SWSI, Buffalo Forge, BL Type

w= 102 DB2*53 DWDI, Buffalo Forge, BL Type

RD For SES*
w= 88.6 DB2”66 DWDI Steel RD Wheel in Aluminum

Volute & Structure.

Points to consider in this broad weight estimation arrangement are

the following:

All Points & Curves are for Steel SWSI Wheels Unless

Otherwise Noted.

Weight of SWSI RD Wheels Presented

Range of Industrial Type RD Wheel

Boundary of Light Weight Aluminum

Changes in Wheel Alloy-Material &

Weight Determined

Alloy RD Fan Determined

Construction Tech-

niques may be Estimated Between These Two

Extreme Boundaries. ,,

Available Comnericial & Industrial Type Backward Curved

Wheels and SWSI & DWDI Systems Shown.

Developed ACV/SES Lift Fan Weights Presented.

Predicted DWDI SES Lift Fan System Weight (Without IGV’S)

- Steel Wheel & Aluminum Structure-Volute - Estimated.

*

,.
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Of the greatest interest in this presentation to the naval architect,

for his preliminary sizing and weight estimates, is the realistic RD

lift fan system presentation of weights. Of immediate application is

the SES lift system curve representing the DWDI, steel RD wheel with

aluminum volute and structure, with a relationship

W = 88.6 DB2”66

Of great interest to the designer of the SWSI RD wheel is the tech-

nique which allows him to add the components to ascertain the total

wheel weight. This is presented in Figures 5.4.2, 3, 4, 5, 6, 7

and 5.4.8. Using these curves, several of the local wheel geometry

characteristics must be considered as factors in determining the final

detailed component/partweight. These factors are also presented in

the fields of the aforementioned Figures. When using these Figures,

it should be noted that the characteristic weight curves (and diameter

of gyration curve) are plotted on a logarithmic scale, which for

amplification is folded back on itself.

The source of these curves is from actual industrial practice. These

have been shaped by actual fabrication and practice.

From practice application of these curves, the following table should

be used. Note that, as a practical matter and unlike the system

we’ight curves, these curves are presented in metric form.

.- ,
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DETAILEDWEIGHTDETERMIflATIO?JOF S!4S1RD WHEEL

BY ESTIMATIONOF ELEMENTALPARTS

.
, ELEMENTWEIGHT IN KILOS/DIAMETEROF GYRATION(KG,M2)

FOUNDFRO!ISEVI-LOGCURVES- (FOLDEDBACK,LOG-LOGCYCLES)

, WEIGHTSSHOWN ARE FORSTEELELEYENTS,OTHERMTERIALS
MAY BE ESTIYATEDBY MULTIPLYINGBY THE DENSITYRATIO (k~-~

“WE]GHTMJ o;!ABSCJSSA,MIISTBE !YuLTIPLIEDBY SEVERAL
‘ CORRECTIWJFACTORSFOR:

- PROPORTION,J)/DB- TABuLATED
- BLA3ETRAILINGEDGEANGLE,l+- ASSUMED
- LOCALMATERIALTHICKNESS,TMM -

ASSUMED- NL!PIBEROF BLADES,N - ASSUMED

o FOR E?(AFIPLE
WEIGHTOF
WEIGHTOF
WEIGHTOF
WCJGHTOF
WEIGHTOF
WEIGHTOF
WEIGHTOF

THEN-

.
i

BACKP~TE = KG X TMM )( FN

OUTERSHROUD= KG x T,4,1x
DIFFUSERRINGS (2)= KG X
lNLITCYLJW)[R= KG x TMM
BL4DESW/O INDUCER= KG X

INDUCERS= KG x TMM x Fwl
HUB = KG (ASSHOWN)

‘Fw,

‘MM x ‘WI
XF
TMMW!Fwl
x FW2X N

.WEIGHTOF SWSI RD WHEELWITHOUTSHAFT:
(WT., BACKPLATE)+ (WT.,OIJTERSHROUD)-+ ,
(WT.,DIFFuS,ERRINGS)+ (WT.,INDUCERS}+ (WT.,HUB)
MULTIPLYTHIS WT, X 2 FOR DWDI WHEEL
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6. SELECTED APPLICATIONS OF THE RD FAN TO THE SES LIFT SYSTEM

6.1 IGVIS, Dampers and Flow Control Means.

Earlier ACV’S and SES have operated their lift fans without any means

of lift air modulation, other than changes in shaft RPM. With the need

for matching lift performance to varying load and cushion duties

(static adjustment), and the need to actively and constantly keep a

uniform cushion pressure over a

control), the use of mechanical

varying wave-pumping sea (active ride

flow control has become a necessity. “

. Fan flow-pressure control is achieved by placing vanes, shutters, air-

foils, registers or dampers just upstream or immediately downstream

of a lift fan intake or exhaust, respectively.

A discussion by de la Combe of the basic airflow control of centri-

fugal fans is presented here in English translation from the origi-

nal French version (Reference 12).

41q
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Flow and pressure control of the RD fan—.

One must be able to vary the flow and the pressure of an RD that sup-

plies air to the SES cushion, both statically and dynamically. There

are five major ways to accomplish this objective:

1. Variable rotational speed of the fan

When the rotational speed of the fan varies, say from 1000 rpm to

900 rpm, as shown on Fiqure 6.1.1, the duty point of the fan moves

along a parabola (from point Al to point Al’ of Figure 6.1.1, for

example). However, it is also possible to move the duty point A to A2

(constant flow delivery) or A3 (constant pressure).

Therefore, control using variable RPM can be very useful, but it re-

quires a variable-speed drive or transmission.

2. Flow control using a damper

For a,given airflow distribution network, the flow capacity can be

cha~ged through an “orifice” located anywhere in the network, for

example, a damper on the discharge side of the fan, as shown on Figure

6.1.2. The damper can also be used as a one-way valve, to eliminate

pressure surges into the fan from the cushion. Typical performance

of the system is shown on Figure 6.1.3. The o?.iginal duty point is

shown as A, corresponding to a flow QA. If the flow is reduced by

means of the damper to QB, this corresponds to the operating point B’

,.’
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of the operating curve. However, since the discharge circuit is not

modified, the actual pressure corresponding to QB is PB> on the same

load curve as pA. The new f1ow conditions correspond to (QB, pB).

Nolo {h;~l.t.h{’damppr h,~s“Killrd” the pressure pD’-pB. Th~ effici~ncy

of the fan at the new operating point B is:

1 7
pB

‘B= B,
~’

Therefore, the efficiency, using a damper to regulate flow, is fairly

low.

3. Use_of a ~ass....... .-----

One can increase the capacity of a fan discharging into a given network

by controllably by-passing some of the flow downstream of the fan,

with possible return of the flow to the fan inlet. This meansof control

is rarely [isedon cnntrifuqal fans.

4. Use of axial inlet guide vanes

In accordance with Euler’s equation which characterizes the theore-

tical pressure rise through a centrifugal fan, the pressure-flow rela-

tionship of a fan can be significantly changed by introducing, through

a set of inlet guide vanes (axial or radial} a “rerotation” of the flow.

A set of axial inlet guide vanes, shown schematically on Figure 6.1.4,

consists of pie-shaped elements, usually closely fitted to each other

when the vanes are closed, which each rotate about an axis perpendicu-

lar to the axis of rotation of the machine.
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The simultaneous rotation of all vanes is usually achieved by a single

control mechanism, as shown in figures 6.1.8

The number of inlet guide vanes is usually a

9 or 13, and is different from the number of

and 6.1.2. ‘

prime number, such as 7,

blades of the fan, to avoid

potential resonance. A typical performance map of a rotating diffuser

fan equipped with inlet guide vanes is shown on Figure 6.1.5.

5. Use of radial inlet guide vanes—.

A schematic of a typical radial guide vane setup is shown in Figure 6.1.5.

The axis of rotation of the vanes is parallel to the axis of rotation

of the machine, and the vanes are of rectangular shape and held on both

sides, as shown. The vanes are located between two parallel walls, one

corresponding with the inlet face of the fan and the other a circular

fairing facing the inlet. Usually, the vanes are controlled by a single

“collective pitch” mechanism.

Ususally, one uses more vanes for radial inlet guide vanes than in the

axial vane case. Since the vanes are physically farther from the fan

inlet than in the axial case, their wake is somewhat damped when they

reach the fan, and therefore risks of resonance are lessened. One usu-

~J]ly ~;[H/J/r)y~ dn L’verlnuldwr of Vdnes: ?6, ?8, 24, etc..

This type of inlet guide vanes always has a diameter much larger than

that of the inlet eye of the fan or than that of the corresponding axial

inlet guide vane system. It is more expensive and harder to close, but

it usually has a lower pressure drop and is quieter than the axial vanes.

Both axial and radial vanes are used with RD fan. Usually, however,

radial vanes are preferred.

An interesting variation in radial inlet guide vanes is shown in Figure

6.1.7 and 6.1.13, and referred to as the “3-vane damper caisson”. Pre-

rotation of the air entering the fan can be achieved by using a set of

three collectively-linked parallel vanes mounted in a rectangular caisson.

The effect of these vanes on fan performance is somewhere in-between

L.C.
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that of radial inlet vanes and of an ordinary damper. The advantage is

lower cost and greater simplicity.

Recent model tests on the development of t.haRD wheel for SES lift

systems apply the concepts of axial and radial IGVS. These models are

described in Figures 6.1.8- 6.1.12, and their flow and pressure perform-

ance are shown in Figures 6.1.15 and 6.1.14. This data is for steady

state fixed IGV performance.

The use of the direct duct-right angle

very practical interest. This interest

the right angle caisson with IGVS:

inlet caisson, with IGVS, is of

originates from the facts that

. is simpler in construction, requiring only a few (3-6) vanes,

simply mounted and activated.

. in the case of the DWDI system, allows the two shaft hearing

centers to be brought closer to the wheel.

permits direct-ducted air delivery to the fan inlet and

results in a smaller system installation.

Such an arrangement is often used in stationary industrial practice, and

it allows for a continuous throughput of a process flow system (see

Fiaure 6.1.15). Typical full-size static IGV performance data for a

related industrial DWDI RD caisson system is shown in Figure 6.1.16.

Industrial and general research data on IGV applications to centrifugal ~

fans is voluminous. Additional mechanical and aerodynamic schemes for

flow modulation by vanes, dampers and jets is to be found in References

13, 14 and 15. Several of the described schemes appear mechanically

simple and adaptable to SES lift control, but little test information is

available on those arrangements, other than on the well-established axial,

radial, toroidia” IGV and genera” duct damper systems.

. .;2
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6.2 Volute Design and Geo~etry

The RD fan operates in a standard industrial-ty~e rectangular scroll volute.

The volute continues the static pressure recovery of thewheel’s rotating

diffuser. The volute also serves to collect

through a rectangular discharge opening.

For preliminary design, it is of interest to

and exhaust the fan flow

quickly determine the size

and volume of RD volutes. A series of designer’s curves are presented

with which one may determine maximum dimensions of thk volute as a func-

tion of th~ RD wheel diameter and diffuser ratio. (See Figures 6.2.1-

6.2.4). It is important to note that the wheel diameter is presented

in its characteristic metric dimension, centimeters; however, the linear

dimensions of the volute are presented in inches. The diffuser ratio

(pR), is the ratio of the wheel outer blade diameter to that of the

outer diffuser (total wheel) diameter. These volute dimensions have been

determined from aerodynamic tests and satisfya broad range of general

applications. Other test developments allow the basic volute size to be

reduced (“tight volute”) in order to fit a more limited space. Note

that the curves may include the dimensions of a radial-type inlet guide

vane assembly. Further note that the general volute axial length (B)

is given to match the installation of a S14SIRElwheel. The axial length

of the volute for a DWDI wheel now becomes 2B.
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Some Representative RD Fan SES Design Installation Studies

The practical application of the RD fan to high cushion pressure

SES is presented here in three representative examples. These ships

have the following cushion static pressure and powering requirements:

SHIP CUSHION TOTAL NO. OF LIFT HP AVAIL.

TYPE FIG. PRESSURE, FLOIJPER MODULES PER PER
PSF, STATIC SHIP, CFS SHIP ENGINE

900 LT 216 6168 6 620

280 MDC 216 6168 3 2200

MPS
51A 35815
700 26290 6 7000

One of the points to be considered here is the modular lift fan

engine drive unit and its flexible desian application to SES marine

architecture. These studies reflect several combinations and adapta-

tions of realistic hardware selection and performance possibilities.

Note, for example, how the MPS ship can be run at two cushion loadings

only by the static adjustment of the IGV inlet angle.

The lift fan module would have very desirable ship-board features,

such as excellent overhaul service accessibility, commonality of

design, installation and ship control. NotE that the units described

are Diesel powered and that the larger MPS module breaks down further

into two sub-units containing the D14DIlift fans.

The pressure and flow characteristics of these particular units

are directly derived from actual full size wheels and volutes instal-

lations. Ship and module characteristics are tabulated as shown.

(See tables and views in Figures 6.3.1-6.3.11).
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LIFT SYSTEM PERFORMANCE

(10,000 LT).

SUB-SYSTEM SEALS CUSHION -

NO. OF IXJDI RD LIFT FANS 4 2

NO. OF INLETS 8 4

HORSE POWER AVAILABLE/INLET 3500 3500

Ps STATIC, PSI? 514 467

PT TOTAL, PSF 555 t 504
.—

DELIVERED FLOW/INLET, CFS 2917 ‘3120

TOTAL FLOW IN CUSHION, CFS -. 12480

TOTAL FLOW IN BOTH SEALS, CFS 23336 --

TOTAL FIX)W/SHIP, CFS 35815

c~t, TOTAL PRESSURE COEFFICIENT .0970 .0881
----..— —.. _________ -...__ .

c~, FLOW COEFFICIENT .551 .584

N~, TOTAL EFFICIENCY .865 .825

IGV BLADE SETTING, DEGREES -9 -16

SLOPE OF PERFORMANCE CURVE STABLE STABLE

TIP SPEED, FT/SECOND 549 , I
RPM, ENGIFE - FAN 1350 - 1639 I
GEAR R4TIO RXQUIRED 1.214

J

Fig .: 6.3.7,.

-? 7
—-— ---
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LIFT SYS~ PERFORMANCE

(15,000 LT)

—

—

—

SUB-SYSTEM SEALS CUSHION
..—-——— --——

NO. OF IWDI RD LIFT FANS 4 2

NO. OF INLETS 8 4

HORSE POWER AVAkABIX/INLET 3500 .3500

PS STATIC, PSF 700 700

PT TOTAL, PSF 808 735

DELIVERED FIA3W/INLET, CFS 2191 2190

TOTAL FLCXJ IN CUSHION, CFS 8762

TOTAL FLOW IN BOTH SEALS, CFS 17528 --

TOTAL FLW/SHTP, CFS 26290
-—

c ~+, TOTAL PRESSUKE (X)EFFICIENT .1050 .0955

ccl‘ FLC%J COEFFICIENT .322 .354

N TOTAl,EFFTCTENCY
t’

.850 .850

IGV BLADE SETTING, DEGREES -lo -32

v SLOPE OF PERFORMANCE CURVE STABLE STABLE

TIP SPEED, FT/SECOND 636

RPM, ENGINE - FA.N 1350 - 1900

GEAR RATIO REQUIRED 1.407 I

.

Fig.: 6.3.8.

.
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6.4 Noise and Its Control

In its December 1976 houseorgan, Courrier,

information on noise levels of centrifugal

has tested and installed ?IEUfans in the U.

!ieuof Line, France published

turbomachinery. Aerophysics

s., and presents the follow-

ing findings related to fan noise.

Centrifugal fans can be either shrouded or unshrouded wheels with back-

ward-inclined, radial or forward-inclined blades. Their volutes can

either be equipped with a diffuser or be without: the diffuser can be

either a fixed structure beyond the volute or a circumferential area

beyond the discharge end of the wheel. Finally, the diffuser can be

axysymmetrical , in which case it will be of the vaned, stationary type.

The combination of the above-mentioned elements can strongly affect/
the noise levels. The following point<’ should be noted:

. Turbulence noise increases with the speed of flow through the

fan and volute. Therefore, large passage areas are beneficia-

in lowering noise.

[or ,1given airflow capacity, low noise levels usually qo toqether

with good aerodynamic design and, hence, high aerodynamic efficiency.

An exception is siren noise, which can be very noticable even at

very low energy levels. It is well-known that a sound power

10 watts corresponds to a sound power level, as follows:

evel o.f

L14= 10 Lo!I& = 130dB

Siren noise can be generated by fixed obstacles placed upstream of, or

at, the fan inlet; their wake is picked up and amplified by the blades

or the fan. Such obstacles can be bearing supports, turning vanes or

pre-rotation vanes.
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. Siren noise can be generated by the interaction of the wake of

the fan blades with one or more fixed obstacles downstream of

the wheel. If the velocity profile of the discharged air is

irregular, the same phenomenon occurs, at a much higher fre-

quency, for a fixed vane (circumferential in a multi-staged

diffuser or toroidal channel).

The RD fan significantly reduces siren noise since the exhaust

flow is “diffused” between the discharge from the blades and

the diffuser exhaust. The sound power level is little changed

by changes in the operating point of the RD fan.

The remarkably lower noise results from the higher efficiency

and from the flow stability of this type of machine. (See

Figures 6.4.1 - 6.4.3).

Unshrouded centrifugal-type wheels operating without bellmouth,

in a big volute, called “transport wheels”, are noisy. Often

the vector diagram of the entrance velocity is incorrect, which

results in large vortices in the volutes. However, the ability

of trnnspr)rtwheels to handle very dusty industrial gases at

high temperatures makes them desirable in thermal engineering.

. Backward-inclined wheels, with thin or thick airfoils, are fairly

quiet for high-efficiency regimes, if the wheel is effectively

matched to the air delivery circuit.

. Forward-inclined wheels have a very high pressure coefficient

and operate over a wide range of airflows. This allows fans

with low structural volume; however, they have no less aerodyna-

mic noise than previously-mentioned wheels for the same capacity

and pressure. Since their rotation speed is lower, their bearing

noise is lower, which makes them desirable when mechanical noise

is likely to be higher than aerodynamic noise, as in low-power

equipment. (See Figure 6.4.4).

/04
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. The thickness and stiffness of the walls of the volute are impor-

tant in absorbing radiating noise of the fan assembly. This is

why blowers and compressors which usually have thick walls do not

radiate appreciable noise levels, even at higher mechanical power

lPvels.

. The type of bearings has an effect on the noise of the rotation

equipment. For lower noise levels, journal bearings are prefer-

able to ball bearings or roller bearings.
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Figure 6.4.1: Schematic (left) of the airflow out of

a conventional centrifugal wheel.

Schematic (right) of the airflow for an RD wheel

showing greater flow uniformity & hence lower

siren noise.
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7. CONCLUSIONS

As this study shows, the RD fan is the most efficient, aerodynamically-

sound and especially-structured fan for use in the 1982 series SES pro-

gram. The fan has been successfully tested and applied to heavy-duty

uses, including marine service. Therefore, Aerophysics concludes that

the full-scale RD fan is available without technical risks as the full-

scak lift fan system for forthcoming SES applications.
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Appendix I: A Representative Industrial Service DWDI
.4 Kotating Diffuser wheel of large diameter
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APPENDIX IV a

NEUAIR, INC.

References in United States and Canada

1974

.

—

—

—

—

—

—

—

—

1976

1976

1976

.

BEKER INDUSTRIES
Agricultural Products Corporation
Conda, Idaho
1 Blower Air+ 0.5% S07
R.D. 185-0.46/1.2 SWSI - overhung - axial inlet guide-vanes
93 3/8” wheel diameter
104,000 CFM 100 IWG

DORR OLIVER
Stamford, Connecticut

for
BEKER INDUSTRIES
Conda, Idaho
1 Blower Air
R.D. 84-0.5/1.09 SWS1
36” wheel diameter
34,000 CFM 7.5 PSI

180° F 1865 BHP 1780 RPM

overhung

70° F 1500 Bt!P

SCIENTIFIC DESIGN
New York, N.Y.

for
HOUSTON CHEMICAL CO.
Division of PPG Industries
- 1 Spare Impeller Process Gas

R.D. 23-0.5/1.3 SWSI
11 3/4” wheel diameter
1740 ACFM 63 PSI 99° F 612 BHP

- 1 Spare Impeller Process Gas
R.D. 60-O.46/l.3SWSI
30 3/4” wheel diameter
8500 ACFM 59 PSI 99° F 2420 BHP

BEKER INDUSTRIES
Conda, Idaho
1 Spare Rotor Air + S02
R.D. 185-0.46/1.2 SWSI
93 3/8” wheel diameter
104,000 ACFM 100 IWG 180° F

5467 RPtfI

12,235 RPM

4670 RPM

1865BHP 1780 RPM

-— .
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APPENDIX IV b———

Neuair, Inc.
References
Page Two

—

—

—

1977

1977

.

1977

.

—

— 1978

1978

—

.—

1979

.-.

.—

.

BSP ENVIROTECH
Belmont, California

for
San Jose Scum Incinerator
San Jose, California
1 R.L).84-0.65/1.09 SWSI overhung - whee”
stator 316
36” wheel diameter

Carpenter 20

41,000 ACFM 2.8 PSI 150° F 560 BHP 3580 RPM

PPG
Pittsburgh, Pennsylvania

for
HOUSTON CHEMICALS
Houston, Texas
2 Spare Impellers, identical to the ones sold to
Scientific Design one year before

DAVY POWERGAS
Lakeland, Florida

for
STANOARD OIL OF CALIFORNIA
CHEVRON CHEMICAL COMPANY
New Orleans, Louisiana
Oil incineration
1 R.D. 168-0.50/1.2 SWSI
78 3/4” wheel diameter
90,912 ACFM 68 IWG 600” F 1214 BHP 2225 RPM

CHEVRON CHEMICAL
Belle Chasse, Louisiana
1 Spare Rotor for blower sold to Davy Powergas one year before

DOFASCO
Hamilton, Ontario
I.D. Fan for converter
1 S.L. 154-0.60/1.09 DWDI
66” wheel diameter
120,000 ACFM 20 IWG 270° F 488 BHP 1190 RPM

KOPPERS
Pittsburgh, Pennsylvania

for
The Industrial Development Board of the City of Fairfield, Alabam
Coke oven pushing emission control - One spot cars
2 R.D. 120-0.55/1.09 SWSI
57 1/2” wheel diameter
40,000 ACFM 41 IWG 151° F 320 BHP 1780 RPM

/&o



Neuair, Inc.
References
Page Three

1979 DRAVO CORPORATION
Pittsburgh, Pennsylvania

for
ALLIED CHEMICAL
Detroit, Ilichigan
Coke oven pushing emission control
2 UL 185-0.55/1.09 SMSI Stainless Steel
79 1/2” wheel diameter
92,900 ACFM 27.6 IWG 2565 F 521 BHP 1180 RPM

1979 DRAVO CORPORATION
Pittsburgh, Pennsylvania

for
CITIZEN GAS
Indianapolis, Indiana
Coke oven pushing emission control
1 UL 168-0.60/1.09 DWDI
73 3/8” wheel diameter
146,600 ACFM 22.5 IWG 260° F 645 BHP 1180 RPM

1979 RILEY ENVIRONEERING
Chigaco, Illinois

for
INTERLAKE STEEL
Toledo, Ohio
Coke oven pushing emission control - One spot car
1 UL 130-0.50/1.10 DWDI Stainless Steel
55 5/8” wheel diameter
75,000 ACFN 31 IWG 156° F 462 ‘BHP 1780 RPM

—

—
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APPENDIX V a

,

VENTILATEURS DE CHAUFFE

1)[1 PAQIJEBOT “ FRANCE “

—

.

.

.

—

‘ ( )11a d~j~ tant parl~ ct ~crit au sujet du paquebot
]’rnnr{~ , qu’ils~mblrinuti]cde pr&enter cc nav;re

qIIi m,n<t;tuc l-uniti la plIJs imporlante de {a k~ar;ne
I!);lr( Iia!t(lc {ran$nise.

I?n]>lwlnns simplrmenl scs caract+ristiques gt%krnles :
l.,,II}~IN,Urhors IrlIIt . . . . . . . . . . 315,66 m
l.ar~fmr “laxilllt!t~ . . . . . . . . . . . . 33)7[)m
l.)~placcmrnt en charue . . . . . . . . 57000t “
Puissancede l’appareil moteur. , . 160000 ch
Vilesse moyenrw rfc service .. . . . . 3[nfx.ud~
Vilrssc maximale sup6rieure & . . 33 ,,

qIII cn f{,nt Ie prtquehot lC pll}q Ion de la ffottc mondiah. “
f(lmqtruit aux Chnnlicrs rfc I’AI sIntique k S1-Nnzairr,

pnur In Compaqnie G+nFralc “1’ransntlall!l{~(]t,, par sa
conception et sa ristlisation it fait honrwur h I’armemrn”t
e! i 1~construction navale de notrr pavs qlli prouwnt
ainsi.25 .trns a wi’s l“acht%m~n[ {{II l,rrstigiellx

\,:N{wmanrlle II.qu”i s se s(,nt maintcnus en t~t< ,Iu ~,r,)~ti.<
international clans Ie rtomaine Ie plIIs colnplexe rfcs
tr,rhniqllm mrrrifimes.

NIW f’linlJi<scmvltl~ w Ilcvrttrnt dr IMrth II,CI A ~ttw

tf.llc r~alisation et, en particulier. h l“~tude {Ies vcnti -
Iateurs de chaufle destin+q a l“appareil propl)lsif,
nltxilirrirrs vitaux riu navire
NOIISne mrus +trnrfrons pas sur Irw lnultipl{< I)rojets

tllli rIIIl 6t+ envisaqs% lfIIIliruInrrqdr I’+tll{lf,ct{h,Ifl
nll~~’1111point~e l’qp]ml,.11l}lo~!lll,il, p,,ul <IIIarriv~r
mI matr%cl qul tqulpc en rft%nltlve IIFrance II. Alors
q!!,, Ni)rmarrdie IIavail ,Inc prnpul<ion turhf)-$l(,ctriquc
r,jmptcnsnt 29 chau({i~rc< fftnctir)nnant ~vm- rl~.la vnpsvlr

~S kg, cmt, I( Frallcc 4,.1 t’,f{lli]l~ rfr. R { l)nllf{li.re.+~ , ,,.
l~r,,t Illsant de la vap(>llr ~urchnltff~r A WIT(’ W)IIS un(.

!Ir(.c ‘:11 effective de 71,5 kz cm”. (Ies 8 chnll,liim.s snnt
rf’.lmrlie~ en un Rroupr avant c1 UII grwpc arrii, rc dc
[h;wt]n 4 chaudi~res.

I..e syst+me de ventilating est dit IIdc snufflage ~,
sclllrmrnt, c’est-~-dire que }es ventilateurs, plac& en
t~,tr de circuit, soufflent l’air n4cessaire aux hrfileurs &
ma?cmt jusqu’k &racuation des fumfes par Ies cheminfies.
II avait ~t~ envisag~ & un certain moment de faire un

‘.v*tFntr “ WJ1.lflhqp? 1 tiriq~c II, syd;m? qui prs%ntc
II vrt,. avarltnu- d- pollvr,ir riql~.r In I,r.s-.iI,~I (IIIIIS L-Q
, It ,,,!. ,1, fllllI{,.~ ,.1 I,ar ,,,fl%{tf{wflt d , ,, ,81,!I,$II$.,.,1~~
I,,,*, . ,’... ,lt,l#l l*” Jnll. 11-. #f)~t,lmrtil]wrll , I I)allfl,.r;,

a!,x,liairm cst~lv~ritfi -
(III llr.~lr,. rwtrrlicn fa{ Illt[ (IM nltfrrs

!,.

‘“rennan’“Certaines‘r~cautions‘upp16mentairepour a reallsat]on de ces ctrcults dc fum~cs, la solutlon
du (Isoufflagc seul II a it~ retenue car elle prt$sen[e rles
avantqes non n+gligcahk crrmmc :

— gain de poids sur Im vrntilatcurs,
— gain d’encombremrnt.

— gain de puissanr~ awez importan~
— entretien

r
IUS facile (le* ventilateurs rie iouffla e

“1fonctionnent A a temp~ralllre ambiante, avec un fltIIC e

non corrosif, ni abrasif).

Les ventilateurs de chauffe sent au nomhre rlc 16,
soicnt 2 apparcils en paralli,le par chaudi+re,

Pratiquement, avec un ventilateur par chaurfi+rr. cm
peut assurer la marche normrrle du navire ; Ies rfeux
ne sent n~cessairm que pour la marche maximale. Crci
constituc un dtment de s~curit~ qui doit pcrm([trc AC
faire face A des avaries ~ventoelles, saris perturhcr I“al]tlre
du paquebot.

Pour satisfaire tsux imp&at ifs de stabilit~ de fonct ion-
rwment,riprrnrlemmtk+, A hruyancv minimllm,
nous ne pouvions proposer ~’ue de~ verrtil, stcur: A
diffuseur rotorique IIqui sent blen Ies appareils pr~scntant
ces qualit& au plus haut degr~.

Nrsus avons drmc livr+ :

I(r wntilatfurs centri{uaes ~~A Q@reur rol(,)’i,ltie
n“ 120, str,e 0.6/1.2 entrainds par deg nlotr-t,r< t.1, ,-
triques A I 800 t/inn (une seule vitesse) d’ufi-e p[li~s;]i]c,.
rmminale unitaire de 250 ch, Le dgtsit ~lr,}~m ,1~..
16groupes peut atteindre 1.330.000 ms,h P).1. ,1,.t
plusnrsrmalement voisin d? 880.000m’]lh.

Chaque ~entilateur est muni, A snn refoulcmrnt. ,1’,l!]
clapct ~qulllbr~ qui se ferme automaliquemrnt t{i (,1,4
la presnion clans leecircuip devient sl!pfri,ur, ;! ~, II,,-
fournle par I apparell : ce~t &lte Ies fuites rl’ai, IITIIlf,r-
tantes Iorsque le 2@ vent] lateur en paralli?lc cOIIl11)11( J

fonctionner.

D’autre part, tous les ventilateurs sent tisserv,. .i l!n
systdme de chauffe automatique qui
Ie rht d’air n+c~ssaire en forrction JR::l::::l:[t” ;,
hrirler Imur ohtrnlr la rnmr(hr ,l~sir+r dII n.,.; ,.

(X f(glnge do Iw,lt(,t){l, dll Jilt 4,1,1,11!! !!, ( ,
. .

rnnnv.r~->,Ilmlti nmls aVIIIIS nflIIIIl{. Ir ~~rlll}Il.. I , ,., !,!
ayant fait SFS prcuws dCIMIIS IIC IOIIUIIIS ,11 ,,( , Itt, tll

tous Ies ventilatcurs rlr rhnu(fr de nnvire<. ~“, I -il.,{lrt

?’
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APPENDIX V c

I I t ,111/I tIKR 1>1.5 ~T,\BLISSLMENTS NELI
—..—. ———____________

,, ..,,:{,

‘lJ ‘;,.

—

.-

.—

-.

I ,,, ,! I),.!,,,1.,,,’,,s1,.,,! 1,,1,,,,.,,,1,1,1,,a%,,,,,,,,t,.v.0,I I ,,11,1. ,Ir 1,”1.uI,,1,1,Irl,it.

.Alc,rh quI Ies venti]aleurs I_snt habituellemrnt Ieur
ssrhrc slll>l}l,rli pnr 2 pa]iers & rou]ements, curl-x rlu
‘ I:rall({ lIIAVIIIISIII la psrrtirvllarit.$ rl’avoir uft Imli(,r
ii II II II II IU.111 r-tNH ptilw Iisw /1 coussirwt en 2 partirs.
l{n tfft.t,si 1(spalier A roulement c6t~ o pos~ au manchon

r{l’acc{~tll~l(.ll~rnt est facilement visitab e et rempla$ahle.
it n’en t!st l~as de m~me de celui c6tr? accouplement pour
!eqtlel rrn changement de roulernent n~cessite k<
t{~rrlontrrge {III nlt~leur et du manchon. Pour rem&iier i’
ccl in~(mvf.llirnl, ks paliers de chaquc cbt+ de l’accou-
lIhIIIVIII (m,lui rfu ventilateur el celui du molrur
Awlriqt]c) sent des paliers Iisses dent la visite et Ie
t vml)lir{ cment rim crrussinets en 2 arties ne nicessitctlt

Yaucurr rfemolltag(, important. Ces pa ters Iisses sent a Lain
d’hllilc. i ~raissage par bague, avec chambres d’eau de
r~.fr,,i[lisst:r)](llt, c[~mpte tcnu de la temp~rature ambiante
relatiit.nwn[ r4ev& pnuvant r~gner clans Ie local.

(k ap]lalrils, qui pr+sentent d’excellences qualit+s
a0r4~({yIlnll]i(lllcs CI de robustesse, feront honrwur,
croyfl]n<.l)l~lt.. a INIS Ctatrhssernents qui ont +t~ tr~s
hcur{!ux {{, pisr[ivipcr ainsi & I’une des plus belies
r,;ali.ali,)i,< frnllqniws.

, l;.MERCIF.R
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#AERODYNAMIC PERFORMANCE

“ ;ISRDC ROTATING DIFFUSER FAN MODEL TEST RESULTS,

“ ~ISCUSSION OF FAN PERFORMANCE ;=.RODYNAMIC COEFFICIENTS b, CP, Cw

● FINAL FULL-SCALE FAN CONFIGURATION SELECTION
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APPENDIX VIIk

ROTATING DIFFUSER FAN MODEL TESTS
DYNAMIC TESTS, 3800 RPM, RUN NO. 569
CLOSED LOOP TEST, 1.0 HZ

o.2-

.OUVER
4REA (),
=T.2

.
—.

.,
*

—‘i 01
.,

,

. too- ..
.,,

‘LENUM 90
‘>RESS.-

Y bSF 80 -

701

_ Ft-ow
?ATE -
CSF

60r

VANE 40 -
ANGLE-

-- DEG. 20 -’

0-

800 r

—

—

-.

_ :?-Q/i!!600

400

. .
4

,,

*

/ y
*

7-
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ROTATING DIFFUSER FAN MODELTESTS
DYNAMIC TESTS, 3800 RPM, RUN NO. 573
OPEN LOOP TEST, 0.5 HZ

0.3-

LOUVER o-a .
AREA
FT.2— 0.1 -

0

140rl
“..,“

PLENUM IZO ‘!.

PRESS, -

PSF 10(? -—

00

— ,..

250 r ,,

—
FLOW 200 -
RATE -
CSF I50

—
100

+5 f- .

VANE
.,4

— ANGLE- 0“
DEG.

-5-

—

—

—
r

t200r
..

I100 -

~-~f 1000-

900

800 ~
.,..
.$“!

.
TIME ..J

,..... ,!.’’:/:.

/+’/
.-,.:. ..:.

“.,.’. ,.,: .+. $
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ROTATING DIFFUSER FAN MODEL TESTS

DYNAMIC TESTS, 3800 RPM, RUN NO. 566
CLOSED LOOP TEST, 1.0 HZ

0.2
r

,. ..’,

,..
.

.,. .

LOUVER
AREA O ,
FT.2

0.01

PLENUM Go
PRESS.-
PSF 50

t60

: FLOW
RATE- 120

_ CSF
#

80

80 r
60 -

‘~ VANE

DEG.
—

2o1-

01
—

600 “

– TORQUE
LB.-IN,400 -

—

200

. TIME

I

7
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ROTATING DIFFUSER FAN MODEL TESTS ~

DYNAMIC TESTS, 3800 RPM. RUN NO. 577

TEST, 0.5 HZ “

LOUVER “2 “
AREA ~ ,
FT.2 “

o

1oo-
PLENUM

.

PRESS. - 75 -
PSF

FLOW
RATE -
CSF

VANE
ANGLE–
DEG.

50 / ,

60-
i

40 -

20 -

0

Iooc

TORQUE * Oc
LB.–IN.

400

20C

... .

,’:.,

TIME - :;’
., ..

/43
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ROTATING DIFFUSER FAN MODEL TESTS

DYNAMIC TESTS, 3800 RPM, RUN NO. 522, RESPONSE TO

INLET GUIDE VANE ANGLE STEP FUNCTION , 0 DEG. TO 70 DEG.

80r

INLET
VANE 40 .
ANGLE,
DEG.

220
r

180
FLOW
RATE,
CFS

140 1
I

,,
.:

.,,.,

.“.
~..

1,
. ..

100 L80 -- - .— —----- ——— . .... —.. -_

t
U

Ioor !,

80 - ,

PLENUM ,,:.,’
PRES.

..
,,,,

PSF ,’
40 -

leoo r A
TORQUE
LB.-IN.

400

v~

%
200

01 f 1
0

.
.;’2

ppi
TIME : SECONDS ,,:..,

.;.,>: :
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ROTATING DIFFUSER FAN MODEL TESTS NSRDC LIFT FAN EVALUATION RIG

OPEN LOOP AND CLOSED LOOP DYNAMIC TESTS

3800 RPM , 0.5 HZ BACKPRESSURE OSCILLATION, LOUVER AREA: 0.105t 0.1 FT2

-.

R{:

b 8ACKPRESSURE RISING
lGv &=()

573
q BACKPRESSURE FALLING

lGv&=o.
577

0 ~iE$s&#~z:~;D ‘y
COMMAND PRESSURE = 35 PSF

< I
H

u
.

1

I
\

,.

* .

I I I i 1 I
25 J

1
..:., 50 75 100 125 . ... 150 I?5 200 225
,“.-,. ,,, ,., FLOW RATE - FT3/S

..
..’” . ..

.----- ... >. ,-. . .. ..
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b IGVL = O.13ACKPRESSURE RISING

~ IGVL =O.BACKPRESSURE RISING

D IGVL CONTROLLED
COMMANOPRESSURE 57.5PSF

() IGVLCONTROLLED
COMMAND PRESSURE 85PSF

El

. .

( (
..
[

..-
1

..—

ROTATING DIFFUSER FAN MODEL TESTS NSRDC LIFT FAN EVALUATION RIG
OPEN LOOP AND CLOSED LOOP DYNAMIC TESTS
=00 RPM, 1.0 HZ BACKPRESSURE osC/LLATl~N, LOuVER AREA: O. 105t 0.06 FT2

<
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i

I

.

..

4

01 I 1
0 ~’
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1 I 1 I 1 J
75 100 . 125 “-”~150 ~ ‘ I7!5 200 - 200
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ROTATING DIFFUSER FAN MODEL TESTS
DYNAMIC TESTS, 3800 RPM, RUN NO. 562
OPEN LOOP TEST, 1.0HZ

LOUVER
AREA
~~2

0.15

0.10

0:05 -

0.001

120r
PLENUM ’10“

,,,

PRESS .
PSF

100 -

801

. .
“.1‘

200

flow 180 “

F{ATE -
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CONCH.; IONS Fz:+ ““OIIEL kTS

● ~+IGH STEADY-STATE FAN EFFICIENCY AI,2 HIGH EFFICIENCY OVER A WIDE RANGE OF FLOWS,

SPECIFICATION EFFICIENCY OF 83% FULL-SCALE WILL BE EXCEDDED, AXIAL-FLOW INLET WIDE

VANES CAN REACH ANY POINT OF INTER5S- 0/’1THE PRESSIJRE-FLOM! MAP,

. AERODYNAMIC BEHAVIOR OF FAYJ WHEN S.3JECTED TO VARIABLE BACK PRESSURES IILIETO WAVE

PUMPINGJ Is sMooTH AND Repeatable

THE ROTATING DIFFUSER IS AN EFFECT:. S “BUFFEq
“ 12ETwEEN THE VARIABLE-PQESSIJ~E AI”

CUSHION AN!) T}{E FANO ?RESSURE-FLO’fSl -YSTERES13 LOOPS ARE MINIPAL OR NOV-EXISTENT,

z~, 3YNAPIIc MECHANISMS OF THE FLOw ARE .:T C!JRRE;.TLY UNDER3T00D,

● ACTIVE DYNAMIC TESTS SHOW TUE ABILW OF THE AXIAL-FLOV! INLET GUIDE VANES TO MAINTAIN

CONSTANT PRESSURE IN THE ~~$ CUSHIC’~) IN SPITE OF WAVE PUMPING, AND ITS EFFECTIVENESS

IS ONLY LIMITED BY THE IDICSYNCRASI=- > OF THE ELECTRONIC CONTROLLERS INLET GUIDE

VANES CAN PROVIDE AN EFFECTIVE RIDE CONTROL SYSTEM FOR TYE 3i6i3t
.
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