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INTRODUCTION

This report describes the results of an engineering study
conducted for NASA-Lewis Research Center on tlodifications to the
Altitude Yind Tunnel (AYT) for Icing and Propulsion Research

by DSMA Engineerina Cornoration, Orlando, Florida and

DSMA International Inc., Toronto, Canada. The engineering study
referred to as study 'Part B' has been carried out under authori-
zation of NASA Contract NAS 3-22933 (Ref. 1).

The scope of work defined in the Statement of Work 3-169855
(Ref. 2) Revised 2/20/81 was discussed in detail with NASA on
October z2, 1981 and covers the following areas:

- Fan and Fan Housing. This includes assessment of circuft loss
analyses, fan aerodynamics and mechanical conceptual design of
variable and fixed pitch fans considering fixed and variable
inlet guide vanes.

- Fan Drive Systems - considering fixed and variable speed drives
with continuous rating of 30,000 HP with overload capability of
45,000. The drive shaft between the motor and fan is to be

considered and also the existing foundations for the main drive
motor,

- 20 ft. Test Section Arrangement - having slotted wall configura-
tions suitable for testing at transonic velocities, with various
model support systems required for the anticipated models and
tests. A model handling concept aimed for high productivity
testing and means for quick access to the model in the test
section between test runs.

- 45 ft. Test Section - feasible and practical approach for model
installation and removal.
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A11 the alternative concepts considered during the early part of
the study were discussed in the 50% design review meeting with
NASA. At that point NASA provided direction as to which concepts
would be developed and finalized to satisfy their anticipated
operating requirements. In this meeting we were directed to
discontinue further work on the 45 ft. Test Section and
concentrate more on the 20 ft. Test Section.

The technical aspects of the study are described in Section II of
the report where they are grouped by the major areas into separate
sub-sections. Each sub-section describes the concepts considered
with more emphasis on the concept selected for preliminary design.

Cost estimates for the equipment chosen in the recommended éoncepts
are described in Section III. This section also describes the basic
assumptions used for estimating and the sources of cost data for the
major items.

Section IV covers delivery times for the major equipment based on
present day situations.

Recommendations and conclusions reached in this study are arranged in
Section V.

Drawings and Figures are included in Section VI of the report.
Design analyses supporting this study are bound in a separate volume.

DSMA International Inc.




SUMMARY

A study has been conducted to develop feasible design concepts
for some of the major areas of the Altitude Wind Tunnel to
enhance its capabilities and to satisfy the present and future
requirements for icing and propulsion testing.

The study covered the fan with its drive system, the 20 ft. high
speed test section and, to a lesser extent, the 45 ft. low speed
test section.

Before starting the aerodynamic design of the fan, the wind

tunnel circuit losses were estimated to determine the fan pressure
ratio required to achieve the specified performance of the;
facility. A single-stage fan design was first assessed and found
to be incompatible with the aerodynamic testing requirements.

A two-stage design was developed and,after evaluating the constant
speed/variable blade pitch option, the final concept was selected
that has a variable speed drive system, fixed blade pitch and
variable geometry inlet guide vanes and inter-rotor stators.

The mechanical design studies concentrated on the development of a
feasible general arrangement of the fan and its main components.
Concepts were developed for the fan housing built inside the
existing tunnel shell, solid wood construction fan blades, fan

rotors and their support and drive system and the variable geometry
actuating system.

The fan drive options studied included constant speed systems in
the first half of the study and, subsequently, variable-speed

- systems to complement the final design concept of the fan. The
selected system, variable frequency AC synchronous drive, best
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satisfies the technical requirements at a reasonable cost.
The size of the drive motor will necessitate structural modifi-
cations of the existing drive foundations and building.

High speed test section studies were aimed at high productivity
model handling and test section access. The final concept,
incorporating a lifting platform arrangement, allows installa-
tion and removal of models through the test section floor as
well as through the roof. The through-the-floor system offers
considerable versatility, ease of handling and access to the
models for de-icing or modifications between tests. It will
accept sting mounted and strut/external balance mounted models;
the wing tip mounted models, supported at the test section‘side-
walls, are installed through the roof.

Limited aerodynamic consideration of the high speed test section
has indicated potential problems with testing large models at
high transonic speeds in the present test section. Possible
approaches to alleviate these problems have been proposed.

The 45 ft. test section requirements were briefly studied to
determine means of installation and removal of large models.
Feasible approaches were found; however, further development
of the design concepts for this test section is being done
internally by NASA.

Feasible concepts have been developed for the major areas
addressed in the present study. Although careful attention will
have to be paid, in the next preliminary engineering design stage,
to transform the concepts into satisfactory designs, no serious
design problems are expected.

DSMA International Inc.
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REQUIREMENTS

The Lewis Research Center is the NASA field center responsible for
research and advanced technology development for aeronautical
propulsion systems, space propulsion and power/energy conversion
system applications. A key facility that was used to accomplish
this mission in the early and middle years of the Center's exis-
tence was the Altitude Wind Tunnel (AWT). This wind tunnel was
originally constructed in 1942 and even today stands out as one

of the major structures at LeRC. It was used intensively for sub-
sonic propulsion research throughout the 1940's and early 1950's
and made major contributions to military aircraft programs. With
the advent of jet-powered aircraft for flight at higher speeds

than the tunnel would permit, new facilities such as the Propul-
sion Systems Laboratory became more dominant and the AWT eventu-
ally fell into disuse. In the 1960's a need arose for large vacuum
chambers to support the space program. Consequently, the internal
components of the AWT were removed and the shell was used to provide
space simulation chambers for environmental tests of launch vehicle
upper stages and for space power research. During the 1970's this
capability was no longer required and the AWT again was no longer
in use. However, during the late 1970's it became apparent that the
national needs in aeronautics, as reflected through the research
programs of NASA, required a facility like AWT.

The resurgence in interest for icing research is broad and applies
to rotorcraft and general aviation, as well as other aircraft types.
Rotorcraft and general aviation have some unique problems due to
their small size, lower power levels available far anti-icing and
de-icing and long flight times at lower altitudes. Currently pro-
posed modifications to the AWT could make a major contribution to
NASA's propulsion research programs and, in particular, to the
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program on Advanced A1l Weather Helicopters. Performance measure-
ments, aeroelasticity and cooling work on new and advanced propul-
sion systems would be possible in this unique variable altitude
propulsion facility. Work in these areas is needed for NASA pro-
grams on advanced turbojets, general aviation, VTOL and rotorcraft.
Appropriate modifications will be made such that acoustic character-
istics of propulsion systems can also be studied. The rehabilitated
AWT would be the only tunnel that could operate at lower speeds with
variable altitude and icing capabilities. These capabilities are
important for future propulsion system research.

A proposed project in LeRC's future Construction of Facilities budget
(FY'85, '86 and '87) calls for modifying the AWT to provide icing

and propulsion research capability. As this wind tunnel was construc-
ted in the early 1940's, this special study was conducted to evaluate
the existing structure and equipment, and to develop preliminary
concepts for new features which enhance the wind tunnel capabilities.

DSMA International Inc.
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I1

DESCRIPTIVE ANALYSIS

Circuit Losses

As part of the present study, DSMA undertook to calculate the losses

ot the proposed circuit. These losses would be used as input data
for design of the fan.

The losses were calculated usfng an existing DSMA program based on
one-dimensional compressible flow with friction and drag. For the
calculations, the circuit is broken up into a number of components.
The losses are calculated for each component, and the results
summed to give the total loss factor. In the present case, 17

components were considered and they can be broadly categorized as
follows:

Diffusers

For all diffusers, the loss in total pressure was calculated from
the static pressure recovery efficiency, n, where:
n = (Aps) Actual
(8P5) 1deal, AP

=0

For the four diffusers (test section diffuser, first crossleg, fan
tailcone, and fan diffuser),a correlation between n and the blockage
at the diffuser inlet was used, where blockage is defined as the
area reduction due to the boundary layer displacement thickness.

The correlation between inlet blockage and n was developed from
Kenny's treatment (Ref. 4) of the Creare data (Ref. 5). The basic
assumptions of the analysis were:

- n is primarily a function of inlet blockage and,to a secondary
degree, Reynolds number based on inlet diameter
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- n is independent of inlet Mach number
- n is independent of diffuser angle for 3%0 £ 28« 6°

- 1 is independent of area ratio (since the formulation of n
explicitly takes care of that dependence).

The correlation was developed for a reference Reynolds number, based
on inlet diameter, of 0.37 x 10° (for which the bulk of the Creare
data was obtained). For other Reynolds numbers, n was corrected

using "log law" scaling - no allowance being made for possible
roughness effects.

The calculation of inlet blockage for the four diffusers was as
follows:

i) Test section diffuser: two factors contribute to the inlet
blockage - the boundary layer growth through the contraction and
test section, and the plenum re-entry flow.

The boundary layer thickness at diffuser inlet was calculated
by estimating the 'equivalent' length of the contraction.
The Green-Weeks-Brooman program (Ref. 6) was used to calculate
the turbulent boundary layer development over the range of
tunnel operating conditions from the downstream end of the settling
chamber to the test section exit plane. The equivalent length of
the contraction was defined by comparing the displacement
thickness at the contraction exit plane with the boundary layer

- development over a smooth, adiabatic flat plate at the correspond-
ing test section conditions calculated by the method of Winter
and Gaudet (Ref. 7 ). The length of the test section was assumed
to be fully effective for boundary layer develooment.

DSMA International Inc.




The contribution of the p]enum're-entry flow to the test
section diffuser inlet blockage is related to the mass flow
and velocity of the plenum flow re-entering the circuit.

The displacement thickness at inlet and exit of the slotted
wall portion of the test section (walls assumed parallel) was
calculated using the Winter and Gaudet method (Ref.7 ),
ignoring any disturbing influence of the slots. The plenum
mass flow is then defined as that required to keep the static
pressure constant over the length of the slotted wall section.
The ratio of the plenum re-entry flow velocity to the free-
stream value was based on previous work. A value of 0.4 was
used in the present case. (Note that the limited measurements
of Ross and Rohne, (Ref.8 ), in NLR HST had indicated a value
of 0.5).

i) First crossleg: it was assumed that at inlet, the flow was
fully developed with a 1/7th power law velocity distribution.
Based on an average velocity, the inlet blockage was 18%,and
this value was used in all calculations.

iii) Fan tailcone: it was assumed that a good deal of reenergization
of the boundary layers takes place as the flow passes through
the fan and that at inlet to the fan tailcone section, the
boundary layers are quite thin. Based on previous fan designs,
an inlet blockage value of 3% was used.

iv) Fan diffuser: it was assumed that fully-developed turbulent
flow was achieved at the end of the fan tailcone, that the
boundary layer growth was such that the displacement thickness
along the outer shell was half that along the strongly
converging tailcone and that the displacement thicknesses were
1/8th the corresponding boundary layer thicknesses. However,
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for calculating the influence of blockage on the fan diffuser
‘n', only that blockage component resulting from the outer
shell displacement thickness was used, it being argued that the
central low total pressure region, since it does not directly
influence wall friction, would not have a major influence on
static pressure recovery (no systematic experimental data are
available to verify this point).

Test Section: For the test section loss, the mean skin friction
coefficient was calculated by the method of Winter and Gaudet

(Ref. 7 ) using the equivalent Tengths of the contraction
described above.

Model/Strut

It is known that, particularly at higher Mach numbers, the model
and strut can contribute significantly to the total circuit loss
factor,and allowance was made for these components in the present

analyses. For the model, a value of CDS = 0.02 was used for all

Mach numbers. Model load estimates weré used to develop a

preliminary geometry for the strut/sting combination. In the present
case, only a simple strut was considered. In the future, the full
range of models to be tested with the associated model support system

should be analysed. The strut/sting loss was considered to be made
up of three components:

~ Friction drag of strut and sting - the data on section profile drag
at low speeds given in Duncan, Thom, and Young (Ref.9 ) were used
to define a correlation for mean skin friction coefficient based
on strut chord Reynolds number and thickness/chord ratio.
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d)

- Wave drag of sting and sting boss - data given in Hoerner '
(Ref. 10) was used to calculate the wave drag coefficient for
this component - a relatively small contribution. For Mach
numbers of 0.9 or less, this coefficient is zero,and this
contribution was neglected in the present case.

- Wave drag of strut - for strut wave drag, the strut was
considered as an equivalent,double wedge airfoil, and the wave
drag coefficieni was calculated from simple-equation fits to
Hoerner's correlation of transonic similarity data.

It was assumed that there was no interaction between these drag
components and that they were simply additive.

Corners

As suggested by NASA-Lewis, a local loss factor of 0.13 was used
for the turning vanes in each corner. Based on existing data,
this is a reasonable value. As provision for a safety screen in
corner 2, an additional loss factor of 0.1 was applied in this
corner.

Heat Exchanger

As suggested by NASA-Lewis, a local loss factor of 2.5 was used for
this component,and it was assumed it was mounted in the second
crossleg. It is considered that this is a critical circuit
component, from the points of view of both losses and flow quality,
and must be studied in some detail during some later stage of the
design program.

DSMA International Inc,



f)

g)

Flow Conditioning Devices

Although the flow quality requirements for the facility have not
been defined, it was considered that some flow conditioning would
be required,and allowance was made in the present calculations.
At the end of the fan tailcone and in the settling chamber, local
loss factors of 1.0 and 3.0,respectively,were applied to account
for flow conditioning upstream of the two test sections. Based
on a preliminary analysis, it appears that a turbulence intensity
better than 0.5% could be achieved in the 20' test section by
having a honeycomb/screen combination with a total local loss
factor of 3.0 mounted in the settling chamber. This is devendent
on the heat exchanger configuration, and no allowance was made for
an icing spray rig.

Other Components

A1l other circuit components are constant area sections, and the
losses were calculated from a correlation of standard friction
factor-diameter Reynolds number data.

The geometry of the circuit was taken from an airline of the
original AWT circuit supplied by NASA-Lewis. Some slight changes
were made in the fan region as the fan design progressed.

The loss calculations were done for four tunnel operating points,
three at approximately 25,000 HP (including the design point) and
one at low power (approximately 1,200 HP). The actual conditions
were:

1. Design point, M = 0.8, h = 47,000’
2. M=0.9, h = 55,000’
3. M =0.38, sea level
4. M=0.2, h = 30,000
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For the altitude cases, the static pressure and temperature in

the small test section were taken from standard tables of
atmospheric conditions. It should be noted that part of the upper
left portionbof the facility operating envelope proposed by NASA-
Lewis (Fig. 2 in Ref. 2) will not be achievable if the minimum total
temperature downstream of the heat exchanger is -20°F since, for
Tower Mach numbers at higher altitudes, it will be impossible to
achieve the correct test section static temperature.

The results of the loss calculations are given in Figures 1 and 2
as the variation of total circuit loss factor with small test
section Mach number and variation of fan pressure ratio with

mass flow,respectively. Detailed results of the loss calculations
for the four cases are given in Table 1. Fig. 1 shows that the
circuit Toss factor decreases somewhat with increasing Mach number
in the low Mach number range and that it begins to increase sharply
as the transonic regime is approached. These results,and the fan
operating curve given in Fig. 2,are consistent with data for other
wind tunnels operating in the same Mach number range.

The main result of the present ca]cu]étions is that a drive power
of 25,000 HP is required to achieve the design point of M = 0.8 at
47,000' with a small model in the test section. This power would
increase for the large models proposed by NASA-Lewis, but no
estimates were made for this case.
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I1.2

Fan and Housing

a)

Fan Aerodynamic Design

As part of the present study, a preliminary analysis was made of
the aerodynamics of the fan. The results of this analysis,
indicating the options which were examined and their various
advantages and disadvantages, are summarized below.

Since consideration of the fan was begun at an early stage of

the overall study, the required performance was derived from

the circuit-loss estimates supplied by NASA-Lewis. These give

a fan design pressure ratio of about 1.2 and a maximum pressure
ratio of about 1.3. Subsequent analysis by DSMA has indicated
that the losses may be somewhat lower, but the differences are
not large enough to affect the conclusions regarding the fan.

The differences correspond roughly to the margins of safety
which would have been used in any case (to allow for the possible
addition of flow-quality control devices, for example).

In general, the preliminary aerodynamic analysis consists of two
main steps. A given optioh is first examined by hand calcula-
tions made for the hub, the mean radius and the tip regions.
These calculations indicate the relative Mach numbers which can
be expected and the blade loadings which will occur for reasonable
values of solidity. If a particular option seems sufficiently
promising, the hand calculations are confirmed by running the
DSMA fan design-point program. This program performs a full,
compressible radial-equilibrium analysis of the flow after each
blade row, takes into account the total-pressure losses through
the rows and includes the effect of the flow non-uniformity at
the fan inlet. The results produced by this program have

been found to be reliable previously when compared with the
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results obtained by the more sophisticated streamline-curvature
program which is used at DSMA for predicting off-design fan
performance.

Single-Stage Fan

The possibility of using a single-stage fan was examined first,
and essentially this option does not appear to be feasible.
The maximum performance which can be obtained, without putting
the fan well into the transonic class, corresponds roughly to
the intended design point. Even under these conditions, the
relative Mach numbers at the rotor will be on the order of 0.85
and will therefore lead to significant noise and other flow
quality problems. Since the critical region for blade dero-
dynamic loading turned out to be the rotor tip (with diffusion
factors of 0.4 or slightly higher even for a very high blade
solidity of 1.0),there does not appear to be much scope for
reducing the relative Mach numbers. For example, inlet guide
vanes could be used to reduce the relative velocities,but this
would also result in an increase in the aerodynamic loading.

As well as necessitating a reduction in the tunnel Mach number
performance, a single-stage fan would have serious impact on the
overall circuit aerodynamics. Even to obtain the performance
mentioned above, it was necessary to reduce the cross-sectional
area at the fan to essentially the test section area. As a
result, a very large amount of diffusion would have to be done
in the relatively short length between the fan outlet and the
inlet to the large test section. In fact, a preliminary analysis
has shown that it is doubtful whether stable, attached flow can
be maintained in the fan diffuser even with the use of vortex
generators. This second large area-ratio diffuser would also
significantly increase the circuit losses.

DSMA International Inc.
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To summarize, the use of a single-stage fan would necessitate

a reduction in the tunnel Mach number performance,-would create
noise problems and would make the feasibility of the large
test section doubtful.

It was concluded that this option did not merit further consider-
ations. This decision was discussed with NASA-Lewis,and they
concurred.

Two-Stage Fan

In general, a two-stage fan would eliminate or reduce most of
the problems noted above. In the first place, it would result
in significant improvements to the geometry in the fan region.
It was found that acceptable blade loadings could be obtained
with a fan area about 1.8 times the test section area. This
should eliminate all problems with the fan diffuser. Further-
more, it was found useful to reduce the fan speed and to increase
the tip diameter to the available 31 ft. The increase in tip
diameter has the advantage of raisina the hub-to-tip ratio for
a given cross-sectional area, which improves the blade loadings
by making them more uniform. Using the full available diameter
would also simplify the design and manufacture of wall inserts
for the fan tip region (fan housing).

In terms of the fan aerodynamics, the two-stage option also
appears very satisfactory. With reasonable solidities (say about
0.75 at the rotor tip) the aerodynamic loading is moderate at the
design point,and there appears to be no doubt that the maximum
pressure ratio can be obtained. This applies whether variable

pitch or variable speed is selected. The maximum relative Mach
numbers will still be somewhat high (at about 0.75) but are more
tolerable. Again, this applies to both the variable pitch and

the variable speed fans although the design speeds will be slightly
different.
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For the variable speed fan the design speed will be about
420 rpm, with slightly over 500‘rpm being required-at peak
pressure ratio. Since variable pitch fans tend to have less
surge margin, a somewhat higher design speed would be used
here. About 480 rpm appears to be satisfactory.

The differences between fixed pitch/variable speed and variable
pitch/fixed speed fans were assessed, and the advantages and
cisadvantages between them are discussed below. It should

first be made clear that the use of variable pitch will have

a significant and detrimental effect on the flow quality in

the tunnel. Swirl in the fan outlet flow would not be the

major problem. Although the swirl in the rotor outflow will

vary over a considerable range, by using high-solidity stators

it should be possible to largely remove this for all operating
conditions. Any residual swirl could be removed by a flow
straightener near the outlet of the fan diffuser. The main
flow-quality problem will come from the velocity (or total
pressure) non-uniformity which will be present in the fan outflow
at all operating conditions other than the design point. This
non-uniformity comes about,because away from the design pitch
setting, large portions of the rotor blade will be operating
off-design. For example, preliminary calculations for this fan
show that to increase the pressure ratio from the design value

to the peak value,we would reed to change the blade pitch at

the hub by about 15° but by only about 3° at the tip. Obviously,
in order to obtain the required mass-averaged total pressure rise,
some intermediate pitch setting would actually be used, but the
result will be that much of the blade will be producing either
more or less than the desired pressure rise. Consequently, the
downstream flow will have a non-uniform velocity distribution.
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This non-uniformity will be further amplified by the fan
diffuser so that the large test section is likely to see a
highly non-uniform flow under most conditions. There may

be some scope for improving velocity uniformity by promoting
large-scale mixing downstream of the fan, but this clearly
presents a greater problem than removing swirl. By contrast,
a variable speed fan is able to maintain good flow uniformity
over a wide range of operating conditions.

It should be noted that although the velocity non-uniformity
will mainly be a problem for the large test section, it may
also be detectable in the main test section because of the
relatively modest contraction ratio in this tunnel.

It will be evident from the above discussion that a variable
speed fan is preferable from the aerodynamic point of view.
However, it has been pointed out that a variable speed drive
cannot deliver its rated power at part speed whereas the tunnel
performance requirements call for constant power to be
available over a wide range: (roughly from half speed to full
speed for the variable speed fan). Thus,if variable speed were
used, either the drive would have to be over-sized or some
reduction in maximum available Mach number at the lower
'altitudes' would have to be accepted. Similar compromises
would almost certainly have to be made for the constant speed,
variable pitch configuration. The reason for this is that the
efficiency for a variable pitch fan falls off auickly away from
the design point. Based on the characteristics of a large,
variable pitch fan used by DSMA on a previous project, it is
estimated that the efficiency will drop from about 87% to about
65% over the range of Mach numbers 0.8 to 0.43 (the range for
which AWT is to be capable of constant ‘air power'). Thus,if a
shaft power of 30,000 HP is needed to supply the 'air power' at
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M = 0.8, about 40,000 HP will be necessary to obtain the same
‘air power' at M = 0.43. It follows that the drive will again
have to be over-sized,or somewhat reduced Mach number perform-
ance will have to be accepted.

Estimates were made of the maximum power boundary for the two
cases,and these are given in Table 2. The main difference is
at the sea level condition where the achievable Mach number
with the variable speed drive is lower than that with the
variable pitch fan. These results are based on the assumptions
that the aerodynamic efficiency of the variable pitch fan at
the sea level condition is 0.65, and that the shaft power from
the variable speed drive varied linearly with speed up to that
corresponding to the design point.

Obviously, other considerations such as cost will have to be
taken into account when making the choice between variable
pitch and variable speed. At this point it is simply noted
that, firstly, there must be a strong preference for variable
speed on aerodynamic grounds, and,secondly, the performance
advantage of constant speed is not as great as it appears at
first glance.

The above considerations were discussed with NASA-Lewis,and it
was agreed that design would proceed on the basis of a 31 foot
diameter, two stage, fixed pitch/variable speed fan. DSMA under-

- took to assess the performance gains to be achieved with variable
inlet and inter-rotor guide vanes for this fan.
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jii) Variable Guide Vanes and Stators

At this stage it is difficult to estimate the precise amount
of variability which will be required or the benefit in terms
of improved efficiency which will result. This can be done
only once a full fan map has been predicted,and this is beyond
the scope of the present étudy. The aerodynamic design is
therefore based largely on our previous experience with another
large fan employing variable inlet guide vanes. As a result,
the configuration is somewhat tentative, but is regarded as a
valid basis for developing the general mechanical design

- concepts and for assessing the cost implications.

Based on the earlier experience, it is estimated that 30° of

IGV movement should be ample. The same range of travel is also
to be provided for the stators although the movement of the two
blade rows will not be ganged. To maintain reasonable aero-
dynamic loading, there should be 12 vanes of 1.25 m. chord length
(or some other combination which produces the same solidity).
Since 30° of incidence cannot be tolerated, the turning will be
obtained by using variable flaps. These will occupy about 35%
of the chord length. The fact that a large portion of the IGV's
will be fixed will allow them to double as the front support
struts for the fan.

The preliminary aerodynamic investigation of the variable IGV's
has revealed that in the present application,the benefits may
not be as great as at first anticipated. The reasons for this
will be explained with reference to the schematic fan map

shown in Fig. 3. This figure shows the fan operating curve
(similar to Fig. 2) and two fan maps - one for I1GV's undeflected
(solid lines) and the other for the IGV's deflected (dotted
lines) to increase the rotor loading. Each map consists of the
surge line, region of maximum efficiency, and three constant
speed lines.
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To improve the efficiency at part speed, the IGV's would be
used to shift the fan map to the right. This would be
accomplished by turning the flow such that the rotor loading
is increased. This results in the rotor design incidence, and
therefore maximum efficiency,being obtained at a higher mass
flow rate. Referring to the map, it can be seen that while
this does achieve the desired increase in efficiency at the
part-speed operating point, that same point will also be
obtained at a lower fan RPM (at N3 say, compared with a speed
between N2 and N3 for the design-point fan map). Thus, while
the higher efficiency means that a larger fraction of the
shaft power is obtained as air power, the reduction in RPM
will also mean a reduction in the available shaft power.

The net result could well be a reduction in the air power,
which is the reverse of the effect intended.

Continuing this argument further, it would seem that if
variable IGV's were incorporated, they might be used in
different ways according to which test section is in use:
1. Small (Main) Test Section
This test section will be more tolerant to fan-outlet
flow non-uniformity,and the main consideration will be to
maximize air power. In this case it might well be best to
use the IGV's to shift the map into a region of lower
efficiency in order to raise the required RPM and,therefore,
to increase the available shaft power.

2. Large Test Section

Here the main consideration is likely to be flow quality.
Changes in air power result in only small variations in the

air velocity because of the narrow total range. In this case,
therefore, the IGV's might be used to improve efficiency and
thus fan-outlet flow uniformity. However, since we expect the
variabie-speed fan to be able to maintain reasonably good
efficiency over a wide range of operating points anyway, the
benefits may not be very great.
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It should be pointed out that use of variable IGV's has safety
implications which will complicate the design of the fan control
system.

Referring to the fan map, it can be seen that with the IGV's set
for part-speed running, an increase in fan RPM could result in
the surge line being crossed at less than the full available

fan RPM. Since this is a reasonably high performance fan which

is 1ikely to have a fairly abrupt and severe stall, stall should
be avoided under all conditions. There will therefore have to

be a failsafe interlock between IGV/stator position and fan speed.

In effect, there will have to be a variable fan speed limit
which is a function of IGV/stator position.

An emergency back-up system (with its own power supply) should
probably also be provided to drive the IGV's and stators to their
"safe" position in the event of a controls or other failure.

At this stage it appears difficult to conclude whether much is to
be gained by incorporating variable IGV's and stators. The net
benefits. could well be minimal. More firm conclusions will not
be possible until a preliminary fan design has been made and the
corresponding fan map has been generated.

For the purposes of the present study, it seems reasonable to
assume that variable IGV's/stators will be used to develop the
preliminary mechanical design concepts and to assess the cost
implications. During the preliminary engineering, a fuller assess-
ment can then be made,and the benefits can be weighed against the
costs more definitively. At that point it could conceivably be
decided to abandon variability.
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iv) Maximum Power

Preliminary estimates of the maximum power boundaries for

a variable speed drive with power levels of 25,000, 30,000
and 45,000 HP were made,and the results are summarized in
Table 3. These results apply only for small models and

are based on an extrapolation of the circuit loss curve

(Fig. 1) which is somewhat uncertain as Mach 1. is approached.
Use of the variable IGV's would tend to give higher Mach
numbers at the sea level operating points.

Fan Mechanical Design

The purpose of the mechanical design studies of the fan was
to develop feasible design concepts for the fan arrangement
and its major components. Studies were based on the two-
stage design resulting from the aerodynamic analysis.

The initial work was done for the variable blade pitch/constant
speed design,and the resulting layouts are shown on E44527 and
E44528. Differences between this concept and the final concept
(fixed pitch, variable ‘speed and variable inlet guide vanes and
first stators) will be noted in the discussion.

Major areas of the AWT fan considered in this study were the fan

housing, blades, rotor, shaft and bearings, variable geometry
systems and the fan drive train components.
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Fan Housing

The size of the fan is essentially dictated by the
existing shell size and from the tunnel circuit
considerations. It was concluded that the maximum fan
diameter would minimize fan diffuser problems. From
these considerations and evaluations of the shell
structural aspects, it was concluded that the fan
diameter be 31 feet.

During the early part of the study it appeared to be quite
obvious that the approach of building the fan housing in
the existing shell is much more attractive than cutting
out a section of this shell and providing a new section
specifically designed as a fan housing.

Where necessary the tunnel shell in the fan area can be
reinforced with circumferential stiffening rings to
provide better support for the fan nacelle. The inside
contour of the fan housing can be formed by an inner

shell attached to the existing pressure shell. This inner
fairing does not have to be designed for the pressuré
loads.

The fan nacelle consisting of the nosecone, stator vane
rings and the tailcone will also provide means of
supporting the fan rotor assembly. It is connected to

the outer shell of the fan housing by a number of support
members. For the nosecone and upstream bearing assembly,
these support members are the fixed sections of the
variable inlet guide vanes. The first stage stator vane
ring assembly is similarly supported by the fixed sections
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of the variable geometry stators. The tailcone and

the downstream (main) bearing assembly are connected
to the outer shell by the second stage fixed stator

vanes. In addition, support struts will be provided
at the downstream end of the tailcone.

Considering briefly the possible erection sequences, it
was determined that structural components can be brought
inside the tunnel shell through the large opening used

to install the models into the low speed 45 ft. test
section. Overall, although the erection procedures will
require careful attention in design, they are unlikely to
cause any serious problems.

Fan Blades

Feasibility of the fan blades was established using the
following criteria:

- satisfactory strength and vibration performance
- material suitable for the AWT (icing) environment

- proven technology for fabrication

At first, quick comparative analyses were made of the two
rotor blade concepts: solid laminated wood and stainless
sheet steel fabricated construction.

The sheet steel construction was found to be heavier,
more complicated and probably more difficult to
procure as no specialist suppliers of such blades are
known. Wooden blade was chosen for development of
conceptual design.
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Wooden blade concept is suitable for this application,
and the fabrication technology is very well developed.
The construction typically consists of the airfoil
laminated from Sitka spruce,and impregnated wood
sections are gradually spliced in toward the root
section. The root is completely made of impregnated
wood. The blade is covered with fibreglas,and the
leading edge is normally protected by a metal strip

to minimize damage by foreign objects.

In this case, special precautions will be necessary to
prevent accumulation of ice. These may include a
heating system at the leading edge. In the cost .
estimates, cost of such a system has not been included.

Several designs exist for attachment of the wooden blades
to the fan rotor. DSMA has developed and successfully
used an attachment consisting of a ferrule fastened to
the blade root section. The ferrule is inserted into a
socket in the rotor and fastened to it by means of a
fixing ring and a number of bolts. This design is shown
on drawings E44528 and R44530.

A more detailed analysis of the wooden blade indicated the
root centrifugal stress of approximately 1500 psi. This
stress level is considered satisfactory since the allowable
strength of impregnated wood is at least 6,000 psi.

Bending stress level was approximately 900 psi. During
the subsequent design stage, bending stress on the fixed
speed fan can be substantially reduced by tilting the
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blade. To a lesser degree, this can be achieved on

the variable speed design. However, the combined stress
of 2400 psi for the untilted blade is below the allowable
level, a satisfactory situation for this stage of design.

A preliminary vibration analysis gave the results shown on
the interference diagram, Figure 4. The diagram was used
to determine the number of support struts upstream of the
the first rotor stage.

Nine (9) would be used in the fixed speed design to
achieve high margins of safety on all the lower modes of
vibration at the operating speed. In the variable speed
design, resonances within the operating speed range cannot
be avoided; however, the designer should seek to minimize
their number or at least to shift them to lower speed.
Seven (7) support struts were selected in this case,
thereby removing the first torsional resonance from the
operating range.

Note that the safety margin to this resonance at the top
speed is lower than desirable,and a change of blade geometry
on the final fan configuration may be required to improve
the situation.

The question of ice damage to the blades was briefly con-
sidered and discussed with the NASA AWT Project Group.
Wooden blades are fairly damage tolerant,and minor repairs
are simple. Damage will likely be concentrated at the

blade tips. The blade tip clearance should be minimized

to achieve high efficiency,thereby increasing the Tikelihood
of damage by large pieces of ice. This could be alleviated
by using_breakaway tips on the blades. However, it is felt
that their replacement may be so frequent as to become a
nuisance.
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NASA suggested that,as an alternative, a few circumferential
cavities resembling a labyrinth seal could be made in the fan
housing at the locations of blades. Besides acting as tip
seals, they would also collect the ice,this way preventing
damage to the blades. '

It was concluded that aAdetail evaluation of the above methods
should be made in the next design stage.

Fan Rotor

A rotor for this size of fan will typically have two major
components - a forged hub fastened to the rotor shaft and a
disc weldment bolted to the hub. In a standard DSMA‘design,
fan blades are attached to the rotor hub through blade carrier
assemblies so that the hub must support the blade pull loads
in addition to its own centrifugal loads. Blade bending loads
are resolved between the hub and the outer part of the rotor
disc where the blade carriers are located in sliding type
bearings.

In this study, basic design arrangements of the rotor were
developed for the variable pitch and fixed pitch fan concept.

The rotor hub diameter of the variable pitch fan (see drawing
£44528) was dictated by the size of the blade thrust bearing.
This bearing turned out to be a critical component of the
blade attachment system. To support an estimated blade pull
of 330 Kips, an antifriction bearing (necessary to obtain low
torque on the pitch mechanism) with an outside diameter of

11" was necessary. This resulted in the rotor hub having a
diameter of 109 inches.
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In the fixed pitch fan, the bearings are no longer required,
and the rotor hub diameter could be reduced to 84 inches.
This layout is shown on drawing E 44530.

Average hoop stress levels combining the rotating ring with
blade pull stresses for both fans were estimated in the range
of 20 - 30 Ksi which is satisfactory. It is expected that
these stresses could be reduced, if necessary, by optimizat-
jon of the blade attachment and the shape of the hub.

Fan Rotor Support and Drive System

The assembly of bladed rotors and the rotorshaft is supported

by the bearings that transmit the loads from these rotating
components to the fan housing. The rotor shaft is also connect-
ed to the drive shaft that supplies the motive power to the

fan. Therefore, a suitable integrated system must be develop-
ed that includes the above components and can carry all the
loads imposed on it (within the fan operating range) without
excessive vibrations. At the same time, the system must allow
any necessary differential thermal movement between its
components.

After an analysis of the requirements and several schemes, a
basic arrangement of the system was developed for the variable
pitch fan concept. The fan rotor and shaft assembly is
straddled by two support bearings. The downstream main

bearing fixes the rotor location and is designed to support
radial and axial (thrust) loads. The upstream bearing supports
only radial loads and allows axial float.

The rotor shaft is connected to a fan drive shaft by a

flexible coupling. The fan driveshaft is supported by
a radial bearing at the point where it penetrates
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the tunnel shell at the second corner. At this point of
penetration, a seal is also nécessary. The end of the drive-
shaft is then connected to the drive motor shaft by a so-

called spacer coupling. This coupling is designed to accommo-
date all the axial (approx. 2") and transverse (approx. 1")
differential thermal movements between the fan and the motor

and consists of two gear couplings separated by a tubular spacer.

The differential movements occur during the tunnel operation,
and axial thrust will be generated as a result of friction in
the couplings. This load must be taken into account in the

design of the main fan bearing and drive motor thrust bearing.

Based on this arrangement, the individual components were sized
and design layouts developed. The layouts were subsequently
used also for the fixed pitch fan, drawing E44529.

The two shafts are tubular with solid ends. The diameters of
the ends were calculated to transmit the maximum torque while
the dimensions of the tubular portions of the shaft were
selected to give a minimum of 30% margin on the rigid bearing
first critical speed for lateral vibrations.

A1l the bearings are of the rolling element type. The main
bearing is a double row,taper roller bearing while the other
two are self-aligning,spherical roller bearings. Bearing life
estimates were made under the worst case load conditions and
indicate 10,000 hours for all the bearings can be achieved.

An automatic oil lubrication system will be used for the
bearing Tubrication. An emergency back-up system will also be
required and will be activated automatically in the event of
failure of the main system.

The couplings - gear-type flexible couplings - were sized in
co-operation with a large coupling manufacturer.
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v) Variable Geometry Systems

Basic design concepts were developed for the variable blade
pitch system, and for the variable inlet guide vanes.

The variable blade pitch system, the same for each of the two
rotor stages, is shown on drawing E44528. Its operation can
be described as follows:

The blade pitch is adjusted by rotating the blade carrier
which is supported by two bearings - a thrust bearing which
was mentioned previously, and a radial bearing which allows
axial float. The blade carrier is driven by a lever and
linkage system connected to a translating ring. The ring is
guided within the fan rotor hub and is actuated by several
struts which pass through slots in the fan rotor shaft and
are connected to a stationary actuator inside the fan nacelle.
A hydraulic servo or ball screw actuator system could be
used.

The actuating system for the variable inlet guide vanes and
for the first stage stator vanes will be similar,and its
concept is shown on drawing E44530. The systems will be
located inside the fan nacelle and will drive the trailing
edge flaps.

Each hinged flap is driven by a lever linkage connected to a
ring which rotates about the fan axis. The ring is supported
on several rollers and actuated most likely by a hydraulic
servosystem.

Design development of the actuating system for the inlet guide
vanes and stators is not expected to create any difficulties.
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I1.3 Fan Drive

Initial review of the new fan drive requirements, prior to the
finalization of the fan design concepts, included investigations
of both variable speed and fixed speed drives. While the final
design of the fan dictates the requirement for variable speed,
both drive types have been compared for the purpose of this
study.

Costs presented have been based on a drive size of 30,000 HP at
480 RPM with comparisons for increased ratings up to 45,000 HP.
In arriving at costs, estimates have been received from two large
U.S.A. manufacturers and one large European manufacturer. On the
basis of estimates received and qualifications placed on such
estimates by these suppliers, the level of accuracy can be
categorized in the range of +20%.

Variables comoared for the drive types considered. include:

initial equipment costs
installation costs
operating efficiency
performance capabilities

a) Fixed Speed Drive

Two systems have been considered:

i) a wound rotor AC motor with a 1iquid rheostat used for a ‘soft'
start

ii) a synchronous AC motor with variable frequency 'soft' start
equipment.
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In sizing the soft start equipment,a capacity of 10% of the maximum
load has been assumed. It was assumed that the variable pitch fan
could be pitched to a zero load angle,and the only power required
would be to accelerate the mass of the rotating parts.

In the synchronous motor case, the operating speed would be 514 RPM
(synchronous speed for a 14-pole machine). While this is higher
than the final fan design maximum speed, the machine size is the
closest possible for pricing comparisons.

Motor costs for the two systems are shown in Table 5, while total
drive system (motor, starting and control equipment) costs are
shown in Table 4, Installation costs would be approximately 30% of
the initial equipment costs.

Comparing costs, the synchronous motor system, even with its
starting network (switched out after line synchronization), is
considerably cheaper.

Efficiency of these drive systems will be in the range of 85-90%,
with the synchronous motor being approkimate]y 5% more efficient
than the wound rotor motor with the 1liquid rheostat. This assumes
full speed operation for the wound rotor machine.

Variable Speed Drive

During the study, the analysis of tunnel performance requirements has
shown the preference for a fixed pitch, variable speed fan with
adjustable inlet guide vanes. ‘The additional investment for a
variable speed drive compensates for the simpler fan, without
variable pitch mechanisms.
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The drive systems considered include:

i) wound rotor AC motor with liquid rheostat
ji) wound rotor AC motor with a static s1ip energy recovery system

ii1) AC synchronous motor with variable frequency speed control

Initial equipment costs, installation and operating costs are shown in
Tables 5 through 11. Efficiencies of the three drive systems are shown
in Figure 5, and a summary of performances is shown in Table 12.

The differences in operating costs are attributed to the differences
in the energy losses related to the operating principles of the
different drive systems. While the same duty cycle has been assumed
for all drive systems, the duty cycle considered is an assumed duty
cycle, based on the best present estimates of tunnel usage. Any
changes in operating loads or times will change these figures
accordingly. The cost of power used in arriving at the operating
costs has been taken at 4¢/kwh, cuasistent with present day rates
paid at NASA Lewis ReC. This rate must be appropriately escalated
when considering future operating costs.

When comparing equipment and Tlost energy costs, it is apparent that
the energy savings associated with the synchronous motor drive system
will eventually pay for the difference between it and the cheaper
wound rotor motor, liquid rheostat system. A direct comparison of
the numbers shown may not be a fair comparison, however, since the
cost of financing the larger initial investment for the synchronous
motor system has not been considered.

When reviewing performances of the three drive systems, apart from

‘efficiencies (as shown in Table 12}, the synchronous motor with
with variable frequency speed control offers the highest level of
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performance. The wound rotor motor with Tiquid rheostat has the
poorest overall performance with a controllable speed range of only
3:1, while the wound rotor motor with slip power recovery can be
relegated to the medium performance class. However, it is more
expensive than the synchronous motor system.

Fan Drive Motor Size and Installation

Preliminary estimates of the size of the fan drive motor were
obtained from the manufacturers contacted. The motor has been
indicated on E44529. From a brief review of the existing drive
building and métor support base,it has been concluded that it is
not feasible to use the existing upper part of the building with
the present support base for installation of the motor.

The building will have to be partially demolished and the founda-
tions with the support base enlarged. Then, the outer walls and
roof must be rebuilt. The extent of building modifications will be
determined in the preliminary design phase when the motor size and
weight can be determined with a greater degree of reliability.

The motor size shown on E44529 is for a singte 45,000 HP motor.

A 2-motor tandem arrangement, coupling two 22,500 HP motors in
series, was considered as a possible alternative to alleviate the
space problem. While the height and width of such an arrangement
are reduced by approximately 20%, the overall length increases by
approximately 35%. This arrangement would still require extensive
building and foundation modifications and would require additional
alignment precautions. In addition, the cost of such an arrangement
would be approximately 10% higher than for the sing]e‘motor drive.
Hence, there appears to be no justification for further considera-
tion of a tandem motor arrangement.
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d) Conclusions and Summary Comments

On the basis of the analysis made, the preferred drive system is
the synchronous motor with a variable frequency speed control.
An overall block diagram of this system is shown in Figure 6.

Figure 6 also shows the division between the equipment covered in
the above pricing and additional required power supply equipment.
In addition, power factor and harmonic compensation requirements

must be assessed, taking into account the complete structure and

capacity of the power distribution system.
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20-Foot Test Section

The high speed, 20 ft. test section will be the principal test
section of the rehabilitated AWT. Its operating envelope covers a
wide range of speeds, from almost zero to transonic in excess of
Mach 0.9, and simulated altitudes up to 55,000 feet. The predicted
performance boundary is given in Table 3.

Icing test programs will constitute a large portion of the testing
time; the rest will be mostly propulsion and general aerodynamic and
acoustic tests. Al1 these tests will involve many different types of
models, from single engines to complete airframes or sections thereof.

a) Technical Requirements

The technical requirements for the test section were discussed with
NASA at the first projeét meeting on the 22nd of October 1981 and
are summarized below.

(i) The test section geometry should be modified to a slotted wall
configuration, to minimize wall interference with models during
transonic testing.

(i) To accomodate different models and various anticipated tests,

three model supports would be required:

- sidewall model support for large models spanning the test
section. (M < 0.9)

- strut model support with turntable for full or half models
supported from an external balance located underneath the
test section. (M< 0.3)

- sting model support for testing of smaller models with
internal balances. (M < 0.9)

(1) High productivity of testing will be one of the most important
overall requirements for the rehabilitated facility. This would
require means for fast model exchanges and access to models
between test runs as well as fast data acquisition. Intention is
to achieve this with a minimum of manpower and energy consumption.
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It was agreed that this study would concentrate on concepts of
model handling and quick accessibility to satisfy the above

requirements.

b) General Considerations

At the outset of the study, the NASA requirements were reviewed and

“discussed to get as complete an understanding as possible of what
were the important aspects of the tunnel operation. During this
review, some basic ideas were considered as to their feasibility,
with an aim to narrowing down the available options.

i) Isolation of Test Section

After a typical test, the wind tunnel remains evacuated and
cooled down to a low temperature. Under these conditions, it
is not possible to enter the test section, nor to withdraw the
model. Therefore, thought wac given to isolating the test
section by two gate valves. Then the test section could be
brought up to normal atmospheric conditions,with the rest of
the tunnel remaining at altitude conditions. It was determined
that suitable valves of the size required to seal the 20 ft.
circular cross-section would be very expensive. When open, the
gate valves would create large gaps in the airflow surface that
would be difficult to close. The effect of such gaps at the
outlet of the contraction would be a significant deterioration
of the flow quality in the test section.

Furthermore, it would take about the same time to open or close
the valves as the maximum time necessary to evacuate the tunnel
by the existing suction system (about 6 minutes). Therefore, no
time would be saved using this approach.
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As a result of the above, this concept was rejected. The

tunnel would be brought to normal atmospheric pressure whenever
access to the model was necessary. However, it was decided that
isolating curtains should be provided at each end of the test
section to minimize energy losses when the cold tunnel is
exposed to the outside air by opening the test section.

Similarly, a brief consideration was given to a suggestion by
NASA to move the model with its support to an isolated "airlock"
chamber above or on the side of the test section. An airlock on
the top of the test section was considered and discarded because
of the extreme heights to which the model and support would have
to be raised, potential complexity and difficulty of handling the
large models. The airlock on the side of the test section would
force large modifications of the existing building to be made.

This left one other area available for the "airlock" concept -
the former balance chamber located under the test section of the
original AWT configuration. A quick evaluation showed that, for
relatively small models, such an approach would be feasible.
This formed a basis for model handling concept No. 1 described
later.

Model Handling

At this stage it was clear that large models would often be tested
and that any concept for the test section would have to enable
these large models to be handled.
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Handling of models, that is, their installation in the tunnel
and subsequent removal, can be time-consuming if adequate
provisions are not incorporated in the design. To achieve
fast installation, the model should be brought into the test
section, checked out and already mounted on the supports for
attaching it to the model support systems located in the test
section. This requirement is relatively basic for sting and
sidewall-mounted models, but can be much more complicated for
the strut-mounted models on external balance. The struts are
usually directly supported by an external balance and are
shielded by streamlined fairings that must be isolated from
the live part of the balance.

If these components would have to be installed in the test
section first, and then the model brought in and mounted onto
the struts, it would be time consuming and not compatible with
the requirement for high productivity. Therefore, the model
support struts should be attached to the balance indirectly,
through an adapter frame. This frame then serves an additional
purpose of supporting the strut fairing turntable and an
appropriate portion of the floor éection during transportation
from the model preparation area to the test section.

As this preliminary work proceeded, it became necessary to take

into account at least basic aerodynamic requirements in
developing the test section geometry.
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c) Aerodynamic Considerations

i) Ventilated Wall and Plenum Diameter

Testing of aeronautical models at subsonic speeds requires
a ventilated wall for two reasons:

- to minimize the aerodynamic interference of the wall
on the model flowfield, so that corrections to measured
quantities are small and thus reliable

- to compensate for model blockage and avoid choking at
high subsonic speeds.

Special attention must be paid to these areas when large
blockage models of the type envisaged here are to be tested.

The usual practise is to combine a slotted wall with a
circular plenum surrounding the test section. Air flow
into this plenum re-enters the circuit usually just down-
stream of the test section -- this point will be dealt with
later.

Consideration will now be given to the selection of slot
size and plenum diameter. Slot size ultimately depends on
- the desired open area ratio, OAR, for which a value of 15%
was suggested by NASA. This was briefly examined in the
light of the high blockage (=20%) models anticipated.
From low interference and minimum choking considerations,
it appears that 15% OAR is inadequate, and should therefore
be substantially increased. According to the most recently
published theory (Ref. 11) on the subject, an OAR of at
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least 20% would be required for low interference testing
at high subsonic speeds. Clearly further study is
required. For the current study, OAR = 15% was used in
all analyses.

The slot width depends on OAR and number of slots. While
it is acknowledged that a large number of slots is
desirable because this reduces the perturbation on the
overall flcwfield due to local flow through the slot,
only a total of 8 slots were selected here. This will
facilitate design of model support structure, viewing
windows, etc., and,according to early NACA work (Ref. 12),
eight slots posed no great problems. Slot width should
be increased gradually, over a distance of about 0;6 to
0.7 equivalent diameters.

Having arrived at a slotted wall geometry, a plenum
diameter can be determined. The criterion used here was
to keep the plenum wall far enough away from the "jet"
issuing out of a wall slot such that it does not interfere
aerodynamically with the jet. Following the experimental
findings of Berndt (Ref. 13), which indicated that 5 jet
diameters separation was adequate, the plenum diameter
would have to be 1.66 equivalent test saction diameters in
this case. In the event a larger OAR slot was chosen, a
further increase in plenum diameter would be necessary.

Test Section Shape and Size

While the existing circular test section lends itself to
testing a variety of shapes, e.g. axisymmetric bodies under
zero 1ift conditions, it may not be the optimum shape
overall. An octagonal cross-section is preferred for the
following reasons:
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- a flat floor is possible, which facilitates a turntable
and external balance.

- the corners provide a convenient region to locate wall
slots.

For proper development of transonic flow,a test section
length of at least 2-1/2, preferably 2-3/4, diameters is
required. In this regard the existing 2 diameter length

is inadequate and should be examined further. The recom-
mended length would enable the model pitch center to be
located 0.65 lengths from the inlet, which allows the
transonic flow to be developed smoothly and permits the
wake blockage flow to be handled adequately. In this
context it should be noted that although it may be possible
to provide enough slot OAR to accommodate the large blockage
models, there would be serious difficulties associated with
longitudinal location of, say, an F-16 full-scale model.
The nose of the aircraft should ideally not protrude into
the initial slot width development region; so with a full-
length aircraft in the 40 ft long test section, the tail
would not be within the test section region.

Plenum Re-entry Flow

The high flow rates into the plenum induced by the large
blockage models envisaged by NASA must be returned to the
diffuser just downstream of the test section. To ensure
that there will be no restriction (especially choking) in
the wall slots,the diffuser area at re-entry would have to
be about 25% larger than the test section area. Control of
the re-entry flow could be done through use of flaps, and
here the octagonal test-section shape is quite convenient,
i.e. 8 flaps could be used.
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To accommodate both the recommended test section length
increase and the diffuser re-entry flaps, plenum
extensions ahead and behind the existing 40 ft. long
region would be required. Since the outflow from wall
slots will be low in these regions, a substantially
reduced plenum diameter could be tolerated, which should
enable a fairly simple construction method, e.g. form
part of the diffuser structure.

If the test section length is to be increased, some of

the increase can be obtained by ending the test section
re-entry flaps at the point in the diffuser where the

area has increased by 25%. Further, it is considered
that the contraction could be shortened significantly
without adversely affecting flow quality. If an octagonal
shape is chosen for the test section, changes would be
required in both the contraction and test section diffuser.
The costs of any such changes have not been considered

in this study.

rrom the above, the following coné]usions were made for the
purpose of the initial study.

- Octagonal cross-section of the test section would be used,
with the area equivalent to that of a 20 ft. diameter
circular section.

- The slotted wall would be enclosed in a plenum. Noting
that the bottom part of the original test section is
already contained in a "plenum" - the lower balance
chamber - we decided to retain this arrangement and to
add a semi-cylindrical plenum roof in the upper part of
the test section.

DSMA International inc.




39

- Length of the test section was left at 40 feet at this
point. However, the potential problems that concern
testing of models longer than the test section should
be addressed during the next phase of test section
design.

Development of Concepts

The geometry of the slotted walls and the size of plenum were
defined and work started on the test section concepts.

The first concept (No. 1) was based on an assumption that
models of smaller sizes, up to the length of about 12 feet,
would be frequently tested. At that time, it was also thought ,
that the external balance requirement may be removed from the
specifications for the facility. The models would be mounted
on struts or a sting.

To handle these relatively small, three-dimensional models,
an airlock chamber mentioned previbus]y is built inside the
plenum below the test section. The concept is shown on
drawing E44519,and it may be seen that the airlock chamber
facilitates model handling (installation and removal) as well
as quick access between tests.

The large models are installed and removed from above using the
existing crane, with the plenum roof and a section of the slotted
wall moved out of the way. In the proposed concept, the plenum
roof is lifted upward and locked under the test hall roof which
has to be raised by about 5 feet to allow implementation of this
concept.
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In the original AWT, the top part of the solid wall test section

was hinged out of the way to enable installation or removal of models.
This concept was briefly investigated, as shown on drawing E 44526.

It may be seen that it does not offer any advantages as compared to
the one described above, and has some disadvantages such as Timited
access into the test section and limited room for manoeuvering of
models. Therefore, it was discarded.

During the development of the first concept, a number of telephone
discussions with AWT project group members took place. It became
clear that the large models, spanning the complete cross-section and
supported at the sidewalls, were expected to be most frequently
tested; therefore, our original assumption was not compatible with

requirements. It was also indicated to us that the external balance
below the test section was required and was to be capable of supporting

either turntable-mounted or sidewall-mounted models.

Studies were continued,and the second concept is shown on drawing

E 44520. Installation and removal of all the models takes place
from above, with the plenum roof 1ifted up as shown on drawing

E 44519. The strut-mounted models have to be brought in using a
special lifting device. The external balance is located underneath
the test section,and the sidewall-mounted models can be attached to
it by means of a yoke structure as shown. When the turntable-mounted
models are to be supported by the balance, the yoke is_disconnected.

To facilitate quick access between tests to all models, the lower
slanted sections of the slotted wall are hinged upwards 45°. In
this horizontal position, telescopic platforms, built into these

two sections, are extended to form a continuous platform under the
model.
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Entrance into the test section ié possible through a hatch in the
sidewall structure which can be reached from a system of walkways
inside the plenum. The test section floor and balance mounting
face can be reached by another platform, extendable from a walkway.

Both concepts and the work that preceeded them were discussed at
the 50% review meeting with NASA and were further considered by the

AWT project group after the meeting.

Final Test Section Concept

When the AWT project group completed their review of the initial
concepts discussed in the 50% review meeting, DSMA was given the
following requirements outlining the preferred test section concept.

i) The slotted wall test section will have a circular cross-section
and will be enclosed in a plenum.

ii) Models will be installed or removed either through the top of
the test section or through che floor. Models removed through
the floor will have a maximum 1ength of 30 feet and a span of
20 feet. An airlock chamber will not be required.

iii) External balance and sting support to be provided underneath
the test section. The balance will be used for testing strut-
mounted full models or half models. The sting support would
be used for scaled models.

iv) Full span, sidewall supported models will not be coupled to the
balance but mounted onto a special model support system.

v) Quick access to models inside the test section will be accom-
plished using platforms under the models.

vi) The upper section of the test section and plenum cover will be
stored above the test section diffuser when access through the
top of the test section is required.

The final test section concept has been developed to satisfy these
requirements.
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The preferred concept of model handling through the top of the test
section is essentially the same as that developed before the meeting.
Only the final means of storage of the plenum roof assembly is
different.

An assessment of the storage location above the test section diffuser
was made,and the arrangement is shown on drawing E 45015.

Compared to storage directly above the test section, this concept
offers greater safety. On the other hand, it is likely to be more
costly to implement not only due to higher costs of hardware but
also more extensive building modifications will be required.

However, the attention during this final stage of the study was
focused on the area of much higher complexity i.e. through-the-floor
model handling system.

Here, the various requirements listed above are closely related to

each other. To achieve an effective and efficient solution, the

model handling system must be integrated with the model/supports,

and the resulting design must be compatible with easy access into the

test section. Keeping this in mind, the conceptual work done previously
was analyzed,and some basic decisions could be made on the design concept.

* Externél balance and sting model support will both be mounted
on a common platform.

*  The platform will be movable in a vertical direction, between
two positions. In the lower position, the top of the platform
and the model mounting interface of the balance will be at
ground level.

In the upper (operational) position, the top of the platform
will be underneath the slotted wall. In this position, the

platform will be Tocked to its supporting structure. See Drawing
£E45016.
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*  The bottom segment of the circular slotted wall of the test
section will also be attached to the movable platform.

*  The remaining segments of the test section lower part (exclud-
ing the three permanently fixed to the plenum roof) must swing
out of the way to allow installation and removal of full 20 ft.
span models. Consequently, the sidewall model support cannot
be mounted on sidewalls, and a separate mounting structure
must be provided.

* A large door in the plenum chamber underneath the test section
will be necessary to install and remove the models.

The concept shown on drawings E 45015, E 45016 and E 45017 is the
result of effort based on the above points together with the basic
technical requirements outlined at the beginning of this section.

Before describing the details of this concept, a short discussion
follows which will trace the development of the key element of the

test section, the movable platform.

i) Movable Platform

Even a cursory examination of the functions of the platform shows
that its size cannot be selected arbitrarily.

Given the size of the models to be handled through the test section
floor, the length of the platform clearly depends on design of its
support and guide columns. On the other hand, the width is a
function of size of an external balance mounted on the platform.

As to the length, a number of schemes were quickly evaluated
before the beginning of the final layout work and are shown on

Figures 7 to 10.

The "long" platform, Figures 7 and 8, is supported by four columns
standing inside the test section plenum, their bases being
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slightly below ground level. Requirements for clearance

necessary for model transportation then dictate the clear distance
between these columns to be in excess of 30 feet. Cénsequent]y,
the depth of its structure and its weight will be considerable to
ensure the stiffness necessary for satisfactory operation of the
external balance. However, the platform guide and drive systems
can be well integrated within the existing building,and excavations
of depth approximately 25 feet below grade are required (locally,

the cavity for the sting/strut will have to be deeper). See drawing
£E45016 and Fig. 7. ‘

The "short" platform appears to be desirable for its Tower weight
(i.e. cost) while retaining stiffness equivalent to the "long"
platform design. However, the support and guide columns must be

“moved underneath the platform. Otherwise, the model transport
clearance cannot be achieved. Two variants of such a scheme are
shown on Figures 9 and 10.

When the balance is standing on the platform as in Figure 9,
very deep excavations are necessary and this makes the concept
less attractive.

Suspending the balance from the top of the platform (Figure 10)
improves the situation; however, in comparison with "long" platform,
the drive system for the platform will be less accessible,and problems
can be expected with lateral stiffness of the support columns.

Therefore, the concept of "long" platform was selected for further
devefopment; jts length would be approximately 32 feet.

As to the width, the main requirement is that the structure of the

movable platform must clear a cylindrical envelope swept by the
external balance during yaw motion.
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Recognizing that it is not possible to estimate dimensions
of the external balance without a design study, a rough
size was developed in-house.

Back-up information was obtained from a known manufacturer
of external balances with whose design expert we discussed
this application.

The first order estimate of the balance,based on technical
requirements indicated by NASA,is:

- length and width 12 - 13 feet
- height 10 - 12 feet
- weight 30 - 40 tons

A swept cylinder diameter was taken as approximately 18 feet,and,
as a result, the width of the platform was set at 24 feet. Diameter
of balance turntable would be approximately 12 feet.

The platform is elevated by four synchronized screw.actuators; their
drive motor and interconnecting shafts are at the base of the
support columns. Design of the columns will allow simple integra-
tion of the drive screws as well as the guiding system which
utilizes Thomson "Roundway" bearings running on hardened ways.

When in the operation position, the platform will be locked to the
columns to ensure the accuracy and repeatability of the external

balance measurements.

During the evaluation of the movable platform schemes, the requirements
for the sidewall model support were also taken into account.

It had been previously decided to mount the model support units on
a special structure outside the test section slotted walls.
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As it turned out, we were able to combine this structure with the
guide columns for the movable platform. The model support units
are mounted on the top of the resulting space frame. Their axial

(streamwise) position is adjustable to suit different models. as
shown on drawing E45016.

Model Handling

Different methods will be necessary for handling of models,
depending on the model support system used. It is assumed that
models are prepared in adjacent preparation halls, and then
transported to their model supports. Typical installation sequences
of models into the proposed test section are described below.

N £ +ha
plenum cover with top of the

For the sidewall mounted models, the
slotted wall is removed and stored. Then, the model is placed on

and fastened to the model supports using the overhead crane,and the
test section can be closed.

The sting mounted models are brought into the plenum chamber at
ground level, on a transport cart. The movable platform is at the
ground level and the sting support is positioned at a convenient
height above ground so that the model with the sting can be connect-
ed onto the sting base attached to the strut. The installation is
completed by removing the cart and closing the plenum door. Then,
the movable platform can be raised to the operation height and
locked.

The balance mounted models are assembled onto the support struts

and adapter frame, including also the strut fairing assembly and

a section of the bottom segment of the slotted test section. The
complete arrangement is then transported into the plenum chamber

and on the movable platform which is at ground level. Then, the

strut fairing assembly and slotted wall section are disconnected

from the adapter frame and fastened to the earth frame of the
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balance. In turn, the adapter frame is fastened to the 'live'
mounting interfaces of the balance. The movable platform can be
raised to its operating position, preceded by opening the sidewall
segments of the slotted wall as required, to clear the model.

Removal of the models is accomplished by reversing the above describ-
ed procedures. It is expected that exchange of models using the
above systems should not require more than 1 shift,possibly with the
exception of very large and complicated models.

The balance mounted models require the most complicated set-up. If
frequency of testing of these models warrants it, consideration

should be given to procurement of two or more adapter frame assemblies
complete with model support struts, strut fairings and associated
equipment. As shown on E 45017, a separate floor section will be
required during tests of the sidewall mounted models, to replace the
adapter frame.

Finally, a few words about means of transportation of the models from
the preparation halls to the movable platform inside the plenum chamber.

Rail transportation is one possibility - the cart for sting
models and the adapter frame for strut (balance) mounted
models can be provided with wheels and drive units. However,
the rail system could become too complex and cumbersome if
transport in two or more directions was required.

There is a modern method of omnidirectional transportation which has
been successfully used by DSMA in design of a transportation system
for large components of a Tow speed wind tunnel. That wind tunnel is
now operational and the method - air bearing transport - has proven
to be very successful in moving complete test sections and other
heavy assemblies with weights of more than 220 tons.
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The air bearing transport could be very usefully applied for
transportation of models in the AWT. The weights involved are an
order of magnitude lower than those mentioned above. On a sealed
floor of average quality, approximately 2 1bs. force are required
to move a 1000 1bs. load; thus, two men could probably transport
even the heaviest expected loads.

To ensure safety of personnel and equipment, suitable means of
guiding the components during transport would have to be provided.
In addition, a "deadman" control is a standard on the available
bearing systems - the air supply can be stopped very quickly, to
stop the moving load in an emergency.

It should be noted that even the largest models can be handled in
the preparation halls and transported to the crane pick-up point

using this system.

It was concluded to use this system, and some aspects of it are
shown on drawing E 45017,

Access to Models

Access to the model will be required after each test run (retracting
the model will be used for de-icing access), and the most important
criterion for design of the means for access is that the tunnel down
time should be minimized. Therefore, any preparatory operations
should be automated and,where possible,should be initiated when the
tunnel is being pressurized after the run.

Subsequently, when the tunnel conditions allow it, the desired
components of the model should be reached as quickly as possible.
After considering several different ideas, the preferred concept
was developed and is indicated on drawing E45061.
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The test section is entered through an opening at the upstream end

of the slotted wall. This opening is covered by a remotely operated

hatch during the tunnel operation and can be reached from the model

preparation hall. Two alternate ways of reaching it have been shown:

- From ground level, a motorized access platform can be used. It is
mounted on the side of the main movable platform.

- From the existing upper floor level, elevation 32' - 6", two stair-
cases have to be used.

Selection of one of the above will be affected by the layout of the

complete tunnel building and should be left to the next phase of the
design.

Inside the test section, adjustable height platforms are formed by
raising sections of the test section floor as required. These plat-
forms are motorized and individually controlled from inside. Safety
railings are retractable, manually operated and interlocked with the
drive system for reasons of safety.
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45 Ft. Test Section

The 45 ft. low speed test section will be used mainly for icing tests
of full scale helicopters,and concepts for instaliation of these large
models were included in the present study.

Before the 50% review meeting, a concept employing a large movable
hatch in the bottom of the fan diffuser was prepared. Shown on
drawing E44531 is the hatch already in its storage position. The
model is wheeled into the opening, picked up by a hoist and placed
on its support system. The remote-controlled hoist rides on a mono-
rail which is suspended under the roof of the diffuser.

This concept is feasible; however, some potential problems were

identified:

- The opening in the tunnel shell is large, and substantial rein-
forcement will be required. On the other hand, the size of the
opening may be reduced when the design requirements have been
better defined.

- Due to the close proximity of the small icing facility (IRT), trans-
transportation of the models to the opening may be difficult and
must be studied further.

At the review meeting, this concept was briefly reviewed,and NASA
requested we investigate another concept based on an inclined ramp
excavated underneath the fan diffuser.

A short study was made with the resultant layout shown on drawing E45018.
A portion of tunnel shell, or flap, is hinged downward to form a contin-
uous extension of the ramp. The model is pulled up the ramp and onto
the flap which is then closed. The model is now inside the test section.
This concept may be feasible; however, it was not developed any further.
At the request of the AWT Project Group, work on the 45 ft. test section
was terminated after the 50% review meeting. AWT Project Office is
continuing this effort.
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COST ESTIMATES

The cost estimates prepared as part of this study are first level
budgetary cost estimates.

For custom designed equipment such as the fan and components of the
test section arrangement, the estimates are based on the design
concepts developed. Hence,the degree of accuracy would depend on
the degree to which the concept has been developed. The costs for
structural and mechanical components were developed from the
estimated weights and unit costs. The weight estimates are based

on the conceptual layout developed during the study. The unit costs
are based on actual costs of similar equipment designed by us and

t in various countries and the cost data updated for escaiation.
The unit costs include material, shop fabrication, transportation to
site, assembly and erection, checkout and operational tests.

For proprietary systems and equipment such as the fan drive, large
couplings, bearings and similar, preliminary budget estimates were
obtained from a number of suppliers, with adjustments for
completeness in our estimates. For the external balance,a very
preliminary cost estimate was obtained from one balance supplier,and
this was based on a preliminary requirement definition.

The cost estimates are based on present day prices and do not include
any allowance for cost escalation. There is no allowance for taxes,
custom duty or similar cost additions.

The cost estimates essentially cover the areas of the wind tunnel
facility considered in the study. They do not include modifications

or additions to foundations and buildings. The estimates do not include
costs of additional studies, any development costs, design and
construction engineering and management.
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The estimated costs are summarized as follows in thousands of dollars.

a) Fan Assembly

Fan housing including the outer housing, shaft fairing, 1 800
nosecone, stator rings and tailcone
Rotors, including the blade attachment components 1 100
Rotor blades, including four (4) spares; laminated 900
wood construction (total of 44 blades)
Fan rotor shaft and drive shaft 1 000
Couplings 100
Bearings 100
Associated systems, including bearing lubrication 600
system and two vane actuating systems
Total 5 600
b) 20 Ft. Test Section Arrangement
Slotted wall test section assembly including the 1 100
slotted wall components, their attachment
structures, actuation systems, access hatches,
windows and lighting
Pienum roof assembly including the roof structure, 600
seals, locking mechanisms, 1ifting system
Movable platform and its support structure, including 1 200
the drive system, locking systems and associated
equipment
Allowance for additional model handling equipment 500
External balance and associated equipment 2 800
(no calibration device)
Sting-strut model support system 1 800
Sidewall model support system (allowance) 1 000
Total 9 000

DSMA International inc.




53

Fan Drive System

Including the drive motor, variable speed controller and
installation. Two alternatives studied:

- 30,000 HP system without overload capability 4 400

- 30,000 HP system with overload capability to
45,000 HP 6 500
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DELIVERY TIMES

Delivery times have been considered for major components and systems.
For proprietary equipment they were obtained from suppliers,and for
the custom designed equipment estimated by ourselves using most recent
information obtained from industry on several other projects.

The delivery times indicated below cover a substantial part of the
design concepts developed. However, complete equipment cannot be
covered at this time,because it has not all been defined,and very
1ikely there will be concept changes. This should provide general
information which should be adequate for the general planning of
the rehabilitation of the facility.

Fan drive system ~ 18 months
Fan drive shaft components 12 months
Large gear type couplings 10 months
Large bearings 12 months
Fan blades (laminated wood construction) 16 months

Fan housing assembly including nosecone, center
nacelle, tailcone, stator vanes, rotors and

associated equipment 18 months
Slotted wall test section assembly including

plenum roof and elevated platform 20 months
External balance system 20 months
Strut/sting model support system 18 months

The above estimates do not include any time for demolition of existing
equipment and time for site preparation.
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v CONCLUSIONS AND RECOMMENDATIONS

The main conclusions of this study are:

a)

b)

Circuit Losses: The circuit losses estimated in this study are
considered reasonable and are consistent with data for other
wind tunnels operating in the same Mach number regime. Prior to
the final estimation of circuit losses, some points need to be
addressed, namely:

i) definition of flow quality requirements for both test sections
and investigation of methods of achieving them,considering the
effects on circuit losses and protection from icing.

ii) definition of heat exchanger configuration which is dependent
on the refrigeration system to be used. As above, the effects
on flow quality and losses, and protection from icing must be
considered.

iii) consideration of the range of models to be tested and the
associated model support systems over the complete Mach
number range.

Fan: A 31' diameter,two stage,fixed pitch fan with a variable
speed drive will best meet the requirements of the rehabilitated
AWT. It may be possible to improve efficiency at off-design

points by using variable inlet guide vanes and inter-rotor stators,
but an assessment of advantages and disadvantages cannot be done
until final fan design data are available.

Conceptual mechanical design studies indicate that a two stage fan

with fixed pitch rotor blades and variable inlet guide vanes and inter-
rotor stators is feasible. There are no serious problems anticipated
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in design or in construction of all the major fan components.
There are areas, however, which should be given special attention
during the preliminary design, and these are:

- the blade tip seals and provisions to cope with lumps of ice
should be thoroughly investigated

- the overall fan design considerations should include studies
of assembly sequences with limitations for handling of major
components within the tunnel shell

- with variable speed fan it will be necessary to run through
one or two of the lowest lateral frequencies of the fan blades.
This should be carefully studied in relation to the operating
envelopes,and necessary steps should be taken to minimize the
effect on the operating speed range.

Fan Drive (Electrical/Controls Study): While the fixed speed drive

has been evaluated during the study,it is eliminated from final

consideration as a result of the final fan design concept.

Of the variable speed drives evaluated, the synchronous AC motor with
a variable frequency speed control system is preferred from a perform-
ance point of view. The wound rotor motor with the slip power
recovery is the most expensive, while the wound rotor motor with a
1iquid rheostat has poor performance and a very narrow speed range.

While the load carrying capability of the drive motor support founda-
tion cannot be reasonably evaluated, it appears that this will be too
small to support a considerably larger size motor. Also, the drive
building will be too small. |
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20 Ft. Test Section: The studies of the 20 ft. test section
arrangement with the multiple model support systems and model
handling provisions aimed at high productivity resulted in a

versatile, but quite complex arrangement. Before proceeding

with the preliminary design of this equipment further, more
detailed studies should be conducted as follows:

i)

ii)

The complete range of models and anticipated test programs
should be evaluated to establish which of the features in
the test section arrangement, model support and handling
system -are of most value. This information should then
be used to establish priorities in the development of
further design.

Further studies in more detail should be conducted on the
test section arrangement considering the following major
areas.

test section length
- slotted wall open area, slot shape and location

- mechanism for providing plenum re-entry flow into
the diffuser

- access through the top of the test section, either to
raise the plenum roof vertically or slide it over the
test section diffuser

- the need for an external balance as compared to a simpler,
- more compact internal balances

- the balance elevating platform and the large, strut
mounted model handling provisions together with
modifications to the existing structures
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- access to models in the ‘test section

- the test section geometry, cylindrical and octagonal
with consideration for windows, turntables, and use
of walls as model access platforms.

i1i1) Studies on associated building modifications necessary for

implementation of the high productivity test section
arrangement. ’
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Comparison of Operating Boundaries
Variable Pitch vs Variable Speed

25,000 HP
Mach Number
Altitude ft.
Variable Pitch | Variable Speed
Sea Level 0.37 0.29
47,000 0.80 0.80
55,000 0.88 0.88

Table 2.




Comparison of Operating Boundaries.
Variable Speed Drive

Mach Number

Altitude ft.
25,000 HP | 30,000 HP| 45,000 HP
Sea Level 0.29 0.31 0.35
47,000 0.80 0.84 0.93
55,000 0.88 0.92 1.00

Table 3.
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30,000HP 30,000
Motor \
Type Without 30,000HP | 50% O/L
o/L 20% O/L For 1/2 hr.
Capability
‘a’g;';':’ 1,980,000 2,343,000 | 2,887,000
Motor
Synchronous 1,320,000 1,551,000 1,897,000
Motor
Table 5 Cost Estimates For Motor
Controi 30,000HHP 30,000HHP 30,000HP
System Without O/L. 20% O/L 50% O/L
Capability For 1 hr. For 1/2 hr.
R:;'ec::‘s':’at 450,000 540,000 675,000
Static
Slip Energy
Recovery 1,800,000 2,160,000 2,700,000
System '
Variable
Frequency 2,100,000 2,520,000 3,150,000
Control

Table 6 Variable Speed Drive.Cost Estimates For

Control Equipment
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Drive
System

Operating COst*
Per Year

Energy Loss*
Per Year

AC

Wound Rotor
Motor With

Liquid Rheostat

369,476

80,276

AC.
Wound Rotor
Motor With
Slip Energy
Recovery System

326,846

37,646

ALC.
Synchronous
Motor With

Variable
Frequency Control

322,168

32,068

%k For Assumed Duty Cycle And 4%/Kwh

Table 11 Variable Speed Drive,.Operating Cost

And Energy Losses Per Year




gseouBwWIOI0d SWOISAS Al JO Alewwng eAuQq poeds ajqelep 2l 9jqey

suo|18IOPIBUOD

josuo9n
UowiBH Kouenbe.y
89} 00 . e|q8lIBA
¥ JojoBd Jemod 00 Pooo .w.ﬁ Tion +-02 YHM 1010
woe}sAs poo® JST-TY NOUOJYOUAS
oiqixe|d Kiop 8897 onoNSv
Adueqayy43
poop KIOA weisAg Aieaodey
ojiBJepIsuod 914 dus o:aawi
su . MM 1010
SOJUOWIBH 7 ey poop usyL poop 1:0L .-O-«.-O_G;U:__-O;
101984 Jemod ! 8807 ‘oY
A2ue(d1}3 pood
Bue jeisoeyy pinbi
eods 300.“0“ 214 Jed 84> YUM JojoN
P 1004 Jed %921 10104 PUNOM
A2ue)o)}3 : ‘XBWN 0V
Mmo" Alep
eaIngy Aow.nooy ou...._MM weisisg
esuodsey ginBe [043U0D |04 eAl4g
sjuewwoo juosusyy | UOHEINPOH | guieg peeds peedg




FIGURES
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Figure 1 Predicted Circuit Loss Factors
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Figure 2 Predicted Fan Load Line
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Figure 3 Schematic Fan Map




2 Mode Torsion ]

| 17E
140- . |
Blade Material: Wood
Root Attach. Dia. 12.5" |
1204 l
|
|
I
100+ 1
80
Frequency
[Hz]
60

40-

0 100 200 300 400 lsBo 800
Speed [RPM] 480
RPM

Figure 4 Fan Blade Interference Diagram
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Figure 5 Variable Speed Drive Systems
Efficiency Comparisons
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