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I NT RO DU CT ION 

This report describes the resul ts  of a n  engineering study 
conducted for NASA-Lewis Research Center on tlodifications to  the 
A1 t i  tude Wind Tunnel ( A!.JT) for  Icing and Proptil sion Research 
b.y D S W  Enpineering Sor?oration, 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 i n  the Statement of Work 3-169855 
(Ref. 2 )  Revised 2/20/81 was discussed i n  detai l  w i t h  NASA on 
October 2, 1981 and covers the f o l l o w i n g  areas: 

- Fan and Fan Housing. T h i s  includes assessment of c i r c u i t  loss 
analyses, fan aerodynamics and mechanical conceptual design of 
variable and fixed pitch fans considering f ixed  and variable 
inlet  guide vanes. 

- Fan Drive Systems - considering fixed and variable speed drives 
w i t h  continuous rating o f  30,000 HP w i t h  overload capability of 
45,000. 
considered and also the existing foundations for  the main drive 
motor. 

The drive shaft between the motor and fan i s  to  be 

- 20 f t .  Test Section Arrangement - having s lot ted wall configura- 
tions suitable for  testing a t  transonic veloci t ies ,  w i t h  various 
model support systems required for the anticipated models and 
tests.  A model handling concept aimed for h igh  productivity 
testing and means for quick access to the model i n  the test 
section between test  runs. 

- 45 ft. Test Section - feasible and practical approach for  model 
instal la t ion and removal. 

DSMA International Inc. 



All the al ternat ive concepts considered d u r i n g  the early p a r t  of 
the study were discussed in the 50% design review meeting w i t h  
NASA. 
wiruld be developed and finalized t o  sa t i s fy  the i r  anticipated 
operating requirements. 
discontinue further work on the 45 f t .  Test Section and 
concentrate more on the 20 f t .  l e s t  Section. 

A t  t h a t  point NASA provided direction as to which concepts 

I n  this meeting we were directed to  

The technical aspects of the study are  described i n  Section I1 of 
the report where they are grouped by the major areas into separate 
sub-sections. Each sub-section describes the concepts considered 
w i t h  more emphasis on the concept selected fo r  preliminary design. 

Cost estimates for  the equipment chosen i n  the recommended concepts 
are described i n  Section 111. This section also descrjbes 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 i n  this study are  arranged i n  
Section V .  

Drawings and Figures a re  included i n  Section VI of the report. 
Design analyses s u p p o r t i n g  this study are  bound i n  a separate volume. 

DSMA International Inc. 
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SUMMARY 

A study has been conducted t o  develop feasible  design concepts 
for some of the major areas of the A1 t i  tude Wind Tunnel t o  
enhance i t s  capabili t ies and to sa t i s fy  the present and future 
requirements for  icing and propulsion testing. 

The study covered the fan w i t h  i t s  drive system, the 20 f t .  h i g h  
extent,  the 45 f t .  low speed speed t e s t  sec t  

t e s t  section. 

Before s ta r t ing  

on m d ,  to  a lesser  

the aerodynamic des gn of the f a n ,  the wind 
tunnel c i r cu i t  losses were estimated to  determine the fan pressure 
r a t io  required to achieve the specified performance of the 
f ac i l i t y .  
t o  be incompatible w i t h  the aerodynamic tes t ing requirements. 
A two-stage design was developed and,after evaluating the constant 
speed/variable blade p i t c h  option, the f inal  concept was selected 
tha t  has a variable speed drive system, fixed blade pitch and 
variable geometry inlet  guide vanes and inter-rotor s ta tors .  

A single-stage fan design was f i r s t  assessed and found 

The mechanical design studies concentrated on the development of a 

feasible general arrangement of the fan and i t s  main components. 
Concepts were developed for the fan housing bui ! t  inside the 
existing tunnel she l l ,  so l id  wood construction fan blades , fan 
rotors and the i r  support and drive system and the variable geometry 
ac t u  a t i ng sys tern. 

The fan drive options studied included constant speed systems i n  
the f i r s t  half of the study and, subsequently, variable-speed 
systems to complement the f inal  design concept o f  the fan. 
selected system, variable frequency AC synchronous drive,  best 

The 
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sa t i s f ies  the technical requirements a t  a reasonable cost .  
The size of the drive motor will necessitate structural  modifi- 
cations of the existing drive foundations and b u i l d i n g .  

High speed t e s t  section studies were aimed a t  high productivity 
model handling and test section access. The  f inal  concept, 
incorporating a l i f t i n g  platform arrangement, allows ins ta l la -  
tion and removal of models through the t e s t  section f loor  as 
well as through the roof. The through-the-floor system of fers  
considerable versa t i l i ty ,  ease of handling and access to the 
models for de-icing or  modifications between t e s t s .  
accept s t i n g  mounted and strut/external balance mounted models; 
the wing t i p  mounted models, supported a t  the t e s t  section side- 
walls, are installed th rough  the roof. 

I t  will 

Limited aerodynamic consideration of the high speed t e s t  section 
has indicated potential problems w i t h  testing large models a t  
h i g h  transonic speeds i n  the present t e s t  section. 
approaches to a l leviate  these problems have been proposed. 

Possible 

The 45 f t .  t e s t  section requirements were br ief ly  studied to  
determine means o f  installation and removal of large models. 
Feasible approaches were found; however, further development 
of the design concepts for this t e s t  section i s  being done 
internally by NASA. 

Feasible concepts have been developed for the major areas 
addressed i n  the present study. Although careful attention will 
have t o  be p a i d ,  i n  the  next preliminary engineering design stage,  
to transform the concepts in to  satisfactory designs, no serious 
design problems are expected. 
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REQUIREMENTS 

The Lewis Research Center i s  the NASA f i e ld  center responsible for  
research and advanced techno1 ogy development fo r  aeronautical 
propulsion systems, space propulsion and power/energy conversion 
system applications. A key f a c i l i t y  tha t  was used to  accomplish 
this mission i n  the early and middle years of the Center's exis- 
tence was the Altitude Wind Tunnel  (AWT). T h i s  wind  t u n n e l  was 
or iginal ly  constructed i n  1942 and even today stands o u t  a s  one 
of the major structures a t  LeRC. 
sonic propulsion research throughout the 1940's and ear ly  '1950's 
and made major contributions t o  mili tary a i r c r a f t  programs. 
the advent of jet-powered a i r c ra f t  for  f l i g h t  a t  higher speeds 
than the tunnel would permit, new f a c i l i t i e s  such as  the Propul- 
sion Systems Laboratory became more dominant and the AWT eventu- 
a l ly  fe l l  in to  disuse. 
chambers t o  support the space program. 
components of the AWT were removed and the shell  was used t o  provide 
space simulation chambers for environmental tests of launch vehicle 
upper stages and for space power research. 
capabili ty was no longer required and the AWT again was no longer 
i n  use. However, during the l a t e  1970's i t  became apparent tha t  the 
national needs i n  aeronautics, as reflected through the research 
programs of NASA, required a f a c i l i t y  l i ke  AWT. 

I t  was used intensively fo r  sub- 

W i t h  

In the 1960's a need arose for  large vacuum 
Consequently, the internal 

D u r i n g  the 1970's this 

The resurgence i n  in te res t  for  icing research i s  broad and applies 
to  rotorcraf t  and general aviation, as well as  other a i r c r a f t  types. 
Rotorcraft and general aviation have some un ique  problems due t o  
t he i r  small s ize ,  lower power levels available for  anti-icing and 
de-icing and long f l i g h t  times a t  lower al t i tudes.  
posed modifications t o  the AWT could make a major contribution t o  
NASA's propulsion research programs and,  i n  par t icular ,  t o  the 

Currently pro- 
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program on Advanced All Weather Helicopters. Performance measure- 
ments, aeroelast ic i ty  and coo l ing  work on new and advanced propul- 
sion systems would be possible i n  this unique variable a l t i tude  
propulsion f a c i l i t y .  Work i n  these areas i s  needed for NASA pro- 
grams on advanced turbo je t s ,  general aviation, VTOL and rotorcraft .  
Appropriate modifications will be made such tha t  acoustic character- 
i s t i c s  of propulsion systems can also be s tud ied .  The rehabili tated 
AWT would be the only t u n n e l  that  could operate a t  lower speeds w i t h  
variable a1 t i tude and icing capabi l i t ies .  
important for  future propulsion system research. 

These capabi l i t ies  are 

A proposed project i n  LeRC's future Construction of Faci 1 i ties budget  
(FY '85, '86 and ' 87) cal l  s for modifying the AWT t o  provide icing 
and propulsion research capability. As this wind tunnel was construc- 
ted i n  the early 1940's, this special study was conducted t o  evaluate 
the existing structure and equipment, and t o  develop preliminary 
concepts for new features which enhance the wind tunnel capabi 1 i t i e s .  

DSMA International Inc. 
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1 
I1 DESCRIPTIVE ANALYSIS 

11.1 Circuit  Losses 

As part  of the present study, DSMA undertook t o  calculate the losses 
0:' the proposed c i r cu i t .  These losses would be used as i n p u t  data 
for  design of the fan, 

The losses were calculated us ing  an existing DSMA program based on 
one-dimensional compressible flow w i t h  f r ic t ion  and drag. For the 
calculations, the  circuit i s  broken up in to  a number of components. 
The losses a re  calculated fo r  each component, and the resu l t s  
summed t o  give the total  loss factor .  
components were considered and they can be broadly categorized as  
fo l l  ows: 

In  the present case, 17 

a )  Diffusers 

For a l l  diffusers, the loss i n  to ta l  pressure was calculated from 
the s t a t i c  pressure recovery efficiency, n, where: 

Actual 
' = ("s) Ideal, APt = 0 

For the four diffusers (test section diffuser ,  f i r s t  crossleg, fan 
tailcone, and fan diffuser),a correlation betweea rl and the blockage 
a t  the diffuser i n l e t  was used, where blockage i s  defined a s  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 i n l e t  blockage and,to a secondary 
degree, Reynolds number based on i n l e t  diameter 

DSMA International Inc. 
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- 
- 

q i s  independent of in le t  Mach .number 

q is  independent of diffuser angle for  3%' d 28 4 6' 

- q is  independent of area r a t i o  (since the formulation o f  rl 
expl ic i t ly  takes care of that  dependence). 

The correlation was developed 'for a reference Reynolds number, based 
on i n l e t  diameter, of 0.37 x 10 ( for  which the bulk of the Creare 
data was obtained). 
us ing  "log law" scaling - no allowance being made fo r  possible 
roughness effects .  

6 

For other Reynolds numbers, q was corrected 

The calculation o f  i n l e t  blockage for the four diffusers  was as 
fol  1 ows : 

i )  Test section diffuser: two factors contribute to the i n l e t  
blockage - the boundary layer growth through the contraction and 
tes t  section, and the  plenum re-entry f l o w .  

The boundary layer thickness a t  diffuser  inlet  was calculated 
by estimating the 'equivalent' length of the contraction. 
The Green-Weeks-Brooman program (Ref. 6) was used t o  calculate 
the turbulent boundary layer development over the range of 
tunnel operating conditions from the downstream end of the se t t l i ng  
chamber t o  the test  section ex i t  plane. The equivalent length of 
the contraction was defined by comparing the displacement 
thickness a t  the contraction ex i t  plane w i t h  the boundary layer 
development over a stmoth, adiabatic f l a t  plate a t  the correspond- 
i n g  t e s t  section conditions calculated by the method of Winter 
and Gaudet (Ref. 7 ). The l e n g t h  of the test  section was assumed 
to  be fu l ly  effective for boundary layer development. 

DSMA International Inc. 
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The contribution o f  the plenum re-entry flow to  the t e s t  
section diffuser inlet  blockage i s  related t o  the mass flow 
and velocity of the plenum flow re-entering the c i r cu i t .  
The displacement thickness a t  i n l e t  and ex i t  of the s lot ted 
wall portion of the test section (walls assumed paral le l )  was 
calculated using the Winter and Gaudet method (Ref. 7 ), 
ignoring any disturbing influence of the s lo t s .  The plenum 
mass flow i s  then defined as t h a t  required t o  keep the s t a t i c  
pressure constant over the length of the slotted wall section. 
The r a t io  of the plenum re-entry flow velocity to  the free- 
stream value was based on previous work. A value of 0.4 was 
used i n  the present case. 
of Ross and Rohne, (Ref. 8 ) , i n  NLR HST had indicated a .value 
of 0.5). 

(Note t h a t  the limited measurements 

i i >  Fi rs t  Crossleg: i t  was assumed t h a t  a t  i n l e t ,  the flow was 
fu l ly  developed with a 1/7th power law velocity d i s t r i b u t i o n .  
Based on an  average velocity, the i n l e t  blockage was 18%,anrl 
this value was used in a l l  calculations. 

i i i )  Fan tailcone: i t  was assumed tha t  a good deal of reenergization 
of the boundary layers takes place as the flow passes through 
the fan and that  a t  inlet t o  the fan tailcone section, the 
boundary layers are quite t h i n .  
an i n l e t  blockage value of 3% was used. 

Based on previous fan designs, 

i v )  Fan diffuser:  i t  was assumed tha t  fully-developed turbulent 
flow was achieved a t  the end of the fan tailcone, t h a t  the 
boundary layer growth was such tha t  the displacement thickness 
along the outer shell was h a l f  tha t  along the strongly 
converging tailcone and t h a t  the displacement thicknesses were 
1/8th the corresponding boundary layer thicknesses. However, 

DSMA International Inc. 
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for  calculating the influence of blockage on the fan diffuser  
‘TI’, only t h a t  blockage component result ing from the outer 
shell displacement thickness was used, i t  being argued t h a t  the 
central low total  pressure region, since i t  does not d i rec t ly  
influence wall f r ic t ion,  would not have a major influence on 
s t a t i c  pressure recovery (no systematic experimental data are 
available t o  verify this p o i n t ) .  

b )  Test Section: 
coefficient was calculated by the method of Winter and Gaudet 
(Ref. 7 ) us ing  the equivalent lengths of the contraction 
described above. 

For the test  section loss,  the mean skin f r ic t ion  

c ) Model/Strut 

I t  i s  known t h a t ,  particularly a t  higher Mach numbers, the model 
and strut can contribute significantly to  the total  c i r c u i t  loss 
factor,and allowance was made f o r  these components i n  the present 
analyses. For the model , a value of - ‘DS = 0.02 was used for a l l  
Mach numbers. Model load estimates were used to  develop a 
preliminary geometry for  the strut/sting combination. In the present 

case, only a simple strut was considered. 
range of models t o  be tested with the associated model support  system 
should be analysed. 
up of three components : 

A 

In the future,  the f u l l  

The s t rut /s t ing loss was considered t o  be made 

- Friction drag  of strut and sting - the d a t a  on section prof i le  drag 
a t  low speeds given i n  Duncan, Thorn, and Young (Ref.9 ) were used 
t o  define a correlation for  mean skin friction coefficient based 
on strut chord Reynolds number and thickness/chord rat io .  

DSMA International Inc. 
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- Wave d r a g  of s t ing and s t ing boss - d a t a  given in Hoerner ' 

(Ref. 10) was used to calculate the wave d r a g  coeff ic ient  for  
t h i s  component - a re la t ively small contribution. 
numbers of 0.9 or less,  this  coeff ic ient  i s  zero,and this  
contribution was neglected in the present case. 

For Mach 

- Wave drag  of s t r u t  - for  strut wave d rag ,  the s t r u t  was 
considered a s  an equivalent,double wedge a i r f o i l ,  and the wave 
d rag  coeff ic ienl  was calculated from simple-equation f i t s  t o  
Hoerner's correlation of transonic s imi la r i ty  data.  

I t  was assumed t h a t  there was no interaction between these drag 
components and that  they were simply additive.  

d )  Corners 

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

e) H e a t  Exchanger 

As suggested by NASA-Lewis, a local loss factor of 2.5 was used fo r  
th i s  component,and i t  was assumed i t  was mounted i n  the second 
crossleg. I t  i s  considered t h a t  th i s  is a c r i t i ca l  c i r cu i t  
component,from the points of view of both losses and flow qual i ty ,  
and must be studied i n  some de ta i l  d u r i n g  some l a t e r  stage of the 
design program. 

DSMA International Inc. 



f) Flow C o n d i t i o n i n g  Devices 

Al though  the flow quality requirements for  the f a c i l i t y  have n o t  
been defined, i t  was considered tha t  some flow conditioning would 
be required,and allowance was made i n  the present calculations. 
A t  the end of  the fan tailcone and i n  the se t t l i ng  chamber, local 
loss factors of 1.0 and 3.0,respectively,were applied to  account 
for  flow conditioning upstream of the two tes t  sections. 
on a preliminary analysis, i t  appears t ha t  a turbulence intensity 
bet ter  than 0.5% could be achieved i n  the 20' t e s t  section by 
having a honeycomb/screen combination w i t h  a total  local loss 
factor of 3.0 mounted in the se t t l i ng  chamber. 
on the heat exchanger configuration, and no allowance was .made for 
an icing spray r ig .  

Based 

T h i s  i s  dependent 

g )  Other Components 

All other c i r cu i t  components are constant area sections, and the 
losses were calculated from a correlation of standard fr ic t ion 
factor-diameter Reynolds number data. 

The geometry o f  the c i rcu i t  was taken from an a i r l i ne  of the 
original AWT c i r cu i t  supplied by NASA-Lewis. 
were made i n  the fan region as the fan design progressed. 

Some s l i g h t  changes 

The  loss calculations were done for  four tunnel operating points,  
three a t  approximately 25,000 HP ( i n c l u d i n g  the design point) 
one a t  low power (approximately 1,200 HP) .  The actual conditions 
were: 

and 

1. 
2. 
3.  
4. 

Design point, M = 0.8, h = 47,000' 
M = 0.9, h = 55,000' 
M = 0.38, sea level 
M = 0.2, h = 30,000' 

DSMA International Inc. 
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For the a l t i tude  cases, the s t a t i c  pressure and temperature in 
the small t e s t  section were taken from standard tables of 
atmospheric conditions. 
l e f t  portion of the f ac i l i t y  operating envelope proposed by tiASA- 

Lewis (Fig .  2 in Ref. 2 )  will not be achievable i f  the m i n i m u m  t o t a l  
temperature downstream of the heat exchanger i s  -2OOF since, for 
lower Mach numbers a t  higher a l t i tudes ,  i t  will be impossible t o  
achieve the correct t e s t  section s t a t i c  temperature. 

I t  should be noted t h a t  part of the upper 

The resu l t s  of the loss calculations are given in Figures 1 and 2 
as  the variation of t o t a l  c i r c u i t  loss f ac to r  w i t h  small t e s t  
section Mach number and var ia t ion of fan pressure r a t i o  with 

mass flow,respectively. Detailed resu l t s  of the loss calcu1,ations 
for  the four cases are  given in Table 1. F i g .  1 shows t h a t  the 
c i r cu i t  loss factor decreases somewhat w i t h  increasing Mach number 
in the low Mach number range and t h a t  i t  begins t o  increase sharply 
as the transonic regime i s  approached. 
operating curve given i n  Fig. 2,are consistent with da ta  for other 
wind tunnels operating in the same Mach number range. 

These results,and the fan 

The main resu l t  o f  the present calculations i s  t h a t  a drive power 
of 25,000 HP i s  required to  achieve the design point o f  M = 0.8 a t  
47,000' w i t h  a small model in the t e s t  section. 
increase f o r  the large models proposed by NASA-Lewis, b u t  no 
estimates were made fo r  this case. 

This power would 

DSMA International Inc. 
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11.2 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 resu l t s  of t h i s  analysis,  
indicating the options whi'ch were examined and their various 
advantages and disadvantages, a re  summarized below. 

Since consideration o f  the fan was begun a t  an early stage of 
the overall study, the required performance was derived from 
the circui t - loss  estimates s u p p l i e d  by NASA-Lewis. These give 
a fan design pressure r a t i o  of about 1.2 and a maximum pressure 
r a t io  of about 1.3. Subsequent analysis by DSMA has indicated 
that the losses may be somewhat lower, b u t  the differences are 
not large enough t o  affect  the conclusions regarding the f a n .  
The differences correspond roughly t o  the margins of safety 
which would have been used i n  any case ( t o  allow for  the possible 
addition of flow-quality control devices, for  example). 

I n  general, the preliminary aerodynamic analysis consists of two 
main steps. A given option i s  f i r s t  examined by hand calcula- 
tions made for  the hub, the mean radius and the t i p  regions. 
These calculations indicate the re la t ive  Mach numbers which can 
be expected and the blade loadings w h i c h  will occur for reasonable 
values of so l id i ty .  I f  a particular option seems suff ic ient ly  
promising, the hand calculations are confirmed by r u n n i n g  the 
DSMA fan design-point program. T h i s  program performs a f u l l ,  
compressible radial-equilibrium analysis of the flow a f t e r  each 
blade row, takes i n t o  account the total-pressure losses through 
the rows and includes the e f fec t  of the flow non-uniformity a t  
the fan inlet. The results produced by this program have 
been found t o  be reliable previously when compared with the 
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resul ts  obtained by the more sophisticated streamline-curvature 
program which i s  used a t  DSMA for  predicting off-design f a n  
performance. 

S i  ngl e-Stage Fan 

The possibi l i ty  of using a single-stage fan was examined f i r s t ,  
and essent ia l ly  this  option does not appear t o  be feasible.  
The maximum performance which can be obtained, without p u t t i n g  
the fan well into the transonic c lass ,  corresponds roughly t o  
the intended design p o i n t .  
re la t ive Mach numbers a t  the rotor will be on the order of 0.85 
and will therefore lead t o  significant noise and other flow 
quality problems. Since the c r i t i c a l  region fo r  blade aero- 
dynamic loading turned out t o  be the rotor t i p  ( w i t h  diffusion 
factors of 0.4 o r  s l ight ly  higher even for  a very h i g h  blade 
so l id i ty  of l.O),there does not appear t o  be much scope for 
reducing the relat ive Mach numbers. 
vanes could be used t o  reduce the re la t ive  velocit ies,but this 
would also result in an increase i n  the aerodynamic loading. 

Even under these conditions, the 

For example, i n l e t  guide 

As well as  necessitating a reduction i n  the tunnel Mach number 
performance, a single-stage fan would have serious impact on the 
overall c i r cu i t  aerodynamics. 
mentioned above, i t  was necessary to  reduce the cross-sectional 
area a t  the fan t o  essentially the test  section area. As a 
resul t ,  a very large amount of diffusion would have t o  be done 
i n  the relat ively short l e n g t h  between the fan out le t  and the 
i n l e t  to  the large test  section. 
has shown that i t  i s  doubtful  whether s table ,  attached flow can 
be maintained i n  the fan  diffuser even w i t h  the use of vortex 
generators. T h i s  second large area-ratio diffuser  would also 
significantly increase the c i r c u i t  losses. 

Even t o  obtain the performance 

In fac t ,  a preliminary analysis 
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To sumnarize, t h e  use of a single-stage fan would necessitate 
a reduction i n  the tcnnel Mach number performance,.would create  
noise problems and would make the f eas ib i l i t y  of the large 
t e s t  section dcubtful. 

I t  was concluded t h a t  this option d i d  not merit further consider- 
ations.  
concurred. 

T h i s  decision was' discussed w i t h  NASA-Lewis,and they 

i f )  Two-Stage Fan 

In general, a two-stage fan would eliminate or  reduce most of  
the problems noted above. In the f i r s t  place, i t  would r e su l t  
i n  significant improvements to the geometry i n  the fan region. 
I t  was found tha t  acceptable blade loadings could be obtained 
with a fan area about1.8 times the t e s t  section area. T h i s  
should eliminate a l l  problems w i t h  the fan diffuser.  
more, i t  was found useful t o  reduce the fan speed and t o  increase 
the t i p  diameter t o  the available 31 f t .  
diameter has the advantage of raisinq the hub-to-tip r a t i o  fo r  
a given cross-sectional area, which improves the blade loadings 
by making them more uniform. Using the fu l l  available diameter 
would also simplify the design and manufacture of wall inser t s  
for  the fan t i p  region (fan housing). 

Further- 

The increase i n  t i p  

I n  terms of the fan aerodynamics, the two-stage option also 
appears very satisfactory. W i t h  reasonable sol idi  t i e s  (say about 
0.75 a t  the rotor t i p )  the aerodynamic loading ,is moderate a t  the 
design point,and there appears t o  be no doubt tha t  the maximum 
pressure r a t i o  can be obtained. This applies whether variable 

pitch o r  variable speed i s  selected. The maximum relat ive Mach 
numbers will s t i l l  be somewhat h i g h  ( a t  about 0.75) b u t  a r e  more 
tolerable. 
the variable speed fans although the design speeds will be s l igh t ly  
different.  

Again, this applies t o  both the variable pitch and 
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For the variable speed fan the design speed will be about 
420 rpm, w i t h  s l ightly over 500 rpm being required.at  peak 
pressure rat io .  
surge marg in ,  3 somewhat higher design speed would be used 
here. A b o u t  480 rpm appears to  be sat isfactory.  

Since variable pitch fans tend to have less  

The differences between fixed pi tch/variable speed and variable 
pitch/fixed speed fans were assessed, and the advantages and 
disadvantages between them are  discussed below. 
f i r s t  be made c lear  that the use of variable pitch will have 
a significant and detrimental e f fec t  on the flow quality i n  
the tunnel. Swirl i n  the fan out le t  flow would not be the 
major problem. Al though the swirl i n  the rotor outflow will 
vary over a considerable range, by us ing  high-solidity s ta tors  
i t  should  be possible t o  largely remove this for  a l l  operating 
conditions. Any residual swirl could be removed by a flow 
straightener near the outlet of the fan diffuser.  
fTow-quality problem will come from the velocity (or total  
pressure) non-uniformity which will be present i n  the fan outflow 
a t  a l l  operating conditions other than the design p o i n t .  This 
non-uniformi ty comes about, because away from the design p i t c h  
setting, large portions of the rotor blade will be operating 
off-design. 
show that  t o  increase the pressure r a t io  from the design value 
to  the peak value,we would deed t o  change the blade pitch a t  
the hub by about 15' b u t  by only about 3' a t  the t i p .  
i n  order to obtain the required mass-averaged total  pressure rise, 
some intermediate pitch setting would actually be used, b u t  the 
resu l t  will be tha t  much of the blade will be producing ei ther  
more or less than the desired pressure rise. Consequently, the 
downstream flow will have a non-uniform velocity d i s t r i b u t i o n .  

I t  should 

The main 

For example, preliminary calculations for this fan 

Obviously, 
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This non-uniformity will be fur ther  amplified by the fan  
diffuser so t h a t  the large test section i s  l ike ly  t o  see a 
highly non-uniform flow under most conditions. 
be some scope for  improving velocity uniformity by promoting 
large-scale mixing downstream of the fan, b u t  th i s  c lear ly  
presents a greater problem t h a n  removing swirl. By contrast ,  
a variable speed fan  i s  able t o  maintain good flow uniformity 
over a wide range of operating conditions. 

There may 

I t  should be noted t h a t  although the velocity non-uniformity 
will mainly be a problem for  the large t e s t  section, i t  may 
also be detectable i n  the main tes t  section because of the 
relat ively modest contraction r a t i o  i n  this tunnel. 

I t  will be evident from the above discussion that  a variable 
speed fan is  preferable from the aerodynamic p o i n t  of view. 
However, i t  has been pointed out t h a t  a variable speed drive 
cannot  deliver i ts  rated power a t  p a r t  speed whereas the tunnel 
performance requirements ca l l  for  constant power t o  be 
available over a wide range.(roughly from half speed t o  fu l l  
speed for  the variable speed fan) .  
used, e i ther  the drive would have t o  be over-sized or some 
reduction in maximum available Mach number a t  the lower 
'a1 t i tudes '  would have t o  be accepted. 
would almost certainly have t o  be made for  the constant speed, 
variable pitch configuration. The reason for  this i s  tha t  the 
efficiency for  a variable pitch fan f a l l s  off quickly away from 
the design p o i n t .  
variable pitch fan  used by DSMA on a previous project, i t  i s  
estimated tha t  the efficiency will drop from about 87% t o  about 
65% over the range o f  Mach numbers 0.8 t o  0.43 ( the range fo r  
which AWT i s  t o  be capable of constant ' a i r  power'). T h u s , i f  a 
shaft  power of 30,000 HP i s  needed t o  supply the ' a i r  power' a t  

T h u s , i f  variable speed were 

Similar compromises 

Based on the character is t ics  of a large, 
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M = 0.8, about  
' a i r  power' a t  

40,000 HP will be necessary t o  obtain the same 
M = 0.43. I t  follows t h a t  the drive will again 

have t o  be over-sized,or somewhat reduced Mach number perform- 
ance will have t o  be accepted. 

Estimates were made o f  the maximum power boundary for  the two 
cases,and these are  given in Table 2 .  The main difference i s  
a t  the sea level condition where the achievable Mach number 
w i t h  the variable speed drive i s  lower t h a n  t h a t  w i t h  the 
variable pitch f a n .  These resul ts  are based on the assumptions 
that  the aerodynamic efficiency of the variable pitch fan a t  
the sea level condition is  0.65, and tha t  the s h a f t  power from 
the variable speed drive varied l inearly w i t h  speed up . to  that  
corresponding to  the design p o i n t .  

Obviously, other considerations such as cost will have to  be 
taken into account when making the choice between variable 
pitch and variable speed. A t  t h i s  point i t  i s  simply noted 
t h a t ,  
speed on aerodynamic grounds, and,secondly, the performance 
advantage of constant speed i s  not as great as i t  appears a t  
f i r s t  glance, 

f i r s t l y ,  there must be a strong preference f o r  variable 

The above considerations were discussed with NASA-Lewis,and i t  
was agreed t h a t  design would proceed on the basis o f  a 31 foot 
diameter, two stage, fixed pitch/variable speed fan. 
took t o  assess the performance gains t o  be achieved with variable 
i n l e t  and inter-rotor guide vanes for  this fan. 

DSMA under- 
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i i i )  Variable Guide Vanes and Stators 

A t  this stage i t  i s  d i f f i c u l t  to estimate the precise amount 
of var iabi l i ty  which will be required or the benefit i n  terms 
of improved efficiency w h i c h  will resu l t .  This can be done 
only once a fu l l  fan map has been predicted,and th i s  i s  beyond 
the scope of the present study. 
therefore based largely on our previous experience w i t h  another 
large f a n  emplcying variable i n l e t  guide vanes. As a resu l t ,  
the configuration i s  somewhat tentative,  b u t  i s  regarded as a 
v a l i d  basis fo r  developing the general mechanical design 
concepts and for  assessing the cost imp1 ications. 

The aerodynamic design i s  

Based on the ea r l i e r  experience, i t  is  estimated t h a t  30' of 
IGV movement should be ample. The saine range o f  travel i s  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 so l id i ty) .  
Since 30' of incidence cannot be tolerated,  the turning will be 
obtained by us ing  variable flaps.  These will occupy about 35% 
of the chord length. The f ac t  tha t  a large portion o f  the IGV's 
will be fixed will allow them to  double as  the front support 
s t ru t s  for  the fan. 

The preliminary aerodynamic investigation of the variable IGV's 
has revealed that  i n  the present application,the benefits may 
n o t  be as great a s  a t  f i r s t  anticipated. 
will be explained with reference t o  the schematic fan map 
shown i n  Fig.  3. This figure shows the fan operating curve 
(similar to  F i g .  2)  and two fan maps - one for  IGV's undeflected 
(solid l ines) and the  other for  the IGV's deflected (dotted 
lines) t o  increase the rotor loading. Each map consists of the 
surge l ine,  region o f  maximum efficiency, and three constant 
speed lines. 

The reasons for  this 
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To improve the efficiency a t  part  speed, the IGV's would be 
used to s h i f t  the fan map t o  the r i g h t .  
accomplished by tu rn ing  the flow such tha t  the rotor load ing  
is  increased. This resul ts  in the rotor design incidence, and 
therefore maximum efficiency, being obtained a t  a higher mass 
flow rate .  Referring to  the map, i t  can be seen tha t  while 
this does achieve the desired increase i n  efficiency a t  the 
part-speed operating point, tha t  same point will also be 
obtained a t  a lower fan RPM ( a t  N3 say, compqred w i t h  a speed 
between N2 and N3 for the design-point fan  map). T h u s ,  while 
the higher efficiency means tha t  a larger fraction of the 
shaf t  power i s  obtained as a i r  power, the reduction i n  RPM 
will also mean a reduction i n  the available shaf t  power. 
The  net resu l t  could well be a reduction i n  the a i r  power, 
which i s  the reverse o f  the e f fec t  intended. 

This would be 

C o n t i n u i n g  this argument further, i t  would seem tha t  i f  
variable IGV's were incorporated, they m i g h t  be used i n  
different ways according t o  w h i c h  t e s t  section is i n  use: 
1. 

2. 

Small (Main) Test Section 
This t e s t  section will be more tolerant to  fan-outlet 
flow non-uniformity,and the main consideration will be t o  
maximize a i r  power. 
use the IGV's t o  s h i f t  the map into a region of lower 
efficiency i n  order t o  r a i se  the required RPM and,therefore, 
t o  increase the available shaf t  power. 
Large Test Section 
Here the main consideration i s  l ikely t o  be flow quality. 
Changes i n  a i r  power r e su l t  i n  only small variations i n  the 
a i r  velocity because of the narrow total  range. 
therefore, the IGV's might  be used t o  improve efficiency and 
t h u s  fan-outlet flow uniformity. 
variable-speed fan t o  be able t o  maintain reasonably good 
efficiency over a wide range of operating points anyway, the 
benefits may not be very great. 

In this case i t  might  well be best t o  

In this case, 

However, since we expect the 
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I t  should be pointed o u t  t h a t  use of variable IGV's has safety 
implications which will complicate the design of the fan control 
system. 

Referring t o  the f a n  map, i t  can be seen tha t  w i t h  the IGV's set 
for  part-speed runn ing ,  an increase i n  fan RPM could resu l t  i n  
the surge line being crossed a t  less t h a n  the fu l l  available 
fan RPM. 
i s  l ikely to  have a f a i r ly  abrupt and severe s t a l l ,  s t a l l  should 
be avoided under a l l  conditions. There will therefore have t o  
be a fa i l sa fe  interlock between IGV/stator position and fan speed. 

Since this is  a reasonably h i g h  performance fan which  

In effect ,  there will have t o  be a variable fan speed limit 
which i s  a function of IGV/stator position. 

An emergency back-up system ( w i t h  i ts  own power supply) should 
probably also be provided t o  drive the IGV's and s ta tors  t o  their 
"safe" position i n  the event of a controls o r  other fa i lure .  

A t  th i s  stage i t  appears d i f f i c u l t  to  conclude whether much i s  t o  
be gained by incorporating variable IGV's and s ta tors .  The net 
benefits could well be minimal. More firm conclusions will not 
be possible u n t i l  a preliminary fan des ign  has been made and the 
corresponding fan map has been generated. 

For the purposes of the present study, i t  seems reasonable to  
assume t h a t  variable IGV's/stators will be used t o  develop the 
preliminary mechanical design concepts and t o  assess the cost 
imp1 ications. During the prel iminary engineering, a f u l l e r  assess- 
ment can then be made,and the benefits can be weighed against the 
costs more definitively. 
decided t o  abandon variabil i ty.  

A t  tha t  p o i n t  i t  could conceivably be 
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iv )  Maximum Power 

Preliminary estimates of the maximum power boundaries for  
a variable speed drive w i t h  power levels of 25,000, 30,000 
and 45,000 HP were made,and the resul ts  are summarized i n  
Table 3. These results apply only fo r  small models and 
are based on an extrapolation of the c i r cu i t  loss curve 
( F i g .  1) which is somewhat uncertain as  Mach 1. is approached. 
Use of the variable IGV's would tend to  give higher Mach 
numbers a t  the sea level operating points. 

b)  Fan Mechanical Design 

The purpose o f  the mechanical design studies of the fan was 
t o  develop feasible design concepts fo r  the fan arrangement 
and i t s  major components. 
stage design resulting from the aerodynamic analysis. 

Studies were based on the two- 

The i n i t i a l  work was done for  the variable blade pitch/constant 
speed design,and the result ing layouts are  shown on E44527 and 
E44528. Differences between this concept and the final concept 
(fixed pitch, variable 'speed and variable i n l e t  guide vanes and 
f i r s t  s ta tors )  will be noted i n  the discussion. 

Major areas of the AWT fan considered i n  this study were the fan 
housing, blades, rotor , shaft  and bearings, variable geometry 
systems and the fan drive t ra in  components. 
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i )  Fan Housing 

The size of t h e  fan i s  essent ia l ly  dictated by the 
existing shell size and from the tunnel c i r cu i t  
considerations. I t  was concluded t h a t  the maximum fan 
diameter would minimize fan diffuser  problems. 
these considerations and  evaluations of the she1 1 
structural  aspects, i t  was concluded tha t  the fan 
diameter be 31 feet .  

From 

Dur ing  the early part  of the study i t  appeared to  be quite 
obvious t h a t  the approach of building the fan housing i n  
the existing shell i s  much more a t t rac t ive  than cutt ing 
o u t  a section o f  th i s  shell  and providing a new section 
specif ical ly  designed as a fan housing. 

Where necessary the tunnel shell in the fan area can be 
reinforced w i t h  circumferential s t i f fening rings to  
provide better support fo r  the fan nacelle. The inside 
contour of the fan housing can be formed by an inner 
shell attached t o  the existing pressure she l l .  This inner 
fa i r ing does n o t  have t o  be designed for  the pressure 
1 oads . 

The fan nacelle consisting of the nosecone, s ta tor  vane 
rings and the tailcone will also provide means of 
supporting the fan rotor assembly. 
the outer shell of the fan housing by a number of support 
members. For the nosecone and upstream bearing assembly, 
these s u p p o r t  members are the fixed sections of the 
variable i n l e t  guide vanes. 
r i n g  assembly i s  similarly supported by the fixed sections 

I t  i s  connected t o  

The f i r s t  stage s t a to r  vane 
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of the variable geometry s ta tors .  The tailcone and 
the downstream (main) bearing assembly are  connected 
to the outer shell by the second stage fixed s t a to r  
vanes. In addition, support struts will be provided 
a t  the downstream end of the tailcone. 

Considering briefly the possible erection sequences, i t  
was determined t h a t  structural  components can be brought 
inside the tunnel shell through the large opening used 
t o  ins ta l l  the models i n t o  the low speed 45 f t .  t e s t  
section. 
require careful attention i n  design, they are unlikely to  
cause any serious problems. 

Overall , a1 t h o u g h  the erection procedures w i  11 

i i )  Fan Blades 

Feasibil i ty of the fan blades was established using the 
fol 1 owing cr i te r ia  : 

- 
- 
- 

satisfactory strength and v i  bration performance 

material suitable for  the AWT (icing) environment 

proven techno1 ogy for fabrication 

A t  f i r s t ,  quick comparative analyses were made of the two 
rotor blade concepts: solid laminated wood and s ta inless  
sheet steel  fabricated construction. 

The sheet s teel  construction was found to  be heavier, 
more complicated and probably more d i f f i c u l t  to  
procure as no special is t  suppliers of such blades are 
known. Wooden blade was chosen fo r  development o f  
conceptual design. 
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Wooden blade concept i s  suitable fo r  t h i s  application, 
and the fabrication technology i s  very well developed. 
The construction typi cal ly  consists of  the a i  rfoi  1 
laminated from S i t k a  spruce,and impregnated wood 
sections are gradually spliced in toward the root 
section. 
wood. 
leading edge is  normally protected by a metal s t r i p  
t o  minimize damage by foreign objects. 

The root i s  completely made of impregnated 
The blade i s  covered with fibreglas,and the 

In th i s  case, special precautions will be necessary t o  
prevent accumulation of ice. These may include a 
heating system a t  the leading edge. In the cost . 

estimates, cost of such a system has not  been included. 

Several designs exis t  for  attachment of the wooden blades 
t o  the fan rotor. DSMA has developed and successfully 
used an attachment consisting o f  a ferrule  fastened tr! 
the blade root section. The ferrule i s  inserted i n t o  a 
socket i n  the rotor and fastened t o  i t  by means of a 
f i x i n g  r i n g  and a number of bolts. 
on drawings E44528 and R44530. 

This design i s  shown 

A more detailed analysis of the wooden blade indicated the 
root centrifugal s t ress  of approximately 1500 psi. 
s t ress  level i s  considered satisfactory since the allowable 
strength of impregnated wood i s  a t  l eas t  6,000 psi .  

This 

Bending s t r e s s  level was approximately 900 psi .  
the subsequent design stage, bending s t r e s s  on the fixed 
speed fan can be substantially reduced by t i l t i n g  the 

During 
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blade. 
the variable speed design. 
of 2400 psi for the until ted blade i s  below the all9wable 
level , a satisfactory s i tuat ion for  this stage of design. 

To a lesser degree, t h i s  can be achieved on 
However, the combined s t r e s s  

A preliminary vibration analysis gave the resul ts  shown on 
the interference diagram, Figure 4. The diagram was used 
to determine the number of support struts upstream of the 
the f i r s t  rotor stage. 

Nine ( 9 )  would be used i n  the fixed speed design t o  
achieve high margins of safety on a l l  the lower modes of 
vibration a t  the operating speed. In the variable speed 
des ign ,  resonances w i t h i n  the operating speed rancje cannot 
be avoided; however, the designer should seek to  minimize 
the i r  number or a t  l ea s t  to s h i f t  them t o  lower speed. 
Seven ( 7 )  
thereby removing the f i rs t  torsional resonance from the 
opera t i  ng range. 

support struts were selected in th i s  case, 

Note t h a t  the safety margin t o  this resonance a t  the top 
speed i s  lower than desirable,and a change of blade geometry 
on the final fan configuration may be required to improve 
the s i t u a t i o n .  

The question of ice damage to the blades was br ief ly  con- 
sidered and discussed with the NASA AWT Project Group. 
Wooden bl  ades are f a i r l y  damage tolerant,  and m i  nor  repairs 
are simple. Damage will l ikely be concentrated a t  the 
blade t i p s .  
t o  achieve h i g h  efficie.ncy,thereby increasing the likelihood 
of damage by large pieces of ice.  
by using breakaway tips on the blades. However, i t  is f e l t  
tha t  t he i r  replacement may be so frequent as  t o  become a 
nuisance. 

The blade t i p  clearance should be minimized 

T h i s  could be alleviated 
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NASA suggested t h a t  ,as an a1 t e r n a  t i  ve , a few ci rcumferenti a1 
c a v i t i e s  resembling a l a b y r i n t h  s e a l  could  be rna.de i n  the f a n  
housing a t  the loca t ions  of b l ades .  Bes ides  a c t i n g  as t i p  
s e a l s ,  t hey  would a l s o  c o l l e c t  the ice,this way p reven t ing  
damage t o  the blades.  

I t  was concluded t h a t  a d e t a i l  e v a l u a t i o n  o f  the above methods 
should be made i n  the nex t  des ign  s t a g e .  

i ' i i )  Fan Rotor 

A r o t o r  f o r  this s i z e  of f a n  will typical ly  have two major 
components - a forged h u b  f a s t ened  t o  the r o t o r  shaf t  and a 
d i s c  weldment bol ted t o  the hub. In a s t anda rd  DSMA'design, 
fan blades a r e  attached t o  the r o t o r  hub through b lade  c a r r i e r  
assembl ies  so t h a t  the h u b  must suppor t  the blade pu l l  loads  
i n  a d d i t i o n  t o  i t s  own c e n t r i f u g a l  l oads .  Blade bending loads  
a r e  reso lved  between the hub and the outer p a r t  of the r o t o r  
d i s c  where the blade c a r r i e r s  a r e  loca t ed  i n  s l i d i n g  type 
bear ings  . 
I n  t h i s  s tudy ,  bas ic  des ign  arrangements o f  the  r o t o r  were 
developed f o r  t h e  v a r i a b l e  p i tch  and f i x e d  pi tch f a n  concept .  

The r o t o r  hub diameter  of the v a r i a b l e  p i t c h  f an  ( s e e  drawing 
E44528) was d i c t a t e d  by t h e  s i z e  o f  the blade thrust bear ing .  
Th i s  bear ing  turned out  t o  be a c r i t i c a l  component o f  the 
blade a t tachment  system. 
o f  330 Kips, an a n t i f r i c t i o n  bear ing  (necessa ry  t o  o b t a i n  low 
torque  on the pitch mechanism) w i t h  an o u t s i d e  d iameter  o f  
11" was necessary .  This  r e s u l t e d  i n  the r o t o r  hub having a 
d iameter  of 109 inches.  

To suppor t  an e s t ima ted  b lade  p u l l  

DSMA International Inc. 

~ 



23 

In the f i x e d  pitch fan,  the bearings are  no longer required, 
and the rotor h u b  diameter could be reduced t o  84 inches. 
Th i s  layout i s  shown on drawing E 44530. 

Average hoop s t ress  levels combining the r o t a t i n g  r i n g  w i t h  
blade p u l l  s tresses fo r  both fans were estimated i n  the range 
of 20 - 30 Ksi which i s  sat isfactory.  
these stresses could be reduced, i f  necessary, by optimizat- 
ion of the b lade  attachment and the shape of the hub.  

I t  is  expected tha t  

i v )  Fan Rotor Suppor t  and Drive System 

The assembly o f  bladed rotors  and the rotorshaft  i s  supported 
by the bearings t h a t  transmit the loads from these rotating 
components t o  the fan housing. 
ed t o  the drive shaft t ha t  supplies the motive power t o  the 
fan. 
ed tha t  includes the above components and  can carry a l l  the 
loads imposed on i t  ( w i t h i l r  the fan operating range) w i t h o u t  
excessive vibrations. 
any necessary different ia l  thermal movement between i t s  
components. 

The rotor shaf t  is also connect- 

Therefore, a su i tab le  integrated system must be develop- 

A t  the same time, the system must allow 

After an analysis of the requirements and several schemes, a 
basic arrangement of the system was developed f o r  the variable 
p i t c h  fan concept. The fan rotor and shaf t  assembly is 
straddled by two support bearings. The downstream main  
bearing f ixes  the rotor location and i s  designed t o  support 
radial and axial (thrust) loads. 
only radial loads and allows axial f l oa t .  

The upstream bearing supports 

The rotor shaf t  i s  connected to  a fan drive shaf t  by a 
f lexible  coupling. The  fan driveshaft i s  supported by 
a radial bearing a t  the point where i t  penetrates 

DSMA International Inc. 



24 

the tunnel shell  a t  the second corner. A t  th is  p o i n t  of 
penetration, a seal is also necessary. The end of the drive- 
shaf t  i s  then connected t o  the drive motor shaft  by a so- 
called spacer coupling. T h i s  coupling i s  designed t o  accommo- 
date a l l  the axial (approx. 2" )  and transverse (approx. 1") 
different ia l  thermal movements between the fan and the motor 
and consists of two gear couplings separated by a tubular spacer. 

The different ia l  movements occur d u r i n g  the tunnel operation, 
and axial  thrust  will be generated as a resul t  of f r ic t ion  in 
the couplings. This load must be taken i n t o  account i n  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. 
used also for  the fixed pitch fan, drawing E44529. 

The layouts were subsequently 

The two shafts are tubular w i t h  solid ends. The diameters o f  
the ends were calculated t o  transmit the maximum torque while 
the dimensions of  the tubular portions of the s h a f t  were 
selected t o  give a minimum of 30% margin on the r i g i d  bearing 
f i r s t  c r i t i ca l  speed for  la teral  vibrations. 

A l l  the bearings are of  the ro l l ing  element type. 
bearing is  a double row,taper ro l l e r  bearitlg while the other 
two are self-aligning,spherical ro l le r  bearings. Bearing l i f e  
estimates were made under the worst case load conditions and 
indicate 10,000 hours for a l l  the bearings can be achieved. 
An automatic oi l  lubrication system will be used for the 
bearing lubrication. An emergency back-up system will also be 
required and will be activated automatically i n  the event of 
fa i lure  of the main system. 

The irrain 

The couplings - gear-type f lexible  couplings - were sized i n  
co-operation with a large coupling manufacturer. 
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v )  Variable Geometry Systems 

Basic des ign  concepts were developed for  the variable blade 
p i t c h  system, and for the variable i n l e t  gJide vanes. 

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

I t s  operation can 

The blade p i t c h  i s  adjusted by rotating the blade ca r r i e r  
which i s  supported by two bearings - a thrust bearing which 
was mentioned previously, and a radial  bearing which allows 
axial f l oa t .  
linkage system connected t o  a t ranslat ing r ing .  
guided within the fan  rotor hub and i s  actuated by several 
struts which pass through slots i n  the fan rotor shaf t  and 
are connected to  a stationary actuator inside the fan nacelle. 
A hydraulic servo or ball screw actuator system could be 
used. 

The blade car r ie r  i s  driven by a lever and 
The r i n g  is 

_. ..-. 

The actuating system for  the variable inlet  guide vanes and 
for  the f i r s t  stage s t a to r  vanes will be similar,and i ts  
concept is  shown on drawing E44530. The systems will be 
located inside the fan  nacelle and will drive the t r a i l i ng  
edge flaps.  

Each hinged f l ap  i s  driven by a lever linkage connected t o  a 
r i n g  which rotates a b o u t  the fan axis.  The r i n g  is  supported 
on several ro l l e r s  and actuated most l ike ly  by a hydraulic 
servosystem. 

Design development of the actuating system for  the i n l e t  guide 
vanes and s t a to r s  i s  not expected t o  create  any d i f f i cu l t i e s .  
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11.3 Fan Drive 

In i t i a l  review of the new fan drive requirements, prior t o  the 
f inal izat ion o f  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 a t  
480 RPM w i t h  comparisons for increased ratings up t o  45,000 HP. 
In  arriving a t  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 i n  the range of +20%. 

Variables compared f o r  the drive types considered include: 

. i n i t i a l  equipment costs 

. instal la t ion costs 

. opera t ing  efficiency 

. performance capabili t ies 

Fixed Speed Drive 

Two systems have been considered: 

i )  a wound rotor AC motor w i t h  a liquid rheostat used for  a 'soft '  
s t a r t  

i i )  a synchronous AC motor w i t h  variable frequency 'soft '  s t a r t  
equ i pment . 
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I n  s i z i n g  the so f t  s t a r t  equipment,a capacity of 10% of the maximum 
load has been assumed. 
could be pitched to  a zero load  anglesand the only power required 
would be t o  accelerate the mass of the rotating parts. 

I t  was assumed that  the variable pitch fan 

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

Motor costs for  the two systems are  shown i n  Table 5 ,  while total  
drive system (motor, start ing and control equipment) costs a r e  
shown i n  Table 4. Installation costswould be approximately 30% of 
the in i t i a l  equipment costs. 

Comparing costs,  the synchronous motor system, even w i t h  i t s  
s tar t ing network (switched out a f t e r  l i ne  synchronization), is 
considerably cheaper. 

Efficiency o f  these d r i v e  systems will be i n  the range of 85-903, 
w i t h  the synchronous motor being approximately 5% more e f f ic ien t  
t h a n  the wound rotor motor w i t h  the l i q u i d  rheostat. 
fu l l  speed operation for  the wound rotor machine. 

T h i s  assumes 

b)  Variable Speed Drive 

Dur ing  the study, the analysis of tunnel performance requirements has 
showti the preference for a fixed pitch,  variable speed fan w i t h  
adjustable inlet  g u i d e  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 w i t h  l i q u i d  rheostat 

i i )  wound rotor AC motor w i t h  a s t a t i c  s l i p  energy recovery system 

i i i )  AC synchronous motor w i t h  variable frequency speed control 

In i t i a l  equipment costs ,  instal la t ion and operating costs a r e  shown i n  
Tables 5 through 11. Efficiencies of the three drive systems a re  shown 
i n  Figure 5,  and a summary of performances i s  shown i n  Table 12.  

The differences in operating costs are attr ibuted to  the differences 
i n  the energy losses related to  the operating principles of the 
different  drive systems. While the same duty cycle has been assumed 
for  a l l  drive systems, the duty cycle considered i s  an assumed duty 
cycle, based on the best present estimates of tunnel usage. 
changes in operating loads or times will change these figures 
accordingly. The cost  of power used i n  arriving a t  the operating 
costs has been taken a t  4&/kwh, c6,lsistent w i t h  present day rates  
paid a t  NASA Lewis ReC. T h i s  r a t e  m u s t  be appropriately escalated 
when considering future operating costs. 

Any 

When comparing equipment and l o s t  energy costs,  i t  i s  apparent tha t  
the energy savings associated w i t h  the synchronous motor drive system 
will eventually pay for  the difference between i t  and the cheaper 
wound rotor motor, l i q u i d  rheostat system. A d i rec t  comparison of 
the numbers shown may not be a f a i r  comparison, however, since the 
cost  of financing the larger i n i t i a l  investment for t h e  synchronous 
motor system has not been considered. 

When reviewing performances of the three drive systems, apart  from 
efficiencies (as shown i n  Table 121, the synchronous motor w i t h  
w i t h  variable frequency speed control offers the highest level o f  
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performance. The wound rotor motor w i t h  liquid rheostat has the 
poorest overall performance w i t h  a controllable speed range of only 
3:1, while the wound rotor motor with s l i p  power recovery can be 
relegated t o  the medium performance class .  However, i t  is more 
expensive t h a n  the synchronous motor system. 

c )  Fan Drive Motor Size and Instal la t ion 

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 o f  the existing drive 
building and motor support base , i t  has been concluded tha t  i t  is  
not  feasible t o  use the existing upper p a r t  of the building-with 
the present support base for  instal la t ion of the motor. 

The building will have t o  be par t ia l ly  demolished and the founda- 
tions w i t h  the support base enlarged. Then, the outer walls and 
roof must be rebui l t .  The extent o f  building modifications will be 
determined i n  the preliminary design phase when the motor size and 
weight can be determined with a greater degree of r e l i ab i l i t y .  

The motor s ize  shown on E44529 i s  f o r  a single 55,000 HP motor. 
A 2-motor tandem arrangement, coupling two 22,500 HP xotors i n  
s e r i e s ,  was considered as a possible alternative t o  a l leviate  the 
space problem. While the h e i g h t  and  w i d t h  of such an arrangement 
are reduced by approximately 20%, the overall length increases by 
approximately 35%. This arrangement would s t i l l  require extensive 
building and foundation modifications and would require additional 
alignment precautions. 
would be approximately 10% higher than for  the single motor drive. 
Hence, there appears to  be no jus t i f ica t ion  for  further considera- 
tion of a tandem motor arrangement. 

In addition, the cost of such an arrangement 
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d )  Conclusions and Summary Coments 

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

Figure 6 also shows the division between the equipment covered i n  
the above pricing and additional required power supply equipment. 
In addition, power factor and harmonic compensation requirements 
must be assessed, t a k i n g  into account the complete structure and 
capacity of the power distribution system. 
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11.4 20-Foot Test Section 

The high speed, 20 f t .  tes t  section will be the principal t e s t  
section of the rehabilitated AWT. 
wide range of speeds,from almost zero t o  transonic i n  excess of 
Mach 0.9,  and simulated alt i tudes up t o  55,000 f ee t .  
performance boundary i s  given in Table 3.  

I t s  operating envelope covers a 

The predicted 

Icing t e s t  programs will constitute a large portion of the testing 
time; the res t  will be mostly propulsion and general aerodynamic and 
acoustic tes t s .  All these t e s t s  will involve many different  types of 
models, from single engines t o  complete airframes o r  sections thereof. 

a )  Technical Requirements 

The technical requirements for  the t e s t  section were discussed w i t h  
NASA a t  the f i r s t  p ro jec t  meeting on the 22nd of October 1981 and 
a re  summarized below. 
( i )  The tes t  section geometry should be modified t o  a s lot ted wall 

configuration, t o  minimize wall interference with models during 
transonic testing. 

three model supports would be required: 
- sidewall model support for  large models spanning the tes t  

- s t r u t  model support w i t h  turntable fo r  f i l l l  o r  half models 

( i i )  To accomodate different models and various anticipated t e s t s ,  

section. (Md 0.9) 

supported from an external balance located underneath the 
t e s t  section. ( M <  0.3)  

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

( i i i )  High productivity of t es t ing  will be one of the  most important 
overall requirements for the rehabilitated f ac i l i t y .  This would 
require means for  f a s t  model exchanges and access t o  models 
between test  runs as well as f a s t  data acquisit ion.  
t o  achieve this with a minimum of manpower and energy consumption. 

Intention i s  
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I t  was agreed that  this study would concentrate on concepts o f  

model handling and quick accessibil i ty to sa t i s fy  the above 
requirements. 

b)  General Considerations 

A t  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. 
review, some basic ideas were considered as t o  the i r  f eas ib i l i t y ,  
w i t h  an aim to  narrowing down the available options. 

During this 

Isolation of Test Section 

After a typical t e s t ,  the wind tunnel remains evacuated and 
cooled down t o  a low temperature. 
is  not possible t o  enter the t e s t  section, nor  t o  withdraw the 
model. 
section by two gate valves. 
brought up  to  normal atmospheric conditions,with the r e s t  of 
the tunnel remaining a t  a l t i tude  conditions. I t  was determined 
that suitable valves o f  the s ize  required t o  seal the 20 f t .  
c i rcular  cross-section would be very expensive. When open, the 
gate valves would create large gaps i n  the kirflow surface tha t  
would be d i f f i cu l t  t o  close. The e f fec t  of such gaps a t  the 
out le t  of the contraction would be a s ignif icant  deterioration 
of the flow quality i n  the t e s t  section. 

Under these conditions, i t  

Therefore, t h o u g h t  war given t o  isolat ing the test  
Then the test  section could be 

Furthermore, i t  would take about the same time t o  open or  close 
the valves as the maximum time necessary to  evacuate the tunnel 
by the existing suction system (about 6 minutes). 
time would be saved using this approach. 

Therefore, no 
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As a result of  the above, this'concept was rejected. 
tunnel would be brought t o  normal atmospheric pressure whenever 
access to the model was necessary. 
isolating curtains should be provided a t  each end of the t e s t  
section t o  minimize energy losses when the cold tunnel i s  
exposed to  the outside a i r  by opening the t e s t  section. 

The 

However, i t  was decided t h a t  

Similarly, a brief consideration was given t o  a suggestion by 
NASA to move the model w i t h  i t s  support to an isolated "airlock" 
chamber above or on the side of the t e s t  section. An airlock on 
the t o p  of the t e s t  section was considered and discarded because 
of the extreme heights to  which the model and support would have 
t o  be raised, potential complexity and d i f f icu l ty  o f  handling the 
large models. The airlock on the side of the test  section would 
force large modifications of the exis t ing b u i l d i n g  to be made. 

This l e f t  one other area available for  the "airlock" concept - 
the former balance chamber located under the t e s t  section of the 
original AWT configuration. A quick evaluation showed t h a t ,  fo r  
relatively small models, such an approach would be feasible. 
T h i s  formed a basis for model handling concept No. 1 described 
la te r .  

i i )  Model Hand1 i n g  

A t  this stage i t  was clear t h a t  large models would often be tested 
and that any concept for  the tes t  section would have t o  enable 
these large models t o  be handled. 

DSMA International Inc. 



34 

Handling of models, tha t  i s ,  t he i r  ins ta l la t ion  in the tunnel 
and subsequent removal, can be time-consuming i f  adequate 
provisions are not  incorporated i n  the design. 
f a s t  ins ta l la t ion ,  the model should be brought  in to  the t e s t  
section, checked out and already mounted on the supports for  
attaching i t  to  the model support systems located i n  the t e s t  
section. T h i s  requirement i s  re la t ive ly  basic for  s t i n g  and 
sidewall-mounted models, b u t  can be much more complicated for  
the strut-mounted models on external balance. The struts are 
usually direct ly  supported by an external balance and are 
shielded by streamlined fair ings t h a t  must be isolated from 
the l ive  par t  of the balance. 

To achieve 

If  these components would have t o  be ins ta l led  i n  the t e s t  
section f i r s t ,  and then the model brought  i n  and mounted onto 
the struts, i t  would be time consuming and not compatible w i t h  
the requirement for  h igh  productivity. Therefore, the model 
suppor t  s t ru t s  should be attached t o  the balance indirect ly ,  
through an adapter frame. T h i s  frame then serves an additional 
purpose of suppor t ing  the strut fa i r ing  turntable and an 
appropriate portion o f  the f loor  section d u r i n g  transportation 
from the model preparation area t o  the t e s t  section. 

As t h i s  preliminary work proceeded, i t  became necessary to  take 
in to  account a t  least  basic aerodynamic requirements i n  
developing the t e s t  section geometry. 

DSMA International Inc. 

-~ 



35 

c) Aerodynamic Cons idera t ions 

Ventilated Wall and Plenum Diameter 

Testing of aeronautical models a t  subsonic speeds requires 
a ventilated wal l  fo r  two reasons: 

- t o  minimize the aerodynamic interference o f  the wall 
on the model flowfield, so t h a t  corrections to measured 
quantit ies are small and thus rel iable  

- to compensate for model blockage and avoid choking a t  
h i g h  subs.onic speeds. 

Special attention must be p a i d  to these areas when large 
blockage models of the type envisaged here are t o  be tested.  

The usual practise i s  t o  combine a slotted wall w i t h  a 
circular plenum surrounding the t e s t  section. 
i n t o  th i s  plenum re-enters the c i rcu i t  usually just  down- 
stream o f  the test section -- this point will be deal t  with 
l a t e r .  

Air flow 

Consideration will now be given t o  the selection of s l o t  
size and plenum diameter. Slot size ultimately depends on 
the desired open area r a t i o ,  OAR, for which a value of 15% 
was suggested by NASA. 
l i g h t  of the high blockage (-20%) models anticipated. 
From low i.nterference and minimum choking considerations , 
i t  appears t h a t  15% OAR i s  inadequate, and should therefore 
be substanti a1 ly increased. Accordi ng to  the most recently 
published theory (Ref. 11) on the subject, an OAR o f  a t  

This was briefly examined i n  the 

DSMA International Inc. 

D 



36 

l eas t  20% would be required for low interference testing 
a t  h i g h  subsonic speeds. 
required. 
a1 1 analyses. 

Clearly fur ther  s tudy i s  
For the current study, OAR = 15% was used i n  

The s l o t  w i d t h  depends on OAR and number of slots. 
i t  i s  acknowledged t h a t  a large number of s lo t s  i s  
desirable because th i s  reduces the perturbation on the 
overall f l w f i e l d  due t o  local flow through the s l o t ,  
only a total  of 8 s lo t s  were selected here. This will 
f a c i l i t a t e  design of model support s t ructure ,  viewing 
windows, e t c . ,  and,according to ear ly  NACA work (Ref. 12), 
eight s lo t s  posed no great problems. Slot w i d t h  should 
be increased gradually, over a distance o f  about 0.6 to 
0.7 equivalent diameters. 

While 

Having arrived a t  a s lot ted wall  geometry, a plenum 
diameter can be determined. The cr i ter ion used here was 
t o  keep the plenum wall f a r  enough away from the " j e t "  
issuing out of a wall s l o t  such tha t  i t  does not interfere 
aerodynamically w i t h  the j e t .  Following the experimental 
findings of Berndt (Ref. 13), which indicated tha t  5 j e t  
diameters separation was adequate, the plenum diameter 
would have t o  be 1.66 equivalent t e s t  s x t i o n  diameters i n  
th i s  case. 
further increase i n  plenum diameter would be necessary. 

In the event a larger OAR s l o t  was chosen, a 

i i )  Test Section Shape and Size 

While the 
testing a 
zero l i f t  
overall . 
following 

existing circular  t e s t  section lends i t s e l f  to 
variety o f  shapes, e.g. axisymmetric bodies under 
conditions, i t  may not be the optimum shape 
An octagonal cross-section i s  preferred for  the 
reasons : 
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- a f l a t  f loor i s  possible, which f a c i l i t a t e s  a turntable 
and external balance. 

- the corners provide a convenient region to locate wall 
s lo t s .  

For proper development of  transonic flow,a t e s t  section 
length of a t  least  2-1/2, preferably 2-3/4, diameters is 
required. 
i s  inadequate and should be examined further.  The recom- 
mended length would enable the model pitch center t o  be 
located 0.65 lengths from the i n l e t ,  which allows the 
transonic flow t o  be developed smoothly and permits the 
wake blockage flow to  be handled adequately. I n  this 
context i t  should be noted t h a t  although i t  may be possible 
t o  provide enough s l o t  OAR t o  accommodate the large blockage 
models, there would be serious d i f f i cu l t i e s  associated with 
longitudinal location o f ,  say, an F-16 ful l -scale  model. 
The nose of the a i r c ra f t  should ideally n o t  protrude into 
the i n i t i a l  slot w i d t h  development region; so with a fu l l -  
length a i r c ra f t  i n  the 40 f t  long t e s t  section, the t a i l  
would n o t  be w i t h i n  the t e s t  section region. 

I n  this regard the existing 2 diameter length 

i i i )  Plenum Re-entry Flow 

The h igh  flow rates i n t o  the plenum induced by the large 
blockage models envisaged by NASA must be returned to  the 
diffuser j u s t  downstream of  the t e s t  section. 
uat there will be no restr ic t ion (especially choking) in 
the wall slots,the diffuser area a t  re-entry would have to 
be about 25% larger than the t e s t  section area. Control o f  
the re-entry f l o w  could be done through use of f laps ,  and 
here the octagonal test-section shape i s  quite convenient, 
i . e .  8 flaps could be used. 

To ensure 
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To accommodate b o t h  the recomended t e s t  section length 
increase and t h e  d i f fuser  re-entry f laps ,  plenum 
extensions ahead and behind the existing 40 f t .  lonq 
region would be required. 
s lo t s  will be l o w  i n  these regions, a substantially 
reduced plenum diameter could be tolerated,  which should 
enable a f a i r ly  simple construction method, e.g. form 
part  of the diffuser structure.  

Since the outflow from wall 

I f  the t e s t  section length i s  to be increased, some of 
the increase can be obtained by ending the t e s t  section 
re-entry flaps a t  the point i n  the diffuser where the 
area has increased by 25%. Further, i t  i s  considered 
that  the contraction could be shortened significantly 
w i t h o u t  adverseby affecting f low quality. I f  an octagonal 
shape i s  chosen for  the t e s t  section, changes would be 
required i n  both the contraction and t e s t  section diffuser.  
The costs of any such changes have not been considered 
i n  this study. 

From the above, the following conclusions were made for  the 
purpose of the in i t ia l  study. 

- Octagonal cross-section of the t e s t  section would be used, 
w i t h  the area equivalent to  tha t  of a 20 f t .  diameter 
c i rcular  section. 

- The slotted wall would be enclosed i n  a plenum. 
that  the bottom pa r t  o f  the original t e s t  section is 
already contained i n  a "plenum" - the lower balance 
chamber - we decided to  retain this arrangement and t o  
add a semi-cylindrical plenum roof i n  the upper par t  o f  
the t e s t  section. 

Noting 
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- Length of the tes t  section was l e f t  a t  40 fee t  a t  th i s  
point. 
testing of models longer t h a n  the t e s t  section should 
be addressed during the next phase o f  t e s t  section 
design . 

However, the potential problems t h a t  concern 

d )  Development of Concepts 

The geometry of the slotted walls and the s ize  of  plenum were 
defined and work started on the t e s t  section concepts. 

The f i r s t  concept (No. 1) was based on an assumption tha t  
models of  smaller sizes, ~p t o  the  ! m y t h  of abest I? f z e t ,  
would be frequently tested. 
tha t  the external balance requirement may be removed from the 
specifications for  the f ac i l i t y .  The models would be mounted 
on struts or  a sting. 

A t  t h a t  time, i t  was also thought 

To handle these relatively small , three-dimensional models, 
an airlock chamber mentioned previously i s  bu i l t  inside the 
plenum below the t e s t  section. 
drawing E44519,and i t  may be seen t h a t  the airlock chamber 
f ac i l i t a t e s  model h a n d l i n g  ( ins ta l la t ion  and removal) as well 
as quick access between tests. 

The concept i s  shown on 

The large models are installed and removed from above u s i n g  the 
existing crane, with the plenum roof and a section of the s lot ted 
wall moved o u t  o f  the way. In the proposed concept, the plenum 
roof i s  l i f t ed  upward and locked under the test  hall roof which 
has t o  be raised by about 5 fee t  t o  allow implementation o f  th i s  
concept. 
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In the original AWT, the top  p a r t  of the solid wall t e s t  section 
was hinged out of the way to  enable ins ta l la t ion  or  removal o f  models. 
This concept was br ief ly  investigated, as shown on drawing E 44526. 
I t  may be seen t h a t  i t  does n o t  offer  any advantages as compared t o  
the one described above, and has some disadvantages such as limited 
access into the t e s t  section and limited room for  manoeuvering o f  
models. Therefore, i t  was discarded. 

Dur ing  the development of the f i rs t  concept, a number of telephone 
discussions w i t h  AWT project group members took place. 
c lear  t h a t  the large models, s p a n n i n g  the complete cross-section and 
supported a t  the sidewalls, were expected t o  be most frequently 
tested; therefore, our  original assumption was not compatible w i t h  
requirements. It, 
below the t e s t  section was required and was t o  be capable o f  supporting 
e i ther  turntabl e-mounted or sidewall -mounted models. 

I t  became 

a ? s g  jr ,dicat& t o  us +I..-%+ Lila L +l.- LIIC CALCI ,.*,+..---’ ita I I - - ’ - - - -  uci I dfiLt: 

Studies were continued,and the seccmd concept i s  shown on drawing 
E 44520. 
from above, w i t h  the plenum roof l i f t ed  u p  as shown on drawing 
E 44519. 
special l i f t i n g  device. The external balance i s  located underneath 
the t e s t  section,and the sidewall-mounted models can be attached to  
i t  by means o f  a yoke structure as shown. 
models are to be supported by the balance, the yoke isadisconnected. 

Installation and removal o f  a l l  the models takes place 

The strut-mounted models have t o  be brought i n  u s i n g  a 

When the turntable-mounted 

To f a c i l i t a t e  quick access between t e s t s  to a l l  models, the lower 
slanted sections of  the slotted wall are  hinged upwards 45’. In 
th i s  horizontal position, telescopic platforms, bu i l t  into these 
two sections, are extended to  form a continuous platform under the 
model. 
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Entrance into the t e s t  section i s  possible t h r o u g h  a hatch in the 
sidewall structure which can be reached from a system 0-f walkways 
inside the plenum. 
f;ce can be reached by another platform, extendable from a walkway. 

The t e s t  section floor and balance mounting 

Both concepts and the work tha t  preceeded them were discussed a t  
the 50% review meeting with NASA and were further considered by the 
AWT project group a f t e r  the meeting. 

e )  Final Test Section Concept 

When the AWT project group completed the i r  review of the i n i t i a l  
concepts discussed i n  the 50% review meeting, DSMA was 
following requirements outlining the preferred t e s t  section concept. 

given the 

i )  The s lot ted wall tes t  section will have a c i rcular  cross-section 
and will be enclosed i n  a plenum. 

i i )  Models will be installed or  removed e i ther  through the top of 
the t e s t  section or  through che floor.  Models removed t h r o u g h  
the floor will have a maximum length of 30 fee t  and a span of 
20 feet .  An airlock chamber will not be required. 

the t e s t  section. 
mounted fu l l  models or half models. The s t i n g  support would 
be used for  scaled models. 

balance b u t  mounted onto a special model support system. 

plished using platforms under the models. 
v i )  The upper section o f  the t e s t  section and plenum cover will be 

stored above the test  section diffuser when access through the 
t o p  of the t e s t  section is  required. 

i i i )  External balance and s t i n g  support to  be provided underneath 
The balance will be used for  testing s t ru t -  

i v )  Full span, sidewall .supported models will not be coupled to  the 

v )  Quick access t o  models inside the t e s t  section will be accom- 

The f inal  t e s t  section concept has been developed t o  sa t i s fy  these 
requirements. 
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The preferred concept of model handling through the t o p  of the t e s t  
section i s  essentially t h e  same as t h a t  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 t e s t  section diffuser  
was made,and the arrangement i s  shown on drawing E 45015. 

Compared t o  storage directly above the t e s t  section, this concept 
offers greater safety. On the other hand, i t  is  l ikely to  be more 
costly to  implement not only due to higher costs of  hardware b u t  
also more extensive building modifications will be required. 

However, the attention during this final stage o f  the study was 
focused on the area o f  much higher complexity i . e .  through-the-floor 
model hand1 i n g  system. 

Here, the various requirements l i s t ed  above are closely related to  
each other. To achieve an effective and e f f ic ien t  solution, the 
model handling system must be integrated w i t h  the model/supports, 
and  the resulting design must be compatible with easy access into the 
t e s t  section. 
was analyzed,and some basic decisions could be made on the design concept. 

Keeping this  i n  mind ,  the conceptual work done previously 

* External balance and s t i n g  model support will both be mounted 

* The platform will be movable in a vertical  direction, between 
on a common platform. 

two positions. 
and the model mounting interface o f  the balance will be a t  
ground level. 
In the upper (operational) position, the top of the platform 
will be underneath the s lot ted wall. 
platform will be locked t o  i t s  supporting structure. See Drawing 
E45016. 

In the lower position, the top of the platform 

In this position, the 
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The bottom segment of the circular  s lot ted wall of the t e s t  
section will also be attached to  the movable platform. 
The remaining segments of the t e s t  section lower part  (exclud- 
i n g  the three permanently fixed to the plenum roof) must 2wing  
out of the way to  allow ins ta l la t ion  and removal of fu l l  20 f t .  
span models. Consequently, the sidewall model support cannot 
be mounted on sidewalls, and a separate mounting structure 
must be provided. 
A large door i n  the plenum chamber underneath the t e s t  section 
will be necessary t o  install  and remove the models. 

The concept shown on drawings E 45015, E 45016 and E 45017 i s  the 
resu l t  of e f for t  based on the above points together w i t h  the basic 
technical requirements out1 ined a t  the beginning of this section, 

Before describing the details of t h i s  concept, a short discussion 
follows which will trace the development of the key element of the 
t e s t  section, the movable platform. 

i )  Movable Platform 

Even a cursory examination of the functions of the platform shows 
t h a t  i t s  s ize  cannot be selected a rb i t ra r i ly .  

Given the s ize  o f  the models t o  be handled through the t e s t  section 
f loor ,  the length o f  the  platform clearly depends on design of i t s  
support and guide columns. On the other hand, the w i d t h  i s  a 
function of s ize  of an external balance mounted on the platform. 

As to  the length, a number of schemes were quickly evaluated 
before the beginning o f t h e  final layout work and are  shown on 
Figures 7 to 10. 

The "long" platform, Figures 7 and 8,  i s  supported by four  columns 
standing inside the tes t  section plenum, the i r  bases being 
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s l igh t ly  below ground level. Requirements for clearance 
necessary fo r  model transportation then d ic ta te  the clear  distance 
between these columns t o  be in excess of  30 fee t .  Consequently, 
the depth of i t s  structure and i t s  weight will be considerable t o  
ensure the s t i f fness  necessary for  sat isfactory operation o f  the 
external balance. However, the pl atform guide and drive systems 
can be well integrated within the existing building,and excavations 
of depth approximately 25 f ee t  below grade are required ( loca l ly ,  
the cavity for  the s t ing/s t rut  will have to be deeper). 
E45016 and F i g .  7. * 

See drawing  

The "short" platform appears t o  be desirable fo r  i t s  lower weight 
( i  .e .  cost) while retaining s t i f fness  equivalent t o  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 va r i an t s  o f  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  a t t ract ive.  

Suspending the balance from the t o p  of the platform (Figure 10) 
improves the si tuation; however, i n  comparison w i t h  " l o n g "  platform, 
the drive system for t h e  platform will be less  accessible,and problems 
can be expected with lateral s t i f fness  of the suppor t  columns. 

Therefore, the concept of "long'' platform was selected for  further 
deveiopment; i t s  length would be approximately 32 feet .  

As to  the w i d t h ,  the main requirement i s  tha t  the structure of the 
movable platform m u s t  clear a cylindrical envelope swept by the 
external balance d u r i n g  yaw motion. 
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Recognizing t h a t  i t  i s  not possible to estimate dimensions 
of the external balance w i t h o u t  a design study, a rough 
s ize  was developed in-house. 

Back-up information was obtained from a known manufacturer 
of external balances w i t h  whose design expert we discussed 
th i s  application. 

The f i r s t  order estimate of the balance,based on technical 
requirements i n d i c a t e d  by NASA,is: 

- length and w i d t h  12 - 13 f ee t  
- height 10 - 12 feet  
- weight 30 - 40 tons 

A swept cylinder diameter was taken as approximately 18 feet,and, 
as a resu l t ,  the w i d t h  of the platform was s e t  a t  24 fee t .  
of balance turntable would be approximately 1 2  fee t .  

Diameter 

The platform i s  elevated by four synchronized screw actuators; t he i r  
drive motor and 
suppart columns. Design o f  the columns will allow simple integra- 
t i o n  of the drive screws as well as the guiding system which 
u t i l i zes  Thomson "Roundway" bearings running nn hardened ways. 

interconnecting shafts are  a t  the base of the 

When in the operation position, the platform will be locked t o  the 
columns to  ensure the accuracy and repeatabil i ty 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. 

I t  had been previously decided t o  mount the model support units on 
a special structure outside the test  section slotted walls. 
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i i )  

As i t  turned out ,  we were able t o  combine th i s  structure w i t h  the 
guide columns for the movable platform. The model support units 
are mounted on the t o p  of the result ing space frame. Their axial 
(streamwise) position i s  adjustable to s u i t  different  models. as 
shown on drawing E45016. 

Model Hand1 i ng 

Different methods will be necessary for  handling of models, 
depending on the model support system used. I t  is  assumed t h a t  
models are prepared i n  adjacent preparation ha l l s ,  and then 
transported t o  t he i r  model supports. Typical ins ta l la t ion  sequences 
of models i n t o  the proposed t e s t  section are  described below. 

For the sidewall rnount.ed mndels, t he  plenum cover w i t h  top  of +L L l l r  

slot ted wall i s  removed and stored. Then, the model i s  placed on 
and fastened to  the model supports 
t e s t  section can be closed. 

using the overhead crane,and the 

The s t i n g  mounted models are brought into the plenum chamber a t  
ground level, on a transport ca r t .  
ground level and the sting support i s  positioned a t  a convenient 
heisht above ground so t h a t  the model with the sting can be connect- 
ed onto the st ing base attached to  the strut. 
completed by removiig the car t  and closing the plenum door. 
the movable platform can be raised t o  the operation height and 
locked. 

The movable p la t form i s  a t  the 

The instal la t ion i s  
Then, 

The balance mounted models are  assembled onto the suppor t  struts 
and adapter frame, including also the strut fair ing assembly and 
a section of the bottom segment o f  the slotted t e s t  section. 
complete arrangement is then  transported into the plenum chamber 
and on the movable platform which i s  a t  ground level.  Then ,  the 
strut f a i r i n g  assembly and s lot ted wall section a re  disconnected 
from the adapter frame and fastened to  the earth frame o f  the 

The 
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balance. 
m o u n t i n g  interfaces o f  t h e  balance. 
raised to i t s  operating position, preceded by opening the sidewall 
segments of the slotted wall as required, to c lear  the model. 

In turn, the adapter frame i s  fastened to the ' l i v e '  
The movable p la t fo rm can be 

Removal of the models i s  accomplished by reversing the above describ- 
ed procedures. 
above systems should not require more t h a n  1 shift ,possibly w i t h  the 
exception of very large and complicated models. 

I t  i s  expected t h a t  exchange o f  models using the 

The balance mounted models require the most complicated set-up. 
frequency of testing of  these models warrants i t ,  consideration 
should be given to  procurement o f  two or more adapter frame assemblies 
complete w i t h  model support s t r u t s ,  strut fair ings and associated 
equipment. As shown on E 45017, a separate f loor  section will :be 
required d u r i n g  t e s t s  of the sidewall mounted models, to replace the 
adapter frame. 

If  

Finally, a few words about means of transportation of  the models from 
the preparation hal ls  t o  the movable platform inside the plenum chamber. 

R a i l  transportation is  one possibility - the ca r t  fo r  st ing 
models and  the adapter frame fo r  s t r u t  (balance) mounted 
models can be provided w i t h  wheels and drive units. 
the r a i l  system could become too complex and cumbersome i f  
transport i n  two or more directions was required. 

However, 

There is  a modern method o f  omnidirectional transportation which has 
been successfully used by DSMA i n  des ign  of a transportation system 
for  large components of a l o w  speed wind tunnel. 
now operational and the method - a i r  bear ing transport - has proven 
t o  be very successful i n  moving complete t e s t  sections and other 
heavy assemblies w i t h  weights o f  more t h a n  220 tons. 

That wind tunnel is  
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The a i r  bearing transport could be .very usefully applied for  
transportation of models in the AWT. The weights involved are an 
order of m a g n i t u d e  lower than those mentioned above. On a sealed 
floor of average quali ty,  approximately 2 lbs .  torce are required 
t o  mow a 1000 lbs .  load; thus, two men could probably transport 
even the heaviest expected loads .  

To ensure safety of personnel and equipment, sui table  means of 
g u i d i n g  the components during transport would have t o  be provided. 
In addition, a "deadman" control i s  a s t anda rd  on the available 
bearing systems - the a i r  supply can be stopped very quickly, t o  
stop the moving load i n  an emergency. 

I t  should be noted that  even the largest  models can be handled in 
the preparation halls and transported t o  the crane pick-up point 
u s i n g  th i s  system. 

I t  was concluded t o  use this system, and  some aspects of i t  are 
shown on drawing E 45017. 

i i i )  Access to  Models 

Access t o  the model will be required a f t e r  each t e s t  run (retract ing 
the model will  be used f o r  de-icing access), and the most important 
cri terion for design of the means for  access i s  tha t  the tunnel down 
time should be minimized. 
should be automated and,where possible,should be in i t ia ted  when the 
tunnel i s  being pressurized a f t e r  the r u n .  

Therefore, any preparatory operations 

Subsequently , when the tunnel conditions a l l  ow i t ,  the desi red 
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 t e s t  section i s  entered through a n  opening a t  the upstream end 
of the slotted wall. 
hatch d u r i n g  the tunnel operation 
pveparation ha l l .  
- From ground level,  a motorized access platform can be used. 

mounted on the side of the main movable platform. 
- From the existing upper f loor  level ,  elevation 32'  - 6", two s t a i r -  

cases have to  be used. 

This opening i s  covered by a remotely operated 
and can be reached from the model 

Two alternate ways of reaching i t  have been shown: 
I t  i s  

Selection of one o f  the above will be affected by the layout o f  the 
complete tunnel building and should be l e f t  t o  the next phase of the 
design. 

Inside the t e s t  section, adjustable height platforms a re  formed by 

raising sections of the test section floor as required. These plat- 
forms are motorized and individually controlled from inside. Safety 
rail ings are retractable,  manually operated and interlocked w i t h  the 
drive system for  reasons of safety. 
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11.5 45 F t .  Test Section 

The 45 f t .  low speed t e s t  section will be used mainly for icing t e s t s  
of fu l l  scale helicopters,and concepts for  instal ia t ion of these large 
models were included i n  the present study. 

Before the 50% review meeting, a concept employing a large movable 
hatch in the bottom of the fan diffuser  was prepared. 
drawing E44531 i s  the hatch already in i t s  storage position. 
model i s  wheeled into the opening, picked up by a hoist  and placed 
on i t s  support system. 
ra i l  which i s  suspended under  the roof of the diffuser .  

Shown on 
The 

The remote-controlled hoist  r ides on a mono- 

T h i s  concept i s  feasible;  however, some potential problems were 
j dent; f i  ed : 

- The opening in the tunnel shell i s  large, and substantial rein- 
forcement will be required. On the other hand, the s ize  of the 
opening may be reduced when the design requirements have been 
better de f i ned. 

- Due t o  the close proximity of the small icing f a c i l i t y  ( I R T ) ,  trans- 
transportation of the models t o  the opening may be d i f f i c u l t  and 
must be studied further. 

A t  the review meeting, th i s  concept was br ief ly  reviewed,and NASA 
requested we investigate another concept based on an inclined ramp 
excavated underneath the fan  diffuser.  

A short study was made w i t h  the resultant layout shown on drawing E45018. 
A p o r t i o n  of tunnel she l l ,  or f lap,  i s  hinged downward t o  form a contin- 
uous extension of the ramp. The model i s  pulled up the ramp and onto 
the f lap which i s  then closed. 
This concept may be feasible; however, i t  was not developed any further.  
A t  the request of the AWT Project Group, work on the 45 ft .  t e s t  section 
was terminated a f te r  the 50% review meeting. 
continuing this  e f for t .  

The model i s  now inside the test section. 

AWT Project Office i s  
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I 1 1  COST ESTIMATES 

The cost estimates prepared as p a r t  of t h i s  study are  f i r s t  level 
budgetary cost estimates. 

For custom designed equipment such as the fan and components of the 
t e s t  section arrangement, the estimates are  based on the design 
concepts developed. 
the degree t o  which the concept has been developed. 
structural  and mechanical components were developed from the 
estimated weights and u n i t  costs. The weight estimates are based 
on the conceptual layout developed d u r i n g  the study. 
are  based on actual costs  o f  similar equipment designed by us and 

The u n i t  costs include material, shop fabrication, transportation t o  
s i t e ,  assembly and erection, checkout and operational t e s t s .  

Hence,the degree of accuracy would depend on 
The costs for  

The u n i t  costs 

h . . ; l &  uu1 I L iii * varioiis csuntr-Ses and the cost  data updated for  escaiation. 

For proprietary systems and equipment such as  the fan drive,  large 
couplings, bearings and similar, preliminary budget estimates were 
obtained from a number o f  suppliers, w i t h  adjustments for  
completeness i n  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 def ini t ion.  

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

The cost estimates essentially cover the areas of the wind tunnel 
f a c i l i t y  considered i n  the study. 
or additions t o  foundations and b u i l d i n g s .  The estimates do not include 
costs of additional studies,  any development costs,design and 
construction engineering and management. 

They do no t  include modifications 
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The estimated costs are summarized as 'follows in thousands of dollars. 

a )  Fan Assembly 

1 800 Fan housing including the outer housing, shaf t  fa i r ing ,  
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 s h a f t  and drive shaf t  1 000 

Coup1 i ngs 100 

Bearings 100 

Associated systems, including bearing lubrication 600 

Total 5 600 
system ana two  vane actuating systems 

b )  20 F t .  Test Section Arrangement 

Slotted wall t e s t  section assembly including the 1 100 
slotted wall components, their  attachment 
structures,  actuation systems, access hatches, 
wi ndows and 1 i gh t i  ng 

Plenum roof assembly including the roof s t ructure ,  600 
seals ,  locking mechanisms, l i f t i n g  system 

Movable platform and i t s  support structure, including 1 200 
the drive system, locking systems and associated 
equipment 

A 1  1 owance for  additional model hand1 i ng equi pment 500 

External balance and associated equipment 2 800 

Sting-strut  model support system 1 800 
1 000 

Total 9 000 

(no cal i bration device) 

Sidewall  model support system (allowance) 
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c )  Fan Drive System 

Including the drive motor, variable speed controller and 
ins t a l  1 ation. Two a1 ternati ves studied: 

- 30,000 HP system w i t h o u t  overload capabili ty 

- 30,000 HP system w i t h  overload capability t o  
45,000 HP 

4 400 

6 500 
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I V  DELIVERY TIMES 

Delivery times have been considered for major components and systems. 
For proprietary equipment they were obtained from suppl iers,  and for  
the custom designed equipment estimated by ourselves u s i n g  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 a t  th i s  time,because i t  has not a l l  been defined,and very 
l ikely there will be concept changes. This should provide general 
information which should be adequate for the general planning of 
the rehabili tation of the f ac i l i t y .  

Fan drive system 
Fan drive shaft components 
Large gear type coup1 ings 
Lsrge bearings 
Fan blades (1  aminated wood construction) 
Fan housing assembly including nosecone, center 
nacelle, tailcone, stator vanes, rotors and 
associated equipment 
Slotted wall t e s t  section assembly including 
plenum roof and  elevated platform 
External balance system 
S t r u t / s t i n g  model support system 

18 months  
12 months 
10 months 
1 2  months 
16 months 

18 months 

20 months 
20 months 
18 months 

The above estimates do n o t  include any time fo r  demolition of existing 
equipment and time f o r  s i t e  preparation. 
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V CONCLUSIONS AND RECOMMENDATIONS 

The main conclusions of this study are:  

a )  Circuit Losses: 
considered reasonable and are consistent w i t h  data for  other 
wind  tunnels operating in the same Mach number regime. 
the final estimation o f  c i r cu i t  losses,  some points need to  be 
addressed, namely: 

The circui t  losses estimated i n  this study are  

Prior to 

i )  definit ion of f l o w  quality requirements for  bo th  t e s t  sections 
and investigation of methods of achieving them,considering the 
effects  on c i rcu i t  losses and protection from icing. 

i i )  definit ion of heat exchanger configuration which i s  dependent 
on the refrigeration system t o  be used. 
on flow quality and losses, and protection from icing must be 
considered. 

As above, the effects 

i i i )  consideration o f  the range of models t o  be tested and the 
associated model support systems over the complete Mach 
number range. 

b)  Fan: A 3 1 '  diameter,two stagesfixed pitch fan with a variable 
speed drive will best meet the requirements o f  the rehabilitated 
AWT. I t  may be possible to  improve'efficiency a t  off-design 
points by us ing  variable i n l e t  guide vanes and inter-rotor s ta tors ,  
b u t  an assessment of advantages and disadvantages cannot be done 
u n t i l  f inal  fan design data a re  available. 

Conceptual mechanical design studies indicate tha t  a two stage fan 
w i t h  fixed pitch rotor blades and variable i n l e t  guide vanes and inter-  
rotor stators i s  feasible. There are  no serious problems anticipated 
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i n  design or i n  construction o f  a l l  the major f a n  components. 
There are  areas, however, which should be given special attention 
during the preliminary design, and these are:  

- the blade t i p  seals and provisions t o  cope with lumps of ice 
should be thoroughly investigated 

- the overall fan design considerations should include studies 
of assembly sequences w i t h  l imitations for  h a n d l i n g  of major 
components w i t h i n  the tunnel she1 1 

- w i t h  variable speed fan i t  will be necessary to  r u n  t h r o u g h  
one or two of the lowest la teral  frequencies of the fan  blades. 
This shou ld  be carefully studied i n  relation to the operating 
envelopes,and necessary steps should be taken t o  minimize the 
effect  on the operating speed range. 

c )  Fan Drive (Electrical/Controls Study): While the fixed speed drive 
has been evaluated during the s tudy, i t  is  eliminated from final 
consideration a s  a result  of  the final fan design concept. 

Of the variable speed drives evaluated, the synchronous AC motor w i t h  
a variable frequency speed control system i s  preferred from a perform- 
ance p o i n t  of view. 
recovery is  the most expensive, while the wound r o t o r  motor with a 
iiquid rheostat has poor performance and a very narrow speed range. 

The wound rotor motor w i t h  the s l i p  power 

While the load carrying capabili ty o f  the drive motor support founda- 
tion cannot be reasonably evaluated, i t  appears tha t  this will be too 
small t o  support a considerably larger s i ze  motor. 
building will be too small. 

Also, the drive 
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d )  20 F t .  Test Section: The studies of the 20 f t .  t e s t  section 
arrangement w i t h  the multiple model s u p p o r t  systems and model 
handling provisions aimed a t  high productivity resulted i n  a 
versat i le ,  b u t  quite complex arrangement. Before proceeding 
with the preliminary design of t h i s  equipment fur ther ,  more 
detailed studies should be conducted as follows: 

i )  The complete range of models and anticipated t e s t  programs 
should be ewluated t o  establish w h i c h  of the features i n  
the t e s t  section arrangement, model s u p p o r t  and handling 
system -are  of most value. This information should then 
be used t o  establish pr ior i t ies  i n  the development of 
further design. 

i i )  Further studies i n  more detail  should be conducted on the 
t e s t  section arrangement considering the following major 
areas. 

- t e s t  section length 

- slotted wall open area, s l o t  shape and location 

- mechanism for providing plenum re-entry flow i n t o  
the diffuser  

- access through the top  of the test section, either to 
raise the plenum roof ver t ical ly  or s l ide  i t  over the 
t e s t  section diffuser 

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

- the balance elevating platform and the large,  strut 
mounted model hand1 i n g  provisions together w i t h  
modifications to the existing structures 
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- access t o  models i n  the t e s t  section 

- the t e s t  section geometry, cylindrical and octagonal 
w i t h  consideration fo r  windows, turntables,  and use 
of walls as model access platforms. 

i i i )  Studies on associated b u i l d i n g  modifications necessary for 
implementation of the h i g h  productivity t e s t  section 
arrangement. 
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Comparison of Operating Boundaries 
Variable Pitch vs Variable Speed 

47,000 

25,000 HP 

0.80 0.80 

Altitude ft. 

55,000 

Mach Number 

0.88 0.88 

Variable Pitch I Variable Speed 

Sea Level 0.37 0.29 

Table 2. 



Comparison of Operating Boundaries. 
Variable Speed Drive 

0.29 

Altitude ft. 

Sea Level 

47,000 

0.3 1 0.35 

Mach Number I 

55,000 

25,000 HP I 30,000 HPI 45,000 HP 1 

0.88 0.92 1 .oo 

1 0.80 I 0.84 1 0.93 I 

Table 3. 
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I 30,000HP I 

Without OIL. 
Capability 

Control 
System 

30,OOOHP I 20% O/L 
Motor 

Without 
OIL 

20% OIL 
For 1 hr. 

I Capability I 

450,000 
Liquid 

Rheostat 

I 1,980,000 I 2,343,000 Wound 
Rotor 

540,000 

1.55 1,000 
Motor 

Static 
S i p  Energy 
Recovery 
System 

30,000 

50% OIL 
For 112 hr, 

1,800,000 2,160,000 

2,887,000 

Variable 
Frequency 

Control 

1,897,000 

2,100,000 2,520,000 

Table 5 Cost Estimates For Motor 

%n,nnC?HP 
50% OIL 

For 1/2 hr. 

675,000 

2,700,000 

8,160,000 

Table 6 Variable Speed Drive.Cost Estimates For 
Control Equipment 
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Drive 
System 

A c  
Wound Rotor 
Motor With 

Liquid Rheostat 

AC. 
Wound Rotor 
Motor With 
Slip Energy 

Recovery System 

Ac. 
Synchronous 
Motor With 
Variable 

Frequency Control 

Operating c o s t s  
Per Year 

369,47 6 

326,846 

322,168 

Energy Loss* 
Per  Year 

80,276 

37,646 

82,868 
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