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�O~~(Concluded )

The design study of this Compression Structured Ceramic Turbine Rotor
included detailed material , heat transfer, and 3—D stress analyses. The
study effort also looked at the operationa l limits of the design and a
performance and economic analysis comparison to a baseline metal design.
Conclusions and recommendations for future development are also presented
in this report.
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1.0 INTRODUCTION

Ceramic m a t e r i a l s  o f f e r  the  gas t u r b i n e  eng ine desi gner  t he  a t t r a c t i o n s
of hi gh temperature strength capability and a near—inexhaustible raw materials
supp ly. Recognition of potential p a y o f f  for  impr oved eng ine thrust/reduced
f uel cons ump t ion and lower prod uc t ion cos t s has st i r red government and in-
dustry to investi ga te ceram ic ma ter ia l  app lic ations in limited—life , non—man—
ra t ed gas turb ine  eng ines. In addition to other hot—part eng ine components ,
ce ramic  t u r b i n e  ro tors  have been des i gned and t e s t e d .  P r e s e n t — d a y  L e r a m i
blade designs are structured around the conventional design concept that
p laces the blade in a tensile state when the wheel is rotating . Inherentl y ,
ceramics have a re la t ivel y low tensile strength when compared to metals. The
conventional rotor/blade desi gn concept , there fore , incorporates this poor
charac teristic of ceramics. By contrast , this  novel ceramic  tu rb i ne de sign
concep t is structured to utilize the much higher compressive strength charac-
teristic of ceramic materials.

The objective of the Nove l Ceramic Turbine Rotor Concept Stud y was to
de termine the structural feasibility and performance/cos t payoff prospects
for a ceramic turbine rotor desi gn in which the ceramic components are main-
tained in a compressive stress state over the full operating range of the tur-
bine . Again , the advantage of this approach lies in the fact that ceramic
m a t e r i a l  proper ty  da ta  have ind ica ted  t ha t  these m a t e r i a l s  are si g n i f i c a n t l y
stronger in compression than in tension — on the order of three to eigh t t imes
the tensile strength .

The approach used in th i s  stud y e f f o r t  was to :

• Select an advanced technology tu rb ine  desi gn and app l i c a t i o n  con—
s i s t e n t  wi th  the  app l i c a t i o n  of brittle turbine materials.

• Perform turbine rotor system studies to identif y desi gn fea tures
needed to maintain the ceramic components in compression .

• Identify and analyze the thermal and mechanical design details
us ing  three—d imensional f i n i t e — e l e m e n t  ana lys is  t echn i ques .

A baseline engine design with a typical conventional metal turbine was
selected for comparison to the novel ceramic turbine . The turbine design
conditions established for the study are depicted by a 10—hour life require-
ment at a turbine rotor inlet temperature of 2400° F at 100% speed. The blade
tip velocity is 1807 feet per second .

This turbine inlet temperature level is well within allowing the use of
uncooled ceramic blades ; metal blades would definitel y require cooling. Thus,
an engine cycle that would not be penalized with cooling air losses should
demonstrate an improved performance over the baseline er.gine with an air—
cooled turbine .
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This repor t covers a detailed structural and heat transfer desi gn anal-
ysis of a Compress ion Structured Ceramic Turbine (CSCT) and compares its pro-
jected performan ce with the selected air—cooled metal baseline turbine . The
stud y performed on this novel turbine involved three tasks:

Task I — Nove l Ceramic Turbine Rotor Design/Materials
Selec tion/Therma l and Stress Analys i s

Task II — Operational Limits and Performance Analysis

Task III - Economic Anal y s i s  and Re commended Component
Developmen t Program

Most of the structural analys is  of the var i ous componen ts of the CSCT i s
s imp ly summarized under the respective portions of the text that follows.
However , since the heat transfer and windage loss effect is so critical to the
eva luation of this particular CSCT in addition to its summary in the main body
of the text , a more detailed delineation of this particular ana lysis is pre-
sented in Appendix A.

There are few design possibili ties available which could effectively pro-
duce a Compression Structured Ceramic Turbine . The design , wh ich is the main
subjec t of this  repor t , is one which adequately fulfills the objective of a
compression structured concept utilizing current state—of—the—art materials
and process ing wi th  s t r u c t u r a l  performance capable of withstanding a severe ,
life—limited mission environment.
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2.0 COMPONENT DESIGN/MATERIAL/STRESS ANALYSIS

2.1 DESIGN CONCEPT

A patent disclosure concept of a Compression Structured Ceramic Turbine
Rotor , ill ustrated in Fi gure 1, and a mode l , p ictured in Fi gure 2, formed the
basi s for this desi gn stud y. The concept consists of a ceramic turbine blade ,
an integral set of ceramic cooling fins , and a composite material containment
hoop . A wedge between the ceramic blade root and the torque ring imposes an
ini tial compressive force to the assemb ly which never relaxes throug hout the
turbine operating range. The outer fins act to duct cooling air between the
hot turbine blades and the containment hoop to maintain hoop temperatures con-
siste nt with composite material properties.

The conceptual installation of the Compression Structured CeramiL Turbine
in a turbofan engine is illustrated in Fi gure 3, along with the baselne eng ine
parameters. The air that is ducted through the turbine ti p cooling fins is
sh own exh aus ted separa tel y.

2.2 DESIGN PARAMETERS

The baseli ne turbine ti p speed of 1807 feet per second is 15 to 25%
higher than most other dovetail /tensile structured ceramic turbine rotors cur-
rentl y being developed . Wi th the addition of the ti p coo l ing  fins and a con-
tainment hoop, the ti p veloci ty of the containment hoop at 100% speed is ap-
proximatel y 2340 feet per second .

This stud y was conducted at the desi gn point conditions of 100% speed at
Mach 0.7, sea leve l , wi th a 111% rotor speed capability and with the uncooled
ceramic turbine rotor inlet temperature (T4) at 2400° F. The desi gn point
condi tion was selected because it represents the most severe operating cond i-
tion that the turbine would encounter in its relativel y short desi gn l i f e  o f
50 hours. A design safety stress margin of 15% was established for an allow—
able short—term overspeed condition of 111%.

A list of design concerns for the Compression Structured Ceramic Turbi ne
is summarized below and will be addressed in some detail throughout the dis-
cussion that follows :

1. Inertia— and thermal—induced radial mismatch between the disk and
t i p con ta inmen t  hoop .

2. Hoop i n t e g r i t y  versus hoop environment.

3. Hoop and fin drag losses.
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4. Rotating seal leakage between the core gas and bypass Looling air
du4. L.

5. Cooling fin work ver sus aerod ynamic LyLle matLh .

6. Compliant interfaces between rotor components.

7. Thrust bearing relationshi p to seal s and engine mount.

8. Lack of material data on compressive strength of ceramiLs.

Also of concern is the difficult y in making a fair assessment of the
weight , cost , and performance of the Novel Ceramic Turbine versus the baseli ne
turbine in ligh t of the extensive aerodynam i c system alterations needed to
accommodate the nove l turbine with its peculiar ducling and thrust bearing
arrangement described later.

2.3 COMPONENT DESIGN

Componen ts of a fina l version of a Compression Structur ed Cerami c Turbi ne
rotor are illustrated in Figure 4 and are described below . The evolution of
this design is described in a later section .

• Hoop — The oute r  con t a inmen t  hoop is made of hi gh — t e n s i l e — s t r e n g t h ,
filamen t—wound graphi te composited with a high tempera ture re sin
system.

• Fins — Clus te red  ceramic f i n s  res iding against  the hoop act  to duc t
a po r t i on  of the f ron t  fan bypass a ir  as a cool ing medium for  the
hoop.

• Blades — Ceramic turbine blades , with a uniform extruded airfoil
p r o f i l e  ma tch ing  a section of the base l ine  t u r b i n e  b lade at 80%
span , are clustered within a shallow channel generated at the in-
side surface of the clustered fins. (Prospects for refinement
of this profile for improved efficiency are discussed in a conclud-
ing section.)

• Wheel/Flex Tangs — The metal flexible tangs extending from the rim
of the wheel are designed to depress radially inward for the axial
assembly of the clustered ceramic blades, fins , and composite hoop .
The tangs are then released against the matching cylindrical profile
of the blade roots and act to provide a precise blade indexing and
residual radial spring load of about 100 pounds per blade . As the
hoop grows from rotating inertia forces, the flexible tangs grow at
an equal rate, passing through their nominal position with a fairly ‘ -
constant load against the blade root throughout the full operating
range. The cylindrical interface between the flexible tangs and
the blade root acconunodates the slight relative motion at that joint
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while the flexible tangs extract torque and adjust to the differ-
ence in growth ind uced by inert ia and therma l gradients between the
whee l and the blades.

• Damper P la tes  — Two damper p l a t e s  assembled to the  wheel fore  and
aft faces act to locate and contain the blades axially and to in-
hibit windage losses. The ti ps of the damper plates reside with
some opposing axial force agains t the platforms of the blades and
tend to dampen any vibra t ion that may be induced by the flexible
tang system.

A section of the installed Compression Structured Ceramic Turbine is
i l l u s t r a t e d  in Fi gure 5. A t h r u s t  bear ing  is shown j u s t  behind  the  tu rbine
wi th its project ed path to the engine mounts. As explained later , the loca-
tion of the thrust bearing is impor tant to the performance of gas path/fan
s t ream sea l ing . T h r u s t  bea r ings  are usuall y located at the forward end of
the turbine drive shaft , where temperatures can be maintained at cooler levels
w i t h  less comp l e x i t y .

In order to draw as close a comparison as pos s ib l e  between the Compres-
sion Structured Ceramic Turbine and the baselne turbine , it was established
that the cooling fins would do no work on the induced bypass cooling air.
The fins wou ld simply knife the air so the net effect of fin/hoop drag could
be isolated without the complexity of modifying the baseline eng ine aero
sys tem.  The prospect  remains to have the cooling fins do some work to offset
a po r t ion  of the drag losses imposed by the fin/hoop system. Figure 6 illu-
strates the relative relationshi p between a zero—work fin angle and six tur-
bi ne blades. Working fins would extend over fewer blades , the exac t number
depending on the amount of induced work.

The advantage of incorporating a shrouded turbine blade ti p in the Com-
pression Structured Ceramic Turbine is somewhat offset by leakage at the fore
and aft seals that separate the turbine gas from the fin cooling air.
Figure 7 shows three seal profiles with estimated leakage rates as a function
of e f f e c t i v e  runn ing  c l e a r a n c e .  Confirmation of the efficiency of such seals
will require actual testing. For this study, it was estimated that total
leakage at such seals could be restricted to within 1.5% of total core air —

a smaller loss in efficiency than the baseline turbine blade would disp lay
with a nominal ti p clearance of about 8 mils. By locating the drive shaft
thrust bearing in proximity to the Compression Structured Ceramic Turbine ,
therma l migrations that could adversely affect seal clearance could be mini-
mized .

2.4 MATERIAL/DESIGN ASSUMPTIONS

Table I lists a few material assumptions for the main components that
were incorporated in this design study. The material proposed for the hoop
was a relatively low temperature graphite/epoxy (maximum temperature of
450 F); however , a polyimide material for the hoop presents a strong alter—

- 
4 nate candidate that could extend maximum temperature capability to over
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Figure 7. Total Estimated Leakage Through Both Forward (60%)
and Aft (40%) Face Seals.
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600° F. Emerg ing technology in Graphi te Reinforced Glass Matrix may provide
containment hoops capable of full strength at operating temperatures close to
1000° F.* The graphi te/epoxy was selected for the stud y because it is more
represen tative of the current state of the art with sufficient data to support
engineering j udgments.

The ceramic ma terial proposed for the fins and blades wa s React ion Bonded
Silicon Nitride (RBSN) with reduced densities for the respective components as
stresses and environment would allow . The reasons for selecting RBSN over
other possible ceramic materials such as sintered silicon carbide and silcomp
were :

• Lower thermal conductivity for less loss of heat to the containment
hoop .

• Lower modulus for better stress distribution.

• Lower d e n s i t y  for lower induced loads into containment hoop .

• Sufficient strength at required temperature.

Since vir tually no compressive strength data were available on any of
the ceramic materials considered for this study, it was suggested that a con-
servat ive design assumpt ion of no more than three t imes the published tensile
s t rength  be used for a maximum projected compressive strength of the ceramic
m a t e r i a l s .

Table I also l i s t s  comparable values  for var ious p rope r t i e s  of the  f i n a l
select ion of ceramic mater ia l s  considered as potential candida tes for this
application . Values listed reinforce the above reasons for selecting RBSN as
the most desirable material for this study .

Although the turbine rotor inlet average temperature for this study is
2400° F, the maximum turbine blade relative temperature is projected to be
only 2250° F, due to its rotation ; hence the properties of RBSN are adequate.

2.5 DESIGN EVOLUTION

An initial concept of a Compression Structured Ceramic Turbine is illu-
s trated in Figures 8 and 9. Figure 8 shows a single—piece ceramic blade/
triple fin, while Figure 9 shows the blade as three p ieces (forward , middle ,
and trailing) and the triple fin as a separate piece. It was antici pated that
thermal shock and steady—state thermal stresses would be better accommodated
with the Figure 9 separate—pieces concept. Moreover , the separate pieces
could be made hollow for increased section modulus and/or reduced inertia
loads, whereas the single—piece structure in Figure 8 could only be made
solid.

J  
_ _ _

*~~port NASA CR—158946 (N79—11126)
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In the earl y stages of the design evolution , i t was assumed that the ti p
cooling fin s would do work on the bypass air to augment thrust sufficiently to
offset the drag penalty imposed by the fin/hoop sy stem. The General Elect r iL
CJ8OS engine ha s a similar all—metal turbine/fan structure (shown in Fi gure
10) with a combined airfoil unit called a “blucket” which has been in servi ce
for many years. However , to impose this additional energy extraction upon the
baseline turbine — which is alread y driving a core compressor — would require
an entire ly new eng ine ae rodynamic turbine system , which is beyond the scope
of this stud y.  Fi gure Il illustrates an approximation of the relationshi p
between a turbine blade and a fin capable of inducing thrust.

Si nce the containment hoop will grow at a greater rate than a solid disk
would grow , it was necessary to devise some method for a variabl e radial ad-
justment between the ceramic blades and the wheel. Fi gure 12 shows the evolu-
tion through fo u r comp lia nt disk concepts , No. 4 being the fi nal design that
accommodates the compression feature of the Nove l Turbine with the least con-
cern for stress concentrations. Configurations 1 throug h 3 in Figure 12
tended to impose uneven loading as the rims attempted to roll with radial
growth. Concept 4, besides loading evenl y, o f f e rs prec ise b l ade  spaci ng and
axial location for better seal control and rotor balance while providing a
dampening mechanism to the rotor system with the fore and aft damper plates
de scribed earlier.

2.6 MATERIAL

2.6.1 Cerami c Components

Table 11 lis ts properties for two sli gh t ly differen t densities of Reac-
tion Bonded Silicon Nitride (RBSN) compiled for this stud y by Dr. G. Trantiria
of the General Electric Company, Corporate Research and Development Center ,
Schenectad y, New York . The 2.3 gram/cm3 RBSN was sele ct ed fo r the fins ,
while the 2.5 gram/cm 3 RBSN was selec ted for the turbine blades.

Unfo rtunately, there is very li ttle compressive data available on ceramic
materials. Density, temperature , and time have an impor tant bearing on ceramic
d a t a .  Specimen s ize , specimen loading  condition , fabrication , and machining
l ikewise bear direc tly on tes t results.

2.6.2~~ Containment Hoop

The graph ite fibers and resin systems listed below are considered prime
candida tes for the proposed containment hoop . Other systems may emerge , such
as the Graphite Reinforced Glass Matr ix  system mentioned in Section 2 . 4 , if
the environment should ever require it , bu t for this particular application ,
the maximum temperature should not exceed the limits of the resin systems
listed below . Unfortunately , no data could be found for the tensile
strengths of hoops in the thickness required by this particular CSCT made
with any of the listed resin systems at elevated temperatures. However ,
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Table II. Assumed Properties for Low Density RBSN.

Densi ty ( gm/cm3)* 2.5 2.3

Thermal Conductivity
(Btu—in. /hr—ft 2— ° F) Room Temperature 125 105

Thermal Conductivity
(Btu—in ./hr—ft 2— ° F) 22000 F 60 40

3—Point Bend Strength (ksi) 38 30

4—Poin t Bend Strength (ksi) 32 25

Tensile Strength (ksi) 22 17

Compre ss ive St reng th (ks i)  110 85
We ibu ll Modulus 10 10
Ela st ic Modulus (106 psi)

Room Tempera tu re  26 21

Elas tic Modulu s (106 ksi) 2200° F 28 22
Poisson ’s Ratio 0.20 0.20

Stead y—State Creep Rate at 2460° F ** **
Thermal Expansion (10 6/ F) 1.7 1.7

St reng th  at 2200 ° F may be abou t 1.7 t ime s room temperature  s t r eng th .

*Norma l high densi ty RBSN is about 2.7 grams/cm 3

**N0L detectable.

~1 -
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based on exper ience to date , it is projected that zero or nearly zero or-
iented filament wound hoops properly processed into the configura tion
required for this particular application should display ultimate hoop ten-
sile strengths ranging from 230,000 psi to over 250 ,000 psi to sustain the
required loads in any combination of the fiber/resin systems listed below
at the related temperatures. A final selection of a containment hoop sys-
tem would depend on the outcome of a rather extensive development program
where a variety of processing parameters includ ing variations in fiber ten-
sion , angle, and processing environment could be explored with deliberate
iterations , then proof tes ted in spin tes ts a t elevated tempera tures using
simulated weight to represent the actual containment loads.

Fibers

• A S  — for low cost , availability, and experience in usage

• I-ITS — for resistance to oxidation

10—Hour
Resin Temperature Limit

0

• Hercules HT 500 F

• Hercules 4397 5000 F

• Hercules HR 600 600° F

• PMR 15 5000 F

• DuPont NR 15OB2 650 ° F

2.6.3 Disk and Damper Plates

• Rena 95

• Inco 718

Both materials are good candidates but will require about 1.5% expendi-
ture of core cooling air in the rim area due to the 2400° F T4 condition.
Since the rim load is considerably lower than in a conventional turbine , less
strategic material , such as A—286, may prove adequate for the life requirement
of th i s  pa r t i cu la r  turbine .

22
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2 . 6 . 4  Comp l i a n t  Layers

In orde r to inhibi t localized high in tensity compressive loads between
the various components of the Compression Structured Ceramic Turbine , a com-
plian t porous interface between mating ceramic components or mating metal to
ceramic componen ts may be desirable.

The compliant porous material crushes at a threshold compressive stress
de te rmined  b y the  m i c r o st r u c t u r e .  This then r e d i s t r i b u t e s  the load over a
more e x t e n s i v e  bea r ing  s u r f a c e  w i t h ou t  degrading the strength of the under-
ly ing base str uctu re or damag ing the noncompliant mating surface. Some ma-
teria ls tha t may be considered as good candid ates for the various interfaces
of the CSCT are l i s te d  below :

• Flexible tang to blade root

— flame—sprayed zirconium
— p latinum foil

Since the compression load at this interface is only about 100 pounds
over a total area of about 0.125 in.2, and since the temperature in that
area is on ly about 1200° F, a compliant layer (or a layer to inhibit chemical
reaction between the metal and ceramic for the 10 hours of anticipated life
at that temperature) may not be necessary . Actual future testing will deter-
mine its need .

• Blade tip to fin foot

— porous alumina
— porous s i l icon  n i t r i d e
— porous RBSN

The porous alumina or porous silicon nitride could be app lied chemically
to either surface or inserted as a separate thin wafer. The porous RBSN would 

4
be achieved chemically as a thin integral layer to one or both contact sur—
faces.

• Fin ti p to containment hoop 
- -

— porou s RBSN
— silicone rubber -

A thin porous RBSN layer integral with the fin would be optional, if re—
quired . However, the 5000 F to 6000 F environment may allow a more desirable
option of silicone rubber for the 10 hours of anticipated operation at that
temperature . The silicone rubber would act as an adhesive to bond the fins
to the inner surface of the containment hoop thus assisting in the clustered
assembly of blades , fins , and hoop to the depressed flexible tangs from the
metal hub as described later.

Final selection of these materials or others would be based on future
- 

- actual screening tests, but initial selections would probably include only
the integral porous RBSN surface treatment between blades and fin and the
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silicone rubber between fins and hoop since these treatments would be the most
simple and least expensive to accommodate.

2 .7  HEAT TRANSFER AND WINDAGE LOSS ANALYSIS

A 3—D heat transfer program was used to study the effective fin cooling
of the graph i t e  conta inment  hoop of a Compression S t ruc tu r ed  Ceramic Turbine .
Results of two f i n  configurations are listed in Figure 13 and show adequa te
cooling of the hoop wi th  a f i n  airflow rate of 0.64 pound per second . A
range of four  f i n  a i r f l o w  ra tes  versus  exi t  temperature  is also l i s t ed  in
Figure 13 for future consideration , if more or less cooling of the contain-
ment hoop is desired. Values listed in Figure 13 shou ld be tempered wi th
the fac t  t ha t  seal leakage was assumed to be neg li gib le  because there  is no
way to acc ura tely predic t how ef fec t ively the seals can perform or how effi-
cient ly such leakage can be diverted to minimize mixing before it exits from
the fins . Assuming a rather generous total leakage of 1.5% core gas , wi th a
60/40 forward/aft seal split , and with moderate mixing across the fins , the
aft inner hoop temperature could increase from 336° F to 500° F, which is
still within conserva t ive high temperature resin limits for the hoop . How-
ever , until actual tests are conducted on future hardware , the fina l selec-
tion of hoop resin system should not be confirmed because the difference in
cost between an epoxy system and a poly imide system would  be sig n i f i c a n t .

In Fi gure 14 , c a l c u l a t i o n s  of windage losses associated wi th  the fin/hoop
system are rated in horsepower for seven areas. An evaluation of these drag
losses in comparison with the baseline turbine is summarized later in this
report in Sect ion 3.0 , Operat ional  L imi t s  and Performance Anal y s i s .  D e t a i l s
of the heat transfer and windage loss analysis are presented in Appendix A.
The propec t that the high energy gas leakage through the face seals cou ld be
u t i l i z e d  as an e jector  to induce bypass f low and augment t h r u s t  has been
suggested , but no ana lysis was made to see if such a cycle would be valid.
The aft seal configuration would have to be turned around so its exit vector
would be directed rearward like the forward seal in this case. For the same
reason that a rocket motor thrust is increased by adding a ring manifold
around the rocket nozzle , the hoop/fin system may provide a similar augmenta-
tion to the CSCT.

2.8 STRESS AND BLADE FREQUENCY ANALYSIS

2.8.1 Containment Hoop Ana!ysis

Components of the Compression Structured Ceramic Turbine are illustrated
in Figure 15 with two design approaches for incorporating the composite con-
tainment hoop. One approach , which would limit radial growth for better seal
control , requires pressure—fit assembly between the 360° ceramic ring and the
graphite composite hoop . The other approach uses all sectored ceramic compo—
nents with no significant prestress to the hoops other than the preload isa—
posed to either version by the hub ’s flexible steel tangs. By stretching the
containment hoop an initial amount, its residual growth at operating speeds

— 
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would be diminished by the amount of initial stretch. Therefore, the more
the hoop can be stretched initially, the less allowance must be made to accom-
modate face seal clearance over the operating range of the turbine .

Figure 16 shows the relat ionship of stress versus deflection between two
360 ° ceramic rings and the containment hoop . By limi ting the compressive
s t ress  in the ceramic r ing  to 150 , 000 psi , the 0.179—inch—thick ceramic ring
would impose 0.0095 inch of radial stretch in the graphite containment hoop
with an interference pressure of 7500 psi. However , due to the total inertia
growth of the containment hoop of this particular Compression Structured Ce-
ramic Turbine , the pres tressed cer amic ring wou ld pass through its zero—stress
condition and on into a tensile state that would exceed its allowable tensile
li mit of 20,000 psi before reaching 100% desi gn speed , as indicated in Figure
17. Accordingly, onl y the all—sectored approach , whose resultant hoop growth
is i l l u s t r a t e d  in Fi gure 18, could be considered for this particular high— ti p—
speed turbine . When the compressive properties of selected ceramic materials
are more finally determined in future development efforts , the range of load s
f rom 6000 psi to 9000 psi listed in Figu re 18 will be narrowed down to a final
load .

Stresses in the containment hoop as a function of load and rpm are de-
picted in Fi gure 19. The range of u l t i m a t e  hoop t ens i l e  s t r eng th  at 250 ° F
to 350 ° F r e la tes  to da ta supp lied by several filament winding sources and
will probably require some actual hardware development effort to be narrowed
down and to a l low conf i rmat ion  of it s upper limi t of integri ty at ant icipated
environmental conditions. Using the upper limits of the ultimate hoop tensile
s t r e n g t h  range dep icted in Fi gure 19 , the geometry of the con ta inmen t h oop
could be reduced for minimum windage drag loss.

The 3—D stress analysis of the graphite containment hoop considered a
combination of the free hoop inertia load due to the hoop itself , plus an
induced inertia pressure load on the inside surface that was due to the sec-
tored ceramic members and flex tang load from the wheel. Appendix B disp lays
the approach used to determine total stress in the containment hoop which is
factored into the computer analysis. The analysis included input from the
stead y — s t a t e  heat  t r a n s f e r anal ys is  described ea r l i e r  and u t i l i z e d  a t ime-
sharing version of FINITE identified as TSFINE. To increase the accuracy of
the 3—D hoop analysis , the hoop was divided into very small elements , then
split in half , with axial deflections on one side set to zero, as shown in
Figure 20. Out of a computer—allowable maximum of 300 elements , 280 eleme nts
were used . Since the exact final weight of the ceramic components cannot be
determined until future material data are generated , three internal pressures ,
inc luding 6000, 7300 , and 9000 psi, were used in the analysis. These par t icu-
lar values were selected from hand calculations based on variations in allow-
able ceramic material density and section thickness. For this particular tur-
bine, refinements in turbine blade or cooling fin geometry should still hold
induced load limits to within this range. Hoop thickness was varied from
0.60 to 0.75 inch . While the 0.75—inch—thick hoop displayed about a 2% lower
stress than the 0.60—inch—thick hoop, the thicker, lower—stressed hoop was not
felt to justify the increased weight and larger radius windage loss associated
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wi th it. Table III lists the loads imposed by the sec tored ceram ic component s
and summarize s the final hoop s t ress analysis based on a hoop thickness of
0.60 inch . For the hoop anal ysis , it was assumed that the pressure loading
from the fins into the hoop would be uniform ; in reality , however , the load
may be more concen tr ated dire ct ly over the fins. It is believed , howeve r ,
since this is a rela t ively cool area , that the fin ti p p lat form plus a thin
laye r of silicone rubber adhesive between the fins and the hoop would dis-
tribute the unit loads into the hoop rather efficientl y. It is antici pa ted
that point loading wou ld never exceed the 12,000 psi compres sive radial s tress
allowable on the inside diameter of the composi te hoop , which is considered
the top limit of the fiber matrix system.

Since the f i b e r s  in the con ta inment  hoop will all be parallel or nearl y
paralle ! and will be very densely composited by high tension filament wind ing ,
the matrix or binder system will have little influence as a function of hoop
temperature. Hoop strength and radial deflection should be uniform at tem-
peratures ranging from 350° to over 600° F.

2.8.2 Ceramic Fin Analysis

A 3—D finite—element fin analysis was conducted . It was determined that
the fin airfoil should be slightl y canted relative to the parallel sides of
the fin foot so that opposite pointed corners of the foot are more evenl y sup-
ported than if the fin airfoil were straight on the foot centerline . This
slightly canted relationshi p can be observed in Figure 21. Another feature
that became obvious relates to the compliant layer between the fin and the
containment hoop . If the fin endwall is not s trong enough to distribute the
load from the fin uniformly into the containment hoop , the endwall would de-
flec t inward while the fin airfoil compresses the compliant layer directl y
over it. This could result in bending stress in the fin endwall sli ghtl y in
excess of 50,000 psi. It may be preferable to eliminate any compliant layer
between the fin endwall and the containment hoop or at least to keep it to a
very minimum thickness of not more than 0.003 inch. More analysis must be
done in this component , but before such effort is initiated a determination
should be made on whether or not the fins would do work to tend to offset
their drag penalty as discussed later , because such determination will affect
their geometry significantly thus establishing new boundary conditions for a
stress analysis. Regardless of the number of fins or their possible work
angle , the total section of all fins carry ing the compressive forces induced
by inertia loads would average about 50,000 psi compression (as summarized
later in Figure 27).

2.8.3 Ceramic Turbine Blade Ana lysis

The ceramic blade profile was established as a uniform extruded airfoil
section taken at an 80% blade span of the baseline turbine . This selection
was made as a compromise between the baseline turbine blade and an idealized
inverted—taper airfoil , which would be more uniformly stressed in a centri-
fuged compressive state. However, to invert the taper of a compressively
held ceramic blade would require a severe departure from state—of—the—art
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Table III. CSCT Containment Hoop Load Analysis.

(At A Blade Tip Speed of 1807 ft/sec — 100% Design)

Sec tor D e n s i ty ,  In e r t i a  Force .
Component gr/cc lb

Fin  Tip 2 .3 1478

Fin 2 .3 1016

Fin Foo t 2 .3 889

Blade  Tip 2 .5 845

Blade 2.5 755

- Blade Platform 2.5 756

Blade Shank 2.5 119

Flex Tang 100

Unit Total 5958 lb

30 Uni ts Exer t 178 ,770 lb

Hoop Internal Area 26.78 in.

Therefore 178,770/26.78 6676 psi

Hoop Thickness • 0.6 in.
Hoop Stress from 6676 psi • 43,505 psi
Free Hoop Iner t ia Stress 108 ,387 psi

Total Hoop Stress • 151 ,892 psi
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t urbine aerod ynam ics , an under taking whi ch was beyond the scope of this study.
Prospects for utilizing an inverted tape r airfoil not only for improved stress
dis tribution within the airfoil but also for higher aero s tage ef f ic iency are
dis cussed at the end of this section .

A 3—D fi nite—element model of the blade is illustrated in Figu res 22 and
23. Table IV lists the maximum and minimum stresses within the 11 levels of
the blade model. The blade comprises 184 elements and is shown in Figure 24.

Figure 25 shows the first iteration of a p lot of thermal and maximum/min-
imum stress profiles in the blade . The maximum compressive stress of 82,000
psi in the airfoil is conservative , but the bending—induced 20,000 psi tensile
in the platform is marg inal. Refinements in the platform should reduce the
tensile stress in that area by at least one—third .

2.8.4 Disk and Damper Plates Analysis

A 3—D fi nite—element disk analysis was made with a temperature profile
rang ing from 8000 F at the hub to 1100° F at the rim which is nearly ident ical
to the profile on the baseline turbine . A model of the 3—D finite—e lement
half disk is illustrated in Figure 26. Since the disk is nearly symmetrical ,
only one—half of its profile was necessary to plot. Likewise, only one damper
p late was modeled ; it is illustrated in Figure 27.

The disk was profiled to achieve a stress of 175,000 psi at the bore — a
stress level which is just under the stress level at that area on the baseline
turbine and is the maximum stress in the disk. The two damper plates were
sized to be stressed at about 35 ,000 psi at their point of attachment to the
disk. The combined rim load of the damper plates and flexible tangs induced
a st ress of about 33 ,000 psi on the rim of the disk just below the radius,
where the flexible tangs emerge . The flexible tangs were stressed to
40 ,000 psi and configu red to induce about 100 pounds uniformly against the
blade tang from zero rpm to 100% design speed . Fi gure 28 show s a l i s t i n g  of
average stresses at critical areas throughout the Compression Struc tured
Ceramic Turbine . Also listed in Figure 28 are the dynamics of relative growth
between the wheel and hoop, a growth accommodated by the flexible tangs from
the wheel .  Fi gure 29 i l l u s t r a t e s  the dynamics of the flexible tangs over the
full operating range of the CSCT in relation to the hoop . The tang is shown
passing through its nominal position at 57% rotor speed and extending 0.009
inch beyond nominal at 100% speed .

2.8.5 Blade Frequency

A vibrational anal ysis of the CSCT blade is plotted on a Campbell dia—
gram in Figure 30, together with the frequency range of a normal metal base—

f line turbine blade. Due to the fixed ends of the CSCT blade , its first flex—
ural frequency is so high that there is no need to display its first torsiona l
or second flexural frequencies, which would be even higher . The prospect of
an inverted—taper airfoil would probably affect the frequency , though not
significantly .
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Table IV. Stress Ranges Encountered in the 11
Levels of the 3—D Finite—Element
Model of the CSCT.

For Level El i :
SIl Max • 6.7* (EL 71) SIl Kin • —4.7**(EL 69)
S22 Max • 8.1 (EL 40) S22 Kin • —5.4 (EL 10)
S33 Max • 4.3 (EL 64) S33 Kin • —21.0 (EL 23)

For Level RiO:
Sli Max • 9.4 (EL 51) SIl Kin — —20.3 (EL 48)
S22 Max = 5.8 (EL 54) S22 Kin —11.4 (EL 50)
S33 Max • —4.4 (EL 57) S33 Kin = —52.0 (EL 48)

For Level 89:
S11 Max = 5.9 (EL 74) Sil Kin • —23.3  (EL 74)
S22 Max • -~-0.6 (EL 72) S22 Kin —14.1 ~~L 81)
$33 Max • —28.2 (EL 90) S33 Kin • —74.5 (EL 73)

For Level R8:
Sli Max • 6.5 (EL 84) Sll Kin • —2 .8 (EL 84)
S22 Max • 1.3 (EL 82) S22 Kin  • —6.5  (EL 89)
$33 Max • —24.0 (EL 88) S33 Kin • —57.1 (EL 83)

For Level R7:
Sli Max — 4.2 (EL 92) Sll Mm = —3.1 (EL 92)
S22 Max = 0.4 (EL 92)  S22 Kin  • —5.4  (EL 99)
S33 Max • —22.4 (EL 97) $33 Kin • —67 3 (EL 92 )

For Level 86:
$11 Max • 3.5 (EL 107) Sll Kin • —13.8 (EL 102)
S22 Max • 1.1 (EL Ill) S22 Kin — —17.9 (EL 102)
S33 Kax • —24.8 (EL 109) S33 Kin • —84.0 (EL 102)

For Level 85:
Sli Max • 4.3 (EL 112) Sl1 Kin • —20.5 (EL 113)
S22 Max • 1.1 (EL 121) S22 M~n • —9.8 (EL 120)
S33 Max • 3.3  (EL 112) S33 Mi ~ = —47.9 (EL 113)

For Level 1(4:
$11 Max — 20.1 (EL 131) Sli Kin — -9.8 (EL 154)
S22 Max = 190 (EL 149) 522 Kin • —16.9 (EL 149)
S33 Max • 12.1 (EL 160) S33 Kin • —13.9 (EL 134)

For Level R3:
$11 Max — 13.7 (EL 166) Sil Kin • —5.7 (EL 170)
S22 Max • 7.4 (EL 167) S22 Kin • —2.3 (EL 170)
S33 Max • - 0 . 6  (EL 168) 533 Kin • —9.6 (EL 164)

For Level 82:
$11 Max • 5.3 (EL 171) SIl Kin — —11. 7 (EL 171)
S22 Max — 0.1 (EL 177) S22 Kin • —3.4 (EL 177)
$33 Max • —1.3 (EL 175) S33 Kin — —10.8 (EL 171)

For Level RI:
Sil Max • 7.6 (EL 178) 811 Kin — —7.6 (EL 178)
$22 Max • 1.2 (EL 184) S22 Kin • —6.7 (EL 181)
$33 Max — —1.3  (EL 184) S33 Kin • —6.1 (EL 184)

*67  — 6700 psi tension

• 4700 psi com press ion
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Figure 24. Levels of 3—D Finite-Element Blade Model.
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3.0 PERFORMANCE ANALYSIS AND OPERATIONAL LIMITS

In Figure 31, the Compression Structured Ceramic Turbine is compared
against the baseline turbine in terms of the percentage of compressor dis-
charge cycle penalty air needed to coo l turbine components , to offset leak-
age losses , and to compensate for equivalent windage/drag losses. The shaft
horsepower loss induced by drag of the fin/hoop sys tem on the Compressi on
Struc tured  Cerami c Turbine has been converted from a nominal 107 hp loss to
an equivalent cyc le air penalty of 6.4% for the purpose of one—to—one com-
parison with the baseline turbine air penalty. The summary comparison shows
a total of 5.1% penalty against the baseline turbine , compared to 9.47. against
the Compression S t ruc tured  Ceramic Turbine . However , a Compression St ruc tured
Ceramic Turbine offers the prospect of utilizing an inverted—taper airfoil not
only for improved stress distribution within the airfoil but also for higher
stage efficiency with the aerodynamics fea tures lis ted in Table V , so the
Figure 31 comparison may not be exactly valid.

As the high—energy gas leaking through the CSCT’s face seals mixe s wi th
the fin cooling—air stream , it will augment thrust to some extent . Therefore ,
it should not be considered as to ta l  cyc le loss as expressed in Figure  31.
Operational limits are set by deliberate design so , for this part icular CSCT ,
l imits  were set by the 111% overspeed capability of the baseline eng ine which
has a 15% margin of safety at the 111% design speed . The same 111% overspeed
plus 15% margin of safety was designed into the containment hoop and cerami c
components of the CSCT. Likewise , the maximum temperature on the CSCT is set
by the containment hoop l imits  and th i s  temperature is control lable by the
amount of cooling air ducted through the fins . The more air that is ducted
to cool the hoop , howeve r , the more drag penalty is imposed . Therefore, it
is more efficient to operate the containment hoop at its maximum operat ing
temperature , which for this particular application is about 6000 F for the
relatively short life it must perform with the materials it incorporates.

The particular baseline engine selected for this comparison study is
probably the most severe baseline engine that could be selected . The CSCT
containment hoop is stressed closer to the ultimate strength of available
materials than any other component of the CSCT. No other known turbine has
a higher operat ing blade tip speed . Accordingly, almost any other turbine with
a lower operating tip speed would be a more conservative candidate for an ini-
tial demonstration of a CSCT. Unfortunately, few other engines are non—man—
rated , so the spectrum of desirable engines for a new concept demenstration
is somewhat limited .

I

The prospect of a CSCT with a sealed hoop compartment is illustrated in
Figure 32. By sealing the hoop compartment , hot turbine gas leakage is elimi-
nated and tip drag is reduced significantly due to its lower tip speed , lack
of fins, and lower relat ive Mach number in a 1500 to 18000 F environment.
This concept is illustrated from U.S. Patent No. 3,857,650 by R. Cerrato,
Turin, Italy, 1974. Unfortunately , no evidence could be found that the carbon
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Table V. Potential Aerod ynamic benetits of a CSCT Inverted—Taper
Turbine Blade .

1. The compression loading of the blades (radially outward ) requires
that hub airfoil sections be thinne r than the ti p sections. Thi 4 is
perfectly suited to the usual radial distributions o1~ relative entry
Mach number. Hub Mach numbers are hi gh — desired airfoil sections
are thin; tip Mach numbers are lower — airfoil sections can be
thicker .

2. Blade attachment geometry no longer determines the numbe r o blades
that can be accomia dated ; therefore , ideal combinat ions of ai r f oil
section , annulus flare , and solidity can be selected .

3. The “fixed end” supported bucke ts permit the app lica tion of blade
lean to control secondary flow effects to an extent not possible in
conventional rotors .

4. At the hub , where the conf i gu ra t ion  does not have to provide fo r a
“radial pull” attachment , leakage and pro tuberance problems shou ld
be less acute than in conventional dovetail designs.

5. The thinner trailing edges should be an advant age, since no cooli ng—
air passages and holes need to be accommodated .

6. A shrouded rotor provides tip clearance and secondary flow advan-
tages over unshrouded versions .
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or ceramic fiber containment hoop which must be protected from intense oxida-
t ion by a ceramic binder , has yet been demonstrated. If the fibers could
somehow be pres tressed sufficiently before the ceramic binder hardens , per-
haps radial growth could be inhibited to an extent that the ceramic binder
would never see sufficient tension to cause cracking which would open paths
for oxidation and deterioration of the highly stressed fibers. Such potential
oxidation would be prevalent from the Compressor Discharge (CD) air necessary
to purge the sealed hoop compartment to inhibit excessive heat buildup by
air friction from the hoop. A program to explore prospects of a prestressed
fiber/ceramic hoop may open the feasibility of such a CSCT , but this accomp-
lishment should be demonstrated before a total CSCT program for this concept
is undertaken.

- I

-
- 

—
~~~~~~~~

- 
~~~~~~~~~~~~ 

- -
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



4.0 TASK III — ECONOMIC ANALYSIS AND RECOMMENDED COMPONENT DEVELOPMENT
PROGRAM .

The severe alterations to the aerodyanamic cycle that would invalidate a
CSCT/baseline weight comparison would likewise invalidate a cost comparison
for the total engine system . For this study, a direct comparison of the tur-
bine rotor is made to indicate the payoff prospect. Table VI shows a cost
breakdown on the CSCT for the 250th unit and compares it with a projected cost
of a baseline air—cooled turbine 250th unit as extrapolated from a 2100° F
air—cooled turbine .
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Table VI. CSCT Estimated Costs.

Tooling Plus
Initial Hardware 250th Unit

12 to 18 Hoops $25,000 $150

180 Fins (6 sets) 50,000 - 750/Se t

180 Blades (6 se ts) 56 ,000 750/Se t

1 Wheel 12,000 3 ,600

Baseline — 250th Bladed Turbine Wheel/Shroud $l0,000*

CSCT — 250th Bladed Turbine Wheel 5,250

(CSCT Ducting and Mounting Costs not Considered)

*Cost estimate for a 24000 F blade extrapolated from a
21000 F blade .

r
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5.0 PROGRAM SUMMARY

The goal of this program was to exp lore the feasibility of a nove l Com-
pression Structured Ceramic Turbine and compare its projected performance with
the equivalent performance of a baseline engine of equal size and operat ion.
Sufficient detailed analysis of each component of the novel CSCT was conducted
to confirm that its total structural integrity would have a high probability
of survival for the life mission for which it was intended . Table VII lists a
few of the peak temperatures and stresses encountered in the analysis of the
various components of the CSCT . Future refinement s could reduce some of the
peak stresses by as much as 30%. The list of design concerns described in
Section 2.2, Design Parameters , has been addressed in detail. Some of the
design concerns were eradicated with positive solutions while others will re-
quire some development effort to accurately assess the magnitude of the prob-
lem and to evaluate possible solutions . None of the design concerns appears
to be an absolute barrier to a functionable CSCT.

The final comparison of performance with the baseline engine shows a sig-
nificant penalty of performance over the baseline engine due to drag of the
fin/hoop system. However, the prospects of utilizing the fins to offset this
loss by augmenting thrust and the possibility that inverted taper turbine
blade airfoils may increase stage efficiency significant ly remain to be ex-
plored before a final overall assessment of this particular CSCT can be wade.

4
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Table VII. CSCT Component Temperature/Stress Summary.

Peak Average
Component Material Temp (c) Stress (ksi) Stress (ksi)

Disk Rena 95 950 180—1 175—1

Flex Tangs Rena 95 1100 45—T 40—1

Blade Root RBSN (2.5) 1200

Blade Platform RBSN (2.5) 1500

Blade RBSN (2.5) 2250 72—c 57—C

Blade Endwal l RBSN (2.5) 1800

Fin Root RBSN (2.3) 1700 25—C 20—C

Fin RE SN (2.3)  900 70—C 50—C

Fin Endwall  RBSN (2 .3 )  600 30—C 25—C

Hoop Craphite/Pl 600 160—1 152—1

C Compression

I Tension

J 

56

~

1._

~

— -—--- - 5— 
- 

-5-- ~~~5~75-_~ 
— -.5—----. — ----‘- - 5-.- ~~5-••~~~~~~ ••~~~~ _-~~• 

_.._,~~~_ -
~ -- - 5-— ,-~~ —5------ . - --



6.0 CONCLUSIONS

• A Compression Structured Ceramic Turbine looks structurally feasible .

• The operationa l limits of a CSCT would probab ly depend more on the
reliability of the containment hoop than on the ceramic components.

• The structural analysis of this particular CSCT indicates that its
design goals can be achieved with a 15% margin of safety at 111%
rotor speed .

• A new engine aerodynamic cycle with effective working fins to offset
windage loss , a reduced tip speed to reduce hoop/fin drag and to en-
hance aeromechanics for the prospect of doing work with the fins ,
and the possibility of utilizing the high energy leakage gas to aug—
ment thrus t mu st be evaluated before real payoff of a CSCT can be
determined .

• The prospect of improved turbine efficiency from the potential bene-
fits of inverted taper airfoils listed in Table V should be evalu-
ated and included with a future CSCT payoff study.

• A weight and cos t analysis comparing the CSCT with the baseline tur-
bine is not meaningful due to the severe alterations to aeromechanics
required by the comparison .

• The survivability of a CSCT over a Tensile Structured Ceramic Turbine
may be at least equal to the ratio of the ceramic material’s compres-
sive strength to its tensile strength or 300% to 800% greater . Such
speculation must be confirmed by future testing .
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7.0 RECOMMENDATIONS -

In order to exp loit  any potent ia l  payof f  that  may be i nhe ren t  in a Com-
pression Struc tured Cerami c Turbine , the following three—p hase pr ogram is
recommended

1. Phase I — New Eng ine Study

Task 1

Conduct an in—depth study of the prospects for improved turbine pe r-
formance utilizing an idealized inverted—taper airfoil. (See Table
V.)

Task 2

Conduct an in—depth study for the prospects for doing work with the
tip cooling fins to offset fin/hoop drag losses. Size the turbine
aerodynamic features to accommodate both fin work and core compres-
sor work; include estimated leakage losses and account for any po-
tential leakage gas mixing recovery to augment thrust.

Task 3

Conduc t a new engine design study app licable to incorporating the
unique features of a Compression Structured Ceramic Turbine . The
study would include :

• Selecting an application for the new engine

• Defining an engine cyc le such as the one ill u s tr a ted in Figu re
33

• Preliminary mechanical design of the new engine

• Detail mechanical design of the CSCT for a hot—test demon—
strat ion

2. Phase II — Optimization of CSCT Components

Task 1 — Demonstrate Reliable Limit of Containment Hoop Integrity

• Select candidate materials projected on proposed engine cycle
environment (epoxy or polyimide/graphite).

• Design, fabricate, spin test , and iterate several dozen hoops,
- using deadweights to simulate CSCT loads. Optimize hoop thick—

ness, width, and fiber pattern , varying the fabrication
techniques.
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• Monitor stresses , temperature , and windage loss in a part ial
vacuum during sp in test. Project the windage lost to eng ine
environment.

Task 2 — Ceramic Material Specification

• Based on a proof test of the containment hoop limits from Task
I, refine the aero design of the blade and fin and set limits
of ceramic dens ity for each .

• Determine environmental properties of selected ceramics — in
compression and bending . Relate the Weibull modulus to the
compressive mode and establish the percent probability of suc-
cess or failure in a compressive state.

• Adjust the density and/or component section as necessary to
optimize the structural integrity of the component s within
allowab le inertia limits and margin of safety.

Task 3 — Procure CSCT Components — Conduct Thermal Shock and Proof—
Spin Test.

• Procure tooling and order several sets of ceramic components.

• Conduct thermal cycling on blades under simulated loads . Ut i-
lize compliant layers .

• Procure CSCT metal disk(s).

• Spin—test instrumented CSCT to destruction to determine its
overspeed capability .

3. Phase I II  — CSCT Hot Test Ri g Demonstration

Task I — Design and detai l a hot test rig facility such as illus-
trated in Figure 34. The test rig would inc lude :

• Three separate measurable air circuits

• Air—cooled turbine nozzles for 2400° F

• Easy shimming to vary seal clearance

• Combustor system

• Thrust bearing close to CSCT

• Water b~ake or equivalent measurable torque extraction

• Instrumentation slipring and controls
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Task 2 — Hot Test Facility/Rig Preparat ion

• Prepare :

— Fuel and lube lines

— Wa ter and air sy stems

— Instrumentat ion and controls

— Data acquisition/reduction

• Assemble test rig into tes t facility

— Check out the combustor/nozzle T4

— Install the CSCT

— 
— Adjust seal clearance

Task 3 — CSCT Hot Test

• Program a test plan to measure CSCT performance at gradually
increasing ‘F4. Monitor instrumentation and controls to
determine :

— Seal efficiency

— Windage loss

— Power extraction

— Critical stresses

— Stage efficiency

• Conduct duration testing

• Report

I
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APPENDIX A

HEAT T RANSFER AND WIND AGE LOSS ANALYSIS

1.0 INTRODUCTION

The time—share computer program used was a modified version of a general
three—dimens ional cylindrical—coordinates heat transfer program deve loped by
T.E. Russell (Reference 2). The program has been used for various sump and
bearing heat transfer analysis , and mos t recently for the study of the af t
section of AEG ’s C—MAPS propulsion simulator (Reference I).

2.0 MODEL

The purpose of the analysis was, basically, to estimate the temperature
dis tribution and investigate the cooling of the graphite hoop around the
compression—s tructured ceramic turbine .

A section of the rotor and hoop represent ing 1/15 of the circumfere ntial
contour (resembling a slice of pie) was considered , noting that with 30 rotor
blades and 15 fins, the hoop temperatures are periodic circumferentially with
an angular period of 211/15. Twelve sections were then taken at different
radii , as shown in Figure A—I.

A nodal subdivision of each section was taken; the resulting temperature
plots appear later in this section. A data file CROTDATA was formed contain-
ing the geometric data and boundary condition specifications of the model.
This was used by the steady—state heat transfer program CERROTHT to perform a
heat balance calculation . This uses the successive overrelaxation numerical
technique (factor = 1.5) to minimize the number of iterations required for
convergence (Reference 2).

The CERROThT program handles several features, including mass transfer
analysis, viscous heat generation, and radiation, in addition to convection
and conduction (also accounting for graphite anisotropy).

3.0 HEAT TRANSFER CALCU LATIONS

A good approximation to the heat transfer coefficients for supersonic
flow can be obtained by using the incompressible flow correlations , provided
that:

- 
- (I) In calculating the film properties, a reference temperature T* is

used , define d as (Reference 3 ) :

Tf + 0.5 (T 8—T f) + 0.22 (Tv ::) (1)
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Figure A—i. Turbine, Fin, and Hoop Assembly with Nodal Volume
Sections Shown.
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where T~ is the static temperature of the stream , T5 is the wall surface tem-
perature (use a guess in most cases), and Tt is the recovery temperature de-
fined by the equation

Tr Tf r = recovery factor — 3 /~~ for turbulent flowT~-T f

where T~ = stream total temperature = ‘Ff (1 + ~~~ M~)~ For cooling
T* > Tf and use of Tf in the correlation s gives a conservative heat transfer
coefficient. Pr is the Prandtl number.

(2) The result from the correlations is interpreted as an “effec t ive
heat transfer coefficient” defined as (Reference 3)

h q (2)
e A (Tv- Taw)

where ‘Faw is the adiabatic wall temperature , calculated from the stream
s ta t i c  temperature and accounting for the recovery fac tor .

Fin Cooling — With an inlet velocity of 600 fps , the air flows paralle l
to the fins , with a relative velocity of 2080 fps.

Nu = 0.0395 (Re)° 75 (Pr) (Reference 5) (3)

is applied to a channel with appropriate temperatures and boundary conditions .
The effect of the shock wave at the inlet is minimal.

A similar approach is taken for turbine rotor heating with an effective
velocity of 1700 fps. Relative temperatures are used for boundary conditions ,
giving conservative temperature distribution results.

Hoop Venting — From Reference 4: 
- - 

-

Top of the hoop Nu = 0.08434 Re°7 Pr0~
35 (rotating cylinder) (4)

Sides of the hoop Re !!. ~, Nu = 0.015 Re°8 (rotating disks) (5)

It is assumed that the hoop is well vented , with fan air flowing on top
of the hoop and out from side vents to allow replenishing of air pumped by the
disks.

Twenty—five boundary conditions were established , as shown in Figure A—2.
The calculated heat transfer coefficients and temperatures are shown in Table

- ‘  A—i. Mass transfer analysis is used in the fin area to account for viscous
heat generation. Note that the free—stream temperatures are used as bounda ry
conditions , since the accelerat ion of the boundary layer to supersonic speeds
increases its total temperature but the rise in static temperature is small

-
~~ 

- (due to friction or drag heat generation ).
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Table A—I. Heat Transfer Coefficients and
Temperature Boundary Conditions .

(15 fins, 0.25—inch high)

_________ - H ( ° F) T(’ F)

1. 414 247
2. 828 507

3. 140 234
4. 135 259

5. 135 259
6. 1437 1950

7. 639 1600

8. 534 1950
- - 9. 534 1775

10. 534 1600

11. 534 2225

12. 534 2001

13. 534 1776

14. 534 1895
15. 534 1744
16. 534 1592

17. 273
18. 299
19. 325

20. 351

21. 377

22. 403

23. 429
24. 455
25. 481_ Hj 
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Good venting of the top of the hoop and wide clearances at the sides are
also implied , to dissipate the fric t ion heat generated by the rotation . (Disk
pumping action at the sides of the hoop is estimated at approximately 0.67
lb/sec , and part of this has to be replenished by fan air to prevent over-
heating.)

Reaction bonded silicon nitride (RBSN) conductivity is taken as:

kP,~ SN = 70 Btu—in./hr—ft2— ° F * 

-
-

while for graphite
kradial = 7.2 Btu—in ./hr—ft 2— ° F

kcircumferefltial = 60 Btu in./hr ft2 o  F.

Turbine—fin seal clearances were taken as 0.004 inch hot , and seal leakage was
assumed negligible .

4.0 DRAG CALCULATIONS

The drag coefficient on the hoop can be estimated from the solution of

= 0.6 + 4.07 log ,., Re /E (Reference 4) (6)
f

In this case Cf ~ 2.3 x lO~~ for the top of the hoop, Cf 1.7 x lO~~ for the
sides of the hoop.

For fin drag,

Cf 0.046 Re °~
2

= 3.5 x 1O~~

Windage or drag losses at the top and sides of the hoop are calculated as in
Reference 4. The drag on the fins also represents the friction heat gener-
ation inside the fins.

*The value relates to RBSN density at 2.7 grams/cc. Since the fins may be
processed deliberately as light as 2.3 grains/cc , this value may be reduced
to about 40. 

-
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5.0 RESULTS

A combined drag of approximately 91 hp is expected , with the ducted fan
air temperature rising 22° F. The ceramic fin air temperature is expected to
rise approximately 290° F.

A run of the heat transfer program with the boundary conditions of Table
A—I and accounting for the drag heat generation from Table A—2 gives the re—
sui ts plotted in Figure A—3 (for 15 fins, 0.25—inch high). Temperatures are
superimposed on their respective nodes. The actual program output is shown in
Table A—3.

Thirty Fins — 0.2—inch High — The above results represent the drag and
temperature profiles for the 15—fin (0.25—inch high) configuration shown in
Figure A—i. To consider a 30—fin (0.20 inch) model in detail would require
a doubling of the effort. A good approximation to the hoop temperatures can
be found , however, by s imple manipulations of the program (doubling the value
of H(2) and reducing the radial dimensions of nodes 61 through 93).

Figure A—4 shows a plot of the results for the hoop section . The results
are shown in Table A—4. The temperature profiles for the fins and rotor are
not very significant since the model has to be changed in that area.

A recalculation of the drag for this case gives a total drag of 104 hp,
with fin air temperature rising 375 ° F. (See Figure 13.)

Radiation Effects — Hanovia Liquid Gold was suggested in the fin area to
reduce radiation from the bottom to the top of the fin channels. Since a run
using the radiation properties of the paint showed a temperature drop of only
2t o 3° in the profile , it is concluded that radiation is not a significant
factor .

6.0 COOLING RECOMMENDATIONS

The results show significant heating of the fin flow due to friction
drag at supersonic relative velocities. To improve cooling and decrease the
fin—air temperature rise, more flow can be passed through the fins. (The in—
creased air speed that is required alters the fin slope and effectively re-
duces drag area, further enhancing the cooling effect.) Figure A—S shows the
expected f in  air exit temperature versus flow .

It is also essential to keep the top and sides of the hoop well vented .
The downstream side of the hoop has to be sealed to prevent hot fin air from
being pumped up. Wide clearances to fan air are needed for both sides of the
hoop to assure against recirculation and overheating of the adjacent air.

The 15—fin mode l provides better cooling than the 30—fin model. (Althoug h
the heat transfer area provided is smaller, the drag heat generation is also
smaller and lower temperatures resul t . )
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Table A—2 . Hoop and Fin Drag Calculations (15 Fins , 0.25—inch High).

Fin Top of Hoop Sides of Hoop
vDP 2Re — ——— 

r2 r
Re -a--— Re~~~~ 

avg

(2080)(0.25)(0.143)(3600) 
V

(0 .57)( 12)  
_ (64706)(2~r ) ( 4 . 279 2) — i .~~ ~ io6

( 60 )( ~~/p )  (122)
• 3.9 IO~

— 8.5 io6 C D 1.7 ~ IO~~

C = 0 046 Re 0~ 2
D (Curve . Reference 5)

— 3.5 x CD — 2.3 x 1o~~

(Curve , Reference 5 ) ~j P V 2

CU P v 2 ~ 2 5 c— 
2 g

~ 
H — Fric t ional Torque ,

~ Windage 19.2 lb/ft

— 33.7 l b/ f t 2 
4 2— Cf S C w /g~ A — 0.21 f t 2

Dr ag — ~ ~ ~ 
2.38 f t lb Drag = r A V

(33.7) (Q .25+0 .26) (2 ) (3.5) ( 1972 )  — 8984 ( f t — l b ) / s e c— 146 Drag °~~i~
— 16.3 hp

— 1623 ~f t—1 b)/s ec per fj n — 29.4 hp

— 24790 ( ft— lb ) / a e c  to ta l

— 31.9 Stu/aec

Fin Drag — 43 hp

Fin Friction Heat Generated 47 .5  hp

— 34 Stu/sec

AT through fins •
ID C p TOTAL DRAG — 90.7 hp

— 220° F

S.-

Ii 
-— 
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Figure A— 3 . Hoop Temperature Distr ibution Plot for 15—Fin
Model (0.25;1.nch High ) . 
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Table A—3. Temperature Distribution Results.

15—Fin (0.25—inch high) Model

- Node Temperatures at Iterations = 22

1 246.09 2 246.38 3 246.72 4 246.41 5 246.02
6 244 .58 7 244.83 8 245.18 9 244.86 10 244 .55

11 246.62 12 246.77 13 246.99 14 246.80 15 246 .61
16 270.02 17 270.46 18 270.69 19 270.26 20 269.44
21 276.73 22 276.63 23 276.43 24 276.31 25 276.56
26 275.49 27 275.04 28 274.91 29 275.07 30 275.44
31 302.59 32 304.81 33 304.82 34 303.66 35 297.84
36 331.95 37 334.27 38 333.82 39 333.78 40 332.75
41 337.05 42 333.69 43 333.28 44 336.38 45 337.57
46 331.02 47 333.15 48 330.93 49 329.19 50 299.32

* 
51 398.07 52 424.60 53 422.41 54 421.39 55 414.94
56 470.48 57 451.47 58 451.70 59 475.66 60 473.92
61 445.25 62 436.29 63 429.13 64 423.79 65 521.74
66 504.30 67 494.21 68 486.24 69 472.67 70 533.14
71 529.82 72 652.49 73 655.99 74 647.89 75 629.77
76 655.62 77 651.49 78 645.09 79 643.50 80 643.62
81 648.97 82 654.85 83 970.99 84 990.43 85 984.46
86 969.17 87 862.15 88 859.44 89 846.81 90 860.34
91 898.82 92 847.94 93 858.52 94 1327.14 95 1321.95
96 1289.54 97 1337.75 98 1446.44 99 1065.91 100 1053.81
101 989.69 102 1023.62 103 1118.52 104 1075.27 105 1122.15
106 1099.78 107 1071.78 108 1087.57 109 1639.80 110 1639.07
111 1609.46 112 1674.68 113 1757.39 114 1352.56 115 1373.57
116 1289.59 117 1333.57 118 1484.55 119 1321.42 120 1335.49
121 1321.51 122 1305.33 123 1336.62 124 1605.45 125 1616.30
126 1636.93 127 1719.71 128 1580.97 129 1582.47 130 1699.37 - -

131 1901.51 132 1883.61 133 1746.28 134 1782.05 135 1823.11
136 1898.43 137 1748.53 138 1783.04 139 1867.75 140 2012.42
141 2052.27 142 1689.38 143 1720.32 144 1760.43 145 1801.64
146 1697.28 147 1725.57 148 1770.91 149 1855.84 150 1883.81
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Figure A—4 . Hoop Temperature Plot for 30—Fin Model
(0.20—inch High).
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Table A—4 . Temperature D i s t r i b u t i o n  R e s u l ts .

30—Fin (0.20—inch high) Model

Node Temperatures at Iteratio4s = 22

1 246.70 2 246.97 3 247.30 4 246.98 5 246.62
6 245.52 7 245.73 8 246.02 9 245 .71 10 245.46

11 247.43 12 247.56 13 247.75 14 247.56 15 247.40
16 273.44 17 273.77 18 273.90 19 273.42 20 272.82
21 282.43 22 282.06 23 281.57 24 281.39 25 282.02
26 280.75 27 280.21 28 279.90 29 279.98 30 280.55
31 310.85 32 312.48 33 311 93 34 310.60 35 306.61
36 350.72 37 351.91 38 350.48 39 349.77 40 349.60
41 357.14 42 354.22 43 353.33 44 355.45 45 356.97
46 336.80 47 336.03 48 331.94 49 329 .32 50 311.27
51 441.57 52 462.79 53 458.17 54 454.51 55 446.77
56 523.69 57 512.66 58 512.92 59 530.89 60 527.44
61 429.32 62 411.39 63 397.97 64 388.66 65 553.65
66 526.72 67 508.81 68 492.79 69 470.13 70 575.29
71 567.84 72 593.77 73 585.96 74 569.27 75 545.75
76 654.84 77 641.55 78 625.31 79 612.41 80 599.09
81 662.60 82 662.28 83 903.48 84 914.02 85 900.54
86 873.48 87 847.03 88 839.73 89 820.98 90 825.08
91 846.82 92 840 .36 93 847.02 94 1321.63 95 1314.11
96 1280.63 97 1332.06 98 1449.61 99 1089.20 100 1069.75
101 1006.00 102 1037.54 103 1127.82 104 1095.18 105 1150.95
106 1130.20 107 1096.66 108 1105.73 109 1637.88 110 1635.98
111 1605.68 112 1672.55 113 1758.54 114 1365.82 115 1382.43
116 1299.58 117 1341.71 118 1489.04 119 1332.56 120 1350.88
121 1337.77 122 1319.08 123 1346.28 124 1607.84 125 1619.10
126 1639.83 127 1720.90 128 1583.69 129 1585.43 130 1700.62
131 1901.81 132 1883.08 133 1746.77 134 1782.65 135 1823.83
136 1898.99 137 1748.95 138 1783.53 139 1868.12 140 2012.56
141 2052.27 142 1689.47 143 1720.42 144 1760.55 145 1801.78
146 1697.25 147 1725.51 148 1770.80 149 1855.80 150 1883.79
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A calculation for the same airflow of 0.64 pps and a 10% reduction in
speed shows a fin air exit temperature of 390 0 F and a marked reduction in
drag , resul t ing in better cooling and lower hoop temperatures.
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AJ’PENDIX B

WNTA INM ENT HOOP STRESS CALCULATIONS

The f o l l o w i n g  s teps  are applied to calc u la te total hoop stress:

(I) 4p 2 2
C f 32 .2  x r  x N  x t4T

where — Cf = Centrifugal force per component

r = Radius to C.G. of component in feet

N = Revolutions of component per second

WT = Wei gh t of component in pounds

(2 )  
- 

Total Cf of all components
2in. of hoop I.D. area

Stress in hoop imposed by total Cf:

(3) 
- b 2 + a 2

Cf 
= 

~~ b2 — a2

where — b = Radius (in.) to 0.D. of hoop

a = Radius (in.) to I.D. of hoop

Stress in hoop imposed by own free inertia:

°free 
= 

~ 386.4 
[(3+v) f(

2 
+ (l-v) R.2]

where p density of hoop (lbs/in.2)

Ia, = radians per second

V — Poisson ’s ratio of hoop material

R0 outer radius of hoop

- R1 — inne r radius of hoop

Therefore , total hoop stress :

• 
(5) °Total 0C f +
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