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results derived during Year 1. This approach has been followed in order to
fully document the study results while maintaining the report at a size
reasonable for the users.

The overall objective of the program was to conduct the analytical study and
experimental research required to evaluate and to demonstrate feasibility of
a closed Brayton cycle power conversion system for a low volume, light weight
marine propulsion plant. Another objective was to insure relevance of power
conversion system study results to all candidate applications, including
recognition of the various energy sources which the Navy could desire to use
in the future.

The scope of the power conversion system for this study excluded specific
energy sources, specific loads, and specific heat rejection subsystems.
However, consideration was given in the study to the reasonable ranges of
conditions for each of these interfaces to insure that the study results meet
or exceed the conditions which may be required.

The contracted tasks have been completed as planned and the objective of the
study has been fulfilled. As a result of the analytical study and experimental
research of this program, the feasibility of a closed Brayton cycle power con-
version system for a low volume, light weight naval propulsion powerplant has
been shown.

The Compact Closed Cycle Brayton System (CCCBS) program has included derivation
of the most stringent representative requirements for the CCCBS power conver-
sion system, consideration of the interfaces with the ship and with other
powerplant components which were outside the scope of the system under study,
investigation and evaluation of the components which are most critical to
feasibility, iterative definition of a reference 52.2 M Pa (17,000 HP) CCCBS
design concept; extensive creep-rupture tests of candidate turbine materials

in helium and in air at 927°C (1700°F), and overall evaluations and assessments.
The results have shown the feasibility and attractive characteristics of a
CCCBS and have indicated that no high risk developments or technology break-
throughs are needed for the CCCBS power conversion system.

The results of this program provide a valuable baseline of data for use by the
Navy in defining the advanced powerplants which will enhance the capabilities
of many types of naval vessels. However, this CCCBS research program has been
only one step in the process of actually providing the improved powerplant
capabilities that will be needed. This program should be supplemented by
vehicle installation and application design work, energy source evaluations
and characterizations, additional materials tests, and overall powerplant
evaluations and characterizations as next steps towards acquisition of the
achievable powerplant gains. 9
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6.0 SYSTEM ANALYSES

6.1 CYCLE ANALYSES

The performance of the CCCBS was evaluated both during steady-state operating
and in response to a select number of transients. For all analyses the base
system configuration was used, with the flow diagram as shown in Figure 6-1.

During the preliminary cycle analyses a plant control scheme was developed that
would result in an acceptable tradeoff between component life and plant efficiency.
At present a sliding heat source outlet temperature control is used, which results
in the turbine inlet temperature changing linearly from 927°C (1700°F) to 900°C
(1650°F) between a 100% to 25% throttle position. Also, inventory control is

used in this throttle range. Below 25% throttle, the system is controlled solely
by varying heat source outlet temperature.

In the system analyses, the BAM computer model (Reference 1) was used. While the
turbomachinery, heat exchangers, and nuclear heat source modeling in the BAM model
were not changed, the control system was changed to be applicable to the particular
case being investigated.

6.1.1 STTADY-STATE ANALYSES

The stcady-state operation of the CCCBS was investigated at both full and part-
power to determine the state points. In order to allow the results to be valid
for a wide range of possible uses of the CCCBS, both variable and constant speed
power turbine operating philosophies were considered. In addition, the full-
power plant performance as a function of heat source outlet temperature and heat
exchanger effectiveness was investigated, as well as the full and part power per-
formance as a function of the sea water temperature.
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6.1.1.1 REFERENCE SYSTEM STATEPQOINTS

Tables 6-1 and 6-2 show the system state points for constant and variable speed
turbine operation, respectively. The plant efficiency and the system tempera-
tures and pressure, are shown in Figures 6-2 and 6-8.

The plant efficiency versus power can be seen in Figure 6 2. For constant speed
turbine operation, there is actually an increase in the plant efficiency at part-
power, due to the turbine efficiency staying approximately constant and the heat
exchanger effectiveness increasing with the reduced load. This is an attempt of
using inventory control rather than a bypass control or heat source outlet tem-
perature control,

The station temperatures are shown in Figures 6-3 and 6-4 for constant speed tur-
bine operation, and in Figures 6-5 and 6-6 for variable speed turbine operation.
Again the advantages of using helium inventory conrtrol above 25% power can be seen,
as the maximum change in station temperatures was 31°C (55°F), ard occurred at

the inlet to the high pressure turbine. Also, this change was not due to any
component performance characteristics, but rather to the sliding temperature
controller used between 100% and 25% power.

A parametric analysis was performed on the CCCBS to determine the impact of cer-
tain parameters on the plant performance. These were limited to variations in
the sea water temperature, heat source outlet temperature, and the heat transfer
effectivenesses of the precooler, intercoolers, and recuperators. For these
analyses, the turbomachinery parameters (compressor map, turbine efficiency and
flowrate characteristics) were held constant. Even though the plant was not
optimized for every new value of each parameter, the general performance trends
are still valid.

6.1.1.2 IMPACT OF SEA WATER TEMPERATURE

The influence of sea water temperature can be seen in Figures 6-2, 6-7 and 6-8,
and al<o by comparing Figures 6-3 and 6-4 for constant speed turbine operation
and figures 65 and 6-6 for variable speed turbine operation. The major effect
is a large improvement in plant efficiencies with the lower sea temperatures
(Figure 6-2). The overall system pressure level also dropped with the lower sea

6-3
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water temperature, due primarily to a reduction in the helium temperature (and
hence the density and pressure) at the compressor inlet (Figure 6~7 and 6-8).

6.1.1.3 IMPACT OF HEAT SOURCE OUTLET TEMPERATURE

The influence of heat source outlet temperature can be seen in Figure 6-9 through
6~11, where the full-power plant efficiency, and the system temperatures and
pressures are shown as a function of the heat source temperature.

The major benefit to be realized by increasing the heat source outlet temperature
can be seen in Figures 6-9 and 6-11. The efficiency improvement to be felt with
increasing heat source outlet temperatures varied from about 1.5%/20°C to about
0.3%/20°C (Figure 6-9), with the larger rates of improvement to be felt at the
Tower outlet temperatures. Also, the station temperatures tend to increase with
the increased heat source outlet temperature (Figure 6-10). Downstream of the
power turbine, however, there was at most a 22°C (40°F) rise for a heat source
temperature rise of 105°C (350°F). The system pressures (Figure 6~11) tended to
drop with the increase heat source outlet temperatures, with the greatest effect
being felt at the Tlower outlet temperatures.

A11 of these results show the benefit of using the highest possible heat source
outlet temperature. The increased efficiency allows for a smaller heat source

heat exchanger (or, if nuclear powered, a smaller reactor), although changes of
only a few percent would not have a very great effect on weight or volume. Greater
benefit can be obtained in the turbomachinery, however, due to the reduced pres-
sure levels. In addition, the turbine pressure ratio is increased, which results
in reduced system flow rates. In general, an increase in the heat source outlet
temperature of 28°C (50°F) results in a decrease in the system flow rates of from

5 to 7 percent.

6.1.1.4 IMPACT OF HEAT EXCHANGER EFFECTIVENESS

The precoolers and intercoolers used in the CCCBS are both finned-tube cross
counterflow heat exchangers with high effectivenesses (defined as the ratio of

the helium temperature drop to the difference in the helium and water inlet
temperatures). The effectivenesses at full power are about 98 percent for both the




Overall Plant Efficiency, %

39

36

35 -

34 F

1 1 1 1

860

Figure 6-9.

900 940 arQ 1020

Heat Source OQutlet Temperature, °C

Plant Efficiency vs. Heat Source Outlet Temperature

1060




1000

900

800

700
(S ]
1]
v

3 600
o
|
@
Q.
E
R

< 500
.O
e
[
-~
(%]

400

300

200

100

Figure

HEAT SQURCE OUTLET

AVERAGE REACTOR CORE

POWER TURBINE INLET

POWER TURBINE OUTLET
fal

YCLE TURBINE INLET

i

i

T N

Fal
d

REACTOR INLET

N

e}

PRECOOLER INLET

COMPRESSOR INLET
O

L=

[

]
940 980

Heat Source Qutlet Temperature, °C
Station Temperature vs.

1800

1600

1400

1200

1000

800

600

400

200

Heat Source Outlet Temperature

Station Temperature, °F




Pressure, KPa

17 000 1 1 T 1 | 1

= 29400
16,000

—
15,000 2,200
14,000 1 2.000
13,000

7 1,800
12,000

COMPRESSOR OQUTLET

11,000 - 1,600
10,000

~ 1,400

4 800
5,000

-~ 600
4,000

COMPRESSOR INLET

3,000

-1 400
2,000

- - L 1 i 1
860 900 940 980 1020 1060
Heat Source Outlet Temperature,°C
Figure 6-11. System Pressures vs. Heat Source Outlet Temperature

Pressure, psia




e —

e L

- i E ] ] - __— __— - A E — A -

4

precoolers anq1the intercoolers, mainly due to the mass capacity rate ratio

(w . Cp)ye
W Co being less than 0.28, and the number of transfer units (NTU)

“'water
being about 5. These high effectivenesses result in the he'ium being cooled
to within 3°C (5°F) of the water inlet temperature.

Due to the high NTU values and low mass capacity rate ratios for the precoolers
and intercoolers, there is little variation in their performance with large vari-
ations in the heat exchanger area. A reduction of 40% in the heat transfer area
in either component reduces the effectiveness of that component from 98% to 95%.
This translates to about a 10°C (17°F) rise felt in the helium outlet temperature,
for the same flowrates and inlet conditions. In a CCCBS application, the reduced
heat transfer area if felt as only about a 0.3% drop in the overall place effici-
ency, with a rise in the system flowrates (and in the total system helium inven-
tory) of about 2% at full power.

The recuperator design is essentially a tube-shell heat exchanger, used to increase
the overall plant efficiency. In constrast to the precoolers and intercoolers,
heat transfer is helium to helium, which necessitates a larger heat exchanger than
the helium to water heat exchanger designs described previously. The full-power
effectivenss is approximately 82%, resulting in the compressor exit helium being
heated to within 70°C (125°F) of the temperature at the exit of the low pressure
turbine.

Due to the reduced effectiveness, and the capacity rates (w - Cp) being approxi-
mately equal on the hot and cold sides of the recuperator, changes in the recuper-
ator heat transfer area have a larger effect than similar magnitude of changes

in the precoolers or intercoolers. A reduction of 40% in the heat transfer area
causes the effectiveness to decrease from 82% to 77% at full power. This then
impacts the whole cycle performance, moct notably by reducing the overall plant
efficiency from 36.73% to 35.35%. Also, the low pressure recuperator exit helium
temperatures rises by about 20°C (35°F), while the high pressure exit temperature
drops by an equal amount. Unlike the precooler and intercooler cases, however,
there is no increase in the helium inventory or the flowrates. This is due to
the precooler still Towering the compressor inlet temperature to about 33°C
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(10071}, while the heat source outlet temperature is controlled to 9447 (173071,
Thiv resultys in no change being felt by the turbomachinery, and hence no hange
in the wystem flowrates.  The etficiency reduction i< simply due to the increased

reactor temperature vise needed because of the reduced recuperator offectivenesae.,

This data can alvo be used to analyse the effects of heat exchanger fouling or
scale buildup.  In the precoolers and intervcoolers, in order to result in o redu
tion in heat exchanger eftectivencs. from 98 to 9% the overall heat tranater
coetticiont would bave to drop by about 30%,  This would necessitate a fouling
heat transter coetticient of the same magnitude as cither the helium or waterside
heat transfer coefticient. It this total fouling recistance was assumed to ocomn
on the helium side, the fouling resistance would be an order of magnitude greater
than that expected.  Due to the inertness and high purity of the cycle helium very

Tittle touling or scaling is expected on the helium <ide.

tothis total touling resictance was assumed to occar on the water side, it would
result in a touling heat transter coetticient ot almost double what would he en
pected for an industrial heat exchanger using treated boiling teed water (Ret. D).
The CCCBS, however, uses treated distilled water of o high purity, coupled with

the use of stainless steel tubes in the heat exchangers.  As a resalt, tube touling
is not seen to be a problem,  tven with touling occurring of the magnitude as dae
cuswed above, it would result in only about 207C increase in either precooler or
intervooler helium out let temperature, and only about a 0.3 drop in the overall

plant etiiciency,

The recuperator performance should degrade even less due to touling.  Since it i
Tocated downstream ot the turbines in a relatively low temperature reqgion ot the
cycle (600°C maximum temperature), very Vittle touling iy expected.  Due to ite

tacat ion, and the purity level and chemical inertness of the cycle helium, deposa

tion and touling during normal operation <hould be of o very small magnitude.

6.1, IRANSTENTSY

Besides wteady tate operations, the CCCBS must be operated and controlled sately
durdng o nueber ot expected trancient<. Most common arve simple throttle vampups

and rampdown< . In addition, it is desivable tor the system to he able to with-
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stand certain malfunction accidents without severe damage occurring to the equip-
ment. As a result a number of expected and malfunction transients were analyzed
to determine their impact on the system design.

Before discussing the results of the analysis, a description of the CCCBS system
flow path is in order. Figure 6-1 is a flow schematic of the reference CCCBS
system. Helium picks up energy as it passes through the heat source (a high tem-
perature gas cooled reactor for the cases analyzed), is expanded in the high pres-
sure and power turbines, and gives up heat in the recuperator and precooler. It

is then recompressed in the Tow and high pressure compressors, and passes through
the recuperator and then back to the heat source. Ultimate heat rejection is from
the precoolers and intercoolers, to an intermediate water loop, then via a water-
to-water heat exchanger to the sea. A 30°C (85°F) sea temperature was used in the

analyses.

Initially a constant 944°C (1730°F) reactor outlet temperature was chosen as the
desired setpoint during inventory control. It was judged, however, that at 25%
power the cycle turbine could not meet the operational requirement of 10,000 ef-
fective full power hours (40,000 hours of operation at 25% power). Reducing the
turbine inlet temperature at part power allowed the operating life of the turbine
to be extended to meet the desired operating 1life.

The 25% power switchover point (inventory control to pure temperature control)

was selected to minimize the practical size of the two inventory bottles. Switch-
3 (3000 ft3).
This is approximately twice as big as each turbine-compressor-heat exchanger pack-

ing over at 25% power allows for a bottle size of approximately 85 m

age. Using helium inventory down to 10% power would require the bottles to be an
order of magnitude larger, due to the low helium pressures and densitics available

at these low power levels.

The reference control scheme was defined as follows: between 100% and 25% net out-
put power the system was controlled by varying both the reactor outlet temperature
and the helium inventory. The reactor outlet temperature controller operates by
sensing a temperature error (demand minus measured temperatures), and operating

on the control drums through a proportional-integral controller:
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Ogrun = K1 (T * Ksze dt)

where Te = demand - measured temperature

Between 25% and 100% power, the demanded temperature varies linearly with throttle

position:

Ty (°C) = 906.6 + 37.0(F)

where F = throttle position (.25 to 1.0)

Below 25% power, the system uses solely reactor outlet temperature as a means of
control. When operating in this region, a reactor outlet temperature setpoint

was generated as a function of the demanded output power by using a correlation
obtained from the steady-state analysis discussed in Section 6.1.1. This correla-
tion can be seen in Figure 6.4, where the reactor outlet temperature is shown as

a function of outpower power.

This modeled helium inventory controller used a power turbine speed error signal
(Ne)’ operating through a proportional-integral-derivative controller to generate

a demand flowrate:

N=K] (Ne+K2fNedt+K3Ne)
To simulate the valve dynamics, a 1/3 sec. lag was used on the demand flowrate.

The cases analyzed assumed a variable speed power turbine (i.e., direct mechanical
drive to the load). Assuming that output power varies as speed cubed, the demand
speed can be related to the throttle position (or power demand):

) 1/3

=N, + N, (F

Ng = M
where N] is the no-load idle speed. Differentiating with respect to time:

- 23
Ng = 1/3 N, (F) - (F)
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where % is the demanded throttle rate of change.

It was felt that the controllers described above would be sufficient to obtain

the plant response to certain induced transients. In general, they were able to
control the plant in an acceptable manner, and allowed the plant transient perfor-
mance characteristics to be recognized. From these analyses and the proposed ap-
plication of the CCCBS, the actual plant control scheme can be developed. Some
improvements that could be made to improve the plant response and to be more re-
presentative of an actual control system are discussed in Section 8.4.3.

The following normal and malfunction cases were investigated:

(1) Rampdown from 100% power at 10% throttle change per second.
(2) Rampup from 10% power at 10% throttle change per second.
(3) Reactor scram at full power.

(4) Full loss of load at full power.

(5) Inventory valve between compressor discharge and high pressure
reservoir (CV1) fails open at full power.

(6) Inventory valve between high pressure reservoir and precooler
inlet (CV2) fails open at 25% power.

The scenario and results for each transient will be discussed separately.

6.1.2.1 THROTTLE RAMPDOWN FROM 100% OUTPUT POWER

The results for the throttle ramp case are shown in Figures 6-12 through 6-20.
The demanded ramprate was a 10% per second rate of change between 100% and 25%
throttle position, followed by a 3% per second rate of change after this time.
The lower rate of change below 25% throttle position was used to avoid possibly
running the reactor control drums fully in. Figures 6-12 and 6-13 show the
various station temperatures during the transient. Inventory control was used
up to about 7 seconds, when the low inventory valve differential pressure shut
off the inventory flow. During this time the reactor exit temperature decreased
steadily, but lagged behind the demand temperature. Due to this temperature
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error, the control drums were run in steadily until they bottomed out also at
about 7 seconds (Figure 6-14). The small temperature spike past this point was
due to a combination of the control drums being fully in, and the cessation of
inventory flow causing a leveling off of the system pressures (Figure 6-15).
This leveling of pressures also caused the spike in helium temperatures seen in
Figure 6-13. These spikes, however, are on the order of about 20°C (35°F), and
do not appear to place any constraints on the design of the CCCBS.

As described above, the control drums bottomed out at about 7 seconds into the
transient. This was still while the plant was in inventory control, and appears
to indicate that the nuclear heat source is unable to decrease power at the desir-
ed 10% per second when decreasing power from the 100% to the 25% throttle position.
In addition, when decreasing power below a 25% throttle position, it appears as

if even a 3% per second rate of change of power is too great. It would appear
that for a controlled throttle rampdown from a 100% down to a 10% throttle posi-
tion, the maximum rates of change of power would be about 5% per second above a
25% throttle position, and 1% per second below 25% throttle. However, for smaller
power decreases (about 10% to 20%) from full power, the 10% per second desired
rate of change can be maintained witl.out problems with the reactor control drums.

The cycle and power turbine speeds are shown in Figure 6-16. During inventory
control the power turbine speed drops at approximately the expected rate to

match the 10% per second power :ampdown rate. However, once the CCCBS switches

to pure temperature control there is initially a slow rise in turbine speed,
followed by a very gradual speed decrease past 12 seconds. The speed increase

was caused by the rebalancing of the system pressure and flow rates following

the sudden stopping of the inventory flow (Figure 6-19). This can be seen in
Figure 6-14 and 6-16, where the system pressures and flows both increased between
7 and 12 seconds. The sTow rate of decrease of the power turbine speed past 12
seconds was due to the generator turbine torque beong almost identical to the load
torque.

The thrust bearing loads on the turbocompressor assembly and the power turbine

are shown in figure 6-19 and 6-20, respectively. Between 0 and 8 seconds the
turbocompressor thrust load (Figure 6-19) varied dramatically with the inventory
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ﬁm

flow. The essentially step changes in bearing loads at 0 and 7 seconds were due
to the modeled step changes in the inventory flow, and show the strong intervrela-

tion between the inventory tlow and turbocompressor load.

While in actuality the bearing Toads would not change as rapidly as shown due to
the dynamics of the inventory control valves, it should be noted that any rapidly
acting inventory controller i< gqoing to cause corrvespondingly vapid changes in the
turbocompressor thrust bearing loads. Also, the thrust bearing would have to be
designed to accommodate thrusts of the same magnitude in ecither divection (i.e.,

towards the front or the back of the CCUBS).

The power turbine thrust bearing load (Figure 6-20) exhibited a much smoother
behavior. Comparing Figures 6.20 with the power turbine speed shown in tigure
6-16 indicates an almost direct relationship between the bearing load and turbine
speed, mainly due to both being strong functions of the turbine pressurve ratio

for variable speed tuvhine operation,

6.1.2.0 THROTTLE RAMPUD TROM 107 OUTPUT POWER

The results for the throttie rampup case are shown in Figures 6-21 and 6-09.

The transient was essentially the inverse of the throttle rampdown case analyred
previously.,  The 1 output power start point was approximately the minimum steady-
state opevating point.  The demanded ramprate was 30 per second below 2H% power,
followed by a 10% per second throttle ramp above 5% power. TFigure 6-"1 shows

the controlled reactor oullet temperature as well as the reactor and cycle turbine
fnlet temperatures. Unlike the rvampdown case, here the control drums were able

to match the demand and actual rveactor outlet temperatures to within 1°C for the
major portion of the transient. The only significant deviation occurred at about
5.5 seconds, where the reactor tomperature overshot the demand by ahout 87°C.

This region was where the CCOBS switched to inventory control, which al<o neces-
citated a much smaller vate of increase in the reactor outlet demand tempervature.
The control drums were simply unable to mateh the demand and actual temperature

in the neighborhood of this slope discontinuity.  The overshoot is too small,

however, to require any major changes to the dreum controllers.
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Figure 6-22 shows the major turbomachinery temperatures. Before 5 seconds and
after 13 seconds, the CCCBS was in pure temperature control, and the turbomachinery
helium temperatures were all changing at approximately the same rate. This was

due to the approximately equal flows in both the compressor and turbines (Figure
6-26). During inventory control, however, there is a 10% to 25% flow difference
between the two, with the largest percentage variation being at the start of inven-
tory control. This caused the dip in the temperature exiting the low pressure

side of the recuperator.

The sudden addition of helium at the precooler inlet caused a sudden increase in
the pressure in this region, with a corresponding increased in the back pressure
in the power turbine.

This decreased the flowrate momentarily through the power turbine, and hence
increased the power turbine outlet temperature (stated as "Recuperator Inlet -
LP" on Figure 6-22). This was also reflected in a momentary reduction in shaft
power produced and a corresponding reduction in the power turbine speed (Figure
6-25).

The turbomachinery flowrates (Figure 6-26) were relatively constant during temper-
ature control, and increased at about a 10% per second rate during inventory
control in response to the 9 Kg/sec (20 1b/sec) inventory flow (Figure 6-27).

The inventory flow was stopped at 12.5 seconds, the time when the helium inventory
reached its full-power value.

The turbocompressor and power turbine thrust bearing loads are shown in Figures
6-28 and 6-29,respectively., During temperature control the bearing thrust loads
changed at a fairly constant rate. The most radical changes occurred during inven-
tory control, especially for the turbocompressor load which changed by about 2000
Newtons (450 1bf) at the start and end of the inventory flow. A larger percentage
of this change was most 1ikely due to the sudden step changes in the helium flow
causing a rapid change in pressure at the power turbine exit. A more realistic
modeling of the inventory flow would decrease the Toads rate of changes as will

be seen in the succeeding sets of transients.
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6.1.2.3 REACTOR SCRAM FROM 100 PERCENT OQUTPUT POMWER

The results for this reactor scram case are shown in Figures 6-30 through 6-38.
The reactor scram was simulated by running the control drums in at their maximum
rate. The speed demand was set to zero, resulting in the inventory valves jgoing
full open and allowing the maximum flow possible into the inventory bottles.
This was done to insure that the helium inventory was reduced to the 25% value
desired for shutdown and low power operation.

The large inventory flow which occurred due to the valves going full open (Figure
6-36) did not cause any problems with controlling the reactor outlet temperature
(Figure 6-30). Peak temperature reached was 950°C (1740°F), only about 6°C (10°F)
above its normal full power value. Two temperature spikes were noted at 2 and

3.5 seconds. This was due to the switching from dumping into the high pressure
inventory blottle to dumping into the low pressure bottle at 2 seconds, and due

to the stoppage of the inventory flow at 3.5 seconds (Figure 6-36).

Figure 6-30 shows a large temperature lag between the reactor outlet temperature
and the cycle turbine inlet temperature. This is due to the heat capacity of

the reactor outlet plug shield. As presently defined, this shield is composed
of a number of layers of plugs arranged in a manner to result in a labyrinth

flow path for the cycle helium. These plugs are composed of a tungsten-beryllium
oxide powder enclosed in a steel jacket. For the cases analyzed, the plug shield
design was not optimized for the CCCBS application. By redesigning the outlet
plug shield, a closer agreement between the reactor outlet and cycle turbine in-

let helium temperatures can be obtained. This would allow the plant to respond
more rapidly to a change in the reactor outlet temperature. While an assessment

of the feasibiltiy of obtaining a large change in the heat capacity of the out-
let plug shield is beyond the scope of this study, it is felt that measurable
design improvements can readily be made.

The recuperator gas temperatures are shown in Figure 6-31. The temperature vari-
ations noted below about 3.5 seconds were due to the inventory flow ciusing a

flow mismatch in the low and high pressure sides of the recuperator.
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As the inventory flow decreased the turbomachinery heliun inventory, the system
pressures, speeds, and flowrates also dropped sharply (Figures 6-33, 6-34 and
6-35). Following the stoppage of the inventory flow at 3.5 seconds, an increase
was noted in all these parameters due tc the restabilization of the flowrates
through the system. The helium that would have been dumped to the inventory bot-
tle during inventory control was now allowed to circulate back through the reac-
tor and then through the turbomachinery again (Figure 6-35). This can also be
seen in the drop in the reactor outlet temperature after 3.5 seconds, due to the
increased reactor flow.

The turbocompressor thrust bearing load (Figure 6-37) exhibited a behavior simi-
lar to that noted in the previous transients. The bearing load changed dramatic-
ally when inventroy control was either initiated or stopped. After inventory con-
trol was halted, the bearing load started on a slow upramp from -125 Newtons (-25
1b). The power turbine thrust load (Figure 6-38) also behaved similarly to pre-
vious transients, roughly changing in the same manner as the power turbine speed.

6.1.2.4 FULL LOSS OF LOAD AT FULL POWER

The results for the complete loss of load at full power are shown in Figures 6-39
through 6-47. The transient is assumed to be a sudden and complete rupture of
the power turbine ovutput shafts. This scenario would be the most radical loss of
load transient that would be experienced by the plant, and would bound the more
likely cases of a loss of a propeller or fan blade with a direct mechanical drive,
or a loss of electrical load for a motor-generator drive system. For both of
these applications, the added inertia of the driven machinery would tend to reduce
the rate of increase of the power turbine speed, and hence allow the control sys-
tem to reduce the peak overspeed reached.

To simulate operation of a plant control system, a reactor scram signal was assumed
to be generated upon the attainment of a 10% overspeed condition (110% of design
speed) in the power turbine. A 1/4 second delay time was used to represent a
typical delay between the signal initiation and the start of the control drum roll
in. A maximum drum roll in rate of 180° per second was used, which is typical

of a high temperature gas reactor and has been used in previous studies.
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The sudden loss of Toad caused a rapid increase in the power turbine speed (Figure
6-43). This caused the reactor scram signal to be generated almost immediately
(Figure 6-41), and tended to initially reduce the reactor exit temperature (Figure
6-39). As the overspeed opened the inventory valves, the turbomachinery flows were
reduced (Figure 6-44) as the flow was diverted to the inventory bottles (Figure
6-45). Due to the reactor decay heat and the heat capacity of the reactor and plug
shields, the ramprate of the reactor exit helium temperatures (Figure 6-39) tended
to alternately increase and decrease as the inventory flow changed the reactor
power-to-flow ratio.

As the inventory flow increased, more of the compressor exit flow was diverted to
the inventory bottles. This reduced the cycle and power turbine flowrates, and
caused the system pressure levels to drop (Figure 6-42). In addition, the flow-
rate difference between the cycle turhine and the compressor (Figure 6-42) caused
a reduction in the cycle turbine speed (Figure 6-43).

The turbine efficiency characteristic can be approximated by an equation like:

where Ny < Ng (2x - X2)
S VRl
d¥ a Yy -1

The subscript (d) represents the design conditions., which is the full-power oper-
ating point for the reference case.

As the turbine speed increased, the variable X tended to increase to a value of
about 2.0, at which point the efficiency dropped to zero. This initially occurred
at about 0.5 seconds, where the power turbine speed had increased to about 14,900
RPM, about a 67% overspeed condition (Fiqure 6~43). Once the inventorv flow w-g
shut off at 2.5 seconds, the power turbine speed again started to increase due to
the reestablishment of a flow equality in the turbines and compressor. This in-

creased the peak overspeed to about 16,250 RPM, which is about an 80% overspeed
condition.
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The turbocompressor thrust bearing loads are shown in Figure 6-46. The general
characteristics were as described previously, with large changes in the bearing
load with inventory flow. The peak thrust load was about 5800 KPa (840 1b), and
occurred about 0.5 seconds into the transient. In addition, the thrust load re-
versed direction, intially being -1000 KPa (minus being defined as toward the
compressor and turbine outlets), then reversing direction and reaching a peak of
+5800 KPa.

The power turbine thrust bearing load (Figure 6-47) tended to change in a similar
manner to the system pressures (Figure 6-42). Up to 2.5 seconds, the thrust load
tended to decrease sharply as the inventory flow reduced the system pressures.
Past this point, the thrust load increased as the compressor and turbine flows
rebalanced, increasing the cycle turbine work and the pressure level between the
compressor exit and power turbine inlet.

The 80% overspeed condition appears as if it would possibly lead to design
problems in the power turbine to safely accommodate this load. As a result,
methods other than the one described were analyzed to determine the performance
of alternate schemes of overspeed protection.

The first method tried was using a larger inventory control valve to evacuate
the system faster. The peak RPM reached during inventory control was about

59% overspeed in comparison with the 67% overspeed stated previously. However,
once the inventory bottles were full, the restabilization of the system once
again brought the overspeed up to the 80% value reported previously. As a
result, changing the inventory valve characteristic alone does not result in
any reduction in the overspeed condition.

Another method available is to alter the design point of the power turbine so

that the peak efficiency point does not occur at the full power point. This has
the disadvantage of reducing the plant efficiency at full power, but this is off-
set by an efficiency increase felt when operating at the design point. For the
case analyzed, the design point was taken to be at 95% of the full-power operating
condition. This reduced the peak overspeed reached to about 60% over the full
power speed of 9000 RPM. At the same time the full power plant efficiency was
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reduced by about 1% of the reference value of 36.73%. In the actual plant, the
design point would be determined by the application of the CCCBS and the expected
operating times at each power level.

Both of the above designs needed no additional hardware to perform their functions;
they are part of the basic design of the CCCBS. If it is deemed necessary, however,
a bypass control system could be added to solely serve as an overspeed protection.
The usual method is to bypass part of the compressor exit flow back to the power
turbine exit, thus bypassing the reactor and the turbines. While this case has

not been analyzed expressly, the results from the Inventory Control Valve 2 Failure
Case (Section 6.1.2.6) closely simulated a bypass controller. For this case, the
helium flow was essentially "short-circuited" from the compressor exit, through

the inventory bottle, and back to the low pressure exit side of the recuperator.
This flow starved the power turbine, and caused the speed to drop. In a loss of

load case, this bypass condition would reduce the power turbine pressure ratio
and flow and allow the zero efficiency point to be reached at a lower RPM. A
conservative estimation would be that the overspeed could be limited to the 67%
value obtained during inventory control. It would appear that a 67% overspeed
condition could be accommodated by the present power turbine configuration with
no major redesign being needed.

6.1.2.5 CONTROL VALVE 1 FAIL OPEN AT 100% POWER

The results for the control valve 1 fail open case are shown in Figures 6-48
through 6-56. The transient is an assumed malfunction in either the control valve
or its associated logic, which causes the valve to stay in the full-open position.
This would most Tikely occur during a reduction from full power operation, when
the system helium inventory is being dumped to the high pressure bottle through
control valve 1. (See Figure 6-1).

The large inventory flow through the failed full-open valve caused a sharp pressure
reduction in the system (Figure 6-51), as well as a rapid reduction in the system
flowrate (Figure 6-52). This flowrate reduction caused the reactor control drums
to move fully in (Figure 6-50) in order to try to maintain the reactor outlet tem-
perature at its 945°C (1730°F) setpoint (Figure 6-48).
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Figure 6-48. Heat Source Temperatures
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This drastic a control drum movement would not be physically possible in the
actual plant, and a reactor scram signal would be generated at about 1 second
into the transient (due to the minimum operating drum position). This would
result in the plant being shut down. However, the plant inventory would not be
able to be reduced to the minimum 25% point due to some of the helium in the high
pressure reservoir bleeding down to the low pressure reservoir through the failed
control valve.

On the start of the transient, the inventory controller started bleeding helium
back into the system from the high pressure tank. As the pressure differential
between the compressor discharge and the high pressure inventory bottle decreased,
the 170 KPa (25 psia) differential setpoint was reached at about 1.5 seconds.

Flow was then bled into the system from the low pressure reservoir (Figure 6-54).

This was continued until about 9 seconds, when the 170 KPa setpoint was reached
on the pressure differential between the low pressure inventory bottle and the
precooler inlet. The source for the inventory flow being bled back into the sys-
tem was then switched back to the high pressure bottle. This switching between
the bottles continued for the rest of the transient.

In actuality this rapid switching would not occur. Only the high pressure bottle
would be used as a source for the inventory bleed, and a steady-state would be
reached with the flows being equal entering and leaving the bottle. The major
difference in the results would be that the flowrates in and out of the high pres-
sure bottle would both steady out at a value between 5 and 10 Kg/sec, (9 and 18
1b/sec). Since the net result of the transient would be a rapid throttle ramp-
down, the plant would stabilize at a power level slightly above the minimum pos-
sible with just the high pressure bottle (approximately 45% of the full power
condition). This was the case for the analyzed transients.

The turbocompressor thrust bearing load (Figure 6-5%) varied almost directly with
the inventory flow through the failed control valve. The largest variations once
again occurred during the periods of maximum inventory flow. The peak bearing

load reached was almost 5 times the steady state full power value of -1000 Newtons.
In addition, the bearing thrust reversed directions, resulting in a net change of
6000 Newtons (1300 1bf) in less than a second.
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The power turbine thrust bearing load (Figure 6-56) essentially varied directly
with the power turbine speed (Figure 6-52). Since the peak bearing load occurred
at full power, no special designing of the power turbine thrust bearing appears
necessary to be able to withstand this transient.

Since the initial portion of the transient is essentially a rapid throttle rampdown,
a comparison can be made between this case and the 10% per second throttle ramp-
down case analyzed previously. For the previous case, using a constant inventory
flowrate of about 10% of the full-power helium inventory (about 9 Kg/sec) resulted
in the power turbine output being reduced at about a 10% per second rate. Increas-
ing the inventory flow to the maximum possible through the full-open control valve
resulted in the turbine output being reduced initially at a 70% per second rate,
then decreasing to zero at about 1.5 seconds as the net flow at the inventory
bottles approaches zero. Therefore, rapid power reductions of upwards of 50%

per second appear to be possible with a fossil fueled heat source, where there

is no nuclear decay power which could cause problems in controlling the heat

source outlet helium temperatures.

6.1.2.6 CONTROL VALVE 2 FAIL OPEN AT 25% POWER

The results for the control valve 2 fail open case are shown in Figures 6-57
through 6-65. The transient is caused by the assumed malfunction of the control
valve logic or positioner, driving it open at a time when it is normally closed.

This would also bound the more likely case of the fail open of control valve 4,
which would normally supply the inventory flow to the plant during a rampup from
25% power. (See Figure 6-1).

The sudden addition of helium to the system intially caused a rapid rise in the
system pressures (Figure 6-60). The control system then tried to maintain the
power level at a 25% level by dumping helium to the low pressure inventory bottle
(Figure 6-63). The rapid pressure rise reduced the pressure differential between
the low pressure inventory bottle and the compressor discharge to zero within 1
second of the start of the transient. Dumping was then switched to the high pres-
sure reservoir.

6-76

4



oy esen e onas ol

C

TEMPERATURE - DEG.

1000.

S00.

800.

700.

600.

500.

400.

3006.

CCCBS CVe FAILURE

TIME-SEC

LEGEND
v ¥ REACTGR INLET
O O REACTER QUTLET
0 O CYCLE TURBINE INLET

Figure 6-57. Yeat Source Temperature

6-77

i | T 1800
b
g—+—— d
L _l__l__4__d__ | 8- 1600
L _ —
RN
R
: ' 1400
!
o
' } 1200
1
T 1000
| ! d
Il //—/P//
T |
' |
i | |
l | | | I 1 — 600
10. 20. 30. 40.

Temperature - Deg. F




TEMPERATURE- DEG. C

700.

600.

500.

400.

300.

200.

100.

CCCBS CV2 FAILURE

Figure 6-58. Recuperator Gas Temperatures

6-78

[} ]
l ] ‘ ! 1 1200
™ =
//
L
4/’/J,,1~"
| _,J,—4’—-Pf—”“"”'
T 1 | | 800
|
L 600
|
| ;
- 400
T 1 — : —&
| } |
N i et SO 4 200
= ——
T 1
10. 20. 30. 40,
TIME-SEC
LEGEND
v V RECUPERAT@R INLET- LP
(@] O RECUPERAT@R @UTLET- LP
D D RECUPERATOR INLET- HP
Fa A RECUPERATOR QUTLET- HP

Temperature - Deg. F




o
[¢)]

w
)]

CCCBS CV2 FAILURE

i o

2 |
L
& j\ 1
é 94. | P !
1 i_ \\ i
) | |
= 92. AN . i
g X | |
a. : ]
z , AN ; |
2 4 ‘ ! J
= 22. t - 1 {
\\\ |L -ii
63 \l"\LN :
\\
86.
4. 8. 12, 16. 20. 24. 28. 32. 36. 40.
TIME-SEC
LEGEND
v V CONTRAL DRUM POSITIEN
Figure 6-59. Control Drum Position
6-79




FPRESSURE -KI"A

CCCBS CVZ2 FAILURE

14000.
1900
I
' |
12000. — —
N~ : 1700
AT P
/ \
10000 / L L ™ 1500
P\\ \.
i S I Sy 300
£000 ﬂ» T~ -
‘ 4100
6000. iﬁ Tf l 900
; —- 700
4000. ‘
/ L 500
2000. / - 300
3
=100
0.
0. 10. 20. 30. 40.

TIME-SEC

LEGEND
¥ CYCLE TURBINE INLET PRESSURE
O LP COMPRESSOR INLET PRESSURE
0 HP COMPRESSOR EXIT PRESSURE
A RECUPERAT@R EXIT PRESSURE

>0O0«

Figure 6-60. Turbomachinery Pressures

6-80

Pressure - psia

— d




SPEED - RPM

CCCBS CV2 FAILURE ’
18000. | ]
X L i
18000.
| T
~|
14000. \ h\\N\w
\/ RN
| .l i
12000.
'ﬁ
10000.
8000. e
4 “-~\\\\\\\\
— 3
| ]
6000. // -
T
4000. !
0 10 20. 30. 4c.
T IME -SEC

v

O O P@WER TURBINE SPEED

Figure 6-61.

LEGEND
V CYCLE TURBINE SPEED

Turbomachinery Speeds

6-81




CCCBS CV2 FAILURE

235/q( - MOL4

B S B 3 3
N ) i, o
R A e

/ i
.l \
NN x\ﬁ‘ -\1\
B O S A . :;;\1( ]

- 4

ENEEREVaERERErN |

e — - ] —
|.IVNA — — -—— \T SO SHY P BUS SR —_
I~ I NHUU L
L 3
— .|
) == [N SRR GO SN (RN G2 S
- = S =]
— T O
; (o o 0 o
Q @ ~ R «

DAS/94 -M014

30.

2J.

10.

LEGEND

REACTOR FLOW
O CYCLE TURBINE FL@W

O HP COMPRESSQR FLOW

v

v
O]
G

Turbomachinery Flow Rates

Fiqure 6-62.

6-82




2s/q| - MO|4

20

o =
(Vo) <
1

30.

E

SERVZIR

z

—

//v >00g

7@ LP RESERV@IR

FREM HP R
FRGM LP RESERVOIR

TIV
6-83

Inventory Flow Rates

CBs CVZ FAILUR
|
|
.
|
|
]
|
I
7
|
|
20
42-SEC
LEGEND
T2 HP RESERVQIR

.

!

%
10

e 4t A e —F—} 1] - iVA

Figure 6-63.

&) o~

235/9% -MO4




MNEWTONS

LQAAD -

CCCBS CV2 FA!ILURE

10000 . _ ‘
| | ! 4 ! f 2200
i « | | i /E
5 ; | 1 ' *
| | | i ! 2000
‘ | ;

000 } % 1 y 1800
| ! l 1600
| | i //

€022 ? ; ‘ 1400
{ i
| | L1200
. ; | /

i ;
[\ | //4// 1000

4092 - ‘ J

RE B
| ! A
\ ' ; T

/ Vo D4 - 600
Y . ,

2000 -

P | = 400
ISRNd
\ |
|
0. : 0
|
| - -200
|
-2000. ‘ ' -400
0. 4. 8. 2. 16. 20. 24. 28. 3 8. 40.

TIME-SEC

LEGEND
v V TURBGCOMPRESS@R L2AD

Figure 6-64. Turbocompressor Thrust Bearing Load

6-84

Load - 1bf




LOAD- NEWIONS

30000.

20000.

10000.

-10000.

-20000.

CCCBS CVe FAILURE

- 6000

4000

—2000

—-2000

—-4000

Figure 6-65.

12. 16.

TIME-SEC

LEGEND
v V POWER TURBINE L@AD

Power Turbine Thrust Rearing Load

6-85

Al

Load - 1bf




Once the system switched over to using just the high pressure bottle at 1 second
into the transient, the flows into and out of the system tended to stabilize. By
about 10 seconds the two flows had equalized to within 5% of each other (Fiqure
6-63).

As the system pressures dropped after 8 seconds (Figure 6-60), the inventory flow
entering the system through the failed control valve tended to increase (Figure
6-63). In response to this, the control system increased the inventory flow from
the compressor to the inventory bottle. This reduced the CCCBS flowrates as more
flow bypassed the high pressure side of the system (Fiqure 6-62), and reduced the
turbine speeds as the shaft power decreased with the reduced flowrates and pressure

drops (Figure 6-61).

The turbocompressor thrust bearing load (Fiqure 6-64) varied directly with the
flowrate through the failed control valve (Fiqure 6-63). The steady rise in the
bearing load after 7 seconds was due to the increasing difference between the
flowrates in the compressor and cycle turbine (Figure 6-62) as a greater percent-
age of the compressor flow was bled off into the inventory bottle. The peak
thrust load would appear to be about 10,000 Newtons (2250 lbf).

The power turbine thrust bearing load (Figure 6-65) once again changed in a similar
manner as the power turbine speed (Figure 6-61). However, for this case the power

turbine bearing load reversed direction around 1 second and again after 26 seconds.

This case was the only one of the five cases reported which exhibited this
behavior, and resulted in a peak bearing load of about -12,000 Newtons (-2700
Tbe).

6.1.3 OPERATION OF PARALLLCL UNIIS

One of the design requirements ot the CCCBS was that it should be capable of
operation in the configuration of having two power conversion assemblies coupled
in parallel to a single enerqgy source. Up to this point, the transient analyses
have all assumed that both power conversion assemblies are identical units, and
that any transient initiator affects both units equally. 1t was felt that an

evaluation of the plant performance for conditions where non-identical power




conversion units were operating in parallel was in order. Typical cases of the
two power conversion units not operating identically would be differing plant
characteristics (such as compressor or turbine efficiencies, line pressure drop
losses, heat exchanger effectivenesses, etc.) or transients that would affect
primarily one unit only (loss of cooling water in one precooler or intercooler,
loss of load, etc.).

Detailed analyses were performed on a number of cases where non-identical perfor-
mance would result in one unit. These were primarily limited to step changes in
the compressor and turbine efficiencies in one of two identical turbocompressor
units. Based on these results, and the performance of the CCCBS during the normal
and malfunction events described in Section 6.1.1 and 6.1.2, the system perfor-
mance characteristics for a number of other one-unit malfunction conditions could
be described.

A desirable feature of the CCCBS would be that each unit would be able to operate
independent of the other as much as possible. This would require that a malfunc-
tion condition initiated in one power conversion unit would not be carried over
into the other unit, and possibly require the complete shutdown of the whole CCCBS.

To determine the sensitivity of the system to an imbalance between the two power
conversion loops, the system response to a step change of 5% in the turbomachinery
efficiencies was investigated. A sudden change of this magnitude is unlikely,

but it does bracket the more probable case of a slow change in the turbomachinery
performance over the life of the plant. The cases analyzed consisted of step
changes of 5% each in the compressor and cycle turbine efficiencies.

6.1.3.1 STEP CHANGE IN CYCLE TURBINE EFFICIENCY

The results for the cycle turbine efficiency case are shown in Figures 6-66
through 6-75. The step drop in efficiency caused the cycle turbine speed in

the affected unit (referred to as "A" in the plots) to drop due to the reduction
in the shaft power being produced (Figure 6-70). This initially caused the A-
unit power turbine speed to drop (Figure 6-70), and generated a signal for addi-
tional helium to be added to the system.
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As described in Section 6.2, the inventory control system generated an inventory

flow rate demand. The power turbine speed used is an average of the speeds of
both units. As a result a steady-state is reached with one unit being above the
design point full-power condition, with the affected unit generating less than
full power. For the case described here, the plant inventory is increased by
about 129, with the load split about 467-547% between the units. Expressed in
relation to the full-power design point, the power produced by the "A" and "B"

units would be about 92" and 1087 of the full power design values, respectively.

The additional helium inventory increased the pressure levels throughout the
CCCBS by about 600 and 100 KPA (90 to 160 psi) in the low and high pressure re-
gions, respectively (Figure 6-73). A rise in this magnitude would most Tikely
require design changes to parts of the system to accommodate this condition. If
no design changes were to be made, the plant would have to operate at a net power
level below the fuli-power point. This operating point would be at about 92° of
the full-power design point, with the power once again split about 46%-54Y be-
tween the two units.

With the reduced power being produced by the affected ("A") unit, there is a rise
of about 50°C in the power turbine outlet temperature. Together with the increas-
ed flowrates, there is a small rise in the recuperator exit temperature (Figure
6-67). This rise, however, is small in comparison with the rises seen during a
number of the malfunction transients, and therefore should not force any design
efforts to be initiated to allow the system to operate in this mode.

The recommended course would be to operate the system at a reduced power level

for a malfunction condition such as that described. Any design changes that would
have to be made to the system to allow for the additional pressure levels would
not be justified by the weight and volume penalty that would result. The better
solution would be to operate the plant at the reduced 90% output power point.

6.1.3.2 STEP CHANGE IN HIGH PRESSURE COMPRESSOR EFFICIENCY

The results for the step change in compressor efficiency are shown in Figures 6-76
through €-85. The results were very similar to the change in turbine efficiency
case shown previously. The cycle turbine speed dropped (Figure 6-80) as the

6-98




.

TEMPERATURE - DEG.

CCCBS HP TURB EFFIC

e ‘ | ! — 1800
! 0
| % # "
> f e —
T i T [T =
acn ‘ ! |
" !
l l ~ 1600
. o S
8CO. : n !
I I
a' o o L1400
i
7¢0. | %
1
- - U - 1200
600.
- 1000
S00.
T;’,ﬁ r;
‘ L 800
400.
0.0 2.5 5.0 7.5 1C.0
TIME-SEC

LEGEND
————F—REACT@R INLET
<) - €) REACTER QUTLET
- ---4-CYCLE TURBINE I[NLET

Figure 6-76. Reactor Helium Temperatures

6-99

Temperature - Deg. F




CCCBS HP TURB EFFIC

(LN : . ' : | -
' ' \
i
X ~ ; B
’ !
ty .
AR I % A
| | T
M & :
| 1
400, { :
| 1 x
i -
I
|
|
| I
| |
BH- , . ! R
2000 s l )
!
\
(}»_\"\*_.__,., e L 4
100. - T L_-_'—_—_'"‘J
0.0 ANS G0 AR oo

[IME SFC

L FGEND
P -—h0 RECUPERATOR INLY T p
[ O RECUPERATOR GUILET - ¢
t} 43 RECUPLRATOR INLET- WP
“A- - A RECUPCRATOR WUTLET- np

Figure 6-/77. Recuperator Helium Temperatures in Yarvled tnit

o- o

100

o0

g0

300

700

600

HOo

400

00

S —




DRUM P@SITION- DEGREES

CCCBS HP TURB EFFIC
3.0
92.0 \\\\\
91.0
90.0
— e - —-r——T——-— - . _ﬂ»~“._.
89.0
0.0 2.5 5.0 7.5 10.0
TIME-SEC

LEGEND
————CONTROL DRUM POSITION

Figure 6-78.

Control Drum Position

6-101




C

DEG.

TEMPERATURE -

1000.

300.

800.

700.

600.

S00.

CCCBS HP TURB EFFIC

r 1800

1700

T
I
l
|
|
|
|

~ 1600

- 1500

~ 1400

L 1300

™ 1200

~ 1100

—&— 1000

0.0

2.5

S.0

TIME~SEC

LEGEND
-§——F—CYCLE TURBINE INLET TEMPERATURE
O NS € POWER TURBINE INLET TEMPERATURE- A
-E>---0-PONER TURBINE INLET TEMPERATURE- 8
-A- — A-POWER TURBINE QUTLET TEMPERATURE-A
—-H —I1-POWER TURBINE QUTLET TEMPERATURE-B

7.9 10

Figure 6-79. Turbine helium Temperatures

6-102

.0

4 "930 - INLYYIdW3l



PRESSURE - KPA

CCCBS HP TURB EFFIC

14000.
) L 1900
12000. // L 1700
10000. 1500
- N Bbe e e 11300
8000. ;
"""""""" R I VM b [V}
i =4
6000. : ‘ 900
— et S SRR S A
4000. ] ‘ _—
= ‘ 500
2000. 300
0.0 2.5 5.0 7.5 10.0

TIME-SEC

LEGEND
~g——%—-CYCLE TURBINE [NLET PRESSURE
R ORENE €)- POWER TURBINE [NLET PRESSURE- A
- ---{3-PA@WER TURBINE INLET PRESSURE- B
-A— - A-POWER TURBINE QUTLET PRESSURE- A
—+ -—[I-POWER TURBINE QUTLET PRESSURE- B

Figure 6-80. Turbine Helium Pressures

6-103

VYISd - 3¥NSSIUd



SPEED-RPM

CCCBS HP TURB EFFIC

18000.
| |
15500. — T
13000. ‘
—— - s m e e e ———— L - . m e— e
10500.
- B folllllg]
8000.
0.0 2.5 5.0 7.5 10.0
TIME -SEC

LEGEND
—§———CYCLE TURBINE SPEED-
RO R €)- CYCLE TURBINE SPEED-
-E}--- 3-PGWER TURBINE SPEED-
-A- - A -POWER TURBINE SPEED-

@ > @® >

Figure 6-81. Turbine Speeds

6-104




P

PER CENT

EFFICIENCY -

S0.

83.

88.

87.

86.

85.

84.

83.

82.

CCCBS HP TURB EFFIC

0 e
G— —t T o
0
0 A
- __,_.____.___«,-.—:E-‘
0
!
0 ‘ ,
i ? !
. ' : | T
! | :
0 %
\ o
T — ®
f 1 | !
0 1
0 !
I : j
0
0.0 2.5 5.0 7.5 10.0

TIME-SEC

LEGEND
9%~ CYCLE TURBINE- A
)€ CYCLE TURBINE- 8
-6 ---{-POWER TURBINE- A
-A- — A -POWER TURBINE- 8
-2 —H-COMPRESS@R- A
-©——~CIMPRESSOR- B

Figure 6-82. Turbomachinery Efficiencies

6-105




FLOWRATE-KG/SEC

70.0

CCCBS HP TURB EFFIC

68.0

66.0

64.0

$8.0

IS NSO SV

56.0
0.0

2.5 5.0 7.5

TIME-SEC

LEGEND
~§—~——GF—CYCLE  TURBINE FLOW- A
RO REE ©-CYCLE TURBINE FLOW- B
-6 ---03-4P COMPRESSER FLOW- A
~-A- - A -HP COMPRESSOR FLOW- B

Figure 6-83. Turbomachinery Helium Flows

6-106

10.0

hibliiScanta




CCCBS HP TURB EFFIC

LEGEND
~§———CYCLE TURBINE INLET PRESSURE
Qe € LP COMPRESSOR [NLET PRESSURE
-8 ---0-HP COMPRESSGR EXIT PRESSURE
~A- - A -RECUPERATOR EXIT PRESSURE

6-107

14000.
--------- -4 1900
/F———
12000. -1700
10020. 1500
< 1300
¥ 8000
& ' ~1100
>
[45]
%5} - e PSRN S U PR
Ll
[0
o
6000. ~ 900
R R - .
T - 700
o R DR A AL 0
4000. f—
c}a - 500
L S U .
2000. - 300
0.0 2.5 5.0 7.5 10.0
TIME-SEC

Figure 6-84. Turbomachinery Helium Pressures in Failed Unit

VISd - 3dNSSId




CCCBS HP TURB EFFIC

20.0

FLOW - LB/SEC
o o o o
<t o o~ —
I 1 1 . 1 o
, o o , : & o
C [ P oL, =
; { , ! | ,. ] m i ! . X
; , : i ' : ' ,
oo A D P . ‘
Lo Co ! ~ L :
} W | . . F ‘- f ‘- e e
! | ' . i ' | ! [
Lo h N |
i l : | t ; i :
P ! i _ i _ ! 1]
R . N
Voo | _ R
bl . P
Lol _ oy
b u o
[
i w % : | . —t - ! m‘ 4
i
: {
LR PR
: . ' | _ T X o
. ! { .
w
HEANE B I Lo
,h o - S U QU S AU fi R
b oo
R ' - - ceded oy
S # |
R e D I T L e
co | I
— , ; - v
s |
cob Pl . - -\\ o
. ; " : _ | : __\ )
H . i .- R F S
S oo ‘ ﬁ--ﬁ-L:L.\.- ;
- [ ST U S L I[P g
{ ' .|l||_l»+\‘n,l_ _ w ' _ |
ﬁl;.:,T.- ; | | } ! | S
R S ST NS ﬁ-.k--;-.-w ...... o _
F IS S I A S Sk S nEeE T N 4 o
° ° ° o °
wn m wn o

J35/9% -MO14

TIME-SEC

LEGEND
—g——%—T@ HP RESERVQIR

-€)- T@ LP RESERV@IR
-Er---{3-FROM HP RESERVOIR
-A- - A-FROM LP RESERV@IR

Helium Inventory Flows

Figure 6-85.

6-108




compressor power increcsed due to the lower efficiency. ~ ¢ then caused the
power turbine speed and output power to drop, resulting i; the generation of a
helium inventary demand signal.

Similar to the previous case, the plant stabilized with a higher helium inventory
and with increased pressure levels. The inventory increased by about 15%, which
resulted in about a 700 ind 1300 KPA (100 and190 psi) increase in the pressure
levels in the low and high pressure regions of the CCCBS (Ffigure 6~80). The

total output power is split once again 46%-54% between the power conversion units,
with the normally functioning unit ("B") operating at about 11% over the full-
power design point.

The increased pressure levels could possibly require design changes in order to
allow the plant to operate at fuil power. Due to the small likelihood of such a
malfunction occurring together with a conservatively high sea water temperature
of 30°C, the preferred method would be to operate the plant at a reduced power
level. For this case, a total output power level of about 92% of the full-power
design point would prevent the normally functioning power conversion unit to run
close to the design point, and still permit about 85% of the design point power
to be obtained from the malfunctioning unit.

6.1.3.3 STEP CHANGE IN POWER TURBINE EFFICIENCY

Based on the results of the previous analyses, there appears to be no reason why
the system cannot be operated with small differences between the two power turbines.

The flow split between both power conversion units would require the plant to
operate at a total output power level less than the design point if no redesign
efforts are made. However, the shaft power difference between both units is not
expected to be more than about 10%, and no major control problems are foreseen
as long as the ship is able to operate with this power imbalance.

6.1.3.4 L0OSS OF LOAD IN ONE UNIT

During a loss of load condition in only one unit, it would be desirable if the
load could be maintained nn the unaffected unit and the plant continue to operate
Due to the rapid turbine speed increase, this would not be possible with the
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reference configuration, which uses solely inventory control and reactor outlet

temperature control. The way to control overspeed would be to rapidly reduce
the pressure drop through the power turbine. This can be done with either a bhy-
pass valve, a helium inventory controller, or a combination of the two. Based
on the results for the complete loss of load transient (Section 6.1.2.4), the
method that allows for the lowest overspeed condition would be helium inventory
control operating in conjunction with a bypass valve in the affected unit.

In Section 6.1.2.4 it was states that a bypass valve might be needed for a complete
loss of load case. However, it was found that by shifting the turbine design
point to a lower power level the power turbine overspeed could be reduced to a
reasonable amount. If one unit operation is desirable, using this method alone
would result in much higher turbine speeds. With one unit operating at full
power, the helium inventory in the system would be closed to 100 percent of the
full-power design point, in contrast to the complete loss of load case where the
helium inventory would be reduced to around 25 percent. This results in higher
flow rates, higher compressore discharge pressures, and a correspondingly higher
turbine pressure drop for the case with one unit operating. A1l of these condi-
tions would tend to amplify the overspeed condition in the power turbine.

To control the turbine overspeed and still allow for one unit operation, a by-
pass valve would appear to be called for. A possible valve configuration is shown
in Figure 6-86. There could be up to seven of these valve systems in each unit,
one for each recuperator. For each system, a pneumatically operated valve allows
helium to bypass the turbine and be dumped directly into the recuperator inlet.

To avoid overspeeding the turbocompressore shaft or overtemperaturing the recuper-
ator inlet, flow is also bypassed from the compressor exit and mixed with the
power turbine bypass flow. To ensure that all the flow is bypassed around the
power turbine, a block valve is used at the turbine exit.

The scenario for the loss of load in one unit case would be as follows: the

power turbine speed increase in the tripped unit would generate a signal to open
the bypass valve and close the block valve. This would cut off the power turbine
flow and eliminate the overspeed. As more of the compressor exit flow is bypassed
to the power turbine exit, the turbocompressor shaft ramps down to a shutoff
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speed. Less and less of the compressor flow from the tripped unit enters the

reactor, and the check valves would close to prevent flow from reversing and
entering the compressor discharge. Once these valves are closed, the tripped
power conversion unit would be isolated from the rest of the plant, and the sec-
ond unit could continue on line to meet part of the demand load.

While the tripped unit is coasting down and the check valves are starting to
close, the helium pressure in the low pressure region of the tripped unit will
start to increase as the compressor, cycle turbine, and power turbine pressure
differentials are reduced. Also, the temperature in this region will be main-
tained at about 30°C, which is the water temperature entering the precoolers and
intercoolers. As a result, the helium inventory in the tripped unit will increase
until it's helium pressure has stabilized at about the level at the exit of the
reactor. Since the inventory bottles would be practically empty at the full

power point, the helium entering the tripped unit will be drawn from the operat-
ing unit thus reducing its output power to between 70 and 80% of its full power

value.

The one-unit loss of load transient should not result in any temperature tran-
sients in the components downstream of the recuperater that are worse than the
cases previously analyzed. The CCCBS components are all designed to meet the
high pressures expected during such a transient. In addition, the compressor
bypass flow would tend to reduce the pressure difference that exists through the
recuperator tubes, enabling the unit to withstand high thermal stresses. The
recuperator tubes are made of stainless steel and are able to withstand tempera-

tures in the region of 815°C (1500°F). Thus no redesign of the recuperator
would appear to be necessary to meet this transient.

The power turbine could be subjected to higher temperatures than it is designed
for as the cycle turbine speed ramps down. At present a detailed analysis has
not been performed on the cycle response and hence the resulting temperatures
during such a transient. However, there does not appear to be any major problem
in designing the turbine to meet the expected high temperatures. If needed, the
power turbine could be constructed of the same material as the cycle turbine,

and thus allow it to withstand temperatures similar to those that are experienced
by the cycle turbine (about 927°C).
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6.2 POWERPLANT INTEGRATION

Feasibility ot the CCCBS obviously must take into account the interfaces with

other propulsion system components and ship installaticn, interface considerations.

Other sections ui this report document many of those considerations as they enter
into specific concept feature definitions. In addition, this section presents
the results of several spec®fic evaluations that were accomplished to define the
expected characteristics ot interfacing systems and to evaluate the capabilities
of the CCCBS to fulfill installation criteria.

6.2.1 DESIGN SHOCK ZNVIRONMENT

The shipboard equipment and struciures on Navy vessels are subjected to shock
loads from underwater explosions. The response of this equipment to a shock
load will depend to a large extent upon the structural stiffness of the equip-
ment, the equipment masses and the natural frequencies and mode shapes of vibra-
tion of these masses. Other dependencies include the equipment orientation and
its location of mounting on the ship. The objective of this work was to perform
the necessary analysis upon the subject equipment to determine the component
dynamic load response spectra according to the preocedures originally developed
by the Naval Research Laboratory, Washington, D.C., and these procedures are
defined in Reference 3. The dynamic Toad response spectrum is the equivalent
static G load that can be applied to the equipment masses over the range of fre-
quencies of natural vibration for the structural system.

The purpose of this work was to derive the methods for defining shock loads on
the CCCBS turbomachinery and to perform an analysis with the objective of estab-
lishing the underwater explosion shock loads that could be applied to the turbo-
machinery masses for rotor and bearing design considerations. The two basic con-
figurations studied and compared here include: (a) the reference design where
the reactor and turbomachinery are supported from a pedestal assumed to be hull
mounted on a surface ship, and (b) the modified design where the turbomachinery
is supported by its flow pipes to the reactor which is assumed to be rigidly
attached to the rull of a surface ship at the reactor's pressure vessel lower

head flange.




The Toads dmposed on the turbomachinery masses are computed and compared for the
two desitgns to dnclude only the Tow trequency conteibut ions trom the wvatem which
excludes the matural trequencies of the shatts themselves . The reason tor this
exclusfon was that the asaumed shatts were tognd to have natural frequencies an
the range of 90 to 97 He o resulting in loads in excess of 100 Gu . tuture Studies
may have to be pertormed to determine how ittt these shatts must be to reduce
these high 6 levels by veducing the participation factors of these masses in the
resultant natwral mode Shapes . Another veason for excluding these modes can he

rationalised from theiv low modal weights bheing at most only about !

vpercent of
the total wystem weight . Usaally ondy the mode shapes contributing about

10 percent or move of the svetem weight are included,

With the above stated conditions Table o3 cummarizes the 6 loads on the turbo.
machinery masses, and based upon this comparison the moditicd design with no
pedestal shows s lightly move tavorable loads than the reference destagn with the

cxceplions of perhaps the <light ditterences anddcated for bearing thrust load..

G000 HHECTRTC POWER TRANSMESSTON INTEREACT S

The characteristics and Fimitat ions ot a power transmission system have a sign
trcant ampact upon the power turbine.  The characteristics of wechanical power
transmissions arve well known and therr vegquarements on the power turbine were
veadily apparent . Compact electric power transmtssion systems ave vecognised

to be candidates for some of the Navy <hips of the tutare. Although such s teme
are external to the power conversion soacsdem scope as detned tor this teasabilgy
study, the mmpact of the characteraistaos of thes type of Joad as they eftect the
mtertaces with the gas turbaine o ot amportance.  Applhication of electric power
transmisaion systems to a compact closed cycle Brayton powerplant coulbd introdoce
intertace consaideratrons which Jdo not exast an other anstallatons. Theretore,
studies were conducted to dentarty and addreess those consaderatons which contd
possibly have an mwportant ampact upon gas turbane powerplant desagn charac te
1stics or upon powerplant Sohip antevtaces that most be consadered in the sabse
quent evaluations of the study . The results ot these stadres ave tully disouseed

m Retereme and are sammarteoed o thaiy secton
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SYSTIM SHOCHK

TO 1HZ CCCBS TURBOMACHINERY COMPONENTS
WITH HULL MOUNTING ON SURFACE SHIPS

Component

Power Turbine
Power Turbine

High Pressure Turbine
High Pressure Turbine

High Pressure Components
High Pressure Components

Low Pressure Components
Low Pressure Components

Ref.
Mod .

"

Reference Design

TABLE 6-3

LOADS FROM UNDERWATER DETONATION IMPARTED

Model

Ref.
Mod.

Ref.
Mod.

Ref.
Mod.

Ref.
Mod.

with 63 DDOF

Modified Design with 44 DDOF
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Thrust, GS

5.50
7.00

7.84
7.30

7.24
7.23

6.46
7.13

Normal, G

17.76
16.37

17.39
12.86

15.37
12.41

15.56
13.83
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Interest in electrical propulsion systems has resulted from its inherent ability
to provide a satisfactory speed reduction between a high speed, efficient, light-
weight prime mover and a slower, efficient propulsor. As well, certain flexibility

of design regarding plant choice and arrangement yields rewards to the naval archi-
tect and owner. Rapid maneuvering control is advantageous to the ship operator.
Briefly summarized, the advantages of electrical propulsion include:

e Flexibility of ship arrancements due to freedom of location of
major components relative to prime movers.

e Economy of operation with multiple prime movers to reduce the
high fuel rate at part load.

e Flexibility, availability, and interchangeability among multiple
prime movers.

e Use of high efficiency unidirectional prime movers.

e Optimum maneuverability through relatively simple control systems.
e Capability to provide higher torques at reduced speeds.

o [ase of adaptation to automated plant control.

® Possible reduction in crew size through automated control of
machinery.

e Low maintenance cost of electrical transmission system.
e Ease in providing pilot house and remote controls.
® Reliability of operation of overall system.

] Reduced vibration and structure-borne noise.

These manifold advantages of electric dirve are related to specific applica-
tions. Further, the advantages and merits of one system over another are in a
complex relationship among the following variables:

® Horsepower level and rpm required in the ship concept under study.

e Desired maneuvering requirements and the minimum maneuvering
requirements acceptable.

@ Alternative uses of main propulsion power anticipated in the ship
system.
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® Projorcion of weig.n traction that can be allotts) to the propul-
sion system.

¢ Geometrical constraints of the hull-propulsion s stem interface.

The excellent reliability of electrical propulsion systems and the flexibility
provided by the ability to separate prime mover from propelier shafting have

been significant in the history of marine propulsion. In particular, the advent
of superconducting electrical machinery suitable for ship urcpulsion had indicated
great reductions in weight and volume. This is particularly evident for high
performance ships -- including hydrofoil and Surface Effect Ships, where the

use of lightweight electrical propulsion apparatus will allow the unusually

high horsepower required to be delivered from the prime mover to the thrusters
usually located remote from the powerplants. This is an attractive alternative
to right angle gearing which experiences low endurance and reliability in the
marine environment. The hydrofoil motor can be contained within a propulsion
pod due to its small diameter and the SES can be propelled by super-cavitating
props or water jets. In summary, the application of superconduction electrical
machinery to ship propulsion will result in an increase of flexibility, system
efficiency, and a decrease of volume and weight relative to conventional systems.

The use of superconducting transmission bus, however, is not practical at this
time for ship propulsion systems, thus generators and motors are the most feasi-
ble candidates for superconducting technology. Systems under consideration are
presently all ac, all dc or hybrid combinations of ac and dc. Certain applica-
tions to high speed propeller ships such as hydrofoils and SES, which do not
require reversal, appear naturally suited for ac synchronous installations.
Other installations are not so easily defined as to the optimum propulsion plant.
The traditional high maneuverability aspect of dc propulsion that has been in
service in tugs, ferries and icebreakers may be difficult to achieve in certain
installations of superconducting homopolar generators and motors, due to the
extremely high magnetic energy stored in the fields and the requirements that
they be varied in very short time intervals.

Many electrical propulsion installations have used generator field control coupled

with control of governing of prime mover speed. The importia..e of prime mover and
load scheduling will increase as the need is recognized for good fuel consumption,
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In many propulsion applications utilizing electrical components, control nf motor
speed is achieved through variations of several parameters:

e Generator output voltage by speed control of prime mover, generator
excitation, or combinations of both.
o Field of propulsion motor.

(] Input voltage to the motor terminals throuch control circuitry.

The required power Tevel is determined by the torque demanded at specific pro-
pulsor speeds as a function of ship speed. This torque is generally proportional
to the current drawn by the propulsion motor, and the field strength which is
related functionally to the speed of rotation.

Several cases of ship propulsion have been surveyed, with information gathered
to determine veasibility of concept cuplication over the power and rpm range
involved. Some of these applications will require reversal and operation at
various rpm in both forward and reverse directions. In some instances, the
reversals are required quickly, possibly in rapid succession and in minimum time.

A number of ship propulsion applications involve high powers at revolutions much
higher than those of conventional displacement ships. These include advanced
marine vehicles such as hydrofoils, surface ships, and certain types of planning
hull vessels. In these types of installation, reversal is not required for the
high power shaft and these ship types are the most lTikely to use the compact
CCCBS power source. For use in the nonreversing high rpm propulsion system,
superconducting ac synchronous generators and motors, seem more attractive com-
binations. Indeed, the use of homopolars, superconducting or not, for SES thrust
and 1ift would be difficult due to distribution problems of the low voltage, high
current power to lift fans and propulsions thrusters through extraordinarily heavy
copper bus bars. Higher voltage dc generators to alleviate this problem have to
be considered by they lead to other design problems discussed later.

With regard to variation of field current and flux parameters, it will suffice

here to note that typical dc electrical propulsion applications utilize varia-
tion of generator excitation to achieve voltage control over the range from zero
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output to saturation voltage output at the minimum spec! f the prime mover. The
remaining system voltage is generated by increase of priine mover speed from the
minimum to maximum speed. [a a ship propulsion applicatic,.. this variation of

voltage will vary the actor speed in a reasonably linear iu.l.ion, with the in-
creased torque loading drawing current as required by the characteristics of the
Toad.

PR Ve

Typical ac electrical propulsion installations rely on simultaneous control of
excitation, prime mover, and phase interconnections. In typical synchronous ac

installations, switchgear or contactors are used to interconnect the phase order
of power into the synchronous motor for directional control. The prime mover
is brought from set power to a low value to permit the interchange of phases.
Simultaneous control of excitation is required, decreasing to enter the asyn-

N
o <

chronous induction mode of operation. Over excitation of generators and run-up
of prime movers will lock the motor into synchronism in the reverse direction.

The steady state and transient response of superconducting electrical machines !
must be completely defined prior to successful shipboard implementation. The
naval ship propulsion system must be capable of reliable operation under a wide
range of typical marine environment operating conditions that represent transient
motion of the naval vessel, including:

e (Conventional speed and course changing maneuvers
¢ High-speed turns

e High-speed reversals

o Ship twisting maneuvers

® Any combination of the above

These maneuvers introduce transient departure from steady state conditions into

the electromechanical power transmission system, transients wiiich must either be
accepted or attenuated, as they manifest themselves in cerlain instances as ac
rotor losses. The general thermal transients introduced in:o the cryogenic super-
conducting mode, the quench situation must be avoided. The transients under con-
sideration could generate inception of quench (normalization) in the superconductor
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if they are not understood and considered. This combination of transients, re-

flected from the thruster element of the ship propulsion transmission system, is
manifest as electrical and mechanical phenomena in the system, and is ultimately
transmitted to the prime mover through the electromechanical network.

These transients will reflect themselves into motions departing from the electro-
mechanical steady state and manifest themselves as certain ac losses in the super-
conductor field winding. These losses must be compensated for in the design with
sufficient helium flow for the field winding or eliminated by sufficient shield-
ing by damper attenuating windings or by electromagnetic shielding coils. While
these losses must be tolerated in some sense, they will essentially determine

the refrigeration sizing in propulsion systems.

6.2.2.1 ELECTRICAL EQUIPMENT SYSTEM CONSIDERATIONS

This section considers the factor influencing the selection of various components
and subsystems, and the resulting identifiable parameters and characteristics of
the system.

The selection of systems requires the investigation of the alternative ac, dc,
and hybrid combinations; the influence and significant consequence of candidate

propulsor types; and the optimization of the liquid helium refrigeration system
configuration for a given ship concept.

System composition may then be detailed into identification of such major com-
ponents as motors, generators, and refrigeration, as well as essential subsystems
of excitation, cables and current transmission, control, power conditioning,
switchgear, and protection circuitry. The characteristics of available prime
movers, and the requirements of significant auxiliaries will be discussed.

System parameters such as voltage, temperature, overload capacity, and ventila-
tion must be considered, as well as an examination of the critical speed range
in the propulsor-shaft-motor elastic mass system.

A large number of candidate systems for electric ship propulsion applications

can be separated into three distinct families, each of which can be further
divided into superconducting and non-superconducting:
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o Alternating curreni (ac) systems
o Divect current (dc) systems

e llybrid combinations of ac and dc components

The results of studies oF these basic systems are discusseu and further classified
in Reference 4. The studies indicated that the characte-ictics and interface
requirements of the ac superconducting system are represeniative of the electric
power transmission conditions which should be considered in the CCCBS evaluations.

Therefore, some of the results for the ac superconducting system are included below.

©.2.2.2 SIZE AND WEIGHT OF MACHINES

To determine approximate sizes of machines for this study, several computer codes

(developed earlier by Westinghouse) were utilized. The aim was to ascertain the
approximate diameters, lengths, weights and efficiencies of superconducting ma-
chines capable of generating power at an assumed level of 52.2 MW (70,000 HP) and
powering assumed loads of 37.3 MW (50,000 HP) and 3.7 MW (50,000 HP). These power
levels were assumed in order to take advantage of previous work performed on high
performance class vehicles at these levels as both a reference and a base for
extrapolation to higher or lower power levels. Since one of the goals of the
Compact Closed Brayton Cycle System (CCCBS) Study was to "tiiize electrical ma-

chinery that was small and of low weight and yet capable of delivering the stated
powers, it was anticipated that there would exist optimum machines to fulfill
this goal. With the realization that these machines would be used for ship pro-
pulsion systems, and without a specification of either the type of ships on which

they would be installed or the types of propulsors on these ships., some basic
assumptions had tc be made. It was therefore assumed that since small, light-
weight machinery was desired, these electrical propulsion systems would be used
on high performance ships such as hydrofoils or Surface Effect Ships where size
and weight are primary concerns. [t was considered that their application to
conventional dispiacement type ships would be of secondary importance. It was
further assumed that since the CCCBS would most likely 3¢ . :d on these high
performanc. 31ip.. nign speed propulsors typified by siycoccevitating propellers
or waterjet pumps would be utilized. Required power was assumed to vary as the
cube of the speed for supercavitating propellers while duct ~ontrol was assumed
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to vary as the cube of the speed for supercavitating propellers while duct con-

trol was assumed for thrust control of the waterjet. Until a specific ship type

and control method is specified, the electrical equipment arrangement assumed

must be considered only in general terms. In addition the dimensions and weights
given here must be considered approximate as complete designs were not made since
the same general guidelines and include the essential electrical, magnetic and
mechanical components and probably reflect the actual machine weights and dimensions
within 10 percent. Such components as shaft extensions, pedestal, brush supports
and mounting feet are not included, nor are any internal or external cooling
devices.

In all systems, ship's service power was assumed to be obtained from an auxiliary
generator and not from the main power source. This was done to allow higher speed
main generators. Thus for the ac system, main power could be at a frequency higher
than 60 Hz, allowing more compact generators and propulsion motors while ship's
service power could be generated at 440 volt, 60 Hz to comply with the loads.

6.2.2.3 SUPERCONDUCTING GENERATOR

Investigating the effects of changing output voltage and speed of the main super-
conducting ac generators while varying the rotor diameter indicated that output
voltage did not have a great impact on machine size. Figure 6-87shows the trend
in machine weight and efficiency as rotor diameter is varied. As the plot indi-
cates, speed has a decided impact on weight of the generator of approximately
2122 kg (6000 pounds) between the 12,000 rpm and 6000 rpm designs. Efficiency

is also improved by approximately one-tenth of 10 percent, although this slight
improvement may not be significant. Thus if weight were the prevalent parameter,
the optimum design would be the 12,000 rpm design. However if compactness is
considered, all of the optimal weight designs tend towards small diameters and
Tong lengths, being more pronounced at the 6000 rpm design than the 12,000 rpm
deisgn. Figure 6-88 indicates the stator 0D and the bearing-tobearing length
variations plotted against rotor OD. By comparing Figures6-87 and 6-88, it is
seen that the lowest weight machines are in the range of rotor diameters of 19

to 20 cm (7-% to 8 inches which are still on the steep part of the length to
rotor diameter curve. Thus if compactness is desired, a rotcr diameteir of about
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Figure 6-87. 52.5 MVA (70 KHP) Generator 13.8 KV
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Figure 6-88. 52.5 MVA (70 KHP) Generator 13.8 KV
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23 to 25 c¢m (9 te 10 inchec), at a slight weight penalt. - i-ht pe a better choice.
The stator outside diameter curve increases linearly with ncreased rotor dia-
meter. If the ontimum aesigned macine is defined as tha* machine with the high-
est efficicivy, then wachines in the range of 23 to 30.5 um (Y to 12 inches)

would be selected, again however, at a penalty in weight.

As stated previously, tne optimum machine in terms of size, weight and efficiency
is better at 12,000 rpm than at 6000 rpm. There are however some design problems
associated with the higher speed machines, particularly in regard to the helium
flow for rotor cooling, bearings and rotor deflection stresses that would require
more development effort before they can be proven to be economically and techni-
cally feasible at the smaller rotor radii.

For a 52.2 MW (70,000 HP) dc generator of the SEGMAG Il design, voltage is a
much more critical parameter, particularly as it determines the current output.
The highest voltage that was considered practical was a 2000 volt machine which
gave an output current of 26,100 amps. This large current required large con-
ductor cross-sectional areas and because of the limited circumferential length
of the 40 cm (15-3/4 inch) rotor diameter led to deep bars which increased the
magnetic gap of the machine and a larger number of ampere turns for excitation.
Lowering the system voltage intensified this problem and raising it led to cur-
rent collector bar voltages that were excessively high. Going to larger rotor
diameters alleviated the excitation ampere turns; however, the tip velocities
of the collector bar-brushes interface became excessively high. Even with the
40 cm (15-3/4 inch) rotor diameter, tip speeds at the brush interface are con-
siderably higher than conventionally accepted values. The length of the machine
between bearings ia approximately 610 cm (240 inches) which would present criti-
cal speed problems. With a stator outside diameter of 108 cm {42.5 inches) and
a total machine weight of 28,100 kg (62,000 pounds). This dc generator could
not be considred small, compact or lightweight and hence was dropped from further
consideration. The only feasible machine design at this p ¢ rating would be
at a much slower speed and therefore larger, heavier genevo.~; however, since
this slower speed reflects back to a slower, larger power turbine it was not
further considered.
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6.2.2.4 SUPERCONDUCTING MOTORS

Although the ac motor speed was assumed to be driving a 37.3 MW (50,000 HP),

1200 rpm load, the parametric variations of superconducting generator speed
resulted in changing the number of poles of the motor to accommodate the dif-
ferent frequencies. At 6000 rpm and 12,000 rpm generator speed, the number of
motor poles were 10 and 20 respectfully; however at the 9,000 rpm generator

speed the number of motor poles was 16, resulting in a motor speed of 1125 rpm
which is the closest speed match to 1200 rpm possible. In the optimization pro-
cess, the higher number of poles results in lighter weight machines at slightly
higher rotor diameters due to the improved pole-face to pole-pitch ratio. This
is shown on Figure 6-89 which indicates minimum weight at rotor diameters of 9€.5,
132, and 152.4 cm {38, 52 and 60 in.) respectfully for the 100, 150 and 200 Hz
motors. As in the case of the generators, machines of minimum weight are not
necessarily the most compact, as shown on Figure 6-90where the length (between
bearing centerlines) is plotted for each motor. The more compact machines in
terms of length and stator outside diameter tend toward the higher rotor diameter
at a slightly higher weight penalty. Peak efficiencies also tend to favor the
higher rotor diameter designs.

For ac motors of lesser capacities, usually used for 1ift fans in SES vessles,
3.7 MW (5000 HP) was chosen as a typical horsepower rating at a speed of 1500
rpm. As in the other ac machines, varying the machine voltage had little effect
on the motor size. Frequency variations, dependent on the generator speed, also
produce only small variations in motor weight, as shown on Figure 6-91. As shown
on this figure, the minimum weight for both the 100 Hz and 150 Hz motors is about
2000 kg (4400 pounds) while the 200 Hz motor is about 2130 kg (4700 pounds) which
is within the 10 percent accuracy of the calculations. These minimums occur at
rotor diameters of 50.8, 71.1 and 86.4 cm (20, 28 and 34 inches) for the 100, 150
and 200 Hz machines respectively. Machine lengths are plotted on Figure 6-92
which show that these minimum weight machines are near but not quite at the opti-
mum lengths. For more compact motors, rotor diameters 10 cm (4 inches) greater
would be more nearly optimum. Efficiencies would also be significantly improved
at these slightly larger rotor diameters.

Investigating dc motors for delivering 37.3 MW (50,000 HP) at 1200 rpm, it quickly
became apparent that the weights of the machines would not be comparable with the
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superconducting ac macnines. This is primarily due to *=i¢ ower flux densities
inherent in tinese machines «nd the amount of iron recessary to carry the required
flux. The principle paremeters of the most promising desigr developed are:

Rotor Diameter 114 cm (45 inches)
Stator Qutside Diameter 170 cm (67 inches)
Leirgth Cetween Brg. Centerlines 378 cm (149 inches)
Total Weight 47,620 kg (105,000 pounds)

Parametric variations of rotor diameter around 115 cm (45 inches) had no appre-
ciable effect on the machine weight. Since this weight was five times greater
than the ac motor and also since the corresponding dc generator was similary
large and heavy, further investigative effort on dc motors seemed unwarranted.

By observing the plots of ac machines, one can pick designs which are the light-
est weight, most compact or the most efficient depending on which criteria is

used in defining the most optimum machine. It would appear however that machines
with rotor diameter slightly greater than those with minimum weight would be more
nearly optimum in terms of compactness and efficiencies with only slightly greater
weight penalties. Systems incorporating these machines (assuming 13.8 KV machine
voltages) would utilize exciters, switchgear and control equipment of approximately
the same size and weight and therefore total system weight would be dependent on
the generator speed-chosen. For example if it is assumed that a system consists
of four propulsion generators, two propulsion motors and four lift-fan motors,
total machine weights would be as shown in Table 6-4.

Selecting the 12,000 rpm generators over the 6000 rpm design would then result
in a system machinery weight advantage of about 12,880 kg (28,400 pounds) if
minimum weight machines were selected. If a weight penalty is accepted in order
to achieve compactness and slightly higher efficiencies, this weight advantage
would decrease to 11,340 ka (25,000 pounds). It must be ru:ierated here that
this weight advantage may not be achievable due to probien: f the 12,000 rpm
generator. s much more detailed design of the generator woiid be required to
determine its feasibility.
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ac superconducting gencrators shoild be acceptable and ca.: te assumed for CCCBS
interface conditions.

6.2.3 ENERGY SOURCE !MEAT EXCHANGER INTERFACE CONSIDERATI it

As discussed in Section 1.0, the results of the overall CCCES study are to be as
generally applicable as possible and the scope of the CCCBS power conversion system
therefore does not include a specific energy source. The CCCBS power conversion
system is considered to interface with, but not include, either a fossil fired

heat exchanger or a gas cooled nuclear reactor wherein the energy is added to the
closed Brayton cycle. This CCCBS system definition permits studies and evaluation
of the system with consideration given to the various alternate heat sources

which the Navy may desire to use without constraining the studies by the char-
acteristics of a single fue)l and heat exchanger assumption.

Evaluations of the power conversion system must, however, recognize and give
proper consideration to the expected ranges of fossil fired energy source heat
exchanger characteristics to insure that the results are appropriate for appli-
cations which may be selected. An early study was therefore required to provide
the necessary consideration of power conversion system/energy source heat
exchanger interfaces. In this study the state-of-the-art of heat exchangers

was evaluated to identify and quantify the interfaces of importance and the
requirements placed upon the power conversion system from energy source heat
exchanger considerations. These results therefore provide input to the Design
Concept definition and later evaluation of feasibility.

6.2.3.1 HEAT EXCHANGER DESIGN CONSIDERATIONS

The state-of-the-art survey to evaluate representative heat exchangers and their
performance limits is constrained by several factors that must be considered in
the design of a fossil fuel fired CCCBS. A principal requirement for high
temperature heat exchangers is that they must operate for leng periods at high
temperatures with large pressure differentials between the 175 streams. For
compact lighiweiqr  propulsion systems, the energy sour.. heat exchajer must
provide high effectiveness with a minimum impact on overal. system volume and
weight and must be capable of withstanding the high shock cnvironment required
for naval propulsion powerplants. To minimize potentially significant

performance jena o5 e botween the agas strens ‘ ~iimized.  The
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characteristics of the combustion gas stream also impose additional considerations
such as oxidation resistance and susceptibility to flow stoppage.

Table 6-5 summarizes generalized candidate configurations and potential advantages
and disadvantages. The tube and shell configuration is inherently more suited for
this application compared to the plate/fin configuration because it is better
suited to withstand high stress loadings and to minimize lTeakage and plugging of
the combustion products.

For high temperature heat exchangers, material temperature limits provide a major
constraining factor. Superalloys have been utilized in most high temperature
metallic concepts and the design and fabrication of superalloy heat exchangers is

a well developed technology. In addition, superalloys are oxidation resistant.

A major drawback is their limited maximum temperature capability. Refractory metals
have high temperature strength capability, but are difficult to fabricate and have
little resistance to oxidation, thus precluding their use as the energy source heat
exchanger. Graphite is an excellent high temperature structural material; however,
its permeability to low molecular weight gases and the lack of high integrity
joining process make its use unlikely. Ceramics also are excellent high temperature
structural materials that are oxidation resistance and Tow in cost, but are brittle,
Permeability and fabrication of ceramic heat exchangers are design problems. The
considerable development efforts currently being applied to ceramic heat exchangers
should lead to a solution to these problems for stationary powerplants. The
material candidates that offer the best potential for near term and, eventually,
long term consideration, therefore, are the superalloys and ceramics, respectively.

As a result of these considerations, the state-of-the-art survey was concentrated
on tube and shell designs incorporating superalloys and ceramics.

6.2.3.2 RESULTS OF CONSIDERATIONS

The state-of-the-art survey consisted of evaluating heat source heat exchangers,
intermediate heat exchangers and recuperators which have been designed for several
technologies and have been carried to various states of development ranging from
conceptual design to operational.
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Applications considered included:

e Closed Cycle Gas Jurbines Systems

e Process Industry Systems

e High Temperature Gas Cooled Reactor (HTGR) Systems
e Central Plant Topping Cycles

e Magnetohydrodynamics Systems

e Rankine Cycle Systems

The characteristics of several metallic heat exchangers at various stages of
development are shown in Tables 6.6a and 6.6b. For heat exchangers presently in
operation, peak wall temperature up to 860°C (1580°F) have been noted with process
gas temperatures up to 1430°C (1450°F). The pressure level for these designs

have ranged from 0.2MPa to approximately 3.4MPa (50 to 500 psia). Commonly used
tube materials have included the superalloys Inconel 807, Incoloy 800, and

Haynes 188. Tube diameters have ranged from 0.6 to 5.1 cm (0.25 inch to 2.0
inches).

The upper Timits in temperature and pressure for the Inconels presently used

today is a wall temperature of approximately 900°C (1650°F) with pressure
differentials in the 3.4 to 6.9MPa (500 to 1000 psi) range. In a practical de-
sign, a process gas temperature of 815°C (1500°F) could be achieved within these
material limits. Other Inconels such as Inconel 617 have been considered
(References 5 and 6) in designs which can be operated at a peak wall temperature
of 955°C (1750°F) with a pressure differential of 6.9MPa (1000 psia). This

offers a potential of achieving a process gas exit temperature as high as 870°C
(1600°F). However, the technology for Inconel 617 operating in an oxygen environ-
ment of these temperatures is not as firm as for the Incoloy 800 or Inconel 807

materials.

Current day tube technology indicates that tubes with diameters considerably
smaller than 0.6 cm:(0.25 inch) are readily available; however, at smaller
diameters plugging of the combustion gas products may become significant.
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Table 6-7 summarizes the characteristics of several aesians incorporating ceramic
tubes. Reference 7 discusses an operating recuperator that uses ceramic tubing.
This particular design utiiizes spring loaded metallic heacering. As a result,
the peak gas temperature on the heat removal side (which wiulid be eguivalent to
the working gas temperature in the energy source heat exchangers) is limited to
980°C (1800°F) although the silicon carbide tubing can withstand wall temperatures
up to 1370°C (2500°F). Furthermore, this particular heat exchanger was designed
for a low pressure differential. It is anticipated that with a significant pres-
sure differential, considerable leakage between gas streams would occur in this
design. Conceptual designs {References 8 and 9) indicate a potential for achiev-
ing wall temperatures as high as 1370°C (2500°F) and process gas temperatures of
approximately 1230°C (2250°F). Pressure differentials of the order of 3.4M Pa
(500 psi) appear achievable. Presently, the ceramic heat exchanger is a develop-
ing technology with major questions of the fabrication of ileak tight headering
and permeability characteristics. Developmental work is in progress, however,
which indicates probability of successful development for stationary powerplants.

Representative characteristics of the heat source heat exchanger are summarized
in Table 6-8. In this table, current technology represents heat exchangers now
in operation or in detail design. The near term development category represents
performance estimates which should be achievable with moderate technology devel-
opment. The long range development category represents performance levels that
require significant technology development.

6.2.3.3 CONCLUSIONS

For assessing feasibility of CCCBS with fossil heat sources, the most promising
characteristics of the energy source hea: exchanger are those that can be achieved
with moderate technology development. Based on the results of tre state-of-the-
art survey and reasonable design practices, representative interface character-
istics that can be expected using superalloy materials are:

e Maximum Wail Temperature X925°C (~1700°:
e Maximum Gas Temperature 815 - 845°C (1500 - 1500°F)
@ Pressure Level 6.9M Pa (1000 ps1)
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il 0 < i ot | e = =

. L ttectiveness 0.8 -0.9

o AP (Working tluid) b -3
p

These intertace conditions are consistent with the study guidedines and are
Judged to be sutticiently conservative to support conservative assessments of
COCBRS feasibility.  The constraints associated with the limitation to superalloys
has been imposed because of the vecognition ot the high shock and vibration capa
bilities required tor naval propulsion powerplants and because of the relative
maturity of superalloy heat exchanger technology. It should be recognised, how-
ever, that on-yoing developments of very high temperature heat exchangers can,
when successtully completed and adapted for naval powerplants, turther cnhance

the pertormance ot fossil firved closed Brayton cycle systems.
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/.0 DESIGN CONCEPT DEFINITION

The CCCBS design concept as presently defined is a modification of the Second
Definition Design ccncent as developed during year 1. The more detailed analyses
of the plant components done following the development of tie Second Definition
Design concept has allowed for refinement of certain parts of the CCCBS and
increased the feasibility of the design.

Design changes were made principally in the following comporents:
e Power Turbine
e Gas Journal Thrust Bearings
e Turbocompressor Shaft Coupling

e Precooler and Intercooler Matrix

The CCCBS turbomachinery, heat exchanger, and structurail support and containment
concepts are described in Section 7.1 and 7.2. The proposed gas journal and
thrust bearings are described in Section 7.3. The proposed coupling between

the high pressure compressor and the Tow pressure compressor/high pressure
turbine shafts is discussed in Section 7.4,
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7.1 General Description

The "third definition” of the CCCBS design concept is illustrated in Figure 4.2-1-1.
The flowpath, throughout the integrated assembly of the major components, is

almost identical to that of the second definition developed in the first

years work program and described in the final report for year 1 (WAES-TNR-233).

Flow Path

Figure 7-2 illustrates the flow path in simplified form. High temperature gas

from the heat source enters the module through the inner pipe of the concentric
duct flows to the high pressure turbine. The high pressure turbine drives

both the low and | igh pressure compressors. Afterleaving the high pressure
turbine, the gas fiows to the low pressure turbine (power turbine) which

drives the load. A free power turbine is used to permit either constant or
variable speed loads. The gas then enters the low pressure side of the
recuperator and is subsequently cooled in the precooler. The gas is then
recompressed in the low pressure compressor, cooled in the intercooler and
further compressed in the high pressure compressor. The high pressure gas from
the compressor then flows through the high pressure side of the recuperator,
where it is heated by the energy extracted from the Tow pressure side gas. The
heated gas then passes into a collector manifold from which it is piped through
two check valves in series to the outer annulus of the concentric duct to the
heat source.

State Points

The temperatures, pressures, helium flow rates and component efficiencies at
the full power design conditions are specified in Table 7-1. More detailed
state points at part power, under both constant and variable speed load
conditions, have also been developed and are fully reported in Section 6.0.

Integrated Assembly

The integrated assembly, illustrated in Figure 7-1 was conceived as a means
of achieving the compactness needed for low specific weight, while eliminating
the need for interconnecting ducting between the various components of the
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Figure 7-1. Reference CCCBS Design Concept
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system and the associated problems of thermal expansion, pressure retention

and headering. Al1 of the major components of the power conversion assembly

are contained within a cylindrical pressure vessel made of low alloy steel,

capable of accommodating the maximum system pressure. The design of the

pressure vessel is generally similar to that of the second definition concept
described in the first year final report (WAES-TNR-233). Although local

pressures throughout most of the power conversion assembly are below maximum system
pressure under normal operating ccnditions, operation with one of two parallel units
shut down dictates casing design conditions. Pressure throughout the inoperative
unit tends to approach full system pressure as a result of leakage through the
shut-off valves.

The pressure vessel is made in three sections; a center frame structure and
forward and rear sections. The three sections are joined together by bolted

flanges, sealed by elastomer or metal 0-rings or, alternatively, seal welded.
The maximum temperature of the pressure vessel is approximately 204°C (400°F).

The forward section of the pressure vessel accommodates the intercooler and pre-
cooler in an annular arrangement around the turbomachinery. Both units employ
the crossflow configuration using finned water cooled tubing arranged in a
helical fashion which was conceived by Airesearch during the first contract
year,

The center frame structure consists of a short cylindrical section of casing
having two diaphragm members, one at each end, extending radially inward
towards the center. Central holes in the diaphragm members provide radial
support for the turbomachinery casing. The two diaphragms are supported in
the axial direction, one from the other, by eight essentially radial webs.
Each diaphragm is pierced by seven holes, located midway between the webs.
These holes locate the seven recuperator modules. The eighth inter-web
location accommodates the ducting connecting the powerplant to the heat
source and at this location one of the diaphragms remains unpierced.

A penetration on the exterior cylindrical portion of the center frame structure
provides a passageway for the concentric duct to the heat source.

7-6




During operation, the center frame structure is pressurizec ty high pressure
compressor outlet gas and serves as the recuperator high prassure inlet plenum.
Sealing of the turtomachinery to the center frame is effected by elastomer
0-rings, carried in grooves machined into the turbomachin.ry casing, which engage
with prepared surfaces at the inner diameter of the center frame diaphragm
members. The gas temperature at this location is approximately 138%C (280°F).

Flanged tubular members are attached to the rear diaphragm cof the center frame
structure at each of the seven recuperator locations. The tubular members
support a rectangular section toroidal vessel which functions as the recuperator
high pressure outlet plenrum. The recuperator modules are constructed in the
form of long circular cylinders and are inserted into holes in the rear of

the toroidal vessel, extending through the vessel into the :upport tubes

and center frame structure. Relative thermal expansion between a recuperator
module ard its support members and between the tubing and shell of the
recuperator module is accommodated by s1iding joints sealed by o-rings at

the cold ~ 149°C (300°F) end. The modules are axially located and sealed

at their hot ends by means of bolted flanges.

The high pressure gas flows from the center frame structure through the shell
side of the recuperators to the toroidal outlet plenum. The gas then flows
around the toroidal vessel to the eighth pipe through which it passes into

the outer annulus of the concentric duct to the heat source. Two check valves
are located at the entrance to the eighth pipe to prevent backflow of gas from
the operating unit in the event of the shutdown of one unit of a two unit system.
A short inner pipe connects the check valves to the annular duct and is sealed
to them by means of piston rings. A piston ring is also used to seal the
annular duct to the center frame. The piston rings allow the pipes conveying
the hot gas from the check valves to the heat source to expand and contract
independently of the relatively cool center frame structure.

The rear section of the pressure vessel supports and axially i1ocates the

turbomachinery at the power turbine outlet end. The turbomazninery receives
additional support in the radial direction from the center frame structure and

7-1
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from the forward section of the pressure vessel. The rear section of the
pressure vessel also supports an electric generator in one possible compact
close coupled arrangement.

The turbomachinery is designed to be insertable into or removable from the power
conversion assembly as a unit together with the generator and the rear section
of the pressure vessel. During this operation the pressure vessel rear

section serves as a 1ifting fixture and allows the complete turbomachinery
assembly to be suspended at its center of gravity from a crane or transporter
device while it is removed axially from the power conversion assembly. The
transporter device can be furnished as an in-containment system in a nuclear
plant, thus allowing transport of the turbomachinery inside the containment

to a suitably located penetration. The protrusion of the rear pressure vessel
casing through the containment penetration, while still supported from the
transporter inside the containment, would then allow a special lifting fixture
to be bolted to the rear pressure vessel from outside the containment. The
lifting fixture would be designed such that an external crane hook would

apply its Tift force over the center of gravity of the assembly, by suitably
shaping and counterbalancing the 1ift fixture. Transfer of the assembly weight
from the in-containment transporter to the external crane could then be
completed.

During removal of the turbomachinery from the powerplant, the internal flow

path is separated by means of sliding joints at the Tow pressure recuperator inlets.
A conical sheet metal vessel confines the relatively warm ~510°¢ (950°F) turbine
outlet gas to the immediate vicinity of each recuperator inlet. Each conical

vessel receives hot gas from the power turbine outlet diffuser through a

radial pipe which passes through the turbomachinery rear support structure.

The interior surface of the rear section of the pressure vessel, the exterior

surfaces of the toroidal recuperator high pressure outlet plenum and the
exterior of its rear support structure are exposed to cooler =204°C (400°F) gas
originating from the power turbine balance piston labyrinth seal.

The removal of the turbomachinery from the powerplant requires that the coaxial
duct connecting the turbomachinery to the heat source be retracted together
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with the gas service 1ines tc che turpomachinery. fine prov <ions made in the
third definition of the design Tor satisfying these prereq.isites are generally
similar to those of tnhe second definition design described 1n the first year
final report (WAES-TNR-233) and are illustrated in Figure 7-1

Changes Made in "Third Definition" Concept Design

Although the general arrungement of the power plant, as described in this
section has undergone v:ry 1ittle change fram that of the earlier second
definition, several of the major components of the system kave been greatly
refined as a result of the current year's design effort. The low pressure
compressor has been subjected to more detailed engineering effort by the
Westinghouse Combustion Turbines Division as has the last power turbine stage
and the high pressure turbine first stage blade root/disc interface. The high
speed rotor thrust bearing has been relocated to a move central location between
the high pressure and low pressure compressors to reduce the maximum stack-up
of tolerance and thermal cxpansion effects between rotor and stator. The
thrust balance piston of the high speed rotor has been relocated at the

Tow pressure compressor end of the rotor to facilitate the use of the full
compressor pressure ratio in balancing. The power turbine balance piston has
also been reduced in size to allow the use of full compressor pressure ratio
balancing. These changes in the thrust balancing provisions were made as a
result of a study of the thrust bearing load variations which occur at part
power. The use of full compressor pressure ratio across the balance pistons
was found to greatly reduce the variation of thrust bearing load in both

the high speed and power turbine rotors.

As a result of the rotor critical speed analysis performed by Airesearch during
this period, the rotor shaft thicknesses have been substantially increased.
These changes together with the removal of material from inside the ends of

the rotor have elevated the critical speeds of most immediate concern well
above the maximum operating speeds. In addition to the cri*ical speed
investigation, Airesearch have alsp refined the design of t"e ~ycle coolers

and the gas bearirgs. Changes to the desian of the gas beavings have been
made to accommodate shock loadings identified in the shock analysis performed
by (W) AESD during this period. !
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In addition, changes have been made in the design of the H.P. turbine inlet
ducting to reduce thermal stresses and improve sealing. Conceptual designs
have also been developed for a 3600 RPM mechanical drive turbine and its

driveshaft sealing arrangement.

These changes are described in more detail in the Sections which follow.
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7.2 MAJCR COMPONIMTS

Mechanical Design - Gaveal

The design of the powerplant is generally similar to thel oi ihe first and
second definition concepts developed in the first contract vear and described

in WAES-TNR-233. However, as outlined in the previous seciion, several

of the major components ~f the system have been subjected .o critical design
changes. These changes, although relatively minor in terms ¢f their effect

on the powerplant overall size, weight and feneral configuration, nevertheless
have resulted in a substantial improvement in the design maturity or credibility
of the concept. The evaluations have inciuded the more detailed development

of the design of certain components and, in some cases, an examination of

the consequences of operation at other than design conditicns. An examination

of the latter type has indicated a deficiency in the thrust balancing
arrangement employed in the second definition design whichk would not have

been apparent had the work been Timited to a "design point" study. This
deficiency has been corrected in the third definition concept by the use of
the overall compressor pressure ratio across the balance pistons, rather than
a portion of the compressor pressure ratio, as was used in the earlier
configurations. The resulting third definition concept thrust balancing
arrangement greatly reduces the variations in thrust bearing loads which

arise during power changes from rated to 7.5% power and thereby simplifies

the problem of providing sufficient thrust bearing capability at the low power
condition, where the maximum gas pressure available for use in a hydrostatic
bearing is limited as a result of the general reduction in cycle pressure level
under inventory control. It is expected that the cnange described will be
similarly beneficial in limitiny bearing thrust loads during rapid transient
conditions. Additional analysis is underway to examine these effects.

High Pressure Rotor Mechanical Design

The high pressure rotor construction is similar to that of the earlier

second definition concept and consists of high pressure tursine and compressor
rotors joined together by a short length of large diameter hollow drive shaft.
The resulting rotor is supported at each end in gas journal bearings. The




bearings are discussed in detail in Section 7.3. Axial location of the high

pressure rotor is provided by the Tow pressure compressor rotor gas thrust
bearing through the drive shaft which connects the two rotors.

The high pressure rotor employs multiple discs joined by through bolts and
curvic couplings. The curvic couplings are machined onto cylindrical extensions
at the front and rear of each disc and provide accurate radial alignment of the
discs while transmitting the driving torque. As a result of the critical

speed analysis, performed by Airesearch, the thicknesses of these cylindrical
extensions, which form the shaft elements of the rotor, have been increased

from an original value of approximately 6.35 mm (.25 in.) to 25.4 mm (1.0 in.).
In addition, the bearing stubshafts at each end of the rotor have been made
hollow to eliminate unncessary weight while retaining bending stiffness.

These changes were successful in raising the first bending critical speed to

a value 427 above the maximum operating speed from its original value within

the operating speed range. The critical speed analysis, performed by Airesearch.
is discussed in more detail in Section 8.3.4.

The high pressure turbine rotor design is similar to that of the second
definition concept which was described in some detail in WAES-TNR-233. The
first stage rotor blaaes are niade of INT00 superalloy and are un<hrouded since
rotating shrouds would not confer an efficiency improvement and would increase
centrifugal stresses and thus reduce the permissible inlet temperature.

The blades have extended root fixings which provide a thermal barrier between
the hot airfoil section and the firtree attachment at the disc. Cooling gas,
at approximately 138°C (280°F) is cirected over the extended root and disc
regions to limit the temperature of the disc rim.

During this report period, detail design changes to the first stage blade
confiquration were defined to adapt the design to 927%¢ (]7000F) turbine inlet
temperature from the 911% (]6710F) value assumed in the first year work.

“he changes to the blade configuration were Yimited to a relatively minor
~4v-toatytion of blade chord (and resulting cross section area) with radius.
et distribution retains the hub and tip sections unchanqed but

et Blade section aree below that of the earlier linearly tapered




blade. The reduced blado weioht resultirg from this modification reduces
the centrifugal stress at the blade root permitting an inc-ease in blade
metal operating temperature. This work is discussed in mrre detail in
Section 8.3.1.

In addition to adapting the first year blade study results to 927% (1700°F)
inlet temperature, the blade root and disc attachment design was defined in
sufficient detail to permit a meaningful evaluation of the thermal conditions

in this region. For this purpose a short extended blade root was defined in
detail capable of transferring the blade loads into the firtree fixing and
1imiting heat conduction into the disc. Provision was made in the extended
root design for sealing between the extended root shanks. (The earlier blade i
root design used in the Westinghouse Combustion Gas Turbines Division stress ’

analysis model and reported in WAES-TNR-233 was not optimized in this respect
and merely provided sufficient input to the stress analysis program). The

R I AT T

' resulting extended root and disc rim detail provides the initial design basis
| for estimating the local thermal conditions. This work is discussed in more
detail in Section 8.3.1.

The high pressure compressor rotor design is similar to that of the second

definition concept of Reference 1. The blades are attached to the discs using
conventional dovetails and grooves. Blade widths vary from 15.24mm (0.6 in.)

i

at inlet to 12.7mm (0.5m) at exit resulting in acceptable gas bending stresses,
in the region of 103.4 MPa (15,000 psi)} while achieving a reasonahly short

oI s 4 T e 2t

compressor assembly. Rotor/stator axial gaps are 3.2mm (.125 in.) at all

,; lTocations. The relocation of the thrust bearing to a more central position
between the two compressors, together with the relatively Tow temperature
range to which the compressor parts are exposed, should make this clearance ]
practicable. Blade centrifugal stresses range from approximately 110.3MPa
(16000 psi) at inlet to 89.6 MPa (13,000 psi) at exit. The design of the
root fixings and discs has not yet been optimized but no vroblems are
anticipated since the mean blade speed (= 350 m/s) (1150 ft/sec) and
l temperature ( ~138°C) (280°F) are reasonably low. AISI tyvpe 403 stainless
steel material has been extensively used in similar combus!ion turbine applications

I and should be appropriate in the CCCBS.




The large diameter hollow driveshaft which joins together the high pressure ;
turbine and compressor rotors incorporates a disc-like appendage at the turbine '
end. Radial passages in the disc portion of the shaft allow cooling gas from the
high pressure compressor outlet to flow into the inter-disc regions of the

high pressure turbine rotor. (This gas flows radially outward, through the
curvic coupling slots, into the interstage diaphragm seal region where it
provides "make-up" cooling gas to the leakage flow in the extended blade root
and disc rim region). The radial passages prevent the inward flowing gas from
forming a free vortex which would produce high tangential velocities in the
disc bore region causing high frictional losses and reduced static pressure.
Tapped holes are provided in each end of the driveshaft to accommodate the
through bolts which clamp together the high pressure turbine and compressor
discs.

High Pressure Stator Mechanical Design

The high pressure stator follows the practice described for the first and '?
second definition concepts in Reference 1. The high pressure stator consists
of the high pressure turbine stator, the high pressure compressor stator and
their interconnecting structure. The interconnecting structure is a rigid
assembly formed by the compressor outlet/turbine inlet plenum casing and the
high pressure turbine outlet diffuser casing.

The high pressure turbine stator is attached, by means of a flange at its
outlet end, to a mating flange on the inlet end of the high pressure turbine
outlet diffuser casing which, in turn, is attached by means of a fiange at
its outlet end, to a flanage on the compressor outlet/turbine inlet plenum
casing. A flange on the other end of the compressor inlet/turbine outlet
plenum casing is attached to a mating flange on the high pressure compressor

casing. The stator casings can be machined from ductile iron castings or low




alloy steel weldments. (ircunferential grooves are machirer in the periphery
of the compressor outlet/:turbine inlet plenum casing for c-rings which

engage with machined surfaces at the inner diameter of the nowerplant center
frame structure cnd provide the sealing necessary to prevent leakage of high
pressure compressor outlet gas from the center frame. In addition to the
circumferential mating flanges, all of the high pressure stator casings are
provided with axial spiit flanges to allow half of the stator structure to be i
removed for inspection of the blading or the hot gas duct and plenum carrying
helium from the heat source to the turbine inlet.

The high pressure turbine inlet plenum and hot gas duct have been subjected to
more detailed design refinement to improve sealing and minimize thermal stresses.

The turbine inlet plenum is complietely surrounded by relatively cool ~138°C
(280°F) helium flowing from the compressor outlet diffuser to the recuperator
modules in the powerplant center frame. The cool gas Teaves the turbo-
machinery compressor outlet/turbine inlet plenum casing through several holes
inthe casing and passes into the center frame. The hot gas duct is surrounded
by the intermediate temperature':454°C (850°F) gas flowing from the
recuperator outlet plenum to the heat source. Both of these gas streams are,
however, substantially cooler than the 927°C (1700°F) high temperature turbine
inlet gas inside the plenum and hot gas duct.

In the first and second definition concepts, the hot gas duct and turbine
inlet plenum were conceived as single wall vessels which would have been
exposed to 927%C (1700°F) on the inside and the much cooler 454°C (850°F)

or 138°C (280°F) gas on the outside. As a result of these large gas
temperature differences and the Tow film temperature drops expected at the
walls in flowing (M = ,06) helium, concern was felt that the conductive
temperature gradients induced in the single metal wall thickness might result
in excessive short time fatigue stresses which would unduly limit the number
of startup and shut down cycles to failure. In addition, the sealing of the
high temperature turbine inlet gas from the cooler, higher nressure streams was
effected by a simple clearance fit. This, and the other joints in the plenum
needed for accessibility, could obviously benefit from a more detailed design
effort to improve sealing and general structural integrity.




The resulting third definition hot gas duct and high pressure turbine inlet
plenum employs double wall construction to create a stagnant layer of gas
separating the hot turbine inlet gas from the cooler surrounding gases and
thus function as an insulator to reduce the rate of heat transfer and resulting
temperature gradients in the metal walls. The details of the design are
illustrated in Figure 7-1. The inner wall, exposed to the hot gas, functions
as a protective liner or fairing for the outer wall which serves as a pressure
vessel and performs the sealing function. Thus the essentially unloaded inner
Tiner operates close to turbine inlet temperature while the outer pressure
vessel member is relatively cool.

The outer wall of the turbine inlet plenum is divided into three sections;
forward and rear conical members and an outer cylindrical section. The three
sections are all split diametrally at a plane normal to the hot gas duct
centerline and employ bolted flanges at the split lines to achieve sealing

and structural integrity. The inner wall is similarly divided into three
sections, diametrally split, but employing joggled overlaps at the diametral
split line. The turbine inlet plenum outer casing is supported from the

high pressure turbine casing and first stage nozzle diaphragm by bolted flanges.

The inner liner of the hot gas duct is located from the outer by means of a
conical transition piece which accommodates the temperature difference

between the two members as an axial gradient. The length and thickness of the
transition cone are such that the thermal stresses resulting from the
temperature gradient in the cone are not excessive. The inner liner extends
into a mating diameter on the turbine plenum liner which locates it radially.
The diametral interface at this point is not required to function as a seal so
that a fairly loose fit is acceptable. Thesaling function is performed by

a face seal on the outer hot gas duct which engages a machined face on the
outer plenum vessel. The face seal is maintained in contact with the vessel
face by means of a bellows which accommodates duct thermal expansion and
ensures alignment of the seal face. It is envisaged that the face seal could
employ either a metal or a graphite seal ring, in one piece or as an articulated
assembly of appropriately shaped segments, suitably overlapping and inter-
Tocking to achieve the required sealing. The complication of the segmented
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design may not be required if the distortion of the mating face seal members
can be limited sufficiently. It is also conceivable that tihe face seal ring,
either solid or articulated, may be unnecessary and that some suitable
tefmination of the bellows member could provide adequate cealing and also
accommodate local distortion of the plenum sealing face. 1In any event, the
assignment of the sealing function and structural pressure vessel role to the
cooler outer wall components, which are thermally isolated from the hot gas
stream by the inner liner members and the stagnant gas layer. should

greatly improve the potential sealing and structural integrity.

The inner liner of the plenum is axially and radially located in peripheral
grooves provided at the forward and rear flanges of the outer plenum casing.
Tangential location is defined by a pin which protrudes into the peripheral
groove area from the rear outer casing flange and engages with a slot in

the plenum inner liner periphery. The location slot is aligned with the
centerline of the hot gas duct so that expansion of the inner liner in the
tangential direction does not disturb the location of the duct. Thermal
expansion of the plenum inner liner relative to the cooler plenum outer

case results in tangential motion of the liner in its locating grooves. The
accumulated motion of both halves of the inner liner is accommodated by
sliding at the joggled overlap on the axial split line. Sufficient gap is
provided at the in-groove portions of the liner to allow unrestricted motion.
Relative expansion in the axial direction between the plenum inner liner and
outer casing results in axial sliding of the liner in the locating grooves.
Sufficient axial gap is provided to permit unrestricted axial expansion. The
application of special coating materials in the areas of sliding may be
necessary to ensure freedom from galling and bonding in the high temperature

helium environment.

Materials used in the double wall turbine inlet plenum and pipe can be
selected in accordance with the differing roles of the inner and outer
members. Hastelloy X or Haynes 188 would be good candidates for the inner
liner components since these materials are used in similar combustion gas
turbine liner and combustion chamber applications and are highly resistant to
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cracking and distortion. The high oxidation resistance of these materials would
not, however, be required in the helium environment and it is possible that
other materials, less suitable in an oxidizing environment, would be viable

in helium. Earlier, Inconel 617 was thought to be a good candidate for helium
hot 1iner applications but was later found to be vulnerable to corrosion in
helium.

The outer pressure casing members of the turbine inlet plenum and pipe need not
be made from such high temperature materials as Hastelloy X and Haynes 188.
Such intermediate temperature materials as Inconel 718, type 347 stainless
steel or possibly 2-1/4 Cr - 1 Mo low alloy steel would be suitable for
operating temperatures ranging from 704°¢C (1300°F) down to 482° (gooop). While
the operating temperature of the outer casing members has not been established,
judgment indicates that it will probably be well below 704°¢C (1300°F) due to
the protection from the 927°C (1700°F) turbine inlet gas provided by the inner
liner and stagnant gas space,ambined with the cooling resulting from exposure

to the surrounding lower temperature gas.

The high pressure turbine stator design is essentially unchanged from that

of the first and second definitions described in Reference 1.

The stator vane assemblies are of the diaphragm type having outer and inner
ring and vane assemblies split diametrally. The half diaphragm assemblies
are radially keyed to the turbine casing halves to locate them concentrically
in the casing while accommodating relative thermal growth in the radial j
direction. The outer ring halves are saw cut at appropriate intervals to 4
relieve the relative thermal expansion between the inner and outer rings.
The radial keys which locate the diaphragm halves in the casing are formed in the 1

heads of bolts which attach several machined segmented rings to the casing. The
segmented rings, in turn support the segmented stationary turbine shrouds. The
shroud segments have axial extensions at their outermost radii which engage with
machined grooves in the segmented rings. Abradable material such as metal
honeycomb, "feltmetal" or some other sintered or sprayed material is applied

to the inner surfaces of the shroud segments to accommodate potential blade

tip rubs.
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The resulting stator ussembly accurately defines the turbine shroud and diaphragm
seal radii, minimizing leakage at the blade tips and interstage seals, while
providing freedom for the individual components to expand and contract. The
segmented shroud region insulates the turbine casing from the hot gas passage

and minimizes the temperature gradient to which each compconent part is exposed.
The turbine casing is cooled by compressor outlet gas at approximately 280°F
which is circulated around it. Some of this gas can be bled into the segmented
shroud region through small holes in the casing, if additional cooling should be
required. A complete half casing and half stator assembly can be removed

without disassembling the rotor to facilitate inspection of the blading.

Candidate stator materials are MAR 509 vanes, Type 321 stainless stee] ring segments
and diaphragm halves and low expansion Ni-resist cast turbine casing. Alternatively
the turbine casing could be fabricated from 2-1/4 Cr-1 Mo. plate. Stator
assemblies can be fabricated by welding or brazing. The high pressure turbine
design illustrated in Figure 7-1 lends itself to the use of a low expansiun cast
Ni-resist casing because the casing is maintained in a state of circumferential
compression by the high pressure compressor outlet gas which surrounds it.

This arrangement eliminates any possibility of catastrophic tensile failure in

the cast material and minimizes the stresses in the bolted flange at the axial
split line. The use of low expansion material in the high pressure turbine

casing, minimizes thermal distortion due to local temperature gradients in

addition to minimizing total casing growth. Both of these effects help to

minimize the tip clearance required.

The diaphragm type of construction described achieves good interstage sealing by
permitting the use of a multistage labyrinth seal and minimizing the relative
thermal expansion of the rotor and stator components of the seal. The

advantages of diaphragm construction are particularly significant when the
turbine shaft diameter can be kept small in relation to the blade root diameter.
In this respect the power turbine provides a somewhat more suitable application
for this type of construction than the high pressure turbine. In the high
pressure turbine a large diameter shaft is employed to maximize the rotor bending
stiffness. The resulting geometry restricts the radial space available at the
hub to accommodate the diaphragm type of structure. As a result, alternatives
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to diaphragm construction will rece*ve more consideration in the high pressure
turbine than in the power turbine. Ore such alternative would support the
stator vanes from the casing as a series of individually cantilevered vanes

or as a series of multi-vane segments. This arrangement eliminates the
structural problems of the diaphragm but tends to result in poorer interstage
sealing. Relative thermal expansion of the rotor and stator components of

the seal may be increased due to the inward motion of the stationary seal

which can result from the vane growth. However this effect is less important

in a machine having an essentially constant operating temperature such as the
CCCBS turbine. The quantitative evaluation of the magnitude of the various
expansion effects and the structural capability of the various design candidates
must await the more detailed design phases. The selection of the preferred
design approach can then be made from the results of trade studies supported by
more extensive and analytical work.

The high pressure turbine outlet diffuser consists of a sheet metal assembly,
in the form of an annular passageway penetrated by eight airfoil section
struts and a cooled structural) casting or fabrication protected from the hot
gas leaving the high pressure turbine by the sheet metal assembly. The struc-
tural assembly consists of an outer pressure casing and an inner ring nmember
supported from it by eight hollow radial struts. The housing for the high
pressure turbine outlet journal bearing and the power turbine inlet journal
bearing is supported from the inner ring member. The structural casings, the
sheet metal fairing assembly and the bearing housing are all designed to split
diametrally for access to bearings and blading. Candidate materials are
Hastelloy X for the sheet metal assembly and cast ductile iron or fabricated

2 1/4 Cr -~ 1 Mo for the structural assembly.

The high pressure compressor stator is similar in design to that of the first
and second definition concepts described in Reference 1. The stator vanes

are of the shouded type brazed or welded into half ring members at the inner

and outer diameters. The stator vane assembly inner half rings carry honey-

comb or some other abradable material machined to provide a close clearance
with labyrinth seal fins machined onto the rotor disc curvic coupling
extensions. The stator casings are machined from ductile iron castings or

Tow alloy steel weldments.
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Low Pressure Compressor and Drive Shaft Mechanical Desion

The Tow pressure compressor has undergone dimensional chargyes during this
period as a result of a more detailed evaluation of the first stage design
by Westinghouse Combustion Turbines Division. The most obvious change is a
reduction in the mean blade diameter at inlet from 442 mm (17.419 in.) to
409 mm (16.116 in.) together with an increase in blade height from 44 mm
(1.742 in.) to 45.5 mm (1.791 in.). This work is described in detail in
Section 6.3. However the dimensional changes have not affected the basic
construction of the compressor.

The low pressure compressor rotor is of multiple disc construction, using
curvic couplings and through bolts and is generally similar to the high
pressure rotor. The curvic coupling cylindrical extensions, which form the
shaft elements of the rotor, have been increased in thickness from the
original value of approximately 6.35 mm (0.25 in.) to 19 mm (0.75 in.) as a
result of the critical speed analysis performed by Airesearch. In addition,
material was removed from the inside of the shaft ends and added to the stubshaft
flanged areas of the original design to reduce the local flexibility. These
changes had the effect of raising the first bending critical speed to a value
48% above the maximum operating speed from its original value only 5% above
operating speed. The critical speed analysis is discussed in more detail

in Section 8.

Several more recent changes, have been made to the low pressure compressor

rotor, resulting in substantially reduced beai'ing center distance, which should
further increase the critical speed. The stubshafts have been integrated with

the first and last stage discs to reduce rotor length and provide space for

the drive shaft and flexible couplings. Also, the balance piston has been relocated
to the extreme forward end of the rotor.

The rotor is supported in gas journal bearings. Axial location is provided

by a gas thrust bearing at the outlet end of the low preccsure compressor rotor.
The journal and thrust bearings are discussed in Section 7.3,
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The thrust bearing has been relocated from its earlier position at the inlet
end of the Tow pressure rotor to reduce the maximum stackup of tolerance and
thermal expansion effects between the high pressure rotor and stator. This

change has the effect of minimizing the permissible rotor to stator gaps
and, as a result, the overall length of the rotor.

The thrust balance piston which was originally located at the outlet end of

the low pressure compressor rotor has been relocated at the inlet end. This
was done to facilitate the use of the overall compressor pressure ratio (H.P.
compressor outlet to L.P. compressor inlet) for balancing and thus minimize

the variation of thrust bearing load which occurs with variation in output
power. Studies made, during this report period, of the thrust bearing load
variation from full power to 7.5% power indicated that the use of high pressure
compressor pressure ratio only (H.P. compressor outlet to H.P. compressor
inlet) across the balance piston resulted in large swings in thrust bearing
load from 44480N (10,000 lbf) towards outlet at rated power to 16902N (3800 1b
towards inlet at 7.5% power) which adversely affected the thrust bearing

)

design problems. Obviously, by increasing the size of the balance piston, the
load at 7.5% power could be reduced but only at the expense of a much larger
increase in the load at rated power. Similarly, by reducing the size of the
balance piston, the thrust bearing load at rated power could be reduced, but
with an accompanying increase in the 1cad at 7.5% power. The use of the over-
all compressor pressure ratioc in the revised arrangement greatly reduces the
thrust bearing load swing (from 3291 N (740 lbf) towards outlet at rated

power to 8.9 N (2 1bf) towards inlet at 7.5% power).

The new balance piston is smaller in size than that of the earlier design and

is bolted to the inlet end of the low pressure compressor rotor shaft. The

balance piston carries the starter motor drive stubshaft at its inner

diameter. High pressure compressor outlet gas is piped to the upstream side

of the balance piston and leaks toc precooler inlet pressure through two multi-

stage labyrinth seals, one at the balance piston periphery and another smaller

one at the inner diameter stubshaft. The low pressure balance piston leakage

gas is channelled through passages provided in the compressor inlet bearing .
support struts to the inlet of the precooler, thus minimizing the amount of
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balance piston leakage gas which enters the low pressure compressor inlet
directly.

The low pressure compressor rotor is driven from the high pressure rotor through
a short driveshaft. The driveshaft is designed to transmit axial load and to
have self-aligning capability in addition to the ability to transmit torque.

The self-aligning capability is provided to accommodate the eccentricity and
angular misalignment which can arise between the low pressure and high pressure
rotors due to manufacturing tolerances. The axial load capability allows the
shaft to transmit the net axial thrust, produced in the high pressure rotor, into
the Tow pressure compressor outlet end. The driveshaft is designed to be easily
disconnected to allow the removal of either the L.P. or H.P. compressor rotor.

The driveshaft self-aligning capability is achieved by the use of flexible metal
diaphragms at each end which transmit torque but allow a small amount of
angular misalignment. The axial load carrying capability is provided by a small
diameter bar member on the shaft centerline which is capable of transmitting
axial load in tension or compression but which is sufficiently flexible in
bending to accommodate some angular misalignment. This driveshaft design

avoids the use of sliding surfaces and therefore does not require lubrication.
The design is therefore more compatible with the gas bearings which replaced

the oil Tubricated bearings used in the earlier first definition concept.

The driveshaft used in the earlier machine employed gear tooth couplings and
spherical sliding joints, both of which required lubrication. The design of the
new unlubricated coupling was developed during this report period by Airesearch
and is discussed in Section 7.4.

The Tow pressure compressor rotor blade axial widths at the root are 26 mm
(1.025 in.) at inlet reducing to 19 mm (.75 in.) at outlet. The stator vane
axial widths are 21 mm (.825 in.) at inlet and reduce to 15.2 mm (.6 in.) at
outlet. Axial rotor to stator gaps are 3.2 mm (.125 in.} at all locations, a
value judged to be achievable with the thrust bearing location shown but
reduced from the over-conservative vajue of 6.4 mm (.250 in.) assumed
previously. The outlet blade and vane widths were reduced from the inlet
dimensions developed by Westinghouse Combustion Turbines Division in their
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evaluation of the first compressor stage to maintain a fixed aspect ratio.

The blade geometry finally selected has a tapered chord, increasing 8% at the
root and decreasing 8% at the tip from the value at mean blade diameter. The
thickness/chord ratio is 3% at the tip, 9.5% at mean blade and 16% at the root.
The resulting centrifugal and bending stresses in the rotor blade are less than
138 MPa (20,000 psi) and 82.7 MPa (12000 psi) respectively. There are 49 rotor
blades. The critical evaluation of the low pressure compressor first stage,
conducted by Westinghouse Combustion Turbines Division is discussed in more
detail in Section 8.3.3.

The Tow pressure compressor stator is similar in construction to the high
pressure compressor stator. The stator vanes are of the shrouded type, brazed
or welded into half ring members at the inner and outer diameters. The stator
vane assemblies are assembled into grooves machined into the compressor stator
casing. The stator vane assembly inner half rings carry honeycomb or some

other abradable material machined tc a close clearance diameter with labyrinth
seal fins machined onto the rotor disc curvic coupling extensions. Type 347
stainless steel is a candidate stator assembly material. Ductile iron castings
or lTow alloy steel fabrications are candidates for the compressor stator casing.

The Tow pressure compressor stator casing is attached by a bolted flange at

its inlet end to the inlet bearing support structure which transfers the
bearing journal and balance piston thrust loads to the compressor casing
through several airfoil section struts traversing the compressor inlet annulus.
Passages are provided in the struts for balance piston leakage gas. A flange

at the outlet end of the compressor casing attaches the structure to the
compressor outlet diffuser casing which, in turn, carries the outlet journal
bearing and the thrust bearing. The thrust bearing housing is attached to the
driveshaft housing which carries the high pressure compressor inlet and bearing
support structure. All the structural casings are split diametrically for ac-
cess to bearings, shafting and blading. Bearing pressurizing gas is supplied to the
journal and thrust bearings through drilled passages in the driveshaft housing
and bearing housings. The drilled passages are supplied from supply tubes,
sealed by o-rings, which traverse tte intercooler region to the power plant
pressure casing. The supply tubes are designed to be easily withdrawn to
facilitate the removal of the turbomachirery from the power plant assembly.
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The compressor stator casings are sealed to the poweiplant assembly by means
of large diameter 0-rings engaging machined diameters on the coolers and the
power plant pressure casing. The details of the sealing arrangements are
illustrated on Figure 7-1 and are generally similar to those of the second
definition concept described in Reference 1.

Starter Motor

The starter motor drives the high speed rotor through a short quillshaft and
accelerates the rotor to self-sustaining speed during the initial phase of
startup. The type of starter motor has not been selected but either pneumatic
or electric options are conceivable. A pneumatic starter motor could make use
of the large volume of stored high pressure helium in the inventory control
system used to requlate the power output of the plant.

Low Pressure Turbine Mechanical Design

Two of the potential applications for the CCCBS plant place widely differing
requirements on the Tow pressure turbine design. In the first of these
applications, the power turbine drives a superconducting generator to provide
power for an electrical transmission system. The optimum rotational speed in
this case is approximately 9000 RPM. In the second applicaticn, the power
turbine drives a mechanical power transmission system such as a ships propeller
reduction gear for which a speed of 3600 RPM is more suitable. The power
turbine in the first and second definition concepts was designed for a speed
of 6000 RPM which represented a compromise between these conflicting require-
ments but was not a completely effective soluticon for either application.
Therefore, during the current report period, two new power turbine designs
were defined, one for 9000 RPM and the other for the 3600 RPM applicaticn.

The 9000 RPM design was conceived as a close-coupled assembly with the super-
conducting generator. In this case the generator is complately enclosed and
operated at turbine outlet pressure simplifying the driveshaft sealing
requirements. The 1iquid helium transfer system, located at the aer-erator
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bearing remote from the turbine, which conveys the low pressure generator
coolant to and from the rotor, requires rotating seals compatible with the

high pressure generator environment. These considerations have been reviewed
with Westinghouse superconducting generator design personnel and neither

the generator pressurization nor the associated helium transfer sealing appear
to present significant problems.

The 3600 RPM turbine was designed to be completely independent of its driven
load components from the sealing standpoint. In this case the turbine output
drive shaft penetrates the power plant pressure boundary and sealing is effected
by a double face seal using a liquid (water) barrier between the seals.

In addition to the two potential applications described, a study was made of

the possibility of using the 9000 RPM turbine together with a reduction gear

to provide the 3600 RPM shaft speed. As a part of this study, the application
of the double face seal liquid barrier to the 9000 RPM turbine driveshaft was
examined and found to be feasible. The application of a magnetic seal was also
studied and judged to be a potentially attractive device. However, engineering
development would be required to thoroughly assess its potential. The resulting
gear drive arrangement was judged to be less desirable from the standpoint of
overall length and reliability than the 3600 RPM direct drive turbine. The
feasibility of the 9000 RPM turbine driveshaft sealing also makes possible the use
of the 9000 RPM turbine driving a superconducting generator at ambient pressure
conditions. This could be used to enhance generator maintainability in a nuclear
installation, where the generator could be mounted outside the containment.
However, the overall length in the case would exceed that of the close coupled
arrangement.

9000 RPM Low Pressure Turbine Mechanical Design

The 9000 RPM turbine has eight stages having a mean blade diameter of 0.539 m
(21.23 in.) with blade heights of 59.7 mm (2.35 in.) at inlet and 86.1 mm (3.39 in.)
at exit. These dimensions were obtained by scaling the 6000 RPM design of the
first and second definitions, maintaining the same load and flow coefficients.
This is discussed more fully in the aerodynamic design section. An evaluation
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of the last power turbine stage has been performed by (W} Combustion Turbine
Division. This work is discussed in Section 8.3.2.

The construction of the turbine is similar to that of the 6000 RPM first and
second definition turbine described in Reference 1. Figure 7-1 illustrates
the design of the 9000 RPM power turbine. The rotor employs stacked disc
construction using curvic couplings and through-boits. Unshrouded blading is
shown in Figure 7 -1 but rotating shrouds could be employed to provide support
in bending for the blading. The journal bearing stubshafts are attached to
the inlet and outlet ends of its rotor by means of through-bolts and curvic
couplings. The outlet end stubshaft also carries the thrust bearing runner
and the balance piston used to limit the thrust bearing maximum load.

Thrust balancing has been improved in the third definition concept by the use
of high pressure compressor outlet gas at the balance piston. This has been
found to greatly reduce the variation in thrust bearing load resulting during
power reduction from rated to 7.5% power, compared with the arrangment used in
the first and second definition concepts which employed low pressure compressor
outlet gas in the balance piston. Studies made during this report period
indicated that the use of low pressure compressor outlet gas in the balance
piston resulted in large swings in thrust bearing load from 65,354 (14,693 1bf)
towards outlet at rated power to 27,315N (6141 1bf) towards inlet at 7.5 percent
power which adversely affected the thrust bearing design problems, especially

at the low power condition. By reducing the size of the balance piston and
increasing the thrust bearing load at rated power to 97,856N (22,000 1b) a
reduction of the 7.5 percent power thrust bearing load to 18,673N (4198 1b)
could be achieved. The use of the overall compressor pressure ratio in the
revised arrangement greatly reduces the thrust bearing load swing (from 60,004N
(13,490 1b) at rated power to zero at 7.5 percent power). High pressure com-
pressor outlet gas is piped from the center frame structural plenum and supplied
to the balance piston chamber via drilled passages in the turbine outlet bearing
housing and power plant pressure vessel. The gas which Teaks from the balance
piston labyrinth seals subsequently cools the turbine outlet bearing housing,
the power plant pressure vessel and the power turbine casing before rejoining
the main flow path gas at entry to the precooler.
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The stator construction employs diaphragms extending radially inward from the
stationary blading to small diameter labyrinth seals on the rotor curvic coupling

diameters. The stationary blade diaphragm assemblies are made in halves and
radially keyed to the half turbine casing. Other details of the stator assemblies
are similar to those of the high pressure turbine. A half casing can be

removed together with its stator diaphragms to permit inspection of blading »
without interfering with the structural integrity of the assembly. Split ]
casing construction is also employed at the outlet end casing which suppcrts
the turbine casing from the power plant pressure vessel and at the high pres-

sure stator casings to which the power turbine casing is attached at its inlet
end. Thus the whole of the turbomachinery rotating assembly can be exposed
for inspection and maintenance in this design. The bearing housings are also
split to permit access to the bearings or to allow a rotor to be removed from
its stator assembly.

The turbine outlet diffuser is a sheet metal assembly made of Hastelloy X or
Type 347 stainless steel mounted inside the turbine casing and conical

ol ke

structural member thus protecting the casings and power plant pressure vessel
from the hot turbine exhaust gas. The outlet diffuser and the conical
structural member are penetrated at seven circumferential locations by radial
pipes which convey the turbine exhaust gas to the recuperator inlet plena.
The recuperator inlet plena are simple conical vessels, supported from the
conical structural member via short flanged pipes, which engage with the
recuperator bolted flange region. A simple floating ring retained in each
recuperator inlet plenum provides sealing while accommodating misalignment.
These details are illustrated in Figure 7-1.

Some consideration has been given to the prevention of power turbine over-
speed under loss of load conditions. Figure 7-3 illustrates a system of 7
bypass valves and 7 block valves which could be employed to divert 100 percent
of the power turbine mass flow around the power turbine. The bypass valves
are designed to mix the bypassed gas with high pressure compressor outlet gas
bled from the compressor outlet plenum. The compressor bleed reduces the
tendency of the high speed rotor to overspeed as the power turbine is bypassed
and also reduces the temperature of the bypass gas at the recuperator inlet,
helping to reduce thermal transient stresses.
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When the initial design for the system of bypass valves and block valves was
being developed, it was not clear whether or not they would be needed for
overspeed protection. A preliminary analysis showed the power turbine to be
capable of withstanding 60 percent overspeed without permanent deformation,
and transient analyses performed to date have indicated that overspeed for
complete loss of load on both power conversion units to be approximately 60
percent. However, as described in Section 6.1.3, for a loss of load on one
unit with the other unit remaining on line, there is the possibility of the
turbine overspeeding beyond a 60 percent condition and self-destructing. To
reduce the overspeed to a manageable amount requires the use of the bypass and
block valve arrangement in the unit suffering a loss of load. This would
eliminate the overspeed in this unit and allow the remaining unit to stay on
line.

3600 RPM Low Pressure Turbine Mechanical Design

The 3600 RPM turbine has 15 stages having a mean blade diameter of 0.985 mm
(38.76 in.) with blade heights of 50.8 mm (2 in.) at inlet and 71.1 mm (2.8 in.)
at exit. These dimensions were obtained by scaling the 6000 RPM first and second

definition design to maintain similar load and flow coefficients. This is dis-
cussed more fully in the aerodynamic design section.

Figure 4.2.2.2 illustrates the design of the 3600 RPM power turbine. The construction
is similar to that of the 9000 RPM design in its use of a stacked disc rotor with
curvic couplings and through-bolits. However, the increased turbine casing

diameter has made it impossible to accommodate within the inside diameter of the
recuperator high pressure outlet plenum casing in the manner of the 9000 RPM

turbine. Consequently, the 3600 RPM turbine is removed axially from the

recuperator plenum casing in the downstream direction. The increased distance
between the power turbine inlet and the high pressure turbine outlet has necessitat-
ed an annular diffuser duct of increased length connecting the two turbines.
Lengthened power turbine inlet shafting and transition casings have also been
required. The resulting increased length of the turbomachinery has necessitated

a corresponding increase in the length of the powerplant pressure casing.

In the course of the 3600 RPM design work, a study was made of an alternative
arrangement which minimized the turbomachinery length by increasing the diameter
of the recuperator assembly sufficiently to allow the power turbine casing to be l
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accommodated within the recuperator high pressure outlet plenum. However, the
increased powerplant pressure vessel diameter required ir this arrangement
resulted in greater overall plant and containment weight. This approach was
therefore rejected in favor of the smaller diameter plant made possible by
displacing the power turbine axially.

In order to minimize the overall length of the power plant assembly as much
as possible, a recessed bearing arrangement has been adopted at the outlet end
of the 3600 RPM power turbine. In this design, the turbine disc assembly is

overhung from the shaft assembly allowing the outlet journal bearing housing

to extend inside the bcres of the discs. The balance piston is provided as a
l cylindrical extension on the conical portion of the turbine driveshaft. The

use of high pressure compressor outlet gas in the balance piston chamber results
l in a relatively small balance piston diameter of 5.6 m (22 in.) which can be
accommodated inside the turbine disc bores. As was the case in the 9000
RPM power turbine, the use of high pressure compressor outlet gas for thrust
b-:1ancing greatly reduces the variation in thrust bearing load between rated

and 7.5 percent power. Using L.P. compressor outlet gas for thrust balancing

and sizing the balance piston to achieve zero thrust bearing load at 7.5 per-
cent power, the resulting load at rated conditions was 616,468N (138,635 1b)
which is completely unacceptable. Using H.P. compressor outlet gas and sizing
the balance piston for zero load at 7.5 percent power, the resulting load at

, rated conditions is 115,128N (25,883 1b) which, although higher than desirable,
i is a great improvement and within the thrust bearing capability. By slightly
' increasing the balarce piston diameter to reduce the rated power load to
57,824N (13,000 1b) a better tradeoff between rated and 7.5 percent power
thrust bearing loads can be achieved resulting in a load at 7.5 percent power
of 9977N (2243 1b). The provision made for supplying the high pressure gas to
the balance piston and its use in cooling the turbine components are similar
to those of the 9000 RPM turbine. The recessed bearing arrangement requires
that the turbine rotor be assembled axially into the outlet end journal and
thrust bearing assembly and, consistent with this requirement, the thrust
bearing runner is designed to be demountable from the turbine drive shaft.
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Sealing of the 3600 RPM turbine driveshaft at the pressure boundary penetration
is effected by a double face seal using water between the seals. The seal illus-
trated on Figure 7-4 is a proprietary design by Crane Packing Company and is
described by them as a "double-8B1 type - 8 HARP 170 mm shaft seal." Water at

a pressure of 0.345 MPa (50 psi) higher than the turbine outlet pressure is fed

into the space between the two seals. Inboard leakage, estimated to be 2.8 cc/hr.,

is drained, together with labyrinth seal leakage helium from a labyrinth seal
immediately inboard of the inboard face seal, to a molecular sieve, where the
entrained water is removed, after which the dried helium gas is returned to the
powerplant. Outboard leakage, estimated to be 4 cc/min., is drained by gravity
to a tank under ambient conditions from which it is pumped to the interseal space
via a filter and a cooler. A water flow rate of 22,700 cc/min. (6 GPM) is circu-
lated through the interseal space, cooler and filter by the pump in order to
remove heat resulting from 13 kW (17.5 HP) seal power loss and 2.2 kW (3 HP) pump
power loss. During periods of powerplant shutdown, a positive seal adjacent to
the shaft coupling can be energized pneumatically, allowing the liquid seal pump-
ing system to be shut down.

The use of the 1iquid seal results in essentially zero helium loss from the system
during operation. An earlier study investigated the use of noncontacting face
seals under 3.45 MPa (500 psi) helium pressure differential for turbine shaft
pressure boundary sealing. However, the gas leakage in the absence of the liquid
barrier, was found to be on the order of 0.907 kg/hr. (2 lbm/hr.) which represent-
ed, for a two unit plant, approximately 20 times the 454 kg (1000 1b.) plant
inventory per year. (Fort St.Vrain permits leakage of purified helium equal

to 100% inventory or contaminated helium equal to 1% inventory per year.) This
amount of leakage was judged to be excessive and all efforts to apply purely gas
seals to the turbine shaft sealing problem were terminated.

The 3600 RPM power turbine stator construction is generally similar to that of the
9000 RPM turbine in its use of half diaphragm assemblies radially keyed into half
turbine casings. The split casing construction permits easy access to the blading
without interfering with the structural integrity of the assembly.
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Figure 7-4. 3600 RPM Power Turbine
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Access to the turbine outlet bearing is not obtainable in this design, however,
without completely removing the rotor from the bearing assembly. This is effected

by releasing the coupling nut at the outlet end of the shaft and then withdrawing
the shaft from the thrust bearing runner and sleeve. After removal of the rotor,
the journal and thrust bearing housings can be split to obtain access to the
bearing pads.

The turbine outlet diffuser and ducting to the recuperators are similar in con-
cept to those of the 9000 RPM design. However, the seven pipes which carry the
turbine exhaust gas to the recuperator inlet plena are longer than in the 9000 RPM
design to accommodate the axially displaced 3600 turbine location. The provision
ot turbine bypass and block vaives has not been studied in detail in the 3600 RPM

design, but it is judged that sufficient space is available to incorporate a
suitable system if this should prove to be necessary.

Gear Drive Alternatives

During the development of the 3600 RPM mechanical drive power turbine, a study
was made to assess the feasibility and relative merits of a 2-5/1 ratio reduction
gear driven by the 9000 RPM turbine. Three reduction gear alternatives were
examined: a five "planet" star gear; a single mesh gear (both designed by
Westinghouse Sunnyvale Division); and a four layshaft multiple path gear

designed by Cincinnati Gear Company. The three gearbox/powerplant combinations
are shown compared with the 3600 RPM turbine powerplant in Figures 7-5
and 7-6.

The single mesh gear had high scoring factors. The star gear was much better in
this respect but still "on the high side" in the judgment of the Sunnyvale gear
engineer. Both gearboxes were designed for K factors of 350 and assumed the use
of hardened and ground teeth. The Cincinnati Gear Company judged the star gear
approach to be inappropriate at the 3600 RPM output speed and recommended a four
layshaft multiple path drive. In this arrangement, the four layshafts are equally
spaced around coaxial input and output sun gears. A large gear on each layshaft
is driven by the small sun gear. Each large layshaft gear drives a small gear
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3600 RPM POWER TURBINE

- 280 INS .|

lﬁ WT = 96,000 LB 'H TOTAL WT 96,000 LB

9000 APM TURBINE WITH STAR GEAR REDUCTION GEAR - 3600 RPM OUTPUY

279 INS
COUPLING - 12 INS

/i_48INs _| TOTAL WT 88,400 LB
+ COUPLING
GEAR LUB. SYSTEM

.

GEARWT =7,00018
(SUNNYVALE 350 K FACTOR DESIGN)

9000 RPM TURBINE WITH SINGLE MESH REDUCTION GEAR - 3600 RPM OUTPUT

et 291 INS -

COUPLING - 12INS
60 INS TOTAL WT 101,400 LB

+ COUPLING
GEAR LUB. SYSTEM

GEAR WT = 20,000 Ib
{SUNNY VALE 350 K FACTOR DESIGN)

91 239%,
SCALE

615496 2A

Figure 7-5. CCCBS Length Comparison




3600 RPM POWER TURSIME

' WT = 96,000LB

g 260 INS

° 3600 RPM OUTPUT

TOTAL WT 96,000L8

8000 RPM TURBINE WITH CINCINNATI GEAR CO MULTIPLE PATH GEAR

(INPUT SUN FLOATS BETWEEN FOUR LARGE LAYSHAFT GEARS
OUTPUT SUN FLOATS BETWEEN FOUR SMALL LAYSHAFT GEARS)

GEAR WT = 12,000 LB

WT = 81,400L

- [ - — 3600 RPM
i OUTPUT

-

303 INS ;l

TOTAL WT 93,400 LB

SCALE 615496- 1A

Figure 7-6 CCCBS Length Comparison




directly connectea 1o 1c. ae fodi smail layshatl gea:s, in turp, arive the large
output sun gear. Both inpui ana vutput sun gears floc! vetween the Tayshaft gears
to effect load snaring. Cincirnati persunnel consiceer .. the c=sign suitable

for up to 10J,0u0 hrs. Vife and did not expect any si¢giificant development

probiems.

As shown in Figures 7-5 and 7-6 the gearbox drive aiternatives were all longer
than the 3600 RPM turbine powerplant. Two of the gearbox alternatives were
Jighter in weight than the 3600 RPM turbine powerplant, but the weight savings of
3,455 KG (7600 1bm) for the Sunnyvale stargear and 1182 KG (2600 1bm) for the
Cincinnati Gear Company multipie path gear were judged to be insufficient to

justify the disadvantages, such as a reduced reliability end increased noise,

PO

associated with the gearing.

; Bearings, Housing, and Seals Mechanical Design

The bearings are rigid geometry hydrostatic gas bearings which use helium as
the lubricant. The bearings are illustrated in Figures 7-1 and 7-3. The journal

i bearings employ four pads supported from the housing through compliant
diaphragm members and supplied with helium from drilled holes in the housing

through metering orifices at the pads. The orifices discharge the helium

: Jubricant into a recessed area machined into the pads. The thrust bearings
I are similar in their use of the rigid geometry hydrostatic design but employ

eight sector shaped pads. The thrust bearing stator assembly is supported from
a gimbal mechanism to achieve uniform circumferential load distribution. The

bearing design is discussed in more detail in Section 7.3.




The rigid geometry hydrostatic concepl has been adopted quite vecently to Limil
rotor motion under svhock Toad conditions. The gas bearings originally selected
to veplace the oil lubricated bearvings ot the tirst detinition design employed

o compliant toil arrangement capable ol operating hydrodynamically at vated

speed but employing hydrostatic augmentation at the lower speeds via o gas supply
ted to the votor members.  The toil design, afthough very torgiving ot thermal and
mechanical distortion, was inhevently tlevible and would have exhibited excessive

detlection under shock Toad conditions vesulting in blade tip rubhing.

Bearing housings ave split diametvally to tacilitate manufacture and <implity access
to the pads.  The gimbal support for the thrust bearings is not split but i
arvanged in o such a way that the accessibility to the machinery tacilitated by the
sphit casing construction is not impaived.  In the case ot the high speed votor
thrust bearing, the completely assembled thrast bearing iy designed o be

removable with the lTow preocsure compressor rotor. 1o this end the thrust bearing
stator mounting bholts are easily accessible over the tull 3607 by reaching arvound
the inter-compressor driveshatt, o the case of the power turbine theast bearing
the unsplit gimbal components are mounted at the extreme outlet end adjacent to

the powerplant pressure vessel, o this lTocation, the split bearing housing

camponent s can be withdrawn clear ol the completely civoular members .

The seals associated with the gas bearings and their housings have been essentially
eliminated.,  The oil Tubricated beavings ol the tivst detinition concept required
extensive sealing provisions to prevent the leakage of Tubricating oil into the
heliam working tluid.  These genervaily took the torm of Tabyrinth and windback
(verew thread) seals and vequired caretul pressure balance provisions at the

bear ing housings to ensure Teak tree operation.  The need tor such provisions

tian been elinnated with the adoption of gas beavings.

The hydvestatic avgmentation applicd to the toil bearings of the socond detind
tion concept involved the use of a rotor to stator seal ing system to introduce
the bearing pressuricing qas into the rotor.  Thiv sealing system, with its

Teakage Tosses, o o longer vequired with the vigid qeometey hydrostat ic bear

ings, which are all sappliced trom the tationary members .




Sealing provisions at the bearings to limit gas lzakage are confined to 0-rings
at the various casing joints and supply pipes. The bLearing pressurizing gas,
after performing its function in the bearings, leaks directly into the primary
helium flow circuits with no contamination effects.

Heat Exchanger Mechanical Design

Figure 7-1 illustrates the precooler, intercocler, and recuperator general
arrangement and location with respect to the turbomachinery and power plant

pressure casing.

The precooler and intercooler are similar in design and employ finned tubing
arranged in a helical matrix around the turbomachinery. The tubing is headered

in four equally spaced radial pipes at each end of the matrix. A "four-start"
arrangement of the tubing provides compatibility with the header pipes. Cooling
water is piped into the radial header pipes through "bobbin” and 0-ring connectors,
flows through the helical tubing and leaves through the radial header pipes and
connectors at the other end. The helium cycle gas flows axially across the

finned tubing.

The intercooler matrix is accommodated within a cylindrical pressure shell which
is terminated at each eud in pressurized headers. The headers convey the helium
gas from the low pressure compressor outlet into the intercooler and from the
intercooler into the high pressure compressor inlet. The intercooler/header/
vessel assembly is supported from a flange on the powerplant pressure vessel
through a conical support member and is sealed to the turbomachinery by means of
elastomer O-rings. Complete separation of the higher pressure gas in the inter-
cooler from the lower pressure gas entering the precooler is thus achieved while
permitting the turbomachinery to be freely withdrawn from the assembly through
the 0-ring seal interfaces. The conical support member is penetrated by a number
of large diameter holes which allow the passage of the low pressure gas from the
recuperator to the precooler inlet.
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The precooler and its headers are integrated into a similar assembly and supported l
from a flange on the powerplant pressure vessel.

The coolers have been carefully located in the axial direction to avoid inter-
ference with the radial pipes supplying the pressurizing gas to the bearings.
Pressurizing gas is fed to the bearings through small diameter pipes which are
accommodated inside the larger turbine cooling supply pipes.

The design of the coolers has been considerably refined since the second definition
design described in Reference 1. This design work was performed by Airesearch
and is reported in Section 8.2.1. As a result the diameters of the precooler and

intercooler have been significantly reduced.

The recuperator modules are similar to those of the first definition concept
described in Reference 1 and are constructed as simple thin walled cylinders
containing bundles of heat transfer tubing. The flow configuration is that of

a counterflow heat exchanger with the turbine exhaust helium flowing in the tubes
and with the compressor exit helium flowing on the shell side. The recuperator
is composed of seven modules which are approximately 415.5 mm (16.36 inches) in
diameter. Each module contains about 10700 tubes with an outer diameter of 3 mm
(0.120 inch) and a thickness of 0.25 mm (0.010 inches).

The tubes are formed at their ends into a hexagonal section. The tube ends are
furnace brazed together. The tube bundle is also brazed at the ends to an
external cylinder and a cold end ring. Filler pieces are used to fill the gaps
at the tube and cylinder interface. No tube sheet is required in this arrange-
ment since each tube carries the local axial tension force.

The tube module is free to expand and contract due to the floating end ring.

0-rings are used to seal the floating cold end ring. The modules are located

and sealed at the hot end by bolted flanges. This arrangement eliminates the

need for tube sheets with their numerous drilled holes. However, the hex-end forming
is an additional aperation. The conventional tube sheet approach can be sub-
stituted if manufacturing studies show this to be desirable.
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The common duct structure located around the power turbine section is supported
axially from the center frame by eight SA 533 pressure tubes, seven containing the
recuperator modules and one containing the check valves and delivery pipe. The
eight pressure tubes contain helium at compressor outlet pressure.

The recuperator modules are located axially from the common duct structure by bolted
flanges which separate the high and low pressure sides of the system. Differential
thermal growth, in the axial direction, between the recuperator modules and the
pressure tubes is accommodated by the sliding O-ring seals at the cold ends of the
modules. The O-rings separate the high and low pressure gases and are made of
silicon rubber capable of operating at temperatures in excess of 204°C (400°F).

Differential thermal growth between the delivery pipe and the eighth pressure tube
is accommodated by piston rings. The piston ring leakage is acceptable in this
location since it will be very low because the leakage pressure difference is small

(recuperator module plus check valve AP).

The radial pipe located in the center frame structure, which receives the heated

gas from the delivery pipe, is also sealed from the compressor outlet gas in the
center frame by piston rings which can slide to accommodate the thermal growth
between the radial pipe and the center frame. The radial pipe carries the heated

gas radially outward to a penetration on the pressure casing whence it flows to the
energy source. A double-walled Hastelloy X (or similar) inner pipe passing through
the radial pipe, delivers hot gas from the energy source to the high pressure turbine
intet scroll. This area of the design has been subjected to detailed refinement

to reduce leakage and thermal stresses and was fully described in the High Pressure
Stator Mechanical Design Section.

The hot gas from the heat source passes through the high pressure turbine, which
drives the compressors, and into the low pressure turbine via an intermediate

bearing support casing. After passing through the low pressure power turbine, the
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gas is ducted into the Tow pressure side of the recuperator module. A stainless
steel liner system separates the hot turbine outlet gas from the pressure casing
and turbine bearing and support assembly. The turbine outlet gas then flows
axially forward through the recuperator modules, transferring heat to the tube
bundle containing the high pressure compressor outlet gas. The cooled low

pressure turbine outlet gas leaves the forward ends of the recuperator modules
and enters the precooler annulus.

Aerodynamic Design - General

During this report period, aerodynamic refinements have been made in the Tow
pressure compressor and the Tow pressure turbine. The high pressure turbine and
compressor are essentially unchanged aerodynamically from the designs described
in Reference 1 for the first and second definition concepts. However, the high
pressure turbine first stage rotor blade chord distribution has been somewhat
modified to adapt the design to 927°C (1700°F) inlet temperature from the 911°C
(1671°F) value used in the first year. In addition, the blade root/disc fixing
region of the first stage blade has beenrefined to provide a basis for more
detailed thermal and mechanical analysis.

Low Pressure Compressor Aerodynamic Design

The aerodynamic design of the lTow pressure compressor first stage has been
evaluated in more detail by Westinghouse Combustion Gas Turbine Division,
resulting in some changes to the geometry of the earlier concept design.

The inlet blade mean diameter has been reduced to 409 mm (16.116 in.) from the
442 mm (17.419 in.) value of the earlier design. Also, the inlet blade height
has been increased to 45.5 mm (1.791 in.) from the earlier value of 44 mm

(1.742 in.). The first stage rotor has 49 blades having tapered chords
increasing 8% at the root and decreasing 8% at the top from the mean blade value.
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The Chords are zo.o vy (a1 3% n.yy b7 nm (1,05 . znd Z4.7 mm (0.972 in.)
at root, mean an. tip, respectiveiy. The root chord of 28.2 mm results in

an axial width at the root of 26 mm (1.0z5 in.). Rctor olade thickness/chord
ratio ;s 0.160, 0.095, and 3.030 at root, mean, and tip, respectively.

The first stage stator vanes have constant chord of 27.8 mm (1.094 in.) and
thickness/chord ratio of 10%. The resulting axial width at the root is 21 mm
(0.825 in.). There are 48 first stage stator vanes.

The number of stages (14) is unchanged from the earlier design. In defining the
later stages, the ratio of outlet to inlet blade height of the second definition
design has been retained and blade and vane chords have been reduced to maintain
constant aspect ratio. The resulting outlet (14th stage) blades have an axial
width at the root of 19 mm (0.75 in.). The stator vanes at outlet have an axial
width of 15.2 mm (0.6 in.).

Helium temperature and pressure conditions are 38°C (100°F) and 3.13 MPa (454 psia)
respectively at inlet and 151°C (304°F) and 6.14 MPa (890 psia) at outlet. Mass
flow is 58 kg/sec. (127.9 1bm/sec.).

The compressor design enploys symmetric 50% reaction blading at the mean blade
diameter with free vortex distribution and constant axial velocity (=212 m/s)

(=697 ft/sec.) from hub to tip. Mean blade speed is 386 m/sec. (1266 ft/sec.).

The aerodynamic design of the low pressure compressor first stage is discussed in
more detail in Sestion £.2 1.

Low Pressure Turbine Aerodynamic Design

The 9000 RPM free power turbine has eight stages having a mean diameter of 0.539 m
(21.23 in.) with blade heights of 59.7 mm (2.35 in.) at inlet and 86.1 mm (3.39 in.)
at exit. These dimensions were obtained by suitably scaling the corresponding
dimensions of the 6000 RPM second definition design to maintain the same load
coefficient (3.56) and flow coefficient (0.8). Load coefficient is defined as

stage enthalpy drop divided by the enthalpy equivalent of the blade velocity or:
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v - AQh/stage (1)
| u?/29d

Flow coefficient is defined as the axial component of velocity divided by blade
velocity:

° - (2)

The turbine efficiency to be expected may be estimated by relating the above

design parameters to published performance curves. Reference 2 has correlated
turbine efficiency with stage load coefficient and flow coefficient. Figure 7-7
is a copy of Smith's correlation taken from page 127 of J. H. Horlock's book,

"Axial Flow Turbines - Fluid Mechanics and Thermodynamics," 1966, Butterworth

and depicts the design point of the 9000 RPM low pressure turbine. (The high
pressure turbine design point is also shown for comparison. Note that Horlock's
definition of stage load coefficient has one half the value defined in equation (1)

above. The Toad and flow coefficient values were deliberately selected to be
nigher than optimum from the efficiency standpoint in order to reduce the size of
the machine. The power turbine design point falls approximately at 92.3% efficiency.
This efficiency must be adjusted for leaving loss and tip leakage.

The axial leaving velocity from the 9000 RPM power turbine is 198 m/s (650 ft/sec.)
corresponding to 1% leaving loss 01LL = (0.99), assuming 50% diffusion recovery.

If a clearance/diameter ratio of 0.0015 is assumed, the tip clearance is 0.8 mm
(0.032 in.) and the average clearance/blade area ratio is 0.022 01leak = 0.978).
The resulting net turbine efficiency is 0.923 x 0.99 x 0.978 = 0.894, which is
sufficiently close to the assumed vaiue of 0.9.

The scaling process used to derive the eight stage 9000 RPM turbine dimensions from i

the earlier 6000 RPM twelve stage design while maintaining the load and flow
coefficients unchanged is as follows:
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Figure 7-7. Correlation of Measured Turbine Stage Efficiencies
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{Corracted for Zero Tip Leakage)
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Anh/stage is increased by a factor of 1.5 due to the reduced number of stages.
Therefore, U2 must increase by the same factor if ¥ is to remain constant or U
must increase in the ratio of‘v 1.5.

If the mean diameter of the 6000 RPM turbine were to be retained unchanged in the

9000 RPM design the blade velocity U would increase in the ratio of 1.5 which is
greater than the required\ff?g increase. Therefore, the mean blade diameter of the
9000 RPM turbine must be reduced in the ratio of ,l;§ =\JTTg—to achieve the required
blade speed and load coefficient. ‘/]'5

Having increased the blade speed U in the ratio ofy1.5, the axial velocity must
also increase in the same ratio if the flow coefficient is to remain unchanged.

By retaining the inlet and outlet blade heights of the 6000 RPM turbine unchanged,
the axial velocity is increased in the ratio of\/f?g as a result of the reduction in
the mean diameter.

The resulting turbine is considerably more compact than the earlier 6000 RPM turbine
and, in retaining the same load and flow coefficients, is believed to represent an

effective compromise between the conflicting requirements of efficiency and com-
| pactness. The 9000 RPM turbine design was used as the basis of the critical
evaluation of the last stage by Westinghouse Combustion Gas Turbine Division
described in Section 8.3.2.

The 3600 RPM free power turbine has fifteen stages having a mean diameter of 0.095mm
(38.76 in.) with blade heights of 51 mm (2 in.) at inlet and 71 mm (2.8 in.) at
outlet. The design was derived from the earlier 6000 RPM turbine by a scaling
process similar to that described in the immediately preceeding pages for the

9000 RPM turbine. In the case of the 3600 RPM design, however, a somewhat lower 4

flow coefficient (0.7 at inlet) was used to achieve longer blades and limit hub/
tip ratio to a maximum value of 0.9 at inlet. The same load coefficient (3.56) j
as that employed in the 6000 RPM turbine was retained in the 3600 RPM design. ‘
The resulting design point is shown in Fiqure 7-8 located on Smith's efficiency

correlation map. The 9000 RPM turbine design point is also shown for comparison.

The 3600 RPM turbine design point falls approximately at 92.5% efficiency. This

efficiency must be adjusted for leaving loss and tip leakage.
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Figure 7-8. Correlation of Measured Turbine Stage Efficiencies
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The axial leaving velocity from the 3600 RPM turbine is 131 m/s (430 ft./sec.)
corresponding to 0.4% leaving loss (nLL = 0.996) assuming 50% diffusion recovery.
If a clearance/diameter ratio of 0.0015 is assumed, the tip clearance is 1.5 mm
(0.058 in.) and the average clearance/blade area ratio is 0.048 071eak = 0.952).
The resulting net turbine efficiency is 0.925 x 0.996 x 0.952 = 0.877 which is
more than two points lower than the assumed value of 0.9. However, the tip
clearance allowance of 0.058 may be unduly pessimistic in such a high hub/tip
ratio machine where a relatively large percentage of the radius would consist

of well cooled disc material. The reduced thermal growth associated with the
discs, combined with the use of low expansion casing material could conceivably
permit a much lTower operating tip clearance. Another possibility is the use of
rotating blade tip shrouds. Although MGCR test experience showed no efficiency
advantage for rotating shrouds if tip clearances were held to less than 0.0017
diameter, the test turbine had a much lower hub/tip ratio (=~ 0.7) so that tip
leakage effects would have been substantially less than those of the high hub/tip
ratio 3600 RPM power turbine. With the use of rotating shrouds and multiple
seals the leakage loss could perhaps be reduced to half of the unshrouded value
which would raise the resulting turbine efficiency to 0.899.

The 3600 RPM turbine dimensions were derived by scaling from the earlier 6000 RPM
design to maintain the same load coefficient (3.56) but somewhat reduced flow
coefficient (0.7).

Ah/stage was reduced by a factor of 0.8 due to the increased number of stages.
Thg:gfore, U2 decreased in the same ratio and U decreased by a factor
V0.8 = 0.89.

To maintain the required U with the new reduced 3600 RPM necessitated an increase

in mean diameter in the ratio %%%%»x 0.894 = 1.491 to achieve the required blade

speed and load coefficient.

Having reduced the blade speed U by a factor of 0.894, the axial velocity would

have had to reduce in the same ratio to maintain the original 0.8 flow coefficient

but, in order to reduce the flow coefficient to 0.7 at inlet and so maintain a

minimum hub/tip ratio of 0.9, the axial velocity was reduced still further in the l
ratio 0.894 x 37 = 0.782 at inlet.
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The resulting turbine is quite bulky and, as discussed in tne mechanical design
section, could not be accommodated inside the recuperator high pressure outlet
plenum. As a result, the mechanical design of the 3600 RPM turbine had to be
arranged quite differently than that of the 9000 RPM design, resulting in the
configuration illustrated in Figure 7-4.
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7.3 GAS BEARING DEFINITION

Based upon the work done during Year 1, gas bearings were chosen for
incorporation in the CCCBS definition. This section details the critical
design features of the gas bearings designed for the plant, taking into account
critical speed analysis, normal and off-design loads, and shock loads.

7.3.1 BEARING DESIGN CONSIDERATIONS
7.3.1.1 ORIGINAL BEARING LOADS AND SELECTION

Study of the Year 1 Trial Design of the CCCBS engine resulted in defining the
static bearing loads shown in Figure 7-9. The design featured an 18,000-rpm
gas generator and a 6,000-rpm power turbine. An evaluation of possible bearing
designs further resulted in the tentative recommendation of hybrid hydrostatic/
hydrodynamic compliant foil-type gas bearings for the engine journal bearings.
Hydrostatic solid geometry pad-type gas bearings were recommended for the gas
generator and power turbine thrust bearings. The various bearing sizes are
shown in Table 7-2. During the Year 1 Study, it was assumed that a differen-
tial pressure of 2.758 MPa (400 psi) would be available continuously for thrust-
bearing hydrostatic gas supply and 1.379 MPa (200 psi) differential for the
Jjournal bearings during startup and shutdown of the engine.

7.3.1.2 YEAR 2 GAS BEARING RECOMMENDATIONS

Refinement of the CCCBS engine design and the establishement of new criteria
during the second year of study have resulted in changes to the recommended
bearing support system. Shock requirements as well as definition of off-design
cycle state points have combined to change the baseline gas bearing recommenda-
tion from hydrostatic/hydrodynamic compliant foil type to solid geometry hydro-
static pad type for all journal and thrust bearings.

This current recommendation does not preclude the eventual use of foil-type
gas bearings. It does consider, however, that the better definition of the
bearing requirements during Year 2 has placed the foil-type gas bearing design
into a technology area where it cannot be confidently scaled or extended with-
out further full-scale research.

7-50




d13eWdYdS j40ddns Butaeag suitbul $922) dH 000°0. 6-/ d4nblyg

WdH 0009 = N Wdd 00081 = N

3 3

(*a1 006) a1 006) (}q1 00t) a1 oov) (Pa1 oor) Ga1 00L)
N Z°€00¥ N Z°€00F N z6LLT N z°6LLT N 97€TTE N 9 €l1¢€

/

7-51

INIgYNL dW0OD

199
] . HImod dH
(a1 000°'22)

N 0-9ssce U (® ® ®

® —

HOSSIHIWO0D
d1

©

OLa1 000°01)
N 0°08¥b¥




TARLY 70

HYOROSTATTC/HYDRODYNAMLC
FOTL JOURNAL BEARING AND
HYDROSTATLC THRUST BEARING DUSTGNS

Bearing toad Bearing Sivze

Bearing .

Numbey AN (1h) Maxlo! (in.)
] J.113 (700) 1H.85 x 1h.8h (0.0 dia N 0.9 lonyg)
d AR R { 700) 1H 85 x Ih.8h (6.2 dia v 0.0 Tong)
3 1.7/79 (200) 11.96 x 11,90 (4.7) dia v .71 long)
4 1.779 (400) 1.9 x 1.9 (470 dia ~d.71 long)
b 4.003 (900) 1/7.9] x 17.9) (7.0% dia ~ 7.0% long)
b 4.003 {vo) 17.91 x 17.9] (7005 dia x 7005 Tong)
*/ 44.48  (10,000) Shiohioob s 8.84 10 (10,05 0p v 3.s 1
H 97,85 (20,000) JROTO 00 13,97 10 (3500 0D x b )

Hydrostatic pad type thrust bearing..
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7.3.1.3 CURRENT GAS BEARING REQUIREMENTS

The Year 2 Study has resulted in a number of changes and additions to the
application of the basic CCCBS engine concept. Each new application has re-
quired changes to the power turbine speeds, thrust loads, geometry, and steady-
state and transient operation which, in turn, have influenced the gas-bearing
designs for the gas-generator section. The power-turbine variations are
summarized in Table 7-3.

Definition of shock loads for the rotating groups of the CCCBS was established
during the second year; they are summarized in Table 7-3.

These loads combine to apply approximately +18 g loads to the engine journal
and thrust bearings and are the primary cause for changing the recommended
bearing designs from foil type to solid pad type hydrostatic.

7.3.1.4 BEARING LOADS

As a result of the critical speed analysis, rotor properties for the various
CCCBS engine configurations were established. A summary of the rotor proper-
ties for the 9,000-rpm small power turbine configuration is given in Table 7-4
and reflects the original design and that of the LP and HP spools as modified
to exhibit acceptable critical speeds. The rotor properties for the large
power turbine using the 66.04 cm (26.0 in.) mean diameter blading are also
included in Table 7-4.

The rotor properties were used to derive the bearing loads, as shown in
Figures 7-10 and 7-11, for small- and large-diameter powe: *urbine configura-
tions, respectively. The thrust Toads reflect only the full-rated power
values and are subject to considerable change as a function of engine power
level and whether the power turbine is a constant speed as variable speed
design.

7.3.2 DESCRIPTION OF BEARING CRITICAL FEATURES

The introduction of off-design cycle state points, variable-speed turbines,
and shock loads during the second year of the study necessitated a
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POWER TURBINE DESIGN VARIATIONS

vt

Max Thrust Load

Power Turbine Speed
Variation rpm kN (Lbs)
1 6000 97.856 (22,000)
(Constant)
*2 9000 97.856 (22,000)
! (Constant)
Fi
**3 9000 65.163 (14,650)
{Constant)
; 4 9000 65.163 (14,650)
y (Variable)
i 5 3600 Undetermined
i (Constant)

" *66.04 cm mean dia turbine (26.00 in.)
! **53.92 cm mean dia turbine (21.23 in.)

1 SHOCK LOADS

Shock Loads Period
+16 g vertical Approximately 0.055 sec
| +8 g horizontal Approximately 0.055 sec
‘ +7.5 g axial Approximately 0.055 sec
7-54
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reassessment of the type of gas bearings used to support the rotating spools.
As previously stated, hydrostatic/hydrodynamic foil-type gas bearings were
recommended at the conclusion of the first year of study. The advent of 18-g
shock loads, off-design conditions, and variable-speed power turbines immed-
iately caused the use of the hydrodynamic gas bearings to be questionable.

The load capacity of such bearings is a strong function of bearing speed and
ambient pressures. The combination of off-design requirements and the var-
iable-speed turbines under study created conditions where hydrodynamic bearing
designs could not long survive. Secondly, the radial deflection of foil-type
gas bearings designed and tested to date is relatively large under heavy shock
Toads, and such radial deflection might cause the blading of the aerodynamic
components and thrust balancing piston seals to rub. The damage to the blading

probably would be minor, but even minor damage to the thrust balancing piston
seals could cause a gross thrust imbalance with subsequent overload and failure
of the affected thrust bearing.

Another consideration related to foil radial stiffness also caused the use of
foils to be suspect. The successful performance of foil-type gas bearings
depends on their compliancy of surface to accommodate thermal growth, gradients

and pressure variations, and geometric variations such as misalignment, taper,
crowning, etc. The very compliancy permitting ideal bearing operation also
causes larger radial movement under shock loads as compared to solid-geometry
type bearings. The radial stiffness of foil bearings can be controlled over

a wide range and bearings with the necessary stiffness to meet the various
requirements of the CCCBS engines can be desigjned; however, the necessary
compliancy cannot be reliably scaled at this time to the size and load cap-
acity required. This decision does not preclude the eventual use of foil-type

gas bearings in similar applications following suitable research and develop- §
ment. :

Based on these reasons and the performance and characteristics of a 10.16 cm
dia (4.00 in.) hydrodynamic foil bearing tested at AiResearch, the Year 1 Study
recommendation for hydrodynamic foil-type gas bearings is changed to solid
geometry pad-type hydrostatic gas bearings for all journal and thrust bearings
required in the CCCBS engines.
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7.3.2.1 HYDROSTATIC GAS BEARINGS

Analysis of the off-design conditions for the 9,000-rpm small power turbine
configurations with constant- and variable-speed power turbine applications
indicated that the most severe bearing designs occurred at the condition when
the least differential pressure for hydrostatic operation was available. This
condition was identified as the 7.5 percent power conditionwhere the LP and

HP compressor spool journal bearings and one journal bearing of the power
turbine would have only 620.5 kN/m? (90 psi) differential pressure available
for bearing support. This maximum differential pressure was obtained by using
the HP compressor discharge pressure as the hydrostatic supply and venting

the various bearing cavities to engine station pressures shown in Figure 7-12.
As a result of refined aerodynamic thrust analysis and the use of the HP com-
pressor discharge pressure for hydrostatic bearing supply and thrust balancing,
the thrust balance piston was moved from the inlet end to a position between
the LP and HP spools (as is shown in Figure 7-12). This interchange of thrust
bearing and balance piston locations resulted in improved thrust balance and
more accurate axial positioning and control of both the LP and HP compressors.

The hydrostatic gas bearings were designed on the basis of cycle gas pressures
available for full-rated power and the 7.5 percent power condition. The most
critical condition as determined by the minimum differential pressure available
occurred for the 7.5 percent power rating with the constant-speed turbine. At
this condition, only 1,206 kN/m? (175 psi) differential pressure was available
for the power turbine thrust bearing support, and 620.5 kN/m? (90 psi) was
available for the journal bearing and LP compressor thrust bearing support.

The available pressures for bearing support with the variable- and constant-
speed power turbine engine configurations are shown in Table 7-5. Supply
pressure (PS) and bearing ambient pressures (Pa) are given for rated power,

100 percent speed, and the 7.5 percent power and 74.5 percent speed conditions.

The bearings at the HP turbine outlet and power turbine inlet locations are

exposed to the inter-turbine pressure environment of 5.87 MPa (852 psi) and
1.32 MPa (192 psi) respectively at rated and 7.5% power for the constant speed
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turbine case. These pressures are somewhat lower than the intercooler values

of 6.09 MPa (833 psi) and 1.57 MPa (227 psi) quite properly assumed by AiResearch
in their bearing design work. The AiResearch procedure is conservative since

it bases the turbine bearing design on the assumption of a lower differential
pressure available to support the bearing load than will actually be available

using high pressure compressor outlet gas for bearing pressurization. The

high pressure compressor outlet gas pressures is 11.2 MPa (1625 psi) at rated
and 2.18 MPa (317 psi) at 7.5% power for the constant speed turbine case, which
is the critical condition from the bearing design standpoint. The resulting
differential pressures actually available to support the bearing load are
therefore 5.33 MPa (773 psi) and 0.86 MPa (125 psi) at rated and 7.5% power
respectively whereas the AiResearch bearing design assumptions produce differ-
ential pressures of (5.12 MPa) 742 psi and (0.62 MPa) 90 psi respectively.

The degree of conservatism is smaller at rated power (~4%) than at the 7.5%
power condition (=39%), implying a relatively larger margin of reserve

capacity at the critical low power operating pressure conditions than indicated
by the AiResearch analysis.

The conditions conservatively assumed by AiResearch can be considered to be

the Timiting values which could pertain if the gas bled from the intercooler

for inter-turbine cooling were to be metered where it rejoins the flowpath at the
inter-turbine diffuser, rather than at a flow restrictor in the line from the
intercooler. The former condition is unlikely to be encountered in practice
since the very modes cooling requirements and the need to limit cooling gas

flow to preserve thermal efficiency will normally require a flow restrictor

in the line from t he intercooler causing the ambient pressure at the bearings

to be depressed and approach the inter-turbine pressure level.

7.3.2.2 DESIGN PARAMETERS

The externally pressurized (hydrostatic) orifice compensated pad-type gas
bearings for the second year CCCBS engine were designed on the basis of the
following parameters and assumptions:




Lubri

cant

Gas Constant

Viscosity

Specific Heat Ratio

Recess Area to Pad

Area Rati

Journal Pad Span Angle
Thrust Pad Span Angle
Number of Journal Pads

Number of Thrust Pads

The bearing loads determined by the critical speed analysis are summarized

below:

Bearing Location

0

LP Spool
LP Spool
HP Spool
HP Spool
Small PT
Small PT
Large PT
Large PT

LP Compressor Thrust

(variable

Small PT Thrust

(variable

Large PT Thrust

Inlet
Disch
Inlet
Disch
Inlet
Disch
Inlet
Disch

)*
)*

*Loads are functions of power level and thrust balancing.
Thrust reversals also occur on PT thrust bearings when
engine is operated at reduced power levels.

Helium Gas at 533 K Max (500°F)

Cp/CV
1/9

84°
40°

Load kN

.50
.10
.25
.15
.92
7
.35
.55
15.6-44

w N W = N NN

22.2-65

29.35-97.9
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.5

.2

2.078 J/°K mol (4,632 in/°R)

(2.41)(10)-5 ﬂ—myﬂ

1bf sec
(3.5 x 107° ——EF———J

1.667

(1bf)

(562)
(471)
(507)

(484)

(432)

(712)

(528)

(799)
(3,500-10,000 1bs)

(3,000-14,650 1bs)

(6,600-22,000 1bs)




7.3.2.3 BEARING GEOMETRY JOURNAL BEARINGS

The journal bearings for the CCCBS engine were designed on the basis of the
pad geometry shown in Figure 7-13. Hydrostatic gas is supplied to the bearing
recess area through 4 orifices. Each bearirg consists of four pads arranged
as shown schematically in Figure 7-14. The pads are rigidly attached to a
diaphragm-type resilient mount that would be dimensionally controlled to give
the required resilience for each bearing load and desired radial displacement.
This design provides a flexible mount free of sliding joints that could fret
and gall. In the final design of a bearing system, consideration would also
be given to the affect of bearing resilience upon first and second rigid body
criticals for the variable-speed power turbines. Mechanical stops would be
included in the resilient mount design to limit the radial travel of the bear-
ing to approximatley 0.127 mm (0.005 in.) to protect the aerodynamic and
thrust piston seal under shock loads. The stops would be provided with suffi-
cient clearance so as not to limit the desired resilience under normal bearing
operation.

Based on the established 1-g loads, the dimensions for the journal bearings
of the LP and HP spools were established. It was determined that one bearing
design could be used for all four of the LP and HP spool journal bearings.
The bearing dimensions were established as follows:

Diameter 15.88 cm Dia x 15.88 cm long
(6.25 in. Dia x 6.25 long)

Pocket Area Ratio 1/9

Pocket Depth 0.508 mm (0.020 in.)

Orifice Size (4) 1.09 mm Dia (0.043 in. Dia)

Pad Arc Length 84°

The bearing loads, gas film stiffness, and frictional power loss for each
bearing are given in Table 7-6.
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Figure 7-13. Hydrostatic Journal Bearing (Basic Pad
Geometry)
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The various bearing gas film thicknesses and hydrostatic gas flows for the
critical 7.5 percent power condition may be determined from Figure 7-15.
It should be noted that the gas film thicknesses for bearings No. 2, 3, and

4 range between 0.069 mm and 0.076 mm (0.0027 and 0.003 in.) and are developed

with 620.5 kN/m?> (90 psi) differential pressure. The No. 1 bearing which is

vented to the LP compressor inlet pressure operates at a differential pressure

of 1241.0 kN/m? (180 psi) and, therefore, develops a larger load capacity and

approximately 40 percent higher hydrostatic flow. The No. 1 bearing would be

made to operate with the same film clearances, load capacity, and hydrostatic
gas flow as the Nos. 2, 3, and 4 bearings by reducing the orifice size(s).

Operation of the CCCBS engine at full-rated power, with the correspondingly
% higher differential pressures available, would increase the load capacities

of the bearings approximately 825 percent and the hydrostatic gas flows by

approximately 290 percent for the same film thicknesses. This condition would

provide additional margin for operation under severe shock Joads, but it also
suggests that a differential pressure regulator to maintain an adequate and
relatively constant hydrostatic gas flow for all power conditions would in-

crease overall engine efficiency by limiting the amount of hydrostatic gas
1 bled from the cycle.

H

3

The dimensions for the journal bearings of the large and small 9,000-rpm
power turbines were established as follows:

Diameter

17.78 cm Dia x 17.78 cm Long
i (7.00 in. Dia x 7.00 in. Long)
3
1 Pocket Area Ratio 1/9

) Pocket Depth 0.508 mm (0.020 in.)

Orifice Size (4) 1.09 mm (0.043 in.)

Pad Arc Length 84°

The bearing loads, gas film stiffness, and frictional power loss for each
' bearing are given in Table 7-7 and are based on the assumption that the
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NOTES :

1.

Operating Conditions:

bearings No. 2,

Helium gas supplied at 260°C (500°F) and 2.186 MPa (317 PSIA),
cavity pressure 0.945 MPa (137 PSIA) for bearing No. 1l and 1.565 MPa (227 PSIA) for
3, and 4.

2. Journal bearing diameter D = 15.88 cm (6.25 in.), length L = 15.88 cm (6.25 in.), four
pad geometry, pad arc 8 = 84°,
3. Each pad has four orifices with each orifice diameter dé = 1,09 mm (0.043 in.)
4. Pocket area ratio 1/9, pocket depth 6 = 0.051 cm (0,020 in.)
5. Diametral clearance = 0.025 em (0.010 in.)
At Design Point:
Bearing No. 1 2 3 4
Load, kN, (lbf) 2.50 {562) 2.10 (471) 2,26 (507) 2.15 (48B4)
Film thickness, 0.086 (0.0034) (0.074 (0.0029) {0.069 (0.0027) |[0.074 (0.0029)
mm, (in.)
Stiffness, MN/cm 1.086 (620,000)0.844 (482,000)0.898 (S513,00040.876 (500,000)
(lbf/in.)
FHP loss, watts, 589 (0.79) 507 (0.68) 537 (0.72) 522 (0.70)
(hp) at 18,000
rpm
Flow, g/sec, (1bm/ 16.3 (0.036) [14.1 (0.031) l14.1 (0.031) {14.1 (0.031)
sec)
13.3
(3000
11,12
(2500 —\\>*~\1
LOAD
a 8.9
g (2000 \
; 6.67 \\\BEARING No. 1
& (1500 AY
9 LOAD -
5 — o
P @
% _~,\\\\\ K
4.45 1 18.14
Q N No E
£ (1000 BEARING (0.04) 2
A L_______-A ~
,__———j g
2.22 | BEARING No. 2, N v 9.07 .§
(500) 73, and 4 1Y Jx<; (6.02) o
| i .
DESIGN RANGE ~—if! \\\\~4\\\ §
1
0 ! HH ! 0 e
(0) DN . (0) 0
(0} (0.001) (0.002) (0.003) (0.004) (0,005) 3
[o] 0.0254 0.0508 0.0762 0.1016 0,1270
FILM THICKNESS ON LOADED PAD, h, mm, {in.)

Figure 7-15.

Compressor Journal Bearing
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Load Capacity, Flow, Stiffness and Friction, Externally Pressurized
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orifice(s) in No. 6 bearing would be reduced in size to compensate for a
larger available differential pressure.

The various bearing gas film thickness and hydrostatic gas flows for the
critical 7.5 percent power condition may be determined from Figure 7-16.

The power turbine bearings operate with a gas film thickness between 0.065 mm
and 0.084 mm (0.00255 and 0.0033 in.) which is slightly less than the minimum
for the LP and HP spool bearings. The 0.065 mm (0.00255 in.) film thickness
should be adequate for the large power turbine discharge bearing with the
3.553 kN (799 1b) load; however, if more margin is required, the bearing
orifice size(s) could be increased from 1.09 mm dia. (0.043 in. dia.) to
1.196 mm dia. (0.047 in. dia.) and, thereby increase the film thickness to
0.0762 mm (0.003 in.) at the expense of a 20 percent increase in hydrostatic
gas flow.
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NOTES :
1. oOperating conditions: Helium gas supplied at 260°C (500°F) and 2.186 MPa (317 PSIA), cavity
pressure 1,565 MPa (227 PSIA).
2. Journal bearing diameter D = 17.78 cm (7.00 in.):; length L = 17.78 cm (7.00 in.), four pad
geometry, pad arc f = 84°. 3
3. Each pad has four orifices with each orifice diameter d(‘) = 1,09 mm (0.043 in.) 1
4. Pocket area ratio 1/9, pocket depth & = 0.508 mm (0.020 in.)
S. Diametral clearance = 0.305 mm (0.012 in.)
At Design Point:
Bearing No. 5 6 g
4
Load, kN, (1b() 1.92  (432) 3.17 (712 q
Film thickness, mm, (in.) 0.0813 (0.0032) 0.0686 (0.0027)
stiffness, MN/cm, (lbf/in.) 0.58 (333,000) 1.50 (857,000)
3
FHP loss, watts, (hp) at 9000 rpm 410.0 (0.55) 433.0 (0.58) ;
Flow, g/sec, (;Em/sec) 14.1  (0.031) 13.6 (0.030)
8.90
(2000)
Moeler |~
= (1500) \
% 3
~ BEARING No. 5 and 6 ]
- 4.45 PRESSURE DIFFERENTIAL = 18.14 2 :
g (1000) 0.618 MPa (90 PSI) ——](0.04) E i
g lo——1 | = 1
& ___'_'_:.:—:1»'—'—""“"‘ il ' .
I : [ 4
Z 2.22 H ' 9.07 e ]
QPR DS IR B B 1
< (500) ) , ' (0.02)
& ! ] .
DESIGN RANGE —pv | ! \\‘\-\~ g
0 ’ l | ' 0 )
(0) . L (0) »
(0) (0.001) (0.002) (0.003) (0.004) (0.005) (0.006} g
o} 0.0254 0.0508 0.0762 0.1016 0.1270 0.1524

FILM THICKNESS ON LOADED PAD, h, mm, (in.)

Figure 7-16. Load Capacity, Flow, Stiffness and Friction, Externally Pres-
surized Power Turbine Journal Bearing
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7.3.2.4 BEARING GEOMETRY THRUST BEARINGS

The thrust bearings for the CCCBS engine were designed on the basis of the pad
geometry shown in Figure 7-17. The geometry is very similar to that of the
Jjournal bearings except that the pads are flat instead of curved. Each uni-
directional thrust bearing consists of eight pads that are attached to a
resilient gimballed mount as shown in Figure 7-18. Two thrust bearings arranged
on either side of a thrust rotor constitute the complete bidirectional thrust
bearing assembly. The stiffness and mount of gimballing of the mount are con-
trolled by varying the thickness of the mount flanges and flexture posts. This
design provides an integral mount without sliding or frictional components that
might fret or gall under prolonged unlubricated operation.

The loads applied to the two thrust bearings of the CCCBS engine vary as a
function of the power level of the engine, the thrust balancing piston areas
and differential pressures available, and whether the power turbine is a con-
stant-speed or variable-speed design. Due to the unlimited combinations of
thrust loads possible, it was decided to design the bearings on the conserva-
tive basis of the thrust loads established during the first year of study.

The various maximum thrust loads calculated during the second year of the
study were all less than originally established. It was, therefore, concluded
that by using the original rated power thrust loads with suitable control of
balance piston areas and pressures, adequate load capacity margin could be pro-
vided for the critical 7.5 percent power operation., In addition, any load
capacity reserve could be used to offset the effects of shock loads.

The bearings were designed for the Toads shown in Table 7-8.

TABLE 7-8
THRUST LOADS

Thrust Bearing Location Maximum Load
LP Compressor Spool 44.5 kN (+10,000 Ibf)
PT Spool 97.9 kN (+22,000 lbf)
7-73
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Figure 7-17. Hydrostatic Thrust Bearing Basic Pad Geometry
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The bearings were designed to carry the maximum thrust in either direction in

order to provide for thrust reversals during transient operation and low power
operation. It is anticipated that the bearings can be decreased in size in at
least one if not both directions when a detailed transient analysis becomes
available.

7.3.2.4.1 THRUST BEARING DIMENSIONS

The dimensions established for the LP compressor and power turbine bearings are
given in Table 7-9.

The bearing loads, gas film stiffness, and frictional power less at full load
and speed for each thrust bearing are given in Table 7-10.

The gas film thicknesses and hydrostatic gas flows for the LP compressor and
power turbine thrust bearings with two different orifice sizes are shown in
Figures 7-19 and 7-20. For example, in Figure 7-19 the LP compressor thrust
bearing would be operating with a film thickness of 0.0406 mm (0.0016 in.)
under the full load of 44.48 kN (10,000 1bs) with the small orifice bearing
design. Correspondingly, the power turbine thrust bearing, as shown on Figure
7-20, would be operating at a film thickness of 0.0355 mm (0.0014 in.) under a
load of 97.86 kN (22,000 1bs). These film thicknesses may be too small to ~ccom-
modate the surface distortions of such large bearings; therefore, increased
load capacity with larger film thicknesses is highly desired. The dashed
curves on Figures 7-19 and 7-20 show larger film thicknesses for the two thrust
bearings as provided by larger orifices. Alternatively, smaller thrust loads
would permit correspondingly larger gas films and add to the margin which must
be allowed for meachnical and thermal distortions of the bearing surfaces.

The bearing performances, shown in Table 7-10 and Figures 7-19 and 7-20, are
based on the use of a nominal low-pressure compressor discharge as supply
pressure 5.888 MN/m2 (854 psia) for the hydrostatic bearings. This was done
to provide a recommended regulated pressure for the maximum power condition
rather than operate the bearings at full available hydrostatic pressure of
11.20 MN/m2 (1625 psi) and lose engine performance by excessive hydrostatic
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flow. For the critical off-design 7.5 percent power condition, the load capaci-
ties of the thrust bearings would be a function of the differential pressures
available. These relationships are shown in Figure 7-21. For example, if the
HP compressor pressure of 11.2 MN/m2 (1625 psia) were used as the hydrostatic
supply, then a differential pressure of up to 5.1 MN/m2 (742 psi) would be
available for bearing support. In the case of the LP compressor thrust bearing,
the load capacity would be increased from 44.5 kN (10,000 1bs) to 130.2 kN
(29,275 1bs) with a significant increase in film thickness. Since the increase
in load capacity is not necessary, the bearings could be reduced in size and
still maintain an adequate film thickness of approximately 0.076 mm (0.003 in.).
Operation at the reduced power level of 7.5 percent with an available differen-
tial pressure of 0.62 MN/m2 (90 psi) results in a load capacity of approximately
9,341 N (2,100 lbf) with design film thickness. Ultimately, the thrust bearings
will be sized by the differential pressures available and an optimized thrust
balance design.

7.3.2.5 3600-RPM POWER TURBINE GAS BEARINGS

Near the conclusion of the second year of study, the 3600-rpm power turbine
configuration was added to the investigation. Analysis of this power turbine
extended into the third year and as a consequence, the 3600-rpm power turbine
bearing sizing and performance is reported under these separate paragraphs.

The analysis was conducted in the same manner as previously described for the
other power turbines, using the same basic four pad journal and eight pad thrust
bearing designs modified for the static loads established during the dynamic
analysis. The design bearing loads were:

DESIGN BEARING LOADS

Power Turbine Load

___Bearing N b
Inlet End - Journal 3,247 730
Discharge End - Journal 14,612 3,285
Thrust Full Power 57,800 13,000
Thrust Low Power 9,977 2,243
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As with the other power turbines, the journal bearings were designed to support
the rotor at the low power condition where the minimum differential pressure

was available to the hydrostatic gas bearing system. The pressure was available
to the hydrostatic gas bearing system. The pressures used in this analysis
were:

Power Turbine

Journal Location supply’ KPa Pambient’ KPa Psupp]y’ psia Pambient’ psia
Inlet End 2,186 1,565 317 227
Discharge End 2,186 958 317 139

The thrust bearing was sized for maximum thrust of 57,800 N (13,000 1bs) at
full rated power decreasing and reversing direction to, -9977 N (-2243 1bs)
at Tower power. The pressure used in the analysis of the thrust bearing were:

Power Condition Psupp]x’ KPa Pambient’ KPa Psupp]y’ psia Pambient’ psia
Full 6,012 3,254 872 472
Low 2,186 958 317 139

(thrust reversal)

7.3.2.5.1 JOURNAL BEARINGS

The 3600-rpm power turbine inlet end journal bearing was designed to support
a static load of 3247 N (730 ]bf) and dynamic load of 1712 N (385 lbf). The
bearing selected was a 17.78 cm dia. (7.00 in.) x 17.78 cm long (7.00 in.)
4-pad configuration. Bearing load capacity as a function of gas film thick-
ness as well as hydrostatic gas flow as a function of gas film thickness is
shown in Figure 7-22. The design static bearing load of 3247 N (730 lbf)
results in a static gas film thickness of 0.0686 mm (0.0027 in.). Dynamic

operation at the critical low power condition could add as much as an additional
1712 N (385 lbf) if the power turbine is operated at full design speed of 3600
rpm. Lower power turbine speedswould greatly reduce the dynamic loading. In
the worst case, the bearing would be required to support a 3247 N (730 1bf)
static load and a 1712 N (385 1bf) dynamic load for a total load of 4959 N

(1115 lbf). The bearing would operate with a minimum gas film of 0.0596 wm
(0.00235 in.).
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Figure 7-22. 70,000 HP Ciosed Cycle Brayton System Inlet End Journal Bearing
Power Turbine
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The rear journal bearing at the discharge end of the power turbine is overhung
by the bulk of the turbine blading and output shaft and must support a static
Toad of 14,612 N (3285 lbf). As explained in the section on critical speed
analysis, the shaft section in region of the rear journal bearing was increased
to 254.0 cm dia. (10.0 in.) in order to raise the first bending critical speed
at least 40 percent above the turbine operating speed. Initial sizing of this
bearing was based upon using the 254.0 cm dia. (10.0 in.) and varying the bear-
ing length. The first bearing length was selected at 203.2 (8.00 in.) to permit
ready incorporation into the existing turbine design without any axial relocation i
of other components. The predicted bearing performance is shown in Figure 7-23. i
As can be seen, the static bearing load of 14,612 N (3285 1bf) would result in ;
a gas film thickness of 0.0609 mm (0.0024 in.). This gas film is considered to }
be a minimum safe value. Consequently, the bearing orifice sizes and number sup-

plying the hydrostatic gas to the bearing were increased from six 1.041 mm dia. f
(0.041 in.) to thirteen 1.067 mm dia. (0.042 in.). The resulting bearing per- u
formance is shown in Figure 7-24. In this case, the static load is supported

by a 1.219 mm (0.0048 in.) thick film, but hydrostatic gas flow to provide the

increased film thickness increased 234 percent to .051 Kg/sec (0.113 1bm/sec).

The ultimate load capacity of the 25.4 cm dia. (10.0 in.) x 20.32 cm (8.00 in.)
long bearing is approximately 20,460 N (4600 lbf) and is considered to be mar-
ginal for this application. In order to provide increased bearing load capacity
without making major changes to the 3600-rpm power turbine design, the bearing
length was increased from 20.32 c¢cm (8.00 in.0 to 25.4 cm (10.0 in.) as shown in
Figure 7-25. Only minor changes to the labyrinth seal adjacent to the 25.4 cm
dia. (10.0 in.) journal bearing are required to accommodate the increased length.
The bearing performance of the increased area bearing is shown in Figure 7-26.
Hydrostatic gas fiow has been reduced and bearing load capacity has been increased
to provide approximately 75 percent margin.

7.3.2.5.2 THRUST BEARING - 3600-RPM POWER TURBINE

The thrust bearing for the 3600-rpm power turbine is designed as a bidirectional
bearing with one side larger in area than the other to carry the full load thrust
of 57,800 N (13,000 lbf). The other side of the thrust bearing is adjacent to
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Figure 7-25. 3600 RPM Power Turbine Rear Journal and Thrust Bearing
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the 25.4 c¢m dia (10.0 in.) journal and is designed to carry the reverse thrust
of 9977 N (2243 lbf) associated with low power conditions. The thrust bearing
arrangement is shown in the previously mentioned Figure 7-25. The thrust rotor
is 38.10 cm (15.0 in.) in diameter with an internal diameter of 20.32 cm (8.00
in.) on the maximum thrust side of the bearing. The minimum thrust side of the
rotor has a 27.94 cm (11.00 in.) internal diameter. The performance of the
maximum thrust side of the bearing is shown in Figure 7-27. Rated design thrust
is supported on a 0.0737 mm (0.0029 in.) thick gas film and hydrostatic gas flow
is .393 Kg/sec (0.865 1bm/sec). The performance of the smaller reverse thrust
bearing is shown in Figure 7-28. The reverse thrust occurs during reduced power
operation and only 1227 KPa (178 psi) differential pressure is available to the
bearing. It is noted that in the detail design of a bidirectional thrust bear-
ing that the thrust generated by one side of the bearing must be balanced by

the other. The clearance between the various sides of the thrust bearing stators
and rotor, therefore, becomes important not only from the standpoint of axial
alignment and positioning of the turbine blading, but also determines the net
thrust on each side of the bearing.

7.3.3 GAS BEARING LAYOUTS

Typical layouts of the journal and thrust bearings with envelope dimensions are
shown in Figures 7-29 through 7-32. These layouts show the bearings may be
installed within the CCCBS engine bearing cavities. The designs are such that
the bearings may be installed by halves with horizontal split lines or as com-
plete integral assemblies. Flexible hoses for the hydrostatic gas supply must
be connected to the thrust bearings so that the resilience of the bearings is
not affected.
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7.4 COUPLING

A suggested design for the flexible coupling between the LP and HP compressor
spools is shown in Figure 7-33. The design makes use of a thin flexible center
shaft to carry the nominal 44.48 kN (10,000 ]bf) thrust load. The shaft was
sized for a +88.98 kN (+20,000 1bf) load to allow for transient conditions not
yet fully identified.

The torque between the LP- and HP-spools is carried through two Bendix No.
67€312 AISI4340 alloy steel diaphragms welded to a spool. The spool has access
holes to allow attachment of the center thrust shaft to the ends of the LP- and
HP-spool shafts. The flexible diaphragms do not carry any thrust loads, but do
permit radial misalignment and offset of the LP- and HP-spools.

The coupling was designed to meet the following requirements:

Thrust +44.48 kN (+10,000 1bs) nominal
+88.96 kN (+20,000 1bs) transient

Torque 19094 N.m {169,000 in.-1b) nominal
22950 N.m (203,120 in.-1b) transient

Speed 1884.96 rad/sec (18,000 rpm)
Shaft Offset +0.127 mm (+0.005 in.)

Shaft Angular  3.665 x 1072 rad (0.21°)
Misalignment

Stress levels for the center shaft and diaphragm were established for two axial
lengths of the coupling. The recommended design shown in Figure 7-33 incorporates
a 17.78 mm diameter (0.70 in.) center shaft that is 25.4 cm (10 in.) long. An
alternate design uses a 16.51 mm (0.65 in.) diameter shaft that is 20.32 cm

(8.0 in.) long and results in a coupling 5.08 cm (2.0 in.) shorter than shown

in Figure 7-33. The stress levels and other relevant characteristics of the

two coupling designs are given in Tables 7-11 and 7-12.

The shorter of the two couplings would operate at higher stress levels, lower

safety factors, and higher imposed lateral loads on the LP- and HP-spool bearings
while reducing the overall length of the CCCBS engine by 5.08 cm (2.0 in.).
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Mean Stress
Alternating Stress

Factor of Safety

TABLE 7-1)

RECOMMENDED COUPLING DESIGN
25.4 cm (10.0 in.) Shaft Length

Shaft Diaphragm*
537 MN/m° (78,000 psi) 634.3 MN/m2 (92,000 psi)
-89 MN/m® (13,000 psi) 36.5 MN/m° (5,300 psi)
1.6 1.5

*Diaphragms apply 489.3N (110 1bs) lateral load to engine bearings.
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Mean Stress
Alternating Stress

Reactor of Safety

e e i

*piaphragms apply 667.

——————————

TABLE 7-12

ALTERNATE COUPLING DESIGN
20.32 cm (8.0 in.) Shaft Length

Shaft Diaghragm*

620.5 M\/m? (90,000 psi)  634.3 MN/m (92,000 psi)
124.1 My/m? (18,000 psi)  43.4 w/m (6,300 psi)

1.35 1.5

2N (150 ibf) lateral load to engine bearings.
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The increased bearing loads resulting from the maximum offset and misalignment
of either coupling design would not require redesign of the No. 2 and No. 3 gas
bearings of the CCCBS engine (Refer to Figure 7-10 for bearing Nos.). The
increased loads would reduce the gas film thickness of these two bearings— but
not to dangerous levels. If additional gas film margin were desired, that
margin could be provided through use of slightly larger hydrostatic gas ori-
fices in those two bearings.
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8.0 CRITICAL COMPONENT EVALUATIONS

During the course of the Year 1 analyses, the basic plant configuration

of the CCCBS was developed. The Year 2 studies have refined the design and
allowed for the detailed layouts of the components to be developed. This
has necessitated an evaluation of these components to identify possible
technology areas that would detract from the successful development of the
CCCBS. These are discussed in Sections 8.1 through 8.3 for .h2 various
components comprising the CCCBS.

Besides the basic turbomachinery/heat exchanger package, there are a number
of auxiliary systems needed for operation of the plant. These are identified
and discussed in Section 8.4.

8.1 BEARINGS

During the course of the CCCBS study, oil and gas lubricated bearings have

been investigated. At the end of the first year of study, foil type gas
bearings were selected as the primary bearing concept with o0il lubricated
bearings occupying a back-up position. During the second year of study,

rotor dynamics and shock Toads were defined with the resulting recommendation
that hydrostatic solid geometry pad-type gas bearings be used in place of

foil gas bearings. As the study developed, further justification for the use

of hydrostatic gas bearings was established. Static and dynamic load deflec-
tions of the bearings were minimized with the hydrostatic bearings. The advent
of variable speed power turbine designs dictated the use of hydrostatic bearings
so that the bearings could be fully supported over the entire operating range.
Critical thrust balance piston seals also necessitated the use of less compliant
hydrostatic gas bearings to control the seal clearances over the specified
operating range.

The final study covered the design and analysis of the various CCCBS bearings
given in Tables 8-1 and 8-2.
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An evaluation of the bearing analysis is made in the following paragraphs.

Journal Bearings

The journal bearing load performance characteristics presented in Section 7.0
were predicted based upon the following assumptions:

® The bearing and journal surfaces are represented by two parallel
planes.

e Minimum film thickness of the journal bearing is modeled as
average film thickness between two parallel plates.

® The gas lubricant is isothermal throughout the bearing system.

e The bearing surfaces are static (translation and normal motions
of the two surfaces are ignored).

® Bearing film stiffness is inferred from static load versus film
thickness; dynamic effects are ignored.

® Rotor dynamic behavior is based upon linearized gas film stiff-
ness. Cross coupled stiffness and damping are ignored.

The above assumptions are motivated by realistic considerations within the
study constraints so that bearing performance can be readily and relatively
characterized.

The parallel surface assumption is first considered. For the journal bearing
pivoted pad, film thickness in the circumferential direction is:

h=c (1 +¢ecoss)

where:
h

n

the film thickness at angle

the journal eccentricity ratio

€
¢ = the pad clearance; the difference between the journal and pad
curvature radii

6 = the angle measured from the line of centers to an arbitrarily
specified point on the pad surface.

For the 15.88 cm (6.25 in.) diameter bearing, ¢ = 0.152 mm (0.006 in.). For
a minimum film thickness h = 0.076 mm (0.003 in.) at the pad orifice, the
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2,

maximum film thickness at the pad leading and trailing edges, 6 = 42 degrees,
is about 0.0965 mm (0.0038 in.).

The effect of the diverging film thickness is to reduce flow resistance, which
reduces bearing film pressure rise above ambient. Hence, the qualitative. effect

is that the pad Toad capacity will be less than that predicted by the parallel
plate assumption.

The initially predicted performance parameters for the journal bearings indicate
that a substantial margin will exist in terms of gas film thickness adequacy.
While these predictions are recognized to be optimistic, the compromise in film
thickness for a given load is expected to be no more than the order 20 to 30
percent for the actual hardware. The initially sized values, when compromised
by this order, should still result in film thickness values with sufficient
operating margin beyond threshold Timiting values of significant risk. The

film thickness compromise can be reduced by special contouring of selected
bearing pads.

The isothermal gas assumption implies that the local gas temperature will be
constituted by the bearing and journal metal temperature and that both bearing
and journal temperatures will be the same. This assumption is valid to at
least second order in terms of load prediction results.

The assumption that the bearing surfaces are static ignores self acting pressure
effects associated with journal rotation. This assumption deserves further
quantification, but it is reasonable in establishing first order effects. How-
ever, the assumption that there is no normal relative motion of the bearing
surfaces does have significant implications. The journal orbit trajectory will
cause appreciable film thickness oscillations just due to the rotor imbalance.
This squeeze film effect does add to the bearing load and stiffness, and these
additions can be significant. Moreover, such squeeze film motions do constitute
a source of pneumatic instability, sometimes called "air hammer," which can cause
system failure. The bearing feed system is designed with multiple orifices
feeding each pad recess, which is intended to reduce susceptibility to this
pneumatic instability, but further quantitative studies in this regard are
required.
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The assessment of rotor dynamic behavior was limited to synchronous critical
speed response due to the linearlized gas film stiffness representation and

the absence of damping and cross coupled stiffness and damping effects. The
susceptability of the bearing rotor system to sub-synchronous whirl instability
must be recognized as a potential catastrophic failure mode, and further studies

are required. The selected bearing design implicitly addresses the sub-synchronous

whirl problem by using four pads per bearing. Interruption of the bearing film
through the use of discrete pads does enhance system stability, and the concept
does provide the necessary degrees of design freedom to finalize the bearing
design parameters in a manner to preclude system instability.

Thrust Bearings

The thrust bearing designs presented in Section 7.0 comprise 8 pads per bearing
surface, each externally fed through four or more orifices. The parallel sur-
face assumption is valid in this case in the absence of slider nutation. Com-
ments previously made in regard to the journal bearing isothermal film assump-
tion, squeeze film effects, and pneumatic instability apply to the thrust
bearing designs. The likelihood of the tiirust bearing contributing to rotor
whirl instability is remote.

System Integration

The performance characteristics of the externally pressurized gas film bearings,
presented in Section 7.0, are based on the assumption that the flow within the
bearing film is laminar and fiscous; fluid inertia effects are ignored. Then,
for a prescribed film thickness distribution, the pressure and flow rate within
the film are directly determined for a prescribed orifice discharge pressure.
The orifice discharge pressure is determined based on the orifice supply pres-
sure for prescribed orifice sizes and discharge coefficients. Flow rate through
the orifices is equated to that leaving the boundaries of the pad to completely

n-titute the problem. The governing equations can be normalized in such a
~srner that generalized performance can be prediced independent of bearing

"ne normalized performance characteristics can then be applied to a
* arbitrarily large or small size.




The limitations to accurate preformance predictions are essentially in the flow
characterization through the orifices (orifice discharge coefficient), represen-
tation of local inertia effects as the flow enters the gas film, and the validity

of the film thickness distribution representation. Each of these must be assessed

quantitatively. For large bearings, the effects of elastic deflections due to
pressure, thermal, and centrifugal effects become increasingly important, as do
manufacturing considerations such as surface finish and dimensional control.

The elastic deflections must be predicted from rigorous thermal and structural
analyses and iteratively incorporated into the bearing gas film performance

predictions.

3600-RPM Power Turbine

The configuration selected for the 3600-rpm power turbine is feasible from
the standpoint of supporting the rotor on gas bearings; however, the design
necessitates a number of compromises in the gas bearing configurations and
rotor dynamics. The overhung turbine blading design places a static load on
the rear bearing that is 4.50 times larger than the load on the front bearing.
This condition results in a much larger bearing with the attendant requirement
for a very stiff bearing mount to keep the radial deflection within acceptable
limits. Unfortunately, the rotor dynamics of the selected configuration are
such that bearing stiffnesses above a very soft 175,126 N/cm (100,000 1bf/in.)
imposed severe dynamic loads in addition to the large static load. Reference
Section 8.3.4.2,

The front journal bearing of the 3600-rpm power turbine also has relatively
large dynamic loads even with bearing stiffnesses below 175,126 N/cm (100,000
]bf/in.). The dynamic loads are 53 percent of the static loads and result in
shaft orbits of approximately 0.196 mm (0.0077 in.).

The current design of the 3600-rpm power turbine places very difficult require-
ments on any hydrostatic gas bearing system. From the standpoint of gas bearing
design considerations alone, it i desirable that the power turbine configuration
be modified to equalize more nearly the static loads on each journal bearing and
to shift the rotor dynamic pattern to permit use of much stiffer bearing mounts.
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8.1.1 GAS BEARING SHOCK CAPABILITY

The definition of the CCCBS engine shock requirements during the second year

of study had a pronounced influence on the type of gas bearing recommended at

the end of the study period. During the first year of study, when no specific
shock requirements for the bearings were available, the compliant foil-type gas
bearings were recommended. However, as the shock loads as specified in Table 8-3
were developed and the rotor concentricities compatible with balance piston and 3
aerodynamic seals were established, it became evident that the foil-type gas '
bearing designs, as originally sized and configured, could not provide the
required rotor radial control. Foil-type gas bearings are known for their 1
ability to accept very high shock loads and remain functional, but their shock K
capability is a result of the very compliancy that permits large radial movement
under high loads. Radial stops can be incorporated to 1imit rotor travel under
severe shock loads, but these stops must act as unlubricated bearings and would
be large relative to the foil gas bearing itself. Foil gas bearings with less

radial compliance (higher spring rate) are under research and development and

may eventually provide a bearing design with high shock capability with limited |
radial displacement under shock loads. These designs are not current state of ;
the art technology, however. For these reasons and the off-design bearing ‘
requirements, the gas bearing design recommendations were changed from hydro-

dynamic foil to hydrostatic pad-type gas bearings.

Hydrostatic solid geometry pad-type gas bearings shock capability is a function
of the following factors:

Hydrostatic differential pressure available for bearing support
® Gas film thickness (initial)

® Physical size

¢ Misalignment capability

® Material compatibility

¢ Duration of shock load
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The hydrostatic gas bearing geometries established in 8.3.2.3 and 8.3.2.4 were
designed to provide:

e Adequate bearing load capability under normal design and off-
design conditions

o Relatively large initial gas film thicknesses
e Size compatible with the engine envelope
e Misalignment capability via resilient mount

® Limited radial displacement under shock by means of physical
stops :

The later design feature assures that the bearing ultimate load capacity will

be exceeded under some shock loads and metal-to-metal contact will occur between
the bearing surfaces. The material compability of the bearing surfaces, there-
fore, becomes the single most important factor in the ability of a gas bearing
to susta:» shock loads and remain functional. If the surfaces gall or thermally
distort excessively, the bearing will ultimately fail.

A wide variety of materiais and coatings have been evaluated for use on gas
bearings. The best combinations of materials for shock applications have been
found to be a very hard rotating member and a soft stationary member, although
good experience has been gained using very hard materials in both members.
Various coatings and platings such as tungsten carbide, chromium carbides,
chromium oxides, aluminum oxides, and thin dense chrome have been tested with
success, but are subject to crazing or damage if suitable thermal design and
management of the bearing is not maintained during the shock application. Soft
coatings, such as Teflon S, may ultimately be the best materials for the static
portions of the CCCBS engine bearings. Teflon provides Tubricity without gall-
ing and reasonable temperature capabilities up to 533.15°K (500°F) and may be
applied to the bearing surfaces in adequate thicknesses to prevent metal-to-
metal contact in the event of momentary rubs during shock loads.

It is thought that this rigorous thermal analysis and proper mechanical and
material design that the hydrostatic pad-type gas bearings recommended during
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|
| the second year of study can be made to accept the +18 g shock loads without [
serious degradation of performance or failure. The number of such shock appli-
cations would probably be limited by the duration of shock which as yet has
not been well defined. Based on tests of much smaller gas bearing supported
turbomachinery, shock applications of short duration (0.02 mil sec) and several
hundred g's can be accepted without failure for at least 100 cycles. The rele-
vance of these tests to large high inertia rotors is unknown at this time.
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8.2 COMPACT HEAT EXCHANGERS
8.2.1 PRECOOLER AND INTERCOOLER EVALUATION

Several heat exchangers were studied during the Year 1 - Compact Closed Cycle
Brayton System Feasibility Study. Based on the results of this study, it was
concluded that the finned tube cross-counterflow concept had the greatest
promise. Therefore, further evaluation on a modular design concept and a
helical design concept was performed. Both concepts were modeled with the
core geometry listed in Table 8-3. The evaluation of these concepts is dis-
cussed in the following paragraphs.

8.2.1.1 DESIGN CONSIDERATIONS

The modular heat exchanger concept was modeled as four individual cross counter-
flow modules with four liquid passes each. These modules were wrapped annularly
around the engine core. An unwrapped view of the modular design concept is
shown in Figure 8-1.

Since each module has four Tiquid passes, a 15-percent packing factor was incor-
portated in the design to allow room for headering and manifolding. An overall
heat transfer (UA) margin of 0.20 was assigned to the liquid side to allow for
the 1iquid flow maldistribution due to the inability to pressure balance the
tube flows. The thermal and flow characteristics of the modular heat exchanger
are shown in Table 8-4.

The helical heat exchanger concept was modeled as one cross-counterflow annular
module with four liquid passes. Each liquid pass begins 90° from the other

and makes one complete revolution around the engine core in a helical configura-
tion. As isometric view and a cross sectional view of this concept are shown

in Figures 8-2 and 8-3.

The problems of balancing the flow through the tubes can be alleviated by ori-
ficing the inlet tubes or within the four tapered inlet manifolds. Therefore,
an overall heat transfer (UA) margin of 0.05 was assigned to the liquid side.

Since the helical design has no manifolds, no packing factor is necessary.

The thermal and flow characteristics of the helical heat exchanger are listed

in Table 8-5.




TABLE 8-3
HELICAL AND MODULAR COOLER AND INTERCOOLER INPUT GEOMETRY

Coolant
Cross Flow Helium Flow
Flow Area Ratio 0.33076 0.37956
(Free Flow/Frontal)
cm-1 (in.-l) cm-1 (in._l)
Surface Area/Volume 2.621 (6.657) 8.425¢€ (21.401)
Fin Area/vVolume - « - ) 5.801 (124.734
Plate Area/Volume 2.621 (6.657) 2,625 ( 6.667)
Hydraulic Diameter 0.50483 cm (0.19875 in.) |0.18020 cm (0.07094 in.)
Entry loss 0.5 velocity head -
Turning Loss (Modular only) B L) velocity head - E
Exit Loss 1.0 velocity head - ‘
Tube
ID = 0.50483 cm (0.19875 in.)
Wall = 0.0254 cm (0.010 in.)
Density = 8,026 g/cm3 (0.290 1bm/in.3) (stainless steel)
Conductivity = 6.84 Joule/mesec+k® (12.8 Btu/hr«ft-R°)
Fin
11.81 s N %
= (30/in.) = nickel chrome clad copper il
Length = 0.762 mm (0.03 in.) (Diag/OD = 1,27) !
Thickness = 0.0762 mm (0.003 in,) 3 ‘
Density = 8.553 g/em® (0.309 1b /in.>)

Conductivity = 53.46 Joule/m*sec+k® (100.0 Btu/hr * ft «R°)
Spacing

Transverse = 1.1 cm (0.433 in.) FT/OD = 1.98
Longitudinal = 5.5 cm (0.0217 in.) GT/OD = 0.99
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A comparison of the modular and helical design concepts is shown on Table 8-6.

The helical design concept was selected over the modular design concept due to
the following attributes:

e More reliable due to the large reduction in the number of tubes,
therefore, tube joints

o More compact and easier to package due to the smaller frontal
area

® Better flow distribution due to the elimination of inner pass
manifolding

® Reduction in mac;

Thermal transients should pose no problems since the helical heat exchanger
would grow uniformly.

The helical design concept has the disadvantages that complete module replace-
ment is necessary if a major failure occurred, and the cross flow side pressure
drop is slightly higher than the pressure drop on the module design concept.
This increase in pressure drop would cause the pump power of the helical design
to be slightly more than that required for the modular design.

8.2.1.2 CRITICAL DESIGN FEATURES

The helical heat exchanger design concept introduces several non-conventional
fabrication and assembly features. The tubes must be precoiled and individually
threaded into the assembly and then brazed to the headers. Because of the geo-
metric method of tube penetration into the headers, the headers must be split,
and the tube holes drilled from the inside. This split header arrangement does
facilitate baffling and porting of the tubes to achieve equal flow distribution.
There are no other critical design features associated with the helical heat
exchanger design concept. However, a method of supporting the finned tubes
(primarily at the larger radii) to meet the shock load reguirements would re-
guire some design and development effort.
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8.2.2 RECUPERATOR EVALUATION

In the year 1 Compact Closed Cycle Brayton System Feasibility Study both tubular
and plate-fin recuperator constructions were investigated. Both types of construc-
tion have high ratings for this application and are very close in their overall
rating. The shell and tube type was selected, for inclusion in the CCCBS Design
Concept for further evaluations, based upon its slightly higher rankings in the
areas of malfunction suitability and technology base.

The recuperator initially found acceptance in the large European industrial open
and closed cycle gas turbines, introduced about thirty years ago. The recuperator
was essentially a supplement to the cycle to provide reasonable specific fuel
consumptions with the low component efficiencies of that era. These recuperators,
of mainly tubular construction, were conservatively designed and have demonstrated
a high degree of reliability and in many cases, have run virtually maintenance
free for over 100,000 hours of operation (References 1 and 2).

8.2.2.1 DESIGN CONSIDERATIONS

The requirement for close-couple integration of the heat exchangers and turbo-
machinery into one compact package results from system requirements to minimize
containment dimensions, and therefore total system weight and volume, and also
from the desire to minimize connecting piping in order to provide high reliability.
Compactness is required regardless of the energy source. In addition, an impor-
tant design consideration of the CCCBS powerplant is the containment vessel which
for safety reasons must completely surround a nuclear system. This vessel is
heavy, surrounds the turbomachinery, heat exchangers and other components, and
thus constrains the sizing of the power conversion assembly. For the CCCBS, the
turbomachinery and the primary Toop heat exchangers (precooler, intercooler and
recuperator) have been integrated into a single compact assembly. Two parallel
redundant assemblies are required in some applications. The recuperator is
placed in an annular region around the free power turbine and the recuperator
frontal area then determines the diameter of the turbomachinery/heat exchanger
module. This module diameter then determines the containment vessel diameter.
The recuperator frontal area has a significant effect on powerplant weight and
volume. If the recuperator outer annular diameter is increased one inch, the
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containment volume increases by 160 cubic feet and the weight increases by about
5900 pounds. As long as the recuperator overall length is less than 96 inches
the containment vessel and turbomachinery/heat exchanger vessel weight and dimen-
sions are not affected, since the vessel length is then determined by the turbo-
machinery length.

A plot of the range of surface compactness (area density per unit of volume) for
tubular surface geometries is shown in Figure 8-4. Plain tubular surfaces used
in recuperators for large industrial and marine gas turbines had compactness
values in the range of 30 to 80 ft2/ft3 (Reference 3). The current large plain
tubular recuperators built for closed cycle helium gas turbine plants have com-
pactness values in the order of 100 ft?/ft3 (Reference 4). Compact tubular
geometries used for lightweight recuperative gas turbines for helicopter applica-
tion have surface compactness values of about 400 ft2/ft3 (Reference 2). Refer-
ence 5 describes a very compact tubular recuperator surface with a compactness
value of almost 700 ft2/ft3. The expected range of compactness for this CCCBS
application is from 150 to 250 ft2/ft3 (tube diameter 0.15 to 0.10 inch). Stain-
less steel (A1S1 304L) tubular recuperator specimens, in the range of interest
(outer diameter 0.3 cm (0.118 in) and a 0.01 cm (0.004 in) thickness), have been
assembled, brazed and tested (Reference 6). The brazing alloy used in that work
has a composition of 13% chromium, 10% phosphorus, balance nickel (AWS A 5.8,
BNi-7). This brazing alloy has been successfully used for service temperatures
as high as 700 C (1292°F) and has relative low cost. These recuperator specimens
were thermal fatigue tested. The test consisted of 1000 thermal cycles where
each cycle consisted of increasing the temperature from 200 (392) to 500 C (932°F)
in two minutes and then soaking at this temperature for 10 minutes then cooling
back to 200 C in two minutes. During these tests the recuperator was pressurized
to 506 kPa (73.5 psi). No leakage in the pressure tests and no failures of the
brazed joints in the thermal fatigue tests were observed.

Usually tubular designs are assembled into drilled header plates, however, the
tubes can be designed to integrally form the header at the tube ends. The join-
ing process can be done either using welding or brazing techniques. Typical end
seals for tubular heat exchangers are shown in Figure 8-5. In the lightweight
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tubuler recuperators developed for aircraft gas turbines, compact geometries

and small tube diameters are utilized, and this virtually necessitates brazing

the assembly together. Extremely lightweight designs can be achieved by utilizing
very compact geometries, in which the tube ends are expanded into the form of
hexagons and brazed together to form the header (Reference 2).

Since the recuperator cross sectional (frontal) area has a significant effect

on powerplant weight and volume, the ar,.roach of the tube and shell concept was

to minimize the frontal area. For a given helium flow rate, effectiveness and
pressure loss, it was shown (Year 1 Report Appendix B) that the frontal area is
proportional to the square root of the ratio of the friction factor to Colburn mod-
ulus. This characteristic is shown in Figure 8-6. With a small relative roughness
the frontal area minimizes at about a Reynolds Number of 15,000. Utilizing the
Colburn factor evaluated at a Reynolds Number of 15,000 the tube diameter is a
function of tube length and heat exchanger effectiveness. With an effective tube
length of 70 inches and an effectiveness range of 0.8 to 0.9 the required tube
diameter ranges from 0.080 to 0.180 inch. Based on the above, a tube ID of 0.10C
inch and 0D of 0.120 inch was selected for the design shell and tube recuperator
concept. Using the above tube diameters, the tube and shell recuperator geometry
was determined and is shown in Table 8-7 for a heat exchanger effectiveness of
0.84 with an overall heat transfer margin of 20% to allow for flow maldistribution.

Figure 8-7 shows a schematic drawing of the shell and tube design approach. The
flow configuration is that of a counterflow heat exchanger with the turbine ex-
haust helium flowing in the tubes and with the compressor exit helium flowing on
the shell side. The recuperator is composed of 7 modules which are each approxi-
mately 16.36 inches in diameter. Each module contains about 10,700 tubes with an
outer diameter of 0.120 inch and 0.010 inch thickness.

The tubes are formed at their ends into a hexagonal section. The tube ends are
furnace brazed together. The tube bundle is also brazed at the ends to an exter-
nal cylinder and a cold end ring. Filler pieces are used to fill the gaps at the
tube and cylinder interface. No tube sheet is required in this arrangement since
each tube carries the local axial tension force.
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TABLE 8-7

SHELL AND TUBE RECUPERATOR GEOMETRY
(One 70,000 HP Turbo-Unit)

Tube ID-inch 0.100
Tube QD-inch 0.120
Pitch to 0D ratio 1.20
Effective Length-inches 70.0
Number of tubes/module 10700
Number of Modules 7
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The tube module is free to expand and contract due to the floating end ring.

0-rings are used to seal the floating cold end ring. The modules are located
and sealed on the hot end by bolted flanges. This arrangement eliminates the
need for tube sheets with their numerous drilled holes.

The tubes are wire wrapped along the central portion of the tube (Figure 8-7)

to maintain the proper tube spacing and to give tube support. A wire lead to

tube outer diameter ratio of 40 produces a stable condition such that fluidelastic
vibration will not occur while producing an acceptable increase in shell side
pressure drop of 8.4 percent.

8.2.2.2 CRITICAL DESIGN FEATURES

The shell and tube recuperator design concept could be considered non-conventional
by an industrial heat exchanger designer only in respect to the tube size, however
an aerospace heat exchanger designer would consider the design conventional. The

conceptual design would require some design and development effort to confirm

that the heat exchangers meet the Navy's shock load reguirements.
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8.3 TURBOMACHINERY
8.3.1 FIRST STAGE TURBINE

During the first year effort, a first stage high pressure turbine inlet
temperature of 1671%F had been used in the CCCBS program in order to build upon
the results of earlier Westinghouse studies performed for similar design

conditions and configuration. During the second year the first stage rotor blade

airfoil area distribution has been refined to reduce centrifugal stresses at
the blade root and allow the turbine inlet temperature to be increased to
927% (1700°F) while maintaining 10,000 hour life capability at full power.
Since some Navy applications can have a duty cycle approximating 25%, the CCCBS
evaluations must also recognize that the total operating time to meet the top
level requirement of 10,000 effective full power hours (EFPH) may be as high
as 40,000 hours. The turbine inlet temperature is therefore scheduled to
reduce linearly to 899°C (1650°F) at 25% power to achieve the required life.
The plant overall thermal efficiency remains essentially constant over this
power range. In addition, the extended root portion of the blade, between
the airfoil root section and the disc rim, has been defined in greater

detail to provide an initial design basis for further thermal and stress
evaluation.

Blade Airfoil Refinement

The blade airfoil sections developed by Westinghouse Combustion Turbine Sys-
tems Division and contained in Appendix C of reference 7 are illustrated in
Figures 1 to 11 of Appendix B. Two lines have been added to each figure to
show the width for a Zweifel coefficient of .8 calculated from the inlet and
outlet angles given at the top of each figure. Table 1 of Appendix B contains
the calculation of the section widths (b).

As discussed on pages 4-76 through 4-80 of reference 7, the blade design
employed airfoil section widths at the tip less than (and at the root
greater than) those given by Zweifel's criterion. The section widths
approached those for a Zweifel coefficient of .8 at a blade radius of about
1/3 blade height inward from the tip. This was done in order to reduce
centrifugal stress at the root while maintaining section widths reasonably
close to ideal over most of the blade height. Figure 12 of Appendix B
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illustrates the blade width distribution from root to tip. The solid lines
define the blade design of reference 1 and reveal a linear variation in width
from root to tip. The chain - dotted lines show the "ideal" width distri-
bution corresponding to a Zweifel coefficient of .8.

Also shown on Figure 12 is a modified profile (dotted line) which employs

a non-linear variation of section width with blade height. The departure

of this modified profile from the Zweifel = .8 profile was limited to an
amount judged to result in an efficiency compromise no more severe than that
of the linear profile employed in the reference 1 design. In the modified
profile, the section widths approached those for a Zweifel coefficient of .8
at mid blade height.

Centrifugal stresses were calculated for the modified blade profile and these
are given in Table 2 Appendix B . A material density value of 8.4 g/cc

(.305 1b/in.3) was assumed 1in the basic calculation to be consistent with
the value used in the reference 7 Appendix C analysis. Also given in

Table 2 are the somewhat lower values corresponding to the less dense IN 100
material which has a density of 7.75 g/cc (.28 1b/in.3). As can be seen

by reference to Table 2, the assumption was made that the section areas
reduced in proportion to the squares of their widths,

The centrifugal stress, for a density of 8.4 g/cc (.305 1b/in.3), resulting

at the root of the modified blade is reduced to 122 MPa (17,694 psi)

from the value of 137 MPa (19,874 psi) calculated for the reference 1

blade. The corresponding centrifugal stress at the root of the modified

blade using the IN 100 density of 7.75 g/cc (.28 1b/in.) is 112 MPa (16,242 psi).

Judging from the materials data given in Figure 4.23 (Page 4-50) of reference 7
the modified blade should have a 1ife potential of 10,000 hours at 927%

(1700°F) turbine inlet temperature.

This judgment tends to be confirmed by the testing performed to date at AESD
on blade materials in ultra pure helium. An IN 100 sample, tested at 110 MPa
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(16,000 psi) and 927°C (1700°F) survived for 9452 hours. The equivalent
temperature for 10,000 hour 1ife at this stress, using a Larson-Miller

(T(20 + log t) relation between temperature in °R (T) and 1ife in hours ( t)
is 925°C (1698°F). The 1.2°C (2°F) difference between this value and the
927°%C (1700°F) turbine inlet temperature is less than the temperature drop
through the first stage nozzle vanes 22°C (39°F). Thus, the IN 100 test
sample performance to date represents a margin of approximately 21%¢ (37o F)
of excess capability at 927°¢ (1700°F) turbine inlet temperature for 10,000
hours.

Obviously, such predictions, based on a single test, cannot be made with any
precision. However, the ultra high purity testing currently underway at

AESD is the most pertinent test data available at the present time. It is
possible that future testing, to be performed in contaminated helium environ-
ments may result in performance degradation but it is suspected that any degrada-
tion experienced will not be severe.

It is therefore concluded that some minor refinement of the blade width distri-
bution profile such as that described can reduce the centrifugal stress at

the root sufficiently to provide 10,000 hour 1ife capability at 927°C (1700°F)
turbine inlet temperature judging from the limited long term in-helium test
data available to date.

Blade Root Definition

The blade root design used in the Westinghouse Power Generation System

stress analysis model is illustrated in Figure 4.31 (Page 4-81) of reference 7.
As mentioned in reference 7, the geometry was not optimized in any way and
merely provided sufficient input to the stress analysis program. No

provision was made in the model for achieving adequate sealing between

the extended root shanks. Also, the firtree fixing shown in Figure 4.31

of reference 7 was a schematic representation only and is probably somewhat
marginal in its small radial dimensions.

In order to provide a basis for a critical evaluation of the blade root
and disc attachment, the blade root design illustrated in Figures 13, 14 and

15 of Appendix B was devined.
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Figure 13 shows the blade platform at 17.36 cm (6.8355 in.) radius super-
imposed on the root section profile. The dotted lines on the drawing show

the extended root section.

Figure 14 shows the blade root design as viewed along the axis of the turbine.
The proposed design has been superimposed on the reference 1 assumed model for

convenience and ease ot comparison.

Figure 15 shows the blade root design viewed normal to the blade stacking Yine
in the tangential direction.

Referring to Figure 13, the extended root section, shown dotted, provides tull
width sealing between blade roots ftore and aft of the narrow web member.  The

resulting l-beam shape confers increased section modulus to the extended root

section and effects efficient transfer of stress from blade to extended root.

The cross-sectional arca of the e¢xtended root shank (.826 sz) (0.128 in.?) is
roughly comparable to that of the reference / assumed model (.774 cm?)

(0.120 in.?).

The blade root design illustrated in Figures 13, 14 and 15 of Appendix B
provides the initial design basis for estimating the thermal conditions of
the blade root and disc. The scale used in the tigures is approximately
7.5 times full size.

A preliminary scoping stress analysis of the disc and blade attachment has
been performed and the pertinent stresses are given in Table 7 of  Appendiv B
These stresses will be subjected to further examination when the thermal
conditions at the disc and blade root have been developed.  Although the
centrifugal stresses in the extended root (194%.4 MPa) (28,337 psi) and firtree
(208.4 MPa) (30,215 psi) are higher than the value at the blade root section
(112 MPa) (16,243 psi) it s expected that they will be found to be acceptable

at the Jower metal temperatures expecled in the root reqion.
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As discussed in Section 7.0 two new power turbines, an eicht stage 9,000 rpm
machine for generator drive application and a 15 stage 3600 rpm direct mechanical
drive turbine have been defined to replace the 12 stage 6000 rpm first and
second definition design. The new designs were derived by a simple scaling
process from the earlier 6000 rpm design, maintaining similar values of

l load and flow coefficient.

' 8.3.2 POWER TURBINE

1 Load and flow coefficients had been deliberately chosen to be higher than
optimum from an efficiency standpoint to achieve compactness. However, the
compromise in efficiency ( <2%) was judged to be acceptable.

The 6000 rpm power turbine was hitherto not developed to the same degree

as the high pressure turbine, the first stage rotor blading of which was
defined and evaluated in some detail in the first year program. During the
second year, however, the last stage of the power turbine has been evaluated

in further detail by Westinghouse Combustion Turbine Systems Division. This
evaluation was based on the earlier 6000 rpm 12 stage design and the results
extrapolated to the new 9000 rpm and 3600 rpm designs.

From the aerodynamic standpoint, the distinguishing features of the low
pressure turbine are the high stage Toad coefficients ¥ = —553153399—
in the order of 3.5 to 4.5 at the mean diameter, and U™/29 J
the small axial blade widths, approximately 3/4 inch. These are due on the
one hand to the large number of stages associated with the use of helium and,

on the other, to the need for compactness in axial length.

Thus it was necessary to trade with respect to the front and back end, to
arrive at a reasonable choice of hub reaction and exit swirl in the last
stage. A variation in load coefficient, at the mean diameter, of from 3.91
in the 1st stage to 3.32 in the last stage was selected. This in in line
with load coefficients at the hub section of 4.69 in the 1st stage and 4.38
in the last. The exit swirl is 12.0 and 9.3 degrees and, in this stage,
the reaction is .072 and .389 at the hub and tip.
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The flow path, velocity triangles and boundary conditions for the last stage
are defined by the tables and sketches contained in Appendix 3-1. Note that

the velocity triangle calculation is in line with free vortex SRE. This
is approximate, but is adequate for the preliminary draft of the stator and
rotor blade.

As previously noted, the very short axial widths have a notable effect on the
blade designs. The blade number is inversely related to pitching and axial
width as -

no ~ (S/w)'] x W
where S/W is specified, for preliminary purposes, by the Zweifel coefficient
and the velocity triangles. Thus for given conditions, and an acceptable
Iweifel coefficient, the number is inversely related to the width. As shown
by the tables for the 12 stator vane and rotor blade, there are 116 stator
vanes corresponding to approximately 2 ¢m (0.8 inch) axial width and 140 rotor
blades corresponding to approximately 2.3 cm (0.9 inch) axial width. This

1

very large number of blades tends to increase the blockage associated with
the thickness of the trailing edge. The 0.4 mm (0.015 in.) trailing edge
thickness corresponds to approximately 5% blockage in the rotor and stator
blade row. Though 0.4 mm (.015 in.) thicknesses may appear very small, with
such very small blade widths they are probably required.

Blade section data for the stator vane and for the rotor blade are contained
in Appendix C. In each case, these include a tabulation of blading data, the
computer printout of the blade coordinates together with geometric and
mechanical data for a number of radius positions, blade section sketches,
surface velocity plots, and streamline plots.

Referring to the velocity diagrams for the stator vanes, the suction surface
diffusion is somewhat higher than desirable at the 37.8 cm (14.9 inch), tip
radius position. This is due to the low solidity, corresponding to a

Iweifel coefficient of 0.89 versus 0.76 at hub, and to the lower acceleration
at the tip. Here the ratio of exit to inlet velocity is 1.96 compared to
2.34 at the hub. (See velocity triangles). Also note that the surface
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diffusion would be much less severe in the trailing edge region ( .6 M/WIDTH
1.) if the machine number were higher, due to the beneficial effect of the
compressibility in this region. (The flow is essentially incompressible,
approximately 1676 m/s (5500 fps) acoustic velocity. These comments also
apply to the velocity diagrams for the rotor blade. The solidity corresponds
to Zweifel coefficients of 0.90 and 0.86 at the hub and tip respectively.
The exit to inlet velocity ratios are 1.10 and 1.88 respectively at the hub
and tip.

The high suction surface diffusion is associated with the severity of the
design and could be reduced to a limited extent by increasing the solidity
(W/S) but as -

W/S ~ (number of blades) * W

this would call for an increase in the number of blades and/or the widths

of the blades. However, increasing the number of blades would tend to increase
the blockage. Improvement could also be made by modifying the velocity
triangles to increase the acceleration, particularly at the stator tip and
rotor hub, by reducing the load coefficient. This would probably give

greater improvement than the foregoing change in solidity, but would call for
an increase in the number of stages. While some improvement could also be

made by modifying the blade sections, the gain would be small.

In a more detailed design using controlled vortex {instead of the free vortex
RE assumed) it would be possible to improve the velocity triangles,
particularly in the region of the rotor hub. This would reduce the diffusion
at the hub of the rotor blade.

It is probable that the total efficiency of the 12 stage turbine would be
on the order of 88-90 percent, depending on the extent of optimization and
manufacturing refinement. Generally this is in line with radial clearances
on the order of 0.002 mm/mm tip dia., 0.38 mm (0.015) trailing edge
thickness and 750-1000 nm (30-40 «~ in) surface finish.
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A comparison of the stress parameters with those for the last stage of W251X
reveals that the disc and blade stresses are low. (See tabulation of mechani-
cal data at the end of Appendix C.) The blade centrifugal stress is propor-
tional to N° A which is 70.5 x 10° compared to 562.0 x 10° in the W251X. The
disc stress depends in large part on the rim speed and is 183 m/s 602(ps) ver-
sus 271 m/s (890 fps) in the W251%. On the other hand, due to the short axial 1
widths it appears that the bending stress is generally higher than in Westing- |
house Combustion Turbine Systems Division designs. The maximum bending stress
is approximately 69 MPa (10,000 psi) in the rotor blade and probably less than ;
138 MPa (20,000 psi) in the stator vanes depending on how they are secured by
the shrouds.

Eight Stage 9000 RPM Turbine

An examination was made of the last stage of the eight stage, 9000 rpm turbine.

This was to determine the change in the blading design with respect to the
12 stage, 6000 rpm turbine.

As shown by the flow path sketch contained in Appendix 0, the mean radius
was set at 27 cm (10.62 in.) to give the same mean radius load coefficients
as in the 12 stage design. As the blade heights are the same, 5.8 cm

(2.3 in.) in the Ist and last stage, the flow coefficient is also roughly

the same. The only notable change is in the hub to tip radius ratio. In the
last stage the ratio is .724 compared tn .772 in the 12 stage. Due to this
change the load coefficient at the hub position is slightly higher, 4.77
versus 4.38 in the case of the last stage.

Referring to the velocity triangles (Appendix 3-2) the angles are roughly the
same, in fact the only notable difference is in the increase in exhaust swirl
(about 2 degrees more swirl) and the slightly lower reaction at the hub

(0.4 versus .07). Also the exhaust velocity is about 25% higher.

Thus, if the blade widths are the same, the rotor and stator blades will be
almost exactly the same as in the 12 stage. Note however that the blade
centrifugal stress will be higher in ratio of N2A = 127.7 x 106 to N2A =
70.5 xlO6 (but still less than a quarter of the 562 x 106 W251X value),
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the bending stress will be somewhat higher, and it will be more difficult to
mount the blades in the smaller radius disc.

15 Stage - 3600 RPM Turbine

Similarly a design for 3600 rpm, with 15 stages, would have nearly the same
stator and stator blades assuming equal blade widths. The mechanical stresses
would be lower and it would be easier to mount the rotor blades in larger
radius discs. Due to the higher radius ratio, the aerodynamic loading would

. be less severe at the rotor hub. Also the exhaust velocity would be lower.
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8.3.3 FIRST COMPRESSOR STAGE

The compressor designs defined for the first and second definition CCCBS concepts
generated in the first year program were derived from earlier designs developed

by Westinghouse Combustion Turbines Division in the MGCR program. (Reference 8.

The MGCR (Marine Gas Cooled Reactor) program was funded by the Maritime Administration
during the early 1960's and employed a direct cycle gas cooled reactor/gas

turbine cycle using helium as the working fluid. The MGCR compressor data were
adapted to the CCCBS requirements by assuming A P/P per stage to be proportional

to the square of the mean blade speed and inversely proportional to the average

gas temperature through the compressor. Flow coefficient was assumed to be

0.5, similar to the MGCR designs. While this scaling process was considered
appropriate for the initial design concept development and was believed to
provide a sound initial basis for component sizing, some greater assurance of the
compressor design basis was sought in the second year program. To this end a
design study of the low pressure compressor first stage has been performed by
Westinghouse Combustion Turbine Systems Division compressor design personnel.
The resulting first stage design is slightly smaller in diameter and greater
in length than the earlier design but is easily accommodated in the CCCBS
plant arrangement without requiring any overall length increase. The required
number of L.P. compressor stages (14) is unchanged, confirming the general
validity of the earlier design. The details of the redesigned first stage

are discussed in the following paragraphs:

Stage Ae-odynamic Selections

The stage aerodynamics are based on a symmetric velocity diagram at the mean
blade height and free vortex tangential velocity distribution radially. These
assumptions are consistent with the results used to optimize the "MGCR" high
pressure compressor.

The selection of hub to tip diameter ratio, and the maximum ‘wall loading factor",
which places a limit on the blade and vane aerodynamic loading, is a compromise
between stage efficiency, stage work, and blade and disc stresses. The

following desinan selections were made:
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Flow Coefficient at Mean 0.55
Maximum Diffusion Factor 0.40
Inlet Hub to Tip Diameter Ratio 0.80
Inlet Blockage Factor 0.98

The basic assumptions used to complete the stage study were as follows:

Shaft RPM 18000

Fluid State Points at Inlet
Flow 58.1 kg/s (127.9 1bs/sec)
Temperature 3% (560 °R)
Pressure 3.13 MPa (454 psia)

Stage Design

The design selections above result in a stage with 50 percent reaction at the mean
blade height and constant axial velocity radially. To identify the stage work,
blade and vane diffusion factor was chosen at the ma-imum of 0.4. The solidity

of both blade and vane was initially chosen as 1.00, based on NACA 2-D cascade
test data.

Iteration between the above aerodynamic design and sufficient mechanical design
was done for a satisfactory overall stage configuration. To achieve this, the
blade "load build-up" criteria and blade material selections were made to
determine blade chords and preliminary disc shape.

Blade "Load Build-Up" 1.00
Blade Material (12% Chrom Steel) AISI 403

Load build-up is defined as the ratio of actual magnification factor to allowable
magnification factor. Minimum allowable magnification factor is derived from a
Westinghouse design curve versus blade harmonic. Actual magnification factor

is defined as the ratio of material fatigue strength to blade vibratory stress
times a factor of safety of 1.75. High cycle fatigue strength as a function of
mean stress, in this case centrifugal plus gas bending stress, was taken from
Westinghouse materials property data.
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The blade which evolves from this process has a chord which is tapered

14 percent from hub to tip, and a thickness/chord which is also tapered from
hub to tip. The blade and vane design section geometries are tabulated on
Table 8-3, Section profiles and section coordinates were developed from a
circular arc mean line with W65 thickness distribution and are included in
Appendix E.

Blade gas bending and centrifugal stress result in a total steady stress of
215 MPa (31,200 psi) at the blade base section of which 134 MPa (19,400 psi)
is due to centrifugal force.

Tabulated on Table 8-9 is a summary of the important stress levels and overall

stage design characteristics. The hub and tip radii tabulated in Table 8-8 for both
blade and vane are equal. In fact, there would be some wall taper. If a constant
hub diameter were chosen, blade grouping could be employed. If a constant mean
diameter were chosen, the number of stages could be minimized. In either case

the axial velocity would be held constant thru the compressor.

The overall compressor efficiency will be a function of both the individual
stage efficiency and the compressor leaving loss. The performance for the
! first stage predicts an efficiency of 0.920. Based on a compressor polytropic
* efficiency of 0.920 and a leaving loss of 4 percent an 0.870 compressor
efficiency results.

S e s
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TABLE 8-8

BLADE AND VANE SECTION GEOMETRIES

NUMBER OF BLADES/ROW

NUMBER OF VANES/ROW

STAGE WIDTH

AXIAL CLEARANCES

BLADE HUB CF STRESS

BLADE HUB GAS BENDING STRESS

BLADE FREQUENCY (0.025 Root Extension)

8-41
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2.300 Inches
0.125 Inches
19400 psi
11800 psi
2429 cps




TABLE 8-9

BLADE STRESSES

BLADE DESIGN SECTION GEOMETRY

RADIUS CHORD CAMBER
7.163 1.134 32.63
8.058 1.050 23.28
8.954 0.972 17.09

VANE DESIGN SECTION GEOMETRY

RADIUS CHORD CAMBER
7.163 1.094 23.50
8.058 1.094 23.50
8.954 1.094 23.50
8-42

STAGGER

25.35
37.89
46.67

STAGGER
41.09
37.78
34.91

SOLIDITY

1.235
1.016
0.847

SOLIDITY
1.167
1.037
0.933

T/C

.160
.095
.030

T/C

.100
.100
.100




8.3.4 CRITICAL SPEED ANALYSIS

The critical speed analysis of the 70,000 hp CCCBS for the second year was
based on the Year 1 Second Definition, with variations of the power turbine
staging and operating speeds to reflect the thinking and changing criteria
of the second year of study.

Initially the critical speed analysis was conducted for the engine as defined
at the end of Year 1 excpet that the power turbine was changed from the first
year design of 12 stages, 66.04 cm (26 in.) mean diameter and 6000 rpm to

8 stages, 53.92 cm (21.23 in.) mean diameter and 9000 rpm. In lieu of inertia
properties of the individual rotor disks, which were not available, the swept
volume of the blades was considered to be 30 percent dense as compared to the
shaft materials. The original blade width (axial) was used, and the interstage
(axial) spacing was increased such that the reduced number of stages occupied
the same shaft length.

Subsequently, analysis was conducted on two other versions of the power
turbine. One analysis was made of a 9000 rpm, 8-stage turbine with the same
mean diameter 66.04 cm (26.0 in.) as the original 6000-rpm turbine and blade
heights reduced to 0.80 of the original 6000-rpm turbine. The second analysis
was made of a 15 stage, 3600-rpm turbine.

The initial analysis of the CCCBS engine with the 8-stage, 9000-rpm power
turbine was based upon the assumption that hydrodynamic foil type gas bearings
would be used to support the various rotor spools of the engine. AiResearch
experience has shown a tendency of foil type gas bearings to exhibit negative
whirl ratio characteristics and, conseguently, the analysis included negative
as well as positive whirl consideration. As the study progressed and shock
loads were defined and a relatively heavy 3600-rpm power turbine was added

to the analysis, the decision was made to recommend the use of resiliently
mounted hydrostatic solid geometry pad type gas bearings. The analysis
performed is general in structure and applies equally to foil and pad type gas
bearings, although, one type tends to exhibit negative whirl tendencies and
the other, positive whirl tendencies. The only significant consideration is
that given to the relative bearing stiffness of each type of bearing.
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Generally, the pad type gas bearing would have a higher stiffness and would
require more accurate control of that stiffness to avoid conflict between
first and second critical speeds and the rotor operating speed.

The analyses were performed using an established and reliable computer program
developed over many years of turbomachinery design. The mass and stiffness
models for the CCCBS engine as originally -onceived for the 9000-rpm power
turbine variations are shown in Figures 8-8 through 8-11,

8.3.4.1 LOW AND HIGH PRESSURE SPOOLS

The initial analysis of the engine with the 9000-rpm reduced mean diameter
power turbine indicated that the low-pressure (LP) compressor spool and the
high-pressure (HP) compressor/turbine spool would operate too near the first
bending mode. For reference purposes, a bearing spring rate of 350,252 N/cm
(200,000 1bf/in) was selected as being representative of foil-type gas
bearings in this class of turbomachinery. It has been found to be good
practice to operate turbomachinery with at least a 40 percent margin below
the first bending critical speed. Using this reference, it can be seen from
Figures 8-12 through 8-15 that the LP and HP spools as originally designed
operate between 6 and 21 percent away from the first bending criticals. Of
particular significance is the HP spool which operates 12 percent above the
first bending critical when a negative whirl ratio is considered. It should
be noted that negative whirl ratios result in lower bending critical speeds
and this whirl phenomena is occasionalily observed with the use of foil-type
gas bearings but not with pad-type gas bearings.

The LP and HP spools were modified by stiffening the shafts and lightening
their ends. It was also discovered that the disk-like portions of the shafts
connecting the bearing journals and the larger center blading sections were
more flexible than their flexural rigidities (FI) would indicate. The effect
of this disk bending on the critical speeds was significant and was accounted
for by including rotational springs of the proper stiffness in shaft models
at the various disk locations. The modifications to the LP-spool included
increasing the shaft wall thickness to 1.91 cm (0.75 in.), removing material
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from the inside of the bearing journals, and increasing material at the
junctions of the center and end sections of the shaft to reduce the disk
flexibility at these points. The HP-spool was modified by removing material
from the inside of the bearing journals and thickening the wall of the center
section to 2.54 c¢cm (1.0 in.). The mass models of the modified spools are
shown in Figures 8-16 and 8-17. The effect of these modifications is shown
in Figures 8-18 through 8-21. For negative whirl ratios, the LP-spool has an
operational speed margin 48 percent below the first bending critical, while
the HP-spool has a margin of 42 percent. Positive whirl ratios provide
margins of 81 and 93 percent for the LP and HP spools, respectively.

8.3.4.2 POWER TURBINES

The critical speed analysis of the 53.9 cm (21.23 in.) mean diameter 9000-rpm
power turbine and the 66.04 (26.0 in.) mean diameter 9000-rpm power turbines
indicated good margin between the operating and the first bending critical
speeds. The least margin was 75 percent for the smaller power turbine and 62
percent for the Targer power turbine operating with a negative whirl ratio.
Positive whirl ratios provided 137 and 134 percent margin for the two turbines.
The critical speed margins for the two turbines over a range of bearing
stiffnesses of 17,512.6 N/cm to 1,751,268.0 N/cm (10,000 to 1,000,000 1bg/in.)
are shown in Figures 8-22 through 8-25.

Some applications of the CCCBS engine require a variable-speed power turbine.
In those applications, it is desirable to have a low bearing spring rate so
that the operating range of the turbine can be as broad as possible without
encountering sustained operation at one or both of the rigid body critical
speeds. For example, in Figure 8-22 a bearing stiffness of 350,252 N/cm
(200,000 Tb¢/in.) would produce first and second rigid body criticals of
3,200 and 5,000 rpm.

It would be good practice to avoid prolonged power turbine operation at or near
these speeds so as to minimize bearing Toads and rotor runout. If the bearing
spring rate were to be reduced to 175,126 N/cm (100,000 lbf/in.), the first

and rigid body criticals would also be reduced to 2,100 and 3,500 rpm, thereby
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permitting a larger operating range above 3,500 rpm where the turbine could be
operated without high bearing loads and shaft runout. The disadvantages of

the softer spring rates would be increased static and dynamic off-center
operation of the power turbine shaft, seals, and aerodynamic components. The
static off-center condition could be compensated by deliberate eccentricity
designed into the bearing mounts.

A critical speed analysis of the 98.55 cm mean diameter (38.80-in.) 15-stage
3600-rpm power turbine as shown in Figure 7.4 was performed.

The mass and stiffness model for the original configuration is shown in

Figure 8-26. The critical speeds were established for both positive and
negative whirl over a bearing stiffness range of 1.7513 N/cm (10,000 lbf/in.).
Since a margin of 40 percent above operating and 25 percent below operating is
desired for successful shaft operation, the 17 percent margin is considered
unacceptable. It is noted that the critical speeds determined for the positive
whirl condition, as shown in Figure 8-27, are acceptable for first bending
critical margin above the operating speed, but unacceptable for margin between
the second rigid body critical and operating speed.

A preliminary determination of the static journal bearing loads for the
origine! configuration indicated that the rear overhung 17.78 cm dia. (7.00
in.) journal bearing would be grossly overioaded and that a larger diameter
bearing would be required. An increase in bearing diameter at the rear
journal was also desirable from the standpoint of increasing the stiffness
of the power turbine rotating group and increasing the margin between the
first bending critical and operating speed for both positive and negative
whirl modes.

In order to improve the critical speed margins and provide adequate bearing
load capacity, the shaft geometry was changed by making its ends hollow,

and enlarging its diameter in the region of the rear bearing. The modified
mass and stiffness model is shown in Figure 8-29 and the resulting critical

speed relationships are shown in Figures 8-30 and 8-31.
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Whirl Ratio = 1
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Figure 8-28. CCCBS Engine (38.8 in.) Power Turbine Critical Speeds,
Whirl Ratio = -1
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Sufficient margin between the first bending critical and operating speed is
provided by the modified design for both positive and negative whirl modes;
however, the first and second rigid body critical speeds have been
correspondingly raised so that only bearing spring stiffnesses of 175,126
N/cm ( 100,000 1bf/in.) and below would provide adequate margin if the rotor
were to operate above both rigid body criticals. A relatively low spring rate
of 175,126 N/cm ( 100,000 lbf/in.) is not desirable on the 3600 rpm power
turbine due to excessive rotor sag of 8.34 mm (0.033 in.) resulting from the
static load of 14,612 N (3285 ]bf) on the overhung bearing. Any attempt to
operate the rotor system with bearing stiffnesses above 175,126 N/cm

(100,000 1bf/in.) introduces other problems related to rotor unbalance.

As an example, bearing loads due to rotor unbalance of an assumed 0.0254 mm
c.g. eccentricity (0.001 in.) are shown in Figure 8-32. The loads are

plotted as a function of bearing stiffness, and it is apparent that dynamic
loads rapidly exceed acceptable levels above 175,126 N/cm (100,000 lbf/in.)
bearing stiffness. Although it would be desirable to operate the rotor

system with bearing stiffnesses of 1.75 MN/cm (1 x 106 1bf/in.) and a
correspondingly small rotor sag of 0.08 mm (0.003 in.), it would be impossible

to drive the rotor through the first rigid body critical without causing a
failure of the bearings due to overlaod.

The seemingly impossible task of successfully mounting the current 3600 rpm
power turbine design on gas bearings is not as negative as it first appears.
The trade-offs of critical speeds, bearing load capacity, rotor sag, and
rotor unbalance can be resolved by design change and an extensive analysis
coupled with innovation. For example, the rotor sag can be greatly reduced
by using a stiff mechanical bearing mount and designing the gas bearing with E
a thick gas film with a relatively soft initial stiffness that increases 4
nonlinearly to 1imit the overall rotor displacement during passage through
criticals. This option would, of course, increase the use of hydrostatic
gas and would be one of the system trade-offs that would be investigated
during detail design.
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Figure 8-32. CCCBS Engine (38.8 in.) Power Turbine Unbalance Bearing Loads
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The physicai characteristics of the 3600-rpm power turbine as modified a
to provide first bending critical speed margin and adequate load capacity

are listed below:
Rotor weight . 1825 Kg (4015 lbf)

Polar moment of inertia 21,127 cm-N-sec
(1870 in.-]bf-sec)

C.G. location 143.66 cm
(56.36 in. from front end of shaft)

Front 332.27 kg (731 1bf)
Rear 1492.73 kg (3285 1bf)

' Static bearing loads
*Dynamic bearing loads
' Front 175.0 kg (385 Tb.) 'i
Rear 52.27 kg (115 1bf)
I *Based upon 3600 rpm, 0.25 mm (0.007 in.) eccentricity and
{ 175,126 N/cm (100,000 1bg/in.) stiffness.




8.4 AUXILTARY SYSTEM IDLNTIETCATION
B.4.1 GAS BEARING AUXILIARIES

The hydrostatic gas bearings selected for the CCCBS engine requirve a source ot
pressurized gas for startup, operation, and shutdown of three spools or rotat-
ing groups. The bearings have been designed to operate over the normal steady
state power range and rotor speeds by supplying helium gas from the discharqe
of the CCCBS engine high pressure compressor. Under these conditions, the bear-
ings require only a helium pressure control and no external source of pressur-
ized helium. However, startup and shutdown modes of the engine require an
external source of pressurized helium that is independent of the speed ot pres-
sure level of the closed lToop CCCBS engine. Suitable controls that provide

for automatic changeover between the start/stop helium hydrostatic supply and
the pressurized gas from the engine high pressure compressor constitute a major

development of the systen.

In addition to the normal start/stop helium supply, an emergency system should
be considered to provide hydrostatic gas in the event that the start-stop system
should fail or an engine condition should develop that would require a rapid
stop of the engine. A small high pressure helium tenk in conjunction with a
mechanical or helium braking systewm for the CCCRS evrgine vrotors could provide

the required emergency features.

A sugygested external hydrostatic gas system suitable for the CCCBS enaine is

shown in bigure 8-33.

The schematic shows the CCCBS engine rotor arrangement and gas bearings. [ach
bearing is individually supplied with hydrostatic helium gas from either of

two sources. During normal operation of the CCCBS engine, the hvdrostatic aas
supply is furnished by bleed from the high pressure engine compressor throudh

a control valve and regulator to the respective beavings.  During normal start,
stop operation, the hydrostatic gas i+ supplied and controlled from a hioh
pressure storage tank throuqgh separate pneumatically actuated valves and regu-
lators that are functional in the event ot maltunction or loss of electrical
power to the normal controls. Actiation of an engine rotor brake would be made
during emergency stops oo o to o asare o oo plete stop of the rotors before the

high pressure hydrostatic cas torvn toe Blod to unusable Tow pressures.,
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A1l hydrostatic gas supply controls would be integrated with the CCCBS control
system.

A tentative sizing of the high pressure hydrostatic gas compressor was made on
the basis of the calculated maximum flows to the bearings with the engine at
rated speed. The compressor would be required to deliver approximately 1 Kg/sec
(2.20 1b/sec) at a differential pressure of at least 2068 KPa (300 psi) in order
to maintain steady state operation without depleting the hydrostatic gas storage
tank. This compressor could be reduced significantly in size if the externally
supplied hydrostatic gas were to be supplied only at engine speeds below 70%
where the aerodynamic thrust loads are minimum and thrust bearings could be
operated at reduced differential pressures.
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8.4.2 HEAT REJECTION SYSTEM

The CCCBS uses sea water as an ultimate heat sink. A representative flow diagram
is shown in Figure 8-34. The system shown is for a nuclear heat source, where

some means of shield cooling are needed, and an emergency cooling capacity is
needed to remove the plant decay heat when the power conversion units are shut
down. Basically, an intermediate water cooling loop is used to connect the pre-
cooler and intercooler in each power conversion unit to a sea water heat exchanger.
Each separate power conversion unit uses its' own intermediate cooling water loop,
and the valving is arranged in such a manner to allow either sea water heat ex-
changer to act as the ultimate heat sink for both power conversion loops. This
allows the CCCBS to continue operating up to about a 50% power level, as described
in Section 3.4.1 on the operating characteristics of the precooler and intercooler,
with a failure of one intermediate cooling water Toop.

For the performance evaluation of the CCCBS, a counterflow heat exchanger arrange-
ment was used. For a sea water inlet temperature of 30°C (85°F), the sea water
exit temperature was about 47°C (110°F), and the intermediate water loop temper-
atures were 70°C (158°F) at the inlet and 35°C (95°F) at the exit. This resulted
in a heat exchanger effectiveness of 87%, which is practically achieveable with
standard water heat exchanger design practice. A sea water fouling factor of
11,500 watts/m2-°K (2000 BTU/hr-ft2-°F) was used (References 1 and 2), a value
widely used in industry.

Constant speed pumps are used in both the sea water and intermediate cooling water
Toops. This results in essentially constant water flows on both sides of the sea
water heat exchanger.

A water treatment system is shown in Figure 8-34. At the initial design phase,

it was felt that some special water treatment facility would be needed to remove
any impurities that might form in the coolant loop. However, at present it would
appear that a large development effort would not need to be undertaken. Present
commerical pressurized water reactors use demineralized water treated with sodium
dichromete in the main coolant loops. This coolant is left in the Toops for the
1ife of the plant, and only treated makeup water is added to compensate for any
leakage. In addition, many parts of the PWR coolant loops are constructcl of
carbon steel, unlike the stainless steel used in the precoolers and intercoolers
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and the copper-nickel-alloy (Reference 1) used in the sea water heat exchanger.
Based on these facts, it would appear that the water treatment can largely draw
upon the data base developed in the PWR program, and a great deal of additional
effort would not be needed.

8.4.3 CONTROLS

One of the primary requirements is to provide fully automatic and stable control
over the range from 25 to 100 percent of full power. Throttle ramprates up to 10
percent per second were set as a desired goal. In addition, automatic contro)l

of the plant startup and shutdown is to be provided. Both automatic and manual
control capability is to be provided at local control stations to allow for plant
manageability under all forseeable circumstances. Wherever feasible, the control
and protection system shall make maximum practical use of diverse redundancy of
sensors to maximize the system reliability.

For the CCCBS, the method of control decided upon was the use of a combination of
helium inventory control and heat source outlet temperature contrcl. The inventory
control schematic is shown in Figure 6.1. The variations in power demand are ad-
justed by means of a two pressure level storage system in order to handle the re-
quired normal operating power range. This system allows the pressure level to be
varied without using auxiliary comp~essors. If the power is to be reduced, the
level is reduced by tapping helium from the HP compressor into the storage reser-
voirs which are filled one after the other until the required pressure level is
attained. To raise the power (pressure) level, helium flows from the reservoirs
into the Toops upstream of the precoolers. The control of the heat source outlet
temperature would be dependent on the type of heat source used. For a nuclear
power plant, the outlet temperature is controlled by using reactivity control
drums. Feor a fossil fired heat source, the temperature is controlled by means

of adjusting the fuel firing rate.

A block diagram of the control concept for the CCCBS is shown in Figure 8-35. The
specific of the inputs would be dependent on the application of the CCCBS. How-
ever, the controller blocks shown would be the basic ones that would be needed
regardless of the application of the CCCBS.
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The control method would be as follows: from an input throttle position demand
(OD)’ the associated heat source outlet temperature demand (TD) and power turbine
speed demand (ND) can bg obtained. These temperature and speed relationships
would be obtained from the operating range state points for the plant. For

the present CCCBS configuration, the heat source outlet temperature demand would
vary linearly from 944°C (1730°F) at full power down ta 916°C (1680°F) at a 25%
of full power throttle position. The power speed demand would depend on the
operatiag r:ode of the power turbine. For constant speed turbine operation, the
speed demand would be constant over the load range. For variable speed turbine
operation, the speed demand would vary roughly as the cube root of the throttle
position (or net output power):

) 173
Np = Cy + Cy (Qp)

where C] = idle speed of the power turbine

The heat source outlet temperature demand is then compared against the measured
outlet temperature (TM). The resulting error signal is used as an input to the
controller on the heat source outlet temperature., The temperature controller
used would depend on the heat source selected for the CCCBS.

The speed of the two power turbines (NlM and NZM) would be measured and averaged.
This average turbine speed (NAVE) would then be compared against the demand speed,
generating a speed error (Ne):

A proportional-integral controller has been initially defined to obtain the demand
inventory control valve position. This could require some means of controller
compensation to improve the response of the plant:

0 = Ky (Ng + Ky Mg dt)
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This valve demand can then be used as the position signal for the helium inventory
valve actuators. The rate of change of the valve stem position of the inventory
valves could then be based on the difference between the actual (ec) and the demand
(eD) positions.

The two-level inventory storage system requires some means of switching from using
one reservoir to another. At present, the selection logic uses a measurement of
the pressure differential between the turbomachinery and the helium reservoirs in
conjunction with a signal based on the control valve position demand. For example,
when increasing power from a 25% throttle position, the demand control valve posi-
tion would be positive. This would mean that helium flow must be added to the tur-
bomachinery, thus limiting the choice of the control valves to either CV2 or CV4
shown on Figure 6.1. Based on the pressure differential between both reservoirs
and the helium inlet side of the precooler, CV4 would have the lower value, and
would be therefore begin opening and allow helium flow from the Tow pressure res-
ervoir to the precooler inlet. Eventually, a point will be reached when the pres-
sure differential decreases to some set value. At this time, the selector logic
will begin opening CV2, and the high pressure reservoir will be used for the he-
lium inventory supply. At the same time, the selector logic will ramp CV2 closed
at the maximum slew rate to avoid bypassing helium from the high pressure reser-
voir directly to the low pressure reservoir.

Besides the normal control system mention avove, additional plant protection
systems would be needed to protect the plant integrity during certain malfunctions.
For example, a loss of cooling water flow would require an immediate plant shut-
down. Also, temperature sensors would be needed at certain locations through the
plant to avoid over temperaturing of any components and to alert the operators of
a possible plant off-normal condition. If the need dictates, these temperature
sensors could be tied into the plant protection system to allow for the automatic
shutdown of the plant.

There is one type of malfunction that would appear to require an additional control

system besides the ones mentioned. On a loss of load on only one power turbine,
it would be desirable that the plant could continue operating on the remaining
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unit. This would prevent the initiation of the overspeed protection method that
would function for a complete loss of load on both power turbines (heat source
shutdown coupled to a rapid dump of the turbomachinery helium to the reservoir
bottles). To allow for one unit operation, the addition of a bypass system is
necessary. A possible valve arrangement is shown in Figure 8-13. Upon receipt
of an overspeed signal, the bypass valves in the affected power conversion unit
would open. For example, a loss of load in Loop A shown in Figure 8-36 would cause
the opening of valves CV1 and CV3. For the proposed CCCBS configuration, as shown
in Figure 3-1, these two valves are actually a single assembly acted upon by a
common controller. When the power turbine bypass (CV1 for the assumed affected
Loop A) is opened, the pressure difference across the power turbine is decreased
causing the helium temperature into the recuperators to increase. By adding
relatively cool helium from the high pressure compressor (CV3) to the hot gas from
the power turbine and power turbine bypass, thermal shocking of the recuperators
can be avoided. Opening the power turbine bypass also increases the pressure
difference across the high pressure turbine (increases power to the compressors)
so that the opening of the compressor bypass valves also increases flow through
the compressors to absorb the increased power available from the high pressure
turbines, thereby preventing overspeed of the turbo-compressor shafts. Both the
power turbine and turbo-compressor shafts will begin to ramp down in speed and a
steady-state will be reached with the one power conversion unit stopped and iso-
lated from the rest of the plant (due to the check valve in that loop), and the
plant continuing to operate on just the other power conversion unit.

Based upon previous experience with the startup of a number of nuclear rocket en-
gines, the CCCBS startup should not present any major technical difficulties. For
a nuclear heat source, control of startup is assumed to be automated to provide
maximum protection for the system against undesirable transients and to reduce re-
quirements to the operator. The controls developed in the NERVA program provide
direct input to design philosophy of the CCCBS controls. During the NERVA XE-
Prime engine tests, the engine was repeatedly started with startup automatically
controlled. Twenty temperature controlled autostarts were made, successfully dem-
onstrating that nuclear instrumentation is not required in the engine control system
(Ref. 3) (it is required, however, in the diagnostic and safety systems). For

the CCCBS, one candidate sequerce of operations using temperature autostart is

as follows:
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1. Nuclear startup begins when the plant operator initiates a
control drum rotation on a programmed time-based, position-
control program. The rotation rates as a function of position
are chosen by the operator on the basis of core and reflector
temperature measurements and previous operating characteristics.

2. When the power has increased to a level sufficient to provide
significant sensible reactor heat output, as verified by an
increase in reactor material temperature, the drum control is
transferred to in-core material temperature control.

3. In-core material temperature raised according to schedule to
a level where the turbomachinery can self-sustain.

4. Turbomachinery started with electric or »nneumatic starters
followed by transfer of reactor control to reactor exit
temperature control mode.

5. The control system would have output demand circuitry and
would provide a reactor exit temperature demand signal
{between O and 20% power).

Depending upon startup requirements and system design, alternate control sequences
may be selected using other system parameters including nuclear power and/or comi-
puted period.

While the above scheme is primarily for a nuclear powered system, there does not
appear to any reason why a similar startup strategy could not be used for a fossil
fired heat source.
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9.0 MATERIALS TESTING AND EVALUATION

9.1 INTRODUCTION AND BACKGROUND

In the proposed closed cycle Brayton system, the highest combination of stress
and temperature occurs in the first row turbine blades. First stage stator
vanes and blades are expected to operate at elevated temperatures for a system
1ife in the range of 10,000 to 40,000 hours. The working fluid is an inert gas,
helium, with equilibrium concentrations of various impurities. Based on past
helium turbine design technology, from the Westinghouse closed Brayton turbo-
machinery development with the United States Maritime Administration,(1’2) and
based on expected materials properties, it has been concluded that a turbine
inlet temperature on the order of 927°C (1700°F) pushes but does not exceed
the state-of-the-art for uncooled turbine blades and stators in inert gas.
This conclusion regarding materials capability, was based on engineering
extrapolation of materials properties data obtained in inert gas at lower
temperatures and on properties data at comparable temperature in air for
shorter test time periods. However, to demonstrate material performance
feasibility, additional material testing at or near expected service condi-
tions was necessary to confirm materials properties and to provide baseline
data for the feasibility evaluation.

Historically, superalloy alloy development has been aimed at problems asso-
ciated with aviation and land gas turbines where thermal, fatigue hot corrosion,
and oxidation are the primary factors which 1imit component Tife. While creep-
rupture behavior is an important design consideration in such systems, hot
component 1ife is limited to a large degree by materials compatibility with
combustion products, including fuel impurities such as sulfur compounds and
catalytic agents, vanadium pentoxide, from fuel processing. In the case of
CCCBS turbine components, creep behavior is expected to be a primary design
consideration. Minor amounts of active contaminants in the inert working

fluid are expected to produce surface reactions which may or may not influence
creep behavior.
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units are illustrated schematically in Figure 9-1 and are pictured in Figure
9-2. Ultra-high vacuum creep test operation of these units is described in
detail elsewhere(7). The cogent system characteristics which made these units
ideally suited for ultra-high-purity helium atmospheric testing are:

e The all metal system construction utilizes crushable copper
gasket seals which permits evacuation to pressures below 1 x 107
torr while the entire system is baked at 204°C (400°F). This
operation removes adsorbed moisture and gases from all internal
surfaces.

7

® The specimen is heated by radiation from a split tantalum
resistance heating element insulated by tantalum radiation
shields. Tantalum at temperatures above 538°C (1000°F) is
an active "getter" of oxygen, thus the test specimen is
exposed to an environment with a very low oxygen level.

e The specimen is deadweight loaded internally by weights
contained in the system. External loads are transmitted to
the specimen through a stainless steel bellow seal.

e Specimen strain is measured optically directly off the gage
section. This feature plus deadweight loading eliminates
systematic error.

9.2.1.2 HELIUM GAS ANALYSIS

Helium gas used for the creep testing atmosphere was Matheson Purity 99,9999
min. helium. Gas analysis was conducted using a one liter sample bottie which
was attached to the system through a bakeable valve. The sample bottle, which
was baked out under dynamic vacuum conditions, was permitted to equilibrate
with the static helium enviromment within the test chamber. The helium in the
sample bottle was analyzed using a concentration technique developed at the
Westinghouse Research and Development Center(g‘g). The helium in the sample
bottle is drawn through a liquid helium cooled freezeout trap which condenses
out and effectively concentrates all gaseous impurities. The preconcentrated
trapped gases are then warmed to room temperature. The resulting aas pressure
in the cryogenic trap with a known volume is measured. The gases are then
expanded into the inlet system of a mass spectrometer and analyzed quantita-
tively. Determination of water level is qualitative due to the limited <ise

of the gas sample and difficulties which are inherent in the quantitative
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analysis of water in the low ppm range. In all cases no distinction could be
made between sample moisture level and mass spectrometer background which
varied from the high ppb to the very low ppm level.

9.2.1.3 TEST PROCEDURE

A suitably prepared and thermocoupled test specimen was inserted into the test
chamber shown previously in Figure 9-1. The grips were attached to the upper
support member and weight train by means of pinned joints. The thermocouple leads
were fed to the outside by means of a ceramic feedthrough assembly. Extreme care
was exercised during loading of the system to prevent the introduction of any
foreign matter, such as dirt, oil, etc., which would compromise system operation.

Personnel handled all hardware inside the vacuum envelope with Tint-free gloves.
After the necessary internal connections were made, the bell jar was put in
place, all openings sealed, and the system evacuated. Pumpdown from atmospheric
pressure was accomplished by means of a turbo-molecular pump to eliminate the
possibility of contamination due to backstreaming of o0il from the mechanical

or diffusion pumps which employ organic pumping media. When the system pressure
reached 1 x 10'5 torr the sputter ion pump was energized. After sufficient time
to allow for pump outgassing and pump startup, the system was isolated from the
turbo-molecular pump. After the ion pump startup, the system pressure decreased
rapidly and after approximately one hour, was less than 1 x 10'6 torr. At that
time the system was leak checked. After it was determined that the system was
leak free, the system was baked to remove the adsorbed gas moisture from the
walls of the test chamber. This was accomplished by enclosing the vacuum system
within a two piece portable oven. The ion pump contains its own internal heater.
Both pressure and temperature are used to control the amount of heat input during
bakeout. During the initial portion of bakeout, a system pressure upper limit
of T x 10'6 torr regulated the power input to the bakeout heaters. After re-
moval of the major adsorbed gas load, the maximum temperature of the wall of

the vacuum envelope is limited to approximately 204°C (400°F) to 260°C (500°F)

by thermostats attached to the exterior surface of the vacuum system. After a
bakeout of 12 - 24 hours, the system was cooled to room temperature and the bake-

out oven removed. The system pressure after bakeout at room temperaturc was less




than 5 x 10']0 torr. At this point, the helium backfill system, illustrated in
Figure 9-3, was attached to the test chamber through a bakeable microvalve. All
lines were stainless steel, and all connections were made using crushable copper
gasketed flanges. The gas lines and gas sampling bottle were fitted with trace
heating tapes. The backfilling procedure consisted of attaching the fill lines
to the evacuated test chamber, connecting the turbo-molecular pump to the system,
and placing a gas sample bottle in the system. The lines between the helium
supply bottle and the test chamber were heated along with the gas sample bottle
to 149°C (300°F) while being evacuated by the turbo-molecular. A two to three
hour bakeout was accomplished at a pressure of 1 x 10'6 torr or less, prior to
release of the helium from the supply bottle into the backfill system and into
the test chamber. The test chamber was filled to a pressure of 0.95 atmospheres.
The gas sampling bottle valve was closed and the sample was removed for analysis.

Gas samples were taken at the beginning and at the conclusion of a creep test.
Typical analytical results are reported in Table 9-1. Hydrogen was the most
prominent active gas with concentration levels which varied from initial values
of 0.35 ppm to maximum values as high as 4.0 at the end of testing. All other
active gases were either not detected or were present in levels which were
consistently less than 1.0 ppm.

The test specimen was heated to temperature; and once stabilized, the weight
was applied. When internal loading was utilized, the weight was supported
through a bellows assembly. A partial load of several hundred psi was main-
tained on the specimen at all times. As soon as the test temperature was
reached and thermal equilibrium established, the total load was applied to the
specimen by retracting the support platform. Measurements were made of the
specimen gage length to establish the % at temperature. Periodically during
the test duration in charge in o0 A% was measured to establish the time-
elongation curve.

Creep strain was determined by direct measurement of the separation of fiducial
scratches applied to the extremes of the uniform gage section of the test speci-

men. The separation of the fiducial marks was followed by a horizontal telescope
which is moved vertically by a 12.7 micron (0.050 inch) pitch precision
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TYPICAL HELIUM GAS ANALYSIS

TABLE 9-1

Typical He Analysis (ppm)
H, 0, | N, | €O co, THC Ar
Final 1.0 0.04 |0.9 ND 0.2 | 0.04 | 1.4
Initial 0.3 ND 0.07 ND 0.2 | 0.04 | 0.01
Initial 0.5 0.1 |0.2 ND 0.4 | 0.10 | 0.01
Final 4.0 ND ND 1.3 0.2 | 0.05 | 0.1
Initial 2.2 ND ND 0.1 23 | 0.2 0.1

ND -

THC -

Not Detected

Total Hydrocarbons

Final analyses were taken for tests run for >1000 hours.
that reported values at or below the 1 ppm level are at the limits of

detectability and most likely represent background levels of the sampling
and analytical equipment.

It must be noted
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micrometer screw and nut assembly. The readings are made with a vertical
reference scale and 100 part drum equipped with a 10 part vernier. The
instrument can be read to 0.01 microns (0.000050 inch).

Helium gas samples were also taken during and/or at the conclusion of the creep
test. The helium backfill system (Figure 9-3) was reconnected to the test chamber
and prepared as previously described. The test chamber valve was opened to allow
the helium from the test system to enter the sample bottle. Sufficient time was
allowed to permit pressure equilibration between the test chamber and sample
bottle volume. After closing the valves to the test chamber and the sample
bottle, the bottle was removed for analysis.

9.2.2 SIMULATED CCCBS HELIUM

Creep-rupture testing in simulated CCCBS helium working fluid was carried out
in five lever arm test units equipped with a specially designed simulated
CCCBS helium working fiuid environmental supply system.

9.2.2.1 CREEP TEST FACILITIES

Creep testing in the simulated Compact Closed Cycle Brayton System (CCCBS)
environment was performed in five creep units. Two units are displayed in
Figure 9-4. Each unit consisted of a resistance wound radiation heater mounted
so that the specimen was in the center of the hot zone. The creep chamber was a
clear quartz tube with pyrex fused at each end; several transition zones separ-
ated the 100% quartz from the 100% pyrex. Crushable copper gasket seals were
used in the metal-to-metal interfaces. The glass-to-metal seals were kovar.

The thermocouple leads were introduced into the system through conventional
vacuum feedthroughs. This permitted evacuation to pressures below 1 x 10'5
torr while the system was baked at 260 to 315°C (500 to 600°F). During baking
absorbed moisture and gases from internal surfaces were removed. The specimen
was deadweight loaded externally by way of a lTever system; the load was trans-
mitted to the specimen through a bellow seal. Molybdenum grips were used to

hold the specimens in the hot zone. Strain was measured by a dial gage detecting
lever arm motion. This measurement included deflections in the entire load train.
This led to large indicated primary creep strains. However, secondary creep
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rate and rupture life were unaffected. Optical extensometers were aiso uded to
measure strain. However, difficulties in discerning fudicial marks on the speci-
men gage section caused this method of strain measurement to be less reliable.

9.2.2.2 TEST PROCEDURES

Extreme care was exercised during the preparation of the system to prevent the
introduction of any foreign matter that could affect the operation of the system.
Lint-free gloves were worn when internal parts were handled.

Thermocouples were attached to the test specimen at three places along the gage
length. The specimen was connected to the load train by means of either button
head of threaded joints. This assembly was then placed inside the quartz tube.
The thermocouple Tleads were led out of the tube by way of a ceramic feedthrough
assembly. The gquartz tube was attached to the frame of the creep machine, and
the load train was connected to the loading apparatus. The load train emerged
from the tube through a bellow seal and was connected to the load by means of a
threaded joint.

Evacuation of the creep chamber was accomplished by a mechanical and diffusion

"5 to 1 x 10’6 torr. The system was

pump. The pressure was reduced to 1 x 10
checked for leaks. Once it was determined that the system had no leaks, the
chamber was baked to remove adsorbed gases and moisture from the internal

surfaces. This was accomplished by heating the chamber to 260 to 316°C (500

to 600°F) and then cooling to room temperature.

The test chamber was made a part of the impure helium loop. The test specimen
was heated to temperature, and once thermal equilibrium was establiished, the
Toad was applied by means of a lever assembly. Periodically during the creep
test the change in length, A¢, was measured by a dial gage. To determine the

strain-time curve, 2 was taken to be the length of the gage section at room

0
temperature.

9.2.2.3 SIMULATED CCCBS HELIUM ENVIRONMENTAL SUPPLY SYSTEM

Figure 9-5 is a schematic of the impure helium loop creating the CCCBS environ-
ment. In the actual system, five creep-chambers were arranged in parallel. for
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simplicity, only one is shown in the figure. A full flow purification system

was utilized to remove all impurities from the recirculating helium. The desired
levels of each impurity species in the helium was attained by an injection system
prior to distribution of the helium gas to the test chambers. In this way, the
species and concentration levels were precisely controlled.

The purification section ¢ the loop consisted of a copper oxide bed operating
at 371°C (700°F). The bec was filled with copper ribbon which was oxidized to
Cu0 at 649°C (1200°F) by passing air through the bed. The CuQ bed operating
at 371°C (700°F) removed CO and H2 by the followirg reaction:

CO + CuQ -~ Cu + COZ
H2 + CuQ » Cu + H20

After passing through the Cu0 bed, the helium gas was permitted to cool to ambient
temperature prior to passing through a type 5A molecular sieve bed. The molecu-
lar sieve bed which was maintained at ambient temperature removed CO2 and HZO

by adsorption. Following the molecular sieve bed was a silica-gel trap cooled

by a refrigeration system to - 40°C(-40°F). The silica gel trap removed N,
CH4 and traces of CO, CO2 and H,0 from the helium gas stream. The final step in
the purification process was a titanium sponge bed operating at a temperature

of 649°C (1200°F). Titanium is an active "getter" of oxygen at elevated tempera-
tures. The calculated equilibrium partial pressure of oxygen over titanium at
1200°F §s < 1 x 1075
conditions of 5 liters-per-minute through the titanium sponge bed was well
below the lTimits of detectability.

atmospheres. The oxygen level in the helium under flow

C e demin,

The continuous injection of the impurity gases was accomplished through micro-
flow rate needle valves. The gases were supplied by cylinders of high purity i
co, CH4, and HZ’ In parallel to the impurity injection line was an oxalic

acid bed to supply moisture to the carrier gas as required to maintain the

desired level in the recirculating helium. The impurity injection system was

jsolated by two "normally closed" solenoid operated valves in the event of an

electrical ou-age. This possibility was minimized as the system electrical

power was supplied through an uninterruptable power supply (UPS). Accumulators
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were used to smooth out pressure surges in the loop and to serve as a mixing
chamber for blending impurities in the helium carrier gas. Quartz wool was
included in the supply side accumulator for this purpose.

Helium was circulated by means of stainless steel bellows pump operating with
an output pressure of 28 psig and a suction pressure of 5 psig. Helium flow
was maintained at 5 1iters per minute with a one liter per minute flow through
each test chamber.

9.2.2.4 HELIUM GAS ANALYSIS

The identity and concentration level of impurities in the simulated CCCBS helijum
working fluid test environment was determined by a Varian Aerograph gas chroma-
tograph, Model 2732. This instrument utilizes a helium ioni;ation detector which
makes it ideally suited for analyzing trace impurities in inert gases. A 457 cm
(15 ft) 13 X MS column operating at 121°C (250°F) was used to separate the
impurity constituents in the gas sample being analyzed. Calibration curves for
H2, CO and CH, were generated using helium doped with individual impurity species
in the range of interest. The calibration curves were rechecked using a single
helium source containing all of the impurity species at concentrations within

the ranges of interest for each impurity species. This helium gas source was
used to periodically check the calibration of the gas chromatograph during loop
operations. Sampling lines permitted the helium stream to be analyzed after
passing through the purification system, after the impurity injection system

and after passing through the test chambers.

The moisture content of the recirculating helium was monitored by means of
sensors located in the gas stream after the purification and impurity injection
systems and prior to and after passing through the test chambers. The sensors
were part of a Pannametric hygrometer and are essentially aluminum oxide capaci-
tors. Water molecules adsorbed on the oxide structure in equilibrium with
moisture in the gas stream determines the conductivity of the oxide capacitor.
The impedance of the circuit thus providing a direct measurement of the water
vapor partial pressure in the helium gas stream.
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90000 SELECTION OF SIMULATED COCRS HELTUM COMPOSTTION

The compatibility testing of CCUBRS turbine materials tor feasibility study
requires an estimate of the Likely impmrity species and Tevels in the heliom
working fluid. In the absence of operational data tfrom a tull-wise syslem,
operational data trom other similar systems must be utilized atter appropriate
considerations of their individual design peculiarities and modity this intorma

tion on the basis of the Jdesian features ot COCRS, 3

A divectly conpled gas cooled reactor with o araphite core represents the most
stringent operating condition with respect to the CCCBS helium working tluid,

The chemical nature ot the hot graphite corve signiticantly intluences the
character ot the working tlaid impurities and how the working fTuid is treated.
The reactivity of carbon at elevated temperatures produces an osvgen partial
pressure in the helbium working thoid on the order ot IU_;’U atriospheres or e,
In helium-graphite systems, hvdrogen, moistre, methane, carbon monovide . carbon
diovide and nitrogen are the most common impurities. With the possible excep-
tion of nitrogen, all enter into a chemical relationship governed by thermodynamic
and kinetic considerations,  These relationships are discussed inodetail by

(1)

tverette tor gas-cooled reactor systoms The operating experiences ot three
prototype helim-cooted reactor svstems were also reviewed.  Thev ares Dragon,
which operated at 70 MWth at a reactor outlet tomperature ot ROC (A0,
Peach Bottom, whivh operated at 115 Mdth, at a reactor outlet temperature of
ST 10007 and AVR, whach operated at 36 MWth at a reactor outlet tempera
ture of 8507C (1507 1Y which was inereased to 950°C (173070 an 19730 The
operdational experience ot these systems wore reviewed with the purpose of wetting
immeity Tevels in a dynamic helium envivonment for materials evaluation,
privarily creep and stress rapture data genevation, for high temperature veactor
acctems s The conclusions drarm by bverette as a vesult of the review ot the
aperaiton of the above-mentioned systems are quoted divectly as follow:

o Jo anqens helium impurities Tikely to occur in operating reactors

vooonsiderable amount of reactor engineering design o intormation
vd enperience with operational prototype reactors must be taken

'

et o pccognt

° : oty vatos (he HAO0 D r0 e B t'l!,ﬂ are the most ampor
verals compat it ity testing and can be oestimated with
cooen oty ance tandamentally the chemreal balance i

e bot agraphn t e of the redctor coere.
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e Impurity levels are more difficult to assess but are of less
importance than the ratios which determine oxidation and carbur-
izing potentials. Estimates have been made for power reactor
operation and recommendations made for compatibility testing
of primary circuit materials.

Based on information developed as a result of the review, Everette recommended
the following impurity levels for test loops supplying simulated systems environ-
ment for testing of high temperature gas-cooled reactors (HTR) materials used in

direct cycle gas turbines.

N Micron-Atmospheres (u-atmos) ]
1
L, H,0 Co co, l CH,
. {

r *

HTR-GT I 500 1.5 50 (1) 50
t

*The CO, level should be allowed to find its own Tevel in the loop through the

water Shift reaction.

The HZ/HZO ratio is 333:1, CO/CO2 ratio is 50:1, and the H2/CH4 ratio is also
10:1.
are listed along with the impurity levels for the simulated reactor helium

Other material test programs, which are currently in progress or planned,

environment.

SIMULATED REACTOR HELIUM COMPOSITION OF
VARIQUS MATERIALS TEST PROGRAMS

r ' ___ (u Atmos.) T
| H2 HZO co iCOz CH4 [. ﬁfﬁfﬁ,'
i VHTR Materials Test | ! {
" Program: i ? I
' G.E. DCHT-NPH 400 2 40 : 20 | M|
, CIIR - O0slo {Dragon) ‘ |
' 1972 - 74 50 - 100} 0.5-3 25-50 1 3-8, 10, 12
. Fiat - Italy |
. After 1974 500 1.5 50 . 50 }
| Tokai Research Lab 190- 220(2 - 4 90 - 110 iz - 5-6 . 13
i Jaeri, Japan i |
General Atomics 1500 50 450 - 50 | 14
i ORNL 275 10 15 - 25 ‘s
KFA, Germany 500 1.5 l 15 - 20 16, 17




Based on the review of the data of Everette and the composition of simulated
reactor helium used in other materials test programs around the world, it was
concluded that the CCCBS materials test environment would operate in the

following impurity ranges:
H2 - 400 to 500 u atmos.
H20 - 1 to 3 p atmos.
CO - 40 to 50 u atmos.
002 - permitted to establish equilibrium levels
CH, - 40 to 50 » atmos.

9.3 ALLOY SELECTION, PROCUREMENT AND CHARACTERIZATION
9.3.1 ALLOY SELECTION

The alloys selected for the initial phase of the materials testing program are
listed in Table 2-2. The first three alloys were selected on the basis of their
commercial status and their particular applicability to the Compact Closed
Brayton System requirements. Alloys 713LC, IN100 and MAR-M509 are commercially
available alloys which have been used extensively in gas turbine applications
over the past 10 to 15 years. Their history of metallurgical development and
mechanical behavior is well documented. Thermal stability as determined by
microstructural behavior on thermal exposure at elevated temperature is also
well known and recorded. Alloy 713LC is one of a few nickel-base superalloys
which does not contain cobalt as an intentional alloying addition. There are
applications where cobalt is an objectionable alloying addition, and its presence
is undesirable. INI00 is a "workhorse" turbine blade material designed to have
a relatively low density combined with excellent creep resistance up to 1038°C
(1900°F). The alloy has been successfully cast and utilized in a variety of
shapes from turbine blades. vanes, and nozzles to integral wheels. Cobalt
alloys are generally used as vanes, nozzles and other static hot structures




TABLE 9-2
SELECTED ALLOYS AND NOMINAL COMPQOSITIONS

ALLOY DENSIT; COMPOSITION
(1bs/in”) (wt. %)
Alloy 713LC 0.289 Ni-12Cr-4.5Mo-2Cb-5.9A1-0.6Ti-0.05C
IN100 0.280 Ni-10Cr-15C0-3Mo-4.7Ti-5.5A1-0.9vV-0.18C i
MAR-M509 0.320 C0-23.5Cr-10Ni-7.0W-3.5Ta-0.2Ti-0.5Zr-0.6C ;
MA 754 0.300 Ni~20Cr-0.5Ti-0.3A1-0.6Y203-0.05C
™M 0.368 Mo~0.5Ti-0.08Zr-0.02C




{ because of their excellent hot corrosion (sulfidization) resistance. Cobalt

, alloys, however, arenot generally used for rotating parts due to their lower

creep and oxidation resistance compared to nickel-base alloys. MAR-M509 has

‘ good creep strength, resistance to thermal stressing, and resistance to crack
propagation. The alloy can be used in the as-cast condition; no heat treatment

is required. It can be successfully welded and joined both to itself and to

many dissimilar metals by conventional techniques.

MA 754 is a recently developed nickel-chromium alloy produced by mechanical
alloying which uniformly disperses yttrium oxide for dispersion strengthening
at temperatures to the alloy is melting point. MA 754 exhibits excellent stress-
rupture properties which are equivalent to or superior to cast alloys. MA 754
is currently being used as vanes in gas-turbine engines where high temperature
strength is required. The superior creep-rupture properties of MA 754 provides
high temperature growth potential for CCCBS turbine components.

TIM, a molybdenum-base alloy, is a refractory metal alloy which has demonstrated
compatibility with inert gases at elevated temperatures and has superior creep
strength at 982°C (1800°F) and above. TZIM provides system growth to higher
temperature capability.

9.3.2 PROCUREMENT

Alloy 713LC, IN100 and MAR-M509 were obtained as "as-cast" creep specimens from
Jet Shapes, Inc., of Rockleigh, NJ. Alloy 713LC was purchased according to a
Westinghouse specification, since no formal published specification for the
alloy could be found in the open literature. The specification was modeled
after AMS 5391 for alloy 713C. The only difference being a lower carbon level,
0.05 percent for the LC version vs 0.12 percent for the "C" alloy designation.
IN100 specimens were cast according to AMS 5397 and MAR-M509 to a Pratt and
Whitney specification, PWA 647E. Cast specimens were examined by x-ray analysis

to insure sound porosity-free gage sections.

MA754 test material was procured from Huntington Alloys as solution annealed
bar stock 8.9 c¢cm x 3.2 cm by 12.7 cm (3-'; in. x 1-% in. by 5 in. long). No
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specification exists at this time for this material. A Huntington data sheet
supplied with the material indicated the solution annealing heat treatment to be
% hour at 1316°C (2400°F) followed by air cooling.

The TIM test specimens were machined from forged and stress relieved material
which was part of a NASA sponsored creep test program. Processing information
and chemical analysis were supplied by TRW, Cleveland, QH, the contractor to
NASA(18). The TZM alloy was obtained from Climax Molybdenum of Michigan (now
AMAX) in the form of 27.9 cm (11 inch) diameter disc forging. The materiil was
vacuum arc-melted to 29.2 cm (11-% in.) diameter ingot, extruded to a 15.9 cm
(6-% in.) diameter, then upset forged to final size at 1204°C (2200°F) after
heating to 1482°C (2700°F). The material was then stress relieved one hour at
1482°C (2700°F). Creep specimens were cut in a radial direction from the forged
disc with the gage section parallel to the wrought microstructure. Chemical
analyses of the test materials are given in Table 9-3.

9.3.2.1 MICROSTRUCTURE OF STARTING MATERIAL

The microstructures of the starting materials are shown in Figures 9-6, 9-7,

9-8, 9-9 and 9-10. Cross sections of the specimen gage sections of alloy 713LC
and IN100 are shown to give an indication of the typical as-cast grain size.

The microstructures shown at higher magnification ave typical of cast superalloys.
Alloy 713LC displays a dentritic type appearance. The low carbon modification

of Alloy 713 resulted from desire to improve low temperature ductility by re-
ducing massive MC formation during solidification. The resulting microstructure
is relatively clean with some M23C6 located at the grain boundaries. MC and M23C6
are carbide phases which precipitate from the matrix and have a pronounced effect
on mechanical properties. The microstructure of IN100 contains nodular gamma
prime, y~, an intermetallic compound primarily Ni3A1, throughout the matrix,
white appearing particles, along with MC and M23C6 carbide phases. The MAR-M509
alloy is a cobalt-base alloy which contains M23C6 and MC phases. Tantalum,
titanium and zirconium tend to dominate the monocarbide, MC. The M23C6 tends

to form massive blocks in the interdendritic zones and at the grain boundaries.

The MA 754 alloy displayed a microstructure typical of oxide-dispersion
strengthened material. In the transverse direction grains are irregular, while
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Figure 9-6.

100 X

Microstructure of As-Cast Alloy 713LC
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Figure 9-7. Microstructure of As-Cast IN100
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Figure 9-8.

100 X

Microstructure of As-Cast MAR-M509
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Figure 9-9.
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Figure 9-10. Microstructure of Stress-Relieved TIM




in the longitudinal direction (parallel to working direction) the micro-
structure exhibited a large grain aspect ratio with interlocking grain boundaries
pinned by finely dispersed Y203.

The TZM alloy exhibits a wrought microstructure with no evidence of recrystalliza-
tion as a result of the stress relieve anneal. The test specimen blanks were

cut parallel to the radii of "pancake" forging and thus exhibit a high aspect
ratio wrought structure which resulted from the upset forging operation.

9.3.2.2 TEST SPECIMEN GEOMETRY

The creep-rupture test speciiien geometries, which were used, are shown graph-
jcally in Figure 9-11. Actual test specimens are shown in Figure 9-12. The
cast materials, Alloy 713LC, IN10O énd MAR-M509, were received as cast-to-size
specimens. The specimens had a nominal 0.64 cm (1/4 inch) diameter gage section
3.2 c¢cm (1-% inch) long with %-13 threaded ends. The as-cast specimens were
machined to produce a round, uniform diameter along the gage length as shown by
specimen 2 in Figure 9-12. These specimens were used for the air tests because
the cross-sectional area was compatible with the load capacity of the lever arm
test machines. For the deadweight loaded tests in ultra-high purity helium,

the cross-sectional area of the gage section was reduced to a diameter of

4 mm (0.160 inch) as illustrated by specimen 1 in Figure 9-12. The gage
diameter for each material was adjusted to accommodate the physical volume of the
load required to achieve the desired stress levels and remain within the equip-
ment limitations. Double shoulder-type creep specimens with differing gage
diameters were used for the MA 754 and TZM materials as shown by specimens 3

and 4 in Figure 9-12. The MA 754 specimen gage diameter was 4.6 mm (0.180 inch),
and the TIM specimen diameter was 2.5 mm (0.1 inch).

9.2.2.3 TENSILE PROPERTIES OF TEST MATERIALS

In order to more completely characterize the creep-rupture test materials, a
limited number of tensile tests were conducted. The number of tensile tests con-
ducted was dependent upon the availability of extra test specimens. The results
are given in Table 9-4 along with test data from the alloy developer or other
available services. Tests were conducted at room temperature and at 927°C
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Figure 9-11. Creep-Rupture Specimen Geometries for Various Test Materials
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7,

1. Ultra-high purity helium test specimen for as-cast
Alloy 713LC, IN100 and MAR-M509 material.

2. Air test specimens for as-cast alloy 713LC, INT00
and MAR-M509.

3. MA 754 creep-rupture test specimen.

4. TIM creep-rupture test specimen.

Figure 9-12. Photographs of Creep-Rupture Test Specimens
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(1700°F) and at other elevated temperatures where possible. No tensile tests
of TZM alloy were conducted.

9.4 CREEP-RUPTURE TEST RESULTS AND EVALUATION

Creep-rupture testing of five selected turbine materials was conducted in
ultra-high purity helium and simulated CCCBS helium working fluid environment.
Supplementary creep-rupture tests were also conducted in static air for Alloy
713LC, IN100, MAR-M509 and MA754. The test data generated during this program

are listed in Table 9-5. A total of 40,035 test hours were accumulated in air,
76,583 hours in ultra-high purity helium, and 11,350 hours in a dynamic simulated
CCCBS helium working fluid. Termination of the program by the customer prevented
completion of the tests involving the dynamic simulated CCCBS helium working fluid
environment. Test results for each alloy are described and evaluated individually
in the following discussions.

9.4.1 ALLOY 713LC

Four creep-rupture tests of Alloy 713LC were conducted in ultra-high purity
helium for a total of 5733 test hours. Test times ranged in duration from 269

to 3182 hours. Four air tests at corresponding stress levels were also con-
ducted. One test in the dynamic simulated CCCBS environment was conducted at a
stress of 117 MPa (17 ksi). The test results, rupture life vs stress level,

are plotted in Figure 9-13. In order to provide a basis for comparison, a com-
puter printout of creep-rupture data for Alloy 713LC was obtained from the
Mechanical Property Data Center (MPDC), Traverse City, Michigan. The MPDC is

a DOD supported materials information center. The Alloy 713LC printout contained
data for 831 creep-rupture tests, which were carried out in air in the temperature
range 732 to 1204°C (1350 to 2200°F). The data were gathered primaryly from
government-sponsored programs. Of the 831 creep-rupture test results reported,
507 were carried out a 982°C (1800°F) at a stress level of 152 Mpa (22 ksi).
These test conditions are apparently used for heat qualification. Only three
tests of >10,000 hours were reported, and they were conducted at 816°C (1500°F)
or lower. Sixteen creep-rupture tests of greater than 1000 hours were reported.
These data illustrate the dearth of long-term hicgh temperature creep-rupture

data available in the open literature for a widely used, relatively old, com-

mercial superalloy.
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The solid reference curve in Figure 9-13 was generated from a Larson-Miller

plot of the MPDC data. Logarithmic curve fit and linear regression analysis
were used to produce a best-fit curve for 61 data points representing the rupture
life of Alloy 713LC in the stress range 86 to 207 MPa (12.5 to 30 ksi) and test
temperatures in the range 871 to 982°C (1600 to 1800°F). The air, ultra-high
purity helium, and the CCCBS environment test data for material evaluated on

this program compare favorably with the reference curve. At the 138 MPa (20 ksi)
stress level, four tests were conducted, two under each environmental condition.
The actual creep-rupture curves are shown in Figure 9-14. The specimens tested
in ultra-high purity helium exhibited rupture times ranging from 269 to 755 hours
with fracture strains of 6.4 and 8.0 percent, respectively. The two air tests
had rupture times of 397 and 623 hours with slightly higher fracture strains of
10.4 and 9.6 percent. At the lower stress levels, Figures 9-15 and 9-16, the
ultra-high purity helium tests exhibited significantly longer rupture times com-
pared-to tests conducted in air. The test results for both environmental
conditions, however, fall within a reasonable scatter band, Insufficient test
data prevent definitive conclusions to be drawn, although a trend to improved
rupture life of Alloy 713LC in ultra-high purity helium appears as a possibility.
Additional tests preferably at times of 10,000 hours or longer, are required to
definitely establish the validity of the observed trend. The one simulated CCCBS
helium working fluid environmental test had a rupture life of 1268 hours at a
stress level of 117 MPa (17 ksi). This data point fell on the reference curve.

One additional comment regarding the stress-rupture behavior of Alloy 713LC
relevant to CCCBS requirements involves the projected stress required to give a
10,000 hour rupture life. Initial data published by INCO in which a Timited
number of rupture tests of less than 3500 hours, indicated an extrapolated rupture
life of 10,000 hours at a stress of slightly higher than 103 MPa (15 ksi) at

927°C (1700°F)(]9). Data from MPDC involving many more test results indicate that
the extrapolated 10,000 hour rupture 1ife may be closer to 83 MPa (12 ksi) at
927°C (1700°F). Actual creep-rupture behavior for long-term tests greater than a
few thousand hours may be affected by air oxidation resulting in a reduced stress
for 10,000 hour life.
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9.4.2 ALLOY IN10O

A total of 12 IN10O creep-rupture tests were conducted including six in air,
three in UHP-He, and three in CCCBS helium working fluid environment. One test
in the CCCBS helium environment was in progress at the completion of the report
period. The rupture life data are given in Figure 9-18. The reference curve

was generated from a Larson-Miller plot of data received from the Mechanical
Property Data Center. As pointed out in the discussion of Alloy 713LC, the
number of long-term tests conducted at temperatures above 871°C (1600°F) was

very limited. Of the 573 reported test results, only 22 tests of greater than
1000 hours were reported. There were no test results in the 871 to 982°C

(1600 to 1800°F) test temperature range greater than 4700 hours. A total of

52 data points were used to develop a Larson-Miller curve from which the reference
curve in Figure 9-18 was produced. The air data show excellent correlation with
the reference data. Creep-rupture curves for tests conducted at 207 MPa (30 ksi)
and 172 MPa (25 ksi) are shown in Figures 9-19 and 9-20. Creep-curves for tests
conducted at 155 MPa (22.5 ksi) in air and UHP-He are shown in Figure 9-21.

The rupture life in UHP-He was significantly higher than the air test results.
Fracture strain was also significantly higher for UHP-He test, 16 vs 7.2 percent.
At the 110 MPa (16 ksi) stress level, as shown in Figure 9-23, results were
similar. The UHP-He test displayed significantly greater rupture life and
moderately greater fracture strain. The rupture life of the two UHP-He tests
that were completed exhibited rupture life that was significantly greater than
the reference data base and for the air data generated from test specimens

from the sam heat of material. Whether the behavior is a real environmental
effect remains to be determined. One test involving the simulated CCCBS helium
working fluid environment was completed; a second was still in progress at the
end of the report period. The completed simulated CCCBS helium test was con-
ducted at a stress level of 124 MPa (18 ksi). The creep-rupture curve for this
test is shown in Figure 9-22, along with results for an air test at the same stress
level. Rupture life and fracture strain for both tests were comparable. The
CCCBS helium test, however, exhibited transition to third-stage creep at a much
earlier time compared to the air test. This behavior may or may not be the
result of environmental influence. Additional tests would be required to resolve

this anomalous behavior.
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It should be noted that the reference curve in Figure 9-18 derived from MPDC
data varies from other published data regarding the expected stress to produce
10,000 hour rupture life at 927°C (1700°F)(20). The extrapolated stress to
produce a 10,000 hour rupture life at 927°C (1700°F) is approximately 83 MPa
(12 ksi).

9.4.3 ALLOY MAR-M509

A total of five creep-rupture tests of Alloy MAR-M509 were conducted, three in
air and two in UHP-He. A1l tests were completed, and the data are shown in
Figure 9-24. The reference curve was produced from MPDC data and represented
90 creep-rupture tests in the temperature range 871 to 1093°C (1600 to 2000°F).

The longest test time reported was 3220 hours at 982°C (1800°F) at 70 MPa (10 ksi).

The remainder of the reported tests were carried out at higher stress levels for
test times of less than 800 hours in duration. The creep-rupture curves for the
five tests reported here are given in Figures 9-25, 9-26 and 9-27. The air test
curves exhibit an apparent strain on loading which was due to the method of
strain measurement. Lever arm motion was measured with a dial gage, thus the
total motion of the load train was included in the initial loading. In the
UHP-He test, strain was measured directly off the gage section of the test
specimen optically, therefore extraneous motion of the load train was not in-
cluded in the strain on loading. The air data for this particular heat of
MAR-M509 compares quite well with the MPDC derived curve. The curves in Figures
9-26 and 9-27 which illustrate creep behavior at a stress of 103 and 83 MPa

(15 and 12.5 ksi), respectively, indicate a possible beneficial influence of the
UHP-He test environment compared to air. At a stress of 103 MPa (15 ksi), the
rupture life of each is essentially identical; however, the initiation of third
stage creep occurs much later in the UHP-He test environment. At a stress level
of 86 MPa (12.5 ksi), the secondary creep rate for the UHP-He test environment
was 2.0 «x 10'4 percent/hr whereas the secondary creep rate for the air test was
1.0 x 10_3, a factor of five greater. While the limited data preclude conclusive
proof as to the beneficial influence of UHP-He test environment over air, it can
be stated that the UHP-He test environment does not produce a gross deleterious
effect on the creep-rupture behavior of MAR-M509. MAR-M509 was not tested in
the dynamic simulated CCCBS helium working fluid environment.
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9.4.4 ALLOY MA754

A total of eight creep-rupture tests of MA754 were conducted, two in air, two
UHP-He, and four in simulated CCCBS helium working fluid. The creep-rupture life
data are given in Figure 9-28. The reference curve was produced from rupture
Vife data at 1093°C (2000°F) published by INcoZ2),
INCO data was used to obtain the reference curve in Figure 9-28. Creep curves

A Larson-Miller plot of the

are presented in Figures 9-29 through 9-31. Air tests were conducted at 152 and
138 MPa (22 and 20 ksi) stress levels. The 152 MPa (22 ksi) failed in the
threaded portion of the specimen after 2100 hours while the 138 MPa (20 ksi) test
fialed after 15,712 hours. Both air test results agreed quite well with the
reference curve. The two UHP-He tests were conducted at the same stress levels.

The test at 152 MPa (22 ksi) was halted by a malfunctioning controller which over-
temptured the specimen after 8751 hours. The test at 138 MPa (20 ksi) was stopped
after 17,626 hours. Both specimens when halted exhibited no measurable strain.
The 138 MPa (20 ksi) air test failed with 12 percent fracture strain and also
produced three percent strain after 15,440 hours and 1.0 percent strain after

3480 hours. A potential effect of test environment is indicated. Four tests

were conducted in the dynamic simulated CCCBS helium working fluid environment

at stress ranging from 152 to 165 MPa (22 to 24 ksi). One test at 152 MPa

(22 ksi) was still in progress at the end of the report period. While recog-
nizing the short time duration of the CCCBS environmental creep-rupture tests,
there appears to be no gross deleterious influence of the CCCBS test environment
on the creep-rupture life of MA754 for those tests that were completed.

9.4.5 ALLOY TIM

A total of four TIM creep-rupture tests were conducted. Three were complgted,
and the fourth was stopped after 781E hours. The creep-rupture life test data
are given in Figure 9-32 and the creep curves for the completed tests are
presented in Figure 9-33. The reference curve in Figure 9-32 was produced by
the extrapolation of shorter term test results for stress relieved TIM generated
at higher stress levels and temperatures under ultra-high vacuum test condi-
tions(zz). No tests of TZM were conducted in air due to the incompatibility

of molybdenum with oxygen at temperatures above 300°C (600°F). The UHP-He test
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results show good agreement with the reference curve, indicating that the UHP-He

test environment was comparable to an ultra-high vacuum of 1 x 10'8 torr or

better.

TIM was not tested in the dynamic simulated CCCBS helium working fluid

environment.

9.4.6 SUMMARY OF RESULTS

Creep-rupture data obtained from the Mechanical Property Data
Center for the three relatively standard gas turbine superalloys,
713LC, IN100 and MAR-M509, confirmed the dearth of published
creep-rupture data that exists for materials at temperatures
above 871°C (1600°F) and for test times greater than 1000 hours.

The air test data at 927°C (1700°F) for Alloys 713LC, IN100
and MAR-M509 indicate that the materials evaluated in this
program were typical of commercially available heats of the
respective alloys. Air test data for MA754 appeared to agree
with the limited available data supplied by the producer of
the alloy.

The ultra-high purity helium environmental creep-rupture test
results indicated that all five materials were not adversely
affected by the ultra-high purity helium test environment.
Creep-rupture 1ife times at 927°C (1700°F) were comparable

to or exceeded 1ife times for material tested in air. The
TIM alloy being a refractory metal alloy was not tested in
air due to reactivity with oxygen. TIM creep-rupture life
data was comparable to extrapolated data obtained under
ultra-high vacuum test conditions.

Limited creep-rupture data obtained in a dynamic simulated
helium working fluid containing 400 to 500 micro-atmospheres
hydrogen, 40 - 50 micro-atmospheres carbon dioxide, 40 - 50
micro-atmospheres methane and 1 to 3 micro-atmospheres-
moistures, at a test temperature of 927°C (1700°F) for three
alloys, 713LC, INTO0 and MA754, indicated no effect of the test
environment on material rupture life for times up to 4000 hours.

One test was conducted for Alloy 713LC, two for IN100, and

four for MA754. Test times were less than 4000 hours, thus
proof of compatibility for times greater than 10,000 hours

was not obtained.

9.5 RECOMMENDED MATERIALS TEST PROGRAM FOR DEVELOPMENT OF THE CCCBS

As a result of the initial effort carried out under this feasibility study and
the results that were derived, the following materials development program is

recommended.
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Complete creep-rupture evaluation of initially selected turbine
materials in simulated CCCBS helium working fluid. This series

of creep-rupture tests was not completed as planned due to the
reduction in scope of the feasibility study. A limited number of
short-term tests were carried out involving two of the five mate-
rials under investigation. While gross degradation in the creep-
rupture behavior of these materials was not observed, longer term
tests of 10,000 hours or more is required to confirm compatibility
with the CCCBS helium working fluid.

Expand creep-rupture test program to include test temperatures
in the range 815 to 982°C (1500 to 1800°F) to fully characterize
material behavior at "off design" conditions. Stresses at the
turbine blade root are expected to be much higher while tempera-
tures are lower than those expected in the airfoil section of
the blade.

Expand creep-rupture test program to include newly developed
turbine blade materials in the evaluation process. The MATE
program (Materials for Advanced Turbine Engines) sponsored by
NASA-LRC has identified a number of potential blade materials
with increased creep-rupture strength in the temperature range
of interest for the CCCBS. These materials are currently being
evaluated for use in aviation gas turbine engines. These newly
developed materials offer the same performance advantages to
the CCCBS provided compatibility with the helium working fluid
can be demonstrated.

Investigate the effects of simulated CCCBS helium working fluid
environment on fracture mechanic properties (crack growth rate), and
Tow and high cycle fatigue behavior of selected turbine materials,
These properties are particularly sensitive to surface conditions,
thus any modification of the surface of structural components as

a result of long-term thermal exposure to a CCCBS working fluid
environment could result in a significant departure from expected
behavior. These potential effects which cannot be inferred from
creep-rupture behavior must be evaluated separately in order to
completely characterize structural material behavior in the CCCBS
operating environment.

Investigate the effects of variations in individual contaminant
levels in simulated CCCBS helium working fluid environment on
corrosion and creep-rupture behavior of selected turbine materials.
During "startup" and “"shutdown" operations and at other times
during the 1ife of the CCCBS, it is not inconceivable that the
level of impurity in the helium working fluid may diverge signifi-
cantly from steady state levels. The impact of these "off design"
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conditions on material mechanical property behavior must be
investigated and characterized. This can be best accomplished

by a systematic study of the effect of variations in concentra-
tion of individual and combinations of impurity species on the
corrosion and mechanical behavior of selected candidate structural
materials. A systematic study would provide a fundamental under-
standing of the gas-metal interactions involved and thus permit
materials behavior to be predicted should actual large CCCBS
working fluid composition vary from the anticipated composition.

Conduct alloy optimization research directed specifically toward
inert gas environment applications. As stated previously, super
alloy development for gas turbine applications has been motivated
by the needs of the aviation and land based gas turbine industry.
The primary concern in these applications is compatibility with

combustion products; i.e., resistance to oxidation and hot corro-
sion. The more benign CCCBS helium working fluid should permit a
trade-off in alloy composition to meet the requirements of the

CCCBS. The alloy optimization study should first look at modifi-

cation of existing alloys systems for use in the CCCBS environment.

However, a full-scale alloy development program beginning with a
fundamentally new alloy base may be required. This requirement

should become evident in the modification study of existing alloys.

Generation of Design Data

- Once a reference material has been selected for each
CCCBS critical component, based on preliminary evaluations
listed above, a testing program to generate statistical design
data is required. This program can be carried out in conjunc-
tion with the detailed design phase and is intended to provide
material design Timitations under normal operating conditions
and under faulted or off design conditions.
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APPENDIX A

FINITE ELEMENT MODEL

The finite element model global axes assumed in this study are shown in Figure
A-2 and are X (fore and aft), Y (horizontal, perpendicular to X}, and Z (verti-
cal). The shaft axes of the pair of turbomachinery are symmetric about the X
axis. The turbomachinery shafts, housing, and outer casings are modeled along
a single axis as pipe and mass elements. Nodes 3 to 12 of Figure A-1 include
the shafts and rotary masses. Nodes 13 to 21 and 34 include the shaft housing
and stationary masses. Nodes 22 to 33 include the outer casing and masses of
the precooler, intercooler, recuperator, and generator. The pair of turbo-
machinery have rigid coupling from the housing to the pedestal. These rigid
elements are along the Y-axis of Figure 4-2. The flexibilities of the six
degrees of freedom for the pedestal are spring constants modeled at the origin
of the XYZ coordinate system shown on Figure A-2. Flow pipes come out of the
turbomachinery housing and connect to the reactor vessel lower head as shown

by nodes 41, 42, 141, and 142. The axes of the pair of turbomachinery are per-
pendicular to the paper at nodes 28 and 128. The six degrees of freedom for
the reactor vessel lower bulkhead are modeled as springs between nodes 42 and
43 and 142 and 143. The reactor vessel, containment, and internals are shown
by the modeling on Figure A-1, where nodes 43 and 54 are all along the Z-axis
of Figure A-2. In Figure A-1, the reactor internals are comprised of nodes 44
to 49; the vessel is nodes 43, 44, 50, 51, and 52; and the reactor containment

is modeled with nodes 53 and 54. This is the basic description of the reference

design. The modified design for which some mode shapes are shown on Figures
A-5, A-6, and A-7 eliminates the pedestal and the reactor and containment. The
modified design is the pair of turbomachinery hanging from its flow pipes con-
nected to the reactor lower head, which is assumed fixed at the flange of the
lower head.
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The model boundary conditions are:

UX]

UX33

UX3

UYS

UX9

UX.'2

UY]7

UY]B

UY22

UX52

UXgq

UY]

UY33

UXZ]

UY6

UX50°

Ugq

uz

54

where UAb and wAb denote displacement and

b, respectively.

The values of the material properties at temperature are taken from Reference (1).
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Figure A-1. Schematic of the Finite Element Model
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mIBE = & FREQ = 19

WODE SHAPES 63 DDOF RUNZ R A SMITH

Figure A-2. Dominant X-Direction Mode Shape for the
Reference Design
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MODE SNAPES 63 DDOF RUNZ © & SMITH

Figure A-3. Dominant Y-Direction Mode Shape for the Reference
Design
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Pigwee A,

Dominant 7-Direction Mode Shape for the Reference Design
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MODE SHAFES NO REACTOR NO PEDISTAL-R. A. SMITH PCT 7 DISkOT

Figure A-5. Dominant X-Direction Mode Shape for the Modified Design




MOOE SHAPES NO REACTOR NJ PEDISTAL-R. A SMITH AOT 3 pISPOT

Figure A-6.

Dominant Y-Direction Mode Shape for the Modified Design
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Figure A-7. Dominant Z-Direction Mode Shape for the Modified Design
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Figure B-12. Blade Width Profile Comparison (Scale 5X)
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TABLE B-1

Calculate blade width for Zweifel coefficient of .8 for airfoil sections developed
by Westinghouse Gas Turbine Division computer.

(t)on  Inlet Qutlet Sin® b/t= 2.5 Sinf,
xR Angle Angle C%t Coat 8 (Cot B; + Cot [52) Width
Radius 113 & 5 1 > - 2 71=8 (b)
8.4435 0.469 70.46 29.13 0.3549 1.7944  0.237 1.27346 0.5973
8.2827 0.461 66.43 30.14 0.4363 1.7223  0.252 1.36 0.627
8.1219 0.452 63.09 30.87 0.5075 1.6729  0.263 1.4336 0.648
7.9611 0.4427 60.31 31.34 0.57 1.642  0.27 1.499 0.663
7.8003 0.4337 57.96 31.63 0.627 1.624  0.275 1.548 0.671
7.6395 0.4248 55.96 31.76 0.676 1.615  0.277 1.587 0.674
7.4787 0.4158 54.24 31.77 0.720 .64  0.277 1.616 0.672
7.3179 0.4069 52.76 31.64 0.760 1.623  0.275 1.638 0.667 |
7.1571 0.398 51.46 31.4 0.8  1.638  0.271 1.652 0.657 ‘
6.9963 0.389 50.33 31.11 0.829 1,657  0.267 1.659 0.646 |
6.8355 0.38  49.32  30.79 0.860 1.678  0.262 1.662 0.632 |




TABLE B-Z j
CENTRIFUGAL STRESS DISTRIBUTION FOR MODIFIED WIDTH PROFILE (DOTTED LINE)

Assume airfoil shapes are scaled from computed sections of TNR 233 and that section
area is adjusted in proportion to width squared.

2 Assume P = 0.305 18,000 RPM = 1885 rads/sec = w

2 j
Lo - o
P SN 5 Ay ) A ¢ RS -5 S - IR v) NS ) R ¢ I T R L
AREA WICTH ADJUSTED ADJUSTED Centrifugal force (b} Centr. Centr.
FROM FROM WIDTH AREA —_ — =_ area x &R x.305 Stress  Stress
RADIS TNR 233 TNR 233  (DOTTED LINE) Qx @  AREA AR R XR x 9186 si)  (psi)
¥ Dy et
AIRFOIL I @dens‘(ty
. paAR nc. z x .28/.305
8.4435 0.0320 0.5! 0.5 0.0320 ¢ 03455 0.1608 8.3631 130 130 3, 504 3 e
8.2827 0.0385 0.55 0.54 0.0371 ,
. 0.03915  0.1608 8.2023 145 278 6,675 6,128
8.1219 0.0456 0.60 0.57 0.0412 R
0.04365 0.1608 8.0415 158 433 9,393 8,623
7.9611  0.0532 0.65 0.605 0.0461 .
0.04875  0.1608 7.8807 173 606 11,790 10,824
7.8003 0.0615 0.7 0.64 0.0514 ,
0.05455  0.1608 7.7199 190 796 13,795 12,664
7.6395 0.0704 0.74 0.67 0.0577 ,
0.062 0.1608 7.5591 211 1007 15,189 13,944
7.4787 0.0798 0.79 0.72 0.0663 .
0.0715  0.1608 7.3983 239 1246 16,245 14,912
7.3179  0.0899 0.84 0.776 0.0767 »912
0.0831  0.1608 7.23715 2N 1517 16,950 15.560
7.1571  0.1005 0.89 0.84 0.0895 .
0.0978  0.1608 7.0767 312 1829 17,238 15,825
6.9963 0.1118 0.93 0.906 0.1061 01748 0 1608 69150 358 177604 ,
6.8355 0.1236 0.98 0.98 0.1236 : . . 2187 6 16,243
PLATFORM
6.8355  0.3797 0.3761  0.1305 6.7702 932
6.705  0.3725 me 8,373 7,687
EXTENDEL ROOT
6.705  0.128 24,367 22,370
6.350 o 128 Measured 0.128 0.355 6.5275 832 3951 50367 28337
AVG. CENT. AT OUTER FILLET IN BLADE ROOT (UNFACTORED)
0.12 {(if 0.15 x .8 dimensions 395 32,925 30,225
of P.4-81 of TNR 233 are
retained)
DISC RIM Q‘Lr?'sé-'-”—o x 0.8
6.380 ? X % x 6.245 0.278 0.270 6.245 1315 5266 19,360 17,773
. 6.0 0772 T x 0.8 - - e et
: AVG RADIAL STRESS AT RIM 6.11 R x 0.8 ™™
: AVG CENT. AT INNER FILLET IN DISC {UNFACTORED)
l AREA = 0.8 x 0.2 SCALING MODIFIED = 0,160 5266 32,912 30,215

SKETCH P.4-£1 TNR 233
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APPENDIX C
6000 RPM TURBINE




P 852.psiha P 8|2.B : &7383'.
Ti7T66.°R T 1736.4 v 8.06
* 5.73 Va 510.6, p.7139
A L3z%,h 2.30 A 1,958, h 3.40
Va 53%6.2,p.77c N2A 70.5 E 06
— T | rla.qo"n
1435°R Uu780.6(12.155)

U 791.36(11.274) H31.723, ¥ 2.c10

H 57-3“,#3. 309

13.20"R — - ] f 13.20"R
691.15(9.54%) ©91.15 (9.540)
37.309, 3.911 | ' 3i.723%, 3.32%
'az.os"zn .
630.94(7.950,
X i 11.50" R
37.309,4.693 i | 602.14(7.241)
" 3).723,4.38)
Y/r=.840 ! v/re.122
i .

L - _.

71400. Shp s1.018 = T2&70. INTERNAL HP
H= 72670/124. pm/seyu.4|4a5hp/(stu/sec)= 414.19 BTU/pm
Hste avg. * 34.516 BTU/PM

FLOW PATH -125tgs - eoocorpm
W 124.pm /sec

He properties

M= 4. R= 386.f-p/pm/°R
= 12419. £p/sl/°R
cp =125

= 31296. fp/sL/°R a/vz =143.539
¥ =1.6579

Figure C-1.
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radius - in
n - rpm
u - fps

H

Btu/pm
H/ (u? 2 gj)

AVy, = gjH/u - fps

w32 —w2?
P e
w32-w22 4v2
w - pm/S

Tt, inlet - °R
pt, inlet - psia
pt, exit - psia

T rotor blade - °F

TABLE C-1

STAGE DATA - 12 STAGE

11.50

602.1
31.723
4,382

1319.0

.072

1463.1
501.86
478.0

986.

c-3

13,20
6000.
691.2
31.723
3.325

1149,2

.261

124,
1463.1
501.86

478.0

988,

TIP

14,90

780.2
31.723
2.610

1018.0

.389 ¢

1463.1
501.86
478.0

990.
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TABLE C-2

BLADING DATA -~ 12 STATOR VANE

R - radius

di d: =~ flow angles

W - axial width

s -~ pitch

n - no. vanes

% - zweifel coefficient
d = nlet blade angle

arc cos ofs - blade angle
T « trailing edge thickness
T/0 - blockage

UCT - uncovered turning
Bow

A ~ cross—-sectional area

NOTE - All blading dimensions in inches and deg.

HUB

11.50

-24.82, 67,13

.706

.623

.755
~24.6
2271

.015

.068

10.3

.19

.0973

c-4

MEAN

13.20

-22.04, 64,16

810
.7150
116,
.B828
-22.3
.2974
.015

.052

L1110

TIP

14,90

-19.79, 61.34

.914

L8071

.889
~20,2
.3720

015

. 040

12.8

.24

.1246
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i AETA | 22,0405 20077 e, 3480 *,5370 0310 «3180 01229
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1 I “ECHANICAL PROPERTIES TAN,ANG  ©8,358877 STAGGER 43,277825
Bt AFEA 097348 "X ,000000 "y «000000 1 x W0ue914
\ 1y 2003225 I xy 002703 1 mIn 000362 1 max 20005777
l £y 1392861008 F X 156},594958 FoxY 1291,970380 ALPHA  4b.b64T3Be
i 3aR | X 0002914 BAR [ ¥ 003225 AR | xv 002703 MAX THICK ,158917
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3 2 “IN LE e 002024 T Max E 018753 I »IN TE =,002927 T MAX Tt ®,00917¢2
! S MIN B 2085034 C =ax B 228729 T I~ B f00u229 1 “ax B 2025257
) HILERY ., 000403 BaR ¢ ., 000805 BAR D £000890 CHORD 29771744
AR X «00000% BaAW v 24000903 L3 000380 WIDTH o TU590%
DATE® 05/08/7
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., 0833 20707 RATT L9002 25537 0,0000 0,0000 0,000¢
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Figure C-3.
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Figure C-4.
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Figure C-5.
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TABLE C-3

BLADING DATA -~ 12 ROTOR BLADE

R - radius

ﬁl» %2, — flow angles
i

W -~ axial width

S - pitch

n - no. blades

% - zweifel coefficient

Q; - blade inlet angle

arc cos o/s - blade angle
0 - throat

T - trailing edge thickness
T/0 - blockage

UCT - uncovered turning
Bow

A - cross-sectional area

HUB

11.50

49,99, =-54,30

1.005

.5161

.903
47.8
-56,24
.2868
.015
.052

17.1

.1532

MEAN

13.20
35,44, -56,98

. 9104
.5924
140,
.870
41,7
-58.47
.3098
.01%
.055
17.9
.48

.1264

NOTE -~ All blading dimensions in inches and deg.

TIP

14.90
16.80, -59.41
.8025

.6687

.860
19.6
-60.70
.327;
.015
. 046

902

.0860
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DATEs 0%5/01/7
MONDAY ™May g

)

w5369
., 4295
.,3221
e, 2148
», 1074
«0000
20937
1874
22811
«$Tun
RTLE}
*,53¢9
®, 4295
v, 322}
e, 2148
*, 1074
000V
,0037
1876
w2811
3748
sUbBS

CIRCLE P
BETs
3ETa R
SAGING

MECHANIC
AREA

1 v

F Y

ELL I S 4
C OMIN LE
I "I~ LE
T "IN R
ELL]
$4m 2

DaTEs 0%/0)1/7
MONNAY wav
R N AYER TS

[]

®,5095
4070
»,3057
*,203"
®, 1013
pUOD
20901
s 100)
2702
+30603
#4503
*,5095
*, 4070
*,36%7
®,203%
e, 1003
Ou00
+09C)
+ 1801
22702
v 3003
4503

CIRCLE P
SETA |
3ETa
SAGING

wECwHaANIC
ARES

) ]

kY

34w 1 x
S MmN LE
1 »1n (€
C nin g
San 8
3AR ¥

178

v

=,322}4
e, J44S
LI 2% 1)
WV Tde
+134B
slbb0
1709
1519
«10D3
0272
*,1000
®, 34034
v, 2361}
*,1548
=,094u}
*, 053¢
=,0308
*, 0260
=,03068
®,0850
e,1140
*,190A

ARAMETERS
35,2577
42,1440
+ 286799

AL PRQPERT]IES
»153205
20013606
877,519460
0009515
*,219601
*,005052

1159875
000461
»,000110

1 78
Y

=,3302
*, 199
*, 0252
0072
01290
1032
1780
150}
01154
LY
., 0778
=, 3044
-, 2511
", 10623
»,0054
LT
., 0228
=, 0)b63
*,0260
®,0527
-, 0977
=, 1635

ARAMETERS
32,8630
43,9383
297027

AL PROPERTIES
0162398
«001389
9%2,17073e
D0R2HG
“,215810
=, 004650

015033s
®, 000650
e, 000222

LT, OREN]

,9587
8220
,7333
$6735
0381
+8185
8188
J6342
0082
JT203
+8240

R L

,0075
X GAGING
PITCH

LI
I xy

F x

BAR T v
C MAX LE
2 max LE
C Max B
BAR ¢
8aR v

NG PLT mlDTm
FRUM T,¢,
90,0000
21068
2130
3204
Wher2
« 3340
6272
P T204
813¢
,9008
1.,08000

X\
»,5294
., 3247
516118

e, 000017
«0034pB
125,989826
2001306
4000680
2024029
+084207

*, 000803
=, 0000140

PCTUPENING PLY WIDTH

W 9Sus
W 8208
7527
7067
6787
NITE
0020
0713
10907
W 7475
B4ul

RL
J0083

X GAGING

PITCH

"X
1 xy

F x

84R | v
C max LE
T wax LE
T »ax p
Bar
dAR v

FROY 1,6,
0,0000
Jd0ee
2123
3185
Ju2u?
5308
6247
1185
,8123
9062
1,0000

x4
», 5012
w,283s
15546200

*,000032
«00187S
159,582154
«00§389
«383208
00220629
01096509
®,0007ue
,000070

LLLDIN SUNFALL

LENG T

1,338

1,1291

W 9020

+8209

26975

5852

4912

+ 3954

12909

Y11

0,0000

08,0000 141503

02930 49999

22998 BbUY

v 3064 Jate

3123 0205

o 3169 15160

v3189 p4227

3182 +3283

,3135 $2303

03040 v1204

0,0000 0,0000

Yi R R
wy32u0 « 0365

Y GAGING ®, 0193
prad +555084
TAN,ANG ®»11,0426558
Ny -, 000002
1 MIwn 012120
Foxy 135,419759

BAR 1 xvy MY YY:]
C MIN TE »,235547
I MINTE e, 00678

I "IN B 000954
BAR D «003548
% 1001318

TMROAT  SUKFACE

LENGTH

1.3004

1,0860

9228

J 7849

6655

5577

4671

+ 3758

12765

01602

040000

04,0000 143191

W31 + 9695

23275 8342

3433 7122

+ 3580 46001

3043 4947

03089 4043

2 3eds 3130

13569 2190

3451 +1188

0,0000 0,0000
YL R R

w341t 0370

Y GAGING »,002¢C
k724 «536974
TANGANG ®13,8600uu0
"y (000010
1 ®In 1001004
r oy 192,4057%48

BAR 1 XY  ,001675
£ Wi TE =,228592
T %In TE »,00u890

Z »I~ 8 2006070
BaR D 1001319
X 2001108

Fiagure (-15.

RADIVUS & 11,5u0
rUuLE x HULE ¥ nuLt o
¢,0000 0,0000 0,0000
040000 0,0000 0,0000
04,0000 0,0000 0,0000
040000 040000 040000
0,0000 0,0000 0,0vty
c,0000 04,0000 Qb
040000 T D,vbuy
0,0000 0,0000 0,00vus
Ce00600 0,000V OeVuiy
0,0000 0,0000 0,0000
00,0000 Oy000 0yCuvu
040000 Ua00U 0, 0000
040000 UeQOUL Gobuiu
040000 0,000u O4bvuvy
0,0000 Oyu00¢ Oyvivi
0,0000 0,0000 Q,0vuu
0,0000 Co0000 0,000
640000 0,0000 PRI
€,0000 0,000¢ 04aU0UC
040000 Gy00u0 0,0G00
0qe0000 040000 0,0000
Cy0000 00,0000 0ylV0D
X R Y W
4320 *y1100
SIN=y Q/P 33,757%
STAGGER 10,834023
Ix 009510
I max 009772
ALPHA 9,900185
MAX THI(K 197676
C ¥aX YE »,5773101
Z #AX TE «,01693t
2 max B EYYIY
CMORD L,02887¢2
LR AL 1.0050u¢
RADIUS & 12,3850
MOLE X MOLE ¥ “OLE D
04,0000 0,0000 0,00uUY
04,0000 0,000y 0,000
€,0000 0,0000 g,0u00
60,0000 0,000u O 00Uy
0y0000 04000 [
040000 040000 040uly
0,0000Q 90,0000 0,028¢C0
0,0000 04000V 0,0uuy
0,0000 04,0000 0,0000
0,0000 Cs0000 OeO0VVY
0,0000 040000 0,0000
0,0000 0,0000 0,0vu0
00,0000 04,0000 0,000
040000 04,0000 000G
0.,0000 040000 0400¢0v
0,0000 0,0000 O0y,0uvt
0,0000 0,u000 04,0000
0,0000 Oeu00Qu 0,0000
0,0000 0,000y 0,0000
0,0000 040000 0,000y
640000 04,0000 V,00cCC
v, 0000 0,0000 Dgunan
xR L]
04133 o, 08863
SINel U/P 52,4779
8TAGGER 13,72u2b¢
1 x 1008280
1 max «008067¢
ALPma 12,9%2080
MAK THICR (18747
C maAx Tt e, ,S5nunbe
1 %ax TE @, 015887
I MAX B 079079
CmORY 09941135
LI RE) 959824




DATES 05/01/7
MONDAY MAY () 78
.\

X Y
., 4815 e, 3598
v, 3852 », 1840
«-,2889 ,0502
«,1820 .0“73
«, 0963 W 1150
40000 21558
20858 .1700
21718 1624
2573 21303
o JU3Y « 0085
L4288 ®, 0345
-, 4815 ., 3875
»,3852 -,2708
., 2889 *,179}
-, 1926 o, 1030
°, 0963 ., 0497
20000 ., 01067
+ 0858 », 0040
21718 «, 0083
2573 ., 0274
+ 3431 *,0618
L4288 -, 1112
CIRCLE PARAMETERS
BETs 30,6051
3ETA R 48,2870
GAGING +309703
MECHANICAL PROPERTIES
AREA 126421
1 001454
vy 1147,u10699]
BAR I X 2000091
C “IN LE =,20u789
7 WIN LE =,003873
C MIN B «133512
BAR B *,000455
34R X ., 000302

DATEs 05/01/7
MONDAY MAY 0y 78

[ Y
*,4531 ®,4115
=, 3628 ., 2282
*,2719 ., 0889
*,1812 20170
0908 L0041

¢0000 ,1048
0809 10681
1018 3704
22628 #1501
#3237 V1041
Ju0dp 20258
®,453] . 4u09
e, 3025 -,3112
., 2719 ®,2033
1812 13178
®, 0908 *, 0541
00000 °,0120
20809 17 1)
01618 20153
2028 L0087
3237 », 0095
NITT », 0380
CIRCLE PaRaAngTERS
BETA 28,687
SETA R $6,3622
SAGING 2320581
MECHANICAL PROPERTIES
AREA o107301
1y 1001602
rF v 1530,9930u0
BAR T x $005011
C MIN LE e, 185439
T MIN LE «,002908
€ MIn B 109092
84R B ®,000u4u
Ban » +000017

PLTOPENING PLT,w]DTH
FROY T,.t,
09531 0,0000
8438 +1058
L1828 2118
S 7452 3174
7220 4232
.7088 +5290
27052 0232
7118 T1T4
27338 W8110
+7801 19058
«BT04 1,0000
R L XL
20085 ®,4730
X GAGING ., 2049
PITCW 392414
MoX *, 000033
1 xv 001974
Fox 2u9,260692
BAR I Y 2001454
€ max |E »35738%
z MAx LE ,020571
C MaX B «137119
BAR C *, 000080
BAR v =,000026
PCT,DPENING PCT wlDTH
FRO% T,.E,
9534 0,0000
JBe8Y 21057
18187 2113
78606 3170
e 7649 d422e
1 7510 +5283
o747 10226
« 754} «7370
W 7758 ,8113
'8197 .9057
8088 1,0000
R\ LI
0082 LI
X GAGING ®,2039
PITCw 030562
"X «000002
T xv «002180
Fx 489 ,41289}
BaR 1 vy W0vin02
C max ¢t «337804
I max LE 2017979
C max g 11T
Bak ¢ »,000628
BaAN v “,000188

TAROAT SukFACE

LENGTH

1,2925

1,0410

87063

1390

0211

5103

4291

3uze

2530

01450

0,0000

04,0000 $1,0807

23295 29368

s 3540 « 7995

03787 16774

13980 15660

4121 Y

377 23779

ERL] 12919

While 22039

022 w1114

0,0000 0,0000
YL R R

«, 3716 «0367

Y GAGING *, 0010
osp S22782

TAN,ANG =13,557453
oy »,000003
1 MIn 000793
F xvy 338,u21165

BAR | xv¥ 2001974
C MIN TE e,21085%
I MIN TE =,003702
1 MIN B 005941
BAR D 2001074
K 000815

THRYaY SURFACE

LENGTHm

1,2026

99064

8301

26905

5713

W4073

13829

03017

12101

08

04,0000

0,0000 150603

¢ 3450 9087

23778 07677

04300 LIT4)

4375 5321

4577 4320

L4000 o368}

4745 12671

24755 21858

4738 1028

0,0000 0,0000

YL R R
o, 4132 20350

Y GAGING ®, 00064
Qvp 5084006
TANGANG @10,985238
"y «, 000018
I vin + 000539
Foay o8b,12704)3
8AR ] xv 002180
C “IN TE e, 184587
1IN TE »,002920
I »Iv 8 004940
84k 0 WOUOBTE
X sUUUSYEY

Figure C-16.

RADIUS & 313,200

mOLE X HOLE ¥ ULt v
0,0000 0,0000 0eO0uuy
0,0000 040000 Qevun0
04,0000 0,0000 T
Cqa0000 0,0000 V0000
0,0000 040000 0,0000
0,0000 90,0000 0,0000
0,0000 0,0000 0,0000
040000 046000 veOUuv
00000 0,0000 0g000¢C
0,0000 0,0000 040000
04,0000 0,0000 0,0000
0,0000 C,0000 Ve0VOY
6,0000 0,0000 0,0009
0,0000 C,0000 Uedo0uo0
0,0000 04,0000 04,0000
0,0000 0,0000 0,000C
0,0000 0,0000 0,000v
0,0000 0,0000 VeQUOV
0,0000 0,0000 0,0000
040000 0,0000 0,0000
0,0000 0,0000 0,0000
0,0000 0,0000 0,0000
X R AL
3922 -, 04b}
SIney O/P 81,5190
8TAGGER 18,876808
1 x R ITYL
1 Max 0007352
ALPHA 18,500009
MAX THMICK ,{744bo
C max TE e,500380
I MAX TE  =,012980
1 max ® 0095810
CHORD s 909587
alDiw MLAYEY L)
RADIUS & 14,050
HOLE x HOLE v nOLEt D
0,0000 0,000v 040000
0,0000 0,0000 0,0000
60,0000 040000 0,000
0,0000 04,0000 0e0vuO
0,0000 0,0000 040U
0,0000 0e0000 0,0009
0,0000 04,0000 040000
040000 0,0000 Uallou
£,0000 0,0000 0000V
0,0000 04,0000 0,0000
0,0000 04,0000 0,0000
0,0000 0,0000 V000
040000 0,0000 040000
0,0000 0,0000 0,000
0,0000 N,0000 Lyluud
60,0000 Ogvlvu 0yv000
0,0000 €,0u00 Catant
040000 040000 Galut
0,0000 0,000¢ Vebiuvy
040000 0,0000 0,0vV0u
0,0000 0,0000 0,000
0,0000 0,0000 Vyuuud
X R Y R
03698 017
Sinmy O/P 30,5577
8TAGGER  25,935113
1 x 1005011
1 max 000074
ALPHA 25,9911 0¢
mAK THICK  L15793Y
C max TE  «,580909
2 max Tr e,0104%>
T max 8 036555
C»DRD 102 dee
LICAL 857700
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DATE® 05/01/7
MONDAY MAY 0}

78

n ')ﬁns %}Qd i Y

., 4243 e b621
., 3394 -, 2040
., 2506 .,1387
., 1697 e, 0218
., 0849 0078
20000 91309
<0750 1054
J1513 797
22069 21738
3025 1473
3782 00998
e 4243 ., 4923
v, 3394 *, 3528
., 2546 -,2334
v, 1697 -, 1362
-,0849 s, 0810
20000 =, 0083
10756 W0237
«1533 #0038
2209 40535
23025 ,05%8
03782 20518
CIRCLE PARAMETERS
8ETA 26,9290
8ETA R 70,4360
GAGING +327280
MECHANICAL PROPERTIES
AREA «086018
1 001790
Foy 2202,01821%
SAR I X « 003442
C MIN LE =, 157799
I MIN LE =,001940
C MINB 2083377
84k B « 000403
SAN X w,000047

PCT,OPENING PCT WIDTH
FROW T,£,
. 9540 0,0000
,89680 ,1057
,8884 2115
L8289 V172
48065 4230
,7919 5287
L1880 16230
7903 Ji72
8201 8115
8632 «9057
9283 1,0000
R { x4
20078 * 410?
X GAGING *,160%
PITCH 2868710
"X =,000004
I Xy 2002187
fFox 1187,025553
BAR I ¥ 004790
C MAX LE  ,334569
T MAx LE 014721
C MAX # 18082}
BAR C .,000887
BAR Y =, 000040

THROAT SURFACE

LENGTH

1,1608

9022

W 7934

16488

52593

4194

3301

02589

1828

1026

0,0000

0,0000 1,0092

23549 8940

43940 7480

434t 001089

4098 15058

10982 (4058

5174 23233

5322 12450

5442 11087

45554 ,0930

60,0000 04,0000

YL "R
o, 8637 10303

Y GAGING =,0112
/P 2489429
TANJANG ©0,407579
My ., 000001
1 MIN 000300

FoXY  1430,579401
BAR I XY  ,002157
C MIN TE «,15356)
T "IN TE =,00199)
I MINGB 003871
B8AR O +0V073S
X ,000272

Figure C-17.
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RADIVE =& 14,900

HOLE X HULE ¥
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 04,0000
0,0000 0,0000
0,0000 0,0000
0,0000 040000
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 04,0000
0,0000 0,0000
0,0000 04,0000
60,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
0,0000 0,0000
X R
13479
SINel O/P 29,3030
STAGGER 3u,202952
1 x J003u4
1 max 004928
ALPHA 34,520973
MAX TMICK ,136449
C MAX TE = 00000}
Z max TE =, 008i20
1 Max @ 0200647
CHURD «9787%¢
nlDTH 802484

HOLE O
0,0000
04,0000
0,0000
0,0000
0,0000
0o 0000
0,0000
0,0000
0,0000
0,0000
0,v000
0,0000
04,0000
60,0000
04,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,U000
0,0000
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Figure C-19.
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Figure C-20.
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Figure C-22.
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Rhub -~ in,

Rtip ~ in,

blade height - in.
N - rpm

uhub ~ fps

utip ~ fps
Aannular - £2

2 -6

N® A * 10

TABLE C-4

MECHANICAL DATA

HELIUM TURBINE W251x
12 ROT BLADE 4 ROT BLADE
11.5 17 .65
14,9 32,92
3.4 15,27
6000, 5778.
602,1 890,
780,2 1660,
1.958 16,85
70.5 562,
C-32




APPENDIX D
9000 RPM TURBINE




P 478.
P8s2psa P 793.22 T 1438,
T1766.°R T 172\.7 v 8.06
v 5.82 VaGe34s, v.161
A 1.066 1h 2.%0 AL®16, h 3.40
Va 676.8,¢ .81 N2A 127.7 €O
l//' T‘z.sz”n
NI7T°R 967.61(18.698)
U 72441 (17.066) 46.756, 2.301
HS4.98),¥3.222
Fio.e2*rR - - 7 10.62”R
834.69(3-8%) 834.09(15.994)
54961, 3.957 46.156, 3.365
9.47"R
143.77().
54.981 (4.:;? : 8.92” R
’ | H 100.98 (9.802)
' ' 46.7%, 4.770
r/r=.80% 'l | y
i r/r =.724
- - —
71400 shp

H= 71400./124 pmfsec/1.41485 hpABtu/sec)= 406.97 BTU/pPm
Hste Avg. = 50.872 BTU/Pm

FLOW PATH - 8stqs.- 9000rpm

W 124.pm /sec

He properties

M= 4.

cp =125
= 31296. fplsL/°R

R= 38c.f-p/pm [°R
= 12419, £p/sl/°R

¥ =0L6579

Figure D-1.

D-1

Q/T% = 143.539
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LTSY 100=14n

Q01N READ ClU,VveGReMNI D19 PyFI,N

0711N DATA ,0Q4,367,59127.90180"

» 16,328,114,

XY,
0,7,u0

00120 READ T1oL1+eC1eT20L20C20 TRl 3eC2,SeNyH1F R
QO130 NATA ,16Ns1,138e32,6%9,005,1,05023.284,0379,972017.,N9,25,35937,8A,
0O1uN NATA 1,701,3%20C° "y, 279

RN

LRI 27=MAR-7R 13:25

ARFA R ARER M
+13906A 7.07921€=-2

QYIGMA CF FREN
19x76,0 24Q7,50

FORCF T FORCF B
29,8182 25,908

ACT MAG LA
2,R8087 .970085y
HUR CHORD ME AN CHORD
1.134 1.05

C/P IINTTS §
*TEXT 11000,0_,025

AREA T
1.,91574€=-2

HARMONTC
8,32507

SIGMA VIR
117844

AR MFAN
1.70571

TIP CHORD
972

ALl WMAG
2,97632

SIGMA TOT
X1161.3

NO,RLADES
wa

00110 DATA ,004¢367.50127.9¢18007014,325¢14,,025,49

®RUN

LAY 27-MAR-7R 13:27

AREA R APEA M
139068 T.07921F=2
SIGMA CF FREN
19376.9 2429,23
FORCE T FORCE P
29,8182 25.908
ACT MAG LRIt
2,870R7 L Q3X85”0
HIR CHORD MEAN CHORD
1,134 1.05

C/P UNITS &
*

BRFA T
1.91574F=2

HARMONIC
8.N9743

SIGMA VIR
11784 ,4

AR MFAN
1.70571

TIP CHORD
o070

-t

ALL MAG
3,00545

SIGMA TOT
21761,

NO, BLADES
49

Figure E-3.

E-3

TEXT 110,,025_,050

0N110 DATA ,09U»367,59127,9018000s14,3259149,0500u9

xRN

LR} 27-mMpR=-T7R 13:28

ARFE R AREA M AREF T
+139068 7.07921€-2 1,91574E=2
sIGMA CF FRE® HARMONTC
19376,9 2363.7 7,87901
FORCE 7 FORCE P SIGMA VIR
29,8182 25.9n8 117844
ACT MAG LBy AR MEAN
2.8R087 » 897598 1.,70571
HUR CHORN MEAN CHORN TIP CHORD
1,134 1,08 £ Q72

C/P IINTTR 4

*BYE

CP UNITS: 27.0
CONMFCT TIME: (0NingG

WAL e 'TC ‘l\;a/a\

Thw e oF ShEeT™ OM AT oabg, L)

€xy,

ALL MAG
3.721956

SIGMA TOTY
31163.3

NO, PLADFS
49




39 MadC~ TR
Ty8,43m4
TCCAY LPC FIRAT STAGR FINAL CWIRDY

whkeh bed R Thion

PAINTOUT OF INPUT DATA
CRSANORAENRANNFEONONRS

NUMBER DOF STATIONS s 7
NUMGER OF STAREAM_INES « 7
wAXIWYM NuMGER OF [TERATIONS [ 1]
INOICATOR FQR AJUNOARY LAYER CALCULATION & 2
INDICATZR FOR STREAM INE CHARACTERIGTICS o @
NUMBER QF POINTS YO BE LOMRUTRD a1
INDLICATQOR POR NPT a 0
INQ1CATIR FOR BLTRYY s 0
PREYSYRE RATID PERCENT ] $ 0050
BERCENT UNCONVERGED (] 24000
ITORANLINE ADJUSTHENT FACTUR [} 12000
ACCELERATION ODUE TO QRav]TY [ $3,1740
JOULES EQUIVALENT a 778,1200
GAS CONSTANT " 386,0000
POLERANCE POR ITERATIVE SOLUTION s (0030
CINEMATIC VISCOSITY DF Gald w 0,0000000
LINEAR DIMENSION BCALING FACTOR [ ] 12,0000
CONITANTS DETERMINING SPECIFIC ~E4T AT CONSTANT PRESSUAL
cPo ' 1,2620
tey ® 0,
CEL [ 1,0000
(4.2 ] » 0,
4% [ B 220900
cP3 s 0,
ces . 3,0000
(14 a0,
cea [} 64,0000
POINTS T] BE COYPUTED
POINT NO, SPERD PACTOR FLOW RATE $EC, TLOw P RATYD
1 18060,0000 127,9000 0,00000 ©0,0000
Figure E-4,

E-4

PACGAAM PWai8Y o AN AEHODYNANIC ANALYSIS FOR LCCBY LPC PIRST STAGE FiInal (HORDS
SRR NS IR NRAR IS I RN RN RIS AN PR N R A NGRSO AAR AR SRR AR AR RN AR RN SN R AR NAARIIARSEARAPRCERRECaRand

8L FACTIR
140000

LUSS FALTOR
1,5000




‘-—-—-“_——____—'ﬂ

l ANNULUS GEOMETRY GPECI®scat[ON |

STATION  axlal COORDINATE ) CASING sTaTION COOLING CouLING

NUMBER ON CENTERLINE RaDiub Ra0jus ANGLE [ 48] ] 1Y 14
] 1 $0,00000 7,10300 8,9%400 0,0000 0,0000 0,000
1 2 11,00000 T.14300 8,95400 0,0000 0,0000 0,000
$ 3 12,00000 7,16300 8,93000 90,0000 0,0000 0,000
H s 13,02500 Y.16300 8,9%600 0,0000 0,0000 0,000
: s 13,2%000 7,16300 §,95400 0,0000 0,0000 0,600
i . 16,07500 7,10300 9,95600 0,0000 0,0000 9,000
i l ] 15,00000 r,14300 8,99000 0,0000 0,0000 0,000

SYATION THERMODYNAMIC DATA

TAYION § NOATA®D § NTEZRPE) NMACHEBD
' SLUCKABEDO,0000
RaDJUB T0T A TOYAL wNIRy
TEnPLRATURE PRESSULAEL ANGLET
8.0508¢ 560,000 asw,000 0,00

STATION &  FOLLORS 4 BLADE PERFORMING Tnud
NwOAKee NLOSSS] NDATAR 3 NTERPEO NPUNCWBO NMACHMBO NwREFR D NLREF® §
BLOCKAGER 0100 GPERDS 0,0 wORK DONE PACTOR®S,0000 8TAT LUSB MuLTEL, 000
REY PACT My Te1,0000

ReDIUS DYWORK DTL083 BLOCKAGE L08S WuLT 8EC L089
Tet030 $06,000 &,00000 0,0000 140000 0,0000
8.0580 669,800 0.00000 050000 10000 010000
8,9540 804,700 0,00000 0,0000 1,0000 0,0000
STATION 3 FOLLOWS 4 BLADELESS INTERVAL .

BLOCKAGER ,0180

STATION &  POLLOMS & BLADE DEBCRIBED BY YWk FOLLOWING
NDATAR 3 NTERPEY NPUNCHEY NMACHGO NLREFe § 1ARCE}
1ANGRO JFORMO IPTRAns0 IDEve! NBLADES 49 BLE»
8LOCKAGES ,0200 SPEEDS 1,0 wORK DONE FACTORE},0000
TL08885,0000 SwaPtKs |,000 DEv™a 0,0000

RaDTUS CAWBER  BTAGGER  BOLIDITY v/c A/C M3 SNGLE 2 ANGLE LOB,WULT ADD,DEVN,
17,1630 32,830 23,330 31,2350 1600 L8000 0,000 0,000 1,0000 040000
20880 23280 37.8%0 1,080 10950 1$000 0,000 0000 190000 0,0000
89540 170000  ue,6T0 T84v0 10300 18000 0,000 04000 120000 040000

BTATION § FOLLOWS A BLADELEBG INTERVAL
BLOCKAGER 0250

STATION 6 FOLLOWS A BLADE DEBCRISED BY THE FOLLOWING
NDATA® 3 NTERSE{ NPUNCHBL NWACHBO NLREF § [aRCel
TANGEO IFORMe0 IFTRANNO fOEves NBLADES 48 ]BL8e
8L0CKAGER 0300 SPEEDN 0,0 wORX DOME FACYORR} , 0000
7,08801,0000 SHAPEXs 1,000 DEVMm 0,0000

RADIUS CAWBER  BTAGGER  SOLIOITY e a/C W ANGLE M2 ANGLE LOS,MULT  4DD,DEVN,
T A I S U R I+ N I R 120000 wrooot
6,9840 23,500  da,0n0 J9330 41000 J9000 0,000 0,000 1,0000  ©0,0000 ‘
STATION 7 FOLLOND & BLADELEBS INTERVAL i
BLOCKABES ,0300
STATION 7 OEFINES & DIFFYSER INLET
DIPPUSER EFFICIENCY @1,0000 ]
1 18 w 0 2 127,90000
e 13 12 0 2 127,90000
3 1 r ] 2 127,90000
o . ? ° ? 127,90000
5 ’ 0 0 2 127,90000
} ’ 0 0 0 ? 187,90000

Figure t-5.




PRAINTOUY OF RESULTSE FOR POINT
CEREARRNRP RS ANNGIRENAREASANARES

ITERAT

108 Y

wONERRARRORR

8Ta1]
ernes

o~}
(22 2]

CPal,2

PLO® DESCRIPTION
RARSARRARESRAERS

{

42000

GAMMAR] 00503

GASR=$8e,0000 FLOna
MACH ewANGLESoon HAD§
ND, WHIRL STRMLN OF CU
2028 0,00 11 0
2028 0,00 240 0
2028 0,00 ot °
2028 0,00 *,00 0
w2028 04090 v, 20 ¢
2028 0,00 = 4} (]
2028 0400 -,51 0

GASREYBL,0000 FLOwS
MACH esANGLEBews RADY

NO,

2505
2540
2497
2462
2433
W 2400
2399

WHIRL STRMLN QOF Cu

35,82
3%,10
33,83
32,61 L4
31,53 .
30,54 .
30,08 -

sesvnnswSTATION TO 8TATIONesvonoe

8TRM RADIUS ooesVE OC]T]EBmmee *PRESBURESe TEMPERATURES
LINE MERIO TANGEN TOTAL TOTaL STATIC T0TaL BTavT]C
1 T,3630 85,4 0,0 685,06 4%4,00 u3B, 82 B60,0 S552,u
H T,3017  #8S,4 0,0 685,80 484,00 438,82 S80,0 882,4
3 T,7439 88,4 0,0 oB83,8 &54,00 438,82 500,0 552,¢
@ 8,1081 85,4 0,0 88,0 454,00 838,32 560,0 $%2,4
[ ] B,u560 085,48 0,0 085,94 459,00 438,82 Be0,0 S3R,4
[ B,7913 85,4 0,0 685,04 654,00 430,82 800,00 5%2,4
[ 8,9540 085,4 0,0 oB8S5,4 454,00 438,82 B60,0 8552,4
STaYION 2 cPmy 242000 GAMmMan: 60503
ARRRRDRAAS
PLON DESCRIPTION
AR RRANASENRONERNS
STRM RADIUS  emeeVELOCIT[E8esee  PRESSURESe  TEMPERATURES
LINE MERID TANGEN TOTAL TOTAL STATIC fOTAL 8TATIC
H 7.1720 7Y00,2 805,4 863,55 054,00 430,05 8560,0 $0ud,0
2 T.3087 o903 492,5 855,3 454,00 430,50 S5e0,0 %08,
37,7473 #98,7  4e8,3 BLi,) 650,00 4)1,206 560,0 368,
a 85,1080 o088 4e7,0 620,85 454,00 431,87 %S60,0 Su8,9
1 8,831 98,9 agd,8 B20,0 uS4,00 UI2,37 500,00 $e9,2
& 8,7642 99,0 412,77 B12,) 645G,00 432,78 560,0 $u9,u
7 8,9050 700,00 40%,1 808,8 aS54,00 432,95 500,00 $49,.S
PELRFORMANCE OF mMaCWINE
RESRERERRBEYRNARARNOAERS
STRM  soeveesiNLET THRQOYGH 8TATIONeswese
LINE PRESSURE DELTA T EFFICIENCIES PRESSURE DELTA T
AAT10 on Tt 18EN POLY RATIO onN T
1 1,0000 0,0000 0,0000 10,0000 1,0000 09,0000
2 1,0000 0,0000 10,0000 10,0000 1,0000 0,0000
3 1,0000 0,0000 0,0000 0,0000 1,0000 0,0000
L] 1,0000 0,0000 o0,0000 00,0000 1,0000 0,0000
L 1,0000 0,0000 0,0000 0,0000 §,0000 0,0000
[] 1.0000 0,0000 0,0000 0,0000 1,0000 09,0000
7 1,0000 0,0000 0,0000 0,0000 1,0000 90,0000
1,0000 04,0000 040000 0,0000 1,0000 0,0000
INYEGRATED TOTAL TEMPS AT BLADE INLET
ABSOLUTE & 860,00 RELATIVE o 860,00

$TR¥  MaDIUB

LINE

NV E AP

ouTLET

T,17196
7,3687y
7,76732
8,10808
8,85309
8,70428
0,94808

RELATIVE
INGET

0,000
0,000
0,000
0,000
0,000
0,000
0,000

PERFORMNANCE OF BLADING
sReesANEARRRIRRARRRENS

ANGLE
ouTLET

35,822
38,187
33,829
32,605
31,582
30,548
30,061

NOg IN

2028
2028
2028
2028
+2028
2020
2028

RELATIVE MaCw RELATIVE VELDCITY
out INGET  QuTLEY

«2568 (Y112} Bel,5u

28640 85,38 888,27

J2097 85,39  Bui,i2

L2002 685,39  829,S¢

+2433 485,39 819,99

2400  o88,38 832,13

22399 088,30 800,7e

Figure E-b.

E-6

038 *223
30 «30)
T TYT
101 149038
o1t 676
o3 300
W38 22)

127,9000

V8 RnQmvm
RV

0 203,008
0 203,008
0 203,101
0 203,102
e 203,104
0 2u3, 087
0 203,09
2

127,8099

U8 RMyeym
RY

o4 200,988
o) 204,840
5 206,900
8 209,108
W4 205,278
o0 205,54y
L4 208,75y

AX1ay
LENGT™

10,000
10,000
10,000
10,000
104000
10,000
10,000

AXIAL
LENGTR

14,000
11,000
11,000
11,000
11,000
11,000
11,000

sesenenBLADE LOADINGBe=cons

EPFICIENCIES AVERAGE AXIAL TANGER

J8EN POLY RADIUS
0,0000 0,0000 7,26635 361,82 1003,
0,0000 0,0000 7,55542 ®348,80 1004,
0,0000 0,0000 7,92885  e332,16 1003,
0,0000 0,0000 8,2818¢ 317,71 003,
0,0000 0,0000 8,62132  *305,32 10086,
0,0000 0,0000 0,.80865  =298,52  100u,t
0,0000 0,0000 0,00000 0,00 0,0
0,0000 0,0000 INTEGRATED VALUES
OMEGA INLEY REL TOTAL Ul  8TAY pRES 8.0F:
INLET  PREBSURE  TEWP, RISE COEF
0,0000 @56, 00  S00,0 0,0 =,978 W81t
0,0000 86,00 560,0 0,0 o,5u8 R
0,0000 456,00 $80,0 0,0 w»,u08 ,19s
0,0000 86,00 80,0 0,0 ®=,458 e,00¢
0,0000 454,00 $80,0 0,0 =,62%  »,20:
0,0000 456,00 $60,0 0,0 ©,390  @,40¢
0,0000 454,00 960,0 0,0 *,307  o,81)




STATION 3 CPei, 242000 GAMMARL 00503 GABRE384,0000 PLOwe {27,809¢
sRnsesnans

FLOW DESCRIPTION
seesencennenteee

STRM RADIUS  ooeoVEILOCITIESwwoe  oPREBOBURES>  TENPERATURES MACH  ecANGLEBves RADIVS  RMDevm  AXIAL
l LINE MERID TANGEN TOTAL TOTAL BYATIC TOTAL BTATIC NO, wwlRL BTRMLN OF CURYV LENGTH

7.1763 02,8  S0%,1 803,2 aae, 9 §60,0
7,376 Y02,0 492,2 87,4 030,38 80,0
T, 7802 T02,4  aeb,2 ek, 431,10 $00,0
90,1000 703,0 6670 833,0 431,09 580,0
8,6911 T03,2  428,% 023,7 a32,18 960,0
8,7008 7033  #12,9 815,6 a32e60 §90,0 L2620 30,82 ®,23  3202,6 206,630 {2,000
09,9400 703,58  a0%,3 811,90 432,70 $60,0 12000 20,95 #,28  9aT{,6 208,733 12,000

PERFORMANCE ANALYSIS FOR BLADE ROW BETWEEN STATIONS 3 AND & ROTOR §
RN RN RARORRPARI PR ARIRRNANARRRN AP RARARERARSIORARORASRRANSAROARSY

L2870 38,72 025 =9271,6 205,008 12,000
L2567 38,06 o83  1847,0 205,623 §2,000
22500 33,08 o33 73,2 205,925 12,000
s2473 32,48 003 T39,9 200,206 12,000
22045 31,38 e,08 029,7 200,470 32,000

L K N A L X J

STREAMLINE )

(2T IR ] ]]
Bl 41,703 Came 32,804 C/881,2304 T/C8 1809 A/CE 5000 INCe o, 249 MiRp 2788 IRFe 0,000 DRFm 9,590 Dvas 1
Oln  e,010 ™iCs 2781 OM & 0,00 DEVe 9,77 D ® 388 wene L0330 WeRE 0,000 wWYPP 0,000 Jwwe 335 w 8 033
CI0o12,777 81 & 16,038 DP 0,390 OF & 399 Crumii 4l0 BM 0 10,500 CRO& 3,33) REYS 2,07Ee00

STREAMLINE 2

(T2 12211 11]
B1s 43,505 CAMe 30,357 C/8s1,175) T/Co L1466 A/Ce ,5000 INCe =, 022 MiRe 2874 JRFe 0,000 DRFs ©,35 Dvas )
DI ¢,001 miCs o788 DM 5 0,00 DEVE 0,43 0 ¢ 388 wuNg L0322 nMRs 0,000 wTPs 0,000 ImNm ,333 w » ,032
CIomi1,%i2 81 » $85,077 0P 8 L6400 OF & 309 CMpwii, 000 8™ 9 30,123 CRDs 3,111 REYS 2,00(+00

SYREAMLINE 3

CRARCARRERARS
3 818 64,816 CAME 26,451 C/8m1,0819 T/Cs 1173 A/Ce 5000 INCS  ,027 MiRe ,3049 IRFs 0,000 DRFs 8,50 Dvas ,1
i Dile 003 MiCe 792 Dw s 0,00 OEVs 8,70 D @ 383 wMNs. 0332 #wMRs 0,000 wTPs 0,000 Jens 307 » & ,03)

Cis=10,431 81 o 12,830 OP o 801 DOF & 393 CMee1],591 80 w 9,308 CROs 1,075 REY® 2,19E«00

o i

STREAMLINE

ANNCANAANRARS
B1s 49,847 CaMs 22,919 (/881,0007 T/Co ,0013 A/Co ,5000 INCB o, 226 MiRs 3221 IRFE 0,000 DRFe 7,75 Dvas i
_ DIs o,018 MICs 800 DM & 0,00 DEVS 7,88 3 & ,373 wing L0307 wMRy 0,000 nTPs 0,000 InNe ,297 w m ,030
| Cls 9,087 81 & 10,320 DP 0,396 OF & ,380 CHMeed1,743 OM 8 8,544 CRO® §,048 REYS 2,21€¢00

i STREAMLINE 8

3 NRRSRRRRNEANE

1 81® 52,026 Camm 20,376 (/88 9343 T/Cs 0005 A/Ce ,5000 INCS. «,07)] WiRs ,3386 [RFe 0,000 ORF® 7,34 DVAR
Dls  #,007 MiCe 2803 DM & 0,00 DEVe 7,23 0 & ,3b6 WHNe L0299 wMRe 0,000 wYPe 0,000 Jwhs ,295 w » .059
CIs =7,868 81 8 8,006 0P & 368 DF & ,372 CHpe]l] 980 84 & 7,758 CROm 1,012 REYS 2,25Ce008

STREAMLINE &
fRRRENERRERES

818 39,114 CAMs 18,336 C/8s 8755 T/Cs 0427 A/Cw ,5000 INCE e, 143 MiRs 38546 JRF® 0,000 DRFm »,51 Dvas 1

.

i DI «,020 MICs 808 DM & 0,00 DEVE 6,60 0 = 387 wHNs ,0205 wuRe 0,000 WTPs 0,000 Jwhs 288 » » ,02°
1 CIs 5,725 B1 & 7,213 0P & 370 DF o ,301 CMus(2,147 84 & 7,120 CRDs ,986 REYS 2,30L¢00

R

) STREAMLINE 7

H CENBRARARRANES

1 $18 5,130 CAMe 17,240 C/Bs ,849S T/Cp 0311 4/Cs ,5000 INCe o, 3280 MiRe 3625 IRFs 0,000 DRFS 6,18 Dvam 1
j Dls ,037 MiCe 810 DM s 0,00 DEVe 6,30 D = ,383 wMNB ,0208 wNRm 0,000 nTPs 0,000 IeNs ,283 ® & ,02¢
y CIn o0, 177 81 w 4,347 DP & 375 DF ¢ ,355 Cuamid, 191 SN » 4,050 CROm 074 REVE 2,32€¢06

‘ sTATION & tPet, 202000 GAMMAR], 06503  GASRE386,0000 PLONE 127,9050

9 LYY

FLON OESCRIPTION
seavnnnennannene

STRW RADIUS weseVELDC1TIEBeene  aPRIBSURESe TEMPERATURES  MalH owANGLESrrn RADIUB  RMQeym AXlay

{

; LINE MERID TANGEN TOTAL TOTAL STATIC TYOTAL BYAYIZ ND,  WNIRL BYRMLN DF CURY VENGTH

{ 17,1800 808,60 1136,0 081,01 440,19 73,9 553,06 L3324 32,20 W70 80,3 R0, 608 13,025

i 2 7,370 870,06 3112,3 682,17 da),42 874,53 $Su,2 3286 81,51 e 84,3 205,710 1),00%

B 37,7822 631,06 1003,5 ¢02,36 €0),063 S$7u,2 55,4 3197 S0,1) a2 325,0 206,998 13,025

: s 8,100 02,0 1082,2 002,07 445,51 $74,2 956,84 L3102 48,00 00 1163, 803 13,025
s  §,a503 709,8 1038,2 482,79 wav,14 $74,5 SST,2 30869 47,03 .10 eded,s 13,025
s 8,7770 T03,9 1018,8 82,97 Q08,03 ST4,7 SS8,0 L2998 46,92 s 44 V4,8 208,039 13,029
T 8,931 730,55 1006,0 482,91 ase, 36 S70,7 888,46 ,2962 46,53 =, 70 40,2 207,943 33,02%

Figure E-7.
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PERFORAMANCE OF WACMINE
BOESNNERERSRAAROROSENS

sencaelNLET THROJGH STATIONeeoens ovesveenSTATION 10 STATIDNowesone onnasseB ADE LOACINGSmecesns.
PRESSURE OELTA Y EFRICIENCIES PREBSURE  DELTA 7 EPPICIENCIED AVERAGE AX AL TANGES
RATIOD o~ 1t 18¢EN POLY RaT10 oN T 18EN POLY RADIVS
1,0013 J0269 9060 %008 1,083 Y7L TYT I TYY ] 7,27687 489,74 770,85
1,0020 2 0282 29687 K IYYS 1,0030 0252 9857 RITT T.56260 $39,0) T63,¢
1,0028 0256 L9631  ,9636 1,028 LOR56 L9631 L9636 7,92909 36,95 786, 0"
1,0018 0283 L9585 0400 1,0818 J0283 L9898  9p00 8,27%0 129, 107,80
1,0034 0280 9877 0882 1,083¢0 0260 29577 ,9582 8,01472 824,86} 818,
1,0638 0262 NIYT) 29884 1,0838 0282 29549 «98%4 8,85854 880,%) 81k,8
1,0637 0262 L9530 ,953¢ 140837 0202 L9530 19830 0,00000 0,00 0,0
1,0027 0256 L9001 R 1.0027 0280, 9608 290006 INTEGRATED VALUES
INTEGRATED TOYAL TE®PS AT BLADE INLEY
ABBOLUTE & 560,00 RELATIVE & 547,70
PERPOAMANCE OF BLADING
RARSARNPRQARRNPRNANNPRD
RaD1Iu8 RELATIVE ANGLE RELATIVE MaACH RELATIVE vELOCITY OMEGA INLET REL TOTAL ve 8TAT PRES BLOPE
ouTLeEY INLEY OUTLET NO, IN ovr INGEY DUTLEY INLET ORESBURE TENWP, R1SE cOEs
7,10091 w4} 536 =19,190 2788 (2187 93B,34  TR9.64 L0312 468,32 S62,1 1128,0 V361 e
T,3700u 43, 483 22,599 L2874 L2215 067,50  Tu9,9c L0304 460,59 Se3,2 1138,8 .36 i
7,75225 «ub,Buu 29,007 L3049 L2345 1026,8 TR L0300 65,26  585,5 1217,7  ,3e7 ATy
B,10037 «d9, 021 o34,815  ,I221 ,2uBe 1085,08 Bu3,19 L0302 469,94 SeT,8 1273,8 36 W07
8,45034 «51,953 38,677 3386 20630 1141,00 002,77 0302 av4,62 870,0 13274 383 e, 04l
B,77009 53,981 «u2,384 p3840 L2779 1198,19  Qai,7T1 L0306 479,33  S72,3 §378,7  ,3u3  e,19:
8,93509 oSu 849 san, 108 JIORS L2802 1231,88 908,79 L0309 al),7} $73,4 1803,7 339 -, 25¢C
OTATION 8 CPey 242000 CA¥MAR] ,b650) GASRE3BG,0000 FLOws §27,893)
1122321233}
FLOw DESCRIPTION
RELEERRANRRREORD
LLT 3 301 ] ecoaVE OCITIEGonee SPALESURESe TEMPERATURES maCH ®oANGLED oo RADIVS RmQevm AXlaL
MERID TANGEN TOTAL TOTAL SYATIC 7TYOTAL BTATIC NO, WWIRL BYRMLN OF CuRvY LENGT=
7,1854 96,4 808,1 1129,8 683,81 439,82 573,9 8834 L3340 81,82 73 ®36,3 207,086 13,250
7,3706 8%5,0 870,13 1114,6 a8 ,17 443,28 STU,’ SSu,1 L3293 8%,33 WS4 #107,7 206,883 13,250
7,7533 95,5 831,5 J084,0 482,36 463,59 STu,2 $55,3 L3199 80,09 030 $33,1 207,25 13,25
0,1098 693,33  TOQ,4 1052,9 462,07 4a6,4Y STu,2 95,3 ,BI04  ud,81 18 239,9 207,112 13,250
8,4098 99,6  T799,5 1060,0 uB2,79 447,02 574,5 S58T,1 LI064 @Y,72 e,06 102,5 209,418 13,250
3,7744 02,8 Tau,l 10@3,6 482,07 448,29 574,7 SS7,8 L3014 48,63 w4k 61,9 210,714 13,250
93,9316 704,3  730,9 1015,0 482,91 448,81 S74,7 S558,1 ,2988 ue,08 +,73 36,3 211,299 13,250
PERFORMANCE ANALYSTS POR BLADE RON BETHEEN BYATIONS S AND 6 8TATOR
CERRNORAOAROP RGN R AR AR ENANOOROACRN AR ARG ARREACARNAERACRAPNBUARREARRARNRD
STREAMLINEG
SRRBERNNARERS
$2.755 Cavs 23,510 C/Bm3, 1630 T/Cm 1000 A/Ce ,5000 INCE® «,937 MIRs ,3340 JRFs 0,000 DRFe 7,77 pvam 3
", 082 #iCe 811 0" ® 0,00 DEVe 8,03 D = ,388 wWxNe L0361 wWAe 0,000 WTPm 0,000 Iwnm ,328 » u ,03¢
©3,333 81 ® 10,352 0P 8 (334 DF & (390 CHew10,866 B4 v @,708 CROs 1,09¢ REYS 2,43E+06
STREAMLINE 2
REABARROANERS
S2,038 CAMs 23,520 C/881,1322 T/Co L1000 A/Cm 5000 INC® o, 706 MIRm 3203 IRFw 0,000 DRFe 7,79 Ovas .
e, 002 MiCe 4808 DM 9 0,00 OEVe 7,%¢ D @ 385 WMNB 0349 mMRR 0,000 wIPs 0,000 Inna 316 m @ 03
©9,371 81 » 10,404 DP 8 420 DF ®» 303 (Heey) 001 SM 8 9,500 CRDe 1,004 REYS 2,39Ce0s
STREAMLINE 3
RERORNARNONAER
$0,650 CAMs 23,517 C/3n1,0776 T/Cs 1000 4/Ce ,3000 INCO o,508 MiRm 3199 [RFe 0,000 ORFE 7,44 uvas |
©,037 M1Ce  ,804 DM 8 0,00 DEVE 7,92 0 & 379 wwns 0328 wMRe 0,000 wTPs 0,000 Inne 301 » 8 , 3
=9,443 ST ® 30,081 DP & L6400 DF ® 375 CMpelf 3u? 8 & 9,156 CRDs 1,090 REYe 2,33E406

- Figure E-8.
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STREAMLINE @

heeRBARORARRD
Bie 83,304 Cave 23,510 C/801,0302 T/Co ,1000 A/Cs (3000 INCP =,550 Wifs 3104 JRPw 0,000 ORFE 7,92 Dvas 1
0ls *,039 WiCe o800 O™ » 0,00 DEve 8,00 0 s (376 wHNB L0310 w¥R® 0,000 wiPa §,000 Jane ,283 w w ,0581:
Cls ©9,511 81 ® 10,083 OP = 387 OF s ,371 CMeo]l,000 3" & 8,844 CRDw 1,004 REYS 2,236E¢00

STREAMLINE 8

shetadbadennn
Ble 40,275 CAve 23,302 C/30 9088 T/Ce 1000 A/Ce 5000 INC® o,552 Wiam ,3064 JRFe 0,000 DRF® 8,01 Dves ,0¢
Dle =,0u42 WiCs «79 DM p 0,00 DEVE 3,02 D & 369 wune 0395 wMRs 0,000 wTPs 0,000 Jwne ,276 » B ,02%:
Cle «9,568 81 @ 11,054 OP » 366 DF 3,300 CHoell, 019 8 6 8,550 CRO® §,094 REY® 2,2uE¢006

STREAMLINE ¢

VAR RRRENAS
819 47,235 Cams 23,400 C/8e 0323 Y/Ce ,1000 A/Ce 3000 INCS =, 901 MiRs 30814 IRFs (,000 DASm $,1) Dvas ,0:
Dls e,0049 MiCe 2793 0 » 0,00 DEVE 8,10 0D ® 365 wMnE 0282 wMRw 0,000 nTPE 0,000 Jans ,267 n & ,028
CIs v3,022 81 & 11,216 DP 5,352 OF » ,3%¢4 Cweeid 006 8™ » 8,303 CRO® 1,000 REYS 2,208¢006

BYREAMLINE 7

RNt aNROOIRORYE
BIs 46,720 CaMs 23,083 C/8s ,9350 T/Cs 1000 A/Cw ,%000 INCE o,670 WMiRs 2968 IRFm 0,000 DRFw 8,16 DVvis ¢
Die ,086 MiCO 702 O% & 0,00 DEVE 8,16 0O ® ,362 wMne 0270 wWHRS 0,000 WTRP 0,000 InNS ,202 » 8 ,027
CIv ©9,0640 ST ® 11,295 DP & 347 DF » 381 CMee]2,090] 8n & 8,186 CROS 1,094 REYS 2,)8Ee08

STATION CPuy 262000 CANNAS] 006503 GASRA3BO,0000 FLOWS 27,9000
(LTI T I

PLOw DEBCRIPTION
stectdeancannene

STRM RADIVS wseaVELOCITIESowee sPREBIUAESe TEMPERATURES mACH esANGLEBere RADIUB RMUmYM AXIAL

LINE MERJD TANGEN TDTAL TDYAL BTATIC TYOTAL 8Yvavi(C ND, wHIRL BTRMLN OF CURY LENGTH

17,1899 47,5  814,8 850,1 480,28 430,30 573,9 852,3 L2493 37,27 W16 »161,2 204,796 14,075

2 7,3852 82,9 S04,0 B49,1 480,73 486,00 STu,1 662,85 L2490 Jb,k6 o822  wjUl .6 206,887 14,075

37,7880 87,3 682,4 839,7 481,08 487,65 8574,2 Se2,0 ,2u6y 3%,08 20  ®§96,6 208,674 14,075 a
6 85,1120 84,5 89,3 B824,3 480,93 688,34 50,2 SeI,2 L2415 33,8 W19 =314,8 207,816 14,075 !
S  $,4506 0%,1 4a8,4 B28,) «By,TI 486,92 B70,5 Sp3,5 L2020 32,79 «08 o1857,2 231,688 16,075

68,7713 700,2 34,8 B82u,2 48]98 459,37 B74,7 Se3,7  uie 31,84 s 00 208,90 212,849 14,075

T 8,927t 00,2  427,5 B20,4 481,97 489,86 ST4,7 S63,0 L2403 31,40 e 10 163,22 212,916 14,075

PERFORMANCE OF MACWINE
aRNENSIRIRSINIERAIRRRRS

STRM eeseeeINLET THMROUGM STATION BTATION T0 $TAT]ONeveasss evenmcweB ADE LODADINGSwensas
LINE PRESSURE DELTs Y EPFICIENCIES 'l!lsuﬂl OELTS ¥ EFFICIENCIES AVERAGE AXTAL TANGEN
RATIU o~ 7 18EN POLY "ATIO oN T I8EN POLY RADIVS
1 1,087¢ 0249 010) 29180 9908 0,0000 0,0000 0,0000 7.2880) 697,67 °750,4
? 1.,0509 « 0252 2173 9183 29970 20000nnananunenennnse T7,569038 081,27 *7%8,2
3 14,0807 20284 200 0248 1,0026 ., 0000 L0000 40000 7.933%51 652,8% »7860,2
[ 1,0593 20253 212 N 9978 20000nnenenannnnnasee 8,20077 029,56 =707,
H] 1,001} 20200 09232 92414 9978 s0000snneannnneanwnae 8,01156 011,00 .779,}
[ t,0010 0262 9231 o201 9980 2 0000sssasnanennnnresn 8,0541¢6 $95,47 LAY ¥
14 1,000 10202 29228 R34 9980 06,0000 00,0000 0,0000 0,00000 0,00 Oyt
1,0601 20258 200 9218 «9970 20000nasnnmannnnsncnn INTEGRATED VALUVES

SNTEGRATED TOTAL TEMPS AT BLADE INLETY
ABSOLUTE » 874,33 RELATIVE s 374,33

PERFOAMANCE OF BLADING
SNRNERRARARERNRAREERY

STRM  RADIUS RELATIVE ANGLE RELATIVE MACH RELATIVE VELDCITY OMEGA INLEY REL T0TAL '] 4 8TAT PRES 8,0Pt
LINE OUTLET  INLET  OUTLET ND, IN out INLET  DUTLEY INLET PRESSURE TEwP, RISE COEF
716987 851,010 37,270 3340 L2493 1120,78 850,00 L0360 al1,81 $73,¢ 0,0 392 W31
7,38520 81,332 36,459 3293  Re00 11ju,62 BM9,11 L0381 482,17 87,1 0,0 d80 LT
7.78801 850,000 35,066 3190  2uey 084,06 839,75 ,0329 82,36 74,2 0,0 4363 Wdee
8,11203 a8, 814 33,088 3100 2415 082,90 824,32 L0311 482,07 8§72 0,0  ,I%2 21
Q7,723 32,790 3064 L2420 4040,03 828,05 L0396 wB2,YY  §74¢,S 0,0 333 1Y
60,030 31,800 L3016 L2414 §023,55 824,20 ,0283 482,97 87,7 0,0 320 s,109"
o.oar:u 66,000 J1,008 2908 L2003 1035,01 820,43 L0277 82,91  $74,7 0,0 M5 e 30

SO RGN -

Figure E-9.
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BTATION 7 CPui 200000 CAMMARY 006503 SABREE006,0000 FLOwE 127,08992
[TITTTITIT

PLOW DESCRIPTION
aaRRRRRSRNRRRRRY

RADIUS esesVELOCIT]ESveme =PRESBUNES. TEMPERATURES MACH wapANGLESmee RADIUS RHQevM AXIAY
WERID TANGEN TDTAL TOTAL OTATIC TOTAL STATIC NO, WHIRL BTRMLN OF CURV LENGTH

741809 473,77  S14,8 B87,9 a00,28 #%56,82 873,90 362,8 L2086 37,38 0,00
7,385% 81,1  90a,% 8aT.b 480,73 438,08 SYa,1 Bed.b L2088 34,5) 008
T,7592 687,1  @82,3 839,5 481,08 487,67 8T4,2 S62,% L2461 35,07 .08

0,0 203,990 18,000
0
85,1140 85,3  a%9,2 824,9 480,93 488,31 S7d,2 563,22 L2417 33,83 W07 0
0
0
0

0
[ ]
o0 206,300 15,000
o0 200,308 15,000 i
W0 208,025 15,000 .
9,081 697,33 Qud,4  O29,0 481,73 438,00 STA,5 S03,8 2427 32,78 08 0
8,778 700,9  434,8 Bu,8 481,99 4% 34 S74,7 563,17 ,Raie 31,81 003 W0
80,9271 700,4  427,3 B20,6 981,97 489,58 8747 Se3,8 L2603 31,40 0,00 o0

PERFORMANCE OF. magWINE
PRGARQENNLIRRCROIRRARE

211,820 18,000
213,007 15,000
212,913 15,000

sesesaINLET THROUGH STATIONsesese svncoeweTATION TO STATIONweseoss eseceesB ADE LOADINGBowocoes
PREBSURE DELTA T EFrFICLIENCIES PREBEBURE  DELTA T CFFICIENCIES AVERAGE AX]AL TANGEN 4
RAT10 ON T I8EN POLY RATIO ON Y 18EN POLY RADIUS
1,0879 0249 9181 9180 ,9968  0,0000 0,0000 0,0000  7,28518 697,08 =789,12
1,0589 10252 o173 9183 9970 2000Chnannenasnnnanes T,506949 (1299} *737,59
1,0807  ,0250 9208 L9215 1,0026 «,0000 L0003 00D} 7,93407 52,88 700,35
1,0593 NT:3) 9212 9221 29970 W 00000nnanannannnnane 8,28118 029,48 767,02
1,0611 0260 9232 9201 L9978 L0000ereasnesnne 8,61176 811,64 780,01
1,0010 0262 L0031 924y 29980 L0000nacannnranneness 8,85118 508,31 783,30
1,0016 0262 09228 234 29980 0,0000 0,0000 00,0000 0,00000 0,00 0,00
1,0001 00258 9209 9218 K1Y s0000anananesanennenn INTEGRATED VALUES
INTEGRATED TOTAL TEMPS AT DLADE T ET
ABBOLUTE & 374,33 RELATIVE » 874,33 '
7 0 0 0 2 127,90000 i

WITH OIFFUSER @ MACHINE RPFICIENCY @ 0209 MACWINE PRESBURE RATIO ® §,0801

THE BOLUTION ABOVE 18 CONVERGED
L L Y L T T T T I AT Y Y]

oy
<

ot
N ol

Figure E-10.




PHGLLY
ROMR
cCCBS ROYOR

TIMES J4,44,% DATES 0Ss08/77
LLLTRYY

ROMR

ccCcas ROTOR

THICK,/CHDRD & ,1p0D CAMBER & 32,6300 CHORD ® §1,1340
ToEo LINIT & 0,0000

CODRDINATES eaXES Ay Lo, ROTATED COORD,eAXES AY C,0,
xs vs xP X8 1] xp

yp
0,0000 0118 0,0000 ., 0062 *,4380 ., 2635 ., 4302
20019 L0147 40095 =, 0130 ,337% .,2601 0194
10086 $0237 20198 ®,015% ®,4353 ., 2u9] ., 6084
J0208 20355 00359 ., 0193 ., 4293 .,2332 ., 392
204es «0546b ,0606% ., 0232 CIIY T *,20409 *, 3026
0734 «0704 $0907 ., 02ub 397 1791 *, 3349
,1008 NI 1260 ., 0251 *, 3719 ®,15u8 »,3083
11508 W1081 1830 ., 0288 3375 ., 1090 ., 2507
2140 1273 «239 -, 0225 ®,2940 °, 0678 -, 2007
23308 o 1547 3499 ., 0177 »,2005 0071 ., 109}
20485 Jlear 20587 ., 0125 “, 0998 20703 ., 0130
5070 L1683 05670 «,0057 ,0075 21206 10820
NYTTS «1828 08702 $0034 Q1200 W 1570 1768
18004 Ll2e8 27872 (0102 2381 »1831 2702
MY 10925 29003 0123 +3530 22007 +3758
1,025S «0809 1,0157 0084 4721 22108 W90814
1,0803 o278 1,0743 ,0043 #5318 2128 25304
141340 W00190 1,133 ., 0019 +5910 W2133 5922
CIRCLE PaRamgtERs
RL X\ Yo RR xR YR xR YLR
20201 V02014 .0058 20024 1,1317 20007 4172 ., 2000

“ECHANICAL PROPERTIES ABDUT | B, AXES
AREa 2139008 Inx 2000308 Ivy 9009340
Ixvy 000190 Intwn 1000304 ANGLE OF mIn, axts 1

Figure E-11.
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DATE® 05/08/7

L LIRR!

ROMR

({44 LRI
SECTIDN 1 RaDIUS & 7,163 RITATION & 0,0000 LEG, ~D,0F BLADES & 0, SL,FCTR 3 0,0000 TYPE
SECTYION ANGLE & 0,0000

INPUT COORDINATES COORD,ABOUY N U, ROTATED COORD,=N O, FINAL CUORD,sn~ O, THRUAT
x v x Y X Y X Y
U380 »,2635 - 4284 *,2608 o, 4284 ., 2008 o, L4284 =,2608 0,0000
4375 e, 20601 ., 4279 ®, 2573 ., 4279 ., 2573 ., 4279 »,2573 0,0000
v, 4353 w, 249} =, 4257 » 2404 ®, 4257 ., 2400 », 4257 o, 2404 00,0000
®, 4293 .,2332 ., 6197 -, 2308 ®,4197 *,2305 ® 4107 ®,2305 06,0000
LI Y =, 20469 m,40ub =,2022 e 4040 s, 2022 e, l0ud ®,2022 0,0000
e,3987 ., 179} »,3872 e 1704 e, 3872 s, 1704 ., 3872 o,1Tb4 0,0C00
., 3779 ., 1548 », 3684 =,1521¢ e, 3084 *, 1521 =, 3084 ®,1521] 0,000¢0
*y337% ®,31000 ., 3279 =, 1000 *,3279 o, 10006 =,3279 ", 1006 G,00u0
®, 2940 ®,0075 o, 28Uy =, 00uB »,2844 ®, 00648 », 2844 =, 0068 0,00CC
.,200% +00T1 -, 1909 0098 »,1909 +0098 *,1909 20098 0,0000
»,0998 20703 », 0902 20730 », 0902 20730 -, 0002 «0730 0,0000
200758 200 0171 s1234 W 0178 1234 0178 s1236 0,0u0C
1204 21570 «1300 «1597 «$300 1597 «1300 21597 0,0000
2301 «103) 2457 10858 12457 1858 12457 03858 09,0000
35308 2007 o3632 2034 3032 22034 3632 22034 0,0000 .
4721 2108 2817 2130 0817 2130 24817 2130 0,0000
5318 2128 5014 2150 Al 2150 BRI 02158 04,0000
59108 2213) 0012 2100 0012 2160 0012 2100 0,0000
®, 4302 »,2798 », 4200 e, 2774 ., 4200 *, 2771 ®,4200 -, 2771 0,0000
®, 64104 .,2805 ®,u008 -, 2778 ®, 0098 »,2778 ., 4008 -,2778 0,000¢
e, 4084 ., 2197 o, 3988 ®,2770 =, 3968 ", 2770 », 19688 ", 2770 V40000
3921 =, 2763 =, 5825 -, 2738 ., 3825 *, 2735 », 3825 »,2735 00000
o,3620 », 2065 ®,3530 =,2638 »,3530 ., 2638 *y, 3530 v, 2638 0,0000
*, 3349 «, 2550 =,3253 »,2523 »,325} -, 252} "y 3253 *,25¢3 0y000v
*,3083 =,2029 -, 2987 ., 2402 ®,2987 ., 2002 =,2987 ®,20802 0,0000
o,25067 ., 2177 - 2471 ", 2150 w2473 ®, 2150 LIT{ 4} ., 2150 0,0000
e, 2067 =,1919 »,108714 *,1892 o, 197} e,1092 ., 197) *,1892 60,0000
*,1091 ®, 1403 », 0095 *, 1378 ®,099% *,1378 *, 0995 ",1376 0,0000
©,0130 -, 089] 0034 -, 0864 », 0034 », 0864 *, 0034 », 08864 0,0000
20820 », 0380 0916 *,0339 0918 ., 0339 + 0910 =, 0330 20,0000
1768 018U 1883 0211 21863 0211 e18063 0211 09,0000
2762 20720 2838 0748 12838 0748 2038 0748 0,0000
237558 1226 +3051 1252 +3051 1252 13851 1252 0,0000
WiB1e 1088 4910 W3780 «H910 «1710 4910 W70 0,0000
» 5301 «1897 05057 1924 25457 1924 5457 1024 0,0000
5022 2090 «b018 2121 0018 2121 26018 2121 0,0000
CIRCLE PARAMETERS R L | 3 Y R R X R Y R
3ETA 48,u%6u 0201 ", 4070 ®, 257 0024 05992 2137
JETA R 99,0890 X GAGING 0,0000 Y GAGING 0,0000 1
SAGING 0,006000 PITCH 0,000000 osP 0,000000 JInNe=) O/P 0,0000
MECHMANICAL PRDPEKTIES ABOUT ORIGINAL AXES TANANG 26,719510 BTAGGER 25,3%0087
AREA .139084 " X °, 001334 “y », 000378 1 x 4007638 1
1y 4002132 1 xy 2003081 I WIN «000303 ] wax «0094S3
ry 2659,002423 Fx Tu, 898218 Xy 1275,012368 ALPHA 26,543599
8AR 1 X «007020 BAR T Y +00213% BAR ] nv¥ 2003058 MAX TRICK 181657 -
C MIN LE «,07095%8 C Max LE «031819 C MIN TE »,008407 C maXx TE e,47970%
1 “IN LE =,003842 T max ¢ 001498 T MINv T8 &, 004435 I MAX Tt =,01970)
[T «105898 C Max B ., 042739 [ LD L ] 002865 T max 8 *,22117)
BAR B 000473 BAR C 00004} 8AR D W003uyY CHORD 1o134100
BAR X «, 009593 BAR ¥ », 002718 X 2000907 wiDTH 1,029203

Figure E-12.
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L3

TivEs 14,46,5 DAYES 05/08/7
[LLISR]

ROWR

ccces ROTOR

THIST & 37,8900

THICK,/CHORD 38,0950 CAMBER » 23,2800 CHORD & 1,0500
TeE, LIMIT 8 00,0000
COORDINATES «AXES AT |,E, ROTATED CODORD,wAXES AT C,G,
T v§ (12 ve %8 vs P Ye
0,0000 L0052 0,0000 », 0040 », 3490 3175 o, Juu0 w, 3248
00038 <0084 L0087 “. 0083 e, 3use = 3127 3372 ., 3228
,0109 0130 (0153 v, 0083 [Py LLY ., 30462 v, 3292 =, 31808
0233 0200 ,0292 *,010) e, 3407 . 29114 v, 3174 v, 3117
4 048S 0320 205065 ", 0115 -, 3278 ., 20667 e, 2968 ., 2960
07014 20015 0838 o, D120 «,3134 o, 2434 *,2735 », 279
21000 20409 1300 w0111 ., 208] ., 2209 w2528 v, 2629
1523 06462 s 1027 °,0093 -, 2657 -, 1778 ., 2122 -, 229)
$2049 (0758 L2151 .,0071 ., 2312 ., 1359 1723 ., 1952
3112 0925 <3188 ®,0025 ., 1577 ., 0875 ., 0932 ., 1278
,4180 L1012 L4220 20015 -, 0787 0149 », 0143 » 00613
25250 L1013 « 5250 20087 20057 0807 NIYY] 0052
0317 L0925 S 0283 20103 . 0953 21393 lad2 0723
« 7378 0772 . 7344 00320 1883 1028 2237 01383
8427 ,0560 (8373 J0822 22839 2005 «3009 2022
Y L0312 RIS 1 20070 03817 L2845 23032 12035
,9987 0360 299063 20039 4315 3048 24375 2933
1,0502 0011 1,0u98 =,0041 L4818 3242 4827 3222
CIRCLE PARAMETERS
RL AL YL RR xR YR XLR YR XNR
20079 L0079 200106 . 0012 1,0008 0002 o, Juie =, 3156 4812
WECHANICAL PROPERTJES ABOUT L,E, AXES
AREA 2070792 1xx 2000051 1vy 2004070
XY 000001 ImIN 2000080 ANGLE OF mMIN, aX1lS 8725
DATES 05/08/7
Prutty
RONR

ccces ROTYQR
SECTION 2 RADIUS ® 8,058 ROTATION ®
SECTIIV ANGLE & 0,0000

INPUT CODRDINAMTES COORD,aBDUY N D,
X ] X Y
PRTLTY 3175 ., 3423 -, 3127
s Juas e, 3127 e 3413 - 3079
0, 3482 ®, 3042 .,3388 -, 2994
e, 3407 =,29114 *,3334 », 2863
0,3278 e, 20607 «,3204 w, 2018
e 3138 o, 2u3u ®,3060 o, 2388
v, 2981 =,2200 .,2908 »,2180
¢, 2657 1775 -, 2583 ., 1727
e 2312 ., 1359 ., 2230 ", 1341
e 1577 ., 0575 .,150% -, 0527
0, 0787 L0109 ., 0714 20198
0087 2,08C7 #0330 0856
20083 »1393 1020 168}
21883 1923 1950 PEL2A)
2839 L2408 2913 22454
3847 ,284% L3893 2894
su315 23048 4389 3008
I 262 L489) 3290
o, 3440 v, 3248 «,335¢6 3200
3372 e, 3225 ., 3299 a,317%
v, 3292 =, 3168 ., 3219 3140
", 5171 ., 3117 »,3098 ., 3008
o,2948 », 290 n,28% v, 2932
0,2735% =, 2790 ., 2602 v, 2747
o, 2528 ®, 2629 », 2455 v, 2580
e, 2122 ., 2291 " 2049 o 2202
e, 1723 ., 1952 », 1650 190}
*,0932 °,1278 =, 08%0 »,1230
*,01u3 », 0813 ®, 0070 », 0564
R 20052 <0718 0101
$1432 L0723 £1508 L0772
02237 21383 ,2310 J1u3)
3000 2022 03142 2070
3932 «2038 L8008 2083
0378 « 2933 T ) e 2981
hazy W J222 L4901 «3270

0,0000 DEG,

ROTATED COORD,*N O,
x

. 3623
» 3413
©,3366
®,33348
»,320¢
#3080
29086
»,2583
.,2239
" 1503
., 0734
20130
o020
01950
8913
3093
14389
W891
=,3368
., 3299
3219
+,3098
o, 28%4
=, 26062
®,245%
®, 2049
», 1650
., 0859
®,0070
0718
1505
2310
13142
28005
Whdubd
24901

1 4
., 3327
-, %0179
., 299
.,2863
., 2018
w, 2360
e, 2160
s, 1727
131
®, 0527
L0108
0856
ekt
SL2A)
e 2454
289
«309s
3290
v 3200
®, 317
®, 3140
", 30068
., 2912
w, 2747
-, 2580
o, 2242
o, 1903
=, 1230
., 0564
00101
0772
s 1435
2670
12683
12981
3270

Figure E-13.

NO,OF BLADES & O, 3BL,FCTR ® 0,000V

FINAL COORD,en O,
X Y

*, 342}
e, 341}
°,3388
®,3334
®,3204
®,3000
.,2908
®,2583
-,2239
®, 1503
®,0714
40130
1028
«1950
2913
309
14389
0891
v, 3360
®, 3299
®,3219
., 3098
., 2874
o, 2002
., 2455
., 20uU%
=,1650
., 08%9
», 0070
0718
11505
« 2310
W3142
U005
Y
W4901

®, 3127
-,3019
2994
o, 2863
»,2618
e, 2380
», 2360
o, 1727
e 1311
-, 0527
10198
s 08506
BT
21971
2454
2896
3098
3290
»,3200
e,317e6
", 3140
®,30068
=,2912
», 2747
=, 2580
», 2242
.,1903
*,1230
®,0%64
W10l
0772
s163)
»2070
s2003
2981
WJave

YRR
3227

TYPE
ThRUAT

0.000U
D000
0,0000
0,0000
0,0000
0s000¢
0,0000
0,0000
040000
0,0000
0,0u00
040Uy
0,000¢
00000
Q,00u¢0
0,0000
0,0000
0,0000
0,0000
040000
0,0v00
0,0000
0,0000
o,0u00
0,0000
00,0400
0,0000
0,00v0
0,0000
0,0000
0,000
0,0000
0,0000
0,0000
0,0u00
0,0000

1




CIRCLE PARAMETERS Rt LIS Y L R R
BETA | 40,7135 20079 ., 8338 »,3107 ,0012
JETA R 116,2633 X GAGING 0,000 Y GAGIAG 040000
4GNS 0,000000 PITCA 04000200 2P 0,000000
WECHANICAL PRUFE“'IES ABJUT ORIGIvAL AXES TAn ANG  38,5180626
4::: 2070500 “, 000517 "y ., 00034}
1 4001635 ! xv .oo:ovu 1 #IN 4000050
’ v 12319,003942 Fx 8035,80994) Foxr q699,0870067
B4R I x 2002504 BAR I ¥ 1001033 B4R ] xv 00197
t MIN LE »,051820 C max |E 585940 C IV TE »,065004
1 MIN LE «,000960 T Max (F 0006975 I mIv TE e,001212
¢ MIn @ 060348 C ®Max B »,03780S T min 8 5000824
B4R B 2000172 BAR € 000071 B4R 0 2000524
BaR X v, 007339 BAR ¥ ., 006837 X 4000155

TIME® j4,04,% DATE® 05/08/7

LLTSR§Y

ROMR

CCCBS ROTON

THICK,/CHORD ®  ,0300 CAMBER & 17,0900 CHORD =

T,E, LIMIT & 0,0000
CODHDINA'ES eAXES AT L E,

“DT‘YED CDU”D.-llES AT C.G6,

X K Y R
4885 1275

8]ney Q/P G.0000
STAGGER 37,88Y950

I x
1 wmax
ALPHA

MAX TMICLX  ,099701)
C MAX Tt e, 45uBb!
I Max TE e,00898%
Z max 8 ®,108104u

CHORD
AL

9720

xp
.,2779
., 2742
., 2069]
= 2610
®, 26453
., 2248
. 2104
., 1837
e, 1528
=,0903
0265
L0384
1045
3723
2421
3361
<3509
23883

YR
e, 3549

Y8 xP Yp
0, 0000 $0034 0,0000 =, 0013 .2796 .3353
.ooas .ooao .oosz »,0014 ., 2778 ®, 3310
W 0137 «0050 0126 =, 0014 ®,27u5 ®,3243
20237 20083 20249 »,0010 -, 2585 3135
0677 +0133 20495 + 0605 ., 2558 ., 292¢
W0719 L0179 L0739 20023 ., 2625 ., 2718
0901 0221 ,0983 20042 2290 ., 2582
s 1407 0294 Pyl 1) 0078 ®, 2009 e,2109
«1933 « 0354 » 19055 D3I} w, 1720 *, 1713
2908 I 2924 0106 o, 1510 ., 0942
«3884 s0494 3892 0203 ",0483 *,0198
W4Bs0 0503 NITY ,0223 20188 +0518
WS830 204069 5828 0228 «0875 1204
0810 +0399 8798 0211 1594 41868
77182 ,0298 21770 s 0108 12335 2502
8752 L0100 8Tuu 20090 3007 3118
9237 0088 923 «0051 3486 W3ulr
\9720 20003 9720 »,0003 23879 3710
CIRCLE PARAMETERS
RL XL YL RR AR YR XL R

20010 00010 20002 00003 9717 0000 -.3179

MECHANICAL PROPERTIES aBOUT L.E. AXES

AREA 2019157 Ix 0000002 1Yy 000945

Iy 4000030 !'IN $ 000002 ANGLE OF WIN, AX]S

Figure £-14.
E-14

4002507
2006087
38,7743¢8

1,050020
831424

THIST 8 Qe,6700

Ye
»,337)
»,3335
w,3281
v,3188
., 2999
., 2809
v, 2519
v, 2260
e, 1804
my1121
e, 0392

0320
s1034
1728
2605
3004
3387
23705

XRR YWi
3870 03708

086332 -




DAYEm 05/08/7
[GLERR]

ROMR

ccces RyTOR

SECTION 3 RADIVUS = 8,954 ROTATION & 0,

SECTION ANGLE & 0,0000

INPUT COORDINATES CODRD ,ABOUT N O,

H Y X Y

., 2798 «,3353 ®, 274} », 3298

2770 ., 3310 o, 2721 3254

e, 2748 e, 3243 v,2688 »,3187

-, 2088 »,313% ., 2028 », 3079

*,2558 =, 2924 ®,2501 o, 26068

*, 2628 w,2710 e, 2308 v, 2001

., 2290 -, 2512 *,2232 =, 2456

®,2009 e, 2109 ., 1952 ®,205}

*,1720 ®,1743 =,1663 », 1657

o, 1110 ®,0942 =-,1059 ., 0887

°,0u83 ., 0198 ®, 0420 ®, 0143
20181 L0518 0238 0574
40875 21204 +0932 1260
21594 L1808 11051 1921
+2335 2502 02392 12558
+ 3097 »3118 03154 23173
«Jube 03617 3543 o372
«JBT9 3710 23930 23700

e, 2779 =,3374 -, 2722 *,3310

o, 2742 =,3335 », 2085 ®, 3279

., 2601 o, 3284 », 2034 »,3225

»,2010 -, 3108 »,29%3 *,3132

o, 2483 -, 2999 e, 23% w2943

*,2298 ., 2809 ., 22063 *,2753

e, 2144 ., 269 -,2087 ., 2563

., 1837 -, 2200 »,1780 -, 2185

*,1528 o, 1864 w,147) °,1808

®,0903 -,1121 =, 0040 » 10060

*,0209% ., 0302 e,0208 ®,0338
0384 20320 NITH 0382
1045 41034 1102 .1090
1723 1728 1780 1783
242) <2405 12678 200
3101 «3000 «3198 3120
3500 3387 3500 03443
388} 3705 03940 3701

CIRCLE PARAMETERS Ry X L

BETA | 3u,.8880 20010 .,2722

BETA R 28,1203 X GAGING 0,0009

GAGING 0,000000 PITCH 0,000000

MECHANICAL PROPERTIES ABOUY ORIGINAL AXES
AREA 2019039 "X ®,000109
} I ) 2000512 1 xy 000470

Py 210613,301259

§AR I X ,000u3S
C ™IN LE o,034778
T "IN LE »,000003
C »In @ 4021800
34k 8 2000032
3AR X -, 008703

F X 247696,u409008

BAR 1 ¥ 000051}
C Max LE +543335
T Max LE «00173Y
C Max 8 ®,034329
BAR C 1000023
AR Y =, 005570

0Uvo DEG,
ROTATED COORD,=~ D,
x y

NU,OF BLADES = 0,

SLFCTR

FINAL COORD,eN O,
X Y

.,274) ., 3298 0,274} .,3298
=, 2721 »,3254¢ e, 2721 ®,3254¢
», 2068 »,3187 v, 2688 =,3187
o,2628 *,3079 e,20628 »,3079
=,250% o,28068 =,2501 *,2868
v, 2368 e, 2681 e, 2368 », 2061
-, 2232 2456 v, 2232 ., 2456
®,1952 ®,2053% =,1952 =,2053
®, 16063 =,1657 ®,16063 ., 1657
-, 1059 *,0887 ., 10%9 ., 0887
*, 0426 ®, 0143 ., 0626 ®, 0§43
, 0238 20574 0238 $ 0574
20932 y1260 ,0932 W1260
s 105¢ 1921 s 10651 1921
02392 + 2558 22392 02558
03154 W3173 031%¢ 03373
23543 J3uv2 ¢3543 3472
« 3930 3700 23930 3700
e, 2722 *,3316 e,2722 3310
", 2088 ., 3279 .,2685 *,3279
., 2634 ., 3225 .,2634 *,32¢5
»,235%3 *,3132 ®,255) =,3132
», 239 ., 2%} - 2390 ®a2943
», 2201 ., 2753 e, 224} », 2753
.,2087 ®,25063 ®,2087 ®,2506)
®,1780 e, 2185 *,1780 «,2185
s, 14T} e, 1808 ., 1471 », 1808
s, 0840 =,1000 ®, 0840 ", 1000
., 0208 *, 0338 =, 0208 ®, 0338
NITT L0382 W04GY ,0382
1102 21090 1102 21090
21780 W1783 W1780 21783
L2678 2460 2478 2460
3108 3120 3108 3120
« 3500 TTS 3568 23443
<3940 W3781 03940 3701
LY R R xR
., 32% 20003 23930
Y GAGING 0,000u
ove 0,000000 8Iney O/P
TANJANG  4o,740382 STAGGER
wy ®,000108 1x
1 MIN 4000002 1 MaAX
F xvy 2273u40,276719 ALPHA
BAR ] x¥ 0 0004s0 MAX THICK
C MIN TE e,026037 C Max TE
T WIN TE w»,000089 1 max TE
T win g ,000100 7 wax 8
BAR D 2000103 CHORD
3 2000004 wIpTH

Figure E-15.

0,0000 Type
THRUAT

0,0000
04,0000
0,0000
0,0000
Uy00UC
0,0000
0,000C
0,0000
U,0000
0,0000
U,a0000
0,0000
0,0000
04,0000
90,0000
0,0000
0,0000
0,0000
0,0000
0,0000¢
0,00V00
0,0000
0,0000
0,0000
040000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
G,0000
90,0000
00,0000
00000

YR
3782

0,0000
46 ,6069956
000435
000944
€7,331311
00291035
®, 4260695
®, 00221}
=, 027488
.972004
Wb6T724




LRS!
43R

CICRY S1aTOR

fI“gm 18,20,3 DaTE® 05/068/7

dMuyty
IJmR

CCBS STaTIR

TRIC4,/CHLRD &
TeE, LIMIT »

X3
V,0000
0038
0112
L0240
.2503
07698
«1039
s1503
)32
03239
s 4354
«SuT0
05982
s ToAY
,8782
9807
1,%428
Ly 09u2

CIaCLE
L
RPLL}

ANEA
Tay

PARA

23000 CAMBER ®» 23,5000 CHORD ® 1,0940
0,0000
COORDINATES waxES AT (€, ROTATED TDORD,»AXES AT C,6,

¥s xp (44 X9 Ys xpP Yp
«0USE U,0000 ., 004} =, 83452 -, 3507 -, 3385 =,3583
0092 00071 ., 0089 ., 344S ., 3456 ®, 3315 ®,3558
J0168 0161 ®, 00092 e, 3427 e, 330% v,3232 ®,3514
0224 0307 *,0113 ,3380 -, 3224 “,3109 «,3434
0340 00591 =,0130 e,3262 ., 2960 -, 2882 =,3260
oQuuB 0872 “, 0133 o, 3128 *, 2707 -,26069 »,3078
L9538 f1149 e, 0130 ., 2985 ., 2402 =, 2402 -, 28%
0892 1099 -, 0115 -, 2675 e, 1989 w,2058 .,2520
L0818 2204 0093 -, 2343 e, 1534 ., 100} ., 2146
20995 3328 -, 0047 e, 1526 e, 0672 -, 0877 =, 140y
<1087 4398 e, 0008 e,00847 ,0130 -,0008 =, 0805
1007 5670 0038 ., 0000 08064 10084 0073
099} « 8540 « 0090 0890 1523 LI} 0819
820 029 W21 21837 2126 2257 11598
0008 8722 W0318 2807 2677 3082 2211
,033¢ o828 L0074 L3808 L3188 , 3962 29613
L0178 1,380 L0038 9812 342l 2L 3300
9012 1,u938 -, 3012 820 230590 WH837 3029
H“ETENS

" YL Ra W YR XLR YLR XRR
,0089 3018 fUC13 1,097 2 0C03 «,3359 ®, 3479 L4820

VECHANTCAL PRJPENRTIES aBJuT B, AXES

+09049u Ixun sJ002088 vy « 005056
0000077 Iwln +300007 ANGLE OUF mI~N, axlS 8818
o . et e’

 ——

Ficure L-1¢.

£-16

TwIST = 41,0900

AL L]
3633




DATEs 05/08/7

LLTERNT

RONR

CCCAs STaTIR
SECTIJIN 1 RADIUS & 7,103 RUTaTiin & ¢,
JECTIIN ANGLE s 0,0000

0000 DE3,

NO,OF BLADES = O,

SL,FCTR ® 0,0000 TYrg

INPUT COORDINATES CIURD ABIUT » O RUTATED CUORD,=~ D, FInal COURD,=N O, THRUATY
X Y x ] X Y % Y
., 3452 «,3507 .,3378 -, 3453 ., 3378 ., 3453 ®,3378 ®,3453 0,0000
IS Y11 e, 3450 ., 3374 = 3402 ., 3371 «, 3402 ., 3374 ", 3402 0,0000
3027 «, 3365 *,3353 e, 3311 »,3353 °,3311 ®,3353 3311 0,0000
3382 e, 3224 -, 3300 e, 3170 =,3308 e, 3170 =,3300 »,317¢0 0,0000
*,3202 ., 2960 3188 ®,2905 -, 5188 ®,2905 °,3188 *,2905 27,0000
*,3128 e, 2707 ., 3054 ®,2053 =, 3054 »,2653 «,3054 »,20653 U000V
-, 2402 2911 .,2608 =,2911 .,2408 ., 2911 =, 2608 0,0000
.,1089 *,2601% ., 1935 =y26014 e, 1935 ®,26014 ®,1935 00,0000
e, 153¢ ®,2270 1480 .,2270 o, 1480 e, 2270 ®,1480 0,0000
., 0672 ., 1552 s, 0018 »,1552 *, 0618 *,155¢ =,0618 0,0000
20130 ., 0773 018y =,0773 ,0184 ., 0773 20186 0,0000
LTy 0068 0918 0068 0918 0008 20918 0,0000
1583 20970 1577 L0970 1577 0970 01577 0,0000
2124 21910 2179 w1910 2179 1910 2179 0,0000
22077 2881 2731 «2081 s27314 12881 2731 0,0000
31080 3878 o3240 »3878 03260 3878 o3240 0,0000
3623 Lu38s 3477 4386 L3477 U386 3477 0,0000
23650 24809 3704 L4899 3704 4899 +3704 0,0000
»,3563 *,3311 ., 3529 *, 3311 ®,3529 ®,3311 ®,3529 06,0000
., 33156 =,35568 -, 324}y »,3502 », 3241 *,3502 »,324] -, 3502 0,0000
,3232 ., 3510 -,3158 34060 v, 3158 ®, 3460 =,3158 ®,34060 0,00uv
e, 3109 o 3ul4 ., 3035 ®,3380 ®,3035 =,3380 .,3038 »,3380 0.0000
., 2082 3250 -, 2809 *,3200 -, 2809 «,3206 ., 2809 »,32086 0,0000
o, 206069 =,3078 =,2595 e, 3024 ®,2598 =, 3024 ., 2595 o, 3024 040000
., 26402 »,28%0 o, 2388 =, 2839 =,2388 .,2839 -, 2388 »,2839 0,0000
©, 2058 =,2520 ., 1984 e, 24bd e, 1984 o, 24006 ®, 1984 -, 2466 0,0000
e lbbl ., 2100 »-,1587 ., 2092 ., 1587 ., 2092 *,1587 -,2092 0,0000
°, 0877 ., 1401 »,0803 ., 1347 -, 0803 », 1347 =, 0803 1347 0,0000
«, 0095 ., 0685 ., 00214 ., 0610 ., 0021 °, 0610 ., 0021 -,0010 0,0000
000684 0073 «0758 «0128 20758 s0128 WUT58 003128 0,0000
Jl4el 20819 21534 40873 J1538 L0873 » 1534 L0873 0,000V
12257 21555 02334 21609 L2331 L1609 22331 01609 0,0000
V3082 2274 W 3156 2325 43158 2325 +3156 2325 0,0000
3902 2983 4016 3017 U016 3017 W40te 3017 0,0000
W438u +3300 LT 23354 Y313 ¢ 33506 LUaSH #3354 0,0000
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