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ABSTRACT

,

This report describes conceptual design and analysis performed by

General Atomic Company for the U.S. Department of Energy on the direct
~

cycle gas turbine high-temperature gas-cooled reactor (HTGR-GT).

;

General Atomic cooperated with -the German / Swiss HHT project on' the.

;- development of the HTGR-GT concept in the areas of systems analysis, safety-

; and accident analysis, and PCRV-liner-internals design.
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1. INTRODUCTION

This report describes the gas turbine high-temperature gas-cooled
reactor (HTGR-GT) program effort funded under DOE Contract DE-AT03-76SF-

70046 for the period April 1, 1979 through September 30, 1979. It reflects

the shift of the major General Atomic design effort frcs the steam cycle
HTGR (HTGR-SC) to the direct cycle HTGR-GT.

In Section 2, the systems design methods development is reviewed. This
effort encompassed the development of the performance and cost optimization

ccdes CODFR7 and CODER 8 as well as the modification of the RECA and ECSEL

core auxiliary cooling codea to cover the HTGR-GT conditions.

,~
,.
(s,) Section 3 describes the system dynamics methods development related to

the dynamic modeling of the HTGR-GT plant, including the functional design

of the plant protcetion system (PPS). This effort will provide the basis

for controlling design transients as well as the basis for the design of

the PPS.

The alternative design studies are reviewed in Section 4. 'These studies

ac dressed intercooled versus non-intercooled plants as well as advanced

features which offer the potential for plant cost reduction and design

simplification. As a result of the intercooled versus non-intercooled plant

studies, the non-intercooled plant was selected as the reference configura-

tion for all further design studies. This selection was made on the basis

of cost, reliability, avai* ability, and design complexity considerations.

In Section 5, the design'of the bypass valve auxiliary systems is dis-

cussed. The purpose of this design effort is to establish requirements and

interfaces for the auxiliary systems. Of major concern in the design of

(, these auxiliary systems is their speed of response and reliability to ensure

1-1
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that the turbomechinery does not overspeed, which coald result in distrac-
tion of the turbomachinery as well as a severe primary system transient.

Section 6 describes the seismic studies conducted on the prestressed

concrete reactor vessel (PCRV), the core, and the secondary containment.

611 studiet ere based on the maximum ground acceleration for the operating

basis carthquake (OBE) and tne safe shutdown earthquake (SSE) .

Shielding aralysis and design effort is discussed in Section 7. The

impact of high neutron fluxes on the materials in and adjacent to the core
area is addressed. In all these areas, except the top head regi(n, the

neutron activation of materials proved to be of concern. In the top head

area, material selection is based upon physical properties rather than the
consideration of radiation effects.

The licensing effort is discussed in Section 8. Licensing reviews

were con.lucted in the following areas:

1. Design requirements for components which may lee relied upon for

core cooling during turhomachinery coastdown.

2. Core auxiliary cooling system (CACS) design basis.

3. Precooler safety classification.

4. Safety classification r the turbomachinery shaft and shaft seal.

In addition, the initial issue af the llTGR-GT Nuclear Safety Specification

was prepared, as well.as sugr stions for preapp11 cation Licensing Topical
Reports (LTRs).

Plcnt safety studies are reviewed in Section 9. The uajor tasks in

this area are related to the development of the German Safety Criteria and
the study of the preasure equilibration accident as caused by a turbcmachinery

1-2
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Ifailure. In addition, the basis for.the design basis depressurization

accident:(DBDA) and.the internal pressure relief system using the bypass
valves'and the internal high- and low-pressure areas are reviewed.-

Section 10 reviews-the HTCR-GT availability studies. The conclusion

from this effort is that the 90% availability goal is realizable.

Reactor turbine system / balance of plant (BCP) integration is discussed~

-in Section 11. This. effort provides the basis far all further reference
i

.i . plant BOP design by the architect-engineer.

; Section 12 covers the systems design effort. This effort is related

to overall system studies including technical issues review, cycle selection,

I helium-inventory control economic impact, pressure drop and bypass studies,
ambient air efficiency impact, and CACS studies. The results from this4

. effort form the basis for work by the component designers.

The system dynamic effort is described in Section 13. The purpose of

j this task is to analyre the plant transient performance, provide component

designers with the c.ontrolling plant transients, and develop the basis for+

the PPS and the plant control system (PCS). In addition, plant acoustic

aspects, natural convection, and flow mixing are studied.

Sections 14, 15, 16, and 17 cover the structural engineering effort on

i - the liners, penetrations, and closures, the PCRV, the thermal barrier, and
the reactor internals :respectively. This work encompasses studies of the~

| warm liner concept, liner leak detection systems, closure, PCRV for inter-
cooled 'and non-intercooled plants, t!?ermal barrier and hot duct, and

4

-reactor. internals related to the U.S. and HHT plants.

]-
4

The United Technologies Corporation (UTC) effort in the development of-
the"turbomachinery for the HTCR-GT plant is described in Section 18. Sec--

tions.19 and 20 describe CA studies related to remote maintenance tooling

f and. facilities for the disassembly and reassembly of a contaminated turbo-

k machine.

*1-3
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The bypass control valve development e. fort is reviewed in Section 21.

This task addresses the trim, attemperation, primary hypass, and safety

valve functional requirements. Thr task is conducted in conjunction with

the valve auxiliary system development discussed in Section 5.

Section 22 covers the heat exchanger development effort by Combustion

Engineering (CE) under subcontract to CA. This task is primarily aimed at

the resolution of design issues which had been identified as a result of a

detailed review of the heat exchanger designs developed in FY-78.

Sections 23 and 24 describe the effort on the PPS and the PCS. This

effort was small because of funding limitations and as a result addressed

only the bypass control valve controls and the development of design issues

to be resolved in the future.

O

O
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2. SYSTEMS DESIGN METHODS DEVELOPMCNT (261002)

2.1. SCOPE

The ' purpose of this task in FY-79 was to develop optimization and
design' evaluation computer programs and to modify CACS analysic codes for

HTGR-GT conditions.
t

' 2.2. SUMMARY

Two' cost optimization and design evaluation computer programs, CODER 7

and CODER 8, were developed. In addition, two cere auxiliary cooling sys-

tem (CACS) analysis codes, RECA3/GT and ECSEL8, were modified for HTGR-GT
_s,

's use.
,

'

2.2.1. Computer Program CODER

; Development of CODER program versions for the two-loop, 2000-MW(t)

intercooled plant (CODER 7) and the two-loop, 2000-MW(t) non-intercooled
lant (CODER 8) was completed in FY-79. The present versions of these pro-

grams are based on previous versions of the same code for non-intercooled i

and intercocled designs with najor modifications in the prestressed concrete I

reactor vessel (PCRV), thermal barrier area, precooler cost, and duct

sizing / pressure drop algorithms. Additional algorithms were developed and
added for wet / dry as well as all-dry cooling towers. The b&ae casa cost
subroutine w&5 generally updated, and a new design data base was generated
for the remainder of the program subroutines, such as turbomachine per-
formance and the containment / balance of plant (BOP), Many input / output

formats were expanded and updated, including the addition of a plot pack-
l

age facilitating rapid visualization of cost versus parameter sensitivities. |
,

|
.
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Tables 2-1 and 2-2 give the perfornunce parameters for the reference non-

intercooled and intercooled plants, respectively. These data, which were

gener9ted by ccmponent specialists and cost estimators, serve as the ref-
crence point for further evaluations. As shown in the tables, plant effi-

ciency is 38.0% for the two-loop non-intercooled design compared with 41.6%
for the intercooled design.

2.2.2. Computer Program RECA3/GT

An HTGR-GT version of RECA, the primary core cooling evaluation code,
was prepared and is identified as RECA3/GT. It is generally a merger of

RECA3 and REALLY (the code uxed to evaluate transients in the gas turbine).
This code has not been checked out to any significant degree and is not

considered fully operational. Work is in progress to complete the oper-

ational checkout and to apply RECA3/GT to the initial 800-MW(e) HTGR-GT
two-loop plant design to evaluate its readiness,

2.2.3. Computer Program ECSEL8

The con.puter program ECSEL8 is used to select cost-optimized CACS

configuration and sizing in the preliminary design phase. Because it is

expected that such analyses will frequently be required in the HTGR-GT pro-

gram in the near future, this code was the subject of significant updating

and improvement under the Generic Program. Changes were also made to the

code under the HTC2-GT Project.

2.3. DISCUSSION

+

A shift in emphasis occurred during code development from the three-

loop 3000-MW(t) plant toward a two-loop 2000-MW(t) plant. This shif t in

emphasis and the associated configuration differences resulted in the

requirement to perform a major configuration update in CODER. The config-

uration was updated to provide a reference case closer to the points of

interest in system evaluations and to provide greater confidence in the

O
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TABLE 2-1

PERFORMANCE PARAMETT,RS FOR TWO-LOOP, 2000-MW(t) HTGR-GT

NON-INTERC00LEL REFERENCE PLANT
,

Conditions: No intercooli>.g; no blade cooling for turbomachine; standerd
day ambient air temperature; CCDER8 run H01.

Reactor rating 2000 MW(t)
Number of loops ?
Liner option Conventional

Compressor pressure ratio 2.5
Compressor flow, M 586.27 kg/s (4,653,000 lb/h)
HP compressor outlet pressure 7.929 MPa (1150 psia)

Reactor inlet tmperature 507*C (945'F)
Reactor outlet temperature 850*C (1562*F)
Turbine inlet temperature 849*C (1560*F)

Compressor inlet tiaperature 26.7"C (80.1*F)
Minimum cycle heliua temperature 26.1*C (79.0*F)

,

Primary system pressure loss 529 kPa (76.7 psi)

f' g - Recuperator high-pressure AP 75.83 kPa (11.0 psi)

\,,) Core AP 114.4 kPa (16.6 psi)
Turbine AP 4226 kPa (613 psi)

Recuperator lev pressure AP 103.4 kPa (15.5 psi)
Precooler AP 38.6 kPa (5.6 psi)
Compressor pressure rise 4757 kPa (690 psi)

Recuperator effectiveness 0.898
Turbine iscatropic efficiency 91.8%'

Compressor isentropic efficiency 89.8%

Generator efficiency 98.8%
Turbine blade coo' ling flow, M 0%
turbine disk cooling flow, M 2.96%

Ambient air temperature 15'C (59"F)
Cooling water temperature 20.6*C (69'F)
Precooler outlet. water temperature 132*C (270*F)

Heat losses 11.87 MW(t)
Auxiliary' power 8.0 MW(e)
Plant efficiency 38.01

Net electrical output 759 MW(e)

m

2

.

2-3

ui _



"

1

O
TABLE 2-2

PERFORMANCE PARAMETERS FOR TWO-LOOP, 2000-MW(t)
IITGR-GT INTERC00 LED PLANT

Conditions: Intercooling; no '31ade cooldng for turbomac. hine; standard day
ambient air temperature; CODER 7 run G01.

_

Reactor rating 2000 MW(t)
Number of loops 2

Liner option Conventional

Compressor pressure ratio, each 1.75
Compressor pressure ratio, overall 3.06
Compre9sor flow, M. 501.72 kg/s (3,982,000 lb/h)
HP compressor outlet pressure 7.874 MPa (1142 psia)

Reactor inlet temperature 449.4*C (841*F)
Reactor outlet temperature 850.0*C (1562*F)
Turbine inlet temperature 848.9'c (1560*F)
LP compressor inlet temperature 26.4*C (79.6*F)
HP compressor inlet temperature 26.6*C (80.0*F)
Minimum cycle helium temperature 26.1*C (79.0*F)
Primary system pressure loss 499.8 kPa (72.5 psi)

Recuperator high-pressure AP 40.67 kPa (5.9 psi)

) Core AP 86.2 kPa (12.5 psi)

Turbine AP 4833 kPa (701 psi)

Recuperator low-pressure AP 88.93 kPa (12.9 psi)

Precooler AP 47.6 kPa (6.9 psi)
LP compressor pressure rise 1958 kPa (284 psi)
IIP compressor pressure rise 3371 kPa (489 psi)

Recuperator effectiveness 0.898
Turbine isentropic efficiency 92.2%
llP compressor isentropic efficiency 90.2%
LP compressor isentropic efficiency 90.8%

Generator efficiency 98.8% ,

1Turbine blade cooling flow,M 0%

Turbine disk cooling flow,M 2.96%

Ambient air temperature 15.0*C (59'F)
Cooling water temperatuce 20.6*C (69*F)
Precooler outlet water temperature 86.9*C (188.5*F)
Intercooler outlet water temperature 65.6*C (150.0*F)

|

Heat losses 9.93 MW(t) j

Auxiliary power 8.0 MW(e) |
Plant efficiency 41.6% '

Net electrical output 832 MW(e)

G
-

2-4

|
J



- , . - . - . . - ~ . _..

J

l

p
th - ! sensitivity results developed through the application of CODER. The ref-

'erence case itself is consistent with major component descriptions as
defindd by. engineering evaluations conducted by the component specialists.

CODER 7 is. based on an amalgamation of CODER 6 [three-loop, 3000-MW(t)

non-intercooled configuration version] and CODER 2 [two-loop, 3000-MW(t)
intercooled configuration version]. A new PCRV model based on Figs. 4-4
through 4-6 has been incorporated in CODER 7. CODER 8 is based on CODER 6 and

>

also' includes a' new PCRV model, based on Figs. 4-1 through 4-3.

Thermal bcrrier algorithma and base case areas were developed from
the reference Intercooled design drawings and included new thermal barrier
zones to cover intercooler-related equipment and ducts. Thermal barrier

areas for the non-intercooled design (CODER 8) were derived from the three-
loop design data included in CODER 6.

f- Duct pressure drop algorithms were upgraded for the intercooled
'k>= design, and the number of pressure drop nodes was' increased to account for

the intercooler ducts and heat exchangers. For both CODER 7 and CODER 8, all

heat exchanger. algorithms were modified to enable more accurate pressure
loss calculations and ensure consistency with recent heat exchanger pres-
sure losa estimates.

Printout formats were upgraded to enhance usability and tractability
ofLcalculational.results. Also, cost and design data were upgraded to be
consistent with the latest information available. A revision to the pre-
cooler cost ' algorithm was made to reflect results which showed that

precooler/intercooler costs are labor intensive and therefore primarily
dependent on tube. quantity rather than nurface area.

A plot routine was integrated into CODER to allow automatic plotting
of cost sensitivity results.

_

v
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In CODER 7 a new subroutine named HELVOL was added to handle PCRV cal-

culations related to concrete, rebar, prestressing, liner, and helium quan-

tities required by cost routines. Also, the automated multiparameter

optimization feature in CODER 7 and CODER 8 was made operational.

General Atomic is collaborating with United Engineers and Constructors

(UE6C) for the purpose of providing GA with the capability to size, cost,

and predict the performance of HTGR-GT power plants with different cooling

tower arrangements. UE&C has provided GA with sizing, cost, and perform-

ance data for all-dry natural draf t cooling tower arrangements and for

wet / dry cooling tower arrangements for both the non-intercooled and the

intercooled HTGR-GT plant configurations. General Atomic has developed

cooling tower sizing and cost models for the above-mentioned tower arrange-

ments for use vith the cost evaluation computer code CODER. General Atomic

has also developed a performance model for tht all-dry natural draft cool-

ing tower arrangements for the non-intercooled plant configuration to be

used with the performance evaluation code POP 0FF. The performance models

for the wet / dry tower arrangement have not been developed for either the
non-intercooled or the intercooled plant configuration.

The sizing and cost cooling tower models are based on standard linear

regression techniques and the UE6C sizing and cost data. An exception is

the intermediate heat exchanger of the wet / dry tower system. The sizing
of this equipaent is based on first-principle heat exchanger sizing tech-

niques, and the coct is based on the weights of the shell and tube materi-

als. These modele iuve been added to the cost evaluation code CODER and

have been tested. The inputs to the models are tower approach temperature,
tower range, heat rejected, and design ambient temperature (dry bulb).

Additional inputs for the wet / dry tower arrangement are wet bulb tempera-
ture and dryness fraction. The outputs are cost and tower sizing informa-

tion such as height, heat transfar surface area, etc. The sizing informa-

tion is the input to the performance models.

O
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The perf ormance model for the all-dry natural draf t cooling tower
arrangement is based on applicable basic engineering principles and the, ,

sizing 2nformation from the sizing and cost models. The cutput of this.

mode.'. is_the precooler inlet water temperature, which ultimately affects
total plant outpat. This model has been added to the performance code
POP 0FF, and it has been tested.

The RECA3 computer code has been updated to permit the user to simulate,
;

during core cooling transients, the flow leak paths around the gas turbine
main loops as well as the CACS. Each transient simulated using the RECA3

computer code may, by proper card input, be divided into three time peri-
ods. The first period corresponds to the time following a trip when the

core'is cooled by the spindown of the turbomachinery. The second period
of the transient simulation assumes no forced circulation cooling to the

core, while the third and last period covers.the time when the core is

cooled by CACS operation. The conditions of the primary and/or plant
systems during each of these time periods may be input into this updated

iO<

RECA3 program from the HTGR-GT transient performance code. During the

first period of cooling, the thermal conditions of the primary system, in

j the form of core inlet flow and temperature, core power, and PCRV pressure

histories, may be read from a file previously created from the REALY2 sys-

tem program. In the second no forced cooling period, the primary system

parameters defined at the end of the first period are assumed to remain
constant throughout this time. Finally, at the beginning of the third

| period of simulation (the time of forced CACS cooling), a complete model
of the gas turbine loops along with their corresponding. flow and tempera-

| ture conditions can be read into the RECA program from another file created

from the REALY2 systems program.

- ECSEL sizes the major components of both the reactor turbine system

u (RTS) and BOP portions of the CACS for given sets of input data. Compo-
r

f nents sized are the ore auxiliary heat exchanger (CAHE), air blast heat
<

5
,

v
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exchanger (ABHX) (i.e., auxiliary loop cooler) and its fans, auxiliary pri-

mary coolant circulator, core auxiliary cooling water system (CACWS) pump,
CACWS pipe, etc. The sizing of the CACS is based upon the iterative solu-
tion to several simultaneous equations which model the heat exchauve and
flu 14 flow process in the three coolant loops (i.e., primary coolant,

CACWS, and air - the ultimate heat sink) at three separate design points.

These three design points are the heat balances at the points of time in

peak core terperature in the fellowing three CACS design basis transients:

1. Pressurized core cooldown with either helium nr helium with
moisture as the primary coolant.

2. Depressurized core cooldown with pure helium as the primary

coolant.

3. The design basis depr<ssurization accident (DBDA), depressurized
cooldown wieh air ad(ed to the helium. O

ECSEUi, the present program vernion, has the following improvements:

1. The water circuit is modeled as having constant volumetric flow

in all three design point cases, unlike the former model, which

had constant mass flow. (Output can now be directly transcribed

to the piping and instrumentation diagram'.)

2. The moisture factor formerly built into pressurized cooldown
calculations as an input option and the molar fraction of H 02
can be specified as input. Calculations of primary coolant

properties with (or without) moisture addition were entirely
rsvised.

O
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3. .The molecular weight at the DBDA design point is likewise now an

input variable. -This feature also makes use of the revised pri-
mary coolant property calculation method.

:
' 4. Core flow "ypasses are now input variables, differing for pres-

surized or depressurized cooldown.

1.
5. The number of CACS loops was added as an input, rather than a !

<

built-in, variable, with different values for pressurized and'

depressurized cooldown,

d

O.

:

:|

.

!

I
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3. SYSTEM DYNAMICS METHODS D2VEtDPMENT (261003)

3.1. SCOPE-

The purpose of this task in 1Y-79 was to develop system dynamics
models for HTCR-GT transient analyses and control / plant protection system
(PPS) functional design.

3.2. SUMMARY

The plant dynamics code REALY2 was subjected to general maintenance

via improvement of input, output, and storage management. Specific develop-

ments included development of a secondary system [ circulating water system
(CWS)} model and development of the new reference two-loop, 800-MW(e)

HTGR-GT, medium-enriched uranium (MEU) fueled plant.

3.3. DISCUSSION

3.3.1. CWS/Precooler

A newly developed model of the CWS will allow better utilization of

REALY2 in support of HTGR-GT PPS and plant control system (PCS) design

efforts. Combined with changes.in REALY2 subroutines, the new model pro-
.vides a reasonable. simulation of precooler and CWS transients such as pump
or tower shutdown, thereby improving the realism of the gas turbine tran-
sient model by simulating the CWS interaction and increasing the number of
secondary system transients which may be studied in PPS and PCS analysis

. work.

O
3-1
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The new model is called CWSDYN. CWSDYN can te used with combinations

of heat exchanger systems and dry cooling towers. Single or multiple dr>;

cooling tower arrangements can be represented. The geometry of the towere,

piping, and pumping is easily described by design input variables. The

subroutine is currently limited to non-boiling secondary systems.

The test model and current input were based on the twin-tower CWS

arrangement shown in Fig. 3-1. Since the available data for the CWS pre-

date the reference commercial plant precooler design, it was necessary to

revise the CWS design and make it compatible with the currently planned

132*C (270*F) precooler outlet temperature. Af ter reviewing the problem,
it was decided to use the water flow velocities develaped in 1976 for a

CWS optimization study. Similarly, tne cooling tower has been updated to

the current conditions of precooler discharge.

The tower "draf t e f fect" provides the air velocity (V ) at the towerj

hheat exchat.ge r. The tower heat transfer is therefore a function of V . j
Since there is an implicative use of V in the solution for tower exit airj
temperature, water temperatures, and tower heat-exchanger heat flux, an

interative solution for V has been fo rmdated.j

A rough assessment of CWS time constants was made prior to creating
the model. The predominant dynamic effect came f rom the cooling water cir-
cuit time, which tends to dei sy the propagation of precooler temperature
change to the tower and vice versa. The long transient delay through the
approximately 975 m (3200 ft) of CWS piping and tower necessitated adoption
of a slug-flow subroutine.

Several slug-flow codes were investigated. However, none of tne slug-
flow routines present a convenient way of allowing for boiling in the pre-
cooler to interact with the CWS simulation. Therefore, it vas decided to
postpone the modeling required to cover boiling events. The studies may
be tentatively limited for this reason. The limitations vould affect

improbable events involving massive failure .sf precooler or CWS piping, g

3-2
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O
There are additional capabilities to initiate transients which could

originate within the CWS. For example, the pumping capacity can be increased

or decreesed by changing bypass flow rates, by dropping pumps, or by acti-
vating a standby pump. In addition, cooling tower flow path geometry can

be varied to sitrulate closing off tower heat exchanger modules. These
capabilities have been tested and function as expected.

3.3.2. Preliminary Two-Loop, 800-MW(e) Plant Model

The simulation capability of the REALY2 code was updated by the addi-
tion of a preliminary model of the two-loop, 800-MW(e) HTGR-GT plant. This
model contains a new core layout with a core power density of 6.6 W/cm
and a 4-yr MEU/Th fuel cycle. Owing to the conceptual nature of the core
design, axial power distribution, radial power distribution, and core flow
distribution were assumed to be the same for this core as for the core of
the 1200-MW(e) plant.

O
The use of an MEU/Th fuel cycle required remodeling of the reactor

kinetics and the temperature coef ficients. As shown in Fig. 3-2, which
compares isothermal temperature coef ficients for highly enriched uranium
(HEU) and MEU cores, the contribution of Doppler broadening of absorbing
resonances and spectral hardening to the temperature coefficients greatly
affects the core powc r level as a function of coolant temperature in the
normal operation range of the HTGR-GT.

|

|

Owing to the preliminary state of the 800-MW(e) HTGR-GT plant layout, (
loop flow requirements, loop geometries, and loop volumes were assumed to

be the same for this model as for the 1200-MW(e) HTGR-GT, since the loop
power rating will likely remain close if not the same for the two plant
designs.

O
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4. ALTERNATE DESIGN (630101)

~4 .1. SCOPE

The purpose of this task in FY-79 was to perform an intercooled versus
i

non-intercooled plant study and advanced features studies.

4.2. SUMMARY,

Two major studies were conducted in which the efforts of the GA

Resource and subcontractor organizations were integrated. The first

was the intercooled versus the non-intercooled HTGR-GT plant study;
*

and the second consisted of advanced features studies, which were

f'N conducted to identify advanced plant features having a significant
d

impact on cost, construction time, plant simplicity, plant maintainability,
,

and/or plant efficiency.

In-the intercooled versus non-intercooled study, the following key
areas were addressed:

'
1. Systems analysis.

2. . Plant layout. -

:

*

3. Power conversion loop (PCL) components.
l

4. Assessment of relative plant reliability / operability, maintenance, ;

and ISI.

5. Plant cost.
i

' j~

|
~-<

.
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Plant efficiencies were calculated at 38.0% for the non-intercooled

plant and 41.6% for the intercooled plant. This efficiency difference did

not manifest itself in a significant power generation cost savings. Based

on this result and the greater degree of complexity of the intercooled

plant, the non-inturcooled plant was recommended as the reference configura-
tion for further design efforts.

In the advanced design studies, several concepts were identified which
have the potential for reduced plant cost. Essentially, the approaches

involved modularization of the PCRV to permit construction of critical path

items in parallel. These concepts will continue to be pursued and incor-

porated into the reference design when they have progressed to a more
advanced level of maturity.

4.3. DISCUSSION
9

4.3.1. Intercooled Versus Non-intercooled Plant Study

4.3.1.1. Introduction. In the HTGR-GT plant etudies performed by GA over

the last few years, there has been a strong motivation to use the non-

intercooled cycle for the following reasons: (1) plant simplicity in both

turbomachine and primary system and (2) high reject temperature for eco-

nomic dry cooling and optional bottoming cycle. In Europe, on the other

hand, the intercooled cycle has always been favored because of (1) its
higher efficiency, (2) the fact that reject water temperature is wel'1

suited to district heating, and (3) a carry-over from the European fossil-

fired closed cycle gas turbine (CCGT) plants, which have all been
intercooled.

In any compression process involving a multi-stage system, cooling the
gas between the stages reduces the compression work, and in the case of the
CCGT the plant efficiency is increased by virtue of the higher net turbine

O
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'' output. Periodically since initiation of HTCR-GT studies in 1971 perform-

ance estimates haye been carried out revealing an efficiency gain of 2 to

3 percentage points for the intercooled cycle However, with emphasis

early in the program on simplicity, it was felt that for an integrated

HTCR-GT plant concept, the addition of yet another heat exchanger in the

reactor pressure vessel, together with a more complicated turbomachine

and more difficult gas flow paths, resulted in an overall plant of unwar-

ranted' complexity. Accordingly, while an efficiency gain was projected,

plant designs based on the intercooled cycle were not pursued because of

the complexity element, although the major factors relating to intercooling

were known (Table 4-1).

In 1979, a study was initiated to evaluate the intercooled cycle from

the design, performance, and economics standpoints. Details of the inter-

cooled and non-intercooled plants, both based on two 1000-MW(t) loops, are

outlined below. Both plants are based on cycle parameter selection for

f- minimum power generation costs. The various plant technical, economic, and

cperability endeavors were directed toward establishing a technology datas-

bank from which a rational decision could be made regarding the selection
of the thermodynamic cycle. The work done in various disciplines leading

,

to--the recommendation of the thermodynamic cycle is documented in this sec-

tion of the present report.

4.3.1.2. Plant Layout Configuration Studies. The bases for the comparison

of an intercooled and a non-intercooled cycle were two plant concepts, both

embodying two 1000-MW(t) powr>r conversion loops (PCLs) . For the non-

intercooled variant, a plan view of the PCRV is shown in Fig. 4-1 and ele-

vation views through the PCL and the core cavity are shown in Figs. 4-2

and 4-3, respectively. Corresponding conceptual layout views for the inter-

cooled plant are shown in Figs. 4-4, 4-5, and 4-6.

rQ
Y ,|
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TABLE 4-1

MAJOR FACTORS RELATED TO INTERC00 LING

Non-Intercooled Plant

1. Simpler turbomachine (shorter rotor, fewer duct connections).

2. Simpler gas flow paths and primary system layout.

3. Improved availability and reliability reculting from less complex
system.

4. High reject temperature well suited for cogenera,.on (i.e., binary
cycle, process steam, district heating, etc.).

5. Reduced plant construction time (simpler PCRV).

6. Reduced complexity and risk.

Intercooled Plant
'

1. Increased cycle thermodynamic efficiency.

2. Reduced helium mass flow rate (i.e., smaller components).
3. Source of cooler high-pressure gas available for cavity liner

cooling.

4. Reduced core inlet gas temperature.

5. Possible use of additional water-to-helium heat exchanger (inter-
cooler) for decay heat removal.

6. Heat rejection split between two water-to-helium exchangers (pre-
cooler and intercooler), resulting in smaller unit assemblies.

7. Utilization of European experience with small fossil-fired CCGTs.

8. Water outlet temperature well suited for district heating.

9. Additional maintenance requirements.

10. Increased plant capital cost.

11. Additional source of water. ingress to primary system.
1

|*

|

|
:
|
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4.3.1.3. ' Evaluation of Plant Concepts. The power plant' efficiency data

given in Table 4-2 (38.0% and 41.6% for the base case non-intercooled and
intercooled variants, respectively) must be regarded as preliminary. These

-values must be regarded as tentative since the object. of the study was to

compare >the two cycle types on the-same. basis, rather than to perform.
design refinements. It is recognized.that the design of a new power plant

is an iterative process, and the status of thc two base cases is that

efforts to improve performance were not pursued beyond the first design

iteration. For the non-intercooled plant, for example, the cycle'effi-

ciency of 38% includes unrealistically high pressure loss projections for the

~ heat exchangers, which were not upgraded to reflect design improvements 3

made downstream of the CODER heat exchanger algorithm develop:nent. Analyt-

ical studies for the two cycles were pursued to the point of identifying

. optimized solutions, and efficiency values of 40.0% and 43.3% were computed
for the non-intercooled and intarcooled plant variants. However, these

values should be viewed as goals owing to the optimism used in selecting

performance parameters.

Based on the first design iteration and the associated systems-

related assumptions, the base case non-intercooled plant has an estimated

efficiency of 38.0%. The results of the tentative optimization effort

indicated'an efficiency value of 40.0%. With design evolution factored
,

into these projections for.the non-intercooled plant, an efficiency value ;

between these .wo numbers can be expected. Experience suggests tilat 39% is
realizable.

The large dif ference in plant efficiencies of 3.6 percentage points

for the two base case designs did not manifest itself in an equivalent

power-generating cost differential. The higher efficiency of the inter- |

cooled-plant is achieved by the inclusion of extra eqt:1pment and additional
]

plant complexity, both resulting in higher capital cost. The various

elements of the additional complexity associated with the intercooled

.
_ plant are given in Table 4-3.

. %) .

'
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TABLE 4-3
ADDITI0t:AL PLANT COMPLEXITIES ASSOCIATED WITH INTERC00 LED CYCLE

Area Major Impact (s)

PCRV

Propagating effect of larger diameter

Two addit ional cavities e Increased construction time

More complex tendon arrangement

Increased liner area

Increased capital costIncreased thermal barrier e

More complex top head

More complex gas flow paths

Turbomachine

Longer turbomachine length

Critical speed (s) uncertainty

More complex casing and structure e Maintenance

Reliability / availability hAdditional cavity seal e

Additional duct retraction e Increased development

Impact of higher fission product e Higher capital cost
release

More complex burst shielJ . e Higher development risk

Heat Exchangers
,

Two additional exchanger assemblies

Increased number of tube ends e Maintenance

Reliability / availabilityAdded water pipes, valves, controls e

Larger water inventory

9
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There was substantial commonality in the PCRV plan views for the two

plant variants. Both PCRV configurations have a chordal arrangement of the

turbomachines, and both the recuperators and precoolers are positioned

directly above the turbomachine cavities with straight vertical connections

to the turbomachines. This arrangement offers the smallest projected area

and, therefore, a minimum number of vertical tendons; it also provides

the best distribution of the vertical tendons around the core. The ducts

are arranged so that the core inlet and outlet ducts for each PCL lead

horizontally into the compressor discharge duct cavity, which permits both

ducts to operate at nearly pressure-balanced conditions. The ducts con-

necting the recuperators with the precoolers are curved around the compres-

sor discharge ducts.

.

The intercoolers for the intercooled plant are arranged between the

precooler cavities on the opposite side from the CACS cavities (as shown

in Fig. 4-4) and are connected to the turbomachines by concentric ducts

f'"N - that enter the cavity .on the side (as illustrated in Fig. 4-5). For this
d orientation of-the major components, it was found that the two intercoolers

could be embodied in the primary system without a major increase in PCRV

diameter.

The PCRV is longitudinally prestressed by linear tendons. The cir-

cumferential prrstressing is conventional for the top head and barrel sec-,

tion of the JCRV with wire winding in steel-lined channels of precast

panels. In the bottom head section of the PCRV, the wire winding is
1

replaced by diagonal tendons. |
l

!

Analytical modeling of both plant concepts was performed, and versions
;>

of the optimization computer program CODER were refined. Algorithms for the
various elements of the primary system were developed and incorporated in ,

CODER. The salient features and performance estimates for the two base- !
l

case plant design conaepts are given in Table 4-2. ,

)s_-
,
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hTABLE 4-2
TWO-LOOP, 400-MW(e) INTERC00 LED VERSUS N0~.' INTERC00 LED PLANT.

COMPARISON (BASE CASE)

Non-Intercooled Intercooled

Core thermal rating, MW(t) 2000
Reactor outlet temp., *C(*F) 850(1562)
Heat rejection Dry-cooled
Nominal loop rating, MW(t) 1000
No. of loops 2
Liner type Insulated and water cooled

Plant layout drawing 025113 025100
Core position Offset Offset
Turbomachine crientation Chordal Chordal
PCRV diameter, m(ft) 37.2(122) 39.6(130)
PCRV height, m(ft) 35.4(116) 35.4(116)
No. of major cavities 12 14

No. of CACS units 3 3

Hot duct replaceability Yes Yes
Thermal barrier replaceability No No
Maximon system pressure, MPa (psia) 7.93(1150) 7.93(1150)
Turbomachine type Single-shaft Single-shaft
Compressor / turbine stages 18/8 8 + 8/9
Compressor pressure ratio 2.5 3.0
No. of journal bearings 2 2
Overall diameter, m(f t) 3.96(13.0) 3.96(13.0)
Overall length, m(ft) 11.3(37) 15.2(50)
Overall weight. tonnes (tons) 277(305) -

Recuperator type Straight tube, raodular
Effectiveness 0.90
Exchanger diameter, m(ft) 5.6(18.5)
Overall length, m(ft) 20.4(67)
Overall weight. tonnes (tons) 726(800)
Precooler/intercooler type Helical bundle
Water outlet temp., *C(*F) 132(270) 87/65(189/150)
Exchanger dia., m(ft) 4.7(15.5) - 4.1/3.8(13.5/12.5)
Overall length, m(f t) 19.8(65) 21.3/18.3(70/60)
Overall weight, tonnes (tons) 435(480) -

Ambient temp. , "C(*F) 15(59) 15(59)
Plant output , MW(e) 760 832
Approx. plant efficiency, % 38.0 41.6

9
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There was close agreement between the CODER cost projections and the

actual cost estimates based on the design layouts. In addition to comparing

the two base case designs, power generation costs were compared for two

optimized cases: (1) plants with the same reactor thermal power and (2)

plants with the same electrical output. Table 4-4 summarizes the pertinent

results of this comparison. As expected, the intercooled plant shows a

slight power generation cost advantage for all comparisons, but these dif-

ferences were not felt to be significant at this stage when weighed against

other cycle selection factors that influence the program.

In Table 4-5, an attempt has been made to compare the salient features

of the two base case designs. It is recognized that not all of the ele-

ments portrayed have the same weight ranking, but the data are presented

to indicate major areas of merit. With the aforementioned cost differen-

tial not being a major deciding element. the choice of plant concept was

based on an evaluation of the technical issues and other factors outlined
(-(> in Table 4-5.

4.3.1.4. Conclusions. The comparison of two power plants based on inter-

cooled and non-intercooled cycles (at the same core thermal power rating),

while lacking in technical depth, was of sufficient scope to enable salient

differences to be identified and assessed. Key elements in the study

included (1) systems analysis and parameter definition, (2) plant layout

evaluation, (3) PCL component design, (4) cost comparison, and (5)
assessment of relative plant operability issues (reliability / availability,

maintenance and ISI, etc.).

For the two base case designs, the, plant efficiency estimates were

38.0% and 41.6% for the non-intercooled and intercooled variants. respec-

tivelv. This large difference in efficiency (3.6 percentage points) did

not raanifest itself in equivalent power generation cost savings. The accu-

racy to which it was possible to pursue cost differences is defined as a

\jr'
U.

4-21

|

:



O
TABLE 4-4

COST COMPARISON SUMMARY FOR INTERC00 LED (INT) VERSUS
NON-INTERC00 LED (NINT) STUDY

Base Case Optimized Case

NINT INT NINT INT INT

et output, MW(e) 759.3 832.1 800 800 869.5

Core thermal pewer, MW(t) 2000 2000 2000 1818 2000

Efficiency, % 38.0 41.6 40.0 44.0 43.5
Normalized capital cost (" Base 1.05 Opt. base 1.01 1.03

"
Normalized $/kW(e) Base 0.96 Opt. base 1.01 0.95

Normalized power geretation cost Base 0.94 Opt. base 0.99 0.95

("} Fuel costs not included. Comparison is based on 1979 dollars.

O

|

|
|

|

|

|

O|
|
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TABLE 4-5

COMPARISON OF INTERC00 LED AND NON-INTERC00 LED CYCLE SALIENT FEATURES

Non-
Intercooled Intercooled Comment

Technical Issues

PCRV tendon layout X*
,

Gas flow path complexity X '

. Liner cooling flexibility .X Possible advantage
for partial warm

'
liner concepts

PCRV construction time X

PCRV top head complexity X Two less cavities
Core gas inlet temperature X 449*C(840*F)

instead of 507*C
(945'F)

Fission product release X

Fuel element thermal stress X Reduced AT
Heat exchanger diameters X Small difference
Heat exchanger metal X Slight advantage

temperatures for recuperator
Turbomachine bearing span X Greater critical

O- speed margin
Seals in turbomachine cavity X Less cavity seals
Control valves X Lower operating

temperature
Scalability X Viable three-loop

option

Other Factors

Operability X Fewer systems
Availability and reliability X Less equipment
Maintenance and ISI X
Power generation cost X Marginal advantage |

Capital cost .
_.

X
.

j

X Small advantage
Complexity and risk
Process steam production X Higher reject |

. .

temperature
,

Binary cycle option X Higher reject !
~

'

temperature |

International cooperation X Cooperation with HHT
High efficiency X Resource conservation
Cogeneration X Binary cycle or

steam supply
Program cost X? Cort sharing with

FRG

Technology transfer X Indirect cycle,
. ''\ fission, coal CCGT[G _

(a)X-indicates an advantage.
~
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O
conceptual estimate. It uas not possible to provide a core precise cost

estimate because (1) the plant designs lacked detailed definition, and (2)

funds and time were not available for detailed cost analyses.

A comparison of analytically optimized intercooled and non-intercooled

plant designs, via the system optimization code CODER, revealed that the

economic incentive for intercooling is even smaller, regardless of whether

the plants are compared on an equal electrical output or an equal core

thermal power rating basis. In addition to reinforcing the general conclu-

sions of the base case comparison, the optimized case results provide an

indication of the efficiency potentials for these two options. In the

selection of the HTGR-GT plant. thermodynamic cycle, it was not felt prudent

to let this small economic increment be the deciding factor. The non-

intercooled cycle was favored because of a combination of the following

advantages:
!

1. Simpler overall plant arrangement, particularly the PCRV and pri-

mary system.

2. Reduced complexity and risk.

3. Better projections of plant operability, reliabliity/ availability,

and maintenance and ISI.

4. Scaling flex'bility should plants of higher rating be required j

in the future (i.e., two and three-loop options open).

5. Superior cogeneration capability (i.e., binary cycle and process

steam production).

|

It should be pointed out that the above fact ors are consistent with a i

decision made at the onset of HTGR-GT plant activities in 1971, namely that |

the plant should be kept as simple as possible. ]
,

e
1
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- The conclusion of the study to pursue the design of a two-loop plant

based on a non-intercooled cycle has inherent in it the motivation that

successful operation of the first plant will be more realizable with the

simpler system. Operation of the first plant with a minimum of development

and commissioning problems islof the essence, and this is regarded as a

much stronger factor in the decision-making process than the very small

power-generating cost advantage identified in this study for the more com-

plex intercooled variant.4

4.3.2. Advanced Features Study

'4.3.2.1. Introduction. The current MiGR-GT reference plant embodies many

features in both the primary system and BOP'that were established for the
;

HTGR-SC. The major purpose of the advanced features study is to examine

the validity of these assumptions, particularly with regard to reducing

the cost of the HTGR-GT plant. A study was made of advanced and novel

('') features to ensure that the plant concept selection will yield a competi-
v

tive plant for commercial service in the early decades of the 21st century.

- l

With the PCE.>/ size literally dominating the plant design, initial j
i

efforts were directed toward screening possible alternatives to both the '

design and construction of the vessel, while retaining the safety features

of the prestressed concrete approach but with potential reduction in capi-

tal cost. The various approaches outlined in the following section are

regarded as being very conceptual in nature and have been developed only
to the extent necessary to permit a qualitative indication of their merits

and drawbacks.

At the start of the study, a review of possible concepts and the basic

criteria of primary system integration again (as in previous investigations)

led to the adoption of a fully integrated apprcach, the motivation being

t f ,

%d 1

4

T
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O
safety related. The integrated design is defined as a configuration where

all components are either in a common prestressed concrete vessel or in

several concrete vessels connected to each other so that all connecting
ducts are embedded in these vessels.

4.3.2.2. Plant Configurations Embodying Advanced Primary System Features.

As discussed in other sections of this report, the HTGR-GT program under-
went modification during FY-79 whereby the reference plant was changed from
a three-loop to a two-loop configuration. The advanced features study
add-essed both three- and two-loop variants. An obvious goal in power
plant design studies is to establish a configuration for which the con-

struction schedule is minimized, since a large percentage of plant cost is
represented by escalation and interest costs during construction. Clearly,
at the conceptual design stage it is not possible to be definitive with

regard to comparing the construction times required for different plant
configurations. Indeed, several plants would have to be built before a

thorough knowled ;e of construction sequences and actual cost data were hi
realized.

The advanced features study was essentially concentrated on the PCRV

layout itself to explore possible design changes that might permit paral-
leling of construction operations, such as adopting a modular or precast
approach for the vessel or vessels. The initial effort of exploring alter-
nate PCRV design approaches was justified since previous HTGR work has

indicated that the construction schedule critical path for a large HTGR is
;

dominated by the PCRV erection. Tha following sections outline conceptual
design approaches which were generated consistent with the goal of identi-
fying features conducive to reduction of construction time.

" Gondola" Turbomachine Vessel Concept

In an effort to " uncouple" the turbamachine cavity from the main body
of the PCRV, a " gondola" concept was generated with the turbomachina module

O
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V
positioned below the PCRV. As shown in Fig. 4-7, the turbomachine is
installed in its own prestressed concrete vessel, and the overall arrange-
ment is in compliance with the fully integrated plant approach. An advan-
tage postulated for this scheme is that the turbomachine module (Figs. 4-8
and 4-9) can be fabricated separately and installed at a convenient time in
the schedule so that the plant construction shedule will be reduced.

The construction of the turbomachine vessel can be planned so that,

after construction and prestressing, the installation of the turbomachine
can be performed with a machine mock-up and the turbomachine cavity can be

prepared for the final installation of the gas turbine. At the appropriate
time in the construction sciiecule, the turbomachine cavity will be moved
into place. Moving the cavity can be accomplished using specially designed
air pallets, and for this operation a mooth and level concrete platform

has to be provided. After the turbomachine vessel element is in place, it
will be jacked up to the bottom surface of the main PCRV and, after matching
up the seismic lugs, will be secured in this position. The duct flanges

will then be connected through access ducts provided in the bottom part of
the main PCRV as shown in Fig. 4-7

It was felt that this novel approach would have the following advan-

tages: (1) potential for reduced construction time and (2) reduction in
PCRV diameter. A disadvantage is an increase in height from the top of the

PCRV to the base mat. The " gondola" approach was not pursued beyond the

conceptual form, and in-depth structural evaluation was felt to be neces-
' sary prior to establishing a construction and prestressing sequence for

the combined structure. While shown in Fig. 4-7 for a three-loop plant,

the concept of separate turbomachine concrete structures is equally appli-
cable to a two-loop plant variant,

fm
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V " Power Block" PCRV Lay,7ut Concept

An obvious extension of the " gondola" concept involved the study of a
" power block" concept in which all the power conversion equipment was
installed in a separate concrete structure, with the main body of the vessel
containing only the core cavity and CACS cavities. The overall approach of
this concept for variants embodying vertical heat exchangers is illustrated

in Figs. 4-10 and 4-11 for three- and two-loop plants, respectively.
Versions of this approach with horizontal heat exchangers were also
explored. These versions are illustrated in Figs. 4-12 and 4-13 for the

three-loop plant, and details of the power block are shown in Fig. 4-14.

The advantages postulated for the " power block" concept were as fol-
lows: (1) material quantities are reduced; (2) no wire-winding machine is
required; and (3) the construction schedule is reduced by constructing the
PCRVs in parallel. A disadvantage would be the larger containment building

g owing to the larger plan area. Work beyond the conceptual phase was not
b pursued because of budgeting and priority considerations.

Precast PCRV Block Layout Concept

The ultimate in modularization of the PCRV involves a structure
assembled from a multiplicity of precast elements. A very cursory investi-
gation was carried out for a PCRV layout concept assembled from precast
concrete modules. It was postulated that such an approach would permit
many operations to be done in parallel, which would have a positive impact
on construction time. The basic metallic liners and interconnecting ducts
could perhaps Ee assembled as a structure, as shown in Fig. 4-15. The pre-

cast concrete elements, with as many " standardized blocks" as possible,
could be fabricated on a batch production basis. The construction of the
PCRV would then take the form of assembling the precast concrete elements
around the " steel pattern." This approach is shown conceptually for

77
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O
circular and rectangular PChV approaches in Figs. 4-16 and 4-17, reapec-

tively. Steel rebar splicing and continuity between the precast blocks

and the task of pumping in grout between the precast modular elements to

form a homogeneous vessel structure were recognized as problems. The pre-

cast modular approach for PCRV construction represents perhaps the most

radical approach investigated during d.e advanced features study. Advan-

tages postulated for this scheme essentially related to reduced construc-

tion schedule resulting from parallel operations and elimination of soffit

framework ordinarily required in conventional PCRV construction. Disad-

vantages included (1) too many different PCRV precast block shapes, (2)
complexity of precast block shapes, (3) complex interaction of precast

blocks with crossducts and liners during PCRV assembly, and (4) tendon /
rebar congestion in the turbomachine PCRV (due to exclusive use of linear

tendons). Because of budgetary constraints and the large effort envisioned

to prove this type of construction feasible, the precast PCRV approach was
not pursued beyond the embryonic stage.

O
4.3.2.3. Summary. Although the limited budget prevented in-depth studies

of advanced features, several concepts were identified which have potential
for reducing plant cost. The novel design approaches described above were

not directed toward improvement of a particular plant concept, but rather

were based on quite different design thinking hitherto not explored for
the llTGR-GT plant. Essentially the approaches involved modularization of

the PCRV (to varying degrees) to permit construction of critical path items
to be done in parallel. Clearly, some of the approaches are quite radita'.

Nevertheless, continued study is encouraged to pursue them to 'he point of
establishing feasibility and decermining potential capital cost savings.

|

|
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5. MISCELLANEOUS CONTROLS AND AUXILIARY SYSTEMS (630102)

5.1. SCOPE

The purpose of this task in FY-79 waa to establish the helium bypass
valve service system requirements and interfaces.

5.2. SUMFWRY

A preliminary design for the valve actuating system has been completed.
A portion of this design is shown in Fig. 5-1.

5.3. DISCUSSION

Os
The valve actuating system preliminary design has the following i

l

features: )

1. Hydraulic actuators are used to serve all valves. This design
|

approach allows' all moving parts (except the actuator pistou
assembly and position instrumentation) to be located out of the

PCRV cavities for ease of maintenance and testing.

2. Actuators are served from high-speed servo valves to achieve
design simplicity and speed of operation.

3. Each valve is served from its own independent actuation system or |

module. In addition to achieving design simplicity, this approach

prohibits the failure of one valve or actuation system from affect-

ing the operation of other valves in the same primary coolant loop
or valves in other loops. Valve function is also made independent

5-1
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O
in the primary bypass valve. Since this valve has two basic
operating functions (a safety function, to serve as a redundant
safety valve, and a non-safety function, to serve as a turbo-
machine bypass flow control valve), two independent actuation
systems have been designed to serve this valve. Figure 5-2

depicts one of five actuation systems or modules serving the
valves in a typical loop.

This preliminary design is intended for use by CA in evaluating vaive
control dynamics with the aid of a " hybrid" computer. Work is in progress
to develop a compute model of the valves, their actuation systems, and
the primary coolant loop to evaluate system performance. This design is
also intended for use by a large-valve design consultant in his nation-

wide survey of large-valve designers and fabricators. A large-valve design
contract will be let by GA in FY-80.

In parallel with the tasks outlined above, GA will revise the current h
actuation system design to accommodate larger valves. The current design
is based on 670 mm (26.4-in.) primary bypass and safety valves. Recent

primary loop flow and pressure drop analysis indicates the valves could
be as large as 792 mm (31.2 in.). See Section 21 for further discussion

of control valves.

O
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6. STRUCTURAL MECHANICS (630103)

6.1. . SCOPE'

The purpose of -this task in FY-79 was to evaluate the seismic response
of a representative plant PCRV and containment building and examine the
seismic problems associated With a graphite Core.

6.2. SUMMARY

1

Three task items were completed: (1) a seismic analysis of a gas tur-<

bine PCRV and reactor containment building (RCB), (2) a seismic evaluation

of a prismatic block gas turbine core, and (3) a seismic evaltation of a
%

gas turbine pebble bed core.

A seismic analysis of the RCB and PCRV based on the German HHT
Demonstration Plant has been completed. This configuration was used because
it was considered representative of both the U.S. and German configurations.
The analysis included the basic dynamic model formulation, calculation of
structural properties, seismic excitation and site parameter selection,
structural damping, eigenvalue solution, response spectrum, and time-history
analyses. Analytical results were. generated and presented in terms of
forces, moments, deformations, and in-structure response spectra at various
critical locations of the RCB/PCRV for two PCRV support conditions (one with ;

'

PCRV neoprene sunnort pads and one without) at a German site specified by

Hochtemperat ,c Reaktorbau (HRB). All numerical results were based on a .

i

1.0-g maximum horizontal ground acceleration. for the operating basis earth-
quake (OBE) as well as the safe shutdown earthquake (SSE). The resultant

~

.

loads and response are close to those for a soft soil, 900-MW HTGR-SC
= analysis.

~

.
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O
Preliminary seismic design loads for a prismatic block gas turbine

reactor core have been generated with the MCOCO computer program. In order

to envelope all expected response spectra, one artificial horizontal and

one vertical time history were developed covering the response spectra at

the core level of five sites ranging from soft soil to competent rock.

The analytical model represented the core at 100% power for a 0.15-3 OBE.
Unfortunately, the time history developed from this envelope produces a
much higher rigid-range g level than is necessary. The " envelope" analysis
was used because of the high cost of obtaining a large number of MC0C0 runs

for various soil conditions. The loads produced, however, are too con-

servative and illustrate the need for more work to produce a note accurate

time history from a response spectrum.

Seismic analysis of a pebble bed core with core barrel has been

initiated by using a modified version of the CRUNCH-2D computer program.
The major code modifications involve the addition of a flexible cylinder
type structure for the simulation of the core barrel. The " pebbles" are ||
represented by hexagonal block elements with nonlinear block stiffness

based upon the force-deformation characteristics of identical spneres in
compression.

6.3. DISCUSSICM

6.3.1. RCB/PCRV Plant

|
'

The RCB is a cylindrical, reinforced concrete structure with a dome

roof of spherical shape. The RCB houses the PCRV and an inner crane sup- |
|

port frame structure, all of which are situated on a common foundation |

base slab. The PCRV is a multicavity reactor pressure vessel which houses |

all components carrying a primary gas coolant.

The dynamic model of the surface-founded RCB/PCRV configuration is
shown in Fig. 6-1. The structure is simulated as a multiple-degree-of-

freedom lumped-parameter model supported by a rigid base slab which is g
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O
founded on an elastic half-space. Two separate analyses, one with PCRV
neoprene support pads and one without, were performed. Typical response
spectra with and without PCRV support pads are shown in Figs. 6-2 and 6-3.

A comparison of the response quantities shows that there is essentially
no dif ference between the vibrational characteristics and the structural
renponses of the plant when the PCRV is situated on neoprene pads and when

it is not. The neoprene pads behave in a rigid manner in comparison with

the soft sof1. The displacement response values represent the maximum

values computed for a soft soil site characterized by a dynamic shear
modulus of 60 MN/m (10,000 psi), are relative to the ground, and includ: 1

the deformation resulting from the soil compliance functions of the elastic

half-space analysis.

6.3.2. Prismatic Block Gas Turbine Reactor Core

A modifie<' MCOCO computer program was used for the seismic analysis of

the prismatic block gas turbine reactor core. In order to better represent

the gas turbine reactor core design, a new side shield arrangement was
incorporated. One case was run: horizontal and vertical " envelopes" at

a 0.15-g OBE with a total cross core gap of ;; roximately 30 mm (1.1 in.),

which is a new core at 100% operating condition.

The MC0C0 model of the gas turbine reactor core is shown in Fig. 6-4
It consists of 34 columns, each containing six to 14 elements. Th3se

columns are supported on core support floor blocks which are in turn held
up by support' posts. The conservatism of the " enveloping" technique used
is illnatrated in Fig. 6-5, where the response envelope to be matched is

compared with the actual spectra developed. The match is good above a
period of 0.09 s, but the magnitudes separate to a ratio of more than 2 to

1 in the rigid range. This is typical for present techniques for producing

time histories from response spec.tra.

l

O
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6.3.3. Gas Turbine Pebble Sed Core

The dynamic response of a pebble bed core under seismic disturbances
has been analyzed by studying the behavior of a horizontal slice of the

core. The core model was chosen to be similar to that in the German HHT
1637-MW(t) Pebble Bed Demonstration Plant in which the graphite core is

contained within a cylinder type core barrel.

The development of a three-dimensional computer model is time con-

suming, and alternative approaches seeking an approximate first solution to

the problem were explored. The CRUNCH-2D computer program was utilized

to conduct a first study Ef the problem.

The CRUNCH-2D computer program was modified to simulate a pebble bed

core with core barrel by incorporating a flexible care barrel around the

side reflectors .39 shown in Fig. 6-6 The code was originally developed
,-

( ,) for a prismatic '21ock core, and an approximation has been made by grouping

the pebbles together as solid lumps. In the modified version, the input

motions are applied at the bottom of the core and transmitted upward

through the barrel, which is supported on a series of shear springs

simulating the ef fects of an elastic shell. Major modifications include

the replacement of original core block stiffness by a nonlinear force-

displacement relation derived from the consideration of Hertzian theory

of spherical bodies in contact.

At this time, the results are only qualitative since the pebbles were

represented by hexagonal block elements and a three-dimensional system was
modeled by a horizontal planar array. However, these inherent limitations

of the current computer program may be remedied in the future by code
development and modifications.

v
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~ 7. SHIELDING ANALYSIS AND DESIGN.(630104)

7.1. SCOPE

The purpose of this task in FY-79 was to provide radiation protection

and shielding analysis and design support to the HTGR-GT project.

7.2. SUMMARY

Thermal barrier evaluation included assessment of candidate materials
for the thermal barrier coverplate, top head. region, and center and lower

sidewalls. Do=e rates were calculated for the disassembled parts of the

turbomachine, and decontamination procedures were investigated. Calculations
were performed to determine the shielding requirements for the hot duct

removal cask. In the area of helium control valve maintenance, calculations

of dose rate on top of the control valve bonnet versus bonnet thickness

were pr-formed.

7.3. DISCUSSION

7.3.1. Thermal-Barrier Evaluation

The candidate materials proposed for the thermal barrier coverplates

were qualitatively assessed from a shielding standpoint. The major areas
of concern are radiation damage in the form of high-temperature embrittle-

ment and neutron activation of the coverplate materials. The amounts of

boron and cobalt'in the materials dictate the degree of radiation damage
and neutron activation, respectively. In general, use of materials with

significant amounts of boron and/,or cobalt is discouraged, especially in
-| an environment of -high operating temperature and/or high thermal neutrong

\~- fl'ux.

7-1-
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In the top head region where the thermal neutron flux is fairly low,

material selection may be based upon the merits of physical properties
rather than the consideration of radiation effects. Similarly, there is

no radiation problem with the materials proposed for the upper sidewall
region, since tha thermal flux and operating temperature are still suffi-

ciently low.

Because of the high thermal neutron flux at the center sidewall, the
use of such materials as IN 100, Hastelloy X, Rene 100, and IN 738 would
result in significant Co-60 activity. It is advisable to avoid these

materials if possible.

Carbon-carbon, a preferred material for the lower sidewall, is able
to withstand a neutron fluence much higher than the current limit of 10
nyt thermal. Fast neutrons rather than thermal ~ neutrons are of concern
for carbon-carbon. If carbon-carbon is selected, it may be possible to

reduce the height of the bottom reflector and core support by removing or
relaxing the current constraint on the thermal neutron fluence at the lower

sidewall.

7.3.2. Turbomachine Disassembly and Decontamination

Dose rates were calculated for the disassembled parts of the turbo-
machine. Figure 7-1 shows the results for the case in which the split
casing between the turbine and compressor has been removed and the turbine
and compressor units are separated. The recults are based upon the plate-
out data for Level A activity, 6-yr operating time, and 100-day decay in
the various regions of the turbomachine. All dose points are 61 cm
(2 ft) from surfaces.

After the stator casing and containment ring are removed, the dose
rate at 61 cm (2 f t) from the tip of the er: posed turbine blades was found
to be 12.6 rads /h. The corresponding configuration for the compressor
gave 0.26 rad /h.
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The predominant contributor to the dose rate for the turbine unit is

Ag-110m, whereas cesium nuclides are most important for the compressor

unit dose rate. If the expected rather than design plateout distributions

were used, the effect on the dose rate for the turbine would be small,

but the dose rate for the compressor could drop a factor of 35.

Deconte.mination is required in order to perform contact maintenance on

the turbomachine. For most external surfaces of the turbine and compressor,

where the decontamination factor is 200 or less, standard procedures using

such solutions as water, steam, and acid may reduce dose rates in the
absence of shtelding to the 10 mrads/h level. However, the situation for

the rotor and stator blades is complicated by the high dose rate (12.6

rads /h) without shielding and the inaccessibility with the stator casing in

place. Pending further investigation, remote handling should be considered
in this situation.

7.3.3. Hot Duct Removal

Detailed calculations were performed to determine the shielding require-

| ments for the hot duct removal cask. The dose rate criteria are prescribed

as 20 mrem /h at the personnel level, or below the 244-cm (8-f t) height, and

100 mrem /h above the 244-cm height.

The source terms used for shielding design were the platcout activities

for Level B, 40-yr operation, and 10-day decay. Preferential plateout was

used on the hot (or inner) surface of the duct, whereas uniform plateout

was assumed on the cold surface.

The preliminary steel thicknesses required for the various portions

of the removal cask are shown in Fig. 7-2. Ag-110m is a principal con-

tributor to the dose rate outside the cask.

O
|

.
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7.3.4. Helium Control Valve Maintenance

For access to the helium control valves in the PCRV top head, calcula-
tions were performed of the dose rate on top of the control valve bonnet as
a function of bonnet thickness. It was found that designing the bonart
with a 10-cm (3.9-in.) steel thickness will keep the dose rate below
10 mrem /h at 10 days after shutdown, With this thickness, the dose rate
above the bonnet during operation will be less than 20 mrem /h. These dose
rates correspond to a 40-yr Level B plateout accumulation.
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8. LICENSING'(6302)

8.1.- SCOPE

The purpose of this task in FY-79 was to provide design reviews and
licensing positions, develop and maintain an HTGT-GT Nuclear Safety Plant
Specification, and provide . recommendations on preapplication review topics.

8.2. SUMMARY

Principal design reviews were as follows:

i-

. 1. Nuclear industry precedents and Nuclear Regulatory Commission

..() (NRC) guidance were reviewed to determine the design requirements

for HTGR-GT components which might be relied upon to ensure core

cooling during turbomachine coastdown. The conclusior teached is

;- that such components must be Safety Class 2 and Seirmic Category 1. ;

2. , Proposed CACS criteria, design basis events, and component safety
clasaes were reviewed for compatibility with prior requirements

and to ensure the consideration of required safety f unctions a: c

accident scenarios.

3. The licensing implications of precooler safety class and seismic

requirements were examined to delineate the advantages and dis-

advantages of designing the precoolers as non-satety related or>

| safety related. A final decision has not been reached.

O
LJ

.
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4. Proposed safety classifications for the turbomachine shaf t and
shaft seals were reviewed to identify minimum requirements for

safety class components. Preliminary conclusions are that the
shaft, shaf t seal, and shaf t seal housing constitute portions of
the primary coolant system boundary and are therefore Safety
Class 1.

The initial issue of the Nuclear Safety Plant Specification for the

HTGR-GT was prepared. The specification developed over the past several
years for the HTCR-SC plant has been modified by incorporating information
specific to systems, design criteria, and transients and accidents for the
HTGR-GT.

Recmamendations for preapplication review licensing topical reports
(L1Rs) specific to the HTGR-GT were made and distributed for comment. The
recommended topics are intended to address major safety issues that are
expected to arise in licensing an HTGR-GT plant.

O
8.3. DISCUSSION

' 8,3.1. Design Reviews

8.3.1.1. Component Design Requirements. In considering the possibility of

taking credit for turbomachine coastdown prior to initiating CACS cooling

in order to lessen the heat load on the CACS, the question of whether the

turbomachine, recupcrator, and precooler must be safety class and/or
Seismic Category I has arisen. The answer to this question can have a
significant impact on design and cost; a licensing position was therefore

developed based on nuclear industry precedents and NRC guidance.

There are two clear precedents from the light water reactor (LWR)
licensing activities which are applicable to the above question. The first
of these is the requirement for seismic capability of pressurized water

reactor (PWR) main coolant pumps. PWR plants must take credit for cain

O
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''' coolant pump coastdown during certain reactor transients. To ensure that

the pumps can reliably supply this coastdown, the pump / motor system is
designed for the SSE. In addition, it is reasonable to conclude that any

other component or system shich is eseential to assuring coastdown would

have _ to be Seismic Category I. Application of this precedent and reasoning

to the HTGR-GT indicates that the turbomachine, the precooler, and any

other main loop components which could reduce helium flow or heat removal

would have to be Seismic Category I. Furthermore, Regulatory Guide 1.29

is explicit in requiring that " systems or portions of systems that are

required for emergency core cooling" and /or '' residual heat remova'" be
designed to Seismic Category I requirements.

The second LWR precedent concerns the safety class of components

which are relied upon to ensure core cooling during coastdown. For the

LWR, main coolant pump parts which ensure coastdown are designed to Safety
. Class 2 requirements. This choice of safety class is obvious based on the

-') requirements of Regulatory Guide 1.26 and the American Nuclear Society

> classification system, since both require Safety Class 2 for systems or

portions of systems necessary to ensure adequate reactor core cooling.

This same safety function, reactor core cooling, is the purpose of ensuring

turbomachine coastdown in the HTGR-GT. Therefore, the HTGR-GT main loop

components necessary to perform this function would have to be Safety

Class 2

8.3.1.2. CACS Criteria. Criteria for the HTGR-GT plant CACS, which are

under development, may be somewhat dif ferent f rom those for an HTGR-SC

plant. Criteria proposed by the system designers have been reviewed to

ensure that the necessary safety f unctions and accident scenarios are con-

sidered in the design. Precedents as expressed in the Nuclear Safety Plant

Specification for the HTCR-SC are largely appropriate, but the HTGR-GT

introduces some different considerations, such as potential core bypasses

for coolant flow resulting from failures in ducts, heat exchangers, and the

turbomachine. This leads to consideration of safety classifications for

/

v
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components of the power conversion loop, as well as accidents initiated by

failures within the loop. Comments on the safety classification and

accident scenarios were provided.

8.3.1.3. Precooler Safety Class. The safety class and seismic require-

ments for the precoolers have not been entirely resolved. It is desirable

to minimize the cost of these large heat exchangers by making them non-

safety related and non-Seismic Category I. However, such minimum require-

ments have significant ramifications with regard to licensability, which

have been examined.

There are several combinations of safety class and seismic requirements

which may be considered for the precoolers. Thase listed below are judged

to be representative of the spectrum of choices. The cases are 1isted in

the order of increasingly stringent designs.

Case 1: Safety Class Non-Nuclear. Non-Seismic Category I

Advantage: 1. Minitnum cost

Disadvantages: 1. Must assume simultaneous failure of all

precoolers during a seismic event.

2. Can take no credit for heat removal

during turbomachine coastdown.

3. Primary coolant system boundary (PCSB) is
extended out of the PCRV to the pipes and

valves of the CWS.
Case 2: Safety Class Non-Nuclear, Seismic Category I

1\dvantage: 1 Can take credit for integrity during a

seismic event. ,

Digadv;ntages: 1. More costly than Case 1.

2. Same as Case 1, disadvantages 2 and 3.

O
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Case'3: - Safety |Classf2,1 Seismic Category I
,

' Advantages: 1. Same.as Case 2, advantage 1.

2. Can take credit for heat removal during

turbomachine coastdown.

3. Can take credit for the precooler tubes

following CWS pipe rupture.
. . .

.More costly than Case 2Disadvantages: 1.

2. Same as Case 1, disadvantage 3.-

: Case ~4: ' Safety Class 1, Seismic Category 1-

Advantages: 1. Same as Case 3, advantages 1, 2, and 3.
3

2. 'PCSB does not extend into the CWS.,

3. Minimum licensing risk.

Disadvan tages: 1. Highest cost for analysis; cost impact

on hardware not determined.
.

Before a final conclusion can be reached, it will be necessary to

jos analyze the consequences of two events. These are the simultaneous massive

- U- failure of the. precoolers during a seismic event and the blowdown of the
,

- PCRV' via the largest cooling water pipe. The latter: event must be con-
sidered for a non-nuclear precooler because the PCSB extends outside the-.

} PCRV and the assumption of. a pipe rupture :Ls required without benefit of

credit for precooler integrity.

'

8.3.1.4. Turbomachine Shaf t and Shaft Seal Safety Class. .The turbomachine
^

for the most part is considered to be non-safety related. However, because

the shaf t penetrates the PCRV, a portion is PCSB, and therefore Safety
,

. Class 1.- The proposed' safety' classes.of various components were reviewed,
'

-and it was concluded that the PCSB includes, as a minimum, the primary

; shaf t seal, the shutdown seal,- the seal housing, and the section of shaf t-

: penetrating the PCRV. Other components, including the thrust bearing,
,

were' tentatively-judged to be non-safety related based on a preliminary

analysis of failure consequences.

r
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8.3.2. Nuclear Safety Plant Specification

The initial issue of the Nuclear Safety Plant Specification for the

two-loep HTCR-GT has been prepared. The basic design philosophy as

expressed in such topics as Plant Conditions and Plant Safety Criteria,

Single Failure, Seismic Category, Loading Combinations and Service Limits,
and Safety Class is essentially the same as in the predecessor documents
for the HTCR-SC plant. The principal revisions affect the sections on

Systems Criteria and Transients and Accidents for Design Considerations.

Since the information in both of these areas is still quite preliminary,

the specification will require revision as the design develops and analyses
of transients and accidents proceed.

8.3.3. Proposed HTGR-GT Specific LTRs

An HTGR-GT plant is a significant departure from previous safety and
licensing experience as exemplified by the HTGR-SC plant. Therefore, a
number of different safety issues or potential safety issues have been
identified which must be addressed in the licensing process. One method of

obtaining NRC review of issues is through Licensing Topical Reports (LTRs)
submitted on specific topics, as is presently in progress for the Generic
Technology irogram preapplication review program.

A review of the various issues was made, and the following were
selected as the most appropriate LTR topics:

Analyses of Rotating Machinery Failures.
Internal Pressure Equilibration Accidents.

Design Bases for the Turbomachine Shaf t and Seal.

Design Bases for the Bypass / Safety Valves and Actuators.
Systems Dynamics Code, REALY2

Performance Criteria for the CACS.

8-6
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9. SAFETY (6307;

' 9.1. SCOPE

The purpose of this task in FY-79 was to provide a safety assessment

of design issues and to support the HHT program by reviewing Federal
Republic of Germany (FRG) general safety design criteria and HHT safety

criteria.
.

9.2. SUMMARY

Because of the significant impact on the core, thermal barrier, and

reactor internals and components, considerable emphasis has been placed
,s~,
( ,) - - on the evaluation of the transient behavJor of the primary coolant system

during postulated turbine deblading accidents. For censervatism, complete

deblading events have been considered. Such events can result in extremely

high-pressure transients throughout the primary coolant system. The rate

of pressure decay in the core outlet plenum and hot duct and the maximum

differential pressure across the core during these transients are of partic-

ular importance. Simulation of the turbine _deblading accident' has been per-
formed using the RATSAM program. A preliminary HTGR-GT version of this

program was completed, and both two- and three-loop HTG,R-GT designs were

modeled. However, these designs were not' consistent, so only the t wo-loop
results are reported here. Core outlet plenum depressurization rates as

high as 1S.0 MPa/s* (2180 -psi /s*) have been calculated. Corresponding maxi-
- mum core dif ferential pressures for the two-loop plant are greater than

approximately 0.48 MPn-(70 psi). Both the core outlet plenum depressurita-.

tion rate and maximum core differential pressure are relatively strcag

--

- (''} *These rates are the maximum calculated over any 0.010-s period.
9

9-1



functions of the core flow resistance If the first stage inlet nozzle

vanes tre assumed to remain intact, the maximum core outlet plenum depres-

surization rate is limited to arproximately 7.31 MPa/s* (1060 psi /s*), and
the maximum dif ferential pressJ:e across the core is approximately 0.28 MPa

(40 psi).

The TUBE program was used in earlier HTGR-GT studies of turbomachine

deblading eventr to study local effects la ducts. However, it requires a
priori knowledge of the time dependent boundary conditions. Developa-nt of
the program has continued. An initialization routine to determine steady-
state flow conditions in an arbitrary flow path, given a mass flow rate
and upst eam reservoir condition, has been developed and included in the

In addition, modifications have been made to limit numericallyprogram.

induced secondary transients which had been observed to result from the

program's model for gradual area changes.

Considerable effort was also devoted to support of the HHT program.
Most of this ef fort was in the development of German HTR specific safety

criteria and was provided by a GA staff member assigned to HRB in

Mannhe im for 3 months. In addition, a RATSAM simulation of an HHT turbine

deblading accident was performed as a " benchmark calculation." This
simulation was reasonably successful and serves, in part, as verification
of the analytical tools used by GA and the HHT program.

A review of the selection of a DBDA for the HTGR-GT was also performed.
This review has resulted in the recommendation that the HTGR-GT adopt the

HTGR-SC plant philosophy which contends that failures of ASME Section III,
Division I, Class 1 penetrations and closures need not be pnatulated.
Accordingly, the DBDA flow area should be related to some other featur e of
the primary coolant system boundary (PCSB) design which may credibly be
assumed to fail (e.g. , connecting pipe or rotating shaf t seal).

O
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The potential for pressure buildug. in the PCRV resulting'from various'-

sources was estimated to evaluate the adequacy of. internal pressure relief.

It was concluded that sources of water and helium ingress did not have the

potential for overpressurizing the PCRV. The accidental pumping of the

complete oil. inventory into the PCRV, through defective journal bearing

seals, .might increase the PCRV pressure to undesirable levels if the

injected oil decomposed at the temperatures prevailing in the reactor core.

However, the overall size of the PCRV relief line penetration required to

mitigate this conservative accident is such that no redesign of the PCRV

would be necessary. Thus, the event can be studied at a later date when

design details are available.

9.3. DISCUSSION

9.3.1. Pressure Equilibration Rates

'

s- Pressure equilibration rates for turbine deblading events have been

estimated using the RATSAM program for both two-loop [800-'MW(e)] and three---
_

loop -[1200-MW(e)] plants. These studies were performed with and without
-torbomachine dynamics and. control valve actions; however, these variati.ons
did not impact the results dramatically. The rates of depressurization in

the core outlet plenum have been shown to be significantly affected by the

plenum volume and the flow resistance of the core.

The RATSAM model for the three-loop, 1200-MW(e) plant was based on

very preliminary design data, whereas 'the model for the two-loop, 800-MW(e)i

plant reflected more recent design information. Accordingly, cnly the two-

loop results are reported here. Owing to the larger volume of the core

outlet plenum for the 1200-MW(e) plant, it is expected that depressurization

rates will.be smaller for that plant than for the 800'MW(e) plant with

identical main loops.

.-A-
U

'
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Maximum depressurizatico rates (over any 0.010-s period) in the core
outlet plenum and turbine inlet plenum have been calculated to be 15 MPa/s 1

(2180 psi /s) and 56.9 MPa/s (8255 psi /s), respectively. The maximum core
differential pressure for this case is estimated to be greater than approxi-
mately 0.48 MPa (70 psi). However, if the first stage inlet nozzle vanes
can be assumed to remain intact during the deblading, the above rates can
be reduced to 7.3 MPa/s (1054 psi /s) and 17.6 MPa/s (2555 psi /s). The

corresponding maximum core dif ferential pressure for this case is calculated
to be only 0.28 MPa (40 psi). This dramatic reduction in depressurization
rates is caused by the increased resistance to flow offered by the intact
nozzle vanes. At normal conditions, the pressure drop across these vanes
has been estimated by the turbine designer to be 1/12 of the total turbine
pressure loss.

The turbomachinery designer is designing with greater than normal
separation between the first stage inlet nozzle vanes and the first stage
turbine blades in an attempt to ensure nozzle integrity and to attenuate

hinlet sound power levels. If the flow resistance of the former can be
assumed to remain intact during the turbine deblading event with a high

degree of assurance, it is clear that the design basis depressurization

rates for this event will be reduced considerably.

9.3.2. TUBE Program Development and Verification

The TUBE program was developed primarily for the pressure equilibration
transients associated with HTCR-GT turbomachine deblading accidents. How-

ever, it is written in a very general manner and can be applied to a
variety of fluid flow transients for which time dependent boundary con-
ditions are prescribed. The program solves the general one-dimensional
transient equations (i.e., conservation laws) for the flow of an ideal
gas through a variable area tube assuming no heat transfer between the
gas and the tube walls and no source of momentum within the control volume.

O
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In applying - the . program toL variable area ducts, it was observed that'-

transients could be induced in the absence of a forcing function. Further
,

investigation indicated .that. these self-induced transients originated 'at

the " ends"' of variable area ducts and were due to the manner in which the
conservation equations were expressed prior to finite differencing. The

Loriginal formulation of the equations, once expressed in: divided difference

form, required interpolation in flow area and gradient of flow area, which

introduces errors when the area varieb with distance. By' rewriting the

conservation equations in a slightly different form before differencing,

most of this interpolation error has been eliminated.

*

A' steady-state routine has also been incorporated into the TUBE program
to allow the calculation of a non-zero initial velocity and corresponding

pressure distribution throughout- the system of ducts. Because some diffi-

culties have been experienced with this routine, its development will con-
tinue in FY-80.-

- Some effort wa s also devoted to developing a TUBE model for turbine
'

.deblading. Attempt.s to simulate a very large pressure drop through a
turbine cavity by large, local friction factors have met with some success,

i
However, this method has problems which must be resolved before it can be

- acc pted. Resolution of these problems will be addressed in FY-80

9.3.3. Review of Primary Coolant System Boundary

' - The purpose of this task was to review safety problems associated with
loss of integrity of the PCSB. This effort consisted primarily of an

attempt (1) to define the DBDA for the HTGR-GT and (2) to determine the

potential for overpressurization of the PCRV resulting from the ingress of

secondary fluids.

;

p' .
u

,
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9.3.3.1. DBDA Definition. For the HTGR-GT, maximum depressurization rates

and corresponding dynamic component loads will most likely occur during
postulated turbomachine deblading events or catastrophic failure of the
recuperator, i.e., pressure equilibration accidents. However, these avents
will not release any primary coolant from the PCRV. Thus, for the HTGR-GT,
the DBDA will be associated with the loss of integrity of the primary cool-

ant system, which results in the highest peak containment pressure. For

the large HTGRs designed for the Summit Power Station and Fulton Generating
Station, the DBDA was associated with a penetration closure failure. How-

ever, it is currently recommended for both the HTGR-SC and the direct cycle
HTGR that failures of ASME Section III, Division I, Class 1 penetrations
and closures not be considered as design basis events. The proposed DBDA
flow area would be related to some other feature of the PCSB design which

may credibly be assumed to fail (e.g., connecting pipe or rotating shaf t

seal).

The selection of a DBDA for the HTGR-GT is also clouded by the safety

classification of the precoolers. If the precooler is designated non-

nuclear and the circulating water system (CWS) piping within the contain-
ment is defined as part of the PCSB, it may be necessary to postulate

failure of this piping. What credit can be taken for the non-nuclear pra-

cooler tubing during this event is not clear at this time.

9.3.3.2. PCRV Overpressurization. Although the HTGR-GT primary coolant

system contains a large helium inventory, and hence the containment free
volume must be sufficiently large to accommodate this inventory without
excessive design pressures, the arrangement of the PCSB is such that there
appears to be no potential for a " hot leg" blowdown. The so-called hot
leg of the HTGR-GT consists only of the core outlet plenum, turbine inlet

ducts, and lower CACS ducts. These regions have virtually no potential

for gross leakage to the containment.

O

9-6



- _ . . . - - - .- . - . _. - . .-

4

,

4

D
\_/ To assess the adequacy-of the internal pressure relief system currently:

considered for 'the HTGR-GT _ (i. . , the ability of turbine bypass valves to-e

relieve high -pressure to the low-pressure regions of the PCSB), accident

events with a potential for long-term pressure buildup on the. primary cool-

ant system were identified and evaluated. The basic approach was to deter-

mine if all events would fall into one of two categories:

) 1. The' event is so unlikely that it would never become a design
-

basis event, even in the licensing process.d-

,

I2. The event would not require redesign of the PCRV even -if a relief

I line were required later and irrespective of whether the proba-

- bility is very low.
.

.

j The basic approach was therefore to show the degree of aasurance that the
; - PCRV ' design may proceed without risking redesign, rather than to assess

the ' likelihood that NRC or code committees would require relief trains in'

| Q_/
.

the future. Also,-the task did not include new methods or designs to avoidg
~

i pressure rise-in the PCRV.
1

The fault tree in Fig. 9-1 shows those events which could possibly4

* ; 1ead to PCRV overpressurization. Of the four branches-shown in the figure,
a decrease of the PCRV volume is not considered credible, while flow tran-

4

sients in the PCRV have only a negligible ef fect on pressure. The behaviora

of the compressors is responsible for the latter. Unrestricted core heatup
. ,
-

and failure'to trip with resulting large temperature increases in the PCRV

- and~ associated pressure increase are not design basis accidents because
they'are very unlikely to occur. Therefore, only material added to the-

f PCRV atmosphere need be considered to determine if it poses a potential
overpressurization' hazard. PCRV redesign could be required for such events,

- which are identified as cases 1 through 5 in Fig. 9-1.
i'

.; .

$ . . 'N1
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PCRV OVERPRESEURE
(FO LLOWING PRESSURE

EQUILIBRATICN)

t
1 I I I

TRANSIENT FLOW
MATERIAL PRIMARY COOLANT PCRV VOLUME

(''8'$U9 (
0MPRESSOR

DECREASEADDED TEMP. INCREASE

d L d L NEGLIGIBLE (NOT CRE018LE)

FAILURE TO TURN OFF_

NORMAL SUPPLY OF He *

FAILURE TO INSERT
CONTROL R03S

INJECTION OF TURBO LUBE-

a L

FAILURE OF RSS

PRECJ0LER LEAK (WATER)-

FAILURE TO REMOVE
DECAY HEAT

CACS ' FEAT EXCHANGER =
~ 4

LEAK (WATE R) (i.e., CORE HEATUP

ACCILENT)

INJECTION OF WATER
(SOURCES 0THER THAN_

DAN 0g)
(e.g.. LINER C00 LING:CACS ELECTRIC * INCLUDING HELIUM INVENTORY CONTROL SYSTEM
MOTOR COOLING)

Fig. 9-1. Fault tree showing events that could lead to PCRV overpressurization
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Case 1 corresponds not only to the helium purificacion system but

also to the 'nolium inventory control system. Since Case 5 is less severe

than case 2, the latter, referred to as " oil ingress," has been selected

for investigation.

Helium Injection into the PCRV (Case 1)

If the temperatures inside the PCRV remain essentially invariable

during some accidental or inadvertent helium injection, then the total

injection must not exceed 5811 kg (12,800 lb). To avoid PCRV pressures
over 8.3 MPa (1200 psia) under equilibrium conditions. Thus, the tolerable

amount of injected helium represents 30.4% of the nominal PCRV inventory.

Helium may be injected into the PCRV from two different sources:

1. Helium purification system. The total inventory of the helium

. purification system is 2722 kg (6000 lb), well below the 5811 kg

' O- (12,800 lb) allowable. Consequently, no overpressurization of
the PCRV is posed by this helium inventory.

2. Helium inventory control system (includes a helium purification

system). For the bladder configuration, the total inventory is
3405 kg (7500 lb), which can be driven by either water or oil.
For the compressor system, the total inventory is about 7264 kg
.(16,000 lb). Thus, while the former configuration does not pose
any overpressurization hazards for the PCRV in case of helium

injection, the latter configuration contains sufficient helium

to overpressurize the system. Knowledge of all the compressor-
P

motor characteristics is required to compute the surge or stall

point of the compressors, which limits the maximum amount of

helium that may likely be below the amount required to overpres- :

surize the PCRV [i.e. , 5811 kg (12,800 lb)].
I

m
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hOil Ingress (Case 2)

An unintentioral diversion of the complete oil inventory into the

PCRV, through defective journal bearing seals, may increase the PCRV pras-
sure if the injected oil decomposes at the temperatures prevailing in the

reactor core. To conservatively assess the PCRV pressurization due to oil
ingress, the oil is assumed to decompose into methane and carbon immedi-
ately after ingress. Since the oil pumping rate is maintained constant,

the pressure increase rate is also constant, reaching the safety valve set-

point approximately 20 min after initiation of oil ingress.

At the opening of the safety relief valve, the rate of the PCRV

efflux must be equal to the generation rate of methane to avoid further
pressurization of t.he PCRV. This condition is satisfied by a valve with
a net flow area of approximately 14.8 cm (2.3 in. ) [ i.e. , 4.3 cm (1. 70
in.) diameter), which is well below the size which could be added to the

PCRV later without requiring redesign of the vessel.

O
Precooler Water Ingress (Case 3)

Assuming that the precoolers are non-safety, non-seismic componente ,

then in the event of an earthquake, the simultaneous rupture of the pre-

cooler tubes may allow the ingress of the total ;ocer inventory of the two

precoolers into the PCRV. The water would cascade down to the turbomachinery

cavities. Since there are flow passages between the compressor and turbine,

the water would fill the cavities evenly, reaching thermal' equilibrium with

the metal masses. A thermal balance calculation indicates that the equilib-

rium temperature of the water would not exceed 204*C (400*F), and conse-
quently it would not boil [ saturation pressure 1.6 MPa (230 psia), i.e. ,

below the initial equilibrium pressure of 63 MPa (920 psia)] . Under these
conditions, the PCRV atmosphere can be saturated (100% moisture) and still
remain well below the 8.2-MPa (1200-psia) setpoint of a relief valve into

the containment building (should such a valve be part of the design). This
will be true as long as the pool of water is maintained below 204*C (400 F).

O
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w- . =For the worst case conditions during a pressurized cooldown at approxi-

mately'l/2 to I h after start of CACS operation, inlet and outlet

water temperatures of 153*C (308'F) and 284*C (544*F), respectively,
are estimated.

'An estimate of the mass transfer by natural circulation indicates
that in.about'.1 week, the PCRV atmosphere can.be saturated with water vapor.
However, its reaction 1 rate with the graphite is so low at the temperatures
established by the CACS [260*C (500*F)] that the pressure rise due to
water gas formation is negligible.

3

-CACS Water Ingress (Case 4)
;
.

|
'

The total amount of water in the CACS which can be transferred to the
PCRV is about 16,300 1 (4300 gal). The instantaneous vaporization of the

4

j accidentally transferred water does not pose any overpressurization hazard
I

. for-the'PCRV, since.the maximum allowable amount of vaporized water to

! ~

reach 8.27 MPa (1200 psia) is almost 26,500 1. (7000 gal) .

4 Core Heatup.
f

Although core heatup is not a case chosen for investigation since it
i is not a design-basis event, it was examined briefly to provide more under- '

standing of the problem of overpressurization.
,

t
' LFor comparative purposes, calculations were performed to determine

.the-net flow area ofta HTGR-GT PCRV relief valve requirad to vent the

helium flow. rate to compensate for the pressure buildup at the initiation --

! sof the blowdown during the unrestricted core heatup accident. The minimum
' area .to prevent pressure buildup in the-PCRV [0.38-cm (0.15-in.) dia.] is

i
.so small'in comparison with the net flow area of 14.8 cm2 (2.3 in.2)' deter-

'

-

,
;

-

| Emined for the oil . ingress: accident. (case 5) for the HTGR-GT that no redesign
i

~ of the PCRV with regard to the relief line penetration would be required.

i ~. .
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When an equilibration pressure of 8.2 MPa (1200 psin) is reached in

the HTGR-GT PCRV, the temperature of its boundaries has probably already
affected their integrity. Therefore, a manually or temperature actuated

valve would be required if it were desired to initiate the controlled PCRV

blowdown into the containment building. This would be done only if the
pressure could not be relieve,! through the helium purification system to

the storage system.

9.3.4. IIHT Support

9.3.4.1. Safety Criteria. The e f fort in support of the HHT Program con-

sisted primarily of the 3-month assignment of a GA employee at
Hochtemperatur-Reaktorbau GmbH (HRB), Mannheim, FRG. During this time he

participated in meetings between URB and German licensing authorities to

develop a draf t of nuclear safety criteria specific to ilTGRs for their

future licensing in the FRG. The purpose of this assignment was to con-

tribute to and share in the development of the safety criteria under the

U.S./FRG Gas Cooled Reactor Umbrella Agreement, Direct Cycle project work

statement. The resulting Federal Ministry of the Interior (BMI) draft of

the safety criteria, which was issued to nuclear experts and licensing

authorities in the German states, accounts for inherent safety features of
the HTGR and contains geraral wording which is consistent with U.S. design
practice and approach in all HTGR plant aspects except the BOP. Differ-

ences are found in more specific instrument radiation monitoring and
control room requiremer.ts, redundant PPS circuit switchyards,.and contain-
ment design for human-related external events. The impact of the proposed
criteria on the HHT design is expected to be minimal and far outweighed by
the future development of HTGR regulatory acceptance standards.

Major features of the BMI draft criteria are as follows. For the

primary coolant boundary, a distinction is made between pressure bearing
(PCPB) and non-pressure-bearing (liner) parts of the primary coolant
boundary. Safety requirements for the PCPB are thermal protection and
monitoring, consideration of external influences on the outside of the PCPB,

O
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. and monitoring and periodic testing of the PCPB. The liner does not have

these requirements.

For the core-and reactivity criteria, as for LWRs, two shutdown
systems,'one-of which can maintain cold shutdown, are required. Inherent
characteristics of the reactor can be used in the hardware design. The

.

question of manual versus automatic activation of the reserve system was:

left.open.

After extensive discussion on application of the single-failure
j - criterion, it was decided to retain the concept previously defined for

LWRs in the FRG interpretation of October 26, 1978 This is similar to the

U.S. concept.except for the way maintenance operations are considered,
which sometimes leads to (N-2) instead of (N-1) redundancy. Future modi-
fications of the concept were considered possible in light of Three Mile

#
t

Island postaccident activities.
!

- ( For 'af terheat removal, a main, non-safety system is required which ;

must be available for the large majority of plant shutdowns. A backup'

,
. safety system (CACS) is required which must consider the frequency of q

accidents, potential air or' steam ingress, and minimum containment back-

pressure.(specific safety margins are not stipulated). Common parts of the
~ ~

two systems are not precluded if reliability is maintained and if the parts
are testable. The (N-1) loop redundancy rule is sufficient for maintenance
operations where the loop in repair can be restored in time, considering
inherent plant . characteristics. Otherwise,-(N-2) loop redundancy is j
required.

|

f

I

The containment function ma be met with filtered vented confinement !
.

concepts if. dose exposure limits are maintained during accidents. Atmos-
"

'pheric' cleanup or heat removal systems in the containment are not required.
Periodic pressure and leak-tightness tests are required for the containment.

g .
; -structure and penetrations. Isolation valve requirements are similar to
,

Q

0
t

l'
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those in the General Design Criteria except that the positions of valves

must be shown in the control room. A unique requirement was added to pro-

vide an internal barrier against liquids on the inside of buildings to

protect the structure and ground water.

Instruments are divided into " event" and " consequence" categories

with all output displayed in the control room and in an emergency control
station (required as a backup) . " Event" instruments must have redundant

recording and an uninterruptible power source.

Specific redundancy requirements, whether (N-1) or (N-2), are not
specified for diesel generators. As opposed to U.S. criteria, separate

and redundant PPS circuit switchyards (as well as supply lines) are

required.

Specific requirements were added to radiation criteria for stationary

activity-measuring devices with recorded output and indication and alarms

in the control room, as well as portable devices. The ALARA concept is

specified for accidents as well as normal operation. Specific emphasis

is placed on personnel exposure during maintenance and component replace-

ment operations.

For external e f fects, the German HTGR and LWR criteria require design

consideration of human-related (aircraft crash, sabotage) events as wel?

as natural phenomena (earthquakes, storms). German requirements for j
.

seismic design are basically the same as in the U.S. |

|
|

Regarding testability, a separate criterion was written specifying

component testability as befits safety importance. Exceptions are allowed
'

when additional requirements on design and quality control are satisfied.

Consequences of failure of non-testable components must be limited.

O
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\- In conclusion, the major German criteria do not require significant

deviations from current GA design practice for the NSS/RTS portion of the
HTGR-SC and HTGR-GT. Differences are found in more specific (1) instrument

and control room requirements, (2) electrical switchyard requirements,
(3) radiation-measuring devices, and (4) containment design for human-
related external effects.

In the near-term period, technical experts and licensing authorities
in the FRG will review and comment on the BMI draft of the HTGR criteria.
A translation of the FRG criteria and comparison with the U.S. Gene 1al

Des ign Criteria of 10CFR50, Appendix A, should be formalized in a report
to facilitate review in the U.S. and a better understanding of U.S. criteria

in the FRG. This comparison should also summarize respective regulatory

acceptance standards (regulatory guides, standard review plans, etc.) in
the two countries. Development of acceptance standards specific to HTGas

needs to be pursued in both countries, and these standards can significantly

impact the HIGR design. In the FRG, this involves mainly devclopment ofs

' _ -)' Kerntechaischer Ausschuss (KTA) regulations and Reaktor Sicherheits

Kommission (RSK) guidelines. Cooperative interface should be maintained
with the Germans on the detailed implications of the new criteria and

developing acceptance standards on the HHT (high-temperature reactor with
a helium turbine), PNP (Process Nuclear Project), and HTGR-GT projects.

9.3.4.2. Safety Assessment. In addition to the safety criteria work, an

independent calculation of an HHT turbine deblading event was performed

using the HTGR-GT version of the RATSAM program for the purpose of com-
l

paring analytical methods. Results for the HHT program are obtained with j
|

the PLAYGAS program (Ref. 9-1) . Although some difficulties were encountered
in interpreting the HHT data for input to RATSAM, reasonably good agree-

ment between programs was obtained. Some disagreement would be expected

since the HHT turbomachine performance characteristice were not available
and since there is a fundamental difference in the modeling of the turbine

deblading per se. In PLAYGAS, turbine deblading is simulated by a variable

7

.

3

I

1
9-15 ;
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area nozzle located between turbine inlet and exit regions. The area is

assumet to enlarge linearly over the deblading time of 0.020 s. In

RATSAM, the deblading is simulated by varying the flow resistance in the
flow path containing the turbine. The change in flow resistance is per-

formed in such a way that the same general behavior with time as the Hilt
simulation is approximated.

9.4. REFERENCE

9- 1. Dupont, J. F., G. Cina, and M. Dang, "PLAYGAS, A Computer Code

for the Transient Analysis of Nuclear Gas Turbine Power Plants,"
EJR-Bericht NR 284, paper presented at the 1st European Nuclear
Conference, April 1975, Paris.

O
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10. AVAILABILITY

10.1. SCOPE

The purpose of this task during FY-79 was to conduct availability
studies as required to aid in the selection of plant features and to assist

the system / component designers so that the plant availability goals can
be achieved.

10.2. SUMMARY
,

During the second half of FY-79, two ploac availability studies were
completed. The objective of the first study was to establish a preliminary

() estimate of the availability of a three-loop 1200-MW(e) HTGR-GT plant and
thereby establish whether high availebility, in the range of 90%, could be

expected frea a HTGR-GT plant. The results indicate that such high avail-

ability appears to be achievable.

The objective of the second study was to quantify, to the extent

possible, the relative availability that might be expected from inter-

cooled and non-intercooled variants of two-loop HTGR-GT plants. The results

indicate that the additional complexity of the intercooled plant could .

result in 1% less availability than for the non-intercooled plant.

10.3. DISCUSSION

10.3.1. ' HTGR-GT Preliminary Availability Evaluation

,

In June 1979, a study to assess the availability potential of the l
i

HTGR-GT was completed. A preliminary program goal of attaining 90% avail-

v('N -) ability in a mature plant was established. Because the scope of the study

10-1
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O
did not permit re-evaluation of all plant systems, it was decided to use,
to the extent practicable, previous analysen completed for the HTGR-SC.
The unscheduled outages of the 900-HW(e) HTGR-SC which are basically the

same for HTGR-SC and llTGR-GT plants are shown in Table 10-1.

The next step was to make estimates of the unscheduled outage to be
expected of the systems and components exclusive to the HTGR-GT, i.e. , the
turbomachines, precoolers, recuperators, and PCL control valves. The
unscheduled outage times for HTGR-GT exclusive systems were evaluated for

a three-loop plant, and the results are shown in Table 10-2.

Table 10-2 shows that if the allocation for the HTGR-GT/HTGR-SC common
systems and the HTGR-GT exclusive scheduled outage allocation can be met,
an availability of about 88% can be achieved. The effect of turbomachinery

ISI and planned maintenance, in which the turbomachinery is removed for
inspection and a spare is installed in its place, is indicated in Table

10-2 by an increase of scheduled outage to 547 h to accomplish the task. g
If one turbomachine were removed every year, this would reduce the avail-

ability to about 87%. However, if turbomachine replacement is required
only 3 yr out of six for a three-loop plant as presently anticipated,

then the plant availability estimate falls between 87% and 88% since re-
fueling dictates the outage time. These results indicate that the HTGR-GT
concept is compatible with a goal of high availability. For an HTGR-GT

piant to achieve availability in the range of 90%, there must be a con-
tinued effort in reliability and maintainability engineering throughout

the program.

10.3.2. Intercooled/Non-Intercooled Plant Availability Comparison

In September 1979, a study to compare the availability of non-
intercooled and intercooled two-loop HTGR-GT plants was completed (Table

10-3). The study discussed above was used as a basis, with the unscheduled
outage time for the components exclusive to the non-intercooled HTGR-GT;

O
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TABLE 10 I
UNSCHEDULED OUTAGE HOURS AII'XATED TO THE

900-MW(e) HTGR-SC REFERENCE PLANT
COMMON TO THE HTGR-GT i

,

f

-
.

Allocated Outage
'

System Description (h)
i
<

l
Reactor, neutron and flow control

'

and helium purification systems 22.1;
^

Rotating machinery service 12.9

Core auxiliary cooling system 8.4
5 Plant. control and protection systems 37.0

Cooling water systems 34.1

Generators and electrical systems 22.5
i

Unallocated reserve 58.4

: Total 195.4

;
,

i

)

.

'. |
, ,

; o
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O
TABLE 10-2

PRELIMINARY AVAILABILITY SUMMARY FOR THREE-LOOP
NON-INTERC00 LED HTGR-GT

Unscheduled Downtime (h/yr)

HTGR-GT/IITGR-SC common systems
(see Table 10-1) 195.4

HTGR-GT Exclusive Systems

Turbomachinery 328.0

Precoolers 10.1

Recupe rators 0.6

PCL valves 73.0

411.7

HTGR-GT Total 607.1

Scheduled Downtime (h/vr)
(1) Allocated for 90% availability 438

(2) Estimated for yearly turboc.achinery replacement 547.2(a)

Total Downtime for HTGR-GT

Using (1) 1045.1

Using (2) 1154.3

Availability

Using (1) 88.1%

Using (2) 86.8%

(a)1f a turbomachine is replaced biennially, the
availability would be between 87% and 88% owing to refueling.

O
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\ s/ TABLE 10-3

TWO-LOOP HTCR-CT AVAILABILITY SUMMARY,

Non-Intercooled Intercooled
Plant Plant

Unscheduled Outage (h/yr)

Systema common to HTCR-GT/HTGR-SC 191.8 191.8

Turbomachines(a) 218.7 240.6
Precoolers 6.8 5.0

4.0Intercoolers --

Recuperators 0.4 0.4
Valves (PCL) 48.7 48.7
Circulating water system 114.1 180.1

Total unscheduled downtime ( } 581 671

Scheduled Outage (h/yr)

Allocated for 90% plant availability 438 438

Total Outage (h/yr)

Using scheduled outage 1019 1109

Plant Availability (%)

Using scheduled outage 88.4 87.3
_

("}Intercooled turbomachine penalized 10% in outage time for perceived
c mP exity.l

(b) Assumes that the unscheduled outage allocated to systems common
to intercooled and non-intercooled variants (top of table) is
realized.

10-5
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O
i.e., the results of the HTGR-GT exclusive components were scaled to

reflect the two-loop configuration instead of the three-loop configuration.

One other basic change, which involved the circulating water system (CWS),
was incorporated into the second study. In thts initial study, it was

assumed in the cursory review of plant systems that the CWS performed
similar functions for an llTGR-GT and an llTGR-SC plant and thus would cause

similar unscheduled outages. In the second study, however, the changes

to the CWS caused by adding the intercoolers necessitated a more detailed
modeling and consideration of the CWS operating requirements. This re-

sulted in the recognition that the CWS is significantly more complex fer

the llTGR-GT than for the HTGR-SC and that a greater unscheduled outage

time must be expected. This will result in a readjustment of downtime

allocations for the llTGR-GT system.

Several factors considered to contribute to the complexity and

unscheduled outage of the CWS for the llTGR-GT are listed below:

1. Many valves are required to provide sufficient interconnections,

isolation capability for repair, and heat exchanger dumping,

a. Each of the two precooler sections (and the two intercooler

sections) interfaces with the primary coolant, and each

section therefore must have isolation and dump valves,

b. The higher water pressure expected for the CWS is expected to
requiredoubleisolationvalvesforsomecom[onentstoenable
repair with the system pressurized.

2. The effective failure rates for valves may noc be reducible owing

to anticipated strict leak limitations (a) because of tritium in

the water and (b) because the water is treated to maintain high

quality.

3. Ef fective repair times are longer because of the time required to

shut down and start up the plant for repair of some componentu.

10-6
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System optimization and refinement in failure criteria and ef.fective failure

rates decrease the predicted unscheduled outage for the CWS, but because
of the above factors, it is expected to remain higher for a HTGR-GT

than for a steam cycle plant.

The scheduled outage hour value (438 h or 18.2 days) presented in
Table 10-3 for both the non-intercooled and intercooled plants is the

value allocated to scheduled outage in order to meet a 90% plant avail-

ability goal. Current requirements do not include ISI of precooler,

intercooler, or recuperator heat exchange tubing. If ISI of this tubing

were mandated in the future, a significant increase in scheduled outage

| time would be likely. The increase would be greater for the intercooled

plant because of the intercoolers.

10.3.3. Conclusions

('; It is concluded that a mature HTGR-GT plant has the potential for

! achieving high plant availability. The intercooled variant, however, is
'~

expected to show a somewhat lower availability than a non-intercooled

version.

i
l

i

!

,
,
'
'w|
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11. REACTOR TURBINE SYSTEM / BALANCE OF PLANT INTEGRATION (631001)-

:

- 11.1. . SCOPE
*

b

The purpose of this task in FY-79 was to develop the reference plant

layout and conceptual design for major BOP systems; issue a design informa-
tion package for cost purposes; provide BOP impact assessment to the alter-

nate, intercooled, plant study; and perform a maintenance / contamination
i study for selected RTS components.

j 11.2. SUMMARY

t-

Only a nominal effort was scheduled on this task during the first half,

(I of FY-79, the bulk of the work being performed during this reporting

! period.

.

i Structural sizing and layout drawings were prepared for the RCB,
; control auxiliaries and diesel (CAD) building, reactor service building

(RSB), and fuel storage building (FSB) . A plot plan illustrating the plant
arrangement was also developed. The degree of detail was just sufficient

,

to permit the preparation of cost estimates for the major BOP structures.

Design information was generated to support the cost estimate for the

following' BOP systems:4

Circulating Water System (CWS).

Service Water System (SWS).

; Nuclear Service Water System (NSWS).'

Generator Plant Cooling Water System (GPCWS).
,

$'

' * -

.. Q -

1
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Reactor Plant Cooling Water System (RPCWS).

Fuel Storage Pool Cooling Water System.

Core Auxiliary Cooling Water System (CACWS).

Helium Storage System (HSS).

A brief study was conducted to assess the clifferer.ces between the con-
tainment sizes and configurations for an intercooled isnd a non-intercooled
plant. The results indicated a significant cost increase for the contain-

ment in the intercooled concept.

A fairly extensive study was conducted to evaluate the maintenance
requirements of selected major primary loop components based upon estimated

contamination levels. Servicing requirements, including in-service inspec-

tion (ISI), were developed together with the sequence of events. Associated
man-hour and personnel estimates for performing the v:4rious tasks were
generated together with maintenance crew exposures.

Fission product plateout data were developed for MEU fuel, and dose

rates were estimated for selected component locations within the primary

loop. Based upon these levels and whole body dose rate limits established
for contact maintenance, most of the tasks were conducted remotely.

Labor cost approximations were generated for the planned and unplanned

maintenance tasks.

11.3. DISCUSSION

11.3.1. BOP Plant Layouts

The design apprcach for the building arrangements is quite similar to

that previously employed on other HTGR concepts, with the principal exception

of the RCB.

O

11-2



. . . - .. -- -

.

<

-

The program decision to employ water-cooled generators permitted the
per!.", ors to be housed within the RCB. This location circumvents earlier
problems related to locating the generator external to the containment and
the shaft penetration / seal issue. In order to minimize containment size
and cost and assure adequate equilibrium backpressure for CACS operation,
the generators were partially housed within " doghouse" vessel extensions~

from the contalonent at grade elevation.

A special fuel handling equipment positioner system replaces the polar
crane at the spring-line elevation.

i

Locating the generators within the RCB introduces a problem with
respect to the electrical penetrations. Currently obtainable RCB electrical
penetrations are limited to ratings of 15,000 V and 520 A. The requirements

for the reference plant are 24,000 V and 12,000 A. A potential solution i

has been determined following conceptual design work and discussions1

with suppliers. A development program would be required to qualify the
penetrations. ;

The RSB houses all the equipment and facilities associated with the )
rapid refueling system, including the control room located above the refuel-

*

ing floor.- Additionally, the equipment service facility, gas waste storage

and process equipment, and liquid and solid radioactive waste process equip-

ment are located within the building.

The FSB employs the pool type containerized storage system. It is

sized to accommodate-10-yr spent fuel storage. It became apparent during'

the development of this structure that there is an economic incentive to

provide an alternative, more compact, method of storage. However, time
limitaticos and budget restraints did not permit any assessments of

i- alternative schemes during this reporting period.

.

O
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O
The C/ D building contains the following:

* bin control room.'

.

2. Upper and lower cable spreading rooms.

3. Diesel generators.

4. 4160-V bus and controllers.

5. 480-V MCC and battery rooms.

6 HVAC.

The building layout with regard to services, function, and separation is

similar to that recently employed on other HTGR concepts.

A plot plan was developed (see Fig. 11-1) which illustrates the
overall plant arrangement and includes the other principal structures

required for the BOP.

An information package was prepared, including building volumes for

the Category 1 and non-category structures, for use during thu preparation

of the conceptual cost estimate.

11.3.2. BOP Systems

The CWS is a pressurized, non-nuclear safety, closed-loop system which
transfers heat from the three precoolers and rejects it to the environment

through dry cooling towers. The CWS consists of two 50% capacity dry cool-
ing towers, four 33-1/2% capacity circulating pumps (normally three operat-
ing), three dump tanka (one for each loop), and a pressurizing tank. It

6is designed to remove a heat load of 570./ MW(t) (1.975 x 10 Btu /h) per
loop.

The plant SWS is a non-nuclear safety cooling water system that
provides cooling for the RPCWS, the fuel storage pool cooling water system,
and the GPCWS. The SWS consists of a mechanical draft, wet cooling tower

and three 50% capacity circulating pumps. It is capable of removing a
6

total heat load of 53.0 MW(t) (181 x 10 Btu /h).
(
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The NSWS provides cooling for the PCRV liner, the fuel storage poul,
and the auxiliary circulator note cooling water system when the SWS is
inoperative. The NSWS consists of 100% capacity wet evaporative cooling
tow rs, two 100% capacity circulating pumps, one 100% heat exchcager, two
100% cooling water pumps, and a surge tank. The NSWS is sized to reject

6
a heat load of 29.2 M(t) (99.8 x 10 Btu /h) encountered in shutting down

~ the plant and maintaining it in a safe shutdown condition.
.

The GPCWS provides cooling to the three generators and auxiliaries
and to the turbocompressor service modules in the RCB. It is a non-

I safety, closed water system of controlled water quality rejecting heat .to

the SWS. The CPCWS consists of a 100% capacity heat exchanger, two 100%

capacity pumps,.a pressurized surge tank, and a chemical control package.
0It is sized to remove a heat load of 20 W(t) (68.3 x 10 Btu /h).

4

The RPCWS provides cooling to RTS components and systems under normal

and emergency plant conditions. The system normally rejects heat to the,

plant SWS.- Undar emergency conditions, the NSWS serves as the ultimate

heat sink for the safety related components, i.e., PCRV liner and auxiliary

- circulator motors.

; The fuel storage pool cooling water system consists of two 100%

capacity pumps which circulate water through the SWS heat exchangers under
_

normal conditions and to.the NSWS under emergency conditions. The system
,

6
has a heat. rejection capacity of 6.45 N(t) (22 x 10 Btu /h). |

!

The CACWS is a nuclear safety class system supplying cooling water to

the CAHEs in the CACS loops. Each loop is independent and sized to remove,

6approximately 60.1 W (t) (205 x 1'0 Btu /h) during the loss of pressurized
main loop core cooling. Each'of the three CACWS loops consists of two 100%

capacity auxiliary pumps, one 100% capacity reain pump, one 100% capacity

. air blast heat exchanger, a surge tank, and a chemical control module.

O:
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O
The HSS is a non-safety related system containing non-radioactive

helium. It consists of two 100% capacity transfer compressors, two oil

absorbers, helium storage tanks, and high-pressure supply tanks. It pro-

vides for storage and transfer of the total plant helium inventory and

provides makeup, purging, and pressurizing functions for various systems

and components.

A design information package for the B0P systems, including sizing

data, was issued for the conceptual cost estimate.

11.3.3. Intercooled Versus Non-intercooled Plant Impact on BOP

This brief study evaluated the principal differences in the BOP area

for an intercooled plant and a non-intercooled plant. Previous studies

had been exclusively directed to the non-intercooled plant configuration.

Therefore, this task concentrated solely on the differences introduced by

the intercooler. The major impact may be summarized as follows:

1. The RCB is increased in size, and therefore cost, owing to the

increased-diameter PCRV.

2. Increased containment net free volume results in corresponding

increase to HVAC system requirements.

3. The location of the RCB access penetrations for turbogenerator

removal and the removal space requirements increase the distaace

between the RCB and RSB within the penetration building. The

penetration building increases in size accordingly.

4. The maintenance times for servicing the intercooler and removal of

the turbomachine are increased over those for the non-intercooled

plant.

O
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11.3.4. Maintenance / Contamination Study

An extensive study focused on the planned and unpinnned maintenance

requirements associated with the following primary loo;i components:

1. Turbocompressors.

2.. Precoolers.
'

3. Recuperators.

4. Hot ducts.

5. Helium control valves.

These components had previously been identified, by a utility advisory
committee, as being of pv.rticular concern from the maintenance and servicing
aspect.

Equipment servicing requirements, including ISI, were developed
together wnh the respective sequencing of events. Associated man-hour
and personnel estimates for performing the maintenance tasks were
generated.

For the initial plant, the maintenance program calls for the removal,

inspection, and servicing of each turbocompressor unit on a 6-yr schedule.
In-service inspection requirements and prudent judgment dictated the fre-

quency of inspection for the other components.

Fission product plateout data were developed for MEU fuel. The main
fission product nuclides contributing to unshielded gamma dose rates in

this study are Ag-110m and Cs-134. At high-temperature operation [>800*C
~

.

- (1472*F)], fission product nuclides tend to diffuse into the surface of the
metal, precluding standard decontamination procedures. One of the highesti

component dose rates (15.2 rads /h) occurs within the turbine assembly. A
limit of'10 mr/h has been established for whole body dose rate for contact

~

maintenance. It is not considered practical to achieve the required decon-
' tamination~to' perform hands-on maintenance for this component, and thereforeW'

(.)
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O
remote handling is being considered. Studies are currently under way to

identify, conceptually, the remote handling tools and onsite facility

requirementa.

The study provides estimates of the man-hours and costs for perform-

ing the various planned and unplanned maintenance tasks, together with
the annual collective dose to the maintenance crew. A great deal of

uncertainty exists with respect to these values owing to the lack of

adequate design definition for some components and the acsumptions which,
of necessity. had to be made. The results are summarized in the

Mainte.ance/ Contamination Study Design Report, which is in the proccss
- f being released for issue.

O

O
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12. SYSTEMS DESIGN (631002)

12.1. SCOPE
!

.
The purpose of this task in FY-79 was to perform a review of technical

|

! issues and to conduct studies of the systems aspects of the intercooled
versus the non-intercooled cycles, helium inventory control cost impact,

system pressure drop and bypass, ambient air ef ficiency impact, and CACS

cooling.

12.2. SUMMARY

As part of GA's assessment of the benefits associated with the HTGR-GT
plant, a review of current technical issues that are related to primary

system parameters was performed and documented in a design report. In addi-
tion, cost sensitivity studies were performed using CODER 6 by perturbing
key primary system parameters and thereby determining how reduced HTGR-GT

;

'

power costs might be achieved. The results of these studies were also
documented in a design report.

|

|

The reference plant design for the above investigations was the three- |
loop, 3000-MW(t) non-intercooled concept with a conventional liner and a
"delt " PCRV configuration at 850*C turbine inlet temperature. The areas

included in the design issues review were materials, limiting transients

(including CACS cooldown transients and the turbine deblading event), core
design and fission product release, thermal barrier, reactor internals,

turbomachinery, PCRV, liners, and safety and availability. The review is
i

intended to provide a constructive assessment of the design issues related
to primary system parameters (as of August - 1979) as well as an aid to com-

i ponent designers in their efforts to develop a technically sound and cost |

- effective plant.-

,
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The primary system parameter review study was undertaken because the

llTCR-GT must be developed and designed with constant attention toward
maximizing value and safety to the utility owner. One key factor to be

considered is plant capital cost. Another is availability / maintainability.
In the early stages of design, a cost assessment of variations in major

pritaary system para neters is valuable. This effort will indicate how much
incentive exists for changing system parameters, which ultimately must be
balanced against feasibility questions and impact on availability /
maintainability. The objective of the present study is to provide an

initial evaluation of the sensitivity of cost to variations of key primary

system parameters about their reference design values for the 1200-MW(e)
non-intercooled ilTGR-GT with a conventional liner.

The primary system parameters investigated in the study are listed in

Table 12-1 along with the reference values and range of survey. Two other

parameters are included, capacity factor and f uel cycle length. The capac-

i ty f acter for the plant is listed as 80% in the Plant Technical Description

Document (TED), but all cases are also run at 70% sir.ce utilities are

interested in the 70% to 80% capacity factor range. The reference fuel

cycle length is 4 yr. For discussion purposes, however, the power density

variation cases were also calculated with a 3-yr fuel cycle length to deter-'

mine effects on fuel and overall plant costs.

Owing to the impact of fission product release on the svallability/

maintainability of primary system equipment, fissile particle failure frac-

tions and several isotopic releases were evaluated as a function of varia-

tions in turbine inlet temperature. It should be noted, however, that

remcte maintenance appears mandatory regardless of the fuel cycle chosen
if a 10-mr limit for contact maintenance is adhered to.

For the non-intercooled versus intercool' d plant study, power cost

optimization analyses using CODER 7 and CODER 8 were performed. Key system

parameters were allowed to " float" within a specified range of variation

while CODER searched for the minimum total poser cost. ables 12 -2 and
O12-3 give the performance parameters for the optimized non-intercooled

12-2



-. . , - - .-.

l#

TABLE 12-1
PARAMETERS EVALUATED IN PRIMARY SYSTEM PARAMETER STUDY

_.

Reference Minimum Maximum
j Parameter Value Value Value

Primary System
Related

;

Turbine inlet 850 (1562) 800 (~1472) 900 (1652)*

temperature, *C (*F):

Pressure, MPa (psi) 7.932 (1150) 7.518 (1090) 8.345 (1210)

; Compressor pressure 2.5 2.3 2.7
ratta

Recuperator
affectiveness,% 89.8 85.8 93.8

Power density, W/cm 7.0 6.4 7.8

Others

capacity factor,% 80 70 80

Fuel cycle length,yr 4 3 4

,

v
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TABLE 12-2

PERFORMANCE PARAMETERS FOR WO-LOOP, 2000-MW(t) HTGR-GT
NON-INTERCOOLED REFERENCE PLANT (OPTIMIZED)

Conditions: No intercooling; no blade cooling for turbomachine; standard
day ambient air temperature; CODER 8 run H03B/H05.

Reactor rating 2000 MW(t)
Number of loops 2
Liner option Conventional

Compressor pressure ratio 2.6
Compressor flow (M) 563.33 kg/s (4,471,000 lb/hr)
HP compressor pressure 8.412 MPa (1220 psia)
Reactor inlet temperature 494.4*C (922*F)
Reactor outlet temperature 850.0*C (1562*F)
Turbine inlet temperature 848.9*C (1560*F)
Compressor inlet temperature 26.8'c (80.2*F)
Minimum cycle helium temperature 26.1 *C (79.0"F)
Primary system pressure loss 419.9 kPa (6019 psi)
Recuperator high-pressure AP 64.1 kPa- (9.3 psi)
Core AP 100.0 kPa (14.5 psi)
Turbine AP 4757 kPa (690 psi)
Recuperator low-pressure AP 72.4 kPa (10.5 psi) ||hPrecooler AP 11.0 kPa (1.6 psi)
Compressor pressure rise 5177 kPa (751 psi)
Recuperator effectiveness 0.905
Turbino isentropic ef ficiency 91.8%
Compressor 1sentropic ef ficiency 89.8%

Generator efficiency 98.8%
Turbine blade cooling flow (M) 0%
Turbine disk cooling flow (M) 2.967.

Ambient air temperature 15.0*C (59"F)
Cooling water temperature 20.6*C (69'F)
Precooler outlet water temperature 132.2*C (270*F)
Heat losses 12.33 MW(t)
Auxiliary power 8.0 MW(t)
Plant efficiency 40.07.

Net electrical output 800.0 MW(e)

|

|

|
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''' TABLE 12-3
PERFORMANCE PARAMETERS FOR TWO-LOOP, 2000-MW(t) HTGR-GT

INTERC00 LED PIANT (OPTIMIZED)

Conditions: Intercooling; no blade cooling for turbomachine; standard day
ambient air temperature; CODER 7 run C03B/G04.

Reactor rating 2000 MW(t)
Number of loops 2
Liner option Conventional

Compressor pressure ratio, LP/HP 1.75/1.80
Compressor pressure ratio, overall 3.15
Compressor flow (M) 494.79 kg/s (3,927,000 lb/hr)
HP compressor outlet pressure S.618 MPa (1250 psia)

Reactor inlet temperature 443.0*C (833*F)
Reactor outlet temperature 850.0*C (1562*F)
Turbine inlet temperature 848.9*C (1560*F)
LP compressor inlet temperature 26. 4*C (79.6*F)
HP compressor inlet temperature 26.7'c (80.0*F)
Minimum cycle helita temperature 26.1 *C (79.0*F)
Primary system pressure loss 4 43 kPa (64.3 psi)
Recuperator high-pressure AP 48.9 kPa (7.1 psi)
Core AP( ''6.5 kPa (11.1 psi)

Turbine AP 5.460 MPa (792 pai)
Recuperator low-pressure AP 90.3 kPa (13.1 psi) :
Precooler AP 13.1 kPa (1.9 psi)
LP compressor pressure rise 2.075 MPa (301 psi) '

HP compressor pressure rise 3.833,MPa (556 psi)
Recuperator effectiveness 0.898

~ Turbina isentropic efficiency 92.2%
HP compressor isentropic efficiency 90.2%
LP compressor isentropic efficiency 90.3%

Generator efficiency 98.8%
Turbine blade cooling flow (M) 0%

- Turbine disk cooling flow (M) 2.96%

Ambient air temperature 15.0*C (59'F)
Cooling water temperature 20.6*C (69'F)
Precooler outlet water temperature 20.6*C (69'F)
Precooler outlet water temperature P6.9'C (188.5*F)s

Intercooler outlet water temperature 65.6*C (150.0*F)
Heat losses 9.79 MW(t)

' Auxiliary power 8.0 MW(t)
Plant efficiency 43.5%

Net electrical output 869 MW(e)

O
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and intercooled plants, respectively. As indicated in the tables, the

plant efficiency fer the two-loop non-intercooled design is 40.0% compared
with 43.5% for the intercooled design.

Plant power generation cost was evaluated on two bases: constant

plant thermal rating 12000 MW(t)] and constant plant net electrical rating

[800 MW(c)]. When thermal rating is maintained, the intercooled plant is

approximately 5% lower in cost than the non-intercooled plant, and this

difference shrinks to approximately 2% when net electric power is equal

for both cases. Thus, despite the large ef ficiency improvement of the

intercooled cycle, the additional cost of the configuration hardware tends

to offset the economic impact of the efficiency gain.

Operating costs for an HTGR-GT plant can be significantly reduced with

a helium inventory control system (HICS), since much higher part-load effi-

ciencies can be achieved than with conventional control methods (bypass

flow and temperature controls). A study was performed to explore imple-

mentation of this load-control technique and carry out preliminary design

efforts to conceptually define the system. Follow-on efforts can be

carried out Eo evaluate the economic viability (cost / benefit ratio) of
incorporating this approach in the two-loop 800-MW(e) HTGR-GT plant.

Ground rules have been developed for an HICS, and a conceptual system
design has been recommended for use with the HTGR-GT plant. It is expected

that a significantly larger helium purification system will be needed along

with expanded, out-of-containment storage facilities. Figure 12-1 sche-

matica11y illustrates the intended plant operationa with the HICS incor-

porated. Part-load control of the plant would be achieved using the HICS

in conjunctiot. with conventional reactor power control methods, i.e.,

bypass flow and temperature adj ustments. For normal load decreases, up to
0.42%/ min as currently defined for representative plant conditions, the
HlCS would operate exclrsively, decreasing the helium inventory by using
a helium purification system for radioactive cleanup of the hellun. prior

to its release to out-of-containment storage. For less frequent, more

9
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rapid load reductions, e.g., up to 5%/ min or ramps of 10% in 10 to 20 s,
the bypass flow control valve would be initially opened (for instant power

decrease) and then the llICS would be used to " catch up" with the change,

i.e., through simultaneous adjustment (reclosing) of the bypasa ve?ve while
,

helium la removed from the system at the 0.42%/ min rate. All increased
!

load requirements would be aatisfied with helium supplied f rom external

storage facilP. . u, .idjust the inventory appropriately.

System pressure drop and bypass flows directly affect the efficiency

of a power plant. The objective of recent studies in this area was to

update these data to permit optimization efforts (i.e., CODER runs) on

llTGR-GT designs currently being evaluated. The results of theee studies

can be used to guide follow-on design approaches.

Pressure drops and bypass flows were updated for the three-loop

3000-MW(t) IITGR-GT plant (see Fig. 12-2 and Table 12-4). The total

primary coolant system prusure drop was found to be 520.5 kPa (75.5 psi),

appreciably larger than prior values. The pressure drop increase was
mainly due to increased dif ferential pressure in the heat exchangers and

in the core, determined from better design information for these compner.ts.

Areas for pressure drop improvement were recommended along with guidelines
for the magnitude of the differential pressure reduction.

Sizing and cost evaluations have been performed to (1) determine the
influence of the major tower sizing parameters on design point plant per-

formance and on plant cost of power, (2) compare design point performance
and cost of power for an intercooled plant and a non-intercooled plant,

and (3) compare plant design point performance and cost of power for dil-
ferent cooling tower arrangements.

Results of the parameter evaluation are generally as expected: design

point plant performance decreases and cost of power increases as design
point ambient temperature increases. Also, lower tower approach tempera-
tures result in increased design point plant performance and lower cost of

Opower. This influence is not af fected by design point ambient temperature.
i
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TABLE 12-4

PRIMARY COOLANT SYSTEM PRESSURE LOSSES

'U*
(see P(a) AP

Fit ; AP/P
12-2) Loss Description MPa psia kPa psi (%)

1 Core upper plenum
inlet expansion 7.753 1124.38 13 ~. 5 8 1.97 0.175

2 Core upper plenum
flow 7.751 1124.21 1.17 0.17 0.015

3 Core flow 7.660 1111.05 90.74 13.16 1.171
4 Core support blocks

+ lower plenum
expansion 7.648 1109.30 12.07 1.75 0.158

5 Core lower plenum
flow 7.645 110P,79 3.52 0.51 0.046

6 Core outlet duct
contraction 7.637 1107.63 8.00 1.16 0.105

7 Core-to-turbine
duct friction 7.623 1105.69 13.38 1.94 0.175

8 Turbine inlet ;

expansion 7.592 1101.15 31.30 4.54 ' O.411
9 Turbine flow 3.355 486.61 g10 Turbine exit duct

contraction 3.339 484.31 15.86 2.30 0.475
11 Turbine-to

recuperator (LP)
duct friction 3.339 484.27 0.28 0.04 0.008

12 Recuperator (LP)
inlet expansion . 3.335 483.72 3.79 0.55 0.114

13 Recuperator (LP) |
flow 3.2 30 468.50 104.94 15.22 3.146

14 Recuperator (LP) exit
duct contraction 3.228 468.13 2.55 0.37 0.079

15 Recuperator (LP) to
precooler duct
friction 3.225 467.73 2.76 0.40 0.086

16 Precooler inlet
expansion 3.221 467.16 4.07 0.59 0.126

17 Precooler flow 3.1F" 461.56 38.61 5.60 1.199
18 Precooler exit duct

contraction 3.179 461.14 2.90 0.42 0.091
19 Precoolcr-to-

compressor duct
friction 3.179 461.01 0.90 0.13 0.028

20 Compressor inlet
i

e xpans ion 3.172 460.00 6.96 1.01 0.219 '

O

12-10



.

.

TABLE 12-4 (Continued)

Item
(see P(* AP

Fi g. AP/P
12-2) Loss Description MPa psia kPa psi (%)

21 Compressor flow __
_ _ _

7.929 1150.00
22 Compressor exit duct

contraction 7.873 1141.89 55.92 8.11 0.705
23. Compressor-to-

recuperator (HP)
. duct friction 7.870 1141.46 2.96 0.43 0.038

24 Recuperator (HP)
inlet expansion 7.867 1140.96 3.45 0.50 0.044

25 Recuperator (HP)
flow 7.790 1129.78 77.08 11.18 0.980

'26 Recuperator-(HP)
exit duct
contraction 7.783 1128.77 6.96 1.01 0.089

27 Recuperator (HP) to
core upper plenum

! duct friction 7.766 1126.35 16.69 2.42 0.214

Total
_ _

520.42 75.48 9.90(D)

* Pressure on downstream end of item.

(b)These. losses are not strictly additive, but for comparison purposes
Ithey are usually indicative of plant layout merit.

,

.

O
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The impact of ambient temperature on the size and cost of the cooling

tower as well as cycle performance was evaluated by developing all-dry and

wet / dry cooling tower models compatible with CODER. The impact of ambient
~

temperature on plant parameters was then evaluated to ascertain the impact

of plant optimization at the various ambient temperatures.

A design report <as been prepared defining the tentative CACS design

bases for the two-loop 800-MW(e) HTGR-GT plant. The report, covering

requirements for both the CACS and the CACWS , is currently in the review

and sign-off stage.

The CACS is an engineered safety feature intended to ensure safe cool-

down of the core and continued shutdown cooling in the event that the main

cooling loops become unavailable. While considerable ef forts have been

directed at the CACS for HTGR-SC plants, little engineering has been

carried out for the CACS applicable to an HTGR-GT plant. With the HTGR-GT
program being the lead program at GA, such studies have been initiated, with

initial emphasis directed at a design report and component sizing informa-

tion to conceptually define the CACS and the CACWS.

Preliminary system parameters have been developed for the CACS

(System 28) and the CACWS (System 47) for the two-loop 800-MW(e) HTGR-GT

plant. Also, estimates have been made of the sizing of conceptual com-

ponents for these systems (see Tables 12-5 through 12-8) and of engineering
costs for such equipment (see Table 12-9). These results are ba >d on

sizing calculations carried out with the ECSEL8 code. The size sf the

CAHE is relatively large compared with that for HTGR-SC plants, primarily

owing to tha high bypass values calculated for the HTGR-GT plant, Design

basis transieats which the CACS must accommodate have been analyzed.

O
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TABLE 12-5
PRIMARY COOLANT SYSTEM PERFORMANCE

Depressurized PCRV

Pure Helium Air Ingress Pressurized PCRV

CACS loops operating 2 2 2

Primary coolant molecular weight 4.0 14.7 4.0

Primary coolant pressure, MPa (psia) 3.84.(23.6) 3.84 f23.6) 136.68 (840)

Heat duty per CACS loop,
7 7 8

MW (Btu /hr) 12.80(4.366 x 10 ) 17.12(5.840 x 10 ) 63.04(2.151 x 10 )
Primary coolant circuit

Flow per CACS loop, kg/s(lb/h) 4.22(33,493) 25.69(203,881) 40.35(320,247)
Core outlet temperature, *C(*F) 1158.3(2117) 1164.4(2128) 970.6(1779)

,

CAHE inlet temperature, *C(*F) 642.8(1189) 775(1427) 543.9(1011)~

G Core inlet temperature *C(*F) 60(140) 333.9(633) 243.3(470)

b Pressure drop, kPa(psi)
_ _

6.27(0.91)
7.79(1.13)

CAHE
_ _

0.07(0.01)Core
_ _

1.52(0.22)Ducts and plena
_ _

Secondary (CACWS) circuit
Mass flow per CACS loop,

kg/s (lb/h) 87.28(692,700) 87.09(691,200) 83.81(665,200)
3Pump volumetric flow, m /s (gpm) 0.088(1400) 0.088(1400) 0.088(1400)

Volumetric flow at CAHE out- -

3let, m /s (gpm) 0.090(1428) 0.091(1442) 0.112(1776)
CAHE inlet temperature, *C(*F) 57.2(135) 61.7(143) 118.9(246)
Air blast heat exchanger

inlet temperature, *C(*F) 92.2(198) 108.9(228) 284.4(544)
1.40(203)Pressure drop, MPa(psi)

_ _

0.04(6)CAHE __

'.

Piping and air blast heat
exchanger _ _

1.36(197)

,

m
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T/BLE 12-6
CORE AUXILIARY. CIRCULATOR (SYSTEM 28-1) CONCEPTUAL STUDY RESULTS

Design power 671.1 kW (900 hp)

Maximum required power
(depressurized, air Ingress) 624.9 kW (838 hp)

O
TABLE 12-7

CORE AUXILIARY HEAT EXCHANGER (SYSTEM 28-2) CONCEPTUAL STUDY RESULTS

Heat transfer (UA) kW/*C (Btu /h/*F)'

i

Depressurized, pure helium 123.6 (234,264)'

Depressurized, air ingress 39.0 (73,968)

Pressurized 343.6 (651,349)

Resulting size

Area 894.9 m (9,633 ft2)

Length 9.81 m (32.2 ft)

i

O
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].- s TABLE 12-8
CORE AUXILIARY COOLING WATER SYSTEM (SYSTEM 47)

CONCEPTW'. STUDY RESULTS
'

-

Water pressure in pressurized cas2 10.342 MPa (1500 psia)
2

Air blast heat exchanger area, per loop 761.9 m2 (8201 ft )
Air blast fan power requirement, per loop 484.7 kW (650 hp)

CACWS pumping requirement, per loop 152.8 kW (205 hp)
$

Air blast heat exchanger configuration
6

Air flow 388.3 kg/s (3.082 x 10 lb/h)'

Approach air velocity 5.92 m/s (1166 f t/ min)
Number of vane-axial fans 4

Diffuser length- 3.05 m (10 f t)
Fan efficiency. 77%

Number of tube rows 9

Tube diameter 25.4 mm (1 in.)
Tube pitch 60.33 mm (2.375 in.)

[' ) Fin density (number per length) 0.43/mm (11/in.)
Fin height 15.88 mm (0.625 in.)
Fin thickness 0.51 mm (0.02 in.)

.

O
i
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hTABLE 12-9
ENGINEERING COST ESTlMATE FOR CACS AND CACWS COMPONENTS (,)

(1979 DOLLARS)

RT_S

System 28-1, auxiliary circulator $ 1,193,226

System 28-2, CAHE 2,283,441

System 28-3, controls (including
motor speed control) 300,425

Liner, penetrations, and closures 1,111,333

Total RTS $ 4,888,426

BOP

System 47, CACWS

Air blast heat exchanger (ABHX)
and fans $ 439,557

ABHX structure 1,123,755

Piping 788,778

Valves 45,228

Pumps 117,27:i

Misc. tanks, pumps, and services 248,669

Total $ 2,763,259

Tunnel, containment to ABHX structure 348,182

Standby power systems 1,347,941

Structures required by standby power 1,102,194

Total BOP $ 5,561,575

Total $10,450,001

#
Major cost items excluded: CACS cavity and crossduct thermal

barrier, portion of PCRV, circulator services, and labor on RTS components;

no allowance for indeterminates.

O
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x.,/ 12.3. ' DISCUSSION

. 12.3.1. Primary System Parameter-Related Design Issues

The HTGR-GT design issues related to primary system parameters are

briefly reviewed below.

12.3.1.1. Materials. For the high-temperature application being con-

sidered, material lifetimes.have to be verified since insuf ficient data

exists in most cases to qualify acceptable materials for a 40-yr lifetime.

Material selection is complicated by the number of limited materials with

suf ficient strength at design. temperature to resist various imposed load-

; ings. In addition, acoustic levela for the HIGR-GT are higher than for

the HTGR-SC and induce high cycle fatigue loadings that impact material

strength.

Other material issues, such as thermal aging, high-helium-velocity
G-(,) effects, carburization, internal oxidation, fission product effects, and

wear, tend to aggravate the already difficult material selection problems.

A substantial design verification and support (DV6S) program is under way

to resolve the issues.
_

.

12.3.1.2. Limiting Transients. Since transient conditions can lead to
'

limits on design parameters,_ nominal 100% load conditions and six limiting

plant transients were simulated by the REALY2 HTGR-GT transient analysis
program for the 1200-MW(e) HTGR-GT reference plant design. The transients
simulated were:

1. Single loop loss of load with overspeed.

2. ' Single loop turbomachine shaf t break.

3. . Single loop total loss of precooling water flow.
* - 4. Plant loss of load with overspeed.

'5. Plant loss of cooling' water flow.

6. . Slow rod runout at design point operation.
| . rm .

-\ M
I'
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The " single loop total loss of precooling water flow" transient

resulted in the maximum core transient pressure in the PCRV side cavities

as well as the highest precooler inlet and outlet gas temperatures. Metal

temperatures at the inlet of the high-pressure side of the recuperator

reached the highest observed value during this transient. The " plant loss
of cooling water flow" transient resulted in the maximum inlet and outlet

gas temperatures as well as maximum low-pressure recuperator/ inlet and'

recuperator hot end metal temperatures. The " single loop loss of load

with overspeed" transient showed the highest rate of pressure increase and
the maximum flow rate at the low-pressure side of the recuperator. The

highest rate of pressure decrease was noted during the " plant loss of load
with overspeed" transient, while the highest power-to-flow ratio and turbo-

machine speed were predicted for the " single loop turbomachine shaf t break"
transient.

CACS cooldown transients are not available since specific design

details of the CACS, such as heat exchanger sizes and circulator horse-

power, will not be set until after the primary coolant system materials

have been selected to suit their operating conditions in normal plant

operation.

An event involving complete deblading of one of the turbines is

expected to result in the largest depressurization rate for the primary

system. Preliminary estimates of the pressure transients in the core

outlet plenum have been calculated using the RATSAM8 code and indica +.e

that a maximum depressurization rate in the core outlet plenum of 1.503 x
10 N/m /s (2180 psi) is possible.

12.3.1.3. Core Design. Fuel element stresses for the HTGR-GT plant are

slightly more favorable than in the reference HTGR-SC plant owing to a
m.re uniform temperature distribution in the HTGR-GT plant. Neve r th eles s ,
considerable DV&S is required to resolve uncertainties in the fuel element

stress areas, including verification of present analysis methods and

materini properties.

O
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\I - Fission product releases at the higher HTGR-GT fuel temperatures may

,

be~1arger than for the HTGR-SC owing to greater palladium-induced' corrosion

of the fissile particle sic crsting of the MEU fuel._ The use of MEU fuel
results in significant breeding and fissioning of plutonium, resulting in

a' greater production of palladium isotopes than do uranium fissions. A

considerable DV&S effort will be required to resolve the fission product

release issue and more adequately characterize the mechanisus involved.

12.3.1.4. ' Thermal Barrier. The major parameter-related issues that affect-

reliable thermal barrier design are acoustic vibration, core outlet tem-

perature, and rapid depressurization rates. Major design and DV&S ef forts
are needed to demonstrate feasibility in che areas of the lower core plenum

'

and hot ducts.

The overall sound pressure level generated by the turbomachine is

considerably _ larger than that generated by the circulator in the HTGR-SC

plant and leads to a sonic fatigue resistance issue for thermal barrier, s

coverplates , attachments , and insulation constructed of the various material! s-

candidates. Metallic structures are given the best chance of survival,

primarily owing to their relatively high design allowable fatigue strength.

- However, the potential for damage to the fibrous insulation materials from

acoustic vibration is very great if a " conventional" HTGR thermal barrier
,

system 's to be used.

The 850"C (1562*F) turbine inlet temperature narrows the choice of
;

practical Class B2 material candidates to cast supera11oys, carbonaceous

fiber-reinforced composites -(carbon-carbon), and hard ceramics. The data

base for these materials is very limited, and considerable effort will be
\-

needed_to qualify the candidate materials.
.

.

i,

As mentioned earlier , the thermal barrier design is sensitive to maxi-

mum core outlet depressurization rate. This is caused by the requirement

to vent the thermal barrier system in order to accommodate the large

- [v} .
~
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potential pressure gradients while still retaining structural integrity.

An opposing requirement is for controlled convection within the thermal

barrier in order to minimize heat transfer. It is believed, however, that

it is possible to design a coverplate/ seal sheet arrangernent that can meet

both criteria.

12.3.1.5. Reactor Internals. The key issues related to the reactor

internals are (1) large thermal stresses in the core support blocks

resulting from core power and flow transients, (2) large thermal stresses

in the permanent side reflector blocks caused by local primary coolant

temperature and flow conditions, as well as radiation effects, and (3)

lack of materials currently qualified to be used for the core lateral

restraint and the peripheral seal assembly at the required temperature

and environment for the entire plant li fe . DV&S programs are being devel-

oped to resolve the core restraint and seal assembly problem.

12.3.1.6. Turbomachinerv. Large stresses generated by temperature gradi-
ents at the turbine inlet volute have resulted in a design change of the

inlet volute to a " sandwich" construction. Since this design conc (pt is
atypical of most industrial gas turbines designed in the United States,

it should be analyzed in detail. In addition, the high acoustic environ-

nent of the HTGR-GT can affect the " sandwich" integri ty and sh; .ald be

reviewed to datermine the impact on the inlet volute design. The selection

of suitable materials for this application is also challenging, since

servlee conditions in this region are similar to those of the Class B2

thermal barrier.

Another potential issue involves sealing of the different pressure

regions of the turbomachine cavity. The seals must be of high quality to

minimize leakages that af fect cycle efficiency.

|

|
It should also he recognized that the design life of the turbomachine

is significantly longer than that of industrial 850*C (1562*F) machines.

Accordingly, extrapolation of materials properties significantly beyond

current practice is required for the HTGR-GT case. ||h
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\~s/ 12.3.1.7.. Liners, Penetrations, and Closures. .The refueling penetration-

~

thermal design was marginal for the HTGR-SC plant and will have to be
improved for the HTCR-GT plant in order to accommodate the higher-

'
temperature environment. 'Another issue is that.the upper CACS cavity

;_ closure would have to be designed. to the ASME elevated-temperature code

cases unless an actively cooled and passively insulated low-temperature

' design is developed.3

12.3.1.8. PCRV. Potential parameter-related PCRV issues are as follows:

1

1. Tendon quantities may have to be increased in order to improve
bottom head prestressing effectiveness.

i

2.. High stress concentrations at the core cavity haunch and cross
duct may result in a larger PCRV diameter.

12.3.1.9. Heat Exchangers. The only heat exchanger issue which appears
- ( ~

to be parameter-related concerns the adequacy of the present design of
.the recuperator modules to withstand the thermal expansion imposed by the
dif ference in temperatura between the two gas streams. A design change,

is under considuration whereby bellows in the module could eliminate or

reduce the thermal expansion issue.

:

12.3.1.10. Safety. A systematic and comprehensive review of the safety
issues related to the HTGR-GT plant has not yet been performed. The effect
of primary system parameters and plant configurations that differ signifi-
cantly from the HTGR-SC is discussed in Section 9 of this report.

i

12.3.1.11. ' Availability. A plant availability engineering program has
' been initiated-to-help support the design evaluation of the HTGR-GT availa-

' bility.- This program is discussed in Section 10.
,

4

D
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12.3.2. Primary System Parameter Review

Results from the primary system parameter review are as follows:

1. Total prwer cost is reduced by increasing the turbine inlet

temperature beyond 850*C (1562*F) . Substantial increases in
plant efficiency are obtained, with a corresponding reduction

in plant and fuel costs. Material integrity and lifetime con-

siderations need to be assessed to determine a net cost of

power for higher turbine inlet temperatures (see Fig. 12-3).

2. Variations in system pressure do not significantly affect total

power cost. The reference pressure value, nevertheless, does

appear to be at the optimum value.

3. Compressor pressure ratio variations do not significantly affect

total power cost and follow the pressure variation case closely.

The optimum compressor pressure ratio is 2.55, but the resulting

estimated slight reduction in cost does not appear to warrant a

change in compressor design.

4. Variations in recuperator effectiveness have a significant impact

on total power cost, and the recuperator effectiveness based upon

the current recuperator model is the optimum value for the refer-

ence design.

35. The nominal power density value of 7.0 W/cm appears to be at or
near optimum for a 3- or 4-yr fuel cycle assumption. Fairly strong

cost penalties are incurred at lower power densities , while little

coat incentive exists to raise the power density above the 7.0 W/
cm value.

O
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6. For the 4-yr fuel cycle case, predicted fission product release

is a strong function of turbine inlet temperature (i.e., fuel

temperature) and has a pronounced impact on plant availability /
maintainab ility . Since higher turbine inlet temperatures cause

increased predicted fission product releases for a 4-yr fuel cycle

assumption, some penalty should be associated with higher turbine

inlet temperatures (e.g., increased operating and maintenance

costs). No economic ansessment of this penalty has yet been made.

Predicted fission product releases for the 3-yr fuel cycie are

substantially lower than those of the 4-yr cycle and are a weaker

function of turbine inlet temperature. However, the 3-yr fuel

cycle results in higher fuel and total power costs.

The above results are preliminary estimates of cost trends and do net

comprise a comprehensive cost analysis, since other significant cost impacts,

such as material integrity, effects on availability, and effects on operation

and maintenance costs, have not been incorporated. The analysis results are

also highly dependent on the ability of the components to fit in the assigned

envelopes and retain the desired performance characteristics.

12.3.3. Non-Intercooled Versus Intercooled Plant Optimization Study

In the non-intercooled versus intercooled plant optimization study,
CODER 7 and CODER 8 were used to optimize plant total power cost. CODER 7

and Cobdx8 are equipped with an automated multiparatetec plant optimization
capability whereby a maximizing search is performed in tne independent
variable space by using direct evaluations of the objective function

(total plant cost). Finite step exploration is used to guide an accelera-

tion method based on the Fibonacci sequence for efficient use of computer
time.

O
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-. - Figures 12-4 and 12-5 are the process flow diagrams for the non-

intercooled and intercooled cycles, respectively. Generally speaking,

for-both cases the recuperator effectiveness increased until adi:tional

surface area cost. overrode the cycle efficiency benefit, and heat
4

exchanger cavity diameters increased to reduce shell side pressure losses.
Also, precooler pitch / diameter ratio increased in order to minimize shell
side pressure losses and minimize the number of helically wrapped tubes, .

~

e

; since the precooler cost algorithm shows that the number of precooler
"

tubes -is the cost function that largely governs precooler cost. System-

pressure. increased in both cases to reduce compressor work. Above 8.41
;

j MPa (1220 psia) for the nea-intercooled case, the additional PCRV ' cost

associated with higher system pressure offsets the cycle benefits. In

the intercooled case, the system pressure was constrained to 8.62 MPa
(1250 psia)'since the CODER PCRV sizing algorithm may not be accurate

above that level. Note that an improvement of intercooled cycle effi-

ciency from 43.5% might be gained by allowing system pressure to move

to the 8.83 to 8.98 MPa (1280 to 1300 psia) range.
f-
V

12.3.4. Helh a Inventory Control System for 3000-MW(t) HTGR-GT Plant

A preliminary definition of a reference HICS was developed based on-

the load change requirements tentatively identified for the 3000-MW(t)
'HTGR-GT plant (see Table 12-10 and Fig. 12-6). The HICS accommodates

changes in PCRV helium inventory which, in turn, produce direct, propor-

tionate variations in the plant power output. This control method per-

mits much higher part-load efficiencies than are achievable by alterna-

tive, conventional power control modes (see Fig.12-7) .

For increased load changes of any anticipated requirement, the system

merely supplies helium from external storage facilities to adjust the I

inventory appropriately. For normal, day-to-day load reductions , i.e. ,

up to 0.42%/ min, the .HICS removes helium from the PCRV through a helium
| purification system to external storage. When les's-frequent, faster load

| .

~
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Fig. 12-4. Process flow diagram for two-loop, 800-MW(e) HTGR-GT non-intercooled plant using
CODER 8 (Run No. H03B/H05 optimized)
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Fig. 12-5. Process flow diagram for two-loop, 800-MW(e) HTGR-GT intercooled plant using
CODER 7 (Run No. G03B/G04 optimized)

I l

'
_ - - _ - _ _ - _ - _ _ - _ _ _ _ - _ _ - - __



TABLE 12-10
ANTICIPATED TRANSIENTS FOR 3000-MW(t) HTGR-GT COMMERCIAL PLANT

Design Number of
Occurrences for

Plant

Normal transients

Startup from refueling status 130

Shutdown to refueling status 80,

Shutdown with full helium inventory 40

Rapid load increase (5%/ min)(25%-100%) 500

Normal load increase (0.42%/ min)(25%-100%) 2,600

Normal load increase (0.42%/ min)(50%-100%) 10,400

Rapid load decrease (5%/ min)(100%-25%) 500

Normal load decrease (0.42%/ min)(100%-257.) 2,600

Normal load decrease (0.42%/ min)(100%-50%) 10,400

Step load increase (+10%) " 2,000

Step load decrease (-10%)(") 2,000

O
Upset trans ients TBD

Emergency transients TBD

Faulted transients TBD

(" Rate of step ramp to be resolved; formerly assumed to be in

10 to 20 s with at least 2 h elapsed time between power ramps.

To be determined.

O
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reductions must be made,* the bypasa valve can first be opened (instantly),
as, required, and then the HICS can be used to " catch up" with the change,
i.e. , through simultaneous adjustment (reclosing) of the bypass valve while

helium is removed from the PCRV (at the 0.42%/ min rate) .

A larger helium purification system will be needed to accommodate
helium removal (and cleanup) for the normal load reductions of up to

1

0.42%/ min. This requirement can be satisfied by either an added, separate
~

i

system (up_to 2.4 times the size of-the reference unit) or by a single,
combined system (up to 3.4 times the size of the reference system).,

Further design studies and cost' estimates will be required to evaluate-
the benefits which may be realized by adding the HICS to an HTCR-GT plant. -

The potentia ~1 cost savings which can result from the improved part-load -

6'

efficiencies., estimated at a capitalized cost advantage of about $70 x 10
-(see Table 12-11), must be balanced against the costs of additional equip-

4
.

ment and facilities needed to incorporate the HICS into the plant design,

e.g., added or increased-capacity helium purification equipment, external<

helium storage facilities, piping and valves, a sophisticated plant control

system, etc.

.

A conceptual piping and storage system for an HICS, which could serve

a 3000-MW(t) HTGR-GT commercial plant, is illustrated in Fig. 12-1. As

indicated, inventory-reductions occur from a single high-pressure point

(recuperator inlet)- in the PCRV; radioactive fission products are removed
7

from the relatively cool helium ['74.4*C (346*F)} before it is transferred

to medium- or low-pressure storage tanks, which would be consolidated with

the BOP-provided helium supply system. Inventory increases, for added

power demands,_ are made by injecting helium at two locations, i.e. , a high-

pres'sure (recuper stor inlet) and a low-pressure (precooler inlet) point in

the system. The .argest flow requirement for these inventory increases,

*Up to 5%/ min, or the step ramp of 10% power in 10 to 20 s.

).
,
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TABLE 12-11
PLANT EFFICIENCY / COST SAVINGS ASSOCIATED WITH HICS

I

Plant Eff. at Overall Equivalent
(%) Power Level Additional Fuel Plant Eff., Savings / Week

Burnup, Weekly Cycle
25% 50% 100% Weekly Cycle (%) MW(e)-h $(a)

HICS 36.5 38.7 39.5 Basis 39.0 25,350 302,680

Bypass plus temperature 18.7 27.5 39.5 19.5 32.6 Basis Basis
control

*}*979 dollars, based on fuel cycle cost of 11.94 mills /kW-h. Fuel cycle cost savings = (52 wk/yr)
6 6(0.8 plant factor) ($302 680) = $12.6 x 10 /yr. Equivalent capital investment cost = $12.6 x 10 /(0.18

5fixed charge) = $70 x 10 .w

.
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dictated by the 10% step load demand, can be met by two containment pene->

trations of about 0.28-m (11-in.) diameter. This pipe size satisfies the

maximum area of 645 cm2' (100 in.2) ieposed to limit helium leakage in the

event of a DBDA.

12.3.5. AP/P and Bypass Flows for 3000-MW(t) HTCR-GT Plant

Definition and updating of the primary system pressure drops and sys-
tem leakage / bypass flows were performed for the 3000-MW(t) HTGR-GT refer-

ence consnercial plant. The pressure drop data include all duct, heat

exchanger, plenum, and turbomachinery (inlet and exit) losses as well as

those for the core. A schematic diagram of the HTGR-GT plant is shown in -

F :. !2-2 with numerical and alphabetical identification of the specific

AP and leakage / bypass items, respectively, which were included. Data on
pressure drop and leakage / bypass flows were ' developed only for the 100%

full-power, steady-state condition.

Table 12-4 is a detailed listing of the primary coolant system pres-

sure losses. The AP values found are higher than prior data; the heat

exchanger components and the core contributed most of the increased pres-

sure drop. Because of the limited effort previously placed on heat

exchanger component design studies for the three-loop 3000-MW(t) plant,

many dimensions necessary for pressure loss calculations were unavailable

and had to be assumed or estimated. Also, a higher pressure drop was
;

calculated for the reactor core owing to the higher helium flow rate

required #or the gas turbine cycle. The total pressure drop of the pri-

mary coolant system was calculated to be 520.5 kPa (75.5 psi), or a
AP/P of about 9.9%.

Table 12-12 is a categorized summary of the pressure losses by major

components and indicates potential pressure drop reductions that could be i
1

achieved through improvements in system and component design arrangements.

It appears that improvements should be possible by increasing the radius '

I of bends in all ducts, installing a diffuser section at the duct-to-s
' \

J component and reactor plenum inlets, and providing a rounded edge section

12-33

.

N * ' m - ,
-



O
TABLE 12-12

PRIMARY SYSTEM PRESSURE LOSS SUMMARY

Potential Pressure
Pressure Loss Loss Improvement

AP AP
- AP/P AP/P

System Component kPa psi (%) kPa psi (%)

Helium flow ducts ("} 36.96 5.36 0.549 -6.89 -1.00 -0.102

244.35 35.44 5.868 -65.50 -9.50 -1.573lleatexchangercomponents ( )

Reactor core (C) 129,0 18.72 1.670 -13.79 -2.00 -0.178

Turbomachinery(b) 110.04 15.96 1.810 -10.34 -1.50 -0.177

520.42 75.48 9.897(d) -96.53 -14.00 -2.030(d)

#
Includes friction plus elbow turn losses.

( Includes inlet expansion and outlet contraction losses of the ducts.

(c) Includes upper and lower plenum flows and inlet expansion and outlet
contraction losses of the plenum ducts.

(d)These losses are not strictly additive, but for camparison purposes
they are usually indicative of plant layout merit.

O
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at the component'and plenum-to-duct exits. -It also may be feasible to4

reduce the core pressure loss through design improvements in the core inlet
; and outlet coolant flow paths and by optimizing the graphite block coolant

hole sizes and the number of graphite block columns. Improvements in pres-

sure -loss for the turbonachinery maj be possible by utilizing diffusers and
flow guides to minimize turning losses'in the entrance and exit areas.
Detailed design layout of heat exchanger components should provide suf fi-

,

cient information to perform an adequate pressure loss analysis and iden-
tify critical areas for improvement, such as redesign of the tube support
-plate to improve the associated drag coefficients. By using diffusers and

; rounded edge entrances into ducts, additional pressure loss improvements
,

i may be possible for the heat exchanger components.
i

~ The primary coolant system bypass / leakage flows, given as percentages
,

of compressor discharge flow, are itenized in Table 12-13. Most of this
,

information, except for the flows through the core region, is based on
estimates that have been developed in previous studies on similar plants.

12.3.6. Evaluation of Cooling Towers and Ambient Design Temperatures

Sizing and cost evaluations have been performed to (1) determine the
influence of the major tower sizing parameters on design point plant per-<

formance-and on plant cost of power, (2) compare design point performance

and cost of power for an intercooled plant and a non-intercooled plant,
and_(3) compare plant design point performance and cost of power for dif-
ferent cooling tower arrangements.

Results of the parameter evaluation are generally as expected: design
; point plant performance decreases and cost of power increases as design
i

point ambient temperature increases. Also, lower tower approach tempera--
turer result in increased design point plant performance and lower cost of
power. This influence is not affected by design point ambient temperature.

:o
12-35

, . . . _ __ _._ _ . _ _ _ _ _ _ _ ,_ _ . . _ . _ - . _



TABLE 12-13
PRIMARY COOLANT SYSTEM BYPASS / LEAKAGE FLOWS

Item
(se 3 Mass Flow (a'b)

Bypass / Leakage Flow Description Fig. 12-2) (%)

Recuperator shroud seal leakage (c) A 0.5
'

Precooler shroud seal leakage (c) B 0.25

Turbine blade cooling flow C 0

Turbine disk cooling flow ( D 2.96

Compressor (HP) cavity seal leakage E 0.4
to compressor inlet (c)

Compressor (HP) cavity seal leakage F 0.64
to turbine outlet (C)
Compressor (JiP) cavity seal leakage G 0.14
to turbine inlet (c)
Control valve seat leakage (d) H 0.1

Attemperation valve seat leakage I 0.1

Safety valve seat leakage J 0.1

hCore peripheral seal leakage K 0.48-1.43
Core leakage

Core gaps L 2.95
*

Reflector gaps M 1.71

Core flows

Through variable orifice regions N 81.65

Through fixed orifice regions 0 5.52

Through control rod channels P 3.33

(a) Percentage of compressor discharge flow.

CACS leakage not included in these data. Values shown are normalized

for exclusion of CACS data.

(c)These former values were nct updated but were recently reviewed by

UTC and are considered appropriate for the current design status.

(d) Includes both primary bypass and trim valves.

(* Core peripheral seal leakage flow is included in (is part of) reflec-
Otor gap flow.
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O The comparison between intercooled and non-intercooled optimized
plants indicates that the dwign point performance (plant efficiency) of

,

the intercooled plant is approxiretely three percentage points higher

than that of the non-intercooled plant. Correspondingly, the cost of

j power for die intercooled plant is approximately 1.5 mills /kW-h less than

; that fcr the non-intercooled plant. This difference in performance and

cost of power is essentially the same for different design point ambient'

temperatures.

!<

The comparison of an optimized plant with a wet / dry cooling tower
,

arrangetent and an optimized plant with an all-dry natural draft cooling

tower arrangement indicates that the plant with the wet / dry arrangement

f has higher design point plant performance and lower plant cost of power
than the plant with the all-dry tower arrangement. The differences

increase as the plant design point ambient temperature increases. At a

{ design point ambient temperature of 15'c (59'F), the plant efficiency for
!

- the all-dry tower plant is approximately 0.5 percentage point lower than
'

that for a wet /dri tower plant and the cost of power is approximately
0.5 mill /kW-h higher. At a design point ambient temperature of 38'c
(100*F), the plant efficiency for the dry cooling plant is approximately
1.5 percentage points lower than that for the wet / dry tower plant and the

-

cost of power is approximately 1.5 mills /kW-h higher.
,

12.3.7. CACS Design Criteria4

i

A design report (currently in the review and sign-off phase) has been
prepared defining the tentative design criteria for the CACS for the two-

loop 800-MW(e) HTCR-CT plant.

Design bases are established which assure a high reliability for the
CACS to provide residual heat removal from the core and reactor internals'

in the event that the power conversion loops are not available.,

~

,

.

.
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in addition to firm (overall) design criteria for the CACS, the report

also covers safety and non-safety performance criteria for the CACS, safety

criteria for supporting systems, specific design basis transients, sur-

veillance and monitoring requirements, design margins, and uncertainties

in design parameters to be included in performance and safety analyses.

These items, which are not yet developed, will be added when the design

for this plant becomes better defined.

12.3.8. CACS Component Sizing

Preliminary system parameters and "ballpark" sizing of components

have been developed for the RTS portion of the CACS (System 28) and the
CACWS (System 47) . These data are presented in Tables 12-5 through 12-8.

Table 12-5 gives overall system performance at three steady-state design

points, i.e., peak duties in the depressurized pure helium, the depres-

surized air ingrtss, and the pressurized PCRV transients. Tables 12-6 and

12-7 specify performance parameters for the auxiliary circulator and CAHE,
respectively, for the three casee. Design and configuration information

on the CACWS is shown in Table 12-8. Engineering cost estimates, based

on these data, are summarized in Table 12-9.

These values are the result of sizing calculations performed with

the ECSEL8 code, based on data from preliminary RECA calculations which
provided functions used by ECSEL. This computer program selects a mini-

mum cost configuration for the entire CACS based upon various input

factors, such as component cost functions, maximum primary coclant tem-

peratures, pressure drop functions, certain component sising ground rules,

and performance requirements based on the system safety criteria in the

various design basis transients.

The design basis events are based on the criteria proposed for the

llTGR-GT in the Core Auxiliary Cooling System Design Basis Document

presently in review. The document gives preliminary design basis transic'ts

O
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for the CACS for the HTCR-GT. These transients are the DBDA [645 cm'

(100 in. ) PCRV breach], core ou:let (hot duct) failure, and slow depres-
surization through a CACS penetration. As in the past, the DBDA is really
two accidents with regard to CACS design, i.e., the depressurized pure

helium and depressurized air ingreso cases. In all cases except the slow
depressurization, two CACS loops cool the core, the third CACS having suf-
fered the postulated single failure. In the depressurized cases, the cool-

down is at the pressure conservatively calculated for PCRV containment
equilibrium at 5 h. In the duct failure event, the primary coolant is

pressurized. In all events except the slow depressurization, an SSE
occurs simultaneously, a rule imposed for initiating events of the most
remote probability (Plant Condition 5, PC-5) .

The criteria in the design report are based on an assumption that the

precooler is not wholly seismic Category I, and thus the water inventory

of all precoolers is considered to have been mixed with the primary coolant
in the DBDA and duct failure design basis events. It now appears that the-s

I 2-

/ precooler might be made Category I to assure against a greater than 645 cm
(100 in. ) flow area for the DBDA. Therefore, for the present sizing cal-

culation, no moisture is considered in the primary coolant from the

precooler.

The slow depressurization event involves cooldown on one CACS loop

but n; 3SE and takes advantage of power conversion loop inertial rundown.

As a result, it is not part of the CACS sizing basis.

Bypasses calculated for the CACS sizing bases are as follows:

Bypass Bypass
(% of Core Flow) (% of Total Flo7)

Depressurized 88 47

Duct failure (pressurized) 142 59

O
O
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One sizing ground rule, specified by the current general arrangement

drawing, is that the CAllE is a 571 mm (22.4 in.) by 50.8 mm (2 in.) o.d.
tube bayonet configuration within a 1.524 m (5 f t) diameter shroud. Based
on this assumption, ECSEL can provide the CAllE surface area and length,

although these two values are not system performance parametece imposed
upon the design.

O

l

)

i

0)
12-40 |

|

|



. -_ - .

13. SYSTEM DYNAMICS (631003)

13.1. SCOPE

The purpose of this task in FY-79 was to analyze plant transient per-
formance, develop control r.nd PPS requirements, assess and develop system

operational requirements, and provide transient requirements for component
and subsystem design. The scope of this task also included analysis of
acoustical aspects of the primary circuit, natural convection, and local

flow mixing and heat transfer in the primary circuit.

13.2. SUMMARY

() Efforts within the task were in four major areas:

1. Extension of transients with the three-loop, 1200-MW(e) plant,
preliminary analyses of major transients with the two-loop,

800-MW(e). plant, and comparison of results obtained for the two
plants.

,

2. Plant control and protection systems functional design.
s

.

'
3. Intercooled versus non-intercooled and warm linear versus cold

liner studies.

4. Preliminary evaluations of primary circuit sound pressures,

natural convection with no forced flow, and mixing of the turbine

exhaust and bypass valve flow.

. Additional'three-loop, 1200-MW(e) plant transients were analyzed, and

() : preliminary transient analyses of the two-loop plant were performed using

13-1
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an " approximate" plant model (see Section 3). Somewhat more severe condi-

tions are encountered for some events with the two-loop plant than for the
three-loop plant. However, the preliminary analyses indicate that reason-
able modification of the control and protection system functions leads to
acceptable operation of the two-loop plant.

Plant shutdown control procedures and control functions were developed
to provide a well-behaved transient for the severe event of reactor trip at
design power. The shutdown transient was extended to long-term main loop
afterheat removal out to approximately 2 days, indicating an indefinite
period of main loop afterheat coolfng capability. Operation of the plant
control system with nominal-inventory insertion and removal was analyzed,
providing scoping input to the helium handling studies to be performed in
FY-80.

Studies of the control, transient behavior, and operability aspects of

the intercooled versus non-intercooled and the warm liner versus cold liner
plant variants were performed. Significant problem areas were identified
for the warm liner variant, while no major differences were identified

between the intercooled and non-intercooled designs.

An estimate of loop natural convection flow with no forced circulation

(loss of offsite power) was made. The flow resistance of the turbine and
compressor (assumed stationary) was so high that loop natural convection
flow was essentially suppressed [%0.005 kg/s (40.01 lbm/s) per loop with a
typical velocity of less than 0.03 m/s (0.1 ft/s)].

Mixing of the turbine exhaust and bypass valve gas streams during loop

shutdown was analyzed in a preliminary manner. The analysis indicates that
mixing is incomplete at the entrance of the recuperator. This problem can
be climinated by the utilization of a longer duct downstream of the mixing

point.

O
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13.3. DISCUSSION

13.3.1. Th_ree-Loop. 1200-MW(e) and Two-Loop. 800-MW(e) Plant Analyses
,

and Comparison

13.3.1.1. 1200-MW(e) Reference Commercial Plant Transient Analysis. The

transient analysis program REALY2 was used to simulate 12 plant transients

which demonstrate plant automatic load-following characteristics and plant
operability in the 100% to 25% nominal power range with primary bypass,

turbine inlet temperature, and helium inventory control. (Inventory con-

trol is an optional PCS control scheme whereby primary system pressure is

adjusted through increase or decrease of primary coolant inventory. It

provides the most efficient means for obtaining and controlling part-load

plant operation (see Section 12.3.4). These transients also include two
accident events at 25% nominal power.

The load-following capabilities of the HTGR-GT plant consist of (1)

ramp load changes within the range of 100% to 25% of rated load at rates up>

to a maximum of 5% of rated load per minute, and (2) step load increase /
decrease of up to a maximum of 10% of rated load with a response time of4

approximately 20 s. The load-following transients analyzed (see Table
13-1) considered only the 5%/ min and the 10% step load changes because they
establish limiting load-following conditions for the PCS; i.e., the devia-

tions of plant variables from their normal steady-state values tend to be

propcrtionately smaller as the rate and/or magnitude of the load change is
decreased.

The two transients at 25% nominal, plant loss of precooling water and

rod runout, resulted in significantly different (but not necessarily worse)

' plant response (Table 13-1) than the same transients of 100% nominal

reported in Ref. 13-1, Table 13-1. The plant loss of precooling water

transient combined with a single failure of the non-safety CWS protection

function of the PCS resulted in a sequence whereby normal PCS functions
essentially shut down (but did not trip) the reactor and main loops. After

( about 2 min, the PPS would detect low plant helium flow and subsequently it

13-3
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TABLE 13-1
1200-MW(e) HTCR-CT Reference Commercial Plant Transient Performance Cceparison #

# 1

I

Max. Press.and|. |3 Max. Core
Max. Flow ' M'** II'C I''

f ax. Press.Inlet / Outlet Inlet andg,,, . at
M Rate at LPR Max. Max. Recup. Max. Recup.,

Temp. Power- W Jnlet !at Compressor Inlet ' Turbine Outlet Temp. Hot End Cold End' ' kg/h *C I *C Metal Temp. Metal Temp.*C *C to-Flow ' kPA 'C Inlet (106
lba/h)] f' SpeedTransient Description (*F) (*p) Ratio |(psia) (*F) ![kPA(psia)) (106 (rpm) (*F) , (*F) [*C (*F)] [*C (*F)]

' '

(932)f(1562)|
Full load 100% nominal I 500 850 3248 537 3185 2.05 { 224 ! 27 513 207

1.00 (471) !(999) (462) (4.53) * 3600 (436) 1 (80) (955) (405),
| 1 !
I10% load reduced from 1001 nom. 500 850 3296 5?? i 3227 2.12' 224 27 516 207., ,

(5%/ min) w/o AIC(C) (932) ' (1562) 1.00 I (478) I (999) (468) (4.67) | 3600 (436) (81) (961) (405)'

! |
'

514 207
|f539 ; 3234 2.14 224

'251 load reduced from 100% nom. 500 850 | 3296

| (28
,

(5%/ min) w/o HIC (932) (1562)I 1.00 (478) } (1002) | (469) (4.73) 3600 (436) 82) (958) (405)
, ! ;

Step load change 100%-902- 501 851 3310 538 | 3234 2.14 ; 224 28 516 207
| (934)- 100% nom. w/o HIC - (1564) 1.09 (480) I (1000) | (469) (4.72) 3600 (436) (8 3) (960) (405),

I ! |Step load change 100%-901- 504 852 | 3248 1 537 3185 2.05 i 228 27 514 208i
100% nom. with HIC , (939) (1565)| 1.07 (471) | (999) (462) (4.53) i 3600 ,(442) (80) (957) (406),

' i |w
1 100%-25% nom. load reduction | 500 850 | | 3344 537 3268 ! 2.26 i 224 28 513 207,
#' (5%/ min) w/o HIC | (932) (1562)' 1.00 (485) (999) (474) ! (4.99) ' 3600 i (436) (83) (955) (405)

I J
i '

100%-25% nom. Ioad reduction I 500 Rio 3248 538 3185 2.06 3 ' 224 27 St3 208
(5%/ min) with HIC |(932) (%L62) 1.00 (471) (1000) (462) ! (4.54) 3600 (436) (80) (955) (406)

Primary bypass valve reclosare
from 75% nom. with full helium ' 455 777 3254 486 3192 2.12 215 27 468 199,

2nventory (851) (1430) 1.00 (472) (907) (463) I (4.67) |3600 (420) (81) (875) (391)
.

Reactor trip from 100% nominal 500 850 3951 553 3923 2.42 | 224 28 513 207
with HIC (932) :(I M2) 1.00 (573) (1038) (569) (5.33) 3600 (436) (8 3) (955) (405)

Quarter load 25% nominal 334 562 3172 352 3103 2.16 181 26 342 168
(634) (1043) 0.62 (460) (665) (450) (4.76) 3600 (358) (79) (647) (335)

Plant total loss of precooling
water at 25% nom. with full 413 585 5350 469 5350 2.44 228 130 429 210
helium inventory ,(776) (1086) 1.06 (776) (877) (776) (5.37) 3614 (443) (267) (805) (410)

Rod runout at 25% nominal with 367 624 3296 387 322R 2.24 187 27 377 174
full helium in encory (693) (1156) 1 (478) (729) (467) (4.94) 3600 (368) (81) (710) (345)J

I*'i'nderlined numbern are the highest values predicted for given parameter.
Low-pressure recuperator.

Helium inventory control.

O O O



. _ -_. -. - .

r

(~\
would initiate CACS startup, main loop trip, and reactor trip, Peak tem-

peratures for this transient were lower than those reported for the case
occurring from design conditions (Ref. 13-1).

The rod runout transient may or may not lead to a PPS core power to

flow (P/F) trip, depending upon the initial rod position. Whereas a fully

; inserted rod bank has sufficient worth to induce a'P/F trip, a nominally

positioned (60% inserted) rod bank does not. This is attributed to the;

fact that a large power increase must be' made before the 1.4 P/F trip
setting is reached (initial P/F is approximately 0.62 for 25% load steady-

j state operation). Only modest temperature rises were observed in this

) transient.

13.3.1.2. - Two-Loop 800-MW(e) Plant Transient Analysis. Six accident

events were analyzed.for this plant configuration (Table 13-2). Two of

these transients, single loop loss of load with overspeed and reactor trip
,

from 100% nominal with helium inventory control, were selected for theirq
b effect on.the two most significant plant capabilities affected by the

change from a three-loop to a two-loop plant design: (1) the ability to<

sustain single loop loss of load / loop shutdown events without invoking a
plant shutdown and (2) the ability to provide extended main loop afterheat

'

cooling.
.

Simulation results show that a single loop loss of load transient will ,

! -result in a severe increase of the ratio of reactor core power to reactor

core helium flow. ' This very short-term mismatch (P/F = 3.36) will cause ;

|

the PPS to initiate a reactor trip unless a filter network is designed into

the measurement and/or evaluation of the appropriate signals. Preliminary

evaluation indicates that the reactor core will not suffer any damage from

this shc-t (7.5 s above 1.4 P/F ratio) undercooling period. ;

1

Results also indicate that a reactor trip with appropriate non-safety i

PCS actions permits post-scram, self-sustaining single main loop cooling j

without motoring of the generator. In addition, these PCS actions provide

[
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TABLE 13-2
gTWO-LOOP 800-MW(e) HTCR-CT PLANT TRANSIENT *QtFORMANCE Q)MPARISON ,)

Max.
Man, Core Press and Max. Max. Max. Max. Max. Recup.
Inlet and Temp (. at Press. at Rate of Max. Flow Nx. Rate of Precooler Hot End Max. Recup.

LPR bfOutlet Compres6or P ress ure Rate At Turbine Pressure Inlet And Metal Cold End
Temp. Inlet inlet increase LPR Inlet Speed Decrease Out l e t Temp. Temp. Metal Temp.g,

*C 'C P/F kPA 'C (kPA (kPA/s (trj6 ka/h [kPA/s *C *C |*C (*C
Transient Description ( * F) (*F) Ratio (psia) (*F) (psia)) . (psi /sec)) (106 lbm/h)] (rpm) (psi /sec)] (*F) (*F) ( * F)] (* F)]

Full load 100% nominal 498 850 1.00 3234 534 3172 - 1.96 3600 - 224 27 514 ?O S

(929) (1562) (469) (994) (460) (4.32) (436) (80) (957) (406)

Single loop loss of 503 86 3 5964 548 5964 1296 5.58 572 2 39 32 529 218
load with overspeed (937) (1586) M (865) (1018) (865) (188) (12.3) 43 ( 8 )) (463) (89) (985) (425)

a

LJ Single loop loss 502 854 4792 545 4620 1489 5.40 531 238 42 519 218
h a load (9 36) (1570) 1.13 t695) (1013) (670) (216) (11.9) 3858 (77) (460) (107) (967) (424)

single loop total loss 508 062 6805 705 6805 951 4.17 414 309 158 588 29 3
of precooline, water (946) (1583) 1.0 (987) (1301) (987) (138) (9.2) 3615 (60) (589) (316) (1090) 060)
flow

Plant total loss .:4 554 872 6130 760 6130 903 4.17 758 310 166 604 288
precooling water flas (1029) (1601) ? 02 (889) (1400) (889) (131) (9.2) 3605 (110) (590) Q33 (1120) (550)

Reactor trip from 100% 513 850 4137 538 4633 2.72 226 33 518 208
nominal with helium (955) (1562) 1.00 (600) (1000) (672) - (6.0) 3600 - (438) (91) (965) (406)
Inv.ctory control

252 - 100? nominal 501 851 3275 538 3200 2.09 224 27 51b 207
load increase (1%/ (933) (1564) 1.06 (475) (1000) (464) - (4.62) 3600 - (4%) (81) (960) (405)
min) with helium
ire e.iory control

,

t'nderlined numbers are the highest values predicted for given f arameters.

f S-pressure recuperator.
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for prudent generator load runback, reactor outlet temperature control,

and attemperation control to minimize thermal stresses to the reactor and

PCL components. Helium inventory transfer rates of 1%/ min and 5%/ min with

reduction to 10% inventory and a reactor outlet temperature controlled to

393*C (1100*F) were used to achieve self-sustaining main loop cooling.

Owing to the lengthy nature of the reactor trip transient, an assessment

of the minimum rates of helium inventory control required to provide

adequate operating margins during shutdown was not performed.

Other component-limiting plant transients (Table 13-2) indicated that

(1) the plant total loss of precooling water flow is the most severe

transient in terms of maximum core gas temperatures and maximum heat

exchanger hot end metal temperatures, (2) the single loop loss of load

transient shows the most severe pressure / flow rate increase, and (3) the
single loop loss of cooling water flow transient results in the maximum

,

pressure to the low-pressure regions of the PCL and maximum recuperator

f'~; cold end metal temperatures.

L)

Although the maximum heat exchanger temperatures were higher, the

two-loop plant transients were generally similar to the three-loop plant

transients (Ref. 13-1).

In addition, a 1%/ min upward load change transient from 25% load with
reduced helium inventory conditions to 100% full load operating conditions

was analyzed in order to determine the characteristics of integrated plant

control combined with high- and low-pressure helium inventory insertion.

Results indicate favorable plant response using existing temperature
and bypass controls (Table 13-2), although some rebiasing of the turbine
inlet temperature demand versus load function would reduce or eliminate

the temperature droop encountered whenever there is a mismatch between the

load and helium inventory rates.

13.3.1.3. High/ Low Power Difference. Two 1200-MW(e) HTGR-GT referencep~s
~-) plant transients, plant loss of cooling water flow and rod runout, were

13-7
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postulated to occur from 25% of rated plant load and resulted in signifi-
cantly different (but not necessarily worse) plant response than when they
were assumed to occur from 100% load.

The plant loss of cooling water transient combined with a failure of
the non-safety CWS protection function of the PCS resulted in a sequence
where shutdown or setback of the reactor and main loops is required. The

initiating failures assumed for this transient are the multiple shear

rupture of the header at the discharge of the cooling water pumps and the
postulated failure of the component protection action of the PCS (main loop
shutdown due to low precooler water flow). The transient was simulated by
ramping water flow of al] precoolers down to zero in about 4 s. The lack of

water flow causes the precooler gas outlet (compressor inlet) temperature

to rise, thereby slightly decreasing the mass flow through the compressors.

The gas heats up as it passes through the compressors and into the high-

pressure recuperator.

O
It was found that when this transient starts from 100% power at

approximately 40 s, the water at the precooler hot end reaches saturation

temperature and boiling commences. Turbine power then drops below 10% and
the PCS automatically trips all generators. Upon generation trip, the

primary bypass valves are opened to prevent turbine overspeed and a reactor

power setback signal is issued to the neutron flux controller. As turbine

speed drops balow setpoint, the primary bypass valves close while the

attemperation valves continue to open in order to control the recuperator

temperatures. In approximately 1 min, the high-pressure recuperator out-
let temperature reaches the PPS setpoint for main loop shutdown. All the

main loops are tripped and the reactor is scrammed.

The above transient is dif ferent if started from the 25% load condi-

tion, because generator trip occurs about 1/2 min sooner and the PPS main

loop trip on high recuperator outlet temperature does not occur at all.

Instead, opening of the attemperation valves combined with non-safety

reactor power setback following generator trip continuously redures the
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,

amount of energy available to the turbonachines. . The result is a PCS

.

shutdown of the reactor and main loops as opposed to a forced shutdown by
' the PPS. Eventually, however, the PPS initiates CACS startup owing to low
plant helium flow, which in turn causes-the main loops and reactor to be

tripped.-

The initiating failure for the rod runout transient is the total loss

4 of the flux measurement signal which commands the withdrawal of the control

; rods at'the maximum speed allowed by the rod drive mechanism. Previous

| incorrect operator action or failure on demand is assumed to inhibit set-
||

. back rods which should automatically compensate for large increases in core
3,

+

reactivity.

;

; The increase in reactor power is small when the transient starts at

j . 100% because of th'e existence of a large negative reactivity.* A Ak power
- level of 107% was reached in approximately 140 s. The highest power-to-

{
flow ratio attained was approximately 1.09. Power-to-flow trip of the

reactor did not occur.

The rod runout transient from 25% load with. full helium inventory

differs in that the PPS trips the reactor on high core power-to-flow ratio

'. in approximately 133 s. The fact that the negative reactivity coefficients

! are less.at'the lower temperatures accounts for the difference. However,

-the use of primary bypass control to achieve part load is the reason that :

Lthe temperatures at the 25% power level are lower. If helium inventory
-

control is used to achieve part load, it is anticipated that the transient

.will behave more closely with the rod runout at full load.since conditions
,

i such as temperatures, core power-to-flow ratio c and bypass valve settings

are'nearly the same as at full load.

,

|

|

}. . .

* Medium-ent hed uranium,~end-of cycle, and initial core temperature
~

' ccefficients are assumed. j
,
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13.3.2. Plant Cor. trol nnd Protection Systems Functional Design

Conceptual design of the plant control and protection systems con-
tinued during the second half of FY-79. The REALY2 code was used to scope

the functional requirements for these systems. Preliminary plant transient
data and conceptual design requirements data were transmitted to the compo-

nent design groups. In addition, special control requirements including
plant shutdown control, helium inventory control, and control rod shimming
functions were defined and incorporated into the REALY2 code.

13.3.2.1. Plant Shutdom Control System. The design goal for the non-

safety plant shutdown co.. trol system is the controlled removal of decay
heat from the reactor care and the use of this heat to drive a single
turbomachine unit, creating self-sustaining operation. The attainmunt of

self-sustaining operation requires helium inventory reduction, control of
reactor outlet temperature, shutdown of one of the two PCLs, and the cap-
ability of the remaining loop to operate at reduced speed. Furthermore,

the controlled removal of decay heat via reactor outlet temperature control
permits the regulation of reactor cooldown rate to alleviate thermal
stresses to the reactor and PCL components. The post-scram shutdown con-

trol actions are summarized below:

1. Generator load reduction at 2%/s followed by a generator trip at

the 10% minimum lead point.

'

2. No-load speed control of turbomachines (following generator trip)
to achieve a desirable reactor outlet temperature (ROT) cooldown

rate (ROT demand is run back at a rate of 17.5*C/s (0.5'F/s).

3. Trip of one of the two main loops after speed demand has dropped
below 2400 rpm.

4. Continuous helium inventory removal, 10% removal in 2 min and 1%/

min subsequent removal rate, until inventory is reduced to 10%.
O

13-10
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5. Maintenance of attemperation temperature demand at design value

followed by resetting of the attemperation controller to centrol

only the high-pressure recuperator outlet temperature.

Results from the REALY2 simulation of a reactor scram from 100%
nominal power indicate that a single PCL can provide controlled reactor

cooldown and self-sustaining decay heat removal for more than 2 days with

!- adequate margin. Table 13-3 gives the three-loop plant conditions at the

| end of 2 days from scram with 15% helium inventory. Core inlet and outlet
'

temperatures are 475"C i887'F) and 590*C (1094*F), respectively. Turbo-
machine speed is approximately 55% of nominal, and the primary bypass valve

'
is about 14% open. The core cooling coefficient (ratio of decay heat rate

to heat removal rate) is nearly 1.15. Similar self-sustaining plant condi-
*

tions with 10% helium inventory and proportionally lower system pressures
were obtained for the two-loop plant model.

13.3.2.2. Helium Inventory Control System. Three primary means are avail-i

' able for obtaining and controlling part load operation of the HTGR-GT.
Bypass valve operation (bypass control), which effectively provides a shunt
flow path across the core and turbine, provides rapid (fraction of a

second) load change. Adjustment of turbine inlet temperature (temperature
control) allows load adjustment at a slower rate (minutes). Adjustment of
system pressure by-increase or decrease of primary system inventory (inven-
tory control) provides the third and most efficient means of load adjust-
ment. Standard helium cleanup and transfer systems result in hours being
required for large changes in inventory. Supplemental helium transfer
systems are currently being evaluated to establish the rate and amount of

inventory control which will be provided as a part of the standard HTGR-GT.
This evaluation will also determine what degree of increased inventory
control may be provided as an option. The helium transfer assumed in the
control studies was chosen as typical and utilized to establish viable
operation of the other controls in combination with inventory changes.,

/^)u
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hTABLE 13-3
PLANT CONDITIONS TWO DAYS AFTER SCRAM

Inlet / Outlet
Inlet Flow Inlet Pressure Temperature

Component [kg/h (lbm/h)] [kPa (psia)] [*C(*F)]

HP plenum 122,884(270,912) 760,10(110.24) 475.2/475.3
(887.3/887.5)

Core 122,804(270,737) 759.90(110.21) 475.3/589.9
(887.5/1093.8)

Turbine 128,129(282,477) 757.48(109.86) 589.9/534.7
(1093.8/944.5)

LP tecuperator 187,130(412,550) 618.69(89.73) 497.11/111.8
(926.7/233.2)

LP plenum 187,130(412,550) 617.72(89.59) 111.8/111.7
(233.2f233.1)

Precooler 186,546(411,264) 617.17(89.51) 111.7/20.9
(233.0/69.4)

Compressor 187,296(412,916) 616.34(89.39) 21.4/58
(70.5/136.4)

HP recuperator 178,793(394,170) 765.14(110.97) 59.3/475.1 g
(138.7/887.2) W

s

Core Parameters

Decay heat generation = 23.9 MW

Cooling coefficient = 1.147

Turbomachine Parameters

Speed = 1978 rpm

Turbine efficiency = 82.07%

Turbine pressure ratio = 1.22

Compressor efficiency = 74.61%

Compressor pressure ratio = 1.25
.

Bypass flow = 5488 kg/h (12,099 lbm/h)

9
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The design objective for the helium inventory control system is the

controlled removal or insertion of helium into presulected high-pressure

and/or low-pressure regions of the PCI. as required during plant startup/
shutdown or load-following maneuvers. Figure 13-1 presents the plant
efficiency versus load for the three methods of control. Tha very high
part load efficiency obtained with inventory control is apparent. Tempera-

ture control provides reasonable efficiency in the upper range of load.

Bypass control provides poor efficiency, with approximately 80% of the load

reduction via bypass going to waste heat. The reference load control

concept currently being evaluated is set up to take 10% load change on
,

*

bypass control, with further reduction by temperature control. In addi-
' tion, manually initiated inventory change is accepted by the control system

and results in adjustment of the programmed setpoints of valves and

temperature versus load. (For added details related to helium inventory
control, see Section 12.3.4.)

() Preliminary functional analysis of integrated bypass, temperature,
'

and inventory control of various load-following and plant shutdown events
has shown well-controlled stable operation with simple control functions.

,

13.3.2.3. Control Rod Shimming Function. During load changes between

minimum and maximum load, plant operator shimming of the control rods may
~

be required to produce sufficient rod-induced reactivity change concurrent
with maintaining the position of the automatic power-regulating rod bank
within specified limits. Compared with the previous, highly enriched
uranium (HEU) core, the change to MEU fuel and the. low-worth " power" rods
necessitate larger rod movements to effect similar power changes.

Preliminary analysis of various load-following transients has shown
that the required power changes can be produced smoothly through rod
shimming.

-

-(O
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13.3.3. Intercooled Versus Non-Intercooled and Warm Liner Versus Cold
Liner Studies

The relative merits of alternative HTCR-GT design concepts were

evaluated in two separate transient studies that were completed in FY-79:
the intercooled versus non-intercooled study and the warm liner versus cold

liner study.

13.3.3.1. Intercooled Versus Non-Intercooled Study. Owing to schedule

and funding considerations, the comparison of the two-loop intercooled
plant and the two-loop non-intercooled plant was completed using models
with different design point power levels. The available models were the
alternate commercial 3000-MW(t) intercooled plant model and the 2000-MW(t)

non-intercooled plant model. Some of the comparisons were done on a

percentage basis in order to minimize the power level mismatch. Twelve
transients were studied to evaluate the control and PPS requirements for

these plants. REALY2 was used in support of this work.
LJ

The greater complexity of the intercooled plant detracts from its

operability. The fact that more parameters must be monitored to assure
satisfactory plant operation reduces the overall response of plant opera-

tions personnel and increases the possibility that operating difficulties

may be overlooked. For example, the recognition of compressor surge would

apply to four compressor stages instead of two in a two-loop fntercooledt

plant. Similar concerns would apply to the precoolers and intercoolers,
where water flow conditions would have to be monitored on four units
rather than two. Therefore, the simpler non-intercooled plant concept is

expected to have an overall advantage in comparative operability and
availability as noted in Section 10.

The PPS requirements were compared in terms of the number of control
units and setpoints and are expected to be the same for the two plants.

The PCS requirements for the intercooled concept are slightly more
severe in that high-pressure compressor surge margin control must be:

13-15
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incorporated with the primary bypass valve. That type of requirement

affects only the attemperation valve in the non-intercooled concept.

13.3.3.2. Warm Liner Study. The evaluation at GA showed that it would be
difficult to use the warm liner feature in multi-loop plants.

It appears for several reasons that adopting the warm liner concept

makes the single loop shutdown-recovery capability either unachievable or
considerably more difficult to achieve. This in turn leads to either

abandoning single loop shutdown-recovery (shut down all loops, not one) or
making several major modifications to the design. The addition of two

main loop flow isolation valves per loop. PPS monfr> ring / valve actuation,
and special side cavity cooling is probably requi d to make single loop

shutdown-recovery viable. Even with the valving and other provisions, the

compressor-to-compressor coupling through the core liner cavity presents

possible difficulties that have not previously been assessed in the HTGR-GT
concept. Alco, the more complex arrangement of the primary coolant path

would make the plant more difficult to operate.

Additionally, studies of the warm liner demonstration plant have

shown that liner temperature could exceed 204*C (400*F) if a loss of cir-

culating water event were allowed to proceed as in a conventional HTCR-GT

plant. Since liner temperatures that high, even though occurring for only

a few minutes, would seriously jeopardize an immediate plant restart, it is

likely that the liner would need some cooling as a means of protection

against this event.

13.3.4. Sound Pressure Level, Natural Convection, and Flow Mixing Studies

13.3.4.1. HTGR-GT Primary Circuit Sound Pressures. Sound pressures in the

primary circuit due to the turbomachinery and the bypass valve were

calculated.

The data base for HTGR-GT turbomachinery noise emission has been

greatly strengthened by measurements from the Oberhausen gas turbine plant

13-16



b
and by semi-empirical predictions from United Technologies C >rporation
(UTC). The acoustic power spectra generated by UTC are dominated by tones

caitted at the blade passage frequency and the first harmonic. Broadband

noise is rather low at both low and high frequencies. Subsequently, UTC

revised downward its initial estimates of turbomachinery noise to reflect

proposed modifications to the outermost two stages of each end of the

turbine and compressor, Using these revised sound power estimates, primary

circuit sound pressures were calculated. The results are given in Table

13-4.

Calculations were also made of the sound powers emitted by the bypass
valve. The resulting sound pressures for the primary circuit are too high,

and at least 15 dB of attenuation will be required for the primary bypass

valve. This attenuation should be straightforward because:

1. The bulk of the acoustic energy is at frequencies which are

(~ 'T readily attenuated.
Q,)

2. Little noise radiates upstream of the valve, so treatment need

only be applied downstream.

3. The fluid temperatures are expected to be less than 550*C

| (1022*F), so a varisty of materials and construction techniques
are available for absorbers.

The results of these sound pressure analyses were documented in a

design report.

13.3.5. HTGR-GT Loop Natural Convection With No Forced Flow

An analysis was done to provide an initial estimate of natural convec-

tion loop flow in the two-loop, SCO-MW(e) HTGR-GT non-intercooled plant
with no forced circulation (loss of offsite power). A small computer pro-

,r w gram was written to calculate the loop flow rate provided the temperatures
+ <

N' at various points along the loop were independently specified. Many cases
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TABLE 13-4
PRIMARY CIRCUIT MEAN SQUARE PRESSURES IN ONE-OCTAVE BANDS (VANE-

BLADE MODIFICATIONS, BUT NO ATTENUATION TREATMENT)

2Octave-Band Mean Square Pressures (Pa )
Overall

ressure(a)500 1000 2000 4000 8000 16,000
2Hz Hz Hz Hz Hz Hz Pa dB SPL

Turbine exit duct 2E6(b) 4E6 8E6 3E7 2E7 4E6 2E7 166

Recuperator-precooler duct 3E4 4E4 4E4 IES 2E4 3E3 6E4 142

Compressor inlet duct 1ES 3E5 8E5 4E6 4E6 3E6 3E6 159

Compressor outiet duct 8E4 2E5 4E5 8E5 1E6 4E6 2E6 156

0
8 Recuperator-core duct 4E5 2E6 4E6 8E6 IE7 4E6 8E6 163

co

Core inlet plenum 2E6 3E6 8E6 2E7 3E7 1E7 3E7 167

Core outlet plenum 2E6 3E6 8E6 2E7 3E7 2E7 2E7 167

Turbine inlet duct 3E6 4E6 1E7 4E7 SE7 3E7 4E7 170

(^ Does not include a factor to account for spatial peaking near solid surfaces.
(b)2E6 = 2 x 10 ,6
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were run with different combinations of core outlet and precooler outlet
''

temperatures that are representative for natural circulation conditions.

The other temperatures around the loop were then derived assuming no heat
losses in the ducts, equal temperature drops through the shell and tube
sides of the recuperator, and a recuperator effectiveness of 0.9. (Past

experience has shown that the net driving density head is not too sensitive
to the fluid temperature distribution.)

For all cases, the calculated loop natural convection flow rate was in

reverse flow (upflow through the core). However, the flow resistances of

the turbine and compressor were so high (both assumed stationary) that the
loop natural convection was essentially suppressed [%0.005 kg/s (%0.01
lbm/s) with typical velocities of 0.03 m/s (%1 f t/s)] . Under these condi-
tions, local natural convection currents with velocities of 0.03 m/s

(N1 f t/s) may be esteb11shed,

r~N 13.3.6. Mixing of Turbine and Bypass Valve Gas Streams in HTGR-GT

U
A computer model of the mixing between the hot turbine exhaust gas

and the cooler bypass valve gas stream was constructed. Because of diffi-

culties in obtaining a converged solution, only suggested flow patterns

were achieved from the computer model. A hand calculation model was then

used to estimate the degree of mixing.

Figure 13-2 shows the cold bypass valve fluid impinging on the far

wall and then spreading around the duct as it is blown downstream Ly the

hot turbine exhaust flow. The calculations indicate that the flows could

mix thoroughly eight duct diameters downstream. Thus, the two flows would

not be thoroughly mixed at the much closer recuperator inlet (two to three

duct diameters downstream) based on the present PCL layout. Alternates to
this layout are being initiated.

.

J
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14. PCRV LINERS, PENETRATIONS, AND CLOSURES (631104)

14.1. SCOPE

The purpose of this task in FY-79 was to complete the evaluation of
the warm liner concept, to study liner leak detection / collection systems
as an alternative to the warm liner concept, to document the results in a
design report, and to initiate design and analytical studies of large i

closures.

14.2 SUMMARY

The evaluation of the warm liner versus cold liner concept was com-() pleted and documented. in a design report. The significant results of this

study are summarized in Table 14-1 The disadventages of the warm liner.,

concept were found to outweigh its advantages, primarily owing to the design
complexities that result from the presence of the warm liner flow annulus in
the core cavity. Retention of the conventional, cold liner was recommended
and approved for the HTGR-GT reference plant. A liner leak detection /
collection system was recommended as an option for consideration by the
utilities.

Analytical studies were initiated to establish sizing techniques for
concrete plug and ring type closures, and design studies were initiated to
pursue alternative closure configurations. These studies are scheduled

to continue into FY-80.

:
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TABLE 14-1

SUMMARY COMPARISON OF WARM AND COLD LINER CONCEPTS

Liner Concept

Consideration Issue with Advantage

Structures

PCRV Qualification of the warm liner insulat- Cold
ing concrete is required for ASME/ACI
Code revision.

Liner The cold liner operating environment Cold
and stress / strain cycles are less

severe.

Reactor The warm liner requires a core barrel Cold
internals that is exposed to high temperatures,

neutron irradiation, and lart pressure
dif ferences during accidents. The many
joints in the core barrel itself and the
uany penetrations for spring packs and
concentric ducts require leak-tight
seals fsr cycle efficiency. The core
barrel must accommodate large relative
movemente between interfacing components
wh il ' maintaining leak-tight structural

f.cegrity.

The " :m liner spring packs are exposed Warm

to much less severe thermal environment.

The rtaal A great reduction in thermal barrier Warm

barrier quantity is realized with the warm
liner concept.

With the warm liner concept, it is Cold
more dif ficult to design the thermal

barrier to accommodate movements of
core barrel plates and ef fects of
leaks at joints.

O
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TABLE 14-1 (Continued)

._

Liner Concept*

Consideration Issue with Advantage

Maintainability
ISI The warm liner can be visually Warm ,

- inspected, but it is likely that a i
!

; small crack that will cause unaccept-
able leakage cannot be detected.

With the warm liner concept, the addi- Cold
tion of the core barrel, core barrel
seals, core barrel floor and top sup-
ports, and coolant flow guides and
restrictions increases ISI
requirements.

The warm liner flow annulus may make Warm
remote inspection of spring packs
possible.

Repair Repair of the warm liner, although Warm
very difficult for the core cavity,

% is easier without a thermal barrier.
Access to spring packs is better.

With the warm liner concapt, addition Cr?.d
of the core barrel adds many components
that may require repair or replacement
and makes access to reactor internal
components within the core barrel
more difficult.

Operability Coupling of the primary loops by the Cold
warm liner annulus results in an avail-
ability penalty for multi-loop plants
or addition of isolation valves in
loops. The more complicated flow path
makes plant. control and operator
decisions more complex.

.

a

9

.

14-3 i

|

_-



TABLE 14-1 (Continued)

Liner Concept

Consideration Issue with Advantage

Safe ty/ With the warm liner concept, failure Cold
licensing of a core outlet or CACS inlet ducts

or of the core barrel in the lower
plenum results in the CACS flow liypass-
ing the core. Any of these failures
also leads to primary loop flow bypass-
ing the core.

With the warm liner concept, the CAHE Cold
outlet gas temperature required for
liner cooling [149*C (300*F)] is not
suitable for core cooling because
unacceptable temperatures and thermal
gradients in the core structures would
result. The flow stability and uni-
formity in the core cavity warm liner
annulus is questionable under CACS
operation.

Economics

Capital cost Capital costs are higher for the warm Cold
liner HTGR-GT plant owing to the
added core barrel and larger PCRV,
even though there is much less
thermal barrier.

Cycle The increased ef ficiency of the inter- Cold
efficiency cooled cycle is negated by pressure

loss cwing to the complex flow path of
the warm liner concept. The warm liner
also has increased risk of efficiency
degradation due to bypass flows and
leakages.

O
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14.3. DISCUSSION

A stress analysis of the intersection between a refueling penetration

liner and the core cavity liner was completed as a part of the warm liner

evaluation. The analysis was performed for postulated dead-flow conditions

to assess the effect of this high-temperature condition, which may exist

with a warm core cavity liner. The results of this anglysis indicated that

there was insufficient margin for cyclic operation at the penetration /
liner junction and that dead flow conditions would not be acceptable with

a warm core cavity liner.- It was concluded that some means, such as flow

distribution devices, must be incorporated into a warm liner design to

preclude the development of dead-flow conditions.

Another problem identitied for a warm liner design is that the uncooled
'

liners'are cxposed to the primary coolant and thus will react quickiy to
anticipated primary coolant temperature transients. The loss of cooling

(~% water transients would cause 'the ASME Section III, Division 2 limit on',)\>

tensile stress to be exceeded in the precooler, recuperator, and turbo-

machine cavity liners.

Since the warm liner experiences more severe thermal cycles and may

operate in a general state of tension, it has a higher probability of

service failure. For this reason, the cold liner concept was preferred

from the standpoint of the liner itself.

A liner leak detection and collection system was studied as an alter-

native approach to mitigate the consequences of a postulated liner leak.

It was decided that the primary objective of a leak collection system

should be to permit continued plant operation as quickly as possible

following a liner leak. This requires that (1) the escaping coolant gas

can.be contained or collected and processed and (2) leakage will not result

in degradation of the PCRV structural integrity. The former requirement

necessitates that a leakage path (s) can be detected, while the latter

b. s_-
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requirement indicates that the leak should be collected at or near the

outer liner surface. It is also required that under normal conditions,

i.e. , no liner cracks, the leak collection system will not affect the leak

tightness of the liner, impair the function of the PCRV cooling system, or

adversely affect the strength and serviceability of the PCRV. Other

desirable goals of a leak collection system design are that it he entirely

passive, not contain any moving parts, and not affect or be affected by
normal plant operations.

The various leak collection system designs fall into two general

categories: Icak chase channels and vent tubes. The first category follows

the widely accepted approach used in containment liner construction, wherein

channels are located at all liner welds and intersections. Penetration and

closure welds would not have leak chase channels because they are subject to

volumetric ISI. Representative use of a steel-formed channel system is
'

shown in Fig. 14-1. Although the probability of a liner crack occurring

is very low, if one should ever occur, it would most likely be at or near g gg
a weld joint or intersection. With a steel-formed channel and collector

surrounding the leakage path, it should be possible to quickly contain the

leak within the PCRV. The plant would be shut down for a very short time,

containment of the leak would be readily accomplished at the collection

tube termination on the periphery of the PCRV, and no pumps, process piping,

or additions to the normal plant helium purification train would be required.

The disadvantages of a leak chase system are that it is relatively expersive

and does not protect against a crack which occurs away from a weld joint.

The category of vent tube designs follows the approach dcveloped and

tested by Menon in Sweden (Ref. 14-1). The leaking coolant is allowed to

flow into a gridwork of tubes which surround the liner and then is vented

to the periphery of the PCRV. The contaminated coolant is collected and

then pumped into the reactor via a processing system. The tube gridwork

may be made of perforated pipe, voids formed in the concrete, or solid

pipe. When pipe is used to form the gridwork, pipe stubs may extend from

the gridwork to the liner surface, where porous bushings can be used to

14-6
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collect the leaking helium. This should shorten the leakage path and

minimize the number of vent tubes through which the contaminated coolant

passes, which in turn should simplify the collection and processing of the

leaking helium. A conceptual arrangement of this system for a core cavity

liner is shown in Fig. 14-2. The advantages of a vent tube system are that

it should be relatively inexpensive and is capable of :ollecting leaks

wherever they occur. The disadvantages are that it will require more

development testing than a leak chase system and the leakage cannot be

isolated and contained, but rather must be collected and pumped into the

processing system for return to the reactor.

Analytical studies of concrete closures were oriented toward estab-

lishing the direction of the load path between the plug and the ring. This

directly affects the plug and ring height and movements of the omega seal

between the plug and vessel. Finite element models were used in the

analysis. It was concluded that it is necessary to design the components
~

( ') based on a nearly vertical load path, regardless of the contact angle.
''

The impact on plug and ring size remains to be established.

Design studies consisted of evaluating alternative closure concepts.

A toggle hold-down system was rejected because it increased the height of

the PCRV. A steel hold-down ring as an alternate to the prestressed con-

crete ring was sized and found to offer significant weight and height

reduction potential. The combination of a steel ring and concrete plug is

shown in Fig. 14-3. A major advantage of the steel ring is that it can

be held down with anchor bolts. Therefore, it is not necessary to

de-tension the PCRV tendons to remove the closure. One disadvantage of

the ring is its high initial cost, since considerable steel and welding

are required.

Another approach investigated was a dome closure. This followed

from the position that failure of such a closure need not be postulated.

Both ellipsoidal and hemispherical domes were evaluated. An ellipsoidal

dome with a radius to height ratio of approximately 1.5 appeared to produce,r ,s, ,

1
- ,

14-13 |
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O
the best results. The overall height of the dome and bolting flanges was

3.05 m (10 f t), which is substantially less than any plug and ring com-

bination, The dome is also independent of the PCRV prestressing tendons.
Its major disadvantage is that the penetration thickne=a and annular space

around the penetration required for 131 add 0.61 m (2.0 ft) to the net

inside diameter of the concrete blockout at the top of the PCRV. This

would probably increase the PCRV diameter, but the amount of the increase
has not been determined. -

14.4. REFERENCE

14-1. Menon, S. , " Verification Program of Test and Studies on
Scandinavian BWR-PCRV," in Fourth International Conference
on Structural Mechanics in Reactor Technology. San Francisco,
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15. PCRV STRUCTURES (631105)

15.1. SCOPE

The purpose of this task in FY-79 was to evaluate the structural

characteristics of theEPCRV for the three-loop plant and to develop and

evaluate PCRV layouts based upon the intercooled and non-intercooled
plants.

15.2. SUMMARY,

PCRV stress analyses for the three-loop IITGR-GT reference plant were
performed to evaluate structural effects characteristic of the PCRV with

() horizontal turbomachine cavities. Preliminary evaluation of three-
'

dimensional finite element stress results obtained for initial prestress

and cavity pressure loadings indicates that the required prestressing for
the turbomachine cavity region 'should be provided primarily by horizontal
tendons.

Two conceptual PCRV layouts for the two-loop intercooled and non-

I' inttrcooled plants were completed to provide PCRV sizing data for the
CODER computer program. A comparative study favors the non-interconted
plant from the standpoint of PCRV design in that PCRV diameter is smaller
by 2.4 m (8 ft) and the PCRV layout allows more flexibility.

.
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15.3. DISCUSSION

15.3.1. Effectiveness of PCRV Prestressing at Turbomachine Cavity Region

A major PCRV design consideration for the HTGR-GT plant is the

inclusion of horizontal cavities for the turbomachines in the PCRV. The
location of large horizontal cavities in the PCRV bottom head precludes

the use of circumferential wire winding on the lower portion of the PCRV.

The required prestressing in this region is provided by linear tendons.

The cut-outs in the bottom head for the turbomachinery and the resulting

horizontal tendon layout will have a significant impact on the PCRV sizing.

To evaluate the effectiveness of PCRV prestressing at the turbomachine

cavity region, a three-dimensional finite element stress analysis cf the

PCRV was performed. The PCRV configuration used for this investigation

is based on the reference three-loop HTGR-GT plant (Fig. 15-1). Figure

15-2 shows the proposed tendon arrangement for the PCRV bottom head. It

is believed that stress results obtained for the three-loop PCRV design

would be indicative of the structural characteristics of the turbomachine

cavity region and provide the necessary guidelines for future PCRV sizing

and for establishing prestressing requirements for PCRVs with similar loop

and component arrangements.

*

The three-dimensional finite element model of the PCRV is depicted in

Fig. 15-3. The mesh consists of 222 isoparametric brick and 140 membrane

elements with 1549 nodal points. The mathematical model represents a 70

sector of the lower half of the PCRV bounded by vertical planes through the

centers of the compressor discharge and CAHE cavities. Also included in

the model are the 3.8-m (12.5-ft) high support structure and a 6.1-m

(20-f t) thick containment mat. Stress results for prestress loadings due

to vertical tendons and circumferential wire windings and cavity pressure

loads have been obtained. Preliminary evaluation indicates that discon-

tinuities introduced by cut-outs have significantly reduced the ef fectiveness

of the circumferential prestress contribution in the PCRV bottom head from

wire windings. The required prestressing in the turbomachine cavity region

should be provided primarily by horizontal tendons.

15-2
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15.3.2. Two-Loop Intercooled and Non-Intercooled Plant Study

The selected basic configuration for comparing the intercooled and
non-intercooled variants is the 800-MW(e) plant with two 400-MW(e) power

conversion loops. The two " base case" configurations are shown in Figs.

15-4 and 15-5. The following major component PCRV cavity envelopes
(liner inside diameter dimensions) and system parametars were considered

for the designs:

Cavity Envelopes Intercooled Non-intercooled

Core cavity (diameter / height), m 11.33/16.18
(ft-in.) (37-2/53-1)

Recuperator (top / middle height / 6.15/5.92
diame te r) , m (f t-in. ) (20-2/19-5)

Precooler (top / middle height / 4.57/4-42 5.13/5.50.

diame ter) , m (f t-in. ) (15-0/14-6) (16-10/16-5)

Intercooler, m (f t-in.) 4.42
__

(14-6)

Turbine cavity (end/ middle 4.75/4.57
section/ diameter), m (f t-in.) (15-7/15-0)

Compressor discharge duct, m 3.56/3.35
(ft-in.) (12-0/11-0)

CACS (top / middle height / 3.12/2.67
diameter), m (f t-in.) (10-3/8-9)

System Parameters (Max. Cavity Intercooled Non-intercooled
Pressure)

High pressure, MPa (psi) 8.17
(1185)

Low pressure, MPa (psi) 2.72 3.27
(395) (474)

Equilibrium pressure, MPa (psi) 6.21
(900)

@
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The principal dimensions of the PCRV for the two configurations are,

as follows:

Intercooled Non-intercooled [,

PCRV diameter,-m (ft) 39.62 37.19 ;

(130) (122) !

,
'

PCRV height,.m (ft) 35.36
(116)

.

The two-loop plant arrangement offers a design option that was not

available in? he three-loop " delta" HTGR-GT configuration: the turbo-t

machines can be installed and removed from the turbine end of the horizon-

| tal turbomachinery' cavity, thus avoiding the need to disconnect and move
~

; the generator and its bus connecticas.
4

Figures 15-6 and 15-7 depict the PCRV designs for the non-intercooled'

and intercooled plants, respectively. The PCRV sizing for these plants !
*

| was governed mostly by the cavity closure ring space required and tendon

[} layout except for. the few ligaments which were stress governing. For the

non-intercooled plant, the inner radial ligament between the core and a

compressor discharge duct in the barrel section and the circumferential

ligament between the recuperator cavity and the compressor discharge duct

j. . In the- top head were stress governing. For the intercooled plant, the

circumferential-ligament between the CACS and precooler cavities and -
.

.between theirecuperator and intercooler~ cavities are stress governing in,

the top head during initial prestressing. All other ligaments are layout
I controlled.

The PCRV diameter of the intercooled plant is 2.44 m (8 ft) larger

f .than for the non-intercooled configuration. This increase is mainly due
to the longer turbine cavity for.the intercooled plant [2.59 m (8.5 f t)],-

1

the addition of two intercooler cavities with their closure rings, and ''

associated pipe' chases for the cooling water plumbing. The PCRV height
'for both concepts is governed by -the combination of several component

,
..

.

*

L
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O
requirements : the turbine cavity elevation in the bottom head, which is
based on the requirements of the horizontal tendon layout, the space
required for the recuperator, and the cavity closure plug thickness.

There are several potential cost saving improvements applicable to
both concepts. These can be classified under the following major categories:

1. PCRV design changes.

Increase the PCRV concrete strength from 44.8 MPa (6500 psi)a.

tc. 55.2 MPa (8000 psi),

b. Increase the linear prestressing system tendon capacity to

13.3 MN (3000 kips),

c. Perform a crack analysis to optimize the stress-governing

liga ments.

2. Major component design changes.

The majority of the PCRV ligaments are controlled by layouta.

in both plants. The concrete closure rings on top of the

PCRV occupy a significant amount of space and in most cases

control the location of the cavities and the size of the
PCRV. Alternate closures such as inverted arch plugs or a

similar concept would eliminate the huge closure rings on

the PCRV top head, and the layout could be much simpler and
also improve the BOP layout and refueling of the core.

b. The compressor discharge duct in the current design is used
for ISI and replacement of the hot and cold ducts and also
allows hel *um flow from the turbine compressor to the top of

the recuperator cavity. There may be a significant saving in

O
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the PCRV diameter if this vertical duct is either eliminated
or moved away from the core, i,.e., not directly above the

turbine cavity, and its cavity size is reduced by 50%. Hot
dact removal would then be accomplished through the turbo-

rachinery cavity.
|

c. As stated earlier, the recuperator cavity height governs the
PCRV height. If this cavity is reduced in height, the PCRV

height could be reduced by 1.83 m (6 f t) maximum.
!

While the above optimization possibilities would result in PCRV size ,

reduction, further investigation is necessary to establish their feast-

bility. It should be noted, however, that the size reduction so achieved
is not cumulative.

I

From a PCRV standpoint, the two-loop, 400-MW(e) non-intercooled plant
is favored over its intercooled counterpart for the following reasons:

,

O:
1. The PCRV diameter is 2.44 m (8 f t) smaller than in the. inter-

cooled plant.

i

: 2. It provides more flexibility in canting of the turbine (especially
i

in the divergent position) without affecting the PCRV diameter.

3. It permits easy incorporation of the enhanced core cooling system,

again without affecting the PCRV diameter.

|
; 4. More top head layout space'is available because of the absence

of intercooler cavities and their associated pipe chases and

simpler' tendon layout.

'
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16. THERMAL BARRIER (631106)

16.1. SCOPE |
i
!

'

The purpose of this task in FY-79 was to develop design features for

high-temperature thermal barrier designs and to complete the evaluation of i

the HHT conceptual hot duct thermal barrier for applicability to the CA
'

,

HTGR-GT reference plant.

i
'

16.2. SUMMARY 1

1

;

r

An evaluation of the HHT hot duct design was completed. The design

was found to be complex with potential heat transmission and maintenance

() problems. The three major issues of concern in developing a reliable
'

thermal barrier design, i.e., acoustic vibration, high core outlet
,

temperatures, and rapid depressurization rates, were evaluated.
.

16.3. DISCUSSION
J

16.3.1. Evaluation of HHT Thermal-Barrier Designs

i

A thorough review and analysis of the HHT hot duct designs proved
-difficult, since the information made available to CA was inadequate for
reviewing all aspects of the designs.

In general, it was found that the HHT ducts were structurally too,

complex and would require extensive efforts to achieve an acceptable degree
of simplicity. Except - for some- local movements and possible leakage
through " sealing" devices, the warm ducts (such as the core inlet and
turbine outlet ducts) were considered to be minor problem areas. The
main problems are centered around the core outlet duct.

.
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O
16.3.1.1. Assumed Design Conditions. The function of the core outlet duct

is to transfer the hot gas from the lower core plenum to the turbine as

ef ficiently and safely as possible. The general design parameters of

interest are:

Temperature: 860*C (1581*F) [ mixed mean].
Pressure: 7.01 MPa (1017 psi).

Dif ferential pressure: +26.0 MPa/s (+3771 psi /s) for 20 ms
once in 40 yr.

-60.0 MPa/s (-8702 psi /s) for 20 ms
once in 40 yr.

Velocity: 102 m/s (335 f t/s) .
Acoustic noise level: 500 Pa (148 dB).*
Seismic load: Unknown.

16.3.1.2. Critique of HRB lulT Conceptual Designs. Written descriptions

of these designs have not been made available to GA. Also, the drawings

are without significant callouts. Therefore, much of the following is h
based on assumption and interpretation.

It appears that the thermal barrier coverplate material is carbon-

carbon (C-C). It also appears that fibrous blanket material is used as

an insulator. This is consistent with GA's current thinking, although

cast superalloys are strongly considered for coverplates as long as the

normal condition core outlet temperature remains in the range of 850" to

900*C (1562 * to 1652*F) . The HRB design concept appears to have p ro-

vided an adequate means of accommodating pressure changes by incorporating

a groove on the back side of the coverplate. However, the functional per-

formance of the secondary plate between the insulation and the primary
coverplate is questionable. It would appear that the system permits pres-

sure changes but does nothing to reduce permeation within the insulation.

*Ceneral Atomic currently uses 10,000 Pa (174 dB) for turbine-generated
noise.
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I i
\s s' The effect would be excessive heat transfer (or at least local hot spots)

at the " cold" face.

The method of retaining and restraining the coverplates as shown in
HRB drawings is unique and complex. Apparently, the internal coaxial duct
is designed to be completely fabricated outside of the plant (because of
the sequence and location of the welds and back side attachments). There-
fore, it must be assumed that the duct must be removed in its entirety for
repair or replacement. In situ inspection of anything other than the

coverplates is impossible. Remote removal of such a large duct section

through complex angles seems to be difficult. Since local distortion of

the supports and guides is to be expected, the new replacement duct will
be difficult to mate.

In summary, the HRB HHT duct concepts as presented are very complex,

which is undesirable in high-temperature structural design. The complexity
is particularly evident in the attachments, ring seals, gimballed sections,,_

/
's ,T expansion joints, and supports. If in situ inspection, repair, and replace-/

ment are criteria, then the duct designs should be simplified.

16.3.1.3. Applicability of HRB HHT Designs to GA HTGR-GT. The designs

as presented are more sci.cmatical than detailed and have limited applica-
bility to the GA thermal barrier designs. General Atomic considers the
major thermal-barrier-related problems to be resistance to acoustic

vibration and accommodation of rapid pressure transients, as discussed in
Section 16.3.2. Also important, but of lesser consequence, are factors
associated with long-term thermal stability and the necessity of ISI.

The degree of ISI and repair /replaceability must be clearly defined.
This definition is the basis of the thermal barrier and structural portions
of the ducts, whether it is the HRB approach of completc, intact duct
replacement or the approach of remotely replacing individual components
of the thermal barrier.

_,,
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16.3.2. High-Temperature Thermal Barrier Design Development

There are three major issues of concern in developing reliable thermal
barrier designs: acoustic vibration, high core outlet temperatures, and

rapid depressurization rates.

The first issue to be considered is vibration. The overall sound
ptessure levels generated by the turbomachinery are projected to range up
to 166 dB. At these levels, the fatigue resistance of coverplates, attach-
ments, and insulation is extremely low. Changes in primary system param-

eters, such as system pressure, temperature, or flow rate, can indirectly
impact the acoustic vibration issue by affecting the thermal barrier
material properties and potentiall; reducing fatigue resistance.
Among the riaterial choices, metallic structures are given the best chance
of survival, primarily owing to a relatively high design allowable fatigue
strength. However, the potential for damage to the fibrous insulation
materials from acoustic vibration is very great if a " conventional" HTGR
thermal barrier system is to be used. A possible solution to this 1 oblem
is to encapsulate and quilt the insulation package, thereby enhancing the
sonic tolerance level of the fiber blankets. This subject is discussed in
more detail in Section 16.3.2.4.

Second, the proposed core outlet temperature of 850*C (1562*F) limits
the choice of materials for the hot regions to cast superalloys, C-C, and
hard ceramics. General Atomic has developed designs using all of these
materials. The least practical at this time appears to be the hard ceramic
configuration in combination with structural graphite. This is primarily
because of attachment complexities and changing the duct cross section
from round to rectangular to easa construction and installation. Recent

discussions with suppliers of boti- castings and C-C indicate practical
utilization opportunities of these materials for the proposed application.
It must be noted, however, that the data base for these materials is very
limited, especially in regard to fatigue and long-term creep. DV&S programs
will be progressing to fill this void.
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' /. Finally, there are opposing requirements for controlled convection

within the thermal barrier in order to minimize heat transfer and the
necessity for rapid venting of the system during a depressurization
accident. The effects of rapid depressurization on the thermal barrier

are discussed in more detail in Section 16.3.2.3.

16.3.2.1 Candidate Alloy Evaluation. Based upon representative param-
eters for. thermal and mechanical stress resistance and the ability to
sustain imposed acoustic loads, an evaluation of candidate thermal barrier

structural metallics was performed. The major candidates are given in
Table 16-1.

The only coverplate materials currently being considered for Class A
thermal barrier are low carbon steels such as ASTM A36 or AISI 1020, because
no other grade of material has been shown to be economically competitive.
For the Class B1 application, the choice is less clear. All of the alloys

b mentioned for this class have individual advantages. The eventual choice-

,

sl will probably be made on the basis of an economical tradeoff with the more
expensive Class B2 choice. All the Class B2 metals are cast nickel-base
superalloys. An evaluation by GA's Structural Materials Department regard-
ing castability and material properties is in progress. At this time, the
favored candidate is IN 713LC.4

16.3.2.2. Class B2 Coverplate Evaluation. The coverplate and attachment
configurations must perform satisfactorily under the following conditions:

1. Long-term loading of the insulation pressure.

2. Short-term loading due to rapid depressurization (see
Section 16.3.2.3).

| 3. Fatigue loading due to acoustic vibration (see Section
! 16.3.2.4).

Ov
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TABLE 16-1
MAJOR CANDIDATE THERMAL BARRIER METALLICS AND DESIGN TEMPERATURE LIMITS

Thermal Barrier Temperature Limit [ *C ( *F) ]
Thermal Normal Design Emergency Design Faulted Design
Barrier Condition at Cundition at Condition at

Material Class 300,000 h 10 h Ih

Carbim steel A 371 (700) 482 (900) 593 (1100

2-1/4 Cr-1 Mo B1 538 (1000) 649 (1200) Not yet defined,
de n material

304 SS B1 593 (1100) 816 (1500)
316 SS B1 621 (1150) 816 (1500)
Alloy 800H B1 677 (1250) >816 (>1500)

Hastelloy X B1 704 (1300) >899 (>1650)

IN 100 or Rene 100 B2 910 (1670) 982 (1800) 1093 (2000)

IN 162 B2 910 (1670) 982 (1800) 1093 (2000)

IN 713LC B2 910 (1670,' 982 (1800) 1093 (2000)

IN 738 B2 910 (1670) 982 (1800) 1093 (2000)

O O O
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4. Thermal loading of the primary coolant due to steady-state and

transient operation.

5. Long-term effects of the primary coolant on the material

properties of the casting materials.

To date, preliminary analyses have been completed for stresses
induced by mechanical loading, thermal loading, and loads due to acoustic

vibration, The favored configuration (Fig. 16-1) was found to be struc-

turall; adequate when using the properties of IN 713LC.

The mmlyses have shown that the maximum stress due to the mechanical

loading occurs at the coverplate-attachment intersection, where the largest
bendin6 moment from the insulation pressure is induced. The maximum stress
due to thermal loading resulting from the temperature gradient through the
structure was found to occur at the base of the attachment during steady-

r' x
! ) state operation and at the top of the attachment during normal operation,

thermal cycling.

Before the evaluation of these proposed cast coverplates is complete,
it will be necessary to include the short-term loading due to rapid depres-
surization and the thermal loading of the primary coolant due to accident

transients. The effect of the reactor environment on the basic material
properties must also be determined.

16.3.2.3. Effects of Rapid Depressurization. An investigation of the

ef fect of rapid depressurization on the thermal barrier in the HTGR-GT was

comple ted. The turbine deblading accident is considered to have the most

severe pressure transients and was therefore the accident used in this

study. An evaluation of the required coverplate vent area to accommodate

rapid depressurization indicates that the vent area [1.6% of the coverplate
area yields a 103-kPa (15-psi) pressure drop] is feasible.

/m

ij
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Further study of rapid depressurization during the turbine deblading

accident indicated that there may be a vent ing problem due to depressuriza-

tion of the fibrous insulation because of the flow resistance of the fibers.

Limited test results indicate a potentially serious problem associated with

the rapid depressurization of the fibers. This is especially true for the

lower main cross duct (hot duct) where a naximum depressurization rate of

56.9 MPa/s (8255 psi /s) may yield a pressure load of 0.35 MPa (50 psi) on
the coverplates. It is recommended that permeation and depressurizatica
tests for the ErfGR-GT conditions be conducted in coordination with analyses.

At the present time, the evaluation of the effects of pressure upon

the thermal barrier requires more information in a number of areas, most

of which involve rapid depressurization caused by the turbine deblading

accident. These areas are as follows:

1. A study should be performed to determine whether the belit.m flow

through the thermal barrier during the turbine deblading accident h
can be considered Darcian flow or is actually a non-Darcian flow,

which is not easily characterized,

2. Because of the rapid temperature decrease caused by the adiabatic

expansion of the helium, the effects of the turbine deblading

accident should be evaluated with respect to the potential thermal

shock on the thermal barrier components.

3. The rapid temperature and pressure decreaaes induced by the

turbine deblading accident need to be evaluated in terms of

two-dimensional ef fects of the transient in the duct.

16.3.2.4 Acoustic Analysis. During this study, the acoustic response of

two candidate Class B thermal barrier configurations currently being

proposed for the HTGR-GT was analyzed. It was concluded that a 51 x 51 cm
(20 by 20 in.) plate with a central attachment fixture appeared feasible.

O
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Based on acoustic load considerations only, either IN 713LC or a C-C com-
posite can be satisfactory. It is felt that the present concept (see

Fig.16-1) is structurally satisfactory for the currently predicted acoustic

loads. However, before a given coverplate attachment fixture can be

designed with confidence, it will be necessary to:
,

1. Determine the narrow band roct mean square acoustic load as a

function of frequency.

2. Determine the high-cycle fatigue strength of the candidate

materials (IN 713LC and C-C) in reactor helium. Currently, there
are only limited data on IN 713LC in air and almost no data on

C-C.

3. Experimentally determine the coverplate damping characteristics

in reactor helium. Currently, the coverplate damping in reactor

helium is based on a theory which needs verification.
a

4. Investigate the effect of coverplate curvature on the coverplate
response and the attachment fixture loads, Thus far, all analysis
and testing have been done assuming flat coverplates. However,
it is recognized that in the current HTGR-GT configuration all
coverplates will have some curvature.

5. Investigate the effect of varying the coverplate thickness with

a tapered plate (as shown in Fig. 16-1) on the covarplate response
and the attachment fixture loads. As inoicated in item 4 above,
all the aralysis and testing have been done on flat plates of
uniform cross section. However, it appears that this is not an

optimum or realistic configuration.

6. Determine the loading on attachment fixtures, since the results of
GA's acoustic analysis do not include this information. |

|

t
V
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7. Verify the coverplate boundary conditions.

8. Experimentally determine the ef fect of coverplate motion on fiber

damage.

While a comprehensive vibration test program has been outlined to

obtain the necessary information, GA would benefit from relevant existing

test data. Therefore, efforts are being made to obtain inforaation

previously generated in the United Kingdom under the Advanced Gas-Cooled

Reactor program.

O

.

O
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; 17. REACTOR INTERNALS (6317)

17.1. REACTOR INTERNALS DESIGN
4

17.1.1. Scope

The purpose of this task in FY-79 was to improve the level of con-
fidence in developing the structural / mechanical design of the HTGR-GT
reactor internals.

17.1.2. Summary

Work performed under t',is tasn was as follows:

1. A structural and mechanical evaluation of the HHT reactor internals,

under seismic excitation was conducted.,.

;

] 2 Preliminary cost information on the reactor internals of the
three-laap HTGR-GT commercial plant was estimated for input to
the CODER program.

A structural and mechanical evaluation of the HHT coaxial, high-,

temperature gas ducts was performed. This study was limited to the struc-
; tural and mechanical aspects of HRB's design of the HHT high-temperature

gas ducts. .The thermal insulation of the ducts was reviewed separately.
The amount of available information did not permit a definite conclusion

,

as to the feasibility of the present design. However, potential problem
areas were identified and recommendations for needed analytical and experi-
mental programs were made.

. . (~)v

4
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A preliminary seismic evaluation of the reactor internals structures

was completed. This study was primarily qualitative owing to the lack of

data on the internals of the HHT and the absence of a supporting seismic

analysis.

Cost information on reactor internals was estimated for input to

CODER. The cost info 2mation on the reactor internals of the three-loop
HIGR-GT commercial plant was incomplete and will have to be revised when
materials for the high-temperature metallic internals are chosen.

17.1.3. Discussion

The primary results of the structural and mechanical evaluation of

Hilt's coaxial, high-temperature gas ducts are summarized below:

1. The choice of material for the shells of the CAHE inlet ducts
should be reviewed to ensure that i steel with the required high- 'h
temperature properties is chosen, (A)*

2. The turbine outlet duct appears to have inade ,; ate buckling
strength and may need stif fening. Also, all the bends ars sub-
jected to a ec,mplex combination of loads, and it is recommended
that their buckling strength be carefully confirmed through
detailed analysis. (A)

3. A comprehencive analysis should be performed to determine the
ability of the ducts to withstand acoustic and seismic loads.

This analysis would also provide a necessary input to the
vibration tests planned by HRB. (A, in part)

*(A) indicates applicability to the GA three-loop HTGR-GT reference design.

O
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4 The present HHT ducts are very complex, and an effort should be

n'ade.to simplify the design and to reduce the number of components.
It is believed that a simpler design will enhance safety and
reliability, reduce installation and removal problems, and. lower
costs. The flange coupling system is incomplete. (A)

5. The design of the various types of sliding joints should be
developed in more detail so that leakage estimates can be made
over the range of possible seal conditions. (A)

Wherever feasible, the tae of bellows, which is preferred by GA,
should be considered as an alternative and a backup to ring

seals. (A)

6. The veri,us types of supports, particularly the snubbers, should
also be defined in more detail so that the effect of relative

- movements and duct vibrations can be determined. (A)

7. Lastly, it should be pointed out that two major considerations
outside the scope of this study need particular attention: (1)

the effectiveness and integrity of the thermal barrier on the
inside (A), and (2) the uniformity and continuity of the cooling
flow on the outside of the ducts. (A)

The conclusions from *.he preliminary seismic evaluation of the HHT

reactor internals structures are as follows:

1. The overturning and rotational stability cf the core barrel side
wall is doubtful. . Radial keys between side wall and PCRV liner
should be added to ensure it.

2. The buckling stability of the side reflector must be investigated.

O
~
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3. The presence of radial gaps between the inner blocks of the side
reflector, and also between the outer blocks of the bottom

reflector and core support floor, is needed to permit the spring

packs to keep the outer side ref1cetor and the bottom reflector

and core support floor tight. Ilowever, these gaps may prove

detrimental to the internals by amplifying their seismic response

and their collisions.

4 The pendulum-like arrangement of the top reflector may cause

excessive impact against the side reflector.

5. Relative horizontal movements of the core support floor and the

core barrel floor may not be acceptable for the core support

posts as designed.

6. Both a more precise definition of the properties and geometry

(including gaps) of the internals and a seismic analysis of the

dynamic PCRV-interpals core system are necessary to quantify

the above-ment ioned problems and to verify the seismic adequacy

of the design proposed for the HHT, especially that of the lateral

restraint.

O
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17.2. HOT DUCT DESIGN - FREE-STANDING SECTION

17.7.1. Scope

The purpose of this task is to improve the level of confidence in

developing the structural / mechanical design of the HTGR-GT free-standing
ducta.

.

17.2.2. Summary

The conceptual design layouts of the core inlet and core outlet ducts
for the two-loop HTGR-GT plant were released (see Fig. 17-1). The con-

ceptual design of these ducts included the remote handling and coupling
system, provisions for flexibility, and supports and seals.

|

17.2.3. Discussion

17.2.3.1. Core outlet Duct. The core outlet duct design incorporates a
coupling mechanism which is accessible via remote handling equipment through

a 1.2-m (4-ft) diameter access shaft in the PCRV from the bottom head. The
coupling mechanism required modification in order to be operated from a
horizontal position. However, it is basically identical to the previous j

design, which required operation vertically from the top head of the PCRV
through the compressor discharge cavity. The earlier plant configuration
did not route the core inlet coolant through a free-standing duct in the
upper end of the compressor discharge cavity; therefore, the core outlet
duct was accessible without obstruction from the top of the PCRV. The
current design requires ' removal of the core inlet duct prior to removal
of the . core outlet duct should that become necessary for inspection and/or
replacemen t.

,~ .

.
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The duct design includes the use of bellows to accommodate movements

imposed by the turbomachine. Stresses in the duct shell, without the

benefit of bellows, exceed the allowable limits. Protective guards were

added for the bellows to prevent damage during handling. A secondary seal

was also incorporated into the design. This provides a backup to the

bellows in the event of failure. The assembly has been designed for the

most recent estimates of pressure differences across the duct as a result

of a turbine deLiading accident.

A guide-rail structure was designed such that both the core inlet and

core outlet ducts have a means of horizontal restraint and also have pro-

visions for remote installation and removal. Handling features are pro-

vided on the ducts for the remote handling equipment.

The core outlet duct / turbine inlet seal design is intended to be

similar in concept to the refueling penetration / control rod drive seal

ring assembly used in the Fort St. Vrain plant.

17.2.3.2. Core Inlet Duct. The free-standing core inlet duct is a recent

addition to the plant design configuration. The vertical section of the

duct, including the coupling mechanism and bellows, was designed similarly

to the core outlet duct. The horizontal section of the duct was segmented

to permit installation and removal around the 90* bend at the compressor

discharge cavity /recuperator outlet cavity interface. Handling lugs were

provided as well as spring-loaded roller supports for the horizontal section.

As described above for the core outlet duct, a guide-rail structure is pro-

vided for the vertical section of the duct in the compressor discharge

cavity. A seal ring assembly is planned for the recuperator/ core inlet

duct similar to that described for the core outlet duct /turbomachine inter-
face. Additional conceptual design work is required in this area.

O
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17. 3. - HOT DUCT DESIGN - THERMAL BARRIER

:

<17.3.1. Scope

The purpose of this task is to improve the level of confidence in

the feasibility of employing one or more candidate materials for the thermal
barrier of the hot duct.

17.3.2. Summary

;

Concepts emphasizing repair and replaceability were examined using
C-C and nickel-base alloy castings. Configurations were shown to be within
the state-of-the-art of fabrication and met all the present criteria of
application. An evaluation was made comparing a coaxial and an embedded

i

horizontal duct, with the latter being preferred on the basis of system
reliability.

.

17.3.3. . Discussion

. From the viewpoint of assembly, removal, and replacement, a thermal
barrier constructed of C-C cylinders with high-temperature insulation
" washers" is the most advantageous (Fig. 17-2). However, it is very costly

(~S1.5M per duct for.C-C versus $0.55M for a cast superalloy version).
Also, at this time, there is less confidence in the structural integrity of
C-C compared:with castings. Therefore, emphasis has more recently been

a

placed on metallic configurations,
i

A. variety of alloys have been identified as candidates for the HTGR-GT,

environment- (Ref.17-1) . These include IN 100, IN 162, IN 519, IN 617
'IN 625, IN 713LC, and IN 738. Of these, the most attractive appears to be
IN 713LC. T A concept using coverplates instead of cylirdrical sections is*

shown in . Fig.17-3, and a representative cast coverplate is shown in Fig.
17-4.

. (-~g
\_/-

.
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One of the potential design problems associated with superalloy cast-
ings is size limitation. I f thermal and inlet fairings are required as

anticipated, tbc problem will be accentuated by the need to provide a
relatively smooth surface in order to minimize gas flow disruption.

Casting vendors have indicated that cast cylindrical sections (such
as would be required for the thermal shield) might be limited to 610-mm
(2-ft) lengths. A 1524-mm (5-ft) diameter was considered possible by the
vendors. With these limitations, a configuration such as that shown in
Fig. 17-5 can be considered. While this concept accommodates the gas flow
conditions and is castable, there is some question concerning its ability

to withstand rapid depressurization conditiens. It also presents some

difficulties with regard to removability. Hence, a modular thermal shield

concept was investigated.

If repair and/or replaceability of the hot ducts is considered to be

mandatory, then the C-C cylinder cencept (Fig. 17-2) becomes increasingly
attractive. The components are relatively few in number and simple in

construction. It is believed that remote replacement of the thermal

barrier in the horizontal region of the hot duct is both possible and

practical. This was intended from the beginning because of the severe

vibration and pressure transient environment to which the system is

expected to be subjected and the uncertainty (at least at this design /
development stage) of being able to sustain this environment during the
40-yr design life.

Nevertheless, because of the concern for replaceability, alternative

concepts have been examined. One such concept consists of a hetizontal
coaxial duct that would enable both the primary structure and the thermal

barrier to be removed as a unit. This concept is shown in Fig. 17-3.

Owing to the restriction on the size of the compressor discharge duct
diameter, it is not possible to remove the horizontal portion of the duct

in one piece. It is believed that two sections are possible, but three

O
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are more practical. This leads to at least one joint, such as that indi-

cated in Fig. 17-3. .However, it is desirable to minimi'e the number of

joints because of inherent sealing difficulties. Cas bypass could cause

deterioration of both the primary structure and the thermal barrier (not

to mention system-related effects).

The above. problem is accentuated by the necessity for a sliding seal

at the lower' core plenum sidewall-to-duct interface. In this case, a,

piston seal might be possible as has been suggested by HRB designers, but

the initial fit-up and in-service distortions due to thermal gradients

raise the potential for gas bypass. It is also necessary to protect this

seal'from direct gas impingement. Hence, a thermal shield is indicated

at the duct inla.t in conjunction with a secondary seal attached to the

lower plenum sidewall thermal barrier. Protection of this region is very

critical, and considerable attention must be given to ensuring it.

rg In order to ease assembly, remova.1, and replacersent, it is felt that

- guide rails and rollers are desirable. (This approach has also been taken
by 3RB in their HHT duct design.) The presence of the rails contributes

to the potential for additional heat transfer to the liner and the asso-

ciated cooling water system. In order to permit thermal expansion, the

rollers must not be rigid. A spring-loaded mechanism is envisioned. This

lends itself to compounded vibration problems in an already critical area.

In summary, it is believed that it is not desirable to baseline design

a coaxial horizontal duct. Instead, a rigid primary structure with an in4

situ replaceable thermal barrier is more practical. It is believed that

the current cylindrical, segmented C-C duct with modular insulation washers

is a practical state-of-the-art approach.

,
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.

..V

17-31

-__ _ . - _ - . - - - ___ _ _ __ _ ___ _ -



-- ._ - - _ _ -- -_

O
17.4. REFERENCE

17-1. Wattier, J.B. (compiler), " Preliminary Assessment of Structural
Materials for Use at Temperatures in the Range 1200*F to 2000*F,"

General Atomic Company, unpublished data, July 1979.

O
i

|
|

|
|

|

<

O

17-32

.. .. . . - _ - . - - -



, . .

n
b

18. TURB0 MACHINERY

18.1. SCOPE

The purpose of this task in FY-79 was for United Technologies Corpora-
tion (UTC), under subcontract to GA, to conduct turbomachinery design
studies in support of the HTGR-GT plant design effort.

18.2. SUMMARY

The studies conducted by UTC supported mechanical, systems, metallur-

gical, and safety studies being conducted by GA related to the HTGR-GT plant,

f-sA ,) The conceptual layout for the 400-MW(e) turbomachine was updated.
Techniques for attenuating the sound power level were identified. These
techniques included increased blade / vane spacing, adjusted relative number
of blades and vanes, and introduction of acoustic liners in selected loca-
tions. The changes necessary to accommodate the requirements for remote
handling were also addressed. The turbomachine component weights were
summarized, and the turbine cooling flow distribution was estimated. The
predicted compressor operating maps were extended into the low-pressure-
ratio regions. A preliminary. study of the mechanism by which a welded
rotor fails.was initiated. Evaluation of industrial experience showed that
welded rotor failures are unlikely. Turbine disk rim stresses were evaluated
for various system transient conditions. Results indicate satisfactory
turbomachine operation for decay heat removal after a reactor. scram. The

rate of pressure change during a rotor deblading event was predicted.
Available high-speed recording data were reviewed, and their applicability
was established. Results frem these high-speed records show the major
portion of the pressure change' occurred in less than 0.1 s. The materials

O|'
-
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O
selected for the turbomachine were reviewed. Alternate candidates were

provided for critical areas. A technique for maintaining the rotor bear-

ings in situ was provided. A conceptual layout for an interuoled 400-MW'O

configuration was prepared. A turbomachine/ generator development program
and its associated schedule and cost were defined. The impact of codes

and licensing criteria on the turbomachine design was evaluated.

18.3. DISCUSSION

18.3.1. 400-MW(e) Turbomachine Conceptual Design

Design effort concentrated on the 400-MW(e) turbomachine configuration.

The primary emphasis was to update the conceptual layout. This was accom-

plished in two sequences.

The first included a design of the turbine inlet duct which placed

the piston ring seals on the inner surface of the PCRV duct. This design

has the advantage of reducing the overall diameter of the engine. In addi-

tion, the contour of the compressor inlet case was changed to increase the

plenum entrance area. Axial retention for the compressor containment ring

was also provided.

The second revision included recommendations for disk containment and

noise attenuation. The inlet and discharge vane / blade spacing of both the

compressor and turbine were increased to decrease the sound power levels.

As a result, the span between bearings was increased. The length of the

disk containment rings was increased to accommodate the increase in rotor

length plus an additional overhang at each end to further ensure the safety

of surrounding parts. A seal was provided for the bore of the front hub to

prevent cycle flow leakage into the outer cavity during maintenance actions.

The original hot duct configuration was reintroduced based on system

interface considerations. This final updated configuration is shown in

Fig. 18-1.

O
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.18.3.2. Sound Power Level Study

Several means were examined for reducing upstream and downstream

noise emissions from the compressor and turbine of the HTGR-GT.

.-

These methods fall into four categories:

1. . Modifying the number of blades and vanes.

2. Increasing the spacing between the rotor and stator stages.

3. Providing sound-absorbing linings for turbomachinery cases

and/or ducting (inlet and discharge).

4. Modifying inlet and discharge duc^t configurations to provide
noise reductions by use of a sonic throat (for inlet) and

/''s . 'further acoustic treatment.
U-

'Not.all of these methods need be applied to all components. For example,
.if ;he recommended blade and vane numbers can be employed, the current
rotor-stator spacing can be retained. Similarly, if satisfactory inlet

ducts that incorporate a sonic throat can be designed, it will be unneces-

sary to modify the blade and vane numbers and the spacing in the inlet

stages.

Estimates of the-overall power level (OAPWL)' reductions were

obtained using some of these methods. Either blade vane modifications
or. increased spacing is worth about 4 dB in OAPWL. Treating the diffuser

sections of the compressor and the turbine discharge with perforated
faciiig -- honeycomb backing space acoustic liners should provide about
9-dB discharge noise OAPWL rdduction. Similar treatment upstream of

the compressor and turbine would reduce the sound power levels in these
regions by-approximately 12 to 14 dB. Use of sonic inlets should result

-

.,
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O
in at least 20-dB reduction in inlet noise. Further noise reductions

could be obtained by sound-absorbing liner applications outside of the
main turbomachine components. For design of such structures, an estimate

of the spectral distribution of target noise reduction is required to

provide better criteria than the OAPUL reductions employed here.

18.3.3. Turbomachine Weight Summary

Weights of the 400-MW(e) turbomachine components we.re estimated as

shown in Table 18-1. The basis for the estimates is the layout shown in

Fig. 18-1.

18.3.4. Turbine Cooling Flow Distribution

The turbine cooling flow distribution was defined for the 400-MW(e),
welded rotor turbomachine. The estimated distribution is shown in Fig.

18-2. The prediction is based on the optimized turbine configuration
using tangential fir tree attachments. Total cooling flow, including case
cooling, is 3.6% of compressor discharge flow.

18.3.5. 400-MW(e) Intercooled Turbomachine Conceptual Design

A conceptual layout for a 400-MW(e) intercooled turbouchine was
prepared. The primary requirement was for estimated dimensions fer use
in interfacing structural layout development. An improved performance
compressor was assumed with fewer stages, si:allar to that in the 500-MW(e)
non-interceoled concept. This allowed achieving the 2.5 pressure ratio

with 16 stages which were split into two 8-stage compressors upstream and
downstream of the intercooler. Sound attenuation spacing between blades

and vanes was approximated for both the compressor and turbine inlets anc
exits. The resulting overall turbomachine length was 15.4 m (50.5 ft)
with a bearing span of approximately 11.5 m (38 ft). The diameter was

retained at 4 m (13 f t) to accommodate GA's hot duct configuration. Figure

18 i is a reduced version of the layout (Fig. 18-1).

18-6
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TABLE 18-1

400-MW(e) TURB0 MACHINE WEIGHT SUMMARY
(BASED ON FIG. 18-1)

Units per Weight
Component Engine [ tonnes (tons)]

Compressor discharge case 2 20.63(20.30) each
Turbine inlet duct 2 2.90(2.85) each
Turbine containment ring and case 1 39.52(38.9)
Turbine stator case and vanes 2 8.12(7.99) each
Turbine exhaust case 1 22.24(21.89)

- Turbine bearing and seals 1 4.78(4.70)
Turbine rotor assembly (bladed) 1 22.91(22.55)
Compressor discharge duct 2 0.23(0.23) each
Compressor containment rig and case 1 63.41(62.41)
Compressor stator case and vanes 2 4.60(4.53) each
Compressor inlet case 1 20.52(20.20)

f- . Compressor bearing and seals 1 4.78(4.70)
' Compressor rotor assembly (bladed) 1 21.07(20.74)

Total 272.20(267.9).

l',.

' ! . L.
g-
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/~'} 18.3.6. Compressor Map
G

The turbomachine compressor map was revised to include additional
definition in the range of low pressure ratios. The low pressure ratio

operating range was required for systens analysis studies of of t'-design

and transient conditions. The revised map is shown in Figs, 18-4 and 18-5.

For consistency, the base map used for extrapolation was that prepared in

1976 for the HTGR-CT program.

18.3.7. In Situ Bearing Maintenance

Figures 18-6 through 18-12 depict the concept of in situ bearing

maintenance for the HTGR-GT. Basically, the precedure has been changed
from a manual operation to primarily a mechanical powered one. The key to

the process is a unique piece of access equipment (Fig. 18-6) that peruits

a mechanic to be transported into the work area, carrying the required

power tools and fixturing.

O)
f'

The maintenance truck (Fig. 18-6) is a self-propelled vehicle support-

ing a horizontal work truss. The outer end of the work truas carries a

platform and control panel. Thm operator will lie mine-car f ashic.e to

operate the truck. An access path will be provided through the length of

the truss, permitting a second man to crawl in to aid the operator. The

truss also carries mounting provisions for carrying the required pneumatic

tools and attachment fixtures, as well as lifting provisions for removing

engine services. This piece of equipment could be adapted reauily for

remote control if necessary.

In situ maintenance of the journal bearings is accomplished by the

following steps:

Turbine Bearings

a. The operator attaches lifting provisions to the engine service

/~N pipes for support, then breaks the mechanical joints. The pipes
( /
''~ can then be lif ted slightly and removed as shown in Fig. 18-7.

18-11
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O
b. After depositing the service pipes, the truck returns and the

operator attaches fixtures from the frame to the bearing com-
partment cover. The bolt circle is broken with a pneumatic
wrench, and the cover is backed out of the tunnel (Fig. 18-8).
This process is repeated for removal of the bearing sideplate.

c. The operator brings in the required support fixtures, jacks, and
rotor attachment tool (Fig. 18-9). The rotor is lifted off the

journal bearing to permit inspection and/or removal of pads.

d. The bearing removal fixtures are screwed into the tapped holes
provided at both ends of the individual pads. The pad is removed
by backing the truck out through the tunnel (Fig. 18-10).

Compressor Bearings

.

e. Prior to compressor bearing maintenance, the generacar, thrust

bearing, and output shaf t must be removed (Fig. 18-11,

f. The maintenance truck enters through the center of the PCRV plug

and the attachment fixtures are mated to the shaft coupling (Fig.

18-12). The operator uses the pneumatic wrench to break the bolt

flanges, and the coupling is backed away.

The remaining steps are very similar to steps b, c, and d.

It should be noted that the maintenance procedures for the compressor

end bearings would require movement of the g;aurator if the generatur is
close coupled. Based upon guidance from the utilities, this is not accept-

able, and as a result the maintenance of the comprescor end bearing is being

re-evaluated.

O
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18.3.8. Turbomachine Noise Reduction

Several means were examined for reducing upstream and downstream

noise emissions from the compressor and turbine of the HTGR-GT. These

include modifying the blade and vane numbers, increasing the rotor-stator

spacing, providing acoustic liners for the component cases, and using
special inlet and exhaust ducting. Not all these methods need be applied

to all components. For example, if the recommended blade and vane numbers
can be employed, the current rotor-stator spacing can be retained. Simi-

larly, if satisfactory inlet ducts that incorporate a sonic throat can be

designed, it will be unnecessary to modify the blade and vane numbers and
the spacing in the inlet stages.

Estimates of the overall power level (OAPWL) reductions were obtai.ed

for some of these measures. Either blade-vane modifications or increased
spacing is worth about 4 dB of OAPWL. Treating the dif f user sections of

the compressor and the turbine discharge with perforated f acing - honeyconb g
backing space acoustic liners chould provide about 9 dB discharge noise

OAPWL reduction. Similar treatment upstream of the compressor and turbine

would reduce the sound power lev s in these regions by approximately 12 to

14 dB. Use of sonic inlets results in at least 20~(B reduction in inlet
noise. Further noise reductions could be obtained by sound-absorbing liner

applicatians outside of the main turbomachine components. For design of

such structures, an estimate of the spectral distribution of target noise

reduction is required to provide better criteria than the overall power

reductions employed here.

18.3.9. Depressurization During Deblading

A study was conducted to address the question of an assumed deblading
of the HTGR-GT turbine. The primary information sought was the rate at

which the turbine flow path resistance to flow changed with time, i.e., how

fast the failed turbine parts clear the annular gas path area. With these

data, the system depressurization rate could then be calculated.

18-22
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(
v

The approach taken was to search for available hardware data resulting
from this type of failure and to simulate the HTCR-GT system in a computer
program, so that the data obtained from open cycle hardware could be

rationalized to a closed cycle configuration. The UTC Volume Dynamics
Simulation Program (VDS) was used to simulate the power plant system.
VDS is a digital system used for pressure-volume dynamics simulations in

the milliseconds to minute time regime. It is used to model the process

control logic of a power plant during normal operation, power transients,

failure modes, startup, and shutdown. Power plant interface conditions
are defined by the user, and pressure, flow compositions (where applicable),
mass storage, and flow direction are calculated at each system location.

Temperature at each location is user input either as set values or as

dynamic calculations. Temperatures of fluid mixes are calculated based

on the temperatures and properties of the mixing streams.

The VDS input was the three-loop version of the HTGR-GT with aystem
n
(a) volumes as provided by GA. The compressor map was included so that the

compressors in the two operating loops (one loop failed) would maintain
their characteristics during the transients. The operating turbines were
nodeled as orifices. The failed turbine and its compressor were modeled
as variable area orifices with the rate of change of area being a variable
input. The results of a simulated turbine failure are shown in Figs. 18-13
through 18-17. It was assumed in this case that the turbine area changed
linearly over a 150-ms period. The other assumptions associated with this
simulation are shown in Fig. 18-18 and Table 18-2.

At the time these data were generated, it was understood that this

simulation was deficient from the standpoint of completeness because it

did not take into account the transient momentum terms associated with
the acceleration of the mass in the various parts of the system. A more
complete analysis was conducted by GA based on inputs from UTC.

p
-
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O
TABLE 18-2

HTCR-GT VOLUME DYNAMICS SIMULATION
(INITIAL STEADY-STATE CONDITIONS)

F

Temper- Resist- Pressure
Volume Volume ature Pressure ance Drop Flow
Number [m2 (ft2)] (*R) [MPa (psia)] Number [kPa (psi)] [kg/s (lb/s)]'

10 55.40 (596) 2022 7.65 (1109) 10 13.8 (2) 551 (1215)
11 55.40 (596) 2022 7.63 (1107) 11 13.8 (2) 551 (1215)
12 55.40 (596) 2022 7.62 (1105) ,' 12 13.8 (2) 551 (1215)
13 754.53 (8117.5) 1463 3.28 (476) 13 20.9 (3) 555 (1224)
14 754.53 (8117.5) 897.3 3.26 (473) 14 48.3 (7) 555 (1224)
15 390.86 (4205) 897.3 3.21 (466) 15 41.4 (6) 555 (1224)
16 390.86 (4205) 540 3.17 (460) 17 69.0 (10) 551 (1215)
17 0.093(1) 806.4 7.93 (1150) 18 75.8 (11) 551 (1215)
18 1831.4' (19,703) 1110.5 7.86 (1140) 20 27.6 (4) 1102 (2430)
20 110.80 (1192) 2022 7.65 (1109) 21 27.6 (4) 1102 (2430)
21 110.80 (1192) 2022 7.63 (1107) 22 27.6 (4) 1102 (2430) h
22 110.80 (1192) 2022 7.62 (1105) 23 41.4 (6) 1110 (2448)
23 1509.24 (16,237) 1463 3.28 (476) 24 96.5 (14) 1110 (2448)
24 1509.24 (16,237) 897.3 3.26 (473) 25 82.7 (12) 1110 (2448)
25 781.71 (8410) 897.3 3.21 (466) 27 137.9 (20) 1102 (2430)
26 781.71 (8410) 540 3.17 (460) 28 151.7 (22) 1102 (2430)
27 0.186(2) 806.4 , 7.93 (1150) 31 6.90 (1) 1652 (3644)

!7.86(1140)28 3362.81 (39,406) 1110.5 32 117.2 (17) 1652 (3644)
31 1505.80 (16,200) 1414.6 7.78 (1129)
32 451.93 (4862) 1717.3 7.77 (1128)
33 845.29 (9094) 2022 7.66 (1111)

O
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U(;
- Information available from hardware experience is shown in Fig.18-19,

where the static pressure measured upstream of an open cycle turbine during
an overstress test turbine failure is presented. The period between 0 and

1.0 s is expanded in Fig. 18-20. The pressure transducer was close coupled

to the static tap with a response rate between 1/16 and 1/8 s. Other

measured parameters indicated the heat supply continued throughout the
failure. Since the upstream choked hardware remained intact during the
test, it would tend to hold the measured pressure up. Also, a significant

portion of the turbine blading remained intact af ter the rotor was stopped.
Rotor speed at the time of failure was approximately 9000 rpm.

18.3.10. Helded Rotor Failure Mechanism

A study was performed to investigate the mechanism by which a welded
rotor might fail. Welded rotor failure modes were reviewed, and it was

concluded that a failure of an entire rotor was an unlikely event,

O
The probability of failure can be further minimized by:

1. Including in the design progressive margins which would cause

the component with the least damage impact to fail first.

2. Setting high disk burst margins.,

3. Limiting critical stresses based on fracture mechanics criteria

compatible with the minimum detectable flaw size.

4. Establishing rigid quality assurance procedures.

I

pa
;

i

f18-31

-



- _ _ _ .

1 ! . i i 1
- =

! ! ! ! ! !
>

-4,_

i! i i ii i i ! i !
>

,

i ! i i i i i l i
_

4-
:.

I i i i i -
'

,s

250 u,, . 4..
-- -m :mm

; ..= . g
, 4 m
'

Q -
_

:p ;,

US 200 , , -.
..

54-|
'

Ri A,p!h.
a , . . m g,

w .__. L i

_ ; .- g
> I - - , .

..
c. - . 2 :..

pgghi! Esus ----" :is :-

w
. U" 150

. .4M . . . . .

'

.

._
_

k
~

y 7 >. ..
_

-
-

. =

h y. 4;;; _ y;
. _ . .,

a uJ - --+r
,

y w
-

i -5 kg r 1..
-

m-
.

_ :=s wy g 100 ,
' %

1 %( - ' 415;3gity
N y --* ->~ m Q.__, -.u__

.. . ..

~ ,-
- 1

% I.
, .: . rc:. a

, ,;...hH %
- -

4

d
.. _ ir tim

g Ti( - , id 50 i.
*

E
| "I ' "

. %mdb. :: .. . . ..

'

j Nfr;: . == t;;;i. _

i i i Pb i

_
t :::j |

i -:: :m:=:.e=:
0

0 2 4 6 8 10 12 14 16 18

TIME (SEC|

Fig. 18-19. Depressurization during turbine failure with 0 to 1.0 s period expanded
(based on test data)

O O O



_ _ _

n, n ,o
N'

F Ii
, . , , . ' .

j
.

L; . . -.
260(W- ;

4.. . p' .... j .p
'

j [.4 g | p. . . . .,
,

'( .. | . [. j... -.j ..y _.
-

; ; 7
4, ., _ . , .

240 ; i .
: ! ;- i i

s
p- 9 .g .j _ .q .9. . r' i " ! '-

~~ -'-r--
-

,

-b,

*$ _. ._ . _) . _ ..i . .q_ ._j ._;. _... L _

E 220 ?

..
i

'

' i 1
i i , i--

_. - . . . - .. . . .

9
. .--.. . .

.a
-

W -
,1g ._. | -; _.. 7__ .j r 7

a 200 , , -

m _- . -... _ . . . . .[.._ _.. _ - . ._ . ..__ _..:c
m a ! .

. .

~ j .. ..._.._ . h
'

j -_ ...._... . . .

, , -_._. _, ._ .._

y'= 180 w
I".CD A '

b
" d 160 w'

'

b.,.IW "'

% '

o' 'mg'''
s
5 %4 s

%
m s- 'N .pL :.

'

= , ,'" h
''

140 v'
._._ _ %_'wm ,

,Ji -

r

' 'I.. ._ . . . ,. .( .. ... . .. . .

"' '

'

120
p. .p .... 4 .4 . .p ._[ . . . . .

t-~~ 'r 'I " d'''' ' - -
-

j i
a '

|j
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

TIME (SEC)

Fig. 18-20. Depressurization during turbine failure ' (based on test data)

.

__ ____ _ _ _ _ _ __ m_.



Disk failure, the least likely rotor failure, may result from:

1. Exceeding the design stress level owing to speed and/or tempera-
ture exceeding maximum design levels.

2. Weakness of material due to a metallurgical defect, an unexpected
crack, or changes due to the environment (corrosion, embrittle-
ment, etc.).

Disk failure will originate in regions of high stress. The highest stress
occurs at the bore of the disks and the second highest at the web of the
disk. Failures originating at the bore will lead to bursting when the
crack size exceeds the critical flaw size.

Based on fracture mechanics and limited information on Ladish D6AC
material, Fig.18-21 shows that 0.049 mm (0.192 in.) is the critical crack

length for a 0.69-MPa (100,000-psi) stress level that is reached at 20%
overspeed. Assuming a 0.016-mm (0.062-1:t.) minimum detectable flaw, its
size will grow 0.229 mm (0.009 in.) in 1000 cycles. liowever, the likeli-
hood of 1000 cycles coupled with overspeed is very small, and the crack
could either be detected by inspection during overhaul or remain safe dur-
ing the 280,000-h life of the engine. Larger cracks will grow much more

rapidly but are more likely to be detected before leading to rupture.

At the rated speed of 3600 rpm, the bore. stress is reduced to
2100,000/1.2 = 478 MPa (69,400 psi) with a corresteding reduction of

crack sensitivity and crack growth. With the maximum bore stress set at
689.5 MPa (100,000 psi) at 20% overspeed, the disks have a burst margin of
1.44 at maximum engine speed of 4320 rpm compared with the 1.25 margin
used in other gas turbine designs.

If the disk develops a flaw that reaches critical flaw size, a crack
may propagate to the rim in 1 ms. In this case, the three or four frag-

ments of the disk are still attached to the spacers and become instantaneous

O
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additional loads on both the spacers and the adjoining disks. It is chere-

fore possible that the overload will result in bursting of these disks,
since there is no time for deceleration of the rotor and reduction of
centrifugal forces.

Another possible disk failure could originate at the web with high
radial stress, the second highest stress level in the disk. Results from

prior work covering the first and eighth turbine disks show this stress
to be 76% to 92% of the bore stress. Failure of this type will tear out

a fragment of the disk without causing a complete burst; it will cause

excessive unbalance and rotor deflections. It can again be assumed that

the engine will be shut down before any catastrophic failure occurs.

Further work is needed to determine if in the case of a disk or shaf t
failure, deterioration of driving torque and mechanical interferences are

sufficient to prevent or limit propagation of the failure. The design

system should include progressive design margins which would cause the

component with the least damage impact to fail first. The probable

sequence would be:

1. Blades.

2. Blade roots.

3. Blade. attachrents.

4. Disk lugs.

5. Disk segment or disk.

Thus, most rotor failures would result in blade loss only and would not

involve the disks and main rotor structure.

The HTCR-GT design has as a criterion that tha loss of up to 10% of

the blades in a single stage will not produce major damage. In the event

of such a failure, other blades and blade rows can and frequently will be

involved, but the engine can be shut down before any catastrophic failure

occurs. Disk damage in these cases is limited to the blade attachment

region.
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Experience with welded rotors shows no catastrophic failures. Use

I of welded rotors is justified because: ,

1

| 1. The design system permits thorough analysis of stresses.

2. Welding of the rotor permits the use of smaller, higher-quality

| disk forgings. ;
i

'

!

| 3. Welding techniques have progressed and guarantee very high-

| quality, reliable joints.

|

4. Inspection procedures reveal even very small imperfections and

permit monitoring of possible crack growth during the life of '

the engine. i
..

|

| S. Welded rotors avoid the stress concentrations associated with
I bolt holes.,.(,

.

.

18.3.11.'- Turbine Disk Rim Stress Studies {

l
!* A study was performed to evaluate the tolerance of the turbomachine
i.
|. to various static and transient off-design operating conditions. For

,

purposes of the study, turbine rim stress was used as the parameter for

| acceptab ility.- The following off-design conditions were evaluated:
|

|

1. Reactor scram coastdsvn transient.
2. Plant loss of load.

I |
*

| 3. Single loop loss of load with overspeed. .1

4. Plant loss of coolant water flow.

:

-

OJ .
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O
These conditions involve both short-time transients, <1 h, and long-

time operating conditions, >1 h. The study was conducted in two parts,

consisting of a structural evaluation defining the maximum allowable

short-time and long-time rim temperatures and a thermal evaluation of the

rim temperature during the selected off-design conditions.

The conclusions from the study are as follows:

1. The coastdown and plant loss of load transients de not impose

unacceptable levels of turbine rim stress.

2. Further review of the system characteristics during the single

loop loss of load and loss of coolant water conditions is required.

If the identified reverse flow occurs under these conditions

within a reasonable period of time af ter the loop shutdown, turbo-

machine operation will be acceptable. However, if reverse flow

does not occur, the turbine will be exposed to a reactor outlet

temperature of 816*C (1500*F) with no cooling flow available.
The adverse impact on turbine materials under these conditions

will be a function of the exposure time at temperature.

18.3.11.1. Structural Analysis. One of the features of the UTC design

is the use of Ladish D6AC as a turbine and compressor disk material. This

material has excellent low-temperature strength (Fig. 18-22) but weakens
rapidly above 482*C (900*F) and has little structural strength above
649"C (1200*F). A key feature of the design is a cooling scheme which
employs compressor exit flow at 177"C (350*F) to wash over and cool the

turbine rim. The base line design maintains the maximum turbine disk

temperature at 288"C (550*F) by using 3.6% of the compressor flow for
cooling.

Any changes in operation that affect speed, turbine inlet temperature,

or available cooling flow will alter the turbine rim temperature. The

objective of the structural analysis is to set the maximum allowable turbine

O
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O
rim temperatures. Disk stress level in the turbine blade fir tree attach-

ment sets the maximun allowable turbine rim temperature. The ITIC design

system analyzes these stresses by means of a computer program and compares
the results with either 60% of the 0.2% offset yield strength at 20% over-

speed or 60% of the 280,000-h stress rupture strength at normal operating

speed. The latest fir tree attachment analysis for the HTGR-GT turbo-

machine indicates that the design is governed by the stresses in the

eighth-stage turbine, omax = 353 MPa (51,200 psi) at 288 C (550"F) and
0.6cy = 538 MPa (78,000 psi).

Figure 18-23 relates the maximum allowable turbine rim temperature to

the turbine rim stress. It shows that at the overspeed condition, the

turbine rim temperature could reach 538*C (1000*F) and still meet the

design criteria. The maximum allowable short-time turbine rim temperature

ranges f rom 538'C (1000 F) tu 649"C (1200*F), depending on speed. The
upper limit was arbitrarily set at 649*C (1200*F) based on the rapid

decline in mechanical properties at this temperature. g
For an of f-design condition which lasts longer than I h, a slightly

different approach is taken which uses stress rupture allowables. Figure

18-24 shows the relationship between stress, temperature, and time. The

results indicate that at normal operating speed [o = 244.8 MPa (35,500

psi)], the design life would be 3o00 h at 482*C (900*F) but only 50 h at

538*C (1000"F). Therefore, based on the sensitivity of temperature to the

stress rupture properties and extrapolation of the data, the maximum allow-

able long-time turbine rim temperature has been set at 510*C (950 F) .

18.3.11.2. Thermal Analysis. Two transient events were analyzed in

detail, the scram coastdown transient and the plant loss of load. Tran-

sients associated with single loop loss of load with overspeed and plant

loss of cooling water flow were evaluated in somewhat less detail. The

detailed analyses of the first two events provided familiarity with the

major contributing factors which affect rim temperatures. Accordingly,

these factors were considered in evaluating the last two events.
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The fundamental analytical techniques were established censistentm

with those used previously by UTC. The FT-50 engine was used as a refer-

ence. Some internal temperatures for the HTGR-GT were determined via

appropriate ratioing techniques. The gas temperatures adjacent to the

turbine disk outside diarnster reflect the turbine rim temperatures (see

) in Fig. 18-25). Peading further studies, the rim outsideT
,

diameter temperatures have been assumed to be cooled within 10*C (50*F)

of the gas mixture.

The major parameters associated with the coastdown and plant loss of
load transients are presented in Table 18-3.

The parameters controlling the gas mixture temperatures are as
follows (Fig. 18-25):

1. W = hot gas ingested into the cavity between the vane andg
blade. The rate of ingestion is proportional to gas absolute,,

velocity at the root, gas density, and gap.

2. W = rate of coolant flow through the coolant passage. Allcggy

coolant flow per stage was assumed to flow into the passage up-
stream of the vane. Actually, a small portion will flow through
the passage going to the bottom of each " fir tree." The gas cool-

ing rates depend on turbine / compressor pressures and temperatures.

3. WBB = rate of seal blow-by. This rate depends on seal design,
pressure ratio across the seal, upstream absolute pressure, and
temperature. The baseline blow-by rates were determined from

prior analytical results.

4. Heat generated from disk and seal windage. The heat generation
rates were determined to have only a -6.7*C (20*F) or less
increase in gas mixture temperatures and were therefore ignored
for the present level of analysis.
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TABLE 18-3
MAJOR PARAMETERS FOR REACTOR SCRAM COASTDOWN AND

PLANT LOSS OF LOAD TRANSIENTS
-

Plant Loss of
Reactor Scram Coastdown(*} Lond(b)Time = 0

Parameter (100% power) t=10 h t=1 day t=1-1/2 day t=80 s t=180 s t=299 s

Compressor exit temperature, *C 174 56 102 86 142 181 181
(*F) (346) (133) (215) (187) (287) (359) (357)

Compressor exit pressure, MPa 7.92 2.61 1.31 0.78 6.97 7.84 7.88
(psia) (1150) (379) (190) (114) (1011) (1138) (1144)

Turbomachine speed, rpm 3600 1970 3180 2780 3600 3600 3600

Turbine inlet temperature, *C 849 747 727 588 851 843 851

g |(*F) (1560) (1377) .(1341) (1091) (1564) (1551) (1563)

E Turbine inlet pressure, MPa 7.66 2.57 1.27 0.76 6.o7 7.56 7.60
u (psia) (1112) (373) (184) (111) (967) (1097) (1103)

6 6 6 6Turbine inlet flow rate, kg/h 1.95x10 0.38x10 0.29x106 0.18x10 1.45x10 1.95x106 1.95x106
6 6 6 6 6 6 6(lb/h) (4.3x10 ) (0.84x10 ) (0.64x10 ) .(0.39x10 ) (3.2x10 ) (4.3x10 ) (4.3x10 )

Turbine exit temperature, *C 534 644 542 456 632 557 556
(*F) (998) (1192) (1009) (852) (1170) (1034) (1032)

Turbine exit pressure, MPa 3.27 2.14 0.81 0.52 4.13 3.55 3.50
(psia) (476) (311) (117) (76) (600) (516) (508)

|

I") Reactor scram starts transient; inventory control is used. One turbomachine loop operating to provide reactor
cooling. Turbomachine speed adjusted to maximize turbine efficiency and minimize reactor heat losses.

(b) Plant loss of load starts transient. hypass control of turbomachine. Load restored at 160 s.

e
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The W rates for the coastdown and plant loss of power transients
cool

were determined. These rates were ratioed from the baseline rate per

stage as shown in Fig. 18-26. The pressures for each stage (transient)
conditions were obtained by dividing the overall pressure ratio into eight

equal pressure ratios,

(P /P ) = (Pin /P ut) ,u d
S e

.

which is standard turbine preliminary design practice. Since the overall

temperature change through the turbine was relatively small, it was con-

sidered sufficiently accurate to also divide the overall temperature ratio

into eight equal temperature ratios.

The analysis was limited to evaluating the rim temperatures of the

areas upstream and downstream of the second vane and upstream and down-

stream of the eighth vane.

O
18.3.11.3. Results.

Coastdown Transient due to Reactor Scram

The results show that the maximum cavity gas mixture temperatures

occur during the baseline condition [see Table 18-4(A)] . The maximum

estimated gas cavity temperature occurs downstream of the second vane.

The transient creates no problems since the maximum metal rim tem-

perature is 54*C (130*F) below the long-term allowable temperature.

Plant Loss of Load

The conditions for this transient are nearly the same as for the

baseline 100% power point except at t = 80 s. Analysis of the gas mixture

temperatures at 80 s showed a drop in temperature. Temperatures at other

O
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TABLE 18-4(A)
ESTIMATED CAS TEMPERATURES FOR COASTDOWN

INITIATED BY REACTOR SCRAM

Estimated Gas Temperature in Cavities (Rim 0.D.) [*C (*F)]

Upstream Downstream Upstream Downstream
Time Vane 2 Vane 2 Vane 8 Vane 8

Baseline Base Base Base Base
100% power
3600 rpm

t= 10 h - 121 - (250) - 116 - (240) - 93 - (200) - 54 - (130)
1970 rpm

t= 1 day - 71 - (160) - 54 - (130) - 54 - (130) - 32 - (90)
3180 rpm

t= 1 day - 110 - (230) - 143 - (290) - 88 - (190) - 93 - (200)
2780 rpm

TABLE 18-4(B)
ESTIMATED GAS TEMPERATURES FOR PLANT LOSS OF LOAD

Estimated Gas Temperature in Cavities (Rim 0.D.) [*C ( F)]
Upstream Downstream Upstream Downstream.

Time Vane 2 7ane 2 Vane 8 Vane 8

Baseline Base Base Base Base
100% power
3600 rpm

t = 80 s - 21 - (70) - 99 - (210) - 18 (0) + 16 + (60)
3600 rpm

t= 180 s (a) (a) (a) (a)
3600 rpm

t = 299 s (a) (a) (a) (a)
3600 rpm

(" These temperatures are approximately baseline since conditions
are nearly the same.

O
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D)..\. -times are expected to be very close to baseline. The maximum metal rim

temperature is well below the allowable'short-term level.

Single Loop Loss of Load with Overspeed-

In the loops which continue to oparate, the speed holds constant but-

the pressures in the turbine and compressor drop %20%. The differential

pressure between the compressor _ outlet and turbine inlet appears to drop

by about one-half that for the baseline 100% power point. This will reduce

coolant gas flow in the inlet turbine stages while the hot gas ingestion

temperature only drops slightly. A gas cavity temperature rise of 49*C

(120*F) is estimated to occur near vane 2.

In-the non-operating ~1oop, the rotor. initially overspeeds 16% and

then drops to 46% of the desiga speed in 50 s. The differential pressure

and flow in the turbine become very small. The compressor-turbine AP = 0

. and thus precludes significant coolant flow. The initial, rapid, almost
(D(,,/ - steep increase in temperature [to 816"C (1500*F)] in the turbine exit

could produce a rim temperature rise of %10*C (%50*F) . However, this

effet is not as severe as the end point condition in which the turbine

gas temperature appears to level out. .The associated turbine rim tem-

perature would increase since Wcool = 0.

Both: operating and non-operating loops exceed the allowable rim tem-
perature limit. (The long term is assumed after the transient end point

conditions are established.) This could be reduced to tolerable rim tem-
perature levels by controlling the end point turbine. gas temperature.

Plant Loss of Coolant Water Flow

. The initiating failure for this transient is the multiple shear

rupture of the header at the pump discharge. Turbine speed begins to

drop in 50 s.and reaches %5% of design speed in 110 s,
,

!

?)
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The' turbine and compressor differential pressures drop to no after
60 s, thereby reducing the compressor coolant flow to insignificant levels.
The turbine inlet and exit gas temperaturca reach 871*C (1600*F) in 100 s.

This would bring the turbine rim temperature up to 871*C (1600*F) if allowed

to " soak" at the temperature, since there is no coolant flow predicted at
this point.

The 871*C (1600*F) temperature for the metal rim far exceeds the allow-
able level (long term assumed after the end point condition is reached).
The excessive rim temperatures could be reduced to acceptable levels by
maintaining sufficient coolant flow at the low-rpm point. This may require

auxiliary equipment.

18.3.12. Creep / Fatigue Interaction

The UTC gas turbine design system recognizes the existence of creep /
fatigue interactio s in the design of high-temperature components, e.g. ,
turbine blades , vanes , and burner cans . Laboratory creep / fatigue testing
of turbine blade materials (generally nickel-base alloys having low
ductility) has shown that the Linear Damage Law is non-conservative. UTC

has adopted a creep design system called " ductility exhaustion" which has
exhibited gooo agreement with both laboratory tests and turbine blade field
experience. Details of this method can be found in Ref. 18-1.

The method is based on the concept that there is a finite amount of

ductility available (established by baseline thermal f atigue tests). A
cycle by cycle evaluation of the ductility used and the ductility remain-
ing is conducted with a digital computer program. In this analysis the

total strain is composed of creep strain and fatigue strain converted to

equivalent creep strain.

Strain range partitioning (SRP) was investigated for turbine blade

design but was abandoned because of poor results. This may have been due
to the fact that the closed, stabilized strain loop required for SRP

G
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's / analysis is violated by the ever-increasing tensile creep strain caused

by the rotational stresses. However, SRP is currently being employed to
design burner cans.

In the current design of the HTGR-GT, no creep / fatigue analyses were
conducted. This type of analysis can be performed only when finite element
modeling of the turbine airfoil allows detailed thermal stress analysis.

For preliminary conceptual studies, the guideline is that the total creep

strain must be h' eld to <1% over the life of the engine. Cooling schemes
and material selections are chosen accordingly.

All secondary stresses are considered and used in low cycle fatigue

analysis. For example, they would be used in the low cycle fatigue analysis

of disk life, but would not be used in evaluating burst margins.

In general, the design of the high-temperature critical components
of the HTGR-GT has been influenced more by long-time creep considerations,

(_,/ than by either low cycle fatigue or high cycle fatigue.

18.3.13. Turbomachine Materials Selection Review

18.3.13.1. Summary. Materials selections for the HTGR-GT turbomachinery
(Ref. 18-2) were based on a normal, i.e., oxidizing, gas turbine operating

environment and were expected to be valid for the " inert" helium environ-

rent of the HTGR-GT. Subsequent testing in a simulated HTGR-GT helium

coolant showed that the impurities in the helium interacted with many
structural materials and resulted in appreciable degradation of their

properties. In light of this information, the turbomachinery materials

selections were reviewed and updated.

The susceptibility of some of the previously selected HTGR-GT turbo-

machinery materials to degradation, resulting from the interaction of the

alloys with the impurities in the helium coolant, required a revision of

,-
-
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the original materials list. An updated list is shown in Table 18-5. The

long design life (280,000 h) and lack of long-term compatibility data neces-

sitate continuaus re-evaluation of the selected materials as additional data
become available. The materials problems would be alleviated if a shorter
design life for the critical components were considered.

Some potential problems and concerns as well as suggested solutions

are discussed in the remainder of this section. It is concluded that

materials technology is currently available to resolve the problems asso-

ciated with HTGR-GT materials requirements. However, extensive testing is
necessary to provide a sufficient data base for the long design life

requirements.

18.3.13.2. Areas of Concern. The original materials selected for the

HTGR-GT are listed in Table 13-6. Recent HTGR-GT helium coolant compati-

bility data (Refs. 18-3, 18-4) and a better definition of the operating

environment, e.g., sound level, presence of fission products, etc., indi-

cate that some of the original selections would be unsuitable for this

application. In addition, other potential problems and concerns have been

identified which must be addressed. Specific areas of concern are as

follows:

Existing Problems

1. Severe carburization of the hastelloy X turbine inlet duct

material, resultlng from prolonged exposure to the impurities

in the HTGR-GT helium at elevated temperatures (Ref. 18-3, 18-4).

2. Self-welding of materials in intimate contact at elevated

temperatures.

|

|

1

|
|
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~ TABLE 18-5

UPDATED HTGR-GT TURB0 MACHINERY MATERIALS SELECTION

Materials -

Components' Compressor- Turbine

Disks .Ladish D6AC low-alloy. steel Ladish D6AC low-alloy steel

Hubs 9Ni-4Co-0.2C steel- 9Ni-4Co-0.2C steel

Blades- AMS 6414 (AISI 4340) low-alloy steel PWA 658 (IN100)'Ni-base alloy
Vanes AMS 6414 (AISI 4340) low-alloy ateel -PWA.1447 (MAR-M-247).Ni-base alloy

Cases ASTM A-515 Gr 55 carbon. steel ASTM A-515 Gr 55 carbon steel
Mounts ASTM..A-387 Gr 12 ASTM A-387 Gr 12'

"-* Y ''** * I w-alloy steels$ Ducts ASTM A-217 WC6. ASTM A-217 WC6 .

b
" - Containment ring AMS 5613 (AISI 410) stainless steel AMS 5613 (AISI 410) stainless steel

Blade tip seals AMS 5613 (A1SI 410) stainless steel AM5783 (Hastelloy S) coated (*.High-temperature ducts AMS 5613 (AISI 410) stainless steel AM5783 (Hastelloy S) coated ("
,

Insulation' AMS 5613 (AISI 410) stainless steel PWA 385 (Kaowool)

(a) Coating to be determined.

!
|
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Anticipated Problems

1. Deterioration of the structural integrity of alloys of construction

by fission product interactions (Refs. 18-5, 18-6).

2. Sonic fatigue of fibrous insulation and structural materials

(Ref. 18-7).

Additional Concerns

1. Long-term metallurgical stability of structural alloys exposed

to elevated temperatures.

2. Extrapolation of mechanical property data to 280,000 h.

3. Manufacturing of large components.

a. Welded compressor and turbine rotors.

b. Compressor and turbine containment rings.

4. Strength margin for first and second stage turbine blade

material.

Specific suggestions for resolving each of the above problems are

discussed below.

18.3.13.3. Suggested Solutions.

Carburization of Hastelloy X

Test results (Ref. 18-3, 18-4) indicate that Hastelloy X is inadequate

for the turbine inlet duct material because it is susceptible to severe

carburization in an HTGR-GT helium environment. In addition, it is metal-

lurgically unstable and tends to embrittle when exposed for prolonged |

O,
1
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p)k- periods of time to temperatures in the range of 649' to 982*C (1200* tos

1800*F). The use of compatible cast alloys, e.g., IN100, for this appli-

cation is impractical. Lack of experience ruled out the use of non-

- metallic materials. As a result, a coated high-temperature alloy is pro-

posed for evaluation.

Hastelloy S is more stable than Haste 11oy X and is recommended for
evaluation as a substrate material. A simple aluminide, e.g., PWA 273,

a rare earth aluminide (Ref. 18-8) , and Ni-40Cr-3Al-2Ti are suggested for

evaluation as carburization resistant coatings. The last composition has

been evaluated at Pratt & Whitney Aircraf t and found to have good oxida-
'

tion and. hot corrosion resistance. Its chemistry suggests that it will be

carburization resistant as well. The recommended alley is weaker than

Hastelloy X, but this can be compensated for by design.

The oxide. dispersion strengthened alloys MA956 and MA754 were also
~

considered for inlet duct application. However, they have been tentatively

~ dropped from consideration because of their tendency to form voids when

; exposed to temperatures above 760*C (1400*F) (Ref.18-9) . The effect of

this phenomenon, the cause of which is unknown, on mechanical properties

is being investigated.

Self-Welding

The use of suitable hard-face coatings on contacting surfaces exposed,

to elevated temperatures should eliminate this problem. A Cr C-'#23 6,

4

coating has been shown to be a promising candidate (Ref.18-4) and should

be considered for gas turbine applications. Since the development of

wear-resistant coatings for a helium environment is being actively pursued,

it is highly . probable that additional candidates will be identified.

. f)
V
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Fission Product Interaction

Although it has been demonstrated that the interaction of fission

products with structural alloys can be quite detrimental (Refs. 18-5, 18-6),

no data are available to indicate what effect fission products will have on

the selected gas turbine ma*.erials in an HTGR-GT environment. The magni-

tude of this problem can be assessed only by a suitable test program.

Sonic Fatigue

The predicted noise level in the HTGR-GT gas turbine (Ref.18-10) is

h. 9,ber than the sound pressere level which is sufficient to fatigue alumi-

num and glass fiber panels (Ref. 18-7). The effect of this noise level on

the selected gas turbine materials is unknown and would have to be deter-

mined by laboratory testing. Since a design study is currently under way

to reduce the noise level of the gas turbine engine, action on this problem

should be postponed until this study is completed.

O
Long-Term Metallurgical Stability

Although metallurgical stability is taken into consideration when

selecting materials for elevated-temperature applications, there is insuf-

ficient long-term experimental data to substantiate the selections for the

280,000-h design life. Testing currently under way at GA should provide

the necessary substantiation.

Extrapolation of Data to 280,000 Hours

The current UTC approach to extrapolating short-time data to predict
long-term behavior is to use a modified Larson-Miller extrapolation. The

modification consists of appropriately debiting the extrapolated values to

give a more conservative Larson-Miller curve. This method has been proven

to work well for other alloy systems for which long-term creep data are

9
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p
A-- available. However, the accuracy of any extensively extrapolated curve

is questionable, and a minimum of 30,000 h of test time would be desirable
to improve the probability of correctly predicting a 280,000-h creep life.

,

Manufacturing of Large Components

Welded Compressor and Turbine Rotors. The material originally selected

for this application is Ladish D6AC high-strength low-alloy steel. The

high carbon content (0.45%) and lack of D6AC welding experience at Pratt &
Whitney Aircraf t and the Power Systems Division of UTC prompted a review of

the suitability of this selection.

The Chemical Systems Division of UTC has considerable experience in
welding this alloy. They have developed gas tungsten are welding (GTAW)
schedules which have been used successfully in D6AC rocket motor case

manufacture. They also have been successful in electron beam welding this
alloy. Electron beam welding of the D6AC alloy has been well documentedem

\l in the literature-(Refs. 18-11, 18-12). The consensus is that this alloy

can be readily electron beam welded in thick sections provided the weld
joints'are preheated. Weld tensile properties equivalent to the parent

metal properties can be achieved after heat treatment.

In view of the above, it is concluded that the D6AC alloy is a suit-

able candidate for the welded rotor. Another candidate, a 9Ni-4Co steel,*

,

ahas been selected as an alternate should improved weldability and a higher- |
temperature capability, at an equivalent strength level, become desirable.

However, the 9Ni-4Co alloy is more expensive than D6AC.

Compressor and orbine Containment Rings. The size {2.4 m (8 ftf o /.'.

x 3.4 m (11 f t) long] of the containment rings is expected to present some

manufacturing problems, but the ability to forge rings this large is con-

sidered to be _within the state of the art. For example, the Ladish Company

and Standard Steel _have been identified as manufacturers having thec

s

?
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capability of fabricating parts of this size. A development effort may be
required to define the manufacturing techniques and heat treatments
needed to optimize the end product.

Turbine Blade Material

The IN100 nickel-base alloy originally selected for the turbine blades

and vanes has been shown (Ref. 18-3) to be one of the materials most resist-
ant ta the impurities in the HTGR-GT helium coolant. Structural analysis,
based on extrapolated data, indicates that this alloy has the required

creep strength, but because of the extensive extrapolation involved, an
additional safety margin would be desirable, particularly for the first

and second stage turbine blades. As a result, two other state-of-the-art

alloys were evaluated. Creep curves generated by Pratt & Whitney Aircraft
show that both MAR-M-247 (PWA 1447) and the directionally solidified modi-

fled MAR-M-200 (PWA 1422) alloys have strength equivalent to that of the
IN100 (PWA 658) alloy at 843 C (1550*F) and would be suitable airfoil

candidates. Since the PWA 1447 alloy is easier to manufacture than the
PWA 1422 alloy, the former has been selected as an alternate to the IN100
turbine blade and vane material. A program is currently under way at

Pratt & Whitney Aircraf t to develop single crystal supera11cys for turbine

airfoils (Ref. 18-13). This program may yield suitable airfoil materials

for the HTGR-GT gas turbine and will be closely monitored.

The development of HTGR-GT gas turbine materials is by no means

complete, and many questions must still be answered and problems resolved
by laboratory testing. However, there are currently a number of candidate
materials which have an excellent chance of meeting the HTGR-GT turbo-

machinery requirements. These are listed in Table 18-6, and their chemical
compositions are given in Table 18-7. The very long HTGR-GT design life

requires the use of extensive extrapolation to predict alloy behavior.

These predictions should be continuously evaluated as more test data
become available. To alleviate critical materials problems, a shorter

design life should be considered.

.
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TABLE 18-6
. INITIAL HTGR-GT TURB0 MACHINERY MATERIALS SELECTION

Materials

Components. Compressor Turbine

; Disk Ladish D6AC low-alloy steel Ladish D6AC low-alloy steel
(vacuum consumable electrode melted) (vacuum consumable electrode melted) .

Hubs

Sealsy

Blades AMS 6414 (AISI 4340) low-alloy steel PWA 658 (IN100) Ni-base alloy
. consumable electrode melted) (vacuum melted)(Vanes

J Cases ASTM A-515 Gr 55 carbon steel ASTM'A-515 Gr 55 carbon steel
co

h Mounts ASTM A-387 Gr 12 * ASTM A-387 Gr 12'
low- m oy steels low-alloy steelsDucts ASTM A-217 WC6 ASTM A -217 WC6

Containment ring AMS 5613-(A1SI 410) stainless steel AMS 5613 (AISI 410) stainless steel-

Blade tip seals AMS 5613 (AISI 410) stainless steel PWA 1038 (Hastelloy X) Ni-base alloy
High-tempertture ducts AMS 5613 (AISI 410) stainless steel PWA 1038 (Hastelloy X) Ni-base alloy

L Insulatico AMS 5613 (AISI 410) stainless steel PWA'385 (Kaowool)



TABLE 18-7
CHEMICAL COMPOSITIONS OF CANDIDATE MATERIALS FOR HTGR-GT TURB0 MACHINERY

C Cr Ni Mo Mn Co Al Ti Fe Other
.

IN100 0.18 9.5 Bal. 3.0 -- 15.0 5.5 4.8 -- 0.01 B, 0.6 Zr, 1.0 V

MAR-M-247 0.16 8.2 Bal. 0.6 -- 10.0 5.5 1.0 -- 3 Ta, 0.02 B, 0.09 Zr, 1.5 Hf

Hastelloy X 0.10 22.0 'Bal. 9.0 0.50 1.5 -- -- 18.5 0.6 W, 1.0 Si

Hastelloy S 0.02 15.8 Bal. 15.2 0.70 2.0 0.30 -- 3.0 0.5 Si, 0.02 B, 0.05 La, 10 W

AISI 410 0.10 12.5 0.50 0.50 1.0 -- -- -- Bal. 1.0 Si

Ladish D6AC 0.45 1.0 0.5 1.0 0.75 -- -- -- Bal. 0.1 V

HP9-4-20 0.20 0.75 9.0 0.30 4.5 -- -- Ba1. 0.1 V--

AISI 4340 0.40 0.75 1.8 0.25 0.70 -- -- -- Bal. 0.25 Si--

oo

h ASTM A-515 Gr 55 0.20 -- -- -- 0.70 -- -- -- Bal. 0.2 Si

ASTM A-387 Gr 12 0.17 1.0 -- 0.50 0.50 -- -- -- Ba1. 0.2 Si

ASTM A-217 WC6 0.20 1.25 -- 0.50 0.60 -- -- -- Ba1. 0.6 Si

|
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''- ' 18.3.14. Tu'rbomachine Development Program

1

18.3.14.1. Program Approach. The HTGR-GT turbomachine will inherit con-

siderable. design system and development technology from existing aircraft

and in'dustrial gas turbines. The design concept will be conservative with-
out forfeiting the fundamental efficiency and reliability required for

utility economics.

The sophisticated design systems developed for aircraft and industrial

gas turbines will yield an engine design of assured success. There will be

little or no need to extend the fundamental state of the art, so feasibility

; tests will not be required. There will be a need to conduct a design sys-

tem verification program for components and for the system to the extent
practical. This program will assure that all design requirements have

been met and will provide a data base for licensing activities.

r

=g g 18.3.14.2. Testing Required. The HTGR-GT turbomachine is a reasonablet

7 J-
extrapolation in size from current industrial power plants, such as the''

f FT-50 or the Frame 7. However, the closed cycle, helium working fluid

configuration and the size present a unique test facility requirement.
'

A number of the turbomachine aspects must be tested and verified with the

helium working fluid. These include:

1. Bearings and seals,

f .2. Compressor performance rig.
3. Turbine performance rig.

4. Materials compatibility.

-Other tests may be accomplished without a helium environment. These
,

include:

1. Disk and' rotor rpin and burst tests.

2... Complete rotor spin test.
3. Containment ring tests..

1_j 4. Flow distribution tests.s

.
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These tests would be run in air or in a vacuum. A vacuum would be pulled

on spin test rigs to minimize drive power requirements.

18.3.14.3. lielium Testing. The turbomachinery supplier would design and
build a test facility which would provide a large-volume, temperature-

controlled helium stream. The facility would provide flows to 54.4 kg/s

(120 lb/s) or 1/10 the rated PCL flow. This ficw wo id be sufficient to
test 1/10 scale compressors and turbines. These rigs would be run in time

sequence so as to provide economy in the helium supply system. Performance

mapping of these components requires relatively short-duration tests which
lend themselves to sequencing.

Bearing and seal tests would include both performance and life charac-

teristics tests. Because of the small quantities of helium required for

buffering and for simulating main loop pressure variations (a few pounds
per second), these tests would be run in parallel with the compressor and

turbine tests.

18.3.14.4. Bearing and Seal Testing. The bearing and seal configurations

in the HIGR-GT turbomachine are designs that have been successfully oper-

ated in other applications. In the HTGR-GT application, there is a very

stringent oil leakage limit {.0.028 m3 (1 R /yr)]. Oil ingress has a very3

harmful impact on core and heat exchanger operation. In addition, the

bearing diameters are large and the DN factor (surface speed) is high.

The generator drive shaf t seal is a safety class component because it seals

a rotating penetration through the PCRV and prevents contamination of the

secondary containment building.

For these reasons, e7. tensive testing is planned to optimize bearing

and seal configurations and flows and to provide verification of the

integrity of the designs. The test rigs will be operated at design condi-

tions and under extreme transients and off-design conditions to assure |

that adequate margins are available. After the completion of tests that

verify the designs meet all performance parameters, endurance testing will
be performed to identify and eliminate any random or wearout failure modes.
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1g_)- The two main shaf t bearings are -tilted pad journal bearings. These

|_ main support bearings are identical, no only one journal bearing rig is
. planned. .This rig will also include the double-buffered, labyrinth seal
arrangement and th'e' lubricating and helium cleanup system.

The thrust bearing is a double-acting tilted pad design. It is

designed to handle the rotor thrust plus loads associated with an earth-*

quake shock up to 6.7 on the Richter scale. The thrust bearing is located.

at the compressor end of the turbomachine near the PCRV shaft penetration.
Its lubricating system is located in the secondary containment building so
as to minimize oil ingress problems.

.

The PCRV penetration seal is a multiple piston ring, floating oil
+

lubricated seal. It incorporates a hydraulically operated shutdown face
'

seal. It is a safety class component.

,To. achieve further economy, it is planned to use common drives for

: -( ) the bear'ing and seal rigs. Although the thrust bearing rig does not
require a helium supply, it will be operated along with the other bearing-
and seal rigs so it can share common resources of equipment, instrumenta-

i tion, techniques, and engineering coverage.

18.3.14.5. Compressor and Turbine Performance Tests. The turbomachinery
computer _model gas dynamic analysis for the compressor and turbine design
accurately describes the required gas path configuration. Although experi-

'

ente with numerous power plants designed using this computer program has
1shown-excellent correlccion between calculated and actual results, com-~

pressor and turbine performance tests are included in the HTGR-GT program.
-Compressor and turbine efficiency and-compressor surge margin are very
critical to the success of1 the installation. Also, although design with
helium as a_ working fluid poses n ierious concerns,. actual experience is

very' limited and design, assumptions should be proven.
.

/~5.
' X,)

1
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Gas dynamic design considerations readily yield to scaling effects

For econcmic and practical considerations, 1/10 scale helium compressor
and turbine rigs would be built and run to confirm design efficiencies and

compressor surge margin.

Compressor and turbine performance mapping tests will be performed so
that pressure ratios versus corrected flow may be plotted for various rotor

speeds. By measuring these parameters in test rigs as opposed to engine

operation, performance limits off the normal operating line may be

evaluated.

18.3.14.6. Rotor Stress Tests. Stresses in rotors do not scale well.

Some iaformation on stress conceatration effects is obtainable by scaled

rig tests, but the expense is not justified. Therefore, a spin test pro-

gram on critical full-scale disks and rotor segments will be conducted to

verify the design margins. The disks and rotor sections'will be tested in

a vacuum to minirclze drive costs and to allow suf ficient overstress

conditions.

Containment of rotor failures is a plant safety consideration. Both

compressor and turbine sections are shrouded by heavy wall containment

rings designed to prevent blade, disk, or rotor segment failures from

propagating to the cavity liner or other parts of the installation. Con-

tainment rings will be tested as part of the blade, disk, and rotor segment

spin tests to failure. These tests are normally conducted in pits with the

shaft in a vertical orientation. Data f rom these tests will be critical
for licensing considerations.

A rig is planned for balancing complete rotors. It will simulate the

dynamic environment, including the three main shaft bearings and their
support cases. The rotor will be shrouded so that a vacuum can be drawn
to reduce drive motor capacity requirements to a practical level. Vibra-

tion tests will be performed after balancing to verify design analysis of

critical speed mode and vibration energy levels.

O
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18.3.14.7. Diagnostic Instruraentation. Both digital and analog simula-

tions are used in design, operation, checkout, and training activities.

Condition monitoring instrumentation and response systems warn of and con-
trol unwanted excursions. These include vibration, strain gauge. pressure,

and temperature monitoring of all critical parameters. A preset response

to out-of-limits operation is programmed.

18.3.15. Turbomachine/ Generator Development Schedule

A development schedule for the gas turbine and generator and their

associated ancillaries was prepared (see Fig. 18-27). This schedule was

made consistent with GA requirements. The major considerations included:

1. Phase 1 - Program Definition in FY-80.

2. Phase II - Conceptual Design in FY-81 and FY-82.

3. Phase III - Detailed Design and Licensing in FY-83 through FY-87.

4. Phase IV - Construction and Startup in FY-88 through FY-95.
,,

! i
v

?S.3.16. Turbomachine/ Generator Development Cost

The costs for nevelopment of the turbomachine and generator were esti-

mated. These costs are shown in Tchle 18-8 in relation to the development

schedule.

Construction of facilities required for the component development
program is estimated to cost approximately $50 M. Construction would be

completed by FY-84, with conceptual design of the facilities starting in '

FY-80. This cost is a rough estimate to be used for planning purposes only.

18.3.17. Preliminary Evaluation of Impact of Codes and Licensing Criteria

on Turbomachinery Design

Many existing codes (NRC, FAA, ASME, and ANSI) have sections that are

applicable to the HTGR-GT turbomachine. The chances for misinterpretation
m
| or misapplication are many because the codes were all written for other

18-65
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NME= 1 2 3 3

FISCAL YEAR = 80 81 82 83 84 85 86 k 88 83 90 91 92 93 *4 95
MK DESCRIPTION

QUARTER * 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1734 1734 1234 1234

1. PROG RAM 0EFINITION

1.1. DEFINE TURB0 MACHINE RATING ' '.7

1.2. 1;LFINE TURB0 MACHINE DESIGN CHAR ACTERISTICS

1.3. DEFINE TURB0 MACHINE OPERATING CHAR ACTERISTICS

1.3.1. STE ADYd ATE .7

1.3.2. TRANSIENTS .P
1.3.3. OFF DEstGN .V

1.4. IDENTIFY CRITICAL DESIGN AREAS

1.5. PERFORM PRE LIMINARY SUB SCALE TESTS

1.5.1. BEARINGS V. .

1.52. SEALS 7..

1.5.3. F LOW OIST AlBUTION V
1.6. COMPLETE TURB0 MACHINE DE FINIDOP

$ 2. PREPARE CONCEPTUM DESIGN
t

$ 2.1. INITIATE DEFINITION OF DESIGN CRITERIA 7 *

2.2. CONFIRM TURB0 MACHINE CHARACTERISTICS .V

2.3. DEFINE ANCILLARN REQUIREMENTS 7

2.4. ESTABLISH FIN A. . URB 0 MACHINE ENVE LOPE . . . . '

2. 5. ESTABLISH PRE LIMIN ARY INSTRUME NT ATION REQU.REMENT3 ..., g i

2.6. COMPLETE PRE LIMINARY SUB SCALE TESTS .......' $
' ^ '^ '

V PRELIMINARY ACOUSTIC LEVEL
27 PREPARE PRELIMIN ARY COST ESTIMATE PREDICTION

1 2

28. COMPLETE CONCEPTUAL DESIGN V. _ -...R.

29. COMPLETE CONCEPTUAL F ACILITIES Sli.01 5 L... . . . . . . . . <

3. PREPARE PRE LIMIN ARY DESIGN

3.1. CONFlRM PRELIMINARY DESIGN CRITERI A

3. 2. PREPARE COMPONENT DESIGN REQUIREMENTS .F

3.3. IDENTIFY DESIGN DPTIONS ..V

Fig. 18-27. 400-MW(e) HTGR-GT turbomachine/ generator development schedule (sheet 1 of 7)
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NME a 11 2 3

CAMEAR = 80 81 82 83 M M 86 87 88 89 M 91 |92 93 % M
TASK OESCRIPTION

QUARTER = 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 123411234 123411234 1234

3.4. SELiCT DESIGN

3.4.1. PERFORM ANALY11 CAL STUDIES " .T7
3.4.2. PROVIDE MC2Ets -

3.4.2.1. MSCKUP __

14.2.2. COMPUTER MODEL ".__y

3. 5. IDINTIFY AND RESOLVE CRITICAL DESIGN AREAS

3.5.1. JOURNAL 8 EARINGS 7..

3.5.2. THRUST BEARING 7.
3.5.3. ORIVT SHAFT SEA 1. T- i

3.5.4. BEARING COMPARTMENT SEALS AND BUFFERING SYSTEM Em '" "AN0 SEA
FAILUR ,q y
'

3.15. 0 UTER SEALS T- *Olt NO WATER
3.5.6. REMOTE INSTALLATION AND REMOVAL 7.9 INGRESS STUO!ES

3.5.7. COMPRESSO R

357.1. SURGE 7.
$ 3.5.7.2. EFFICIENCY 2.
I

$ 3.5.7.3. F LOW 7.

3.5.8. TURBINE

3.5.8.1. EFFICIENCY V. .

3.5.8.2. FLOW 2.

3.58.3. CD') LING V. .
t

3. 5.9. CONTAINMENT RINGS V.,

3.5.10. DUCT FLOW DISTRIBUTION

3.5.10.1. COMPRESSOR IN LFT E.

3 5.10.2. COMPRESSOR E XIT M.
3.5.10.3. TURBINE IN LLT E.

3.5.10.4. TURBlNE f XIT E.

Fig. 18-27. 400-MW(e) HTGR-GT turbomachine/ generator development schedule (sheet 2 of 7)

% -_. _ _ - _ _- - -- - - _ - _ _ 4



O
a_ -
X ^

*O o b
a =

M o C

-
N 2 Y?U

- 0- w
X o >

n" t_3 D
-

a y
. _ewg .

EU O W

A E $ $
ac e., a m
7 m - < v

wm a **OU g
M

1 g
2" *> *> U

5-
. -.

@% .c~~
~~ o
5 W

32
._ sa

M C
hh hhhh hhhhh420* *h

r . %. h y @ M W 697734 !!
e"

. e ix
32 i e i e i i o
q--- - Ce{w 4 ; -9 y y .t-I- M

eN I b* ' g | t i j i 1 | @

ympt Q
~~ UN N

,

.~. h ,n o
-

$4"
4g ' o== SJm.

0X
- 30 "G

C
e .. g

00w ==
N DU %

G
{ [ >=

_e * C
3 .r4<ou .Cm U2 tu

ilo
.O
k
3
SJ

') H
w a o oa 4 4 G g

$ $* o M
5.. = = 1 o-

H u w w p Hz F M w a a g5 5 N 9 ? $x * ,
= 1 2 4 < 2 ^

3 -
'J = r a * G- = r24 o o 3 - vk h E I U p p NM 97 4w
D 5 4 "U UQ9 h5 <m = z

" . d W3 0 o 9 g w d g g
=3

y 6>#2 o > > > c < w o 4 * s O9 E$o 9 m p o o 3 og a r $F z z +3 s e a wy =g g < yam - m _ < < 2g r, o w w = w a 4< w < _. n aa - = a- < o a = . e a w -a _

w z eo w w wwa o < * p a < o uw w = = < ao wu u a Z = H m E 3 > F r qm 43 u 2#e ::2 w > F e H eo w
, > = = = o = a r == w o= = r o a r .

a w;g .o ga o
r

o -

o M , > < r a a a e U > < +- az = z- = u r3 w s3 w o ao > w w 3 w o a oo a 3
o m>. N

y a o u wg - u > g g e om u s u e gm o z u e um a
< _ w w w
*- f 4 ci f E o D

. N9 +. 9e 9. > . N 9 *. 68* * N. * ** . "
- - . y n

. . . .
-

. . . . . . . . c; 00
-. ; -

N
- N- e .r6 m

. . N NN
M.

NN N - M N N9
'no't

MN N ** M
es e se e. en m e 9m eo to e e so e e m .* en es ar* . Se to M H m es en H H ** m m m m n 6 m es m men ci e en es es M' et er(

(a,

O
18-68



"
. .

O O O
.

PHASE = 1 2 3 4-

890 91 92 93 94 95FISCAL YEAR = 80 81 82 83 84 85 86 87 88 SS

. TASK DESCRIPTION . QUARTER = 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 1234 !234

3.7. PROVIDE FACILITY FOR VERIFICATION HARDWARE TESTING
'' _F. 3.7.1. SEARINGS AND SEALS TESTS

3.7.2. OUTER SEALS TESTS q_ ..7

3.7.3. REMOTEINSTALLATION AND REMOVAL T.. 37

3.7.4. COMPRESSOR TESTS T..P
3.7.5. TURRINE TESTS V. ..P

3.76. LUBRICATING SYSTEk TESTS V..S

3.7.7. DUCT CONFIGURATION TESTS V...S

3.7.8. SYSTEM SIMULATIDN TESTS V..F 3

.

3.7.9. CONTAINMENT TEST $
V.y

6
VeMATE RI ALS SELECTED9.S g3.7.10. ROTOR 8URSTTESTS

UV . PRELIMINARY ACQUSTIC3.8. COMPLETE PRELIMINARY DESIGN

4. ESTABLISH MAINTENANCE PROCEDURES

4.1. INSTAttATION .- _.. . _.._

4.2. CONDITION MONITORING _. _.._..... ,
, '

$ 4.3. IN. SERVICE INSPECTION
_.... _ . . , , .._

'

o
* 4.4. INSTALLED MAINTENANCE _.....-..._

4.5. REMOVAL ....._.._.. . .

7
V thlTIAL MA NTENANCE CONCEPTS

. 4.6. OVERHAUL
7 8 9 8

4.6.1. MAINTENANCC REQUIREMENTS R..7 . E V PREllMINAKY COMPONENT
MA'NTENANCE PROCEDURES

_ g4.6.2. DISASSEMBLY / ASSEMBLY PROCEDURES ,.. . _ _ _

V FINALMAINTENANCE
4.6.3. CHECK 0UT REQUIREMENTS AND PROCEDURES ...._..__,- PROCEOURES

4.6.4. DECONTAMINATION PROCEDURES _...._....

4.6.5. FACILITIES AND EQUIPMENT REQUIREMENTS ..__..._ .. _ _J'

V.._ ._F
4.7. SPARES PROVISIONS

V..--.--- _ .- _2 '
4.8. TRAINING

Fig. 18-27. 400-MW(e) HTGR-GT turbomachine/ generator. development schedule (sheet 4 of 7)
;
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PHASE = 1 2 3 4

1234|90
FISCAL YE AR = 80 71 82 83 84 85 15 6 87 o8 89 91 92 93 94 95TASK DESCRIFil0N

QUARTER = 154 1234 1234 1234 1234 1234 1234 123a 1234 1734 1234 1234 1234 1234 1734

5. ESTABLISH 0PER ATIONAL PROCEDURES

5.1. START UP V ,, , , '
52. SHUTDOWN U

. .. ..

5.3. LIMITS

54. CONT RJLS .'. .......... _
.

5.5. EMERGENCY MODES v . _ _ . ...

56. AUTOMAtl0N . .. . . . ..
4

5.7. OFF-DESIGN CONDITIONS .... - - ..... . . ....

5.8 LOAD CHANGES . .. ...i.. ...

5.9. PERFORMANCE MUNITORING ._ .. ... ...e._

6. ASSURE QUALITY AND SAFETY OF THE DESIGN

6.1. PREPARE QUALITY ASSURANCE PLAN

6.1.1. PREPARE PRELIMINARY PLAN ''. . . . . . . .. - - ..--8

6.1.2. PREPARE flNAL PLAN V 7-*

6.1.3. EXECUTF QUALITY ASSURANCE PLAN 5 7.. ..-..... . - - .. . . . ----.. .. _ . ' 'N
O 62. ESTABLISH SAFETY PROCEDURES

6.2.1. ESTABLISH REQV:MMENTS ''---
6 2.2. PREPARE PRELIMINARY SAFETY PLAN == - _ _ _ S

6.2.1. PREPARE FINAL SAFETY PL AN V-..- 7

6 2.4. EXECUTE SAFETY PLAN V. . ... . . . . . . -..- ..._..,..?*

7. PREPARE FINAL DESIGN

7.1 PREPARE FINAL COMPONEAi? OESIGN REQUIREMENTS L.__F

.

Fig. 18-27. 400-MW(e) ETGR-GT turbomachine/ generator development schedule (sheet 5 of 7)
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PHASE = |1 2 3 4

'
F6 SCAL YEAR = 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 ,|95YtSK DESCRIPTION

QUARTER = 1234 1734 1234 1234 1234 1234 1234 1254 f234 1234 1234 1234 1234 1234 1234 1234

7.2. COMPLET& FINAL DESIGN
~

7.2.1. CASES __ .7

7.2.2 G AJ PATH
,, S

7.2.3. ROTOR S

7.2.4. 8 EARINGS AND SEALS ..?
7.2.5. CONTROLS S
7.2.6. VALVES ._.,7

7.3. COMPLFIE FINA L LAYOUTS k_ S
7.4. COMPLETE C11 All DF 4 WINGS V. ..P

8. MANUF ACTURE TUR80 MACHINE

8.1. PROCURE LONG LEAD TIME ITEMS V. ..__..7
81 MANUF ACTURE PARTS 7. ..?
8.3. AbfM8LY 7..P

I-
co 9. GENERATOR

b 9.1. DEFINE REQUthEMENTS
-

9.2. NOE REQUEST FOR PROPOSAL -

9.3. SELECT SUBCONTR ACTOR 7._3 '
9.4. PREPARE PRELIMIN ARY DESIGN

9.41. GENERATOR ._ __

V

S.4.2. ANCILLARIES ". __.... _-

9.5 PREPARE F,1NAL DESIGN

95.1. GENERATOR 7

9.52. ANCILLARIES _.7
9.S. MANUFACTURE 7. _ _. 7 'i

10. DELIVER EQUIPMENT TO S)TE

10.1. TUR80 MACHINE P
10.2. GENERATOR ?

10.3. SPARE PARTS 7. ..7
'

-

Fig. 18-27. 400-MW(e) HTGR-GT turbomachine/ generator development schedule (sheet 6 of 7)
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phase = | 1 2 | 3 4

TASK OESCRIPTION FISCAt YEAR * 80 81 82 83 84 85 86 87 88 |89 90 91 32 93 94 95
_

QUARTER = 1234 1234 1234 1234 1234 1234 1234 1234 123411231 1234 1234 1234 1234 1234 1234

11. INST AL L E QUIPMENT

11.1. TUR80 MACHINE V,.--
11.2. GENERATOR V ...a

12. PE RFORM E0UIPMENT CHECK 0UT

12.1. TURB0 MACHINE }.. '12.2. GENERATOR u.-

13. SYSTE M 0PE R ATIO N '
- ,_.. - .1 7

14. LICENSING PROGRAM

14 5. ESTABLISH LICENSING REQUIREMENTS *t..t

14.1. PREPARE LICENSING PROCEOURES O_ . .,,- ! 7

14.3. INPUT TO OPERATING LICENSING REQUIREMENTS

14 3.1. APPLICATION T ?. . . <. - . ---. . ,. - . .
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Fig. 18-27. 400-MW(e) HTGR-GT turbomachine/ generator development schedule (sheet 7 of 7)
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i TABLE 18-8
400-MW(e) HTGR-GT TURB0 MACHINE / GENERATOR

''

DEVELOPMENT' COST (1979 DOLLARS)(a)

A. Development Program -- $ Millions (including special
tooling and special test equipment)

Turbomachine Generator

'

1980 1 0.1

1981 1.6 0.1

1982 2.7 0.1
1983 4.7 0.1

1984 9 0.2

1985 10 0.2

1986 14 0.2

1987 22 0.3

1988 33 0.4

7 1989 14 0.3
1990 4 0.2

1991 1 0.2
1992 1 0.1
1993 1 0.1
1994 1 0.1
1995 1 0.1

$121 M $2.8 M

B. Cost of Equipment To Be Delivered to the Site - $ Millions

Turbomachinery 11.4

Generator 10.5

Auxiliaries 1.1

Total per 400-MW(e) Set $23.0 M

,

#
These costs were estimated in accordance with FY-79 work. They are

.
based'on conceptual design information. They are not a quotation and

s should be used;for' planning purposes only.- /'j-\.,
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equipment or other applications. It is planned that 4 specific code dorw-

ment which excerpts, restates, and organizes all the requirements will be

prepared and negotiated for rigorous application to the preliminary and

final design of the turbomachine.

Design activity to date has utilized standards for FAA certification,

including FAR33, " Air Worthiness Standards: Engines." Industrial turbo-

machines were designed to meet specific ut'ility specifications. These have

also been used as a guide for conceptual design activity of the llTGR-GT

turbomachine.

J

The purpose of this task was to make a preliminary review of the addi-

tional codes which must be addressed. Adherence to these codes is neces-
sary to obtain required licensing for operation. The results of this

preliminary review are summarized below.

18.3.17.1. NCR General Design Criteria for Nuclear Power Plants:

Criterion 1, Quality Standards and Records. The quality assurance program
used during the design, development, and manufacture of the HTGR-GT turbo-

machine must be consistent with CFR10 Part 50, Appendix B. Applicable

ASME and ANSI 45 standards must also be complied with.

18.3.17.2. NRC General Design Criteria for Nuclear Power Plants:

triterion 2, Design Bases for Protection Against Natural Phenomena. Con-

sideration of seismic events must be included in the turbomachine design.
Both the shaft and thrust bearing designs must include the additional
seismic loads. A flexible coupling between the t'irbomachine and generator
will accommodate some relative displacement between these two major pieces
of equipment. Safe shutdown after the seismic occurrence is essential.

18.3.17.3. NRC General Design Criteria for No: lear Power Plants:

Criterion 4, Environmental and Missile Design Bases. This criterion

requires that strictures, s, stems, and components of nuclear power plants
important to safety be protected against the effects of missiles that

might result from equipment failures. Failure of a 'rbumachine turbine
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(_) -disk could result'in high-energy missiles, since turbine disks have large
masses and rotate at relatively high speeds. The present RTGR-GT turbo-
machine minimizes the probability of disk failure through conservative

"

design margins and incorporation of a welde d rotor. In addition, the sys-
tem includes overspeed protection.

The following areas of turbine rotor integrity must be addressed:

1. Material selection.

2. Fracture toughness.

3. liigh-temperature properties.

4. Preservice inspection.

5. Turbine disk design.

6. ISI.

In considering the above, the NRC Standard Review Plan, Section 10.2.3,
. - Turbine Disk Integrity, should be used as a standard.
. f~g(.)

In addition to the above measures to assure disk integrity, the
turbomachine overspeed protection system should be completely redundant.
This redundancy should-extend to both instrumentation and controls.

In the unlikely event of a disk or rotor segment failure, large,
high-energy missiles could be produced. The turbomachine design addresses
containment of these particles. Single. piece rings have been included
-around both the compressor and turbine rotors. The standards to be con-

sidered for-these containment rings should be NCR Regulatory Guide 1.115
and Standard Review Plan 3.5.3, Turbine Missiles.

18.3.17.4. NFC General Design Criteria for Nuclear Power Plants. The

- following criteria -should be addressed:

1 Criterion 30, Quality of Reactor Coolant Pressure Boundary.

'NL
.J
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2. Criterion 31, Fracture Prevention of Reactor Coolant Pressure

Boundary.

3. Criterion 32, Inspection of Reactor Coolant Pressure Boundary.

4. Criterion 'i, Reactor Coolant Pressure Boundary Penetrating

Containment.

These four criteria should be imposed on the turbemachine shaft seal at the
PCRV interface. Thi.s seal is a safety class item.

18.3.17.5. CFR 10 in t 20: Stan:tards for Protectipn Against Radiation.
The turb eachine design must accommodate maintenance which is consistent

with permissible levels of radiation as set forth in this standard. Both

preliminary forms of maintenance, i.e., in situ, including in-service

inspection, and on-site overhaul after turbomachine removal, are signifi-
cantly impacted by the turbomachinery contamination level. The contamina-
tion level will determine if maintenance procedures can be performed

" hands-on" or if remote handling is required.

18.3.17.6. CFR 10 Part 50.55a: Codes and Standards. To the extent appli-

cable, the following codes and candards should be imposed on the turbo -

machine design:

1. ASME Boiler and Pressure Vessel Code, Section III - for pressure

parts.

2. Power Piping Code, ANSI B31.1 - for pressure piping.

3. ASME Code for Pumps and Valves for Nuclear Power and Power Piping

Codes, ANSI B31.1 - for pumps and valves.

4. Criteria for Protection Systems for Nuclear Power Generating Sta- )
tions, IEEE 279 - for protection systems.

|

|
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19. TURB0 MACHINE REMOTE MAINTENANCE,

19.1. SCOPE

1Tr e = purpose of this task during FY-79 was to study the remote main-
tenance' tooling requirements for a contaminated turbomachine and to deter-

mine the impact that this remote tooling has on the turbonachinery.

19.2. SUMMARY

; . . Initial results are presented-from a design study to describe pro-
t

cedures, equipment,- and facilities necessary to remotely inspect, overhaul,
'

and repair a radioactively contaminated 400-MW(e) nuclear gas turbine after

[ it has been removed from its operating location within the PCRV.

#

The primary objective of this effort has been to define the impact of
; remote maintenance on the current gas-turbine design and to familiarize gas

turbine designers with remote methods and techniques that are often uti-
i lized 'in the maintenance of radioactively contaminated nuclear equipment.

This will allow the turbine designer to consider remote handling and remote
tooling- early in the' design of the turbomachinery and will assist in mini-
mizing the time necessary to complete inspection and maintenance operations.
Similarly, remote handling equipment engineers were familiarized with the

unique requirements of gas turbines, thus establishing their goals for sup-
port of turbomachine maintenance.

An additional objective of this study has been to develop a pictorial
sequence of disassembly operations showing major fixtures and facility
equipment. as the basis for a remote maintenance facility design. This

.

u

19-1

n ._



O
study also identified major tooling and repait facility equipment neces-

sary to perform the basic remote disassembly operations.

It should be recognized that a detailed design should not proceed

until tLe remote equipment designer and the gas turbine designer have con-

sidered interface requirements and upgraded basic concepts accordingly.

Section 19,3.5 identifies items for additional development and issues

requiring resolution prior to detailed design of turbomachinery or a repair

facility.

The renz te operations, tooling, and estimated maintenance items

described hecein will be improved as the detailed machine design evolves.

It is noteworthy that Brown Boveri & Cie (BBC) estimated that only 775 h
would be required for a complete turbine overhaul outage with the much
larger [816-tonne (900-ton)] gas turbine proposed for the HHT demorstra-
tion project, a concept very similar to the HTGR-CT concept. The GA

maintenance study resulted in 2832 h required for the smaller 400-MW(e) g
tutbomach! 7.

19.3. DISCUSSION

19.3.1. Introduction

In the development of the HTGR-C the need for remote maintenance of
the turbe.nachinery was recognized since immersion of a large gas turbine

directly into the primary circuit of a high-temperature radioactive system

results in significant contamination of the t.urbomachinery. Periodic

inspection 'and overhaul of the gas turbine, as well as unplanned repairs

or modifications, will require remov4. of the turbomachinety from the
PCRV, shielded transport to a maintenance facility, and remote disassembly
of the machine. The purpose of this study was to oefine the impact of

remote maintenance on the gas turbine design. The procedures, methods,
tooling, and equipment that might be necessary to maintain the gas turbine
at an onsite remote maintenance facility were considered.

19-2
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The degree to which gas turbine maintenance should be performed

remotely, or whether fully remote maintenance is most cost effective, has

not yet been established. A fully remote procedure for complete dis-

assembly of the gas turbine as an initial approach is described herein.

As the design progresses, it may be determined that fully remote main-
tenance capability should be~provided.

Provisions for contact maintenance and decontamination of the gas
turbine will depend en detailed analysis of many factors, including

equipment reliability, effects of decontamination, materials development,
cxposure guidelines and regulations, outage time and maintenance time
goals ,. plant staffir13 requirements, capital investments, and experience
at other facilities. *

,

The approach used in this study has been as follows:

1. GA and UTC joint determination of gas turbine disassembly
operations and their sequence.

x

2. Development of conceptual remote maintenance procedures and
equipment design input.

3. Estimation of time required tor fully remote maintenance operations.

4. Compilation of a list of equipment required for fully remote
maintenence of a nuclear gas turbine.

19.3.2. Maintenance Criteria

This task was carried out based,on the assumptions described below.

19.3.2.1. Plant Configuration. The plant was assumed to be a 3000-MW(t),
direct cycle three-loop configuration with a non-intercooled, single-shaft
gas turbine directly driving a water-cooled generator located inside the

g- containment.-

k)3'
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19.3.2.2. Inspection Interval. Based on information from the HHT program

and U.S. utilities, major overhaul end inspection intervals requiring

removal of the gan turbine will be scheduled every 6 ye. This may routinely

include turbine reblading. To make this inspection interval practical,

extensive diagnostic monitoring of the gas turbine will be employed during

operation, ccmmon high reliability and component life will be emphasized
in the design, and in situ access is being made possible at both ends of
the machine.

19 .3.2.3. Onsite Repair. Inspection, overhaul, and repair of the gas

turbine will be performed onsite. This approach removes constraints on

the gas turbina design, such as maximum size, the need for a qualified

shielded shipping cask, and the need to reduce surface contamination levels

prior to shipment.

19. 3.2.4. Turbine Outage. All planned turbine inspection and servicing

will be performed during annual refueling outages.

19. 3.2.5. Spare Turbomachine. A spare turbomachina will be made available

for installation into the PCRV whenever an installed smhine must be

removed for servicing.

19. 3.2.6. Radiat ion Protect ion. Minimizing personnel exposure is a major

concern in all aspects of the gas turbine maintenance cycle. Low per-

sonnel exposure and production of zery little radioactive waste are

important assets to HTGR designs, as evidenced by experience at Fort St.

Vrain and with other gas-cooled reactors. Even though the current HTGR-GT

can be designed to limit personnel exposure, offsite releases, and waste

production to within the federal guidelines of 10CFR20, 10CFR50, and

various other regulatory guides at the present time, future exposure goals

may be much lower than precent gt.idelines . With this in mind much more

emphasis is being placed on remote maintenance in advanced nuclear appli-

cations.

O
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Figure 19-1 illustrates turbemachine radiation levels due to fission

product plateout. Source terms were based on MEU fuel, Level A activities,
6-yr plant operation, and 100-day decay following plant shutdown. Pref-

'

erential plateout factors were assigned to the various contaminating
nuclides in various regions of the primary circuit and various sections of
the turbomachine to account for the effects of material type, surface con-
dition, gas velocity, and operating temperature on the deposition of various
nuclides. Figure 19-2 indicates the dose rates that might be expected
in the vicinity of the exposed turbine and compressor rotors for design
plateout assumptions. A 10-day decay period vill result in dose rates
approximately 30% higher than indicated in Figs. 19-1 and 19-2

There are several approaches to mitigating both source and effects in
order to minimize personnel exposure. The source reduction measures include,
for example:

7- 1. Fuel improvement to reduce fission product releases.
(j

2. Reliability improvement to reduce the need for maintenance of
contaminar.ed equipnent or access to radiation areas.

3. Design ingenuity to minimize the need to expose individuals to
high radiation levels in the performance of maintenance tasks.

,

4. Decontamination to remo/e radiation source contaminants.

The following techniques are widely accepted as the most effective
means of lessening maintenance wo.rker radiation exposure:

1. Time.

a. Allow time for decay of source activity.

p
t 4

i/
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O
b. Minimize the time necessary to do work in radiation areas.

c. Develop work procedures; plan work.

2. Distance.

a. Maximize the distance from radiation sources in the per- 1
-

-

formance of work tasks.

3. Shielding.

a. Take advantage of self-shielding effects of components and
structures,

b. Add shielding where its use can be justified.

4. Remote operations.

a. Perform high-level radiation operations using remote
equipment.

The remote maintenance facility approach to gas turbine maintenance

takes maximum advantage of all four f actors of time, distance, shielding,
and remote operations, so minimal worker exposure is possible. This
approach also permits immediate rep.. ra to be made on the turbomachine

using remote equipment, without waiting for lengthy decay to permit contact
; repair operations.

19.3.3. Maintenance procedure

A straightforward approach has been used in developing conceptual
procedures for gas turbine maintenance. Gas turbine inspection and

O
19-8
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i maintenance operations were identified'by the turbomachinery designer.
* Figure 19-3 presents an exploded view of the 400-MW(e) turbomachine

which was: the basis for the study. The required operations were put into

logical sequences using functional flow diagrams beginning with the over-

all outage sequence shown in Fig. 19-4. These overall steps were broken

down into a second level of detail as shown in Fig. 19-5. Third level

detail was then developed and tooling concepts and procedures were

i conceived. Time estimates were also made at this third level. Figure

19-6 is typical of the third-level detail developed. (More detailed
information is given in Ref. 19-1). Time estimates were then summarized

to the third level functional flow diagram steps and to the second

and first levels. It should be recognized that the time summaries

(Tables 19-1 and 19-2) provide only a gross sum of the hours to follow

a complete. remote disassembly and reassembly sequence as described,

. including the removal of every bolt and out on the turbomachine and
every compressor end turbine blade on the turbomachine without any

) refinement in the present machine design.
~J

. Tables 19-1 and 19-2 and their detailed breakdown as presented

in Ref. 19-1 nhow which areas in the disassembly procedure consume the

majority of disassembly.and reassembly time and also allows critical
,

path identificatien. It is believed that operating times can be

improved significantly, equipment can be standardized and simplified,

and in' situ operations can be refined to minimize personnel exposure.

This also applies to removal of the turbomachine from the PCRV and

transportation to a maintenance facility. For the 846-tonne (900-ton)
turbomachine in the HHT program, BBC estimated that a complete gas

turbine overhaul, including removal and reinstallation $n the PCRV,

might be accomplished in 775 h. While there is little question that

such a repair time could be schieved, tradeoffs must be made with

facility cost, potential impact on plant downtime, value of exposure

reduction. plant configuration, fuel cost, and impact on PCRV design

and the design of the gas turbine.

: O
-- U
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h
TABLE 19-j

FIRST LEVEL TIME SUMMARY FOR

CAS TURBINE REPAIR OUTAGE

1.0 Shut town Reactor for Repair 2 days

10.5 days ("}2.0 Remove Gas Turbine from PCRV

3.0 Transfer Gas Turbine to Repair Facility 1 day

4.0 Transfer Spare Gas Turbine to PCRV 1 day

5.0 Inscall Space Gas turbine in PCRV 10.5 days'a)f

6.0 Start up Reactor 2 days

7.0 Store Gas Turbine for Decay 10 days g
8.0 a.epair Gas Turbine 177 days

9.0 Store Gas Turbine as a Spare As required

(a) Based on an estimate of 21 days (at two shifts per day) to
remove and install the gas turbine from the PCRV (Ref. 19-2).

-
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1 IDL HORIZONTAL REMOVAL0eROTATE GT 180 AND INSTALL FIXTURE #D-2

FIXTUijE #A 2 ON CASE #2
CASE HANDLING
FIXTURE #A 2

/ ellFT AND REMOVE CASE #2 1HR
"

eDISCONNECT FIXTURE #A 2 2 HRSl.

, y TOTAL TIME: 50 HRS.

k j
i42
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-
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*
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'

,e -

'
t Fig. 19-6. Schematic for removing

180-deg split cases
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O.
V TABLE 19-2

8.0 REPAIR GAS. TURBINE - TIME SUMMARY

(Total disassembly time including removal of

all bolts and all blades)

8.1 Prepare for Disassembly 20 h

8.2 Separate Turbine from Compressor 465 h |

8.3' Disassemble Turbine 482 h(*}

8.4 Reassemble Turbinc 532 h(#I

8.5 Disassemble Cempressor 904 h

;

8.C xeassemble Compressor 930 h '

8.7 Reassemble Turbine / Compressor 513 h

Unit and Inspect

Total Time 2832 h(b)

(a) Steps 8.3 and 8.4 are in parallel with steps 8.5 and 8.6 and

do not add to the criti;:a1 path which results when all compressor

blades are replaced.

(b) 17f days at' two shif ts per day.

:

|
;

1
,

O .
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O
19.3.3.1. Functional Flow Diagrams. The overall size of the 272-tonne

(300-ton) gas turbine contemplated for the reference HTGR-GT is shown

in Fig. 19-7 and is broken down into major component weights in Fig. 19-8.

Periodically, a gas turbine would be removed from the PCRV and placed in

storage for decay while a spare turbomachina was reinstalled in the PCRV to

allow plant operation. The removed turbomachine would then be overhauled

immediately at an onsite maintenance facility and placed in storage for

instant future use. This concept is shown schematically in Fig. 19-9 and

described in a functicnal flow diagram in Fig. 19-4. Figure 19-4 illustrates

the movement of both a spare turbomachine and a turbomachine to be over-

hauled in an overall first level sequence. As shown, the decay period can

be completely eliminated if total remote facilities and equipment are

provided for turbine disansembly.

Step 8.0 in Fig. 19-4 could be accomplished in an onsite facility

as shown schematically in Fig. 19-10 following the second level sequence
illustrated in Fig. 19-5. Reference 19-2 summarizes removal of the gas

turbine from the PCRV and the operations which precede this step.

19.3.3.2. Repair Times. Gross estimates of the time to accomplish each

step in the first, second, and third level sequences are summarized in

Tables 19-1 and 19-2.' All estimates for steps 1.0 through 7.0 in Table

19-1 are roughly estimated. This places the turbomachinery repair time

estimate (step 8.0) in perspective with the overall outage downtime.

Steps 1.0, 2.0, 5.0, and 6.0 might be summed to provide an estimate of

total downtime for an unplanned or planned turbine cutage. The estimate

provided in step 8.0 is the result of this investigation and represents

only the gross sum from Table 19-2. As discussed earlier, a much lower

estimated gas turbine repair time will be realized as the concept is

refined. Design improvements will be made to reduce the time required to

perform the most time-consuming operations. A!so, only these operations

will be performed which are necessary to ensure reliable operation of

the turbomachine or are necessary to effect repairs.

O
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19.3.3.3. Disassembly of Cas Turbine. The detailed disassembly and |||
reassembly procedures are described in Ref. 19-1.

19.3.3.4. Remote Maintenance Equipment. Table 19-3 lists tools and

fixtures identified for gas turbine remote maintenance. Items such as

horizontal removal fixture #D-2 could perform all side removal and access
functions and replace all similar fixtures. Similar bolt heads could be

used to minimize the amount of manipulator tooling required. Load pallets
could be devised to allow storage isnd handling of similarly sized turbo-
machinery parts.

Casing sections might be grappled, removed, and placed on a load
pallet with no special attachment fixtures required.

Major features necessary in tha remote maintenance facility will
include turbine and compressor turntables servleed by manipulators and
a horizontal retaoval fixture. An inspection stand and decontamination
equipment will also be major features of th: facility.

||

19.3.4. Remote Maintenance Facility
P

As stated previously, one of the purposes of this study has been to
describe remote maintenance equipment and features which must be con-
sidered in the development of the gas turbine. In a similar manner, the

gas turbine design and HTGR-GT plant design will dictate the requirements
for a remote maintenance facility.

19.3.4.1. Location. For a three-loop plant, location of the repair,

facility with respect to the PCRV is not critical, since transportation
of the gas turbine between the PCRV and the repair / storage facility should
not be a critical path operation. Good rail and truck access should be
provided to allow receipt of turbomachinery on two high-capacity flat
cars. Proximity to the PCRV becomes a much mora important concern for
a two-loop design plant, since direct transfer of the turbomachine to the
repair facility without a shielded cask is a potential feature of the
two-loop concept.

19-20
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TABLE 19-3
- TOOLING REyJIREMENTS SUMMARY '

Handling and Lift Fixtures .
.

A-! . Trunnion Lift Fixture

A-2' Compressor Discharge Case Handling Fixttire

A-3 -Split Case Lift Fixture

! A-4 Dif fuser llandling Fixture

A-5 Diffuser Lif t Fixture |
,

A-6 Inlet Duct Handling Fixture
,

A-7 Inlet Duct Lift Fixture

A-8 Compressor Containment Assembly Lift Fixture
'' A-9 Rotor Shaft Lift Fixture

,

A-10 Compressor Stator Case Removal Fixture
"

'
A-11 Bearing Fixture

A-12 Bearing Housing Fixture

() A-13 Compressor Inlet Duct Lift Fixture

A-14 Compressor Rotor Lift' Fixture

A-15 Seal Wing Lift Fixture

A-16 Turbine ' Diffuser Lift Fixture
A-17 Turbine Stator Case Removal Fixture
A-18 Turbine Rotor Lift Fixture

i

Bolting Tools

B-1 through 3-12

Special Flxtures

C-1 Turbine End Rotor / Stator Lock
C-2 . Compressor End Rotor / Stator Lock

C-3 Turbomachine Roller Assembly
'

C-4- Compressor End Support Jack

( ,
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TABLE 19-3 (Continued)

C-5 Compressor Inboard Stabilizer Lock

C-6 Turbine Inboard Stabilizer Lock
C-7 Compressor Bearing / Seal Removal Fixture

8 First Labyrinth Seal Rotor Lockt

C-9 Second Labyrinth Seal Rotor Lock

C-10 Turbine Bearing / Seal Removal Fixture

Disassembly Stands / Fixtures

D-1 Tilting Removal Fixture

D-2 Horizontal Removal Fixture

D-3 Compressor Support Stand

D-4 Compressor Disassembly Stands

D-5 Compressor Inlet Duct Support Stands
D-6 Inspection Stand

D-7 . Turbine Containment Disassembly Stand
D-8 Turbine Containment Assembly Support Stand

D-9 Turbine Disascembly Stand

D-10 Turbine Exhaust Duct Support Stand
D-11 Turbine Rotor Stabilizer

|

i

1

!

l

|

||h
,

19-28



. . _ . - . ... . . ..

.

.

?

..
.

4 19.3.4.2. Major' Facility Features. A gas turbine maintenance facility
~

must be designed to support the operations described in Section 19.3.3.1, .
-including:

,

1. Receipt of the gas turbine transportation cask.

2. Decay storage.

} 3. Removal of the gas turbine from its cask.

4. Fully remote machine disassembly.
5. De. contamination of rotors, stators, and small parts.

6. . Visual examination and dimensional surveys.
7. Blade examination, removal, and reinstallation.

,

8. Reassembly.

9. Balancing.

i - 10. Testing.

11. Long-term storage protection.,

12. Welding, grinding, and machining.

. 0:

A 272-tonne (300-ton) capacity bridge crane with sufficient inching

capability to support the operations described in this report is required.
1

This will include a significant amount of head room for vertical disas-

sembly. The crane capacit-j could be reduced to 137 tonnes (150-tons), as
shown in Fig. 19-10, if the upending operation were performed on a turn-

; table and.the requirement to transfer the entire turbocompressor to a

turntable could be eliminated.

Gamma shielding must be sufficient for unlimited 40 h/wk access to

remote operating consoles and all normal working areas.

. If.it is determined that frequent personnel access to the repair

cell is desirable, a ventilation system must be provided to remove air-

,

borne contaminants to allow access without the use of breathing equipuent.

.O;
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O
Because of the long inspection intervale contemplated for the HTGR-GT,

facilities should be provided for training maintenance personnel prior to
receipt of a contaminated gas turbine.

19.3.4.3. Service Requirements. Detailed facility design would include

consideration of the following:

1. Tool tacks, support stands, and typical maintenance support
equipmer. c .

2. Viewing equipment such as lead glass windows, telescopes, and
closed circuit TV.

3. Storage space, including turbomachinery ccmponent laydown space,
rigging setup space, locker storage, and radiation protection
and contamination control equipment storage.

4. Decontamination facilities.

5. Vent'lation and airborne contamination control equipment.

6. Treatment and processing interfaces for radioactive liquids,
gases, and solids.

7. Radiation / contamination monitoring equipment.

8. Personnel access, monitoring, and health physics areas.
1
1

9. Utilities, including service air, breathing air, demineralized

water, electricel outlets, welding connections, etc.

10. Provisions for maintenance of the facility, such as accesa ladders
and platforms, lubrication aids, and provisions for cleaning.

|

|
;

I
|
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19.3.5. Conclusions and Recommendations

Plant availabilit), worker exposure, and HTGR-GT capital and operating
costs are strongly influenced by the maintenance of the turbomachinery.
Simplification and str'samlining of the methods and procedures most be

4

stressed as the detailed design evolves. Areas for future development and
issues which must he resolved prior to development of a detailed main-

; tenance plan include turbomachinery design, tooling design, in situ

maintenance, turbomachinery removal and transport, and decontamination.
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20. REMDTE MAIICENANCE FACILITY (63200400)

'
20.1 SCOPE

The scope of this task in FY-79 was to develop preconceptual designs
and a cost estimate of tooling associated with the remote disassembly and
reassembly of the turbomachine for the 400-MW(c) HTGR-GT non-intercooled

plant.

20.2. SUMMARY

Studies were made of the space required for laydown of turbomachine

components and fixtures for disassembly and assembly of the turbomachine

() to facilitate this work, as well as to accommodate supporting services

such as decontamination and rotor balancing. The floor area needed was

fpund to be approximately 1060 m (11,400 ft ). This work / storage area

would be provided with crane coverage.

'

Studies were also performed, with the previous disassembly sequence

studies as a basis, to identify fixture and tooling requirements for turbo-

machine maintenance. The major fixtures and tools were outlined on layout

criteria requirement sketches, and the minor ones were identified and
tabulated.

Finally, a preconceptual rough c6st estimate was prepared for the
fixtures'and tools identified in the study.

b,_ n4
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20.3. DISCUSSION

A remote maintenance etudy for the 400-MW(e) HTGR-GT turbomachine was

performed in which identifications were made for the remote disassembly
process and inspectim of the turbomachine. Concurrently, identifications
and simple configuration outlines were made of the major fixtures and tools
required.

Based on this study and supplemental judgment, an initial facility
size with a fixed area of about 930 m (10,000 ft ) was developed, primarily

as an early aid in the plant design work. As a basic maintenance philosophy
it was decided to retain the scheme whereby the turbonachine is tilted to a

vertical orientation in the facility while being serviced. The reason is

primarily related to retention of the structural integrity of the turbo-

machine during the several steps of disassembly.

This first facility concept envisioned a large elevator type device in

a pit area, with a turntable being part of the elevator. This elevating

platform would be double decked to accommodate insertion of the spare
turbomachine immediately following removal of the unit to be serviced.
Upending the machine and placing it on the turntable would also facilitate

its rotation in relation to the tooling and the viewing windows.

The balance of the floor area was identified as needed for (1) a
turbomachine c.omponent laydown area, (2) storage of tools and fixtures,
(3) rotor balancing, and (4) an area provided with inspection facilities.

In recognition of the very broad basis on which this facility design

was developed, the study continued with an identification, size deter-

nination, and general configuration study of each of the turbomachine

parts retaoved from the assembly and temporarily stored within a designated
floor area within the maintenance facility.

O
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\- Evaluations were then made of the fixtures and tools configured in

the earlier study of the turbomachine disassembly process, It was found
that several fixtu es could be combined and interchangeable tool attach-

ments used. Emphae ls was placed on initial identification of those tools-
and fixtures that appeared to have a significant effect upon the tool
fixture storage floor area and the work space around the turbomachine.

i

The fixtures were identified in rough outlines on Plant Layout

Requirement Sheets which also were provided with other available data such
as sizes, estimated weights, etc. A total of twelve major items were thus

'

identified. The Plant Layout Requirement Sheets were used in the prepara-
tion of a preconceptual layout drawing of the maintenance facility floor
plan (Fig. 20-1). The layout identifies the significant space allocations,

such as:

1. Turbomachine entrance / exit area.

D(- 2. Turntable and elevator.#

3. Work area with track-mounted, removable fixtures and wall-
mounted manipulator (s).

4. Storage for fixtures and related equipment.

5. Tool storage.

.

6. Auxiliary work area.

7. Decontamination area.

8. Airlock acce,s.

9. Rotor balancing space.

U.s
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hIn this facility layout, the total usable floor area was found to be
2about 1060 m2 (11,400 f t ) compared with the earlier, very rough estimate

2of needed floor space of about 930 m2 (10,000 ft ). The difference is

partly due to deletion of below-the-floor storage of the spare turbo-
machine, which required a very large, high-capacity elevator type device.
'Ihe turntable feature was retained. It was shown as being mounted on a

smaller elevator type device, but subject to further plant design studies
to detennine if building height could effectively be reduced by utilizing

the elevator while uprighting the turbomachine for disassembly.

A preconceptual cost estimate of fixtures and tooling for turbomachine
remote maintenance was then prepared. The gas turbine remote maintenance

study performed by CA (Ref. 20-1) was used as a basis for the estimate,
since it contained preconceptual outlines of the tooling and fixturing

as envisioned at that time. As reported above, it was concluded that the

quantity of major fixtures shown could be reduced to 12 basic ones, while
the remaining 25 would consist of either attachments to the large fixtures

and tools or smaller but independent units. The Plant Layout Requirement

Sheets thus prepared facilitated the development of projected weights of

the fixtures and tools. A cost per weight unit was then applied to arrive

at a "first cut" estimated cost. The unit cost varied between components

depending on type of structure, degree of complexity, amount of mechanistic

complexity, and instrumentation.

For the second group of equipment, containing the 25 additional

handling fixtures and attachments, lump sum estimates were made, since

little or no design information had been generated at that time.

A third category containing such items se remote manipulators,

balancing equipment, TV systems, lights, etc. , was accommodated by cost

allowances only, because of the lack of particulars.

l

|
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For obvious reasons, an estimate of this type is marked by uncer-
tainties since it is based on preconceptual studies. Therefore, using

i a cost range may be more appropriate until more detailed design studies

; have been performed which lead to well-defined technicaltdefinitions and
thus better and firmer cost projections.

20.4. REFERENCE

I

20-1. " Remote Mcintenance of a 400 MW(e) Helium Gas Turbine."
i DOE Report CA-A15587, General Atomic Company, to be
.

^

published.
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21. CONTROL VALVE (632003)

21.1. SCOPE

The purpose of this task in FY-79 was to determine the trim, attempera-
tion, primary bypass, and safety valve functional requirements and to design
che valves to meet these requirements.

21.2. SUMMARY

Conceptual c',esigns for the four valves have been completed. Design
criteria for each valve are presented in Table 21-1. These criteria are

preliminary and will be revised as the valve designs progress and various.

. problems are resolved.

21.3. DISCUSSION

Several problems have been identified that affect valve design:
4

1. To take advantage of inherent PCRV strength and radiation shield-

ing ability and to reduce valve space envelope requirements to a

minimum, the valve conceptual designs show the valve bodies
encased in concrete. This arrangement has been reviewed, and

problems have been identified in the areas of code compliance
stress analysis, prototype testability, and valve alignment

during operation and initial construction.

2. Primary loop flow and pressure drop analysis indicates the need
for very large, fast-acting valves in primary bypass and safety
valve service. Tne analysis shows that valve characteristic and

D')
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TABLE 21-1
VALVE CRITERIA FOR THREE-IDOP, 400-MW(e) HIGR-CT NON-INTERC00 LED REFERENCE PLANT

Attemperation
Control Valve Trim Valve Safety Valve Valve

Design' pressure 8.17 8.17 8.17 8,17
[MPa (psig)] (1185) (1185) (1185) (1185)
Design temperature Per analysis Per analysic Per analysis Per analysis

Normal inlet pressure 7.93 7.93 7.93 7.93
[bPa (psia)) (1150) (1150) (1150) (1150)
Normal temperature 498 498 498 174
[*C (*F)] (928) (928) (928) (346)
Flow area, 100% open 493 x 103 41 x 103 493 x 103 73 x 103
[mm2 (in.2)] (765) (65) (765) (113)
0%-100% travel time 1 1 1 1

3 open (s)
da Control range (%) 0-100 C- 00 Not required 0-100

Position resolution 0.2% of stroke 0.2% of stroke N/A 0.2% of stroke
Loss of power Open: AP > 20 Open: AP > 20 Open: IP > 20 open: AP > 20
position Closed: AP < 20 Closed: AP < 20- Closed: AP < 20 Closed: AP < 20

Maximum pressure drop 4.65 4.65 4.65 4.65
[MPa (psi)] (675) (675) (675) (675)
Type of control Linear Equal per- Quick open Linear
contour centage

Normal AP 4.65 4.65 4.65 4.65
[MPa (psi)] (675) (675) (675) (675)
Seat leakage normal 0.19 0.19 0.19 0.19
AP [kg/s (lb/h)] (1500) (1500) (1500) (1500)
10% step change, time 0.25 0.25 N/A 0.4
constant (s)

_

O O O



.

f -s

i )
'' size are interrelated such that valve size can be reduced if a

quick-opening characteristic aan be achieved when the valve starts
its opening stroke. A quick-opening characteristic is easily

achievable with the safety valve but is more difficult with the

primary bypass valve because the normal function of the valve is
flow control. Flow control implies a linear or exponential

characteristic as opposed to a quick-coening characteristic.
Various solutions to the prcblem are being investigated. These

'
involve the use of multiple yxlves much like conventional steam
chest throttle valve arrangements and special valve disk designs,

caged and uncaged, that can achieve a quick-opening characteristic
at the start of the stroke and a linear characteristic thereaf ter.

3. Mechanical design problems resulting from high stem forces and
valve 2ed persist. The use of valve balancing chambers to reduce
stem forces is being investigated along with the effect of the

g- chambers on valve speed.
V)

Steps are being taken to conduct a nation-wide survey of valv.
*

designers and fabricators. At the conclusion of the survey, one or more

large-valve designers will be engaged to assist GA in completing the valve
mechanical designs if adequate valves or valve manifolds are not commercially

available.

|
|

|
,

' \ -)
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22. HEAT EXCHANGERS (6321)

The heat exchanger design ef fort is divided between CA and its sub-
contractor Combustion Engineering (CE).

22.1. SCOPE

The purpose of this task in FY-79 was to perform conceptual design
work on the heat exchangers for the two-loop demonstration plant in an

effort to update the reference designs. To accomplish this, the following

subtasks were to be performed:

1. Evaluate heat exchanger designs developed by CE in FY-78 and
early FY-79. The evaluation should include identification and

resciution of critical technical issues.

a. Study the differential expansion of the integral return tube

(IRT) recuperator concept and recommend a solution to the
high stress / limited tube life problem associated with the
design. A module layout should be generated, and the impact

on the recuperator eavelope should be identified and a revised

envelope drawing prepared, as appropriate.

b. Evaluate the seismic capability of the hexagonal module

support structure and identify a potential solution to the

seismic inadequacy. The solution should be incorporated in

the revised envelope.

c. Determine the impact of the solution of issues a and b on the

pressure drop and component cost.

Ov
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d. Evaluate the impact of high round power levels on the heat

exchanger designs. The most recent sound power level estimates

which relate to the heat exchangers are:

Compressor inlet 152.7 dB

Compressor discharge 150.6 dB

Turbir.e discharge 163.8 dB

2. Evaluate Sulzer /CA heat exchanger design criteria.

a. Evaluate the CE designs based on their ability to meet HHT

design criteria.

b. Provide comments pertaining to the compatibility of the HHT

and U.S. design criteria.

c. Idtntify those heat exchanger areas which are major contributors

to the high heat exchange costs and recommend possible methods
for potential cost reduction.

,

3. As part of the 500-W(e) HTGR-GT heat exchanger study, develop a
preconceptual top assembly sketch of the 500-W(e) HTGR-GT loop
recuperator and precooler.

4. As part of the alternate heat exchanger design effort, develop an
alternntive recuperator design concept which stresses design
simplicity, ease of maintenance, ease of fabrication, low pressure

drop, low cast, and increased safety and reliability.

22.2. SUMMARY
t

In FY-78 and early FY-79, CE developed mechanical designs and cost

estimates for the primary loop heat exchangers (recuperator, precooler,
,

and/or intercooler) for three different plant configurations. Based on
suggestions by both GA and CE for further definition of the design concepts,

O
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tha effort in the third and fourth quarters of FY-79 focused on the.' . . -

recuperator. Two important structural feasibility issues associat.ed
with the hexagonal _ module recuperator were investigated, and design

i solutions were identified which do not significantly impact heat exchanger

- envelope, pressure loss, or component cost.

| As part of an overall effort to identify a.reas of capital cost

reduction for the HTGR-GT plant, CE reviewed its cost estimates on the
heat exchangers to identify potential cost reductions. The general result
is a recuperator concept which departs from the hexagonal module approach

'in a number of ways. A trend toward large, round modules will not only
lead to reduced component costs but has advantages of design sirplicity
and ease of maintenance. An alternate to the hexagonal module concept

was developed which employs 19 round modules. The cavity diameter penalty
associated with the concept tends to be offset by lower pressure losses

and lower capital cost.
!

The review of both U.S. (GA) and HHT (HRB) design requirements

revealed that-the recuperator requirements are quite similar and reflect
basically the same philosophy toward the design, manufacture, operation,
and inspection of the heat exchangers. In addition, most of the U.S.

(GA and CE) recuperator concepts could be configured to meet the HHT

requirements. In particular, the trend toward larger modules and possibly

| round modules will produce concepts which will readily meet the implied

HHT requirement to inspect individual recuperator tubes.
e
i

As.a result of the. reviews of the designs developed by CE in FY-78/79,
CE cost estimates, and U.S./HHT design criteria, alternate recuperator

concepts were studied by GA.- These studies resulted in two alternate

concepts'to.the 83-module reference design and the 19-module design

discussed.above: (1) a concept with seven round modules developing the
5 19-module design even further and (2) " stayed tubesheet" concept. Both

concepts show increased potential for cost reduction, design simplicity,

_
ease of maintenance, and improved safety and reliability. All four concepts

~

I will be compared with the aim of selecting a preferred concept early in FY-80.

:

|~ 22-3
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22.3. DISCUSSION

22.3.1. 11 eat Exchanger Design Issues Study

The objective of this task was the resolution of design issues that

were identified by G\ during a review of the CE heat exchanger effort in
1978. In 1979, CE addressed these design issues and recom:nended design

modifications that should resolve the stress problems in the module tubes

and module lateral support structure. The high stresses in the module
tubes were caused by differential thermal expansion between the tubes
and IRT. The proposed solution to the problem was to incorporate a bellows

expansion joint between the tubes and IRT to reduce tube stresses. The

arrangement of the module with an expancion joint is shown in Fig. 22-1

The problem of high stresses and large deflections in the hexagonal module

support structure was caused by inadequate seismic support points tying

the structure to the shell (shroud). The design modification to resolve

this structural problem is shown in Fig. 22-2. Stresses and deflections

were greatly reduced by providing continuous support points around the

periphery of the " honeycomb" to roolace the six points at which it was

previously supported.

Based on a review of estimated acoustic inputs to the recuperator

structure from the turbine and compressor, the tentative conclusion is

that sound levels of these magnitudes will have no significant impact

upon the bulk of the recuperator structure, but that further study is

needed to verify P.he adequacy of those elements that might be more affected,

such as the small he.at transfer tubes and thin thermal liners. Acoustic

testing programs should be' included in future planning.

O
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22.3.2.. Evaluation of Sulzer /GA Heat Exchanger Design Criterfa_'

In this study, HHT (HRB) design criteria were compared with comparable

-U.S. (GA) criteria, and.U.S. recuperator design concepts were evaluated
based on'their' ability to meet tha HHT requirements. The following areas

- were reviewed:

1. Design criteria for the HHT recuperator.

2. : HTGR-GT heat exchangers/ ground rules, guidelines, and design

requirements.

|

These criteria are still in preliminary form, and much information that
should~be included is not yet available. Until the' criteria become more

complete and self-contained, only a cursory evaluation of their technical
compatibility can be made.

The major conclusions that can be drawn from this evaluation are asON-- follows:

1. In general, .the two documents are quite similar in their ' require-
ments or ground rules and reflect basically the same philosophy
and approach toward - the design, manufacture, operation, and

inspection of the heat exchangers. While there are numerous
instances in which the two documents do not agree, these differ-

ences would have no major impact upon recuperator design.

2. -There is nothing particularly unique or radical about the proposed
alternate recuperator designs that would preclude their use in

accordance with the HHT criteria. Some minor modific -ions would-

have to be' made. in the designs, :but none would have a significant

i= pact on-the concepts. .The Limplied HHT requirement to inspect
- recuperator tubes will significantly constrain module size and
accessibility and.probably precludes-the small hexagonal module
approach developed in FY-78

-
_

22-9
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A heat exchanger cost reduction study was performed, but this study

was severely limited in scope in that time aid not permit cost estimating.

The conclusion from the study is that further work should be devoted to

quantifying cost savings associated with:

1. Flat tubesheets (rather than epherical).

2. Large modules (reduced number of modules).

3. Simpler, round tube modules rather than close packed hexagonal

modules.

22.3.3. 500-MW(e) HTGR-GT Heat Exchanger Study

Sketches of the recuperator and precooler.for the 500-MW(e) HTCR-GT

were prepared by CE. The sketches were merely scaled up from the three-
loop, 1200-MW(e) non-intercooled plant design.

O
L 3. 4. Alternate Heat Exchanger Design

The alternate recuperator design proposed by CE is illustrated in

Fig. 22-3. Briefly, the concept utilizes a series of five parallel headers

to support 19 large modules within the recuperator cavity. (These headers
replace the single, large dished head found in the reference design.) A

separate module support structure in the cavity provides a horizontal load

path for tha modules into the PCRV concrete. The support structure assumes

no vertical loads from the modules or headers except for initial asaembly,

at which time the structure supports the modules while the five horizontal

headers are being welded into place.

After the headers are in place, the modules are lifted off the structure

and attached to the headers. A manway is provided in the headers at each

of the 19 module positiens. Removal of the manway cover and parts of the

insulated return pipe provides excellent access to the top tubesheet for

9
22-10
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h.
O tube inspection and/or plugging. The tubes are completely straight and are

welded to flat tubesheets at either end of the module. The modules are

round, and each module is individually shrouded. The five headers are

. staggered-in.the vertical direction to provide concrete ligament where
= they penetrate the cavity wall. The staggering also provides access for
inspection of the header welds and for cutting and rewelding the headers
in the event module replacement is ever required.- A universal pipe joint

in the pipe connecting the module to the header allows unrestrained lateral
shift and tilt of the module centerline relative to the centerline of the

header nozzle to which it is attached. The 19 modules are arranged in a

triangular pattern with a 134.4-cm (52.914-in.) pitch. There are 3500

A.W. tubes, 1.111-cm (0.4375-in.) o.d. by 0.114 cm (0.045 in.), in each
module. Tube supports are of a type commonly referred to as "eggerates"
and are illustrated in Fig. 22-4.

Preliminary structural analysis has been performed to justify the

feasibility of the concept, and preseure drop calculations have been made

that compare favorably with those made-for the reference recuperator

concept.

A comparison of recuperator concepts is shown in Table 22-1, which

begins with the one-loop /two-loop intercooled plant recuperator (161
modules), followed by the modified one-loop /two-loop design (as a result
of design issues), the three-loop, 83-module concept, and finally the

19-module alternate concept.

The alternate recuperator designs proposed by GA are illustrated in

Figs. 22-5 (seven . modules'' and 22-6 (stayed tubesheet) . The seven-module

concept-is a further development of the 19-module concept proposed by CE.

The number of madules has been further reduced and increased in size.
This provides the fabrication / handling / cost benefits associated with the
19-module concept while also providing module shrouds of sufficient
diameter / stiffness so that the lateral support-requirements are signifi-
cantly simplified (one at top and one at bottom only). Additionally, a

.Ov
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TABLE 22-1
RECUPERATOR CONCEPT COMPARISON

Modified
1-Loop /2-Loop 1-Loop /2-Loop 3-Loop Alternate Concept

Thermal rating, MW(t)/HX 1253 1253 918 918
Heat exchanger surface. 42,312 (455,406) 42,312 (455,406) 28,400 (305,732) 28,400 (305,732)

2m (ge)2/HX
'

Number of tubes / heat 94,668 94,668 66,732 66,500
exchanger

Number of modules / heat 161 (hex.) 161 (hex.) 83 (hex.) 19 (round)g
M exchanger

Z Number of tubes / module 588 588 804 3500
Tube size, cm(in.) 1.1113 x 0.0813(0.4375 x 0.032) 1.1113 x 0.1114(0.4375 x 0.045)
Pitch-to-diameter ratio 1.455 1.455 1.4 1.455
Diameter, m(ft) 6.8 (22.3) 6.9 (22.55) 5.64 (18.5) 6.7 (22)
Height, m(ft) 24.5 (80.0) 21.2 (69.4) 20.4 (67) 20.2 (66.4)
Weight, connes (tons) 1043 (1027) 1041 (1025) 813 (800) 813 (800)
Pressure loss, % 2.4 2.4 3.7 1.9
ISI repair Module Module Module Module / tube
HP/LP gas boundary Large spherical head Large spherical head Large spherical head Headers

e O O
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iJ reduction in the number of modules reduces the number of headers to
three, thereby reducing the overall height of the unit and providing

additional access in the header ar'ea.

The stayed tubesheet design (Fig. 22-6), although not unique in con-
cept, is unique in application. This concept comprises two flat tube-

sheets (one at the top and one at the bottom) which are connected by
45,000 straight [1.666-cm (0.656-in.) diameter by 0.109-cm (0.043-in.)
wall] stainless steel tubes. An outer shroud extends the full length of
the tubes, is actached to the icwer tubesheet, and is perforated top and
bottom for shell side gas flow. A pipe in the middle of the bundle is

provided for inspection access, and the tubes are supported laterally by
"eggerate" supports as illustrated in Fig. 22-4. Low-pressure gas from

the turbine enters the upper plenum, flows down through the tubes, and
exits the lower cavity via a duct to the precooler. High-pressure gas

from the compressor enters the bundle at the lower end, turns 90* and
.

flows upward. parallel to the tubes, turns 90* at the top, and exits to
the core.. The tubes therefore are externally pressurized and loaded in
tension, thus " staying" the tubesheets. Preliminary analysis indicates
that this concept reduces capital and plant operating costs while improving
safety and reliability.

All four concepts will be evaluated and compared by GA and CE. The
,

HHT seven-module concept data (if available) will also be included in the |

comparison. Selection of a preferred design is scheduled for early FY-80

O
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# 23. PLANT PROTECTION SYSTEM (6332)

23.1. SCOPE

The purpose of this task in FY-79 was to establish conceptual design
requirements and interfaces for the plant protection system (PPS).

23.2. SUMMARY

The PPS effort consisted of (1) reviewing previously generated data,
(2) identifying major technical problems, (3) preparing block diagrams for
the PPS, and (4) initiating work on the PPS system description and design
basis.

1

The review of previous work in the PPS area continued, and a technical
problem list was compiled identifying 17 issues. The most significant
problem is how to measure primary coolant loop and total plant helium
flow.

ihe PPS instrument block diagrams (Fig. 22-1) were issued and work
was begun on preparation of the PPS system description and design basis
documentation.

23.3. DISCUSSION

'23.3.1. Review and Problem Areas

' A review of the previous work in the PPS area continued, and a tecn-
nical problem list was compiled. Seventeen unresolved areas have been'
identified. (This is in addition to the questions related to the combina-

("} tion of the control and protection on the previously reported safety and
U

23-1
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_

primary bypass valves.) Many of these technical problems relate to the h

selection of trip parameters or the need for various protective actions
and interlocks. Some relate to the basic plant configuration or control

(i.e. , precooler safety class, isolation needs, and leak detection;
whether the plant has helium inventory control and its potential impact;
etc.). While these problems will generally be answered in the normal plant
design evolution, their recognition assists in future work planning.

The most significant problem is how to measure primary coolant loop
and total plant hellum flow. These parameters are used in the reactor trip
system and the CACS initiation system. This problem will need to be spe-
cifically addressed in the future and may require specific generic funding.

23.3.2. Design

The PPS instrument block diagrams (Fig. 23-1) were issued. These

block diagrams show the major PPS function, their initiating parameters,

and basic logic. The major subsystems are (1) the reactor trip system, h
(2) the main loop shutdown system, (3) the CACS initiation system, (4) the
precooler isolation and dump system, and (5) the rod withdrawal interlock.
The latter may not be required in the PPS and further study may lead to
its downgrading.

Work has begun on preparation of the PPS system description / criteria
and the supporting PPS design basis (as required by lEEE-279 and IEEE-603).
These are both on-going tasks and will be an iterative process between

plant systems design, systems dynamics analysis, and the PPS instrumenta-
tion and control.

.
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24. ' PLArif CONTROL SYSTEM (6333) i

24.1 SCOPE

The purpose of this task in FY-79 was to synthesize a PCS conceptual

design.

. .

24.2. SUMMARY

.

[ A candidate primary. bypass valve control scheme is shown in Fig. 24-1.
The initial effort to lay out the turbine inlet temperature, electrical

power, turbine speed, attemperation, and surge margin controls is shown in
Fig. 24-2. ' Technical problems encountered during early phasee of con-

ceptual des,ign have been. described. Possible turbomachinery outputs for a
PCS condition monitoring system have been listed.s

;

24.3. DISCUSSION

The work accomplished in the FY-79 effort is directly related to

key FY-80 planned tasks. The plans for FY-80.are as follows:

1. Synthesize the conceptual design of the bypass valve control ;

i

system.

2. Resolve the separation of the contr ' and safety valve functions.
,

1

3. Summarize the major technical problems encountered during PCS

conceptual design.

I

. . 1

4. Develop a hybrid computer model for the control valve auxiliary
1

system. I

i !
\(~

15. -I'repare the conceptual design of the PCS condition monitoring l

)
i

,
system.

l'
| 24-1
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O
6. Develop the SYSL digital comput.tr model of the control system

dynamics.

7. Integrate auxiliary system control (turbomachinery primary seal

system criteria, etc.) into the plant conceptual design.

8. Conceptually design the turbomachinery startup and shutdown
controls,

9. Prepare the conceptual requirementa for the control room.

10. Evaluate the feasibility of a control valve design using the hybrid

computer model.

The primary bypass valve control circuit shown in Figs. 5-1 and 24-1
was configared in FY-79 and will be refined as tasks 1, 2, 3, 4, and 10 are
accouplished during FY-80. The adequacy of the safety and control function

separation (at the solenoid valves) shown in Fig. 24-1 will be evaluated.

As the figure shows, an electrohydraulic servo valve has been proposed for

the primary bypass valve actuator loop. Figure 24-2 shows the inner loop

frequency response range for the servo valve. Closed loop servo valve /
'

cylinder / bypass valve response will be obtained using the hybrid computer
model in the future. The computer model will help determine the magnitude

of problems such as required actuation times, force profiles, full-load

speed control capability, discontinuous full-load valve control system

response, application of split range primary / trim bypass control, integra-
tion of inventocy control, and the use of more, smaller bypass control

valves. It is anticipated that changes in valve geometry and control

philosophy will be recommended on the basis of model response.

Figure 24-3 depicts a possible arrangement of the turbine inlet tem-

perature, electrical power, turbine speed, attemperation, and surge margin
controls. As the diagram illustrates, mar.y "first cut" control system com-
ponent.a wera identified during FY-79. It is expected that many of the

details of Fig. 24-3 will change as PCS effort continues in FY-80.
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APPENDIX A

TURB0 MACHINE NOISE REDUCTION

Several means were examined for reducing upstream and downstream

noise emissions from the compressor and turbine of the HTGR-GT.

These methods fall into four categories:

1. Modifying the number of blades and vanes.

2 Increasing the spacing between the rotor and stator stages.

'

,

3. Providing sound-absorbing linings for turbomachinery cases and/or
O. ducting (inlet and discharge).

4. Modifying inlet and discharge duct configurations to provide
noise reductions by uae of a sonic throat (for inlet) and further'

acoustic treatment.

Not all of these methods need be applied to all components. For example,,

if the recommended blade and vane numbers can be employed, the current j

rotor-stator spacing can be retained. Similarly, if satisfactory inlet

ducts that incorporate a sonic throat can be designed, it will be unneces-
sary to modify the blade and vane numbers and the spacing in the inlet
stages.

|
|

Estimates of the overall power level (OAPWL) reductions were obtained
using some of these methods. Either blada vane modifications or increased

I spacing is worth about 4 dB in OAPWL. Treating the diffuser sections ol' the
compressor and the turbine discharge with perforated facing - honeycomb,

A-1
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O
backing space acoustic liners should provide about 9-dB discharge noise
OAPWL reduction. Similar treatment upstream of the compressor and turbine

would reduce the sound power levels in these regions by approximately 12 to
14 dB. Use of sonic inlets should result in at least 20-dB reduction in

inlet noise. Further noise reductions could be obtained by sound-absorbing

liner applications outside of the main turbomachine components. For design
of such structures, an estimate of the spectral distribution,of target noise

reduction is required to provide better criteria than the OAPWL reductions

employed here.

A.1 NUMBER OF BLADES AND VANES

In a compressor or turbine, sound at blade-passage frequency and its
harmonics is generated primarily by the interactions of the aerodynamic
fields between adjacent rotor and stator stages. The noise or sound pres-
sure has a characteristic structure of spatial distribution in the duct con-

sisting of a set of pressure patterns having a number, m, of lobe pattern g
spins in the duct at a speed B/m times rotor speed (where B is the number

of rotor blades) for the fundamental 2B/m for the first overtone. (This is
required for the patterns to generate the correct frequency.) Clearly,
low m-lobe patterns spin more rapidly than high m-lobe patterns.

The pattern spin speed is crucial for the tangential Mach number at

which the pattern sweeps the wall. This dictates one or the other of two

very different types of behavior. If the pattern circumferential wall

speed is supersonfc, the pattern will spiral its way to the duct outlet

and radiate noise. This is called propagation. On the other hand, if the

pattern wall speed is subsonic, the strength of the pattern will decay
exponentially with axial distance. These axial decay rates can be made
very high so that substantial noise reductions can be achieved by proper
design.

O
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The number of lobes, m, in these patterns can be expressed in terms
of the number of rot.or blades, B, and stator vanes, V, as follows:

m = mB i kV (A-1),

where n = 1 for blade passage frequency (BPF), n = 2 for 2BPF, etc., and
-k is an index taking values k = 1, 2, 3 . . .

' To obtain decay of all patterns of some harmonic, n, requires only
that the least absolute value of m be large enough so that the pattern

Mach number,' M = (hB/m)MB, is less than 1.
m

Usually, it is desired to decay patterns for both BPF and 2BPF. In
a

aircraft power plants where the blade Mach number, M , is moderately high
B

subsonic, V must be selected to be greater than four times the number of

blades, B. This requirement can seldom be met. However, because of the

() low Mach numbers in most of the HTGR-CT stages, it is possible to exploit

the following property (Ref. A-1): If the blade Mach number, M , is less
B,

than 1/3, then selection of vane numbers according to

' ^ ~B(1 + M ~

B B

leads to decaying patterns of sound at the fundamental and first harmonic
d

of BPF.

This property. has guided selection of blade and vane numbers in the
4

outermost three stnges of the HTGR-CT compressor and turbine, with one

exception: The first stage compressor inlet M ch number is too high toa

meet the requirement that Eq. A-2 applies. In this case only, V is selected
to decay only the fundamental BPF. The harmonic 2BPF will unavoidably
propagate.

.

is>.

A-3

. - . . . _ . , - . , -, .- -, .-- ,



In addition to satisfying Eq. A-2, the blade and vane numbers were

determined by repeated trials to provide a substantial amount of decay:
20 to 25 dB or more. Interactions between non-adjacent stages were also

considered because of the known persistence of wakes through several stages.

The blade and vane numbers for the compressor and turbine inlet and

discharge stages are presented below. ,

Compressor Inlet Stages

Blade and Vane Numbers

Modified Current
Stage Rotor Stator Rotor Stator

1GV 114 102

d1 77 77

S1 116 78

R2 80 80

||hS2 118 81

R3 82 82

S3 120 83

Notes

1 If the sonic throat inlet is used, the current blade and vane
numbers can be retained.

2. For use with other inlets, the modified numbers should be used.

3. The modified numbers decay BPF but cannot control 2BPF,

4. A length of at least 12.7 cm (5 in.) forward oi *he 1GV lead-.

ing edge should be provided before the inlet ou' er diameter
increases.

i

A-4 |
i

i
I



F-

)'

'/ Compressor Discharge Stages
..

Blade and Vane Numbers

Modified Currer> L
Stage Rotor Stator Rotor Stator

-

S15 154 113

R16 114 114

S16 156 115

R17 117 117

S17 158 118

R18 120 120

S13 160 121

Note

1. Provide at least 15.2 cm (6 in.) aft of the S18 trailing
edge before increasing the outside diameter of the discharge
annulus.

f

1"

s _) Turbine Inlet Stages

Blade and Vane Numbers

Modified Current
Stage Rotor | Stator Rotor Stator

i
S1 120 54

R1 90 94

S2 118 70

R2 86 86

S3 116 58

R3 76 76

S4 114 52

Notes

1. If the sonic throat inlet is used, the current blade and

vane numbers can be used.

2. If another inlet is used, the modified numbers should be used.

,- 3. In this case, provide at least 15.2 cm (6 in.) forward of the S1
( ,) leading edge before increasing the outside diameter of the inlet

duct.

A-5



h
Turbine Discharge Stages

Blade and Vane Numbers

Modified Current
Stage Rotor Stator Rotor | Stator

S6 64 38

R6 48 52

S7 62 34

R7 46 46

S8 62 32

R8 44 42

Note

1. Provide at least 25.4 cm (10 in.) aft of the R8 trailing edge
before increasing the outcide diameter of the discharge duct
annulus.

A.2. INCREASED SEPARATION BETWEEN ROTOR AND STATOR STAGES

6
The ef fect of increased spacing between rotor and stator stages is to

reduce levels of propagating narrow band tone noise. In practical terms,

neither " breadboard" noise nor " haystack" noise at a cutoff frequency is
significantly affected (Ref. A-2).

The modified blade and vane numbers ensure that BPF and 2BPF coherent
tone noise will decay and not propagate for HTGR-GT compressor discharge
and turbine inlet and discharge. Consequently, it would be unproductive
to increase spacing for these three regions.

For the compressor inlet, the 2BPF noise will propagate and increased
spacing should be provided. An axial separation on the order of two chords
of the upstream airfoil should be the goal. If a sonic inlet is used, no
change in spacing (or blade and vane numbers) is needed in the compressor
inlet.

,
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-d(S- If the recommended blade and vane modifications cannot-be made, then
'

~

two-chord spacing must be provided for at least the outermost two stages. L

Generally, the coherent discrete frequency blade-vane interaction

noise may be reduced at-least 20 dB by modifying the vane number to eliminate
a propagating mode (Ref.~A-3). Unfortunately, thir, reduction applies only

to the phase-locked, very narrow band noise level. When the frequency
,

bandwidth is increased, haystack noise provides a floor level. This noise
,

is associated with cutting of turbulent eddies by the rotor.

I't is possible to provide a reasonable estimate of the effects of
modified blade and vane numbers and spacing. The original HTGR-GT noise
figures (Ref. A-4) were obtained by improving penalty estimates on noise

'
data taken on a baseline direct two-step (Q2S) fan. The baseline had

j blade and vane numbers selected to cut off the BPF noise and two-chord
spacing to reduce 2BPF noise, To obtain reference numbers for the HTGR-GT

i using certain blade and vane numbers and close spacing, penalties of 6 dB
were assigned to each of the 1/3 octave bands containing the fundamental
and first overtone of each of the two rotors. These modified spectra were
used in the scaling procedures (Ref. A-4) to generate HTGR-GT noise

! estimates.

In the new HTGR-GT design incorporating correct blade and vane

numbers and/or spacing, the noise levels can be obtained by simply scaling

| the original Q2S fan data before the penalties are applied. More simply,
_the differences between " penalized" and basic spectra of the Q2S fan should
provide reasonable estimates of the effects of the proposed HTGR-GT
improvements.

The eeS uted reductions in OAPWL vary slightly for the four HTGR-GT
regions, but for practical purposes may be taken as'4 dB. The implication

~

of this very nominal 4-dB reduction is that large, further noise reductions
must be provided by means other than redesign of the. basic turbomachine

%) -'
:
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components. These means include extensive use of sound-absorbing treat-
ment and use of sonic throat inlets for the compressor and turbine. Pro-

vision of so-called turbulence control structures which were contemplated

to augment inlet noise reduction were examined. These structures provide
estimated reductions of only 1 or 2 dB OAPWL and are thus insufficiently
effective to be considered.

A.3. SOUND-ABSORBING TREATMENT FOR TURB0MACllINERY CASES

The HTGR-GT turbomachinery layout was examined to determine the

feasibility of .nstalling sound-absorbing treatment. Generally, there is

insufficient axial length in the outermost stages to justify treatment in

or between the stages themselves. However, the inlet and diffuser case

sections of both the compressor and turbine discharge do provide an oppor-

tunity to treat an ef fective length of passage. These locations were

examined to obtain estimates of the noise reductions possible.

For the compressor and turbine inlet and discharge ducts, treatments

were examined that provide peak attenuation at the peak frequency of the

discharge spectra and that would have a reasonably broad bandwidth of

attenuation. These characteristics can be provided by construction of

the following form. A perforated facing sheet of metal provides the duct

flow surface (on both the outside and inside surfaces of the duct annulus).
Separated from the perforated facing by a backing space is the solid outer

casing. Finally, the annular regions between the facing sheet and backing

casing is partitioned radially, usually with a metal honeycomb structure.

In the HTGR-GT application, this form of treatment construction has the

advantage of not employing any material that would be more adversely

affected by the environment than the main turbomachinery components.

A simplified version of the method described in Ref. A-5 was used to

obtain estimates of the attenuation characteristics of such liners. After

a few trials, liners were selected for these regions. Figures A-1 and A-2

O
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k_ ) present the following inforr.ation for compressor discharge and turbine dis-
charge: original spectrum estimates, estimated spectra incorporating cutoff
blade and vane numbers and/or spacing as previously described, and the
estimated spectra resulting from added use of treatment. Figures A-3 and
A-4 present similar htformation for the compressor and turbine areas for
three different lengths of extended acoustically treated annular inlet
passages.

As shown in Figs. A-1 and A-2, the peak liner attenuations are on the
order of 15 dB in the 1/3 octave band to which they are tuned, but the

reduction in overall power is approximately 9 dB. Coupled with an overall
reduction of 4 dB through cutoff blade and vare redesign, an overall noise
reduction of about 13 dB has been achieved sc far.

Detailed specification of liner physical para =eters, such as percent
open area, facing thickness, etc., has not been needed to arrive at the
attenuation estimates. Based on experience, the depth of the backing

() volume is usually between 1/8 and 1/4 wavelength. This gives an annular
backing depth between 1.27 and 2.54 cm (1/2 and 1 in.) for the compressor
discharge duct and between 3.81 and 7.62 cm (1.5 and 3 in.) for the turbine.
The backing depth is 2.54 to 5.08 cm (1 to 2 in.) at the compressor inlet

and 5.08 to 10.16 cm-(2 to 4 in.) at the turbine inlet. These dimensions
seem feasible, but the turbine duct structure incorporating bearing support

struts will need extensive redesign to accommodate the treatment.

It is likely that further attenuation vill be required. The most

obvious structure for this purpose is a set of splitters in the main ducts.

Before such added treatment is designed, or even if the treatment described
above is considered satisfactory; better sstimates of the required spectral
distribution of attenuations are needed. It may be that, from the stand-

point of structural response, more attenuation should be targeted for the
higher frequency at the expense of low-frequency reduction. In other words,

a more refined basis for selecting the attenuation spectrum should be found
before further work is done on sound-absorbing liner design.

I
a
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Fig. A-4. Estimated noise reduction potential at turbine inlet of

400-MW(e) HTGR-GT
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A.4. INLET AND DISCHARGE DUCT MODIFICATIONS

A.4.1. Sonic Throat Inlets for Compressor and Turbine

Use of sonic inlets has been shown to be an extremely effective means

of reducing noise. As shown in Ref. A-6, this reduction extends over the

entire frequency range. The amount of reduction is at least 20 dB. The

actual amount depends on the ability to lower noise transmitted from sonics
other than the inlet. Furthermore, at part-sonic operation with a throat

Mach number of 0.9, as much as 15 dB suppression has been measured. These
benefits were observed in the referenced tests with no penalt'y of aft noise
increase.

Since this noise reduction device is so effective, means for incor-

porating a sonic throat in redesigned compressor and turbine inlets should

be examined carefully. If it turns out that turbomachinery performance

would be penalized excessively, use of such a device with a throat Mach
number of 0.9 or 0.8 together with cutoff blade / vane numbers and/or spacing g
should be considered.

A.4.2. Extended Inlet and Discharge Ducts with Treatment

For the discharge ducts of the compressor and turbine, and for the

inlets, if sonic throat design is ruled out, added noise reductions may be

achieved by extending these ducts and employing absorbing constructien. To

fit in the existing spaces, it may be possible to secure the added treat-

ment length by having a folded-back or convoluted geometry. Before examin-

ing details of the treatment, two items should be examined. First, the

type of duct that could provide significant added length within the struc-

ture should be explored in layout. Secondly, estimates should be made of

the " allowable" pcycr spectra that should result from all noise reduction

measures. Then it will be'possible to estimate the reduction from these

added treated ducts and to determine if still additional treatment in the

loop system is needed.
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