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'+ INTRODUCTION

The United States and the European Atomic Energy Community (Euratom), on'May-29, and June 18, .
1958, gigned an agreement whlch provides a basis for cooperation in programs for the advancement of the .
peaceful applications of atomic energy. This agreemerit, in part, provides for the establishment of a
Joint U. S. = Eurdtom résearch and development program which is aimed at reaclors to be constructed in.
Europe iinder the Joint Program. : :

The work deseribed in this report represents the Joint U, $. - Euratom effort WJhich is in keeping
with the Spii"it of c’()operation in 'contributing to the common good by the sharing of sci’entifi(. and technical

Western Europe and the Unlted States
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SECTION 1
SUMMARY

For the adaption of the boiling water reactor (BWR) systems to service with a prestressed concrete
pressure vessel, a number of arrangements of natural and forced circulation BWR systems in both spherical
and cylindrical vessels have been investigated. Cost and performance data are being accumulated for the

s
.-

selection of the most promising concept.
The results obtained in the reporting period are presented with particular regard to:
Vessel dimensions var‘i;ation as function of reactor concept, power density,. and vessel shape',
Core thermal-hydraulic performance for steady and dynamic states,
Coolant recirculation systems, and

4 Effect of reactor design pressure.
&
Research and development work performed on vessel thermal insulation is presented by describing
the insulation materials and systems under consideration, the experimental equipment constructed to test
the material properties, the insulation installation techniques, and the transpiration cooling system flow

distribution.

LEGAL NOTICE

| l

\ i .
|

| ]

| . !

{ This document was prepared under the sponsorship of the United States Atomic '

t Energy Commission pursuant to the Joint Research and Development Program |

| established by the Agreement for Cooperation signed November 8, 1958 between |

! the Government of the United States of America and the European Atomic En-
l ergy Community (f-:uratom). Neither the United States, the U. S. Atomic Energy
; Commission, the European Atomic _Energy Community, the Euratom Commis-
! siun, uos auy persun acling un Lehalf uf eliher Cummission:
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A. Makes any warranty or representation, express or implied, with respect to

* the accuracy, éompletenesa, or usefulness of the information contained in
this document, or that the use of any information, apparatus, method, or
process disclosed in this document may not infringe privately owned rights;

| or ,
. B. Assumes any liabilities with respect to the use of, or for damages resulting
. from the use of any information, apparatus, method or process disclosed in
thie document. ‘

As used in the above, “person acting on behalf of either Commission” in-

{ cludes any employee or contractor of either Commission or employee of such
E contractor to the extent that such employee or contractor or employee of such
| contractor prepares, handles, diseeminates, or provides access to, any infor-
! mation pursuant to his employment or contract with either Commission or his
[ employment with such contractor.
}
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SECTION II

STATEMENT OF PROBLEM

During the reporting period, work has concentrated on design and arrangement concepts. of a number
of natural- and forced-circulation BWR (NCBWR and FCBWR) systems for service in both spherical and
cylindrical vessels.

The items considered to have the most influence on the differential capital cost among the many
combinations are: ' ,

Reactor vessel, vessel liner and cooling system;

Vessel thermal insulation;

Reactor equipment;

Reactor external building;

Turbine generator set; and

Coolant recirculation equipment.

The variable parameters considered important to the survey are: active fuel length, reactor power
density, reactor operating pressure, and number of fuel rods per fuel assembly. The relationships exist-
ing amang all the variables are shown in Figures 5-1 and 5-2.

For each one of the different combinations of the variable parameters chosen, a reactor design is
established for which the above items are set and their costs evaluated. Cost items other than the above are
assumed not to influence the relative comparison of the design concepts.

For the fuel cycle costing, initial fuel enrichment, final enrichment, and plutonium yield are evaluated
for each reactor design as functions of its average core void fraction and dimensions. From these values,

the use charge, uranium depletion, and plutonium credit are accordingly computed. Fuel fabrication cost
varies, depending on fuel length and number of rods required per bundle. '

2-1/2-2
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SECTION 111

TECHNICAL PROGRESS

The presentation of work accomplishment follows the task breakdown described in the first quarterly
report. )

3.1 TASK I - INITIAL CONCEPTUAL DESIGN STUDY

3.1.1 Subtask I-2 - System Concepts

3.1.1, 1 Introduction

For the reactor design concepts considered, detailed investigations have been carried out on reactor
arrangements. Graphs have been prepared showing vessel dimension (inside insulation) as a function of
active fuel length, power density, and, for natural circulation, of chimney length.

Core thermal-hydraulic calculations, although not completed, are at an advanced stage of progress.
Partial results are reported, especially for the natural circulation system which is requiring, for the
novelty of the design, greater attention than the more standard forced circulation system.

Plant efficiency variation as a function of heat loss through vessel insulation, reactor operating pres-
sure, and pumping powér has been prepared, as has the variation of the pumping power as a function of
reactor pressure drop and core exit quality. Cost of reactor equipment, pump equipment, turbine-generator
set, and reactor building are béing estimated for use in determining the net cost differential between the
* different reactor systems. .

Work accomplishments to date are reported in detail below.

3.1.1.2 ' Reactor Arrangements

Arrangement studies have continued during the reporting period to determine configuration and per-
tinent dimensions of reactor vessel internals as a function of reactor core parameters and coolant system
. characteristics and to determine the effect of the resulting internal arrangements on reactor vessel internal
dimensions. The previous quarterly report showed sketches typifying the various arrangement concepts
under study and discussed some of the factors which influence the reactor vessel size. 'This report pre-
sents sketches typifying in greater detail the various concepts under consideration. Also presented are
curves showing the important dimensions of reactor components and the reactor vessel internal dimensions
as a function of active fuel length overa power density range of 30 to 40 kW/1 (assuming a reactor thermal
power of 3170 MWt which would correspond approximately to a net electrical power of 1000 MWe). The
data obtained from the arrangemenf studies are being used in the economic evaluation of the various con-
cepts as reported in the next section. '
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Figure 5-3 shows reactor size data including‘ core eouivalent diameter, core circumscribed diameter, _
shroud diameter, and elevation of outermost fuel channel above vesse]l insulation as a functlon of active
fuel length for 40 kW/1 power density. ’

The inside height of a cylindrical vessel is 1nfluenced by the refueling space requlrement and the
arrangement of internals such as dryers, steam separators, and chimneys.. Figure 5-4 shows the vessel
height required inside the thermal insulation as a function of active fuel length for two cases of chimney
height for a concept using free surface steam separation (total ch1mney height is defined as the distance
from the top of the active fuel to the top of the chimney and includes 1.3 feet of fuel channel, i.e., the ,
distance between the top of the active fuel and the Ib,ott,om of the chimney structure).. The.figure shows that
where no chimney structure exists above the fuel chann’el i.e., for the case of forced circulation steam
dryer considerations determine the vessel height except for the longer cores. For a concept ut111z1ng a
chimney of significant length, refueling consuieratlons determine the vessel helght except for the shorter
cores.

Figure 5-5 shows cylmdrlcal vessel helght and dlameter lnSlde the thermal 1nsulat10n for the concept
of mechanical steam separatlon and for two cases of separator 1ocat10n

1. where the separators are located dir ectly over the core and above the refuelmg space (Fxgule
5-6), and

2. where the separators are located around the perlphery of the core structure and refuehng space 14
(Figure 5-17). )

Separators may be located peripherally at the expense of vessel d1ameter and a savmg of helght or they may
be located over the core and above the refuelmg space at a saving of vessel diameter but at the expense of
helght and increased refuelmg machine length. An important cons1derat10n, however, is that of mamtenance
and replacement of equipment. The concept of over-core separators is much more desxrable from that
standpoint.

Figure 5-8 shows spherical vessel diameter as a function of active fuel length for the concepts using’
free surface steam separation. Over the fuel length range of greatest interest (8 feet to 12 feet) the vessel
diameter is set by the headroom requirements for either refueling or dryers depending on'the chimney
length used. Only for fuel lengths less than 8 feet and, for extremely short chimneys is the vessel diameter
established by steam separation capab111ty The curves show that a change in power den51ty from 30 kW/1

to 40 kW/1 will reduce vessel diameter by no more than about 1. 5 feet.

Figures 5-6, 5 7, 5-9 through 5- 14 are sketches 111ustrat1ng most of the concepts under study
Figure 5-9 shows a concept of reactor in a cyl1ndr1ca1 vessel utilizing forced c1rculat10n and free surface
steam separat1on with jet pumps located ad]acent to the core. Flgure 5 10. shows a 51m11ar concept with a
different type of jet pump located in the region below.the core elevatlon This concept of jet pump offers
the promlse of easier access to jet pump nozzles. When ut111zed in the concept having over-core separators
the vessel diameter will be approximately 1 foot greater than that shown on F1gure 5 5

Figure 5-11 shows a concept of reactor in a cylindrical vessel utilizing natural ci_rculation and a
chimney. Figure 5-6 shows a concept utilizing over-core mechanical steam separators and Figure 5-7 s

3-2
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shows a concept utilizing peripheral steam separators. (Figure 5-5 shows, ‘as previously mentioned, rel-
ative vessel size requirements for these two concepts). '

Figures 5-12 and 5-13 illustrate spherical vessels with free surface separation and forced and natural
circulation with chimney, respectively. (Figure 5-8 shows relative vessel size requirements for these two
concepts).

The foregoing sketches have been presented to illustrate the relationships between reactor vessel
internals and the reactor vessel. Few details of structure are shown beyond those necessary to establish
the dimensional limits.

Figure 5-14 shows a typical arrangement of control rod drive and in-core flux monitor housings ex-
tending through the bottom of the reactor vessel into the control rod drive room. The drawing also shows
the space required below the bottom head for the drive hydraulic piping which runs to the hydraulic system
equipment cells adjacent to the reactor vessel and the space required below the drive housings for drive
removal, ‘

3.1.1,3 Economic Evaluation of Reactor Equipment -

For cost comparison purposes, differential equipment and equipment installations costs are being
accumulated for the various concepts and range of conditions under study. The components being costed
within the reactor region include those whose number and/or size and configuration vary with change in
core geometry, concept, or operating conditions such as pressure and core exit quality. The major items
include the following.

1. Control rods and related equi‘pment,‘ including

Drives

Drive housings and components
Drive hydraulic systems
Guide tubes

Fuel support-guide tubes .

-~ 0 o060 O W

Control rod followers

2. in—core flux mbnitor housings and gﬁ‘ide tubes
3. Poison curtains

4, Fuel channels )

5. Core support structure

6. Shr(;ud

7. Top guide

0. Cliimney

3-3
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9. Pumps
10. Mechanical steam separators
11, Dryers

12, Miscellaneous, such as

a. Steam and feedwater piping
b. Flow baffles

c. Core support structure

d. Auxiliary cooling systems
e. . Refueling equipment -

f. Fuel orifices

g. Dummy fuel elements

All items except 1.f., 8, 9, and 10 are used in all reactor concepts. Control rod followers and
chimneys are limited to the natural-circulation concept, pumps to forced-circulation concepts, and. mech-
anical steam separators, of course, to the cdncepts utilizing mechanical steam separation. The unit cost
of the s'ingle components-of Item 1, control rod and related equipment, does not vary significantly with
active fuel length, therefore their total cost is almost-proportional_ to their number, i‘.e'., to the square of
the core diameter. .Reactor equipment costs strongly favor the longer core concepts having a smaller over-
all diameter and fewer fuel assemblies and control rods.. : c

~ Poison curtain costs vary with core diameter and length. Core support structure costs increase with
diameter of core, pressure drop across the core, and design load, the two latter factors favor particularly
natural circulation systems. ’

In-core flux monitor housing and flux monitor guide tube costs vary as the_,_sqtiaxje of the diameter.
Dryer costs are essentially constant for all concepts and core sii,es. Naturél-circﬁlati’on concepts trade
pumps for chimneys and control rod followers and the free surface separation concepts.lack steam
separators. .

Reactor concept and internal configurations ifluencing reactor vessel size consequently will have
some influence on the size and height of the reactor building. ' R ’

The partial equipment cost estimates obtained to date, although insufficient to'draw 'a conclusion as
for the most promising reactor system, show a significant advantage for tall cores.

3.1.1.4 Core Thermal-Hydraulics

" Introduction. During the reporting period major emphasis for the core thermal-hydraulics was placed
on the following: : : . :

Steady State Analysis

1. Effect of changihg NCBWR design pressure from 800 to 1250 psia.

’

3-4
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2. Effect of a variation of number of fuel rods per fuel assembly.

3. Dévelbping characteristic curves for FCBWR cores.

" Dynamic State Analysis
1. Stability analysis of NCBWR's.
2. Effect of subcooling variation on stability.
3.  Hot channel stability analysis.

Foi*,'the natural-circulation cores it has been found possible to change a design with an unacceptable
stability margiﬁ to one that is acceptable by the addition of an orifice at the fuel channel entrance. The
additional head loss incurred is made up by extending the chimney length. Thus the chimney heights pre-
sented in the steady-state section must be considered as preliminary. The same reasoning applies to the
head losses shown for the forced-circulation cores. Although a thorough stability analysis has been com-
pleted for one design only (viz: 8 ft active fuel NCBWR at 1050 psia) the steady-state results of all designs
examined are pr‘esen'tecﬁi‘. The range of parameters covered to date for the steady state is shown in Table

3-1.

TABLE 3-1

THERMAL-HYDRAULIC PARAMETERS

NCBWR FCBWR
Core Pressure, psia | 800, 1050, & 1250 1050
Core Power Density, kW/1 20 - 50 . 30 - 55
Core Inlet Subcooling, Btu/lb 10 - 30 25
Number of Channels per Chimney lor 4 (no chimney)
Number of Rods per Channel 64 and 49 64
Fuel Rod Outside Diameter, in. 0.481 and 0.550 0.496
Active Fuel Length, ft ' 6-10 10 - 12
Average Channel Exit Quality, % | . 9-16 8§ -15

Note the variation in core inlet subcooling for the case of the NCBWR. In the last quarter a constant
value of 20 Btu/lb was assumed, which was selected to be exact at an average exit steam quality of about
10 percent, a feedwater temperature of 320°F, and steam carryunder of 1 percent. Actually the inlet sub-
cooling will be a function of quality and carryunder. For a design employing free surface steam separation
the carryunder in turn will be a function of quality. reactor flow, and system geometry (i.e., velocity in
downcomer). The assumption of constant inlet subcooling was found to have a small effect on the steady state
results. Over the range of power density and quality of interest the estimated chimney height was within
+5 percent. However, when the stability analysis showed great sensitivity to the ratio of single-phase to
two-phase pressure drop, the carryunder and inlet subcooling were studied in more detail. Carryunder

3-5
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was predicted for various NCBWR design points by usmg operatmg data from the Humboldt NCBWR, and

the effect on stability investigated. (Results are discussed in dynamic- -state sectlon) Again the previous

results (with constant subcooling) were accurate enough to permit postponement of further detailed sub-

cooling variation analysis until needed in Task II. For this reason the FCBWR's. are also analyzed with a

constant subcooling. The value of 25 Btu/lb was selected mstead of 20 because thls is the d1rect10n of

subcooling values for cores with higher exit qualities.

Steady State Analysis

1.

Effect of Operating Pressure

The characteristics of NCBWR's operating at pressures from 800 to 1250 psia are shown in
Figures 5-15 and 5-16. Figure 5-15 shows the chimney height required as a function of the
pressu_re and average ehanhel exit quality for a reactor with an 8-foot fuel length,__ operating
at an averége power density of 40 kW/1. "Higher press-ure systems are seen to require longer

-chininey sections and are limited to operation at lower quali{ies by the critical heat fluxriratio.

Figure 5-16 shows chlmney height as a functlon of power den51ty, core pressure, and exit
quallty The pressure curves are drawn for a mmlmum critical heat flux ratio (MCHFR) of
1.7 at rated power. The region to the left (lower power density and/or quality) of the pressure
curves is acceptable since the MCHFR would be greater than 1.7. The general effect of pres-
sure is that a particular chimney height de51gn can be run at a higher power den31ty for a lower
pressure, but with a penalty (in fuel costs) of higher exit quality.

Effect of Number of Rbds Per Channel

It was:pl'anned to study the above in detail during Task II, the optimization of the reference
design. However, two values of this parameter were investigated to visualize the magnitude of
the variation it will create. The preliminary results are shown in Figure 5-17. The core de-
sign was one of 8-foot active fuel length operating at 1050 psia. . Standard BWR fuel designs of
64 and 49 rods per bundle were .investigated. The curves show the limit lines for a MCHFR of
1.7 and the influence on chimney height, power density, ‘and exit quality. Note that the latter
are shown as straight lines since only two points were calculdted. The result is that the use of
more rods per bundle allows a slightly higher power density but is accompanied by quite a sharp
increase in exit quality. Thus, for examﬁle, a design with a 10-foot chimney and 49 rods per
bundie could operate at 45 kW/1 with an exit quality of 12.8 percent, The same chimney with

64 rods per bundle could have a 47 kW/1 power density at an exit quality of 14.4 percent. Since
the stability analysis is affected by rod dlameter the above results cannot yet be used for.the
optlmlzatlon

Characteristics of Forced Circulation Cores

From a thermal-hydraulics standpoint the'main difference between the NCBWR core and the
FCBWR core is that the latter does not employ control rod followers. This was discussed in
some detail in the previous quarterly réport. In brief review, the effect is that for a given
water-to-fuel ratio the FCBWR ¢ore will have larger diameter rods (for the $ame number of
rods per channel) and less flow area in the ch’mnel than the matchmg NCBWR core.
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The results of the FCBWR are shown with core head loss as the principal dependent variable.
In the steady-state analysis the actual method of forcing the circulation (i.e., type of pump) is

of no consequence,
fluence the results.

Only when the stability is analyzed does the pump characteristic curve in-

The type of steam separation also does not atfect the preliminary results presented herein,

Free surface steam separation will have carryunder as a function of quality, etc. As

mentioned this is not varied for the current analysis.

previously

With mechanical steam separators the

carryunder will be a constant (~0.2 percent) and the pressure drops incurred in the separators

would simply be added to that of the cores which have been calculated.

Thus the ""reactor flow head loss' shown in the curves here are only core pressure drops.
Figures 5-18 and 5-18 show the head loss as a function of core power density and average

channel exit quality for active fuel lengths of 10 and 12 feet respectively.

For a core designed

to a MCHFR of 1.7, higher power densities are seen to be accompanied by larger head losses

and by lower exit qualities.

The critical heat flux limits are cross plotted on Figure 5-20

where head loss is a function of power density, active fuel length, and exit quality. The values
- of exit quaiity are those only & the critical heat [lux limit, and a straight dotted line is drawn

between the two known values. As an example a head loss of 6 psi incurred in a 12-fo
would have a power density of 40 kW/1 and an exit quality of 12.4 percent. The same
. in a 10-foot core would have a power density of 47 kW/1 and 11.1 percent exit quality.

Dynamic State Analysis

ot core
head loss

1. Stability Analysis of NCBWR's
The stability requirements of three basic reactor core types over a range of parameters are
being investigated. The core types and their parameters are listed in Table 3-2.
TABLE 3-2
CORE TYPES BEING INVESTIGATED
Power
Active Fuel Bundle Size, Operating Steam Density,
Core Type Length, ft rods/bundle Pressure, psi Separation kW/1
Natural Circulation 7-10 49 and 64 850 - 1250 Free 30 - 50
Surface
Forced Circulation 8-12 49 and 64 850 - 1250 Free Surtace 30 - 55
(Jet Pumps) or Mechanical
Forced Circulation 8-12 10 and 641 850 - 1250 Mechanical 30 - 55
(Mechanical Pumps)
This quarter the major effort has been concentrated on the stability requirements of the nat-

ural circulation core.

The preliminary results for the forced circulation core using free

surface steam separation are still inconclusive and will be presented in the next quarterly

report.

3-1
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Figure 5-21 is a graph Showihg the phase and magnitude margin curves for a natﬁral circulation
core at an operating pressure of 1050 psi with an 8-foot active fuel length and 49 rods per bun-
dle. * Examination of Figure 5-21 shows that the magnitude margin criterion, 13 db, is easily
attainable over a wide range of chimney helg,hts power densities, and exit qualities. But the
phase margin crlterlon, 55°, is satisfied only at long chlmney heights or low power densities.

"The stability can be improved by orificing the core inlet to increase the ‘water phase pressure
drop The pressure drop across the orifice can be supplied by:" :

1. punping (forced circulaiioh); or
2. ‘increasing:the elevation héad tHrough increases in the length of the c'hiinneys.

The effect each of these has on the stability is discussed below.

a. Pumping** If jet pumps are used to make up for the pressure loss across the
A orifice, it is necessary to distinguish whether the control rods have followers.
Without followers it is more convenient to eliminatc the chimneys and increase
the pumping power a'céordingly With followers the chim'ri’e’y“léﬁgths should
equal the length of the core to take advantage of the vessél’ helght available
because of control rod followers requirement. By using: an’ example from v
Figure 5-21, the effect orlflcmv has on stability can be 111ustrated

For a specific set of parameters:
Power Density (q) =40 kW/1,
Exit Quality (Xe) = 10.8 percent,
Chimney Length (L) = 10.2 ft, and
Active Fuel Length (La) = 8.0 ft,
the stability was found to'be: - I o -
Phase Margin (PM). =36.6°
Maignitude Margin (MM) = 14.8 db.
If the chimney length is ~1.'educed to the length :of the core (8-feet),. with ]et .

pumps supplying the loss in elevation head (0.4 psi), the stability was found

to be ‘ .
‘Phase Margin (PM) = 40.3° ‘ o

Magnitude Margin (MM) = 13.9 db. o : “~

*See Figure 5-22 for 10-foot active fuel length and 64 rods/bundle.
**The combination of chimneys with pumps (forced circulation) is included under the natural-circulation core.

Forced -circulation stability analysis is reserved for cores with no chimneys.
38
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With the jet pumps suppfying an ddditional 0.3 psi of pressure, for the orifi-
cing pressure loss, the phase margin increased to 55°, and the magnitude
margin increased to 18.1 db.

-These results are summarized in Table 3-3.

TABLE 3-3

EFFECT OF CHIMNEY LENGTH ON STABILITY

Orifice head " Additional PM, MM,

loss, psi Pumping, psi degrees db
-0 ‘ 0 ‘ 36.6 14.8
0 0.4 ' 40.3 13.9
0.3 0.7 55 18.1
La = 8 feet

Increasing the Elevation Head. Figure 5-23 is a graph of the phase and mag-
nitude margins as a function of increasing chimney length (the increase in

elevation head is used to make up for the pressure drop across the orifice).
Again, it is relatively easy to satisfy the magnitude margin requirements; the
phase margin presents the problem. The technique of orificing as a means
of improvihg stability was studied in detail to deterrhine its limitations. It
was found that the phase margin versus orificing pressure losses reaches a
maximum with additional orificing having no effect. For the case of 10-foot
active fuel and 64 rods per bundle (Figure 5-24) it was found that the phase
margin curve never reached the stability criterion, regardless of the amount
" of orificing.

Figure 5-25 shows the lengths of chimney required to meet the stability cri-
teria for the parameters used in Figure 5-21, when channel inlet orificing is
used. Figure 5-26 illustrates the phase margin with no orificing and with the
necessary orificing to meet stability requirements along the minimum critical
Ju-:fa,t, flux limit.

The effect core operating pressure, number of rods per bundle, and active
fuel length have on stability is shown in Table 3-4. These preliminary results
indicate that pressure has little influence on stability. It can also be observed
in Table 3-4 that increasing the fuel length and/or increasing the number of

. rods per bundle, tends to decrease the stability. However, these general
effects are still being studied for each specific case and require additional
analysis before :iny final conclusion can be made about their effect on stability.

3-9
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TABLE 3-4

STABILITY OF .VARIOUS CORES .

] Pressure, psi
L, ft Rods/Bundle 800 1050 1250
Xe = 10.5%
49 PM =28.4°"
MM = 10.9 db
8 )
Xe = 9:7% “11% 12.3%
" PM =23° 22° 23°
MM = 9.0 db 8.4 db 8.3.db -
- 64 A :
Xe = 15%
10 PM'= 10.8
MM =3.8 db

Chimney Length =5 feet

-Power Density

=30 kW/1

_Effect ,ot Subeobling \féiriation on Stability

"The precedmg stablhty ana13 sxs is based on the assumptlon that the inlet subcooling is constant
for a given pressure regardless of the steam exit quallty "The vahdxty of this assumption was
tested along the mlmmum cr1t1ca1 heat flux 11m1t in Flgure 5-26 for the specific case where:

The two values of subcooling considered were 20 and 25 Btu/lIb; 20 Btu/Ib is the constant pre-
viously assumed and 25 Btu/lb is the value calculated to keep the feedwater temperature within

Active_ fuel length (Lall) = 8 ft,

Number of rods/bundle (Nrb) = 49

b

Power Density' (@) =40 kW/1, and

"Pressure (P) = 1050.

a llmlted range of values.

The effect Suﬁcoolip’gf has on stability is illgsti'ated.jn Table 3-5.

. The dlfference in chlmney lengths for the two cases as determmed by stability consuieratlons,
was found to be 0.15 ft.

subcoohnnr can be taken as valid for the Task I study

This difference is suff1c1ently small that the assumption of constant

v
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. TABLE 3-5

EFFECT QOF SUBCOOLING ON STABILITY

Without Orificing With Orificing
Subcooling, ) Chimney
Btu/lb L e % Length, ft Stability . at PM = 55°
20 : 14.7. 5.62 PM =25.2° L, =9.85
MM = 10.1 db
25 14.5 5,42 BM = 19° L =10.0

MM = 7.5 db

Hot Channel Stability Analysis

The stability analysis is carried out on the average channel, nevertheless for chosen design

points a check is carried out on the hot channel.

The 'présent stability criteria for the hot channel using a single channel analysis-are:
Phase Margin = 40°, and
Magnitude Margin = 6 db.

The stability of the hot channel was checked for the following case: .

L, =81t Subcooling = 25 Btu/lb
Nrb = 49 L, = 101t
P = 1050 psi . Power Density = 40 kW/1.

The results of this case are presented in Table 3-6.

TABLE 3-6

RESULTS OF HOT CHANNEL STABILITY ANALYSIS

Phase

CHFR in the Margin, Magnitude

Hot Channel degrees Margin, db
Average Channel, Core Inlet 1.7 55 26.8
Orificing (+ 0.4 psi) _
Hot Charinel, Uniform ‘ 1.83 72 27.3
Core Orificing . . .
Hot Channel, with : 2.13 35 13.0

No Orificing

3-11



GEAP-5086

Examination of Table 3-6 indicates it is possible to reduce the orificing in the hot channel

while still satisfying the stability criteria. - This- reduction in ()r'ificing would redistribute the
flow across the core increasing the minimum ¢ritical heat flux ratio. Any increase in the min-
imum critical heat flux ratio is desirable, for this extends the acceptable range of exit qualities
and power densities. - :

3.1.1.5 Mechanical Steam Separation

The standard BWR axial flow separators located either in a peripheral manner as shown on Figure 5-7.

or above the core as shown on Figure 5-6 provide a region dbove the core which is essentially free of
obstructions during refueling. Both of these concepts will be considered in the optimization study.

Figure 5-27 shows the relatlonshlp between the core exit quahty, number of separ ators requlred
and the total separator pressure drop.

3.1.1.86 Coolant Recirculation Pumps’

Jet Pumps

Figure 5-28 shows the relationship béfween pumping power and core exit quality for 10 psi of pump
head, for the free-surface-separation concept, and for the axial-sep'arator concept. The difference be-
tween the curves is caused by the fact that the carryunder in the free-surface-separation concept varies
with the core exit quality while the carryunder occurring in the mechanical-separation concept can be
assumed to be a constant. o

Recent jet pump tests under hot water conditions’indicate that suction flow subcooling is not required
for jet pumps operating under high pressure hot water conditions, and that the pumps operate equally well
while pumping saturated 1000 psia water. Since the suction flow subcobling is obtained by using a fraction
of the feedwater flow, lowering the subcooling requirement allows a larger fraction of the feedwater flow to

be used as the driving flow, thus lowering the M ratio (M = Mlo_w) and mcreasmg the eff1c1ency of
drwmg flow

the jet pump. Takmg advantage of the effect, Fxgure 5-28 was plotted with the assumption that the suction
flow was cooled only to the saturation point, i.e., the carryunder was condensed, but not subcooled.

For the present concepts, feedwater-driven jet. pumps seem particularly advantageous because they
allow the elimination of recirculation loops‘. However, feedwater-driven jet pumps have higher M ratios
than the pumps currently being used for commercial BWR's and cor'respondingly highér nozzle velocities
(600 versus 200 {t/sec). Although no tests have yet been conducted on the rate of nozzle erosion at these
conditions, there is a possibility that nozzle wear in feedwater-driven jet pumps could be serious éno_ugh to
require 'a pump design which would allow an easy replacement of the pump nozzles. It was for the above
reason that the concept shown in Figure 5-10 was devised. ' In this system the jet pumps are placed in an
inverted position around the periphery of the core. The nozzles would fit inside the feedwater pipe like
pistons with holes in them the driving flow would hold the nozzles in place. The removal of the nozzles -
would be accomplished by shutting off the drlvmg flow and allowing the nozzles to drop-down- through the
feedwater pipe out of the vessel into the drywell area where they can be replaced. This concept, while fa-
cilitating the replacement of the jef pump nozzles,' would be more costly both from a hardware and vessel
size standpoint, and therefore would not be used un’lesé_ future tests indicated nozzle erosion was a serious
maintenance problem.

[}
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Mechanical Pumps

Figure 5-29 shows the relationship between pumping power, core exit quality for 10 psi of pump head
for both the free-surface and the mechanical steam separation concepts. The difference in the curves is
caused by the variation in carryunder between the concepts; the free-surface-steam-separation concept
having a higher carryunder requires a higher coolant flow and therefore a higher pumping power.

3.1.2 Subtask 1-3 - Reactor Pressure Variation

The influence of reactor operating pressure on the economic evaluation of the different reactor con-
cepts is being investigated with particular regard to thermal~hydraulic éffects (see Section 3.1.1.4), plant
efficiency, steam superficial velocity in the case of free surface steam separation, and turbine-generator
cost. The variation of plant efficiency can be seen in Figures 5-30, 5-31, and 5-32 where the net electrical
output is plotted versus the pumping power and heat loss through thermal insulation, respectively, for
pressure values of 800, 1050, and 1250 psia. Figure 5-33 shows the variation of the superficial steam
velocity, permissible steam release rate, and heat release rate as a function of reactor pressure; such
variation influences the diameter of the cylindrical vessel of the free surface separation concept.

The trend of the above curves favors the higher reactor pressures; nevertheless the savings which
would result will have to be compared with the additional cost of the concrete pressure vessel.

3.1.3 Subtask I-4 - Construction Schedule

For reactor system and vessel shape selection purposes the relative effect on reactor design of the
construction schedule and acceptance testing sequence of the concrete vessel designs appears to be negli-
gible. Such effects will be taken into account in Task II for the establishment of a reference design.

3.1.4 Subtask I-5 - Vessel Thermal Insulation

In the reporting quarter a test rig has been designed and constructed for determining material prop-
erties for both static- and transpiration-cooling systems. Furthermore, investigations have been performed
for special problems such as heat transfer near vessel penetrations, installation techniques, and flow mal-
distribution in transpiration cooling caused by elevation head.

“The insulation material types taken into consideration are basically ""porous' stainless steel and
are described in the first quarterly report. '

The sintered random wire mesh (Figure 5-34) and the laminated embossed foil (Figure 5-35) will be
tested for use as a static insulation. Sintered powder (Figure 5-36) and sintered woven wire (Figure 5-37)
will also be tested as a static insulation; however, they are intended primarily as transpiration cooling
materials. Unsintered woven wire and unsintered random wire mesh will also be tested. The unsintered
wire materials are much less costly than the sintered wire materials but are not expected to be as resistant
to corrosion. Since each of the above materials has its own advantages and disadvantages, a composite
insulation of two or more types may prove to be the most promising.

The materials used in the transpiration cooling tests will be sintered powder, sintered woven wire,
sintered random wire, combinations of the above, and the above materials combined with unsintered woven
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wire and/or unsintered random wire ‘mesh. Material- used as'a porous medium for transpiration cooling
must possess-two characteristics: It must have a large internal surface area for heat transfer and it must
provide sufficient pressure drop to the coolant flow to.insure uniform flow distribution.over ithe surface.

Probably the most w‘idelyv used mat‘erial' for transpifation cooling-is a multi‘layef“s‘intered woven wire.
Figure 5-38 shows an enlarged section of the surface of the material in the as-sintered condition. -

Sintered woven wire is quite costly, but its advantages in transpiration cooling lie in its high resis-
‘tance to corrosion and its easily controllable density. . A material rolled to a relatively high density will
- provide a hlgher pressure drop to coolant flow but w1ll also have a correspondmgly higher thermal
conductivity. ’

Prelimiriary investigation indicates that a transpiration medium consisting of laminations of two or
more materials would be most desirable. A thin layer of high-density sintered woven wire on the reactor
side would provide sufficient pressure.drop and resistance to corrosion and a thicker layer of less<costly
mateﬂal (sintered or unsintered random wire mesh or unsintered woven wire) on the concrete side would-
provide a large internal surface area for heat transfer.

Analysis of the heat transfer in the region of vessel penetrations indicates that rounded edges on the
penetration junctions should be considered, unless they-are structurally very difficult to'design. -The heat
transfer rate on a sharp corner is much higher than that on a flat wall, necessitating more cooling lines on
the penetration junctions. However, if the edges can be rounded, the:"corner' heat loss can be reduced
considerably. ‘

3.1.4.1 Experimental Program

The experimental program sequence for evaluation of static cooling materials and transpiration cooling
- systems will be as follows '

1. Atmospheric-pressure test of théermal con&uctivity of st’atic—?:oc_)lin'g materials. |

2. High—pfessure (1000 psia) tést of thermal conductivity of static-cooling materials:

3. Atmospheric-pressure test of t’ranspirl'ation-cooling heat transfer.

4, High-pressure (1000 psia) test of transpiration-cooling hegt transfer.
The atmospheric tests have two functions: To shake'(ibw-n the experiméntal equipment, and to obtain data
with water having dlfferent transport propertles The first such test will be’ conducted with the static-

cooling test equipment. The experimental technique w111 be to use the same equipment which will later be
used inside the 1000 psia pressure vessel, immersing it in a tank of water open to the atmosphere.

3.1.4.2 Tesl Equipment for Static-Cooling System
Figure 5-39 shows the internal device to be used for low-pressure testing installed in the pressure

vessel. Figure 5-40 is a cross section showing more detail of the test device, whose function is to deter-
mine the effective thermal conductivity of a sample of material. The samples will be 7 1/2 inches in
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diameter and 2 inches thick. Figure 5-41 is a detail drawing ol the conduction block. The purpose of the
g:onduétion block is to detefmine the heat flux passing Uu*ou_gh the test sample by measuring the temperature
gradient through the conduction block, since the heut flux in the conduction block is the same as the heat
flux in the sample. The temperature gradient in the conduction block is measured by thermocouples im-
bedded in it.

The finned surface on the backside of the conduction block provides a path for the cooling water to
carry away the heat which is transferred through the test sample and conduction block, A photograph of the
conduction block (Figure 5-42) shows the milled slots through which the coplant will flow. Figure 5-43
shows a photograph of the complete heat transfer devices, exclusive of insulation and thermocouples.
Figure 5-44 shows the 14-inch-i.d. pressure vessel.during construction. The vessel will be capable of
operation at 1200 psi, 600°F. Note that the test equipment was designed so that two samples can be in-
stalled in the pressure vessel at once. This was “c’i_’,on,e to expedite the testing. Also, the pressure vessel
will be mounted so that it can be rotated without being depressurized. This was done so that the entire
range of face angles could be tested with a single setup. .Since the tace angle of the insulation changes
throughout the spherical pressure vessel, it is important to determine the effect of inclination on the heat

transfer properties.

3.1.4.3 Transpiration Cooling Flow Distribution
Transpiration cooling is beipg investigated as an alternate method for insulating the concrete pressure
vessel. This technique consists of slowly seeping water through a matrix of porous stainless steel, counter

to the direction of the flow of heat, The advantages of this cooling technique are:

1. Reduced complexity of cooling system: No special heat exchangers required, less piping and

fewer pumps; and
2, Lower heat losses than for static cooling,
Problems which arise in the application of transpiration cooling are:

1. Possibility of porous material acting as a filter and becoming clogged over an extended period

of time? and

2, Difference of elevation head can cause a problem of maldistribution of flow.
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Consider the change in flow through a porous medium’ (sketch on precedlng page) due to elevatlon head Ain’
the plenum for an NCBWR : . o

The flow rate at the datum plane is:

The flow rate at some point, y, below the datum plane is: »
G(y) / gAP/) ;\/ng (APO+ APe) a

._C(Y) =\ng('/-\ id i+ pey) .

For small y,

8AP0J'“P_

G(y) ~ TS [, 1 pey 1 Pe '+_;,_».;-;_>ey '//1
k .2 'APO S'APZO APO

Gly) ~ [282 ([3Pp+ 1 Rey. letey )R 1
| k \V 0 2 ARy - ,xpo SRV

Note that p is the net density difference between theéoolant and the reactor fluid.
Define G = G0 (1+¢€).

Then, for small y,

e=1pPey 1 Py"
2 8 aP2Z,

Solving for y:

‘ , Hence, 1f € is arbltrarlly picked to be 10 percent 20 percent or whatever, the helght at whlch th1s dev1atxon
‘occurs can be easily found, since APO ‘and Peo are known quantltles '



GEAP-5086

Example: ' ' . APO =1 psi,
p, = (1/0.01634) Ib/1t>, with water at 150°F,
€ = 10%,
¥ =5.70 in.
i.e., for 10 pércent flow deviation,
y (10%) = 5.70 in./psi with water 150°F.

This analysis indicates that transpiration cooling of the Concrete Pressure Vessel should be limited
to horizontal surfaces, or the region below the wat’ei‘ line becaiise of the change of available pressure drop
across the material due to elevation head. The two alternatives to not using transpiration cooling in the
steam region are:

1. Use very high pressure drop porous material.

A. Use denser material (smalleir pores), or
B. Use thicker material.

2.  Allow coolant flow rate to vary with height.

If less-porous material is used to get higher pressure drop, the risk of plugging the material is higher,
since the material becomes a more effective filter. If thicker materials are used to increase the pressure
drop, the cost is increased. In both cases, wher the pressure drop is in¢reased, pumping costs are

increased.

If the coolant flow rate is allowed to vary from top to bottom, the flow rate at the water line below

‘will be about 4 times that necessary for maintaining proper concrete temperature. This means a significant

increase in required coolant flow, and a proportional increase in heat loss; e.g., if the coolant mass velo-
city increases linearally with height from its required value, GO, at the top of a spherical vessel to 4 G() at
the midpoint, and is constant 4 G0 below that poiiit,

The total flow rate is:

W =deA = [™2G(y) 2252 cos 0d0 + 4 Gy 2mr?
V]

s 2 2 _ 2.
= 57r G0+ 87r G0-13m G0

The ideal coolant flow rate is 4 m*z GO, therefore the ratio of the two flow rates is 1B or 3-1/4 times
4 ¢

as much coolant flow for such a case. This also means 3-1/4 times as much heat loss, since for transpir-
ation cooling, heat loss is directly proportional to coolant flow rate.
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Unless this flow maldistribution problem can be solved the transpiration-cooling technique must be
limited to horizontal regions. Another p0351b111ty is to use transpiration coolmg in local problem areas,
such as vessel penetrations, or at structural supports. §

3.1.4.4 Installation’ Techniques

The present technique envisioned for installation of the stainless steel insulation is to use material
in panels of 4 X 8 feet X 1 inch, and to use thr'ee'l'aye'rs" to get the required 3 inches of insulation. The
sheets of insulation will be heliarc welded directly to the stainless steel liner and then to each other as
shown in Figure 5-45. Basically there are two kinds of welds, Type ""A' and Type "B'". Type "A" welds
the base of the insulation materlal to the material behmd it. Type "B" welds, which weld the tops of two
adjacent sheets of insulation, are necessary because the back of the sheet cannot be reached after the sheet
is in place. The welds may be done two ways: e1ther by welding the porous mater1al dlrectly, or if this -
isn't p0551b1e, by weldmg a stamless steel edging which is prefabr1cated with the insulation. The welding
-techmque problem is.to be investigated in detail during the next quarter

Anotheritem shownin Figure 5-45 is the special tack, the purpose of which is to support the insula-
tion from sagging between the edge welds. These tacks will have an insulated shank about 3 inches long,
with the point shaped to facilitate spot welding of the bcint to the stainless steel liner. The shank will be
about 1/16-inch in diameter, insulated with.a very' thin coat of alumina. The purpose of the insulation is to
prevent short circuits during the spot welding process. The heads of the special tacks will be insulated on
the shank side and bare on the top side. The insulation on the head will also be a very thin coat of alumiha.
The thin alumina coat on these special tacks may not be required along the entire length of the shaft and
bottom of the head. It is likely (depending upon the type of vessel insulation used) that only the reglon near
the tip need be coated with alumina. The tip itself must be bare.

The mstallatmn techmque, usmg these spec1al tacks, is to drive them through the 1nsulat10n material
at preestabhshed spacmgs, until the point touches the stainless steel liner, then apply the spot welder to
the bare top of the tack welding the tack to the liner. Flgure 5-45 shows a multiple layer of stainless
steel screen covering the insulation material. This screen can be applied in very long rolls as the final
layer of ix1su1ation. The main purpose of the screen is to retain the insulation material and block the flow
of water to the spaces between sheets of insulation. An added benefit of the screen is that it will provide
additional insulation. ' B - -
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SECTION IV

FUTURE WORK

In the next three months the work plannéd is as follows:
4,1 TASK 1
4.1.1 A final choice will be made among the different design concepts on the basis of differential cost
evaluation and technical feasibility. The technical parameters for the reference design to be developed in
Task II will be selected.

4.2 TASK II - SUBTASK II-1

Work will be started for the adaptation of the reactor design chosen in Task I to the prestressed con-

‘crete pressure vessel concept. This task will be complete with reactor control rods and drives, coolant

recirculation system, steam separation.and drying equipment, and refueling' equipment.
4.3 TASK III - SUBTASK III-2
Research and Development on vessel thermal insulation will be c.ontinued:
Experiments on material properties in static and transpiration cooling will be performed;
Test equipment for the experimental evaluation of specific problems will be constructed; and

A report of the conclusions of the first phase of the study will be prepared.

4-1/4-2
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SECTION V

ILLUSTRATIONS

-

This section containg Figures 5-1 through 5-45.

5-1/5-2



FIXED DATA: Qt, E, w/f, CHANNEL PITCH
VARIABLE PARAMETERS: Lg, g, p, r, VESSEL
GEOMETRY, COOLANT RECIRCULATION SYSTEM,
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STEAM SEPARATION _ .
NOMENCLATURE:
Q; = REACTOR THERMAL POWER, MWt -
E = FUEL EXPOSURE, MTU -
w/f = WATER-TO-FUEL RATIO — —_— — . .
Lz = ACTIVE FUEL LENGTH, Ft. VESSEL DIMENSIONS THERMAL-HYDRAULICS REACTOR EQUIPMENT COST Vs, N .
Le = CHIMNEY LENGTH, Ft. PRELIMINARY BASIC DATA INSIDE INSULATION Vs, (Steady and Dynanic State) La 0, AP SEASLT ELECTRICAL OUTPUT Ep Vs. &0, Xe
q = POWER DENSITY, kW/£ ) LasLeo Prg X Lo (A D), Vs Ly, Qp,r CHIMNEY COST Vs. Ly, Lo, g B
p = REACTOR.OPERATING PRESSURE, psia SEPARATOR COST Vs..X o .
¢ = NUMBER OF FUEL RODS PER BUNDLE : .
X = CORE AVERAGE STEAM EXIT QUALITY, % ' Le Xe &P . J I )
Eg = GROSS ELECTRICAL OUTPUT, M¥e - _ . X : € : & €
E, = NET ELECTRICAL OUTPUT; Mwe ' o e : .
Ep = PUMPING POWER MWe § ! '
Qp = HEAT LOSS THROUGH VESSEL ’ S.E.EE. TURBINE-GENERATOR PUMP EQUIP-
THERMAL INSULATION, Mwt : - VESSEL THERMAL INSULATION REACTOR EQUIPMENT L AND ASSOCIATED EQUIP- MENT COST
¢ = HEAT FLUX THROUGH VESSEL VESSEL COST ESTIMATES INCLUDING e SIS UNIT COST ESTIMATE Vs. el I MENT COST Vs. Eg, 9 Vs. Ep
THERMAL INSULATION, W/ft2 VESSEL LINER AND COOLING SYSTEM A U, (W), t :
w = COOLANT FLOW REQUIRED BY Vs. VESSEL DIMENSIONS AND PRESSURE : : - N
TRANSPIRATION COOLING, Ib/h -
U = QVER-ALL HFAT TRANSFER _ A ‘ - N
COEFFICIENT FOR VESSEL - , o !
THERMAL INSULATION (Static . . - .
cooling), Btu/h-it2 - OF : : <
Ep
€ ¢
.|  BUILDING COST ¢ DEFINITION OF N L\
« | vs. vESSEL ouTsIDE : € INSULATION ‘ ' { -
] DIMENSIONS T ,
. 4 : . t l
: U, ()
*
VESSEL OUTSIDE VESSEL INTERNAL | 1 . ,
DIMENSIONS DIMENSIONS T - & N & I~ E
: TURBINE-GENERATOR | - PUMP
REACTOR BUILDING VESSEL COST INCLUDING THERMAL INSULATION AND ASSOCIATED .| EQUIPMENT
ST LINER AND COOLING SYSTEM cosT EQUIPMENT COST ’ _COST
)-L- o i l . w .
TOTAL DIRECT DIFFERENTIAL :
CoST
GENERAL ADMINISTRATIVE : . ) : '
MISC ELLANEQUS .
ENCINEERING DESIGN & INSPECTION » -
NUCLEAR ENGINEERING .
CONTINGENCY
INTEREST DURING CONSTRUCTION A , SPECIFIC DIFFERENTIAL
. ‘ TOTAL DIFFERENTIAL CAPITAL a2 CAPITAL COST
- . : - : ~___Cost R . ($/kW)

Figure 5-1, ‘Block Diagram of Conceptual Design
Study
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s ef, Pu YIELD Vs. C G CpVs. FUEL FABRICATION o REPROCESSING SPENT FUEL
AVERAGE CORE VOID 4 e e : COST Vs. Ly, 1 cosT SHIPMENT
FRACTION : in ot : :
AVERAGE CORE
VOID FRACTION -——
(from.Figure 1) (e
(from Figurc 1)
e ] : g '
, 1
i fi O . USE CHARGE
Pu CREDIT U DEPLETION
V=
. S
COST PER kg U’
£ UNIT ELECTRICAL : ,
" * ENERGY YIELD . _ ,
- : (from Figure 1) . : . . - WORKING CAPITAL FOR .
. ' ' - . CORE FABRICATION — 1
FUEL COST
(Mills/kWh)
' DIFFERENTIAL CAPITAL : .
DIFFERENTIAL SPECIFIC ——  COST  (Mills/k¥Wh) ‘ » ' , NOMENCLATURE:
CAPITAL COST  (§/kW) : o ej = INITIAL URANIUM ENRICHMENT, Percent
(fiom Figuie 1) . ' . .
- ef = FINAL URANIUM ENRICHMENT, Percent
C; = INITIAL COST OF UFg, Oollars/kgU
DIFFERENTIAL COST - , | ) - )
j " OF POWER - ' C¢ = FINAL COST OF UFg, Dotlars/kgU

| (Mills/kWh)

Figure 5-2. Block Diagram of Fuel Cycle Cost

; 5-5/5-6



DIAMETER, Feet

30

29

28

27

-26

25
2
23
2

2l

Y

19

18

17

16

15

GEAP-5086

4

T =T T - T o

(1) CORE EQUIVALENT DIAMETER

(2) CORE CIRCUMSCRIBED DIAMETER

(3) SHROUD DIAMETER

(4) FUEL CHANNEL HEIGHT ABOVE INSULATION

1 . | . — 1 - A - 1

7 g 9 10 1
ACTIVE FUEL LENGTH, Feet

12

30

25

20

15

Figure 5-3. " Reactor Dimensions vs Active Fuel Length for a Power

Density of 40 kW/1

5-7

HEIGHT, Feet



60

55

CYLINDRICAL VESSEL HEIGHT, INSIDE INSULATION, Feet

50

45

40

35

30

25

GEAP-5086.

30 - 35 - 40 kW/liter

] T v LB L)

| = REFUELING CONSIDERATIONS
= == == — DRYER CONSIDERATIONS

ASSUMPTIONS:

3 Feet REFUELING MACHINE SPACE
6 Inches FUEL BUNDLE CLEARANCE

6 Inchés INSULATION-TO-DRIVE -
. HOUSING SPACE : ~

. 6 Inches FUEL HANDLE

- q I - of R

Figure 5-4,

8. .9 .. 10 n 2+ 13
ACTIVE FUEL LENGTH, Feet

Cylindrical Vessel Height vs Active Fuel Length L

‘for Free Surface Separatlon

5-8
R



GEAP-5086

il L § L | /l : T
L,
. Pd
60 [ : ' ,/-’ 1
,/
A e
<
\\0"\\/ . :
I A _ .
d o -
El s —————————  PERIPHERAL SEPARATORS
- i — — = — — (QVER-CORE SEPARATORS
g // .
:: 0 r / -
5—,: : 7
E=
w
=
e 45 -
o
=
=
[an]
(=4
o
—
S 0 F 4
i
> =
-l
(9]
(72
a
>
=
o B -~
= DIAMETER
=
~ <l 9
o -~ \\4\5\\ \\\\
4\‘\0 Sso T e .
30 I~ ~\§ "\‘N b po
\ T el T~ DIAMETER
-~ ’ b X
~~~lC
2% 1 i 1 - 1 Lo,
6 T 8 9 10 11 12

ACTIVE FUEL LENGTH. Feel

; Figure 5-5. Cylindrical Vessel Height and Diameter vs Active Fuel Length
for Mechanical Steam Separation

5-9/5-10



21-G/11-¢

Aysua( Iomodg

/MY 0F ‘qiSuar] [ang 9AIPY
§7-199] O ‘[9SS9A [ED1IPUITAD

(saojyeredas 9100 I3A0

"9-G oandig

) ‘uoryeredag

UOIR[NO I PadIo]

TedTUBYIDIN ¢

Jut

FEEDWATER
WEACER -

Sect.on C-C

r

« EL.60-6"

STEAM ~ 2.
SEPARATORS

LLITE L]

IO

£..55-37

STEAM EXIT

/

“E\-4"DIA

E4, 28710

rJET PUMP

22:00A

TOF OF FUEL CHANNEL €124 3%

TOP OF ACTWE FUEL EL.23-2% .

i

20" SHROUD 1.D.

Z

228" 0" VESSEL ID.(INSIDE INSUL)

BOTTOM OF ACTIVE FUEL EL Iz- 9§

(-2}
A
f.
24| R ]
"
FEEDWATER i I
INLET LINE

I\'
|t

TOP O POISON EL 12% 8y

BOTYOM OF POISON EL 2'3f ..

1-93

TOP OF INSUL. EL.0-07 ..

Q4 reacTor vesseL

| L«
}

9806-dViHD



GEAP-5086

' N ]
N 1y . ]
¢
v
v <
L) - P
9 k) 3
m)
~ Q [re MAg ~rH '
> ~ J K ) * i
e W, al[ ,m. ©
w K 2[5 ol
ullu a Ny
_ﬂ —l_. n Wrﬂ ~ w
2 W 1 R y ]
2 I o OllF i Y
H" w S S W by
8] > Q Y| 3 W 3
N g a AR : g w o !
W O 3 2fy I Y
2 N ] Qlls 3 8 & ©
'S & = Q 8 Qf -
& S, I ~la o b
by Q' v O._m - W f ~
S S o © N Q| W
N R " , 3 5 g
N Q Q 5 ] N Q
$ ~ou N o ° 9 -1
g 7y R 3 - - 3 &
N & N .
d = el I e B N — ] | -
@ll! D LT = B S S - —
= 3 i - - N ; | 1
_.Fll- _ e ) il d

%

——
A
N

S7TEAM DEYEESa-‘-

STEAM SERLRATORS

,&_ - -35-01DO(INSIDE INSUL)

. ’SSTEAM EXIT LINE

1 AU

%

J

|

-

'
i

VET PUMPZ

H
'

_ Figure 5-7,

Forced Circulation, Mechanical
Separation (peripheral separators)

Cylindrical Vessel 10 feet-0 inch
Active Fuel Length 35 kW /I Power
Density

5-13/5-14



SPHERICAL VESSEL DIAMETER, INSIDE INSULATION, Feet

65

60

]

50

45

40

GEAP-5086

T - T T T T Y

30 kW/LITER
————— —  35kW/LITER
- 40 kW/LITER

Lc = CHIMNEY HEIGHT ABOVE FUEL CHANNEL, Feet
Lt = TOTAL CHIMNEY HEIGHT = L + 1.3 Feet

ASSUMPTIONS:
- 1.3 ft/sec SUPERFICIAL STEAM VELOCITY
5.5 ft WATER DEPTH ABOVE CORE,
Minimum
' L 1 1 - L
13

7 8 9 10 11 12
: ACTIVE FUEL LENGTH. Feet

Figure 5-8. Spherical Vessel vs Actlve Fuel Length for Free

Surface Steam Separation

5-15/5-16



|- _ GEAP-5086

.

\ | . . . ‘ \_.|&whm>040b VESSEL
- - _ —_ - - . —_ - - - . , - - - . - d
i ]
| ! -
|
l—l4 -
LIS e
g © ) Nz
! g
m_ -4 “
ol @
A Y W .
2 8 o —DETAIL A— e K
% 3 5 S
; @ : - g g
@ : - 2
U A O % !
g N ® g ¢
§ : g
/:.16 .N :U: m I | B ow. I .
A : ¥ g 5 :
" 3 = ‘X [
N 3 G 5 3 N
@ & u , E S {
I W S - Q i
iy g a —ser DITTAIL A I
g g : , oi—]
-~ Q N ~ 1
7o !
—m:v nMv > 7 =7 710 =
b - | T
» -
2 % sl —- m
S ﬂ
' w
PA ™
N ~re
- [P——— o= mj.
. P U e —— p— e ~..
5 = @ "
u by
0 3
o 3
g ]
= g
Q Y
'8
5 N
9 8
H

i
i
i
1
1
i

N\

INSUL . D 372.8
27

‘

L EL.15-/0

‘TOP OF INSULATION O

.

ScaLe :I=[-Q"

Figure 5-9. Free Surface Separation, Forced
Circulation, Cylindrical Vessel,
T-ft. 10-in. Active Fuel Length,
35 kW/1 Power Density

5-17/5-18



02-5/61-8

(sdumd jor pajaaaur) yisuag
19ng SAI3OY sayour 01 - 3997 J,

*01-G 2andtg

‘I9SSOA TEOILPULTA) uorjeaedss
TEJIUBYIOIN ‘UOTIBINOJII)) PadIO]

ELEV.52-0"

l|
MECHANICAL STEAM

SEPARATORS . ’

SSTEAM EXIT LINE

INIRNENRNINNENINE

1
TOP OF "CHANNEL ,ELEV 19-38

B3

S
X TOP OF ACTIVE FUEL.ELEV 1804

= SKROUD DIA 246"

—=29'-6"0O1a

JET PUMP

—-=VESSEL 10 33'0(INSIDE INSUL)

- -
7 1 BOTTOM OF ACTIVE FUEL ELEV 10-24

g reacTor vesser

i TOP OF POIGON,ELEVIO-I]

BOTTOM OF POISON BLEV 2-3%

TOP OF DRIVE HOUSING.ELEVOG" _

P
T -
H
N
-
R
N
N
< .
N
\ Ki-
\. H
3 N -

ELEVO'-0" - R,

980S6-dVHD



INDICATED WATER LEVEL EL.26%"

TOP OF CH.MNEY EL.26%1"

INSIDE TOP OF INSUL. 4154

STEAM DRYERS

_BOTTOM OF DRYERS £LEV I¢'1t7

i

—=HINSUL. LD 372.8°

!:'_E,'

‘I1-G 9In31g

Lisuag

Iomod 1/m3 6¢ ‘YrBus 1ang
TeoLIpul[A) uotyexedag 20%€]
-ang 9914 ‘uorIB[NOJIIN) [BINJEN

BA1J0Y SOYOUL QT - 393] L, [9SS9A

22-6/12-¢

. CHIMNEY —z

.’/(STEAM EXIT LINE

TOF OF DRIVE HOUSWG EL. O-6"

h TOP OF FUEL CHANNEL EL.IS

Sl

TOP OF ACTIVE FUEL ELIT"-113"

View B-B

-SHROUD ID-24°6

710

| sorromoracTive FueLEL10vE N

) oy f __TOP OF POISON EL.10-0}

A \
\
f
vy A : .
/ (\
see DeTAiL A

740"
e
-
BOTTOM OF POISON EL.2'3}
N
213

TOR OF INSULATION Q- 0"

bETAn.A

(greacTor vesser

980S~-dVED



v2-G/€2-S

*gI-G 9In3ty

AfsuaQg Jamod 1/MmY 0f

Y3B8ua] [ong IAIY Youl o - 3993 g
‘1assa A Teotaaydg ‘uorjexedag

20®JING 9914 ‘UOCIIBINOJLIY) PadI0g

OIA(INSIDE INSUL) 45" 6"

_ INDICATED WATER LEVEL ELEV..

STEAM ORYERS

’SSTEAM ExiT LINE

,
:

1 0P oF FUEL CHANNEL EL.19-74
i e

&
Sitn

TOP OF ACTIVE FUEL EL.18°45

JEY

PuMﬁz\

= SHROUD 1.0.26°3 "

11 sorrom OF ACTIVE FUEL £L.10° 34

i - -] 700 OF POISON £L.1073) " 7
/
M
; ~——DIA OF JET PUMP RUTTERN 27501
) l i R .-
i §o’
i i
NN !
\ H i X
N\ |
\l\ ] i
i
|
! | 1
i\\
3 i
H
N .
. H 1
‘ L el
\ M | BOTTOM OF, POISON . EL. 2°3¢
N\ . ’
N :
AN 2ig
~
N
TOP OF CONTROL ROD DRIVE HSG.ELO'E . .
TOP OF VESSEL INSULATION EL. 070" \LI —_ -
v
~_
~
\ T
= ~
~ -
’ ~ T
- \\”4\.

REACTOR VESSEL @"D

9806-dVdD



92-6/52-6

eT-G oandig

Aysuag xamod 1/ M 0% ‘yiSue
Teo1a2ydg uoTIR[NIIL)) TBINJEN

Tend 9A1IOY YOUL ( - }93] g [OSSOA

STEAM EXIT

LINE .

;-

| INDICATED WaTER LEVEL ELEVSIt4®

486 DIA

DeTaL A

/s‘-"e

-

JOP OF CHIMNEY, ELEV 28’-4‘3

" CHIMNEY
1_\

AK’—QLREACT'DR VESSEL

A

' TOP OF FUEL CHANNELELEV 12-73

ANNEL, Tl

- 5\"6‘?}3\1\'-). -

F i fi

_TOP ACTIVE FUEL,ELEV 18- 4%

“SUROUD 1D23.2' —w

_ _ BOTTOM OF ACTIVE FUEL ELEV 10+-a%

C\enekcma vesseL

TOP OF POISON,ELEY 1073Y

[~ses DeTa A

1
33

-

BOTTOM OF POISON,ELEV 2%

TOE OF DRIVE HOUSINGS, ELEV

_EEVOiO”

[ XT-N

9806-dvVaD



$1-G oanStg

88-6/L2-§
101jU0) JO JusWAZUBIIY TBOTdAT

*S3uUISNOY 910)-U] pue aAlIg POy

C\—%REACTOR VESSEL
I ]
| 3
| /
i I'| 1| Topor DRIVE HOUSING,
I ]ELE vV O-6
[[T JeELEv &-0
. :'v"'.‘v"' o - ‘ -
RS SEE-DETAIL A
? P ! i N/'T\./\
i i |
. | ) ) I
" ] N .
i i i !
i C T
[y Sl : | : Ve
! ] H iXI | » . ELEVO-6=
ol ~ (ELEVO: -o'
| | s | — : —
z l' | S AL
, E | ; Tt |
; o : DETAILA
| SR
! ‘” eg . ’
e i
::1 i i AV\-
. 11'. T SR EEE
. !|l : .o ‘v"‘
i T
KRN i el s
E . 1 V
§ - - -- --
- o i |
j'>’£§§8@§88'2%% | ‘ AREA REQUIRED _— __
DRIVE PIPING ! - Lo I FOR CONT §%\é ROD R
? ==
. CONTROL 20D INCORE FLUX MONITOR o
DRIVE HOUSING . HOUSING .
i
|
15-5" REQUIRéD TO REMOVE i
CONTROL ROD DRIVE
(TYP FOR 12-0"STROKE)
f
o)
B
>
g
]
(4,
[
joe]
N



IS

CHIMNEY H

IGHT,  Feet

GEAP-5086

20 T T T T T T
CONSTANT PARAMETERS: - NCBWR
AVERAGE POWER DENSITY : 40 kW/Z
ACTIVE FUEL LENGTH = 8 Feet
No. RODS PER BUNDLE - 49
15 | .
m p o
’—’
- 15
5 o ' ”//16 -
AVERAGE ‘
( . CHANNEL
LIMIT FOR EXIT QUALITY,
MCHFR = 1.7 Percent
AT RATED POWER
0 L 1 1 1 2 '] - B
700 800 900 1000 1100 1200 1300 1400

Figure 5-15.

CORE OPERATING PRESSURE, psia

Chimney Height vs Core Pressurc and Channel Exit Quality

5-29



08-¢

CHIMNEY HEIGHT. - Feet

17

16

15

14
13
12
BV

10:

9i

CORE AVERAGE POWER DENSITY., kw//

Figure 5-16. Chimney Height vs Powar Density,. Core Pressure and Channel Exit Quality

" i g T : v T v :
| CONSTANT PARAMETERS: o - I -}
- AGTIVE FUEL LENGTH: - § Feet e
. No. RODS:PER BUNDLE = 49 :
- DESIGNED: FOR'MCHFR' = 1.7 (At rated: power) PR |
[ 134
a AVERAGE CHANNEL - i
;’ EXIT QUALITY Percent |
| AN 1
[ - B 4
; ’

T . -
: 1250 1050 ' CORE OPERATING.
" - 80— PRESSURE, psia o
N NCBWR
M N . i
' L ; A . SN ‘. " ¢ :

n -3 w0 | 45 50

980$=dVID



18=¢6

CHIMNEY HEIGHT, Feet

20
1_84-
16
b
12 F

10 F

T

19 T CONSTANT PARAMETERS:

ACTIVE FUEL LENGTH - 8 Feet

OPERATING PRESSURE = 1050 psia -
‘MCHFR = 1.7 AT RATED POWER

v
- \
)1

: AVERAGE CHANNEL EXIT QUALITY. Percent

(MCHFR < 1.7

I'd
10

64 RODS
PER BUNDLE

NCBWR

35

Figure 5-17.

t

40

Chimney Height vs Power Density, Number of Rods per Bundle and Channel Exit Quality

45
CORE AVERAGE POWER DENSITY, kW/Z

50

5%

980S-dVdAD



G€-6

REACTOR FLOW HEAD LOSS, psi

16
15
14
13
1-2

11

10 4

T B B |

CONSTANT PARAMETERS:

ACTIVE FUEL LENGTH - 10 Feet
No. RODS PER BUNDLE - 64 °
OPERATING PRESSURE - 1050 psia -

FCBWR

8
/s
10
i - 1l b
: -
AVERAGE CHANNEL -~ 1132 ]
EXIT QUALITY. Percent - -
- -
—-— -— /‘14 .
= o .
=— === .
12 j u B ]
13 \
© LIMIT FOR MCHFR = 17 ’
AT RATED POWER ]
2 ) . - ) 1 1 J
35 - RO I : 45 50 55
CORE AVERAGE POWER DENSITY, kW/£

Figure 5-18. Reactor Flow Head Loss vs Power Density and Steam Exit Quality

9805-dVED



£6-6

REACTOR FLOW HEAD LOSS. psi

16

15

14

13

12

11

10

w

w

~3

T ) ¥ T

CONSTANT PARAMETERS: - 9
ACTIVE FUEL LENGTH = 12 Feet = ‘ e ]
No. RODS PER BUNDLE = 64 » ~ LIMIT FOR 10
OPERATING PRESSURE = 1050 psia MCHFR = L7 7 J
: : AT RATED 7~ ,
POWER D N
, -~ _ e
/ ~ //, 12 h
g ~ ~ .
P -~ ~ ~ U
~ ~
—~ ~
P -~ 7 _ - - 15 )
// P — - — - -
PR AVERAGE
- _ - - ' CHANNEL T
- ‘ EXIT
9 - QUALITY,
— - - :
10 - Percent ]
13 - - J
—
15
FCBWR
Il I} 'l 1
3 20 45 50 55

CORE AVERAGE POWER DENSITY, kw/4

Figure 5-19. Reactor Flow Head Loss vs Power Density and Steam Exit Quality

9806-dVidD



5086

-

GEAP

1504 'SSOTOVIHMOTHMOLNIN

[
m 2 g 7] 15 7] Y T L1} T= Ts T: T Te T L] W3
_w PL = ;
: = B ;
E - it B
L mu wts e 3
=r s = e ;
Forlzzr <>~ =5 b
4, Qs 3 e o Sin
=+ <l Gn.u.“ (&1 Ve l-1
7 M - + e ]
M .
; 5
. e
=~ : HB=x
o
”(v
o7
=
E wy
=5
! - s
pes - “1:9: Mm
; =}
Lty
T3]
<Cg
oz
¥ oz .o CV.LL
§ g >
- L g v : b LAl
@3 b _jace T uls
sl <L) i
“\m R.I.Nﬁ“wﬂw: WU
e BrReuisedan e
=5 <eDigezoe
<G 71RnDn.lLl.%.J. 3 - '
e I wines .
<xi o =Sy :
A= S T 1 p A 2
— S N W o
T Enoitracaey ; et
i =2 sl e el - y \
LL = ldibe s
; B O3gsan o A
] 22 Zr=ZEOoEepR 5 .
j =5 _w
k (&5} _m
b ) 4iss
17 [ES 2. e 22 ge . 24 §a i 12 L U -
W S DD Y een . 5 O 00D fee WOD DD <k On N e O3,
——— —t— —t —t— —ty — .

ensity, Active Fuel Lengt

team Exit Quality

e

hand §

e

erD

vs Bow

]

s

(214

20

- Figure 5-20.
it e o ottt e e



gg-¢ -

CHIMNEY HEIGHT. Feet

18

16

15

14

13

12

1

10

.l. “ v T T ‘ /7/ r-sso" /9_ 1
CONSTANT PARAMETERS: AVERAGIE\ LCﬁCNNEL / S
ACTIVE FUEL LENGTH - 8 Feat Eé‘;(ﬁ” : / /

No. RODS PER BUNDLE. - 49 / /
OPERATING PRESSURE: = 1050 psia Y
/13
//
/
350
£ PHASE
MARGIN
15
/7

16 db
/ [ —7 //~—MCHFR - LT-
MAGNITUDE y 2
MARGIN _
- 104
1 L / 1 / 1 1
10 20 30 20 "y

CORE AVERAGE POWER DENSITY, kW//

Figure 5-21. Isophase and Isomagnitude Margin Curves

9806-dVID



9¢-¢6

CHIMNEY HEIGHT, Feet

16

15

14

13

12

11

10

CORE AVERAGE POWER DENSITY, /£

Figure 5-22. Isophase and Isomagnitude Margins

v L /’ LE f
- / /200 -
5 10 db PHASE -

il 4 | / MARGIN
- MAGNITUDE MARGIN / ‘ 1
- CONSTANT PARAMETERS .
ACTIVE FUEL LENGTH = 10 Feel i
No. RODS PER BUNDLE = 64 -
OPERATING PRESSURE = 100 psia |
i " AVERAGE CHANNEL 100 ]
o EXIT QUALITY. Percent / d
; / 4 dj . g & .
/ / X MCHFR: .
__ 3 1 _ — 1 - 1

10. ‘ 30 40 50

980G-dVED



GEAP-5086

. PHASE MARGIN, Degrees

50

45

40

35

30

25

MAGNITUDE MARGIN. db

| L v LJ e L T A
CONSTANT PARAMETERS: A
ACTIVE FUEL LENGTH 8 Feet 4
No. RODS PER BUNDLE ~ 49 ‘
OPERATING PRESSURE 1050 psia 43
AVERAGE POWER DENSITY 40 k/£
STEAM EXIT QUALITY 14.7 Percent
SUBCOOLING 20 Btu/Ib
25
2
15
‘ - ORIFICE HEAD LOSS, psi
03 04 05 06 07 08 09 10 10
N A ‘ A - 'l - I - | A i '
5 0 76 7 8 9 10 11 12

CHIMNEY HEIGHT, Feet

Figure 5-23. Phase and Magnitude Margins vs Chimney Height or
i . Orifice Head Loss : ’

5-37



" 55

PHASE:MARGIN: Degrees:

50

45

0

35

%5

2

15

GEAP-5086:; -

- L T g \ T T T T T T T Y Y v"._ = o
-
=
i CONSTANT PARAMETERS: |
ACT'VE FUEL LENGTH 10 Feet
No: RODS PER BUNDLE - 64
. OPERATING PRESSURE = 1050 pSIa
~ ‘AVERAGE POWER DENSlTY . 40 kW/l
STtAM EXIT QUAUTY = 15. i4 PEI‘CEM
SUBCOOLING = 20 Bi/Ib
< eriret g § i de -4 _-.—...":,,.‘:4~..‘.j LI NPT SO (U O SUTTCINE TR LR SO SR 1» .

n 12 13

Fﬁggfe 54§4.

14 i5 16 17 18 19 B 2 2
CHIMNEY HEIGHT. Feet

B 2

Phase and Maghitude Margins vs Chimney. Height

5-38

25

30

25

- 20

MAGNITUDE MARGIN; - db-

15

R}



6€-6

* CHIMNEY HEIGHT, Feet

19
18
17
16
15
14
13
12

11

0

T g T o S 3

CONSTANT PARAMETERS:

ACTIVE FUEL LENGTH - 8 Feet
No. RODS PER BUNDLE = 49 “u 7
OPERATING PRESSURE = 1050 psia e
PHASE MARGIN = 550 -’ 7
PR U
-~ s
. L7 15,
”’
,/ -
” ,,
. ”
L
”~
”~

AVERAGE CHANNEL

28

30 35 -
: CORE AVERAGE POWER DENSITY, kw//

Figure 5-25. Chimney Length vs Average Power Density and Steam Exit Quality with Orificing

EXIT QUALITY, J
Percent
o . -
2 [ t I 4
40 ' 45 T80 52

9805-dVAD



0v-6

CHIMNEY HEIGHT, Feet

19

18

17

13.
12
BSE

10

] L) - LE - B "
i CONSTANT' PARAMETERS: ‘
. ACTIVE. FUEL LENGTH- - 8 Feet ]
‘ No. RODS PER'BUNDLE = 49 | A
1 OPERATING'PRESSURE" = 1050 psia 1
‘ DESIGNED.FOR MCHER: -. 1.7 AT. RATED POWER: :
8 4
| o AVERAGE CHANNEL. 1
. B S _ , - EXIT.QUALITY, Percent” . _ i
. o / PHASE ,,
5 f 350 «—" MARGIN. 1
- | 1
g
)t |
E ;
. 55
- . 1 - 1 - . i . . s :

30 ' 35 40

o L s S
CORE-AVERAGE POWER:DENSITY, ki/ :

. Figure 5-26.. Chimney Length.vs Average. Powét'Dén_sity. and’Steam. Exit' Quality with-and without Orificing

Erremcrae g .

9805-dVED-



‘e

GEAP-5086

T80 T v .
NOTE: .
: Npet  31.5 Percent .
00 - SEPARATOR CAPACITY - 450,000 Ih.h <9
PRESSURE 1050 psia
FEEDWATER TEMP. 320 OF
" Fo 18
wl: .
' o
= g =
< =
5 400 | 4 7 I;EI
- o< 2
o 173
—- u
p : a-
= : |
é 350 "' | 6 §
& i
2 300 - 457
=2 <C
= —
o
—
250 - - 4
200 B 13
175 . A lr
U ST .
5 10 15
CORE EXIT QUALITY, - Percent
s
- Figure 5-27. Number of Separators Required and Separator Pressure

Drop vs Core Exit Quality

5-41



i

22

20

18

116"
< i
= 12

>
q0 -

KX

o : " INOTE: .
i . NS , {10jpsi IRUMPINGIHEAD
} - N = 93 Percesit .

" Mg - @TPerceit

<. 4 FREESURFAGE SEPARATION

MECHANICALSEPARATORS =%

9. 10 - , 4
- . [CORESERITQUALITY, iRercerit

‘Coolarit iRecirculation Pumping Power ws Steam JExit ‘Quallity ifor Free Surface
‘Steam :Separdtion:and {Meckanical SeparationConcepts {(Mechanicall ‘Pumps)

mc ae . w0 m s W6

i

. 9805=dVv



eb-q

2.2 Ll v L v v L
21 ¢
NOTE:
20 | 10 psi PUMPING HEAD )
T p = 87 Percent ‘
19 } N = 93.5 Percent 4
2 . .
o 18} |
w
=
g
= 1.7 r .
% i o~ FREE SURFACE SEPARATION
5 L6 1
=3 -
= 15 ¢ 1
<C
3
o 14 F .
o
o
il
@ 13 p
. MECHANICAL SEPARATION/
1.1 | -
10 b 4
J ' __a i - . i
9 10 11 12 13 .14 15 16
CORE EXIT QUALITY, Percent’ ‘
Figure 5-29, Coolant Recirculation Pumping Power vs Steam Exit Quality for Free Surface Steam

Separation and Mechanical Steam Separation Concepts (Jet Pumps)

a——

9806-dVED



Py-s

NET ELECTRICAL OUTPUT, MWe

Pressure.of 800 psia,

T B g L L
THERMAL.REACTOR QUTPUT 3170 Mwt
o0, STEAM: CYCLE EFFICIENCY: 319 %
U 'PUMP MOTOR:EFFICIENCY 935 %
- 970 AUXILIARY- POWER OTHER THAN PUMP-POWER 39 MWe
* REACTOR PRESSURE 800.psia
HL: HEAT LOST THROUGH VESSEL
THERMAL. INSULATION-
965 - -
%0 I .
L g A 1
0 5 . 10- o 15 20
- PUMPING:POWER,, Mve.
F@" re.5-30. Net Electrical Output’'vs Pumpmg Power and Heat Loss Through Insulation for -Reactor ‘

9808-dVED

3

&



Ll T L T

THERMAL REACTOR OUTPUT 3170 Mt
STEAM CYCLE EFFICIENCY B %
PUMP MOTOR EFFICIENCY 935 %
AUXILIARY POWER DTHER THAN PUMP POWER 39 Mwe

1005 REACTOR PRESSURE 1050 psia

Hp . HEAT LOST THROUGH VESSEL
THERMAL INSULATION

1000

Sv-¢
NET ELECTRICAL QUTPUT, Mwe

995 -

I i A 1

9806-dvdD

0 5 ) 10 15 20
PUMPING PGWER, Mwe

Figure 5-31. Net Electrical Output vs Pumping Power and Heat Loss through Insulation for a Reactor
Pressure of 1050 psia _ ' '



9%-S

NET ELECTRICAL OUTPUT, MWe

— - ‘ - A ——— - T - T
1025 THERMAL REACTOR OUTPUT CITT0MME
STEAM' CYCLE EFFICIENCY - 336 %
PUMP MOTOR EFFICIENCY ' 935 %
AUXILIARY POWER OTHER THAN PUMP POWER 39 Mwe
REACTOR PRESSURE i . 1250 psia
' Hi : HEAT LOST THROUGH VESSEL
THERMAL INSULATION
1020 F .
1016 -1
0 ) 5 10 ) - 15 : 20
 PUMPING POWER,- MWe :
Figure 5-32. Net Electrical Output vs Pumping Power and Heat Loss through Insulafion,for a Reactor

Pressure of 1250 psia

9805-dVED

fa)



Ly-G

¥ 1 L
=1 12,000
L. 4 108 — 11,800
1.5 Rq
o~ — 11,600
? Qs &
> Vg <
% gk 4104 & — 11,400
el e
= E) — 11,200
= o
S13b 4 100 & -~ 11,000
wl
= & — 10,800
Z 12 f 496 2 — 10,600
e 2 =
= <<
= = —{ 10,400
e
w
; " 492 — 10,200
— 10,000
1.0 L 4 . 9,800
850 - 1050 1250
VESSEL PRESSURE, psia
Figure 5-33. Superficial Steam Velocity, Permissible Steam Release Rate and Heat Release Rate

vs Reactor Pressure

PERMISSIBLE STEAM RELEASE RATE (Rg), Ib/h-ft2

9806-dVHD



GEAP-5086

Figure 5-34. Photograph of Sintered Random Mesh, Stainless Steel Insulation

Figure 5-35. Photograph of Embossed Laminated Stainless Steel Foils
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Figure 5-36.

Photograph of Sintered Powder Porous Stainless Steel Sample

Figure 5-37.

Photograph of Woven Mesh Sintered Stainless Steel Sample
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Close Up of Woven Sintered Stainless Steel for Transpiration Cooling

Figure 5-38.
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Figure 5-42. Photograph of Conduction Block
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Figure 5-43.

Photograph of the Heat Transfer Device Including Insulation Sample
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Figure 5-44.

Fhotogreph cf 14-inch I. L. Fressure Vessel During Construction
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