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ABSTRACT

The work described in this Report is a portion of the Commission's
over-all program on Sodium Components Development., The scope of work
under this Contract is:

Phase I

A, Preliminary design of Full-Size Steam Generator.
B. Supporting R&D work.
C. Preliminary Design of 30 MWt Prototype Steam Generator.

Phase II

A, Detail Design of 30 MWt Prototype Steam Generator.

B. Fabrication of 30 MWt Prototype Steam Generator for
testing at SCTI, Santa Susana, California,

C, Final Report relating results of testing of Prototype to
the design of the Full-Size Steam Generator.

This report is the Design Report on the Preliminary Design of the
Full-Size Steam Generator, (Phase I-A above). The Full-Size Steam
Generator is of a size that three steam generators will produce steam
to drive a 1000 MWe turbine.

This Report is divided into two major parts:

Volume 1 - General
Volume 2 - Stress Analysis

In Volume 1 is a description of the plant steam cycle, the heat

transfer data at full and part load, a description of the steam generators,

and reduced size copies of some of the arrangement drawings.
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In Volume 2 are summarized the results of the ASME Code calculation,

the steady state stress analysis, and the transient temperature and
stress analysis. A sample calculation showing a typical steady state and
transient analysis 1s included to illustrate the method of solution.
To help the reader, the detail calculations are not, in general, included
in this Report. These calculations have been assembled into an Appendix
which will be sent to those interested upon request.

Large size white prints of all the drawings included in this Report

are available and will be sent upon request.
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1.0 __INTRODUCTION:

The United States Atomic Energy Commission has a continuing
program of improving the technology in the Atomic Energy Field to
demonstrate the production of economical nuclear power. To carry
on this program the Commission has programs on fuel element,
reactor, and component development. Under component development
are included programs on developing sodium pumps, heat exchangers,
steam generators, etc. This Contract is one portion of the
Commission's overall program on development of steam generators.

The objective of this Contract is to develop a large sodium-
heated steam generator of improved design. This steam generator
design will be available for use in the Atomic Energy Commission
Sodium Reactor Development Program which has the ultimate
objactive of developing reliable, economical, large central
station nuclear power plants. This Contract was received on
March 20, 1963, and signed on April 3, 1963.

1.1 Scope of Contract:
The overall scope of work covered under this Contract is
as follows:
Phase 1.
A. Preliminary Design of Full Size Sodium-Heated Steam
Generator,
B. Supporting Research and Development Work.,
C. Preliminary Design of 30 MWt Prototype Steam
Generator,
"~ Phase II.

A. Detail Degign of Prototype Steam Generator.

1
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B. Fabrication of Prototype Steam Generator for
Installation and Testing at SCTI, Santa Susana,
California.

C. Final Design Report relating the performance of the
Prototype Steam Generator to the Design of the Full
Size Steam Generator.

This Preliminary Design Report covers the design work

under Phase I-A, "Preliminary Design of the Full Size Steam

Generator."

Changes in Scope:

There have been three changes in scope of this Contract

affecting the steam generator design. These are as follows:

l.

In the original design on which the proposal for this
Contract was based, the total heat load was 1000 MWt.
For reliability reasons this thermal capacity was
divided among three steam generators having a capacity
of 333 MWt each. After design work was begun on these
steam generators it was learned that the 1000 MWt
represented only one loop of a three loop plant. If
each loop had three steam generators this would make a
total of nine steam generators for the total plant and
would add to the cost, but would not increase the
reliability of the overall plant. The scope of work
under this Contract was modified to describe a steam
generator of a size such that three identical steam
generators would produce enough steam for 1000 MWe.

Another change in scope to raise the steam pressure from
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the 2200 psi as specified in the original inquiry to
2400 psi at the turbine. This change brought the steam
pressure into agreement with the "preferred standard"
steam turbine design conditions common in the industry
and will result in a cost saving in the steam turbine.

A feedwater temperature of 600F was originally specified
for the steam generator. To produce this water tempera-
ture a feedwater heater is required that will operate

at approximately 1600 psi on the shell side and extract
steam from the high pressure turbine casing at approxi-
mately 1700 psi. An economic evaluation was made show-
ing the cost of this 1600 psi feedwater heater exceeded
the saving in fuel cost made possible by the higher
cycle efficiency resulting from using this additional
heater. This economic evaluation is included in the
Appendix.

The Contract was modified to lower the feedwater temper-
ature to 530 F, which is a typical feedwater temperature
for a 2400 psi steam turbine cycle using eight stages of
regenerative feedwater heating.

Design Objectives:

The full scale steam generator system was designed to
meet the following objectives:
1. Produce steam at the lowest cost with due consideration
for capitalization and maintenance cost within limita-
tions imposed by the specifications.

2. Achieve a minimum availability factor of 90% computed
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on an annual basis, over a design service lifetime of at
least 30 years,

3. Provide the basis for the necessary research and devel-
opment to support the design and fabrication of the
Prototype Steam Generator.

4. Minimize mechanical and thermal stresses.

5. Minimize the consequences of accidental mixing of
sodium and water or steam due to equipment failure.

6., EBasily accessible for maintenance and inspection.

2.0 STEAM PIANT CYCIE:

2.1 Plant Description and layout:

The 1000 MWe electrical plant will have one reactor and
three primary sodium coolant loops. EXach of the primary
sodium coolant loops shall have an intermediate heat ex-
changer, a primary sodium pump and associated valves.
Connected to the secondary side of each intermediate heat
exchanger through secondary sodium piping will be one steam
generator, one reheater, one pump, and associated valves and
piping. Only the steam generators and reheaters are being
designed under this Contract. A sketch, showing a perspec-
tive view of one possible arrangement of the steam generators
in an electric generation plant, is shown on Figure 1.

Three loops as shown on Figure 2 were chosen for this
size plant because it gives the minimum number of loops for
good operation.

In a three loop plant two of the loops can carry a
major portion of the load if one loop is down for servicing.

A number of loops greater than three was not used, since this

4
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would have resulted in smaller components and increased cost,
with little increase in operating flexibility. The components
for a three loop plant approach the limits for shop fabrica-
tion and field erection.

Heat [oad and Efficiencys

With a 1000 MWe turbine generator the reactor must pro-
duce 7971 x 106 Btu/hr. or 2333.5 MWt. For steam conditions
of 2400 psig 1050 F/1000 F and 530 F feedwater, the plant
-efficiency is 42.8% at full load. This is significantly
higher than present central stations operating at 2400 psi,
In a reactor plant, the increased efficiency is due mainly
to the elimination of the heat loss from products of combus-
tion discharged from a conventional stack. A plot of
efficiency vs., electrical load is shown on Figure 3.

In order to generate 1000 MWe a steam flow of 7.21 x lO6
lb/hr is required from the steam generators. The reheat
steam flow for this full-load condition is 5.13 x 100 1b/hr.

This total steam flow is generated in three steam
generators and three reheaters. Full load steam flow per
loop is 2,403 x lO6 lb/hr from the steam generator and
1.71 x 100 1b/hr through the reheater.

The difference in steam flow through the steam generators
and reheaters is due to steam extracted from the turbine for
feedwater heating and for driving the steam driven feedwater
pump. The heat load is divided among the three loops. Each
loop has a full load capacity of 333.3 MWe or 2657 x 100 Btu/nr.
Each loop heat load is split with 2330 x 100 Btu/hr being
transferred in the steam generator and 327 x 100 Btu/hr being:

transferred in the reheater,

5
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2.3 Steam Cycle:

The steam cycle is shown on Figure 4. Normal power
plants have a series of feedwater heaters between the
condenser and the boiler inlet, These feedwater heaters
take water at approximately 100 F and heat it up to between
470 F and 530 F by steam extracted from the turbine. Feed-
water leaving the turbine condenser is pumped by a conden-
sate booster pump through four low pressure feedwater
heaters to the deaerator. Upon leaving the deaerator,
the water pressure is increased by the boiler feed pump
and passes through three high pressure feedwater heaters to
the steam generator inlets. The heat absorbed by the feed-
water in the heaters comes from steam extracted from the
turbine at various pressure stages along the turbine. Using
the eight heater cycle —- four low pressure heaters, one
deaerator and three high pressure heaters -~-- the water
temperature entering the steam generator inlet is 530 F
at full load, decreasing to 370 F at 20% load.

Steam leaving the steam generator enters the high
pressure stage of the turbine at 2400 psig where it is
expanded to a pressure of 525 psig. This lower pressure
steam returns to the reheater where it is heated from 655 F
to 1000 F and returned to the intermediate and low pressure
stages of the turbine. Leaving the low pressure turbine
the steam is condensed and the water returns to the feed-
water heater cycle.

2.4 Peak lLoad:

The steam generator is designed for maximum continous
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load. If additional electrical load is required for peak
conditions, changes in steam cycle operation are required.

A normal turbine generator is designed to accept 105%
of full load steam flow. Peak conditions can be obtained by:

1. Increasing steam flow to 105% of full load, or

2. Increasing the operating pressure on the steam

generator, or

3. Removing the high pressure feedwater heaters from

service.

Operation under these conditions is not economical, but
will produce the maximum electrical power.

2.5 Secondary Sodium Cycle:

Secondary sodium leaving the IHX at 1140 F and 18.0 x
10° 1b/hr at full load, flows in a single pipe to the steam
plant building. Here the flow divides, with 15,59 x 10°
1b/hr entering the steam generator and 2.41 x 106 1b/hr
entering the reheater. After flowing through the boiler and
reheater in parallel streams, the sodium 1s combined in the
outlet piping below the reheater and steam generator at an
average temperature of 650 F. The sodium then flows in a
pipe to the secondary sodium pump and the intermediate heat
exchanger, Sodium temperatures and flows for all loads are
shown on Figures 5 and 6.

2.6 Steam Generstor - Reheater Arrangement:

In the early stages of the design, consideration was
given to several arrangements of the steam generator,
Figure 7 shows the superheater section, boiler section and

reheater in separate pressure shells, each with its own
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cover gas volume. The reheater and superheater had parallel
sodium flow paths which joined to take all the sodium flow
through the boiler.

Figure 8 shows the arrangement used for this design.,
The superheater and boiler sections are in one shell. This
eliminates the extra pressure vessel with its cover gas space,
and the necessity of trying to control three separate sodium
levels., The reheater and steam generator (boiler and super-
heater sections) are in parallel flow, since this internal
steam generator design did not permit any acceptable method
of introducing the reheat sodium flow to the boiler tube
bundle., This condition resulted in the IMID of the reheater
decreasing from 216 F to 76 F with a corresponding increase
in reheater heat transfer surface.

Additional studies are under way to design a unit which
will have the desirable temperature characteristics shown
on SK-1000-1L. A type of design that would meet this require-

ment is the "Integral Reheat Steam Generator."
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3.0 DESIGN CRITERTA:

There are certain basic design criteria that are important in

the design of steam generators. OSome are important in the design

of any steam generator, some are important in the design of a

once-through steam generator, and some are of vital importance in

the design of a sodium-heated once-through steam generator.

3.1

3.2

Once-Through Type Steam Generator:

In order to develop economical, practical, reliable
central station steam generators, the work under this Contract
has centered on the once-through type steam generator.
Economic studies have shown that the once-through boiler costs
considerably less than a recirculating boiler, especially in
large sizes and high pressures. The once-through steam
generator has the ability to respond to load changes easily
and gives greater flexibility of operation.

Design Can Be Extrapolated to Larger Sizes or Supercritical

Pressure:

By using a helical coil design of boiler, superheater and
reheater, great flexibility is possible in arranging the heat
transfer surface to meet the particular design requirements
of different size reactor plants.

The design can also be extrapolated to pressures greater
than the critical pressure. Many of the new central stations
are being built for pressures above the critical pressure
(3206 psi). In large size units the saving in fuel cost
because of the higher efficiency of the super critical pressure
units more than offsets the additional costs of these units.

The design of this steam generator will be relatively easy to
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extrapolate to pressures above the critical pressure as re-

quired to take advantage of advancing technology in central

station design.

Eage of Inspection and Maintenance:

Experience has shown that unforeseen accidents can do
serious damage to a tube bundle. Outages for repair of large
central stations are very expensive, not only for the man
hours spent in making the repairs, but also for the lost
revenue when the generating equipment is shut down. Any
features in a steam generator design that make them easy
and quick to repair are worthwhile.

1. FYor inspection and plugging of individual tubes, hand-
holes have been provided in each inlet and outlet header.
If a larger access cpening is required the interconnect-
ing pipes can be cut.

2. For a complete examination of the tube bundles, the
boiler, superheater and reheater are individually re-
movable. The bundles can then be repaired or replaced.

Single Tube Wall Separating the Fluids:

A single tube wall construction was used for this steam
generator design to achieve maximum economy in construction,
reliability of operation, and simplicity of maintenance.

This design principle has been accepted over the course of

ten years design experience and extensive sodium-water reaction

tests. These tests indicate that, if shock waves are properly
cushioned, and the hydrogen generated by the reaction is
adequately diluted and vented, a complete rupture of a steam

generator tube can be handled with undue hazard.

10
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Further experience gathered over the years in steam

generator model and prototype testing indicate that leaks
have invariably occured as minute cracks and pin holes rather
than complete ruptures. Thus, detection of small leaks pro-
vides the opportunity to take corrective action before major
failures occur.

Using a single tube wall will result in considerable
saving in tube cost. A multiple tube wall adds cost to the
steam generator nct only because of the additional thickness
of tubing, but also the resistance to heat flow through the
additional barrier requires that the steam generator have
more heat transfer surface to produce the same amount of
steam.

Tube Sheet Exposed to Inert Gas Only:

This sodium-heated steam generator will be subjected to
some rapid sodium temperature changes caused by operational
transients. Any temperature changes in the sodium are quick-
ly reflected in any metal parts in contact with the sodium,
due to the high heat transfer coefficients of the sodium.

A thin tube wall will follow the temperature changes rapidly,
so any thermal stresses will be somewhat minimized.

However, tube sheets and shell flanges are more severely
affected since they cannot change temperature fast enough to
prevent the build-up of large thermal gradients and the
associated thermal stresses. For this reason the shell
flanges, the boiler inlet and outlet tube sheets, and the
superheater and reheater inlet and outlet tube sheets are

attached to the shells in locations where they are exposed

11
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to inert gas only. The only temperature transients that

exist on the tube sheets originate on the water-steam side.
Bi-Metallic Welds Out of Heat Transfer Zone:

The boiler bundle is fabricated of Croloy 2-1/4 material,
and the superheater tube bundle is stainless steel TP-316.
Butt welds of similar material are used in sodium, but
bi-metallic welds are not used. The bi-metallic welds
between the two tube bundles are located in the interconnect-
ing pipes external to the steam generator shell. In this
area the bi-metallic welds are readily accessible, can be
easily inspected, and if they should leak it will not result
in a sodium-water reaction.

Protection of Shell from Temperature Transients and Corrosion:

The tube bundles are enclosed in a shell liner which
contains the sodium. This liner is separated from the shell
by a two-inch annulus filled with inert gas, and protects
the shell from sodium thermal transients, and pressure, or
temperature excursions or corrosion due to a sodium-water
reaction.

Helical Coil Concept:

The helical coiled tube bundles provide a method of
arranging compact bare tube heat transfer surface in a
cylindrical vessel. A given number of tubes can be arranged
to have nearly equal lengths by varying the number of
parallel circuits for each coil diameter proportional to
coil diameter. This feature permits great latitude in
arranging heat transfer surface for any required tube side

or shell side mass flow. Other features of the helical coil

12
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concept are:

1.

Each coiled tube is capable of expansion independent of

another tube, in addition to providing for differential

expansion between tube and shell.

Coil fabrication requires no hot bends.

Piteh of the coils provides continous positive up-flow in
the heat transfer zone.

It is ideally suited for counterflow arrangement of heat

transfer surface.

Tube sheet diameters and thicknesses are minimized by

using a fewer number of longer tubes.

13
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DESTIGN PARAMETERS:

The Full Size Steam Generator Plant has a full power capacity

of 1000 MWe, and is designed in accordance with the following

conditions.

4.1 Heat Load:

42

4.3

1 - Design and operating load for the entire plant is approx-

imately 7971 x 106

Btu/hr for 1000 MWe. There are three
loops in the plant. Therefore each loop has a heat load
of 2657 Btu/hr. This heat load is divided between the
steam generator, 2330 x lO6 Btu/hr and the reheater,

327 x lO6

Btu/hr.

Steam Flow:

1 - High pressure steam flow is 7.21 x 106 1b/hr at full load
for three loops each steam generator has a steam flow of
2.403 x 10° 1b/hr.

2 - Total Reheat steam flow is 5.13 x 106 1b/hr at full load.
Each reheater has a steam flow of 1.71 x lO6 1b/hr.

3 - Variation of steam flow with load is shown on Figure 10.

Sodium Flow:

1 - Sodium flow for each loop is 18.0 x 106 1b/hr at full
load. This flow splits at the exit of the intermediate
heat exchanger; 15.59 x 106 1b/hr going to the steam

6 1b/hr going to the reheater.

generator and 2.41 x 10

In order to maintain the sodium A T across the THX at

part load, some of the sodium must by-pass the steam genera-
tor and the reheater through a by-pass connection, located

in the center of the steam generator.

2 — Sodium flows at part load as shown on Figure 5.

14



TEMPERATURE, °F

1200

1000

800

600

400

200

SODIUM-HEATED STEAM GENERATOR DEVELOPMENT

AEC Contract No, AT (11-1) - 1280

FIGURE 9

B&W Contract No,

Steam Generator Temperatures Vs. Load

610-0067

b osm—

[

be omams. wesst

U

| Tnlet Temds

T 1

o

Superheater Outlet Temp.

>

Sodium Temy.:

o o w—

- . reebeR Lﬁ -
Leaving PUPS J e = =
a—

Stearn

b Temp. Leavi

ng Boiler

SaturatiO? Temp.

BOi-le_r — - -
. the —
n v -+
Tompe_ Q_jl’g’A =
Sodpult o= —
¢”’
T /
X_‘fﬂ_etwpﬂ/—’ -
FGGW _
—f”'f
[ L1 L1 [ |
200 400 600 800 1000

EIECTRICAL LOAD (MW)



STEAM FLOW (LB/HR X 106)

SODIUM-HEATED STEAM GENERATOR DEVELQPMENT
AEC Contract No, AT (11-1) - 1280

FIGURE 10

Steam Flow Vs. Load

B&W Contract No, 610-0067

ELECTRICAL LOAD (MW)

3
T 1 T T T T T T T ™ TT T

- -

[~ -
2

e ]
1

- -
ol 1 L1 Ll T I l

0 200 4,00 600 800 1000



.

baod

4ob

4.6

Vol. 1

Steam Conditions - Operating:

1 - Pregsure - Operating steam pressure at the turbine throttle is
2400 psig. This pressure is constant with load. Operating
pressure at the superheater outlet is 2425 psig. Reheat
pressure at the turbine inlet is 475 psig at full load.

2 - Temperature - Steam temperature at the superheater outlet is
1050 F. This temperature is held constant from 20% to 100%
load by regulating the sodium by-passed around the steam
generator. OSteam temperature at the reheater outlet is held
constant with load at 1000F,

a - Feedwater temperature varies from 530F at 100% load to 370F
at 20% load. (See Figure 11)

b - Steam entering the reheater is 655F at 100% load and decreases
to 485F at 20% load.

Sodium Conditions - Operating:

1 - Sodium inlet temperature to the steam generator and reheater is
1140F maximum, and varies from 1140F (100% load) to 1050F (zero
load).

2 - Sodium outlet temperature leaving the steam generator and
reheater and entering the IHX varies between 650F at 100% load
and 750F at zero load.

3 - Operating sodium pressure is 20 psig maximum.

Design Conditions - Pressure:

1 - Sodium Side - Steam Generator and Reheater

a. Pressure - 200 psig

2 - Steam Side

15
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Tre design pressure of the water-steam side of the steam
generator tubes is shown on Figure 12. This concept of stepped
pressure design is used in central station practice for once-
through boilers and has been given ASME Code approval.

The maximum operating pressure datum of a once-through
boiler is established by the nominal operating supply pressure
at the turbine throttle required to generate full load on the
turbine. This is 2400 psig for this plant. The maximum
operating pressure at any point in this once-through boiler
is defined as the normal full load pressure at the turbine
throttle increased by the accumulated pressure drop from the
point of interest to the turbine throttle at normal full load
steam flow. The total full load pressure drop from feedwater
inlet to turbine throttle is 250 psi.

The required design pressure at any point in the
boiler is defined as 105 per cent of the normal full load
pressure at the turbine throttle, increased by the accumulated
pressure drop from the point desired to the turbine throttle
at 105 per cent of the normal full load steam flow.

This method of calculation allows for a minimum of 5%
design margin in terms of both flow and pressure above the
normal full load for all steam generator components. Based
on this criteria the pressures can be calculated as follows:

a - Maximum operating pressure is defined as the nominal

16
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operating pressure at the turbine throttle plus the
accumilated pressure drop from the point of interest to
the turbine throttle at full load steam flow.

b - Required design pressure is defined as: 1.05 (Nominal
operating supply pressure at turbine throttle) plus the
accumulated pressure drop from the point desired to the
turbine throttle at 105% full load steam flow. Design
Pressure at inlet = 1.05 (2400)+ (1.05)% (250) = 2796 psi.

¢ - Design pressure for boiler components is the required
design pressure at the inlet of the component.

d - The popring pressure of the safety valves shall be set
at 110% of the maximum operating pressure at the point
where the valve is located in order to minimize simmering
and leakage.

The design pressure of the reheater is 625 psi. No
stepped pressure criteria was used in this component since
the total pressure drop from turbine outlet to turbine inlet
was only 50 psi. The steam inlet pressure at full load is
525 psi.

Design Conditions - Temperature:

1 - Sodjium Side - Steam Generator and Reheater

a. Temperature - 1200 F
2 - Steam Side

In conjunction with the establishment of a design
pressure for various components in the steam generator,
design temperature for the tubes was established based
on their location in the steam generator.

Design temperatures in the boiler bundle were based

17
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on a steam flow unbalance caused by the geometry of the

worst tube. This one tube was considered to have:

a - Smallest ID based on manufacturing tolerances.
b - Longest length in the coiled bundle.

¢ - Smallest coil diameter.

d - Longest downcomer tube.

e - Longest riser tube.

f - Header unbalance of tube sheet.

Since all tubes have almost an equal number of
bends, a flow unbalance due to increased bends was not
considered. The sodium temperature entering the
boiler bundle was assumed to be at uniform temperature.

The resultant steam flow unbalance gave a flow for
the "worst" tube of 89.3% of average full load flow.

The "worst" tube was 65 F superheated with steam leaving
the boiler bundle at a temperature of 815 F instead of
750 F for the average tube. Using this decreased flow
it was possible to calculate the tube wall design
temperature at various locations in the bundle. The
design temperature of a tube is the arithmetic average
between the outside surface temperature and the inside
surface temperature. The outside surface temperature
was established using average sodium flow and average
sodium film temperature drops. The inside tube tempera-
ture was based on steam film conductance and local heat
flux at the unbalanced flow, and includes the film
temperatures drop due to fouling. (Fouling Factor =

.0003) Complete calculations to determine tube wall

18
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temperatures are included in the Appendix.

Based on these calculations the design temperature
for the economizer and nucleate boiling section was
(T = 738 F); for film boiling section, (T = 855 F); and
the primary superheater section and the outlet riser
tubes, (T = 956 F). Additional temperature steps were
not used, since three different tube wall thicknesses
were sufficient to minimize the tube bundle size without
increasing the fabrication difficulties.

The design temperature for the stainless steel
tubes in the superheater bundle was established using
similar geometric assumptions as those in the boiler
section. The resultant steam flow unbalance was 89.0%
of average full load flow. The "worst" tube was 50 F
superheated with steam leaving the superheater at 1100 F
instead of 1050 F.

It is not necessary to use more than one design
temperature in the superheater  The calculated maximum
tube wall temperature is 1133 F at the superheater outlet.
Calculations to determine tube wall temperature for the
superheater are included in the Appendix.

Reheater - The design temperature of the reheater was
figured on a similar basis to that used in the boiler bundle.
The reheater bundle was divided into three areas, each with
its own design temperature. The design metal temperature for
the tubes at the lower section 158 850 F, the middle section
design metal temperature 1s 1000 F, and the top section which
sees incoming sodium at 1140 F and 1000 F steam 1s 1140 F.
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4.8 Recommended Feedwater Chemistry Requirements:

The recommended limits on feedwater entering the steam generator
are listed below. These limits are not established by the steam
generator which can operate with 1 ppm total dissolved solids in the
water as specified in this Contract. The recommended limits are set
by considering all of the equipment in the steam cycle, especially
the turbine. They are not unrealistic, but common in modern power
plant practice.

The pH valve should be adjusted to obtain 0.0l ppm iron maximum,

This will normally require a pH valve without the range of 8.5 to 9.2

at 77F.
Item Linit
Total Dissolved Solids 0.05 ppm Max.
Suspended Solids Minimum - Preferably Zero
Hardness 0.0 ppm
Organic 0.0 ppm
Free Caustic 0.0 ppm
Dissolved Oxygen 0,007 ppm Max. Preferably Zero
Carbon Dioxide Minimum ~ Preferably Zero
Total Silica (as Si 02) 0.02 ppm Max.
Total Iron (as Fe) 0.01 ppm Max.
Total Copper (as Cy) 0.002 ppm Max.

In modern central stations this feedwater purity is maintained by
elimination of condenser leakage, demineralization of make-up water,
careful control of chemistry of condensate system, and full-flow

condensate polishing demineraligers.
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' 5.0 GENERAL, DESCRIPTION OF STEAM GENERATOR:
Three (3) steam generators are required in the 1000 M.W.E.
system. One steam generator is shown assembled on drawing
20950 F.
5.1 Pressure Shell:

The pressure shell is 13 ft. I.D. and approximately
69 ft. long, including the upper and lower hemispherical
heads. The vessel stands vertically to an overall height
of approximately 77 ft. including the cylindrical support
skirt and the sodium by-pass valve operating mechanism on
the upper head. Two sodium inlet nozzles are located in
the upper head. One sodium outlet nozzle is located in the
lower head. Four superheater inlet and four superheater
outlet nozzles are alternately arranged at equal spaces
around the shell just below the upper head. Nine feet
lower, in the boiler shell spool piece, four feedwater inlet
and four boiler outlet nozzles also are alternately arranged
at equal spaces around the shell. The boiler outlet nozzles
are connected to the four superheater inlet nozzles by
external piping.

Drawings 20951 F, 20952 F, and 20953 F, show the three
main sections from which the steam generator is assembled,
the shell, boiler, and superheater respectively. These three
sections would be fabricated separately in the shops and
assembled into one complete unit in the field. The full
flanged connections joining the three main sections allow
the boiler and superheater tube bundles to be individually

removed for repair or replacement. To provide a leak-proof
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seal at the flanges, a welded seal membrane is used.
. The superheater section, (drawing 20953 F), consists
of the upper hemispherical head, top shell, top shell
flange, superheater nozzles and their tubesheets, the sodium
inlet and distribution system, the upper section of the
sodium by-pass valve, superheater tube bundle and its riser
and downcomer tubes, the superheater shrouds and superheater
tube supports, and the various safety devices in the upper
head. By cutting the boiler to superheater external
interconnecting pipes and the seal membrane, and unbolting
the upper flanges, the superheater section and its tube
bundle can be removed separately from the boiler section and
shell. The superheater tube bundle and shrouds are supported
from the upper hemispherical head.

The boiler section, (drawing 20952 F), consists of a
flanged spool shaped shell section, the feedwater inlet and
boiler outlet nozzles and their tube sheets, the boiler tube
bundle with its riser and downccmer tubes, the boiler shroud
and tube supports, and the lower section of the sodium by-
pass valve. The boiler tubes, shroud and tube support beams
are supported from its shell. Unbolting the lower flanges
allows the boiler section and its tube bundle to be withdrawn
from the shell leaving the shell and its liner in place.

The shell section (drawing 20951 F) consists of the
shell flange, straight shell section, lower hemispherical
head, sodium outlet nozzle, support skirt, and shell liner.
This section is bolted to the foundation steel.

5.2 Sodium Flow Path (Figures for 100% Load):
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By referring to drawing 20950 F one can trace the flow
path of sodium through the steam generator. Total sodium
flow rate through the steam generator is 15.59 x lO6 1b/hr.
Incoming sodium at 1140° F enters through two - 24 inch
sodium inlet nozzles at the top of the vessel and flows down-
ward through the sodium distribution system, and is uniformly
distributed over the tubes at the entrance of the superheater.
It then flows downward in cross flow over the helical coil
superheater tube bundle, and leaves the superheater at 1013°F.
The sodium continues downward in cross flow over the helical
coil boiler tube bundle (primary superheater section, film
boiling section, nucleate boiling section, and economizer
section) leaving the steam generator at 644°F through one -
32 inch sodium outlet nozzle at the bottom.
Steam and Water Flow Path (Figures for 100% los

By referring to drawing 20950 F one can also trace the
flow path through the water and steam side of the steam
generator. Total steam flow rate through the steam generator
is 2.403 x 106 1b/hr. Feedwater enters the steam generator
at 530° F through the four boiler inlet nozzles arranged
around the vessel and flows downward in downcomer tubes
arranged in the annular space between the boiler tube bundle
and the shell liner. Feedwater flows to the bottom of the
boiler tube bundle in these downcomer tubes then turns and
flows upward in the helical coil boiler tube bundle,
(economizer section, nucleate boiling section, film boiling
section, and primary superheater section), where it changes
to steam and continues upward in the boiler riser tubes at
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750° F to the four boiler outlet nozzles. Each of the four

circuits from feedwater inlet to boiler outlet contains 169

tubes for a total of 676 tubes in the boiler section. Each

tube 1is continuous from the inlet header to the outlet header.

The steam flows at 750° F from the four boiler outlet
nozzles to the four superheater inlet nozzles through exter-
nal interconnecting pipes then flows downward in the super-
heater downcomer tubes arranged in the annular space around
the superheater tube bundle. The steam then turns and flows
upward in the helical coil superheater ‘ube bundle, continues
upward in the superheater riser tubes and leaves the steam
generator at 1050° F through the four superheater outlet
nozzles. Each of the four superheater inlet-to-superheater
outlet circuits contains 305 tubes for a total of 1220 tubes
in the superheater section.

1. Steam Flow During Start-Up. The start-up system is
described in section 8.0. The steam generator is
connected to the start-up system through the boiler
outlet-to-superheater interconnecting pipes. During
start-up while the boiler section is not yet producing
dry steam, the steam and water mixture coming from the
boiler outlet nozzles is taken to a flash tank in the
start-up system where the steam and water mixture is
separated. The dry steam from the flash tank is then
returned to the steam generator and introduced into the
superheater inlet nozzles through the interconnecting
pipes. After the boiler section is producing dry steam,
the start-up system flash tank 1s by-passed and the steam
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flows directly from the boiler outlet nozzles to the super-
heater inlet nozzles through the interconnecting pipes.
Sodium By-Pass Valve:

With the use of a sodium by-pass around the superheater
and boiler it is possible to maintain steam temperature at
1050 F from full load to loads as low as 20%. The sodium
by-pass valve hangs vertically in the center of the steam
generator. This location (center of the tube bundles)
lends itself for this purpose because it would be impractical
to coil the tube bundles all the way in to the center of the
vessel. This by-pass valve is a motor operated sleeve type
valve with two sets of ports, one set at the bottom below
the boiler tube bundle and the other set above the super-
heater tube bundle but below the sodium level. The two
sets of ports are operated in tandem on a single sleeve, one
set of ports opening as the other set is closing. For full
load operation the valve sleeve is raised to close the upper
ports and open the lower ports. All the sodium flows down
through the tube bundles, through the lower ports, and leaves
the steam generator through the sodium outlet nozzle. During
part-load operation the sleeve is lowered, closing off a
portion of the lower ports and opening a portion of the upper
ports. This permits a portion of the sodium to by-pass the
tube bundles and flow directly down through the valve sleeve
to the sodium outlet nozzle.

Argon Gag Blanket:
The tube bundles are enclosed in a shell liner which

contains the sodium. This liner is separated from the shell
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by a two-inch annular space filled with argon gas. The

gas volume above the sodium level is approximately 2300 £3
and operates at a pressure of 20 psi. The argon gas serves
to dampen pressure excursions that may result in the event
of a sodium-water reaction.

Since the tube sheets, vessel flanges, and the support
skirt-to-shell attachment are most sensitive to temperature
changes these parts are arranged to be in contact with argon
gas instead of sodium. Therefore, they are protected from
the rapid sodium temperature changes that are typical of
any sodium-heated steam generator. Thermal stresses in the

tube sheets are limited to very small values.

Access to Tube Ends:

Access to the steam and water side of the tube sheets is
provided through six 4" diameter removable handhole caps in
the spherical portion of each inlet and outlet header. These
removable handhole caps are of the conventional type used in
normal power plant design, and provide access to the tube
ends for inspection and plugging. For performing major work
within the headers, the connecting piping or the whole
hemispherical cover may be removed to provide a larger
access opening.

Shrouds:

Sodium flow is directed in cross flow over the tube
bundles, and prevented from by-passing down through the
annular spaces containing the riser and downéomer tubes, by
the use of long cylindrical shrouds extending up above the

sodium level and down to the lower ends of their respective
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tube bundles. The superheater shrouds are suspended from
the upper hemispherical head. The boiler shroud is suspended
from beams attached to the shell of the boiler section.

At the center of the tube bundles, the 30" 0.D. pipe
serves as a shroud and also contains the sodium by-pass
valve. The upper section of this pipe is suspended from the
upper hemispherical head. The lower section is supported
through the boiler section.

The superheater inner shroud separates the superheater
downcomer tubes from the superheater tube bundle and its
riser tubes. This shroud is 94" I.D. x 3/8" thick above the
sodium level. Below the sodium level it changes to a double
shroud whose inner wall is 93-1/2" I.D. x 3/8" thick and
whose outer wall is 95-1/8" I.D. x 3/8" thick. A double
shroud is used below the sodium level to reduce heat transfer
to the downcomer tubes, and also to reduce the thermal
stresses in the shroud itself due to high temperature
gradients expected across the shroud in this area.

The superheater outer shroud separates the superheater
downcomer tubes from the boiler riser tubes. This is a single
thickness shroud 117-3/4" I.D. x 3/8" thick.

The boiler shroud separates the boiler downcomer tubes
from the boiler tube bundle and its riser tubes. This shroud
is 133-1/2" I.D. x 3/8" thick above the sodium level. Below
the sodium level it changee to a double shroud whose inner
wall is 133" I.D. x 3/8" thick and whose outer wall is
136-7/8" I.D. x 3/8" thick. A double shroud is used in this

area to redute heat transfer to the downcomer tubes, and
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also to reduce the thermal stresses in the shroud itself due
to high temperature gradients expected across the shroud.
5.8 Sodium Distribution System:

Sodium entering the steam generator through the two
sodium inlet nozzles flows into a 19-1/4" I.D. round ring
type header then flows downward in eight - 12" I.D. sodium
downcomer pipes whose lower ends are capped. The sodium
flow from each of the eight sodium downcomers is distributed
through an array of 1/2" diameter holes into the area above
the superheater tube bundle, but below the normal sodium
level. Baffles are arranged at the cutlet ends of the
sodium downcomers to assure that local high velocity streams
leaving the downcomers of 11.4 ft/sec. will not cause super-
heater tube vibration. From this area the sodium flows
downward in cross flow over the superheater helical coil
tube bundle. The sodium velocity in the superheater tube
bundle is 6.7 ft/sec.

5.9 Interconnecting Piping:

In order to conduct steam from the boiler section to the
superheater section, four interconnecting pipes are installed,
each carrying steam from one boiler outlet nozzle to cne
superheater inlet nozzle in four parallel circuits. Each
interconnecting pipe is located outside the steam generator
and may be seen on the plant arrangement drawing, Figure 1.
Steam flows from the boiler outlet nozzle into the lower
horizontal leg of the pipe, turns and flows upward in the
vertical leg, then turns and flows in the upper horizontal
leg into the superheater inlet nozzle. The piping is 8"

28



Vol. 1
double extra heavy pipe size with a concentric reducer at

each end adapting to the 12" Sch. 160 pipe size boiler outlet
and superheater inlet nozzles. |

This interconnecting piping serves as a convenient
location for the bi-metallic weld joining the Croloy 2-1/4
boiler material to the TP-316 stainless steel superheater
material, having the bi-metallic joint outside the heat trans-
fer zone, and exposed to room atmosphere. With this arrange-
ment if a leak should cccur in the dissimilar weld, it would
leak to atmosphere rather than a leak to sodium.

This interconnecting pipe also serves as a convenient
location for superheater by-pass control during start-up.

Bach interconnecting pipe has in its vertical leg a superheater
isolation valve and two connections leading to the start-up
system. The start-up system is described in section 8.0.

The steam pressure drop at 100% load through this inter-
connecting piping from the boiler outlet headers to the super-
heater inlet headers is approximately 31 psi.

An alternate piping design was considered wherein the
four boiler outlet nozzles were connected to a circular heaager
around the steam generator and the four superheater inlet
nozzles were also connected to a circular header around the
steam generator. The two circular headers were interconnected
with vertical piping. This design was not practical for
thermal stress reasons.

Another alternate piping design was also considered,
wherein two boiler outlet nozzles were connected together

with a horizontal pipe and two superheater inlet nozzles were
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also connected together with a horizontal pipe. These two
horizontal pipes were then connected with one vertical leg.
In this manner two parallel circuits joined the boiler outlet
nozzles to the superheater inlet nozzles. This design con-
cept appears feasible and may be adopted pending economic
considerations.
Design of Tube Bundle:

The boiler and superheater sections are made up of
helical coiled tubes. There tubes are formed into a
circular bundle around a 30 inch diameter center pipe.

The boiler tubes are 1" 0.D. Croloy 2-1/4" on 1-1/2"
transverse spacing and 1-3/8" parallel spacing. The pitch
angle on each tube is approximately six degrees. The tubes
are arranged in 34 rows with the number of tubes per row set
to give nearly equal tube lengths of 131 ft. With 676 tubes
in the bundle the inner coil diameter is 32 inches and the
outer coil diameter is 131 inches. The number of tubes per
row varies from 8 on the inner row to 32 on the outer row.

The superheater tubes are 7/8" 0.D., SA-213, TP-316
stainless steel, on 1-1/4" transverse spacing and 1-1/4"
parallel spacing. The pitch angle on each tube is approxi-
mately 17 degrees. The tubes are arranged in 25 rows with the
number of tubes set to give nearly equal tube lengths of
40 ft. The number of tubes per row varies from 24 on the
inner row to 72 on the outer row. (total 1220 tubes)

The tube ends at the lower end of each bundle are
connected to downcomers. In the lower boiler bundle these

downcomers descend from the feedwater tubesheets located in
- 30 -
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the spool section of the shell. The downcomers are 5/8" 0.D.

x .076" MW and are fitted to the coiled section by means of
a swaged tube section. The smaller downcomer tubes provide
an added pressure drop at the boiler entrance to improve
boiler flow stability. The superheater downcomers are the

same size as the superheater bundle tubes.

5.11 _Description of Mechanica]l Parts of Steam Generator

1. Boiler Tube Supports

A system of Boiler Beam Supports attached to the
boiler shroud serves as the main support for attachment of
the helical coil tube bundle supports (See drawings 20950F,
20954F, and 20952F). Eight coil supports are equally spaced
around the coil. Each coil support (SK-1012-4) consists of
a hanger bar attached to the beam supports through two
adjustable hanger rods, and individual coil support bars
suspended from the eight hanger bars. Each individual
coll support bar is scalloped to hold a vertical row of
tubes. The tubes are held intc the individual coil support
bars by two scalloped side bars which also serve to hold
the individual coil support bars in radial rows. This coil
support arrangement allows individual expansion of each
vertical row of tubes in the coiled bundle.

The boiler riser and downcomer tubes pass through plate
type and also strap type vibration supports.
2. Superheater Tube Supports

The superheater tube supports are similar to the boiler
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tube supports. See drawings 20950F; 20954F, 20953F, and
SK-1015-4.
3. By-Pass Valve Control Rod Seal

The by-pass valve is actuated by a control rod through
the top cover plate. Two seals are provided between this
actuating rod and the cover plate (See drawing SK-1030-2).
The upper seal is of the conventional packing gland type.
The lower seal is a bellows-type with its upper end attached
to the cover plate and its lower end attached to the control
rod.
4. Sodium Inlet Nozzle

The sodium inlet nozzle (drawing SK-511-4) contains a
thermal sleeve to protect the nozzle-to-vessel joint from the
thermal transients associated with sodium systems.
5. ©Steam Generator Cross Section Dimensions

The pertinent radial dimensions throughout the steam

generator are shown on drawing SK-1026-2.
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TABIE ]
HEAT TRANSFER AND PRESSURE DROP RESULTS

BOILER BUNDLE

Parameters for One Unit Three Units Required
for 1000 MWe

Operating Conditions (Full Load)

Heat Load 1734 x 100 Btu/hr

Sodium Flow 15.59 x 100 1b/hr

Sodium Inlet Temperature 1013 F

Sodium Outlet Temperature 644 F

Sodium Pressure Drop 1.8 psi

Steam Flow 2.403 x 106 1b/hr

Feedwater Temperature 530 F

OQutlet Temperature 750 F

Outlet Pressure 2565 psia
Material

Tubes Croloy 2-1/4 T-22

Shells, Heads Croloy 2-1/4

Tube Sheets, Nozzles Croloy 2-1/4

Heat Transfer Results

Number Size Effective Length

Tubes - Econ. & Nucleate Boiling Sec. 676 1" 0.D. x .120" MW 60.0 ft.

Film Boiling Section 676 1" 0.D. x .145" MW 53.0 Tu.
Superheat Section 676 1" 0.D. x .165" MW 18.4 ft.
131.4 £t.
Over-all Heat Transfer Coefficient
Economizer 589 B/hr £t2 F
Bosler Nucleate Boiling 709 B/hr ft2 F
Film Boiling 464 B/hr £t2 F
Superheater 473 B/hr ft<_F
Fouling Factor 3333 B/hr £t° F
Corrosion Allowance 0,009 inches
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TABLE 1
(CONTINUED)
Heat Transfer Surface
Total 23,255 £t°
Economizer 9,380 ftg
. Nucleate Bolling 1,240 ft
B ’
©1leT  pilm Boiling 9,380 ft2
Superheater 3,255 ft2
Boiler Inlet Tubes
Size 5/8" 0.D., x 0,076" MW
Length 53 ft.
Bojler Outlet legs
Size 1" 0.D. x 0.165" MW
Length 32 ft.
Pressure Drop (Steam Side)
Boiler Inlet Legs 25,20 psi
Economizer 6.52 psi
. Nuclear Boiling Section 1.00 psi
Boiler Film Boiling Section 26.30 psi
Superheater 19.54 psi
Outlet Legs 47,54 psi
Total 126,10 psi
Transverse Tube Spacing St 1.50"

Parallel Tube Spacing S11 1.375"
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HEAT TRANSFER AND PRESSURE DROP RESULTS

Parameters for One Unit

Operating Conditions (Full Load)

Heat Load

Sodium Flow

Sodium Inlet Temperature
Sodium Outlet Temperature
Sodium Pressure Drop
Steam Flow

Steam Inlet Temperature
Steam Outlet Temperature
Outlet Pressure

Material

Heat

Tube
Shell
Tube Sheets, Heads

Transfer Results

Tubes - Number

Size

Effective Length
Over-all H.T. Coefficient
IMTD
Surface

Superheater Inlet Tubes

Size
Material
Length

SUPERHEATER BUNDLE

35

Three Units Required

for 1000 MWe

596 x 10° Btu/hr

15.59 x 10° 1b/hr
1140 F

1013 F

6.7 psi

2.403 x 106 1b/nr
750 F

1050 F

2465 psia

SA-213 TP-316 S.S.

Croloy 2-1/4
TP-316 S.S.

1220
7/8" 0.D, x 120"
40.6 ft.

361.5 B/hr/fte F
161.3 F

11,330 ft<

7/8" 0.D. x .120"
TP-316 S.S,
28 ft.

MW
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TABLE 2
(CONTINUED)
Outlet Tubes
Size 7/8" 0.D, x .120" MW
Material TP-316 S.S.
Length 20 ft.
Pregsure Drop (Steam Side)
Downcomer Tubes 15.64 psi
Tube Bundle 28.30 psi
Outlet Tubes 21.26 psi
Total 65.20 psi
Transverse Tube Spacing St 1.25"
Parallel Tube Spacing S71 1.25"
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Vol. 1

6.0 GENERAL DESCRIPTION OF REHEATER:

Three (3) sodium heated reheaters are required in the 1000 MWe

system. One reheater is shown on drawing no. 20955 F. Sectional

views are shown on drawing no. 20956 F.

6.1 Pressure Shell:

6.2

The reheater shell stands vertically on a support skirt
and consists of two major sections, namely the upper section
and the lower section. Steam entrance and exit headers, and
also the sodium entrance pipe, are located in the upper
section. The tube bundle is attached to the upper section.
Sodium exits from the lower section. The support skirt is
attached to the lower section. The two major sections are
joined by a bolted-flanged connection,

Sodium Flow Path:

Referring to drawning no, 20955 F, sodium enters near
the top of the vessel through two sodium inlet nozzles, flows
downward through a sodium distribution system and is dis-
persed uniformly across the top of the tube bundle to prevent
local high velocity streams from causing tube vibration
problems. Sodium then flows downward across the helical
coll tube bundle, leaving the vessel at the bottom through
the sodium outlet nozzle. Sodium flow is directed over the
helical coil tube bundle with the use of an inner and outer
shroud, each extending above the sodium level,

The space above the sodium level is filled with argon

gas, Argon gas is also used in an annular space between the

sodium and the vessel shell to protect the vessel from rapid

godium temperature changes.
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Steam Flow Path:

Steam enters the torroidal rectangular box inlet header
through ten 6" steam inlet nozzles and flows downward to
the bottom of the helical coil tube bundle in vertical inlet
tubes arranged in the annuldr space between the helical coil
tube bundle and the shell liner. The steam turns and flows
upward in the helical coil tube bundle where it 1s heated and
passes upward in the vertical outlet tubes to the torroidal
rectanglilar box outlet header and exits through ten 8" steam
outlet nozzles. The torroidal rectangular box headers serve
as annular tube sheets and are located above the sodium level
to protect them from rapid QBdiwm temperature changes.
Removable handhole covers around the top of each torroidal
box header provide ready “access to the ends.for inspection and
repair.

Helical Coil Tube Bundle:

The helical coil tube bundle has a "stepped" tube wall
thickness to take advantage of thinner tube wall at lower
design temperatures, thereby increasing the overall heat
transfer rate and reducing the tube bundle size. The three
tube wall thicknesses are designated as Section A, Section B,
and Section C progressively, starting at the steamuinlet (or
lower) end of the helical coil tube bundle. The vertical
inlet tubes, Section A, and Section B, are of Croloy 2 1/4.

Section C is Croloy 5, since the tube will operate under
conditions which can cause steam side corrosion, commonly
called exfoliation, of Croloy 2 1/4. Some trouble has been

experienced in Croloy 2 1/4 reheaters of fossil fuel fired
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steam generators from "exfoliation" when the inner surface
temperature of the reheater tubes was higher than 1025F.
Oxide scale built up on the inside of the tube, then flaked
off and was carried into the steam turbine. Some jobs had
trouble at 1025F, many did not, but until more service
experience is available it was decided to change to Croloy 5,
which 1s more resistant to exfoliation, when the inner sur-
face temperature exceeds 1025F. The vertical outlet tubes
from the bundle to the torroidal rectangular box outlet
header are also Croloy 5.

The reheater tubes are on 2" transverse and 2" parallel
spacing throughout the bundle. The average pitch angle for
each tube is approximately 18-1/2 d;grees. The tubes are

arranged in 20 rows with the number of tubes per row set to

give nearly equal tube lengths of 100 ft. With 752 tubes in the

bundle, the inner coil diameter is 32-1/2" and the outer coil
diameter is 108-1/2 inches. The number of tubes per row

varies from 16 on the inner row to 56 on the outer row.
.
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6.5 Reheater Tube Supports
The reheater tube supports are similar to those in the

steam generator. (B8ee Par. 5.11-1 for boiler tube support

description) (See reheater drawings 20955F, 20956F, and
SK-1203).
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Parameters for One Unit

TABIE 3

Vol, 1

HEAT TRANSFER AND PRESSURE DROP RESULTS

REHEATER

Operating Conditjons (Full Load)

Heat Load
Sodium Flow

Sodium Inlet Temperature
Sodium Outlet Temperature
Sodium Pressure Drop (approximately)

Steam Flow

Steam Inlet Temperature
Steam Outlet Temperature

Outlet Pressure

Material

Tubes (Downcomers, Section A, Section B)

Tubes (Section C, Outlet Tubes)

Shell

Tube Sheets, Heads

Heat Transfer Results

Tubes - Section A
- Section B
- Section C

Tube Bundle Section A
Section B
Section C

Total

Three Units Required
for 1000 MWe

326.7 x 10° Btu/hr
2.41 x 106 1b/hr
1140 F

690 F

4 psi

1.71 x 106 1b/hr
655 F

1000 F

490 psia

Croloy 2-1/4 T-22
Croloy 5 T-5
Croloy 2-1/4
Croloy 2—1/4

Number Size Effective Length
752 1-1/2" 0.D. x .052" M.W. 53,20 ft.
752 1-1/2" 0.D, x .095" M.W. 28.06 ft.,
752 1-1/2" 0.D, x .225" M.W, 18.90 ft.

100,16 ft.,
Heat Transferred Over-all Heat Transfer Coef.,
(BTU /qr) L.M,T.D. (Btu/hr. ft2 F)

117.6 x 10° 52,1 F 160.9

108.6 x 106 89.3 F 165.5

101.2 x 106 122.8 F 166.5

326.7 x 100

Fouling Factor 3333 Btu/hr £t2 F.

Corrosion Allowance 0,009 inches.
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(CONTINUED)

Heat Trapsfer Surface

Section A
Section B
Section C

Total

Reheater Downcomer Tubes
Size

Number
length

Reheater Outlet Tybes

Size
Number
Length

Pressure Drop (Steam Side)
Downcomer tubes
Section A
Section B
Section C
Cutlet Tubes

Total

Transverse Tube Spacing Sy

Parallel Tube Spacing S1]1

42

Vol, 1

15,780 £t°
8,280 ft2
5,580 ft2

29,640 £t

1-1/2" 0.D. x .052" M.W.
752
50 ft.

1-1/2" 0.D. x .225" M.W.
752
10 ft.

25.68 psi
2!!
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Vol. 1
7.0 SUMMARY OF PERFORMANCE:

The steam generator and reheater were sized on the basis of full
load conditions shown in Figure A, The starting point for thermal
design was the calculation of a heat balance based on the specified
sodium temperatures to and from the intermediate heat exchanger
shown on Figure 5 ,and the heat requirements of the steam cycle.

The main variable in the secondary loop was the sodium flow to
each component to satisfy heat balance requirements. Once this was
established, it was possible to set surface requirements in the steam
generator and reheater for full load conditions.

In addition to the heat balance requirements, the steam generator
and reheater were designed to fixed pressure drops, 250 psi in the
steam generator and 50 psi in the reheater and piping. The pressure
drop of the major components in the steam generator are snown on
Figure 12. The 250 psi pressure drop was selected as an economic
balance between pumping cost and heat transfer surface.

7.1 Heat Transfer:

1. Sodium Side:

The sodium side heatl transfer calculation is based on
the correlation developed for heat transfer ts cross-flowing
mercury in a staggered tube bank. The correlation is as
follows:

Nu = 4.03 + 0.228 (Pe)'’
For definition of terms see Section 7.3

This correlation does not fit our tube geometry exact-
1y, since the helical coiled bundle has flow acrocss an in
line tube bank. However, the inaccuracy due to using this

correlation 1s estimated to be less than + 10%. Since the
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sodium film resistance has little effect on the total
heat transfer resistance of the steam generator, any small
error in using this cross flow correlation does not
materially affect the over-all heat transfer surface
requirements.

Fouling Factor:

A fouling resistance of 0.0003 hr ft2 F was used
on the inside (steam) side of the tubes?tuThis factor
is small but with the type of water chemistry required
for once-through steam generators, very little fouling
is expected.
Tybe Wall:

The tube wall thickness was calculated based on
Section VIII of the ASME Boiler and Pressure Vessel
Code. The allowable stress for the Croloy 2-1/4 material
and the TP-316 stainless steel material were reduced to
allow for the 30 year design life and the affect of
sodium on design stress. This is discussed in another
section of this report.

For vessels used in steam serviced the ASME Code
Section VIII, requires a corrosion allowance on the
metal surface in contact with the steam. For the type of
feedwater chemistry required in once-through steam
generators outlined in Section 4.8, the rate of corrosicn
is ,0001" per year or a total of .003" for a 30 year life
of the unit. In addition, periodic acid cleaning of the
unit will corrode the tubes to the extent of approximately

.00011 inches per year or a total for 30 years of ,0033".
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The addition of these two values gives a corrosion rate
.0063 inches in a 30 year life. The minimum allowance for
corrosion used in most of the Croloy 2-1/i section of this
steam generator is .009 inches, which should be sufficient
for this type of unit.
For heat transfer calculations an equivalent thick-

ness was used. The expression for this is te = 0D 1, OD
2 ID,

K/te where

The tube wall heat transfer conductance 1s hy
K is the thermal conductivity (Btu/hr-ft<-F/ft)

tube ﬁall temperature.

Water-Steam Side:

A ~ BEconomizer - The heat transfer conductance on the inside
diameter of the tubes is based on the Colburn equation for

single phase fluids as follows:

h = 0,023 X [DG 8 Cp4 o
D // K
h =0 023 G°8 C 04« k06
= ° (.502 -—p—-——————-’ (Modified FOI"m)

77 b

At some point in the tube near the region of
saturated nucleate bolling, subcooled nucleate boiling will
occur. This results in a higher heat transfer coefficient
than that for a single phase water, but this increase was
not considered in the design of this unit. The tube side
mass flow is high enough to prevent subcooled film boilirng
which gives a very low film conductance.

B - Nucleate Boiling - The saturatea nucleate boiling
film conductance was based on the Rohsenow equation.

hyg = © (Aﬂ_;c)2

o
U
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ﬁzve: _Z/'f;_

Arf

L'f‘i"/ 3

J[ b ()

C - Film Boiling - The heat transfer conductance for film
boiling was calculated using 50% of the value given by the

Colburn Equation based on average steam film properties.
. 8 -
Fres = (ao’jﬂozﬂ/%/[af_/f/
ol e

The values obtained using this correlation agree
closely with published data on film boiling and also
with calculation procedures used by the B&W Company in
the design of central station boilers.

D - Superheat - The heat transfer conductance for the
superheat region of the steam generator and the super-
heater bundle was based on average steam film properties

in the superheated region.

.8 ¥ 4.6
/75//" 0 023 _G__,//C’/, "é/)
o' i
7
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Pressure Drop:

1 - Sodjum Side - Crosg-Flow of Sodium - The pressure drop

correlation was for air and gas but the correlation is
in a general form and applies equally well for pressure
drop of water and liquid metals flowing across tube
banks. The equation is:

AP=/L4fNV,
Water - Steam Side - For the single phase regions of
water and steam the pressure drop used was the Darcy-

Weisbach equation listed below, using the Moody friction

1 aAp- fL VZ
D 217,

This equation has been modiieda to a more convenlent

oo (82 ) (3)"

factor,

form.

For the two phase region in nucleate and film boiling,
the correlation used was that developed by Martinell:

and Nelsono2

WMoody, L.F., Friction Factors for Pipe Flow

ASME Trans. Vol. 66 (1944) p. 671

*Martinelli, R.C., Nelson, D.B. - Prediction
of Pressure Drop Puring Forced Circulation
Beiling of Water" ~ ASME Paper No. 47-A-113,

ASME Transaction, Vol, 70 (1948) P 695-702,
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This correlation modifies the single phase pressure
drop by the addition of two phase flow factors.

AP = AP, (j:r ;O

Coiled tubes increase the straight tube pressure
drop due to the curvature of the tube. Therefore, the

pressure drop was increased by the factor.

7 Yo /
x

AFP= e AP

Definition of Terms

1 - Nu = 4.03 + 0.228 (Pe)-67 (1)

Nu:g% Pe:(g/g) (ng;‘j)

h = Average heat transfer coefficient, BTU/hr f1< F

D = Outside diameter of tube, ft,

K = Thermal conductivity of sodium evaluated at average
bulk temperatuire, Bvu/hr-ft/F

G = Mass flow of sodium - W, 1b/hr £t<

A
W = Flow rate =f sodium - 1b/hv

A

Cross secticnal flow area of tube bundle

- 2
exposed tc sodium flow 1t

1 Heat Transfer Rates to Cross-Flowing Mercury
in a Staggered Tube Bank II - By C.L Rickard,
0.E. Dwyer and D. Dropkin. ASME Transactions

57 - HT - 11
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b

Absolute viscosity of sodium evaluated at average

bulk fluid temperature, 1b/hr-ft

Cp = Specifie heat of sodium evaluated at average bulk fluid
temperature, Btu/l1b-F
2-h=0.023k (D_c>'8 (gp_/{)A (1)
D4 k
h =

0.023 ('%2) (gp;;_k% )

G = Mass flow of water or steam = W, 1b/hr-ft2
A

W = Flow rate of water or steam, 1b/hr

A = Flow area of inside of tubes, £1°

D = Inside dlameter of tube, ft.
Cp = Specific heat of water or steam, B/1b-F
k = Thermal conductivity of water or steam, B/hr-ft2F

Af = hbsolute viscosity of water or steam, lb/hr-ft.

This general equation is used for the subcooled water
region, film boiling and superheat regions. Properties are
evaluated at conditions existing in each region.

B-hnb=C(ATF)2 (2)

c = heg 4 Cp

o C, 4 o
c.- Eb’ 0,013 Lng-(;jéf’)

lMcAdams, W.H. Heat Transmission 3rd. Edition,

1954, p. 219.

2 Heat Transfer Notes, 1958, Summer Session M.I.T.,

W. H. Rohsenow.
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Heat transfer coefficient for nucleate boiling

= Temperature drop across nucleate boiling film, F
= Latent heat of saturated liquid Btu/lb.

= Absolute viscosity of saturated liquid, 1b/ft-ft.
= Surface Tension of saturated liquid, 1lb/ft.

= Density of saturated water, 1b/ft’

= Density of saturated vapor, 1lb/ft3

= Specific heat of saturated liquid, Btu/1b-F

= Thermal conductivity of saturated liquid, B/hr-ft.F
= Property Constant

= LfN vy

= Cross flow pressure drop, psi

= Number of major restrictions to flow through tube

bank.

H

Friction Factorl

1Friction factors are based on the following papers:
Gram A.J., Mackey, C.0., Monroe, E.S.
"Convection Heat Transfer and Pressure Drop of Air

Flowing Across In-Line Tube Banks - ASME Paper 56-A-127

Grimison, E.D.
"Correlation and Utilization of New Data on Flow
Resistance and Heat Transfer for Cross Flow of Gases

over Tube Banks" ASME Transaction, 1937, p. 583-594.

Jones, C.E., Monroe, E.S.
Convection Heat Transfer and Pressure Drop of Air

Flowing Across In-Line Tube Banks - ASME Paper 56-A-126
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o (8 %))

A P = Pressure Drop - psi
f: = Moody friction factor for cold drawn tubes.
A = Tube length, ft.
D = Inside diameter of tube, in.
VL = Number of velocity heads lost in entrance, exit
and bends,
A~ = Specific volume of fluid, £t2/1b
G = Mass flow of fluid, 1b/hr-ft2

Ao (Afwx) . g,

A Prp = Two phase flow pressure drop, psi

6 - A Prp

& Po = Pressure drop for saturated water flow, psi
(AP
(TKI§§} = Local two phase flow pressure drop factor

A Pa = Pressure drop resulting from acceleration

loss, psi
7- AP= eTrd/ExAPl
d = Inside diameter of tube, in.
R = Centerline radius of coil, in,

B P = Pressure drop in coiled tubes, psi
'
AP = Pressure drop in straight tubes, psi

7.4 Effect of Design Parameters on Heat Transfer:

1 - Location of Departure from Nucleate Boiling (DNB) -

The location of the point where nucleate boiling

ceases and film boiling starts is important for the calculation

of heat transfer surfaces. In nucleate boiling steam film

conductance is high, resulting in good heat transfer
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coefficients and low tube metal temperatures. In film
boiling the steam conductance is lower and tube metal
temperatures increase.

If the location of the DNB is known accurately then
the heat transfer surface required for the boiler can be
carefully determined with a saving of heat transfer
surface. For the initial design the DNB was set at 10%
steam quality, based on DNB data in straight horizontal
tubes. No data existed for the type of configuration
used in coiled tubes. Test work done under the Research
and Development part of this Contract indicates that the
DNB occurs at a much higher quality than what was assumed.
This means that there will be some excess surface in the
boiler tube bundle, which will be adjusted when the test
data is complete.

2 - Tube Arrangement and Sodium Flow -~ The tube geometry
used in the helical coiled boiler bundle consists of vertical
in line rows. The rows are slightly offset on the parallel

plane due to requirements of tube bundle construction,

Directlion of
Sodiwm F/oVJ

O O O _
O O O Fpara.l/e‘
Spacing , Sy

—v<:> <:> (:) <:> (:) (:).J__

° 0 99 7O

Spacing St
Sr
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The transverse and parallel spacing were established based
on manufacturing and tube support requirements. The bundle
is kept as compact as possible within these requirements.
The boiler tube spacing was. 1-1/2" in the transverse
direction and 1-3/8 inches in the parallel direction. The
superheater is of similar construction except the tube
spacing is 1-1/4 inches in the transverse direction and
1-1/4 inches in the parallel direction.

The sodium heat transfer coefficients is very
high, 11,260 B/hr £t F in the superheater bundle and 7,130
B/hr £t% F in the boiler bundle. Since flow and temperature
are set as a function of load, the only variable is the
flow area, The sodium heat transfer coefficient is pro-
portional to (Flow/area)'67 Changes in flow area affect
the sodium side heat transfer coefficient, but have little
effect on the overall heat transfer coefficient. Therefore
heat transfer surface requirements are only slightly affected
by changes in sodium mass flow and tube spacing.

The main concern in tube spacing is to prevent the
sodium from channeling through the tube bundle with little
temperature change. This would possibly occur if the trans-
verse spacing was greatly increased making wide lanes between
the tube rows, and the parallel spacing was decreased. The
helical colled design does not approach this condition.

3 - Effect of Steam Flow on Heat Transfer - The two main
resistances to heat flow are the tube wall and the inside
steam film. Little can be done to change the tube wall

thickness since it is designed to a specified temperature
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and pressure. The steam film is a function of steam mass
flow (W steam/Flow Area)*® The steam mass flow in this
design has been set as high as possible compatible with
the pressure drop requirements.
4 - Effect of Tube Size on Heat Transfer Requirements -
Barly in the design stage, a study was made to
determine optimum tube size. The tube wall is one of
the major resistances to heat transfer, so the smaller the
diameter the thinner tube wall, and the less heat transfer
surface required,
The tube diameters considered for the boiler

1

bundle were &' to 17" by 1/8" increments. For Croloy
2-1/4 tubes the 3/4, 7/8 and 1" OD tubes were almost equal
in cost. However, the number of required tube connections
due to the increased number of smaller tubes exceeded most
of the savings. The tube connections included the down-
comer and riser lengths and the attachment to the tube-
sheets,

The superheater tubes are Type 316 stainless steel,
.875" 0D, The minimum tube cost ranged between 5/8" 0D
and 7/8" 0D, Again the larger tube was selected to minimize
the cost of the end connections,

Since the allowable steam side pressure drop in
the reheater is very low, only larger OD tubes were studied
in the range of 1" OD to 2-1/2" 0D. Tube costs were nearly
equal, so 2" 0D tubes were selected. They resulted in the

best tube bundle configuration when length, tube spacing

and number of tubes were considered.
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5 - Effect of Temperature on Heat Transfer Requirements -

Since the tube wall and steam flow are somewhat
fixed within narrow limits and tube spacing has only a
small affect on sodium heat transfer, the over-all heat
transfer coefficient is not easily changed to any degree.

The steam generator then becomes sensitive to the
temperature differences between the sodium and the
steam. Outlet steam temperature and sodium inlet and
outlet temperature are fixed by the specified design
conditions. With saturation temperature constant at 676F,
the temperature difference from the superheater outlet to
the economizer outlet are firmly established. Therefore
the only temperature difference that can be varied is the
one where cool sodium meets incoming feedwater. A colder
feedwater temperature will increase the temperature difference
and reduce required heat transfer surface as long as the
gain in temperature difference is greater than the required
heat input.

If the sodium outlet temperature is increased above
650F significant reductions in required heat transfer
surface in the economizer and boiler can be made. A
higher sodium outlet temperature will have a significant
effect on temperatures at the pinch point", which is the
area where boiling starts. For example, if the sodium
outlet temperature were increased to 700°F, the saving in
steam generator heat transfer surface would be approximately

30%.
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7.5 Summary of Part Toad Operation:

The part load performance is summarized on figure A. The
tabulation shows required steam and sodium flows, and associated
temperatures from 100% load to 20% load. Since the steam
generator and reheater were sized at 100% lcad, all the sodium
flow goes to these components and the by-pass is closed,

At part load the by-pass valve is held in the proper
position to receive all sodium flow not used in the steam
generator and reheater., By-pass flow increases as load is
reduced from 100% to 40%. Between 40% and 20% the by-pass fiow
decreases due toc the heat requirements of the steam cycle.

Calculations show that the performance of the stainless
steel superheater bundle is relatively stable. With outlet
steam temperature constani at 1050 and a controlled sodium
inlet temperature, the outiet sodium temperature varied from
1013 to 929 F as load was reduced from 100% to 20% and sleam
outlet temperatures vary from 750 F to 715 F for the same
load range. This is shown on Figure 9.

The boiler bundle performance is sensitive to sodium flow
particularly at lower locads. This is due to a reduction in

sodium flow causing a low AT at the pinch point where nucleate
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LOAD |LOAD %
M.W, M.W. | LOAD wmmmmmm#

THERMAL |ELECT. | FLECT. : SODIUM p .
777.83|333.33 | 100 I TEMP|PRESS.| h |FLOW x10
625.67 |266.67 | 80 u 4 |TEMP|PRESS. h |FLow x10® LOAD| F. |psig |Btu/f# Lb/hr,
%;g.gg igg.gg ﬁg LOAD| F, |vsig Btu/#| Lb/hr. 130 1000 %75 1520 1.7%

. . x - 0 {1000 15221 1.
182,67 66.67 | 20 ‘ 100 110502425 1493, 2.h03 60 |1000| 318 NZ2h| 1.03
oo 1.838 4O |1000| 238 [1527| 0,702
; By-vess Flow 1,0 0.838 20 [1000| 158 [1529| 0,370
i \/ Control Valve 30 0 LS8
% YEMP, EBEIZ# STEAM
LOAD | F.
1gg 1140
FROM é0 | 1102 s REHEATER
REACTOR 40 {1088 ! -
20 /1070 6 £ |Q x10
TEMP| FLOW x10
E LO§D F, i Lb/h:. . F—STEAM ~r LOAD BtU/hI'o LgAD Bgu%g6
. 1go - 2 ur.NERATO! 138 2%38 100 327
0 | 1120 1,40 1
INTERMEDIATE 60 | 1102 2,50 (BOILER & S.H.) | 60 1336 80| 295
HEAT EXCHANGER Lo |1088| 2.98 Lo | 963 60 | 239
20 {1070 2,51 20 | 525 4 lgg
¢ |Q x106
LOAD| Btu/nr.
i !
100| 2657 : §
80{ 2135
60| 1625 {
40| 1138 4
20! 623
4 |TEMP.FLOW x106 % TEMP, [PRESS. h 4 | TEMP|FLOW x106 % [TEMP.PRESS.| h
LOAD| F. | Lb/nr, LOAD| F, |psig Btu/# LOAD| F, |Lb/hr. LOAD | F. | psig Btu/]
100! 6hly| 15.59 100 | 530 [2650 | 522 100 | 690 2.1 100 | 655 | 525 | 1329
60 | 475 '2490 | 458 60 | 630 1,68 60 | 570 | 350 | 1293
T0 4O |430 |[2uh0 | L1O 4o | 597 1.18 4o | 530 | 260 | 1278
REACTOR PUMP 20 1370 (2110 | 3L7 20 | ©62 0,6l 20 1485 | 170 {1263
€ TEMP. |FLOW x10° ~ {
LOAD| F. | Lb/hr. € |TEMP.| FLOW x10 . (SCgEMATiP ARRANGﬁMEN? i
100 | 650 18.0 LOAD F. ILb/hp, ﬁ end per ;gance ete |
80 {670 15.8 100 | 644 | 15.59 ‘ ONE STEAM GENERATOR LOOP
60 168 | B 00| 673 | 167 | [ 3-Laopa rea’d. tor
20| 753] 5 : B.&W. Co. Contrect No 610-0067
f By; JGClerk & JPButti S/13/6k
= e R T T RIS T, TR i LT
Flow Control Yalve FIG. A
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boiling starts.
7.6 Flow Stability:

The flow in a parallel tube system of a once-through steam
generator is stable only when an increase in flow always causes
an increase in pressure drop. Unstable flow is defined as that
condition where more than one flow can occur for the same
pressure drop.

While a complete analysis has not been completed on this
design, it is expected that instabilities will not exist above
20% load. Orifices at the boiler inlet in the form of smaller
tubes have already been installed in the unit. The largest
components of pressure drop occur in these inlet tubes and in
the boiler outlet tubes. At steady state both of these areas
have single phase flow.

Some instability may occur during start-up when a steam
water mixture will be leaving the boiler. Because the unit
will be operated on the start-up loop and the steam water
mixture leaving the boiler will be taken directly toc the
flash tank no trouble is expected. After superheated steam is
generated at the boiler bundle outlet at 20% flow, the flow will
be stable at that and all higher steam flows,

Sodium flow and temperature are an important influence on
the amount of superheat leaving the boiler bundle at any lcad.
This superheat has a great deal to do with determining whether
or not there is flow stability at that load. Consequently,
flow stability must be a consideration when the part load control
scheme is finally selected. However, even with this flow

sensitivity a good control system will be able tc keep this
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temperature near the design wlues.

Pump Location and Sodium Flow Control:

The sodium pump in the secondary sodium loop is a vertically
mounted, centrifugal, free surface pump. It can be located in
either the hot or cold leg of the loop. Since both the pump
and steam generator have interconnected gas spaces, the gas
pressure must be 47.7 psia in order for the pump to operate
properly. For cold leg operation the pump will operate at
atmospheric pressure. GCalculations to determine the pump
location are included in the Appendix.

Loop operation calls for variable sodium flow. Thig can
accomplished by three methods. First, a variable speed motor
could be coupled to the pump, but such a large motor would be
very expensive and may not be feasible. A gecond solution
could be a magnetic colpling between the motor and the pump.
This method has been used in other sodium loops and has worked
well. A third s .lution is to use a constant speed or two
speed pump and a throttling valve in the sodium pipe. This
will permit a flexible flow control with the least expense.

The main disadvantage is the loss due to excess pump power at
lower loads.
Effects of Possible Overdesign:

The heat transfer coefficients are based on correlations
each of which are deemed to be accurate to no better than + 10%.
The tube wall thickness and thermal conductivity could also vary
by at least + 10%. Normal manufacturing tolerances can also add

to inaccuracies to design calculations., The correlations
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are determined from data taken on carefully built and operated
laboratory equipment. There is a good possibility that the
performance of the three steam generatorg in this plant will
vary 2% to 3% between units,and the performance will vary 2%
to 3% during the life of the plant. Performance will also be
affected if it is necessary to plug faulty tubes., Because of
these inaccuracies the theoretical surface can also be in
error by about + 10%.

In order to be assured that the unit will meet performance
requirements, the calculated heat transfer surface in the
superheater bundle was increased by 10%. No excess surface
was added to the calculated surface in the boiler bundle,
due to the change in DNB from a quality of 10% as first
agsumed to a quality of 50% to 60% as determined by the R&D
program undertaken simultaneously with this design. Also the
effect of subcooled nucleate boiling has been ignored in the
initial calculations., A combination of these two factors will
give the boiler bundle about 7% excess surface.

If there is excess surface it will increase the performance
capability of the unit., This means an increase in steam flow
or steam temperature and will require some combination of
increased sodium flow, higher sodium iniet temperature or lower
sodium outlet temperature to balance the heat output. If the
increase in capacity is not required, the surface can be made
less effective by sodium by-passing through the pipe in the
steam generator,

The use of spray attemperators may be required for fine

control of steam temperature especially at part load, The
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superheater attemperator would be located in the pipe
connecting the boiler outlet header to the superheater inlet

header. The reheater attemperator would be located on the in-

let side of the reheater,

Part load Analvsis - Boiler and Superheater:

The part load operating conditions of the steam generator
are shown in figures 13, 14, 15, 16, and 17 for 100, 80, 60,
40, and 20 per cent of load. Part load is based on electrical
generation capacity at the turbine bus bar. Steam flow is
dependent to electrical load and cycle efficiency.
1, Determination of Total Sodium Flow
The total sodium flow is determined by a heat balance
on the loop, Steam inlet and outlet conditions and
steam flow are known so that the total heat required
can be established. The temperature conditions of
the IHX are specified. Therefore:
Wpg = &
CPna ATna
2, Performance of Stainless Steel Superheater Bundle
The performance of the secondary (stainless steel)
superheater is determined as a function of sodium

flow based on the following data for part loads:

TEMPERATURE, °F

ts
1220 Toges - TP 36 STN. STL!

% 'o.0.% .126'mw, (Larcuraten SurFace = 10,230 Frt)

B
h , ©%a , ENTHALPY
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Known Factors Unknown Factors
Te 15
t ts
W steanm Woo
A = 10,230 ft? Sec., S.H. Surface Q Sec. S.H.
he h5

The unknown factors are calculated as follows for the

secondary Superheater for each load:

Ao

Assume a sodium flow (Wna) and several sodium outlet
temperatures (T5). Using this assumed sodium flow,

(W

na

), calculate heat transfer from sodium side (Qna)

for each sodium outlet temperature (T5), based on
Sodium heat balance.

Qna = Wna Cpna (T6 - T5)

Qg = Q steam
Also for each sodium outlet temperature assumed (T5)?
calculate steam side heat transfer based on surface
area where steam enthalpy change is due to heat trans-
ferred from the sodium side,

a. Q steam = W steam (Ah steam)

b. h5 = h6 - Q gteanm

W steam
¢. Determine t5 from steam tables based
on h5a
d. Calculate over-all heat transfer
coefficients based on known steam
flow, assumed sodium flow, and

resulting temperatures,
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Vol. 1
e. ATm = (T - te) = (Tg - t¢)

(Ts - t5)
n (T - tg)

f. Using over-all heat transfer coefficients
(L%} and ATm as determined in steps (d)
and (e) above, and known superheater area

(10,230 f£t?) calculate,

Q=U AAm

For the assumed sodium flow (W_.) and the assumed

na
sodium outlet temperatures (T5‘s) prepare a graph
plotting heat transferred versus sodium outlet

temperature. Two curves will be produced, one for:

%ha = Wna OPpa ATng,

the other curve for:
U stean = U AATm

A graphical solution will be obtained at the

intersection of these two curves., At this inter-

section heat transferred and sodium outlet temperature

will be commen to both sodium side and also steam

side for the assumed sodium flow, Additional

sodium outlet temperatures may be assumed if

necessary to extend the curves for intersection.

In most cases, the soclution will lie between two

assumed sodium outlet temperatures.



BTy
Q, A, HeaT TransFERRED

Vol. 1

ook

D.

Eo

Ts ' °F) Teme OF Sopiom heAving Ske. S 4.

Assume additional sodium flows and repeat steps 4, B,
and G producing a solution for each sodium flow
assumed, This family of curves should produce
solutions generating a smooth curve,

Having known solutions of heat transferred (Q) versus
sodium temperature (T5) leaving secondary superheater
for each cf the assumed sodium flow rates, determine
the corresponding steam inlet temperature (t5) by

the methods in steps A and B above and prepare a
graph plotting temperatures (Ts, Tg, ts; and tg)
versus sodium flow., The steam outlet temperature
(t6) and also sodium inlet temperature (Tg) will be

constant for all sodium flows. Sodium outlet
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Vol. 1

temperature (T5) and steam inlet temperature (t5)

will be as determined from the above procedure.

Te Sodium In

te 5team Ourt

¢
\k

Wi, LB/HRI Sopivm FrLow

TEMPERATURE, °F

F. Repeat the above procedure (Steps 4, B, C, D, and E)
for each load.
Performance of Boiler Bundle
The performance of the boiler tube bundle is determined as
a function of sodium flow based on the following data for

part loads:

w
L]
;
14
3
-
N
ad +’l
Y
z
P I"o.p. .
1°0.D. ¥ .120" MM Fo.0.x.145 My, | *165 MM g 0.0
T *x.120" M.W,

CROLOY '2.52. TP3)6 STN.STL.

I ®%e. EnvraLry
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The Known Factors Are:

Vol. 1
The Unknown Factors Are:

t4 t2 T5
t T
3 t1 4
W steam T3
Q steam generator T2
Q@ econ Tl
Q NB W sodium
Q FB t5

Q S.H, (Total For P.S.H. & S,S.H.)
Surface Areas of Each Material

The procedure for calculation of the unknown quantities

is as follows:

A -~ Assume a sodium flow and calculate T, based on heat balance.

1

Calculate over-all heat transfer coefficients based on known
steam flow and assumed sodium flow, (For a quicker approx-
imation the sodium heat transfer coefficient is ccnsidered
to be constant since it has little effect on heat transfer.)
Knowing Ty, t3, t2, Q econ. Wna, calculate Ty from heat
balance.

Calculate AIm of Economizer.

Calculate surface requirements of economizer, Since a
stepped tube design was used, the heat transfer cecefficient
changes in the economiger if the tube length required
exceeded 59 ft. Two Lk% were required, depending on tube

wall thickness (.120" or ,145").
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file:///mknown

Vol. 1

/ Tz
‘lL \,,)pld- @/ ta
w ®
1 T
D ]
c
[ %
Iy
z o 1} -
P t‘ 1'0.D,x.120'Mw. | Vo.D.x . 145 MW

W, s EnThALPY

AL A, UsAe

Since Al is the known installed surface, solve for

Ao,
If A, is positive, part of economizer is compesed of
«145" min wall tubing. If A5 is negative, nucleate
boiling starts in the .120" min wall tubing.
Surface requirement of the economizer is the sum of
A] and Aj.
F - Determine length of tube required for economizer section.
G - Knowing Tp, ty; t3, QNB, Wna, Calculate T3 from heat
balance.,
H - Calculate ATm of Nucleate Boiling section.

I - Calculate surface requirements of nucleate boiling section,
T.

/ 3
A e e
¥
i ® | @
5 2
W Mh
# 'op,x. 120" MM, | 170.0.%. 145" M. .

h, 3 , Envuavrey

Que. . yn,.un,

DTm
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Vol. 1

Solve for A4g A3 is known since it is a function of

economizer length.

A3 = Total surface in 59 feet of tube minus Economizer
surface required.

If A3 1s zero or negative, all nucleate boiling

occurred in 1% 0D x .145" MW tube.

J - Calculate length of tube required for nucleate boiling section.
K - Knowing Ts, tgy tA’ QFBy Wpg, Calculate T, from heat balance.
L - Calculate ATm of film boiling section,

M - Calculate surface requirements of film boiling section.

Since film boiling may span three tube sizes it is necessary

to use the following equation:

_Qre. _y.A.+UA + U,A
AT/m =g S GAC 17

"

e

Ju
® “
2] |
el 3 ®
3 W
|ty >t t,
P
o, x.120" MM, 1"0.0, x 445" My, 1“0.0.x .w.e»"‘.u._.,,p>

h, B | EnThaLpry

Solve for A7. Ir A7 is zero or negative, 100% steam
quality is reached in the 1" 0D x 0.145" MW tube.

N - Calculate length of tube required for film boiling section.

0 - Calculate ATm of primary superheater section knowing T, T5,
t4, and t5., where Tg and tg are obtained from the secondary

superheater performance data (section 2 above) for the sodium
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7.10

Vol. 1

flow (wna) assumed.

P - Since the stainless steel superheater has a fixed area and
the remaining length of 1" 0D x .145" MW tubing is known,
calculate length of 1" OD x .165" MW tubing required for

the primary superheater section.

_Qﬂ'_ = U8 A8+ LL"(\7 Ts

ATm
/f?i////ts

&

gl 4

v

R

L4

¥

N

3

a tq. 4'""-0-*»'4-5‘»4.\». 1'0.0. x. 165" M.

‘ﬂ, BT s , ENTHALPY
Solve for /\7.
Q - Calculate length of 1" 0D x .165" MW tube required.
R - Add tube lengths for boiler bundle. If this length equals
the installed length, the sodium flow assumed is correct.
If not assume two or three other flows and repeat the
calculation procedure.
S - Establish a curve of assumed sodium flow vs. length. Correct
flow will occur when the tube length is 131 ft.

Part Load Analysis - Reheater:

The determination of sodium flow to the reheater at part
loads was similar to that used in the boiler. In this case there
is only one tube bundle with two sizes of Croloy 2-1/4 tubes

and a top section of Croloy 5 material.
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The procedure for calculation follows:

Knowns Unknowns
51 5!
t) T
W I,
T, Y9
A 9
A, Q3
Ay t2
Q total t

&
53]
Y
D
~
<
m
Iy
Q
x
u)
]s t o . v Le M I/I. »
"' 1%00.x 052 MW, | 120D .015"'MW, 200X .225 M.
CRoLOY 2% | Crotoy §

~€

h) BTXBJ EwnTuaLpy
a - Assume a sodium flow and calculate Tq based on a heat

balance.

T. =T, - Q
1 4
wna Cpna

b - Calculate over-all heat transfer coefficients,l)s, based
on steam flow, various tube thicknesses and assumed
sodium flow. (Since the sodium heat transfer coefficient
has 1little effect on over-all heat transfer it can be

assumed constant if a quicker approximation is desired).
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¢ - Calculate ATm for entire reheater.

d - Calculate surface requirements of reheater.

Qro*mt. - UlAl + UZA?_+ UBA3

FANy P
Solve for Aj.

If A3 is negative or zero, select another sodium
flow and repeat calculations.

Ir A3 is positive, calculate tube length required in
zone 3.

e - Assume several sodium flows so that the calculated A3
will bracket the actual area installed in A3. Draw a
curve of sodium flow vs. A3.

f - Determine actual sodium flow required for the installed

surface from curve. Determine T; from heat balance.

g - This calculation procedure must be repeated for each

part load required.
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8.0 START-UP SYSTEM:

8.1 Purpose:

In order to bring a once-through type steam generating system
into service with either a normal start-up or a hot re-start
following a turbine trip-out, an auxiliary start-up system is
required. The primary purpose of the start-up system is to pro-
tect the steam generating system and the turbine from abnormal
temperatures and operating conditions. The primary function of
the start-up system is to provide a means, during start-up, of
circulating water through the boiler section of the steam genera-
tor (but not necessarily through the superheater, turbine, or
reheater), in order to establish minimum flow in the circuits to
keep tube metal temperatures below the allowable limits; and to
allow matching the steam temperature to the turbine nozzle block
temperature before admitting steam to the turbine.

Specifically, the start-up system is to be designed to per-
form the following functions concurrently or sequentially as
required:

(a) Provides a means for maintaining at start-up a safe

minimum flow through those pressure parts made of
Croloy 2-1/4 steel which might be damaged if exposed to
high temperature sodium with no flow on the water side.

(b) Provides a means to establish flow through the feed-

water system and clean up the water with a by-pass
demineralizer while protecting the stainless steel
superheater from contact with the boiler water,

(¢) Provides a means, without admitting steam to the turbine,

for maintaining a flow through the boiler during start-
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up until condensate in the non-drainable superheater
and also the non-drainable reheater has been boiled out.
Provides a means for discharging the steam leaving the
superheater at start-up until the steam conditions are
satisfactory for admission to the turbine.

Provides a source of steam early in the start-up sequence
for equipment such as turbine seals, deaerator, feed-
water heaters, and turbine driven pumps.

Recovers heat from the steam by-passing the turbine
during start-up, thus saving heat and start-up time.
Provides a means for maintaining during start-up the
minimum flow required through boiler pressure parts
exposed to high temperature sodium to keep metal
temperatures within design limits.

Provides a means for admitting clean, dry saturated
steam at the superheater inlet for turbine warming,
when the boiler is not yet producing dry steam.

Provides a means for controlling and mairtaining pressure
in the boiler start-up, while the turbine 1s out of
service, or while the turbine is operating at very low
loads.,

Provides an auxiliary steam relieving capacity after
start-up in the event of excessive pressure build-up in
the boiler.

Provides a means for matching steam temperature enter-
ing the turbine to the turbine nczzle block temperature
during a hot re-start following a turbine trip-out.

Prevents water from entering the stainless steel super-
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heater during hot re-starts to protect high temperature
components sensitive to thermal shock,

Provides a convenient means for acid cleaning the boiler,
superheater, and reheater, if desirable.

Dissipate flow of energy by-passing superheater and/or
turbine and reduce fluid pressure and temperature to
conditions suitable for introduction to condenser and
auxiliary equipment.

Facilitate the maximum possible rate of water clean up
during a start-up and low-load operation,

Provide means for blowing steam lines.

Provide a means of heating up the turbine at the pre-
scribed rate and temperature.

Facilitates heating up the steam generating system to

300 F, before filling sodium side.

8.2 General Description and Design Considerations:

The basic start-up system. as shown on Figure 18 consists of:

(a)

(v)

Superheater by-pass, consisting of the "boiler start-
up valves" and line connecting the boiler outlet to
the flash tank anead of the "Superheater isolation
valve." This by-pass from each boiler outlet is piped
to the flash tank.

Turbine by-pass, consisting of the "turbine by-pass
valves" and lines connecting the condenser and the
main steam line ahead of the "turbine stop valves.”
This by-pass system is used both during start-ups and
at very low loads to maintain steam flow through the
superheater while steam conditions are not satisfactory
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for admitting into the turbine.

' with a

High pressure "Superheater Isolation Valve,'
pressure reducing by-pass around it, between the boiler
and the stainless steel superheater. This permits
operating the boiler at high pressure while the super-
heater 1s not yet in operation.

Flash tank, which serves as a receiving vessel for the
by-passed fluid and separates steam and water. From

the flash tank steam and water are returned to the

cycle by various paths as shown on Figure 18.

Steam line with "Superheater Start-up Valves" connect-
ing the flash tank with the stainless steel superheater
inlet downstream of the "Superheater Isolation Valve."
This line permits steam flow from the flash tank through
the superheater for warming steam lines and heating up
the turbine.

"Superheater by-pass valve and lines around the secon-
dary superheater, permits additional superheater control
and is used during initial clean-up of tne system.

Flash tank drain line through "flash tank level control"
connecting to condenser for maximum heat recovery.

Flash tank drain line through "Condenser by-pass control"
connecting to deaerator allows maximum heat recovery
by-passing the condenser during early stages of cold
start-up.

Steam lines from the flash tank to the deaerator; tur-
bine sealing system, and to the high pressure feedwater

heater.
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(j) Steam line with "flash tank pressure control" connecting
to the condenser. Pressure in the flash tank and start-
up system is regulated through the "flash tank pressure
control."

(k) Attemperators are located in the turbine by-pass line
and the flash tank pressure control line to protect
the steam space of the condenser from high temperatures.

(1) The remainder of the start-up system is made-up of the
necessary valves, piping, and controls to allow the
system to function properly.

(m) One start-up system, interconnected with piping, serves
the three steam generating circuits.

(n) Motor-driven start-up pump provides circulation while
turbine-driven feed pump is not yet in operation.

Start-up Sequence:

The following section consists of a "preliminary draft" of
start-up sequences for normal "cold" start-up using the start-up
system. This draft is only preliminary pending limitations on the

reactor and primary sodium system, and other associated components.
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DESCRIZTION

Normal "Cold" Start-up of first Steam Generator Loop.

Normsl "Gold" Start-up of second Steam Generating Loop.



NORMAL "COLD" START-UP OF FIRST
STEAM GENERATOR LOOP

ASSUMPTTONS:

1. The start-up system will be used to start up the steam generator loop.

2. It is assumed that the Primary Sodium Loop (Reactor and Primary side
of I.H.X., is filled to normal level with sodium circulating slowly
at 300°F,

3., Maximum turbine operative load is 6 to 7% of turbine full load.
(equivalent to 20% full load of one steam generator loop,)

4. The non-drainable Superheater and Reheater are to be cleaned up and
boiled-out dry before operation,

5. Only one steam generator loop is belng started-up in this sequence.
The remaining two 1dops will remain indperative and isolated from
the system while the first steam generator loop is being started up.

6. The remaining two steam generator loops will be started up individually
after the first steam generator loop and also the turbine are in
normal operation.

7. Any temporary piping or equipment to be used for start-up is installed

Step 1.

and ready for operation.

INITIAL CONDITIONS

a.

b.

Sodium side of the steam generator and the reheater are clean, dry,
and purged with argon gas.

Steam side of Boiler, S.H., and Reheater have been acid cleaned, flushed,
and standing full with demineralized water unpressurized at approx.
80°F, (Steam side of Boiler, S.H., and Reheater are non-drainable.)

Adequate clean water (condensate or demineralized) should be available
in hot well storage and in clean water storage.

Flash tank, deaerator, and connecting piping are cleaned, flushed, and
filled with demineralized water.

Set points on all automatic controls are properly adjusted.

A1l remote controls and instrumentation checked and in operating
condition.
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Step 2.

Step 3.

Step 4.

All equipment.cleaned for operation and circuit breakers in operating
position.

Primary Sodium loop (Reactor and primary side of I.H.X.) is already
filled to normal level with Sodium circulating slowly at 300°F.

INITIAL CIRCUIATION OF WATER FOR CLEAN-UP IN BOILER

a.

Adjust valves so that flow cycle will be as shown in Fig. 1. Flow
path will be through start-up pump, high pressure F.W. heaters,
boiler tube bundle, boiler start-up velve, flash tank, flash tank
level control line, hot well of condenser, condensate pump,
demineralizer, low pressure F.W. heaters, and deaerator.

Start motor driven start-up pump following Manufacturers instructions
with flow control at minimum setting.

Increase flow rate to maximum available until one complete system
volume has been circulated.

Decrease flow rate to minimum setting.
The water temperature will begin to rise from heat input of the pump

and should be kept below 150°F entering the demineralizer so as not
to overheat the resins in the demineralizer.

INITIAL CIRCUIATION OF WATER FOR CIEAN-UP IN SUPERHEATER

a.

b.

Check to be sure that turbine stop valves are closed.

Adjust valves so that flow cycle will be as shown in Fig. 2. Flow
path will be through start-up pump, high pressure F.W. heaters, boiler
tube bundle, S.H. isolation valve, superheater tube bundle, turbine
by-pass valve, condenser, condensate pump, demineralizer, low pressure
F.W. heaters, and deaerator.

Increase flow rate to maximum available until one complete system
volume has been circulated.

Decrease flow rate to minimum setting.

Water temperature entering the demineralizer should be kept below 150°F.

INITIAL CTIRCULATION OF WATER FOR CLEAN-UP IN REHEATER

a.

Using temporary lines, adjust valves so that flow cycle will be as shown
in Fig. 3. Flow path will be through start-up pump, high pressure F.W.
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heaters, boiler tube bundle, S.H. isolation valve, superheater tube
bundle, temporary line to reheater, reheater, temporary line from
reheater, boiler start-up line into flash tank, flash tank level con-
trol line, hot well of condenser, condensate pump, demineralizer,

low pressure F.W. heaters, and deaerator.

b. Increase flow rate to maximum available until one complete system
volume has been circulated.

c. Decrease flow rate to minimum.

d. Increase flow rate to maximum available until two complete system
volumes have bteen circulated.

e. Decrease flow rate to 20% full load flow rate for one generator loop.

f. Water temperature entering the demineralizer should be kept below
150°F,

Step 5. FINAL CIEAN (P OF WATER IN STEAM GENERATING LOOP

a. Using start-up pump and flow path as shown in Fig. 3, continue
circulation at 20% full load flow rate (step #4.e) until water is
cleaned up to less than 1 p.p.m. total dissolved solids.

b. Water temperature entering the demineralizer should be kept below 150°F
NOTE:

If the second and third steam generator loops are also ready for start-up,
their components may also be cleaned up at this time to less than 1 p.p.m. T.D.S.,
by isolating each generating loop individually and cleaning up in accordance
with the above prncedures before proceeding to start-up the first generator
loop. If this cannot be accomplished at this stage temporary piping, pumps,
and clean-up equipment will be required for cleaning up the remaining steam
steam generator loops while the first generating loop is in operation.

Step 6. DEMINERALIZER BY-PASS

a. FEntire system water is now cleaned up to less than 1 p.p.m. total
dissolved solids. Non-drainable boiler, superheater, and reheater
are full and circulation is continuing per flow cycle. Fig. 3 at
flow rate of 20% full load flow rate. Water is unpressurized at approx.
100° to 150°F.

b, Open the by-pass around the demineralizer, then close the demineralizer
inlet and outlet valves.

’ c¢. Normal circulation will now by-pass the demineralizer except as
required in order to maintain purity of water at less than 1 p.p.m.
' total dissolved solids.
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Step 7. PREHEATING STEAM GENERATOR, REHEATER, AND SODIUM PIPING
IN PREPARATION FOR THE INTRODUCTION OF SODIUM

a, Still using temporary lines to reheater, open condenser by-pass control
valve and turn-off condensate pumps.

b. Adjust values for flow cycle as shown in Fig. 4. Flow path will be
through start-up pump, low pressure F.W. heaters, boiler tube bundle,
S.H. isolation valve, S.H. tube bundle, temporary line to reheater,
reheater, temporary line from reheater, flash tank, condenser by-pass
control valve, and deaerator. Flash tank pressure control and flash
tank level control will operate as required to maintain prescribed
pressure and water level in the flash tank. (Circulation is
by-passing the condenser, condensate pump, demineralizer, and low
pressure F.W. heaters to conserve heat and allow the system water to
heat-up faster.)

c. Using the start-up pump, continue circulation Cycle Fig. 4 at 20% full
load flow rate for one steam generator.

d. Raise Flash Tank pressure to 67 P.S.I.A. (Saturation pressure at 300°F,)

4
e. Water temperature will begin to rise from heat input of motor-driven

start-up pump.

f. Simultaneously, begin heating up steam generator shell, reheater shell,
and Sodium piping with electric heaters at the prescribed rate while
purging sodium side with argon gas.

g. Prescribed rate of heat-up for electrically heating shells and
piping is to maintain temperature differential between shells and
water below 100°F.

h. Continue simultaneous heat-up until steam generator shell, reheater
shell, sodium piping, and also water coming out of the reheater are
at 300°F,

i. OSteam Generator, Reheater, and Sodium piping are now preheated to
300°F for introduction of sodium.

Step 8. FILLING SECONDARY SODIUM LOOP (STEAM GEN., REHEATER, SODIUM PIPING)
WITH SODIUM

a. Continue to hold steam generator shell, reheater shell, sec. Sodium
piping and water temperatures at 300°F by energizing electrical heaters
and circulating water as required.

b. Flow Path will still be as shown in Fig. 4 using temporary lines to
and from reheater except that now the condensate pump may be turned
on and the condensate by-pass valve closed so that flow from the
flash tank will be through the condenser, condensate pumps, by-passing
the demineralizer, through the low pressure F.W. heaters, and to the
deaerator.
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Step 9.

Fill secondary sodium loop (Sodium side of Steam generator and
rcheater, Secondary Side of I.H.X., and Secondary Sodium piping)
with 300°F Sodium to normal operating level.

Start secondary Sodium pump and establish sodium circulation at
minimum flow rate.

Now Primary Sodium, Secondary Sodium, and water are all at 300°F.

HEATING UP BOILER, BOILING QUT NON-DRAINABLE SUPERHEATER AND

REHEATER

a.

b.

Adjust valves as required to establish flow cycle as shown in Fig. 5.
Reheater will boil out through vent to atmosphere.

Superheater will boil out venting through turbiné by-pass vdlve te.
condenser.

Water flow from Boiler will be through flash tank to condensers.

Remove temporary piping which was used to preheat the reheater.

Establish water circulation at flow rate for 20% full load for one
steam generating loop.

Increase sodium flow rate and establish flow rate for 20% full load
through steam generator, reheater, and I.H.X.

Increase flash tank pressure.
Bring up reactor temperature at prescribed rate.

Turn off electric heaters for steam generator shell, reheater shell,
and sodium piping.

Boiling will take place in the S.H. and the reheater when vented to
boil out.

As the sodium temperature increases the boiler temperature will begin
to rise, also the superheater and the reheater will continue to boil
out.

As the sodium temperature continues to increase, a steam-water mixture
will be discharged from the boiler to the flash tank, The water level
in the flash tank will drop to normal and steam will be separated from
the water in the flash tank,

As soon as steam becomes available from the flash tank, begin sealing
the turbine and pulling a vacuum.
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o. As soon as the turbine is sealed, additional avajlable steam may be
used to "peg" the deaerator.

p. If further steam becomes available after the deaerator is pegged,
the high pressure F.W. heaters will begin to operate to help heat
up the feedwater.

Step 10. START UP THE SUPERHEATER

a. After superheater is boiled out dry, open the S.H. start-up valve
and dry steam from the flash tank will pass through the superheater
and the turbine by-pass valve, to the condenser as shown in Fig. 6.

Step 11. PREHEATING THE TURBINE

a. After steam flow has heen established from the flash tank through
the supereheater and discharging to the condenser at the required
?ressuri, temperature, and flow rate begin to preheat the turbine.

Fig. 7

b. Turbine preheat requires 30,000 to 60,000'1b/hr. steam at 1000 PSI
and 675°F for approximately 10 to 16 hours.

c. OShut off turbine by-pass as required to maintain steam flow for
turbine preheat.

d. Transfer turbine seal steam from start yp system to normal steam system,

e. Additional steam control may be obtained by attemperating as-required
through the S.H. by-pass valve.

Step 12. SHUITING-DF START-UP SYSTEM

a. After turbine has been sufficiently preheated and superheated steam
is available from the boller, open the small by-~pass around the S.H.
isolation valve and allow pressure {0 equalize and piping and valve
to heat up.

b. Set turbine by~pass valve full open.

¢. Open the S.H. isolation valve.

d. Close boiler start-up valve and S,H. start-up valve.

é. Flow Path will be as shown in Fig. 8. Superheated steam will be passing

from the boiler directly to the superheater without going through the
flash tank.
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Step 13. ROLLING THE TURBINE

a.

Allow sufficient time for flow cycle shown in Fig, & for stabilized
flow through boiler and superheater.

Be sure that reheater has been boiled out dry, then close valve which
rented reheater to atmosphers.

Open the throttle valve and roll the turbine.

Steam from the H.P. turbine will automatically pass through the reheater
to the L.P. turbine as shown in Fig. 9.

After flow has been established through the turbines and reheater close
the turbine by-pass valve to bring the steam flow through the turbine
up to 20% generator full load flow (equal to 6 to #% turbine full load
flow.)

Increase turbine load and synchronize.

Transfer feedwater pumping from start-up pump to main feed pumps.

Put automatic controls into operation.

When turbine by-pass is fully closed, flow path will be "Normal
Operating Cycle" as shown in Fig, 10,
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NORMAL "COLD" START-UP OF

SECOND STEAM GENERATING LOOP

Note: This sequence is written to cover the basic philcsophies only for
getting a second or third steam generating loop on the line after the
first loop is at normal operation.

The details such as piping, valves, temperatures, flows, etc. are to
be developed after the basic philosophies are agreed to be acceptable
to all concerned.

INITIAL CONDITIONS & ASSUMPTIONS

a.

For illustrative purposes, we will assume that steam generating
loop #1 is in normal operation and loop #2 is to be started up.

The turbine is operating at 1/3 full load from steam supplied by
loop #1. Loop #1 is operating at its 100% full load. (F.W. Temp. =
approx. 370°F)

Loop #2 steam side has been acid cleaned, flushed, and non-drain-
able boiler tube bundle #2, superheater tube bundle #2, and
reheater tube bundle #2 are standing full with clean water at
room temperature of approx. 80° to 100°F.

Secondary sodium loop #2 (Steam generator, reheater, secondary side
of I.H.X. and secondary sodium piping) is clean, dry and purged
with argon gas.

Primary sodium loop #2 is full to normal operating level with
sodium circulating at minimum flow rate.

Sodium in primary loop #2 is at reactor outlet temperature and
no heat is being removed at the I.H.X.

Water side of non-drainable superheater #2 and reheater #2 need
to be boiled out dry before steam generator loop #2 goes into
operation.

Secondary sodium loop #2 (including Steam Gen. #2, reheater #2,
and sodium piping) to be preheated to at least 300°F prior to
filling with sodium.

After filling, sodium in secondary sodium loop #2 will be circulated
through steam generator, reheater and by-pass the I.H.X. while

being heated up with external heaters to temperature suitable
(approx. 650° to 700°F) for admitting into secondary side of I.H.X.

91 -



Step 1.

Step 2.

FINAL CIEAN-UP OF WATER SIDE OF STEAM GENERATING LQOP #2

=

Slowly admit boiler feedwater 370°F to steam generator #2,

routing through boiler tube bundle #2, pressure reducing station,
into flash tank, out of flash tank through superheater tube

bundle #2, through turbine by-pass line to condenser at prescribed
heat up rate.

Simultaneously with (a) slowly admit steam (approx. 500°F) from
outlet side of H.P. turbine through reheater tube bundle #2,
through temporary line to turbine by-pass and condenser at pre~-
scribed heat-up rate.

Simultaneously with (a) and (b) turn on electric heaters to
heat up shell of steam generator #2 and reheater shell #2 and
also secondary sodium piping at prescribed rate.

Simultaneously adjust turbine load to suit because steam from
loop #1 is being extracted to heat up loop #2, and loop #1 is
already operating at its full load.

Use full flow demineralizer as required to clean up circulated
water to less than 1 p.p.m. T.D.S.

Adjust water flow and electric heaters to #2 generating loop
to maintain no more than 100°F temperature difference between
metal temperature and water temperature.

HEAT UP, BOIL-OUT, AND FILL WITH SODIUM

a.

As the temperature rises in steam generating loop #2, the

water will boil out of the non-drainable reheater and be
replaced with steam. Also the non-drainable superheater will be
boiled out to the condenser and the superheater will be filled
with dry steam from the flash tank.

At some pre-determined temperature for steam generating loop #2
(say, approx. 300 to 400°F) fill the sodium side to normal

level with sodium which has been preheated to approx. 50°F higher
than the generating loop temperature. Secondary sodium by-pass
should be used to keep low temperature sodium from entering hot
I.H.X. The use of the secondary sodium by-pass should protect
the I.H.X. from thermal shock. Filling the sodium side of the
steam ‘generating loop with sodium at slightly higher temp. than
the generating loop temperature should keep water from condensing
in the tubes.

After filling sodium side of loop #2, start sodium circulation
and apply electric heat to heat up sodium at prescribed rate.

32 -



Cut steam & water flow through steam generator #2 and reheater
#2 to minimum and continue to heat up secondary sodium with
electric heaters until sodium temperature at outlet of secondary
sodium pump #2 reaches 650°F,

Slowly open sodium valves to admit 650°F sodium into I.H.X. #2
and close the sodium by-pass. Set sodium circulation at minimum
flow and allow temperatures to stabilize.

After sufficient time for temperatures to stabilize, increase
sodium flow rate and feedwater flow rate. Now sodium is being
feated by I.H.X. #2. Shut off electric heaters.

Continue to heat-up until superheated steam becomes avﬁilable
from the boiler. Then open S,H. stop valve and close Yalves to
flash tank. Superheater and reheater still venting td condenser
through turbine by-pass.

Continue to heat up until steam conditions match #1 steam
generating loop. Steam conditions may be matched more quickly
if power on #1 loop is reduced to minimum for turbine operation.

After Steam conditions are matched, transfer steam outlets of
superheater #2 and reheater #2 to line with #1 steam generator
and adjust turbine. Then put automatic controls into operation.
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9.0 SODIUM-WATER REACTION:

Introduction and Statement of Problem:

In any steam generator heated by sodium one must face the
possibility of a sodium-water reaction. Designing the steam
generator with double tube walls does not insure against a sodium-
water reaction. (As an example, Adams, et.al, KAPL - P - 1512,
describes sodium-water reactions in double tube steam generators
having mercury in the annulus).

One of the objectives of this sodium-heated steam generator
development contract is to develop an economical, practical, large
central station steam generator. Since double tube wall construction
does not insure against a sodium-water reaction and does multiply
the cost of the heating surface by a factor of about four, the
steam generator under this contract is being designed with a
single tube wall separating the sodium and water. It is felt
that, if sodium-heated steam generators are ever to be economical,
ways must be found to provide adequate safety from sodium-~water
reaction using single tube walls.

The over-all problem of sodium-water reaction can be divided
into large and small leak problems in which the hazards are quite
different. In the case of a large leak of water into sodium there
is a problem of relief of heat and reaction products, and the safety
of nearby personnel. In the case of the small leak the problem is
one of early detection and protection of the steam generator from
damage. Also in the small leak problem is the concern if the
small leak will become a large leak under some circumstances.
History:

Of the sodium-water reaction testing which has been done, most
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effort has been spent on what can be considered large
leaks. Until the tube failures on December 12, 1962, at
Enrico Fermi Station, very little thought had been given
to the small leak problems. The Fermi tube failures
shows that relieving of the reaction products, from a
leak in that location at least, was no particular
problem; but that severe corrosion of the tubes in a
zone surrounding the initial leak had occurred.

Since the Proposal that resulted in this Contract
was made before the Fermi failure had occurred the R&D
projects under this Contract on sodium-water reactions
originally described only imvestigation of a large
leak. As a result of the Fermi failures the scope
of work was redirected. A relatively small project was
begun at B&W Alliance Research Center on corrosion
of Croloy 2 1/4 material in the products of a sodium-
water reaction, and a subcontract was negotiated with
Atomic Power Development Associates to do an engineering

analysis of sodium-water reaction problems in the B&W
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Prototype Steam Generator and the Full Size Steam
Generator, In addition, APDA has a contract with the
Commission for R&D work, including actual leak testing,
to investigate small leaks of water into sodium.
Atomics International has a contract with ESADA

for investigating large leaks of water intc sodium in
a modular type steam generator.

To proceed with the Preliminary Design of the
Full Size Steam Generator before the R&D work is completed
it is necessary to make what are felt to be conservative
assumptions with regard to relieving the products of a
sodium-water reaction.

Each Steam Generator is provided with one 4" relief
valve set for 50 psi and twé 20" relief diaphragms. Each
Reheater is provided with one 4" relief valve and with
one 18" relief diaphragm. The 4" relief valves are
protected from build-up of sodium or oxides in the valve
by a 4" relief diaphragm between the steam generator or

reheater and the relief valve. These valves are used
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commercially and should present no problems in this
service.

Attempts were made to calculate the reaction pressure
and temperature using simplifying assumptions. Steady state
reaction calculations did not adequately represent the
problem of an actual sodium-water reaction. Transient
pressure calculations accounting for the inertia of the
sodium, assumed a step change in energy input at the
beginning of the reaction and resulted in an
infinite calculated hydrogen bubble pressure. This
only demonstrates the importance of the assumptions
used in making these calculations.

The scope of work under the Sub-Contract with
APDA is to do an engineering analysis of sodium-water
reaction problems in the B&W Full Size and Prototype
Steam Generators. The Sub-Contract was not signed
early enough to complete the analysis of the Full-Size
Steam Generator for this Report. The analysis of
sodium-water reaction problems in the Prototype Steam

Generator was begun first to have this work completed
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for inclusion in the Preliminary Design Report.

When the pressure-time plots have been made for
leaks assumed to occur at various locations in the
steam generator a dynamic shock type analysis will be
made of the structural adequacy of the vessel, liner,
and internal parts of the steam generator.

The analysis of the Full Size Steam Generator will be
done later, but will be included in the Final Design

Report on the Full Size Steam Generator.
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STEAM GENERATCR CONTRQOL SYSTEM:

The details of the control system for the Full Size
Steam Generator cannot be designed until the reactor,
intermediate heat exchanger, and steam turbine characteristics
are known. This section is a brief description of some
of the important criteria in the control system. The
Full Size plant will have three IHX's, three steam generators
and three reheaters operating in parallel. There is a
possibility of control instability among the three parallel
loops.

When the design of the Full Size plant is being made,
the control system will be designed. A simulstion of the
control characteristics should be mede to prove out stzble
control of the multi-loop plant.

The control system for this steam plant is divided into
two parts; a start up system and a control system for
normal operation. The start up system 1s described in
section 8.0. The control system used during the normal
operation must meet the following requirements.

1. The control system must follow load changes

guickly, but must be stable and not cycle or
hunt after a disturbance.

2. Main stesm pressure and temperature must be

maintained at 2425 psi and 1050F for all loads
from 20% to 100% load.

3. The reheat temperature must be held at 1000F

for all loads above 20%.
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Load Control:

This control scheme is an Integrated Boiler-Turbine
Generator Control System as shown on Figure 19. The
basic requirement of the integrated control system is
the matching of megawatt generation to unit load
demand, by properly coordinating the turbine throttle
valve position.

The basic boiler requirements are the maintenance
of balanced ratios of feedwater to steam flow, Btu
input to Btu output, and reheater absorption to high
pressure superheater absorption.

To change load on this type of system, the
megawatt demand slignal is given to the master boiler
control and the turbine valve control, so the boiler
can anticipate the change in steam flow. This same
demand signal initiates a change in sodium flow in
both primary and secondary sodium flow and reactor power
level. The total heat flow in each loop 1s measured
and kept in continuous balance as load is changed.

Superheat and Boiler Control:

The feedwater flow rate to the steam generator is
adjusted to meet steam demand while maintaining a
constant turbine throttle pressure. As an index
of heat load on the steam generstor, the feedwater
flow and temperature and superheater outlet temperature
are measured. This heat load is compared with the heat

load calculated by using the sodium flow and sodium
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inlet and outlet temperatures., Sodium flow is adjusted
to equalize the heat balance on each side of the steam
generator, and maintain superheater outlet temperature.
The sodium flow is adjusted by two valves. One
is the sodium bypass vealve in the boiler. This valve
bypasses the excess sodium flow in the secondary loop
not required to maintasin a heat balance. A sodium
flow control valve is installed in the pipe to the
intermediate heat exchanger to regulate the total
sodium flow in the loop as a function of system load.

Reheat Control:

The function of reheat control is to maintain a
constant reheat outlet temperature of 1000 F at
all loads above 20%. Sodium flow is adjusted to hold
the outlet temperature by means of a sodium flow
control valve in the inlet sodium to the reheater.
Reheater absorption 1s calculasted using steam flow and
the steam inlet and outlet temperature. The sodium
flow is adjusted to balance this heat absorption from
the sodium to the steam. This absorption is kept
within a specific percentsge of steam generator

absorption by means of a ratio control.
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11.0 IPROBLEM _AREAS AND R&D PROGRAM DIRECTED TOWARD SOLVING THESE PROBLEMS:

As design work has progressed on a full-size steam generator,
a number of problem areas have been uncovered in which adequate
design data is not available. These problem areas are as follows:

1. Material selection and utilization.,

2, Heat Transfer -- Effect of coiling tubes on the location

of the Departure from Nucleate Boliling, and the effect
of this on steam generator performance.

3. Corrosion of steam generator materials in the products of

a sodium-water reaction.

4. Welding of the tubes to the sodium face of the tubesheet.

5. Radiographing of these tube-to-tubesheet welds.

6., Chemical simulation of a sodium environment for shop leak

testing.,

7. Safe relieving of the products of a sodium-water reaction.

8., Uniform distribution of sodium over the heating surface in

the steam generator, and protection of the tubes from high
velocity impacting.

9. System control stability in a multi-loop plant.

Of these nine problem areas, R&D work is already in progress
on seven items under this Contract. The following is a brief
description of each of the problems and the R&D work being carried
on to solve these problems. A more detailed descripliocn of the
varicus R&D projects is contained in the Progress Reports and

Topiecal Reports on this Contract.
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11.1 Materjsls - Selection and Utilization:

Background Information

To meet the Commission objective of economical nuclear
power, the steam generator must be designed to utilize inex-
pensive material up to its safe use limits. This makes it
very important to know bthe use limits for each material
in the environment it will see in a sodium heated steam
generator, and for the 30 year design life specified in
this Contract.

It is well known that mass transfer occurs in sodium
systems whereby the ferritic alloys, such as Croloy 2-1/4,
are decarburized and the stainless steel portions are
carburized. Although considerable R&D work has been done
on the mass transfer problem, it is evident that further
work is required to determine if these problems will be of
concern in a closed loop with the quantities of Croloy 2-1/4
and Type 316 Stainless Steel involved in this design. A
related problem is what effect the composition of the
materials has on their mechanical properties after mass
transfer has occurred, and what design stress the steam
generator designer could use to account for these modified
properties.

In addition to the above problems on the sodium side,
tests have shown that accelerated corrosion can occur in
boiler tubes at the location of DNB under certain conditions.
Under some conditions a boiler tube can fail by corrosion

at the DNB point in less than twenty-four hours.
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This corrosion is controlled on fossil-fuel fired
boilers by careful control of water chemistry and by design-
ing the boiler to have the DNB point occur at a zone of low
heat flux. In this sodium-heated steam generator the sodium
is so much better a heat transfer medium that there can be
high heat fluxes with moderate temperature differences be-
tween sodium and water. With these high heat fluxes the
tube metal temperature can cycle over a wide enough range
at the DNB point to be of concern from thermal stress and
stress-accelerated corrosion.

R&D Project

A sodium-heated model steam generator has been constructed
to simulate both the problems of the sodium side and the water
side of the Full-Size Steam Generator. This model steam
generator is now in operation in an electrically heated test
loop at B&W Alliance Research Center.

The one-tube model steam generator was designed to simulate
the ratios of Croloy 2-1/4 to stainless steel surface exposed
to sodium, and to model the surfaces to volume ratios of the
secondary sodium system of the Full-Size Steam Generator and
I.H.X. Since it is felt that temperatures and temperature
gradients are important parameters in mass transfer, the model
steam generator was designed to simulate the tube temperatures
and temperature gradients of the Full-Size Steam Generator.
The test loop is arranged so that small samples can be removed
from the pipe walls at intervals during the test operation

without adding any new surface exposed to the sodium. These
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samples will indicate the rate at which material transport
is taking place, and after the completion of approximately
one year of operation the model steam generator will be
removed and cut up for more complete examination.

The model steam generator will have heat fluxes somewhat
higher than the Full-Size Steam Generator so the water side
of the model steam generator will undergo more severe duty
than is expected for the full-size unit. Destructive
examination of the model steam generator after the completion
of the test operation will show whether there is any evidence
of thermal fatigue or accelerated corrosion on the inside of
the tube.

A more complete description of the scope of work under
this project and present status is contained in the Progress
Reports for this Contract, and in B&W Research Report No. 5452.

11.2 Heat Transfer - Effect on Heat Transfer and Two-Phase Flow of

Coiling Tubes:

Background Information

In any once-through boiler, water enters subcooled and
leaves as superheated steam; so somewhere in the boiler,
nucleate boiling will break down and film boiling set in.

The heat transfer conductance under film boiling conditions is
much lower than under nucleate boiling so that, with a constant
sodium temperature outside the tube, the tube wall temperature
will increase sharply when film boiling begins. The DNB
fluctuates up and down the tube so that a point on the tube

wall will see a cycling, boiling conductance and a cycling
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inner wall temperature. This resulting cycling thermal
stress is of concern since it may cause fatigue failures
of the tube wall.

In addition to the thermal stress considerations, the
amount of heat transfer surface area required for a boiler
will be in error if predictions of the location of DNB and
film boiling conductance are in error.

A great amount of work has been done over the past 15
years by the B&W Company and others on film boiling problems,
but all of the prior work has been done on straight tubes.

The boiler being designed under this Contract has helical
coil tubes to make optimum use of the space.

R&D Project

Background Information

Coiled tubes simulating the inner row and outer row of
the Full-Size Steam Generator was fabricated and tested in an
existing test facility at B&W Alliance Research Center. These
coil test sections were instrumented for measuring temperatures
along the length of the test section and at six locations
around the tube at each position along the tube. Voltage
taps along the length of the tube were used to calculate the
heat flux at each thermocouple location. The coil test sections
were tested over a range of qualities, heat fluxes, and mass
flows simulating the full operating range for the Full-Size
Steam Generator.

The test operation has been completed and the results are

reported in detail in B&W Research Report No. 4438. Very
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briefly, this program shows that the coiling of a tube pro-
longs nucleate boiling to a much higher quality than is
observed for a straight tube operating under the same
conditions. Film boiling begins earliest at the portion

of the tube nearest the center of curvature and occurs later
toward the side away from the center of curvature. The
drawings for the Full-Size Steam Generator have not been
corrected based on the results of this project, but the
improved heat transfer because of prolonging nucleate
boiling, will allow using less heat transfer surface in the
steam generator and will save approximately $100,000. in the
cost for a 1000 MWe plant.

Corrosion of Steam Generator Materjals in Products of a Sodium-
Water Reaction:

Background Information

Severe corrosion has been observed under some circumstances
in the zone where a sodium-water reaction has occurred., Some
of the early investigators of sodium-water reactions observed
failures of test equipment by either stress corrosion or bulk
transcrystalline corrosion of the test apparatus. After the
tube failure and subsequent sodium-water reaction at Enrico-
Fermi Station in December, 1962, severe corrosion of the steam
generator tubes in the zone of sodium-water reaction was
observed. Some of the tubes had lost approximately one-half
of their wall thickness in a very short time.

It is felt that it is vital to know the conditions under

which this extremely rapid corrosion can occur in order to set
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operating procedures to follow after discovery of a tube leak
in a steam generator to protect the steam generator against
extensive damage.
R&D Project

A small project is in progress at B&W Alliance Research
Center to study the corrosion rates of Croloy 2-1/4 steel in
various concentrations of aqueous sodium hydroxide at various
temperatures, and various concentrations of sodium hydroxide
in sodium at various temperatures, up to 1500 F. Preliminary
results from this project indicate that the corrosion rate
for some concentrations of aqueous sodium hydroxide would
result in the amount of corrosion observed after the Fermi

tube leak.
11.4 Procedure for Welding Tubes to the Sodium Face of the Tubesheet:
Background Information

An expanded and seal welded tube-to-tubesheet joint can
develop a crevice exposed to the sodium side. Sodium vapor
will collect in this crevice. When the steam generator is
shut down for maintenance, moisture laden air finding its way
into the sodium side of the unit will result in a formation of
a strong caustic solution concentrated in the crevice, thus
presenting the classical conditions for stress corrosion of
stainless steel or "caustic embrittlement" of ferritic alloys.
In addition to this, if a small leak should develop in the
sealed weld of an expanded and seal welded joint, the strong
caustic solution will be formed similar to above and could

destroy the tubesheet.
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One way to eliminate the above problem is to machine a
projection on the sodium face of the tubesheet at each tube
and butt weld the tube to this projection.
R&D Project

One of the R&D Projects under this Contract is the
development of a welding process and quality control
procedures that will demonstrate a commercially feasible
process for making this type of tube-to-~-tubesheet weld in

the materials and thicknesses of the Full-Sigze Steam Generator.

11.5 ZX-Ray Inspection of Tube-To-Tubesheet Welds:

Background Information

By welding the tube to the backside of the tubesheet, it
becomes possible to x-ray the weld to prove its integrity,
whereas an expanded and seal welded tube-to-tubesheet joint
cannot be x-rayed. The best way to radiograph these welds is
to wrap the film around each tube and put a source within the
tube to radiograph the whole weld at one shot. The alternate
method is to take at least two angle shots from outside the
tube.

R&D Project

A small project was undertaken under this Contract to
look into the feasibility of constructing a radioactive source
that would produce x-rays emanating from a point source. This
source could be inserted within the tube and x-ray the tube-to-
tubesheet weld. Vendors of radioactive sources have stated

that such sources will be commercially available, and therefore
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no R&D work was required under this project. These sources will
be purchased as required to fabricate the Prototype Steam
Generator.
Chemical Simulation of Sodium Environment for Ieak Testing:

Leaching out of minute slag or oxide inclusions by sodium
is well known. Even though metal components are tested by
ultrasonies and magnetic particle methods and found to be
metallurgically sound, oxide inclusions may still be present.
When hot sodium comes in contact with these oxide inclusions,
the oxide leaches out leaving areas that are subjected to
accelerated attack and ultimate failure.

In a previous sodium-heated boiler proposal, the Company
considered shop tests whereby the boiler would be immersed in
sodium at operating temperature for approximately three days
to leach out any inclusions. The boiler would then be sub-
jected to a mass spectrometer test and any leaks repaired
before shipment. However, the many problems associated with
handling sodium in a manufacturing facility, together with
the problems of cleaning the sodium from the boiler after the
test to prevent the absorption of water from the air and
possible setting up of stress corrosion, make this test un-
desirable.

Recent studies have indicated that it may be possible to
find a solution that will react in the same manner as sodium
in leaching out oxide but will be easier to handle in a

manufacturing facility.
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The program is in progress at B&W Alliance Research Center
to investigate the feasibility of several reagents that will
be safe to handle in a manufacturing facility, and that can
be used at temperatures not exceeding perhaps 150 to 180 F.
11.7 Sodium-Water Reaction -- Epgineering Analysis:

Background Informstion

In any steam generator heated by sodium one must face the
possibility of a sodium-water reaction. Designing the boiler
with double tube walls does not insure against a sodium-water
reaction. (As an example, Adams, at al, KAPL-P-1512, describes
sodium-water reactions in double tube steam generators having
mercury in the annulus). Since double tube wall construction
does not insure against a sodium-water reaction and does
multiply the cost of the heating surface by a factor of about
4, the steam generator under this Contract is being designed
with a single tube wall separating the sodium and water. It
is felt that if sodium-heated steam generators are ever to be
economical, ways must be found to provide adequate safety
from sodium-water reactions using single tube walls.

The over-all problem of sodium-water reaction can be
divided into two problems:

1. Small leaks and corrosion.

2. Large leaks and relieving reaction products safely.

Work on the problem of corrosion in the products of
a sodium-water reaction is underway and 1s described

in Section 4.3 of this report.
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To design a sodium-heated steam generator which can
withstand a large leak without being a hazard to personnel
the designer needs to know:

1. The maximum energy release rate vs. time and position

in the steam generator.

2. The split of this energy between pressure effects

and temperature.

If it were possible to know these things the effect on
the steam generator could be predicted by thermodynamic and
hydrodynamic techniques. Neither of the two basic relations
is known with any certainty at this time. The sodium-water
reaction at the time of a leak is a complex one. The reaction
itself i1s almost instantanecus so the over-all limit is the
mixing of the reactants. The hydrogen formed from the reaction
tends to blow the reactants apart and they may come together
again some distance from the leak. The reaction is not a
steady one, but is very eradic.

Basic research on sodium-water reaction is underway under
other Contracts, but there are certain needs for information
for this design Contract that will not be met in time for the
building of the Prototype Steam Generator.

R&D Project

The purpose of this program, which is a Subcontract to
Atomic Power Development Associates, is to analyze existing
sodium-water reaction test data and apply this analysis to
the design of the B&W Full-Size and 30 MWt Prototype Steam

Generator.
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Scope

The scope of work under this Subcontract i1s as follows:

1. Analyze existing sodium-water reaction data and write
a mathematical model representing the reaction funda-
mentals.

2. Use this model to analyze the design of the B&W 30 MWt
Prototype Steam Generator with respect to sodium-water
reaction problems.

3. Revise the mathematical model as further test data is
accumulated under other R&D Programs.

4. Using the revised mathematical model to analyze the

problems of the Full-Size Steam Generator.

Distribution of Sodium over Tube Bundles:

Background Information

Uniform distribution of sodium over the heat transfer
surface of a sodium-heated steam generator is of great
importance. High local velocity has caused vibration and
wear of the tubes of the Enrico-Fermi steam generators, and
of the Hallam intermediate heat exchangers. The distributor
system for the steam generator being designed under this
Contract is designed as carefully as possible with exist-
ing data to distribute the sodium uniformly and to prevent
local high velocity streams.

Distribution devices are extremely difficult to design
accurately by analytical methods but are usually relatively
simple to prove out with simple water models. The duct work

and flow distributors for many conventional fossil-fuel
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fired boilers are proved out in water models before the
Full-Size Steam Generators are constructed. Since sodium
and water have similar flow properties, a simple water
model at room temperature will model the sodium flow
very accurately.
R&D Project

An estimate is being prepared of the cost to make a
small-scale water model of the flow distributor of the 30 MWt

Prototype Steam Generator.

11.9 System Stability and Control:
Background Information

In any multi-loop plant, such as the Full-Size Plant
that will use the steam generators described herein, there is
a possibility of control instability or oscillation between
the several loops. As central station power plants have
become larger, and the equipment becomes more expensive it has
become necessary to simulate the plant performance, including
the control system, on a differential analyzer type of analog
computer and prove out the control response characteristics of
the plant prior to putting the actual plant in operation. This
has prevented control difficulties after the plant goes into
service, and has prevented interruptions in service for control
adjustments or possibly damage to equipment.
R&D Project

A simulation of the performance of the sodium-heated steam
generators for the Full-Size Plant should be performed before

the Full-Size Steam Generators are built. Some of the informa-
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tion necessary for simulating the operation of the Full-Size
Steam Generator can best be obtained from the actual test
data when the 30 MWt Prototype Steam Generator is built and
tested. For this reason, the work on control simulation
should be started with a small effort during the time the
Prototype Steam Generator is being fabricated with the
major amount of the work and the actual simulation of the
control system taking place after the completion of testing

of the Prototype.
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12.0 COST ESTIMATE:

The estimated cost for the Full-Size Steam Generators to supply

steam to produce 1000 MWe is as follows:

First Plant Subseguent Plants

Three Steam Generators $14,181,400. $11,864,000,

Three Reheaters 5,148,550, 4,600,000,

Sub Total 19,329,950. 16,464,000,

Freight 1 230,000, 230,000.

Erection 1 146,000, 146,000,
Price, Delivered

&’Erected 19,705,950, 16,840,000.

Control System 534,050, 500,000,

Inert Gas System 10,000. 10,000.

Feedwater Heaters<? 1,250,000, 1,250,000,

Total 21,500,000, 18,600,000,

1. Freight and Erection are based on delivering to and installing the
steam generators at the hypothetical site described in "Guide to

Nuclear Power Cost Evaluation", TID-7025,

2. The feedwater heating cycle for this plant is based on 8 stages of
feedwater heating. These heaters were not designed in detail, but

an average cost of $1.25/KW for these heaters was used.
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