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ANAIYSIS OF THE PRESSURE EFFECTS AND SHELL STRENGTH FOR THE PROTOTYPE

SODIUM HEATED STEAM GENERATQR.

INTRODUCTION:

In any steam generator heated by sodium cne must face the possibility
of a sodium-water reaction, Designing the boiler with dcuble tube walls
does no* insure against a sodium-water reaction. As an example., Adams,
et al, KAPL - P-1512, describes sodium-water reactiorn in a double tube
steam generator having mercury in the annulus.

One of the objectives of this Contract is to develop an economical,
practical, reliable, 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 Cantract 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.,

Experience with sodium-water reactions in actual steam generators
is generally optimistic. Two small once-through steam generators built
for the Fermi program and for SRE have had nc leaks, A tabulation of
experience with leaks in steam generators is shown in Table III of
"Literature Review of Sodium-Water Reacticns", by J.A. Fgrd, APDA-167.

With the exception cf the ,Fermi Steam generator wear failures and re-
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sulting reaction, pressure rises and mechanical damage were either not
cbserved or were very minor. Local high temperatures, corrosion, and
stress corrosion were observed in several instances, however. In the
absence of more operating experience 'with. sodium-heated steam generators
the designer must consider the worst credible accident,

It is considered credible that sometime during the test life of the
Prototype Steam Generator some type of leak may develop in which water
will react with the sodium, This condition must be taken into account
in designing the Sodium-Heated Steam Generatcr. The design of the Full-
Size and Prototype Steam Generator is such that the steam generator shell
in each case is protected by a liner separated from the shell by an inert

gas annulus. A gas cushion is provided over the sodium in each steam

generator, and relief valves and rupture discs are provided for the safe relief

of the products of a sodium-water reaction.

There are two areas of concern in providing for the safe handling

of a sodium-water reaction in a steam generator. These are:

1. Small leaks - It is important to detect small leaks as early
as possible and take corrective action before corrosion re-
sulting from the scdium-water reaction has damaged the steam
generator and before the small leak has had a charce to become
a large leak. Reliable detection techniques are extremely
important. The Commissicn has an active program on the

development of leak detection techniques not under this Contract.
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2, Large leaks - In the case of large leaks it is important to
isolate the steam generator from the feedwater and steam headers
and vent the water to dump system. The more water that is re-
moved through an isolation and dump system the less water will
be available to react with the sodium., Rellef devides must
be provided to vent the products of the sodium-water reaction
safely without allcwing the pressure in the steam generator to
build-up higher than the steam generator can safely withstand.
The steam generator shell must be capaple of withstanding the
maximum pressure peaks that may occur at any time during the
reaction, This is imperatiwe for the safety of personnel and
equipment and is a prime design objective.

Generally, the problems of handling sodium-water reaction products
in the B&W Full-Size and the Prctotype Steam Generators will be quite
similar. The tubes in both the Full-Silze and Prototype Stepm Generator
are the same size so that the size of leak and quantity of reaction
products to handle will be the same. The transient pressure peaks
during the first few milliseconds will be similar 1in the Prototype Steam
Generator,

A co-operative effort program has been carried out by Atomic Power
Development Associates and the Babcock & Wilcox Company to analyze the
Full-Size and Prototype Steam Generators under conditions of a sodium-

water reaction accident., This program is divided into two parts. The



)
2 [y

first part of this study concerns itself with analyzing the Full-~Size
Steam Genera*tor 1o determine the credible maximum number of tubes that
may fail as a result of an initial leak from a single tube, and to
demonstrate that the products from thig reaction can be safely con-
tained and safely relieved. The second portion of the study is the
someyhat easier task of demonstrating that the Prototype Steam Generator
will be adequately safe to operate at BCTI.

Background work to both steam gpnerator systems has been done by
APDA under Subgontract No. 1 to this Cpntrmct. This has provided predie-
tions of the credible pressures and temperatures resulting from a dodium-
water reaction.

B&W has analyzed the strength of the steam generators to determine
the extent of damage due to APDA's predicted pressures and temperatures.
The agnalysis for the Prototype Steam Generator is described herein. The
analysis of the sodium-water problems in the Full-Size Steam Generator
are included in the Addendum to the Breliminary QResign Report; Full-Size

Steam Generator Report, BW 67-2 (a).
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CONCIUSIONS:

As a result of this study :t is concluded that the Full-Size Steam
Generator will withstand g credible number of tubes failing simultaneously
without, becoming a hazard to nearby peysonnel and equipment. Very con-
servative assumptions havé been used throughout, from the prediction of
prespures and temperatures by APDA Lo the dynamic analyses of the Steam
Generator shell and internal parts,

A short summary of the resul®s cf the several analyses are as follows:
DYNAMIC STRENGTH OF STEAM GENERATOR SHELL -- IMPULSE-MOMENTUM METHOD OF

ANATYSIS:

From this analysis it is concluded that the Full-Size Steam Generator

can withstand at least the simultaneoug failure of 25 tubes in the worst
location in the Steam Generator at the pressure condition resulting in the
highest leak rate,

DYNAMIC STRENGTH OF STEAM GENERATOR SHELL -- WORK-ENERGY METHOD OF ANALYSIS:

The work-energy type of analysis has ghown that the Full-Size Steam
Generator will withstand the simultaneous failure of 25 tubes in the worst

location in the steam generator at the worst case pressure condition.,

LOCALIZED BUIGE FAILURE QNALYSIS:

If a large number of tubes are assumed 1o fail near the liner wall
the liner and steam generator shell can withstand the simultaneous failure
of 25 tubes. Analyses were made of from one to 25 simultaneous tube

ruptuyes and the 25 tube ruptures in the worsi case, The greater number



of tubes spreads the pressure over more of the shell and the analysis

approaches the work-energy analysis for the whole shell,

CORROSION OF MATERIALS OF CONSTRUCTION IN PRODUCTS OF A SODIUM-WATER REACTION:

In addition to the safe containing and relieying of the products from
a large leak there is a problem of local corrosion resulting from a leak
that may be so small that no change in shell side pressure or average
temperature occurs.

As a portion of Subcontract No. 1 to this Contract APDA demonstrated
experimentally severe thinning of tubes adjacent to a leak in a tube
array simulating the B&W Steam Generator. This thinning took place in
a few seconds under the worst case conditions. A separate general corrosion
test program at B&W Research Center showed very rapid corrosion in aqueous
NaDH at elevated temperatures, but not as high as the APDA tests.

Because of the possible severe corrosion damage to a tube bundle
adjacent to an initial leak it is very important to provide means in
the plant control system to detect water to sodium leaks early and
reliable , and to isclate and dump the water from the leaking steam

generator,

STRAIN HARDENING DATA FOR THE FULL-SIZE STEAM GENERATOR:

The effect of strain hardening on material properties is considered
in the dynamic analyses of the steam generator shell. Experimental data
for strain hardening co-efficients from Lehigh University, at ambient

temperature, and from the B&W Research Center, at elevated temperature,



shows that strain hardening decreases as temperature increases,
The liner and vessel temperature were used to predict the amount of

strain hardening to be expected during deflection of the liner and shell.

STRUCTURAL ANALYSTS OF CENTER PIPE ASSEMBLY:

Analysis of the possible collapse of the center pipe has shown that
for failure of 1 tube (at the worst cage operating condition), the center
pipe is likely to collapse. Whether the center pipe is full of sodium
or arranged to be full of gas does not significantly affect the credibility
of collapse. If the center pipe does gollapse and seal off this escape
path the pressure predicted by the APDA computer program is almost
unchanged. The reason for this is that the APDA mathematical model is
limited to two parallel escape paths. The reaction products actually have
more than iwo parallel paths of escape in the steam generator. When it
is assumed that the center pipe is plugged another escape path can be
selected for the computer solution. The net result is almost no change

in the predicted pressure.

STRUCTURAL ANALYSIS OF THE BOIIER COIL SUPPORTS:

Based on the predicted pressure differentials across the coil support
bars it can be concluded that the weld connecting the clamping bars to
the support bars will be satisfactory, in tension, for 25 tubes rupturing
simultaneously. It has been established that the welds on the clamping
bars will fail beforq the tubes are affected in shear or before the

applied moment causes failure stresses in the tubes.

9=
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ANALYSIS OF TUBE VIBRATION SUPPORTS AND BAFFLES:

The vibration plates and baffles will be satisfactory for the
simultaneous rupture of 25 tubes with a factor of safety of one and a half.
This has been shown to be true by solving the problem with static methods
of analysis and correlating this with the results of the dynamic strength
analysis of the shells to obtain the apparent dynamic strength capabilities
of these plates & baffles.

CREDIBILITY OF OVERHEATIN? THE SHELL AND LINER DURING A SODIUM-WATER

REACTION:

For the time intervals of interest, (:LO'4 to 1 sec.), the high
temperature of the reaction will have penetrated the liner wall less
than 10 per cent of the liner thicknespg, and will not have significantly
affected its overall strepgth. The s£eam generator shell will not have
been affected at all. At longer times the rupture disc will have

operated to relieve the pressure withip the steam generator.

-10-
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SODIUM~-WATER REACTION PRESSURES & VOLUMES,
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PREDICTION OF THE MAXIMUM CREDIBLE SODIUM-WATER REACTION PRESSURES:

The APDA analysis made tc determine the pressure effects
of the sodium-water reaction in the Prototype Steam Generator
is given in the following reports:
1. APDA - 167 - Ford, J.A., "Literature Review of Sodium-
Water Reactions,” March 15, 1965.

2. APDA - 175 - "Analysis of the Babcock & Wilcox Company
Prototype Steam Generator for a Sodium-
Water Reaction",

Only a very brief summary of the general methods of approach
and worst case pressure vs. time cqurves from the APDA analysis
is included here. For further details the reader is referred
to the APDA reports.

A mathematical model was used to determine the maximum
credible pressure for various quantities of instantaneous tube
failure, at several locations.

The model takes into account the inertial effect of the
sodium above the hydrogen bubble, the compression of the gas
in the gas space, the static head of the sodium, the frictiocnal
drag on the sodium and the pressure behavior of the hydrogen
bubble.,

The following assumptions are inherent in the mathematical
model.,

1. The reaction was considered to be instantaneous.



The leak was assumed to occur at "fill" temperature

of 350°F with full design pressure of 2625 psig (This
condition results in the highest credible leak rate).
The leak rate of the water and steam was instantaneous
and constant, and not a function of the reaction back
pressure,

The hydrogen was generated at 1800°F.

The hydrogen bubble was assumed to expand isothermally.
The hydrogen bubble instantanecusly assumes the shape
of the cross section of the region being studied and
pushed the liquid as a solid slug of sodium.

The sodium has two flow paths.

The full pressure drop of the sodlium as 1t moved up-
ward was distributed uniformly along the sections

considered.

The simultaneous rupture of the 25 downcomer tubes at the

channels.

top of the downcomer annulus, just below the downcomer boxes,
has proven to be the worst credible case. This 1s APDA case
XVI and assumes the center pipe to be collapsed blocking the
flow; with relief for the reaction up through the boiler and
superheater tube bundle. Both boiler downcomer boxes are con-

sidered to be ruptured providing further relief through these

~13-



Figure 1 shows the maximum bubble pressure & bubble
volume for Case XVI as used throughout the calculation for

the Dynamic Analysis of the Steam Generator.
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THE DYNAMIC STRENGTH OF THE STEAM
GENERATOR SHELL.
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INTRODUCTION:

The physical condi*ion of ihe steam generator shells just prior
to a sodium-water reacticn 1s cne of equilibrium. During operation
the shell deflect on rv motaicn will be affected by the operating
pressure and temperature and can be assumed to be static for any
one point of time., The major question regarding the shells integrity
arises from the transient forces and temperatures1 produced during
a sodium-water reaction,

The quantities involved in the Newton's law are: force, mass,
and acceleration, Acceleration further involves the use of: time,
distance and velocity. Through basic experience with the physical
phenomena other quantities have been established which use the
basic fundamental laws of Newton. These are work, energy, power,
impulse, and momentum. Thus force and distance measure work, mass
and velocity measure momentum and kinetic energy; force, distance
and time measure power; and force and time measure impulse,

There are three familiar mathematical methoeds used in obtaining
equations that describe the dyramic behaviar of mechanical systems.
These are (1) the force-acceleration, (2) 1he work-energy, and
(3) the impulse-momentum methods, and all. are derivable from
Newton's law, In order %o get a physical picture of how these
methods are related, consider a system (defined as a fixed

collection of objects or matter) consisting of

1See Section 11.0" for a discussion cn the Credibility of Overheating
the Vessel and Lirer.

-17-
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a constant concentrated mass acgted on by a single external force F

(not necessarily constant) in tre direction of motion. For this

case Newton's law states *hat: F_-mdyv
dt,

Instantaneous - m | Instantaneous (1)
external force acceleration

This equation is the basis for the well-known force-acceleration

method.,

If the small increment of displacemen’ dx cccurs in time
increment, dt, equation {1) can be multiplied by dx and manipulated
as follows:

Fdx = m dv dx = m dx dv
dt d+J

=mvdv=d ($m v2)
Since the equation ncw hag force-length dimensions and Fdx

is by definition the work of force F it is recognized that -

Fix = d ($ m v<)

work done on increase of (2)
system by F = kinetic energy
during dax of system in dt

Thus Newton's law can be used as the basis for a work-energy
approach to dynamics prcblems and Eq. (2) ceonsidered to be a re-
stricted form of the general energy equation of physics.

If now equation (1) is multiplied by time increment dt and it
is borne in mind trat the system by definition has constant mass,
the following transformation can be made -

Fdt = m[ﬂ] dt = mdv
dt
Fdt = a (mv)

— )R
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impulse of increase of
external force F = | system momentum

In this form Newton's law represents the impulse-momentum

point of view in representing dynamic systems.

Although any one or all of the methods represented by the
foregoing three equations can be used in handling a given
dynamics problem, they are not all equally convenient. That
is, a problem might be very simple to set up and solve mathe-
matically with the work-energy method, but extremely laborious
using force-acceleration. In general, the force-acceleration
method is most useful in cases where acceleration must be cal-
culated and expressed as a function of time. On the other hand,
the work energy method is particularly effective where changes of
velocity are required as a function of displacement,, The im-
pulse-momentum method can be used to advantage 1in situations
where impact loads (large forces of short duration) act on the
system and where the mass may vary with time.

This briefly summarizes the theoretical correlation between
the work-energy and the impulse momentum methods.,

) DYNAMIC STRENGTH OF STEAM GENERATOR SHELL

IMPUISE-MOMENTUM METHOD OF ANAIYSIS:

In the original calculations for the dynamic bursting strength

of the shells the impulse-mcmentum approach was arbitrarily chosen
because of the impulse loading applied during the sodium-water
reactions. This reaction produces a hydrogen bubble and a bubble

pressure, The bubble wi1ll develcp rather slowly; however, the

-19 -



- e "'ll G G B G B0 N N N D an e Em aE e ‘I'Il ;|

pressure effect will move outward from the reaction zone at the

velocity of sound in sodium, or approximately 5000 ft/sec. This

implies that the pressure loading will be felt on the shells soon

after the reaction.

DESCRIPTION OF ANAIYSIS:

To begin with, picture a differential volume (dv) of the

shell being acted upon by a force F. This indicates the following

classical facts about the portion:

S )

The particle has inertia; that is, it will resist having its
pcsition changed. (Newton's First Law of Motion).

The particle cannot of itself change its position but it
regulates this motion through its mass; that 1s, the change
shall always be inversely proportiocnally to its mass (Newton's
Second Law of Motiecn),

The action between the differential volume and the remaining
part of the shell is equal and opposite, This implies that
the adjoining pieces are being strained by the attempt of
each particle in the system to maintain an equilibrium condi-

tion,

—20-
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A change in the position or motion of the differential volume
can only occur if there is an unbalance in the system. In this
case the unbalance is caused by the sodium-water reaction forces.
The reactions working against this force and trying to maintain an
equilibrium condition are:

l. The inertial effect of the shell.
2. The mass of the shell as it affects the acceleration,
3. The internal strain in adjoining portions of the shell as they

attempt to maintain an equilibrium in the system.

The dynamic strength of the shell and liner has been established

by using ASME paper No. 64~ WA/APM-16 "The Strength of Thin Walled

Cylinders Subjected to Dynamic Internal Pressures" by C.J. Constantino.,

The problem involves the abllity of the Steam Generator shell
and liner to sustain dynamic pressures resulting from a sodium~
water reaction within the shells. The displacement of the shells
are considered to be quite large and because of this the elastic
behavior of the material has been neglected in the analysis. The
shells are assumed to deform as ideally plastic strain hardened
material and the dynamic strength characteristics are accounted
for by the appropriate value for the stress-strain relationships.
The internal pressure has been considered a function of time
only, and not related to the radius or internal volume of the
shell,

Both the liner and shell have been assumed to be displaced

by the dynamic pressure to the instability point of the shell, (the

-21-
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point beyond which no increase in the pressure is required to

keep accelerating the shell.) Given the geometry of the shell

and the anticipated load duration the dynamic strength of the

shell can be evaluated from the curves, included in the afore-

mentioned paper, in the following manner.

l.

Establish the maximum strain to the instability limit
of the shell.

Determine the strain hardening exponent (”11.) and
strength coefficient (K) of the material.

Determine the value for q-o (the time factor) for the
times of interest (to)

Knowing the strain hardening exponent (YW ) and the

W

strain ( &b,) select the value of p{T“o from Fig. 2

from which p; (the impulsively applied pressure) can
be calculated.
Determine p, (the step pulse pressure) from Fig. 3.

The ratio of 2 is used in Fig. 5 to obtain the ratic
P2
of Py from which p, (the dimensionless peak dynamic
P2
pressure ) is obtained,
The dimensionless peak dynamic pressure is equal to

the dimensionless pressure ratio or

Po = PoRo
K H

o}

where PO = initial peak dynamic pressure, psi.

P2



R, = initial shell radius, in.
K = the strength coefficient for the material, psi
Ho = initial shell thickness, in.

The peak dynamic pressure the shell can withstand is obtained
from this equation by solving for P . This value for Po (#/inz)
must be converted to a specific impulse value by multiplying P,
by the time of interest (to). This 1s necessary in order to
directly compare the specific pressure loading (specific impulse,
psi-sec,) of the shell, which is a result of the sodium-water
redction hydrogen-~bubble pressure. From this it is possible to
determine the relationship between the strength of the shell vs.
the greatest possible number of gimultaneous tube failures.

The static strength of the vessel is solved for a comparison
with the dynamic strength of the shell.

The dynamic strength of the shell has been established. It
is now necessary to establish the actual pressure loading applied
against the shell. This is accomplished by using the impulse
momentum method of analysis.

The expression for impulse (from page 18 ) is:

Impulse = ,//;dT = ‘//; aT
by substituting the above expression for P in terms of T in the
impulse equation and integrating the total impulse from the be-
ginning of a leak to any time can be calculated., If the dynamic
strength of the vessel is greater at all times than these values

of impulse, the vessel will not fail,

~23~



strength capacity of the shell is greater than the applied

The calculations were based on the following assumptions:

1. The liner & vessel wall is Croloy 2-1/4 in the annealed or
normalized condition,

2. The heat generated during a sodium-water reaction will not
affect the shell or liner before the pressure pulse has de-
cayed to a value below the static bursting strength. (See
Section 11.0 for Temperature Gradients in Shells.)

3. The value of the strength coefficient (K) and hardening
constants (YL ) at design temperature are given in Section
7.0,

4. The maximum pressure pulse, for any point in time is assumed
to act uniformly over the circumference of the liner and
vessel wall.

5. The shell and liner are assumed to strain to the maximum
established by the instability of the shell.

CONCIUSIONS:

A plot of results is shown below, At each time the dynamic

. SHELL CAPACITY
pressure pulse., ] l
36— ‘
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This figure shecws through the impulse-momentum method that
the shell will withstand a simultaneous rupture of 25 tubes,
This i1s probably very conservative because of the assumptions
made in both the APDA, and impulse-momentum calculations.

It has also been established by the calculations of this
method that for a static condition of loading the shell-liner

combination will withstand a pressure of 3647 psi.

-25-
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APPENDIX:

SAMPIE CAICUIATIONS —-— STRENGTH OF STEAM GENERATOR SHELL, IMPULSE-

MOMENTUM METHOD:

CAILCUIATION OF LINER STRENGTH:

A. Dynamic Analysis (See Ref. (1)

1.) The time scale ((TJ ) will be evaluated according to
Ref. (I). For Croloy 2-1/4 material the strain hardening exponent
ig JVL:: .044, as shown in Section 7.0 The strength coefficient
K = 96,000 for the annealed and normalized condition (Ref. Section
10.7).

2.). Assume the liner wall will deform to the instability

point of the vessel wall,

Ro = 37.372"
and
r=R = 37.372 = 1,145
Ro 32,625

From Ref. (1) Eq. (28) the conventional strain definition is:

=R-R. = r-1= 1,145-1 = .145 or 1l4.5%

3.) The dimensionless time scale is fr': t and since the time
T
duration is t, then:

qvo = bo = L L
T (8R02/2K)2

Ri - 32,6252 = 1,064 x 10°

26~
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For steel:

= unit weight = 283 #/in3 = .733 x 1073
gravitational constant, 386 in/sec
(}/ = g5 t = tO

1 = o =
° 1)/2%0.96x10°)"  (.406 x 10-  2.018x10-3

(.733(1.0
4.) The peak dynamic pressure (p,) will be evaluated for
durations of to = 104, 1073, & 1072, From Ref. (1) Fig. (2)

when:

/
N= 044 & &€= 145 then:

p1'T o - 103 . p1 = ":&33 = 103}(20018}(10_3

e
!o tO

5,) For t, = 107* sec.

p, = 1.3 x 2.018 x 10-3 = 26,2

10-4
Also from Ref. (1) (Fig. 3) p, = 0.9
p,[/p2 = 26,2 = 29,1
0.9

When using Fig. (5) values must be interpolated for
ﬁﬂ.: - 044 where deviation is small for OL = ,01 & ’pt = 0.1 and
becomes of no importance. For P1 /P, :> 10 the author of Ref. (1)

confirmed the slope to be 45° therefore when p1/p2 = 29.1 then:

po/p2 = 29,1 and py = 29.1 ppy = 29.1 (0.9) = 26.2

6.) For the by, = 10-3 sec,



From Fig. (5) po/p2 = 5,0

Therefore:

Py = 5.0 py = 5.0 (0.9) = 4u5

7.) For the t, = 1072 sec.

p; = 1.3x2,108x1073 = ,262 & p, = 0.9
102
p4/Pr = 2262 = .291
Y2 509

po/p2 = 1.2 & p, = 1,2(0.9) = 1,08
8.) The dynamic pressure (P,) can be obtained from the
expression for the dimensionless pressure ratio where:

p= PRy
K Hy

(Ref. (1) nomenclature)

Adding the appropriate subscripts where P, is the dimension-
less peak dynamic pressure, and P, the initial peak dynamic

pressure and solving for Py

'PO:pO KHO
e}

Note: K has been substituted here for o as used in the paper
for purposes of consistency,

Where the quantity in the parenthesis for the liner is:

K H, = 96,000 (.5) = 1471
R, 32,625

Therefore P, = 1471 p, for the liner
9.) The initial peak dynamic pressure, P,, sustained by the

liner at each time duration tg is as follows,

-28..



to (sec.) Po Py = 1471 p, (psi)
10-4 26.2 38, 540
10-3 o5 6,620
10-% 1.08 1,589

B. Static Analysis

1.) The static bursting pressure in dimensionless form is

established by Equation (12) of Ref. (1) where:
n

p* = 2 (:K_> where W = .044 & €= 2,718
e

(ENE .04,
1,155 04,
4’3" (2,718)

= 1.155 (.0094)¢ 044

p¥* = 941
2.) Using the same expressions as Item A.8 utilizing
appropriate subscripts the static bursting pressure at instability
is:
P, = 1471 p*
Py = 1471 (.941) = 1384 psi

II - CAICUIATION OF THE VESSEL STRENGTH:

A, Dynamic Analysis

1.) The maximum strain that can be achieved at the point of
instability is given by Eq. (12) where L= ,098
r¥ = 69922 2,718 *998/2 = 1,052
2.) A value of r = 1.052 will be utilized which gives a

final strain near the maximum. The final strain is established

-29-



by Eq. (28) where:
E=r-1=1.05 - 1.0 = 0.052 in/in
3.) The inside radius of the vessel is R, = 36.0", and

for Croloy 2-1//4 K = 103,000, and S = 733 x 1073, Evaluating

the dimensianless time scale where:

7
= t. = o = to L
X 7 (Pr2/2)F (733 x 103(36)%/2x1,03x10%) *
- t
- 0
° 2L, x10°

4.) The peak dynamic pressure, po, in non-dimensional form

will be evaluated for time durations of to = 10-4, 1073, and to =
{

.098 and € = ,052 then:
3

1072 sec. TFrom Ref. (1) Fig. (2) when 1/

il

0.9 x 2.14 x 10~

¥, = 0.9 therefore p, = /orjg = 1
o o]

5.) For t, = 10™%4 sec.

p, = 0.9x2.14x10=3 = 19,6
104

6.) From Ref. (1) Fig. (3) pp = 0.75

Therefore:

p1’/p2 = 102:52 = 2507

and

po/p2 = 25,7 from Fig. (5) as explained in I A.5

P, = 25.7 py = 25,7 (0.75) = 19.26

o)

7.) For ty = 10" 3sec.
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P, = 0.9 x 2,14 x 1073 = 1.96 & p, = 0.75
10-3

P1 = 1026 = 2,57
/P 0.75

and from Fig. (5) Py /Py = 40
4.0 (0.75) = 3.0

It

therefore p, = 4.0 (p2)

8.) For to = 1072 sec.

p; = 0.9 x 2.14 x 1072 = .1926 & p, = 0.75
1072

p./p = 1926 = .257
"2 g5

1.2

i

and from Fig. (5) po/pz
1.2 (0.75) = 0.9

i

therefore p, = l.4 (pp)

9.) The dynamic pressure (Po) as set forth previously is:

P, = p, KHp

o] —_—

Ro

where K = 103,000, H, = 1.0" and Ro = 36" for the vessel then

= 1,03 x 102 x 1,0 = 2,861
36

o
R,
therefore P, = 2861 (p,) for the vessel

7.) The initial peak dynamic pressure (P,) sustained by the

vessel at each time dqration to ig as follows:

to (sec.) R Po = 2861 p,
_ psi
10-4 19.26 55,103
1073 3,0 8,583
10 0.9 2,574
-31-



B, Static Analysis

1.) The static bursting strength (Ps) as determined previously

is based on:

pr= 2 [ A where J = .098

3 3 €
{—— {— 098

1.155 /[ .008
S

1.155 (.021) .098

1}

av
I

2861 (.791)

I

2263 psi
IIc - STRENGTH OF LINER AND VESSEL:

A. 1,) It is assumed that the inner liner wall deforms out to
contact the vessel wall., The process continues and proceeds to
strain further and thereby load the vessel wall. The liner wall
and vessel wall pressure strength is combined as follows:

2.) The total static pressure strength (psi) is:

Py (psi)
Liner 1384
Vessel 2263
Total 3647 psi

3.) The total dynamic pressure strength (P,) at the three

time durations are: lO'4 sec, 10-3 sec. 1072 sec.
Liner (psi) 38,540 6,620 1,589
Vessel (psi) 55,103 8,583 2,574
Total 93,643 15,203 4,163
=32~
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OF THE VESSEL VS. HYDROGEN BUBBLE PRESSURE
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B. 1.) The lLog-Log curve of pressure versus time, for a rupture
of the 25 tubes in the boiler section (APDA Case XVI) is replotted
in Fig. 1.

Superimposed on this plot is a straight line showing the
total static pressure strength of the vessel,

Dynamic strength in terms of specific impulse, psi ~ sec.

10-4 = 93,643 (1074) = 9,364 psi - sec.
1073 = 15,203 (107°0) = 15.203 psi - sec.
1072 = 4,163 (1072) = 41.63 psi - sec.

2.) The dynamic pressure strength (P,) vs. time is included
on this plot as points A, B, & C. The points represent the com-
puted dynamic pressures which the liner-vessel can withstand for
particular finite durations of loading. The points A, B, & C cannot
be directly compared to the applied bubble pressure, In order to
compare the d&namic pressure strength vs. time of the liner-vessel
(represented by Points A, B, & G) to the hydrogen bubble pressure
vs. time, one must consider impulse.

At any given time, t,, the area under the hydrogen bubble pressure
curve represents a "specific" impylse. Similarly, we can compute
the value of the dynamic pressure pulse that the liner-vessel can
withstand over the time duration too If one then calculates the
area swept out by this pulse, one gets the specific impulse that
corresponds to this pulse. For instance, one can obtain the specific
impulse that the liner vessel can withstand @ t, = 0.001 by com-~

puting the area under Point "B" (See swept area for Point B shown
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on Fig., 1). One can then compare the area under the hydrogen
bubble pressure curve to the area under Point B, As long as the
areas under the various points are greater than those under the
bubble curve for the same t,, one can conclude that the dynamic
strength of the liner-vessel combination can withstand the applied
impulse.

IITI. CALCULATION OF IMPUISIVE IOADING FROM SODIUM-WATER REACTIONS:

A curve fit for the APDA Curve XVI, which is considered to be
the worst credible pressure for the simultaneous rupture of 25
tubes in the downcomer annulus, produces the following equations:
For times between 10=% and 1072 the following equation

approximates the curve:

P = 106,370 58
For times between lO'3 and 10‘2
-0.502
P = 168,57 7

By integrating these equations 1t is possible to calculate
the area under the hydrogen bubble pressure curve and represent
a specific impulse. These values can be compared to the dynamic
pressure pulse that the liner-vessel shell can withstand over the
specific time duration.

The area or specific impulse under the hydrogen bubble

curve for times of 10-4, 10-3 and 102 are:

t
106 3/ ‘—Oo 52%
t
106, i/F -jz
0.432

-35-
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At 1074 P = 106.3 (.0001)0'43i]
0.432
= 4,57 psi - sec.
b6 107 P = 106.3£(-001)0'43‘2]
0.432
P=12.3 psi - sec.
At 10-3 to 10-2 P = 168.5 T—O.502

1

o 5]
0.498

1

k!

33.87 - 10-78
23,09 psi - sec.

Then the total specific impulse at 1072 is the value equal to

168.5 (49;)0'4?f]_ 168.5 /(.001)
0,498 0.498

O.A?i]

the sum of the area for the integration of equation P = 106.3 T_O'568

at 1072 plus the area integrated for equation P = 168.5 T_O’502

from the time interval of lO_3 to 107%,

10-3 = 12.3
1073 to 1072 = 23,09
Total 35.39 psi - sec (at 107%)

The following table shows the results of the calculation for

the specific impulse of the hydrogen bubble pressure and compares

this with the values for the dynamic pressure pulse the shells will

sustain for the simultaneous rupture of 25 tubes in the downcomer

annulus (consider to be a worst case condition).
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(time - (sec)

10™4

10-3

1072

Specific Impulse
of Bubble Press,
psi -~ sec.,

Dynamic
Strength of
Shell

Specific Impulse
of Bubble Press,
psi - sec.

Dynamic
Strength
of Shell

Specific Impulse
of Bubble Press,
psi - sec.

Dynamic
Strength of

Shell

psi - sec. psi - sec, psi -~ sec.
4,57 9.36 12.3 15.20 35,39 41.63
GONCLUSION:

the hydrogen bubble pressure and in the assumption used in the

With the great conservatism used in both the APDA analysis of

impulse momentum method of analyzing the shell it is felt that the

liner and shell of the Prototype Steam Generator will sustain a

simultaneous rupture of all 25 tubes in the boiler circuit without

failure of the shell.

—37)



am . ‘iirll G WS AN N EN G aE B N G BN EE EaE am "’F. s

Nomenclature:

“M_ = strain hardening exponent

K or 0;.2 strength measure or strength coef. - psi
R, = initial shell radius (I.R.) - inches

R = shell radius (final) - inches

T

t =

f‘~

= final or max. strain at end of motion - in/in
= unit mass of material

dynamic load duration - sec.

( Ro2/2 K)%'time factor - sec.

time, sec.

= t/T dimensionless time scale

r = R/Ry, dimensionless shell radius

1

Pq

Ref,

Ref.

linearly decaying pressure pulse applied to shell ref. (1) eq. (25)

= step pulse applied to shell ref. (1) eq. (26)

peak dynamic pressure at max. radius - ref. (1) eq. (19)

initial peak dynamic pressure - psi

= static instability ratio, non-~dimensional

static internal pressure, psi
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C. J. COSTANTINO {
Research Engineer, H

T Research Institute,
Chicago, I,

THE purpose of this study has been to obtain an ap~
proximate measure of the response of containment shells sub~
jected to blast-type (dynamic) internal pressures, Such informa-
tion would be of value when attempting to evaluate the protec-
tion afforded by the structure against an accident (nuclear excur~
siun, coolant leak, and so on).

Within this framework, the bursting strength of thin-walled in-
finite cylinders subjected to internal pressures is obtained in-
corporating the following assumptions:

1 Elastic displacements of the shell are negligible as compared
to the large displacements obtained at burst.

2 The shell material deforms as an ideally plastic, strain-
hardening solid satisfying the maximum octahedral yield-stress
criterion of Mises! and the subsequent displacements are deter-
mined from the associated flow law,

3 The applied internal pressure is a function of time only, but
not of the radius (internal volume) of the shell. This assumption
is actually an approximation to the loading felt by the shell as it
deforms.

4 Dynamic effects on the stress-strain properties of the ma-
terial can be accounted for by an appropriate choice of the con-
stans in the static stress-strain laws postulated for the material.

Strain-Hardening Law

In general, the stress-strain behavior of any ductile material
may be described analytically as

3 R. Hill, The Mathematical Theory of Plasticily, Oxford Univereity
Press, London, England, 1956.

Contributed by the Applied Mechanics Division for presentation
at the Winter Annual Meeting, New York, N. Y., November 29-
December 4, 1964, of THE AMERICAN SOCIETY OF MECHANICAL
IENGINELRS,

Discussion of this paper should be addressed to the Editorial De-
partment, ASME, United Engineering Center, 345 East 47th Street,
New York, N. Y. 10017, and will be accepted until one month after
final publication of the paper itself in the JOURNAL OF APPLIED
MEecHANICS, Manuscript received by ASME Applied Mechanics
Division, December 4, 1963. Paper No. 64—WA/APM-16.

Paper No.
64—WA/APM-16

The Strength of Thin-Walled Cylinders
Subjected to Dynamic Internal Pressures

The equation of molion governing the response of long (infinite) cylinders to dynamic
internal pressures is derived. Since large displacements and wall-thinning effects are
taken inlo account, elastic behavior of the material is neglected. The malerial is as-
sumed to be rigid-plastic, with sirain-hardening being taken iuto account through the
Ludwik power stratn-hardening law. Numerical resulls are prasented for a range of
hurdening constants fram 0,01 lo 1.0, covering the range applicadle ta most malerials of
interest. The form of the dynamic pressure considered is an initially peaked, linearly
decaying pressure pulse. Charls are presented giving the pressure and duration required
to produce a given final radius of the cylinder.

o = oy F(e) )

where F is some function of the effective strain determined })y
experiment. For the state of biaxial stress associated with thin-
shell problems, the effective stress and strain reduces! to

o - {U]’ - 010y + ‘l'} G

2
- —\—/2-‘;-; ‘tn' + a6 +¢2"}l/' @

where the subscripts 1, 2 designate the principal directions.
The material is assumed to be incompressible, or
at+ea+ea=0 (3)
The assumption will be made that the material is characterised
by the Ludwik power-law strain-hardening, or .
Fle) = ¢ - (4)
in equation (1), where n is the strain-hardening exponent.

Static Solution '

The pressure-radius relationship for infinite cylinders subjected
to monotonically increasing internal static pressures has been given
previously.? This solution will be outlined briefly, For this
case, subscript 1 refers to the circumferential direction, subseript
2 the axial direction, and subscript 3 the through-thickness direc~
tion. The following system of equations is used to obtain the
solution:

(a) Strain-displacement relations (finite strains) _—

G = log;-li = logr
" (¢)]

& = log :17. = log h

*N. L. Svenson, “The Bursting Pressure of Cylindrical and
Spherical Vesgels,”” JOURNAL oF APPLIED MEcHANICS, vol. 35, TRANS.
ASME, vol, 80, 1958, pp. 82-986.

Nomenclature
H = shell thickness, in. Py = initial ﬁea.k dynamic pres- T = [yRy*/204}"/%, time factor
H, = initial shell thickness, in. ' sure, psi goc i
h = H/H, dimensionless shell p = PR)/oH,  dimensionless b = dy? sraic load duration, sec
thickness pressure ratio Y- umtxgmsof yxnteml
n = strain-hardening exponent R = sghell radius, in. €@, & ; : ;fi?;pv:l?t::;u
P, = applied dynamic internal R = initial shell radius, in. n o = effective stress, psi .
pressure, psi r = R/R, dimepsionless shell e = strength measure, pei
P, = applied static internal pres- radius 0y, 03, 03 = prineipal stresees
sure, psi t = time, gec r = /T, dimensionless time scale,
Journal of Applied Mechanics o ;_ép_> ‘hj I 1
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(b) Incompressibility, equation (3)
r=1/h (6)
(¢} Plane-strain condition in axial dircction
€ =20 (M
(d) Flow law associated with Miscs yield condition

€, 20: —~ oy

€ 20, — 0,

, orgy= (8)

wil

(e) Effective stress and strain, equation (2)

V3 2 ©)

0'=T¢7,, e=\—/36x

(f) Stress-strain law, equations (1) and (4)

9 n
g =0,{—=logr 10
(g) Equilibrium condition
o = H ( )

These equations are combined to lead to the dimensionless pres-

sure-radius relation
_ 2 \»*logrr
PEN\V3 pr

/

where asterisked quantities refer to quantities at instability.
This relationship is shown graphically in Fig. 1.

Dynamic Solution
The equation of motion for the system can be written aa

d*R
2rR(Py — P,) = 2xRHYy o {13)
which in dimensionless form becomes
d*r 1
o (p¢ — p) (14)

where p, and p, are the dimensionless applied pressure and static
resistance, respectively. Substituting equation (6) into equation
(14) the equation of motion becomes

d¥r r

=3 k=) (15)

Solutions of Dynamic Problems

The problem at hand is to determine the maximum displace-
ment that the shell achieves when a given internal pressure pulse
is applied. Since only plastic deformations are being considered,

it is necessary to determine the displacement when the shell

velocity first becomes zero.

The dynamic pressures to be considered here are initially
peaked, linearly decaying pressure pulses of the form

and (12) A . r
. ) po(l—-—) for 0170
o _2_( n ) N 7o (16)
V3 \V3e TR 0 for 7o <7
R where p, is the initial peak pressure and r, is the pulse duration.
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o
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Tabla 1 Stress-stcain propertiss in simple tension

Yield stress,

Strength coefficient, Hardening
Material a, P81 exponent, n psi

A212 Grade B firebox steel.... 155,000 0.245 32,000

A285 Grade B firebox steel... 117,000 0 278 27,500

T-304 stamless steel.......... 171,000 0.724 36,800

A302steel................... 133,000 0.197 52,100

USS T-1steel........... .... 178,700 0.087 119,800

0.15 percent carbon steel... ... 108,000 0.285 32,700
Although this is a rather appronmate idealizution of the actual fmax d _2 \** logt Hraae 20
pressure that would be felt by the shell, 1t allows for a representa- i TP = V3 n+1) (20)

tive evaluation of the relative effects of the load parameters po and
7o on the response.

A first integral to equation (15) can be obtained from the re-
lation

g(d_r 1 dra -
dr \dr) " dr dr?

Thus leads to the relationship

(7' = fr ripoll = g(r)] = p.}dr + (ro')? (17)
1

where primes designate differentiation with respect to 7; ro’
is the intial shell velocity, and

jr/fo for 0<7r<m

" = (18)
o(r) l 1 for 7o <7
At the maximum radius, 7max
v =10

so that

Tmax

f rpdr — (ry')"
: (19)

Po = 2 "
Pman? — 1 raas dr
=) -~ —~ d
( 2 ) j: rg(T) e

where 7m.x i8 the dimensionless time at which the maximum radius
is reached. Thus, equation (19) yields the peak dynamic pres-
sure required to achieve a given final radius. For power law-
hardening, )

The remaining integral in equation (10) cannot be evaluated in
closed form, and numerical integration techniques muat in general
be used.

For particular loading cases, however, complete solutions can
be obtained, these being the extreme cases of a step pulse (g = 0)
and the impulse (g = 1). For an impulsive load applied to the
shell, equation (17) reduces to

Tmax
(r')? = f rp,dr (21)
1
where the impulse is related to the initial velocity by
N 2ryRe*Ho| -~
N - - {EDTTOCTOL
\\f\ \ I T To (22)

If a linearly decaying pressure pulse of peak magnitude, p,, and
duration 7, is applied to the shell, and it is further assumed that
this pulse is applied impulsively (actually it is applied over a finite
time 7o), the total impulse applied to the shell {(area under the
pressure-time curve) is

PrTo

- I = {270.H,T} ) (23)
Equating equations (22) and (23), the initial velocity is found to
be

ro' = 3‘;:—‘ (24)
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Fig. 3 Values of p; as a function of maximum strain
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Substituting into equation (21) we obtain

4 Tmox 1/2
=~ d

For the case of a step pulse of magnitude p; apphed to the shell,
the solution from equation (19) 15

2 Tmax

(25)

(26)

This equation does not, however, completely solve the problem
for the step pulse By referring to Fig. I, we note that the static
strength of the cylinder decreases for r > #*, From the equation
of motion, the shell acceleration 18 proportionsl to the difference
between the dynamic pressure and the static strength. There-
fore, if r > r* and if p, > p,, the shell will continue to accelerate
and never stop. The maximum value of a step pulse that ean be
tolerated may be found by satisfying simultaneously both equa-
tion (26) and the condition
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Fig. 5 Ratios p/pz versus py/p; for various hardening exponents

Ps = P (27)

In this case, the shell will have zero velocity and zero acceleration.
Thus, the shell motion will stop and the vessel will be able to sus-
tain the step pulse applied to it,

Summary

As mentioned, the solution to the equation of motion cannot be
obtained in analytic form for hinearly decaying pulse, but must
be derived numerically, This was done using a simple Runge-
Kutta numerical integration scheme. In all cases, the numerical
results shown are for values of the hardening exponent, =, of 0.01,
0.1, 0.5, 1.0, the range covering the values of most interest for
ductile materials. Typical values of these parameters for several
metals are shown 1n Table 1,2

The conventional or engineering definition of strain may be
written as

R — Ry

0

(28)

=7r -1

This form, a familiar measure of strain, is used as the parameter
definng the final or maximum strain achieved at the end of the
shell motion. The numerical results following are shown for
strains 1n the range of 5 to 30 percent, the general range of in-
terest.,

In Fig. 2, the required load applied impulsively, p;, to produce
a given final strain is shown for the various values of the harden-
ing exponent. Similarly, Fig. 3 presents the required step pulse,
P, to produce a given final strain. The dotted portions of these

3J. Marin and T.-L. Weng, “Strength of Thick-Walled Cylindrieal
Pressure Vessels,” Department of Engineering Mechanics, The
Penngylvama State University, University Park, Pa., September,
1961,

<
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curves indicate the maximum allowable value of the step pulse,
as explained previously.

Fig. 4 shows the ratio of the peak dynamic pressure p, to the
static burst strength p*, required to produce & given final strain,
as a function of the load duration. Naturally, the longer the
duration of the load, the maller the pressure required to develop
the strain, while for short-duration loads, the required pressure
po approaches the impulsive pressure p;. In addition, it may be
noted from these curves that, for long-duration loads, the peak
pressure may be significantly less than the static burst strength of
the shell, particularly for high values of the hardness exponent.
Thus, for these conditions, the dynamic atrength of the cylinder
may be much less than its static strength.

These results are essentially replotted in Fig. 5, presenting in -

this case the ratio of the peak pressure to the step-pulse pressure,
Po/p2, a8 the ordinate, and the ratio of the impulsively applied
pressure to the step-pulse pressure, py/p; as the abscissa. It may
be noted that this technique essentially ‘“‘collapses” the results
shown in Fig. 4 into a single curve. The error, in so doing, is for
the most part less than 10 percent over the range of interest of
stramns. Thus, if & maximum aliowable strain is selected, to-
gether with an anticipated load durstion, the parameters p, and
p1may be computed from equatiogs (20) and ({lu)_‘for alternatively
from Figs, 2 and 3), from which ¢ namic strength of the shell
may be obtained from Fig, 5.

From these curves, it may be noted that for short-duration
loads (p1/p; > 10), the applied load acte essentially as an impulse,
while for long-duration loads (p/ps < 0.1), the applied load acts
essentially as a step pulse,
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/.2 DYNAMIC STRENGTH OF STEAM GENERATOR SHELL

WORK-ENERGY METHOD OF ANALYSIS:

FPor *imes longer than approx:imately 107+ to 1 second following
the beginning of a reacticn, depending on leak size, the reaction
products will have reached *the gas surge volume over the sodium and
the rupture disc will have operated to relieve the pressure. During
time less than 107% sec. the hydrogen butble pressure exceeds the
static strength of the steam generator vessel, and a dynamic
analysis is required to demonstrate that the steam generator shell
will not rupture, If it can be shown that the work required to de-
flect the vessel out to instability strain during any assumed time
is always greater than the total energy available at that time from
the reaction of sodium and water, the steam generator shell will
not fail.,

The total energy entering the steam generator as a result of
a number of leaking tubes is the sum of the energy in the hot
pressurized water entering *he vessel, plus the energy released
by the reaction of the water with sodium. A hydrogen bubble
will be formed and a portion of the energy will appear as heat
that raises the temperature of the sodium, hydrogen, and other
reaction products. The remainder of Lhe energy appears as the
pressure of the hydrogen htubble. A portion of this pressure
energy is dissipated in accelerating ithe sodium up through the
steam generator tube bundle, and the remainder of the energy

remains as potential energy 1n the high pressure hydrogen
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bubble, This potential energy is available 1o act on the steam
generator liner and shell.

The APDA calculations predict the hydrogen bubble pressure
and vclume at various times based on very conservative assumptions.
These calculations presume that, all of the energy of the reaction
goes into the reaction products -- no heat is carried away by the
flowing sodium. The calculations account for the energy used in
accelerating the godium up through the tube bundle. The bubble
pressure calculated by APDA is therefore available to distort the
steam generator shell.

CAICUIATION OF ENERGY AVAITABLE FROM REACTION:

The pressure volume relationship of the hydrogen bubble has
the characteristios of a non-flow process where the work or
energy, for a change in volume, can be represented as follows:

E =¢f; dv

If the pressure and volume vs., time curves plotted from the
APDA data are divided into two time zonmes, 0 te 10-3, and 1072 to
6 x lO“2 sec., the curves can be approximated very clecsely as
stralght lines on log-lcg plots, as shown on Fig. 2, and the
equations for the lines can be easily determined.

These equations are as follows:

Pressure:
P = 106.3 5-0.568 (104 < T << 10-3)
P=168.5 T -0.502 (10-3 <<T=<6 x 10-R°)
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Volume:
v = 14.57 x 100 73572 (104 <7 <<1073)
v = 8,399 x 106 71492 (103 << T=<6x1072)
Where:
P = Hydrogen bubble pressure psi

v = Hydrogen bubble volume, in3

N = Number of ruptured tubes

-3
i

: Time, sec.

The equations for volume were differentiated with respect to
time and the expression for P dv written and integrated for each
of the time zones. The resulting summation of bubble energy from
the beginning of the leak to any time were plectted on Fig. 1.
These energies were compared to the energy to deflect the Steam
Generator shell to instability strain in the same time interval.

ENERGY REQUIRED TO DEFIECT STEAM GENERATOR SHELL:

The work required to deflect the steam generator shell to in-
stability was calculated. The instability strain for this vessel
is that strain beyond which the wvessel can no longer withstand the
same internal pressure, (because of thinning). The instability
strain corresponds to the sirain at the maximum stress point on a
conventional stress-strain curve., For this analysis of the
assumed simultaneous failure of a large number of tubes it was
felt that allowing some yielding of the liner and shell are
permissible as long as it can be shown that the shell does not go

to failure.



In the dynamic analysis of the liner and shell it is assumed
that the pressure developed because of the sodium-water reaction
will accelerate the liner and shell outward together. (A separate
calculation was made for the shell only as if there were no liner.)

The energy available in the hydrogen bubble will be dissipated
in the work of accelerating the vessel and in the strain energy
within the material of the vessel wall itself. If it is presumed
that the vessel strains to instability, but does not fail, the
outward velocity of the shell must be brought to zero at or before
the instability strain is reached. The kinetic energy represented
by this velocity must also finally go into strain energy.

Strain energy is determined from the following equation:

£l'
E= [O0d€
(]
This can be represented graphically as the area under a con-

ventional stress-strain curve. If the energy to instability is con-

sidered the curve would be as follows:

By neglecting the strain elastic portion of the stress-strain
curve it was possible to approximate the strain energy by multi-
plying the strain at instabllity by the average of the yield point
stress and instability stress. The product is strain energy in inch-

pounds per cubic inch of metal.
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At very short time intervals the pressure from the hydrogen
bubble will not have progressed outward far enough toc load the
whole shell so that the strain energy available is only the strain
energy in the portion of the shell affected. For this analysis it
was assumed that the reaction occurred at a spot right on the shell,
and that the pressure pulse traveled outward from this spot at
5000 ft/sec. The intersection of this pressure front and the vessel
can therefore be approximated as a circle whose radius is increasing
at a rate of 5000 ft/sec., The strength of the shell shown on Fig. 1
for times from 107% to approximately 5 x 10° sec. is based on the
strain energy in this circular plece of shell.

At some time interval between 10=3 and 10-2 sec. the pressure
front has moved outward so that the whole shell will be affected.
The APDA calculations predict the bubble pressure, or the maximum
pressure that will exist within the Steam Generator shell at any
time. The displacement of the sodium upward through the tube
bundle by the hydrogen bubble can be considered to be a one
dimensional transient flow problem for times longer than 10-<
seconds, and the pressure will vary linearly with distance from a
maximum at the hydrogen bubble to essentially zero at the sodium
surface at the top of fthe steam generator., The Steam Generator
shell will not be affected uniformly because of the varying
pressure, For this analysis it was assumed that the shell was
deflected to instahility at the worst locaticn and proporticnally

less at other locations. For calculating the strength of the liner
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and shell, half of the total strain energy to shell instability
was assumed for times 1072 seconds and longer. It is felt that

this 1s a conservative assumption.

DISCUSSION OF RESULTS:

By referring to Fig. 1 1t will be noted that the shell and
liner can withstand the simultaneous rupture of 25 tubes in the
worst location. It is of interest that the 1" vessel can withstand
the rupture of these 25 tubes if the effect of the liner is ignored
completely.

It will be noted that the bubble energy curves are not plotted
beyond certain times, 6 x 1072 gec. for the 25 tube leak). At these
times the APDA calculations predict that the hydrogen bubble will
have reached the inert gas space through one or the other of the
parallel paths. The rupture disc will operate and relieve the

reaction products beyond that time,

fps
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APPENDIX:

Sample Calculations ~-- Dynamic Strength of Steam Generator Shell, Work-

Energy Method Analysis:

Energy available in Hydrogen Bubble

The hydrogen bubble is a non-flow thermodynamic process for which
the equation for work or energy is as follows:

E=P dv where: E = energy, in-lb.

|

P

1

pressure, psi

dv

differential change in
volume, in

If it is possible to write expansions for both p and dv in terms
of the same variable the expression can be integrated.
The APDA curves for hydrogen bubble pressure and volume at the
worst case location within the steam generator can be approximsted
very closely by straight lines on log-log plots if the total time
interval 1s divided into two smaller zones. The equations for
each straight line can be readily determined. They all have the

n

formy =K X,

The equations for pressure are:

106.3 T1-0. 568 for time interval  10-4= T="10-3 sec.
~0.502

1. P

2, P 10%< T =6 x 107

1

l68.5 T

The equations for hydrogen bubble volume are:
1.572
T 57

i

1. v = 14.57 x 100 10 %= T < 1073

2. v =8.399 x 100 11.492 10-3 = 1< 1073

1
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Where: P = hydrogen bubble pressure, psi
v = hydrogen bubble volume, in’
N = Number of ruptured tubes
T = Time, sec.

The equations for volume can be differentiated with respect to time

to produce the following:

1. dv =(14.57 x 100)(1.572 ) 1°-57% a1 o<T <1073

2. dv =(8.399 x 10°)(1.492 )10-492 a1 107 T=1073

The expressions for P dv can be written and integrated as follows:

2435 x 100 ‘//30‘3 1004 g 0 <T =103

10-3
2425 x 100 7 ° T1°OO{_//7
O

in a similar manner:

1. E

i

i

2. E=2132x 107 1099 1072 )
1073 <=1 <10-
1073
The energy for each of the time intervals can be calkulated for any
assumed number of ruptured tubes. The energy for individual time
intervals can be summed together to give the total bubble energy

at any time after beginning of a leak.

Bubble Energy, in-1b,

Time Number of Tubes Ruptured
Sec. 25
1074 2.325 x 10°
107 2.38 x 100
1072 2.249 x 107
-3
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B Strength of Steam Generator Shell
Work-Energy Basis
1., To determine manner of loading shell assume:
a., Leak and consequent sodium-water reaction occurs
immediately adjacent to vessel wall.
b. Pressure pulse travels outward from the leak site at

sonic velocity in sodium or 5000 ft/sec.

I
"lf’v

VESSEL
WALL ™ )
r
1EAK
A SITE

The projection of the pressure pulse on the vessel wall can

be approximated as a circle whose radius is increasing at a rate
of 5000 ft/sec or 60,000 in/sec.
Therefore r = 60,000 T where r is the radius, in

T is time from beginning of
reaction, sec.

The area of the shell that is affected by the reaction is
ﬂ)r2 = 'ﬂ(é0,000T)z until the time it is long enough that the
whole shell is affected. This occurs between 1072 and 1072 seconds
for times longer than 1072 it is assumed that the whole shell is
affected.

3. Strain energy in 1/2" liner at vessel instability
Liner strain at vessel instability

- éifr 0.145
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Stress at this strain @ 700F

96
96

I

= 838
Yield point stress for this thickne
yp =
To get a good approximation for str

should multiply the strain at insta

,000 & 0:044

0.0
,000  (0.145) o
,200 psi

ss plate @ 900F

43,500 psi

ain energy to instability we

bility by the average of the

stress at yield point and at instability. E = avg &

Ge

i

avg

Strain Energy to Instability, E =(65,800) (0.145) = 9,550 in—lb/in3

43,500
88,200
65,850 psi

0.145

3., Strain Energy in 1" vessel at instability

H

E =0,

/

’

= 103,000 (0,052)

(/_7/
7y = 77,000 psi

052

T; = 103,000 & 0.098

0.098

Yield point stress for 1 plate @8'00F =

O yp

To approximate Strain energy E
Uyp

%

J avg

I

it

45,000
Gavg. &
45,000
77,000

61,000 psi

=55m.



aln ow ‘iirll T I 2N N - n E N S BN R O e e ‘|'II -

Strain energy
E= (ravg &

(61,000) (0.052) = 3,170 in-1b/in>

]

For times longer than 1072 seconds the whole vessel will be affected,
but it will not be loaded uniformly. Because the sodium is incom-
pressible it is displaced upward through the steam generator by the
expanding hydrogen bubble. At the longer times, such as are of con-
cern here, the flow dynamics reduce to a one dimensional transient
flow problem. The pressure will be a maximum at the hydrogen

bubble and will decrease linearly to the sodium surface at the

inert gas space. ™) - P
|7
Sodsormn |
Sorface
] FPrax
\ Aoak/ \

The vessel shell will be loaded in a similar manner. To
account for the non-uniform absorbtion of energy in the shell,
the total strain energy in the liner and shell to instability
was divided by two to get the strength of the liner and shell for
times 10_2 sec. and longer. Thesa values are compared to the
maximum hydrogen bubble energy.

L. Energy absorbed in 1/2" liner to vessel instability
E = 9550 in-1b/in’
To find volume of vessel affected

v = fir (60,000 T)2 t t = thickness, in



-l IIIII4'l'II GHR NG G5 ) G N N O Y TR =R o e e ‘.I'II -

Time
1074

1072

10

t = 0.5" T = Time, sec,
(60,000T) 2 v (in’)
36 56., 52
3600 5,652 x 10°
3.6x10° 5,652 x 10°

But the volume of the complete liner (metal volume)

= (+)

(6.6.25) (.5) (25) (12) = 3.122 x 10%

so between 10-3 and 10-2 the whole liner is affected by the

pressure,

Therefore the energy can be evaluated as follows:

Time
1074
10~3

1072

V (in’)

56,52

E = 9550v
E (in-1b)

5.40 x 10°

5.652 x 10° 5,40 x 107

3.122 x 10

4 2,98 x 108

5. Energy absorbed in 1" vessel to instability

E = 3170 in-1b/in’

Volume of vessel affected

v =

thickness in

(7) (60,000 T)? + t

H

=3
1!

Time sec,

Volume of complete shell

v

7 (72)

(1.0) (25) (12) = 6.790 x 104 in°

Time (sec) v (in3) E (in-1b)

10™4

1.13 x 10°  3.58 x 105

57~



4

1072 1.13 x 10 3,58 x 10

102 6,79 x 10* 2.15 x 10

7

8

Sum up liner and vessel energy absorption

Time 1074 1072 1072
Liner 5.40 x10° 5,40 x 107  2.98 x 108
Vessel 3.58 x 105 3.58 x 10/ 2,15 x 10°

Total 8.98 x 10° 8,98 x 107 5.13 x 10°
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INTRODUCTION:

During the initial stages of a major sodium-water reaction, the
possibility of vessel failure, caused by localized bulging, must be in-
vestigated to verify the soundness of the vessel design.

This analysis provides that verification by comparing the energy
required to strain to instability one square inch of vessel area to the
energy per square inch of the hydrogen bubble distributed on a spherical
area of radius equal to or greater than the distance from the center of
the reaction to the vessel surface area under study.

SUMMARY OF CONCIUSION:

The vessel complex, or the shell and liner combination, is found
to be of satisfactory design, on the basis of a localized bulge failure.
When the hydrogen bubble reaches the gas space at 06 seconds after
initiation of reaction the vessel complex can contain to its instability
up to twenty-five tubes rupturing instantaneously. See Fig, 1 for
graphical representation,

DESCRIPTION OF PROBIEM & SIMPLIFYING ASSUMPTIONS:

A localized bulging failure is developed when a tube or group of
tubes near the liner and shell rupture instantaneously. Vessel rupture
is represented by the instability strength of the vessel complex or the
liner and shell combination. The apparent problem is to determine how
many tubes must rupture to produce enough energy to strain the complex

to instability. Using the instability strength is conservative since

—60-
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the shell can withstand a great deal more energy input before fracture

OCCcurs.

This fact is obvious when the energy input the complex can

withstand per unit area is defined by the area under the engineering.

stress-strain curve from which the energy residing in the strains beyond

instability or ultimate tensile strength can be compared to the energy

up to instability.

The necessary assumptions, most of which are conservative, required

to simplify the mathematical model are:

l'

The tube ruptures are instantaneous severings of all the quantity
of tubes being studied and the ruptures occur simultaneously.

The liner appears as a rigidly held plate to a nearby rupturing
tube. This is assumed in conjunction with APDA's method of
computing pressure-time and volume-time plots.,

The hydrogen bubble expands isothermally; therefore, it is
assumed no energy is dissipated in heat to surrounding medium
and the hydrogen behaves as an ideal gas. The total energy re-
leased would be a direct function of the number of tubes rupturing.
In any combination of tube ruptures the tubes next to the liner
are included, since their effect is presumed to be the most
severe.

The total energy within the hydrogen bubble is assumed to be

distributed uniformly over the surface of the bubble.
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10,

Each tube rupture forms its own butble which can grow to a max-
imum radius of 1.25 or half the maximum distance between adjacent
tubes in the dewncomer section. At this radius the bubbles com-
bine and the total surface area 1s assumed to immediately attain
the value of one sphere of volume equal to the total of the
smaller spheres.

The energy per unit area received by the liner at a preselected
unit area 1s given by the distribution of the total energy of
each bubble over the spherical surface area with a radius equal
to the distance from the center of each rupturing tube 1o the
center of the selected unit area. The total energy applied to
the selected area would be the summation of the energies applied
by the individual bubbles.

It is to be assumed that the work available from the bubble

will be transferred instantanecusly to the liner at its initial
radius., In this manner the decay of available work per square
inch can be neglected as the liner and shell expand.

The energy delivered to the liner is assumed to be uniform over
the area considered and has the magnitude of the energy de-
livered to the point on the liner closest to the centroid of

the reaction.

The geometry of arrangement of the ruptured tubes will only

effect its relation with the liner, since the shell will re-
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ceive only the kinetic energy of the liner.

11, Assumption seven is correct only until assumption six super-
cedes it. In this case the energy applied to the selected
area is the energy per unit area of the sphere described in
assumption six. This sphere is assumed to have the energy of
all the reactions distributed cver its surface.

12. During deformation of the liner and shell, beneficial strain-
hardening will occur due to two factors. The first is due to
elevated temperatures and the second is due to the rapid load-
ing conditions. This strain-hardening is approximated by the
Indwik power strain-hardening law.

R ERE

DESCRIPTION OF ANALYSIS:

Phase I:; Determination of the liner and shell energy absorption
capacity up to shell instability.

According to Cole, a simple approximation to the state of plastic
deformation, that is reasonably accurate, is formulated in which as Cole
states, "it is assumed that a definite elastic limit exists, below which
Hooke's law applies and above which the plate acts like a membrane under
constant ftension determined by the yield stress under tension at the
elastic limit." This is the condition present when a perfect plastic
behavior of the material can be achieved. Since this is never the true

case and 1s just an idealization for simplification by Cole in his dis-
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cussion, an adjustment to correct the situation is the injection of the
effect of sirain hardening., The preper conditions are achieved by sub-
stituting the average stress between the material’s yield stress and the
final stress at the shell instability, for the yield stress mentioned
by Cole. The final stress is computed by the Ludwik power strain
hardening law.

In order %o incorperate the ‘emgerhture strain hardening, plots for
yield stress vs. temperature. strength co~efficient vs, temperature, and
strain hardening expenent, vs. ‘emperature, were constructed from Lehigh
University data at room temperature., and from B&W Alliance Research data
at elevated temperatures. Curves for Croloy =2-1/4 were made for 1/2" and
1 in, plate and values of O y. k, and", were obtained at shell tempera-
tures. . Trese values are invorporated in the calcylation of the average
plastic stress,{ p. between yield and shell instability.

Cole develops an .equation for the plastic work, Wp, done by the
applied forces in creating permanent plastic deformation., This equation,
Wp = (Gp) (h) (AA), as the B&W utilizes it, incorporates the average
plastic stress. The "h" represents the plate thickness and the AA repre-
sents the change in area of the surface facing the charge or explosion.
The thickness is considered constant in this equation, but, since this is
not, true, due to thinning, it should be corrected. If the equation,

E;l + 552 + éiB = 0, were a true condi*:on for *riaxial strain, E},

would equal the negative summation of the remaining strains that were
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produced by tensile stresses. This would yield €3 = - (gl +£2)° A
reduction in thickness can nnw be expressed as h (63)o

When dealing with a localized bulge failure, the greatest interest
is generated in determining the amount of energy transferred from the
surface of the hydrogen bubble to a limited area of the liner and shell
or vessel complex, the label for the gombinaticon. Hence, Cole}s equation,
is revised to read: The plastic work per square inch of liner or shell
area required to strain that square inch of area to shell instability is
given by the average plastic stress times the liner or shell thickness
reduced by the thickness strain times the change in area of that one
square inch.

One more qualification for use of the formula is the selection of
the square inch area on the liner and its later projection to the shell.
That area 1s chosen as the closest area to the centroid of the guantity

of rupturing tubes. The equaticn thus far defined is:

Wp - () (h-b€h) (Aa) in.-1b,
sp.in. sg.1in.

This equation, however, is useless until the strain at shell insta-
bility is determined for both the liner and the shell.

Since it 1s desirable, because of simpler strain calculations, to
work with static conditions. proof is required to indicate that static
results would be conservative in comparison to the dynamic situation.

Dynamic strain rardening improves the range of allowable stresses. For
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a given stress, less si'rain occurs under rapid loading, and conversely
for a given strain a higher stress is required with dynamic conditions.
If the static strain at instability is considered, the static stress for
this value on a dynamic stress strain curve would yield a strain below
instability; therefore, the use of static conditions will be slightly
conservative.

The inside radius of the sbkell at instability 1s determined from
the dimensionless derivative of pressure tc¢ radius, evaluated at a deriva-
tive value equal to zero. (See Appendix C for derivation.) Assuming for
the moment that the entire shell is loaded, the circumferential strain
or effective strain can be calculated from the change in radius. For a
localized bulge the axial strain is equal to the circumferential strain
or, in other words, a condition of balanced biaxial tension exists. This
is true for a major portion of the bulged area and is a precise condition
at the center cof the bulge.

The change in area per square inch for the energy equation can now
be defined as (1 +& )2 - 1. This area will have to be computed for
the liner at a radius equal to the inside shell radius at instability
minus, for simplification, the original liner thickness.

For the total energy absorption capacity of the vessel complex, the
absorption energy of the liner and shell at shell instability are added.
Phase one of the analysis is now complete.

Phase I1: Determination of the amount of energy from the hydrogen

67~



bubble available to do work on the selected square inch of vessel com-
plex.

The APDA curves in Section 3.0 Fig., 1 provide the relationship
between pressure and time and between volume and time for the worst case
single tube rupture. Development of curves for pressure and.volumes
at other locations for one,five,fifteen & twentytube failures provide
the correlation for pressure-time curves caused by any guantity of tube
failures. The equation for the energy in the hydrogen bubble is derived
from the pressure and volume equations by the relation E = ,f:o Pav.

Curve fitting for various time intervals produces the equations:

Time Interval

107% to 1072 sec. P=21.26 JN T 058
v = 2,914 x 10° J§ 7 72
E =97.0 x 106 NT 1.004
107 to 107° sec. P=33.7 (N1 -0.502
V= 1,679 x 100 Jwr B4
E=853x10° w1 &%

Values of volume and energy are tabulated in Appendix C, Table II.
Figure 1 in Section 3.Y contains a plot of the volume, and Figure 1 in
Section 4.0 contains a plot of the energy.

The values for the volume and energy at specific times are used to

compute the energy received from the hydrogen bubble by a square inch

of liner area, In so doing assumptions 1 to 1l are taken into account.
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These considerations produce the following conditional equations for
available energy from each tube rupture.
Egqn. 1 For r, = rg

Wa/Sa. In. = B/4 T (rs)2 = 0,07955 E/(rs)2

Where ry = bubble radius, and rg = radius to liner surface area
considered.,

Ean. 2 r,<r, = 1.25"
W,/Sq. In. = B/4 M (ry)? = 0.07955 E/(ry,)?
Egqn. 3 For ry 1.25"

2
Total W,/Sq. In. = Ey sal/4 T (rp)” =
0.07955  E total/(ry)

Two more conditions are necessary for proper representation of the
energy available.

1. An instantaneous changeover between equations 2 and 3 is required
by assumption 11 at the elapsed time for which the bubble radius equals
1.25", These times are found in Appendix C, Table I.

A tabulation of energles available for various tube failure com-
binations is found in Appendix C, Table III. Values from this table are

plotted in Figure 1 for comparison to the vessel complex capacity.

CONCIUSIQN:

By referring to the plots in Fig. 1, it can be seen that vessel
instability will not occur for less than twenty-five simultaneous tube
ruptures. It will also be noted that the APDA analysis stops at .06

seconds., This point in time regresents the emptying of sodium from one
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of the flow paths available. This occurs when the hydrogen bubble
enters the gas space and actuates the rupture disk, thereby relieving
the pressure.

Hence it has been demonstrated that the steam generator will not

rupture on occurrence of up to a twenty-five tube leak rate reaction.
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APPENDIX C

PART 1, - Derivation of formula for the shell instability strain.

In Section g@%@ comparison of static vs., dynamic conditions was made,
in which it was demonstrated that if static material properties were used
the results would be conservative. This derivation will follow the same
procedure given by M.A. Salmon in his discussion of an "Infinite Cylinder
Subjected to Static Internal Pressures"., He determines the burst radius
(at instability) from the solution for a maximum value of the pressure-
radius curve, This, of course, is accomplished by setting the derivative
equal to zero,

Some adjustments to his discussion must be made to account for the
conditions of localized bulging., The first change will represent the
condition of balanced biaxial stress and strain, and the second change
involves the use of the Ludwik power strain hardening law in place of
the linear strain hardening law.

Normally the equilibrium condition of a typical shell element (Fig. 1)

would produce the equations:
Gg=z. Ok =___:29
h

Where it is assumed in thin shell theory that O is negligible, But with
balanced biaxial stresses (Figai2)CIZ must = (]Zéo

The following dimensiorfless notation will be employed:
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a-'-gs-<—‘q-_--mrﬁ

f7 = deformed radius = p
initial radius Ty

= deformed thickness = h
initial thickness ho

Ge =0 = circumferential stress = J &
X Strength co-efficient K

o= dimensionless pressure ratio = pr

Rho

The stress equations can now be rewritten, becoming

Te:q(:ﬁ ~ Pfo - T/rg = <A
h Kho h/h, A

For large strains, the natural strain is given by

ée: éX: log L= lob 2Mr = log r = log P
L, 2 ro

)

If plastic strains are assumed to satisfy the condition of incompressi-
bility then:
é + é;-+ éﬁ = 0

and Eh:— (ge+€‘)<):—26(9
but é%‘ can also be defined as

€ - log h = log F’
h h

0]

A thickness to displacement relation can now be expressed
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Cosnider now the stress situation at j3ield. The maximum shear strain
energy or the maximum distortion energy theory gives the equation for

effective stress at yield peoint as

or

20, = (-G + (G- 0% + (- )7

which reduces to
R Oy ()
ypP e

- 2 _ 2vs
T, = (07 056 + 030
s ]
since G\; = 0,
Substituting @”%
_ 2 2 2vF -
(Tetr = (03" -T,% +05°% = Us
Developing effective strain in the same manner from the defining equation

of effective strain

€= 1275 €°+€?2+ ¢
17T

2)% _
30

23 (65 + &5+ (2€) AE

I

2/3 (6 €47)"
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= 2 €g

Since Groloy 2-1/4 is a strain hardening material, the stress-strain

behavior may be expressed analytically by:

=k F(€)

where O is defined as the effective stress under triaxial stress
conditions, K is the constant strength co-effidient, and € is the effective

strain,

——

Using the equation, 0'; = i.<_/0,_,
together with T = K F (€ ),

G:: 6—_: é:é, €= 269 » and‘? :;2
K =

the pressure-radius relation can be developed.

pnd —
0’<:0;'7 :0—#%:13-2_‘_:
s TP P
X=1 F(2€)=1, F(21logp)
3 [=) /03
which for power strain hardening becomes

F (&)

E

X=1 (2 1gp )" where n is the
A3
strain hardening exponent.

Solving for & max, do< is set = O,

dp n
i = (log,aZ)J
dp  df ) 03

=070 (log £2)° 1 é%:) (log e) (2/) - 105 2) (34 2)

n(log e) 20 2 (log P 2)n -1 3 (log L 2)n/0 2 0
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2nlog e = 3
(log p=)

2
logp = 2/3 n log e

|

2 n
/9 = ¢ 2/3
O=e n/3

which for the shell at 800°F, where n = 0.098 and r, = 36", becomes

0,098 0.033
r=36e 3 = 3be = 36 (1.0335) = 37.206"
and /O: 1.0335

E=/0-1=0.0335
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APPENDIX

PART 2, - Determining the vessel complex's energy absorption capacity.

The equations to\be used are:

Wp reg'd = (Gp psi) (ho - ho éh)" (A sq, 1n)
sg. in, ( sq. in,)

A (1+€)2.1°

sq. in.

and from Part 1.
& - o2E
h 2

Section A, Energy absorption capacity of shell

€= 0,-335
éfh = 0.,0670
2
A s =(1.0335)" - 1= 0.068 gq. in.
sq. in, sd. in.
ho = 1.,0"
CT-p = ave., plastic stresg = <7Z + (T——y

P
J y from Section 10.7 Fig. 3 @ 800°F for h = 1" is 48,000 psi.
From Section 10,7 on strain hardening G~ is found by
T =k
for the shell @ 8OOOF, K and n, from Section 10,7 Figs. 1 & 2,

are 103,000 psi and 0,098 respectively. Hence,

0.098
0; = 1.03 x 10° (0.0335)>"%
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H

1.03 x 105 antilog (0.098 log 0.0335)

73,768 psi

and G p= 76,768 + 48,000 = 62,38/ psi

2
Wp rea'd = (Gp) (b, - 1, €,) (A1)
8q., in,
=(62,384) (1.0 - 1.0 (0,0670). (0.068)
= (62,384) (0.068) (.933)

= 3‘958 M—L
sq. in.

We req'd = Cr} h AA

8q., in,
4§,ooo 1( 48,000 ) -
30 x lO6

= 38 1n—lb
s8q.1in.

Total work req'd on shell/sq.in. = 3996 in-1b
89, in.

Section B Energy absorption capacity of liner at shell instability

ro = 32,625
hy = 0,5"
r = 37.026" = 0.5" = 36,706
42 = 36,706 = 1.125
32,625
€ =fP_-1=0.,125
€ .
= 0-250

A L =(1.25)% -1 = 0.5625 in-1b
8Q.1n. sq.1in.
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Oy from fig. 3 @ 900°F = 65,000 psi

K from fig. 1 = 96,000 psi

0.044
0,044

n from fig. 2
OTc—_— 0.96 x 10° (0.125)
= 0,96 x 10° antilog (0.044 log 0.125)

= 87,600 psi

87,600 + 65,000 = 76,300 psi
2

Wprea'd = (p (b -h Ep ) (Aa)
8q. in.

= (76,300) (0.5 - 0.5 (0.250)(0.5625)

= (76,300) (0.375) (0.5625)

= 16,095 in. - 1b,

sg. 1in,
We _req'd 5
sa. in. =0y nan=65000 .1 .H1+65000)°-
2 2 2 30x10

=70 in. - 1b,
sq, in.

Total work req'd. on liner/sq. in. = 16,165 in. - 1b,

sq. in,
Section C
Total work capacity of vessel complex
W ) = 3996 + 16,165 = 20,161 in, - 1b,
T/sq.in. sQ. in.
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PART 3. -~ Computation of energy available from the hydrogen bubble to do
work on vessel complex,
Conditional Equations

Pl
1. For r — r

b S
W )
Sg.In. = 0:07955 B/r
2. For r Ty 1.25"
Wy = 0.07955 E/ri
se=—in,

3. For ry > 1.25
. (R
Total Wy = 0.07955 E total/{r, equiv)
5Q. In, '
Since the bubble radius Ty ib a function of time, the times for cut off

of (2) can be found for any quantity of rupturing tubes. This is done

in Table I with the following equationsg:

rb = 1,25"
V= () 8.18 = 2.914 x 10° {E i 572
log T=1 log  ( .{ﬁ" 2.81 x 1070
1.572

From the equations for volume and energy, values can be tabulated
for various times and quantities of rupturing tubes. See Table II.

The equations for Table II are:

2,914 x 106 4 N Tl°572

97.0 x lO6 N Tl°004

v

E

1
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Sample Calculations for Table II:
1 TUBE

@ 107% sec. V = 2,914 x 10° x 1 x 1070288 = 5 91, = 1.5

E =97 x 10° x 1 x 1074+016 = 1,941 x 107784 = 97 x 96.38
= 9,300
- .2
@ 10°3 sec. V= 2.914 x 102 x 1 x 1074726 = 5 91, x 1072 = 2. 014
x 19.23 = 55,7
E=97 x 100 x 1 x 1073°012 = 97 x 10988 _ 97 ¥ 9728 = 94.000

From Table II and the conditional equations a computation table can be
formed to find the work available for yerious times and tube ruptures.
See Table III. These values are plotted on Fig. 1, Section . 5.0 with end

conditions approximated for APDA information.
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TABIE T
Computation Table fer Instantaneous Changeover Time Between Equations 2 and 3

Log(N2.81x10~C

N TN_ W2°81 x 1079) Log(N2.81x10™° | Log (N2.81%107° 1.572 og T T
2| 1.414] 3.99 x 107 | 4.60097 - 10 | - 5.39903 - 3043447 6.56523 - 10 | 3.675 x 107
3| 1.732] 4.87 x 1070 | L.e8753 - 10 | - 5.31247 - 3.37943  |6.62057 - 10 | 4.174 x 107*
5| 2.236| 6.29 x 10 | 4.79865 - 10 | - 5.20134 - 3.30874  |6.69126 - 10 | 4.912 x 1074
E':S 10 | 3.162| 8.9 ¥ 107 | 4.92939 ~ 10 |- 5.050¢1 - 3.21286  [6.78714 - 10 | 6.125 ¥ 1074
15 | 3.273] 1.085 x 1075 | 5.03543 ~ 10 |- 4.96456 - 3.15812 (684188 - 10 | 6.948 % 107%
20 | 4.472) 1.257 % 2077 |5.09934 - 10 |~ 4.90066 - 3.11747  [6.88253 - 10 | 7.630 x 107%
<5 5,000 | 1.405 x 1055 5.14768 - 10 - L.85232 ~ 3,08672 6,91328 - 10 8.190 x _'1.074
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TABLE II
Tabulation of Volumes & Energies at Selected Times for
Given Quantities of Tube Ruptures

N| T=10% sec. T = 1077 seec. T = 1072 sec.
v 3 o v 2 En# v C | w4

1] 1.5 |9.3x10% |5.57 x 10 [9.4 x 10* [1.739 x 107 8.9 x 105
2| 2.2 | 1.86x10% |7.88 x 10 |1.86x105  |2.46 x 103 | 1.78x20°
3] 2,59 | 2.79x10% |9.64 x 10 |2.82x10°  [3.01 x 10° | 2.67x10°
51 3.35 | 4.65x10% [1.245x10% [4.7 x 105 [3.89 x 103 | 4.45x10°
10| 47 | 9.3 x 10% [1.76x102 9.4 x 105 |5.49 x 107 | 8.9x10
15| 5.810 | 1.39x10° |2.2 x 102 |1.4 x 106 |6.74 x 10° | 1.34x107
20 | 6.708 | 1.86x10° |2.49x10° |1.88x10° |7.78 x 103 | 1.78x107
25| 7.5 | 2.33%00° |2.79x102  |2.35010°  |8.695 x 103 2.23x107
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TABIE ITI
N N/r] o T v(t)2]  3v(t)/tubd ¢ sz‘ Eqnn. 2 or v E(t)"# W, /" "
) S b © No. b S ) inq2
111 [2-1/2| 1074 1.5 1.145 0.71 | < 1 6.25 9.3x10° 118
wo | 559 3.82 2,3 | <\ I 6.25 9. 4x10% 1196
1072 1739.0 12.1 7.5 > 3 56.25 | 8.91x10° 1259
L | 6x1072| 25185 29.3 18.2 =1 3 332.0 5,3x10° 1265
5 |1 |-1/2|107% 3.35 1.5 .93 =] 1 6.25 4.65%10% 591
1073 | 124.5 4.99 3.1 | > 3 9.6 4.7x10° 3894,
107% | 3890 15,73 9.8 | > 3 95.5 4o 45x10° 3707
6x1072 | 56300 38.5 24,9 | = 3 623 2.65x107 3384
4. 912x%
Vv | e | 104 4009 3.45 2.1, | <| 1 6.25 1.03x10° 1310
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vt v(t)’ V(1) /tubd ;f Ban. ry + o | E(t)" o/t 14
Oos

15| 2-1/2]107% 5,80 1.8 1.14 | < 1 6.25 1.39x10° 1769
1072 216.0 6.0 3.7 =1 3 1hods 1.4x10° 7734,
107 6733 18.9 11.8 | =) 3 139.5 1.34x107 7669
6x107% | 97516 bhyody 27.6 | =1 3 763 7.9x107 8237
{ 6“%% 122 4o 96 3,02 | = 3 9.1 2.53x10° 2210
20 2-1/2]10% | 6.708 1.865 1.18 | < 1 6.25 1,86x10° 2367
1073 249 6.29 3.9 = | 3 15.2 1.88x10° 9839
1072 9777 19.75 12.3 | = 3 151.0 | 1,78x107 9377
| ¢ |6x1072 | 112,627 | 48.4 29.5 | ==|{ 3 870 1,06x108 9692
25| 2-1/2|107% 7.5 1.96 1.2 | =1 1 6.25 2.33x10° 2966
1073 | 279 6.52 .05 | =1 3 16.4 2.35x10° 11399
107% | 8695 20.55 2.8 | = 3 164.0  |2.23x107 10817
b Y |6x1072 | 125925 50,1 1.1 =1 3 961 1;32x108 10927

98



©,%5 CORROSION OF MATERIALS OF
CONSTRUCTION IN PRODUCTS OF

A SODIUM WATER REACTION
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CORROSION OF MATERTALS OF CONSTRUCTION IN PRODUCTS OF A SODIUM-WATER

REACTION:

In addition to the problem of withstanding the high pressures and
temperatures due to a large sodium-water reaction there is the problem
of rapid corrosion of material of construction in the high temperature
reaction product. A small leak is much more credible than the very large
leaks assumed in the vessel strength analysés. Ieaks in pressure tubing
usually start small. The heat generated by the sodium-water reaction
will be confined to a small area around the leak site, and 1little or no
increase in the bulk temperature and pressure of the sodium will occur.
Early detection and dumping of the water from the Steam Generator are
the best way to minimize damage to the Steam Generator.

Two separate research projects have been carried out on the small
leak and corrosion problem. As part of Subcontract No. L under this
Contract APDA has investigated the corposion of adjacent tubes due to the
impingement, of reacting high pressure water and sodium from:za small leak.
The results from these experiments are reported in APDA 176 "Analysis of
the Babcock & Wilcox Full-Size Steam Generator for a Sodium-Water Reaction."
Very briefly these tests show that erosion-corrosion from reacting water
and sodium can produce severe thinning of adjacent tubes in a few seconds.

A separate general corrosion project was conducted by B&W Research
Center. This project was directed to determine the corrosion rate for
Creloy 2-1/4 steel in the products of a sodium-water reaction. The: -
results of this investigation are reported in B&W Research Report

BAW-1280-30,
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Corrosion rates were determined for various concentrations of NaOH
in water and in sodium at various temperatures., The tests were conducted
under gently stirred conditions to isolate the effect of corrosion from
the effects of erocsion and other phenomina near an actual reaction. The
corrosion of Croloy 2-1/4 steel in NaOH in sodium was found to be quite
low and should not prove to be a problem. Corresion in agueous NaOH is
very rapid, especially at high temperature.

Fig. 1 shows the trend of corrosion rate with temperature. At a
given temperature concentration of Nall had a minor effect on corrosion
rate., Since temperatures of 1800-2300F have been observed in reaction
zones it can be seen that corrosion alone can result in a loss of about
.001" of tube wall per hour, The other effects due to the reaction
increase the corrosion rate greatly and make early detection and dumping
of the water very important.

Fig. 2 shows the steam pressure decay curve after beginning of
isolation and dump. The dump valve is a 23" valve at the feedwater
inlet side of the Steam Generator. It will be noticed that the pressure
drops to approximately 134 psi in 0.5 sec, for the case where the steam
generator is 350F isothermal. This case resulted in the highest water
leak rate and was used in the vessel strength calculations. It can be
seen that it is a worst case for a small leak and corrosion, The
longest dump time occurs for 20% load operation, and is also shown on Fig,
2.

A simplified schematic diagram for an isolation and dump system

for one steam generator is shown on Fig. 3. In addition to sealing off
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the connections to the steam and feedwater headers, and opening a dump
valve; this system shows a nitrogen system that will help purge the
water from the tubes and will prevent the pressure inside the tubes
from falling below the pressure on the sodium side of the tubes. This
will prevent forcing sodium back through the tube leak and prevent
contamination of the whole water system.

Since severe local erosion and corrosion can occur in a few
seconds, and since it can take as much as 25 seconds for the water
pressure to decay after the isolation and dump operation has begun, it
can be appreciated that early, reliable detection of a leak is of
greatest importance., Development work is now in progresg Iy . rners on

leak detection devices, and is outside the scope of this Contract.
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Evaluation of Strain Hardening Coefficient and Strength GCoefficient for

2-1/4 Croloy Material at Temperatures,

"The process of changing the mechanical properties of a metal by
plastic deformation is termed strain hardening.1 After the yield limit
of a metal is exceeded structural changes begin to take place in the
metal and ever higher stresses are required to continue the deformation,"
This process is related to the stress-strain relationship in the plastic
range. An increase in rate of loading or decrease in temperature would
increase the rate of strain hardening. Strain hardening becomes less
apparent with increase in temperature.

The engineering stress-strain relationship which relates conventional
stress to conventional strain proves to be quite useful in the elastic
range of the metal; however, it leaves much to be desired when consider-
ing the plastic range where the cross section is constantly changing
during the loading,

In the plastic region of the stress-strain diagram it has been found
empirically that:

G=kK&

where

Q= true stress, psi
K = strength coefficient

& = natural strain in/in

Y = strain exponent

References: 1 Behavior of Metals under Impulsive Loads by Rinehart{ &
Pearson, American Society of Metals,

2 High Velocity Forming of Metals ~ American Society of

Tool & Manufacturing Engineers,
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This equation then accounts for the increase in stress due to the
property changes in the plastic range of the metal.

When E = i,

then = K(i?L =K

Therefore the strength coefficient can be found from experimental
results by evaluating K on the curves of log " vs. logéifwhere strain
(&) =1

Experimental data was obtained for 2-1/4 Croloy material from
Lehigh University for the strain hardening exponent and the strength
coefficient under room temperature conditions. To satisfy strain
hardening effects for high temperature values actual temperature condi-
tions were obtained from the Babcock & Wilcox Alliance Research Center.
These values for the Iehigh & Alliance results are given below.

LEHIGH UNIVERSITY (ROOM TEMPERATURE)

- lllli"ll (I N N am aEm os ae

Condition Code K
(strain hardening (strength coefficient)
exponent)
SA387D Sc-1 0.171 179,000
Cooled at 0.3°F/sec. SC-2 0.179 176,000
A387D SF-1 0.168 142,000
Cooled at 0.3°F/sec. SF-2 0.169 140,000
and
Tempered at 1350°F
One Hour
By inspection use = ,17 & K = 160,000

Alliance Research Data

For plates normalized and stress relieved as follows:
Austenitize @ 1700F - Air Cool

Stress Relieve @ 1315F for one hour - Air Cool
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Strain Herdening Strength
Plate Test Exponent Coefficient
Thick (in.) Temp. (F) ' K _(psi)
1% 900 .10 89,000
1 900 .09 91,000
1 700 .07 115,000
& 1015 ,03 76,000

Fig. 1 is a plot of the strength coefficient value for the 3 & 1"
plate. Since only two points were available for the 1" plate it was
plotted to the same configuratien as the 8" plate for which three points
were available.

Fig. 2 is a plot of the strain hardening coefficients for the same
thickness plates,

Representative temperatures were selected for this report. On this
basis, values of "n" and "K" can be chosen for both plate thicknesses
and the strain hardening equation for each can be stated. However, these
equations only account for temperature conditions, since a rapid loading
device that would reliably serve at high temperatures was not available,
This testing difficulty is the major obstacle to the complete utilization
of beneficial strain hardening. Hence, a compromise to the situation was
necessitated which resulted in a power equation for high temperature while
neglecting any additional effects of rapid loading. Higher stresses would
have been allowed if loading conditions were considered, so the compromise
is conservative.

The strain hardening equations for the liner and shell are:
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For the liner:
= (96,000 ps1) (é!-)OM*Z‘
and for +he shell,

= (103,000 psi) (& )°°0%

Another matter *¢ be commented upcn is the effect ¢f temperature on
the yfield stress. This is necesisary because the energy calculations are
based on the area under the true stress strain curve, The area is com-
puted by the average plastic stress which 1s defined as the average stress

between the yileld stress and the stress at shell instability.
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B« STRUCTURAL ANALYSIS OF THE CENTER PIPE

ASSEMBLY UNDER EXTERNAL PRESSURE.
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STRUCTURAL ANATIYSIS OF THE CENTER PIPE
ASSEMBLY UNDER EXTERNAL PRESSURE

The 30 inch center pipe assembly forms the core around

which the helical coils are wound. It also serves as a relief

path for any sodium-water reaction products that may be generated.

A sodium-water reaction within the coil area will produce an
external loading on the center pipe. It is, therefore,
necessary to determine the capability of the center pipe to
withstand an external pressure and further what effect a
possible collapse of the pipe would have on the safety of the
unit.

A study of the structural capabilities of the 30 inch
center pipe for the Full-Size Unit concluded that this pipe
would fail by elastic buckling due to the external pressure
loading generated by a one tube failure. It was further con-
cluded that this collapsing and clasing off of the relief path
would not appreciably increase the internal pressure. This is
mainly due to the limiting assumption of two flow escape paths
used in the mathematical model to predict the hydrogen bubble
pressures. When the center pipe is plugged any one of the
other available exits may be assumed to take over the relieving
function.

Since the center pipe, the coil tubes and coil diameters
in the Prototype Steam Generator are exact models of the
Full-Size Unit it will only require correlation of Prototype
with the Full-Size Unit to establish the effect of the pressure

on the center-pipe assembly.
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The worst case pressure in the Full-Size Unit for a one

tube failure are as follows:

time (sec pressure (psi)
10-4 2600
10~3 800
1072 270

3 x 1072 185

By comparison for the Prototype APDA Case II for a
reaction at the top of the downcomer annulus, for a one tube
rupture with relief down the boiler downcomer annulus and up

the center pipe; up both downcomer boxes yields the following:

time (sec pressure (psi)
10™4 34,00
1073 980
1072 280
1071 165
5 x 107T 120 (rupture disk burst).

For APDA Case XVI, which is considered to be the worst
case in the Prototype, a 25 tube rupture at the top of the down-
comer annulus with the center pipe blocking flow yields the

following pressures:
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time (sec pressure (psi)
10~4 20,000
1073 5,400
10-< 1,700
6 x 1072 960 (bubble reaches gas space)

The increase in pressure for gny number of ruptured
tubes relates to the square root of the number of tubes; there-
fore a one tube rupture for Case XVI would give the following

pressures:

time (sec pressure (psi)
10-4 4,000
1073 1080
10-2 340

6 x 107° 192

The equation for the minimum critical pressure for a long
thin walled tube is characterized by the equation for critical
or collapse pressure for a uniform-static condition from

"Advanced Mechanics of Materials" by Seely & Smith.

Py = 2E (3)3 Eq(707)
R (@ q

The solution of this equation for the Full-Size Unit
shows the critical collapse pressure to be 99 psi. This will be

alsoc true of the Prototype configuration,

-105~



Conclusion: A comparison of the worst hydrogen bubble

pressure for the Prototype and the Full-Size Unit shows that
the center pipe in the Prototype can be expected to collapse
and may plug-off with a one tube rupture. This is of very
little concern as it relates to the calculation affecting

the shell, liner and other portions of the vesselglsince the
pressure being used as the worst case does account for center

pipe blocked.
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wds 0 STRUCTURAL ANALYSIS OF THE BOILER COIL SUPPORTS

UNDER SODIUM-WATER REACTION CONDITIONS.
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2.0

INTRODUCTION:

A tube failure in the boiler tube bundle assembly will
produce a Na/H2O reaction with resulting high hydrogen bubble
pressures., During the early times of the reaction there is the
possibility of large loadings on the structural elements of
the coil support bars adjacent to the segment containing the
reaction. These loadings could result in failures duve to in-
duced moments and shears producing a possible continuing chain
of events and progressive reactions, Since the integrity of
the tubes is of prime importance in a sodium-water system the
problem in the coll support system resolves itself about:

1. The prediction of the pressure acting upon the

supports.

2. The relative strength of the tubing and the supporting

elements.

PREDICTION OF THE PRESSURE DIFFERENTIAL ACROSS THE BOIIER COIL

SUPPORT BARS:

Figure 6 shows a plot of the spatial distribution of the
hydrogen bubble pressure across the boiler coil support bars
at any time. The discussion on the methods used in the deriva-
tion of this pressure relationship is shown in the Structural
Analysis of the Center Pipe. (For the full size unit).

The differential reaction pressures, in terms of percentage
of the maximum pressure, across the support bars adjacent to

the segment in which the reaction occurs are as follows:
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distance from differential pressure
top of support bar (percentage of maximum pressure)
d (ft.) Pairs (%)
1 10
3 28
5 42
7 26
9 10

The maximum worst case pressure for each condition of time
at the center of the coil is as follows: (Values from APDA

Curve #XVI and from Fig. 1 of Section 10.3,

t (sec) max - press. (psi)
10-4 20,000
10-3 5, 400
-2
10 1,700
6 x 10-2 960

Assuming the maximum worst case pressure acts at the center
of the boiler coil,

The following table gives the maximum pressure differential
that can be expected across the boiler coll supports at various

distances from the top of the support barsg
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distance
below top of
support bar

t(sec)

Pressure Differential (psi) for
25 tubes falling simultaneously

O ~uor\w

NORENA, IV T NOIEN R IV = NOIEN RV, IV

10™4

1073

-2

10

6 x 107%

2000
5600
8400
5200
2000

540
1512
2268
1404

540

170
476
714
442
170

96
<69
403
250
96

Figure 1, a plot of these values shows that the pressures are

approaching a steady state value at times in the range of 1073

and 10-2 seconds.
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FIG. 1 PRESSURE DIFFERENTIAL ACROSS THE BOILER COIL
SUPPORT BARS AT VARIOUS LOCATIONS BELOW THE TOP
OF THE BARS.
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3.0 CAICUIATION OF THE TENSION STRENGTH OF THE WELD CONNECTING THE

CIAMPING BARS TO THE COIL SUPPORT BARS:

Refer to the top view of the boiler coil support bars in
Figure Number 2., Assuming that the differential pressure
across the support bars cause piece number 2 to translate with
respect to number 1 and 3, and thereby places the weld in
tension, Consider the allowable stress to be equal to the
short time ultimate tensile stress, for a condition of failure.

Short time tensile strength of SA-387 GRD D 1000°F = 57,500 psi
(from Steel at Elevated Temperatures. U.S. Steel).

The tensile area of the weld is taken as:

A = .1875" x .375" = 0.070 in®

The force the weld can withstand for short time tension

is then:

F = .070 (57,500) = 4025#
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The load acting on the clamping bar to produce a tension

failure in the weld will then be:

4375 q“;j673’

I W
C 1

P
EZM = 4375 - .625P

(.4375)(4025) = ,625P
L625P = 1761
P = 2818#

The force per unit area is (See Figure 3 side view of

boiler coil support bars.):

A

(1.625 x 1.375 - .7854(12) = 1.449 in?

Comparing this value with the expected pressure differential
across the support bars at times above ]_O_3 where the values
are approaching a steady state condition it can be concluded
that the weld will be satisfactory for 25 tubes rupturing
simultaneously, On the basis of the dynamic analysis for the
vessel shells it can be concluded that at shorter times, at and
below 10—3, the dynamic strength will be greater than the static
strength by a factor of 5 to 1, or better. This would lead to
the conclusion that the weld which connects the clamping bars
to the coil support bars are satisfactory for a simultaneous

failure of 25 tubes,
-115-



4.0 CAICUILATION OF THE SHEAR STRENGTH OF THE WEID CONNECTING THE

CIAMPING BAR TO THE COIL SUPPORT BAR:

REPRESENTATIVE TUBE

PLAN VIEW THROUGH BOILER SUPPORTS

/ \
I/’ \\ ORIGINAL FOSITION OF TUBE
! \
VL=
\ | ASSUMED . POSITON OF TUBE DURING
\ , REACTION
\

~-116-
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With a reaction as shown in the preceding sketches, it is
possible that the coil support bars might deform in the manner
shown. In such deformation the tubes will attempt to maintain
thelr perpendicularity with the suppert bars. In so doing
there will be resisting forces produced in the weld and a

local moment induced in the tube.
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Fig. 4 indicates the position of the coil support bar on
the tube in its normal as erected state.
Fig. 5 indicates the position the support might assume
during sodium-water reactions,
It is evident from this picture that there are two main
considerations:
1. The shear strength of the weld to failure versus the
shear capacity of the tube.
2, The bending of the tube due to the moment applied by
the binding action of the tube.
Considering the maximum shear force on the weld first.
The allowable shear stress will be taken as 1/2 the ultimate

strength since we are considering a failure condition.
Shear = 1/2 Ultimate

In the boiler coil section there are three major differences
in temperature and tube thickness.,

1" 0.D. x 120" THK Temp 70QF

1" 0.D. x 145" THK Temp 850F

1" 0.D. x 165" THK Temp 1000F

Ultimate @ 700F = 70,000 psi*
Ultimate @ 850F = 65,000
Ultimate @ 1000F = 57,500

* Short time tensiles from Pg, 41 Steels at Elevated Temperature
Service, U.S. Steel.
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The area of shear for the weld = .070 in2, F the force the

weld will take in shear is:

@ 700F F = ,070 x 70,000 = 2450#
2

@ 850F F = ,070 x 65,000 = 2275#
2

@ 1000F F =

.070 x 57,500 = 2103#
2

5.0 CAILCUIATION OF SHEAR STRENGTH OF THE BOIIER TUBES:

Considering the tube to be in direct shear calculate the
force required to shear the tube,

The shear area of the tubes is as follows:

1" 0.D. x .120" THK = .7854 (12—,7602) = .331 in®

1" 0.D. x .145" THK = .7854 (12-.710%) = ,390 in®

1" 0.D. x .165" THK = .7854 (12—.6702) = .433 in?
Force required to shear the tubes is:

.120" THK @ 700°F  F = ,331 x 70,000 = 11,585#

.145" THK @ 850°F F = .390 x §§4§99 = 12,675#

I

.165" THK @ 1000°F F <433 x 57,500 = 12,449%
2

It is evident from the values for the shear strength of
the weld versus the shear strength of the tube that the weld
will fail and peel away from the support before causing
failure in the tube.

A1l of the above is considered at a static state condition,
Dynamically the weld will be much stronger for transient condi-

tions as will the tube.
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6.0 CAICUIATION OF THE STRESSES DUE TO MOMENT AND IONGITUDINAL

PRESSURE:

Considering next the bending moment on the tube produced
by the couple.,

The moment on the tubes i1s the product of the force the
weld can take, for each tube condition, times the moment
arm of the couple.

@ 700°F M

H

R2L50# x .6875"

168/ in -1bs.

I
il

@ 850°F M= 2275 x .6875 1564 in -lbs.

@ 1000F M= 2013 x .6875

1384 in -1lbs.

The moment of inertia for each tube is:

1" 0.D. x .120" THK I = .049087 (1%-.7604) = .033 ink
1" 0.D. x .145" THK I = .049087 (14-.7104) = .037 in®*
1" 0.D. x .165" THK I = .049087 (1%-.670%4) = .039 ink

The stresses from the moments (which are caused by the

restraining action of the coil bars and welds) are for

1" 0.D. x .120" THK @ 700F = = Mc = 1684 (.5) = 25,515 psi
1 .033
1" 0.D. x .145" THK @ 850F = = 1564(.5) = 21,135 psi
.037
1" 0.D. x .165" THK @ 1000F = = 1384 (.5) = 17,743 psi
.039

Longitudinal stress in tubes.

1* 0.D. x .120" THK PR = 2825 (.380) = 4,475 psi
2t 2 (.120)

1" 0.D. x .145" THK = 2800 (.355) = 3,428 psi
2 (,145)

1* 0.D. x .165" THK = 2775 (.335) = 2,815 psi
2 (.165)
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7.0

Total Bending + Pressure Stress

1" 0,D. x .120" THK 25,515 + 4,475 = 29,990 psi

I

1" 0.D. x 145" THK 21,135 + 3,428 = 24,563 psi
1" 0.D. x .165" THK 17,743 + 2,815 = 20,558 psi
Short time yield strength from Steels for Elevated Temperature
Service for 2-1/4 Croloy
@ 700 = 33,000 psi
@ 850 = 30,000
@ 1000 = 28,000
CONCLUSIONS:

Based on the predicted pressure differentials across the
coil support bars it can be concluded that the weld connecting
the clamping bars to the support bars will be satisfactory,
in tension, for the total number of tubes in the boiler section
(25), rupturing simultaneously, It has been established that
the welds on the clamping bars will fail before the tubes are

affected in shear or before the applied moment causes fallure

stresses in the tubes,
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10, 6

ANALYSTS OF THE TUBE VIBRATION SUPPORTS
AND BAFFLES.
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ANALYSTS OF TUBE SUPPORTS AND BAFFLES DURING A SODIUM-WATER REACTION:

A sodium-water reaction in the boiler downcomer region will produce
pressure differentials across the vibration plates and baffles. These
plates are used to control the tube vibration and the natural convection
flow of the fluid sodium, They have been staggered to provide an escape
path for the reaction products up through the unit. These staggered
plates will lengthen the path of travel for the flow of these products.
Figure 1 shows the actual distance to the sodium level in the unit.
Figure 2 shows the total distance through the tortuous path of the
staggered plates. Because pressure drop is a linear function of length
the pressure at any time in the downcomer annulus will be a maximum of
the reaction, and will decay linearly t¢ the sodium surface.

The following tabulation gives the hydrogen bubble pressure for
various numbers of tubes rupturing simultanecusly. These pressures are
for a reaction half-way up the downcomer annulus and is considered as
the worst case. Values for tubes 1 - 20 were obtained by using the

approximation factor based on the square root of the number of tubes.

TABIE I
PRESSURE (PSIA) AT VARIOUS TIMES
NO. OF TUBES 10-4 SEC. 10-3 SEC. 10-2 SEC.
1 4000 1080 340
5 8944, 2414 760
10 12640 3412 1074
15 15480 4179 1315
20 17854, 4827 1520
25 20000 5400 1700
__]_55_
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The pressure, in terms of percentage of the maximum pressure, at

the various locations in the boiler downcomer area (locations indicated

on Fig., 2) are as follows:

TABIE TI1I
Pressure Diff. Between
Pressure Points

Iocation % Points Press,

%
1 70

2 80 1-2 10
3 90 2-3 10
4 100 3-4 10
5 78 4=5 22
6 64, 5-6 14

Using the maximum differential percentage of 10%, and the actual

pressures shown in Table I the expected differential pressure across the

baffles and supports are as tabulated below:

(This is for the baffles

and supports in the lower downcomer region, below the downcomer boxes).

TABIE II]
PRESSURE (PSIA)
NO., OF TUBES 10-4 (SEC.) 10-3 (SEC.) 10~2 (SEC.)
1 400 108 34
5 894 241 76
10 1264 341 107
15 1548 418 132
20 1784, 483 152
25 2000 540 170

Maximum Pressure loadings the Vibration Plates & Gusset Can Sustain.

(Below the Downcomer Boxes)

A3

4 g,u /Z C'fq
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M= px 48 x (8)° = 1536p
2
y = (48 x 375 x .1875) + 2(4.94 x 375 x 2,85) = 644"
18,0 2(1.85)
I= éé_(_e_}lﬁl +(48) (.375) (467%) + 2(.375 4.94°) + .375 (4.94)
12 12

(2.151%) = 20.4 in*
The bending stress due to the loading is:

= Mec = 1536 pc
I

]

The allowable short time tensile stress(ﬂ% for Type 304 Stainless
Steel @ 900°F = 60,000 psi (Steels @ Elevated Temperature (U.S. Steel).

s] ZCTAI = 60,000 x 20.35 = 322 psi
31lc 1536  x 2.47

The preceding analysis is based on a static loading solution. The
following plot of the expected differential pressures for several condi-
tions of tube failure shows that a steady-state condition is being

approached at a time of lO-2 and the analysis is valid at this time.
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At times of 107% and 1077 it is evident that the static solution,
as such, is not wholly satisfactory.

It is recognized that for the longer duration loads a smaller
pressure 1s required to develop the strain, while for shorter duration
loads the required pressure to develop the strain approaches the im-
pulsively applied pressure.

Based on the calculation made for the shell and liner (impulse-
momentum method) in Section .4.1 it is possible to make a correlation
between the dynamic capabilities and the static solution of the
vibration plates and baffles.

The static strength of the shells was shown to be 3647 psi. The
total dynamic pressure strength for the shells at the three times of

interest are:

1074 = 93,643 psi
1073 = 15,203 psi
~128-



10-2 = 4,163 psi
The apparent increase in strength at a time of 107% is 25 times
greater than the static strength, and 4.2 times greater at a time of
10_3o To introduce conservatism into this analysis these factors are
reduced by a factor of 1-1/2.
By applying these factors to the calculated static value it is
possible to state that the vibration plates will be satisfactory for the

following number of simultaneous tube failure.

Satisfactory
Allowable Static| Dynamic Allowable For Simultaneois
Pressure Multiplier | Dynamic Pressure| Rupture of
time (sec.) (PSI) i (PSI1)
~4

10 322 16.6 5350 25 tubes

107 322 2.8 900 25 tubes

1072 322 1.0 322 25 tubes

This shows the vibration plates toc be good for a simultaneous rupture
of 25 tubes.

Using the max. value of 22% and the pressures shown in Table 1 the
expected differential pressures across the baffles and supports in the

downcomer boxes are as tabulated below:

TABLE IV
PRESSURE, (PSIA)
NO. OF TUBES 10-4 SEC. 10”3 SEC, 10~4 SEC.
1 880 238 75
5 2200 530 168
10 2780 750 238
15 3400 915 290
20 3920 1060 334,
25 4,400 1190 380
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Maximum Pressure Loading the Vibration Plates & Gussets Can Sustain

(In Downcomer Boxes).

~——

—

|

Y

Iy _‘2‘“‘”’5’;
[

f o

T

I

8 x 375 x ,1875 + 2(1.75 x .375 x 1.25)

2(.656)

1 |-<
/
M=px8x §2 = 100p
2
y‘ =
3
= 2,21 = .51
4,312
I=28x.375 +38
12

.053 + ,315 + 175 + .36

p = 60,000 x

.90

12

.90 = 430 psi

100 x 1.25

Using the same factors as used

the following results:

+ ,375 (.32%) + 2(,375 x 1.752) + .375 x 1.75 x .742

in the previous analysis we get

Allowable Static ' Allowable Satisfactory
Pressure Dynamic Dynamic Press.| for Simultaneous
(PSI) Multiplier (PSI) Rupture of
time sec.
104 430 16.6 7100 25 tubes
107 430 2.8 1200 25 tubes
10~ 430 1.0 430 15 tubes
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Both the calculation for the vibration plates and convection plates

in the downcomer area in the vicinity of the boiler coil section as

well as in the downcomer boxes are good for a simultaneous rupture of

total number of tubes (25) in the boiler section.

MAXIMUM IOADING THE WELDS ON VIBRATION PLATES CAN SUSTAIN WELD IN SHEAR:

Max. Load = (p) (48) (8) = 384p

Using an allowable in shear of 4 the short time tensile strength.

Material Type 304 Stainless Steel

384p =
p = 180,285 = 470 psi

384

tensile @ 900F = 60,000 psi

Allowable = 15,000 psi

A =15,000 x 68 (.707) (.250) = 180,285

Comparing the pressure the welds will sustain to failure with the

-2

bubble pressure in Table I11 shows that at the longer times, at 107%,

when the pressure is decaying to a steady state value the welds are good

for 25 tube failing simultaneously.

This again is a static loading

analysis and on the same basis as used on the plates the following

will be nearer to the true dynamic strength of the welds.

Allowable Static Allowable] Satisfactory
Pressure Dynamic Dynamic for Simultaneous
(PSI) Multiplier| Pressure Rupture of
time (sec) (PSI)
104 470 16.6 7800 25 tubes
1072 470 2.8 1310 25 tubes
-2
10 470 1.0 470 25 tubes
- 13,




CONCIUSIONS:

The vibration plates and baffles will be satisfactory for the simul-
taneous rupture of 25 tubes with a factor of safety of 1-1/2. This has
been shown to be true by sclving the problem with static methods of
analysis and correlating this with the results of the dynamic strength
of the shells to obtain the apparent dynamic strength capabilities of

these plates and baffles,
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FIG. 1 LAYOUT COF VIBRATION PLATES & CONVECTION
BAFFLES IN THE BOILER DOWNCOMER ANNULUS
PROTOTYPE STEAM GENERATOR
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FIG. 2
LAYOUT OF TOTAL DISTANCE
TRAVELED THROUGH THE DOWNCOMER
VIBRATION PLATES & BAFFLES
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CREDIBILITY OF OVERHEATING THE SHELL

AND LINER DURING A SODIUM-WATER REACTION.
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CREDIBILITY OF OVERHEATING THE SHELL AND LINER DURING A
SODIUM-WATER REACTION:

The APDA analysis of the Sodium~-Water Reaction assumes
that the hydrogen is generated at a temperature of 1800°F,
Using 1800°F as the reaction boundary condition at the in-
side of the liner and the shell the transient temperature
gradients have been calculated using the analysis of "Con-
duction of Heat in Solids by Carslaw & Jaeger. These are
shown graphically for the shell and liner in Figure 1. It
should be noted that the 1800°F was applied to both the in-
side of the liner and shell. For the actual case this would
not be true. The liner would see the 1800°F-at the inner
surface; however the insulating value of the gas in the
space between the liner and outer shell would create a lag
in the transfer of the temperature to the outer shell. The
temperature of 1800°F applied at the inner surface of both
the shell and liner provides a congervatism in the shell
calculations.

For the times of concern at lO—AP to 1 sec. when the reaction
pressures are at the highest values the liner will see only
a skin effect and the outer shell will be at the operating
temperature. Therefore, there is no concern for a diminishing
in the strength of the shell material at the times of high

reaction pressures within the shell.
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