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* FOREWORD

This report "Reactor Internal Components" is one of a series of reports on
. i
research and development in connection with the design of the Pathfinder

Atomic Power Plant.

The Pathfinder plant will be Ioca+ed at a site near Sioﬁx Falls, South
Dakota, and is scheduled for operation in 1963. Owners and operators of
the plan+'wil[ be the Northern States Power Company of Minneapolis,
Minnesota. Alfis-Chalmers is performing the research, development, and

deslgn as well as being responsible for plant construction,

The U. S. Atomic Energy Commission, through Contract No. AT(I1-1)-589
with Northern States Power Company and Central ytilities Atomic Power

Associates (CUAPA) are sponsors of the research and development program.

The plant's reactor will be of the Controlled Recirculation Boiling Reactor

type with Nuclear Superheater.
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1.0

The Pathfinder Reactor. is a §6fmwe, direct cycle boiling water reactor

" with an Internal nuclear superheater, controlled circulation, and

internal steam separation. The mechanical arrangement, water circu-

lation and steam clrculation are shown In Figure I.1.

-Feedwafer enfers t+he II f+ l D. reac+or Qeésel at the feedwater

disfrubufion ring near the: boTTom of fhe dOWncomer reglon, where
i+ mixes with reclrculaf]ng water, The water is then wufhdrawn
from the vessel and pumped back +hrough the core reglon, where

a porflon of it Is generated |n+o steam.” The steam wa+er mixture is

+hen forced up into the two-phase inferface, where a percentage of

the steam is released.- from the water at the interface. The'remélning

mixture of steam and water passes into the .downcomer region, where

most of the remaining steam is removed from the water by centrifugal

type separators. Steam from both the separators and interface flows

+hrough a mesh-type dryer and into the centrally located superheater

where its temperature is raised from 489 to 825 F. The steam leaves
the superheater through the main steam line located at +hé bottom

of the reactor vessel.

Figure 1.2 shows a scale model of the reactor internals.

IA.0 OBJECTIVE

To provide descriptive information on major reactor internal components,




~to report on the test programs réla#ed to componén+ development, and to

;describe methods used in component design analysis,

2.0 BOJILER CORE GRID PLATE (SEE FIGURE 2.1)
The grid plate supports and locates the boiler fuel elements and the
-botler core shroud, The grld pla+e s a rigld sandwich type structure .
consisting of two annular, perforated plates Jolned at the perlphéry
by a cylindrical ring. Additlonal rigidity Is gained from 96 cylindrical
spacers, which serve as sleeves fof boiler fuel element nozzles. 'The |
sandwich type structure §upplies rigid support, and reduces thermal
stresses in the plate. Furfﬁer reduction of thermal stresses In the
plate is accomplished by cfrculafing coolant befWéen the inner surfaces

of the sandwich plating.

The grid plate Is boited +o a skirt which is welded to the reactor
vessel. A cylindrical shroud is attached to the. periphery of the .
grid plate. The shroud supports the fuel element hold-down structure

and separates the annular coolant downcomer region from the core.

2.1 Theoretical Stress Analysis*

The mechanical stresses present in the boiler core grid plate were
determined as followsf
i. The maximum deflection of the annular sandwich structure

was determined from analogous methods.

* Nomenclature for analysis is defined on pp. 25
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Figure 1.2 - Cutaway Model of Reactor (213994)
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2. The uniform load necessary to produce the theoretical maximum
deflection was calculated.

3. The maximum bending stress produced by the détermined uniform
load was calculated.

2.2" Deflection Analysis*

The grid plate deflection was approximated by application of known
equations to an analogous structure. The method of analysis was as
fol lows:

I. The deflection of a solid circular plate with the same
diameter as the grid plate, with unit thickness and under
unit load, was determined.

2., The deflection of an annular plate with the same diameter
as fhe grid plate, with unit thickness and under unit load,
was determined.

3. The deflection of a perforated circular sandwich structure,
with the same dimensions as the grid plate and sub jected to
the design load, was determined, using the method developed
by G. H. Eng (Ref. [).

4, The deflection obtained In step 3 was adjusted by the ratio
of the deflection obtained in step 2 to that obtained in
step |.

Calculation of Deflection of a Circular Plate. Assuming a plate

with uniform load over the entire surface with edges fixed, the

#
* Nomenclate for analysis is defined on pp. 25




maximum deflection was computed by the following formula, as given

Tn Roark, (Ref. 2): .

= S (mZ -~ ) at
max 16 E m2.f.3 .

' C (2.1

i
4

After performing the necessary calculation:

Yoax = 0.0139 in,

Calculation of De?!ec?i@n of an Annular Plate, The annular plate is

also assumsd to be under uniform load with the outside edge fixed and
- supported. From Reference 2:

;
2 ‘
3 -1
= i?' 3 2 (éﬁ N B T
> le e 1

[8b° (mit) - 4a2b (3 ml) - 4a b2

{(m+1) In a/b]

2.2)
(m“ﬂ) + b (m+l)

[!6a2b4 (m+1) (in a/b)2 - 4a2b4 + 2a4b2 (mé1) - 265 (mﬁ_jzy
2 (m=1) + b2 (m#i)

After computation

Yy  =0.0080 in. /-
max ’

The ratio of defiection of circuiar +o annular plate is:

0.0139 in, _

Ratio = 5*508 in. — '

——




Calculation 6f'0eflec+ion of Circular Sandwich Structure. The calcu-

- lation of the deflection of a circular perforated sandwich structure

requires a knowledgé of the shear and flexural rigidity of the structure.

Approximate values can be obtained by modifying data reported by

G. H. Eng (Ref. 1) for a similar structure.

16 D,

Ymax = Yo |1 & ~= T F (2.3)
Where:
Y :-._9._@_4_ (2.4)
© 64 D, .

Dy-= Ny D (2.5)
. ; : 2 .

- | IR > |

D.-.:Ef L 3) -.\C+————-—-———2 -

(2.6)
(1 =v2) ) + 4y |

After performing the indicated calculations

Ymax = 0.0085 in.

The conversion ratio between the circular and annular plates, determined
previously, is now applied to the calculated deflection of the circufar
sandwich structure to predict the max imum def lection of the anaular

i

sandwich structure.

Ymak ='(0.0085/|.74? = 0.0049 in.



(niform Load Producing Calculated Deflection. Using Equation (2.2,

the distributed Ioaﬁ producfh@ the ébmpdféd deflection is calculated:

L3y (m? - 1)
16 m2 g +°

Ymax = 0-0049 = (12.47 x 107)
Thus: w = 4.9 1b/1n2

<Calcula+ion of BendingﬁSTress Produced by Uniform Load. The bending

stress at +he outer edge of each annular plate can be readi!y calculated

from the formula as glven in Roark (Ref 2):

o= |2 2b2 + b*(m-1) - 4b (mbD) _in a/b + 222 GBI PP
max " .2 (2.7)
S (m-l) + b (m+|)
Thus: So = 1040 psi
max
In the same manner +he bending stress at the inner edge can be found.
From Roark (Ref. 2)
= _ W (mz—l) a4 - b4 4azb2 In a/b -
Smax 2 2 2 (2'8)
. 4 mt a“(m=1) + b%(m+l)
Thus: §; = 495 psi
max
2.3 Experimental Stress Analysis* i

Since the validity of the assumption used in the theoretical analysis

* Nomenclature for analysis is defined on pp. 25

O



could not be verified read[ly, a'quarfgr scale plexigias || model

was constructed. This eﬁabled'é dife;? ﬁeasuremenf of.s+re$ses and
.deflecflons Iin the model, and the.Bessults were converted to stresses
and deflections applicable to the Pathfinder grid plate by principles

of similitude.

‘A comparison of sfgnlflcahf characteristics of both the mode! and

Pathfinder grid pIa+eAare gfven-ln-Table 2.1,

TABLE 2.1 COMPARISON OF MODEL AND REACTOR GRID PLATE

Parameters ' Reactor Modell
Material 304L SS - : Plexiglas 1|1
Operating Temperature, ©F 489 72

Relative Linear Dimension, in. 1.0 o 0.250

Total Load, Ib ’ 33,600 Variable
Modulus of Elasticity, psi 25.5 x 109 0.480 x 10°
Poisson's Ratio 0.317 0.35

The test apparafus used is shown in Figure 2,2. To insure uniform
support along the periphery of the model; the model was seated in the
supbor? stand ring with plasf}c steel. A uniformly distributed load

of 1860 lbs:was imposed on the grid bla+e with an iﬁfla+able diaphragm.
Dial indicators were mounted beneath the mode! at the locations

shown in FigureA2.3. Corresponding reactor grid-plate deflections were

calculated by the equation:

y=2L4. (2.9)
N Py

\'nlv

E .
. —M- | 1
E M

-] O~




The mode! deflections ﬁeasured‘aqd the grid—Plafe deflections calculated
by Equation (2.9) are given in Table 2.2. Results indicate a‘deflécfion
of 0.0029 in. in The reactor, which is within design limits. Since .
recircuylation flow tends to reduce the total load, the value is con-

servative.

TABLE 2.2 DEFLECTION IN MODEL AND REACTOR GRID PLATE

Location Model Deflection " Predicted Reactor
(in.) Deflection (in.)
[ 0.0263 0.00223
2 0.0240 0.00204
3 0.0006 0.00005
4 0.0247 0.00209
5 0.0066 - 0.,00056
6 0.0136 - 0.00115
7 00,0146 0.00124
8 0.0336 0

.00287

Upon completion of the deflection test, a stress analysis program was
conducted to determine the magnitude and location of the maximum cir-
cumferenTial and radial stresses. A sTress—coananglysis was made to
determine the direction of principle sTre§ses in the model. No

attempt was made to obtain quantitative results from the stress-coat,
becausejs+rain gages.were used to obtain this data. Sfress—coaf ST 1207

J .
was appﬁied to the model according to standard procedures.

|

¥

Thin cellophane sheets were placed over a one-eighth segment.of the
stress-coated model, and the stress +rajec+ories“Were traced with pen
and ink. These cellophane sheets were used to lay out the strain-

gage locations 'and also to check the gage or ientation after placement.
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Because of moée! size, it was an prac+ical to place two ;Train—gage
roéeffes at many of the points whefe stress values were desired. In
narrow regions, foil gages with a 1/32 in. gage length were the largest
gages that would fit. To.puf one gage on top of another was impossiblé
because of inTerferenbé with the soldered Iead—wire’cdnnecfions. Since
sfreés is a linear»funéfionvéf the load on fhé mode!, it was decided

to place one set of sinéle gages fn one principle stress direction,
load the mode!, and obtain all s+rain reaﬁings. Then remove all the
gages and place the orfhogonal set in fhe';ame location and load again

o The same value,

‘The 1/32 in; foil gages were bonded to the mode! with Eastman 910
cement and moisture-proofed with TATNAL GW-I moisture-proofing com-
pound. fype.A-IB wire gages were bonded with Duco cement. A thin
];yef of Duco smeared over the ins?alléf?on was used for moisture

proofing.

Five foil recfangulaf rosettes were located on the shear tubes. These
rosettes were placed on the tubes before assembly of the model. One

rosette was destroyed during fabrication.

A 20-channel Ellis switch-and-balance unit and an Ellis BAM~1 strain
indicator were used +§ make the strain measurements. Since the plastic:
mode!l was sensitive to temperature changes.fhe entire test stand was
placed in a draft-free enélosure; The.usual problem of gage heating

due to the poor therma!l conductivity of the plastic material was no

-4



problem with fheAEllis strain ‘indicator. Since the gain control
regulates the power to the bridge, it was only necessary to adjust the
gain tn a valne law enough that na significant drift occurs. With

this procedure, It was possibie to use only one A-18 gage mounted on a
separate piece of plastic to compensate for all A-18 gages on the model.

Only one foil compensating gage was used for all the foll gages.

The mode! was loaded by pressurizing thé inflatable diaphragm slowly
until 17 in. of mercury was reached. With mercury pressure at |7 in.
and a totai applied load of 1570 lbs on the grid plate model, the

principle stresses were computed from the measured principie strains

- by The eguation:

:‘0|2 = 'r‘__Ev_z (ejp + v €3)) 1 (2.10)

Table 2.3 is a summary of the stresses referring to the gage locations

in Figure 2.4.

A plot of the circumferential and radial stresses along the line of

symmetry "X = X' .is shown in the isomefric sketch, Figure 2.5,

The maximum stress developed in the mcdel (Tablé 2.3) is a circumferential
stress of 498 psi. "The corresponding reactor grid-plate stress was

calculated as follows:

w
]

1/(N2 (P/Py) Sy

S = 654 psi
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Figure 2.4 - Strain Gages Locations on Bottom Surface of Grid-Plate (43-024-126 PS)
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TABLE 2.3 PRINCIPLE STRESS IN GRID PLATE MODEL

Gage Tdh Surface Bottom Surface

~Location* Oc O Oc . o/
! -268 " =50 130 33
2 -186 . 43 131 -1
3 ~123 106 - 92 =56
4 -104 79 ~262 -24
5 -498°  -15 244 12
6 =53 . -16 20 -11.
7 -271 =213 - 65 12
8 -231 - =24 . 108 -7
9 -139 =49 69" |
10 -129- - -58 54 . 13
I cmme mmen 7 -9
12 . -63 32 33 12
13 -149 -28 9l 6
14

e89" ’ 29 56 —50

*¥Strain gage location refers to posn+|ons |nd|ca+ed
on Figure 2. 4,

2.4 Thermal S+ress Analysis

Thermal Sfress in the Grid Plafe Due to- Y Hea+|ng_ Y-ray. absorption

within fhe +op plate of the sandw!ch sfrucfure produces non-uniform

heating. A typical temperature plot-is shownnin Flgure 2.6.

| 7 ’s/;e
bvr” ~y/

——7

Figure 2.6 Plot of Temperature Distribution
through Top Plate of Grid Structure.
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The horizon+al t+hermal expansion, aT, is suppréssed'by applying to
~ each element the compressive stress:

o, =-aTE _ - (2.12)

The tensile forces in the beam due to heating have the resultant:

L . : ‘ o . : .
LFr=[o TE dx - _ 4 | (2.13)

For a thin slab (z is émall)ﬂand at a distance (x) from the ends of. the

slab, the distributed tensile stress is:
or=L fLaTE o o . (2.14)
T T Jo ‘ | : .

The stress in the slab can be obtained by superimposing the tensile
and compressive stresses for the case where the temperature distri-

bution is syhmefrica]:

°"%foL°"TE x - TE - , (2.15)

In the case of y heating, the temperature distribution is not sym-
metrical. Thereforé, in addition +o'Equa+ion4(2§I5), a couple is
formed which must be resisted by forces'within the slab, thus giving

rise to bending stresses. The bending éfresses are proportional

=19~




to the distance from the neutral plane. The moment developed by

these stresses is:

lg

M=17 —x

(2.16)

The resultant couple formed by non-symmetrical temperature distribution

is given by:
M= (L WE T (L2 - x) dx (2.17)

To satisfy equilibrium:

Is o _ -
=5 = JEQET(L/2 - X) dx =0
or:
g 12
W7 ] .foLf-‘» E T (L/2 - X) dx (2.18)

The bending stress at any point X is:

212 (L/2 = X)

=

Y L3

& aeT w2 -x d

o, » 220 gL GET(L-ZZX) i

y 3 Jo (2.19;
The total stress at a point X in a thin slab is given by:
or = -0 TE ++ [ aTE dx
+ .6(_‘-_:52& [Lae T _(L_Q_Z_Xl dx (2.20)

L

~20~




The grid plate is not +h|n in the z dlrecflon, and +he mean value of

T is not zero, therefore, Eq. (2. 20) musf be mod|f|ed as follows

TE “aTE dx

Q
O =% =TTV - o

+ _lL_:___l I L CET Q- 2X) d* 4 o (2.21)
(-w2 2 : |

The temperature, T(X),wis,eXpressed by:

Q% | «

S = L [A S
Texy = kn [‘9 Q=™ ']
" (See Eq. (2.27) for derivation)

Substituting in Eq. (2.2I):

oyacz'___,i_GE,- Kuz)[(eﬂ-l)r-e'ﬂx+l]

| = v

L(l -p) <Kp.2> JOL. [(e'“l"- l)%‘- e'“l' + IJ dx

L (528 [ [ koo ]
[L_:_A] i . (2.22)
~2]=




Performing the required in#egrafibn

|_V<£->[(e-ul--|) -e'1-1x+l]
LT.E-w( )[“(L '>+ il

gl G DI CR R A )

- [tk - | LZ oML ) 4y +.|-_2_|_:]
[te R valULL RS vl (2.2%)
Thuss
= -l)x-e'w‘u]
LA PO 1T L, L L_J11
+ L [9 <; 2 ¥ u:> + 2 u]
b 8L =20 (L L, b L_1. 2
L3 (2[9 <z.+u>+2 u] [(e'“‘--l)%
e ML
tE— 1+ - '
] L —z])} (2,28
Figure 2.7 illustrates fhe dlsfrlbufcon of thermal sfresses |n the top

grld plate due to Y heaflng




Tempera+ure D|f+r|bu+|nn in Grid Pla+e. To ob+a|n an expression

for the temperature at any- pounf through the plafes fhe follownng

derivation is made:

. /
volumetric Heat Source (Ref. “3)

Q = Qg o

Thus:

'Tg-‘gﬁze-uex+clx+cz

N

‘tf a case where T = 0 .and X 0 is assumed

Similarly,vfor a cése where T = 0 and X = L

¢, = Qoz e-uL 002
LKu LKt

Thus:

T “-——Z [(e’“F 1) % - eHeX 4 l]
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Figure 2.7 - Distribution of Thermal Stress Due tc y Heating in Top Plate

of Grid Structure (43-025-156)



NOMENCLATURE -~ BOILER CORE_GRID PLATE

Outslide radius of circular or annular plate, in

{nner radius of annular plate, in

Core layer thickness, in

Flexural rlgidify of sandwich structure, Ib - in

Flexural rigldlty of perforated sandwich structure, Ib - in

Modulus of elasticity, psi

Modulus of elasticity, face layer, psi

Shear modulus, core layer, psi;
Moment of iner?ié, in4

Thermal conductivity Btu-ft/hr = f42
Length, in

Bending.momenf, Ib-f+

Reciprocal of Vv, Poisson's ratio
Length scale

L igament efficiengy )

Deflection efficiency

Load, Ib

Volumetric heat generation rate, Btu/f+> ~ hr

Normal load intensity, Ib/in2
Sfress; psi
Temperature, °F

Thickness of plate




Top plate thickness, ip

Bottom plate thickness, in

Poisson's ratio

Unit load applied, Ib/in?

Def lection, in -

Def lection neglecting shear deformation, in
Coefficient of thermal expansion, in/in-°F
Gamma ray

Sfrain, in/in

Absorption coefticlent for gamma rays, in~!

Stress, psi

Subscripts

Model

x 'direction
y direction

z direction
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5.0" BOILER CORE SHROUD (SFE FIGURE 3..1)

The boiler'core~$hrodd'sdppof+s the fuel-element hold-down structure,

and separates the annular downcomer region from the boiler core.

The PaTHfinder boiler:éore shrdud is‘CYIind}ical iﬁ‘shébé‘aﬁd.égm—
‘ple+;ly'enc!oses the 09+er periphery of %he core.' THe top énd Eoffom
»pfa+es afe mach%ﬁed on the inside to fit the core c&nffguréfion. The

boiler shroud is 89 in.‘high and 79 in.Aiﬁ‘diam.‘ Rigfdi+y ;f the structure

is maintained by‘sui+§ble's+ruc+ural angles and gusset plates.

.|+ Experimental -Stress Analysis

Dﬁring reacfof operation, fluid-friction forces in the core are trans-
ferred to the shroud by the tuel-element hold-down structure. To
determine the effect of these forces, a quarter-scale Plexiglas model

of +h¢ shroud was *abricafed.

The .loading on the model was supplied-by a hydraulic jack and measured
with a pressure gage. The stresses in the mode! were measured by
stress coat analysis. Predicted stresses in +He shroud Weré determined

trom the equation:

g (Pa) | :
ma =.J%.__&_ _ A (3.1
NZ Py :
Where: op = actual stress, psi

oM = model ‘stress,’ psi

Py = actual load on shroud, Ibs

ﬁw = load on mode!, ‘lbs

N = scale length factor
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i
The maximum stress developed in;the boiler core shroud was calculated

to be 4400 psi, well within the [imits for 304 Stainless Steel. .

4.0 FUEL ELEMENT HOLD-DOWN ASSEMBLY (SEE FIGURE 4.!)

The fuel-element hold-down”assgmgly'feTéiﬁs T%e Béi{er“¥uef.e1eﬁén+s
againgf The.hydraulfc fqrpes.geye}opedzby'fﬁe Wéfeé‘ff6Wing upward
through The‘;ore. Th;oqgh‘fheig§e of~con+roI Eod gufdeAéhanneis, which
surround each con+r§| rqa iﬁ'fhg boi ler core, the hold-down assembly
prevents the coolan+‘flowlfrom gxerfﬁng lateral forces on the control
rods as it flows agﬁoss‘Thg_cpfe to enter the downcomer region. ‘A flow
deflector is attached To“+h¢.gﬁide tubes to break-up steam channels

that may be formed at the exit of the boiler fuel elements.

The grid structure of the hold-down assembly consists of a lattice of
interlocking rectangular plates joined to a flange ring. The plates

are slotted to form an interlocking junction with each other.

All theoretical and experimental stress analyses are based on the
assumption that the vertical forces acting on the hold-down assembly

are resisted only by the grid structure.

4,1 Theoretical Stress Analysis¥*

The investigation of the mechanical;sfreésés.pfesgnf in.the fuel-element

hold-down assembly was accomplished in the folldWing manner:

¥ Nomenclature for this section is given on pp. 53
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I, An elastic energy analysis was performed on the lattice
plates of the grid structure.
2. An elastic energy anafysis was performed on the hold-down

flange ring.

Elastic Energy Analysis of Latticé-Plates. Each quarter segment of the
hold-down assembly is geomeféaé%ﬁiy identical. Also, the:loading on

each half of a quarter segment is identical. Thus,‘onfy*a'ohe*éfghfh
S

segment of the grid structure is lyzed for mechanical stress. The

location of the load applied by ch‘erl element bo; SQShown in

Figure 4.2.

I'n the elastic energy analysis, the following asqupTioné

made: .

!. Load acting at point 4 is transferred to point | as a load
and moment.
2. Load ac+iﬁg at point Il is transferred to point 7 as a load

and moment.

3. Load ac+ihg.a+ point J2'is transferred to point 8 as a load
and moment . |

4.  Plate between pofnf 4 and point 5 will not restrict the
deflection or rotation of the structure at point 5.

5. Plate between point 6 and point 9 will not restrict
“the deflection or rotation of the structure at point 9.

The grid section shown in Figure 4.3 was analyzed as follows:
Analysis | - A vertical auxiliary load F is applied at point C. The

-3~




beam is can+ilevered off point A.
The elastic-energy equation for the werk done by Force F is:
FA= f;L m de ' fo T de 4.1

Since the deflection, A, at the restraint is zero, the work due to F

-is zero. Thus:

X FxMdx 4 PV F y F Lz Tdy B
0= [ F x Mdx Fymdy _ pyF Lz Tdy
0= [ €L f €7 [ o5 (4.2

Performing the necessary integration:

{<RCL3> <M L3> <P(L +Lb) [: 2(L +Lb)J>
NS IICA S é]DfC_PL-§52>
<2“5> < ] (B (v}

) Ls[L (Mc+P[L +Lb]+ -RCL3>:I} (4.3)

Substitution yields:

0 = 8655 R, - 556 M. + 60.5 T, - 6,233,000 (4.4)

Analysis 2 - An auxiliary moment m is applied at point C. The beam

is cantilevered off point A.
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The elastic energy equation for the work done by moment m is:

mYaILﬂNdS+IL1'TdS

(4.5)

Since the slopé, y at the restraint is zero, the work due to M is

zero. Thus:

0 =fox deX + J‘Y -1‘2 de

Through integration:

o L <2 2 2_ ¢ ,
Relz? - Pl + L2 3P L2~ ET .
os| = - MLy -t - =5 ¢-mats

Substitution ylields:

0= 555 R, - 42.7 M, - 313,510

Analysis 3 - An auxiliary torque t+, Is applied at point C.

Is cantilevered off point A.

“The elastic energy for the work done by the torque t is:

to = [ L mitos ' [LtTos
° eI ° el

(4.6)

(4.7)

(4.8)

The beam

(4.9)

Since the angle of twist, © at the restraint is zero, the work due

"to t is zero.




By substitution and lnfegrafloni

P
o=E [(ch) - -‘-—L—.‘,L-‘l’- (Mg Ls) - (P L L)
2 2
(Rg L52) (P Lg?)
- 2y . "B L5 7 4
(P Lg2) -~ = (4.10)
Thus:
0w 49.9 T, + 60.5 R, - 210,350 - (4.11)

The desired values for load, moment, and torque at the support points

are found by solving equations (4.4), (4.8), and (4.11), simultaneously.

Stress Calculations - The stress due to the max imum bending moment Is

found by:

SMAX aﬁ‘-I’lel (4.12)
X

The stress due to the maximum torsional moment is found by the equation

as given by Timoshenko and MacCullough (Ref., 4):

T . .
S B —e—— _ (4.'3)
MAx = T2 \ ‘

Where: b = |onger side of.recfangular cross section
c = shorter side of rectangular cross section

a = numerical factor depending upon the ratio b/c.

The principle stresses are found by:

(Sndwax = Sp/2 + ¥ (5722 + (5)2 ' (4.14)
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(31,8

(Ti.%)

(Spdmin = Sg/2 -x/ (SB/Z)2 + (ss)g% ot sub eupnot bas tramct (4.15)

e

Elastic Energy Analysis of Hold-Down Flange Ring - The flange ring is

fas+ened to the boiler core shroud by four bolts, equally spaced around .

a
the periphenycot,+he»ring ujﬂn this analysis, the ring was c0nSIQered
‘\l’d’ _‘,1

to be rigidly restrained at the four hold-down bolt Iocafions/ ‘and free

to deflect at any other lecation. Further more, ;he Ioad imposed by

B UE2 WM+ # faT) ““f“\{\ ;
the fuel element boxesonthe hold-down assembly grld structure js con-

'E%feﬁmty dlsf—ibufed

Ya N

sidered to be transferred to the flange ring as at
5g:;

_ 3 . e
load and edge moment. \\\ &

% B
The bending and torsional moments at various locations were determined

by the elastic energy methods. Stresses were calculated by considering

the flange cross section to be constant. Cross sectional areas equal

AT ot sub supiot bns trgmoM
to +he minimum and maximum ring cross sections were used to establish

limits of stress at any specific location.
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Moment and torque due to My

o

.MA P Mp

‘Moment and- torque due to Tp

\

et 3&-’( Tz, . - 5 ,A. o 1
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Moment and torque due to vertical reaction at A

Moment and torque due to My

. P
@l

N
(TB)P =-~8r‘( - COS B)

*l

Mgduy = ~ [ra:za Mg r SIN(8-a)d

= - Mg r(l - COS B)

43

(4.20)

(4.21)

)

(4.22)

v e e e T
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* Moment and torque due to My (Continued) .

(Tedu, = Jomo’ Mg r COS(B - @) d o

= Mg r(SIN B) (4.23)

5

. amg A
myq-&ﬂ QrRSINGB=qa) da

= q R2(1 - COS ) (4.24)

(Tg)g = j;;a q r[rA-r“ coS(g=a)] d a

= q R2(B = SIN B) (4.25)




Auxiliary torque and mcmgp#gdgq:to_ayxiliary torque t.

_(Mg)y = + SIN B

. Bending moment at any angle B

Mg = M COS B + Ty SINB - ZFsINg

cos B)

- Mg r (1 -COS B) +art (I -
Torsional moment at any angle 8
: oo ' O :PT :
Tp~ =My SINB =Ty ,CQS‘AB - -—é-'r"(l - COs B)

#My r SINB +qel (B - SIN B)

_ Elastic Energy‘Equafion:'

18 = r L mMg ds . I ¢ t Tg ds
“ o ET o  6J

(4.26)

(4.27)

(4.28)

(4.29)

. \ n/2 S _
g = 4 foﬂ/z + SIN B -_MLE%_"E a7 (-t cos B) I%l;-f—a (4.30)

+8 equals zero since +he'flange ring is restrained at the hold down bol+

locations.



Substitution for Mg and Tg and'Infégraflon ylelds:

O =0.5M, +0.785 T, - 3.68 Py - 18,75 Mg + 703.125 q ,
A A T Mo ,
(4.31)

-E o5 M, - 0.785 Ty - 1.008 Pr + 18.75 M + 98.438)

As mentioned previously, the s+qus is determined using the minimum and

max imum cross section of the flange ring.

For the maximum ring cross section:

EL :
= = 0.44

For the minimum ring cross section:

EL
oy = 110

The relaflonshfp between M,, T,, P. and M¢ can be‘defermined ffom statics

AT
by considering the sum of the moments about A.

: | Py r Py r ' A
MA-TB+~.%'_--§I;_'+M¢|--0_ (4.32) .
_but, TB = TA
Thus, substitution yields:

Mp = Tp = - 8837 , (4.33)
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Substituting the values of EI/GJ, Py, My, and g into Equation (4.31)
and solving Eduafions (4.3lyand (4,33) simultaneously:
Max imum cross section N

M, = 45,980 Ib-ins

TA = 54,820 lnflbs

Minimum cross sectlion
MA = 40,580 |Ib-ins
T,'= 49,420 in-Ibs

Stress Calculations - The bending stress present in the flange ring can

be rea&ily calculated using the equation:

(4.34)

Minimum cross section

SB = 8650 psi

Max imum cross section
SB = 4730 psi
The torsional (shear) stress can be determined from the equation as

given by Timoshenko, et .al (Ref. 4) (Eq. 4.13)

Minimum cross section

Ss = 8350 psi
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Max imum cross section

Sg = 3750 psi

The principle stresses can be readily calculated:

(Sn) = S5/2 i*/ (55/2)% + (5)%
A _ C

Minimum cross section

(Sn)max I3,725Apsi

(Sn) -5075 psi

in

Maximum cross section

(SN) ax = 6805 psi
(SMnin = -2075 psi

4.2 peflection Analysis of Grid Structure

The maximum deflecfion of +hé grid structure is assumed to occur at
point il (Fig. 4.25. The deflection at point |1 ig the resultant of
+hrée effects:

I. Deflection of the beam shown in Figure 4.3.

2. Displacement due to rofafiqn of the beam.

3. Deflec+ion of the sfrucTuae\Be+ween pOinfsA7 and || due to

the load acting at point Il.
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Analysis | - With reference +oAFigUre 4.3, an.auxiliary load.F is

app!led at point B, with the beam cantilevered off point A,

The work done by the auxiliary load F is:

F,A“ILdeS+IL+TdS ) S (4.35)

But: + = zero between C and B, and B and A, therefore:

. . | . .
FAe= fg (-FY) g% dy ‘ (4,36)

|n+egra+ioh yields:

y = o L0 MiLs> 2 PLg>  Rglg’
E [ 2 3 3
= PL4% (L +3—L—i‘=)+P" Ls? . 4.3
Pa e E ] (4.37)

Substitution yields:

A = 0.00133 in.

Analysis 2 - An auxiliary moment, M, is applied at point B, with the

beam cantilevered off point A.

MO = oL m M ds IoL t T ds _ , . (4.38)

but: *+ = zero between C and B, and B and A

m = zero between C and B
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‘Therefore:

me = IR Y (=m) = dy - : (4.39)

integration ylélds:

0= '-—- [(MB Lg .- ‘2' - - ‘ > - PL Ls)} (4.40) -
Substitution yields:

© = 0.00018 radlans
Since displacement equals 6 L;

Displacement = 0,00097 in.

Analysis 3 - The deflection of the beam between points 7 and Il can be
determined from the equation:: »

p L : ,
Def lection =3—E—f ' ' ' ‘ (4.41)

= 0.00006 in.
The total deflection is:

3 .
pL3 :
Sax = A+ OL + s ET : (4.42)

Byay = 0-00236 in.

4.3 gxperimental Stress Analysis of Grid Structure

In order to facilitate further stress ahalysis, a quarter~scale model of

the hold-down assembly was.constructed of Plexiglas |Il.
=50~




A

In keeping with the assumptions set forth in Section 4, the Grid Sfrucfure,
only, was experimentally analyzed for stress and deflection. The

identical test apparatus qsed during the experimental analysis of the

grid plate was used-to analyze the hold-down grid structure. The test

apparatus is shown in Figure 2.2,

To determine the direction of the principle stresses, stress-coat ST 12045
was applied to the grid structure according to standard procedures.

Strain gages were to be employed to obtain quantitative results.

Thin.cellophane sheets were placed over a one-eighth segménf of both

+he upper aﬁd lower surfaces of the stress-coated model, and the stress
trajectories were traced wifh‘pen and ink. These cellophane sheets were
used to lay out the strain gage locations and also to check gage orientation

after placement. |

The size of the model prevented two strain gage rosette placements at
many of the points where sfress'values were desired. Thus, it was
decided to place one set of gages in one princiblé stress direction,
load the model, and obtain all strain readings; Then remove‘éll gages
and place the 0f+hogonal set in the same location and load again to

the same value.

The C40-111 and FABX -25-12 gages were bonded to the model with Eastman
910 cement and moisture proofed with Tatnal GW-1 moisture proofing

compound.




The mode! was loaded by pressurizing the fﬁflafable diaphragm until a

pressure of 9.25 in.. of water was reached. . This pressure simulates

the actual load .of 50,400 Ib on the Pathfinder hold-down assembly.

The pf}ﬁélplé s+reséés‘Were compuféd from +hé meééured‘principle stralns

by the equation:

¢ = £

o S L o
-2 o e _ o ) (4.43)
L . , .

The corresponding reactor hold=dowri assembly stresses were calculated
by,+he'equaflon:

S = I/N2 (P/Ry) (Sy) . . (4.44)

The bfédic+ed Ibcéfion of maximum stress in the Gfia Structure was

verified. However, the theoretical stress was lower than measurements

by .about 37 per cent. The major portion of this iﬁconsis+ancy is

probably..due te the incorrect assumption concerning The location.of

' some of the loads .applied by the fuel element boxes. Relocation of
- the loads with the deflection information obtained from the model test

.would el iminate most of the discrepancy.

Upoh complefioﬁ 6f +he éfress analyéis'pfogram, a deflection test was
conducted to determine the magnitude énd location of maximum vertical
deflection. A uniform load was applied to the gfid.sfruchre with the
inflatable diaphragm, Dial indicators were mounted on the structure
at nine critical locations. Corresponding reactor hold-down deflections
were calculated by the equation:

Y = I/N (P/PM) (EM/E) (Y C (4eD)
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The results of the deflection test program verified the theoretical
location of the point of maximum defiection. The magnffudés diffef,
however, due to the failure of the model to properly simulate the rigidity

of the welded interlocking joints.

NOMENCLATURE - FUEL ELEMENT HOLD-DOWN ASSEMBLY

|1}

Incremental length

= Moduius of elasticity, psi

= Auxiliary load, Ib

= Shear modulus, psi

= Height of rectangular plates in grid'sfrucfufe; in.

Moment in inertia, in?

= Polar moment of inertia, in%'

Moment due to actual loads, Ib-in.

= Moment due to auxiliary load, Ib-in.

Lengfh scale

= Load, Ib

= pistributed load, Ib/in.

= Hold-Down bol¥ circle radfﬁs, in..

= Stress, psi

= Torque due to actual loads, in.-lb

= TorqueAdﬁq to auxiliary loads, in.-lb ‘ S : v

= Dpeflection, in.



A = .Deflection due to auxiliary load, in.

8 = Deflection, in.

® = Angle of twist due to auxiliary lbad, radians
Y = Slope due fo auxiliary load

Subscripts.

M = Model

5. STEAM DRYER ASSEMBLY (See Figure 5.1)

The steam dryer'assembly serves slix purposes:

2,

3.

4,

Supports upper end of the superheater.

~ supports welght of +he upper control rod gulde tubes.

Contains the hesh fypqnsfeah dryer.
Provldes restralnmentvaga1ns+.Iaferal vibration of the

superheater assembly.

. Directs steam flow from the boller core through the steam

dryers and into the superheater .
Provides final alignment of the boiler core control rods to

facilitate latching.

5.1 Steam-Dryer Hold-Down Sfruc+ure_

The steam dryer hold-down structure provideé a.restaining force against

la+erai'§§brafory motion of t+he -superheater assembly. The structure

consists of four tapered beams mounted at their bases on a cylinder;

.and at their periphery to an angle ring.
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. SECTION BB~ .

A . .
" SHIM, JTEM 22,70 BE PLACED ON_TOP.
6 COFSUPERHEATER. CHIMNEY. TN FIELD.A
] T LOCATORS.,(ITEM */0) 70 BE BOLTED IN.
: U PLACE WITH COLMONOY FACES. TIGHT . .
T UP.LAGAINST. ADTECENT SUPERHEATER
WARLLS RS SHOWN. WELD LOCATORS. IO . .
SHIM IN THLS POSITION. .

Figure 5.1 - Steam Dryer Final Assembly (Sheet | of 2) (43—50{-029)
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Figure 5.1 - Steam Dryer Final Assembly (Sheet 2 of 2) (43-501-029)




Four surfeces-on +Bé Bﬁg]é rind rlfyrlush with the iugs welded to +he
inside surface of .the vessel c[osure flange. Placement of +hé vessel

closure onto the vessel causes an Inl+{al vertical Ioeding in the

steam dryer hold down. Structure differen+ial vertical eipanslon'

‘befween +he superheafer chimney and vessel is absorbed by fhe flexing

of fhe four fapered beams. This resul*s in an |ncreased verfucal

force belng +ransm|++ed onfo the dryer assembly by fhe hold down

sfrucfure The ver+|cal force is sufficient to resfraln fhe steam-dryer
ssembly agalns+ +he forces exer+ed on the assembly due +o +the - sfeam

-pressure drop .across the dryers.

.The frlcfuon befween +he angle ring and Iug ma+:ng surfaces resusfs'
differenfial radlal expansnon, thus imposing a radial force on the
hold down s?rucfure. The radnal force is +ransmi+*ed by fhe hold="
down s+ruc+ure +hrough +he dryer assembly onto the superhea+er chimney
as a force resfrainlng fhe chimney agalinst lateral vubra?ory motion.
However, due to the necessify of desugning +he sfeam dryer hold~down
sfrucfure wnfh suffnclenf flexubulify to absorb dlfferenflal, radial,
| and vertical expanSiOn, t+he hold~down sfrucfure does not present a
rigid support to the superheater chfmney. Neyerfhe[ess; with the
hold-down structure having a spring constant of 31,200 ib/in., the -
support effec+ isvadeoua+e<+o raise the superheater .fundamental

frequency to 1129 cph, sufficienfly above forcing frequencies.

The hold down assembly is a++ached to +he main cylinder by a bol+ed

A connecfion. lf a+ ever becomes necessary to wlfhdraw the mesh assembly




for inspection, t+he hold-down structure can be easily disconnected

and removed.

5.2 Steam Dr!ef

VSopaEainn of steam phaqufrom wa+eé phaﬁe within the reactor pressure
- .vesse! [s an economic advpn}agé ln a boiling-water reactor. This

concept el iminates cos+ly5exfernal's+oam drums and the additlonal

contalinment-vessel volume and shlelding needed to confine the in-

creased energy represented by a Eeacfor with external separation.

The Pathfinder Atomic Power'Plan* utlilizes such internal separation within
the reactor pressure vessel. Two stages of separation are employéd to -
achieve sfeam'qﬁallfyldf 99.9 per cent,
| |. Primary separation is éccombllshed by releasing part of
the steam at the interface, permiffin§ separation of the
phases by nafﬁral mechanisms; then separating the rest by
forcing the mixture fhrougHAcenfrifugal_separafors.
2. Secondary separafion,.removing +race.amoun+§ of moisture
from the steam is accomplished by passing the hixfure through

impingement-type mechanical dryers.

The Pathfinder dryers consist of a knitted wire mésh modff1cafion of

an lmbingeheﬁf-fype:dryér. This assémbly.is fabrfcafed\pf multiple
Iayérs of inconel knif*éd wire mesh. |nconelvw$s selec%éd to reduce '
the possibility of stress corrosion cracking which might result in loose

pieces of wire in the system. The layers are arranged to provide a maze
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5.3

oftﬁnaligned, non-gymme?ricglzﬁpgnings with a large wire surface

area for impingement targets. |n Qpera+lon, the mixfuré continually
changes direction as it passes fhrough the mesh. The‘droprefs }ﬁpihge
upon the wires where they coalesce. As the droplets combine and grbw

larger they break away and fall back through the mixture to the

- two-phase Interface..

Selection of Impingeménf type mechanical dryers resulted from an

exfensive'+es+ program ‘involving various types of centrifugal and
impingehen+ dryers, par+iculaf|y;kni++ed wire mesh dryers. Testing

of the various type dryers was performéd and réporfed by J. F. Wilson

and R. J. Grenda in (Ref.'S). As a result of the above mentioned test

program, fhe'Pafhfindér steam dryer Is fabricated in layers inclined

I5 degrees to the horizontal, to facilitate drop drainage, with a mesh

density qf 5 lb/f+3, a density yielding max imum permissible steam

flow rate.

The entire mesh assembly can be removed to facilitate inspection or

replacement of the knitted wire mesh.

Upper Control Rod Guide Tubes "

Sixteen upper confrolufqd guidé tubes are supporied by braces canfiF‘
.jevergd'off,+he inner cylinder. “Eaéh guide tube is 76-3/8 in; fong
with a 3.760 in. 1D. The functions of the guide tubes are to protect
and guide the control rod rack and ia+§h during normal operation, and,

by use of a reducer at the lower end, to facilitate |ine-up of'fhe

control rod and latch during the latching operation.

-59~




6.1

The upper end flx*urés are removable to facilitate replacement or
inspection of the mesh dryer éssembly. Collars on the guide tubes

provide final alignment of the mesh assembly in the dhyef support

structure.

/6.0 STEAM SEPARATOR SUPPORT SHELF (Ses Flgure 6.!)

The separator shelf supports and tocates the centrifugal steam sebaré?ors.

The support shelf Is composed of three 120 degree shelf segments,

. each of which supports fifteen steam separators. The shelves are

braced along all edges to minimize vertical deflection.

Theoretical Stress Analysis

A static deflection analysis was performed on the separator shelf

by use of a computer program.

In this analysis the shelf was. assumed to be a straight beam, 110 in. in
length, and supported at three points. The support positions are shown
in Figure 6.2. The beam was divided into fifty-five 2 in. segments,

and the loading force and moment of Inertia calculated for each segment.

Although the computer also indicafgd‘fhe slope, deflection, and shear
at each segmsnt, only the calculated moments and support reactions
were of interest. The éompu+ed deflection of the sgparafor shel f
cannot be accepted with any degree of certainty since +h§ shelf is

of a configuration which does not lend itself readily to positive

analysis. The loading force on each 120 degree segment of the separator



i3 B
e
0 ,//1&4ﬁﬁh@@9 \\
¥ F ALLomTn ron Fmesy Y
Fowen) r = :_ — 1 f Gee
T ; %
il
. § s oty |
o
— N\ /®
] ~\\<‘
—
x“
) “Ea
- b oy
! 11 B
b Ll
R,
N
AT g TR
._i_“?__‘: . AT e GG
L

2
v

Figure 6.1 - Steam Separator Support Shelf (43-500-831)




DEFLECTION INDICATOR LOCATIONS

SUPPORT BRACE

REACTION LOAD APPLIED AT POINT @

POINT @ MIDWAY BETWEEN SUPPORT BRACE AND POINT @

Figure 6.2 - Steam Separator Support Shelf Dial I|ndicators Locations (43-025-]66)
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shelf is the resultant of three Individual forces:
I. Force exerted by the fifteen separators supported by each
shelf segment. Each separator- weighs 168.7 Ibs.
2. Force exerted By‘+he weight of the shelf Ifself;
3. Force exerted by'+he pressure drbp acréss the shelf. In
this analysis a pressure drop of 3.38 psf (150 per cent rated)

is assumed.

The computer predicted the maximum bendfhg moment In the shelf to

occur at the outer supports wifh>a magniTude of 28,176 |b=in.

The maximum bending stress was calculated to be 5,100 psi, well within

t+he allowable {imits for the stainless steel separafor shelf,

The comptter calculated the support reactions to be a force of
5306 Ib‘for the end supports, and 2381 Ib for the center support.
This information was incorporated in the investigation of the support
lugs.

P

6.2 §§perfmen+al Stress and Deflection Analysis

In order to calculate the bending s+resses present in the separator
shelf, certain simplifying assumptions were made. By compafing the.

célcdlafed support reactions with éxperlmen+a|ly determined reactions,

the valfdify of the assumptions can be checked.

The deflection of the separator shelf, however, cannot be calculated
with any degree of certainty since the shelf is of a configuration that
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does not lend itself readily to analysis. Thus the deflection of the

shelf under full load was determined through use of a model,
AL _
The model was a quarter scale Plexiglas || representation of a 120

degree segment of the separator shelf. The pertinent model information -

is listed below:

Scale: j/4n = |

Material: Plexiglas 1|

Ey = 5 102 psi .
g = 0,35
Loading: Uniform on entire length

In order to represent an equally distributed load, rock salt was spread
evenly into a'shallow paper container having the same shape as the
support shelf. ‘The container construction was such that negligible

resistance to bending was present in the load container. -

The mode| was supported on two support braces running the full width
of the shelf. Deflection indicators were positioned at points A, B
and C, as illustrated in Figure 6.2. The model was loaded initially -

with no central support.

To eliminate the effect of creep in the plastic model, deflection
readings were begun 6 minutes after application of the load. Preliminary
tests on a sample piece of the mode! material indicated that creep occurs

‘at a significant rate for the first 6 minutes after load application.
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After 6 minutes the creep rate is.reduced sufficiently to-allow readings

+o be taken.

Loads were applied in 1000 g incfemen+s, excép+ when rated and maximum
loads were to be represented. All load and Feacfion forces were measured

on a 2610 kg capacity laboratory scale.

After every load change, upon completion of the deflection measureménfs, .
welght was added to a reaction. measuring device-until . point'C on the
shelf model returned to zero deflection. The deflections at. points A

and B were then recorded to determine the effect of the support at

polnt-C.

By placing é pbin+ reéé?ion‘a+‘poin+ CA +he Saﬁe sﬁpporfﬂconAifions

Aas found in +he reac+or were achieved. In Pafhfunder, +he shelf is
supporfed on two lugs locaTed near each end of +he shelf segmenf and

on a pad located at +he mldspan. Due fo its small snze, the pad exerts

a reaction only to a smal! area of +he shel f af the vessel wall.

Experimental analysis of the separafor shelf indicated +ha+ a max Imum
deflec+|on of O 032 in. would occur at p0|n+ A under maximum loading
conditions. The deflec+|0n is not excessive since the shelf could

deflect as much as 0.375 in. without any adverseAeffecfs.

The -reaction at- support point C was determined experimentally to be
‘2f30 Ib. The calculated center reaction: was 2220 Ib. Thus, original

assumptions used in calculé+ing the .reactions appears to have been
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7.0

Vimits for the stainless steel support shelf,

"to the top tube sheet of 15 f+ 8 in. (188 in.), excluding the chimney;

acceptable, and the theoretical bending moments, and related maximum

bending stresses, can be considered acceptable. The magnitude of the

maximum,bendingAsTress, 5100 psi, is well within the allowable stress

NUCLEAR SUPERHEATER (See Figure 7.1)
The nuclear superhea+er'loca+ed at the geometrical center of the nuclear

boiler core has a cross sectional width of 33.66 in. max imum.and an .-

overall |eng+h between the parting -line of the lower tube. sheet flange

the chimney above the top tube sheet has a length of 50 f+ 1/4 in.

The lower tube sheet which supports the superheater is made of 36
stainless steel. The plate cbnsisfs of a spherfcal segﬁen+, 3/4 in.
thick, welded to a flange ring ana'bolfed to fhe sfeam;fiﬁe fjange.

The seal between the flanges, prevénfing mixture o?Awa¥ef and.superhea*ed
steam, fs obtained by a spiral Qound, 316 Stainiess S+eél, asbestos-

filled gasket.

Four baffles, fabricated from 1 in. thick 304-S+ainlesé Sféel plate,
are spaced between the lower and top tube sheets, énd are the radial

supports of the tubes. The baffles, Iocafed I5—+/2 in.; 64 in., and

112-1/2 in. above the lower tube sheet flange parting fine are also used !

to regufafe-+he amount of cooling water and modefa+or flow passing
through the superheater fuel region. Each baffle is perforated with

sharp edged orifices centered in the flow channel among the-tubes. The
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shroud is made in two-sections over the length of the fuel .and is made
watertight in order to separate the moderator. flow in the superheater

from that in the boiler, The shroud also serQes~as +he|s+ruc+ural

supporf of the superheater assembly. The-lower section.is made of

/4 in. thick 316L Stainless Steel plate. To improve the nuclear character- .

=i

Istics of the core,  the upper half of the shroud is-made of 1/8 In,
thick 316L Stainless Steel plate. This reduces the amount. of s+a|n-

less steel to a more optimum amount in the upper region of the superheafer.

Above and below the fuel reglon, +he shroud is replaced by 316 Stainless
Sfeel sfruclural supporflng members welded fo each baffle above the
fuel and to the baffle and +ube sheet below the fuel. Add|+|onal structural

. support s provided by 468 outer container tubes.

The thermal shield located below. the lower tube sheet provides a 1/2 in.
space of stagnant steam between The'shieldAand”fube,sheef, thus |Tmiting
the thermal gradient across the tube sheet to a minimum value. The thermal
shield is constructed of 1/2-in. lhick 405 Stainless Steel plate. The

" shield, provided with adequate spacers, .Is bolted lo the lower tube

- sheet.

The chlmney‘and +he +op tube shee+ form a wa+erflgh+ seal prevenflng lhe
cooling wa+er from flowlng |n5|de of +he superhea+er +ubes ln the event
of an abnormal increase of liquid level. The chlmney, 1/4 in. thick 304
Stainless Steel plate, open at t+he top, is of.watertight constuction
-along its periphery and Is welded to-the [1-1/8 in. thick 304 Stainless

Steel top tube sheet.




7.1

" Superheater control is accomplished by four control-rods and drive units.

Each superheater contro! rod assembly consists of twelve 3/4 in. diameter

stainless steel rods~con+aining 2% natural boron, suspended on a cruci-

. form shaped rack. Each control assembly can be inserted and removed as

. a-single unit. The rack can also be removed and each of the twelve

fingers handled éeparafely. |+Afs not intended that these:rods should

be SCRAMMED,- They will be RUN "IN, under power,. by the drivé unit.

Tubes

 The superhea+er consnsfs of 468 ou+er con+ainer +ubes, insulaflng tubes,

and fuel Tubes. The 468 oufer conTalner fubes are weld drawn 316 Sfain-
less Steel, 11.076 In. o. d. swaged af one end to O, 800 in. o. d Each tube

Is fusion welded wI*h a flush type weld, +o the fop +ube sheet and

“bottom tube sheet, thus: separating the moderator water from the steam.

Thelfubes are Integral parts of the mechanical structure of the super-
heater. - 415 of the tubes have a wall .thickness of 0,026 in. and contain
fuel elements. One of +he remaihing 53 tubes .contains the neufron;source.
+he remaining 52 tubes, with a wall +hicknéss-of 0.035 in., are used as
control rod guides. Durirg operation, the steam passfng through the

superheater creates a pressure drop that subjects the outer container

. tubes to exfernal pressure and end loadlng At normal operating

'cond|+|ons, the pressure drop is 65 psn.

- During an assumed transient state caused by:a malfunction in the control

system, the turbine throttle valve and dump valve could be simultaneously

opened causing a maximum differential pressure of about 200 psi.

=70~




The, insulating tubes are made of 304L Stainless Steel, 0.967 in. o.d. -

x 0,015 in. wall tapered at the lower section of 0.640 In, o.d. The

tubes are inserted in the container tubes and control rod guide fubeﬁ.
This arrangement provides an insulating gap of stagnant steam between

the tubes. The insulating tubes are kept concentric in the container

tubes by ribs 120 degrees apart over the entire length of the insulating

tubes. The 1nsufa+ing tubes are free to expand axially in-the downward

direction.

The -insulating gap is sealed at the fop tube sheet. The joint islformed
by insert pleces fusion welded to the insulating tubes and expanded in
t+he container tubes. The joinfs provide a seal for saturated steam,

and can be disassemble&‘by'pulling-upward on the insulating tubes.

H

* The superheater fuel element assembly consists of two .concentric fuel

bearing tubes, a central burnable poison rod, spacers and end fittings.

The fuel fﬁbes and poison rod ére fastened +ogefhef by a spacer and
supporf'fi++ing at the lower end. Radial spacers over the wholé:lgﬁgfh
of the fuel tubes maintain concenfricify.of the components, The fuel
tubes are free to expand axlally. The steam flow channels formed

bytfhe tubes assured proper codlanf flow for opfimum'heaf transfer.

The superheater fue! assembly is about 6-1/2 ft+ long with an active

_fuel length of 72 in. - It s inserted in the insulating tubes and rests

on the transition section of the tubes.. The.bottom of the active fuel is

located 34-1/2 in. above the bottom tube sheet flange parfihg line.
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Collapsing Pressure. .for desfgn calculations, the alloﬁable exfernaf
pressure on the outer container fube was based §n the Pressure Vgssel
éode.“Exfernal Pressure on Thin Wall Tubing" (U.P.V;; 1959, uUG-31).
'The minfmum collapsing pressure was based on the +és+'desc}ibed in

paragraph 7.1.1.

Buckling Load. In calcula+tng +he buckling load, it was assumed that the
entire load due to +he maximum differential pressure across the super-
heater Is resisted by the outer contalner tubes, neglecting the reinforcing

effect of the outer shel! (shrouds and legs).

7.1.1 Tube Collapsing-Pressure Test
Tests were conducted to determine the collapsing pressure of the
thin-walled tubes that are used for the superheater outer contalner

tubes.

A circular tube can collapse owing to external pressure at
stresses far below the elastic limit of the material. The
pressure at which the circular tube becomes unstable and buck I ing

occurs s referred to as the collapsing pressure, Pc, in this test.

Test Set-Up. A 5 in. dlaﬁe*er pipe, closed with welded cap at one
end and blind flahge at the other end, was used as the contalnment
vessel. The tube specimens, 40 in. Iong; sealed at both ends with
either rubber or welded plugs, were placed in the containment
vessel. The pressure was supplied by a hand pump and read on a

cal ibrated gage.



A rack was made to support three tube speciments. The rack was

designed to: | .

. Support the tubes at both ends.

2. Axially load the tube with a compressive spring (250 Ib=in.)
in addition to end loading due to pressure.

3. Apply a §0ncen+ra+ed bending load between the supports
s0 as to cause a deflection in the tubé of 0.125 in. at
fhe‘mid;pofnf.; -

4.A AppiyAend momen+s'bn +he tubes éoAas to cause a deflection

of 0.125 in. at the mid-point. The unsupported length. of

+he tube in the rack was 32;1/2 in.

Collapsing Pressure. Severa! tube samples were tested for each

of the conditions described beiow. . Each tube sample (1.080 in.

., 0.D) was within a diametral tolerance. for roundness of + 0.002in.

Tubes with wall thicknesses of.0.020 in. and 0.025 in. were

pressurized in the containment. vessel.

The collapsing pressure of tubes with 0,020 in. thick walls was

390 psi, and for tubes with 0,025 in. thick walls was 790 psi. .

gffect of Qut-of-Roundness on Collgpsihq Preésures. Several tube

specimens were flattened to an ellipfiéaf shape and tested.

" Results were as follows:

For tubes with 0.020 in. thick wall and with out-of-roundness of

0.010 in., 0.025 in., and 0,030 in. the collapsing pressure was

=73=




- 375 psi, 325 psi, and 300 psi, respectively. .For tubes with a
0.025 in. thick wall and with out-of-roundness of 0.025 in.,
0.030 in., and 0.135 in., the collapsing pressure was 630 psi,

580 psi, and 275 psi, respectively.
.

Effect of Dents. Several tube specimens of 1.080 in. 1.D. were

“dented to various depths with a 1/8 in. diameter pin. Except fof
the dented area, fhé tubes out-of-roundness were within a + 0.002 in.
“For tubes with 0.020 Tn. thick walls and with dent depths of

0.0?0 in. and 0.050 in. the collapsing pressure was 375 psi

and 380 psi, respec?fvely. For tubes with 0.025 in. thick walls
and with dent depths of 0.050 in., 0.080 in., and 0.205 in., the
collapsing pressure was 775 psi, 500 psi, and 385 psi, respecflvely.
A typical collapsed tube is shown in Figure 7.2. A dent lo;élized -
inha small area and equal in depth to the wall thickness does

not affect the collapsing pressure of the tube byAa measurable
émoun+ provided the tube roundness is within the diametral

tolerance specified.

Effect of Inner Container and Fuel Tubes on Collapsing Pressure.

A mock-up of the fuel assembly was made. The mock-up consisted

of the following:

Outer container tube 1.080" 0.p. x 0.020" wall

Insulating Fube 0.926" 0.D. x 0.020" wall
Outer fuel tube 0.790" @.p. x 0.027" wall
Inner fuel tube 0.600" 0.D. x 0.027" wall



Figure 7.2 - Col lapsed Unsupported Superheater Container Tube

(211999)

TR

(Typical)



Each tube was held concentric by three longitudinal wires spaced
120 degrees apart in a given annulus. The tube assembly, plugged
at both ends, was inserted in the containment vessel and pressurized.

The support rack was not used for the test.

The outer container tube col lapsed with an external pressure of 390 psi
to an elliptical shape (1.270 in. OD max., 0.955 in. 0 p min.).

The insulating tube did not collapse but deformed to an elliptical
shape (0.950 in. O D max., 0.893 in. 0 p min.). The fuel tubes

were not deformed and were readily pulled out of the outer container

tube.

The outer container tube was replaced; the insulating tube and
fuel tubes were reused. External pressure of 390 psi was applied

and maintained.

The outer container tube collapsed uniformly along its longitudinal
axis to an elliptical shape (1.37 in. 0 p max., 0.962 in. 0D
min.). The insulating tube was deformed to an elliptical shape
(0.955 in. O D max., 0.866 in. 0 D min.). The fuel tubes did
not deform and were pulled out of the insulating tube without
d}fficulfy. The assembly in Figure 7.3 shows the outer and
insulating tubes with the fuel tubes removed, and shows the

degree of deformation

Outer, insulating, and fuel tubes were assembled. The external

pressure was increased in order to collapse each tube. The outer,



insulating, and outer fuel tubes collapsed at 390 psi, 425 psi,
and 620 psi, respectively. The inner fuel tube did not collapse
completely but showed signs of deformation when the external
pressure reached 900 psi. The middle section in Figure 7.3,

is the collapsed assembly.

In order to simulate the actual superheater condition, a tube

assembly consisting of the following was made:

I. OQuter container tube with 1,080 in. 0p x 0.025 in.
wall with one end swaged to 0,800 in. 0 D

2. Insulating tube with 0.926 in. 0D x 0.020 in. wall
over +he.whole length of the 1,080 in. 0 p tube up to
the swaged section.

3. Fuel tube of 0,790 in. 0 D x 0.027 in. wall and fuel

tube of 0.600 in. 0D x 0.027 in. wall.

Both fuel tubes extended the whole length of the 1.080 in. o.d.

tube up to 7-1/2 in. from the swaged section.

The outer container and insulating tubes collapsed completely

at 800 psi over the 7-1/2 in. length unsupported by the fuel tubes.
The section supported by the fuel tubes did not collapse. However,
near the end of the fuel tubes, the outer container and the in-
sulating tubes were deformed over | ft lengths, then tapered to
their original shape. The fuel tubes did not deform, except at

the end where the outer container tubes collapsed. The fuel

D




Figure 7.3 - Collapsed Mock-Up of Superheater Assemblies (2|1666)
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tubes were pulled out without difficulty. The left section in-

Figure 7.3,.1s the col lapsed assembly. ,

Discuss!gp.w All tests were conducted at room +empera+dre.
Eleva+od temperature testing would result in the same collapsing
configuration as shown in Figure 7.3, but would lower +he col -

i Iapsing pressure fn direct ratio to the change in Young's Modulué '

as shown in Equation (7.2).

The out-of-roundness appears to be the greatest cause of tube
collapse due to external pressure. The axis of collapse is

always coincident with the minor axis of out-of-roundness.

A bending s+ré§é on the tube due to mecﬁanical loading within

the elastic limit of fhe.maferial does not affect the collapsing
pressure appreciabjy, if the tube roundness is within the ova!ify‘
tolerance of + 0.002 in. for the tube considered (thickness-to-

diameter ratio).

In the test conducted, pressure was applied on the ends as well
as the sides of the tubes. The end load, W, due to the pressure

was as follows:
‘Wen/d x D2 x P ' (7.1

(Where, P was the pressure applied to collapse the tubes).
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Due to this end load, the measured col lapsing -pressures are
somewhat lower than for a tube with side loading only, which
would more closely simutate Pathfinder conditions. However,

- the test set<up was not designed to obtain side loading only

R. G. Sturm has reported a semi-empirical formula (Ref. 6)

for determining the collapsing pressure of thin-walled tubes:
P, = KE (+/D)° | (7.2)

Where: P, = Collapsing pressure
D = Qutside diameter, in.

E = Modulus of elasticity

t = Wall thickness, in.
K = Constant, f (2L/D and D/+)
- L = Length of tube, in.

For long thin-walled +ubes-where'2L/D and D/t are greater than

- 20 and with pressure bn'sides.only, K is about 2.2. For the case
when the ends as well as the sides are loaded, K differs. The
effect of end loads due to pressure is to reduce sﬁ?gh+!y the

collapsing pressure, as is shown in Figure 7.4

In the case where the outer container tube is assembled with
the insulafing tube and fuel tubes, the external pressure at
which the outer and insulating tubes reached elastic instability

is the same as if they were not supported by the inner tubes.
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Figure 7.4 - Collapsing Pressure of Tubes with Side and End Loading as a
Function of Wall-thickness to Diameter Ratios (43-024-426)

-81-




P

However, the outer and insulafing-fubeS‘did not collapsé
completely, but became ellipffcal with the minor axis of the
insulating tube and about equal Yo the outside diame+eff6% the
outer fuel tube. From the several assemblies +e$+ed, the reduction

of the gap area between the insulating and outer fuel tubes .is

10 +o |5 per cent.

7.2 Supefheafer Lowér Tube Sheet

The Iower"fubefshee+, which supports the superheater, Is 316 Stainless
Steel. The plate consists of a spherical head segment welded to a
flange ring. Tﬁe spherical portion is perforated by 468 holes with

diameters of about 0.80 in.

The spherical tube sheet was selected instead of a flat tube sheet,
. because the thickness of the flat plate that would have been required
for the several operating conditions would have resulted in large

temperature gradients and excessive thermal stresses.

_Abnormal operation conditions that were considered are as fol!ows:
f.‘ Simultaneous dﬁenjng of all four séfé#y;relief valves
2. Opening of the dump valve with the turbine throttle valve
still open. (This could be caused by a conTréT#signal loss) .,
A pressure‘differen+iaj‘of'up to 200 psi can be exﬁeq+ed as

a résul* of these conditions.
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7.2.1 Mechanical Stress Célculé*ionsl:
Analysis of stresses due to mechanical loading was done using
conventional methods. An éufline éf the calculation method is
shown below. A deflection efficiency of 50 per ceq? was used
for the perforated plate. Deflection efficiency is defined as
\the ratio between the deflection of a pgrforafed plate and a
solid plate of the same configuration under the same load.
This value was based on experimental tests of perforated

plates performed at Allis-Chalmers and other laboratories.

:.:"AnaIYSis Outline (See Figure 7.5).

Flénge
Angular Rotation (Ref. 2, p. 231)

(7.3)

Radial Displacemenf (Ref. 7, p. 10)

R
6=Q’-%-——E‘-—- -6d _ (7.4)
/N2 v AE .

Hemispherical Head

Angular Rotation (Ref. 8, p. 474)

Mo _A2ZsINgF
m RE"’K| Rs m RE'f'Kl

(7.5)
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Figure 7.5 - Spherical Grid Plate - Free Body Diagram (43-025-168)
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. . ‘Radial Displacement:(Ref. 8, pp. 407, 474).

G REU - sy AZsINg M
2Et . ~ m RETK

*_ARgsnio (K fdor (7.6)
2 mrRet 2 K| '

The influence coefficients for the angular rotation and the

radial displacement become: .
(ol [ Ru Mr
2 mEI

23 M, . APSINOF
™ REHK| Rg . m REtK|

5 | (F-H)(%) '-"9 d

2 -y 2 g
[ R U - SIN® A2 SIN @ Mg
4 2 £t m RETK |

_ XRs SIN* @

(K, + L
2 mwREt 2Tk F
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General Equations for Inside Hemispherical Head Stress

1 Tensilelsfress.due to ﬁﬁessure (Ref. 9, p. 53)

. 3 ‘
PrY? +27 . |
s =—[——-] - | (7.7) ;
Pr2ly3 o). 7 .
, ++
where.Y = RSR (7.8)

¢
B

2. Tensile stress due to discdnfinui+y force TP (Ref. 8, p. 470)

Tp = Qp Cot B .‘ o 10y

% = §2;’ A e M (sin v My B
-«/; oMY (S‘IN XY - 1 0 .

Qo = F SIN @ ('AT' o ) (7.12)

(Discontinuity Shear Force)

3. Bending stress due to discontinuity moment Mg at any point

on the Hemispherical head (Réf. 8, p. 45)

Spo = —B__ | (7.13)
S x R, +2 ‘

-s6- ; ¢



@

where: - - .-
‘e
Mp = V2 o™ siw (a4 /s Mo

Rs _ -\t | ,
-% e Memang, o 7as

(Ref. 8, p. 470)

Ceneral Equations for Outside Hemispherical Head Stress (See Flg. 7.6)

l]. Tensile stress due +o,pnssurg (Ref. 9, p. 53)

S, = 3 P/2 -3'—Y_|| ] o ' S (7.15)
Wher‘é:
Rg + +
Y= : (7.16)
Rg -

2. Tenéile stress due +Q‘discon+inui+y force,ATp, is obtained

by Equation (7.9).

3. Bending stress due to discontinuity momen, Mo, Is obtained

by Equation (7.13).

Figure 7.6 - Representative Section of Spherical Grid Plate
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NOMENCLATURE = SUPERHEATER TUBE SHEET

F = Discontinuity force at edge.
" = Gasket reaction.

Horlzonfal.componenf'fdrce,of v.

G
H
M = Dlscontinuity moment at edge.
M

°
p = Discontinuity moment at point considered on head.
M, .= Total moment about flange center of gravity.

(M, = Wa-Vb#Gc ~Fd +Hd = M)

Qo = Discontinuity shear forée at edge.
Tp = Discontinuity force at point considered on head.
v = Hydrostatic force.

"W = Bolt loading.

Constants

A = [,285 Rs/+
K, o= -COW/5;O/\ ‘ ; Ky = | - Cote/1.25 X

g = Poisson's Ratio

7.2.2 Therﬁal Gradient Calculations
The spherical tube sheet, with the concave side in contact with
+he moderator flui¢ at 489 F and the convex side in contact with

the superheated s+éam at 825 F average temperature, was analyzed.
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The thermal shield placed on. the convex side of the tube sheet
provides an insulating space of stagnant ‘superheated steam. A
simitar thermal insulation is provided by superheated steam

between the inner and outer container tube.

The film coefficéenfs due to radiation and condﬁc?ion between
the thermal shield aﬁd»befween the fnner,ahd outer container
tube have been de+ermiﬁed. The calculations were based on the
assumption of steady-state conditions. The effect of gamma

heating was not included, since it was not significant.

To determine the thermal gradient across the 3/4 in. thick plate,
a typical *hreefdimenSFOnal section of the grid plate ‘was chosen.
The temperature distribution was determined using the A-C Thermal

Analyzer Program¥, for the 1BM-704 computer.

The maximﬁm.fhermai gradfenf aﬁrqsé a 3/4 in, thick plate was
found to be 45.5 F, (Figureﬂ7.7$. ngeyer, due to the curvature
of the plafe,.fﬁe +hickﬁess ne#r the edge, meésured on the vertical
“plane fs 5bou+ Il;n.; the maximum thermal grad{en+ for this

- condition is increased by 50 per cent or 68.5 F (Figure 7.8).

*A compufer‘prograh‘developed by Altis-Chalmers to handle steady-
state and transient heat transfer problems.
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"Assuming the edge of the plate is clamped,  so that angular
deflection but not radial- expansion, is preveh+ed, the resulting

bending stresses may be approxima+e1y'expressed as follows:

| -k

(7.17)

Where: E ®= Young's Modulus

M = Poisson's Ratio

a = Coefficient of thermal expénslon

Tave * AVefage temperature through plate thickness
T =

Temperature at point under consideration

. The results of the mechanical and'+herma| stress analyses are
presented in Figure 7.9 and 7.10. Sfresées at the fnner and
outer surfaces of the spherical tube sheéflagsagiven by Figures
7.9 and 7.10, respectively. The apparent discontinuities in the
stress distributions shown arewfqg results of +he'deflec+ion'
efficigncy applied because qf-%ge presence of the perforations.

Stress.concentration tfactors were not applied at the perforations

nor at the edges of the tube sheet.

In the analysis, the foliowing sets of conditions were assumed:
'»;l. Bolted-down condition, no pressure or temperature
dffferenfjgl.
2.  Normal operation condition (85 psi pressure ditferential).

3. Abnormal condition (250 psi pressure differential).
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-Figure 7.7 - Tempéra+ure Gradient 3/4 in. thick Section Pla+e’(43-025;|70)
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+16000 STRESS ("B‘/"f' )
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The 8011d lines denote combined mechenicsl
and thermal stresses. The dotted lines re-
present mechanical stresses,. N »
0- bolted-up condition (bolted load= I}5,000
lb,)=- P= Opsl - -~ S S

[7- normal operating condition - P= .85psi

0- sbnormal operasting condition - P= 250psi

Figure 7.9 - Stress Disfribution on Inside Surface of Superheater Grid

f Plate (43-024-286)
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7.3 ‘Superheater Shrouds

Water moderator is directed through the superheater region by an
enclosing 316l Stainless Steel shroud between the superheater and
boiler regions.

The upper shrouds, |/8 in. thick, and the lower -shroud, |/4 in.-thick,

are welded at the top and bottom to the baffles.- Both shrouds are sﬁbjec+ed'

to internal pressure!during normal operation-of fhe reactor.

The maximum differential pressure exerted on the shrouds by the moderator
water within +he{baff|es has been determined from flow‘calcula+i6ns.
SeQeral methods have been invesfigafeq in order to determine the

stress and deflection caused by THe inferﬁgl preésure. Howe@er,:due to
the end conditions and the relatively complex geometry, the stress and

deflection are not easily calculated.

Since the space between the superheater and the boiler regions is
restricted, a test was conducted to determine +hé:maximum deflecfion.of
the shrouds when subjected to the maximum possible internal pressure

that could occur during reactor operation.

7.3.1 Theoretical Stress Anafyéis.
Since the superheater is geometrically symmetric, only one-quarter
6f the baffle need-be'énalyzed. The free.body diagram of the
section undér consideration (Figure 5.!!) is g€ven in

Figure 7.12.
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Through statics, the following relationships can be, readily

derived:

pL2/18 ™~

Mg = M,
M = MA + 2 PL2/9

, 2
My =M, +PLE/IB

=M + 2 PL2
ME H-MA-+ 2 PL4/9 ..
M =M, = PLZ/18

By Castigliano's strain energy theorem:

L) Mds | .
pe= [l E%E L a8

Since *hé angle of rotation, B, is the same at points A and G,

the differential angle'is zero.

‘ Ly Mds’
o = '.___

Integration yields: i ,

0 = 1/ET (Moment Area) :‘

Summation of thé:moment areas in the section under consideration

and substitution in terms of M, yields:

-2 2: o :
My = 62 PLS o | (7.l9?
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Figure 7.11 - Superheater Baffle Energy Method Analysis (43-025-173)
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Figurev7.i2 - Stress and Deflection Loading Diagrams. (Sheet | of 3) (43-025-174)
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Figure 7.12 - Stress and Deflection Loading Diagrams (Sheet 2 of 3) (43-025-174)
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DEFLECTION ANALYSIS
AUXILIARY LOADING DIAGRAM 2
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Figure 7.12 - Stress and Deflection Loading Diagram (Sheet 3 of 3) (43-025-174)
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Re-substitution yields:

-0.074 pL?

Ma

Mg = =0.130 pL2

M. = +0.148 pL2

c
- - 2
My = ~0.185 PL
Mg = +0.148 PLZ
VI 2
M. = -0.13 PL
Mg = =0.074 PL2

The maxihum stress in the shroud occurs at points C and E.

For A unit length:
s =6 M/t + F/A : : T (7.20)

Thus, at C and E:

2
s - Q80 P

+ PL/3t : - ' (7.21)
f .

7.3.2 Deflection Analysis

Certaln simplifying loading conditions are assumed for +he secffon
belng studied; & section of unit +hlckhess,'mldway between the end

supports.

The effects of +He»end restraints of this section are -considered

~negligible. (Later tests with an actual shroud proved this as-

sumption wrong.)
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An elastic energy analysis was performed on the section shown

above (Figure 7.12 sheet 2).

The elastic energy equation for the work done by the force

Fois:
Fap= [, Mmds (1.22)
BT : | '
FAA“"IAB F*M-d-x"‘[cﬂ.ﬂz-‘roﬂhﬁdz
. Bl 9B TR T e 3RS

El ! 3 EI
. .
-j'GFL-'!‘-d—V-]‘ Fy Mdv (7.23)
F .~ Er JE !

Performing the required Bpérafions:
\ L0 (2 4) —
b, = 4 (g™ | (7.24)

A similar analysis can be performed on point B.

Auxiliary Loading Diagram #2 (Figure 7.12 sheet 3).
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The elastic energy equation for the work done by the force F is:

Performing the required operations: -
El 1944

A 1.0 .
AB- 3.9 18 PL4>

7.4 Superheater Upper Shroud

(7.25)

(7.26)

water moderator is directed +hkough the Pathfinder superheater region by

a closed stainless steel shroud located between the superheater and the

boiler regions. The pressure exerted by the water moderator within the

shroud causes def]ec*fon of the shroud. Since the space between the

baffle and the boiler fuel boxes is restricted, assurance is necessary

that +he maximum deflection that occurs during the most severe conditions

is not excessive. Shroud deflections were determined by experimental

techniques since they were not amenable to DIRECT calculation due to

+he complex geometry.
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7.4.

Deflection Test

A test was conducted to determine the maximum deflection of the

superheater shroud when subjected to the maximum cbnceivable
internal pressure. The test was performed with the upper half
of the shroud since it represents the thinnest and hence +he

more crltical section.

Test Seft-Up (See Figure 7.13). The shroud was set up vertically

and was closed at the ends by two flanges. The seals between the
flanges, at the top and bottoem of ?He shroud were providéd by two
rubber gaskefs. “The gaskets were compressed by four bolts between

the two flanges.

The deflection was measured with dial indica}ors mounted at the
various points at mid-elevation on-the shroud. Compressed air,
controlled with a pressure'regulafor, was suppliedlfo the closed
shroud. The pressure was read on a calibrated gage aﬁd a manometer.
Test | The top and bottom edges of the shroud were tree to
- .

expand in the radial direction, since the reaction of the gaskets

was negligible.

Run i :
I. Each dial indicator was set at zero for zero pressure.
2. The pressure was increased at 0.5 psi increments up to

1.5 psig.

-104=




RELIEF VALVE .

< AIR SUPPLY

JL,‘_._l/F)LANGE
Al \RUBBER x
GASKET

' , | ™ BAFFLE -
S | (43-401-218)

 INDICATOR

T RL lf‘llll'u'l| TN NI = - |

f Figure 7.13 - Test Set-Up for Baffle Pressure Test (43-025-178)
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3. The pressure. and dial indicator readings were recorded,
4, The pressure was dropped to zero and dial indicator

readings recorded.

5. The dial indicators were reset at zero for zero pressure.
6. The preésure was increased at 0.5 psig increments up-to
1.5 psig.

7. The pressure and dial indicator readings were recorded,

Discussion of Test | Results. Test results are given in Figure 7.14.

The test results for the first run indicated that local yielding
occurs at pressures between |.0 and |.5 psig. The permanent
of fset was about 0.025 in. During~+he;secqnd run, the deflection

was a straight line function of pressure (8§ (f) P); this function

had the same slope as run | before yielding occurred.

" The maximum deflection occurs at the four corners labeled 6;
the radial displacement was nearly the same over the whole length

of the shroud from top to bottom.

Test 2 In order to reproduce more closely the end cOndI*iqns
that are encountered when the shroud is welded to the baffles

at the top and bottom edyes, additional supports were provided. -
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The-+op and bottom edges were held in 16 places at Iocéfions i,
4, 6, and 8 (Figure 7.15) to prevent radial displacement at the
ends, but the ends were free fo rotate, being simply supperted

N

at the edges. -"ﬂgém

The radial supports were provided by bolts screwed into nuts that
were clamped to the flangés. Oial indicators were mounted at the

top and bottom edges, near the supported points, in order to

~ contrel the pre-compression in the shroud when the radial

suppor+ing;bdl+s were installed. The pre-compression was |imited

to about 0.002 te 0.004 in. when the shroud and the radial supporting

bolts were in contact at zero pressure.

I. The dial indicators at the top and bottom edges were set

at zero for zero pressure.

2. The pressure was increased from zero to 0.5 psig; then the

digi indicators .located at mid-elevation of the shroud
were se+’a+‘zefo, thus insuring an equal contact force
at each supported péin+. The dial indicators at the top
-and bottom edges were not reset; the readings for the
above conditions were basically zero.
3. The pressure was increased from 0.5 to 2.5 psig. The
readings of the dial indicators at mid-elevation were

recorded.

4, The pressure was decreased from 2.5 to 0.5 psig; the readings

of the dial indicators at mid-elevation were recorded.
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5. The pressure was decreased from 0.5 to O4psig; the
readings of the dial indicators at mid-elevation weré

recorded.

Discussion of Tegf 2 Results. The test re;ulfs areﬁgiven in
Figure 7.15; presSufe cycles from 0.5.#6 2.5’psig\were madé

several times; at 6;5 psig, the dial indicators readings were
consistently near the oeriginal sgf?ing of zero. At the edges,
the radiél:displacémenT was zeré at the supported poinfs, then

increased to a maximum at mid-elevation. -

The maximum deflection was measured a+'MEdfelévafibn,oprbin+s
and 12. A radial displacement of about 0.005 in. of the whole
shroud was obqerved"during the pressufe testing, which accounts

for the deflection differencé between points | and 12.

Since the dial indicators at mid-elevation were set at zero for
0.5 psig, the deflection readings at 2.5 psigiwere increased

by the compression readings observed at zero pressure as shown

" below:
EXAMPLE: *
- Pressure Def lection
{psig) (in.)
Point | 2.5 0.022
0.5 . 0.000
0 -0.007
Total Deflection at 2.5 psig 0.029

.




quclusion. From'fﬁe:brecbeding tests, it has'beed‘shown +hat

" the end cbndffions é;ffh; éfruc+qre influences greatly the shape
and magnifdd@ of fheirédial deformation. In the reactor, when the
$hroud 1s in place In +he'superhea+er, the top and bottom edges
are welded to the baffles, thus fhé edges are buil+ In reducing

the deflection at fhe‘mid-eleva+lon of the shroud.

\ The +es+s conducted did noflexacfly duplicate +h§ acfual'case
sTnce the edges were simply supported at various points, as
indicated in Figure 7.15, instead of being built in. The maxi-
mum deflection measuredvaf the mid-elevation of the shroud is
Q.028 in., at maximum expected pressure of 2 psig, and is

. saﬂsfad’ory to avoid interference of +he reactor internal parts

during operational conditions.

7.5 Steam Line and Superheater Support

The superheater vertical support within the reactor vessel Is provided
by the double~walled steam line header.j The steam line, made of 304L
Stainless S%eel, 1/2 in. thick, is welded to the reactor vessel pene-
tration sleeve and.guided at the superheafér flange elevation by eight

radial supports (Fig. 7.16).

The inner liner sleeve, made of 304L Stainless Steel, is welded at the
top to a ring attached to the steam line, and guided at the bottom
with 4 radial supports. The Iiner'cone,'made of 304L Stainless Steel,

is welded at the bottom to the same ring to which the liner sleeve

|
|
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Figure 7.16 - Pathfinder Superheater Design Steam Line (43-025-184) '
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top is welded. The solid ring separates the two gaps formed by the
liner cone and sleeve, thus preventing heat transfer by forced con-

vection,

A metallic insulation made of corrugated Inconel sheets (thermal conductivity

. one B'I'u/hr.'-f‘l'2 OF/in.) was installed between the liner and:the steam line

over the whole length of the sleeve and at the upper cytindrical portion

of the cone near the flange as shown-in Figure:7.I6;

" Approximate calculations have been made to determine the heat transfer

losses-across the double-walled steam |ine header. The heat flux has
been plotted versus the steam gap thickness between the liner and the

steam line, with and without insulation. (Fig. 7.17).

Superhea+er Natural Frequencies
The superheater assembly and its suppor+ (é+eam line within the reactor
plenum) was analyzed as a vertical beam 306 in. long having variable’

cross sections along its longitudinal axis.

"The internal parts of the superheater, such as insulafing_fubés and

" fuel tube assemblies, were assumed to increase the mass but would not

contribute to the rigidity of the superheater; the mass of the water .

in and around the tubes was neglected.

~-The system was divided into 78 sections; the weight, and the smallest

geometrical moment of inertia in respect to the neutral axis of the

system were calculated for each section. The system was programmed
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to determine the first three .natural. frequencies of each of the three

cases betow using the |BM-704 digital computer.

The bottom section, where the gfeam line penetrates the reactor vessél,
‘was assumed-as built in. -Thus the .deflection and_The~roTa+ion at this
section is equal to.zero. The superheater and steam line flagges.66 in.,
from the bottom were simply supported, preveating the Iafehalfdeflecfion

but not the rotation. The upper end was supported as indicated in the

following tThree cases:

l.+ Top end free

Ist frequency . 749 cpm
" 2nd frequency 3638 cpm
3rd fréquenCy 10724 cpm

2. Top end simply supported

Ist frequency 2323 cpm
2nd frequen&y 8079 cpm
3rd fregquency 18135 cpm .

3, Top end.- flexible support (See Figufe'7.I8) o
(Spriing constant 31,200 Ib/in.) .

1st+ frequency-’ 1129 cpm .
2nd frequency 5966 cpm
3rd frequency 14758 cpm

The third case is retained since it represents the actual superheater

fixity condition. The flexible suppoff at the chimney ié'provided by
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Figure 7.17 - Plot of Heat Flux vs Steam Gap Thickness for Steam Line

Header (43-025-182)

-115-




il T3

©)

CASE '3
WAVE FORM

ANNR R NN W @
Figure 7.18 - Superheater ViBEéfion Analysis Forms (43-025-[83\‘ '

-116-

Q'




7.7

the attachments to the steam dryer, for which the spring constant has

been determined analytically.

~

The foréing frequencies which are inherent in the recirculation system
are that of the pump rofafiona1 speed,'585 cpm, and that of the 5 impeller

blades X the rotational speed, or 2925 cph.

Although, the natural frequencies of the superheater are near an even
integer of the forcing freduencies it is improbably that a state of
resonance could exist, because of the high turbulence of the water

within the reactor plenum;

Superheater Tube Vibra+idn Test

The purpose of this test was to determine the frequency and’magnifude
of vibrations of the superheater outer con+ainer'+ubes due to cross
and paraliel, single and two-phase flow between tubes at various flow

velocities.

Test Secfion‘(ngure 7.19) was designed to reproduce the geometry and
eﬁd-fixify'of the Pathfinder superheater container tubes. The test
lattice (Figure 7.20) consisted of a vertical bundle of sigféen +Qbes'
rigidly attached to an upper and lower. tube éheef'andfspaced between '
the tube sheets by four baffles. The lattice was enclosed in a box

4-15/16 in. x 4-15/16 in. inside cross section and 16 f+ long. One

side of the box was removable, so that the lattice could be inserted.
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The sixteen tubes of 304 Stainless Stee! were disposed on a squaré -

pitch of 1.234 in, the tubes we;e 192 in, fong, 1.080 in. Q0D with

0.020 in. thick Wall:excepf for a 20 in. length at the bottom. The
boffom 20 in. was Tapered to 0.800 in. 0D with O 023 in. +h|ck wall,

At the upper part of the lattice, the +ubes were rlgxdly a++ached +o

the 1.0 in. thick +ube sheet by fusion welding; the +ube.shee+ was

bolted to The end of the box, +H;S closing the end of the test section.
At the bottom, whefe'+he.+ube§ were 0.800 in. 0 D, shoulder type plugs
wefe WQ}ded'+o-fhe tubes; these plugs were threaded in #Hé.secfion
+ha+‘paséed through +Be tube sheet. Nuts were'fighTEnéd until ‘the -tube
sheet resfed.againsf the shoulder of fhe'plug, providing a semi-rigid,end
‘fixify for. the Tubes; The baffles located between the tube- sheets were
simbly sﬁpporfed'in the box. Inreach baffle, nine sharp-edged'oriffées
on'a‘square pitch spacing.of 1.234 in. were centered over -the flow cﬁannel
between the tubes. Each baffle was removable and its elevation coula be
changed. The transition, inférmediaTe, and upper baffles were also used

to regulate the amount of water passing +hfough the tube bundle.

The inlet section was formed by an 8 in. diameter enclosing two sides
" of the box over a 26 in. length. Two openings 90 degrees apart were

cﬁf in the box, thus forcing the water into the tube bundle horizontally.

The channel formed by the box flange and the inside dlamefer of +he 8 in.
pipe was such that the veIOC|+y a+ the +hroa+ of the plenum dupllcafed
the water veloc:fy at the Pathfinder superhea*er sfeam Ilne flange. The

discharge sec+ion was formed by a 10 in. pipe enclosing three sides of
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Figure 7.20 - Superheater Vibration Test Section (43-500-794)



the box over a 69 in. length; sixteen openings were cut in two sides

of the box 90 degrees apart thus forcing the water out horizontally.

At the intermediate and upper baffles where the tubes were [.080 in. 0.D, .
the net channel area was 9,73 sq. in.; the equivalent diameter, De, was

0:715 1In.

At the transition baffle where the tubes were 0.800 in, o.d., the
net channel area was 16,36 sq in.; the equivalent diameter, De, was

1.625 In,

Test Set-up. The test section was placed in a calibrated closed loop

constructed of 2-1/2 in. standard pipe with bolted flange connections.
The water was recirculated from a suction discharge tank of 500 gal
capacity through the loop and test section with an Allis~Chalmers
centrifugal pump, Model C-3, size 3 in. x 2=1/2 in. rated at 240 gpm,

150 f+ head.

The water flow was measured by reading the pressure differential across

a calibrated orifice plate with radius taps connected to a mercury
differential manometer. The orifice plate was inserted between two
flanges on the 2-1/2 in. pipe connecting the pump to the test section.
The water flow was controlled with a by-pass valve inserted between

the pump discharge and the orifice plate, and a throttling valve inserted

in the test section discharge pipe.
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Instrumentation. A novel technique was developed to install the strain

gages inside the tubes, This eliminated the necessity for waterproofing.
The leads were taken out the open upper end of the tube. The gages were
located 147 in. from the upper tube sheet (midway between the transition
and intermediate baffles). The unsupported length between *the two

baffles was 47-1/2 in.

The natural frequency of vibration of the tubes was detected by two
strain gages arranged in a Wheatstone bridge circuit. The vibration
signal was fed to an amplifier and strain gage indicator, and then

through a decade amplifier that was connected to an oscilloscope.

To measure the amplitudes of vibration, the signal was fed to the oscil-
loscope through an amplifier. A static deflection calibration of the

oscilloscope was made,

A calibration of the strain versus deflection was made by measuring
the tube deflection with a dial indicator and recording the strain on
the strain gage indicator. The amplitides of vibration were also
recorded with a pen recorder. The output signal of the bridge was

amplified and fed to the recorder.

Test Procedure and Results. Measurements were taken to determine the

natural frequency of the test section in air under three conditions:
l. With the tube lattice suspended,
2. With the tube lattice inserted in the box but without the

cover, thus providing lateral support to tube sheets and
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baffles on three sides.
3. With the tube lattice installed in the containment box with
the cover bolted in place providing lateral support of all

baffles on all sides,.

Vibrations were induced by sharply striking baffles or containment box.
The oscilloscope responses for the three cases are shown in Figure 7.21,
7.22 and 7.23. The natural frequency of the tube lattice suspended in
air was 25 cps; the frequency of the lattice in air supported on three
sides was 68 cps; the frequency in air supported on four sides was

70 cps.

Attempts were made to determine the natural frequency in water by striking
the box with a hammer, but the amplitudes of vibration were so dampened

that the oscilloscope showed no signal,

Tests were conducted to determine the frequency of vibration due to a
single-phase flow and due to two-phase (air and water) flow. For
single-phase tests, the water flow was varied from 95 to 190 gpm through
the test section. For two-phase tests, the flow varied from 120 to

204 gpm of air included, The oscilloscope response for these tests

are shown in Figures 7.24, 7.25, 7.26 and 7.27. The frequency in all

cases was 60 cps.

Tests were conducted to determine the interference frequency. The magni=-
fication of the vertical vernier was decreased. With the pump running

but no water circulating in the test section, the frequency was 60 cps.
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Under the same conditions with 190 gpm of water passing through the test ﬁ
section, the frequency was 60 cps. Oscilloscope responses for these

cases are shown in Figure 7,28 and 7.29.

A test was conducted to determine the natural frequency of the tube lattice
in air with the intermediate baffle removed and with the lattice supported
in the box. This arrangement provided an unsupported tube length between
the transition and upper baffle of 94 in. The natural frequency in air

was 22.5 cps. Oscilloscope-response is shown in Figure 7.30.

Tests to determine the natural frequency in water were not successful.
Tests to determine the vibration frequency with single- and two-phase

flow were also unsuccessful because of a 60 cps interference frequency.

The dynamic deflection of tubes during vibration was based on a static

deflection where | cm on the oscilloscope screen is equal to 0.027 in.

deflection. With no flow, the width of the beam on the oscilloscope

screen, e, was 0.1l cm (Figure 7.31). The dynamic deflection, ‘
x ~ 8]
bx = et 0.027 (1.27) !
where,

e, = beam width at flow, Q,

e = beam width at zero flow

Oscil loscope responses for all tests with the intermediate baffle in place
are shown in Figures 7.32 through 7.35. Response for tests with inter-

mediate baffle removed are shown in Figures 7.36 through 7.38.
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0.1 fn = 25 cps

Figure 7.22 - Vibration of Tube Bundle in Air with Tube Sheets Guided on
Three Sides 5 cm = 0. sec., fn = 68 cps.

Figure 7.23 - Vibration of Tube Bundle in Air with Tube Sheets Guided on Four Sides
2 cm = 0.1 sec 70 cps
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Figure 7.24 - Tube Vibration with 69 GPM and 3.15 FPS Water F low
5cm = 0.| sec fn = 60 cps

Figure 7.25 - Tube Vibration with 190 GPM and 6.30 FPS Water F low
5 cm = 0.1 sec fn = 60 cps

Figure 7.26 - Tube Vibration with 96 GPM and 4 FPS Water Flow and 24 GPM Air Flow
5¢cm = 0.1 sec fn = 60 cps

Figure 7.27 - Tube Vibration with 180 GPM and 6.75 FPS Water Flow and 24 GPM Air Flow
5 cm = 0.] sec fn = 60 cps

Figure 7.28 - Interface Frequency. 5 cm - 0.l sec f; = 60 cps

Figure 7.29 - Interference Frequency with 190 GPM Water F low
5cm=0.1sec f. =60 cps
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Figure 7.30 - Vsbrafaon of Tube (94 in. Between Tube Sheets) Suspended in Air
2 cm = 0.l sec fa = 22.5 cps

Figure 7.31 - Calibration Beam. 2 cm = 0.027 in. Def lection
el =0.1l cm § =

Figure 7.32 - Def lection with Single Phase Flow 96 GPM and 3. 15 FPS
S 0.13 cm § = 0.00027 in.

Figure 7.33 - Def lection with Single Phase Flow 190 GPM and 6.3 FPS
LA 0.15 cm & = 0.000054 in.

Figure 7.34 - Deflection with Two-Phase F low 96 GPM Water 24 GPM Air and 4 FPS

ex 0.2 cm § = 0.00121 in.

Figure 7.35 - Deflection with Two-Phase Flow 180 GPM Water 24 GPM Air and 6.75 FPS
ex =0.22cm § = 0.00149 in.
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Figure 7.36 - Calibration Beam for 94 in. Span Tube Section at Zero Flow 0.1 cm = 0.025 in.
Def lection B " 0.1l cm § = 0

Figure 7.37 - Deflection of 94 in. Span-Tube with Single Phase Flow 190 GPM and 6.3 FPS
" x 0.2 cm 5 =0.0112 in.

Figure 7.38 - Deflection of 94 in. Tube with Two-Phase Flow 190 GPM Water, 24 GPM Air 7. FPS
e =0.252cm § = 0.0150 in.
X
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The same measurements of dynamic'deflec+10n were recorded with the pen
recorder. Results for the single-phase flow tests are shown in Figures

7.39 and 7.40.

Discussion. The natural frequency of vibration of tubes when the lattice
was suspended in air was not well defined. |t appears that the lattice
vibrates as a whole at about 25 cps (Fig. 7.2). In such a case; the tubes
have many degrees of freedom corresponding to various possible modes

of vibration. Of these, all but the fundamental mode were disregarded
since large amounts of energy would have been required to cause the

tube to vibrate with significant amplitude at higher modes.

Due to the small gage output, the natural frequency and amplitude of
vibrations of the tube could not be determined with accuracy when the
lattice was submerged in water. The frequency of 60 cps recorded-for
various flow conditions does not necessarily indicate the actual frequency
of the tube, because for these conditions, an interference frequency

of 60 cps was prevalent in the system (Fig. 7.28). However, the natural
frequency of the tubes in air with the baffles and tube sheets guided
laterally was 68 cps. The natural frequency of the tubes in water can

be expected fo be somewhat lower than in air due to the added mass of
water surrounding the tubes. Therefore, the 60 cps observed was assumed

to be the natural frequency of the tubes in water.

Measurements of the dynamic deflection of the tubes due to vibrations

was difficult since 0.002 in. deflection would appear on the oscilloscope
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screen as an increase of beam thickness of 0,148 cm, The dynamic deflection

observed on Figure 7.34 and 7.35 were smaller than 0,002 in.

Conclusion, The type of vibraflons observed during the test with water
flowing around the tubes was of the self-excited variety. In each of the
tests with single~- and two-phase flow, the tubes vibrate at their natural
frequency at all flow velocities. Because of the small ou+pu+ of the
strain gages, an accurate measurement of the deflection was difficult

to obtain. However, the objective of the tests was to determine if
excessive ampl itudes of vibration would occur at maximum flow conditions.

Excessive amplitudes were considered those greater than 0.002 in.

in making the evaluation, reference is made to Table 7.1, which compares
ne test and Pathfinder parameters. Since the tubes are very comarable
and the test tube vibrations were negligible, less than 0.002 in., it

can be concluded that the Pathfinder superheater ftubes will operate

satisfactorily and tube vibrations will not be a problem during operation.

TABLE 7.1 COMPARISON OF TEST AND PATHFINDER PARAMETERS

Parameter Unit Pathfinder Test
water velocity at max. flow fps 4.7 6.5
insupported length in. 47-1/2 47=-1/2
Weight per unit length Ib/in 0.0245 0.0190
|b-in? 2.9 x 10° 2.82 x 10°
Natural frequency cps 62 68
iydraul ic diameter in. 0,753 0.71
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Figure 7.39 - Dynamic Deflection Calibration Curve at Zero Flow
| cm= 20uin/in, fn =60 cps, Q =08 =0

‘L"L}LH‘ (SHRESEY

e

Hi
e

?t:ké%ﬁ%il;} T

3=k =3

Figure 7.40 - Dynamic Deflection with 190 GPM, 6.3 FPS water Flow
I em = 20 y in/in f, = 60 cps, 100 yy in/in strain = 0.03l in.
Def lection. & = 0.000465 in.
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7.8 Superheater Orifice Flow Test

The purpose of this test was to determine the pressure drop across
the transition and intermediate baffles with various sized orifices.
The loop that was designed for the tube vibration test was used in
this test., Refer to Section 7.7 for a detailed description of the

vibration test equipment.

Test Set-up. (See Figure 7.41) - The test lattice is shown in

Figure 7.20, and was other wise previously described in (Sec. 7.7).

The flow through the transition baffle may be described as flow discharging
from a multichannel formed by several tubes of 0.800 in. 0.D into a
multichannel formed by several tubes over a 1-1/2 in. length from

0.800 to 1.080 in, 0.D. directly downstream of the tube sheet aﬁd enclosed
within a finite area. The flow through the intermediate baffle may

be described as flow discharging from a multichannel formed by tubes of
constant diameter (1.080 in. 0.p) enclosed within a finlte area. Both
baffles were easily removable. An O-ring seal was inserted around each
baffle and located between the baffle and the containment box walls to
prevent by-pass flow. In each baffle were nine sharp-edged orifices

on a pitch spacing of 1.234 in. centered between the tubes.

Test Procedure, The permanent pressure drop across the transition and

intermediate baffles was determined experimentally for various sized

sharp-edged reamed orifices under various flow conditions.
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The permanent pressure drop across the transition baffle was measured
with pressure taps located, 4 in. and 8 in. upstream and downstream,
respectively, of the baffle. The flow was varied and readings were made
on the differential mercury manometer No. 3. Tests were run for each

of the following sets of orifices in the transition baffle: 0,318 In.,
0.340 in., 0.360 in., 0,381 in., 0.395 in., 0.411 in., 0.438 in., and

0.480 in. diameter.

The permanent pressure drop across the intermediate baffle was measured
with the pressure taps located 4 in, and 8 in. upstream and downstream,
respectively, of the tube sheet. The flow was varied and readings

were made on the differential mercury manometer No. 4. Tests were run

for each of the following sets of orifices in the intfermediate baffle:

0.330 in., 0.395 in., 0.460 in., 0.490 in., and 0.510 in. diameter.

The permanent pressure drop across the transition and intermediate
baffle was recorded, and is presented as a function of flow in

Figure 7.42 and 7.43,

The parallel friction loss along the tubes was measured with pressure
t+aps located 97 in. apart, from 4 in. below the transition fube sheet
to 4 in, below the upper tube sheet. The total pressure loss of the
transition, and intermediate baffle and the friction loss was read

on the differential manometer No. 5.

The friction loss, which would have been a difference, could not be
determined because the scatter in data was equal or greater than the

expected friction loss.
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Figure 7.41 - Superheater Orifice Flow Schematic Diagram  (43-024-425)
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Calculations, At the transition tube sheet, where the-tubes were
0.800 in. 0.p,. the flow channel area was 16,36 sq in. The equivalent
diameter was calculated to be 1.625 in. .The walls of the box enclosing

- ¥he tube lattice were:neglectedy

At the intermediate tube sheet, where the tubes are-i.OBO in.’oro;
the flow channel area was 9.73 sq in. THe'equivalehf diame+er was

calculated to be 0.715 in,

The permanent pressure drop is a function of the resistance coefficient,
K, and ‘'is expressed as follows:

v 2
K,Vo

M =

(7.28)

where: Vg, =-velocity of water through the orifice, fps;

The average'vatues‘of’fhe/resisfance coefficient were plotted as a

"~ function of beta ratio in Figure 744,

Discussidn.» Sinée}a smal |l chahber wilf greaf!y affecf>{ﬁé'66efficienT
of discharge, it is‘imperafive that the upsfreém edge;of fhé orifice
be shatrp. In the ?ésf,reach orifice was reémed to the indfca+ed
djmensiong with a foleréncé'of + 0;005.in. The scaffer{ng observed

tfor some orifices tested was probably due to |leakage between the baffles
and the containment box walls, since some difficulty was encountered

in inserting the lattice in the .box.
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7.9

The resistance-coefficient, K,.for each orifice size, -was assumed

copsfan+ from minimum to maximum flow (20 to 100 gpm). In.no case
was the difference larger than 6.5 per cent between minimum-and maxi-
mum flow. This Qniformify was attributed to an increase of the by-

pass flow around. the +ube sheef when the dnfferenTial pressure across

the +ube sheet was lncreased

Superhea+er Water Flow

The wafer from the rec:rcula+|on pumps enfers The Iower por+|on of the
vessel and proceeds upward in fhe plenum, where mos+ of l+ enters
the boiler core through the grid pla+e and the fuel elemenfs, and
part of it enters the superheater, then flows upward through the

baffle orifice holes.

The water enferihg +he superheafer is‘separared from.+heywa+er around
the boiler core-fuel boxes over the whele length of .the core by a
peripheral shroud welded to the transition and intermediate.tube
shee+s ‘ Above the core region, the shroud is replaced by corner
angles welded at the top and bottem to baffles. The superhea+er
water flow outward Through fhe Iongnfud:nal spaces befween the corner

angles and |s~m|xed with the boiler core water steam.

The flow passing through the superheafer.is a function.of the pressure“
drop +hrough the boiler core fuel elements, the size of the orifice
holes in the baffles, and the frie*jop loss along the outer container

tubes.
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The mipimum flow through the supérheater corresponding to the minimum

pressure drop through the boiler core fuel elements Wa55+he criterion

§

for the superheafertquw»cq[culafjons. Based on heat transfer and

“nuclear physics requirements, the minimum flow and maximum void

fraction permissible in the supe?hea+er was established.

The orifice'siies were determined from +hé oEifIce flow test, Sec. 7.8.
The pressure drop throughout the superheaferlleng+h was dis+ribp+ed

as follows:

I, “transition baffle (bottom) .72%
2. intermediate batfle (middle)  17%
3, intermediate baffle (upper) 9.8%
4, parallel fric+ion loss - 1.22

!

" The flow through the superheater will be 4.5 to 6.5 per cent of the

total recirculation flow rate (65,000 gpm), based respectively on
the minimum and maximum pressure drop through the boiler core fuel

elements.

7.9.1 Superheafer Flow Calculations
The distribution of the pressure drop throughout the

superheater length was defermined as follows.

Pressuré drop in transition baffle - The permanent pressure

drop is given as:
2
K Vo

H
AH = 3 g

(7.28)
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‘ewnreqsing the ve1OCi+v;‘Vb; ‘tiirouah the orifice in

terms of the flow rate and tota! crifice yields.

AP = O"’31x4'9;2 Q% L (7.29)
do n
Wheré: . ' ) o
.Q = flow rate, GPM .

d.= orifice diameter, inches
n = number‘of orifices
K = factor dependent upon s;‘fﬁe-ré*io'bf orifice
- diameter to equivalent diameter.
‘The transition tube éheeT hés:
468 tubes - 0.800 in. 0D.
385 orifices - '0.375 in. diameter
From the orifice flow +ésf, Section 7.8, it was found

the 8 equals 0.224; thus K equals 1.51.
Thus, performing +he-required:opera*ions:..

aP, = 0.581 x 10°° 0% | O (7.30)

Pressure drop in in+ermédfa+é baffle (middle)

468 tubes = 1.080 in. 0D. -
385 orifices - 0.500 in. diameter

26 orifices ~ 0.406 in. diameter
From Sec. 7.8, éverage K equals 1.30; thus,

AP = 0.1363 x 1076 o2 - (7.3D)
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Pressure drop in in*ermediafe baffle (upper)

468 tubes - 1,080 in. 0 D
385 orifices - 0.580 in, diameter
36 orlfices =~ 0.406 in. diameter

From Sec. 7.8 average K = |.25 +thus,
AP5 = 0.786 x 1077 % « (7.32)

Friction Losses

Entrance, discharge and parallel losses have been estimated

from the orifice flow test, Sec. 7.9:
. 1
WP, = 0.1 x 1077 o2 (7.33)

Total pressure drop through superheater (See Figure 7.45).

AP = API + APZ _+-AP3 + APf (7.34)

TAP = 0.806 x 1076 o2

Therefore:

AP, = 72.0% of AP

3
l - l .24’
A ¢ %
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7.10 Superheater Seal Test -

The insulating gap between fhgmog+§tjaﬁd inner superheater container
tubes is Sealed at The“+9p Tg@e‘she§+. The outer con+a}nér tube is
fusion welded to the tube sheet. An insert maintains the seal b§+Qeen
the inner and outer tubes at the top, and is fusion welded to the
~Inner container tube. A §ea1“befyeen the ogfer tube and insert is
accompl ished by rolliqg'(expgndingz the inner tube and insert into

t+he outer container +u§e. Tesfs were cpnducfed to determine whether

the rolled joint can be made pressure tight (489 F at 70 psi) and

still be readily.disassembled.

| Sealing austenitic stainless steel tubes in a tube sheet of the same

material is difficult since the el;sfic limit of the tubes is the

same as that of the tube éhee+< The tubes readily work harden from
l _ rolling, and tight joints are not easy to attain even when precise

techniques are employed.

" The test apparatus used in this experimgnf is shown in Figure 7.46.
1+ consists of a cylinder of 6 in. diameter schedule 40 stainless
gfeelawglded at both ends to 6 in. 150 IbAs+ainIess steel flanges;
9 container tubes |.080 inﬁ 0.D. x 0.020 in. thick wall plugged at
one end with the seé{ing piece fusion welded to the Tubés at the other

end.

Test Procedure - The inner tube assemblies were inserted in the outer

container tubes and expanded with a conventional condenser-tube roller.
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The torque applied on the tube roller was controlled to produce an
optimum radial pressure on the sealing surface in order to insure a

pressure-tight seal that could easily be disassembled.

Air pressure at 90 psi was applied on one side of the seal; the seals
were tested by immersing the test apparatus in water and checking

for bubbles.

In order to simulate thermal cycles encountered in reactor startup
and shutdown operations, the test apparatus was heated to 500 F and
cooled at room temperature several times. After each thermal cycle,

leakage through the seals was checked as described above.

The integrity of the seals under hot conditions was also investigated.
The test épparafus was heated to 500 F. Leakage through the seals
was checked by immersing the test apparatus in oil at the same ftemperature

and applying air pressure at 90 psi on one side of each seal.

Results = A torque of about 150 in=lb on a conventional tube roller
produced pressure-tight seals. Adequate sealing was retained under
simulated Pa%hfinder operating conditions. The optimum torque required
for a given configuration depends on the amount of expansion required,
the modulus of elasticity, and the moment of inertia of +hé sealing

piece and the inner tube, and the tube roller condition and construction.

Nine seals had the following average dimensions after testing:

Outer tube - |.044 in. I D
Insert - |.04! in. OD -0.928 in. I D
Inner tube - 0.926 in. 0D -0.886 in. | D

~146~




The average expansion of the sealing piece outside (0 D) diameter
was 0.006 in. All seals were readily disassembled using a conventional

condenser tube puller.

Superheater Tube Weld Test

Various joint designs were proposed for welding type 304 superheater
container tubes to the type 304 SS upper tube sheet in the Pathfinder
reactor. The weld that joins these two components must be leak-proof.
The Allis-Chalmers Research Laboratories conducted an investigation to

determine the most satisfactory of the proposed designs.

Materials and Welding Procedure - The tube material was type 304

Stainless Steel, | in. diameter and 0.020 in. wall thickness. The
tube sheet material was type 304 Stainless Steel, 3/4 in, thick.

Weld preparations in the tube sheet are shown in Figure 7.47. The
tubes were inserted into the tube sheet (the fit-up is shown in

Fig. 7.46) and were fused to the tube sheet with a Heliarc torch.

The surface appearance of the six designs after welding is shown in
Figure 7.48. Argon was used for the shielding gas. No filler metal
was used except for the second pass of design 4, in which case a 1/16
in. diameter type 308 filler rod was used. A welding current of 30
amperes was used for design | and 40 amperes was used for the remaining
designs. Design | and 6 had the best weldability characteristics in

the weld tests.
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Figure 7.47 - Sketches of Various Tube to Tube Sheet Joint Designs (51-433) q
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Figure 7.48 - Surface Appearance of Joint Designs After Welding (2486-A)
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Physical Tests - Two methods were used to measure the distortion of
the tube sheet caused by the heat of welding and the shrinkage of

the weld (Figure 7.50) . As shown in Figure 7.50 Section a, a straight
edge was positioned so that the sagitta of the arc could be measured
as shown. In Figure 7.50 section b, a straight edge was positioned as
a cantilever, so that the deflection could be measured. Feeler gages
were used for the measurements given in Table 7.2. The least

distortion occurred when joint designs | and 6 were used.

TABLE 7.2

DISTORTION MEASUREMENTS

Weld Joint Distortion
Design No. Sagitta - "A" Deflection - "B"
(See Fig. 7.47) in. in.

I 0.014 0.042

2 0.033 0.098

3 0.035 0.090

4 0.053 0.158

5 0.032 0.098

6 0.016 0.058

An attempt was made to determine the breaking strength of the weld.
Using the set-up shown in Figure 7.51, a load was applied to the
mandrel to force the tube out of the tube sheet since due to the
short tube length, the tubes could not be gripped to pull +hem out
of the sheet. The welds did not fail, even though all the tubes

col lapsed.

Metal iographic Examination - Sections were cut from each of the welded

Joints and were mounted for metal lographic examination. All fused

areas had a microstructure of austenite plus pools of ferrite (about
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|0 per cent), as may be seen in Figure 7.49. The samples were then
macro-etched and low power photomicrographs were taken of each joint

design (Figure 7.52).

In design |, the depth of fusion appeared to be inadequate. The
control of penetration could be assured by using a tube-=to=tube sheet
welding gun. |In design 4, an excessive overhand may be seen, which
is undesirable. The additional filler added in making weld design 4

was not required.

Figure 7.49 =~ Austenite-plus-ferrite structure which
was typical of all fused joints between
the tube and tube sheet. Magnification: 1000x
Etchant: Oxalic acid, electrolytic.
(Photo 2846-4-B)

Summary and Conclusions: Of the six joint designs proposed for Heliarc

welding of Type 304 Stainless Steel tubes to a ftube sheet, design | and
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Figure 7.52 - Sections Through Tube to Sheet Welds=--=12.5 X Efchant:10% Oxalic Acid
(2846-C)
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|

6 (Figure 7.47) were preferred because of ease in welding and low
distortion. Tests to determine the strength of the welds indicate
the necessary strength can be developed. The fused areas had a
microstructure of austenite plus about |0 per cent ferrite, which is
desirable to preclude hot cracking. Some welds had a shallow fusion,

which could be corrected by using a semi=automatic welding gun.

Corrosion Loop Test (See Figures 7.53 through 7-63)

A dynamic loop test was performed on the following construction materials:
I, 316 - 316 SS and 304 - 316 simulated tube sheet-tube joints
2. expanded and annealed 316 SS

3, fnconel U bends and col lapsed 316 S¥ tubes.

The test logged a total of 2304 hours under the following conditions:

Temp. - 500 F
Pressure = 1200 psi
Flow rate - low - |imited by |/4" tube

Chloride - averaged less than 0.1 ppm

pH - neutral

Oxygen level was approximately 8 ppm at the start of the test. No
effort was made to control oxygen. |t may be assumed that the corrosion
process removed the oxygen rapidly, so that the average oxygen concen-

tration was of the order of |0 ppb.

The specimens were removed after |148 and 1734 hours and inspected
visually. Each time all the specimens were returned to the loop for
future exposure.
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Test Results and Observations - At the conclusion of the +eé+, visual

and metal lographic inspection of the specimens was made. The surface
of all specimens was covered with a uniform dark grey corrosion product
film., The film was sllgh+ly lighter in color on the thin sheet

Inconel U bends than on those prepared for the heavy sheet. No

explanation for this difference was apparent.

Microscopic examination showed no local attack either on U bends or
in the tube - tube sheet crevice. No evidence of stress corrosion
cracking was observed on the expanded or collapsed tubes. General
surface attack had occurred on all specimens to a slight degree
giving rise to an oxide film barely visible at the highest available

magnification. (625X).
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NOTE ¢

g ..‘l'... A G G & & oF 4 = G & = " e l..il'... -

Figure 7.53 - Overall View of Test Holder ---- 0.20 X (1126-0-1)

LEGEND ¢

I. Assembly representing the lower collsr (grid plsate)
send tubes, The tube is fusion welded to the simulsted
collesr; radial clesrsnce between the tube and collar
of test approximestely 0,00I7", Tube &nd coller of
stainless steel 3I6 fully snnealed,

2., Assembly representing the upper coller snd tubes.
The tube, stalnless steel 3I6, is fussion welded to
the simulated collar stainless steel 304, At the

weld region only, the tube was expasnded in the collar
prior to welding.

3. Typical outer contelner tube, stainless steel 3716,
expanded sppréximetely 0,0I0",

. Typical outer container tube, stsinless steel 316,
fully snnealed

5. Inconel sheet 0,020" U bend
6. Inconel sheet 0,020™ U bend

7. Typicel outer container tube, stsinless steel 3I6,
fully snnealed,

8. Typical outer contsiner tube swedged end steinless
steel 3I6,fully snnesled.

9. Typicel outer contalner flattened steinless stesl
316.

Test holder shown &t conclusion of 2304 hours in 500F
end I200psi water.
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Figure 7.54 - View of Loose Crud Collected on Surfaces, (normal to flow in 2304 hrs. at
500 F and 1200 psi in loop test) (shape distortion is caused by angle
of camera)....I5X (1N2C~0-2)

Figure 7.55 - View Showing Lack of Weld Penetration in Proper Area (test
was run for 2304 hrs. at 500 F and 1200 psi in. water)
T (l112C=1-1)
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Figure 7.56 - View Showing Oxide at End of Weld Penetration (test was run
for 2304 hrs. at 500 F and 1200 psi in water) .... 250 X
(112c-2~1)

Figure 7.57 - View Showing Bent Surface of 316SS 25/32 in. Dia. Tube (after 2304 hrs.
at 500 F and 1200 psi in test loop)....250X (112C-5-2)
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Figure 7.58 - View Showing Bent Surface of Inconel Sheet (after 2304 hrs. at 500 F and
1200 psi in test loop)=----250X (112C-5-3)

Figure 7.59 - View Showing Oxide at End of Weld Penetration, (test was run for 2304 hrs. i
at 500 F and 1200 psi in water) ----250x ( I26=2=1)
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Figure 7.60 - View Showing Outside Surface of 31655 Fully Annealed (after 2304 hrs. at
500 F 1200 psi in test loop) ---- 250X (l12C-4-1)

Figure 7.61 - View Showing Bent Surface of 316 SS 11/16 in. Dia. Tube (after 2304 hrs.
at 500 F and 12 PSI in test loop) ---- 250X ClLI2e=5=)
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Figure 7.62 - View Showing Layer of Oxide Between Tube and Collar, (after 2304 hrs. at
500 F and 1200 psi in test loop) ---- 625X Gl12c-2=2)

Figure 7.63 - View Showing Outside Surface of 316SS Expanded Tube, (after 2304 hrs.
at 500 F and 1200 psi in water) --- 250X 26 =5=11)
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