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INTRODUCTION 

This volume presents the chemical engineering analysis and s t r e s s  
analysis for  design of the 30 megawatt intermediate heat exchanger and steam 
generator for  service  with a liquid sodium heat t ransfer  fluid. 

The chemical engineering analysis includes the inert  cover gas system, 
liquid level control, and. design provisions for  system pressure  relief. Considera- 
tion is given to possible hazards resulting f rom a steam-to-sodium leak. Sup- 
plemental information is presented in Volume IV, Operation and Maintenance 
Procedures. 

The s t r e s s  analysis section covers those thermal transients which would 
be physically possible with this intermediate heat exchanger and s team gen- 
e ra tor  design. Attention has been given to methods of operation which would 
minimize the magnitude and frequency of thermal shocks. Certain a r e a s  have ' 

been studied in detail where thermal s t r e s s e s  appear high. This report  also 
includes a s t ructural  design basis f o r  handling s t r e s s  analysis of combined 
mechanical, hydrostatic, and thermal stresses and conditions fo r  using c reep  
and s t r e s s  rupture properties . 
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CHEMICAL ENGINEERING ANALYSIS 

INTERMEDIATE HEAT EXCHANGER 

The intermediate heat exchanger se rves  to avoid the hazard of chemical 
reaction between water and radioactive sodium in the event of an internal boiler 
leak, and to  assure  containment of a l l  radioactivity in the reactor  building. It 
is thus imperative to insure that there is no undetected radioactive contamina- 
tion of the secondary sodium in the event of an internal intermediate heat exchanger 
leak. I t  is recommended that the secondary coolant system be maintained a t  a 
higher pressure  than the primary coolant system a t  all adjacent locations in the 
intermediate heat exchanger to  assure ,  that any leakage in the intermediate heat 
exchanger will be f rom the secondary system to the pr imary system. The 
secondary sodium system should be continuously monitored fo r  gamma radiation 
a s  an added precaution. 

The only operating malfunction which could resul t  in a dangerous pr imary 
system pressure  r i s e  would be a water leak in the s team generator with 
transmission of the pressure  surge to the intermediate heat exchanger, where 
a leak between the secondary and primary systems could result.  Although this 
possibility is remote because of secondary relief provision, it is recommended 
that a relief device be provided on the primary system piping near the inter-  
mediate heat exchanger vessel  with no valves between the relief device and 
vessel. This relief device should be designed to preclude any possibility of 
intermediate heat exchanger equipment rupture because of over pressure .  

COVER GAS SYSTEM 

Argon o r  helium will be satisfactory a s  a cover gas fo r  the primary sodi.um 
system. Nitrogen is not recom ended, because of the nitriding effect on stain- 
l ess  s teel  a t  high temperature. TR-I) Nitridin will reduce the s t ra in  fatigue 
strength of s ta in less  s teel  a t  high strains.  ( ~ - 8  Argon is recommended a s  the 
preferab le .  choice, because i t  has a grea te r  density than a i r ,  and will fo rm a 
cover over sodium in the presence of air .  This will allow internal access  to  
equipment containing sodium with a minimum of oxygen contamination to  the system. 
How,ever, some radioactivity will be induced in the pr imary argon and facilities 
for  safe handling of the radioactive gas must be made available. All cover gas . 

must  be passed through sodium-potassium bubblers for removal of water vapor and 
oxygen pr ior  to use over sodium, 

(R-1) - KAPL-1618, SlG/S2G Program Progress  Report, pp 89-90, 
August and September 1956. 

(R-2) - KAPL-1654, SlG/S2G Program Progress  Report, pp 75, 
October and November 1956. 



The intermediate heat exchanger is designed to operate full of sodium 
without ' a  gas blanket. It is anticipated that liquid level for the ,primary sodium 

loop will be established in an expansion tank external to the intermediate heat 
exchanger unit. - A level detector on the intermediate heat exchanger will thus 
be unnecessary. .One of the vent holes through the top tubesheet.can serve as  
ableed point to insure that no gas is accumulated beneath the upper tubesheet. 

Epstein (R-3) reports the solubility of helium in liquid sodium to be 
1.63 x and 1.48 x 10-lo mole fraction a t  4 5 0 ' ~  and 900°F, respectively. 
Assuming that argon has the same behavior in sodium of greater solubility 
at  higher temperatures, there is a possibility of solubility induced mass transfer 
of the cover gas from the reactor to the heat exchanger vessel. If this occurs, 
the cover gas will tend to collect around the top tubesheet, since the primary 
sodium temperature is reduced in the intermediate heat exchanger. The 
magnitude of this effect will be determined by the temperature difference in 
solubilities from the cover gas location to the primary coolant exit from the 
intermediate heat exchanger, the sodium mass flow rate, and the degree of 
solubility of the cover gas in relation to completeness of mixing in the system. 
The quantity of gas mass transfer cannot be calculated without experimental 
observation, because of the dependence on degree of gas-sodium contact for the 
sodium to become saturated. 

One of the outer tubes in the intermediate heat exchanger bundle is open 
to the primary sodium to allow automatic removal of any gas which collects 

around the fop tubesheet. The tubesheet is undercut and the tube is flush with 
the lower tubesheet surface at  that point. The lower end of the vent tube is 
open a t  a point near the primary sodium exit nozzle. When the pressura':drop, 
due to friction losses from the top of the unit to the exit nozzle, exceeds the 
sodium head between those two points, a continuous flow of sodium will be 
forced through the vent tube. Any gas which is trapped beneath the upper tube- 
sheet will then pass through this vent tube and be entrained in the exit sodium. 

Design calculations indicate that the primary sodium loop must operate at  
or  near full flow conditions to attain a friction pressure drop sufficient for 
satisfactory operation of the vent tube. An alternate method of preventing gas 
collection below the tubesheet will be necessary if the operating pressure drop 

should be substantially less than calculated. The gas must then be bled through 
one of the tubesheet vent holes and piped externally to a gas blanket chamber of 
the primary loop. If the piping layout is such that a suitable downstream discharge 
point of lower pressure does not exist because of sodium head, a small pump will 
be needed in the pipe line. Natural circulation may be employed, if feasible. The 
external bleed line must be kept hot, since liquid sodium will normally flow through 
it. 

(R-3) - Epstein, L. F., "The Solubility of Helium Gas in Liquid Sodium" Report No. 
Memo LFE-10, KAPL, January 9, 1952. 



It is recommended that no external bleed line be employed, unless' test  
operation indicates that internal venting does not satisfactorily prevent collection 
of gas below the tubesheet. Internal venting should be satisfactory even under 

b partial flow conditions, if  gas'collection is slow,enough s o  that gas is removed 
inbubbles, thus allowing a balancing sodium head to exist on the inside of the 
vent tube. If an appreciable blanket of gas is present, the aforementioned dif- 
ficulty of overcoming the sodium head may prevent removal of the gas a t  partial 

h flow. .The unit should then be operated at full flow until the gas is removed. 
This problem should be studied during test  operation. 

Vent holes provided in the tubesheet from the shell-side to-the exterior 
will facilitate filling and draining operations. These can also serve as  pres- 
sure  taps and for bleeding to determine if the unit is free of gas. 

LIQUID LEVEL CONTROL FOR STEAM GENERATOR 

A gas blanket is provided in the steam generator. to act a s  a surge volume. 
The cushioning effect of the surge volume will allow more time for p ressure ,  
reli.ef mechanism to'function and relieve pressure smoothly, in the event of 
a sodium-to-water leak. 

A liquid level indicator is required to allow regulation of the sodium level 
to give the desired gas blanket volume, and to insure full coverage of the 
effective heat transfer area..  An external liquid level measurement system is 
recommended for this purpose, in order to avoid s t r e s s  problems which ar ise 
from differential thermal expansion of the stand pipe needed for more common 
level detectors. 

Components of the recommended level detection system include: 

1. A llSource Unitf1, which contains source material to provide gamma 
rays. 

2. A "Detector Unitff, which detects radiation from the source unit. 

3. An "Amplifier", which converts a signal from the detector unit into 
a direct current signal. 

4. A "Panel Meterff and vElectronic Reoorderlf, which accept the signal 
from the amplifier, and provide readout of the level measurement. 

All units of the system are  mounted externally to the insulation around the 
vessel, and do not contact the sodium at  any time. 



The radiation leaving the source unit is directed horizontally across  the 
vessel  and in a downward direction with a maximum angle f rom the horizontal 
of sixty degrees. Sodium level r i s e  into the path of the gamma ray beam 
attenuates the calibrated signal f rom the detector. 

The source and detector units must be located very precisely in relation 
to the vessel ,  both in elevation and circumferentially. The elevation location 
and active detector readout a r e  indicated in Figure 2.1.  The s team generator 
tube bundle is aligned so  that there a r e  s ix  paths, one half inch in width, 
diametrically across  the vessel  with no obstruction by tubes. The gamma beam 
will be directed through one of these paths, which is perpendicular to the 
vertical  plane of the sodium inlet nozzle. The circumferential location will be 
marked when the s team generator is assembled, and can be determined precisely 
by noting the point of maximum gamma penetration through the empty vessel. 
One-half inch tubing outlets will be provided in the vessel  a t  points corresponding 
to the low level limit, the high level limit, and midway between the l imits to 
allow calibration of the detector unit. These outlets may be sealed after 
calibration. 

Design considerations for  the liquid level detection system a r e  based on 
the presumed use of the Accu Ray level measurement system supplied by 
Industrial Nucleonics. Industrial Nucleonics engineers have given assurance 
that the one-half inch path width for  the gamma ray beam will allow satisfactory 
operation of their unit. However, if tubes a r e  distorted into the beam path 
during operation, some e r r o r  will be introduced in level readings f rom the 
detector, since it will be calibrated with no tubes in the  path. Design precautions 
have been taken to minimize the possibility of movement of the tubes into the 
gamma ray path. Detector operation should be watched closely in initial service  
to  ascer ta in  that such an e r r o r  is not introduced. 

During operation, the sodium liquid level will be a t  a high point on the 
outer circumference where the incoming sodium r i s e s  over the shroud, and then 
will funnel down into the central  hole of the top baffle. The detector will indicate 
the peak level, ra ther  than a mean level. This peak level must be about eight 
inches above the top baffle to provide sufficient head for  full flow. The suggested 
minimum static fill level is, therefore, eight inches above the top baffle. A 
fur ther  drop in level could not be detected under flow conditions, since a funnel 
will be formed with an eight inch detectable peak to overcome c ros s  flow pressure  
drop. If the static level is dropped to about two inches above the top baffle, the 
space beneath the baffle will not be full of sodium, and performance will drop. 
Such operation will also create  danger of gas entrainment with the sodium. Re- 
commended operational levels a r e  indicated in Figure 2.1. High'and low level 
a la rms ,  and continuous recording may be included in the liquid level detection 
system,  if desired. 

1 .  
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STEAM GENERATOR PRESSURE RELIEF 

Although considerable data are available on study of the sodium-water re-  
action, it is not possible to accurately predict exactly what reaction will occur 
in the event of a leak. Data are somewhat conflicting, and the degree of com- 
pletion of the reaction and the portion of reactants entering into the reaction 
a r e  highly dependent on conditions of contact, which will vary with size and 
location of the leak. Consequently, the-wo-r-st possible conditions have been 
considered in design of relief provisions.. These conditions a-1.e as follow: 

Maximum Pressure Rise 

(Little, or no, reaction, because of inadequate contact 
of the steam with sodium) 

2 Na(1) { H20(g).--*Na20(s) { H2(g) (2) 
(Actually occurs with NaOH as an intermediate reaction product. ) 

Maximum Temperature Rise 

(Assuming that oxygen is excluded from the system. ) 

Nothing can be done to 'alleviate any hazards due to temperature rise, except 
to keep circulating the system sodium so  that the heat is distributed, rather than 
localized. A localized concentration of heat from a steam reaction with sodium 
could cause additional tube failures, due to excessive temperature in the leakage 
area. Design precautions have been taken to reduce the probability of such an 
occurrence, especially if the sodium is kept circulating. 

Equations (1) and (23 would result in approximately equivalent pressure r ise,  
since the volume of unreacted superheated steam would be roughly equivalent to 
the volume of the same number of moles of hydrogen gas. One mole of gas would 
be present in the sodium for every mole of water leakage in either case. 

The major objective of sodium-side pressure relief is to exclude the pos- 
sibility of shell rupture from any rapid pressure r ise which may result from a 
large steam leak. This is done by incorporating a rupture disc in a twelve inch 
relief line from the surge gas volume. The relief area must be large to allow 
rapid exit flow of liquid sodium after the surge gas is exhausted. The disc is 
located in the gas blanket to minimize corrosion, and to allow initial rapid 
expulsion of the surge gas before liquid sodium is forced out. This will also 
allow direct relief of steam entering through a leak in the upper tubesheet, so that 



much of the s team may not contact the sodium ... The twelve inch s i z e  was selected 
to  make the relief nozzle identical with the sodium inlet and. outlet nozzle designs, 
since this ' s ize  will be adequate for  discharge of sodium displaced by s team 
entering through any conceivable leak. 

A' relief valve located high in the gas blanket will exhaust gas  to keep the 
pressure  low enough,. s o  that the rupture disc does not burs t  for  smal l  leaks. 
The function of this valve is to avoid uncontrolled ejection of sodium and s team 
mixtures through the rupture disc line for  smal l  leaks which present no immediate 
hazard. uncontrolled' ejection of sodium and reaction products can complicate 
damage to the s team generator, and may be hazardous, depending on the 
adequacy of exhaust and containment equipment. I t  is, therefore, desirable to 
contain the reacti.on in the' s team generator until a controlled'shutdown can be 
accomplished, if this can be done safely. The relief valve will be  effective 
only when-exhausting s team o r  gas, since the relief line will be too smal l  to dis- 
charge liquid sodium a t  a ra te  which would prevent p ressure  buildup during a 
leak. It will also be more effective for  a leak into the gas blanket o r  near the 
sodium surface,  since a large leak f a r  below the surface will tend to  displace 
the liquid sodium to cause a liquid level r i se ,  forcing sodium into the relief line, 
Steam o r  gaseous reaction products which bleed into the gas blanket before the 
cover gas  is exhausted will allow the valve to operate for  an indefinite period of 
time to limit the pressure  in the s team generator, s o  long a s  the leakage gas 
volume does not exceed the volume of gases being exhausted. 

Assumptions have been made on various leakage conditions, in order  to 
s ize  the relief valve. It has been concluded that a valve with relief. capacity for  
two cubic feet  of cover gas per  second a t  maximum operatiflg temperature and 
valve s e t  p ressure  will satisfy a broad range of leakage conditions. Most relief 
valves of this approximate relief capacity have 1 1/2 inch standard pipe s ize  
inlets. . Consequently, a 1 1/2 inch pipe relief line has been incorporated in the 
s team generator shell  t o  accommodate installation of the relief valve. A se t  p re s  - 
s u r e  of 140 psig is recommended for the valve. A pressure  r i s e  of 40 psi  will 
then be required in the gas blanket, operating at a nominal 100 psig, before the 
relief valve opens. There  is also a margin of approximately 25 psi  fo r  p ressure  
surge after the relief valve opens before the rupture disc will burst. The rupture 
disc should be rated for 165 psig a t  1 2 0 0 ~ ~ .  

A safety valve s e t  for 2500 psig is to be located off the s team exit line 
of the s team generator, in accordance with the ASME,Boiler and P res su re  Vessel  
Code, Section VIII. 



RECOMMENDATIONS ON SODIUM PURITY CONTROL 
AND FEEDWATER CHEMISTRY 

Specifications on feedwater chemistry, and recommendations concerning 
the purity of the sodium heat t ransfer  fluid a r e  given in the Appendix of 
Volume IV, "Operation and Maintenance Proceduresu.  
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STRESS ANALYSIS 

SUMMARY 

This report includes all s t r e s s  calculations deemed necessary for a complete 
analysis of a 30 megawatt intermediat.e heat exchanger and steam generator based 
on some necessary assumptions a s  to  heat source and sink which a r e  not yet 
specified. Particular attention is directed to  a discussion of the thermal 
transients - -  the temperature changes with the resulting s t r e s ses  and the 
corrective action which should be taken to  reduce the s t r e s s  intensities. While 
all  calculated thermal s t resses  a r e  within the allowable limit, action should be 
taken to  reduce s t r e s s  levels whenever possible. 

The 30 megawatt intermediate heat exchanger i s  identical in many respects 
to  the 70 megawatt unit described in APAE-78. Except for being a smaller  unit, 
the only change of any significance is the reduction of the r i s e r  height to  1/8 in. 
for tube-to-tube sheet joints. 

\ 

The steam generator i s  now a once-thru unit, as opposed to  the design 
of the 70 megawatt unit which was a recirculation type. The problems en- 
countered with this type' of unit, and the methods of operation under various 
transient and casualty conditions a r e  discussed along with the specifications 
of the unit. 

STRUCTURAL DESIGN BASIS 

The United States Navy Code " ~ e n t a t i v e  Structural Design Basis for Reactor 
Pressure  Vessels and Directly Associated Components, " December 1, 1958 

-. Revision, has been selected a s  a method for  handling s t r e s s  analysis of combined 
mechanical, hydrostatic, and thermal s t r e s ses  and conditions for using creep 
and s t r e s s  rupture properties. 

The structural material used is Type 316 stainless steel for both the 
intermediate heat exchanger and s team generator. The tubes of the steam generator 
a r e  metallurgically bonded stainless steel and Inconel, and the interior of bath 
heads of the steam generator i s  overlaid with Inconel (this also includes the tube 
side surface of the tubesheet). 

A table of allowable s t r e s ses  for stainless steel up to  1200°F is attached. 
Membrane s t resses ,  and s t r e s ses  due to  gross  discontinuities, a r e  based upon 
figures given in the latest revisions of the ASME Unfired P ressu re  Vessel Code, 

. as modified by ' case  Ruling 1270N. Values of yield and ultimate strengths a r e  
based upon the best available data. 



The allowable values for  pipe reaction s t r e s se s ,  plus membrane and 
g ros s  discontinuity s t r e s se s ,  a r e  taken a s  90 per  cent of the yield strength. 
Values for  thermal s t r e s s  and s t r e s s  concentrations were taken from the Navy 
Code up to 700°F, which is a s  f a r  a s  i t  goes. Beyond 700°F, the allowable 
s t r e s s e s  were f i r s t  assumed to vary with ultimate strength, and these values 
were  revised after extenstive cyclic testing of sinewave tubes a t  a l l  temperatures 
up to 1 2 0 0 ~ ~ .  

Thermal s t r e s se s  a r e  treated a s  governed by Paragraph 5.1.4 of the Navy 
Code, "No s t r e s s  limitation need be considered with regard to steady-state 
thermal s t resses .  All thermal s t r e s se s  shal l  be considered as transient con- 
ditions and 'treated in accordance with Paragraph 5.2". 

TRANSIENT THERMAL STRESSES 

Temperatures resulting, f rom transients were calculated with the use of 
tables developed by AT-,CO. These tables a r e  based on the finite differcnce 
method of Schmidt, but modified to provide for  the temperature differential 
between the face of a plate and the body of a liquid. Covering a wide range of 
Biot and Fourier  numbers, the tables give the resulting transient temperatures 
a t  various points throughout the thickness of a plate of finite thickness. Properly 
handled, these tables can also be used to apply to shielded plates and to linear 
changes in temperature followed by a dwell. F o r  s impler  cases ,  the s ix  char ts  
(Figures  3 . 1  thru 3 . 6 )  included herewith a r e  useful. Three of these char ts  , 

deal with the temperatures a t  outer And inner face, and mean temperature,  in 
plates of various thicknesses, at various intervals of t ime following a sudden 
change, Tf,  in the temperature of the fluid flowing past  the plate. The other 
three deal with the same three temperatures in a plate, during the period while 
the fluid flowing past  this plateis changing in temperature a t  a uniform rate. The 
intermediate case  of a l inear change followed by a dwell may be  handled by 
approximating between these two cases .  Derivations connected with these char ts  
a r e  given in an ALCO supplement to the 70 megawatt report  APAE 78, September 
30, 1960. 

Two of the three char ts  l as t  mentioned correspond to Figures A. 3-5 and 
A. 3-6 in the Navy Code, considerably extended and revised. 

To obtain a t rue  picture of thermal s t r e s se s ,  it has been necessary to 
study temperature changes and their  effect upon s t r e s s e s  under the following con- 
ditions : 

1. Normal start-up and shut-down. 

2. Normal ramp'and s tep changes in load during operation. 



TABLE 3.1 
MAXIMUM ALLOWABLE STRESS INTENSITIES 

TYPE 31 6 STAINLESS 

su 
Ultimate 
Strength 

75000 

72000 

72000 

70000 

68000 

62000 

55000 

SY 
Yield 
Stress 

30000 
27500 
25000 
24000 

23000 

22000 

21000 

20500 

20000 
19500 
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3. Stoppage of primary sodium pump while the secondary sodium 
pump continues to operate. - 

4. Stoppage of secondary sodium pump while the primary sodium 
pump continues to operate. 

5. Stoppage of feedwater pump while the two sodium pumps may o r  
may not continue to operate. 

6. A steam or  water leak into the sodium, which would compel de- 
creasing the steam pressure a s  rapidly as  feasible. 

7, A power failure, which would result in a simultaneous stoppage 
of the feedwater pump and of both sodium pumps. 

8. A reactor scram while all pumps continue to operate at full or 
partial speed. 

In the present design, the mass of sodium, thin metal, and of water and 
steam in the intermediate heat exchanger and the steam generator is large enough 
to give a relatively high heat storage in c.omparison to the throughput of heat 
in BTU per second. As a result, most of the transient temperatures can be 
computed without regard to the dimensions o r  properties of the reactor, which 
are not yet determined, An exception is the primary sodium inlet nozzle in 
the intermediate heat exchanger, with the adjacent portions of the shell, In 
this design, as with the 70 megawatt unit, the thermal transients were based 
upon an assumed drop in temperature of 4 9 0 ~ ~  in fourteen seconds, which is 
similar to, but more severe than, that listed under reactor scrams in the con- 
tract. 

Certain assumptions have necessarily been made, As stated in the specifi- 
cations, the temperature of primary sodium entering the intermediate heat 
exchanger has been assumed not to r ise above 1 2 0 0 ~ ~ .  Similarly, the normal 
minimum temperature during casualties has been taken as  650'~" This involves 
the requirement that, insofar as possible, during operation and during casualties, 
the steam pressure shall be maintained at 2200 psi. A trip valve between steam 
generator and turbine would close, in order to maintain pressure and in order 
to prevent sudden cooling of the turbine, and excess steam would be released 
through safety valves. Except where imperatively needed, in order to stop leak- 
age of water into the sodium, o r  in the event of feedwater flow stoppage when 
the water in the lower drum is needed to cool the sodium, the steam pressure 
would be decreased below 2200 psi only gradually and under controlled conditions. 

Conditions 1 and 2 

The permissible rate of temperature change under normal start-up and shut- 
down procedure is discussed elsewhere, Normal ramp and step changes in load 



during, operation cause relatively smal l  temperature fluctuations. Their  effect 
is also discussed elsewhere. 

Conditions 3 

Stoppage of the primary sodium pump while the secondary sodium pump 
continues to operate will cause heat to be drawn away from the heat exchanger 
a t  a ra te  equal to the weight of secondary sodium per second t imes specific 
heat t imes difference between outlet and inlet temperatures of .the secondary 
sodium, Initially, a t  full load operation of the pump, this will equal 29,350 BTU 
per  second, but a s  the intermediate heat exchanger cools, the outlet temperature 
of the sodium will drop, and with i t  this ra te  of heat loss. This results  in the 
temperature in the heat exchanger dropping a t  a logarithmically decreasing 
ra te ,  as the heat initially stored up in the sodium and the metal of the heat ex- 
changer is gradually drawn away. 

Fo r  a secondary sodium flow of W pounds per second, entering a t  a con., 
stant temperature T i ,  and leaving a t  a decreasing temperature T, the heat with- 
drawn in t ime dt will be dQ = 0.3W (T-T i )  dt. 

Let Qo be the initial available heat storage above temperature T i ,  and To 
the corresponding initial temperature of the outgoing secondary sodium. Under 
the assumption that the mean temperature of the heat exchanger maintains a 
reasonably constant relation to the outgoing secondary sodium temperature,  

Integrating: 
Time = . 

0.3W (To-TI) I n  - 
T-T1. 

As already stated, a t  full load pump operation, 0. 3W(To-TI) will equal 
29,350 BTU per  second. 



Q 
o is the total amount of available heat above temperature T i .  It will 

include the total sensible heat in the sodium, plus that part  of the sensible 
heat in the metal which may be given up to the sodium during the period while 
the transient is occurring. Thus, i t  will include virtually a l l  the heat in the 
tube metal and in the thin baffles and shield, and a percentage of the heat in 
the shel l  and bar re l  walls;. this percentage increasing a s  the time of cooling 
becomes longer. F o r  stoppage of the prinlary pump, the heat will be that in 
the heat exchanger itself, .plus such a s  may be received from the reactor due 
to natural circulation following pum stoppage. In the event of a reactor s c ram,  8 with both pumps continuing to run, o will include the heat stored in the 
reactor  a s  well. By slowing down the pumps, W can be reduced, and s o  the t ime 
prolonged, down to the minimum practicable speed a t  which the pumps can 
be  operated. 

If the pressure  in the s team generator is maintained a t  2200 psi, the 
secondary sodium temperature leaving the s team generator and entering the 
lower end of the intermediate heat exchanger will remain a t  7 7 7 ' ~  for  about 
forty to  fifty seconds. The rated temperature for  the priniary sodium a t  top is 
1 2 0 0 ~ ~  and a t  bottom 900°F, indicating an average temperature of 1050°F. The 
unit holds 7060 pounds of pr imary sodium. In addition, there is a total of 7900 
pounds of easily cooled metal. This indicates a total available stored heat of 

(7060 x 0.30 f 7900 x 0.16) (1050-777) = 923,000 BTU 

The heat in the thicker metal will be drawn upon more slowly. Using these 
figures,  and assuming full load speed of secondary pump and of,feedwater pump 
and no flow from the reactor,  

Following a s c ram,  both pumps would normally continue to be operated for  
a t ime, in order  to withdraw decay heat f rom the reactor.  On an arbi t rary 
assumption a s  to the capacity of the reactor  and of the connecting piping, the. avail 

.able heat would be 80 to 100 per  cent greater  than for  the intermediate heat ex- 
changer only, and say t = 60 Ln 398 seconds. 

T-777 

The first of the above equations assumes no heat input to the intermediate 
heat exchanger, that is, the primary.circulation is stopped. The second is with 
both pumps operating under the assumptions given. Neither equation is valid 
beyond approximately fifty seconds, a s  this is the t ime for  exiting secondary 
sodium to re turn to  the intermediate heat exchanger at the inlet. A plot of these 
two curves is given in the accompanying figure and compared with the ten degree 
per  second rate.  As is shown in this figure, the ten degree ra te  is more severe ,  





and has been selected as the sodium temperature change rate to be used for the 
transient analysis after a primary pump failure. It has also been used as the 
basis for calculation of a reactor scram. 

Should the sodium pumps and feedwater p u ~ p  be slowed, the rate of cooling 
would be decreased considerably; as much as by a factor of five, if the pumps 
are slowed to twenty per cent flow. To decrease cooling rate much more 
would require intermittent operation of the pump. 

The curves also apply to the drop in inlet temperature enteringthe steam 
generator after a correction for transit time from the intermediate heat ex- 
changer to steam generator. At full load operation, the transit time through the 
steam generator is thir -four seconds. Thus, by the time the outlet sodium 9 begins to drop from 777 F, the inlet temperature wsuld be approximately 975%. 
As the inlet sodium to the steam generator decreases in temperature, the stored 
heat in the metal will tend to slow the cooling rate below that of the intermediate 
heat exchanger. Cnly by operating the reactor a t  low power, could the cooling 
rate be extended to a number of hours, as is recommended for a normal shutdown. 

Condition 4A 

Stoppage of secondary sodibm pump while the primary pump continues to 
operate. 

This will separate thermally the intermediate heat exchanger from the 
steam ,generator, s o  that the thermal behavior of the two must be studied separately. 
For the intermediate heat exchanger, this is part of the general problem of the 
,conditions under which r ises in temperature may occur. 

Rapid increases in temperature at the lower end of the intermediate heat 
exchanger may occur under the various contingencies listed below, which are  of 
varying degrees of probability: 

a. While in full operation, the reactor is scrammed and the primary and 
secondary pumps are simultaneously stopped. 

In this case, due to such gravity circulation as may continue to occur 
and due to the rapid heat conduction through the sodium itself, the 
temperature both in the reactor and the intermediate heat exchanger 
will tend to approach isothermal conditions at a mean value of 
1,'2 ( 1 2 0 0 ~ ~  f 900), or  1 0 5 0 ~ ~ .  The slow heat transfer through the 
lower tubesheet will tend to warm the secondary sodium in the lower 
barrel. Gravity circulation in the secondary circuit, unless shut off 
by valves, will slow this warming effect, and it  will also tend to cool 
the primary sodium. 



Due to  variousdifficulties produced by this method of operation, it is 
recommended that both primary and secondary pumps be continued in 
operation at slow speed after scramming the reactor ,  until temperatures 
throughout the system have been lowered to approach 850'~.  

b. The reactor  is scrammed, and the secondary pump stopped; but, due 
to malfunctioning of controls, the primary pump does not stop. 

The cool sodium a t  the bottom of the r e a c t ~ r  will be forced through the 
reactor ,  being warmed only by decay heat and by the sensible heat of 
the. re,actor. 'The temperature of the sodium leaving the reactor will, 
therefore, gradually drop. The temperature of the sodium entering 
the intermediate heat exchanger will remain a t  1 2 0 0 ' ~  until the 
initial slug of hot sodium in the pipe line and a t  the top of the reactor 
has passed through, and will thereafter gradually drop. The sodium 
passing downward through the intermediate heat exchanger wi.11 n.o 
longer be.cooled by the circulating secondary sodium, s o  that the 
temperature of the primary sodium a t  the lower end of the intermediate 
heat exchanger will gradually increase to a peak, and then drop a s  
the gradually cooling sodium leaving the reactor reaches this point. 
As a . resu l t ,  the temperature of the primary sodium a t  the lower end 
of the intermediate heat exchanger will show a rapidly damped sine- 
wave fluctuation rising from the stated design vglue of 9 0 0 ~ ~  to some- . 

what above the mean temperature o f 9 0 ~ 1 2 0 0  F, 
L 

o r  1050°F, and then dropping to this value. Any residual gravity 
circulation in the secondary sodium circuit will tend to lower these 
figures. 

  he t ime required fo r  this to occur will depend upon the ra te  of operation 
of the primary pump. At full  rated load, the sodium flow would be 317 
pounds per second, The intermediate heat exchanger holds 7060 pounds 
of primary sodium in the active circuit,  s o  that t ransi t  time through the 
unit would be twenty-two seconds. The volume of sodium in the reactor  
and in.connecting pipes is, of course,  unknown, but should be enough 
to increase the total circuit  time a t  full load ra te  to between fifty-five 
and sixty seconds, and proportionally longer at. par t  load pump speed, 

c.  The secondary sodium flow is stopped, but, due to malfunctioning of 
controls,.  neither the reactor  nor the primary sodium pump is shut down, 

This would result  in a continuing flow of hot primary sodium to the 
intermediate heat exchanger, while outflow of heat to the secondary 
sodium has stopped. The temperature of the primary sodium leaving 
the intermediate heat exchanger would gradually rise above 9 0 0 ° ~ ,  which 
would compel either a r i s e  in reactor  top temperature- above 1 2 0 0 ~ ~ ~  o r  
shift in contro.1 rods. Assuming the lat ter  happens, the entire mass  of 



primary sodium could presently r i se  to 1200°F. The slug of secondary 
sodium within the lower intermediate .heat exchanger barrel  would only 
slowly r i se  above its stated normal cool temperature of 775'~. This 
would cause very high thermal s t r e s ses  in the lower tubesheet and in 
the connecting shell and barrel. 

This assumes not simply one control failure, but a succession of failures. 
Stoppage of either circulating pump should result in a shut down of the other 
pump; and also a sc ram of.the reactor. A r ise  in sodium temperature entering 
the reactor should cause not only a shift in reactor control rods, but also, if  it 
goes too far ,  in a reactor scram. Failure of any of these controls should result 
in warning signals in the control room. ~ h e s e  signals would have to be ignored 
f o r  thirty seconds or  longer to cause appreciable damage. 

Under case lTafT,  the result  would be gradual r ise  in temperature of the 
primoary sodium at the lower end of the intermediate heal exchanger to approaching 
1050 F, decreased by whatever loss through insulation and to the secondary sodium 
as  might have occurred. Case lfbl1 would represent a more rapid r ise  to the same 
o r  somewhat higher temperature, and has been taken a s  the maximum credible 
incident; case "cl1 being ruled out. During this incident, the barrel  and the 
barre l  c o n t e ~ t s  will change but little in temperature; the shell wall will be heated 
most rapidly, and will increase in diameter; the tubesheet will be heated from top 

' 

down, causing it to cup upward, This will result in mismatches between the 
different parts, which will be additive to the mismatches due to the steady-state 
temperature differentials. Knowing the magnitude of the mismatches, the 
resulting secondary s t resses  may be determined. 

Condition 4B 

Secondary Sodium Pump Stops, Temperature Changes in the Steam Generator 

With the secondary sodium flow stopped, the steam generator is thermally 
isolated from the intermediate heat exchanger. Generation of steam will drop 
in rate, due to the'lowered film coefficient of this stagnent sodium, and then will 
further decrease a s  the sodium temperature drops.. 

The s team generator contains 8340 pounds of sodium and 11970 pounds of 
thin metal. The stored heat per degree drop in temperature is 

sodium 8340 x . 306 = 2550 BTU 

metal ,- 11970  x .16 - -4464 1914 BTU BTUa 



F o r  water entering a t  600°F, and leaving a s  s team a t  1 0 5 0 ~ ~  a t  2200 psi, 
enthalpy added 

= 1500 -617 = 883 BTU per  pound 
11 600Q 

With the feedwater pump operating a t  100 per  cent of rating, o r  3600 = 
32.2 pounds per second, the enthalpy absorbed will be 28400 BJ'U per  second, 
and. the drop in mean sodium temperature initially will be 6.36 F per  second, o r  
1 9 0 : 8 ~ ~ . i n - t h i r t y  seconds. Due to the lowered film coefficient, the drop in exit 
s team temperature will be greater  than this. With the feedwater operating at 
less  than 100 per  cent of rating, the time will be proportionally increased. 

F o r  best  results ,  a t  about this moment the feedwater flow should be 
automatically stopped. Continuation of the flow would resul t  .in unduly cooling 
the thick upper head of .the steal11 generator, and presently in carrying wet s team 
into the. generator head, which will score  the valve seats ,  a s  well a s  cause shock 
cooling. Ear l ie r  stoppage of the flow will leave the mean sodium temperature . ' 

high enough to cause undue temperature  differentials across  the lower tubesheet. 

Condition 5 

Stoppage of Feedwater pump. 

As the quantity of water and s team in the tubes of the s team generator is 
small ,  the tubes will run dry very quickly after a feedwater pump stoppage. The 
s team generator sodium outlet temperature will r i s e  to 1 1 7 5 ' ~  rapidly. The 
mass  of shielding. above the lower tubesheet protects the tubesheet f rom feeling 
this t empera ture  charge immediately. Should the sodium outlet temperature remain 
a t  1 1 7 5 ' ~  for  more than approximately two minutes, the top face of the tubesheet 
will begin to feel . the change. F rom this time on, the s t r e s se s  in the tubesheet 
will r i s e  and increase to a high level. 

To avoid this, should the'feedwater .flow stop, the.reactor should be s c r a m -  
med and both sodium pumps slowed. Lower the s team pressure  to cause water 
in the lower head to boil out, thereby cooling the sodium. . 

. . 

Condition 6 

F o r  a minor leak o r  seep  of water into sodium normal shutdown procedure 
should be employed. If the weep has grown into a smal l  leak, the reactor  should 
be scrammed and s team allowed to escape through the pressure  control valve at 
2200 psi. When the exiting s team temperature drops to 850°F, the sodium and 
feedwater flows should be stopped. Steam and water is then to be released through 
the dump valve located on the feedwater inlet line. When s team has been exhausted, 
close valve and drain sodium. 



-For  a large leak, a rupture disc on the shell of the steam generator will 
burst. Upon indication of a large leak, the reactor should be scrammed and 
sodium and feedwater flows stopped. The dump valve on the feedwater inlet shall 
be opened to dump water and steam, causing pressure to drop rapidly. 

Condition 7 

A power failure, which causes the stoppage of all pumps, would isolate 
thermally.the intermediate heat exchanger from the reactor and from the steam 
generator. The resulting temperature changes in the steam generator a re  s imilar  
to' condition 5, a stoppage of the feedwater pump;. except here the sodium will 
tendto approach an equilibrium temperature of -5 . 9 7 5 0 ~ .  TO continue 

cooling of the sodium below this temperature, the steam pressure is to be lowered 
s o  a s ' t o  boil the water out of the lower head of the steam generator. The temper- 
ature throughout the intermediate heat exchanger will tend to equalize at  a mean 
value, a s  discussed under condition 4A. Gravity flow of sodium will tend to cause 
some equalization between the steam generator and intermediate heat exchanger. 

Condition 8  

The thermal excursions with reactor scrammed and both sodium pumps 
continuing to operate will be similar to those in Condition 3  with the primary 
pump stopped, but less severe, because. of the added heat storage within the reactor. 

SUMMARY OF THERMAL TRANSIENTS 

For  the various casualty conditions listed in the specifications, a s  applied 
to the present intermediate heat exchanger and steam generator, the peak rates 
of change of sodium'and steam temperatures to be used in design a re  a s  follows: 

1 Primary Sodium Pump Stops, Secondary Sodium Pump Continues to Run 
(Condition 3)  - At full speed operation of the secondary sodium pump, the second- 
ary sodium exit temperature drops logarithmically from 11'75 to 900°F in thirty- 
s ix seconds, and a t  a decreasing rate,  a s  shown in Figure 3 . 8  . The rate of 
drop in the steam generator will be less than that in the intermediate heat ex- 
changer. For  either case, a linear decrease from 1175 to 7 7 5 ' ~  in forty seconds 
has been used in design. 

2. Secondary Sodium Pump Stops, Primary Sodium Pump Continues to Run 
(Condition 4). This isolates thermally the steam generator from the I. H.X. 

a. In the intermediate heat exchanger, continuzd heat input will raise 
the outlet sodium temperature s o  as  to approach inlet temperature of 1200°F, if 
no corrective action is initiated. As the outlet sodium temperature r ises ,  the 





temperature of the sodium entering the reactor also r ises .  . This should scram 
the reactor and prevent any further rise.  The transient is taken to be a 1 5 0 ' ~  
r i se  in primary outlet temperature in fifteen seconds. 

b. In the steam generator, the outlet steam temperature will drop as  the 
sodium is cooled. - If feedwater flow is allowed to continue at full flow, the 
entire unit will become flooded with 6 0 0 ' ~  water. This situation will cause high 
s t r e sses  in the upper head and must be avoided. When the secondary pump stops, 
the feedwater flow should be slowed. As the outlet steam temperature approaches 
850°F, the feedwater flow should be stopped, and any steam generated allowed to 
exit through the pressure control valve set  at  a pressure slightly in excess of 
2200 psi. This decreases the cooling rate of the upper head, lowering s t resses  
there, and avoiding increased s t resses  elsewhere. 

3. Stoppage of the feedwater pump while the sodium pumps continue to 
operate causes high s t resses  in the lower tubeshects of the intermediate heat 
exchanger and stearn generator. In the intermediate heat exchanger, this con- 
dition is similar  to 2-"att above, except there will be a delay in r ise  of the exiting 
sodium temperature until the entering secondary sodium temperature r i ses  
above its normal operating temperature of 775'~. 

In the steam generator, the amount of water available to cool this sodium 
after a stoppage of feedwater flow is small. Additional cooling of the sodium can 
be  accomplished by reducing the steam pressure so a s  to boil the water out of the 
lower head of the steam generator. For  this condition, a sudden 4 0 0 ' ~  r ise  from 
775 to 1 1 7 5 ' ~  is used to calculate temperature r i ses  and the resulting stresses.  

4. Following a reactor scram,  there will be rapid decreases in the sodium 
temperature passing through the primary inlet nozzle in the intermediate heat 
exchanger, a s  the colder sodium in the bottom of the reactor reaches it. As 
listed in the specification 

a. Primary sodium inlet temperature drops 6 0 ' ~  in f i r s t  one-half second. 

Q. It drops a total of 1 3 0 ' ~  in six seconds. 

c. The predicted sodium temperature at the end of the condition is the 
normal sodium outlet' temperature. 

This does not state the time required f o r  the total drop. In the report f o r  the 
70 megawatt unit, the transient condition used throughout was the severe 
requirement of a drop of 4 9 0 ~ ~  in fourteen seconds. In and adjacent to this 
inlet nozzle, this condition has continued to be used. Away from the inlet 
nozzle, the large'heat storage in the intermediate heat exchanger will iron 
out this rapid transient, and the primary sodium temperature throughout 
reactor and intermediate heat exchanger will presently equalize at  a 
mean value of 1 0 5 0 ~ ~ .  This will leave the secondary sodium in the lower 



intermediate he at exchanger barrel at its original temperature of 775'~, 
and in the upper.barre1 at 1175OF, and place both tubesheets in bending. 
Time for the equalization will be at least one minute, but maximum stresses 
will not occur until two or three minutes later. 

DIFFERENTIAL EXPANSION BETWEEN SHELL AND TUBES 

Intermediate Heat Exchanger 

To provide for freedom of differential expansion between tubes and shell 
and between different tubes, all tubes in the heat exchanger and steam generator 
are  provided with a prebent sinewave; that is a curved portioli forty-eight inches 
long with ten inch maximum offset, placed adjacent to the upper tubesheet. In 
order to furnish the necessary clearance for this sinewave, the tubes are placed 
in concentric circles, and the wave is given a double curvature to fit these 
circ.les. An area in the center of the tubesheet is left without tubes. This area 
serves a useful purpose in providing a turning area for the flow between. the disk- 
and-doughnut baffles. 

The behavior of these sinewave tubes under fatigue conditions at temper- 
ature has been investigated, and the results are  covered in a separate research 
and development report. 

,The differential change in length to be provided for will depend upon the rate 
of change in temperature of the sodium, since the shell also changes in temper- 
ature as  well as the tubes, although at a slower rate. The most rapid rate of 
cooling would occur with reactor scrammed, primary sodium pump stopped, and 
secondary sodium pump operating at maximum rate. Under these conditions 
the exit secondary sodium temperature of the intermediate heat exchanger would 
decrease at a logarithmically decreasing rate, which could not exceed 350°F'in 
thirty-six seconds. With the reverse condition of secondary pump stopped and 
reactor and primary pump operating, the exit primary sodium temperature would 
rise, but would not reach more than partway to 1 2 0 0 ~ ~ ~  unless several successive 
safeguards failed to operate. The following computations a re  based on the more 
severe assumption of a rise to 1 2 0 0 ~ ~  and drop to 650°F,. each in thirty seconds. 



Shell 

Top 50 inches 

Middle 172 inches 

Bottom 50 inches 

Tube - 
272 inches 

AFTER THIRTY SECONDS 
Temperature Rise Temperature Drop - 

Initial Final AL Final BL 
Temp. OF Temp. , OF inch Temp. OF inch - - 

Difference 

For the inside row of tubes, the offset is 9.29 inches on 15.125 inch circle,. 

From Curve A, C' = 18 

From Curve B, CH = On 922 

The bending stresses become 

For rising temperature: (18) (. 922) (2540) (. 3194) = 13464 psi 

For falling temperature : (18) (. 922) (2540) (. 7730) = 32585 psi 

. Pressure stresses a re  negligibl.e, and the combined stresses will be below 
allowable. 



STEAM GENERATOR 
TUBE AND S HELL TEMPERATURES DURING TRANSIENTS 

F \e  3.9 





Steam Generator 

The necessary sine wave action in the steam generator has been computed 
- .  

on the assumption thgt the change in temperature of sodium from operating temper- 
ature to 650 or 1200 F has occurred in forty seconds. This' would result in the fol- 
lowing maximum differential changes in length'between the shell and tubes: 

Shell 

Tubes 

Differential 

Heating 

0.34 inch 

Cooling 

-0.69 inch 

1.18 inch -1.24 inch 

0.84 inch 0. 55 inch 

The stresses become 35,300 psi on heating and 23,100 psi on cooling. With 
the pressure s t ress  added, the combined stresses are  well within allowable. 

A rupture in the steam line between the steam outlet and the turbine could 
cause a sudden decrease in steam pressure accompanied by a rapid outflow of 
steam and a drop in temperature below 650'~. This would cause a larger dif- 
ferential elongation, but the inherent flexibility of the sine wave tubes, both 
theoretically and as verified by experimental work, is such that it would not 
cause damage. The steam generator tubes have sine waves identical to those 
of the intermediate heat exchanger. 

Transient temperature in shell for a sodium change of temperature in 
40 sec. 

For a 1 1/81' section with 1/8" shield For 7 /16  section with 1/81f shield . . 

From Porter's Tables: - 

T~ 
= .205 



Mean temperature is for  the shel l  only and does not include shield. 
Multiply above constants by change in sodium temperature to find shell  temper- 
a ture  change to obtain shell  H & C temperature given. 

Sine Wave Movement- 
I 

AT A.T 
Section Length Cooling AL Heating AL 7= 11 jr= 11(10-6) ", 

Shell Movement 
AT AT 

Section Length Cooling AL Heating flL 7 = 11 (loe6). jr - 11 (10-6) 

Expansion .8379" Tube Compressed 
Differential . . 

Contraction . 5481" Tube Lengthened 
< 



Calculating max. s t r e s s  in tubes 

?& = 28 = .I932 D/L =& = .0292 for max. tube OD 
L .  4 8 48 

from curve A C' = 18 

from curve B C" = .818 

Max bending s t r e ss  = SB = (18)(. 818)(2857)(. 8379) = 35247 psi  max a t  inner row 

PERMISSIBLE RATE OF STARTUP AND SHUTDOWN 

The controlling factor in the allowable rate of startup and shutdown is the . 
s t resses  developed in the inside surface of the thick walled upper head of the 
steam generator. These s t resses  will be compressive -during heating and tensile 
during cooling. The accompanying tables may be summarized a s  follows: 

STRESSES 
3- 1/4 Inch 7 Inch 

Heating o r  Cooling Rate Thickness Thickness 

4 0 0 ' ~  in 10 Minutes 
4 0 0 ' ~  in 2 Hours 

1 0 0 0 ~ ~  in 5 Hours 
1 0 0 0 ~ ~  in 10 Hours 

58,000 ps i  
- - 

83,000 psi 
37,000 psi 

10,800 psi  51,100 psi 
- - 24,600 psi 

These f i ~ r e s  do not take into full acount the effect of s t r e s s  concentrations 
at surface irregularities. The allowable s t r e s s  for  2500 cycles is 33,000 psi. 
It is recommended that the rate be kept to not more than 100°F per  hour. 



Startup & Shutdown Stresses  
30 Mw Steam Generator 

-1 12K For  any section - NBi - - Dt 
hX N ~ o  -3 

where K = conductivity = 10. 8 x l o m 6  

D Diffusivity = . 0066 

X = Thickness 

t = Time 

F o r  a linear r i s e  (or drop) in fluid temperature of 1000 F - 

At a rate of 2 0 0 F / ~ r  - 
-1 To-Tave 

Thickness Film Coeff. NFo NBi To- Tave Surface Stress  psi  
h f 

At a rate of 100F/Hr - 

7" 50 4.84 .371 .065 65 24600 
4000 4.84 -0046 .065 65 24600 

F o r  a linear r i se  (or drop) in fluid temperature of 400F - 

At a rate of 200F/Hr 
-1 To - Tave 

Thickness Film Coeff. NFo N ~ i  
F f 

To- Tave Surface s t r e s s  ps i  
h 

7" 50 .969 .371 .24 96 
4000 .969 .0046 .31  124 

At a rate of 40F/min. (at end of change) 

7" 50 -0808 .425 .29 116 
200 .0808 . 106 . .56  224 



For  a 400 F change in 1 minute the maximum s t r e s s  occurs a t  a time 
. 

after the transient. Taking the transient a s  a sudden change &, the s t resses  
a t  the maximum - 

NOZZLE REACTION STRESSES 

The maximum s t resses  in the intermediate heat exchanger and steam 
genertor, computed by the Bijlaard Method, result from a circumferential 
moment of 40,000 foot pounds. Adding in the circumferential pressure s t ress ,  
the equivalent combined s t r e ss  is 15,920 psi  in the intermediate heat exchanger, 
and 16,270 psi  in the steam generator. The allowable at 1200°F is 18, 000 psi. 

Under the more likely 'assumption that the moment acts 'longitudinally, 
the computed s t resses  are'considerably lower. Stresses due to four thousand ', 

pounds thrust a r e  small. 

NOZZLE LOCATION 
COMPUTED 

MAXIMUM STRESS 

Intermediate Heat Exchanger 

Hemispherical Nozzles 

Shell Nozzles: - -  
with longitudinal moment 
with circumferential moment 

Steam Generator 

with longitudinal moment 
with circumferential moment 

12,870 psi 

9,720 psi 
15,920 psi 

8,980 psi 
16,270 psi  

SHLELDING OF SHELL AND NOZZLE METAL, ' 

INTERMEDIATE HEAT EXCHANGER AND STEAM GENERATOR 

The design of the nozzles in these 30 megawatt units is similar to that of the 
70 megawatt unit described in APAE 78, Volume TI, wherein the maximum transient 
was taken to be a 4 9 0 ' ~  change in fourteen seconds. For these units, the maximum 
change could be a 4000F change, and is taken to occur in the same fourteen seconds.. 
This transient can occur only in ,the primary sodium inlet nozzle and must necessari1.y 
be less  severe for any of the other nozzles, due to .transit ti'me through the units and 
heating o r  cooling ,which will  occur during this. t~an.s i t  time. 

To carry the nozzle reactions,'the metal, adjacent to all  shell nozzles is 1-1/8 
inch thick, reducing to 3/8 inch in the intermediate heat exchanger; and 7/16 inch in 
the steam generator between nozzles. 

45 3- 29 



Assuming an h value of 4000 for  sodium-to-metal heat transfer and 
E 4 equal 255, the wetted surface s t r e s ses  for shielded and 
unshielded plates 1 1/8 inch thick for  various rates of temperature change are:  

Uns hielded - S hield-ed 

4 9 0 ' ~  in 14 seconds 123,200 psi 93,100 psi 

4 0 0 ' ~  in 14 seconds 100,600 ,psi 76,000 psi 

4 0 0 ' ~  in 40 seconds 87,500 psi 67,900 psi 

3 0 0 ~ ~  in 14 seconds 75,450 psi 57,000 psi 

F o r  a thinner section, the s t r e s ses  a r e  lower and the pressure s t r e s ses  to 
be added to these a r e  not large. 

The tabular s t r e s s  values for five hundred cycles a t  1 0 0 0 ~ ~  is 51,000 psi. 
This represents half the total allowable range of s t r e s s  a t  a given point. The 
1/8 inch shielding is adequate to protect against a rapid drop in temperature from 
1 2 0 0 ~ ~  to below , 7 7 5 0 ~  in the primary inlet nozzle o r  the secondary exit nozzle 
of the intermediate heat exchanger, i f ,  and provided, changes of the same 
magnitude but of opposite sign a r e  not allowed to occur. The inherent margin 
of safety against failure from temperature excursions not too frequently repeated, 
in ductile materials, is such that a single reverse excursion would be very un- 
likely to cause difficulty, but this method of operation should be guarded against. 
To provide a margin of safety, 1/8 inch shields have been used for all  metal 
thicker than 3/8 inch, although this is not theoretically needed in all cases. 

STRESSES AT WELDS, TUBE-TO-TUBESHEETS 

Extensive thermal cycling of 1/2 inch tubes has been conducted at  ALCO 
PRODUCTS, INCORPORATED, The report  covering this testing (APAE 81, 
Research and Development Reports for  Sodium-to-Sodium Intermediate Heat 
Exchanger and Sodium-to-Water Steam Generator", Section 4) states there 
were no failures in stainless s teel  'tubes. Also, computations have been made that 
show the rate  of change in temperature of fluid through the tubes will.be much 
lower than originally assumed. Risers  a r e  incorporated into the tubesheets of 
the IHX a s  much to facilitate welding as  to reduce s t resses .  

LOAD. - ON SUPPORT BRACKETS . . 

The intermediate heat exchanger and steam generator a r e  assumed to r e s t  
on support' bfiackets placed below the projecting portion of their lower tubesheets . 
No detailed design is given of the brackets, a s  this-will depend upon the plant lay- . t. 

out. 



Computation.~ a r e  given for loads on the brackets based upon the worst 
possible combination of nozzle reactions. The actual forces will be much less,  

: but at present are. .indeterminate. 

As the most severe case, assume 4,000 pounds thrust and 40,000 foot 
pounds moment on each nozzle, all. acting cumulatively. 

For the intermediate heat exchanger: 

The total moment j.s du.e to the 48,'OOQ foot pounds moment on each nozzle, 
and the horizontal compon.ent of the 4,000 pounds thrust on each nozzle. Numeri- ' 

cally, the moment is: 

Moment = 20QQ (278,75 + 30.125) + 2000 (30; 125) 
+ 4Q00 (27.375) + 4000 (27.375 + 224) 
+ 4 (12) (40000) 
= 1793000 + 192QQOQ = .3713000 inch pounds. 

i The total load is made up of the weight of the vessel plus the vertical nozzle 
reactions. This value is - I / 

The 6928# load i,s not centrally located 
so  the vertical readions a t  A & 'B a r e  not equal. 
The vertical reactions a r e  - 

RA = 1381M RB=20110X 

The moment has reacti.on Sorce. of - 

one up & one down 

For this worst case the total. thrusts at 
A & B a r e  - 

Upward at B - 11 7182Sf 
Downward qt A = 83254# 

Th.is represents an impossi.bl.e case a s  
the moments & thrusts would tend t.o cancel. 
each 'other. Also any s1:i.ght movement would 
equalize out the thermal forces. 



Stresses in the Shell: 

For  3/8 inch shell I = 3 R3t - g(18. 37513 (. 375) = 3655 
2 Z 

(19.12513 (1.125) = 12362 For 1- 1/8 inch shell I = 
2 

Moment on 3/8 inch shell: 

2000(278.75 + 30,125-50) + 4000 (224 + 27.375-50) +2 x 40000 x 12 

M = 1233250 + 960000 = 2283250 

Stress  in 3/8 inch shell: 

2283250 x 18.375 
= 11479 psi S = 3655 

Moment on 1- 1/8 inch shell: 

M = 1623250 + 1440000 = 3063250 

Stress  in 1- 1/8 inch shell : 

The s t resses  in the brackets must be calculated when designed. 



For the Steam Generator 

It is proposed to support the steam generator in the same manner a s  the 
IHX. 

.- The total moment is due to the 40000 FT-LB moment on each nozzle and 
the horizontal component of t'he 4000 lb thrust on each nozzle. I 

Total Moment = 3276 (477. 5 7C 16) 

+ 3276 (16) f 4000 (32.375) 

f 4000 (32.375 f 341) f (12) (40000) (4) 
< 

Moment 5205900 In. -Lb. 

The total vertical load is the weight 
of the vessel plus the vertical component 
of the thrust 

Operating weight = 42000# 
Vertical force - 4590# 
The reactions to the vertical 

force a re  not equal. The reactions at 
Aand B due to vessel. weight and vertical 
forces combined are  - 

The morQent has reaction forces of 

The total thrusts at  A and B a re  

Upward a t  B = ,178357# 
Donw.ard a t  A = 131777# 



This represents an impossible case; as the moments and thrusts tend to 
balance each other. Also, any slight movement would equalize out the thermal 
forces. 

Stresses in the Shell: 
7 7 ~ ~ ~  n(16.4375) 3(. 4375) 

For the 7/16 inch shell I = - = 
2 2 

= 3052 

For 1 1/8 shell I = 
(17.125) 3(l. 125) 8875 

Moment on 7/16 inch shell: 

Stress in 7/16 inch shell: 

s = 3556000 x 16.4375 = 19150 psi 
3052 

Moment on 1- 1/8" shell: 
M = 3276 (477.5 f 16) { (4000)(341 4 32.375) f 3 x 40000 x 12 

Stress in 1 1/8 inch shell: 

s = 4550000 x 17.125 = 8780 psi  
8875 

These stresses are  exaggerated.because the vertical component of the nozzle 
thrust has been neglected, but actually operates to lessen the effect of the 
horizontal force in  the above moment equations. 

A s  in the intermediate heat exchanger, the bracket stresses can only be 
calculated when the brackets are  designed. 



INTERMEDIATE HEAT EXCHANGER 
TUBESHEET STRESSES 

b S t r e s s e s  in the tubesheets  and in the adjacent sec t ions  of s h e l l  and b a r r e l  
in the in termedia te  heat  exchanger have been studied f o r  the following cases: 

1. A p r e s s u r e  of 150 p s i  gauge in the secondary  sodium c i rcu i t  with 
z e r o  p r e s s u r e  in the p r imary  sodium circuit .  

2. T h e r m a l  s t r e s s e s  due to  the steady state 1 2 5 ' ~  t empera tu re  dif- 
ferent ia l  between the p r i m a r y  and secondary  c i r cu i t s  at the  lower ; 

tubesheet.  

3.  Trans ien t  t h e r m a l  s t r e s s e s  in  the upper tubesheet  result ing f r o m  a 
r e a c t o r  s c r a m  with pumps operati.ng at minimum s'peed as recom-  
mended. This  has  not been calculated direct ly,  but  can .be  taken as 
resul t ing  in stresses approximately 75 p e r  cent  of those resul t ing  
f r o m  i t em 4 below. These  stresses can b e  grea t ly  reduced by slow- 
ing sodium pumps extending the t rans ient  upwards of f ive minutes 
o r  longer . 

4. Trans ien t  t h e r m a l  stresses resu l t ing  f r o m  a p r i m a r y  sodium pump 
stoppage with the  secondary  sodium flowing a t  ful l  capacity. This  
has  been taken as causing a 4 0 . 0 ~ ~  d e c r e a s e  in the sec.ond4ary sodium 
outlet in forty seconds.  

I 

5. Trans ien t  t h e r m a l  stresses caused by a rapid equalization in t emper -  
a t u r e  throughout the p r i m a r y  sodium due to  continued operat ion of the 
p r i m a r y  pump at ful l  capacity a f t e r  the secondary sodium pump 'has 
stopped aqd the r e a c t o r  s c r a m m e d .  This  is t rea ted  as equivalent 
t o  a 150 '~ .  rise in p r i m a r y  sodium a t  the  lower tubesheet  in  fifteen 
seconds. 

L o s s  of control  of the  r eac to r ,  resul t ing in a rapid rise in pri .mary 
sodium at the  outlet- .  1 2 0 0 ~ ~  would r e s u l t  in an  inc rease  in the 
s t r e ' s s e s  a t  the lower tubesheet  by approximately fifty per cent.  

P e a k  s t r e s s e s  result ing f r o m  these  different conditions are summar ized  i n  
Table 3,2. Comments  a r e  as follows: 

P r e s s u r e  S t r e s s e s . ( I t e m  1) 
\ 

The normal  working p r e s s u r e  in  the heat  exchanger will  b e  well  below the 
design values of 150 ps ig  in the secondary  and 100 ps ig  in the p r imary .  The high' 
design p r e s s u r e s  a r e  used in o r d e r  t o  allow relief gauges to  b e  set at higher 
values. Di rec t  membrane  stresses under design p r e s s u r e  are below the  allowable 



TABLE 3.2 
SUMMARY OF STRESSES 

UPPER AND LOWERTUBESHEETS - HEAT EXCHANGER 

NOTES: 1 - Transients include steady state differential. Stresses  a r e  additive to  pressure  s t resses  only. 
2 - Radial and circumferential s t resses  in the tubesheet a r e  not additive a s  they occur a t  different points. 

. , 

Shell 
Inside Face 

Outside Face 

Bar re l  
Inside Face . 

.Outside Face 

Tubesheet 
Outer Row 

Bar re l  Side . 
Shell Side 

Inner Row 
Bar re l  Side 

Shell Side 

Summation-Upper Tubesheet 

150ps i  
Barrel  
Side 

5500 C 
500 C 

5500 T 
2800 T 

10100 T 
1800 T 
7700 C 
3500 C 

1300 T 
2400 C 
1600 C 
2200 T 

5400 C 
4100 C 
5300 T 
4100 T 

Type 
of 

Stress  

Long. 
Circ. 
Long. 
Circ. 

Long. 
Circ. 
Long. 
Circ. 

Rad. 
Circ. 
Rad. 
Circ. 

Rad. 
Circ. 
Rad. 
Circ. 

Maximum 
Stress  

45500 T 
22700 C 
45500 C 
52100 C 

57000 T 
10800 C 
54600 C 
43800 C 

50200 T 
62400 T 
14900 T 
44200 T 

40800 T 
92800 T 
19400 C 
96900 T 

Summation-Lower Tubesheet 

Rapid 
4 0 0 ' ~  ~ r o ~  
Upper T ' s  

45500 T 
22200 C 
45500 C 
52100 C 

46900 T 
10800 C 
46900 C 
40300 C 

48900 T 
62400 T 
14900 T 
42000 T 

40800 T 
92800 T ' 

19400 C 
92800 T 

~ a k m u m  
Stress  

5500 C 
15000 C 
5500 T 

20000 C 

26800 T 
5900 C 

24400 C 
11900 C 

9100 T 
7400 T 

14500 T 
45300 T 

8500 T 
7400T 

25300 T 
36200 T 

Maximum 

Minimum 
Stress 

5500 C 
500 C 

5500 T 
2800T 

10100 T 
1800 T 
7700 C 
3500 C 

1300 T 
2400 C 
1600 C 
2200 T 

5400 C 
4100 C 
5300 T 
4100 T 

Rapid 
1 5 0 O ~ ~ i s e  
Lower T ' s  

3200 T 
14500 C 
3200 C 

20000 C 

16700 T 
2000 T 

16700 C 
8400 C 

7800 T 
7400 T 

10800 T 
17600 T 

8500 T 
7400 T 
4000 T 

32100 T 

Stresses  

Alternating 
Stress  

+ 36800 
@ 950 F 
2 28800 
@ 1150 F 

2 34800 
@ 850 F 
5 31150 
@ 1100 F 

2 25100 + 32400 
? 8250 
2 23100 

2 23100 
2 48450 
f. 12350 
5 48450 

Maximum Stresses  

Minimum 
Stress  

2700 T 
500C 

2700 C 
2800 T 

7300 T 
1800 T 
7300 C 
1500 C 

700 T 
2400 C 
1600 C 
2200 T 

5400 C 
4100C 
4000 T 
4100 T 

Steady 
State 
125OAT 

2700 T 
15000 C 
2700 C 

18200 C 

7300 T 
5900 C 
7300 C 
1500 C 

700 T 
800 T 

14500 T 
43100 T 

700 T 
700 T 

20000 T 
27300 T 

Alternating 
Stress  

2 9100 
@ 1OOOF 
2 15500 
@ 950 F 

2 20000 
@ 800 F 
2 12200 
@ 800 F 

5 4550 
2 4900 
2 8050 
2 22650 

2 8950 
2 5750 
2 12650 
5 18100 



of 6800 psi  a t  1200°F. Combined s t r e s se s ,  including discontinuity s t r e s se s ,  
a r e  the values given in the referenced table and a r e  below allowable of 10200 
psi  a t  1 2 0 0 ~ ~ .  The combined s t r e s s e s  a r e  not calculated for  100 psig shell  
pressure  with zero  ba r r e l  side pressure ,  because the minimum shel l  thickness 
is greater  than the minimum ba r re l  thickness and a t  a lower pressure  will be 
less  s t ressed  than the thinner ba r r e l  a t  the higher pressur.e. 

Thermal Stresses:  

The maximum thermal s t r e s se s  in the shel l  and ba r r e l  result  f rom a 
4 0 0 ' ~  drop in sodium temperature,  which could occur on stoppage of primary 
sodium pump with the secondary sodium pump continuing to run a t  full speed, 
a r e  in the tapered section connecting the upper tubesheet to the shell  and 
barrel .  Peak alternating s t r e s s  values a r e  computed as .called 
f o r  by the Navy ..Code. . The allowable for  500 cycles a t  1 2 0 P F  is 39000 
psi and a t  1 0 0 0 ~ ~  is 51000 psi. 

Shell 
Alternating 

S t ress  

Inside Face 3 6,800 psi 

Outside Face 28,800 psi  

Ba r re l  

Inside Face 34,800 psi  

Outside Face 31,150 psi  

In computing these peak alternating s t r e s s  values, the unlikely, but 
possible, assumption was made that the 4 0 0 ' ~  drop in temperature occured 
a t  a moment when the ba r r e l  p ressure  had dropped to zero,  and was followed 
by a moment when full ba r r e l  p ressure  was accompanied by ze ro  shell  pres-  
s u r e  with thermal s t r e s se s  absent. This combination results  in s t r e s s e s  below 
the allowable. At t rue  metal  temperature, the allowable is higher. 

Note that in the shell  and ba r r e l  longitudinal and circumferential s t r e s s e s  
occur a t  the same point and s o  by Navy Code must be combined.' In the tube- 
sheet, the peak radial  and circumferential s t r e s se s  occur in different liga- 
ments and need not be7combined. In the upper tubesheet, ,peak thermal ' s t resses  
in the ligaments occur when ligaments have dropped below 800°F and the 
allowable alternating s t r e s s  equals 61,000 psi. Tube sheet s t r e s se s  a re -wel l  
below this figure. 



Peak computed alternating stress.es in the lower tubesheet a r e  all  
relatively low. Warning should be given that if the secondary sodium pump 
is stopped' and the reactor is allowed to go out of control, with the sodium 
temperatures throughout the entire lengths of the reactor and intermediate 
heat exchanger rising to 120o0F, the thermal s t r e s se s  would r i s e  to un- 
desirable but apparently not dangerous values. 

In computing these s t r e s se s ,  each tubesheet has been treated as a composite 
disk, consisting of a central  core  without tube holes, surrounded by an annular 
a r e a  with tube holes 1/2 inch diameter on 1 inch circular pitch, in turn attached 
to  a solid ring. The shell  and the ba r r e l  a r e  welded to  tapered sections 1 1/2 
inches long, which form par t  of this ring. These tapered sections reduce the 
secondary s t r e s s e s  in the shell  and bar re l ,  but complicate s t r e s s  calculations, 
since s tep  by s tep numerical integration methods a r e  needed to deal with the 
effect of the tapers  upon s t r e s se s .  

STEAM GENERATOR TUBESHEET STRESSES 

S t r e s se s  in the lower tubesheet and adjacent sections of the shell  and ba r r e l  
of the s team generator have been studied for  the following cases:  

1. A pressure  of 2500 psi  on the steam-water side, with ze ro  pressure  
on the secondary sodium side. 

2. Thermal s t r e s s e s  due to a steady s ta te  temperature differential of 
175OF between the incornfig feedwater and the exiting sodium. 

3.  Transient thermal s t r e s s e s  due to a stoppage of feedwater flow with 
primary and secondary sodium flow continuing a t  full capacity. This 
has been treated a s  causing the exiting sodium temperature to r i s e  
to 1175OF in forty seconds. 

4. One possible situation has been treated a s  outside the requirements of 
the specifications. A sudden relief of p ressure  on the s team side of 
the s team generator due to  a rupture of the steam line could resul t  in 
s team entering the upper head of the s team generator to drop to 
600°F, and lower a s  the feedwater temperature drops below 600'~. 
A drop of more than 4 5 0 ' ~  would resul t  in very high s t r e s s e s  in this. 
upper head. 

P r e s s u r e  S t resses  (Item 1 )  

The normal working pressure  of the s team generator will be approximately 
2200 psi. The higher design pressure  is to  allow relief valve settings. in excess 
of operating without endangering the integrity of the unit. ~ i r e c t  membrane . , 

i 

s t r e s s e s  a r e  below allowable a t  the design temperatures of the unit, 1 0 7 5 ' ~  in 



the upper head and 1206% elsewhere .  The values given in Table 3 .3 ,  include 
stresses due to  discontinuites and a r e  below allowable, except  at the  innermost  
l igament on the she l l  s ide  of the upper tubesheet  which exceeds the allowable 
by 3 1/2 p e r  cent.  This  is not important  as at th is  s a m e  point on the o ther  s ide  
of the  tubesheet  the direct ion of the  s t r e s s  is revered ,  thus, the high s t r e s s  
d e c r e a s e s  rapidly and is highly localized. 

T h e r m a l  S t r e s s e s  

The maximum t h e r m a l  stress shown result ing f r o m  the 40O0J? t empera tu re  
change, which o c c u r s  in the event  of a feedwater  flow stoppage and continuation 
of sodium flow, is at the junction of the . tubesheet  and s h e l l  and has a range of 
plus o r  minus 37600 against  an  allowable a t  9 5 0 ' ~  of plus o r  minus 53500 f o r  
five hundred cycles.  A full  s u m m a r y  of the s t r e s s e s  is given in  Table 3.3. 

In computing t h e r m a l  stresses, the she l l  and b a r r e l  wal ls  w e r e  assumed 
s t ra ight .  Because  the  s t r e s s e s  calculated w e r e  below allowable, the re  was no 
need to  refine the calculations to account f o r  the t ape r s .  S t r e s s  concentrat ions 
at the  junction of the tubesheet  and she l l  o r  b a r r e l  will  i nc rease  the stress 
beyond that  shown, but inclus~ionof the t ape r  wil l  reduce  the values, s o  that  4' 

the final s t r e s s e s  a r e  below allowable. .. . 

If the 4 0 0 ' ~  rise is allowed to  continue, the tubesheet  will  continue t o  
rise in t empera tu re  toward 1 1 7 5 ~ ~ .  The b a r r e l  will  continue t o  r emain  cool  
and maximum s t r e s s  will  occur. ' inthe b a r r e l  which may b e  ve ry  c lose  to the , 

allowable. F o r  this  reason,  the exit  sodium tempera tu re  should not b e  allowed . , .' 
t o  r e m a i n  at 1 1 7 5 ~ ~  any longer than necessary .  

\ 

STEAM GENERATOR TUBING .- 

The s t ? a m  genera tor  tubes a r e  s t a in less  's teel  with an Inconel l ine r  which 
is to  b e  metal lurgical ly bonded. With a good meta l lurgica l  bond, the dif- 
f e ren t i a l  expansion of the  s ta in less  and Inconel capnot take place, s o  that  no gap 
will  ex i s t  between the two meta ls .  

STEAM OUTLET NOZZLE 

The s t e a m  outlet  nozzle on the upper head of the s t e a m  genera to r  is s i m i l a r  
in design to  that  of the 70 megawatt unit, a s  descr ibed in APAE No. 78, Volume 
11. F o r  the w o r s t  t h e r m a l  t r ans ien t  condition, the  stresses in the p resen t  unit 
will not exceed those specified f o r  the 70 megawatt unit which w e r e  well  within 
allowable values. 



TABLE 3 .3  
SUMMARY OF STRESSES 

LOWER TUBE SHEET - STEAM GENERATOR 

Notes: 1 - Transient includes steady state 

1 

Point 

Shell 
Inside Face 

Outside Face 

Barre l  
Inside Face 

Outside Face 

Tube Sheet 
Outer Row 

Barre l  Side 

Shell Side 

Inner Row 
Barre l  Side 

Shell Side 

Type of 
Stress  

Long. 
Circ. 
Long. 
Circ. 

Long. 
Circ. 
Long. 
Circ. 

Rad. 
Circ. 
Rad. 
Circ. 

Rad. 
Circ. 
Rad. 
Circ. 

2500 psi  
Barrel  Side 

-- 

8200C 
700T 

8200T 
5600T 

17100T 
3300T 
6000C 
3300C 

11700T 
1600C 
2700C , 

1 1 OOOT 

8500C 
12300C 
14000T 
17 600T 

1 Rapid 
400F Rise 

27700T 
3 9 6 0 0 ~  
27700C 
64100C 

3 73 OOT 
21700T 
37300C 

4200C 

5200T 
4700T 

17400T 
26000T 

7000T 
4500T 

14400T 
32600T 

Steady 
State 

175FAT 

12600T 
5100C 

12600C 
31 600C 

11200T 
20700T 
11200C 
15400C 

1400T 
1200T 

16400T 
25000T 

1800T 
llOOT 

12600T 
366001' 

- 
Maximum 

Stress  

27700T 
39600C 
27700C 
64100C 

54400T 
25000T 
43300C 
18700C 

16900T 
6300T 

17400T 
37000T 

15500T 
12300C 
28400T 
53800T 

Maximum Stresses  

Minimum 
Stress  

8200C 
700T 

8200T 
5600T 

11200T 
3300T 
6000C 
3300C 

Alternating 
Stress  

-..--.- - 

- +37600 
@ 950 
- +36150 
@ 950 

- +27200 
@ 700 
- +21650 
@ 700 

1400T 
1200T 
2700C 

llOOOT 

1800T 
4500T 

12600T 
17600T 

- +8450 
- +3150 
- +lo050 
- +I8500 

- +7750 
- +8400 
- +I4200 
- +26900 i 



MANHOLE COVER STRESSES 

The maximum bending s t r e s s  in manhole cover  due to internal  p r e s s u r e  
occurs  on the cen te r  line of the cover a t  the inner and ou te r  faces  and is 
10575 psi.  The maximum t rans ient  the rmal  s t r e s s  would resu l t  f r o m  a rapid 
d rop  of s t e a m  tempera tu re  f r o m  1050°F to  65o0F9 followed by a dwell. The 
maximum s t r e s s  is calculated t o  be  46258 ps i  tension on the lower face,  and 
26714 ps i  tension on the upper face.  With the p r e s s u r e  stress the maximum 
combined s t r e s s  is 37289 ps i  against  an allowable al ternat ing s t r e s s  of plus 
o r  minus 49500 psi.  

During s t a r t  up, the rmal  s t r e s s e s  will  be  in the opposite directi.on, and 
will approach 25000 psi ,  to  which is added the p r e s s u r e  s t r e s s  of 10575 psi ,  
The corresponditig allowable al ternat ing s t r e s s  a t  design t empera tu re  of 1 0 7 5 ' ~  
f o r  one thousand s t a r t  up cycles is plus o r  minus 40000 psi.  

By the Navy Code, this  combination of s t r e s s e s  is within the allowable. 
Detailed calculations a r e  given in the Appendix. 

STRESSES IN UPPER HEAD OF STEAM GENERATOR 

High stresses occur  in the upper head of the s t e a m  genera tor  due to 
the rmal  t rans ients .  However, the  tubesheet  is th icker  than any o ther  p a r t  of 
the head and is thus the controlling fac tor .  S t r e s s e s  in the tubesheet  f o r  various 
conditions are discussed elsewhere.  
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SECTION 4 

STRESS ANALYSIS APPENDIX 

STRUCTURAL DESIGN BASIS 4-A 
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BASIC EQLLATIOWS 

Tube she& w ; f h  a e n + v d  s o l i d  C o r e ,  
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DIFFERENTIAL EXPANSION 

BETWEEN SHELL & TUBES 4-B 
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SHIELDING OF SHELL AND BARREL METAL 

M X  & STEAM GENERATOR 4-D 
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M X  TUBESHEET STRESSES 

PRESSURE STRESSES 4- E 

PRESSURE STRESS CALCULATIONS E2-El3 

TAPERED WALL CALCULATIONS E14- E29 
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IHX TUBESHEET STRESSES 

STEADY STATE & TRANSIENT 

THERMAL STRESSES 4- F 

LO-WR TUBESHEET 

STEADY STATE THERMAL STRESSES F2- F12 

TRANSIENT THERMAL STRESSES F13- F24 

TAPERED WALL CALCULATIONS F25- F40 

THERMAL CALCULATIONS F41- F49 
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