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ABSTRACT nozzle and up through the hot leg pipe. Flow

stratificstion may develop when the cold sodium

Flow stre:ification due to reverse flow wes
simuleted in & 1/5 scele water model of s LMFBR
primary pipe loop. The stratified flow was observed
to have s dynamic interfece region which apscillated
in & wave psttern. The behavior of the iuterface wes
characterized in terms of locstion, locsl temperature
fluctuation and duration for verious reverse flow
conditions. A structurzl sssessment was pecformed to
determine the effects of stretified flow on the
fetigue life of the pipe. Both the static and
dynamic aspects of flow stratification were
exsmined. The dynamic interface produces thermal
striping on the ingide of the pipe wsll which is
shown to hsve the most deleterious effect on the pipe
wall and produce significent fatigue damage relative
to a static interface.

INTRODUCTION

Flow stratification is s phenomenon which has
the potential to cause significant fatigue damsge in
liquid metal pipe systems. Stratified flow can occur
in loop type LHUFBR primary pipe systems during remote
events which involuve both a pony motor failure ip one
loop snd check valve leaksge. During these events
veverse flow may initiate in the affected loop and
cold sodium regiding in the intermediate heat
exchenger (IHK) is puched backwerds out of the inlet

resches s horizontsl pipe section containing hot
sodium. The controlling psrameter for identifyiag
the initstior of flow strstification is the
dimensionless Richardson number. The Richerdson
number represents the ratio of bouyancy forces to the
inertial forces in the fluid flow. The bouysncy
forces are due to the difference in demsity between
the hot end cold fluide and under low velocity
teverse flow conditions the bouyancy forces dominste
the inertial forces snd stratification develops. The
interface region between the hot end cold sodium
layers is of particular interest becsuse lerge
veristions in locel fluid tempersture coupled with
characteristically high film coefficients can produce
large veristions in temperature in the pipe wall.

The resulting thermsl stress fluctustions contribute
to fatigue of the pipe.

Until racently there has been little research
directed toward the understanding of flow
stratification in piping systums. The fluid
phenomenon is currently being evaluated by Kesza at
Argonne Wational Laboratory for piping systems
prototypic of those found in loop type LMFBRs. This
test program is intended to give pipe desizners sn
understanding of the problem and provide
cecommendations on how to minimize stretification

NOMENCLATURE

b Thickness of pipe sall [ Thermal diffusivity
M) lnside dismeter of & pipe 8 Dimensionless thickness, vw/2ob
Dy, Hydraulic diameter 3 Strain

= 4+(Flow erea}/(Wetted perimeter) bp Difference in density due to temperature
E Young's modulus difference AT
[3 Gravitation acceleration AT Meximum temperature dif{erence in fluid
h Film coefficieat § Surface to average temperature difference
k Thermal conductivity n AT surface/AT fluid
B; lnside radius of pipe Oy Angle from vertical indicating location of
Ry buteide radius of pi.e 2 oy central position of the stretified interface
t Thickness of interface region P Density
v Flow velocity w Frequency of oscillation
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effects. Resza hes developed 8 correlation between
tbe Richardson number snd the initistion of flow
stratificetion. These results indicate that
stratification will probadbly develop during low
velocity reverse flow events in LMFER primary pipe
systems., VYujimoto [1) performed tests to investigate
flow stretification in pipes with the specific
purpose of studying the fluid behavior in the
vicinity of the interface between the hot and cold
fluids. He observed significant wave motion at the
ifnterface which resembled the wave motion of flow in
sn open chennel. Moreover, he concluded that the
film coefficients at the interface were as high ag
sevcen times nominal values. Although these studies
provide key dats in quantifying the fluid phenomenon,
they do not sddress the effects of stratification on
the pipe structure.

The purpose of the present study is to provide
an understending of bhow flow stratification
contributes to fatigue damage in LMFBR primery pipe
systems. Stratified flow was simulated for reversge
flow conditions in a series of scaled water tests.
The fluid behavior was observed and local fluid
temperature fluctuations were measured. Under
reverse flow conditions, highly dynamic thermsl
fluctuations were observed which were due to the wave
motions of the interface of the hot and cold fluid
layers. 1In this study, fatigue damage due to static
stratified flow eand the dynamic wave motions are
examined. It is demonstraled that the dynamic neture
of stretification cen be the mosl deleterious to the
pipe wall.

WATER WODEL TESTS

Reverse flow events, Lypical of Lhose which
occur in loop Lype LMFBR primary pipe systems, were
simulated in scaled water model tests. The objective
is to obtain fluid temperstures for use in
calculating pipe wall temperatures and subseguently
thermal stresses and fatigue damage. The model was
constructed from plexiglass pipe and is illustrated
in Pigurc 1. The model includes a large dismeter
(6.5 inch I.D.) bot leg which connects the rcactor
vessel with the primary pump and a smaller dismeter
(4.0 inch I1.D.) hot leg conpecting the primary pump
and intermediate hest exchanger (IHX). The volume of
fluid in the pump model is representative of the
volume of fluid in a scaled primary pump, however,
the pump dynamics were not modeled. The pipe model
was initially filled with static 130°F water.

Beverse flow was simulated by injecting 70°F water at
the 1HX inlet. Dye was injected into the cold strean
for flow visualization. Transient fluid tempersture
were measured at cross sections 1 through 5 (Figure
1) using closely spaced thermocouples around the
circumference of the pipe wall. The thermocovples
were Type K grounded thermocouples with time
constants in a range of 0.1 - 0.3 seconds. Figure 2
illustrates the placement of thermocouples in the
cross sections. This arrangement was designed
rpecifically to detect the lucation of the interfsce
between the hot and cold layers as stratified flow
developes and moves up through the cross section.

Jest Conditione

The selection of parameters for the scaled water
tests was based on similitude of the Richardson number
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Reverse flow velocities were selected such that
Richardson numbers in the tests were equal to
prototypic values for a LMFBR primary pipe system.
Maximum reverse flows in curtent LAFBR designs are
limited by check valve leakage to 1100 GPM. The
wmaximum difference in sodium tempetatute for reverse
flow events in loop type LMFBRs is 400°F. Diameters
of 23 inches and 35 inches were used a5 diameters for
prototypic hot leg pipes and Richardson numbers were
calculated for maximum reverse flow velocities in
each pipe leg. Test flow ratec were based on
simulation of 42 percent to 100 percent of the
maximum reverse flow rates. The selected test
conditions are summarized in Table 1.

Establishing similitude based on the Richardson
number does not insure complete similitude between
the model snd prototype. The Reynolds numbers should
be equivalent for dynsmic similitude end the Prandtl
numbers should be equivalent for thermal similitude.
For these tegts similitude of both the Reynolds
number and Prandtl number cannot he established
concurrently with the similitude of the Richardson
number. The Reynolds numbers of the reverse flow for
actual plent events are turbulent being in & range of
105-10%, The Reynolds numbers in the tests fall
in the laminar to turbulent transition range (Table
1. Thus, the dynamics of the fluid in the test do
not simulate that of the plant. Although similitude
in dynamics i¢ not rigoriously established, tests
which have turbulent flow regimes should provide
ceasonable dynamic simulation. Moreover, the thermal
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Cross Sections

gradients in ectuel plant events are expected to be
much lower than in the tests because the Prandtl
number of sodium is of the order of 1000 times lower
than that of water. The effect of Prandtl number is
judged to dominate over any differences in dynamic
behavior between the test snd the plant. Thus,
thermal gradients observed in the water tests will be
greater than those in a LMFBR primary pipe system and
thermal stresses calculsted from the water test data
will be conservative.

Qbservations and Results

Stratification was observed to develop under all
test conditions. The interface between the hot and
cold fluids moved slowly up through the cross
sections until the entire pipe was filled with cold
fluid. Baged on the duration and the amplitude of
fluid temperature difference, the worst locations in
the small and large pipe sections were 2 and 5
respectively. Figure 3 illustrates the temperature
digtribution at location 2. The time reguired to
completely wash out the hot fluid incressed with
increasing Richardson number. Illustrating this
point, stratificetion disappeered sfter 500 geconds
at location 2 for a flow rate of 6.0 GPM while it
persisted after 4000 seconds at location 5 with a
flow rate of 3.0 GPM. The thicknese of the interface
region, within which the temperature changed from the
hot fluid tempersture to that of the cold fluid,
varied in the range of 0.6 to 2 inches.

TABLE 1
SUMNARY OF TEST CONDITIONS

Cold Water
Flow Rate le'3
Pipe Section —{GPNM Ri 2107
4.0 inch I.D. 6.0 5.3 8.5
4.3 8.5 6.4
3.0 21.4 4.3
6.5 inch 1.D. r.1 44.0 6.1
5.0 88.0 4.3
3.0 244 2.3

Qe = —;g' Vv and Dh are based on reverse

flow through bottom half of pipe.

Another significant observation was the
oscillation of the interface region. PForces in the
shear flow ceaused the stratified interface to
fluctuate in & wave motion similar to that described
by Fujimoto. This was most pronounced at low
Richardson oumbers. The movezent of the interface
region causes severe transient thermal fluctuations
in the pipe wall termed “thermal striping"”. Pigure 4
illustrates the resulting local temperature variation
for the worst case thermal striping. Note that the
curves in Figure 3 denote average data because local
fluctuations such as those shown in Figure &, are
filtered out. The frequency of the thermsl striping
varies between 0.1 and 0.5 Hertz and under worst case
conditions the smplitudes ere as high as 60 percent
of the maximum difference in fluid temperature. The
worst cace thermal striping was measured by
thermocouple & at location 2 during the 4.5 GPM
test. The duration of the striping wes 440 seconds.
A total of 102 cycles was counted. Pifteen percent
of this total aeasured less than ten percent of the
fluid 4T. Seventy percent of the cycles were less
than thirty-five percent of the fluid 4T while only
two percent measured less than sixty percent of the
fluid AT. Thus only a small percent of the total
cycles approsched the maximum amplitude.

Thus, two sources of fatigue were identified in
these tests. The first source iz from stress due to
tle presence of a static stratified fluid which
main.aing the top of the pipe at a higher temperature
than the “ottom. The second source is from stress
due to the dynamics of the interfece region which
produces thermsl striping on the pipe wall. The
thermal stresses which result from these two
phenomens are examined in the next section.
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THEEMAL STRESSES

Thermal stresses which result from
stratification were studied as a basis for assessing
fetigue damage. 1In order to simplify the analysis,
the thermal gradients in the pipe wall were decoupled
into two categories based on the two features of
stratification previously identified. They are:

A. static stratification represented by hot and
cold layers of sodium separated by an
interface region and

B. thermal striping due to the oscillation of
the interface.

Meglecting oscillation of the interface, the
movement of the stratification up through the pipe
croes section is sufficiently slow that the
assumption of the "static™ interface closely
spproximates the phenomenon. The thermal and stress
distributions for this problem are assentially
time- independent. 1In contrast, the oscillation of

the interface is relatively fest, producing
time-dependent distributions of temperature and
stress in the pipe wall. The distributions of
temperature end elestic stresg for both of these
problems are sxamined {n this section.

Static Flow Stretificetion

The temperature gradients and stresses due to
static stratified flow were arzzeased using the WECAN
finite element program {2]. Finite element widels
were constructed of 2-D quadratic isoparsmetric
2lements and are illustrated in Figuce 5. The models
represent a large diameter thin walled 316 5SS pipe,
typical of those found in Joop type LMFBRs. The
fluid was wodeled ss an ipothermal hot (1000°F) layer
of sodium residing over an isothermal cold (600°F;
layer of sodium separated by an intecface region
within which the fluid temperature varied linearly.
A parametric study was performed to examine the
sensitivity of sulutions to variables which are
necessarily essumed 1o the snalysis. The parameters
varied in the thermal sualysis ere the interface
thickness, t, the £ilm coefficients in each vregion,
h, and the location of the interface 8. These
variables are illustrated in Pigure 6. Linear
elastic stress solutions were generated from the
resulting thermal distributions and the additional
variable of pioe constraint was introduced in the
calculation of stress. Internal pressure was
neglected.

The values of the variables examined in the
parameiric study are listed in Table 2. Interface
thicknesses span those observed in the water model
test. The largest velue was judged %o be
representstive of actual in sodium gradieats. The
heat transfer between the fluid and pipe was modeled
while the outgide pipe was adisbatlc. Bounding
values of film coeffticients were based on static hot
sodium and flowing cold sodium. The dynamics of
thermal etriping were considered in computing values
of film coefficient in the interface region even
thocugh thermul striping itself was neglected.
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Fujimoto concluded that film coefficients in tbe
interface region can be as high as 7 times the
nominal value. In this study the highest film
coefficients were 10 times the nominal.

The location of the interface was varied from
8y = 40° to By = 140°. Extreme values of
6m were not analyzed because they represent
limiting cases which can be assessed in a simplified
manner. At the initiation of a very low velocity
avent 8y = 180° and 8 approaches 0° at the
end of an event. Stresses for these limiting values
of By can be readily anslyzed by considering the
entire pipe section as being isothermal with a local
deviation in wall temperature equal to the maximum
fluid AT. 1Im such cases, the region where the
temperature differs can be assumed to be fully
constrained by the remainder of the pipe. It is the
intermediate values of 6, which produce problems
that are statically indeterminant and hence are of
interest. The most prototypic axial constraint of
the pipe is generalized plane strain with rotation.
This co .6treint allows both a constant axial
deflection and a constant rotation of the pipe cross
section, i.e., the net axial force and net axial
woment are zero. This corresponds to the commonly
employed beam mode of deformation where plane
sections remain plene. Generalized plane strain
without rotation, i.e., €45541 = CORNEtant, is
slightly over constraining. Plane strain i.e.,
Taxjal = 0, is extremely over constraining and
unrealistic and is not considered in this study.

The mechanics of the formation of stratification
stresses providet insight to the structural
response. Temperatures in the pipe were found to be
nesrly conctant through the wall and were isothermal
a short distence a short distance from the
interface. The largest component of stress is nxial
which develops from differential axial expansion
through the pipe cross section. The axial stresses
are nearly constani through the pipe wall and
therefore are appropriately termed “membrane". The
distribution of axial stress sround the circumference
is a function of the axial constraint. The formaticn

TABLE 2
VARIABLES IN PARAMETRIC STUDY OF STATIC STATE
FLOW STRATIFICATIOPN

1. Interface Thickness

[~ t = 0"
e t=0.72"
e ta=1.2"
e t«3.5"
2. File Coefficient (__B;u__)
Hr-Ft~ -°F
hHOI = 900
i Val - ¢
L3 High Values hINTERFACE 120006
hCOLD = 1200
hHOI = 450
v h =
e Low Values INTERFACE 3000
hCOLD = 600
e h h h

_®m _HOT _INTERFACE _COLD
e Prototypic

Values 40*° 900 9000 900
140° 900 52000 5200
3. Location of Interface
[ 3 High 8 « 40°*
s Central 8 = 90°
e Low 8 = 140°

4. Axial Constraint

[ ] Generalized plane strain w/rotation
® Generalized plane strain w/o rotation

5. Temperature Difference

e Hot Sodium = 1000°F
e Cold Ssodium = 600°F

of axial stresses and sample results are plotted in
Figure 7 for the axial constraint of generalized
plane strain with rotation. Hoop stresses develop
due to differential radial expansion as illustrated
in Pigure 8. The hoop stresses are "bending" in
nature and arises from the enforcement of
compatability of the pipe in the interface region.
It sbould also be noted in the example in Figure 8
thet the maximum and minimum hoop stresses occur at
the top and bottom of the pipe cross section and sare
small in magnitude compared to pesk axigl stresses.
Radial stresses are smell and are limited to maximum
values of internal pressure in the pipe. Typical
primary system pressures in LMFBRs are limited to
several hundred psi. For the purpose of this
agsessment, radial stress is considered negligible.



Recults from the parametric study are provided
in Table 3. Only one parameter was varied in a given
set of analyses. The most significant result is that
the stress range and peak sxial stress arc nct highly
sensitive to relatively wide variations in interface
thickness, film coefficient, location of the
interface and axial constraint. The most pronounced
variations occuted due to chenges in the interface
thickness and sxial constraint. The maximum elastic
stress as well as the stress renge decrease with the
increasing interface thickness. Maximum stress and
stress renge for t=3.5 inches are 17 percent lower
than those for t=0. Interface thicknesses observed
in the water tests ranged from 0.6 inch to 2.0 inches
while the interface thicknesses in actual sodium
systems are expected to be larger based on the effect
of Prandtl number.

The dats in Table 3 show a 16 percent increase
in stress when the cross section is constrained from
rotating. The generalized plane strain with rotation
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is however the most realistic and the rotation
produced by stratification corresponds to a 3.3
degree rotation of the cross section over a 20 foot
length of pipe. The maximum deflection of a pipe
under these conditions would be 1.8 inches at the
midpoint.

Regults in Table 3 indicate that the stress
range is minimum at By = 90°, but varies only B
percent over s wide range of By. The axial
stress components increase as 8y decreases.
However, for 40° <8m < 140°, the meximum stress
varies by only 13 percent.

These results provide an interesting perspective
on the widely uged formula

- EaAT
max 2



Bq. 2 represents the mezimum stress resulting
from full restraict of thermal bending. For this
reason it provides a good epproximstion for the
stress in ¢ pipe in generalized plane strain without
rotation. 8ince the rotation due to stratification
is small, it also provides a good spproximation for
stress due to stratification. Eq. 2, evaluated for
8T =~ 400°F using avccage material properties for
316 SS, yields & meximum stress of 53,000 psi.
iz slightly bhigher than the maximum stress for
By = 40°. The strain range is equal to twice
this value, i.e., 106,000 psi, which is within 1
percent of the range predicted for generalized plane
strain with constrained rotaticn. The upper limit of
the alastic axial stress for the boundiag cases of
8y = 0° and 8y = 180° will approach this
velue sssuming the local region where the temperature
differs is completely constrained by the remsinder of
the pipe. Finally, the variation is stress due to
variations in film coefficient is insignificant being
less than 5 percent.

This

Th. vmsl sStriping

Oscillation of the interface produces
temparatures and stresses in the wall which are
significantly different from the distriduticns
resulting from a static interfsce. Through-the-wall
variations in tempersture and stress are highly
nonlinear and time dependent. The freguency of
oscillation was empirically determined to be in the
range of 0.1 to 0.5 Hertz. Amplitudes up to 60
percent of the maximum fluid temperature difference
were observed {n the tests. The resulting
tompersture and stress distributions are analyzed
here based on the assumption that curvature in the
pipe wall can be neglected. FPor thermal
distributions in a pipe wall the effect of radius is
not important unless R~1/Vw/Z%. For w = 0.5 Hertz,
1//W722 = 0.066 inch which supports this sssumption.
Also the ratio R/b is 24 which makes this assumption
valid for the structural response as well.

TABLE 3
STRESS RESULTS OF PARAMETRIC STUDY FOR
STATIC FLOW STRATIFICATION

1. Variation in t

Axial Stresses

t h 6 Axial (psi)

{in.) Constraint Haximum Minimum Range
4] HIGH® 90° GPS with Rotation +48,100 -43,000 91,100
0.72 HIGH 90° GPS with Rotation +48,000 -42,800 80,800
1.2 RIGH 30° GPS with Rotation  +47,200 -42,000 89,200
3.5 HIGH 90° GPS with Rotation 441,000 -37,000 78,000

2, Variation in h
Axial Stresses
h t &m Axial (psi)
tin) Constraint Maximum HMinimum Range
HIGH 1.2 90° GPS with Rotation  +47,200 -42,000 89,200
LOW 1.2 90° GPS with Rotation +45,100 -40,700 85,800
3. Variation in 6y
Axial Stresses
o t h Axial (psi)
(in) Constraint Maximum Minimum Range

40° 0.7? HIGH GPS with Rotation 452,300 - 46,100 98,400
90° 0.72 HIGH GPS with Rotation 448,000 ~42,800 90,800
140° 0.77 HIGH GPS with Rotation +46,300 -50,400 96,700
40*  0.77 PROTOTYPE GPS with Rotation 451,600 ~45,900 97,500
140*  ©0.77 PROTOTYPE GPS with Rotation 447,400 -51,000 98,400

%See Table 2 for numerical values




Therefore, striping op a flat plate will adequately
approximste thermal stripiag on the iaside pipe

wall. & sinusoidal variation in fluid temperature is
saspuaed which is realistic based on the shape of
temperature variations measured in the tests. (The
siousoidal wave shape is not apparent in Figure 3 due
to the compression of the time scale).

The two principsl veriables which effeci thermal
striping strecs are film coefficient and striping
frequency. The attenuafion of the amplitudc of the
fluid temperature fluctuation varies significently
over the range of frequency and film coefficient
which are prototypic of ctratified sodium. The
attepuation of fluid temperature fluctuation through
the fluid boundary layer is givea by Jakob [1) as

n = 1 (3)

S 1e2807) + 2080632

11ble 4 provides velues of n for
representative frequencies and film coefficients. n
is a strong function of film coefficient and is
effected by freguency at lower values of film
coefficient. PFujimoto observed that the values of
dynamic film coefficients due to occilletions is
stratified flow vary from 1.25 to ? times the nominal
value. Assuming that these factors can be applied to
sodium, for the worgt cese conditions in this study
the dynamic film coefficient would exceed 30,000
BTU/FT2-Hr-*F and n would approach unity. In
order to insure conservatism, the attenuation of the
thermal fluctustion through the fluid boundary iz
neglected. If the dynamic film coefficients are
close to nominal values of h then n<<l and the
effect of thermal striping would be greatly reduced.
The uncertainity in this assumption remains and
additional research is needed to quantify dynamic
effects in sodium.

The state :{ stress in the pipe is also
dependent on freqguency. The stress state due to
thermal striping is biaxial and the state of strain
is triexial. The axiel and hoop components of strain
may be represcnted by

= a(T - 7T ) (&)

[ = €
axial hoop average

TABLE &
ATTENUATION OF TEMPERATURE AMPLITUDE THROUGH FLUID
BOUMDARY LAYER

Frequency Film Coefficient

© b _ AT _surface

_(Hertz) BTU/Hr-Ft2-°F M ® BT fluid_
0.5 1,000 0.27
0.5 15,000 0.87
0.5 30,000 0.93
0.1 1,000 c.47
0.1 15,0600 0.94
0.1 30,000 0.97

where T represonts the temperature et the point
of strein and Tguorape 185 the sversge temperature
through the pipe unli. The radial strein is non-zero
and is due to the Poisson's effect. MNeglecting
pressure, the radial stress is zero. The hoop &ud
aziel stress components can be readily derived from
Hooke's law ss

Vg

v (T - Tlverlse) (53

u‘xiul ° ohoop =
In order to evaluate Eqs. & and 5 the trensient
temperature distributions must be known. Carplaw gnd
Jaeger (4] provide e classical volution for a €let
plate subject to hermoric variation in fluid
temperature. Poindexter [5] gives an indepth
ezamination of this solution with specific insight
into the effects frequency end plate thickness. The
mazimum values of stress in Eq. 5 are given by

Poindezter as

Ex %
= —— (7) & (6)
I,max 1-v (2 ! »ax
where AT represerts the maximum range of
surface temperature and

T - T
surface nverngg) o
a1/2

4 = (
Poindexter also notes that
4 « $(B) (8>

where B = Yw/Zab. & approaches unmity for
large 8. Hence the wmaximum surface stress occurs on
e semi-infinite body. The same ctress will develop
for finite thickness if w is sufficiently large.
The examination of 8 for prototypic frequencies end
wall thickness indicetes that the pipe wall resembles
s thermally thick plate. Results given by Poindexter
show that for w = 0.5 Hertz and b = 0.5 inches, 8 =
3.37 and & = 0.88. Thus the largest surfece stress
would occur at w = 0.5 Hertz. For AT = 240°F Egq.
6 yields Opgy = 82,600 psi. It is interesting to
note that oy., is of the same order of magnitude
as the maximum stress due to static stretification.

FATI1GUE

Fatigue damage due to e static stratified
interface and thermal striping are eveluated and
compared in crder to understand fatigue damage due to
stratified flow. Fatigue design curves from the ASME
Boiler and Pressure Vessel Code Case N-47 [7] are
used as & basis of comparison. The effective strain
range used in the fatigue calculations is defined as

v 2 2
Att % 2(1+v) ‘Acrndial - Achoop) *
2
+ (Aehoop - Atnxinl) +
2.1/2
B riar - Brrgial’ ) 9

The state of stress through a pipe wall subject
to static stratification is uniaxisl and strain
controlled. Hence, the effective strain range
represented by Eg. 9 simplifies to

static stratification

Act = afiT (10)



TABLE S
SUMMARY OF WORST CASE FATIGUE DAMAGE
(I/CA @ Location 2, 4.5 GFM)

at YL

t ¥ o_
seatic n P (% 4 d
Stratificstion 1 400 0.4 936  0.00107
Thermal
Striping: *
Winimom AT 15 40 0.0827 1.6x10° 9x107¢
Average AT 71 140 ©0.290 3630 0.0195
Mazimum AT 16 240 0.4% 712 0.0225
s
s 0.0431

'Act = aAT for static stratification

b, - 20T

t 1-v Smax for thermsl scripiog

a » 11.0210° in/in-*r. & = 0.9, v = 0.5
| T %4

The state of stress due to thermal striping is
bisxisl and Bgs. 4, 7 and 9 wmay be combined to give

Ac thermal striping - aldT s (11
t 1-v max
It should be nuted that Eq. 11 is valid for
slastic strain if v = 0.3 and plastic strain if v
= 0.5. A valu~ of v = 0.5 is used in this anaiysis
to account for plastic strsin.

In this assessment of fatigue damage, the inside
pipe wall is assumed to encounter } strain cycle due
to static stratification and the sum of the thermal
striping cycles measured in the tests. Temperature
fluctuations were converted to strain ranges vias Eq.
11 and strain cycles were conservatively summed into
three strain range groups. Totsl fatigue damage was
cslculated for each set of massurements using the
1000°-1200°F 316 SS fatigue design curve of Figure
T-1420 in Reference 6. The worst total fatigue
damsge due to thermal striping occurved st
thermocouple 4 of location 2 for the 4.5 GPM flow
tate. (This is the same data displayed in Figure
4.) A summary of the fatigue damage calculation is
given in Table 5 along with the fatigue damage cue to
1 cycle of static stretified flow.

Results in Teble 5 clearly indicate that the
fatigue demage from thermsl striping is large
relative to the fatigue damige due to static
stcatification. Less then 3 percent of the fatigue
damage can be sttributed to static wtratified flow.
Purthermore, the total damage due to 1 event is low.
However, in a plant life there may be multiple duty
cycle events which produce reverse flow and
stratification mgy have the potential to produce
significant fatigue damage and should therefore be
congidered in the enalysis of ‘iping designs. It is
noted that the frtigue damages presented here are
conservative, Aciual thermal gradients in sodium
piping systems will be loss than those measured in

the wster tests due to the difference between the
Prandlt numbers of water and sodium. Futhermors,
worst case film coefficients were assumed in this
anslysis. More detailed cycle counting end less
consurvative estimates of plastic straln would also
Tteduce the calculated fatigue damage.

COMCLUSTONS

Stratified flow due to low velocity reverse
flows has the potential to produce significant
fatigue dsmage in primary pipe systems of loop type
LMFBRs. In simulated water model tests the interface
between the hot and cold stratified fluids was
observed to oscillate in a wave wotion producing
thermal striping on the inside pipe wall. Thermal
striping was identified as the major source of
fatigue damage and it is most severe at low values of
Richardson numbet.

The major uncertainties in this study are
telated to fluid behavior. Thermal gradients
maasured in water model tests are conservative due to
the relative Prandtl numbers of water and sodiuwm.
However, the degree of consecvatism has not bwen
quantified and better correlation of water-to-sadium
test date is needed. Also, high values of film
coefficient were necessarily chosen to insure
conversatism in the snalysis of thermal striping.
Current data show a wide variation in dynamic film
coefficients. Patigue due to thermsl atriping could
be significantly reduced 1f lower values of film
coefficient could be justified.
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FATIGUE OF LMFBE PIPING
DUE TO FPLOW STRATIFICATION

W. S. WOODWAED
Senior Engineer
Menber ASME
Westinghouse Electric Corp.
Hadison, PA

ABSTRACT

Flow stratificstion due to reverse flow was
simulated in & 1/5 scale water eodel of a LMFBR
primary pipe loop. The stratified flow wes observed
to have a dynamic interface region which oscillated
in & wave pattern. The behavior of the interface was
characterized in terms of location, local temperature
fluctuation and duration for various reverse flow
conditiont. A structural segessment was performad to
determine ~he effecte of stratified flow on the
fatigue life of the pipe. Both the static and
dynamic aspests of flow stratif.:ation were
examined. The dynamic interfece produces thermel
striping on the inside of the pipe wall which isg
ghown to have the most deleterious effect on the pipe
wall and produce significant fatigue damage relative
to a static interface.

INTRODUCTION

Flow stratification is a phenomenon which has
the potentisl to cause significant fatigue damage in
liquid metal pipe systems. Stratified flow can occur
in loop type LMFBR primary pipe systems during remote
events which involve both a pony motor failure in ome
loop and check valve leakage. During these events
reverse flow may initiate in the sffected loop and
cold sodium residing in the intermediate heat
exchanger (I1HX) is pushed backwards out of the inlet

nozzle and up through the hot leg pipe. Flow
stratification may develop when the cold sodium
resches a horizontal pipe section comtsining hot
sodiur. The controlling psremetes for identifying
the initetion of flow stratification is the
dimensionless Richardson number. The Richardson
number represents the retio of bouyancy forces to the
inertial forces {n the fluid flow. The bouyancy
forces sre due to the difference in density between
the hot and cold fluids and under low velocity
reverse flow conditions the bouyancy forces dominate
the tnecrtial forces and stratification develops. The
interface region between the hot and cold sodium
layers is of psrticular interest because large
variations in locsl fluid tempersture coupled with
charscteristically high film coefficients can produce
large varistions in tempa.-ture in the pipe wall.

The resulting thermal stress fluctustions contribute
to fatigue of the pipe.

Until recently there has been little research
directed toward the understanding of flow
stratification in piping systuoms. The fluid
phenomenon is cutrently being evsluated by Kacszs st
Argonne Nstionsl Lsborstory for piping systems
prototypic of those found in loop type LMFBRs. This
test program is intended to give pipe designers an
understanding of the problem and provide
recommendations on how to minimize stratification

NOMENCLATURE

b Thickness of pipe wall o Thermal diffusivity
D Inside diameter of s pipe B Dimensionless thickness, vw/Zab
Dy, Hydraulic diameter € Strain

= 4-(Flow area)/(Wetted perimeter) Ap pifference in density due to temperature
E Young's wodulus difference AT
g Gravitation scceleration AT Haximum tempersture difference in fluid
h Film coefficient 3 Surface Lo sverage temperature difference
k Thermal conductivity n AT surface/AT fluid
B3 lneide radius of pipe 8n Angle from vertical indicating location of
By Outside radius of pipe central position of the stratified interface
t Thickness of interface region P Density
v Flow velocity @ Freguency of oscillation




effects. EKasze has developed a correlation between
the Richardson number and the initiation of flow
stratificetion. These results indicete that
stratification will probabl: develop during low
velocity reverse flow ~vent: in LMFBR primary pipe
systems. Pujimoto [1) performed tests to investigste
flow stratification in pipes with the specific
purpose of studying the fluid tehavior in the
vicinity of the iaterface between the hot and cold
fluids. He obsc:ved significant wave motion at the
interfsce which resembled the wave motion of flow in
an open channel. Moreover, he concluded that the
film coefficients at the intcerface were a5 high as
seven times nomimal values. Although these studies
provide key date in quantifying the fluid phenomenon,
they do not sddress the effects of stratification on
the pipe structure.

The purpose of the present study is to provide
an understanding of how flow stratification
contributes to fatigue deamage in LAFBR primary pipe
systems. Stratified flow was simulated for reverse
flow conditions in & seriecs of scaled water tests.
The fluid behavior wes observed and local fluid
temperature fluctuations were messured. Under
reverse flow conditions, highly dynamic thermal
fluctuations were observed which were due to the wave
motions of the interfece of the hot &nd cold fluid
layers. In this study, featigue damage due to static
stratified flow and the dynamic wave motions are
examined. It is demsnstretled that the dynamic nature
of stratificetion can be the sosl deleterious to the
Pipe wall.

WATER MODEL TE3TIS

Reverge flow events, tvpical of Lhose which
occur in loop Lype ILMFBR primary pipe systems, were
simulaled in scaled water model tests. The objective
s to oblain fluid temperatures for use in
calculating pipe wall temperatures and subsequently
thermal stresses and fatigue damazge. The model was
constructed from plexiglass pipe and is illustrated
in Figure 1. The wodel includes a large diameter
(6.5 inch I.D.) hot leg which cornects the reactor
vegsel with the primary pump eanu & swmaller dismeter
{4.0 inch 1.D.) hot leg connecting the primary pump
any intermediate heat exchanger (YHX). The volume of
fluid in the pump wmodel is representative of the
volume of fluid in a scaled primary pump, however,
the pump dynemics were not modeled. The pipe wmodel
wag initially filled with gtatic 130°F water.

Reverse flow was simulated by injecting 70°F water at
the 1HX inlet. Dye wes injected into the cold stream
for flow visualization. Transieni fluid temperature
were messured at cross sections 1 through 5 (Figure
1) using closely spaced thermocouples around the
circumference of the pipe well. The thermocouples
were Type X grounded thermorouples with time
constants in a range of 0.1 - 0.3 peconds. Figure 2
illustrates the placement of thermocouples in the
crosc sections. Thig srrangemen: was decigned
specifically to detect the locetion of the interface
between the hot end cold layers as stratified flow
developes and moves up through the cross section.

Test Conditions

The selectinn of parameters for the mcaled water
tests was based on similitude of the Richardson number
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Reverse flow velocities were selected such tlat
Richardscn numbers in the tests werc equal to
prototypic values for s LMFBR primary pipe systenm.
Meximum reverse flows in current LMPBR designs are
limited by check velve lesksge to 1100 GPM. The
woeximum difference in sodium temperature for reverse
flow events in loop type LMFBR:s is 400°F. Diemeters
of 23 inches and 35 inches were used ar diameters for
prototypic hot leg pipes and Richardson numbers were
calculated for maximum reverse flow velocities in
each p'i. leg., Tesl flow rates were based on
simulation of 42 percent to 100 percent of the
maxrimum reverse flow rates. The selected test
conditions are summarized in Table 1.

Establishing similitude based on the Richardson
numter does not insure complete similitude between
the mcdel snd prototype. The Reynolds numbers should
be equivalent for dynamic similitude and the Prandtl
numbers should be equivalent for thermal similitude.
For these tests similitude of both the Reynolds
number and Prandtl number ceannot be established
concurrently with the similitude of the Richardson
number. The Reynolds numbers of the reverse flow for
actual plant events are turbulent being in s renge of
109-106. The Reynolds numbers in the tests fall
in the laminar to turbulent transition reange (Teble
1). Thus, the dynamics of the fluid in the test do
not simulete that of the plant. Although similitude
in dynamics is not rigoriously established, teste
which have turbulent flow regimes should provide
reasonable dynamic simulation. Moreover, the thermal
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Cross Sections

gradients in actuel plant events are expected to be
much lower than in the tests because the Prendtl
number of sodium is of the order of 1000 times lower
than that of water. The effect of Prandtl number is
judged to dominat: over any differences in dynamic
behavior between the test and the plent. Thus,
thermal gradients observed in the water tests will be
grester than those in s LMPBR primscy pipe system end
thermal stresses cslculated from the water test data
will be conservative.

Observations and Resulte

Stratificaticn was observed to develop under sll
test conditions. The interface between the hot and
cold fluids moved slowly up through the cross
sections until the entire pipe was filled with cold
fluid. Besed on the duration and the amplitude of
fluid temperaturc difference, the worst locations in
the small and large pipe mections were 2 and 5
respectively. FPigure 3 illustrates the temperature
distribution at location 2. The time required to
completely wash out tbe hot fluid increased with
increasing Richardson number. Illustrating this
point, stratification disappesred after 500 seconds
at location 2 for a flow rate of 6.0 GPX while it
persisted after 4000 seconds at location 5 with e
flow raste of 3.0 GPM. The thickness of the interface
region, within which the temperature changed from the
hot fluid temperature to that of the cold fluid,
varied in the range of 0.6 to 2 inches.

TABLE 1
SUMMARY OF TEST CONDITIONMS

Cold Water
Flow Rate Re*3
Pipe Sectlon __{ern} Bi 07
4.0 inch I.D. 6.0 5.3 8.5
4.5 .5 6.4
3.0 21.4 4.3
6.5 inch 1.D. 7.1 44.0 6.1
5.0 88.0 4.3
3.0 247 2.3
v
% Re = —;—' Vv and Dh are bssed on reverse

flow through bottom half of gipe.

Another significant observation was the
oscillation of the interface region. Porces in the
shear flow cauvased the stratified interface to
fluctuate in s wave motion similar to that described
by Fujimoto. This was most pronounced at low
Richardsun numbers. The aovement of the interface
regpion cavses severe transient thermal fluctustions
in the pipe wall termed "thermal striping”. Figure &
illustraters the tesulting locsl tempersture variation
for the worst case thermal striping. Note that the
curves in Figure 3 donote average data because local
fluctuations such as those shown in Figure 4, are
filtered out. The freguency of the thermal striping
varies between 0.1 and 0.5 Hertz and under worst case
conditions the omplitudes are ag high as 60 percent
of the maximum difference in fluid temperature. The
worst case thermal striping was weasured by
thermocouple 4 st location 2 during the 4.5 GPM
test. The durstion of the striping was 440 seconds.
A total of 102 cycles was counted. Pifteen percent
of this total measured less than ten percent of the
fluid AT. Seventy percent of the cycles were less
than thirty-five percent of the fluid AT while only
two percent measured lese than sixty percent of the
fluid AT. Thus only a small percent of the total
eycles approached the maximum amplitude.

Thus, two sources of fatigue were identified in
these tests. The first source is from gtress due to
the presence of a static stratified fluid which
maintains the top of the pipe at a higher temperature
than the bottom. The second source is from stress
due to the dynamics of the interface region which
produces thermal striping on the pipe wall. The
thermsl stresses which result from these two
phenomena are examined in the next section.
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THERMAL STRESSES

Thermal stresses which result from
stratification were studied as & basis for assessing
fatigue damage. 1In order to simplify the snalysis,
the thermal gradients in the pipe wall were decoupled
into two categories based on the two festures of
stratification previously identified. They are:

A. static stratification represented by hot and
cold layers of sodium seperated by an
interfoace region and

B. thermal striping due to the oscillation of
the interface.

Neglecting oscillation of the interface, the
movement of the stratification up through the pipe
cross section is sufficiently slow chat the
assumption of the "static” interface closely
spproximetes the phenomenon. The thermal and stress
distributions for this problem are essentially
time independent. 1In contrast, the oscillation of

the interface is relatively fast, produciog
time-dependent dlstributions of tempersture and
stress in the pipe wall. The distributisns of
temperature and elastic stress for botbh of these
problems are examined in this section.

Stetic Flow Stratification

The temperature gradients and stressex dus to
static stratified flow were assessed using rthe WECAN
finite element program [2]. Finite element models
weare constructed of Z-D quadratic isoparametric
elements and are illustrated in Figure 5. The aodels
represent & large diameter thin walled 316 5S pipe,
typicel of those feund in loop type LNFBRs. The
£fluld was modeled as an isothermsl hot (1000°F) layer
of sodium residing over an isothermsl cold (600°F)
layer of sodium separsted by an interface region
within which the fluid tempersture varied linesrly.
A parametric study was performed to examine the
sensitivity of solutions to varledvles which are
necessarily assumed in the analysis. The parameters
varied ip the thermal suslysis are the interface
thickness, t, the film coefficients in eech region,
h, sud the location of the intecface By. These
variables are illustrated in Figure 6. Linear
elastic stress solutions were genersted from the
resulting thermsl distrihutions eud the sdditional
varisble of pipe constreint wes introduced in the
calculstion of stress. Internal pressure wes
neglected.

The values of the variables examined in the
parametric study are listed in Table 2. Interface
thicknesses span those observed in the water model
test. The largest value was judged to be
representative of actual in sodium gradients. The
beat transfer between the fluid snd pipe wss modeled
while the outside pipe weae adisbatic. Bourding
vealues of film coefficients were based on static bot
sodium and flowing cold sodium. The dynamics of
thermal striping were considerzd in computing velues
of film coefficient in the interface region even
though thermsl striping itself was neglected.

DENSE MESH
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Figure 5 Finite Element Models of Static

Stratified Flow
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Pujimoto concluded that film coefficients in the
interface region can be a5 high ez 7 timag the
nominal value. In this study the highest film
coefficients were 10 timus the nominal.

The locetion of the interface was varied from
8y = 40° to 8y = 140°. Extreme values of
Bn were not enalyzed because they represent
limiting cases which can be assessed in & simplified
msnner. At the initiation of s very low velocity
event 6, = 180° and 6, approsches 0° at the
end of an event. Stresses for these limiting values
of 85 can be readily analyzed by congidering the
entire pipe section as being isuthermal with & local
deviation in wall temperature equal to the maximum
fluid AT. 1In such cases, the region where the
temperature differs can be assumed to be €fully
constrained by the remsinder of the pipe. It is the
interwediate values of Gm which produce probleams
Lthat are statically indeterminant and hence are of
interest. The most prototypic axisl constraint of
the pipe is generalized plane strain with rotaticn.
This constraint allows both & constant axial
deflection and a constant rotation of the pipe cross
section, i.e., the nei axial force and net axial
moment are zero. This corresponds to the commonly
employed beam mode of deformation where pPlane
sections remain plane. Generalized plane strain
without rotation, i.e., Eaxjal = CODstant, is
slightly over constreining. Plane strain i.e.,
€axial = O, is extremely over constraining and
unrealistic and is not considered in this study.

The mechanics of the formation of stratificetion
stresses provides insight to the structural
responge. Temperatures in the pipe were found to be
nearly constent through the wall and were isothermal
a short distance a short distance from the
interface. The latgest component of stress is axial
which develops from differentinl axial expansion
through the pipe cross section. The axisl stresses
are nearly constant through the pipe wall and
therefore are sppropriately termed “membrane”. The
digtribution of axial stress around the circumference
is a function of the axial constraint. The formation

TABLE 2
VARIABLES IN FARAMETRIC STUDY OF STATI  LfATE
FLOW STRATTFICATION

1. Interface Thicknass

L3 t = 0"
[ ] t «0.727
L] t al.2"
® ta=3.5"
2. Filo Coefficient ( B.f,“ )
Rr-Ft™ -°F
hHOI = 900
® High Values hINTBRFACE = 12000
hCOLD - 1200
hHOT « 450
v = 0
® Low Values hINTEaFACE 3000
hCOLD = 600
® b h h
_® _HOT _INTERFACE _COLD
L] Prototypic
Values 40° 900 000 900
140* 900 52000 5200
3. Location of Interface
® High @ = 40°
® Centrsl 8 = 9p°
e Low B = 14p°
4. Axial Constraint
=313 -Onstrsint

L} Generalized plane strain w/rotation
® Generalized plane strgin w/o rotation

5. Temperature Difference

® Hot Sodium = 1000°F
e Cold Sodium = 600°F

of axial stresses and sample results are plotted in
Figure 7 for the axial constraint of generalized
Plane strain witk rotation. Hoop stresses develop
due to differential radial expansion ss illustrated
in Figure 8. The hoop stresses are "bending" in
nature and arises from the enforcement of
compatability of "he pipe in the interface region.
It should slso be noted in the example in Figure 8
that the maximum and minimum hoop stresses occur at
the top and bottom of the pipe cross section and are
small in magnitude compared to peak axisl stresses.
«adial stresses are small and are limited to maximum
values of internal pressure in the pipe. Typical
primery system pressures in LMFBKs ace limited to
several hundred psi. For the purpose of this
asgesgment, radial stress is considered negligible.



Results from the perametric study are provided
in Teble 3. Only one parameter was veried in s given
sel of anaolyses. The most significant result is that
the stress range and peak axial stress are pmot highly
sensitive to relatively wide variations in interface
thickness, film coefficient, location of the
interface ond axial constreint. The most pronounced
variations occured due to changes in the interface
thickness and axiel constreint. The maximum elastic
siress as ell as the stress range decrease with the
increasing interface thickness. Maximum stress and
stress range for t=3.5 inches are 17 percent lower
than those for t=0. 1Interface thicknesses observed
in the water tests ranged from 0.6 inch to 2.0 inches
while the interfece thicknesses in actual sodium
gystems are expected to be larger based on the effect
of Prandtl number.

The deta in Table 3 show a 16 percent increase
in stress when the cross section is constrained from
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is however the most reslistic and the rotation
produced by stratification corresponds to a 3.3
degree rotation of the cross section over & 20 foot
length of pipe. The maximum deflection of a pipe
under these conditions would be 1.8 inches at the
midpoint.

Results in Table 3 indicate that the stress
range it minimum at 85 = 90°, but varies only 8
perceat over a wide range of 85. The axial
stress components increase as By decreases.
However, for 40° <8y < 140°, the maximum strese
varies by only 13 percent.

These results provide an interesting perspective
on the widely used formula

EaAT

max © 7 (2)



M a e

Bgq. 2 represents tbe maximum stress resulting

from foll restraint of thermal bending.

For this

ceazon it provides ¢ good epproximation for the

stress in a pipe in generalized plane atrain witbout
rotation. Binca the rotstion due to stratification
is small, it slso provides a good spproximstion for

etress due to stratification.

Bq. 2, evaluated for

AT = 400°F using averag: msterial properties for

316 8S, yields a mazimum stress of 53,000 psi. This
is slightly higher than the msximum stress for

8y = 40°. The strein range is equal to twice

this value, i.e., 106,000 psi, which is within 1
percent of the range predicted for guneralized plane

stealn with constrained rotation.

The upper limit of

the elastic azial strese for the bounding cases of
8y = 0° apd By = 180° will approach this
vslue essuming the local region where the temperature
differs is completely constrained by the remainder of
the pipe. Finally, the varletion 1s stress due to

variations in film coefficient is insignificant being

less than 5 percent.

Thermal Stripiag

Oscillation of the iaterfece produces
temperatures and stresses in the wall which are
significantly different from the distributions
resulting from a static interface. <Through-the-wall
varistions in tempersture end stress are highly
nonlinear and time dependent. The frequency of
oscillation was empirically detzrmined to be in the
raage of 0.1 to 0.5 Hertz. Amplitudes up to 60
percent of the maximum fluid temperature difference
vere observed in the tests. The resalting
tewmperature and stress distributions are analyzed
here based on the assumption that curvature in the
pipe wall can be neglected. For thermsl
distributions in & pipe wall the effect of radius is
not important unless B~1/YWw/Z2«. For w =~ 0.5 Hertzr,
1//w/2= = ©.066 inch which supports this assumption.
Also the ratio B/b is 24 which makes this assumption
valid for the structural response as well.

TABLE 3
STRESS RESULTS OF PARAMETRIC STUDY FOR
STATIC FLOW STRAT1FICATION

1. Varistion in t
Axial Stresses
t h Bm Axial (psi)
(in.) Constraint Maximum Minimum zange
[») RIGH* 90" GPS with Rotationm +48,100 -43,000 91,100
0.72 HIGH 90° GPS with Rotation +48,000 -42,800 90,800
1.2 RIGH 90° GPS with Rotationm  +47,200 -42,000 89,200
3.5 HIGH 90° GPS with Rotation  +41,000 -37,000 78,000
2 Varietion in h
Axisl Stresses
b t 6m Axial (psi)
{inJ Constraint Maximum Minimum Range
HIGH 1.2 90° GPS with Rotation +47,200 ~42,000 89,200
LOM 1.2 90° GPS with Rotation +45,100 ~40,700 85,800
3. Variation in 8
Axial Stresses
on t h Axisl (psi)
{in) Constraint Maximum Minimum Range
40  0.77 HIGH GPS with Rotation 452,300 -46,100 98,400
50 0.72 HIGH GPS with Rotation +48,000 -42,800 90,800
140 ©.77 HIGH GPS with Rotation  +46,300 -50,400 96,700
40* 0.77 PROTOTYPE GPS with Rotation 451,600 -45,900 97,500
140 ©0.77 PROTOTYPE GPS with Rotation  +47,400 -51,000 98,400

*See¢ Table 2 for numerical values



Therefore, striping on & flat plate will edequetely
epproximate thermsl striping on the inside pipe

wall. A sinusoidal varistiov ic fluid temperature is
assumed which is reslistic bused on the shape of
temperature varistions measurad in the tests. (The
sinusoidal wave shape is pol: apperent in Figure 3 due
to the compression of the time scale).

The two princ.psl variables which effect thermsl
striping stress ~.ce film coefficient end stripieg
frequency. The attenuation of the amplitude of the
fluid temperature fluctuntion varies significantly
nyer the range of frequency and film coefficient
which are prototypic of stratified sodium. The
attenustion of fluid temperature fluciuation through
the flnid boundary layer is given by Jakob [3] as

n o= 1 Y

7/ 1a2e8b?) + 28652

Tahle 4 provides values of n for
representative frequencies and film coefficients. n
ie a strong function of film coefficient ana ic
effocted by frequency at lower valuete of film
coefficient. Pujimoto observed that the values of
dynamic film coefficients due to oscillations is
stretified flow vary from 1.25 to 7 times the nominal
value. Amcuming thet these factors can be epplied %o
sodium, for the worst cese conditions in this study
the dynamic film coefficient would exceed 30,000
BTU/ET2-Hr-°F end v would wpproach unity. In
order to insure conservatism, the atfenustion of the
thermal fiuctustion through the fluid boundary is
neglected. 1f the dynamic film coofficients are
close to nominal values of h then nA<c<l and the
effect of thermsl striping would be greatly reduced.
The uncertainity in this assumption remains &nd
additionsl research is needed to quantify dynamic
effects '‘n sodium.

The state of stress in the pipe is also
dependent on frequency. The stress state due to
thermal striping is biaxial ard the state of strain
ie triaxial. The axial and hoop components of strain
wmey be represented by

= a(T -~ T ) (a)

[ = €
axial hoop average

TABLE 4
ATTENUATION OF TEMPERATURE AMPLITUDE THROUGH FLU1D
BOUNDARY LAYER

Frequency ¥ilm Coefficient
"] h 7
BTU/Hr-Ft -°F

{nertz)
0.5 1,000 0.27
0.5 15,000 0.87

30,000 0.93

1,000 0.47

. 15,000 0.94
0.1 30,000 0.97

co

where T Tepresents the tempersture st the poiot
of strein and T yerape i8 the sversge temperature
through the pipe wnli. The radiel strain is non-zero
snd is due to the Poisson's effect. Keglecting
pressure, the radisl stress is zero. The hoop and
axial stress components can be readily derived from
Hooke's law as

(T - T.v.r.se) 5)

Ba

%gzial = “hoop = 1-v

In order to evaluate Egs. & and 5 the transient
temperature distributions must be known. Cearslaw and
Jaeger {4] provide a classical solution for a flat
plate subject to hermonic variation io fluid
temperature. Poindexter {5) gives an indepth
sxemination of this solution with specific imsight
into the effects frequency and plate thickness. Thz
mazimum velue: of stress in Bq. 5 are given by
Poindexter as

Ea AT
= (O (3]
u-ux 1-v (2 ) a-u
where AT represents the maximum range of
surface temperature end

T -1
4 = (-Bucfece _ everage, s
8172

Poindexter also notes that
3 = §(B) (8)

where B = vo/Zat. & spproaches unity for
large 8. Herce the maximum surface stress occurs on
a gseni-infinite body. The same stress will develop
for finite thickness if w is sufficiently large.
The examination of § for prototypic freguencies and
wall thickness indicates that the pipe wall resewbles
a thermally thick plate. Results given by Poindexter
show that for « = 0.5 Hertz end b = 0.5 inches, B =
3.37 end & = 0.88. Thus the largest surface stress
would occur at w = 0.5 Hertz. For AT = 240°F Egq.
6 yields Opgy = 42,600 psi. It is interesting to
note that op,y is of the same order of magnitude
a5 the maximum stress due to static stratification.

FATIGUE

Fatigue deamage due to a static stratified
interface end thernal striping are evalusted and
compared in order to understand fatigue damage due to
stratified flow. Fatigue design curves from the ASME
‘Boiler and Pressure Vessel Code Case N-47 [7] are
used as a basis of comparison. The effective strain
range used in the fatigue calculations is defined as

vy 2 2
Bey = 2ewr Bradial = 2hoop’
2
+ (A‘hoop - ﬂcnxinl) +
2,172
(Atnxinl - Be adia’ ! 9

The ctate of stress through a pipe wsll subject
to static stratification is uniaxial and strain
controlled. Hence, the effective strain range
represented by Eq. 9 simplifies to

tati ces
be static stratification - afT

t (10)



TASBLE 5
SUXMAL'Y OF WORST CASE FATIGUE DAMAGE
(T/C4 ® Location 2, 4.5 GPM)

ar Ac»

¢ - o
static o (°n Ry d Nd
Stratification 1 400 0.44 936 0.00107

Thormsl
Striping: *
Yioimum AT 15 40 0.0827 1.6210° 9x107®
Averags AT 71 140  0.290 3630 0.0195
Maximum AT 16 240 0.496 712 0.0225
n
= .04
I 0.0431

tA:t = oAt for static stratification

adt
Att - [

1-v Smar for thermal] striping

o = 11.0x10°° insin-*r, & = 0.94, v = 0.5
nax

Thz state of stress due to thermsl striping is
biaziel and Eqs. 4, 7 and 9 maey be <ombined to give

be tbermal s3triping - adT s an
14 1-v max
It should be noted thst Eq. 11 is valid for
elastic strain if v = 0.3 and plastic strain if v
= 0.5. A value of % = 0.5 is used in this analysis
to account for plastic strain.

In this assessment of fatigue damage, the inside
pipe wall iz assumed to encounter 1 strain cycle due
to static gtratification and the sum of the thermal
striping cycles measured in the tests. Temperature
fluctustions were converted to strain ranges vie Eg.
11 and strain cycles were coaservatively summed into
three strain range groups. Total fatigue damage wa:
calculated for each aset of measurements using the
1000°-~1200°F 316 SS fetigue design curve of Figure
T-142C in Reference 6. The worst total fatigue
damage due to thermal striping osccured st
thermocouple 4 of location 2 for the 4.5 GPM flow
rete. (This is the same data di.played in Figure
4.) A surmary of the fatigue damage calculation is
given in Table 5 along with the fatigue damage due to
1 cycle of static stratified flow.

Results in Table 5 clearly indicate that tbe
fatigue damage from tbermal striping is large
relative to the fatigue damage due to static
stretification. Less than 3 percent of the fatigue
damage can be attributed to static stratified flow.
Furthermore, the total demage due to 1 event is low,
However, in a plant life there mey be multiple duty
cycle events which produce reverse flow and
stratificetion may have the potential to produce
significant fatigue damage and should therefore be
considered in the analysis of piping designs. It is
noted that the fatigue damages presented here are
conservative. Actual thermal gradients in sodium
piping systems will be less than those measured in

the water tasts due to the difference betwsen the
Prandlt numbers of water snd sodlum. Faothermore,
worst case film coefficients ware assumed in this
enalysis. MNore detailsed cycle counting and less
conservative estimates of plasiic strain would also
ceduce the celculated fatigue damage.

COMCLUSIONS

Stratified flow due to low velocity reverse
flows has the potential to produce 3significant
fatigue demage in primery pipe systems of loop type
LMFBRs. 1In simulated water model tests the interface
betwassn the hot and cold stratified fluids was
observed to oscillate in ¢ wave motion producing
thermal stripiag on the inside pipe wall. Thermal
striping was identified as the major source of
fatigue demage and it is most severe at low values of
Richar4son nuaber.

The major uncertainties in this study are
related to fluid behavior. Thermal gradients
measured in water model tests are comservative due to
the r=lative Prandtl numbers of water and sodium.
However, the degree of conservatism has not been
quantified and better correlation of water-to-sodium
test data is naeded. Also, high values of film
coefficient wcre necessarily cbosen to insure
conversatism in the analysis of thermal striping.
Current data show a wide varistion in dynamic film
coefficients. Fatigue due to thermal striping could
be significantly reduced if lower values of film
coefflicient could he jurtified.
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