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Abstract—Analytical models are presented for the determination of thermal field in the heat transfer tubing
under critical heat flux (CHF)induced thermal oscillations in a sodium-heated steam generator. The
oscillatory nature of the water/steam convective boundary conditions in the post-CHF transition boiling is
simulated by postulating a number of rivulet-type wet regions that are swirled around the tube circumference.
The rate at which the rivulets are swirled or rotated is determined by the indications of recent test data at
Argonne National Laboratory. The same test data are also used as the criteria on model development. The
results of 1-, 2- and 3-dim. models indicate that the 2-dim. (radial-circumferential) model with three or four
rivulets and a 26.77,, total circumferential wetness may be adequate for the thermal analysis of heat transfer
tubing under oscillatory transition boiling.

NOMENCLATURE

area;
tube material specific heat;

film boiling heat transfer coefficient ;
heat transfer coefficient at tube inner
surface ;
nucleate
coefficient ;
heat transfer coefficient at tube outer
surface;

tube thermal conductivity ;

tube length;

modeled tube length ;

time step index;

nodal point designations in ith, jth, and
kth directions, respectively;

pressure ;

heat flux;

inner tube radius;

interior radial position where the tem-
perature is specified ;

outer tube radius;

radial coordinate ;

surface area of control volume V ;
temperature ;

temperature at R, ;

water/stcam temperature ;

fluid temperature outside heat transfer
tube;

time;

volume;

axial coordinate.

boiling  heat  transfer

Greek symbols

B.
Ar,
AT,

weighting function;

incremental radial length;;
temperature fluctuation amplitude at
tube inner surface;
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AT,

ATt
A(AT),

At,
AV,
Az,
Al,

Subscripts

CHF,
DO,
ID,

i

J

k,

o,
oD,

temperature fluctuation amplitude at
tube outer surface;

temperature fluctuation amplitude at
thermocouple location ;

amplitude of through-the-wall tempera-
ture difference fluctuation;

time step;

incremental control volume;;
incremental axial length;

incremental circumferential angle ;
angular coordinate ;

tube material density;

revolving rivulet period or period of
temperature fluctuation ;

base frequency.

critical heat flux;

dryout;

inner diameter;

ith node in radial direction:

Jjth node in angular direction;

kth node in axial direction;

tube outer surface;

outer diameter

water/steam condition ;

condition outside heat transfer tube.

INTRODUCTION

Tue conmtions of critical heat flux (CHF), or depar-
ture from nucleate boiling (DNB), occasionally exist in
power plant stecam generators. The flow pattern inside
an evaporator tube prior to the onset of CHF /dryout is
usually of annular flow type, where the liquid phase is
continuous in an annulus along the tube wall and the
vapor phase is continuous in the core. Discontinuous
liquid phase is present in the core as droplets, while
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discontinuous vapor phase appears as bubbles in the
liquid annulus due to the nucleate boiling mechanism
{see Fig. 1). The liquid film next to the wall gets thinner
as it evaporates, eventually breaking off the wall and
thus resulting in dry patches until the entire flow
becomes a mist or dispersed flow in which the vapor
phase is continuous and the liquid is dispersed in the
vapor as droplets. In the dryout region, the wall is
covered by the vapor phase and the heat transfer
mechanism is that of film boiling. The heat transfer
coefficient of film boiling is considerably lower than
that of nucleate boiling. The difference in the heat
transfer coefficient between nucleate and film boiling.
and the random nature of the dryout process will
produce osciliations in the tube wall temperatures, and
thus thermally-induced stresses, in the evaporator
tubing under transition boiling.

The CHF-induced thermal oscillations in sodium-
heated steam generators have been reported in the
open literature in connection with the Liquid Metal
Fast Breeder Reactor (LMFBR) programs. The most
recent obscrvation was made at Argonne National
Laboratory Steam Generator Test Fucility (ANL-
SGTF) where a single evaporator tube was tested
under simulated plant operating conditions [ 1]. There
have also been reported several analytical attempts to
predict the magnitudes of CHF-induced thermal
stresses, however these are limited to 1- and 2-dim.
symmetric models [2, 3, 4].

The accuracy and reliability of the thermal stress
prediction depends, of course, upon how the oscil-
latory dryout phenomenon is modeled. This paper
deals with the thermal aspeet of the analytical models
that have been considered. One-, two- and three-
dimensional thermal models are constructed. The
region encompassing transition boiling is divided into
a number of thermal nodes. Transient energy con-
servation equations are written for all nodes, and the
resulting simultancous equations, with appropriate
boundary conditions, are solved numerically using a
semi-implicit finite difference method.

In the 1-dim. model, a numerical inverse heat
conduction method is used based on the time history of
the temperature oscillations as measured experimen-
tally by the thermocouple imbedded in a heat transfer
tube which was tested at ANL-SGTF. In the 2-and 3-
dim. models, the oscillatory nature of the water/stcam
side boundary conditions in the transition boiling
region is simulated by postulating a number of rivulet-
type wet regions that are swirkd around the tube
circumference. The rate at which the rivulets are
swirled or rotated is determined by the indications of
ANL.SGTF DNB tests. Comparisons between vari-
ous models are made in order to establish the most
suitable model and thus to provide a guidcline for
future design analysis.

ANL-SGTF TEST RESULTS AND PREVIOUS
ANALYTICAL MODELS
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FiG. 1. Transition boiling region in steam generator tubing.

steam generator tube wall as a consequence of unstable
transition boiling have been experimentally measured
at Argonne National Laboratory (ANL) Steam Gene-
rator Test Facility (SGTF). The test tube was con-
structed of 2} Cr-1 Mo steel and has dimensions of
15.875mm od., 2896 mm wall thickness [2]. A
‘thermocouple was imbedded in the tube wall at
1.753 mm from the inside surfuce at an axial location of
12.2m 40 f1) from the water inlet. Water flow was
directed upward inside the tube and the heating
sodium flowed downward in the annulus formed
between the heat transfer tube and the shell.

A series of tests had been conducted { 1], In Test No.
R-78 which resulted in the most severe oscillations in
the tube wall temperature, the water pressure, flow and
inlet temperature as well as sodium flow rate were held
constant while the sodium inlet temperature was
adjusted in such a way that the transition boiling
region would occur at the axial location of the internal
tube wall thermocouple. The system controllers re-
duced fluctuations in the test parameters to such an
extent that the internal thermocouple remained within
the transition boiling region for a period of 100 min.
The data shown in Fig. 2is representative of many data
scans recorded during this test. As indicated in the
figure, a meun and 4 maximum temperature oscillation
range of 12.8 C (23 Fyand 17.8 C(32°F). respectively,
are found.

The results of a power spectral density analysis
performed on the representative data of Test No. R-78
indicate that the significant oscillations are contained
in the frequencies up to 2 Hz with the decreasing
magnitude above 0.8 Hz. Oscillations below 0.2 Hz are
believed to be system-induced and those above 0.25 Hz
are characteristic of transition boiling.

These ANL-SGTF experimental data are used as a
base for the analytical thermal models.

Several - and 2-dim. dryout thermal models have
been proposed previously. Earlier 1- and 2-dim. mod-
els are based on the wave-form models [2, 3] in which
it is assumed that the temperature conditions are
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Fig. 2 Measured CHF temperature oscillations at ANL-

SGTF [1].

uniform around the tube wall circumference, and the
steam side heat transfer coefficient distribution takes
various wave forms such as square wave. sinusoidal,
trapezoid ete.. along the tube length with the heat
transfer mechanism varying between nucleate and film
botling. This type of model implies that the thermal
oscillation is induced by the heat transfer cocfficient
moving back and forth along the tube, However, the
spectral density analysis of ANL-SGTEF measurements
indicate such movement may be induced by the system
parameter variations and is of low frequency nature
(0.01 Hz). The CHFE oscillations are observed to have a
higher frequency of about 0.3 He.

A t-dim. maodel recently proposed by France ef gl
{17 required no assumptions concerning the detail of
the transition boiling phenomenon. The authors take
advantage of the oscillating nature of the measured
temperature of the thermocouple embedded in the
tube wall of the evaporator tube, The radial tempera-
ture distribution at the axial location of the thermo-
couple was obtained by representing the measured
temperature oscillations as a Fourier series and super-
imposing steady periodic heat transfer solutions for
each term and frequency. The general solution was
then obtained in the region between the outer tube
surface and the thermocouple location, and, being
steady-periodic in nature, it was readily extrapolated
to the tube inside diameter. The main drawback of this
model is the -dim. assumption. Like previous models,
circumferential and  axial temperature  variations
which are known to exist have been ignored. The
thermal stress fevel, which s a direct function of the
temperature distribution in the tube at any point in
time, will be affected accordingly. Also the Fourier
series representation of the measured thermocouple
data is necessary to obtain the solution.

Also recently, a 2-dim. (r ) instantancous rivulet
model has been proposed by Chu et al. [4] for the CHF
thermal oscillation analysis. This rivulet model s
based on the interpretation of the experimental results
on a study of critical heat flux and fow pattern ol high
pressure boiling water in forced convection conducted

by Tippets 5. 6]. In the model, the thermal oscillation
is assumed to be produced by a number of equally
spaced wet rivulets around the tube circumference.
Each rivulet is assumed to remain at a given location
for half of the temperature cycle und a dry region at the
same location for the other half of the cycle. The
appearance and disappearance of rivulets is assumed
instantaneous. The birth of a new rivulet is assumed to
occur at the same position as the previous rivulet. This
means that part of the wall circumference is subject to
alternating wet and dry regions while the other part
remains dry at alf times. This assumption appears to be
in contradiction with the oscillatory nature of tran-
sition boiling which takes place around the entire tube
circumference with equal probability. Both the num-
ber of rivulets and the percentage of wall circumference
wetted by the rivulets were chosen in such a way that
the upper and lower temperature fluctuation levels at
the location corresponding to the imbedded wall
thermocouple be matched with the experimental
measurements of the ANL-SGTF test data {R-78).
These investigators found that 3.7 rivalet and 217,
wetness s required to produce a maximum tempera-
ture fluctuation between 407.8 C (766 Fyand 3894 C
{733 ) with a period of 3s. An integral rivulet
approach was used by these authors to gain insight
regarding the relative influence of the 3 and 4 rivalet
cases on the stress level.

PRESENT ANALYTICAL MODELS
Two analytical models are presented in this paper,
fn the t-dim. model, an inverse heat conduction
method is employed. In the multi-dimensional models,
the concept of revolving rivulets is introduced. These
models are discussed below.

One-dimensional model unalysis

France et al. [1] used a Fourier series to represent
CHF-induced temperature oscillutions obtained by
the thermocouple imbedded inside the heat trunsfer
tube that was tested at the ANL-SGTF. For Test No.
R-78 (Fig. 2). this representation was accomplished by
64 sinusoidal terms:

13

I8ST+32=C+ ¥
m 1

[Cocost2mmea )y + D sinCumayg)] (D)

where T s the temperature in C, o, is the base
frequency (0.03906 Hz), and the Fourier coefficients,
C,, and D, can be found in [1].

In order that the measured thermocouple tempera-
ture history can be used directly to determine the tube
temperature distribution. an inversed heat conduction
solution technique must be used. Various approaches
to this heat transfer problem have been reported in the
literature. In the following a finite difference approach
similar to that presented by [7] is adopted. In [7], an
explicit method is used for the finite difference solution
of the transient heat conduction equation in the
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interior region bounded by two well defined boundary
conditions. A non-iterative implicit method is used for
the finite difference extrapolation of the interior sol-
ution to obtain the surface conditions. In the present
analysis, a Crank-Nicholson type of semi-implicit
finite difference algorithm is utilized throughout the
wall to ensure numerical stability and higher order
accuracy in solution.

Consider a 1-dim. (radial) transient heat conduction
in a tube wall with the temperature history given at an
interior location as may be the case with a thermo-
couple imbedded in the wall {Fig. 3). It is assumed
that the external boundary conditions such as the
(sodium) temperature and the {(sodium) heat transfer
coeflicient are known. The problem is to determine the

temperature ficld T(r,f)betweenr = Riand r = R,
The energy equation is given by
T i 0T
pc-=—-V q—~i—(kr(-;~). )
ror cr
The boundary conditions are given by
TRy 1) = Tolt)
T
—k-l =h[TR-T,] 3)
(!’ i=R,

Using a semi-implicit finite differencing algorithm,
one may write equation (2) in the following integral
form:

eT .
J. p{.‘-ﬁ;-dV=ﬂ[~ j Q‘dSI
AV N

+ {1 - ﬁ)[-» fq'ds] )

where the superscript indicates the time step level at
which the finite differencing in the space variable is
being carried out, and f is a weighting function (0 < #
< 1): B = } for semi-implicit algorithm.

T.T. Kan, S. M. Cno and D. H. Pat

The left-hand side of the equation can be discretized
atr = r, to give

(T«*l

2nA
f pc—-dV-(pcr) . 3
AV

Each of the square bracket terms in equation (4)can be
finite differenced in the space variable

ar kiﬂz
[» q-dS =-27z(ri+ 3 -—-——-—(T,H T)
5

Ar\kiy
s e e foee 2T = T )
+27z(r, 2) AT, =T 6)

Upon substituting equations {5) and {6) into equation
{4) and, after rearrangement, the following equation is
obtained:

ATIH + BT+ C T2 =D, N

Ar
A=~ ﬂ("c + ”2‘)3%#: P

B, = (pc ()’ {4, + C
t—!"")t"&m—. i+ G

Ar
C=- ﬁ("c - ‘{)f"t«::v

Ar
Di=(1~ ﬂ)[("i + E‘)kum(Tnn -T)

Ar
+ ’a"“’é")ki-i.z Tin =T,

(@’
—T7.
+ (pery 5 T

where

As is well known, convective boundary conditions
require more severc stability criteria. Thus, in order to
ensure numerical stability at all times a fully implicit
algorithm is used at the convective boundary. The
resulting difference equation at i = N (external
boundary) is given by

AGTL + BT+ C T = Dy, (8)

where
Ar
Ay= — Z(Rn”' "i‘)ks—x 2/Br,
Cy= -2h R,
pcAr
B Ry~ — = (Ay+ Cy
vE Ar( 4) ( k
pcAr Ar
Dy= R,~ — T
YU A ( 4) "

With the temperature history at the thermocouple
focation {r = R,,.i = M) given, the temperature field
between r = R, and r = R, can be solved using
equations (7) and (8) by the modified Gaussian



Thermal modeling of steam generator tubing

Table 1. Thermal model boundary conditions for test R-78
3

-

Evaporator tube
Material 2L Cr-1 Mo steel
id 10.0838 mm {0.397in)
od. 15.875 mm (0.625 in)
Thermocouple location  1.7526 mm (0.069 in} from
i.d. surface
Tube wall thermal 0.4168-1.616 x10°* x T(°Cy
conductivity {w cm-"C)

Thermal conditions

Po 11.376 MPa (1650 Psia}
Poo 0.69 Mpa {100 Psia)

. 431°C (8078°F)
T, 321°C (saturated condition)
h, 28.7 kw/m3-°C

(5000 Btu/h-ft>-°F)
Additional conditions for multi-dimensional model runs

h, 80 Kw,m?-°C
(14,000 Btu/h-ft2-°F)
ke 4.77Kw/m?.°C
(840 Btu/h-t:-°F)
3s

T
Axial length modeled 66 mm (2.6in)

climination procedure for tridiagonal matrix [8] to
obtain T{i = M to N).

The numerical solution in the inverse heat con-
duction region bounded by the inner tube surface (r =
R.i = 1) and the thermocouple {r = R, i = M)is
obtained by finite difference extrapolation using equa-
tion (7). starting from i = M and marching inward toi
=2:

CT =D = BT = AT, i=Mto2 (9)

The above finite difference algorithm for inverse heat
conduction solution is used to obtain the l-dim.
temperature distribution based on the thermocouple
temperature oscitlations as represented by a 64-term
Fourier serics of equation (1), Other pertinent infor-
mation used in the present analysis are given in Table
1. The solution starts out with an initially assumed
temperature distribution and an integration in time is
performed until the solution reaches a steady-periodic
condition.

The solution obtained by the present inverse heat
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conduction method for the evaporator tube inner wall
{i = R,) is shown in Fig. 4. A comparison with the
solution by [1] indicates excellent agreement in terms
of general shape and magnitude of oscillations. It is
evident from the figure that thermal stresses are
concentrated at the inner tube wall.

It is noted that the present numerical inverse heat
conduction solution does not require that the thermo-
couple temperature fluctuations be representable
in the Fourier series. It can take any form of the
boundary conditions. However, this type of analysis
method {this paper as wellas [ 1 ]} cannot be considered
as a suitable design tool because it requires measured
temperature oscillations somewhere in the tube,

Mudti-dimensional revolving rivulet models

In the 2-dim. (r. 8, ) rivulet modeladopted in [4], the
rivulets were assumed to appear and disappear in-
stantancously at fixed locations of the tube inner wall
circumference. In the present multi-dimensional mod-
els. the rivulets are assumed to be continuously
revolving around the tube circumference, in order to
reduce the conservatism of the instantancous rivulet
model as well as to remove the unrealistic assumption
that only part of the circumference is subjected to
alternating wet and dry conditions.

A 3-dim. {r, 0, =, 1y model is constructed for a section
of steam generator tubing which includes the tran-
sition boiling region. The model spans radially from
water/steam through tube wall to heating sodium,
circumferentially around the entire circumference of
the tube, and axially between fully developed nucleate
and film boiling regions. The oscilating nature of
water/steam side transition boiling is simulated by
postulating that a number of lincarly varying rivulet-
type wet spots (or regions), which extend from the fully
wetted CHF point to the completely dried out Leiden-
frost point, swirl around the tube circumference. It
should be understood, however, that the swirling of
rivulets may not be actual physical occurrence, but it
leads to a mathematical representation that isapprop-
riate to seemingly random but statistically orderly
{and thus capable of being modeled) transition boiling.
The above model will result in axially and circumferen-
tially alternating nucleate and film boiling heat trans-
fer cocfficients imposed on the water/steam side of the
tube with the residence time of each boiling regime
varying linearly along the axial direction. The number
of rivulets and the frequency of alternation (0.33 Hz)
are guided by the indications of the ANL-SGTF tests.

A 2-dim. {r, 0, ¢) rivulet model is also developed. In
addition to the numbcer of revolving rivulets, the
circumferential wetness parameter is needed to match
the thermal results to the ANL-SGTF test data.

Presented in the following is the necessary com-
putational algorithm for the solution of a multi-
dimensional heat conduction equation with convective
boundary conditions on both inner and outer tube
surfaces.

Considering a control volume AV, as shown in Fig.
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Tishjh

FiG. 5. Finite difference computational mesh for multi-
dimensional thermal mode!l (z dimension not shown).

5. one may write the energy equation in the same form
as equation (4).

When this equation is applicd to node (i, /. k), one
gets

ST = T = BT + (L= PP,
{10y
where
Fion= (6T =T + GulTioyju = T
+GUT o a = Ty )+ CelTigo s~ Tiga)
+ GAT janr = Ty + Gl T sy = Tl
Gy = kiy 1 gaAe/Br
Gy=ki .\« A,,./Ar‘
Ge=k; 124 AlrA0),
Gu =k o112 AlrAd),
Gu=k; juer247/Az
Gp =k ju-1247/8,
Ap = (r, + Arf2) ADA:,
Ay, = (r; - Br/2) A0AZ,
Ag = Ar Az,
Ay = rA04r,
C=ApAzpe.

This can be further simplified to yield the following set
of algebraic equations:

A
=G Tiorju+ GaTiciju+ G T jurs

GRS

{C[ + PGy + Gy + G + Gg + Gy + GD)} Tis

+ GpTjia G T jan + GpTi k1)

C
+{ = HF 0+ Tl

1
A {11

T.T. Kao, S. M. Co and D. H. Pal

where
i=2toN,-Lj=1ltwN-Lk=2t0N~1

The boundary conditions to the above set of finite
differencing equations are

cT

k| =m(T,-T). 12)
or r=R,
¢T

k| =TT, (13)
or r=R,
&rT cT

= =0 4

¢z =0 iz z=i “ )

Note that the insulation boundary conditions are
applied at axial locations sufficiently far away from the
transition zone.

A fully implicit scheme is used in the treatment of
convective boundary conditions to avoid numerical
instability at the boundary nodes. Applying the boun-
dary conditions at the inner surface nodes yields

g‘i{T?.}fa = T7,0 =[G Ty ju = Ty jud

+ Gyl(Ts = Ty )+ GUT g = Ty
+GrlTy jers = T )+ GulTy jaey — Ty g
+ Gopl(Ty ju o = Tl {15)

where

Gy =ky,y 5 A/br,

Gy = I, Ag.

G = Kyj-1z2a ‘:{S/(RfAl}}v
Gu =k jv1 20 AJ(RAD),
Gy =k, jxe1 2 Ar/Az,
Gy =k, ju-1.2Ar/Az,

_ A
Ay = (Ri + %)A()A:.

Ay = R, AOA:,
Ay = ArAz/2,

- ArNADAr
Ar={R + “'4" 5

-

C = pcd; Az

This equation can be rewritten as:

(g +G+ G, +G + G+ Gy + Go)ﬂf}i
=(GpTy u+ GuTs+ GLTy -1

+GrTy joax+ GyT\ janr

. ¢
+GpTy " + Y’ Tk

(16)
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where
j=ttwoN;andk=2to N, - L.
The outer convective surface can be treated in a similar

way:

¢
ATHL - TR, ) =[CuT, — Ty

waa)
+Gu(Ty,_, , ~ Ty, )+ GuUTy,
=Ty )+ Gu(Tx .., ~ Ty}
+ 6Ty, = Ty,)
+Go(Ty,, , — Ty, """ an
where

Ge = h R AOA:,

Gy = (R, — Ar/2)ky, |, AOAZ/Ar,

G =ky,, ,, ArAz/(2RA0).

Gy =ky, .., ArAZ/Q2R AD),

Gy =ky, .., (R, — Ar/d) Ar/(24z),

Gy =ky (R, — Ar/d) Ar/{2A2),

RAYEE B B

C = pc(R, — Ar/4) ArADAZ/2.

The present multi-dimensional thermal models
make use of all 360" of the tube circumference. No
circumferential symmetry is assumed. The computer
code was written based on the above derived difference
cquations, and was checked against the 2-dim. (r-0)
instantaneous 4-rivulet model with 219, wetness re-
ported in [4]. In the checkout run, 60 evenly divided
circumferential nodes and 5 radial nodes were used,
and the model boundary conditions were the same as
in [4]. The results were in close agreement with those of
[4], reflecting a temperature fluctuation between
404.4 C (760°F) and 389.4 C (733 'F).

Heat transfer coefficients

Since the most severe temperature oscillations occur
at the inner surface of the evaporator tube the magni-
tudes of the nucleate and film boiling coefficients have
significant effects on the magnitudes of thermally
induced stresses in the tube wall. In all previous
investigations [ 1-4] rather high nucleate boiling coef-
ficient based on the Jens-Lottes [9] or Thom's
correlation [10] has been used. It is noted that these
are essentially subcooled or very low steam quality
boiling correlations, and therefore may not be suitable
for the intermediate-to-high steam quality region ncar
the CHF point under consideration. The authors feel
the heat transfer mechanism prior to the occurrence of
the CHF inside the evaporator tubes for the ranges of
power plant steam generator thermal hydraulic con-
ditions is that of forced convection vaporization pro-
cess, for which the Chen's correlation may be more
appropriate {11}, Chen’s pre-CHF heat transfer co-
efficient consists of two parts: microscopic boiling
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contribution and macroscopic forced convection con-
tribution. The varying degrees of these two coefficients
are added with empirically determined constants
which are also a function of the Reynolds number and
the Lockhart-Martinelh two-phase flow parameter.
When applied to the thermal hydraulic conditions of
Test No. R-78, the Chen's correlation gives a heat
transfer coefficient of approximately 80 Kw/m?-°C
(14,000 Btu/h-ft*."F) which corresponds closely to the
upper limit value obtained by the [-dim. inverse heat
conduction model of [12}. This value is two to three
times less than the value obtainable from the Jens-
Lottes correlation. The use of higher coefficients will
result in unnecessarily conservative thermal stress
levels on the inner surface of the heat transfer tube. and
therefore Chen's correlation is adopted in the present
analysis.

The film boiling heat transfer coefficient is calcu-
lated from the Bishop-Sandberg-Tong correlation
[13] and 80°, of this value (4.77 Kw/m?*-"K} is used in
the present analysis as was done in [4]. According to
the concept of the revolving rivulet model, the
water/steam-side heat transfer coeflicient in the tran-
sition boiling region takes a distribution form of Fig. 6.

As for the outer surface sodium heat transfer
cocfficient, a value of 28.7 Kw/m?-"K as reported in
[1] is used.

RESULTS AND DISCUSSION
Three<dimensional analysis results
In the 3-dim. revolving rivalet model, the wetness of
cach of these revolving rivulets is assumed to vary
lincarly from 100 to 09 {(dryout)in the transition zone.
The transition boiling zone is estimated to have a
length of 38 mm (1.5 in)according to the test data from
ANL-SGTF [1] and GE DNB Effects Tests [14]. The
rivulet is revolving continuously from one rivulet
position to another in 3 s. The 3 s period is based on the
indications of test data at ANL-SGTF [1]. The 3-dim.
model consists of 60 evenly divided circumferential
nodes, § radial nodes and 26 axial nodes, thus giving a
total of 7800 nodes. Fifteen of the axial nodes are
located in the 38 mm (1.5 in) transition zone.
The model was run for the SGTF R-78 conditions of
Table 1, and the results for three and four revolving
rivulets are shown in Figs. 7 and 8, respectively. The

FiLM BOILING REGION (h‘i

NUCLEATE BOILING REGION {N,}

e O @21

F1G. 6. Boiling heat transfer coefficient distribution for four
rivalet model.
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Fii. 7. Temperatures at thermocouple focation for 3-dim,,
three rivalet model.

temperature responses at the radial depth equivalent
to the thermocouple location are shown in these
figures for several axial locations within the transition
boiling zone (note that cach axial location lincarly
corresponds to a different degree of circumferential
wetness). As indicated in Fig, 8, the maximum tem-
perature fluctuation is about 133 C {(24'F) in the
range of AL = 26.7-33.3°, for the four revolving

(T3 *
780
ALt 00 %
Loo-LCHF
rr0p- 410
Ot
20.0%
160 b

28.7%
33.3%

TEMPERATURE

L
TIOh — Loy

150 |- 40-0% /\/ .
7401

400

330

! 1 i i i i
720 o 02 04 08 08 LO
t/z

Fii. 8. Temperatures at thermocouple location for 3-dim.,

four rivulet model.

Fi16. 9. Temperatures at thermocouple locations for 2-dim.
(r-€¢) model.

rivalet case. This compares quite favorably with the
average temperature amplitude of 12.8°C (23 'F) mea-
sured in the ANL-SGTF R-78.

An examination of the results for the three revolving
rivulet case shown in Fig. 7 leads to a temperature
fluctuation of about 18.3°C (33 F)at the 26.7 - 33.3°,
length in wetness location and this temperature fluc-
tuation value corresponds to the maximum measured
temperature oscillation range (Fig, 2). These 3-dim,
results imply that the temperature oscillations in the
transition zone can be represented by the formation of
three or four revolving rivulets at random. The exper-
imentally measured temperature fluctuations fall with-
in the temperature range computed by the present
model at the radial thermocouple location with the
circumferential wetness between 26,7 and 3339, It
may be noted that the runs with different axial lengths
(! > 66 mmj result in insignificant effects on the
temperature distribution in the trunsition boiling
region,

Twa-dimensional analysis results

A continuous revolving 2-dim. (r-0) rivulet model is
analyzed. All the physical properties and assumptions
used are the same as those for the 3-dim. analysis.
Additionally, the 2-dim. (r-#) model requires the
determination of the percentage wetness around the
circumference that will match the experimental tem-
perature fluctuations at the thermocouple location. A
parametric study was made for both three and four
revolving rivulet models, The maximum and minimum
temperatures at the thermocouple location for both
models are plotted as a function of the percentage
wetness in Fig. 9. Note that the 100", wetness point
corresponds to the CHF point and the 07, wetness to
the complete dryout point. The experimentally mea-
sured CHF-induced temperature fluctuations for Test
No. R-78 (Fig. 2) show the upper and lower bounds of
the temperature fluctuations of 408 C (766 F) and
389.4 C (733 F). respectively. From Fig. 9 it can be
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Table 2. Summary of multi-dimensional thermal models

Temperature (°C)
Thermal models AT;. AT, AT, AAT)
2-dim. (r, 6)
(a) 3 rivulet, 26.7°,
wetness 175 501 82 431
{b) 4 rivulet, 26.7°,
wetness 122 442 53 395
3-dim. {r. 8, )
(a) 3 rivulet, 26.7-33.3°,
wetness {721 480 77 421
{b} 4 rivulet, 26.7-33.3°,
wetness 120 432 51 384

seen that the maximum and minimum temperatures of
408 'C (766 'F)and 390.6 C (735 F)are realizable with
the 26.7", wetness for three revolving rivulets. In the
four revolving rivulet model, the corresponding maxi-
mum and minimum temperatures at the thermo-
couple location are 405°C (761°F) and 393°C
{739 'F) which match closely with the average tempera-
ture fluctuations measured in the SGTF. Therefore, for
a 2-dim. model (r-0), the DNB oscillations may be
represented by three to four revolving rivulets with a
26.7",, wetness.

A summary of the temperature fluctuations for 2-
and 3-dim. revolving rivulet models is shown in Table
2. AT, _ is the temperature fluctuation at the radial
thermocouplke location ; AT, the maximum outer tube
surface emperature fluctuation; AT, the maximum
inner tube wall temperature fluctuation and AMAT ) the
maximum temperature oscillation between the inner
and outer surfaces. Note that A(AT }is slightly different
from the difference between AT, and AT, This is
because the tube thermal capacity introduces a time
delay effect on the temperature oscillation, It is
interesting to note that the 2- and 3-dim. models give
about the same temperature differences. The difference
between the temperature fluctuations as obtained by
the 2- and 3-dim. models is of the order of 1 'C. This
implies that the effect of the axial heat conduction is
rather small, and can probably be neglected. A 2-dim.
{r-0) model should be quite adequate as far as thermal
modeling is concerned. The computing cost of a 2-dim.
model is about one order of magnitude lower than the
corresponding 3-dim. model.

It should be noted that peak thermal stresses will
result at the inner surface of the tube where the
temperature oscillations are greatest. In this paper the
temperature measurements at the thermocouple lo-
cation are utilized to obtain proper modeling criteria
for the design purposes.

CONCLUSIONS
Thermal analysis is performed to provide tempera-
ture distribution in the stcam generator tube wall in
the vicinity of the CHF point. One-, two- and three-
dimensiona! thermal models are constructed. The
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region encompassing transition boiling is divided into
a number of thermal nodes. Transient energy con-
servation equations are written for all nodes, and the
resulting simultaneous equations. with appropriate
boundary conditions, are solved numerically using a
semi-implicit finite difference method. The oscillatory
nature of the water steam side boundary conditions in
the transition boiling region is simulated by postulat-
ing a number of rivulet-type wet regions that are
swirled around the tube circumference. The rate at
which the rivulets are swirled or rotated is determined
by the indications of ANL-SGTF DNB tests. The
ANL-SGTF tests were conducted with a thermo-
couple imbedded inside the tube wall and the
temperature history of this thermocouple has guided
thermal analysis evaluations.

In a l-dim. analysis model which is basically an
inverse heat conduction problem, the thermocouple
temperature vs time history is imposed on the model
and the water/steam-side wall temperature predication
is made as shown in Fig. 4. These results compare
well with analytical solutions obtained by France et ul.

In multi-dimensional models, three or four revolving
rivulets with a 3s period are imposed on the water/
steam side of the models. The results are compared with
the thermocouple temperature history. Specifically, in
the 3-dim. (r. 0, 2) model, the four rivalets predict
favorably the average measured temperature ampli-
tudes while the three rivulets predict the maximum
temperature oscillation range, both at the axial lo-
cation of 26.7 33.3", of the transition region as
measured from the dryout location. Results similur to
those obtained with the 3-dim. model are found with
the 2-dim. {r, 0} mode! at the axial location cor-
responding to 26.7%, wetness. In view of the same
observations, it is concluded that the 2-dim. (r, 0}
model is appropriate as fur as thermal modeling of the
CHF-dryout region is concerned.
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MODELE THERMIQUE DE GENERATEUR DE VAPEUR TUBULAIRE EN CHF.
OSCILLATIONS DE TEMPERATURE INDUITES

Résumé —On présente des modéles analytiques pour la détermination du champ thermique dans les
conditions de flux critique (CHF). Oscillations thermiques induites dans un générateur de vapeur chauffé au
sodium. La nature oscillatoire des conditions aux limites convectives eau/vapeur dans '¢bullition transitoire
post-CHF est simulée en postulant un nombre de régions humides semblables & des ruisselets qui sont
deroulés sur la circonférence du tube. La vitesse avec laquelle les ruisselets sont déroulés ou misen rotation est
déterminée par les indications d'essais récents au Laboratoire National Argonne. Les mémes données d'essai
onteéte utilisées comme critéres pour le développement du modéle. Les résultats de modéles 4 un-deux et trois
dimensions indiquent que le modéle bidimensionnel (radial-circonférentiel) avec trois ou quatre ruisselets et
26,7%, de mauillage de la circonférence totale peut étre convenable pour 1"analyse thermique de I'ébullition de
transition oscillatoire.

THERMISCHES MODELL FUOR DAMPFERZEUGER-ROHRE BEI CHF-
BEDINGTEN TEMPERATUR-OSZILLATIONEN

Zusammenfassung —Zur Bestimmung des thermischen Feldes in der Wiirmetibertragungsberohrung eines
natriumbeheizten Dampferzeugers bei durch kritische Wiirmestromdichten (CHF) bedingten thermischen
Oszillationen werden analytische Modelle vorgelegt. Die oszillatorische Natur der konvektiven Randbedin-
gungen fir Wasser bzw. Dampf im Gebiet der Ubergangssiedens wird durch Annahme einer Anzahl von
Flissigkeits-Striihnen simuliert, die drallartig liber den Umfang laufen. Die Umlaufgeschwindigkeit der
Strihnen wird unter Benutzung neuerer MeBlwerte vom Argonne National Laboratory bestimmt. Die
gleichen MeBwerte werden auch als Kriterium bei der Modell-Entwicklung benutzt. Die Ergebnisse der ein-,
zwei- und drerdimensionalen Modelle zeigen, daB das zweidimensionale (Radial-Umfangs-) Modell mit drei
oder vier Strihnen und 26,79, benetztem Umfang zur thermischen Analyse der Rohre im Bereich des
oszillatorischen Ubergangssiedens als geeignet angesehen werden kann,

TEMNJIOBOE MOAEJHPOBAHUE CUCTEMbI TPYB MMAPOIEHEPATOPA
NPH TEMOEPATYPHbLIX KOJNEBAHUAX, BbI3BAHHbIX KPMTHUYECKHUM
TEfNIOBLIM NMOTOKOM

Aunoranns — [1peICTaBACHE JHLIHTHICCKHE MOJCAR JUTH OHPCAC/ICHHS TCHA0BOIO 101 B CHCTEME
TeI1000MeHHbIX TPYD HATPHCBOTO HUPOICHEPATOPA HPH TEMICPATYPHLIX KOACOUHHMAX, BLIIBAHHLIX
KPHTHYCCKHM TendostM nortokoM. KoaeOurelbHas NpHPONa KOHBEKTHBHBLIX YCIOBMH Ha rpauue
PULACTL BOAHON # NapoBOoit ual IPH JUKPHIHCHOM NCPCXOJHOM DCKHME KHICHHA MOICTHPYCTCR
B IIPEHIOIIOARCHI, YTO 1O OKPYRHOCTH TPYyObl HMCETCR PHIA J0H CMauMBUHKR Buxpesoro Tumna. Cko-
POCtb, € KOTOPOH TAKPYUHBIIOTCH UM BPRULIIOTCH JTH BHXPH, ONPEACHACTCE HA OCHOBC NOCICIHHX
IKCHEPHMCHTIBHBIX  AAHILIX, HOJIYHCHHLIX B ADAroHckoi HaumoHaasno#t nabGopatopun. Iru xe
IKCHCPHMEHTAIBHBIC TAHHLIC HCIOILIYIOTCR B KANCCTBE KPHTCPHEB ONPCICACHHR NPHMCHHMOCTH Npea-
JAraeMbIX Mo1eaeit. PeiyiibTaThl pacieron ro 0.1H0-, ABYX- U TPEXMEPHOA MOJEAAM NOKAILIBAKOT, 4TO
Apyxsepias (PIIHAILHO-KOILIUCBAR) MOJICHL C TPEMA HIH YETHIPEMA BHXPAMH # CyMMapHO# mn:1o-
UL CMAYHBACMON 1O OKPYKHOCTH NOBCPXHOCTH, PaBHOH 26,77 . MOKET YCICILNO HCNOABL3IOBATHCA
JLTR TENIOBOTO 3HAIHIA CHCTEMEI Ten10o0MerHbIX TPYG 1ipi KONCOATC.ILHOM HEPCXOAHOM KHIEHUY.



