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Abstract-Analytical models are presented for the determination of thermal field in the heat transfer tubing 
under critical heat flux (CHFJ-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 ofrivulet-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 I-. 2- and &dim. models indicate that the 2-dim. (radial-circumferential) model with three or four 
rivulets and a 26.7’;” total circumferential wetness may be adequate for the thermal analysis of heat transfer 

tubing under oscillatory transition boiling. 
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..I” Greek symbols an evaporator tube prior to the onset ofCHF/dryout is 

B. weighting function; usually of annular flow type, where the liquid phase is 

Ar. incremental radial length ; continuous in an annulus along the tube wall and the 

ATi. temperature fluctuation amplitude at vapor phase is continuous in the core. Discontinuous 

tube inner surface; liquid phase is present in the core as droplets, while 
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TIW C’OSI~ITIOSS of critical heat flux (CHF), or depar- 

ture from nucleate boiling (DNB), occasionally exist in 

power plant steam generators. The flow pattern inside 
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discontinuous vapor phase appears as bubbles in the 

liquid annuius due to the nucleate boiling mechanism 

(see Fig. 1). The liquid film next to the wail gets thinner 

as it evaporates. eventually breaking OB the wail 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 its 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 dilference in the heat 

transfer coefficient between nucleate and film boiling 

and the random nature of the dryout process will 

produce o~iliations in the tube wall tem~tatutes, 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 litcraturc in connection with the Liquid Metal 

Fast Brccdcr Rsactor (L~lFBR) programs. The most 

rcoent observation was made at Argonne National 

Laboratory Stcsm Gcncrator Test Facility (ANL- 

SGTF) where a sinplc evaporator tube was tcstsd 

under simuiatcd plant operating conditions [I]. Thcrc 

have also been rcportcd scvcral analytical attempts to 

predict the ma~nitudcs of edit-indl;ccd thermal 

stresses. however these arc limited to l- and Z-dim. 

symmetric modcis [2, 3. 41. 

The accuracy and rcliabiiity of the thcrmai stress 

prediction dcpcnds. of course. upon how the oscii- 

iatory dryout phcnomsnon is mod&d. This prtpcr 

deals with the thermal aspect of the analytical mod& 

that have been considcrcd. One-, two- and thrcc- 

dimensional thermal models are constructed. The 

region encompassing transition boiling is divided into 

a number of thermal nodes. Transient ensrgy con- 

scrvation equations arc written for ail nodes, and the 

resulting simuitancous equations, wittt ~tpptOpriilte 

boundary conditions, are solved numerically using a 

semi-implicit finite difference method. 

In the i-dim. model, a numcricai invcrsc heat 

conduction method is used based on the time history of 

the temperature oscillations as measured expcrimen- 

tally by the thcrmocoupie imbeddcd in a heat transfer 

tube which was tested at ANL-SGTF. In the Z-and 3- 

dim. modcis, the oscillatory natutc of the water/steam 

side boundary conditions in titc transition boiling 

region is simuiatcd by postulating a number of rivuict- 

type wet regions that are swirled around the tube 

circumfcrcnw. The rate at which the rivulets arc 

swirled or rotated is dctcrmined by the indications of 

ANL-SGTF DNB tests. Comparisons between vati- 

ous models are made in order to establish the most 

suitable modci and thus to provide a guideline for 

future design analysis. 
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FIG. I. Transition boiling region in steam generator tubing. 

steam generator tube wait as a consequence of unstable 

tt;insitil~n boiling have been ex~timent~~lly measured 

at Argonne National Laboratory (ANL) Steam Gene- 

rator Test Facility (SGTF). The test tube was con- 

structcd of 2: Cr -I MO steel and has dimensions of 

15.875 mm o.d.. 2.896 mm wall thickness [2]. A 

lhcrmocoupie was imbcddcd in the tube wall at 

1.753 mm from the inside surfaceat an axial location of 

12.2 m (40 ft) from the wxtcr inlet. Water tlow was 

dircctcd upward inside the tube and the heating 

sodium flowed downward in the annulus formed 

bctwocn the heat transfer tube and the shcli. 

A scrics of tests had been conducted [I]. In Test No, 

K-78 which resulted in tttc most severe oscillations in 

the tube wall tempcraturc, the water pressure, flow and 

inlet tcmpcraturc ns well as sodium flow rate were held 

constant whiic the sodium inict tcmpcrature was 

adjusted in such a way that the transition boiling 

region would occur at the axial location of the internal 

tube wail thcrmocoupir. Thr system controllers re- 

ducrd I~L~~tuations in the test parameters to such an 

extent that the internal thermocouple remained within 

the transition boiling region for a period of lOOmin. 

The data shown in Fig. 2 is representative of many data 

scans rccordcd during this test. As indicated in the 

figure, a mean and a maximum temperature oscillation 

range of 12.X C (23 ‘F) and 17.8 C (32 F). rtspcctivcly, 

arc found. 

The results of a power spectral density analysis 

pcrformcd on the representative data of Test No. R-78 

indiciltc that the significant oscillations arc contained 

in the frcqucncies up to 2 Hz with the decreasing 

magnitude above 0.8 HZ. Oscillations below 0.2 Hz are 

bciicvcd to bc systom-induced and those above 0.X Hz 

arc characteristic of transition boiling. 

Thcsc ANL-SGTF expcrimcntal data are used as a 

base for the analytical thcrmai models. 

Scvcral I- and 2dim. dryout thermal models have 

been proposed previously. Earlier I- 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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TIME ISECONDS) 

Fr;. I? Measured CHF tem~r~ture oscillations at ANL- 
SGiF [t] 

uniform around the tube wall circumfcrcnce. rmd the 

stc:im side heat transfer coefficient distributi~~i~ takes 

various W;WL forms such as square wmc. sinusoidal. 

trapezoid etc., ;~long the tube length with the heat 

transfer mazhanistn varying hctween nucleate and film 

boiling. This type of model impliss that the thermal 

oscillation is induced by the heat transfer ccxflicicnt 

moving back. mid forth along the tubs. 1 lowcvcr. the 

spectral density ;malysis of ANL-XiTI mc;tsurcmcnts 

ittdkttc such ~~~~~vc~~~c~~t may hc induced by the system 

p;tr;imctcr v.ari;;tions and is of low frrqtrcncy rxiturc 

(0.01 tl!). Thr Cl II.’ 0scill;~tions arc ohscrvcd to h;ivc 11 

hi&r frcqucncy of :ibout 0.3 f II.. 

A I -dim. model rcccntly proposed by t:r;tncc c*f trl. 

[ 1 f rcyuircd no assumptions conccming the dctxil of 

the tr;msition boiling phenomenon. Tits authors txkc 

adv;intagc of the osciltuting nnturc of the mc;ksitrcd 

tcrn~r~lt~lrc of the t~icr~~~ocl)l~ple emhcddcd in the 

tube w:tll of the evaporator tube. The n&d tsmprra- 

turc distribution at the axial location of the thcrmo- 

couple was obtained by representing the measured 

tem~r;~ture oscillations as ;I Fourier series and sttprr- 

imposing steady periodic heat transfer solutions for 

each term and frcqucncy. The general solution was 

then oht;lincd in the region hctwccn the outer tube 

surktcc and the thcrmocouplc location. and, king 

stc~ldy-periodic in nattrrc. it was readily cxtrrtpokitcd 

to the tube inside diamctcr. ‘Fhc main drawback of this 

model is the t-dim. itssumption. Like previous modcts. 

circlln~fcrc!iti~il and ilXi;tl tsmpcniturs v:iriations 

which are known to rxist have been iynorcd. The 

thermal stress Icvc’oi. which is :I direct function of the 

tcmpcraturr distribution in the tuhc at any point in 

tims. will bc affcctcd ;iccordingIy. Also &ho Foitricr 

scrics rcprc~~~t~tli~~~~ 13f ttlc mcasurcd t~~errn~~(~LJple 

data is ncccssxy to obtain the solution. 

Also rcccntty. ;I Z-dim. (r 0) instant;mcous rivutct 

model has ban proposed by Chu c’t trl. [4] for the CtiF 
thermal oscillation ;m;tIysis. This rivulet model is 

based on the interprct;ltil~l~ of the cnpcrimcntal results 

on ;L study of criticni hat tlux and tlow pattern of high 

prcssurc hoilin~ w;ttcr in forced convection condirctsd 

by Tippets [S. 61. 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 and 3 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 ;t new rivulet is assumed to 

occur at the same position as the prL!ious rivulet, This 

means that part of the wail circumference is subject to 

alternating wet and dry regions whik the other part 

remains dry at rtIl times. This assumption appears to be 

in contradiction with the oscillatory nature of tran- 

sition boiling which takes ptacc around the entire tube 

circun~fcrence with equal pr~~b~bility. Both the num- 

ber of risulcts znd the percentage of wall circumference 

wetted by the rivulets were chosen in such a way that 

the upper and lower tcmpcrature Iluctuation lcvcls at 

the location corresponding to the imbcdded wall 

tllcrrn~~ouplc ho nl;~tcl~cd with the e~~riment~ll 

ntcasurcmcnts of the ANL-SCiTF test data (R-78). 

t’hcsc investigators lined that 3.7 rivulet and 2 t”,, 

wctncss is rfquircd to product it maximum tcmpcra- 

turc l~i~cti~~~ti~~~~ bctwccn 407.X C (766 F) and 3S9.4 C 

(733 I;) with B period of 3s. An integral rivukt 

approach was used by thcsc ;iuthors to gain insight 

regarding the rclativc inllucncc of the 3 ond 4 rivutct 

ca’ics on the stress Icvcl. 

Two ;m;Itytic;lI modcts arc prcscntcil in this paper. 

tn the I -dim. rn~rlcl, iin invcrsc heat c~~tld~lcti~~l~ 

msthod is cmploycd. In thr nlulti-diirlcrrsi~)~~~~l models, 

the concept of rcvolring rivutcts is introduced. Thsss 

models xc discussed bstow. 

Ot1~~-clirtrt~itsicr~rtrl mrrcl~~l tirdjw3 

France er ul. [I] used B Fourier scrics to represent 

Ct i F-induced tcmpcrature oscillations obtained by 

tht tl~crm~~ouptc imbcddcd inside the heat transfer 

tube that was tcstcd at the ANL-WTF. For Test No. 

R-7X (Fig. 2). this rcproscntation was accomplished by 

6-l sinusoidal terms: 

(,J 

m I 

[c, COS(hltfJ,,f ) f I),,, Sin(~IUnl~J~,f )] (1 ) 

where T is the tempcraturc in C, w,, is the base 

frfqucncy ~0.03~t~) 111). and rho Fourier cocilicicnts, 

C, and II,,,. can bc found in (I 1. 
In order that the mc;lsurcd t~icrrn~)c~~uplc tcmpera- 

turc history can be used directly to dttcrmine the tube 

tcmpcraturc distribution. an invcrscd heat conduction 

solution tcchniquc must bc used. Various approaches 

to this hat transfer problsm have been reported in the 

litcraturs. In the following a link difference approach 

similar to that prcsentcd by [7] is adopted. in [7]. an 

explicit method is used for the tinitc diffcrcnce solution 

of the transient heat conduction equation in the 
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FIG. 3. One-dimensional thermal model and computational 
mesh for inverse heat conduction problem. 

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 i-dim. (radial) transient heat conduction 
in a tube wall with the temperature history given at an 
interior tocation as may be the case with a therm* 
couple im~dded in the wall (Fig. 3). It is assumed 
that the external boundary conditions such as the 
(sodium) temperature and the (sodium) heat transfer 
coefficient arc knownThe problem is to dcterminc the 
tem~rature field T(r,r) between r = Ri and r = R,. 
The energy equation is given by 

The boundary conditions are given by 

T(R,, 1) = T,(f). 

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

I A!’ 

pe;dt’=/f[- J:q.ds]+* 

+(I -I$- jj*ds1” (4) 

where the superscript indicates the time step level at 
which the finite differencing in the space variable is 
being carried out. and p is a weighting function (0 r p 

I I); p = f for semi-implicit algorithm. 

The left-hand side of the equation can be discretized 
at r = ri to give 

J t‘r 2sAr 
PC 

ZW 

x dv = @rtj ---$T:“ - TI). (51 

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

Upon substituting equations (5) and (61 into equation 
(4) and. after rearrangement, the following equation is 
obtained : 

Air;:: + sir;+’ + c,ryr: = ai (7) 

where 

As is well known, convective boundary conditions 
require more severe 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 

A,T;;C_‘, + l&T>* -t- C,m,” I = D, (8) 

where 

As= - 2 

With the temperature history at the thermocouple 
location (r = R,, i = M) given, the temperature fietd 
between r = R, and r = R, can be solved using 
equations (7) and (8) by the modified Gaussian 
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Table 1. Thermal mo+icl boundary conditions for test R-78 

[‘I 
Evaporator tube 

Material 
i.d. 
o.d. 

21 0-l MO steel 
10.0838 mm (0.397 in) 
IS.875 mm (0 6’5 in t I _ 

Thermmouple location 1.7526 mm iO.069 in) from 
i.d. surha 

Tube wall thermal 0.4168-I.616 x IO-* x T(‘C) 
conductivity (w cm-Y) 

Thermal conditions 
P ID lt.376MPa (1650 Psia) 
P OD 0.69 Mpa (IDO Psia) 

T, 431°C (807.8’F) 

7, 321 ‘C (saturated condition) 

h, 28.7 kw,‘m’-“C 
(5000 Btu/h-ft*-“F) 

Additional conditions for multi-dimensional model runs 

h, 80 Kw,‘m”-‘C 
(I4.000 Btu,‘h-ft’-“F) 

h, 4.77 Kw ‘m2-“C 
(840 &u/h-ft’-“F) 

ixiat length modeled 
3s 
66 mm (2.6 in ) 

The numcricrtl solution in the inverse heat con- 

duction region bounded by the inner tube surface (t = 

Ri. i = 1) illld ttlc tbcrmoc0uple (r = R,. i = bf) is 

obtained by Linitc diffurcncc cxtrapol;rtion using qua- 
tion (7). starting from i = M and marching inward to i 
= 2: 

C,T;_‘: e fli - B,7y” - A,7y’l; i = nrto2. (9) 

The above finite difference algorithm for inverse heat 

~ondu~ti~~n solution is used to obtain the l-dim. 

temperature distribution based on the thermocouple 

temperature oscillations as represented by a &term 

Fourier series of eq~lation (I). 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 

FIG. 4. Temperature oscillations at thermocouple and inner 
wall locations. 

conduction method for the evaporator tube inner waif 

(i = R,) is shown in Fig. 4. A comparison with the 

solution by (t] 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 tem~rature ~uctuations be representable 

in the Fourier series. It can take any form of the 

boundary conditions. However, this type of analysis 

method (this paper aswellas[ i])cannot beconsidered 

as a suitable design toot because it requires measured 

temperature oscillations somewhere in the tube. 

in the ‘,-dim. (r.O. t) rivulet model adopted in [4], the 

rivulets were assumed to appear and disappear in- 

stantaneously at fixed locations of the tube inner wall 

~ircumreren~e. 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 instantaneous rivulet 

model as well as to remove the ~inre;ilisti~ assumption 

that only part of the circumfcroncc is subjected to 

altcrnnting wet and dry conditions. 

A 3-dim. (r, 0, :. f) model is constructed for a section 

of steam gcneratctr tubing which includes the tran- 

sition boiling region. The model spans radially from 

watcristeitm through tube wall to heating sodium, 

~ir~~~rnf~re~~ti~~lly around the entire circumference of 

the tube, and axially between fully dcwcloped nucleate 

and film boiling regions. The oscillating nature of 

watcr/stcam side transition boiling is simulated by 

postulating that a number of linearly varying rivulet- 

type wet spots (or regions), which extend from the fully 

wetted CHF point to thecompletely dried out Leidcn- 

frost point, swirl around the tube circumference. It 

should be understood, howcyer, 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 s~tisti~ally orderly 

(and thuscapable of being modeled) transition boiling. 

The above model will result in axially and circumferen- 

tially alternating nucleate and film boiling heat trans- 

fer coeilicients 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. I) rivulet model is also developed. In 

addition to the number of revolving rivulets, the 
circumferential wetness parameter is needed to match 

the thermal results to the ANL-SGTF test data. 

Prcscntcd in the following is the necessary com- 

putational algorithm for tho 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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FIG. 5. Finite difference computational mesh for multi- 
dimensional thermal model (2 dimension not shown). 

5. one may write the energy equation in the same form 

as equation (4). 

When this eqll~lti~~n is applied to no& (i. i. k), one 

gets 

where 

i = 2 to Si - 1. j = 1 to Nj - 1. k = 2 to iv’, - 1. 

The boundary conditions to the above set of finite 

differencing equations are 

. 
- I;E 

i-r 
= h,(T, - 2-1, 112) 

r=R, 

_ Xc2 
?r 

=/t&T-T,), (13) 
r=R,, 

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 

~nst~biiity at the boundary nodes. Appiyin~ the boun- 

dary conditions at the inner surface nodes yields 

&(TY>!k - T7.j,k) = [GP(T2.j.k - Tl.j.k) 

+ (%pf+s - L,,k) + %KJ-,r - T,& 

+G~(T~.jt~~-‘F*.j.kt+~~~(~~~~+~ -TIJ.~) 

+ ('dTS,j.k I - Ti .j.ktl"" (1% 

where 

A, = R, + 4 .-z-, 
c > 

c = /w/i, A-_. 

This equ~tian can be rewritten as: 
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where 

j = 1 to M, and k = 2 to ,2’, - I. 

The outer convective surface can be treated in a similar 

way : 

-&i:; - T”,,_,,I = [G,(T, - ~‘V,,,) 

+ w-.v., )) - TX,,) + &VN ,.,_ 8, 
- Ty,,i + W-S ,_,. *, - T,v,,,,f 

+ w-lv‘,,.~ - T,y,,) 

+ ~ovv, ,,_I - ~.s,.,,)l”’ t 
where 

(17) 

G, = h,R,A,nAi=, 

G, = (R, - Arl2) kN,. , ) ,, ABA:,!Ar, 

c:L = fi‘S_ *, ArA:I’(2R,,AO). 

Gx = ks,,., 1, ArA:/( 2 R,A0), 

G, = k,vi ,l., 1 (R, - AM) Arl(2A:). 

t$, = k.Y, ,, t 1 fR, - Ari41 Ari(2A:f. 

c = gc’(R, - Ar/4) ArAUA:/2. 

The present multidimensional 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 diNcrcnce 

equations. and was checked against the 2-dim. (r-lJ) 
instantaneous 4-rivulet model with 21’;,, wetness re- 

ported in [4]. In the checkout run. 40 evenly divided 

circumferential nodes and 5 radial nodes were used, 

and the model boundary conditions were the same as 

in (41. The results were in close agreement with those of 

[4]. reflecting a temperature fluctuation between 

404.4 C (760°F) and 3X9.4 C (733 ‘F). 

Near transjer coefficienrs 
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 prc~ious 

investigations [l-4] rather high nucleate boiling coef- 

ficient based on the Jcns-Lottcs [9] or Thorn’s 

correlation [IO] has been used. It is noted that thcr 

are essentially subcooled or very low steam quality 

boiling correlations, and therefore may not be suitable 

for the intermediate-to-high steam quality region nsar 

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 [I I], Chen’s pre-CHF heat transfer co- 

efficient consists of two parts: microscopic boiling 

contribution and macroscopic forced convection con- 

tribution.The varying degrees of these two coefficients 

are added with empiri~lly determined constants 

which are also a function of the Reynolds number and 

the Lockhart-hfsrtinelli two-phase flow parameter. 

When applied to the thermal hydraulic conditions of 

Test No. R-7X. the Chen’s correlation gives a heat 

transfer coefficient of approximately 80 Kw/m*-‘C 

(14,000 &u/h-ft*-‘F) which corresponds closely to the 

upper limit value obtained by the l-dim. inverse heat 

conduction model of [I2]. This value is two to thrty 

times less than the value obtainable from the Jens-- 

Lottes correlation. The use of higher coefikients will 

result in unnecessarily conservative thermal stress 

levels on the inner surface ofthe 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 

[I 31 and X0”;, of this value (4.77 K w/ml- ‘K 1 is used in 

the present analysis as was done in [J]. According to 

the concept of the revolving rivulet model, the 

water/steam-side heat transfer oocflicient in the tran- 

sition boiling region takes a distribut~t~n form of Fig. 6. 
As for the outer surface sodium heat transfer 

coefficient. a value of 2X.7 Kw/mz-“K as reported in 

[I] is used. 

In the 3-dim. revolving rivulet model. the wctncss of 

each of thcsc revolving rivutcts is assumed to vary 

linearly from l(X) to (Y;,i (dryout) in the transition zone. 

Yhc transition boiling zone is cstimatcd to have a 

kngth of 3X mm (1.5 in)sccording to the test data from 

ANL-SGTF [I] and GE DNB Effects Tests [ 141. 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 [I]. The 3-dim. 

model consists of 60 evenly divided circumferential 

nodes, 5 radial nodes and 26 axial nodes. thus giving a 

total of 7X00 nodes. Fifteen of the axial nodes are 

tocatcd in the 3X mm (I.5 in) transition zone. 

The model was run for the SCTF R-7X conditions of 

Table I, and the results for three and four revolving 

rivulets arc shown in Figs. 7 and 8, rcspcctivcty. The 

f ILY BOILING REGION (h,f 
I 

I NUCLEATE BOILING REGION tb,,) 
I 

6.0 e92-H 

FIG. 6. Boiling heat transfer coefficient distribution for four 
rivulet model. 
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FIG. 7. Tcmpxtturcs at th~rrn~~upi~ location for j-dim., 
three rivulet model. 

t~rnp~r~itl~r~ rcsponscs at the radial depth cyuivalcnt 

to the therrn~~~)~;pl~ location arc shomn in thssc 

figures for scvcrai :txial locations within the transition 

boiling %onc (nolc that cnch Ui;ll loc;lliotl lincnrly 

corrssponds to ;I ditkrcnt drgrco of circumferential 

wetness). As indicatai in I+&, X. the m~lximum tcm- 

prrature tluctu;ltion is about 13.3 C (24 F) in the 

r;mgc of Al, = 20.7 33.3”, for the four revolving 
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FK;. 9. Temperatures :II thermocouple locations for Z-dim. 
(r-0) model. 

rivulet case. This comparrs quite favorably with the 

average tcmper;tturc amplitude of 12.X ‘C (23 ‘F) mea- 

sured in the ANL-SGTF R-78. 

An ex~Ill~it~;Iti~~n ttf the results for the three revolving 

rivulet case shown in I+& 7 kads to ;i tcmpor;tture 

Iluctu;~ticrn of ahout 18.3 C (33 F) at the 26.7 3X3”,, 

knpth in wetness loc;ttion and this tcmpsrature Iluc- 

tuatinn value corresponds to the rn;~xin~~lrn mcnsured 

tempcraturc oscillation range (Fig. 2). These 3-dim, 

results imply thst the tcmpcrature oscillations in the 

trmlsition zone can be rcprcscntcd by the formation of 

three or four revolving rivulets at random. The exper- 

imentally mcttsured tem~r~ture t~u~tu~tjons fall with- 

in the temperature range computed by the present 

model at the radial thrrmocouplc location with the 

~~r~iiinf~r~nli;iI wetness betwcrn 26.7 and 33.3‘,‘,;. It 

may bc noted that the runs with different axiai lengths 

(f > 66 mm) result in insignificant effects on the 

tomperaturc distribution in the tnrnsition boiling 

rcgittn. 

A continuous revolving 2-dim. (r-0) rivukt 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--O) model requires the 

determination of the pcrccntage wctncss around the 

circumference that will match the cxpcrimental tem- 

perature tlu~tu;~ti[~ns at the tllerrn~~~)upl~ location. A 

p;~ramctric 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 flIn~tion of the percentage 

wetness in Fig. 9. Note that the lo”,, wetness point 

corresponds to the CtIF point and the o”,, wetness to 

the complctc dryout point. The cxpcrimentally mca- 

surcd Ctl F-induced temperature tluctuations 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 multidimensional thermal models 

Thermal models 

Z-dim. (I; 8) 

Temperature ( ‘CI 
ATT+ AT, AT, AtAT) 

(a) 3 rivulet. 26.79, 
WCIIICSS 

(b) 4 rivulet, 26.7”: 
wetness 

3-dim. (r. fk :) 

17.5 50.1 8.2 43.1 

12.2 44.2 5.3 39.5 

(a) 3 rivulet, 26.7-33.3”, 
wetness 

(b) 4 rivulet, 26.7-33.3”, 
wetness 

17.1 49.0 7.7 42.1 

12.0 43.2 5.1 38.4 

seen that the maximum and minimum temperatures of 

408‘C (766’F)and 390.6‘C (735 Flare realizable with 

the 26.7”, wetness for three revolving rivulets. In the 

four revolving rivulet model. the corresponding maxi- 

mum and minimum tem~ratures at the thermo- 

couple location are 405 ‘C (761 ‘F) and 393‘C 

(739 ‘F) which match closely with the average tempera- 

ture lluctuations measured in the SGTF. Therefore. for 

a 2-dim. model (r-11). the DNB oscillations may be 

represented by three to four revolving rivulets with a 

26.7”,, wetness. 

A summary of the tcmpsr:iturc ll1lCtlliltiOllS for 2- 

and 3-dim. revolving rivulet models is shown in Tahk 
2. ATr_, is the tompcraturc fluctuation at the radial 

thermocouple location ; AT,, the maximum outer tube 

surface temperature fluctuation; ATi the maximum 

inner tube wall temperature tluctu;~tit~n and A(A7’) the 

m~lximum temperature oscillation between the innsr 

and outer surfaces. Note that A(AT) is slightly different 

from the difference bctwecn ATi 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 dilrerences. The diNerence 

between the temperature Huctuations as obtained by 

the 2. and 3-dim. models is of the order of I C. This 

implies that the effect of the axial heat conduction is 

rather small, and can probably be neglected. A ‘-dim. 

(r-,U) model should be quite adequate as far as thermal 

modeling is concerned. The computing cost ofa 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. 

Thermal analysis is performed to provide tempera- 

ture distribution in the steam generator tube wall in 

the vicinity of the CHF point. 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 simultaneous equations. with appropriate 

boundary conditions, are solved numerically using a 

semi-implicit finite din’erence method. The oscillatory 

nature of the water.‘steam side boundary conditions in 

the transition boiling region is simulated by postulat- 

ing a num~r 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 temprature predication 

is made as shown in Fig. 4. These results compare 

well with analytical solutions obtained by France c*t trl. 

In rn~ilti-dimcnsion~ll 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 thcrmocouplc tcmperaturs history. Spccilically. in 

the 3-dim. (r, 0. :) model. the four rivulets predict 

favorably the average mcasurcd tcmpcraturc ampli- 

tudos while the three rivulets predict the maximum 

tempcraturo oscillation range. both at the axial lo- 

cation of 26.7 33.3”,, of the transition region as 

measured from the dryout location. Kcsults similar to 

those obtainrd with the 3-dim. model are found with 

the 2-dim. (r, 0) model at the axial location cor- 

responding to 26.7:;, wetness. In view of the same 

observations. it is concluded that the ‘-dim. (r, 0) 

model is appropriate as far as thermal modeling of the 

CHF-dryout region is concerned. 

A[,~,ro,~/n/r/rtt~~,ft~ .,--This paper is based on work which was 
supported by the U.S. Department of Energy through 
Argonne NatIonal Labor;ltory under FWEC Contract No. 8- 
33-3087. 
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MODELE THERMIQUE DE GENERATEUR DE VAPEUR TUBULAIRE EN CHF. 
OSCILLATIONS DE TEMPERATURE INDUITES 

R&m+-On prCsente des modCles analytiques pour la d&termination du champ thermique dans les 
conditions de flux critique (CHF). Oscillations thermiques induites darts un gtntratcur de vapeur chaufk au 

sodium. La nature oscillatoire desconditionsaux limitesconvectiveseau/vapeur darts i’ibullition transitoire 
post-CHF est simuI& en postulant un nombre de rigions humides semblables ;i des ruisvlets qui sent 
diroulissur lacirconf~ren~du tube. Lavitesseavec laquelle lesruisseletssont dtroultsou misen rotationest 
d&ermin& par les indications dtssais rCcents au ~boratoire National Argonne. Les mCmes donnCes dtssai 

~t~t~ut~li~scom~crit~respour ledticloppement du modtle. Lesr@sultatsde mod&ks&un-deuxet trois 

dimensions indiquent que Ie modt+le bidimensionnel (radial-circonf~rentiel) avec trois ou quatre ruisseletset 
26.7?/,de mouillage de lacirconfdrence totalepeut Ctreconvenable pour I’analyse thermiquede l’tbullition de 

transition osclllatoire. 

TtlERMlSCtlES MODELL FUR DAMPFERZEUGER-ROIIRE BE1 CHF- 
BEDINGTEN TEMPERATUR-OSZILLATIONEN 

%usmmenfassunp --Zur Bestimmung dcs thermischcn Feldcs in dcr W5rmciibertragungsberohrung eines 
natrtumbeheirten Dampferzeugers bei durch kritische Wirmestromdichten (CflF) bedingten therm&hen 
Oszillationen wrrdcn analytische Modelle vorplegt. Die oszillatori~he Natur der konvektiven Randbedin- 
gungen fiir Wasser bzw. Dampf im Gebict der u~rgangssiedens wird durch Annahme einer Anzahl von 
Fl~ssigkeits-Str~hncn simulirrt, die drallartig iiber den Umfang la&n, Die Um~ufge~hwindigkeit der 
Strshnen wird unter Benutzung neuerer MeBwerte vom Argonne National Laboratory bestimmt. Die 
gleichrn MeUwcrte werden such als Kritcrium bei dcr Model]-Entwicklung benutzt. Die Ergebnisse der ein-, 
zwci- und dreldimcnsionafen Modelle zeigen. daBdas zweidimensionale (Radial-Umfangs-) Model] mit drei 
odcr vicr Strihnen und 26.1’:; benetztem Umfang zur therm&hen Analyse der Rohre im Brreich des 

oszillatorischen ubergangssiedens als geeignet angesehen werden kann. 

TEflnOBOE MOAEfl~if’OBAHME CMCTEMbl TPYS flAPOf-EHEPATOPA 
flPk1 TEMflEPATYPHblX KOJlE6AHMIX. Bbl3BAHHblX KPMTMYECKMM 

TEllIlOBbIM nOTOKOM 

AHHoraunn - flpeanasaeriw a~~a:iftrit~ec~~~e Moi%ee;lH &7w orrpefie;reiiua Jennoaoro norm a CHCTCM~ 
Tetl,~oo6sieiiifblx rpy6 tfarpriceor’o ~~aporeffepaTopa ffptf Te~nepaTyptt~fx ronefiatctfnx, a~r?~~tti~x 
~p11r~~~ecK~~~ TC~.~OBWII noroyoI1. KoiieGare:rt.rian npwpona KotfaeK?Uaff~x ycnosifii fta rpatffflte 

pawena noziffoii H IfapoBOi? +a3 tipti 3aicp1~;~tciiosi ncpexorttfou peilteMe icmtetnm MonenHpyercn 
B ~,~:I,I‘,;,~~;*c,ot)L. ‘fro 110 OKpyWfocT’H ~py6u IiMeeTCX pW;l 301, CMaL1Haa~ltfK fi,,x~eaO,~O THffa. CKO- 

pocfb. c Koropoii -3aKpywfnawrcw 1f.w spalftaforcn 3rff Bfixp~. oifpencrfaewzr 1fa 0c110ac noc.~c:Ufwx 

‘~KCf1e~~I~fCIIra:lbllblX ililfllflrlX. llo;ly’lelltlblX B AparorlcKoii lI~IlWOI(P,1biIO~ Jfa60paTOpffff. 3rff w(e 

~Kcfleptf\fclfra~lb~fMe .wlfwe ncllo:l~~yforc~ n Kawcrae KpuTepttea ortpenenewna npHh4eltn.wocrH npes- 
:tar4eHbis ~o.~cncii. Pely:ibrarbI pac*lcron no O.I~IO-. LllfyX- tf TF-ZXMepllOfi MO,le,lAM llOKalblflaK)T. ‘fT0 

itffyX%fCpllaK (~a.l~ta.lb~lO-KO:lbllCaaK) MOdeJlb C TpeWtr H:lll ‘feTblpbMR BHXpAMtI W CyWMapllOii IL’IO- 

Ula,‘tbW CWl’fURaC.WOic 110 OKpyjwWcfH lIORe~x.IIoCTH. paBUOii 26.7”,,. YojKer yCllelUll0 WCllOJlb30BaTbCR 

.VIn Te11;1013or0 aUa,lwa cucTe\~bl rell.i006~fcwlblx Tpy6 llp~f ~oneAare:fbffo~ rlepcxonrfobf KHneHw. 


