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ABSTRACT 

The present analysis t rea ts the transient load characteristics at the 

wet-well bottom during the vent-clearing event under loss-of-coc'ant accident 

conditions. A conceptual model is introduced wherein the liquid-jet inertia 

and the net momentum-efflux are the two dominant physical factors. The 

derived load-history equations were found to be functions of the vent-clearing 

characteristics and of the jet-decay mode in the liquid pool. The -leoretical 

results obtained by a physical modelling of these phenomena appear t . agree 

reasonably well with the available data from UCIA and from LLL 1/5-scale 

experiments. 

Jha rcpott M I prrpucd 11 i n • « « " « » l *vtk 
tPBumcd fc¥ t U UHMd SliMi G u m * * tttaha 
tfv UaiK s u * n M I <ht U « e d StaK* f«wp-

then cinpluxd, (tor In) of fJwn p » i m w n , 
HbwntnPflB, M <h«i •finlutte*. nmfcn inf 
Mtnnlr . rmprtu ai inptwd, el j p t m i « r • f 1 1 

tltflny « nMpo-inliih!» for ih* M«IM<T c o n ^ k t n m 
of uMfoloesoriny tATdnniTlen,irr4»<ui.f-iu)t»iior 
pmnct dschncd. w icpmcati th*t ••• a « MuM M>I 
•nfjMit ftuativ ftWBfd ntMi. 



- 1 -

INTSODIJCTION 

We wish to develop an approximate theoretical analysis capable of predicting 

the load history of the pressure-suppression system of boiling-water reactors 

following a loss-of-coolant accident. The response of the system to the accident 

may involve f i rs t the air/vapor rushing down the vent(s) submerged in a wet 

well, the mixture forming bubbles in the pool after clearing the vent tube, 

perhaps causing condensation/evaporation of the system (including "chugging"), 

the swelling of the liquid poolfwhich may result in impacting on the ringheader, 

etc . Experiments performed under simulate conditions appear to suggest that one 

of the cr i t ica l uipacts on the structure takes place during the period surrounding 

the vent-clearing event. 

This paper is concerned with the theoretical treatment of the transient 

load characteristics at the pool bottom during the init ial moments following 

UX'A, up to the time the liquid column in the vent downcomer clears the tube 

submerged in the wet well* 

A control-volume integral approach will be utilized in the present analysis. 

This global-characteristics method has been found to afford mathematical t rac t -

abil i ty and delineacion of dominant physical parameters without undue sacrifice 

in accuracy in related problems such as steady-flow je t s (Ref. 1-2), as well as 

other fluid-dynamic problems (Refs. 3-6). 

We shall derive relevant load-history equations for an incOiipressible 

liquid flowing through the control volume using the governing conservation 

principles. I t will turn out later ;see Equation (5)) that the equations thus 

derived show two physical factors that dominate the jet-slug dynamics, v iz . , (D 

the je t - iner t ia effect, which enhances the load; and (2) th._ net iromentum-

efflux effect, which lightens the reaction force—and the pressure force— 

a t the bottom of the wet well. 



The derived load-his tory equation requ i res , for quan t i t a t i ve ca lcu la t ion , 

the vent-c lear inq c h a r a c t e r i s t i c and the mode of jet-decay in the control volume. 

The vent-clear ing h i s to ry has already been invest igated and been reported in an 

e a r l i e r Memorandum (Ref. 7 ) . A model i s introduced into the present ana lys i s 

to describe the jet-decay c h a r a c t e r i s t i c in the control volume. In p a r t i c u l a r , 

the assumed "similarLty" functions (as given in Equations (8) and (9)) produce 

two parameters whose magnitudes determine the je t - f lew behavior. I t wi l l turn 

out (see Figure 4) t ha t only one of these parameters c l e a r l y dominates—at l e a s t 

quan t i t a t ive ly—the flow phenomena and an approximation based on t h i s finding 

wi l l be used in the load-his tory ca lcu la t ion . 

In what follows, the s t eps described so far w i l l be cas t in mathematical 

formo together with discuss ions in greater d e t a i l . 

ANALYSIS 

The control volume se lec ted for invest igat ion of the unsteady j e t - s l u g 

dynamics is shown schematically in Figure 1. 

The governing global-conservat ion equations for the control volume in 

axisymmetric, cy l ind r i ca l coordinate system a re (see Chapters 4, 6 in Ref. 6 

for basic equation forms): 

Axial Momentum: 

3E f J / f.UdAdZ] + J pUwdS - / p V 2 ^ = ( p L - p w ) A + | ngAdZ (1) 

cont inu i ty : 

-H 

/J"" , +/. gjr f J J rdAdZ] + j rwdS - J PVLdA = 0 (2) 
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where the symbols denote their usual meaning and most of these are described 
in Figure 1. The term p. is the static pressure at the end of the vent downcomer 
pipe at Z=L, and p w standsfor the wall pressure at the bottom of the wet well. 
The term dA is the incremental cross-sectional area and is equal to 2irrdr, while 
dS signifies the surface area along 2 and is equal to 2iBdZ. 

Physically, the first term on the left-hand-side of Eq. (1) corresponds 
to the axial-inertia forces, whereas the second and the third terms denote the 
momentum efflux from the control surface along Z and the momentum influx from the 
vent tube, respectively. Thus these two latter terms combined signify the net 
momentum efflux from the control volume. 

Assume incompressibility ot the liquid in the control volume. Assume also 
for simplicity that the velocity distribution of U is uniform in the radial 
direction, so that u = U(Z,t) and V L = v L(t), and that w = w(Z,t). Equations 
(1) and (2) then become 

d r 2 r 2 (PL-PJ 
£- l 1 udz) + - I UwdZ - v / = „ w + g(H-L) at / R / L p 

(3) 

and 

* - * / , 

H 
wdZ (4) 

L 

Substituting p^ = p r o + pgL and introducing terms R and K in Eq. (2), we obtai 

r1 

Wt) = ^ r { / UdZ) - K V L

2 (5) 



where 
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IJ(t) = ~ [P w ( t ) - ( P u , + pgH)]/0 (6) 

and 

2 r H 

K 5 1 ==- J UwdZ (7) 
W h L 

Physically, the termfl(t7 is the "pressure-response" function at the wall, the 

sign being negative based on the sign convention employed in the analysis and 

the action and reaction in the free-body diagram. The term K signifies the 

coefficient for the net momentum efflux from the control volume. 

Now, inspection of Equation (5) yields the following observation: that 

quantitatively the magnitudes of the two conpeting terms on the right-hand-side 

of the equation depend greatly upon the function u = U(Z,t) the jet-decay 

characteristics along Z>and upon tho function V"L = \{t), the liquid-jet velocity 

at the end of the vent tube. Thus i t is imperative that these two functions be 

determined as accurately as possible in order to obtain quantitatively meaningful 

resul ts . These two functions will therefore be discussed and formulated in the 

following sections. 

This function, signifying the instantaneous magnitude of the liquid velocity 

at z = L, has been derived as a part of the vent-clearing analysis reported 

earlier in Ref. 7. In i t , i t was observed that the closed-form solution 

obtained by assuming a constant mean driving overpressure seemed to agree well 

with the test data, ^toreover, the agreement becomes even better if one introduces 

the equivalent tube-length concept, i .e . L* = L + R (say), which accounts for 
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the unsteady nature of the flow. This concept has the additional, physically 

reasonable result that the liquid velocity at the time of vent clearing is no 

longer infinite. I t is noted in passing that Reference 8 also makes use oC 

this additional-liquid-slug concept. Therefore, pending dissemination of a 

more accurate analysis in the l i terature, the results obtained in Reference 7 

will lx> used here to express the velocity history of the liquid column in the 

vent tube. 

U = U(Z,t): 

This function describes the jet-decay characteristics in the control volume 

and is a rather complicated function even after we simplify i t by assuming a 

uniform-distribution behavior in the radial direction. On the subject of free 

je ts in steady flow—free je t in this case meaning that the obstacle is placed 

far from the tube exit plane, say, farther than nine diameter length, i . e . 

(H-L)/D > 9—there are numerous analyses in the l i terature , some representative 

papers being References 9-14. However, few papers are available on the case 

where the distance between the obstacle and the tube, exit is relatively close, 

one of these papers being Reference 15 by Tani and Komatsu. These authors 

experimentally studied the jet-imp ingement cases in which the ratio (H-LJ/D 

was as small as four, under steady-state flow conditions. They obtained the 

jet-decay behavior along the jet axis which may be characterized as some sort 

of a power function of the distance from the nozzle exit . 

As regards any analysis of unsteady jet flews relevant to the present 

problem, the author has no knowledge of ready references. Therefore, we propose 

the following model. Under the assumption of an incompressible liquid flow, 

the instantaneous transmission of the signal in the liquid being one of the 

consequences of this assumption, i t seems reasonable to ut i l ize the qualitative 
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results of the steady jet-decay analyses and thus to approximate the transient 

jet-flow characteristic by giving i t a "similarity" power-function behavior, 

so that the jet-velocity distribution instantly adjusts to the changing values 

of V,, the je t velocity at the tube exit . Thus we put 

M 
U{Z,t) = V L(t) { {£— ) H-Z , ( 8) 

Similarly, we put 

w(z,t) = W(t) ( g ) W 

The power exponents M and A now will respectively describe the instantaneous 

modes of the axial jot decay and of the radial velocity along the 2-axis. 

The functional behaviors of these two velocity distributions are shown 

in Figures 2 and 3 in terms of a dims>nsionless jet-axis distance? defined to be 

f = ( *± ) (10) 

It is not clear at this juncture' what values of H and A are reasonable 
for confined unsteady jets. Prom physical viewpoint, it seems evident that the 
parameter M, characterizing as it docs the jet-decay behavior along the jet 
axis, will depend to some extent on the distance between the tube exit and the 
obstacle (wall). For example, if this distance is infinitely large, the jet 
flow would simulate the free-jet phenomena; on the other hand, Lf this distance 
is very small, say one-diameter lengtn away from the exit, the deflection of 
the flow due to the presence of the wall would be prominent. The distance 
effect studied by Tani (Ref. 15) for steady jets will be qualitatively incorporated 
into the present formulation. 
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I t is also possible that the coefficient M may vary with tune under unsteady 

jet-flow conditions. These factors are a l l combined in the present analysis into 

two parameters, M and A, based on the approximations introduced into the 

formulation. Refinement can clearly be made on the formulation; for example, 

by subdividing the control volume into two or more axial segments and introducing 

difference parameters M- and A :̂ hcwever, th is elaborate procedure is decked 

premature at this stage of the analysis. 

Load-history equation P. = Pjt) 

Substitution of Equations (8) and (9) in the continuity equation (4) 

yields: 

W(t) = VL(t) ( ^ ) ( ~ ) (11) 

The above expression provides the relationship between the vent-exit velocity, 

V,( t ) , and the maximum radial velocity in the jet~W(t). 

Substitution of Equations (8) and (9) in the inertia term yields: 

u d z > = w?> S r ( 1 2 > 

The net momentum-efflux coefficient, K, can be obtained from Equation (7) by 

uti l izing Equation (11) for W: 

(1-S)M ^ d£ (13) 
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The variation of K as a function of M and t\ is shown in Figure 4. It is seen 
that, for the value of A between zero and unity—a physically reasonable range— 
the trend of K is to increase in magnitude from zero at M = 0 to approximately 
unity at M "•• 5. It may also be seen that the effect of M is dominant compared 
to that of A on the magnitude of K. The functional behavior of K suggests the 
following analytic expression: 

K -*- (M/5) 1 / 3 (14} 

This function is shown in Figure 4 as a series of o-symbols. Considering the 
approximate nature of the present formulation, Equation (14) will be used in lieu 
of Equation (13) for the sake of expediency. However, if necessary—or if 
greater quantitative accuracy is desired—we can always revert to the use of the 
more exact equation (13). 

Combining these equations, we obtain the load-history equation: 

. . 6V 1/3 , 
" ( t ) = w -ar - < ! } v i > (15> 

The acceleration term, dVL/dt, and the velocity term, V"L, are to be obtained 

from the vent-clearing analysis (Ref. 7), in which the equivalent tube-concept 

is introduced as previously mentioned. 

Substituting appropriate terms ir Equation (15) and effectint, nond biens ic-n-

alization of the variables for greater generality in application, we obtain: 

( r - L ) 1/3 

(m-D (l+r J * v 

Li 



where 
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6 - JL Pw - (Fbo + pgH) 
9 " gL* pgL* 

B , P l ' P » . a - 2s_ 
D " ogL* ' Tl ogL* 

, _ z 

and the approximate sign in place of the equality symbol is used because of 

expressing the velocity term V"L based on the approximate closed-form results 

of the vent-clearing analysis. Recognizing the introduction of some simplifying 

assumptions into the present analysis this procedure is believed to be reasonable. 

Moreover, the load-history equation thus derived, i . e . Equation (16), turns 

out to be entirely tractable when combined with the vent-clearing result for i> 

(Ref. 7), i . e . 

T = erf (u) (17) 

where n = (-?.n(l-O) ' and" has the meaning already defined in Equation (16). 
Recapitulating, we have derived an expression for the load history which 

depends upon two conpeting physical phenomena, i.e., the inertia effect which 
enhances the load response, and the net momentum-efflux term which relieves 
the load response at the wet-well bottom. 
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DISCUSSION 

Inspection of these two effects in Equation (16) provides the following 

general observation, viz . , the inertia term depends on H/L, R/L, M and v , 

especially on M for a given configuration,while the momentum-efflux term 

is greatly affected by M. In view of the absence of any definitive value of 

M that one can apply to the present analysi- based on a separate investigation 

at this juncture, and in view of the rather encompassing nature of the parameter 

M, we propose to determine th is value (strictly applicable to the load-history 

study only) from comparing the experiment of UCLA with the present approximate 

theory. If the value of M thus obtained is a physically reasonable value, then 

application of the theory to other similar tes ts (such as LLL 1/5-scale tests) 

with the same M-value should yield reasonable comparisons. Following this 

reasoning, comparison was made between the UCIA test results (Ref. 16) and the 

present theory. The pressure history obtained by UCLA is shown in Figure 5. 

^t is seen that in th is particular experiment the vent clearing coincides with 

the maximum (or nearly maximum) pressures for both this driving overpressure 

and the load at the bottom of the cylinder, vfe wish to predict satisfactorily 

the load history, p w (t) ,with known p^ft). The vent-clearing theory predicts 

a somewhat speedier liquid column motion, by about 5 milliseconds. Considering 

the accuracy resolution involved, this amount of discrepancy is believed to be 

permissible. Thus, translating the vent-clearing time by 5 milliseconds, the 

present load-history theory was applied to the UCUV test conditions by using 

M = 2 and M = 3- This is shown in Figure 6. Based on comparison of the test 

result for p in Figure 5 with the theory for p w in Figure 6, the most 

appropriate value of the parameter M seems to be: 

M -v3 (IS) 
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Physically, this value would signify a rather precipitous reduction in the 
axial velocity (assumed radially uniform) as the jet slug approaches stagnation 
condition at the wet-well bottom wall, resulting in an increased efflux of the 
maxx through the side surface, i.e., an enhanced jet deflection. Considering 
the relatively small distance between the jet exit from the tube and the 
obstacle (wall), and considering also the assumption of the inconpressibility 
of the liquid, this value is tentatively taken to be a plausible value in the 
analysis of the unsteady jet-slug dynamics. 

If the above value of M is reasonable, then the theory should predict with 
acceptable accurac. th-.- load-history under other conditions. For this purpose, 
the test data taken at I.LL (Ref. 17) were chosen. In particular, comparison 
was made between the Test 1.3.1 results and theory. Figures 7 and 8 give 
histories of the driving air pressure in the ringheader and at the bottom of 
the torus, respectively. The region of present interest is re-drawn in 
Figure 9. 

Although the physical configurations for the test apparatus and the theory 
are not strictly the same, sufficient similarity was believed to exist to 
warrant comparisons between theory and experiment. The theoretical result 
based on M = 3 is shown in Figure 10, where the time scale was translated 5 
milliseconds to adjust the vent-clearing history as previously mentioned. 

Reasonable agreement is believed to exist between the experimental load 
history of LLL Test 1.3.1. (Ficure 9) and the theoretical prediction (Figure 10). 

Some remarks and exegesis on the analysis presented in this paper are in 
order. It gees without saying that any quantitative result reflects both the 
qualitative assumptions made I i.e., physical models) and the quantitative approx-
imations.-for example, the description of K in Eq. (14). The major simplifications 
introduced into the present study are: the inconpressibility of the liquid, 
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the use of the closed-form results from the vent-clearing analysis, the choice 
of the parameter M to describe the unsteady jet-decay bahavior, and the 
parameter K to characterize encompassingly the net momentum-efflux phenomena. 
Concerning the inconpressibility-fluid assumption, it is noted that currently 
there are studies in progress which treat the liquid as compressible. Hope
fully their results will shed insight into the adequacy—or inadequacy—of the 
incompressibility approximation. A more accurate vent-clearing history would 
be desirable to inprove quantitative comparison with experiments; however, the 
vent history employed in the present analysis is believed to be sufficiently 
reliable, although any result which enhances the accuracy of course would be 
useful. A separate, unsteady jet study in confined configurations, practically 
non-existent in the literature to the author's knowledge, would enhance the 
possibility of determining the value of M more accurately. Theoretical and/or 
experimental investigation of the unsteady jet-flow phenomena will be a 
worthwhile project to undertake in the future. With regard to the expression 
of K in Equation (14), this procedure was taken strictly for convenience and, 
as stated previously, the more exact equation, Eq. (13), can be used if 
greater quantitative accuracy is desired. One final remark: in the theory 
it was assumed that the liquid pool extentlad to infinity in the rndial 
direction, thus constituting a reservoir. On the other hand the experiments 
of UCLA and LLL were performed for a finite liquid pool. Concerning the 
side-wall effects on the jet flow, the test results of Reference 15 show 
that this side-wall effect would be significant only if the radial distance 
between the stagnation point and the side wall is less than about three-tube 
diameter length, i.e., (distance)/!) < 3. The configuration of UCLA is: 
22.5 an/4.7 cm •v 4.8 > 3, while that of LLL is: ca 90 cm/12.5 cm "- 7.2 > 3. 
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Thus the s ide-wall ef fec t i s believed t o be small—at l eas t while the l iquid 

column is s t i l l in the vent tube and clear ing the dcwncomer—compared to other 

physical factors considered in the present ana lys i s . 

CLOSING REMARKS 

In summaryr an approximate preliminary theory for the lead history up to 

vent clearing was developed based on a conceptual model of two competing 

physical parameters: the inertia effect and the net momentum-efflux phenomena. 

A dominant parameter M describing the jet-decay behavior was delineated from 

the theory. For the value M ^ 3, the theoretical predictions appear to agree 

reasonably well with the experimental data of UCLA and of DLL in terms of the 

load history at the bottom of the WCL vrell under the loss-of-coolant accident 

conditions. 

Quantitative refinements to the present, "zeroth-order" model theory can 

be effected, either by removing some of the assumptions made or by introducing 

more elaborate models into the present analysis. Future studies would envision 

these steps; however, the present approximate theory is believed to be sufficiently 

self-contained to warrant dissemination at th is juncture. 
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