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depending on the Reynolds number, while the corresponding (Tb- T,). The ratio Q~(~~i~)/Qs(~~j is plotted in Fig. 4. 
differences are 13-19x for the fixed pressure drop condition, Although the Q ratios in Fig. 4 are closer to unity than those of 
The weak dependence of the results on SdDr suggests that they Fig. 3, Q, continues to exceed Qs. Thus, for the investigated 
can be regarded as universal (i.e. independent of SJD,) in the cases, it appears advantageous to use in-line deployment in 
investigated range. preference to staggered deployment. 

The near coincidence of the Qr/Qs values for the TX = T, and 
7, = Tmiz models appears to lend credence to the superior 
performance of the in-line array. However, it can be argued 
that both models are unfair to the staggered array. To 
neutralize this concern, Q, corresponding to the TX = Tmix 
model will be compared to Qs for the r, = T, model, thereby 
penalizing the in-line array since ( Tb - Tmix) is smaller than 
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INTRODUCTION 

IN A POSTULATED loss-of-coolant accident in a light-water 
nuclear reactor, emergency core cooling system water may be 
injected into the upper plenum above the upper tie plate. 
However, penetration of this water downwards into the core 
can occur only when the steam rising from the overheated core 
drops below a critical flooding velocity. This flooding 
phenomenon has been studied in various geometries Cl, 21. 
Bankoff ef al. [3] determined the points of zero and complete 
water delivery for steam-water and air-water countercurrent 
flow through horizontal perforated plates, using a horizontal 
spray for the injected water. The present study is an extension 
of this work, in which a vertically downwards water jet at 
various elevations above the plate is employed. Significantly 
increased penetration capabilities are found, pointing towards 
the possibility of improved core cooling and lower peak clad 
temperatures. 

EQUIPMENT AND PROCEDURE 

The equipment, shown in Fig. 1, is essentially the same as in 
the previous experiments [S], except that here water is injected 
vertically downwards through a copper tube (I.D. 11.1 mm). 
The perforated plate contains 15 10.5mm holes, giving a 
norositv of 0.423. The no01 overflow is located 267 mm above 
1 I 

the test plate. The water that penetrates through the plate is 
drained through the bottom outlet. The steam is injected 
downwardsat a45” angle to mi~~i~entranceeffects, andcan 
flow out either with the water overflow or the steam outlet at 
the top of the channel. 

Four heights of water injection above the test plate were 
employed : 356,203,51 and 0 mm. The water jet was directed 
towards the hole shown as shaded in the figure, except for the 
O-mm case, when the tube was attached to the center hole. The 
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water temperature varied between 0 and 12”C, and the mass 
flow rate from 0.023 to 0.491 kg s- ‘. The steam was saturated, 
with a mass Row rate between 0.0074 and 0.0312 kg s-*. 

The zero-delivery point for a given inlet water flow rate is 
here defined as the point where downward liquid deliveryjust 
begins. It was determined visually by gradually increasing the 
steam flow rate until no delivery is observed through the plate. 
For the two lowest water injection heights, the water jet 
penetrated through the perforated plate before being turned 
around. In this case, zero-delivery corresponds to a ne~igible 
rate of change in the level of water accumulated at the bottom 
of the channel. The total-delivery point, on the other hand, is 
defined as the point where the steam flow rate just fails to 
maintain the water pool above the plate, so that a sudden 
collapse of the pool is observed. 

DATA CORRELATION 

For the correlation of countercurrent gas-liquid vertical 
gow, the Waiiis [4] or Kutateiadze ES] models have been 
employed. An interpolative scaling between these two has 
been given by Bankoff et al. [3] in the form : 

H:“2/C+N;‘~“/C = 1. 111 

The dimensionless flow rates are defined by : 

Nt = ~~i/gw(~~-~*)]l’~j~; i = for g, (2) 

where ji is the volumetric flux of the ith phase, and w is a length 
scale given by : 

w = Do’-“‘[o/g(p,---p,)]““. (3) 

Geometrical effects are taken into account by choosing c1 to be 
of the form : 

a = tanh (27cD,Rjt,), (4) 

where D,, is the hole diameter, R is the porosity of the plate and 
t, is the plate thickness. Following the correlation obtained by 



Technical Notes 2383 

NOMENCLATURE 

C empirical constant Greek symbols 

CP specific heat a parameter defined in equation (4) 
D, hole diameter P density 
f condensation efficiency 0 surface tension. 

; 
gravitational constant 
dimensionless flow rate 

h enthalpy 
h .fs saturation enthalpy Subscripts 
h enthalpy rate d delivery 
hi, water injection height effective, 
I parameter defined in equation (10) P liquid phase 
j volumetric flux fg phase change 
R porosity vapor phase 

t, plate thickness : hole 
T temperature i evaluation at intersection point in equation (9) 
W mass flow rate in inlet 
w length scale defined in equation (3). sat saturation condition. 

Sun and Fernandez [6], for this geometry the value of the Here, W, and W, are the mass flow rates for steam and water, 
constant C in equation (1) is found to be 1.927. respectively. At the zero-delivery point equation (5) becomes : 

Equation(l) wasfurthermodified [3] 
to account for the condensation effects : H,*,,f"/C = 1. (8) 

H,*,,:“/C + H$2/C = 1, (5) 

where the effective steam flow parameter is defined by: 

HB*,c = H,* -.f(~,l~,)“~(Lt- T,)C,J%J$,. (6) 

Here, Hti, and H& are the dimensionless water flow rates 
corresponding to mlet and downwards delivery through the 
plate ; Hz is again the dimensionless inlet stream flow rate ; kg 
is the saturation enthalpy of steam; f is a condensation 
efficiency, obtained from the slope of a plot (see Fig. 2) of the 
steam enthalpy rate, h,, vs the water enthalpy rate, 4, defined 
as: 

h, = Wgh,; h, = w,C,(T,,,-T,). (7) 

Lexan plates 

water inlet 

Equation (8) is good only for the cases where the data can be 
approximated by a single straight line with slopef, such as the 
high injection-height data. To correlate low injection-height 
data, where turn-around below the plate was observed, two 
straight lines, with slopes f, andf,, were employed. For these 
cases the dimensionless effective steam flow rate parameter 
was redefined as : 

H& = Hz -f~C~H~i.li--f,~CH,f,,-_(H~,,)il, (9) 

where the subscript i indicates evaluation at the intersection 
point of the two lines, and I is given by : 

steam outlet4 f 

I= CC,K,,- W&l (P&Y’“. 

bt= .89.2 
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FIG. 1. The test channel and the perforated plate (dimensions in mm). 
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FIG. 2. Typical enthalpy rate data for vertical jet compared to similar horizontaf spray data. 

The point of intersection is empirically determined by fitting 
two straight fines to the data. Equations (6) and (9) are used to 
correlate data points up to and beyond the intersection. The 
second term in equation (9) represents the condensation up to 
the intersection point, and the last term represents the 
condensation from that point to the point of interest. 

RESULTS AN5 DISCUSSION 

For all runs the water inlet temperature was between 0 and 
12°C. We note that, the water inlet temperature and the inlet 
tube diameter being fixed, the water enthalpy rate may be 
considered to be proportional to thejet momentum. However, 
neither the peak stagnation pressure nor the jet half width 
could be measured at the plate in the present equipment. 

Typical enthalpy rate plots are shown in Fig. 2 for totai- and 
no-delivery points. The slopes of the curves correspond to the 

condensation efficiencies used in equation (6) for that 
particular set of data. In most cases, the data can be 
approximated by a straight line, except for the case of low 
water injection heights, 51 and 0 mm (not shown), where the 
data are approximated by two straight lines. Data for the two 
highest water inlet positions (356 and 203 mm) showed no 
significant difference; hence, only one set of data is presented. 
For these cases the inlet water momentum has no effect on 
penetration, as shown by data for both horizontal and vertical 
jets. However, with a Sl-mm injection height a substantial 
increase in steam enthalpy rate is required for zero-delivery, 
since the water jet penetrating through the plate condenses 
steam in the lower plenum in the process of being turned 
around. Furthermore, the presence ofcold water near the plate 
results in sudden collapse ofsteam bubbles in or near the holes, 
causing downwards penetration of water. A similar behavior 
was observed at high water enthalpy rates, where the complete 
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FIG. 3. Dimensionless steam flow rate for no-delivery point. 
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FIG. 4. Dimensionless steam flow rate for total-delivery point. 

and zero penetration curves tended to intersect. Sudden 
collapses of the water pool were observed and the flow pattern 
switched back and forth between the two extremes. The data 
for 0 mm water injection [7] showed that even higher steam 
flow rates were required. 

Equation (6) is used to correlate all the total delivery data 
and the no-delivery data for the two highest water inlet 
positions, 356 and 203 mm, and equation (9) is used for the no- 
delivery data of the two lowest water inlet positions, 51 and 
0 mm. As shown in Fig. 3, the zero-penetration points are in 
good agreement with equation (8). Assuming that equation (6) 
is valid just before total dumping occurs, the complete- 
~net~tiondatapres~t~in Fig.4show amin~~v~uefor 
the ~~~~onl~s steam flow rate parameter of about 0.6, 
which is independent of the value of the dimensionless water 
flow rate parameter. 

It is therefore concluded that, for this particular rectangular 
geometry, intended to simulate the upper tie-plate of the 
German PKU reactor, vertical injection of cold water close to 
the tie-plate can be more efficient in cooling the reactor core, 
since delivery is observed for smaller water flow rates 
compared to horizontal spray experiments [3]. However, the 
importance of the condensation efficiency, f, for other 
geometries, as well as the effects of liquid subcooling, jet 
diameter and jet velocity at the plate, are subjects for further 
inv~tigation. 
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1. INTRODUCTION 2. SINUSOIDALLY DRIVEN CONDUCTED 

THE TRAX~ZR of heat by unsteady conduction through a HEAT FLOW 

solid-the wall of a room for example-and the process of 
natural convection that typically takes place between the air 

One.-diiensional heat flow in a solid is subject to the 

and the wall of a room, are physically speaking very dissimilar 
equation 

processes. Nevertheless, the analytical expressions for the heat 
flow at the sutiace due to the processes show some structural 
similarities as will be demonstrated below. (1) 


