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SUMMARY

Studies of the jet impingement forces caused by perpendicular flow 
against flat plates - mostly from circular nozzles - have been per­
formed at KWU and by a number of other experimenters. Measurement 
data for flow onto other structures (such as H beams and pipes) from 
a non-circular nozzle (0.1-A break simulated by a rectangular cross 
section) are presented for the first time in this paper. On the basis 
of the information obtained, under quasi-steady-state experimental 
conditions, on discharge rates, pressure distributions, central dynamic 
pressure on the structure concerned etc., a method of calculation 
that is simple to use has been developed and provides quite a good 
description of the experimental results, as a comparison with measure­
ments shows. The method of calculation can be applied to different 
structures by using the drag coefficients known from single-phase 
fluid dynamics.

I INTRODUCTION

For the design and safety analysis of nuclear power plants, the failure 
of pressure-retaining piping is postulated. In this connection, it is 
necessary to investigate the effects of discharging jets of fluid on 
systems and/or structures adjacent to the leak. In most of the cases 
considered, the fluid discharging is pressurized water that expands 
and thus flashes partially into steam. Calculation of such two-phase 
jets is not possible with analytical methods. One way to solve the 
problem is to use complex computer codes that have to be verified 
experimentally.

Based on many years of experimental studies and their systematic 
evaluation, an empirical method of calculation that is simple to use 
has been developed at KWU. It provides a cheap alternative, enabling 
conservative estimates of essential parameters to be made with little 
more than a pocket calculator. Thus the maximum pressure at the stag­
nation point, the pressure distribution, and the jet impingement 
force, on various structures can be determined for steady-state dis­
charge of pressurized water from nozzles of different shape.
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2 EXPERIMENTAL WORK

The experimental arrangement used is shown in Figure 1. It consists 
in the main of the pressure vessel, a discharge nozzle, the structure 
on which the jet impinges and a low-pressure vessel.

The pressure vessel has a volume of 8.3 m3. Demineralized and de­
aerated water is used that can be heated electrically (292 kW). The 
maximum permissible operating points are 100 bar pressure and 310°C. 
Subcooled initial conditions are achieved by increasing the pressure 
still further with nitrogen at an appropriate temperature (up to 
100 bar).

The discharge pipe has an inside diameter of 133 mm and is fitted 
with a wedge-type gate valve as the isolating valve. Opening this 
gate valve which frees the entire cross section of the pipe, initiates 
the discharge operation. The discharge nozzle to be tested is attached 
at the end of the discharge pipe.

The low-pressure vessel, with a volume of about 50 m3, serves as a 
protection and for separation of the phases; the water arising is 
drained off through the bottom, while the wet steam produced is vented 
to atmosphere through an opening with a nominal diameter of 1000 mm.

Various shapes of discharge nozzle were used. Two examples are 
shown in Figure 2. In the nozzle with the circular opening, the care­
fully shaped inlet, and the length of 400 mm, allow the flow and 
thermodynamic equilibrium to become more or less fully developed. The 
rectangular nozzle (132 x 10.4 mm) is a simulation of a 0.1-A break 
of a pipe. Here, the nozzle acts as a flow restrictor, which encourages 
thermodynamic disequilibria.

The target structures used were a flat plate (900 x 1200 mm), two 
H beams, "T 53" (53 x 53 mm) and "T 75" (75 x 75 mm), and a pipe "R 75" 
(outside diameter of 75 mm), as shown in Figure 3.

In addition, the following parameters were varied:
- degree of subcooling in the pressure vessel 
- nozzle-structure distance
- orientation of the rectangular nozzle to the beam and pipe structure 

(parallel or perpendicular to the major axis)
The following list provides an overview:

Vessel pressure: 5 <PB< 102 bar
Vessel temperature: 20 < TB < 300°c
Nozzle geometry: Circular form: 10 < D < 65 mm

Rectangular form: 10.4 x 132 mm2

Hydraulic coefficient
of resistance: 0.15 < $< 2.69
Nozzle-structure distance: 2.5 < z < 330 mm

The aim of the experiments performed under quasi-steady-state con­
ditions was to investigate
- the thermohydraulic state of flow in the nozzle
- discharge rate
- pressure distribution on the target structures 
- jet impingement force on the structures.

3 CALCULATION PROCEDURE

3.1 Discharge rate

The calculation of discharge rates is performed essentially on the 
basis of known formulae; only for pronounced thermodynamic disequilib-
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ria is a correction introduced. The methods are outlined in the fol­
lowing:

The initial state of the fluid in the pressure vessel is described 
by the pressure pg, and the degree of subcooling 90 = Pstt (TB)/PB. 
For the range 0 < g < 0.8, a satisfactory agreement with Pana's method 
of calculation /1,2/ is obtained. For the range 0.8 < 9 < 1.0, the model 
according to Moody /3/, in conjunction with Pana’s equation, provides 
satisfactory results if there is a thermodynamic equilibrium in the 
nozzle.

In the case of the rectangular nozzle used, which leads to pronounced 
states of disequilibria because it acts as a flow restrictor, a cor­
rection factor

(1) 2 = 0.76 - 0.1875 g + 0.1563 92 - 0.4688 go3

was derived additionally, so that the mass flow density can be deter­
mined from

(2) m/A = (mh/AJpANA / 2

The agreement between measurements and calculation can be seen in
Figure 4.

3.2 Pressure distribution over structures

The pressure distribution for perpendicular impingement on flat plates 
can generally be described by a Gaussian distribution curve (where 
"r" is the radial coordinate):

(3) [p( r) -P_1 = lpr=o -p=lexp(-K,2)

with Kr being a factor dependent upon the state of the fluid and the 
nozzle, and the nozzle-to-plate distance

(4) Kr=C/D2 C = f(z/D,y)

The non-dimensional pressure distribution 1 is thus obtained in the 
following form:

(5) v = [ p (r) - P- JI (P, =0 - P- 1 = exp(-K,12) - expt-C(r/D)2 ]

For saturated pressurized water:

C=1938-0.99426-(z/D-0.25)-0.73559-(z/D-0.25)2+0.85303-(z/D-0.25)3- 
(6 ) 0.31809-(z/D-0.25)4+0.055679-(z/D-0.25)5-0.00458193-(z/D-0.25)6 +

0.000141356-(z/D-0.25)7

For subcooled pressurized water, i.e. for 0 < g < 1,

(7) C = 1.4 - 0.4-g

must be used. For non-circular nozzles, an equivalent diameter

(8) D«| = V4A/^

must be assumed for the nozzle. Furthermore, for oval or rectangular 
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nozzles, the pressure distribution is not in radial symmetry. It can, 
however, be described by an equation using two coordinate axes:

(9) vx = exp(-Kxx2) v = exp(“Kyy2)

For a small nozzle-to-plate distance

(10) K,/K, = b/a

holds as an approximation (where "a” is the length of the major axis, 
and "b" is the length of the minor axis).

For larger distances,

(II) K,*K,%C/D,?

In addition,

(12) VK,K, = C/D,2

applies on principle.
The agreement with the experimental data is shown in Figure 5.

3.3 Central dynamic pressure

To be able to quantify the pressure distribution hitherto represented 
in a non-dimensional form, knowledge of the central dynamic pressure 
is needed. On the basis of experiments with circular nozzles, the 
following formula has been developed as a function of g, $ , z and D:

The dynamic pressure is normalized with the pressure in the vessel

(13) n = [Prso -P-l / tpB -P-1
According to /4 /, the following has been determined empirically

(14) 7= exp[-Ny + (2,54-N+3.31-M)-g3- (1.54 N + 2.31M) y43]

where

(15) N = th[0.2-(z/D,-1)]2

and

(16) M = In [e-0.65-(z/D,)-2 21 ]

with

(17) e = exp(-0.1193 s0603)

With a considerable jet constriction (flow restrictor effect), a large 
degree of subcooling, and small distances z, the equivalent diameter 
must be corrected.

(18) D = D eq • 3.55 • exp ( —0.0058'z)

In these cases, the occurrence of a pronounced water core which will 
reach as far the structure must be assumed in the jet. Figure 6 shows 
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the readings obtained for discharge from a rectangular nozzle onto 
different structures. The computed curves are also plotted for com­
parison.

In order to understand the information provided in Figure 6, the 
course of the experiment with the jet discharging from the rectangular 
nozzle must be dealt with in greater detail. During the fluid discharge, 
the pressure in the pressure vessel changes continually (quasi-steady­
state), while the temperature remains constant. Thus, the degree 
of subcooling decreases, i.e. the pressure ratio g approaches more 
and more the value 1. If g is less than 0.7, a pronounced thermodynamic 
disequilibrium prevails in the nozzle. The vaporization of the depres­
surized water takes place essentially after the nozzle. The constricted 
jet has a water core over a considerable length. If the distances are 
small (z = 80 mm), the water core impinges on the structure, and large 
values are obtained for the non-dimensional dynamic pressure n. If 
the degree of subcooling decreases (g greater than 0.7), the point 
of onset of vaporization shifts into the nozzle, the jet expansion 
increases greatly, and the central dynamic pressure decreases consider­
ably. This explains the discontinuous transition of some of the measure­
ments. The change in flow behavior must be taken into account in the 
method of calculation.

3.4 Jet impingement force

The jet impingement force exerted on a flat plate can be calculated 
from the integration of the pressure distribution. As a result, we 
obtain:

(19) F, = wD^(q/C)(p,-p_)

Calculated and measured jet impingement forces are represented in 
Figure 7.

If the two-phase jet is directed onto a body of finite extent, such 
as an H beam, then a simple way to calculate a conservative value 
for the jet impingement force is to perform a geometry-related inte­
gration of the spatial pressure profile for a flat plate, according 
to Figure 8. A simple numerical method of integration produces the 
required result as Figure 9 shows.

It has been found in the experiments with a jet from a rectangular 
nozzle impinging on different beam structures that the results of 
jet impingement force calculations can be applied to other structures 
having the same projected area. The forces are in the same ratio as 
the drag coefficients known from single-phase fluid dynamics.
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