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The Trajectories of Large Fire Fighting Jets 
A. P. Hattont and M. J. Osborne:]: 

This article describes a computer  simulation of the trajectories of large water jets which allow the effects of 
changes in initial velocity, elevation, nozzle diameter, and head and tail winds to be examined. The rather 
limited information on aerodynamic drag of large jets obtained by other workers is used. The predicted 
trajectories compare well with the limited data available in the literature. 

The results also show that for a given flow rate an opt imum pressure, and hence an opt imum nozzle 
diameter, exists for max imum throw distance which has important  implications for the design of the whole 
system including the pumps.  The opt imum elevation in still air lies in the range 30-40 ° . Wind effects are 
shown to be very important.  

N O T A T I O N  

d Initial jet diameter 
F Froude number Vo/x/(gd ) 
g Gravitational acceleration 
k Drag constant 
n Drag index 
t Time 
V Velocity relative to the air 
Vo Initial relative velocity 
Vx Component of relative velocity in the x direction 
Vy Component of relative velocity in the y direction 
W Wind speed 
r/ Vertical jet efficiency 
0 Angle of jet to horizontal 

I N T R O D U C T I O N  

Large fire fighting water jets are required for support 
vessels for offshore oil rigs. The requirement is to project 
large quantities of water over the maximum possible 
distance. The question arises as to whether this is best 
done by a moderate size jet at high speed or with a larger 
jet at a lower speed. Very little systematic work has been 
done on large water jets in contrast to the very extensive 
literature which exists on fuel sprays and small jets. For 
a given discharge quantity, it is of considerable interest 
to know the distance achieved by the jet and how this is 
affected by such parameters as elevation, pressure, 
nozzle diameter, and wind velocity. 

In this article a computer simulation is described, 
based on available drag information, which enables the 
effects of changes in the above parameters to be ob- 
served. Although the absolute magnitudes of the throw 
distances obtained must be treated with some caution, it 
is reasonable to accept the relative changes caused by 
changes in the above parameters. A successful simula- 
tion could also form the basis of a control system since 
there is some interest in compensating for wind changes 
and ship motion to keep the jet on target. Comparison 
with the very limited available measurements of jet 
trajectories will be shown to be good. 
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SURVEY O F  THE EARLIER W O R K  

The first extensive work on fire streams was published 
by Freeman (1) who was mainly concerned with nozzle 
discharge coefficients. More recently, a comprehensive 
series of tests was carried out by Rouse et al. (2) on 
behalf of the US Coast Guard. 

A great deal of work has been carried out on turbulent 
jets and a correlation of the break-up distance in terms 
of the Weber number was proposed by Phinney (3) who, 
in addition to his own experiments, used data by Chen 
and Davis (4) and Grant and Middleman (5). A similar 
correlation was also given by Miesse (6). In all these 
studies, however, the jets were of small diameter (maxi- 
mum 0.75 in, 19 ram) moving at low speeds and attempts 
to apply these correlations to the limited data for large 
jets such as those used by Rouse (maximum 3 in, 76.2 
mm diameter) do not succeed. This is not surprising as 
the surface tension force becomes of decreasing impor- 
tance as the jet diameter increases. In a large jet the 
turbulent eddy sizes are much greater and more easily 
disrupt the jet surface smoothness. 

Arato, Crow and Miller (7) carried out experiments 
on a vertical jet with application to fountains. They 
showed that the efficiency of the jet, defined as the height 
achieved divided by the head at the nozzle inlet, cor- 
related well as a function of the initial Froude number 
Vo/~/(yd). From their results it is possible to obtain drag 
coefficient information and this was done to carry out 
the simulations to be described in this work. 

Hoyt and Taylor (8) carried out extensive tests on a 
large variety of nozzle shapes and concluded that nozzle 
shape does not have an important influence on throw 
distance. Arato et al. and Rouse et al. had reached a 
similar conclusion but all these authors are in agreement 
that it is of the highest importance to eliminate swirl, to 
obtain a uniform velocity profile and to reduce tur- 
bulence at the nozzle entry in order to achieve maximum 
jet throw distance. 

ANALYTICAL BASIS OF  THE S I M U L A T I O N  

The problem was solved using the equations of motion 
of a projectile. The equations were expressed in veloci- 
ties relative to the wind, solved by a step by step method 
and converted back to absolute values at the end of each 
step. 

The following assumptions were made. 
(1) The drag force is given by kV ~ per unit mass. This is 
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the common form of drag law used in turbulent 0-02 
flows with the index n equal to 2 or a value close to 2. 

(2) The drag constant k is a function of the initial 
Froude number F based on the initial relative velo- 
city, that is, k is a constant for a given jet but varies 
with change of the nozzle diameter and initial velo- -,: c 
city. In fact, because large jets steadily lose mass by o 
droplet separation from the surface, this can only be ~ 
reasonable for the initial part of the flow. The value u o c 0.01 
of k must increase as the jet breaks up. It is hoped to o~ 
include this effect in future simulations. P 

o (3) The values of k as a function of F are the same as 
those in the vertical jet tests of Arato et al. The 
method of obtaining the relationship between k and 
F will be discussed in the next section. 

The equations solved were 0 

dVx 
- kV" cos 0 (1) 

dt 

dx 
V.,. = d-i- (2) 

dr,,_ 
dt g - k ~  sin 0 (3) 

dy 
V~, = ~ /  (4) 

c o s  0 = v~/v (5)  

sin 0 = Vr/V (6) 

V = (V~ + V,2,) '/2 (7) 
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Vertical jet efficiency versus Froude number F (reproduced 
from Ara to  et al. (7)) 
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Fig. 2. k-F Relation used in simulation 

The velocities in the above equations are all relative to 
the wind. The initial relative velocity was obtained by 
vector subtraction of the horizontal wind velocity from 
the absolute initial jet velocity. This implies the addi- 
tional assumption that the drag law for the velocity com- 
ponent normal to the jet is the same as that for the 
component along the jet and clearly this is a feature 
which could be improved should data for drag forces 
caused by cross winds become available. The equations 
were solved by a Runge-Kutta  step by step method with 
an accuracy control on the step lengths. At each step the 
true velocity was calculated together with the absolute 
trajectory values of x and y. 

Care was required to ensure that the drag constant k 
did not fall outside the limits of Figs. 1 and 2. Some 
difficulty was also found with the signs of cos 0 and sin 0 
since the jet direction, depending on wind strength, can 
lie in any of the four quadrants (that is, 0 < 0 < 360°). 
In very strong winds, for example, the jet, at high eleva- 
tion, may be swept backwards. On the UMRCC Cyber 
72 interactive computer system the central processor 
time used was 4-5 s for a single trajectory. 

D E T E R M I N A T I O N  O F  k 

If it is assumed that n = 2 in eqs. (1) and (2), then it can 
be shown that for a vertical jet in still air the jet efficiency 
is given by 

g { kVgl 
r / = ~ 0 2  In 1 + ~ - j  (8) 

Arato et al. give values of r/versus F for such a jet and 
their results are reproduced on Fig. 1. They used three 
nozzle diameters of 1-45 in (36.8 mm), 1.0 in (25.4 mm), 
and 0.667 in (17.45 mm). They also quote the head on 
the nozzle from which V o can be obtained. It is therefore 
possible to solve eq. (8) for k and to obtain correspond- 
mg values of F. Three cases are given in Table 1 and 
shown on Fig. 2. Because the values are subject to some 
observational error it was considered sufficiently accur- 
ate to represent them by a straight line. The line used 
w a s  

k = -0.01 + 0-000273F (9) 

INT. J. HEAT & FLUID FLOW Vol I No I 



THE TRAJECTORIES OF LARGE FIRE F I GHTI NG JETS 

Table I 

Resuhs of  Arato et al. (7) and calculated valttes of  k 

39 

Experiments of Arato et al. 

t l d (m) I/o m/s F 

0.41 0.01745 45 108 
0.67 0.0254 32-7 65.5 
0.78 0.0368 34.2 56.9 

Value of k 
calculated 

from eq. (8) 

0-0185 
0-0095 
0.0050 

Value of ~/calculated 
from program 

(0 = 85 °) 

0-394 
0.71 
0"72 

It will be seen that k becomes zero at F = 37 and 
would be negative for values of F below 37. This, of 
course, is not possible and the program was arranged to 
put k at the small value of 0-001 for F < 37 and to aban- 
don the calculation should the value of F be greater than 
120 since the experiments did not extend beyond this 
value. 

RESULTS 

(I) Comparison with Available Experimental Results 
It was first necessary to ensure that the simulation 
agreed with the results of Arato et al. quoted in Table 1. 
The solution was therefore carried out for these cases 
with 0 = 90 ° and 0 = 85 °. The height achieved was vir- 
tually the same for both angles and the jet efficiencies so 
obtained are given in tile final column ofTable  1 and are 
seen to be in good agreement with the observed values. 
This of course merely confirms that the empirical form 
used for k reproduces the results from which it was ob- 
tained. The differences are due to scatter of the experi- 
mental results. 

Rouse's results give the trajectories of jets from var- 
ious nozzle types and at different pressures and eleva- 
tions. However, he shows the trajectories only up to the 
position where the jet remains coherent. Figure 3 shows 
some comparisons with four trajectories given by Rouse 
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Fig. 3. Comparison of prediction with experiments of Rouse et al. (2). 
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Fig4.  Jet t r~ector ies inst i l la i r0 o=40% Nowrate2400mS/h 

who measured tile trajectories photographically and the 
agreement is seen to be good. However, Rouse quotes 
the monitor  base pressure in his results whereas the simu- 
lation requires the nozzle pressure which makes the 
direct comparison slightly uncertain. One significant 
result of Rouse et al. is that, for a jet of 3 in (0-076 m) 
diameter at a fixed elevation, increases of pressure above 
200 lb/in 2 (14 bar) do not give increase of throw dis- 
tance. Indeed only very small gain results from pressures 
above 150 lb/in z (10.3 bar). This result was exactly 
predicted by the simulation and will be discussed in 
more detail below. 

(2) Results of Prediction in Still Air 
A series of simulations was carried out with a fixed de- 
livery quantity. A few preliminary runs showed that the 
maximum throw distance was obtained with elevations 
in the regions of 30 degrees to 40 degrees. For  a fixed 
flow quantity the nozzle diameter is reduced as the pres- 
sure increases. 

Figure 4 shows jet trajectories for a flow rate of 2400 
m3/h and a fixed elevation of 40 degrees. The nozzle 
pressure was varied from 4 bar to 28 bar and the corres- 
ponding nozzle diameter changed from 0-1732 m to 
0.1064 m. Since the drag constant increases with both 
increase in velocity and reduction of diameter, the effects 
of drag become more pronounced at high Froude 
number and produce a reduction of maximum throw. 

This is shown clearly on Figs. 5 and 6, and it is seen 
that for each flow rate an opt imum pressure exists to 
achieve maximum throw distance. The magnitude of the 
throw distances themselves should be regarded with 
some caution due to break-up in the final stages. 
However, such experimental work as does exist, parti- 
cularly that of Rouse, appears to support  this result. The 
result is important in connection with large fire pumps 
since large pressures demand high power and clearly 
there is no advantage to be gained above the optimum. 
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Figure 7 shows the same effect for a nozzle of fixed 
diameter (0.125 m). As the pressure increases in this case, 
of course, the flow rate rises. However, there is again no 
advantage to be gained in still air by using pressures of 
above approximately 13 bar. Above this pressure the 
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Fig. 5. M a x i m u m  throw distances  for given f lowrates  in still air 
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drag force k V 2 increases, due to increase of both k and V, 
at such a rate as to reduce the total throw distance. 

(3) Effects of Head and Tail Winds 
It is well known that jets for fire fightirlg are strongly 
influenced by wind. Obviously a fire fighting vessel 
should be so positioned as to make the best possible use 
of the wind if maximum throw distance is required. 
Figure 8 shows the effect on the trajectory of a jet of 
head and tail winds of 10 m/s (approximately force 5 on 
the Beaufort Wind Scale). It is seen that the simulation 
bears out experience by showing an increase of throw 
distance of x 2-4 with the wind astern compared with the 
wind ahead. 

Figure 9 also shows that there is some advantage in 
having higher pressure available and rather surprisingly 
it is with the wind astern that the optimum pressure 
becomes higher (16 bars for 3600 m3/h). Figure 10 shows 
the optimum pressures for zero wind velocity and a 10 
m/s tail wind. 

CONCLUSIONS 

The use of a computer simulation of fire fighting jets has 
been shown to be useful in assessing the response of the 
jet to differing operating parameters. In particular it has 
been shown that an optimum pressure, and hence an 
optimum nozzle diameter, exists for a given flow quan- 
tity. From this information it is possible to optimize the 
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designs of both the monitor and pump required for a 
given duty. 

The predicted trajectories correspond quite accurately 
with experimentally observed results, certainly to the 
apogee, the highest point reached in the trajectory, and 
probably for that part of the jet where it remains coher- 
ent, namely, up to ranges of 10-20 per cent beyond the 
apogee. Thereafter the jet may decay more rapidly or be 
more subject to wind effects than the simulation 
provides. 

The simulation will hopefully be developed in the 
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future to include a better description of the final stages of 
the trajectory and also to include cross wind effects. 
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