iy e

- FIRY @Regam~H
) ORGANILALION
REFERINGI  LIBRARY

No. RAAER.NIR) !
¥R, llote fo, 18171955

'
1

DEPARTMENT OF SCIENMIFIC AWD INDUSTRIAL RESEARCH AND ¥IRE OFFICES' COMMITTEE
JOINT FIRE RESEARCH ORGANIZATIOHN '

This report has not been published and
should be regarded as confidential advance
information, o reference should be made to
it in any publication without the written
consent of the Director of Fire Research,
{Telephone: ELStree 1341 and 1797).

L.

vy A8
\

W\
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Summary

The entrained air velocity, mass median drop size, drop size
distribution and drop velocity of sprays falling on a given area,
and produced by a battery of impinging Jets, have béen related to
the diameter of the Jjets, the pressure at the jets end the rate of
flow of spray to the given arca. A theoretical formula has been
derived for predicting the enirained air velocity in the sprays which
agreos fairly well with the formula actually cbtained, The application
of the theoretical formula to predict the entrained air velocity and
reach of sprays from single pressure nozzles is discussed., It was also
found that the rate of reduction in drop size with increase in pressure,
decreased as the pressure increased,
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LIST OF SYMBOLS

Dimensions
velocity of drops in excess of entrained L1
air streanm
velocity of entrained air stream L
root mean squars .of velocity of entrained LT
air stream over area B
area through which spray and its entrained 12
alr stream passes .
discharge coefficient of Jjets %*
mass median drop diameter of spray L
acceleration due to gravity Lr-2
percentage ofAdrops present with diamster %
greater than y
distance from nozzle L
Jet diameter - ' L
arbitrary comstant in equation 16 | ,‘TIL
drop size distribution factor B LY
pressure ’ iL-17-2
rate of flow per unit area receiving spray il
rate of flow from nozzle !
time taken by drops to pass through distance n T
velocity of drops at nozzle L1
exponent of P in equation 16 I
drop size L
drop size constant- L
density (a -~ air, w - water) ML~
angle of impingement of Jjets ®
cone angle of spray b
viscosity of liquid risekhiad

dimensionless

dimensions such that equation 16 balances.




THE PROFERTIES OF SPRAYS PRODUCED BY BATTERIES Oi' IMPIVGIVIG JETS

by
D. J. Rasbesh

TFTRODUCTION

In work on the extinetion of liquid fires with water sprays (1)
an apparatus was developed for nroducing sprays of controlled properties
at a fire area 30 cm diameter, During the course of the work the
entrained air velocity, drop size distribution and drop velocity of
many sprays produced by these batteries were weasured. The results of
these messurements have now been analysed and related to the pressure,
the jet slze and the rate of flow at the fire area,

EXPERTIMEITT AL

The apparatus, and the met??ds of measuring the spray properties
have been described elsewhere It consisted of two batteries of

6 pairs of Jets, each pair impinging at an angle of 90°; these batteries
were placed 175 cm above the fire area, The number of pairs of Jets in
use could also be varied by blocking Jets not required, For a given size
of Jets and pressure at the battéries, sprays with varying rates of flow
t0 the fire area and different spray patterns at the fire area could be
obtained by varying the number of pairs of jets used and the position of
the batteries relative to the area, In most of the tests 'carried out
with this battery the sprays gave an approximately even pattern at the
fire area; the results given in this p? er 11 r§i7 {7 gppays of
such pattern, The jet sizes used were ‘; 16 in,

RESULTS
ENTRATVED ATR VELOCITY

The ve1001ty of the air current entrained with the spray (the
entrained air veloclty) wess measured in a plane 30 cm above the combustion
vessel (145 cm.below the batterles) . ieasurements were made on 47 sprays
which had rates of flow at the Tire arca between O-4 and 6 g/{cm}<(min)
and which were produced within pressures of 5-85 1b/in?,

A regression analysis on these results showed that the entrained air
velocity depended signific t}y on the rate of flow and pressure but not
on the jet size, Equationa? accounted For 95-4 per cent of the total
variance, N

log'A'= 0°327 + 0-033* log P +'0'475-:_0'O63 1Cng + 1812 S e (1)

where A = entrained air veloc1ty (cm/s)
P = pressure (Lb/in2)
R = rate of flow to the fire area (g cm™® min~?!)

It was 81so found that the somewhat more complicated equation (2) could
account for a slightly higher percentage (97-9) of the total variance,

log 4 = 0-296 log P + 1173 log R - 0'397 log P leg R + 1+876 cesse(2)

Equatlon (1) may also be written in the form ‘
A= 6 o .327 0 475 ' e (3

or - 4 = 10,789 327 RO'A’S - ) o Jeeetia)

if A is measured in ft/sec and R in 1b £t72 sec”!,

*95 per ‘cent confidence 1im1ts on regression coe‘?lclent'
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MASS MEDIAN DROP SIZE

The drop size measurements were carried out at the con_lbustion
vessel, Eighty-four measurements we#e made on sprays with}n the.same
range of rates of flow to the fire area and pressures mentioned in the
previous section, Each measurement was based on a count of 2500 to
10000 drops, A regression analysis on these measurements showed that

equation {4) accounted for 94:5 per gent of the total varience,

log D = 0367 + 0-052 log J - 0:646 log P + 0110 (log P)2 +

0-140 log R + 0-160 ceena ()
where D = mass meCian drop size (ﬁm)
J = Jjet diameter (in, x 6k).

I
DROP SIZE DISTRIBUTION !

Tt was found that most of the %prays'obeyed the Rosin Rammler law

(Equation 5) fairly well, | .

' .
2‘3 log -10_02‘ y n ocooo(s)
G ¥ :

where G = percentage of volume of drops present as drops of diameter
greater than y | '
: i
¥ = a linear size constantf
n = a distribution factor ’

The exceptions were sprays with thellgrger jet sizes (3/64 and 1/16 in,)
at the lower pressures (5 and 10 1b/in,¢); these sprays usually contained
a smaller amount of very fine drops than predicted by the Rosin Rammler law,

The coefficient n in eQuatiohs (5) may be taken as representing the
homogeneity of the spray; the larger the value of n the more uniform in
drop size was the spray. n varied between 2:-0 and 3.0; the value increased
as the pressure increased and the jet size decreased, but was independent of
the rate of flow to the fire area, |

DROE, VELOGITY |
7

“JWith twelve of the sprays an astimate of the drop velocity was obtained
for~%hose drops in the spray up to|0°40nm1diameter, at a point 30 cm above
the centrg of, the fire area (2, 3}/ The relative downward velocity, a, of
the drops Po_the entrained air stream increased as the drop size increased
as'shovm in Figure 1, Within the accuracy of the estimation the rate of flow
to the fire area and the pressure did not affect the value of a,

DISCUSSION
: I
ENTRAINED AIR VELOCITY o
R | ;
Derivation of formula for entrained air velncity

The entrained air velocity af?the spray arises from the trensfer of
the initial momentum of the drops to the surrounding atmosphere due to
the form drag between the drops and the air. The form drag is that part
of the drag which arises from the pressure difference between the leading
and trailing surfaces of the drop and accounts for the major part (about
90 per cent) of the resistance to the drops in their passage through the
air, An estimate of the entrained air velocity and an indication of the
way in which it should depénd on the rate of flow and the pressure may be
obtained using a momentum balance,! Thus if at a horizontal plane h ft
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directly below a battery of impinging jet nozzlés pointing downwards
there is an entrained air velocity of A ft/sec and a rate of flow of
water of R Lb £t~2 secT!, and if the velocity of the water drops
relative to the air stream at the plane is _g_ft/sec then the momentun
flux at the plane will be given by )

P22+ R(a + a) poundals/ft2

This may be equated to the sum of (1) the momentum flux of the same rate
of flow of water at the jets and (2) the momentum flux induced by the
action of grevity; (1) is equal to RV where V is the initial velocity
of the water spray leaving the jets in a direction perpendlcular to the
plane and (2) is equal to R gt where 't _is the time taken for the spray
to travel from the jets to the plane, ' :

Thus

._ LAQ + R(A + &) = R(V + gt) o ....:.(6)

In the derivation of equation 6, skin friction at the drops is
neglected and it is assumed that e.ll the form drag results in the transfer
of downwerd momentum to the air stream, An approximation to t may be
obtained by assigning a mean velocity to the drops as they fall from the
Jets to the plane, equal to V. + A + a; from this t may bs calculated

————————

to be 2h ., Substituting for t in equation 6 and rearranging

SR (D)

fA2+R(A+a— 2gh
oL V+h+a

By €quating the downward momentum of the water jets before and af'ter
break up then the expression in equation 8 may be obtained,

V=2¢C |4'6 gP cos < ft/sec . .. (8)
2 ' ’ Y

Here ¢  is the angle of impingement of %he jets and C ‘the
discharge coefficient at the Jets; separate experiments showed that with
the Jets used in the experiments C varied with the j2t size and pressure
between 075 and 0°90, ‘ -

From the 1Eformatlon above 1t was possible fo ﬂllz itute in the factor
R(A + & ~ _______) the required values of A, a and V for o number of
V+A+a

sprays. All these substitutions showed that this factor wag posmt:.ve and
small compared with the corresponding value of RV (about >f) This might
have been expected, since in_all the tests the value of A “was slso small
compared with the value of 'V, TFor simplicity the second term may
therefore be omitted from equation 8 '

giving ﬁ_azc\\; RV : L (9)

Cembining equation 9 and 8 and inserting the valuss of 0. and o givean

P N
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Equation 10 is similar to equation 3a. If the second term were
not omitted from equation 7 in order to form egquation 10, then the
exponent of R in equation 10 would be reduced to less cnan 0+5 and
P increased to greater than 0-25 by amounts which would depend on the
values of R, P and g, Under these condltlons the exponeunts in
equation 10 would approx1mate more closely to those in equation 3a,

However, an exemination of equation 10 and 3a shows that over the
range of pressures studied, equation 10 prediects a violue for A which
is only 60 to 80 per cent of that given by equatlon 3a, Because of the
assumptioms mede in deriving equation 10 it would have been expected
equation 10 should predict a high result. There are two rcasons for
this discrepancy. Firstly equation 3a correlates the entrained air
velocity with the rate of flow.to the flre area whereas in equatlon 10.
the correlation is with the rate of flow at the place where the entrained
air velocity is measured, In the tests described this plane was 30 onm
ebove the fire area and separate tests,on a few sprays showed that the
rate of flow per unit area in this plane was about 1+4 times the rate of
flow at the fire area, Thus to make equation 3a and 10 more comparable
the coefficient 9.7 in equation 10 has to be multiplied by Qra b, giving
11+5, Secondly the measurements correlated in equation 3a were taken
at ‘the centre of the spray. Measurements on three sprays produced at
85 Lb/in.% pressure and a rate of flow of 1+6 g cm-2 min-? showed that
when the measurements were tsken nearer the edge of the spray thers was
a tendency for equation 10 to predict valuﬂs of A which were higher
than the experimental values, It thus appears that air entrained at the
edge of the spray finds its way into tbe centre of the spray; the
reason for this is not fully understood,

It was also found that for a given rate of flow and pressure the
entrained air velocity did not depend on the Jjet size, this implies that
it was independent of the drop size range covered., A variation in drop
size would bring about a veriation in the drop velocity (a) in equation 7.
It was found that for the sprays studied, the second term of equation 7,
which includes the factor sa, was small in comparison with the third
term; this probably explains why Jet size did not appear as a significant
factor in the analysis, However, if the sprays were very much coarser and
2 correspondingly increased then it mlght be expected that drop size would
begln to appear as a significant factor, the entrained air velocity
decreasing with increase in drop size.'

Entrained air velocity in spray from a single nozzle

In view of the general agreement befxeeﬂ zqguation 10 and 3a, the
approach to equation 10 may be used tq relatsz the entrained air ve1001ty
in & sprey from a single nozzle with the pressure and rate of flow at the
nozzle, . :

Thus, consider a nozzle dlscharglﬂé all ity walter sprey and the
entralned alr associated with it through an area B zitietsd at some
distance from the nozzle, If the rate of flow from the nozzlé is Ry
and the initial velocity of the drops'in the direction of the area is V
then the entreined air velocityrat the area will be given by

/
032 =RV ces (1)
‘-.
or & =, By V S A P
| Bs_‘_}
I

Yihere A = root mean square entralned alr vatosit ¥ over fhe orea N,
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It may be further assumed that V is proportional to

P. Thus

e (12)

V wlll also vary with the come engle at the nozzle, the mean value of
V ‘décreasing as the cone angle increases, However within the renge of

cone angles O to 90° it is wnlikely that V will vary by more than
about 20 per cent,

Relation between entrained air velocity and the reach of a spray

The entrained air velocity of the spray is an important factor
governing the throw of a spray projected horizontally; its importance
increases as the drop size of the spray is reduced., In equetion 12,. ¢ B
ig the linear dimension of the area through which the spray is passing.
This dimension will depend on the cone angle, & and the Aistance ?$
between the nozzle and the area, in such a way tnqj}H_WiB w1l increase

as f} and G} incresses, The actual value of n 2 will rwobably be
between 2 tan 11° and 2 tan S; 110 being the argie atv which o Hurbulent

Jet of air broadens. At a certaln distence n,- from the “nzzle the
entrained air velocity may be reduced by broadening cfl the .spray %o that
value Ao, which allows the drops to fall out or *he spray %r be
dissipated in the wind conditions prevailing; h, will then represent

o
the reach of the spray It follows_that
] Bospza‘;“-<'. .
Aod 0.5 . . | ‘__...(13)
. . By o
end writing . B>'? =ho -f (9)
' 0. .2 .
gi*)’es' ) ho Rn_, ,5(#) 5 '-310(124')
}ei
This equatlon may be compared with a regrssnim:. cquation on the
'throw of sprays obtained by Thomas und umar \'),
| 0. 36 -"OOU B8 r 2ol
ho =1 0. Rn I.‘.I.(15)

(tan @ )0+ 07 £ U010
(R is measured in gal/min, P in 1b/ird, & in degvses amd hy La £t),
_ _ , ; o

_ It will be noted that the expenent of rate oi iiow in 2quation 15 is
somewhat smaller than that in equation 14, and that < the pressure is
approximately the same, The ratio of the exponents cf rate of flow and
pressure in equation 15 is not incompatible with the value of 2 predicted
by equation 14, Equation 14 may therefore be regarded as giving an

- alternative approach for determining the way the rate of flow from the

nozzle and the pressure at the nozzlé might influence the reach of fine
sprays from single nozzles, although it may cause an overesplmatlon of
the effect of rate of flow, ' '

DROP SIZE : '

An important feature of equation 4 is bhui e eiteci of a pressure
increase in reducing the drop size decreases as the pressure is increased,
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Thus if the drop size is expressed as & function of the pressure by
equation 16, i -
D= KBX cen (16) D

(K = consﬁant, depending on Jet dia%éter, and rate of flow etc),

then the value of ' x will depend on the value of P, PFigure 2 shows x
es a function of P;  x decreases from 0*5 to 0-2 as the pressure is
increased from 5§ to 100 Lb/ln Equatlon 4 also shows that the rate of
flow at the fire area was a 31gn1flcant factor in determlnlng the drop
size. This was probably due to ccalescence between drops from the
larger number of individual pairs of Jets required to give the hlgher
rates of flow, ‘

Fry and Smart (5) have also measured the drop ulze of 1mp¢ng1ng
jet sprays. The range of Jet siszes they used was from 1/i6 %o 3/16 in,
and the pressure range was from 20 to 120 Ilb/*-*-p These aatbores also o
varied the angle of impingement from 20 tc 90°, Thul* xmsnlif are not
directly comparable to those obtained in the pressut foeus %ince they
used 81ng1e pairs of -impinging Jets whereas the numbc‘ ef sairs of Jets
used in the present tests varied according to ihe rate cl ¢luw to the
fire area, However, from the valuel of the rate of flow coefficient given
in equation 4 it was posslble to apply e correction uvo +the dyop siges
obtained in the present tests whlch resulted in an estimete of the drop
size which would have been obtalned if only a single pair of jJjets were

ﬁed These corrected drop sizes are plotted in the dimensionless form
( against the dimensionless number £J (the latter number is ‘ ) -

equivalent to half the square of thg Reyholds number at the jets), and
results obtained by Fry and Smart for an impingement angle of 90° heve -~
been included in the graph. All the results fall approximately on a oo
straight line fitting equation 17, |

2= 5%_@%1’;3 ~0-265 vene (17)

However, it will also be noted that for a given Jet size the results
fall rather on curves about the straight line than on the straight line
itself, This is due to the diminishing effect of pressure as this
factor was. increased, It would therefore be unwise to use. the line
given in Flgure 3 to predict the drop sizes of sprays at high pressures
and low jet sizes except for obtain:ng o flirst arproxlmatlon. It will
alsc be inoted that equation 17 predlctu exponents of 0«47 and -0-265
for 4 and P respectively in compa_ 3on with an =ponent of J of
0.37 obteined from the regression equat101 4 ard a mean exponent of P
of ~0.35 obtained from Figure 2, Thisc is a cousequende of the fact that .
these latter regression coefficients are for comstant onins of flow at
the fire area, whereas those obtai?ed from equaticx 7 @ o raves
of flow given by single pairs of impinging Jjets, There is evidence that
an exponent of about 0¢5 for J is fairly genera*. Thus a4 analysis of
all the data of Fry and Smart glves the exponent of J or 0452, ¢ 018,
Moreover, Joyce has stated that ”or sprays obteinod from Lvur¢ noznles
the drop aize of the spray is approximately rreporiional to the zanecre
root of the orifice size, HoweverL the exponent fvr P apoears lo
vary not only with P itself as indicated above, bt slso with ohther
factors in the system. Thus the. data of Fry ¢ *J et does rot iudlante
. & gignificant overall effect of pressure although “they inaicr+° 2
significant 1mp1ngement angle - préssure 1nteractlon At impingenzns
angles of 90° and 70° an increase in presoure decrszsed the drop slzs
tut at lower impingement angles an increase in preszure, iF anrthiug,

increased the drop size. |
I . . T
|
|
R
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