Measurement of the Surface Ages

of Water Jets

Experimental values of the surface velocities v, of water jets have
been obtained by high speed flash ciné photography of talc particles on
the surfaces of both laminar and turbulent jets. Values of the surface
ages as defined variously by Defay and Hommelen (1958), Hansen (1964),
and Harper (1973) have been obtained from our data for both pure water
and for dilute solutions of surface active agents.

We find, by comparison with published entry length corrections for
gas absorption, that x/v; gives the most reasonable age of the surface at
any distance x along a jet of pure water.

If a surface active agent is present in the water, the amount of
adsorption of a few millimeters downstream from the nozzle is of the
order ten times greater than calculated for laminar jets and five to six
times greater than calculated for turbulent jets at Re, = 18 800. This
we ascribe to liquid circulation in the jet adjacent to the nozzle, caused
by the Marangoni surface flow, which also reduces v, significantly.
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What is the age of the surface of a jet of water issuing
from a nozzle? This age, often considerably greater than
the time required for the bulk of the jet to reach a cer-
tain distance from the nozzle, is required in studies of
gas absorption into jets of pure liquids and also in studies
of the rates of adsorption to the surface of surface active
substances in the jet liquid.

Previously theoretical work on surface ages of jets [par-
ticularly that of Hansen (1964) and of Harper (1973)]
is contradictory, though apparently anomalously high

rates of adsorption of surface active substances from the
jet liquid have often been reported.

By using a Fastax camera at 7000 f.p.s., with a syn-
chronized neon flash, we have been able to photograph
the positions of tale particles dropped on to the surface
of a water jet as close as 0.2 mm to the nozzle. From
these studies, we could test experimentally the various
theories of surface age and explain the rapid rates of
adsorption of surface active substances.

CONCLUSIONS AND SIGNIFICANCE

We find that of the variously defined surface ages, ¢
of Equation (1) gives the best agreement with the pre-
viously published entry lengths for gas adsorption into
clean liquids. This age t is greater than the mean time
of passage of the jet liquid to any point downstream of
the nozzle.

For solutions of surface active substances, the jet
method of determining rates of adsorption is unreliable
because of the complicated flow patterns induced by
the reverse spreading tendency; that is, the surface
film which has adsorped on the surface several milli-

meters downstream of the nozzle tends to spread back
to the clean surface being continually exposed at the
nozzle. This Marangoni effect reduces the surface ve-
locity noticeably near the nozzle and moreover induces
some liquid circulation which accelerates the adsorption
by as much as ten times.

We conclude that liquid jets are neither simple nor
easy methods to use to obtain rates of adsorption of
surface active substances. In industrial systems contain-
ing surface active materials, the Marangoni effect will
result in the exposed liquid surface not being clean, even
at short times of exposure.

When a jet of liquid emerges from a nozzle, it possesses
a nonuniform velocity profile, the surface of the jet
being at a velocity (v,) which is, in general, lower than
the mean velocity of flow (vn) of the jet. When the
jet is surrounded by an inviscid medium such as a gas,
the velocity profile is free to relax. The surface velocity
vs thus increases from zero at the nozzle towards the
mean velocity v, as the surface moves downstream,
though the possibility of the air drag preventing v, from
quite reaching v, cannot be ignored.

Because v, < v, the surface age of the liquid at any
point x downstream is not simply (x/v,) as was used
by Defay and Hommelen (1958). Here x refers to the
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distance along the liquid jet from the nozzle. This was
pointed out by Scriven and Pigford (1959), who ana-
lyzed the surface flow in detail to calculate vy/vm. A
more recent numerical analysis is that of Duda and
Vrentas (1967).

Even when we know v/v,, as a function of x, how-
ever, we still need to interpret the age of the surface
in terms of v,.

Hansen’s (1964) average surface age, based simply on
the effective area of the surface of the jet as the ve-
locity profile relaxes downstream of the nozzle, is

T =x/v, (1)

It has been claimed by Harper (1973) that this surface
age is approximately correct for surface active solutions
in the region near the orifice if the surface aging is
limited by a surface resistance [with the adsorption ki-
netics assumed by Tsonopoulos (1971)] and if there is
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no variation in jet diameter.
If diffusion to the surface is rate determining, how-
ever, Harper calculated that

T= (1/0p) J, vds 2)

In both Equations (1) and (2), v is the surface
velocity at any particular value of x downstream of the
nozzle,

There is a further possible expression for the surface
age; namely

r= j;x dx/v, (3)

This is the time for a particle on the surface of the
liquid to move from the orifice to a point x downstream.

We have carried out measurements on laminar and
turbulent water jets in order to calculate the surface
ages by the above expressions and to show the numerical
differences between such ages. Both pure water and
surface active solutions were used.

EXPERIMENTAL

High speed photography was used to trace the motion of
particles of talc (diameter <150 ym) dropped on to the sur-
face of horizontal jets of distilled water at 25°C close to the jet
exit.

Three types of jet nozzles were used: flat edged, S type of
nozzles (described below) of diameters 1.19 and 1.85 mm, at
Reynolds numbers of 1820 and 2200, respectively; a sharp
edged nozzle of diameter 1.85 mm at Re = 2000; and an
R type of nozzle of diameter 2.04 mm at Reynolds numbers
9200, 11200, and 18 800. All these Reynolds numbers are
based on the mean exit velocities and the nozzle diameters.

The S type of nozzles had a bell shaped orifice shaped ac-
cording to Southwell's (1946) graphical method to favor a
uniform velocity profile (Figure la). The R type was con-
structed to a design of Rupe (1962) with a length to diameter
ratio of 1.20 and a rough turbulence inducing section. This
and the sharp edged nozzle are shown in Figures 1 b and c.

A Wollensak WR17 Fastax high speed camera synchronized
with a neon flash was used to photograph the surfaces of the
jets. The camera was positioned so that light reflected from the
particles on the surface was recorded. The unit operated at
speeds up to 7000 frames/s, and the flm was automatically
marked at millisecond intervals.
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The developed films were projected frame by frame (at a
linear magnification of about thirty five times) on to a screen
from which precise time and distance measurements of the talc
particles were taken; the local velocities could thus be obtained.
For such small particles as we used, any differences between
the velocities of the talc and the water surface are negligible.

For measuring the rates of spreading on still clean water, we
dipped a plate wetted with the appropriate solution into a
trough of clean water on which a little tale was sprinkled. We
observed the rate of spreading over the first 0.5 mm of travel,
using the high speed camera. -

As a surface active agent we used B.D.H. “Manoxol OT”
{sodium dioctyl-sulphosuccinate). Also used were n-octanol
and n-heptanol.

RESULTS

Figures 2 and 3 show the observed variation of sur-
face velocity vy with the distance x from the orifice for
jets of pure water at different velocities.

It was found (Figure 4) that the following empirical
relationship between surface velocity and distance down-
stream applied over the first few millimeters:

vs = Cx¥ (4)

Typical values of C and v are listed in Table 1.

With this power relationship, values of 1, T, and =
can be evaluated from

T=x"7C1 (5)
T=x"7C~Y1+y)! (6)
r=x1"7C7 (1 — )2 (7)

with the ranges of x as indicated in Table 1. These rela-
tions were applied to obtain the various surface ages
as functions of x for small values of x. Graphical inte-
gration of the data was used for larger distances down-
stream.

For pure water, the velocities in Figure 3 show that
for Re = 9200, the surface velocities approach closely
the mean exit velocities within about 7 mm (that is,
about four orifice diameters) of the exit, whereas with
an S type of nozzle (or a sharp edged nozzle), at Re
about 2000 the surface velocity approaches the mean
exit velocity only at much greater distances (see Figure
2), for example, at 70 mm (32 diam) when Re = 2 200.
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Fig. 2. Experimental data (from frame-by-frame analysis) of surface
velocity vs for pure water as function of distance x downstream of
nozzle exit, for S type of nozzles and laminar flow.
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Fig. 4. Typical log-log plot of v vs. x for pure water, showing linearity
for x < 1.5 mm for turbulent flow, or x << 3 mm for laminar flow.
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Fig. 3. Experimental data of vs for pure water as function of x, for
turbulent jets from the R type of nozzle.

The surface ages for jets of pure water, in Figures

5 and 6, show the increase in the values of ¢, T, =
[from Equations (5), (6), and (7)] and of (x/vy)
with distance x downstream from the nozzle at Re =
1820 and 18 800, It is seen from these and other graphs
that T, ¢, and r are all initially greater than (x/vn),
but as v; approaches v, at large distances downstream,
t tends to (x/v,) while T becomes less than (x/vy)
by a constant time interval.

The accuracy and reproducibility of the results can be
judged by the typical points shown in Figures 4 and 7.
Individual points through which the lines were drawn
were consistent to £49% of these lines. Since we had
many points, the accuracy of our mean lines was much
better than this. We also measured r directly from the
photographs at different distances x [see Equation (3)],
and these values were usually in very close agreement
with those obtained from Equation (7).

From the experimental points, we find a scatter of
T of =53% and of ¢ of +=49,. However, the lines drawn
through many points to make up the graphs of this
paper are, of course, more accurate than this (£29).
The differences in the values of %, T, + [and (x/vn)]
are usually 8 to 1009 and are therefore significant (and
the same differences were found at other Reynolds num-
bers, not presented in the submitted paper for reasons
of space).

TaBLE 1. TypicAL VALUES OF v AND C 1N EQuaTiON (4)

Limit of range

System Nozzle Uy (ms™1)
Clean water S 1.08
Clean water S 1.37
Clean water S 4.05
Clean water R 4.96
Clean water R 8.30
Clean water Sharp 0.98
0.01% octanol S 0.98
0.02% octanol S 0.98
0.02% octanol Sharp 0.98
0.02% heptanol S 0.98
0.9 ppm MOT S 1.37
10.0 ppm MOT S 1.37
0.9 ppm MOT R 8.30
5.0 ppm MOT R 8.30
10.0 ppm MOT R 8.30
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of validity
Re v Cc (m x 103)
2200 0.72 26 3
1820 0.74 70 3
9200 0.7 240 1
11 200 0.6 283 1
18 800 0.7 440 1
2000 0.7 20 2
2 000 1.1 276 1
2 000 1.9 915 1
2 000 1.0 103 2
2 000 1.3 915 1
1820 0.9 50 3
1820 1 164 3
18 800 0.72 565 1.5
18 800 0.70 478 1.5
18 800 0.70 440 1.5
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For jets of surface active solutions, results are shown
in Figures 7 to 11. The surface active additive always
reduces v, below the value for clean water, though at
higher values of x (for example, 10 to 15 mm) the
surface velocities tend, with those for clean surfaces,
towards vm for the particular jet.

The spreading rates over the first 0.5 mm of travel
for solutions of “Manoxol OT” on clean water are
summarized in Table 2. Here = refers to the equilibrium
surface pressure (that is, the equilibrium lowering of
surface tension below the value for pure water). These
results may be represented by

Rate of spreading = 0.064 = (8)

The spreading rates decrease markedly as spreading

proceeds because the local gradient of surface pressure
falls,

DISCUSSION

Surface Velocities of Pure Water Jets

The point downstream at which the surface veloeity
v approaches closely the mean exit velocity of a laminar
jet is a function of vm, as Figure 2 shows. Jets with
higher velocities v, approach a uniform profile in shorter
distances.

For laminar jets, Middleman (1964) predicted that
with an initially parabolic profile, v, should reach 99%
of vy, within 1 jet diameter, This is in contrast with our
experimental results for laminar jets.

Goren and Wronski (1966) used standard boundary-
layer analysis, based on an initial parabolic profile, to
derive

03/ Om = 5.07[x/ (a,Re)]/?

Clearly, the exponent of x of 0.33 is much less than
we observe [Equation (4) and Table 1].

A more exact analysis by Duda and Vrentas (1967)
for laminar jets gives results summarized in Table 3.
Their calculated surface velocities are compared in that
table with those of Goren and Wronski and also with
our experimental data for the systems shown in Figure
2, It is seen that our experimental o, values are gen-
erally lower than the calculated figures, particularly as
the nozzle is approached. This is a reflection of the
effective exponent of x being lower (~0.3) in these
theories than is our measured exponent [~0.7, that is,
v in Equation (4) and Table 1]. The difference may be
due to a slight reverse swirl near the nozzle which in
practice reduces v, near the nozzle below the calculated
values,

For turbulent jets, the data of Figure 3 show that v,
reaches 90% of v, in about 3 mm, that is, in 1.5 jet
diameters. This is much lower than the 25 diam reported
by Rupe (1962) for his turbulent jets at Re = 30 000.

Surface Ages of Pure Water Jets

The various surface ages of a laminar jet at low exit
velocities and low Re{vs = 1.37 m s™1, Re = 1820) as
calculated by Equations (1), (2), and (3) show differ-
ences between themselves of a few milliseconds (Figure
5).

Close to the orifice the surface age T as defined by
Equation (2) exceeds the age (x/vn). However, at
greater distances downstream, T falls below (x/v,) as
seen in Figures 5 and 6. This transition always occurs,
as the following argument shows.

When T = (x/vn), Equation (2) gives

x = (on/0s2) J;x vt (9)
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Fig. 5. Various surface ages derived from Equations (5), (6), and (7)
for laminar jets from S type of nozzle of 1.19 mm diameter, for pure
water (Re = 1820, v;, = 1.37 ms—1).
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Fig. 6. Surface ages derived for turbulent jet of pure water from
R type of nozzle (Re = 18 800, v, — 8.3 ms—1).

TaBLE 2. VELOCITIES OF SPREAD FROM “‘ManoxorL OT”
SoLuTioNs ON CLEAN WATER

Rate of spreading
Concentration, over first
ppm a,mNm~—! 0.5mm, ms—!
0.9 2.8 0.18
5 5.5 0.32
10 9.0 0.60
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TasLE 3. SURFACE VELOCITIES OF LAMINAR JETS OF WATER

Re = 1820, vy =13Tms"!, d,=119mm
vginms—1 vsinms—1 vginms—1
(cale. by Goren  (calc. by Duda (present
x (in mm) and Wronski)  and Vrentas) experiments )
21.65 — 1.37 1.26
10.84 1.48 1.17 1.17
542 117 0.99 1.04
2.71 0.93 0.84 0.84
1.36 0.74 0.63 0.52
0.54 0.54 0.51 0.27
Re = 2200, vy, =107ms~1, d, = 185mm
40.6 — 1.07 0.94
20.3 1.18 091 0.78
10.2 0.93 0.77 0.58
5.1 0.74 0.66 047
2.5 0.59 0.49 0.33
1.0 0.43 0.40 0.16

All quantities on the right-side of Equation (9) are
positive, and thus there is always some value of x
where the curve representing T crosses the line of (x/ Om).

Thus, when we compare surface ages as defined by
Harper (1973) and Defay (1958), a knowledge of the
surface velocity at points along the jet is required before
it can be determined which age is the greater at any

point. However, the surface age t as defined by Hansen
(1964) is always greater than x/vp.

It can be seen from Figure 5 that apart from the ini-
tial regions near the orifice, [t — (x/vm)] is a few
millimeters; that is, the surface lags by this distance
behind the bulk flow which left the nozzle at the same

time. For the sharp edged nozzle, the lag based on t
is 4 or 5 mm (Figure 8) for pure water.

The distance lag based on - is about 10 mm at Re
= 1820 (Figure 5), and about 9 mm for the sharp
edged nozzle at Re = 2 000.

The distance lag based on T is, as follows from the
discussion above, slightly positive very close to the nozzle
and thereafter negative (Figures 5, 6, and 9).

These distance lags can be compared with other ex-
perimental data from the rates of gas absorption into
laminar jets of pure water. Because the surface of the
jet may be exposed for a longer time than given by
(x/vn), the rate of gas absorption is reduced (this rate
depending on time~%), In practice, the so-called entry
length of the laminar jet found from the gas absorption
experiments is near zero in a few experiments (Cullen
and Davidson, 1957; Manogue and Pigford, 1960; Clarke,
1964; Caskey and Barlage, 1972) ranging up to about
6 mm in others (Cullen and Davidson, 1957; Jeffreys and

Bull, 1964), suggesting that Hansen’s t is the required
age here. The variations between the results of different
workers are presumably due to the different nozzles
and orifices used. The sharpness of the edge of the nozzle
may be particularly important.

1t should be noted that in his theoretical treatment,
Hansen calculated the age of the jet surface from con-
siderations only of the increasing area of the surface
(as vy —> v, along the jet). He did not assume any
surface resistance to adsorption. However, Harper (1973)
claimed from his calculations that Hansen’s treatment
was correct only if there was a surface resistance, and
that otherwise one should use T as the relevant surface
age. The experimental findings do not support Harper’s

Page 528 May, 1978

1 -
S-type nozzle, pure water
sharp - edged nozzle
pure water
~ \/
" 01 e
£ e
.>"J
»
/ ™ S§- type nozzle,0.02 % octanol
pe
g \
\Sharp—edged nozzle,0.02% octanol
0.01 . :
01 1 10

x (mm)

Fig. 7. Log-log plot of vs vs. x for sharp edged nozzle and 5 type of
nozzle, showing effect of 0.02% octanol in water (Re — 2000).

contention, but they are consistent with Hansen’s ¢ being
appropriate for the published gas absorption experiments.

Surface Velocities of Jets of Surfactant Solutions

Experimentally, the surface velocity o, is reduced by
the presence of surfactants (Figures 7, 10, and 11).
The relative reduction in vs is greatest near the nozzle,
as the log-log plot of Figure 7 indicates, and this is
reflected in the exponent y in Equation (4) increasing
with the concentration of the surfactant. Under some
conditions, y can equal or even exceed unity for lam-
inar jets, as indicated in Table 1.

The reduction of v; when surfactant is adsorbing is,
for example, as high as 0.Im s~! at 1 mm downstream
from the nozzle (Figure 10); thus, v, can be reduced
by 249 compared with v, for the laminar jet of pure
water, and the reduction in o, is 7% of vn,. This latter
observed reduction is greater than the 29 estimated
theoretically by Hansen (1964).

The physical explanation of the reduction in v, when
a surfactant is present is as follows. Where the velocity
profile is relaxing, the surface is expanding, that is, it is
newly formed, and might even approach the composi-
tion (and surface tension) of pure water. A little further
downstream, appreciable adsorption of the surfactant
will have occurred, giving rise to a back spreading tend-
ency from this part of the surface in the direction back
towards the cleaner liquid on the surface immediately
adjacent to the nozzle. The phenomenon is thus a form
of the Marangoni effect.

Quantitatively, one can interpret the effect as follows.
The reduction in »; caused by 5 ppm of “Manoxol OT”
is 0.06 m s~ at 0.5 mm downstream (Figure 10), and
from Equation (8) this corresponds to = = 0.94 mN
m~! The local surface tension gradient is thus —1.88N
m~2 (that is, —18.8 dyne cm™2). Hansen used a figure
of —10 dyne ecm~2 in his calculation that the back-
spreading Marangoni velocity was of the order 0.04 m
s71, so that his theory is at least in general accord with
our measurements.

Surface Ages of Jets of Surfactant Solutions

With the higher values of y for the laminar jets of
surfactant solutions (see Table 1), there are large changes
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Fig. 8. Values of t (in milliseconds) against x for the sharp edged
nozzle (Re = 2000, v, = 0.98 m s—1).

in the surface ages. Thus when y = 1,7 and T become
constant [at the low values of x where Equations (5)
and (6) apply], and » becomes very great. Figures 8

and 9 show the values of 7 and T for laminar jets from
the sharp edged nozzle for both pure water (y = 0.7)
and for 0.029% octanol solutions (y = 1.0).

To test which (if any) of the definitions of surface
age is to be used in practice, we considered the laminar
jet at 1.37 m s~1 of 0.9 ppm “Manoxol OT” solution,
for which y = 0.9, The reduction in v, (at x = 0.5
mm) caused by this surfactant is 0.03 m s~ (Figure
10), which corresponds by Equation (8) to = = 0.47
mN m~1, From the properties of surface films, one can
deduce that the corresponding surface concentration is
0.05 x 10?® molecules m~2, From simple diffusion theory
for a noncirculating liquid, the time required to achieve
this concentration would be 42 ms. The relevant values
of (x/vm), t, T, and = are, respectively, 0.36, 9, 5, and
93 ms for this surfactant solution. (The corresponding
figures for pure water are 0.36, 2, 1, and 6 ms).

Though r gives the best agreement with the adsorp-
tion time, it is doubtful whether the simple diffusion
theory applies, since the reverse Marangoni flow along
the surface would be expected to enhance mass transfer
to introducing some circulation normal to the surface
of the jet. —

When y > 1 (Figure 7 and Table 1), the surface
ages all become extremely great in the region of low x
(~1 mm), where Equations (5), (6), and (7) apply.
Indeed, the ages so defined increase as x decreases in
this region, and only at x values great enough so that
the relation v, = Cx” no longer holds do the ages increase
again downstream, having passed through a minimum
a few millimeters downstream of the nozzle. Physically,
this is the region of greatest expansion on the jet surface.
Very close to the nozzle, the back spreading tendency
of the surface film so reduces v, that, this slow moving
surface is relatively old, and the surface film on it may
be relatively concentrated. We observed on one ciné film
(of a jet of water +0.029% octanol) that within 1 mm
of the nozzle the talc particles on the surface of the
jet were stationary. In view of this effect, and the ex-
pected circulation normal to the surface where the
Marangoni back spreading is fastest, we do not con-
sider that any of the simple definitions of surface age
can be adequate. The exact definition of surface age,
our results suggest, must therefore be an operational
one, based on the amount of adsorption actually measured
at any point along the jet.

It is of interest that with laminar jets at the higher
mean velocity of 5 m s, Posner and Alexander (19533)
found that 0.029% octanol solutions gave agreement with
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Fig. 10. Effect of “Manoxo! OT” (in parts per million) on vs for a

laminar water jet from an S type of nozzle (Re = 1820, v,, — 1.37

ms—1),

simple adsorption theory at x/v,, = 1 ms, though solu-
tions of dioctyl-sodium sulfosuccinate (>>300 ppm) or
of cetyltrimethyl ammonium bromide (>10 ppm) gave
adsorptions greater than calculated by factors of 4 or
5, suggesting that the effective adsorption time was
really 16 to 25 ms. The greater lowering of surface

8

x(mm)

Fig. 11. Effect of “Manoxol OT” (in parts per mitlion) on vs for a
turbulent water jet (Re— 18 800,v,, — 8.3 ms—1).
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tension for the latter solutions is presumably responsible
for significant back spreading of the long-chain ions
near the nozzle, even when vy, is as high as 5 m s—1

For the turbulent jets (from the R type of nozzle),
v remains close to 0.7 at Re = 9 200, 11 200, and 18 800
when “Manoxol OT” is present (see Table 1). At Re
= 18800, the distance lags (some millimeters down-

stream of the nozzle), for 7, T, and r are zero, —1.2,
and 8 mm, respectively, when the additive is at 10 ppm,
These lags vary smoothly with concentration, as the
latter is varied between 0 and 10 ppm.

For turbulent jets with v, = 8.3 m s~1, v, is reduced
(by 10 ppm of “Manoxol OT”) from 4.5 to 3.5 m s7!
(Figure 11). This reduction by 1 m s is at x = 1
mm and represents the greatest reduction; the influence
of the addilive becomes negligible further than 6 mm
from the nozzle.

Though this apparent back spreading velocity of 1 m
s™! may be too high because of experimental error,
it is clear that the adsorption of the “Manoxol OT” is
proceeding rapidly. Moreover, calculation from Equa-
tion (4.52) of Davies (1972) of the time required for
0.5 x 10’ molecules m~2 to be adsorbed (one half
of the equilibrium adsorption) gives a relatively great
time of 7.6 ms (7 = 0.28 ms, 7' = 0.13 ms, » = 1.4 ms,
all at 1 mm from the nozzle, and in the presence of
the additive).

It thus appears that for turbulent jets, as for laminar
jets, some circulation associated with back spreading
adjacent to the nozzle is hastening the adsorption. That
a very rapid adsorption of the swface active agent is
indeed occurring is confirmed by the finding (Young-
Hoon, 1972) that there are considerable reductions in
the mass transfer coefficient for the adsorption of carbon
dioxide into a turbulent jet of water when a few parts
per million of sodium dioctylsulfosuccinate are present
(Figure 12). The adsorption of this additive is evidently
particularly rapid in the first few milliseconds, thereafter
being sufficient to damp quite strongly the surface eddy
movement, as these latter are predicted to affect the
rate of absorption of carbon dioxide (Davies, 1972,
chapter 6). A study of gas absorption into thin turbulent
films of water flowing down rough or smooth inclined

Page 530 May, 1978

channels (at velocities up to 1 m s~1) (Davies, 1972)
leads to a similar conclusion as to the very rapid adsorp-
tion of surface active additives.
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NOTATION

radius of nozzle, m or mm

constant of Equation (4) for any given value
of tm '

diameter of nozzle, m or mm

Reynolds number (= vndy/v)

(= x/v,), s or ms

surface age as defined by Equation (2), s or ms
mean velocity of liquid jet, m s—1

velocity of surface of jet, m s~*

distance along jet from nozzle, m or mm

exponent in Equation (4)

kinematic viscosity of liquid, m? s—!

surface tension lowering below value for clean
water surface, mN m™1

T = surface age defined by Equation (3), s or ms
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