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Abstract

In this paper we investigate experimentally the injection of a negatively buoyant jet into a
homogenous immiscible ambient fluid. Experiments are carried out by injecting a jet of dyed
fresh water through a nozzle in the base of a cylindrical tank containing rapeseed oil. The
fountain inlet flow rate and nozzle diameter were varied to cover a wide range of Richardson Ri
(8x10™ < Ri < 1.98) , Reynolds Re (467 < Re < 5928) and Weber We (2.40 < We < 308.56)
numbers. Based on the Re, Ri and We values for the experiments, we have determined a regime
map to define how these values may control the occurrence of the observed flow types. Whereas
Riplays a stronger role when determining the maximum penetration height, the effect of the
Reynolds number is stronger predicting the flow behaviour for a specific nozzle diameter and
injection velocity.
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1. Introduction

When a dense fluid is injected vertically upward into a lighter fluid, its momentum is
continually being decreased by buoyancy forces until the vertical velocity becomes zero at some
finite distance from the source. As the jet reaches its maximum penetration length 4,,,, it
reverses its direction and flows back in an annular geometry around the upflow (Fig. 1). Such
jets are called negatively buoyant jets or fountains, and the density difference between the
ambient and the injected fluids may be due to a variation in either chemical composition or
temperature. In this paper, we use the term jet to describe the initial upwards motion, and
fountain to describe the collapsing dense flow.

Negatively buoyant jets are common both in engineering and natural science. An everyday
example is the ventilation of large open structures such as aircraft hangars, which are heated
using ceiling-mounted fans to drive hot air towards the floor. In nature, geophysical buoyant jets
resulting from temperature (or salinity) differences can occur in volcanic magma chambers and
in the ocean (e.g. Campbell and Turner 1989, Turner and Campbell 1986).

The flow behaviour of negatively buoyant jets may vary depending on the following
factors (Cresswell and Szczepura 1993, Papanicolaou and Kokkalis 2008, Turner 1966): (i) jet
parameters, (ii) environmental parameters, and (iii) geometrical factors. The first group of
parameters includes the initial jet velocity distribution and turbulence level (whether the jet is
laminar or turbulent), as well as the mass, momentum and buoyancy fluxes. The fountain can be
described as strong or weak depending on the ratio of buoyancy and momentum flux, or if the
fountain is laminar or turbulent. For strong fountains (the discharge momentum is relatively
larger than the negative buoyancy of the flow), the fountain top, plunging plume and intrusion
flow are distinct features (Fig. 1a). Kinetic energy is converted into potential energy until 4,,,, is
reached and then the fluid begins to accumulate at the top of the fountain. As the mass of

accumulated fluid increases, eventually the downward buoyancy force exceeds the inertia of the



jet and the collapse occurs. When the falling fluid collapses back to the level of the nozzle, it
dislodges from the jet and a new cycle begins. If the source momentum is further increased, this
oscillatory behaviour persists at increasing amplitudes until a second threshold limit is reached
above which the fountain no longer exhibits high-amplitude pulsations (Clanet 1998). For weak
fountains (discharge inertia of the fountains is equal or less than the negative buoyancy force),
the fluid exiting the fountain remains attached to the nozzle due to capillary and gravity forces,
i.e. the upward and downward flows cannot be visually distinguished. Instead, the streamlines
curve and spread from the source and fountain top (Fig 1b.). The second group of variables,
environmental parameters, includes parameters describing the ambient fluid (e.g. turbulence
level, any net flow, and density stratification) and the geometrical factors include the jet shape,

its orientation and proximity to solid boundaries or to the free surface..
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Fig. 1 Schematic diagram of a strong (a) and a weak (b) fountain.
Description of the different parameters for both figures is in Table 1.
See text for more details



Preceding studies suggest that the maximum penetration height 4,, of negatively
buoyant jets is related to the momentum and buoyancy fluxes at the source and may be
expresssed in terms of the Richardson Ri and Reynolds Re numbers (Armienti et al. 1984,
Baines et al. 1990, Baines et al. 1993, Lin and Armfield 2000, Lin and Armfield 2003, Lin and
Armfield 2000, Turner 1966), i.e. H,, ~CRi- Rer, where C is a constant of proportionality, o
and B are the scale factors and H,,, is the dimensionless maximum penetration height defined
as hyq/ D (Table 1). Note that the Reynolds number (Re) as defined here characterizes the ratio
between inertia and viscous effects in the flow at the nozzle and the Richardson number (Ri)
compares gravitational potential energy to kinetic energy (Table 1). After numerous
experimental studies, there are significant variations in the reported values of C, o and f3 that
may be attributed to (List 1982): (1) the methods for defining and measuring the maximum
height; (2) the effect of Reynolds number and (3) the effect of relative density difference and of

mass flux.

Previous experimental works on negatively buoyant jets considering immiscible
ambient-jet fluid pairs have mainly focused on the dynamics of drop formation (Chatterjee and
Bradshaw 1972, Meister and Scheele 1696), the estimate of the rise height/jet length (Banks and
Chandrasekhara 1963, Friedman 2006, Friedman and Katz 2000, Meister and Scheele 1969) and
to a lesser extent, the flow behaviour of the jet depending on the diverse dimensionless numbers
(Friedman and Katz 1999, Friedman et al. 2006, Friedman et al. 2007). Nevertheless, some
aspects concerning the dynamics of negatively buoyant jets with immiscible ambient-fluid pairs

are still poorly understood.



Table 1 List of the variables and dimensionless numbers referred o

in the text
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In this paper we investigate experimentally the flow behaviour of a negatively buoyant jet in
a homogenous immiscible ambient fluid by injecting a jet of dyed water through a nozzle in the
base of a cylindrical tank containing rapeseed oil. One of the main differences between our and
previous experiments (Friedman and Katz 1999, Friedman et al. 2006, Friedman et al.
2007)(apart from the experimental fluids and their physical properties) is the geometry we are
using (Fig. 2): a re-entrant conical nozzle located at the base of the tank whereas in their
experiments, they used a bottom issuing fountain (see Fig. 1 Friedman et al. 2006). In the
different experiments, we have varied the injection velocity and the nozzle radius to reproduce a
wide range of Reynolds, Richardson and Weber numbers. The experiments presented in this
paper cover a larger Richardson number interval, 8x10™ < Ri< 1.98 , than previous studies
and are able to reproduce both weak and strong fountains in both turbulent and laminar regimes
(468 < Re < 5928). In contrast to previous published results, data obtained allow us to describe
three different fountain behaviours (Type I, I and I1I). Based on the Re , Ri and We values of
the numerical and experimental simulations, we present different regime maps to define how Re

, Ri and We may control the observed fountain behaviours.

Water level

- Water reservoir

Fig. 2 Schematic diagram of the experimental apparatus



2. Experiments

Experiments were conducted in which dyed water was injected into the base of a cylindrical
tank containing rapeseed oil to form a collapsing fountain (Fig. 2). The water was injected
through a re-entrant conical nozzle with taper angle of 4.5 +/- 0.3 degrees, and the inlet flow
rate was kept constant over the duration of the experiment using a constant-head supply tank.
The nozzle was situated in the centre of the cylindrical tank, which was 0.1 m in diameter and
0.3 m deep, and it was filled to a depth of 0.25 m with rapeseed oil (Fig. 2). The fountain inlet
flow rate and nozzle diameter were varied to cover a wide range of Reynolds, Richardson and
Weber number interval, 468< Re < 5928, 8x10™ < Ri< 1.98 and 2.40 < We < 308.56,
respectively. The volume flow rate O varied from 0.9 cm?/s to 42 cm’/s and was determined
from the rate of change of elevation in the test chamber. The calculated accuracy of the
measurement is +/-2.5%. Besides, the nozzle diameter was varied from 2.4 mm to 11 mm. The
motion of the collapsing fountain was recorded using a digital camera with resolution in time of
less than 0.1s and each pixel is 0.001 x 0.001 cm. The experiments were run for sufficiently
short times so that the depth of liquid in the tank, hence the hydrostatic pressure, was not

significantly increased.
3. Results
3.1 Description of the flow regimes

Our experimental results show that, for a given fountain geometry, the fountain exhibits
distinct flow regimes as the inlet volumetric flow rate is increased, as previously observed in
other experimental studies (Friedman and Katz 1999, Friedman et al. 2006, Friedman et al.
2007). Based on the results obtained, we have been able to categorize three different flow
regimes based on the behaviour of the fountain (Fig. 3): Type I, II and III. Flow regime I is
characterised by an approximately constant fountain height, within the range of experimental

error of the observation (Fig. 3a). In the case of Type II (pulsating) flow behaviour (Fig. 3b), the



fountain height is not constant, but varies continuously with time ¢ between a maximum #,,,, and
a minimum height #4,,, Finally, Type III behaviour is characterised by the jet initially
penetrating upward into the ambient fluid and when reaching 4,,,, a “cap” of accumulated jet
fluid forms at the top of the jet. The size of this cap increases due to the continuous fluid supply
from the fountain, but its vertical position remains constant at 4,,,.. Once the cap exceeds a
critical size, it breaks up and water droplets fall back to the base of the tank (Fig. 3c). In this

regime, the fountain is characterized by a smooth and a wavy part (Fig. 3).

Fig. 3 Schematic diagram and a Type |
photographs of the three
different flow types observed in u=0.79 mis .
the experiments Ri= 13 I :
Re =869 am
y \
Type Il
b
=
]
u=033mis g
We =30.03
Ri=0.0425
Re=1849 =
Ny
L)
Type 111

HLOOWS AAVM

c
=059 mis =
We = 6627 i
Ri=0.0082 g
Re=2196 |
A
/ \
£2N

3.2 Dimensional analysis

As adopted in various previous publications, dimensional analysis may help to understand
and delimit the different flow regimes observed for negatively buoyant jets (e.g. Friedman 2006,
Kaye and Hunt 2006). However, an apparently unresolved issue is the choice of length scale to
adopt in dimensionless groups (see Table 1). There appears to be general consensus in selecting
the width of the nozzle, but some studies use the radius and others the diameter as characteristic
lengths (Table 2). This discrepancy is very important when comparing the results obtained from
the different studies. Here, we choose the nozzle diameter as the length scale for the flow, on the

simple basis that this is the length defined by the solid boundaries of the flow.



Table 2 List of most of the experimental works focused on negatively buoyant jets

Reference Ambient fluid Jet fluid Range of dimensionless
numbers

Tumer (1966) Fresh water Heavy salt water Miscible 2<Frp =30

Mizushina et al. (1982) Heated fresh water Fresh water Miscible 1,740 < Rep < 5,420;

4.5 < Fri, < 33,200
Campbell and Turner Ist set exp: mixture of glycerol  1st set exp: KoCOs solution Miscible 805 < Rep < 3,290

(1986) and K,CO; solution
Baines et al. (1990) Fresh water Salt water Miscible 0 < Frg <200
Baines et al. (1993) Fresh water Salt water Miscible 25 < Frg < 100
Cresswell and Szczepura Water at 25°C Water at 75°C Miscible Rig ~ 0.1; Re ~ 5,000
(1993)
Clanet (1998) Air Deionized water at 22°C Immiscible 311 < Rep < 9430
Friedman and Katz Fresh water Fresh water Immiscible 1,000 < Rep < 30,000;
(1999) Research grade diesel fuel 0.01 < Rip <90
Pantzlaff and Lueptow Water 6.2 wt% aqueous KC1 Miscible 2,500 < Rep < 21,000
(1999) solutions
Kaminski et al. (2005)  Fresh water Ethanol and ethylene glycol Miscible 365 < Re < 3,402
mixture (EEG)
Friedman (2006) Diesel fuel iLSRD-4 Fresh water Immiscible 0.02 < Rip < 20
Friedman et al. (2006) Silicone oil Glycerin-water mixture dyed  Immiscible 0.2 <Rip <1
with water-soluble
Friedman et al. (2007) Silicone oil Glycerine-water mixture Immiscible 0.55 < Ric < 1.47;
Dow corning 2 < Rep < 11,650
Williamson et al. (2008) Fresh water Salt water Miscible 0.7 < Frg < 100;
15 < Reg < 1,100
Papanicolaou and 1st set of exp: salt water Ist set of exp: fresh water Miscible
Kokkalis (2008) 2nd set of exp: fresh water 2nd set of exp: hot water

L _ 4 pi _D¢ g [Rin  Rep>2,300
Fro=—75 F’“_m‘R’D‘u;'R'C{RiD/z Rep > 2,300

Definition of the variables included in the equations is in Table 1

. 4 D R
b, Rin =22, Reo =222, Rex =22 Hovs =5 Hos =
;] ]

For each experiment, the values for the dimensionless number considered for the analysis
are listed in Table 3 and have been plotted in pairs and on a Re-Ri-We three space in Figure 4..
Note that whereas the Re and Ri numbers characterize the ratio inertia vs. viscous or buoyancy
effects, respectively, interfacial tension effects are non-dimensionalized in the Weber number

(Table 1).

For Type I and II behaviour, inertial forces are less important than viscosity or interfacial
tension, contrary to the case of Type IIl experiments for which inertia dominates (Fig. 4).
Besides, buoyancy dominates over inertia effects for Type I experiments, but not for Type II

and III (Fig. 4b).

From Figure 4c it is obvious that the transition between Type I and II behaviours to Type 111
occurs at an approximate constant We = 35 (Fig. 4b and c), over We>35 only Type 11l behaviour
is observable. Type I and II are restricted to We < 35 and the change from one to the other is

mainly controlled by the Ri number (Fig. 4c).Type I flow regime is observable for Ri >0.13



values and below 0.05 only Type II behaviour is observable. In the transition, regime

0.05<Ri<0.13, both Type I or II flow may occur. A more accurate definition of this limit

between Type I and II needs further experimental results.

Table 3 List of the performed experiments with their initial conditions: nozzle diameter [, injection velocity w;, and volumetric flow

By (m) D {m) Q(x107%m'k)  wimfs  Ho, Re We ki Bo Type
EXP-1 0.084 0.0057 8287 0325 14789 1840297 008 0443 1275 1
EXP-2 0.058 00000 14661 0230 6466 2072000 231875 0549 IIW 1
EXP-3 0.051 0.0090 9477 0.149 5684 1,330400 9977 0161 AW 1
EXP-4 0014 0.0000 1809 0.126 1500 1136482 7182 0347 AW 1
EXP-§ 0011 0.0000 1217 0113 1201 1,019.950 5785 1977 AW 1
EXP-6 0.050 00110 22020 0232 4513 2546195 20408 1383 474 1
EXP-7 0.024 00110 14999 0.158 2217 L7343 13686 0156 4748 1
EXP-8 0012 00110 6.282 0.066 1119 726,457 2401 0363 474 1
EXP-9 0015 00110 7.513 0079 1319 RERTS 3434 0307 4748 1
EXP-10 0041 00091 13929 0214 4451 1,946,957 20849 0136 3240 1
EXP-11 0015 0.0091 9.126 0.140 1675 1,275.59 8040 0138 3240
EXP-12 0025 0.0001 2.931 0.153 2725 L38R1® 10508 0316 3240 |
EXP-13 0043 00001 14919 0229 4738 2085331 231017 0738 320 1
EXP-14 0043 00091 14814 0228 4765 2070.588 23580 0264 3280 1
EXP-15 0017 0.0091 92779 0.150 1890 1,3669% 10277 0282 3249 |
EXP-16 0013 0.0001 6.403 0.008 1396 895,03 4406 0386 3240 1
EXP-17 0059 00120 21375 0.189 4952 226578 L4111 0411 5651 1
EXP-18 0047 00120 20681 0.183 3802 2102086 0042 0345 5651 1
EXP-19 0035 00120 17680 0.156 2808 1873980 14647 0144 5651 1
EXP-2 0030 00120 17133 0.151 2502 L8160 13756 0145 5651 1
EXP-21 0018 0.0057 2.908 0114 3228 648.931 3608 0002 1275 1
EXP-22 0022 0.0057 4.405 0.176 3045 1,002961 8833 1977 L2751
EXP-23 0028 0.0057 4.488 0176 4932 1001504 8807 0001 s 1
EXP-M 0062 0.0025 1.809 0387 24652 066,125 18687 0013 0245 W
EXP-25 0014 0.0025 0.919 0.187 5449 467.447 4374 0055 0245 W
EXP-26 0041 0.0025 0.927 0.189 16555 471714 4455 0010 0245 W
EXP-XT 0069 0.0031 s 0.500 22384 1,549.018 R0 0022 03T W
EXP-2 0033 0.0031 1.758 0233 10577 721473 404 0M8 03T W
EXP-2 0071 0.0037 1875 0360 19135 1,332205 24011 0025  05¥ W
EXP-30 0056 0.0037 2,636 0245 15083 906,102 1L106 0032 05% 0
EXP-31 0072 0.0037 3.67 0344 19510 127088 2847 0021 0S¥ W
EXP-32 0055 0.0024 1.106 0244 22854 586032 7062 0024 02% W
EXP-33 0049 0.0024 1.358 0300 20583 719.892 10808 0042  02% 0
EXP-M 0053 0.0024 1269 0280 21875 672507 9432 0133 02% 0
EXP-35 0025 0.0024 1.082 0239 10333 73202 6853 0319 Q2% 0
EXP-36 0077 0.0025 4.483 0913 30733 228L1B 104175 002 0245 W
EXP-37 0073 0.0025 31.546 0722 20220 1804193 65167 0004 0245 I
EXP-3 0097 0.0025 176 1572 611 3925805 30RSE2 0001 0245 I
EXP-3% 0078 0.0031 a1m 0553 25001 1,713.840 47422 0008 03T I
EXP-40 0078 0.0031 1.576 0474 25262 146712 34752 0011 03T m
EXP-41 0081 0.0031 4.142 0549 26102 1,600.651 46640 0008 03T M
EXP-42 0093 0.0037 6.380 0594 25198 2196486 65262 0008 05Y I
EXP-43 0103 0.0042 2.000 0650 24444 2728361 BR707 0008 06l W
EXP-44 0068 0.0024 2833 0626 28208 1,501.503 47.016 0005 Q2% I
EXP-45 0079 0.0024 3.551 0.785 32058 188180 7iB48 0003 02% M
EXP-46 0076 0.0024 3155 0779 31833 1868361 72797 0003 02% I
EXP-47 0079 0.0024 417 0937 33042 224536 105140 0002 02% W
EXP-48 0082 0.0024 307 0866 34202 207601 80879 0003 0% W

10



Table 3 continued

R (M) D (m) Q (x107% m%/s) Uy (/s)  Hopa Re We Ri Bo Type
EXP-49  0.078 0.0024 4411 0.975 32417 2,337.664 113.961 0002 022 1
EXP-50  0.080 0.0024 3.007 0.665 33.208 1,593.532 52956 0004 0226 I
EXP-51  0.108 0.0091 30.639 0.471 11.905 4282635 100875 0032 3249 1
EXP-52  0.077 0.0091 21.940 0.337 8.449  3,066.735 51727 0063 3249 I
EXP-53  0.066 0.0091 19.770 0.304 7237  2,763.381 42000 0077 3249 1N
EXP-54  0.076 0.0091 24.659 0.379 8297  3,446.699 65339 0050 3249 I
EXP-55  0.078 0.0091 21.136 0.325 8.620 2954277 48003 0068 3249 1N
EXP-56  0.096 0.0091 26.711 0.411 10.584  3,733516 76665 0042 3249 I
EXP-57  0.125 0.0091 42412 0.652 13736 5928132 193285 0017 3249 1M
EXP-58  0.103 0.0091 26.106 0.401 11334 3,648.945 73.231 0044 3249 I
EXP-59  0.086 0.0120 33322 0.295 7.164  3,532.080 52034 0109 5651 1
EXP-60  0.099 0.0120  33.009 0.292 8.241 3,498.820 51058  0.111 5.651 I
EXP-61  0.074 0.0120  35.081 0.310 6.140  3,718.500 57.671 0098 5651 I
EXP-62  0.104 0.0120 36320 0.321 8.641 3,849.866 61818  0.091 5.651 m
EXP-63  0.058 0.0120  27.590 0.244 43855 2924436 35670 0158  5.651 111
EXP-64  0.096 0.0057 9.087 0.356 16875  2,027.870 36.109 0035 1275 11
EXP-65  0.067 0.0057 8.196 0.321 11.671 1,828.864 29369  0.043 1275 1
EXP-66  0.112 0.0057 11.654 0.457 19.663  2,600517 59.381 0.021 1275 1
EXP-67  0.102 0.0057 9.230 0.362 17.829  2,059.717 37252 0034 1275 11
EXP-68  0.154 0.0057 19.751 0.774 27.018  4,407.505 170575  0.007 1275 11
EXP-69  0.139 0.0057 14.982 0.587 24342 3343373 98.152 0013 1275 11
EXP-70  0.123 0.0057 13.580 0.532 21518 3,030473 80640 0016 1275 11

The corresponding values for the dimensionless numbers Re, Ri, We and Bo as well as the type of flow behaviour are also listed
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In Figure 5 we have plotted H,,,, against Ri and Re, respectively. There is a clear separation
between Type I and III flow regimes at Ri = 0.13, which is not the case between Type II and III
which occur over the same Ri - H,,, range (Fig. 5a). In their work Friedman and Katz (2000)
proposed that three power law relationships are able to explain the penetration depth of a
negatively buoyant jet in terms of Ri and a jet spreading factor F (see Friedman and Katz, 2000

for more details). The paper showed that for Ri/F’<0.2 the maximum penetration height can be
predicted by H,_ =2.2(Ri/F*)™*’and for Ri/F>>0.2, H__=(Ri/F*)™". The third power
law relationship is applied for Ri/F>2 and 1/D<< 1, which is not the case of our experimental

results. In their paper Friedman and Katz (2000) stated that these power law correlations fit a

wide variety of published data, including miscible and immiscible fluids.
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Considering that for the experimental set-up used in this paper /' = 1 (Friedman and Katz

2000), the correlation of our data with Ri <0.2 is quite consistent with the one proposed by
Friedman and Katz (2000) (Fig. 5a), namely: H _, = 2.76(Ri)™**. Differences between our

correlation and the one proposed by Friedman and Katz (2000) may be related to experimental

errors included in both data set. From the results plotted in Figure 5a is evident that our

experiments fit also the power law H__ = Ri™'for Ri >0.2.

Friedman (2006) suggest that, apart from predicting the onset of turbulence, the value of
Re has no further effect. However, other authors have seen that the limits of stability are
dependent on Re (e.g. Lin and Armfield 2003, Lin and Armfield 2004). This observation is clear
in Figure 5b. All three different flow types can be categorized by values of H,,,,and Re. Thus, it
is evident that Re plays a role when describing the different flow behaviours and Ri is a key

parameter to determine the maximum penetration height.
4. Discussion
4.1 Laminar or turbulence flow

Whereas Type I and II behaviours occur approximately over the same range of Re numbers
(467 < Re < 2500), Type 111 behaviour occurs at higher values Re (1500 < Re < 5928)(Table 3).
An important issue is what flow regimes (e.g. laminar, transitional or turbulent) these ranges of
Re pertain to for a negatively-buoyant jet. For example, in the case of pipe flow, the transition
region is approximately in the interval 2000 < Re < 4000, so if these limits were appropriate for
a negatively-buoyant jet, our experimental Re values would correspond principally to a laminar
but also partially a transitional regime (for Type I and II) and for Type I mainly to the

transitional but also the turbulent regime (Table 3).

However, previous studies of negatively-buoyant jets have established no consensus as to
the regime delimiting values of Re. Pearce (1966) on the basis of visual observations using dye

of the structure of nearly non-buoyant jets over a Reynolds number range of 68 to 13,100,
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establishing in general terms that the jet was essentially laminar for Re < 500 and fully turbulent
for Re > 3000. Values of Re in between, lead to a transitional regime where a part of the jet
behaved as laminar and the other as turbulent. Another interesting classification is that proposed
by Williamson et al. (2008), who established the laminar-transitional threshold at Re = 240 and
the transitional-turbulent at Re = 4000. Considering both Pearce (1966) and Williamson et al.
(2008) definitions, all Type I and II experiments would lay in the transitional regime whereas
Type III would be transitional to turbulent. Future studies need to investigate this aspect in
detail and to try to define the limits for the laminar and turbulent regime for negatively buoyant
jets in immiscible fluids since it can provide an important control on the mixing process of both

fluids as suggested by Friedman et al. (2006).

4.2 “Stable” vs. “‘unstable” regime

Our experimental results, in agreement with previous published studies (Friedman and Katz
1999, Friedman et al. 2006, Friedman et al. 2007), show that for a given fountain geometry and
ambient-jet fluid pair, the fountain behaviour transitions through distinct flow regimes as the
volumetric flow rate (i.e. the wvertical jet velocity) increases. Friedman and co-workers
(Friedman et al. 2006, Friedman et al. 2007) suggest that the most significant transition (referred
as the “instability threshold”, IT) occurs when the flow pattern passes from a “stable” regime
where the buoyancy, interfacial tension and viscosity dominate, to an “unstable” regime where
momentum dominates. The stable flow regime is characterized by a low, wide and rapidly-
collapsing fountain, while the unstable flow regime corresponds to a taller and narrower
fountain that periodically collapses and reforms with a characteristic collapse frequency.
Friedman and co-workers (Friedman 2006, Friedman and Katz 1999, Friedman et al. 2006,
Friedman et al. 2007) define the instability threshold using only the Richardson number and
suggest that the transition between regimes occurs at approximately Ri;r = 1 for turbulent flow

and Ri;r = 2 for laminar flow.
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It is important to note that Friedman et al. (2006) suggested that the Re dependency can be
eliminated by defining Ri in terms of the characteristic velocity (u*), which is representative of
the momentum of the flow. For turbulent flows, with a nearly uniform velocity profile, the

characteristic jet velocity is approximately equal to the volumetric flow rate Q divided by the

cross-sectional area of the source (u™* =u = E ), while for laminar flows, the characteristic

velocity is defined as the root mean square velocity (u* = ﬁﬁ ) to account for additional
momentum(Friedman et al. 2006) The effect of Re may be incorporated by defining a corrected
Richardson number (Ri¢). For the turbulent regime (nominally Re >2300), Ric = Ri and Ric =
Ri/2 for the laminar regime (Re< 2300). In this way, the instability thresholds defined above
using Ric¢ is Rijre = 1 in both regimes, laminar and turbulent. In common with previous studies
(Lin and Armfield 2000, Lin and Armfield 2003, Lin and Armfield 2004), we consider
necessary to independently analyze the dependence of the flow on Re and Ri, and therefore, we

have not corrected Ri.

Whereas Friedman et al. (2006, 2007) propose only a two end-member classification as
“stable” and “unstable” jets, our experiments identify three distinct flow regimes: Type I, II and
III. In the broadest sense, our Type I experiments correspond to the “stable” regime, and our
Type II and III experiments exhibit periodic collapsing, which would correspond both to
“unstable” flows. However, there is a clear distinction between the collapse mechanism for
Type II and III experiments that is not captured in the simple classification proposed by
Friedman and co-workers (Friedman 2006, Friedman and Katz 1999, Friedman et al. 2006,
Friedman et al. 2007). Although some fluctuations of the column are observed in Type III
flows, they are not related to a collapse of the fountain as is the case of the jets in Type II

regime but to the growth and breakup of the cap region.

Additionally, the instability threshold defined at Ri;r = 1 for turbulent flow and Ri;r = 2 for
laminar flow is not directly applicable to our results. According to Figure 9, our instability

threshold (transition between Type I and II) occurs at Ri = 0.13. However, the discrepancy
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between the Ri values for instability threshold may be due to the high interfacial tension
between oil and water. The critical Richardson number Ri;r has been shown to depend on the
interfacial tension y between both fluids, and the viscosity ratio uy/u, (Friedman et al. 2007).
Interfacial tension contributes to the stability of the fountain and thus decreases Ri;r . Viscosity
ratios deviating from unity also stabilize the fountain, inhibit the formation of waves on the
interface, and delay or even suppress the jet breakup into droplets (Campbell and Turner 1989).
In our experiments, uy/u, = 0.005, outside the range of values considered by Friedman et al.
(2007), but their results indicate that Ri;;c may decrease from 1 to 0.7 when reducing viscosity
ratio from 1 to uy/u, = 0.2. Considering the differences in viscosity ratios between our study and

that of Friedman et al. (2007), we do not expect agreement on the values of Rijr

Clanet (1998) presented results from a study of a water jet injected vertically upwards
into air which showed that depending on the initial momentum flux (~ pujz), water fountains
exhibit distinct modes of behaviour . For very low-momentum fluxes, the water exiting the
fountain remains attached to the nozzle due to capillary and gravity forces (Dias et al. 1990) .
For values of the momentum flux above a certain threshold, a second regime is achieved where
the fluid detaches from the nozzle, forming an upward moving jet that accumulates a region of
fluid at the tip of the fountain. As the mass of this region increases, the gravitational force
eventually overcomes the jet's inertia and the lump begins to fall. As it reaches the nozzle, it
dislodges from the jet and a new cycle begins. This rising and falling process repeats itself in a
periodic or quasi-periodic fashion resulting in large-amplitude oscillations in the fountain
height. As the water momentum flux is further increased, this oscillatory behaviour persists at
increasing amplitudes until a second threshold limit is reached above which the fountain no
longer exhibits high-amplitude pulsations. According to his description, Clanet (1998) also
observes three flow regimes controlled primarily by the momentum flux (expressed in
dimensionless form as the Ri number).

In two of the three experimental studies available for the injection of a negatively

buoyant jet in an immiscible ambient fluid (Clanet (1998) and our experiments) three flow
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regimes are observable. By contrast, in their experiments, Friedman et al. (2006, 2007) are able
to observed only two flow regimes. These differences can be explained due to differences in the
experimental geometry and the physical properties of the fluids used. Friedman et al. (2006,
2007) used a nozzle whose exist was located at the same level as the base of the tank. By
contrast, our study and that of Clanet (1998) use a re-entrant nozzle whose exit is located away
from the solid boundary of the tank. In addition, the diameters of the nozzles used varied from
less than one millimetre (Clanet 1998) to several centimetres (Friedman et al. 2006, Friedman et
al. 2007). Whereas our range of D values (2.4-11 mm) allows us to observe flow behaviours
characteristic for narrow to intermediate size nozzles, Friedman et al. (2006, 2007) and Clanet
(1998) observations are restricted to large and narrow nozzles, respectively. Comparing the D
values used by Clanet (1998) (0.318-4.1 mm) with our own and noting that both experiments
use water as the injected fluid, we would expect some similarity of qualitative observations.
However, since the ambient fluid is not the same in both cases (Clanet (1998) injects water into

air), results obtained are slightly different as explained in the next section.

4.3 Type Il behaviour: The “pulsating” regime

Following the work of Clanet (1998) we now consider the region of existence of the Type II
“pulsating” regime According to Clanet (1998), the pulsating mode starts once the jet
momentum flux is high enough to overcome capillary and gravity forces. There are two
different mechanisms leading to the threshold between Type II and III (end of the pulsating
regime). The first originates in the capillary instability of the Rayleigh-type undergone by the
cylindrical jet, which is unstable with respect to disturbances of wavelengths larger than the jet
circumference. As the height of the fountain is increased, this instability has time to develop so
that the jet breaks into droplets prior to reaching the maximum height. When these droplets
migrate from the axis a sufficient distance, preventing them from interacting with the ascending
fluid, the driving cause of the oscillation is lost and the fountain exhibits a quasi-constant

height, close to its maximum height %,,,,. If the breakup process was symmetric for all times, all
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the drops would stay on the axis of symmetry and the oscillations would persist independently
of the Rayleigh instability. However, as the jet breaks up, the drops acquire a small radial
velocity. When the drops have time to migrate a distance of the order of the jet diameter D
before they reach #,,,, the oscillations stop. An additional physical phenomenon affecting the
stability of large-diameter fountains occurs when the dynamic pressure of the jet ~puj2, becomes
of the same order of magnitude as the surface tension restoring action, ~4y/D, being D, the
width of the lump (Clanet 1998, Taylor 1963). In this limit, the region of accumulated liquid at
the fountain topbursts close to its maximum height and no large-amplitude oscillations are

observed.

In the case of water fountains, the pulsating regime exists within the limits 0.63 < a,, /D =<
10 and 20 = u; ? /gD = 400, where a,, is the capillary length of water in air defined as (Clanet,
1998): a,, = (2%, / (0w 2))"% pw and ¥, being density and surface tension of water, respectively
(Table 1). Notice that u; ? /gD is a reciprocal of the Richardson number with the reduced gravity
removed and a,/D is directly related to a Bond number for the experiment considering that the
characteristic length is the nozzle diameter (Table 1). Thus, we have analyzed the range of our
data in terms of the latter dimensionless numbers Ri and Bo and compared them with the

existence domain for the large-amplitude oscillating fountains defined by Clanet (1998) (Fig.6)
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From Figure 6 we observe that several of the experiments where Type II (pulsating)
behaviour has been observed fall into the region of existence of the pulsating regime observed
for water fountains in air (Clanet 1998). However, also some of our Type I experiments fall
into the pulsating regime defined by Clanet (1998). A simple explanation for this observation is
the fact that we are using a different ambient fluid, i.e. rapeseed oil instead of air. For our
experimental configuration we estimate the capillary length of water into rapeseed oil correcting
the definition of Clanet (1998) with the density difference between both fluids a = 2y A(p; -
)g))"? (e.g. Aarts, 2005)(Table 1). A simple calculus using the values for 7, 7, p,, o and g listed
in Table 1 allows us to identify that a ,,~ 0.54 a , i.e. according to the definition of the Bond
number used in this work (Table 1) the Bo values for the immiscible ambient-jet fluid pair are
around three times those provided by Clanet (1998). Thus, since the capillary length of water in
air a,, is half the one of water in oil g, for the same u; 2/ gD or Ri’' | the pulsating regime

defined by Clanet (1998) for water fountains in air is displaced right in the graph of Figure 6

5. Summary and Conclusions

In this study we have investigated experimentally the dynamics of negatively buoyant jets
in a homogenous immiscible ambient fluid. Experiments are carried out by injecting coloured
water into a cylindrical tank containing rapeseed oil. The water is injected using a re-entrant
trimmed conical nozzle and maintained at a constant flow rate throughout the experiment. The
fountain inlet flow rate and nozzle diameter were varied to cover a wide range of Reynolds,
Richardson and Weber number interval, 468< Re < 5928, 8x10™ < Ri< 1.98 and 2.40 < We <

308.56, respectively.

In contrast to many previous published studies that propose two end-member classifications
of fountain behaviour: “stable” and “unstable”, our experimental results show three distinct flow

regimes:
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- Type I behaviour is characterised as very stable. The height of the fountain is
approximately constant although we cannot discount very small fluctuations of the column

height within the systematic measurement error .

- Type II behaviour is described as a pulsating fountain for which height oscillates

continously with time from a maximum #,,,, to a minimum height 4,,;,.

- Type 111 behaviour is observable for higher injection velocities. The jet initially penetrates
upward into the ambient fluid and when it reaches #,,, , a “cap” forms at the top of the jet. The

fountain is characterized by a smooth and a wavy part.

Based on the Re, Ri and Bo values for the experimental simulations, we have determined a
regime map to define how these values may control the occurrence of each of the observed flow
types. We find that Ri may play a stronger role compared to Re to determine the penetration of
the maximum penetration height. By contrast, the effect of the Reynolds and We numbers may
be stronger than Ri’s to provide a prediction of the flow behaviour for a specific nozzle
diameter and injection velocity. The transition between Type I and II is uniquely controlled by
the Ri number and there is a clear control of the Weber number when passing from Type I or II
to Type IIL.

The region of existence of the Type II (pulsating) regime coincides with the one observed
for water fountains in air (Clanet 1998). The main difference is due to the fact that the capillary

length of water in air is half the one of water in rapeseed oil.
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