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Abstract

Experiments using water and brine were performed to simulate the mixing pattern above a slow steady circular
release of light fuel gas into a region of otherwise quiescent, heavier air. The experiments reveal the existence of a
horizontal inward moving boundary- or mixing-layer flow above the release surface. Over the central region of the
release area the mixing layer turns upward and feeds a vertical buoyant plume. Measured mixing layer thicknesses
and solute salt concentrations were compared with predictions based on a concentration boundary-layer type model
combined with a model for vertical flow into the plume. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

This paper addresses the slow release of a light fuel
gas into a heavier, quiescent ambient gas (air) environ-
ment. The study is stimulated by the need for assessing
the flammability hazard in the headspaces of certain
process waste storage tanks during episodic light fuel
gas releases from the stored sludge/supernate. In that
situation the release area is considerably smaller than
the waste surface area. The density difference between
the release gas and the surrounding air, combined with
the very low initial momentum of the release, causes
the release gas to move inward to the center of the
release area in the form of a horizontal boundary
layer, mixing layer, or ‘floor plume’ (hereafter referred
to as the mixing layer). Ultimately, the radial inward
flow turns sharply upward and feeds a vertical buoyant
plume. A similar turbulent mixing layer/vertical plume
structure occurs above large-area pool fires, and a use-
ful review of this subject has been provided by Deli-
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chatsios [1]. Horizontal free-convection boundary
layers capped by a vertical plume have been observed
on upward facing heated disks [2], although the lab-
oratory scale horizontal layer in that situation is thin,
and the flow within it is usually laminar.

The salt-water modeling technique is used in this
study to investigate the mixing layer shape and to
determine the extent to which the released fluid is
diluted (or concentrated) by the heavier ambient fluid.
Fresh water is injected upward at very low velocity
through a circular porous plate into a tank containing
heavier brine. The measured mixing layer thickness
and the salt concentrations are compared with theor-
etical predictions based on the solutions to two simpli-
fied integral models: a concentration boundary-layer
type model for the mixing layer and a model for the
vertical plume. The models are joined at the ‘neck’ lo-
cation where the mixing layer changes to the plume. In
the prediction of the mixing layer’s behavior the verti-
cal mixing mechanism is the critical element: the con-
servation equations are not complete unless a realistic
model of buoyancy-driven turbulent mixing is adopted.

The theory presented here uses the concept of a ver-
tical diffusion (or dispersion) coefficient to model the
upward transport of the lighter fluid (fresh water)
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Nomenclature

E dispersion coefficient for vertical mixing
E,  entrainment coefficient for plume (0.12)
Fr, Froude number for plume; Eq. (35)

Fr Froude number for release;
Vo /v/28R0(Pog — Po)/Pos

g gravitational acceleration (m s2)

k constant of proportionality in isothermal salt

solution equation of state (0.64 for NaCl
solute); Eq. (12)

/ characteristic mixing length for turbulent dif-
fusion (m)

My  molecular weight of pure ambient gas (kg
kmol™")

My  molecular weight of pure light release gas (kg
kmol ')

M, , molecular weight of gas mixture at neck (kg
kmol™")

P local dynamic pressure within mixing layer
(Nm™)

0 inward volumetric flow of fluid within mixing

layer (m® s71)

Qp  volumetric flow of fluid from mixing layer
into plume (at neck) (m> s™")

Qo  volumetric flow of injected fluid (fresh water)
at release surface (m>s™')

r radial coordinate in mixing layer or plume
(m)
R radius of plume (m)

R,  neck radius (m)

Ry  radius of circular release area or porous disk
in brine/water tests (m)

R,  radial location of sampling point 2 (m)

u horizontal (radial) velocity component in mix-
ing layer (m s™)
u average radial velocity at location r in mixing

layer (m s~

U entrainment velocity in plume model (m s~

v vertical velocity component in plume (m s™')

vp vertical mixture velocity at neck (m s™")

Vo superficial velocity of injected fluid (fresh
water) at release surface (m s~ ')

X dummy integration variable

Y local solute (salt) mass fraction (ps/p)

Y., ambient solute (salt) mass fraction

Y average salt mass fraction at location r in
mixing layer

Y; salt mass fraction at sampling point i

Y.  average light (fuel) gas mass fraction at lo-
cation r in mixing layer

Y,  average solute (salt) mass fraction at neck

z vertical coordinate in mixing layer or plume
(m)
VA dimensionless vertical distance in plume

Greek symbols

p mixing-length-thickness proportionality coeffi-
cient

0 vertical thickness of mixing layer (m)

A dimensionless plume flow rate; Eq. (33)

£ transformation variable

p local density of mixture (kg m™>)

pu  density of pure ambient gas (kg m ™)

0i brine density at sampling point i (kg m™>)
Po density of pure water (kg m ™)

pp  mixture density at neck (kg m™)

Ds salt concentration (kg m™>)

psp salt concentration at neck (kg m~)

Ps.oo  ambient salt concentration (kg m™>)

poo  density of ambient fluid (kg m™)

through the heavier fluid (brine) within the mixing
layer. In particular, this approach adopts the vertical
dispersion coefficient law proposed by Baird and Rice
[3] for steady-state vertical mixing in spray and bubble
columns, and later modified by Holmes et al. [4] to
deal with the upward turbulent transport of a lighter
fluid through a heavier miscible fluid. Until now
almost all of the experimental work performed on
buoyancy-driven vertical mixing was carried out in
high-aspect ratio tubes (or columns), and the mixing
length required by the Baird—Rice dispersion coefficient
law was found to be a constant proportional to the
column diameter [4-8]. Recently, the authors [9]
measured the depth of a wide (low-aspect ratio) brine/

water mixing layer as a function of time and obtained
a good correlation by employing a Baird—Rice mixing
length that is proportional to the instantaneous thick-
ness of the mixing layer. As will be seen, the steady-
state mixing layer of interest here is of considerable
lateral extent so that it would seem reasonable to
assume that the mixing length is proportional to the
local depth of the mixing layer. Indeed, this choice
with a mixing length proportionality coefficient that is
almost identical to the one inferred from the earlier,
transient brine/water mixing study [9], yields reason-
able agreement with the brine/water experimental data
obtained in the present study on steady buoyant
releases.



M. Epstein, J.P. Burelbach | Int. J. Heat Mass Transfer 44 (2001) 525-536 527

2. Theoretical model

In the experiments described below, water is injected
with velocity vy through a porous disk of radius R,
into a tank containing heavier brine. This disk is fas-
tened to the bottom of the brine tank, and its area is
small compared with that of the tank floor. The fresh-
water injected flow is assumed to be spatially uniform
over the surface of the disk, and its volumetric flow
rate is denoted by the symbol Qy. Turbulent diffusional
mixing between the ambient brine and the injected
fresh water first occurs within a ‘mixing’ boundary
layer of radially inward flow. This radial flow ulti-
mately turns upward as it approaches the center of the
release zone and feeds a vertical plume within which
the mixing process continues. The combined mixing
layer/plume flow is illustrated in Fig. 1. Initially the
analysis is limited to the mixing region above the
release disk and below the plume. In particular, atten-
tion is focused on the radial region R, < r < Ry. It is
desired to develop practical formulas (correlations) for
the average solute (salt) concentration within the mix-
ing layer and at the ‘neck’ of the mixing layer/plume
configuration. It is also of interest to determine the
shape of the mixing layer and identify where it changes
to plume flow. To accomplish these goals, models of
both the mixing layer and the plume flow are required.

2.1. Mixing layer

The following assumptions are introduced to model
the mixing layer:

1. The mixing layer is treated as an isothermal, con-
centration boundary layer within which turbulent
mixing between the injected fresh water and the
overlying brine occurs mainly in the vertical z direc-
tion. Mixing in the radial r direction is ignored.

2. The effective diffusion coefficient E for vertical mix-
ing is well-represented by the Baird and Rice [3] dis-
persion coefficient formula for the upward turbulent
transport of a lighter fluid through a heavier misci-
ble fluid [4,5]:

9o\ /2
E:/2<§ —") (1)
p 0z

3. Based on the previous study on unsteady vertical
mixing in a wide layer [9], the characteristic mixing
length / in Eq. (1) is simply expressed as

/=P o) (@)

where, J(r) is the local depth (see Fig. 1) and fis a
constant of about 0.16.

4. The boundary layer equations are simplified by the
Boussinesq approximation and by the assumption

Light Fluid Vo

ME984033.CDR 5-6-98

Fig. 1. Schematic of mixing layer capped by central plume, indicating flow direction and nomenclature.
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that the concentration of the diffusing solute (salt)
species is relatively low.

5. The horizontal (r-component) momentum equation
and the solute species continuity equation are solved
by an approximate integral method. The following
simple analytical forms are assumed for the vertical
solute concentration and velocity profiles, respect-
ively:

2
o(r) — zi| 3)

Y(r,z) = Yoo — [Yoo — Y(r, 0)]|: )

u(r, z) = —i(r) 4)

where, the over-bar designates a vertical distance-
averaged velocity, and the minus sign in Eq. (4) sig-
nifies inward radial flow. Eq. (3) describes a para-
bolic profile, while Eq. (4) represents plug flow. It is
also convenient (and practical) to define a vertically
averaged salt mass fraction,

Y(r) = % JO Y(r, 2)dz = Yoo — %[YOO — Y, 0] (5

6. Momentum boundary layer effects are ignored, and
the inward uniform flow u(r) across the thickness of
the mixing layer is driven solely by the radial buoy-
ancy force established by the injection of light fluid.
Subject to these assumptions, the governing steady-

state equations for 8(r), ii(r) and Y(r) are the vertical

component of the momentum equation,

oP

Py (P = Po)g (6)

the integral form of the horizontal component of the
momentum equation,

d, _, rd ?

—@ru0)=—— | Pd 7
Goire =L o | P ™
and the integral form of the solute continuity

equation,

4 is(Yoo — D = —rro Yoo ®)

dr
The boundary conditions for Egs. (6)—(8) are
P=0atz=0 anddo=u=0atr=Ry 9)

At the porous release-surface (z = 0) the boundary
condition is

P Y(r,0) = pE(, 022 1, 0) (10)

which states that the solute salt cannot pass through

the porous disk. That is, the convective flux of salt due
to the upward injection of fresh water is equal to the
downward turbulent diffusion flux of salt to the porous
surface. It can be shown with the results of the present
formulation that, when the release Froude number is
small (Fr 2 0.05), the difference between Y(r, 0) in Eq.
(10) evaluated away from the edge of the release and
the ambient salt concentration Y., is small enough
that Y., may replace Y(r,0) on the left-hand side of
Eq. (10). Admittedly, this statement is not quite true
for some of the laboratory scale high-injection releases
investigated here, for which the Froude number
approaches 0.05. Nevertheless, it is felt that the con-
venient functional forms obtained for Y and 9§, that
adequately correlate all the experimental data (see Sec-
tion 4), together with the asymptotic applicability of
the formulation to the low Froude number releases of
practical interest, amply justify using the following
revised form of Eq. (10):

Y
povo Yoo = pE(r, 0)=—(r. 0) (11)

Eq. (11) was previously employed in a successful
model of unsteady turbulent mixing of fresh water
releases into brine [9].

In dilute salt solutions the mixture density p is re-
lated to the salt concentration ps by

where k is a constant equal to 0.64 for NaCl solutions.
Substituting Eq. (12) into Eq. (1) and carrying out the
indicated differentiation gives

k ap.\'"2 av\'"?
E:/Z(i ﬁ) :/2<gk —) (13)
p 0z 0z

The second equality in Eq. (13) is an approximation
obtained by moving p inside the differential and invok-
ing the definition Y= p,/p. This step is permissible for
dilute solutions. The boundary condition given by Eq.
(11), when combined with Egs. (3), (5) and (13),
becomes

3/2
o =02 520
V4
— 63/2ﬁ2(gk)1/26]/2(Yoo _ 1_/)3/2 (14)

where the small difference between pg and p(r, 0) is
ignored.

Substituting Eq. (12) into Eq. (6) and again invoking
the definition Y= py/p gives

P
i gkp(Y — Yoo) (15)
z
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Substituting Eq. (3) into Eq. (15) and integrating in
the z direction then yields

3
—f0—zY\

P=gkp(Yo — Y)b( . ) (16)

while eliminating P between Egs. (7) and (16) leads to

d _,.  rgk d -

i) = 5 SV = 1)o7 (17)

To obtain useful closed-form solutions of the mixing
layer equations, the radial geometry effects in Eq. (17)
are assumed to be insignificant over the peripheral
region R, < r < Ro. The quantity r in Eq. (17) can
then be moved outside the derivative and the result
integrated to get

1 -
it = S[gh(Yoo — Y)5]'? (18)
The integration constant in Eq. (18) is evaluated to be

zero since both # and 6 vanish at r=Ry. Eq. (8) may
be integrated directly, resulting in

Fiid(Yoo — ¥) = % Vo Yoo(RE — 1%) (19)

Egs. (14), (18) and (19) are sufficient to solve for
o(r), u(r), and Y(r):

8(r) = 63/2ﬂ2<—R§ ~ "2> (20)

. 1 R2 _2\3
i(r) = 3(gkvo m‘“(%) @1

1/3
- 1 Y2 r 173
Yoo = Yr) = 6322 ( gk ) (Ro2 — r2> (22)

(Note from Eq. (22) that the solute mass fraction
|Y|— o0 as r — Ry. This non-physical result is due to
replacing Y(r, 0) by Y in Eq. (10), as described pre-
viously.) Another useful variable is the total inward
volumetric flow of fluid (released + entrained) within
the mixing zone, namely

O(r) = 2nrou (23)
or, from Egs. (20) and (21),

4/3
0(r) = 677> (ghvy Yoo)'? (@) r (24)

By ignoring r? compared with R} in Eq. (20) and
eliminating r between this result and Eq. (24), one
finds that Q ~ &' which agrees with theories and ex-

periments on air entrainment into buoyant plumes
above large-area pool fires [1]. Strictly speaking, Eqgs.
(20)—(22) and (24) are only valid in the region of the
mixing layer that lies beneath the ambient fluid, that is
in the radial segment R, < r < R, not covered by the
plume (see Fig. 1). The volumetric fluid flow Q, and
the solute mass fraction Y, may be related to Q(Rp)
and Y(R,) by applying mixture and solute mass bal-
ances between the plume neck and the inner edge of
the entrainment zone. (The portion of the mixing layer
beneath the plume does not entrain ambient fluid.) It
turns out that the inward radial flow Q(R,) into the
region beneath the plume greatly exceeds the released
(injected) flow (Rp/RO)ZQO so that the mass balances
simplify to

0, ~0(R,) and Y, ~7Y(R,) (25)

Once the neck radius R, is known, the quantities Y,
and Q, may be calculated. A theory for the determi-
nation of R, is postponed to follow discussion of the
equations that describe the plume (below). It can be
shown that Eqs. (20)—(22) and (24) are readily con-
verted to the corresponding dilute gas-system
equations by making the substitutions

o M,
Yoo — Y(r) = Yi(r); k= Vf —1; and
(26)
yo M
My
2.2. Plume

Consider the fully turbulent, circular plume that
emanates from the top of the mixing layer discussed in
the previous subsection. This plume rises from a ‘per-
foration’ in the mixing layer of finite size (radius Ry;
see Fig. 1) under the influence of both gravity and the
momentum supplied by the mixing layer. As the plume
rises, it grows radially by entrainment of the surround-
ing ambient fluid (brine).

The conservation equations for solute mass, total
mass, and momentum for an axisymmetric, isothermal
buoyant plume are, respectively,

d

&(Rzpsv) = 2Rps,ooue (27)
d 2

—(R?py) = 2Rp (28)
d 2.2 2

LR P =28 — PIR (29)

Egs. (27)-(29) are based on uniform plug flow (‘top
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hat”) profiles of velocity, v(r, z)=v(z) as illustrated in
Fig. 1, density, p(r, z) =p(z), and solute concentration,
ps(r, z) =ps(z). The equations are subject to the initial
conditions

V=, P = Pp Ps = Psps R=R, at 0

z=0

The subscript p refers to conditions at the plume neck,
and z is now measured from the neck. The quantities
Oy, pp and p,;, can all be calculated from the above
mixing layer theory, but R, is still unknown.

To close the system of equations for the plume, an
expression is required for the entrainment velocity ue.
It is appropriate to use the well-known entrainment
equation of Morton et al. [10], as modified by Ricou
and Spalding [11] for vastly different plume and ambi-
ent densities, p and p.., respectively:

se = E, <p>1/2v 31)

where E, is the so-called entrainment coefficient. For
buoyant plumes with plug flow profiles, Morton [12]
was the first to suggest E,=0.12. Note that the system
of plume equations given above is not the analogue of
the classical three equations of Morton et al. [10] for
the vertical plume in a neutral atmosphere in that the
Boussinesq approximation is not invoked in the pre-
sent study. The similarity of the profiles v(r, z), p(r, z)
and py(r, z) at all heights above the neck is the main
assumption made here, which perhaps can only be jus-
tified by its success in terms of the prediction of the
neck radius R, (see Section 4).

The problem of the isothermal non-Boussinesq
plume can be reduced to the solution of the quadra-
ture

v
dx
Z=| ———— 32

Jl [x24 Fr,— 1]'° (32)

where A is a dimensionless plume flow rate,

2
1= ﬂ, (33)
Py Ry

Z is a vertical dimensionless distance,

7= 2k (@)“Z :

Rp pp Frl/s
1/5
_ [20E $gp2 (sl Py — 1)} . (34)
= 42,2 g
Ry Py v

and Fr, is a constant dimensionless plume-source
Froude number

SE‘OVP2 (poo/pp)l/z

= 35
"= SeRy (pofpy — 1) ©@3)

For the singular case Fr,=1.0, Eq. (32) can be
solved analytically and the solution is

3 5/3
A= (1 +3 2) (36)

For arbitrary Frp, Eq. (32) must be solved numeri-
cally. However, the possibility of representing the func-
tion A(Z) by an algebraic expression has been
explored. The following approximate functional form
represents a continuous transition between the sol-
utions of Eq. (32) in the limits Z<1.0 and Z — oc:

A —1=0.4268Z53{1 4 1.4278Z ~/*[(1.6Z
+Frp4/5)5/4 — Fr 14y 37)
The maximum error associated with Eq. (37) is less

than 4.0%. The plume mixture density, velocity and
radius are then obtained from

Poo

P = T (Dl patpy) — 1] 38)
v I 1, 3
E‘I[E,u —1)+1] (39)
and
R (pi\"
R, _< pv )

 p/po)i (1= py a1 w0

[(1/Fr)(2% = 1)+ 1]'/°

The plume model presented in this subsection
accounts for a finite source area and combined plume
momentum and buoyancy, and can be shown to agree
with the available data on plume/jet dilution. The sol-
utions for the water-into-brine plume are also valid for
the light-gas into heavy-gas plume since py and My/
My, for the gas system have the same meanings as po
and poo/pp, respectively, for the brine/water system.

2.3. Plume starting thickness

In order to apply the mixing layer and plume models
to light fluid releases of practical interest the plume
neck radius R, must be determined. It is experimen-
tally observed that, unlike the mixing layer boundary,
the plume boundary tends to remain constant or
expand with increasing height z (see Fig. 1). Thus it is
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proposed that the mixing layer region changes to the
plume region at that location where the volumetric
flow supplied by the mixing layer is just sufficient to
prevent the plume’s cross section from shrinking. The
idea is that if the flow continued to narrow after leav-
ing the mixing layer it would not be in the plume, but
would remain in the mixing layer.

The behavior of the plume boundary is characterized
by Frp. This can be seen by differentiating Eq. (40)
with respect to A and setting the result equal to zero,
to obtain the value of A at which the plume radius is
minimized. Since Z is a monotonic function of A (see
Eq. (32)), 4 may be regarded as a transformed distance
from the source. The plume radius is a minimum at
the location /1 that satisfies the following cubic
equation:

é&;ﬁ_l_l(l_&),{2_2&(1—F1’p)2

oo

- (1 - %)(1 — Fry)
—0 @41)

By demanding that the plume necks down at the
source Z = 0 (or equivalently, 2=1.0), it is guaranteed
that the plume thickness can only increase with height
Z. Setting 2=1.0 in Eq. (41) gives the value of the
minimum or critical Froude number consistent with
plume expansion

4

Froq=—
P S py/pne)

(42)
The notion that the transition from mixing layer to
plume flow occurs when the source Froude number for

the plume is given by Eq. (42) leads to the following
condition at the neck (see Eq. (39)):

8E0Q) (Poo/Pp)’ 4
Sn2gR(poo/pp — 1) 51+ py/poc)

(43)

where for the brine/water system (see Eqs. (12) and

(25)

Poo 1 n k(Yoo — Yp) = K[ Yoo — T(Ry)] (44)
Pp

Evaluating Eqs. (22) and (24) at r=R;,, combining
the results with Egs. (25), (43) and (44) and making
the reasonable approximation p.,=p, in the numer-

ator of the left side of Eq. (43) and in the denominator
of the right side of Eq. (43), leads to

& _ 1
Ry [1+(4-6°2Ef%) "7

(45)

Thus the ratio of the plume starting (neck) radius to
the radius of the release disk is predicted to be only a
function of the plume entrainment coefficient E, and
the mixing-length-thickness proportionality coefficient

p.

3. Experiments

Steady-state buoyant releases are investigated in an
open rectangular tank having (inside) lateral dimen-
sions of 0.892 m x 0.740 m, giving a cross sectional
area of 0.66 m> The tank is 0.889 m high and is con-
structed of (transparent) acrylic plastic (see Fig. 2). A
horizontal stainless steel ‘partition’ plate, with a circu-
lar hole cut to accommodate a porous release area,
divides the tank into two compartments. The lower
compartment is 0.127 m high and forms a supply ple-
num for fresh water, which is injected through the por-
ous plate during the experiment. The upper ‘mixing’
compartment is 0.762 m high and initially contains
brine. A porous plate (1.57 mm thick and 40 um pore
size) is positioned to cover the circular opening. Four
different release configurations are employed during
the course of the experiments: three centrally located
openings with respective diameters 11.43, 22.86, and
35.56 cm and one off-center 22.86-cm opening. The
minimum distance between the edge of the off-center
opening and the front ‘viewing’ wall of the tank is 5.08
cm. Thus the off-center opening results in a ‘near-wall
release’.

During an experiment the fresh water is forced up
through the release opening and forms a visible mixing
zone in the brine reservoir above the opening. The
mixing layer and to some extent the plume are visible

Brine

Porous Plate

MES8n027.CDR 11-10-98

Fig. 2. Schematic diagram of the apparatus for studying den-
sity gradient-driven mixing above a circular release of buoy-
ant fluid.
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owing to refraction effects. A pressurized fresh water
supply tank feeds water to the supply plenum at a
steady rate. The time duration of the test and the
volume of injected fresh water are measured so that
the injection velocity can be determined. Uncertainty
in the injection velocity is estimated to be +6%. The
time duration of each test is sufficiently short that di-
lution of the bulk brine is negligible and a steady-state
interpretation is deemed to be valid.

Videotape is used to record the shape of the mixing
zone with the aid of a visualization grid, which is posi-
tioned vertically across the center of the composite
mixing layer/plume. Liquid samples are taken at var-

M. Epstein, J.P. Burelbach | Int. J. Heat Mass Transfer 44 (2001) 525-536

ious positions in the mixing zone using an array of
500-ml graduated cylinders connected to 1/8-in.
sampling lines. These samples are acquired relatively
slowly (over about 1 min) so as to minimize disturb-
ance of the flow within the mixing layer. In all cases
the gravity flow of the sample into the collection cylin-
der is throttled down with a 1/8-in. ball valve. Sample
density is directly measured using a hydrometer. A hy-
drometer is also used to measure the bulk brine density
before and after each test. The hydrometers are read-
able with 95% confidence to within a brine specific
gravity of 1073,

In terms of predicting the release fuel-gas concen-

1.27
[ [ ] [ ] [ ] o —x
2 3 4 5 6
3.18
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YL L L L L 2 222 LLLL . ‘/ Y4 1 |
l~ 11.43 v!
2.54
[ ] ( ° [ [ J
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6@ [ ] o [ ] [ ]
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5e
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4 @
2.541: 10.16
30

»

LLLL 2’ LL

Z
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ME98n019.CDR 8-6-98

35.56

Fig. 3. Salt concentration sampling point locations above porous plates. All dimensions in centimeters.
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tration in the dome region of a waste storage tank
during a light fuel gas release, the neck region where
the mixing layer meets the plume is of most interest.
Thus, most of the salt concentration sampling is car-
ried out with a horizontal array of five probes located
equidistant from one another across this circular
region (see Fig. 2). The sampling locations (r, z) above
each of the openings are shown in Fig. 3. In the case
of the 35.56-cm opening, in any one test sampling is
done with either the horizontal array in the neck-in
region or with a similar vertical array at r=R, (the
inner radial boundary of the mixing layer). There is
some ambiguity about the locations of the mixing
regions and, therefore, about the placement of the
probes. The positions of the probes shown in Fig. 3
are suggested by a combination of videotape obser-
vations of the mixing layer/plume boundaries and the
theory, in particular Eq. (20). More details regarding
the positioning of the probes are given in the next sec-
tion. Raw data are available upon request.

4. Results and discussion
The normalized shapes of the mixing layer/plume

composite as interpreted from the video images for six
typical runs are shown in Fig. 4. Mixing layer/plume
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boundary data are acquired just after each porous disk
is installed and prior to positioning the brine sampling
lines. The mixing layer and plume boundaries are
highly irregular. Considering the uncertainty associated
with defining these boundaries (+20%, [9]) the exper-
imental results suggest that the normalized shapes of
the mixing layer and lower plume region are indepen-
dent of the release size R, fluid injection rate vy and
bulk (headspace) solute concentration Y... This con-
clusion is consistent with the theoretical result given by
Eq. (20). Eq. (20) with f=0.14 represents a good fit of
the measured mixing layer/plume boundary data (see
Fig. 4). The videotape information indicates a constant
plume thickness over the field of view of the camera.
However, the salt concentration difference between the
plume and surrounding brine is very small, which
makes it difficult to observe the exact plume ‘concen-
tration’ boundary.

The upper data points in Fig. 4 reveal that the
measured radii of the plume R, normalized by R, are
in the range 0.35-0.55. Inserting f=0.14 and Ey=0.12
into Eq. (45) gives a radius ratio R,/R;=0.43. This
predicted plume radius ratio appears in Fig. 4 as the
vertical line labeled ‘plume boundary’. It follows from
Eq. (20) that the horizontal mixing layer/plume bound-
ary or neck is located a normalized distance o/
Ry=0.55 above the release disk. These results were

Symbol| Ro,m | Y, vo,ms'1
X |0.0572(0.087 | 2.0 x102
¢ |0.0572(0.141 2.7 x102
o |0.114 [0.169 |2.1 x10°
o |0.114 |0.146 |54 x108% |
A |0.114 [0.122 [84x10%| )
ARo
v |0.178 |0.136 |6.6 x107®
+-1.0
o © Plume Boundary
)<2A @ o 3
<>v —+-0.5 g
o 2
(S g
3
¢
|
1.0 0.5 0 0.5 1.0 r

Fig. 4. Measured boundaries of mixing layer/plume composite, comparison with Eq. (20) and f=0.14.
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used to determine the boundary locations along which
to position the salt concentration sampling probes (see
Fig. 3).

Measured brine densities within the mixing layer
and at the base of the plume (neck) are obtained by
performing 72 separate experimental runs. Axial sym-
metry suggests that the brine densities at sampling pos-
itions 2 and 3 would be the same as the densities at
positions 6 and 5, respectively (see Fig. 3), but this is
not the case. Small differences are measured and are
undoubtedly due to the fact that the mixing zone and
the plume are not perfectly symmetric about the axis r
= 0.

The measured brine density at sample location i is
converted to salt mass fraction via the following form
of the salt solution equation of state:

1
Y‘_k<1 Pa) (46)

which follows immediately from the definition of the
solute mass fraction (Y=p/p) and Eq. (12). Eq. (22)
predicts the local, vertically averaged salt concentration
Y(r). The data from the vertical sampling points 2, 3,
4, 5 and 6 can be compared directly with the theory by
taking the arithmetic average of the Y;s. The result
)7(Rp) may be regarded as the average value over the
vertical distance ¢ at the inner mixing layer boundary
r=R,. The data from the neck region sampling points
2, 3, ..., 6 must be ‘radially averaged’ to obtain the
appropriate average value Y, for comparison with the
theory. Recall that the second equality in Eq. (25)
states )_/(Rp)z Y,. The radial averaging of the sampling
point values Y,, Y3, and Y4 can be accomplished by
numerically evaluating the integral

2 (R
Y, = R_22 Jo rYdr 47)

where R, is the radial location of sampling point 2. To
circumvent the zero integrand difficulty at the centrally
located sampling point 4 (where r = 0), the integration
V?riable is transformed via ¢=(r/R,)>. Hence, Y, =
Jy Y(&)d¢, where Y(0)=Y,, Y(1/4)=Y5 and Y(1)=1Y,.
Simpson’s rule is used to evaluate the integral for the
unequally spaced pivotal points £=0, 1/4, 1.0. Since
the sample densities at positions 5 and 6 are not quite
the same as those at positions 2 and 3, the radial aver-
aging technique is repeated for sampling points 4, 5,
and 6, and the arithmetic average of the two radially
averaged Y}, values are used to compare with the the-
ory.

The salt concentrations inferred from the measured
brine densities within the mixing zone and in the
source region of the plume are plotted in Fig. 5 in a
form suggested by Eq. (22) with r=R,=0.43Ry;

namely

1/3
- 0.055 [ v2Y?2
oo = TR = Yoo = Yy = = ( ;ka> (48)

The data points are positioned using a mixing-length-
thickness proportionality coefficient f=0.14, as already
inferred from the plume/mixing zone profile data (see
Fig. 4). The average salt mass fraction data in the
source region of the plume above the 0.178-m radius
release are represented in Fig. 5 by the open squares,
while the dark squares represent the average salt mass
fraction ?(Rp) data at the inner radial boundary of the
0.178-m radius mixing layer. The circles and the xs in
Fig. 5 pertain to the center and near-wall releases, re-
spectively. The level of uncertainty for the local salt
concentration relative to Y., is £30%. While on the
average the near-wall release results lie below the cen-
ter release data, the difference is within the data uncer-
tainty range and should not be regarded as significant.
Clearly the choice f=0.14 results in a conservative
correlation since most of the Y, — )_/(Rp) data lie
below the curve. Recall that there is a direct analogy
between Y., — Y(r) for solute salt and Y; for the gas
system. Thus a good correlation of the brine/water
Yo — Y(r) data is equivalent to useful predictions of
the light (fuel) gas concentration Yi(r).

The value f=0.14 required to bring the theory and
the measurements together is somewhat different than
the value f=0.164 inferred from a previous laboratory
study of buoyant releases [9]. Two possible reasons for
this rather minor discrepancy are (i) the present pro-
blem involves steady-state mixing while the previous
study was concerned with transient mixing and (ii) the
present theoretical approach is based on the approxi-
mate integral technique while an exact similarity sol-
ution was obtained for the transient mixing problem.
It is worth noting that a small increase in the value of
p would provide a better fit of the data with the theory
than is displayed in Fig. 5.

5. Summary

This study examines the mixing pattern above a
steady, buoyant release of fresh water into brine. The
fresh water is injected at low velocity, through a por-
ous disk at the bottom of a large tank of heavier
brine. This system is used to represent the axisym-
metric release of light fuel gas into overlying air. Visu-
alization of the flow shows that a concentration
boundary- or mixing-layer develops that is directed
inward above the release surface. Near the center of
the release surface the mixing layer turns upward and
changes to a vertical plume flow. Approximate inte-
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Fig. 5. Measured salt mass fractions compared with Eq. (48).

gral-profile type solutions of the concentration bound-
ary layer equations for turbulent flow are combined
with the governing equations for vertical plume flow to
determine the gross properties (shape and average
solute salt concentrations) of the mixing layer. The
crucial vertical diffusion component of the concen-
tration boundary layer equations is related to the local
concentration gradient and characteristic mixing length
by an equation first proposed by Baird and Rice [3]
for gravity-driven mixing in high-aspect ratio columns.
Reasonable correlation of the brine-water data is
obtained by assuming that the mixing length is pro-
portional to the local thickness of the mixing layer.
Apparently, the gravity-generated turbulent structure
in wide mixing layers is the same kind that exists in
tall vertical mixing columns.
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