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Interfacial gravity currents. . Mixing and entrainment
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Experiments are performed to examine mixing and transport due to an intrusive gravity current in
a two- and three-layer fluid. Successive passages of the intrusion act to increase the depth of the
middle layer. The observed broadening rates and the deposition of potential energy are compared
with theories that neglect mixing and entrainment processes. As the middle layer widens, a transition
in the mass transport by the intrusion is observed: in a two-layer fluid the intrusion transports mass
along the entire length of the interface; in a three-layer fluid with sufficiently deep middle layer the
intrusion transports mass over a limited distance and simultaneously excites large-amplitude internal
wave modes and solitary internal waves. 2002 American Institute of Physics.
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I. INTRODUCTION represents a relatively shallow layer of fluid above a rigid
Localized, rapid mixing of an interface creates a patch otbogndary. Figure ®) ShO\.NS a propagating internal wave
. : 2 . train. The net upward displacement over the wave crest
fluid that ultimately gravitationally collapses into the sur- h
equals the net downward displacement over the wave trough

rounding unmixed region. One of the most dramatic ob- d theref o first order i litude. th i ¢
served responses to localized mixing is the occurrence of th@ghd therelore, to first orderin ampiitude, the waves transpor

Morning Glory~ Typically each year in the early morning MeMeNtum, but not mass. Figurébl shows a propagating

hours of late October periodic bands of clouds propagat§Q!&’y Wwave in the form of a moving hump-like
over North-Eastern Australia with widths of 4 km and span-d'SturpanCé' Such a nonlinear wave transports momentum
wise extents as long as 1000 km. The south-westward propél-nd displaces mass a finite t_}llstance comparable _to the hori-
gating clouds, associated with the crests of atmospherigont@l extent of the wave. Figurecl shows a gravity cur-
waves, are believed to occur in response to mixing due to ség"t Which transports mass and momentum long distatices.
breezes and the collision of fronts north of the Gulf of Finally, Fig. 1d) shows a bore, which like a gravity current
Carpentarid:>® transports mass and momentum. The difference here is that
Though the Morning Glory is a well-documented ex- the. intruding fluid has the same Qensity as the fluid into
ample, similar large-scale undular atmospheric disturbance¥hich it intrudes. In a bore, the fluid depth changes over a
have been observed in the mid-U$Ahe southern United Small distance across a hydraulic jump.
States) and elsewherée.g., Smithet al®). Recent Doppler The simplest extension of shallow-water phenomena to
radar and lidar observations have revealed the generation gfsturbances in stratified fluid is considered in Figee)+
undular bores from gravity currents in the form of cold thun-1(h). The diagrams draw an analogy between shallow water
derstorm outflows® Indeed, such disturbances occur moredisturbances and disturbances in a three-layer fluid with no
frequently than satellite observations suggest. Disturbancé4oper and lower boundaries. The middle layer is thin with
such as Morning Glory are notable because they are madéspect to the horizontal scale of the interfacial disturbances.
visible by clouds and they occur regularly. Figure Xe) shows the two types of internal waves that
An understanding of these phenomena has progressed inay be generated in a three-layer fluid: an et@nuous or
part by examining the collapse of a mixed region into aodd (varicos¢ mode®® To first order, both waves transport
uniform ambient fluid?*3But these studies neglect the more momentum but not mass. By analogy with the solitary wave
complicated density structure of real systems. Indeed, thehown in Fig. 1b), Fig. 1(f) shows a double-humped solitary
process of the collapse of a localized mixed region into anternal wave that transports momentum and displaces mass
stratified ambient fluid, such as a two- and three-layer fluida finite distance. The analogs of a gravity current and bore
is not well understood. If it is sufficiently dense, the collaps-are the intrusions shown in Figs(gl and Xh), respectively.
ing fluid may propagate as a gravity currénunning along The study of three-layer systems is of interest because
a lower boundary beneath the interface. Otherwise, if théhey are easily described by analytic theories and they intro-
upper- and lower-layer fluids are equally mixed, the collaps-duce dynamics that are not present in a two-layer theory. For
ing fluid may propagate along the interface itself as an intruexample, the dynamic response of a three-layer fluid to an
sion. These disturbances may in turn generate bores and/mtrusion propagating along the middle layer qualitatively
solitary waves>18 changes as the depth of the middle layer changes: a transition
Waves and intrusions are dynamically distinguished inoccurs in which the intrusion excites trailing large-amplitude
the way they transport mass and momentum, as illustratehternal waves and an interfacial solitary wave.
schematically in Fig. 1. In Figs.(4)—1(d), the shaded region This paper describes the results of a repeated series of
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a) e) w of the tank to form a lock of lengtli<L. Foam insulating
@ W tape is fastened around the edges of the acrylic gate in order
| W W oven modo to prevent leakage of fluid from one side of the gate to the
% other.
Once the gate is firmly in place, the fluid in the lock is
o) —~ N well mixed until its density is uniform. Because the two lay-
S ers of fluid in the tank have approximately equal depth, the

-
resulting density of fluid in the lock ip,,=(po+ p1)/2.
OB 9 D_ Accurate measurements of the ambient density profiles,
p(2), are found using a conductivity probe that is attached to
a computer-controlled vertical traverse mechanism. Eight
O "V salt solutions of different densities ranging from that of dis-
— e tilled water to 1X 10 g/cn? are used to calibrate the probe.

FIG. 1. Sehematics illustrating different flow behaviors in shall . The probe is hooked up to a computer which digitizes the
. 1. Schematics lllustrating aifrerent flow benhaviors In shallow water _. : - :
and in a three-layer fluid with a thin middle layeg) internal waves(b) signal at a frequency of 100 Hz. The density profile is found

solitary waves(c) gravity current,(d) bore,(e) odd and even mode internal by passing the probe vertically downward through the fluid
waves,(f) double-humped solitary wavég) intrusion into a two-layer fluid, between 3 and 14 cm depth. Except for brief acceleration and

and (h) intrusion into a three-layer fluid. deceleration times, the probe moves at a constant speed of 1
cm/s. While the probe is moving the computer simulta-
neously records both the probe position and digitized con-
puctivity. The probe calibration data are used to transform
the voltage signal at each depth to a measure of density, and
a Gaussian weighted averaging technique is used to smooth
e result. The standard deviation is taken to be 0.5 cm.
inally, to correct for electronic drift in the signal from the
probe, the profiles are rescaled to ensure that mass is con-
served, i.e., the density at the top and bottom are fixed and
experiment£~2 Measurements of the entrainment velocity the value of each integrated density profile is constant be-
éween runs. A check on the reliability of these measurements

(the speed at which the interface between the two fluid ! :
deepenshave been shown to have a power law dependenc'e? also provided using a refractometer and two or three drops

on the Richardson number, which is a measure of the stabi,ﬁ:c ﬂlt'"d sampled from the probe tip at the top and bottom of
ity of the stratified flow. The results of mixing-box experi- € traverse.

ments can be only qualitatively compared with measure- ItDye 'S aiidt?dtrt]c_) tt;le_gwdﬂln tthhe Iocl: In order to V('jsulal'fe
ments of entrainment rates across an interface by a € transport of this fluid after the gate IS removed. Mylar

intrusion: in the latter case, the entrainment occurs impulpaper. Is fastened along the rear wall of the tank and fI_uores?
sively rather than continuously cent lights are suspended above the tank. A camera is posi-

The experimental setup and analytic techniques are déi_oned far from the tank with its lens level with the interface
scribed in Sec. Il. In Sec. Ill analytic functions are matchedOf the initial (approximately two-layer fluid. The camera is

to the observed density profiles. The broadening of th 50 cm from the tank and is oriented with the lens at the

middle laver and the enerav redistribution are examined irposition of the gate. Its field of view is set to visualize the
Y 9y Jank between 1 and 159 cm from the lock end of the tank.

Sec. IV. Section V describes the qualitative change in beha X _ .
ior of an intrusion as it propagates first into a two-layer fluid T_he signal from t.he. camera s recorded on SVHS.tape and is
and then, from run to run, into a three-layer fluid with Suc_smu]taneously d|g|t|;ed on a Comp“tef using the image pro-
cessively increasing middle-layer thickness. Conclusions arg®ssing language, DigimagéThe resulting data are used. o
summarized in Sec. VI. measure the structure and speed of transport of the fluid re-
leased from the lock. The dyed fluid also enables interfacial

waves to be visualized.

A single experiment is comprised of several individual

For most of the results reported upon here, the experiruns. In the first run the tank is filled with an approximately
ments are performed in a rectangular acrylic tank of lengthwo-layer fluid, as described previously, and propagation of
L =180 cm, width 10 cm, and depth 20 cm. A metal clip is fluid in the lock is monitored after the gate is released. The
inserted halfway along the top of the tank to reduce the bow#fluid is found to propagate along as an intrusion, as has been
ing of the sidewalls when the tank is filled with fluid. As a observed in earlier studié3!® The system is allowed to
result, the width of the tank changes by no more than 1 mnevolve to a steady state, in which the fluid in the tank is
over its length. A schematic of the initial setup is shown instationary, as shown schematically in Figb)2 A conductiv-
Fig. 2(a). The tank is filled initially to 8.5 cm depth with salt ity probe is then traversed vertically through the fluid to
water of densityp, . Fresh water, of density,, is then lay- measure the resulting density profile.
ered on top through a sponge float until the total depth of To set up for the second run, the gate is reinserted, as
fluid in the tank is 17 cm. A thin gate is inserted near one endefore, a distancé from the end of the tank. The fluid in the

lock-release experiments in which an approximately two
layer fluid evolves to become an approximately three-laye
fluid due to interfacial mixing resulting from the passage of
successive intrusions. The focus is on the mixing and en
trainment processes responsible for the broadening of th
middle layer.

The deepening of a turbulent mixing region that overlies
a denser static fluid has been examined in “mixing-box”

Il. EXPERIMENTAL SETUP
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L FIG. 3. Measured density profiléeeavy line$ between successive runs of
experiment A. The light lines are analytic approximations to measurements.

FIG. 2. Setup of lock-release experiment.

Figure 3 shows the density profiles from successive runs
lock is remixed and a different dye is added to this fluid: Byin experiment A. The heavy lines show the data determined
symmetry, the resulting density of fluid in the lockdg asin  from the vertically traversed conductivity probe. The data
the case of the first run. However, the fluid along the lengthmeasured between successive runs are horizontally offset,
of the tank outside the lock has a different density profile dugut the density scale for each is the same. The diagram
to the mixing along the interface. During the second run thezlearly shows that, as a result of successive mixing by the
gate is removed and the fluid in the lock collapses as it inintrusion, the approximately two-layer fluid becomes an ap-
trudes into the modified background stratified fluid, as showrproximately three-layer fluid: after run 4, the fluid in the tank
schematically in Fig. @). is stratified with three well-defined regions of uniform den-

The process is repeated in successive runs: the systemdgy.
allowed to approach steady state; the density profile is mea- Corresponding to each density profile are profiles of the
sured with a conductivity probe; the gate is reinserted at thgquared buoyancy frequenci? [for a Boussinesq fluid,
same position; the fluid in the lock is dyed and mixed so thaf2— —(g/pm)d;/dz], which are plotted in Fig. 4. The scale
it has uniform density,; the gate is then pulled out and a ¢4, e5ch plot is the same, ranging from 0 to B.sAfter run
camera records the propagation of the intrusion into the amy  the fluid at the mean depth of the fluid is unstratified,
bient stratified fluid. The experiment ends after the density of,5,,nded above and below by two stratified “interfaces.” The
the fluid 1 cm from the top or bottom of the fluid changes nayimum buoyancy frequency decreases between successive
non-negligibly due to mixing. _ runs and the width of the interface thickens.

As a result of successive mixing along the interface, & gimjjarly, in experiment B the ambient density changes
transition is typically observed: in early runs the intrusiongom a two-layer to three-layer fluid between successive
extends to the end of the tank; in late runs the intrusior}, o Figures 5 and 6 show the density afiprofiles, re-
propagates a limited distance along the tank and internal ar@pectively, over a series of runs. A uniform intermediate

solitary waves are generated. layer develops between the upper and lower layers and the
thickness of this layer widens by approximately the same
IIl. DENSITY PROFILES degree between runs as in the corresponding cases in experi-

ment A.

The most apparent difference between the two cases is

Two experiments are reported upon in detail in this secthe asymmetry of the profiles for the runs in experiment B.
tion. In what will be referred to hereafter as “experiment A,” In particular, examination of thdl? profiles shows that the
the initial density difference between the upper and lowempper interface is less broad and more strongly stratified than
layers of the approximately two-layer fluid is relatively the lower interface. This is a consequence of the fact that the
small. Explicitly, o=Ap/p,=0.008 whereA=p,—po. In initial mean depth of the interfacevhereN? is greatestis
“experiment B” the initial relative density difference is more moderately above=38.5 cm, the mean depth of the tank.
than four times largero=0.036. In both experiments, the Thus when the fluid in the lock is mixed, the mean density of
lock length€=12.5 cm. this fluid is moderately greater than the density at the mean

A. Observations
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FIG. 4. Squared buoyancy frequency profiles between successive runs of FIG. 6. As in Fig. 4 but for experiment B.
experiment A. The bars indicate the calculated position and width of the

interfaces.

— 1 z—z,
depth of the interface. When the gate is released the mean Piy(2)=po+ ZAP{l_ta”"( D, ”
depth of the intrusion is below the mean depth of the inter-
Z—Z
t-tan 57| v

face and so mixes the upper and lower interfaces differently.
in which z, and z; are the mean depths of the interfaces

The following analysis has been employed to characterabove and below the middle layer, respectively, 8ndand
ize the manner in which the density structure evolves bep, are their corresponding thicknesses. The initial density
tween different runs in each experiment. It is assumed thatrofile is represented by setting,=z=z, and D,=D,
the experimentally determined profil(z) can be repre- =D, in which case
1—tanf 2= 20 2
an by || 2

sented analytically by
Values ofpy andA are fixed, ang,,, z;, D, andD, are

+ L A
2°P
B. Analysis

— 1
Piny(2)=pot 5 Ap
Density Profiles: o= 0.036

- determined from dnonlineaj least-squares fit. Specifically,
15 I- _ an initial guess is made for these four quantities and the
initial after after after after | following sum is computed:
run 1 run 2 run 3 run 4 N
1 =2, (p(z) = pny/2))?, (3)
=
10 - in which the sum is taken over th¢ samples of the experi-

mentally determined profile. Typicallf=111, correspond-
- ing to samples equally spaced by 1 mm between 3 and 14 cm
] depth.
_ To minimize S with respect taz,, the sum in Eq(3) is
then computed twice more for fractionally larger and smaller
values ofz,,. Quadratic curves are then fit to the results; that
is, the coefficientsa, b, and c are determined so thed
] =a(z,)?+b(z,)+c holds for each of the three pairs of data.
0=0.036 An estimate of the value of, that minimizesSis given by
1 z,=—bl2a.

Likewise, the values of,, D, andD, that minimizeS
are also estimated. This procedure is then repeated iteratively
FIG. 5. As in Fig. 3 but for experiment B. until z,, z,, D, andD, converge to values accurate to three

z [em]

p(2)/pp
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TABLE |. Variations in the characteristics of density profiles after successive runs of two experiments. VatyezofD,, andD, in cm.

Expt. Run z, Z D, D, Error
A Initial 8.69 0.49 0.008
Run 1 9.54 7.84 0.57 0.45 0.016
o 0.008 Run 2 9.86 7.48 0.68 0.52 0.035
Run 3 10.41 6.76 0.88 0.73 0.055
Run 4 10.80 6.38 0.91 0.82 0.074
B Initial 8.87 0.49 0.12
Run 1 9.67 8.16 0.51 0.66 0.023
o: 0.036 Run 2 10.08 7.80 0.53 0.78 0.017
Run 3 10.72 7.15 0.60 0.96 0.091
Run 4 11.17 6.76 0.66 1.05 0.18

significant digits. This numerical convergence proceduréghe first experiment. However, the width of the lower layer
proved to be more efficient than attempts to find zeros obroadens at approximately twice the rate of the upper layer.
S/z,, etc. Thus, independent of the density difference, the intrusion
Table |1 lists values of,, z, D,, D, calculated in this acts to separate the layers to the same degree but mixes the
manner for several runs of experiments A and B. The lastower layer to a greater extent.
column in Table | gives the error, defined by H8{o?, In experiments with very small density differences
where ¢ is the calculated standard deviation of the experi-<0.005 we find the density profiles develop a more compli-
mental data. In the two experiments, as in experiments witltated structure than a three-layer fluid. Figure 7 shows the
up to 10 runs, the error is found to increase with run numberscaled density profiles taken after the tenth run of four ex-
In a separate analysis, in which the density profiles werg@eriments each withl =17 cm ande= 0.043 but with differ-
matched to the “error function” (erf) instead of hyper- ento. For 0=0.0019 and 0.0032 the profiles develop mul-
bolic tangent functions, the iterative procedure producediple steps, which are more pronounced with weaker
comparable values of, and z; and the associated error stratification. Foro>0.005 the fluid is well characterized by
min{Si/o? was comparable for run numbers greater than 2a three-layer fluid. This critical value af is found to be
For early runs, and especially for a two-layer fluid, the hy-approximately the same in experiments wiih=34 cm and
perbolic tangent functions fit more accurately to the observeih experiments withe=0.094. The reason for this change in
density profiles. dynamics is an interesting separate study in itself: as is ob-
The first experiment listed corresponds to the densityious from observing the transport of dyed intrusions re-
profiles shown in Fig. 3. In Fig. 3, the theoretically deter-leased from the lock into weakly stratified fluid, during late
mined profiles calculated usind) with the parameters given runs the collapsing fluid in the lock forms two intrusions that
in Table | are, respectively, superimposed on the experimen-
tally determined profiles. The corresponding mean position

of the interfaces and their widths are illustrated in Fig. 4. The Density profiles after last run

closed circles are plotted at the depths of center of the inter- o T T

faces, and the vertical bars extend freg»-D, to z,+Dyat | . 0=0.0019 |
the upper interface and fromy—D, to z + D, at the lower SN 0=0.0032
interface. mo  5=0.0054 ]

The greatest shift in the position of the interface occurs
during the first run. The single interface broadens and may
be represented by the superposition of two interfaces dis- L
placed upward and downward by approximately 0.8 cm. In
successive runs thereafter the upper and lower interfaces arey; 0-5
displaced by approximately 0.4 cm between runs. The widths
of the two interfaces broadens by approximately 0.1 cm be-
tween successive runs. In these experiments the upper layer L
is wider than the lower layer by approximately 0.1 cm.

In experiment B, the mean position of the interface is
initially 0.2 cm closer to the surface than in the first experi-
ment, and is approximately 0.4 cm above the mean depth of

L ) ___ ¢=0.0085

the fluid in the tank. As a result of this asymmetry, when the 0 — 1
fluid in the lock is mixed the resulting density is greater than 0 0.5 1
the mearp,,=1.0165 g/cr by 0.0009 g/cri Between suc- (p(2)=pa)/ P, =p5)

CeSSiVG_' runs the upper and lower interfaces are di;placed BYG. 7. Scaled density profiles measured in the Ia6£@0) run of four
approximately the same degree as the corresponding runs efperiments wittH=17 cm, e=0.043 and for the indicated values @f
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move individually along the upper and lower interfaces of a) o= 0.023, 4,=0.5

the middle layer. 06 T T T
A detailed analysis of these dynamics is beyond the - [ €=0.043 '_D:
scope of this paper. However, preliminary evidence suggests 503 __E_..a-—-‘z’"'E" -
that the transition occurs when the time scale for collapse of < [ B Ca ]
the lock fluid is slower than the time scale for mixing over o LB I R R B

the extent of the lock. b) o= 0.005, d,=0.52
08 g 11T 1
[€=0.043 o
IV. MIXING AND ENTRAINMENT Sosk _ o .28
< = N
The structure of the density profiles and their associated - B---?"'D" 1

. . m G
energy over successive runs may be compared with theoret- 0

ical predictions that neglect mixing and entrainment pro- 06 c) o= 0.023, dy=1.9
cesses. In this way we may assess the relative importance of ' PO

: ) T e=0.043 y
these processes to the broadening of the middle layer and the = - -
stored available potential energy. E 0.3 _.0-B oG N

o _
O 4
A. Middle layer width e S
The depth of the middle layer may be estimated by com- 06 d) IU= 9'02?’ dol=O.El>9
puting z,~z, as described in Sec. Ill. However, for the =0 094 E'T a ]
purposes of modeling entrainment processes, it is better to 50 5 i __(p-——‘:’ b
define the depth as the separation distance between two g7 L 'E,,,m _
isopycnal surfaces above and below the intrusion. Somewhat - | | ’ | N
O 1 1 1 Il 1

arbitrarily, we consider the depth of two isopycnal surfaces g s 4 6 8 10
with densitiesp, = (po+pm)/2 andp_=(p1+ pm)/2. Defin- Run Number (N)

. __1 . . .
ing z.= +), the middle layer depth is thus given b
gz-=p (p-) y P 9 y FIG. 8. Observed increase in the width of the middle lagguares com-

Zy—Z. o pared with a theoretical predictiqdashed lingwhich neglects mixing and
In a theory that neglects mixing processes, we assSUMgntrainment processes. The four experiments are characterized as indicated

that the entire volume of uniform fluid in the lock before run by the relative density difference, initial interface thicknessq,, and the
N slumps into a horizontal layer of uniform density after the @sPect ratioe of the lock to tank length.
run. By conservation of mass, the change of thickness of this

layer is . .
For the experiment whose results are shown in Fg), 8

Ad=dy—dy-1=(H-dn-1)e, 4 the relatively diffuse interface is established by filling the
wheredy, is the depth of the middle layer after riy and  tank with a_two-layer flui_d as usual and then waiting 20 _h
e={/L is the ratio of the lock length to tank length. Solving before running the experiment. As a result of molecular dif-

the recursion formul#4) one finds fusion, the initial interface is over three times thicker than
_ N N the corresponding thin interface case in Fi¢p)8
dy=H[1-(1=€)"]+do(1—€)". ) In Fig. 8(b), the results are shown for a weakly stratified
For small values ok andN, the middle layer depth is pre- experiment with relative density difference approximately
dicted to increase linearly witN:dy=dy+ (H—dg)N. one-fifth that of the corresponding strongly stratified case in

In reality the intruding fluid not only separates the upperFig. 8@). The middle layer depth is found to broaden at a
and lower layers but, as the lock fluid intrudes into themoderately greater rate than predicted by E5). Thus
middle layer, it entrains fluid across the upper and lowenweakly stratified intrusions entrain fluid more efficiently
isopycnal surfaces a=z, andz_, respectively. across the isopycnal surfaces as the lock fluid collapses.

Figure 8 shows that, for a variety of experiments, the If the middle-layer width is measured kg,—z , the
increase in width of the middle layer is well predicted by Eq.above-mentioned qualitative results hold for late runs. How-
(5). The squares denote the measured values efz_ . The  ever, the results are ambiguous during early runs when the
error associated with these measurements is estimated to buddle-layer width is comparable to the thickness of the in-
0.5 cm. The initial width of the interface is taken to dg  terface of the initial two-layer fluid.
=z, —2z_ evaluated before the first run. In order to characterize the relative broadening rate of

The agreement is best in strongly stratified fluid experi-the middle layer, we perform a regression analysis to deter-
ments, characterized by relative density difference mine the valueey in Eq. (5) which gives the best fit to the
=0.023. The agreement is good whether the lock length i€xperimental data between ruNs=n, andn; . Specifically,
small (e=0.043) or long €=0.094)[as shown in Figs.@  €q is the value ofe that minimizes

and &d), respectively, and the agreement is good whether Ny
the middle interface is thin dy=0.57 cm) or thick ¢, > (Az—d,)?,
=1.9 cm)[as shown in Figs. @) and §c), respectively. n=ng
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a) lengths characterized by=0.043 (0.094 and triangles
L B (squaresare drawn forH=17 cm(34 cm).
1.3 —f - gfgggég = In all casesey/e>1. Thus more fluid is entrained into

the middle layer as a result of the collapse of fluid in the lock
and the ensuing mixing that occurs on either flank of the
propagating intrusion. The plot demonstrates that, unbess
<0.005, the degree of entrainment depends up@nd not
uponH or e. From the best-fit power-law curve through the
data [the dotted curve in Fig. ®)], we find e4/e=1
+(alog)?, in which 03=0.000152-0.000005 andp

10 =—0.505-0.09. This relationship is less reliable fer
<0.005.

F X — 0=0.049
1.2

€,/ €

1.1 -

B. Available potential energy

When the fluid in the lock is mixed, available potential
i energy is stored which is partially converted to kinetic en-
w Y ergy after the gate is extracted and the lock-fluid released.
} 1.2 "’QA 7] The kinetic energy is ultimately lost due to viscous dissipa-
LA i = tion and redeposition of potential energy as a result of mix-

X R, - ing above and below the intrusion. In order to characterize
1 r N this energy loss, the change of potential energy during a run

. . . . is compared with the initial available potential energy.
0 0.05 After run N the potential energy of the fluid per unit
width of the tank is

FIG. 9. (a) Ratio toe of best-fit value,ey, determined between runs 0 and
e e e i, 5o PR~ | pu(2)0z d2 (®)
triangles, H=17 cm ande=0.094 (closed triangles after runN=10, and o
with H=34 cm and e=0.043 (open squargs H=34cm ande=0.094  wherepy is the measured density profile after rand, for

(closed squargsifter runN = 5. The upside-down open triangle corresponds ¢,y /eniencep, denotes the initial density profile.
to an experiment with an initially thick interfacdy=1.9. The best-fit power . S
law curve through the points is represented by the dotted line. The potential energy of the fluid is greatest when the

fluid is so well mixed that it is homogeneous. In this case the
resulting density igp)=(fpn(2)d2)/H=p,, and the poten-
tial energy is

whereAz is the observed width of the middle layer after run - pg  —| (5)\gH2/2. )

N, anddy is given by(5). As such.e4 represents the effective

relative lock length that would best reproduce the observed The available potential energy of a particular run is de-
broadening of the middle layer between rimsandn; . This  fined to be the maximum energy that can be lost or stored by
regression analysis is necessary to average the effect ¥ertically rearranging fluid parcels. After riv the available
variations between individual runs of the observed densityotential energy is given explicitly by

profile characteristics. - _

Figure 9a) shows relative values ofy as determined in APEN=PErac PRy @
three experiments withi =17 cm, e=0.043 and for weak, In particular, the maximum available potential energy in a
moderate, and strong stratifications as characterized.by 9iven experiment is AP PE,—PE,.

The points show values af;/e measured from a regression ~ As a measure of the potential energy permanently stored
analysis taken for data between rumg=0 andn;=N. In between successive runs due to mixing and entrainment, we
general, foro>0.005, ¢4 varies by less than 10% asin- ~ compute the nondimensional ratio

creases: the_ broadening rate doe_s not depend upon the num- APE,—APE, PE,—PE,

ber of intrusions. Forr<<0.005, ¢4 increases by as much as Ry= APE, = PE,. PE’
20% asN increases. This is a consequence of the more com- ax
plicated density structure that develops in weakly stratifiedvhich is an increasing function with values between 0 and 1.
fluid, as shown in Fig. 7. Before a run energy is stored by mixing the fluid in the

Figure 9b) plots values versus of €4/€ as determined lock, so that the total potential energy per unit width in the
between runs 0 and 10 in experiments with0.043 cm and  tank is PE®=¢(p)gH?/2+(1—€)PEy_,;, and the corre-
between runs 0 and 5 in experiments wéth 0.094 cm. The sponding available potential energy is
upper bound for the latter regression analysis is chosen so e
that eN is approximately the same in all cases. Different APE{"= (1~ €)[PEnax— PEy-1]=(1- €)APEy_,
symbols indicate different experimental parameters: open
(closed symbols are drawn for experiments with lock and therefore

(€)

(10
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APE,_ a) o= 0.023, d,=0.57
Rﬁre:RN1+f%Eol- (13) 0.3 |) — T
0.2 | €=0.043 ]
That is, mixing the fluid in the lock increases the relative o L
stored available potential energy by an amount 01
eAPE,_,/APE,. -
Upon releasing the gate, this energy is converted to ki- o
netic energy which in turn irreversibly deposits potential en- B _
ergy along the length of the tank as a result of the broadening 0.3 ?) o= 0.005, d,=0.5

T T T T T T
of the middle-layer depth and thickening of the interfaces

above and below the middle layer. The relative amount of
energy which is permanently deposited after Mns Ry ~
<RR®.

The observed energy deposition can be compared with a
theory that neglects mixing and entrainment processes. We
assume that the experiment starts with a two-layer fiwith c) o= 0.023, d,=
do=0) and that between successive runs the lock fluid 03T T 1
slumps into the middle layer to form a uniform slab of fluid.
Thus, after rurN the middle layer depth idy, as given by z
Eq. (5).

In a theory that neglects mixing.e., analyzing the po-
tential energy change between successive piecewise-constant
density profiles of two- and three-layer flu)d# is a simple _ _
matter to show that RE= PEy+L/8(p)g(dy)?, and that 0.4 C%) .UT 0?23 ,d".—?ﬁ.g,

— —
4¢O

2
R<N‘“y>=(i|—”) =[1-(1-eM* (12 3

Note thatR{{"™ is independent of the density difference be-
tween the upper and lower layers. For smafind N, R(,\}hy) 0 2 4 6 8
~NZ2¢2, Run Number (N)

The relative available potential energy in the tank before . . ) )
. . FIG. 10. Observed increase in the stored available potential energy over a
a run is predicted to be

number of runs in four experiments as indicated by values, of ande (as
dn 2
re(thy) _ [ “N—1
Rﬁ ) = (T +e€l

2 in Fig. 8. Crosses denote the measured relative available potential energy
_ ( le) } before each rurfafter the fluid in lock is mixef and squares denote this

H energy after each run. The observations are compared with the theoretical
predictions of the relative available potential energy befdotted ling and
=1-2(1- e)N+ (1— E)ZN—l_ (13 after (dashed ling each run. The theory neglects mixing and entrainment
processes.

For smalle andN, RR®(MW)=¢2+ (N—1)2e2.
During a run, even neglecting mixing and entrainment,
the stored potential energy in the lock is inevitably lost as the  Though perhaps counterintuitive, these results are con-
intrusion propagates along the tank. The loss is greatest dusistent with tilted tank experiment3 which examine inter-
ing early runs as measured bRR*™-R(™=¢(1  facial mixing in stratified shear flows. These show that mix-
—e)?N1, ing is enhanced if the stratification is large. This can be
The theoretical predictions are compared with four dif-explained in theory by examining the properties of the Rich-
ferent experiments in Fig. 10. For each run, crosses andrdson number, which is a measure of the stability of a strati-
squares denote experimentally determined valugGfand  fied shear flov?® Typically flows are dynamically unstable if
Ry, respectively. The error associated with these measureghe Richardson number is less than unity. The Richardson
ments is estimated to be 0.01. In each plot, valueR™  number is proportional to the density gradient divided by the
and Rﬁhy) are illustrated by dotted and dashed lines, respecsquare of the shear. Tilted tank experiments reveal that larger
tively. density gradients allow proportionally stronger shear, and
As anticipated, the theoretical predictions underestimatéherefore the Richardson number decreases with increasing
the actual stored potential energy: the stored potential energgtratification.
in the lock fluid is partially redeposited due to mixing and Likewise, in our experiments, the intrusion propagates
entrainment processes. Comparing Figg¢aland 1@b), two  more rapidly in strongly stratified fluid and so, because the
experiments with the same lock length and approximatel\Richardson number is small, more mixing occurs as a result
the same initial interface thickness, but with different relativeof dynamic instability of the upper and lower flanks of the
densities,o, more energy is found to be redepositedrifs  fluid.
large. As in Fig. 9, Fig. 11 shows the analysis of the change in
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a) Figure 11b) shows values ofkgr/e as determined be-
L S S S B S B B tween runs 0 antN=10 for experiments witke=0.043 and
A— 0=0.0019 ] between runs 0 andl=5 for experiments withe=0.094.
1 — ¢=0.0085 | The plot shows thatg/e=1.3+=0.2. Generally, the ratio
% — 0=0.049 7 tends to decrease as sigma increases although the results of
two experiments act against this trend. In one case, the fluid
is weakly stratified §=0.001H=34 cme=0.094) and the
density profile at late runs deviates significantly from a three-
layer fluid. In the second case, the initial interface thickness
dp=1.9 cm is approximately three times wider than the other
experiments. In this case th®, increases linearly even for
tob v v v by smallN [e.g., see Fig. 1@)] and so the approximately qua-
0 5 10 dratic best fit curve given bR{"™ is a poor fit to data.
run number (N) The ratioeg/€ is generally smaller in experiments with
b) €=0.094, however this is in part an artifact of the smaller
1.6 ' ' ' ' range over which the regression fit is found. If, for data from
experiments withe=0.094, we findeg from a regression fit
between 0 antN=4, the values okg/e more closely corre-
1.4 A A — spond to those found in experiments with 0.043.
A O Nonetheless, we expect moderately smaller values of
er/€e in experiments with longer locks because, for large
intrusions or wide middle layers, less available potential en-
ergy is ultimately employed to entrain fluid across the upper
L and lower interfaces. Instead, the energy is lost due to vis-
cous dissipation of the kinetic energy within the middle
1 = : : . . layer.
0 0.05 Interestingly,eg/ € is only a weak function of the rela-
tive density differencer.
FIG. 11. As in Fig. 9, but for ratio ok, t0 e. Thus available energy is consumed by a comparable
amount but its use is partitioned differently: as a result of
entrainment in a weakly stratified fluid more available poten-

tial energy in the lock is redeposited as potential energy

available potential energy relative 10 that predicted by aalong the length of the tank; in a strongly stratified fluid
theory that neglects mixing. Specifically, Fig. 11 shows val-more energy is lost to viscoué dissipation
ues ofeg/e, whereeg is the value ofe that minimizes '

2.2

1.8 -

€,/ €

1.6 |~

1.4 -

€pe/ €
T
[

>
|

ag

ng
> (R,—RI™)2,

n=ng
V. INTRUSION STRUCTURE

in which np=0 andn;=N. These are determined in three

experiments wittH=17 cm ande=0.043. Images of the released lock-fluid as it propagates along
Ry measures the relative increase in potential energwn interface may be used to estimate the mass and momen-

(and, hence, a relative decrease in available potential energyum transport. Here the images are used to draw the qualita-

between successive runs, aﬁaﬂ“”, given by(12), measures tive distinction between an intrusion that transports mass

the theoretical increase in the absence of mixingedfe long distances in the form of an interfacial gravity currént

>1, the net potential energy in the tank increases at a fastexr two-layer fluid, and one that transports this mass only a

rate than that which can be attributed to the potential energghort distance in a three-layer fluid.

of the lock-fluid alone. Thus the loss of available potential ~ Although the middle layer becomes successively wider

energy serves not only to broaden the width of the middlérom run to run, it is not always the case that the fluid from

layer but also to thicken the extent of the upper and lowethe lock is evenly distributed along the length of the tank:

interfaces. during the first run, the fluid in the lock is transported to the
Indeed, in all experimentgg/e is significantly greater end of the tank; after three or four runs, the fluid in the lock

than one, and, fos>0.005, this ratio decreases by as muchis found to intrude only a fraction of the distance along the

as 30% ad\ increases. This occurs because, for small valuetsank, and large-amplitude waves are generated.

of N, Ry tends to increase with nonzero slope, whereas The transport of fluid along the interface of an approxi-

theory predicts thaRy is proportional toeN for e and N mately two-layer fluid is shown by the sequence of frames in

sufficiently small. The comparison between experiment andrig. 12. The frames are taken every 15 s during the first run

theory improves as the best-fit curves is fit over a greateof experiment A. In each diagram the left-hand side of the

range of run numbers. box corresponds to the position near the lockatl4 cm,
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FIG. 12. Propagation of an intrusion in a two-layer flffidst run of experi-  FIG. 13. Propagation of an intrusion in a three-layer fl(fourth run of
ment A). experiment A.

and the right-hand side corresponds to a position 150 crihe trailing flow behind the gravity current head must be
from the lock-end of the tank. supercritical and so trailing waves could not occur. In a
The lock fluid, visualized by dye, propagates along thethree-layer fluid, by symmetry, the same arguments would
interface while depositing fluid there due to irreversible mix-preclude the excitation of trailing odd-mode internal waves
ing. The head of the current is larger than the trailing flow.(see Fig. 1 However, even-modésinuoug waves, which
Unlike the typically observed behavior of a dissipative grav-are in fact observed, may be permitted because such waves
ity current over a free slip bottom bounddfhere a trailing  do not significantly change the width of the middle layer as
train of internal waves is generated. In this run the horizontathey oscillate through one phase. The introduction of moder-
wavelength of the internal waves is approximately 15 cm andhtely complex stratification therefore introduces qualitatively
they persist for two wavelengths behind the head of the innew dynamics. The flow associated with solitary and internal
trusion. The phase speed of the waves is moderately slowavaves is observed to be laminar. Thus entrainment is ex-
than the intrusion speed. pected to be larger in early runs of experimettdhen the
Over longer times the intrusion reflects from the right middle-layer depth is smallbecause the intrusion acts to
wall of the tank and propagates back along the interfacegntrain fluid as it propagates along the entire length of the
enhancing the mixing there further. The intrusion propagatetank.
back and forth over approximately three tank lengths before
its motion is no longer discernible.
The mass transport of fluid in the lock as it intrudes intoVI' CONCLUSIONS
an approximately three-layer fluid is significantly different. Successive intrusions have been shown to mix an inter-
Figure 13 shows the propagation of fluid released from théace so that an approximately two-layer fluid becomes a
lock in run 4 of experiment A. The background three-layerthree-layer fluid. In response to this change, a transition oc-
fluid is visualized by a successive series of horizontal dyecurs in the dynamics of the collapsing mixed region from
lines. The fluid in the lock is dark-colored as it intrudes alongone that transports mass long distances to one that transports
this interface. The obvious difference between runs 1 and 4 imlass a short distance but still transports momentum long
that in the latter run the fluid in the lock intrudes only as fardistances. The momentum is transported by a double-
as 95 cm from the lock-end of tank. To the right of this humped interfacial solitary wave.
position a double-humped interfacial solitary wave is ex-  The theory and analysis presented here aims to charac-
cited. This propagates without significant change in form un+erize the relevant parameters that control the broadening of
til it reflects from the right end of the tank. the middle layer. It is found that the middle layer broadens at
Trailing the solitary waves are quasiperiodic interfaciala rate given at lowest order by a theory that neglects mixing
waves. The amplitude of these waves is larger than that oland entrainment. The broadening réaed hence, the rate of
served in run 1, and the number of waves is greater. For antrainment of surrounding fluid into the middle layés
bottom-propagating gravity current, Benjatirargued that  greater if the fluid is more weakly stratified.
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