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BJIMAHUE NYJbCAIIUNA NCTOYHUKA HA CTPYKTYPY
N BHYTPEHHIOIO IMHAMUKY NHTPY3MOHHOI'O TEYEHUA

Crarbs moctymia B pexakuuio 02.08.2018, mocie mopadorku 27.02.2019

CTpyKTypa ¥ BHYTPEHHSISI IMHAMUKA WHTPY3MOHHOTO T€YEHUS M3ydyasach MPU MOMOIIY IBYMEPHOI YMCIEHHOM
MOIeNu CTPaTUDUIMPOBAHHBIX MO TUIOTHOCTM TEYEHUU B BEPTUKAJbHOW MIOCKOCTH. TedyeHUe B MOIAEIbHOM
MPOCTPAHCTBE (HOPMUPOBAIOCH 32 CUET MPUTOKA XKUIAKOCTU MPOMEXYTOUHOU TUIOTHOCTHU B ABYXCJIOIHYIO cpeny. [TpuTok
OCYIIECTBJISUICS B BUZIE IBYX UMITYJIbCOB (PUKCHPOBAHHOIO 00BbeMa C 3aaHHBIM MHTEPBAJIOM BPEMEHU MEXIY HUMU.
HauanbHas cTtpatudukanus onpenensuiach nepernanoM IJIOTHOCTH MEXIY CI0SIMU PaBHOM TOJIIMHBI U TOJIIMHOMN
MPOMEXYTOUHOTro cyosi. s naeHTudrKaIMm BOIHBIX MAacC OTAEIbHBIX UMITYJIbCOB B pacyeTax MCIOJb30BaTNCh
WHIVBUOYaJbHBIE MOJSI nmaccuBHoil mpumecu. [lpemyoxeH Habop Oe3pa3zMepHBIX MapaMeTpOB, OIPEAETISTIONINX
HavyaJbHBIC ¥ TPAaHUYHbBIC YCIOBUS 3aMaun. YucaeHHbIe 9KCIIEPUMEHTHI ITOKa3aJIu CYIIeCTBEHHOE BIMSTHUE TTybCcallnii
pacxona MCTOYHMKA Ha SBOJIIOLIMIO MHTPY3MOHHOTO TeUeHus. B 3aBUCMMOCTH OT mapaMeTpoB 3aTOKa MOXEeT MPONCXOIAUTh
KaK yCKOpeHMe, TaK M 3aMeIJieHrue TOPU30HTAJILHOTO pacmpocTpaHeHUs oObeMa BTOpoit MHTpy3uu. [lpuBeneHb
MPUMePHl Pa3IMIHON TMHAMUKK 00beMa BTOPOTO UMITYJIbca MPY 3aKPUTUIECKUX M TOKPUTUIECKNX HadaIbHBIX YU CIaX
®pyna. PacyeThl MOKa3bIBAIOT, UTO MMITYJILCHBIN XapaKTep UCTOUHUKA B HAMOOJIbIIEH CTereH MOTU(UIIUPYET TeUeHUe
MPY KOPOTKOM MHTEpPBajie BpeMEHU MEXIY UMITYJIbCaMU.

KnroueBsie cioBa: CTpaTI/I(i)I/IL[I/IpOBaHHHC TEYCHUA, IMIIOTHOCTHBLIC TEUCHUA, YUCIICHHOC MOJACIUPOBAHUCE.
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A 2-dimensional numerical model of stratified fluid dynamics in the vertical plane was used to investigate the structure
and internal dynamics of density stratified intrusive current. The intrusion was formed by the pulsed inflow of two identical
volumes of water of intermediate density into the two-layer stratified environment with a given time interval. Inflowing vol-
umes of water were marked by different passive tracers. Initial stratification was defined by the density difference between
the layers of equal thickness and the thickness of the intermediate layer. A set of dimensionless parameters is proposed
which define the initial and boundary conditions of the problem. Numerical experiments showed that the evolution of the
intrusive current is significantly influenced by pulsations of the inflow, particularly in the case when the time interval be-
tween the pulses is short. Depending on the intrusion parameters both is possible the acceleration and slowdown of hori-
zontal propagation of the second intrusion volume. Dynamics of inflow of the second inflow volume is different for flows
with supercritical and subcritical initial Froude number. Calculations show that the pulse nature of the source modifies
the flow to the greatest extent when a short time interval between pulses.

Keywords: stratified current, density current, numerical simulation.
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Density stratified currents in lakes and reservoirs, the atmosphere, and the ocean have been an object of
study over a long time [1, 2]. Field observations showed ubiquitous inconstancy of these currents’ parameters
and their sources in time.

High level of variability is discernible in observations of inflows through the straits to a water body with lower
water density: there is the Mediterranean Sea waters inflow to the Bay of Cadiz [3—5]; there is an inflow of wa-
ters of the Marmara Sea to the Black Sea [6—8]; there is the Red Sea water inflow to the Gulf of Aden [9], and
there is an overflow through the Denmark Strait [ 10—12]. Sources of these flows — the bottom currents of more
dense water in the strait — are markedly non-stationary, in particular, the well-known blockage of the Mediter-
ranean waters inflow to the Black Sea correlating with storm events [6—8]. Field observations in various areas
provide an insight of spatial and temporary variability of thermohaline structure, velocity and turbulence pa-
rameters along paths of density currents propagation. The analysis of observations’ data and theoretical model-
ling show that the effect of the inflow non-stationarity may have an effect only within a limited distance from
the source (for example, 25—50 km from the strait for inflow of the Red Sea waters in the Gulf of Aden [9]).

At the same time, laboratory and numerical studies of a variable discharge effect on the evolution of vertical
structure and the density stratified current dynamics are deficient. Of these, there is a study [13] which is dedi-
cated to laboratory experiments with density intrusions into a two-layer liquid initiated one after another with
time intervals between them extensive enough for large-scale motions in the pool ceased. It enabled authors to
trace an indirect effect of the previous and following impulse of an inflow through the changes in stratification
caused by them and also through the associated changes of the flow pattern [13, 14]. In the study [15] that deals
with the numerical experiment on the subsurface current propagating through the stratified water body (an ana-
logue of a river discharge to a fiord, see [16]) and compares the results of modelling of the forced, free-flowing
and pulsating sources; it is shown that the pulsing character of an intrusion increases the thickness of a flow
and can intensify mixing with surrounding liquid.

Thus, some propagation features of the intrusion-type currents observed in-situ can be related to abrupt
changes of a discharge (at least under some circumstances and within a limited range from a source), however,
the interrelationship of a source parameters with flow features is not sufficiently studied. The purpose of the
presented study is the research of the effect of pulsing source discharge on the propagation of an intrusion cur-
rent depending on parameters of an inflow.

Problem formulation. The study of intrusion currents from the pulsing source is executed using the follow-
ing assumptions. The two-dimensional current of the density stratified waters in the rectangular H, xH, area
is considered (fig. 1, a). It is supposed that H, is vast enough that the wave perturbations caused by an inflow
of liquid through an inlet in the left boundary are not
able to reach the right boundary of the area. Horizon- A
tal boundaries are specified as impermeable surfac- 1
es; the left vertical boundary is also impermeable ex- )
cept for an entrance inlet of H, height, through which
time-varying water flow is injected. The value of H,
is a model analogue of the vertical measurements of a
plume near a source. For the compensation of an in-
flow through the inlet, liquid flows freely through the
right boundary.

Intake of liquid through an inlet is described by

'I—\' Pacxon —— 1
Aty Afy + At 2A1 + 2A1

Bpewmst

Puc. 1. Cxema 3agaymu.

step function of discharge variability (fig. 1, ) which
allows consideration of two scales of time, which are
features for a source: the duration of events and the
interval between them. The presented model of a
variable inflow source depends on H, and on three
other parameters: the value of a two-dimension-
al discharge Q, (or a characteristic speed of a fluid
inflow U, = Qy/H,), and the intervals Af, and Af,,
where At is the duration of each of the two impulses
of a fluid inflow, and A, is an interval between the
moment of the termination of the first impulse and
the beginning of the second.
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Fig. 1. Schematics of the problem.
a — the structure of the model space,
b — the time pattern of the inflow. In the picture:
I — inlet, 2 and 3 — contours of the water volumes
entering through the inlet; each of them marked by
a separate tracer. Symbols correspond to those in the text.
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Initial vertical density stratification is modelled by the function of a hyperbolic tangent that is schemati-
cally shown in fig. 1, a. Initial stratification is described as two-layer and symmetrical in the vertical direction
with an interface layer of thickness B and homogeneous in the horizontal direction. The density of the upper
and lower stratified layers are equal p, and p, + Ap,, respectively. The liquid entering from an inlet has density
Po T '/28p0-

Assuming uniformity of a current on one of horizontal coordinates (namely, on “y”) and plausibility of
Boussinesq approximation, for the flow evolution description, the equations for viscous fluid dynamics for
density stratified waters are employed with variables: vorticity ® = u’, — w’,, excess density ¢ = p — p,, and
stream function y [17, 18]; for separate volumes of liquid tracking the equations of passive tracers ¢ transfer
are used [17]:

oo  Jo on g do

90, 00 00 _ 05 | A !
or Tox TV oz Tpgox VTR 1
AV = o @)

@ + u@_(p + W@_(p = DrAg, 3)

ot ox 0z

where ¢ — time, u = ', , w = —y’, — the velocity components on x and z axes, respectively, g — acceleration
of gravity, p — density, p, — density of the top layer of liquid (characteristic density), as shown in fig. 1, v,
Dy = Sc™! vy — coefficients of turbulent viscosity and diffusion, Sc = 2 — turbulent Schmidt number, A — La-
place’s operator, @ is a substitute for the characters ¢ or c.

The model of turbulence [19] is defined by expression vy= v, + v, ¢ (¥, x, 7) where v, and v, — coeflicients
of inner and outer momentum exchange in an intrusion plume, respectively, and ¢ € [0.1] — dimensionless
concentration of a tracer which marks the intrusion liquid. For further analysis, it is convenient to express the
equation for turbulent viscosity as [v, (1 + (v,/v,) c| and to consider the relation v,/v, as the parameter of the
turbulent model.

Assigning g’ = gAp,/pg, U, =+ &'Hy, Uy = Qy/H, the scaling of model variables is executed, us-
ing classical approach of the dimensional analysis [20]. It is possible to suggest the following form of the
dimensionless parameters, which define the initial and boundary conditions of the model: H,/H,, B/H,,
Uy/ U, = Fry, At Uy/H,, At,/At,. One more parameter — Reynolds number, Re = U,H,/v, — arises upon tran-
sition to dimensionless variables in the equations (1, 3). Thus, using H,, H,/U,,, and Ap, as scales of length,
time and density difference, respectively, it is possible to formulate the equation of vorticity transfer in dimen-
sionless variables:

do o0, 00 _ 0c Iy
ot ox 0z O0x Re

14+ Le
Vo

Aw. “4)

The calculations simulate the case of turbulent intrusion current (Re > 10%) [1] in the deep (H, /H, < 1)
two-layer stratified waterbody (B/H_, < 1, B/H, < 1) [21, 22]. Also, it is assumed that the inner and outer in-
tensity of velocity fluctuations of an intrusion current differs by several times. Variation of Fr, and Az,/At, va-
lues presented an opportunity for both: the different hydraulic modes intrusions [23], and to trace the impact
of a time interval variation between intrusions’ generation. In this study, the values of Az,U,/H, > 10 are not
considered as they do not lead to a change of the discussed features of an intrusion current. As for geophysi-
cal hydrodynamics problems’ applications, the carried-out calculations are valid for intrusion currents (Ap,/
po = 107°—1073), which velocity pulsations time scales are of hours to days, with characteristic current veloci-
ties of 1—10 cm/s, and with space (vertical) scales of 1—10 meters. The horizontal scale is limited to the radius
of Rossby as the model does not include rotation. Information on the parameters’ ranges of simulated currents
is integrated into the table.

Table
3HaveHus 0e3pa3MepHBIX MapaMeTpPoOB PacyeToB
Values of dimensionless parameters of calculation
H,/H, B/H, Fry At Uy /H, At /AL, Re v /v
1/7 0.8 0.35—1.6 4-10 1/,~2 103 30
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Calculation algorithm. The solution of the problem is based on the implementation of the explicit finite
difference scheme on a uniform rectangular grid with the number of nodes up to 10°. For approximation of
convective components in dimensionless analogues of the equations (1) and (3), the Gentry—Martin—Daly
scheme with upwind differences was used [24, page 113], for the solution of a discrete analogue of the Pois-
son equation (2) the iterative method of a successive over-relaxation [25] was used. The system of numerical
algorithms applied here is thoroughly tested (e.g., [17, 26]). No-slip conditions were set on the horizontal
boundaries [24, page 217], while on the inflow boundary (the left boundary, fig. 1) beyond the inlet, numerical
equivalents of impermeable and slip conditions were specified using the Newmann’s boundary conditions set
to zero [24, page 232]. On the outflow boundary (the right boundary, fig. 1, a), a free boundary condition was
imposed [24, page 239]. Values ® and ¢ at the inflow inlet were defined as to correspond to a parabolic profile
of horizontal velocity components, which integral on the interval of H|, is equal to a two-dimensional discharge
(fig. 1, b) at a current moment in time.

Results. 20 calculations were performed with parameters’ ranges indicated in the table. The simulation re-
sults for various inflow parameters were visualized in the form of graphs of density and tracers isolines at dif-
ferent points in time. Their analysis showed that within the considered range of values Fr,, At,Uy/H,, At,/At,,
a qualitative structure transformation of the flow occurs, which can be described as a transition between two
modes of a passive contaminant (tracer) propagation, which marks the water volumes of each of the two suc-
cessive flows.

The top row of images in fig. 2 corresponds to an intrusion from a pulsating source with a high Froude
number Fr, = 1.5 at various points in time. Note, that the figure shows only part of the model space. In addi-
tion, there is a significant difference in the scales along the vertical and horizontal axes of coordinates. The in-
let opening is located between marks 3.0 and 4.0. Values on the axes correspond to dimensionless coordinates.
Apparently, already at = 35 (fig. 2, b) a portion of the second inflow volume, identified by its own tracer field
(red dashed line), penetrated the volume of the first inflow. Thus, the volume of water, which is injected at a
later time Af, + Af, after the injection of the first volume, propagates in the horizontal direction almost as far
as the first volume (arrows in fig. 2, c).

The second row of images in the fig. 2 corresponds to the calculation with a low Froude number Fr, = 0.4.
In this case, the volume of the second inflow quickly loses speed and does not reach the head of the first. In ad-
dition, the slowing of the second volume front in time leads to its almost complete stop, while the disturbance
in the density field continues to spread in the direction away from the source (fig. 2, e). A similar phenomenon
is found in laboratory experiments [14], in which a symmetric intrusion propagates within pycnoclines of dif-
ferent thickness. The effect is characteristic of a thick pycnocline, and this is precisely the interpretation of the
propagation of the second inflow volume in the wake of the first inflow. This comparison confirms the physical
validity of the above calculations.

Differences in the structure of the flow with variable At,/Af, are manifested in each of the two series of
calculations. An example is shown in fig. 3. A decrease in Af;/Af, intensifies the penetration of the second
inflow volume into the first volume (fig. 3, a—c) or, on the contrary, slows down its horizontal distribution
(fig. 3, d—f). Also in fig. 3, d—f, it can be seen that the amplitude of the second perturbation in the density field
(the crest of the wave is shown by an arrow in fig. 3, d) is smaller than the first when parameter Af,/A¢, is equal
to 0.25 and 0.5, and almost coincides with the first amplitude at Af,/At, = 1.0 (fig. 3, f). A further increase in
At, /Aty does not result in significant changes in the second pulse dynamics. This leads to a suggestion, that im-
pulse intrusions can be considered a system of interacting components at small Az,/A¢, (for example, < 1), and
as independent intrusions at other times.

Thus, the analysis of the calculation results shows a significant effect of inflow parameters on the propaga-
tion of the intrusion flow from a pulsating source. There can be both a slowdown and an intensification of the
horizontal propagation of the inflow volume following the initial inflow. However, the structure of the current
depends on the value of all three parameters in the presented set (£r,, At,Uy/H,, At;/At,). Quantitative analysis
of this relationship is beyond the scope of this work.

Conclusion. Numerical simulations were made for of a symmetric intrusion current in a fluid with a two-lay-
er density stratification using a two-dimensional numerical model of a vertically stratified fluid dynamics. The
initial stratification was determined by the density difference between the layers and the thickness of the inter-
mediate layer. Intrusion in the model domain was formed by an injection of a fixed volume of fluid through the
inlet opening of a given height. The inflow of fluid was injected in the form of two identical pulses. The volume
of each injection was marked by a specific passive tracer, which provided visualization of the internal structure
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of the current. The main parameters of the problem were: the height of the inlet H,, the characteristic velocity
at the inlet opening of the U, the wave velocity U,, = / g’HO etermined by the initial density difference be-
tween the stratification layers, the time of each pulse Az, and the time between pulses Az,. Of these, the dimen-
sionless ratios of parameters Fr, = U,/U,,, At U,/ H,, and At,/At, were derived, the values of which then varied
between the calculations.

The results of numerical experiments indicate a significant effect of source discharge pulsations on the
evolution of the intrusion flow and the dependence of the flow structure on the flow parameters. The analysis
of passive contaminant transfer in calculations with different Fr, and Az,U,/H,, detects a flow regime in which
the volume of the second pulse propagates faster and further in the horizontal direction due to partial mixing
with the first intrusion volume. For the formation of this effect, high values of the Froude numbers are need-
ed, in particular, it is conspicuously presented at Fr, = 1.5, while at Fr, = 0.4 a slowing down of the horizontal
propagation of the second pulse is observed. In addition, the pulsed nature of the source determines the cur-
rent’s structure in the case of short time intervals between pulses (generally, when A7, /Af, < 1) and has almost
no effect when it is not the case. Further work can be dedicated to a more precise definition of these effects’
boundaries.
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Fig. 2. Example of two distinct flow regimes.
Solid lines are dimensionless excess density contours (values 0.2, 0.4, 0.6, 0.8), dashed lines are isolines
(value 0.1) of the tracers of the first (black) and second (red) inflow. Each row corresponds to the individual run of the model
and the dimensionless time t increases from left to right. The parameters of the calculations are as follows:
a—c— Fr,=1.5,At U /H = 8.5, At,/At, = 0.25 n d—f— Fr,= 0.4, At U /H = 4.5, At /At, = 0.25.
The arrows mark the points farthest from the inlet, which are located at the isolines of the tracers.

Puc. 2. [Ipumep AByX peKMMOB pa3BUTHS TEUEHUSI.
TTokasaHo pacnpeeneHiue H30IHHUI Ge3pa3MepHOii H30bITOYHOMN IIOTHOCTH
(cnnowmnvte nunuu, 3aadenns 0.2, 0.4, 0.6, 0.8) u Tpaccepos (3HaueHHe 0.1) MIEPBOTO (YepHAA WMPUXOBAs TUHUS) U BTOPOTO (KpacHas
WMPUX08ds UHUA) 3aTOKOB. B Ka)I0# cTpOKe M300paKeHHs CICBa HAIIPABO COOTBETCTBYIOT MOCIIECI0BATEIBHO YBEINYMBAIOIMMCS
MOMEHTaM 0e3pa3MepHOro BpeMeHH t (3HauCHHs yKa3aHbl Ha IpaduKkax) BHYTPU OJHOTO M3 JIByX PACUYETOB C apaMeTpaMu
a—e6 — Fry=1.5,At U /H = 8.5, At /At, = 0.25 n 2—e — Fr = 0.4, At U/H = 4.5, At /At = 0.25.
CrpenkaMy OTMEYEHO MOJIOKEHHE HanboJIee yAAICHHBIX OT HCTOYHHKA TOYEK Ha H30JIMHUSAX TPACCEPOB IIEPBOIO M BTOPOTO 3aTOKOB.
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Fig. 3. Flow structure at different Az /Az,.
The images in the each row correspond to different values of the parameter Az /Az, (from left to right)
at time ¢ = 50 for the series a—c and ¢ = 70 for &—f. Remaining parameters are the same as in the examples
shown on fig. 2. The arrow marks the position of the wave crest emerged from the second inflow.

Puc. 3. UnmocTparuis m3MEHSHHS CTPYKTYPhI TSUSHHS B TIOJISIX H30BITOYHOH TIOTHOCTH B TPACCEPOB
npu U3MeHeHnu At /At
Onucanne M30JIMHU#H TaHO B MOMUCH K pHC. 2. B KaX 10l cTpoKe H300paKeHHsI COOTBETCTBYIOT Pa3IH4YHbIM
3Ha9eHuAM napamerpa Az /At (ykaszanbl Ha rpadkax) B OMH U TOT K€ MOMEHT 6€3pa3MepHOro BpeMenH ¢ = 50
U1t cepun a—6 U ¢ = 70 Juisi e—e. 3HaUCHHs OCTAILHBIX TAPAMETPOB TaKHe XKe Kak B IPHMepax Ha puc. 2.
CTpenkoii Ha pHC. 2 OTMEUYEHO MOJIOKEHHE IPEOHST BOJIHBI OT BTOPOTO UMITYIIbCA.



