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EXPERIMENTAL DETERMINATIONS

OF THE HORIZONTAL IVIIXtNG COEFFICIENTS

ALONG THE ROMANIAN WEST COAST OF THE BLACK SEA

AdrianaPopa, Vasile Diaconu
Bomaniaa Marine Besearch InstjLfcute - Gonstan-ta

ABSIHAOT!

The epace-scale dependence of the -turlulen-t mixing
coefficients as determined from turbulent diffusion

of dissolved subs-tanoes, dispersion of finita particles
and current velocity fluctuations during 1976-1980 is
presented, and -the deviations from the "4/3 power law"
in the shallow waters are pointed out.

INSKODUOIIOK

An essential feature of the oceanic motions is their

turbulent character,which causes the exchanges of kinetic energy,
mass and heat to toe several orders of magnitude greater than the

corresponding nolecalar fluxes in the laniiiar flow.
For the closure of the systan formed by the eg.uations

of mo-bion ajad continuity, it is necessary -to use auxilliary equa-
tions for the terns including dynamic quantity fluctuations. For
this purpose, in the semienpirical theories of turbulence, the
Reynolds stresses are considered aa being directly propor'bional
to the mean velocity gradient, and the coefficient of proportio-
iiality is the tarbalent exchange coefficient. Binilarly, the mass
sad heat fluxes depend on the mean quaati'by gradient; throagh a
tarbuleat diffusion coeffioieat and, respectively, tehroagh a tiu;-
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balent eonductlvity coeffieient. Thess ttee^ . iasfficients mast
be determined by data interpretation in the fff&aeof tlie avail-
able theoretical models asiag supplementary assunptions regarding
the dependence of the turbtilent coefficients on other paraaeters-
space scale, velocity shear, density stratification, bottom topo-
ec&phy, sea state, etc. The paper presents the results concerning
the space scale dependence of the horizontal turbulent exchange
and the horizontal tarbulent diffusion coefficients obtained in
the specific conditions of the Romanian nearshore waters.

1. HOBIZONTAL TUBBULBNT EXOHANQB OOEFFIGIEBTS

For determination of the turbulent exchange coeffi-
cienta (hereafter TEC), several current series recorded with
Alexaev type currentmeters were processed by a computer program
based on Brtel's algorithin (g). The program allows calculat. ion of
the TEG with different; averaging periods and also permits the use
of different aanpling intervals (maltiples of the original one)
for the same data set.

The obtained TEC for all the series exhibit a strong
tiaie variability, with values generally increasing with fche ex-
tension of the averaging period or of the sampling intervale

According to GEZENTSVBI (5), the dependence of the TEC
value A on the averaging period I has the form:

OT2/?A (1)

corresponding to the well known "4/5 power law" dependence on fehe
space scale.

Bat, from fche analysis of the data series, it is obvious
that the increase of the ISO is limited to the averaging periods
of the order of 12-18 hoars, the TEC values teeing almost constant
(or even slightly decreasing) for longer pex'iode.

This "saturation effect"- also noticed &n sosfi prevititts
papers (l, g, ig) - is explained by the faefe fehat lwyoa& a'sertain
length scale, there are no larger eddies to contribute to the ex-
change process, or by the fact that for the length w feime scales
with.external ®nerS7 iapat the "4/5 power law" asd, so? gequ@n^ly,
the "2/5 power law" given by ( 1 ). is ^o loags? .ya. i1 L'!
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For this ffeasoa, She value of C in ( I ) was computed
only for averaging periods within the range of 1 to 12 hours, aBd,
at the Ba.me time, the parameters B aad n of a nore gaaeral
dependence*

A . B g'a

have been computed (Table 1).

Gharaoteristics of the da^a series and
the TEO (in nc s" ) dependence on the averaging period (in hotufs)
==aasssass^sB;saa=sss=s=s=seE;s=as8BEss=ss==sc==asasa=s==aacs=aas!»asss

2 )

Table 1
regression paraaefcera for

Water Otu?rentmeter
Series deptli depth

(n) (a)

1 52 10
2 52 10
3 52 50
4 52 10
5 52 25
6 52 10
7 52 50
8 10 I
9 10 9

10 12 6
11 12 6
12 I? 5
I? 17 5

Sampling
interval
( min)

10
5

5

5

5

5

5

15
15

5

5

5

5

Equation 2

B

1. 78
5. 20
0. 91

5. 58
6. 85

^. 55
1. 55
1. 68
1. 22
0. 61
0. 45
5. 62

14. 08

Bq.l

c

0.5
0.9

0.5
0.1
0.2
1.5
0,0

0,6

1.1
1.6
1.0
0.2
0.4

2. 25
2, 05
1. 50

10. 48
18.6$
1. 12
6. 49
1. 96
0. 50
0. 0?
0. 22

16, 61
27. 78

sssssstssssassstssKssassasKsasssasssasssss

For almost all the series, the curves given by( 2 ) held
a better approxination, with the power a ranging between 0 and
1.6, depending on the place and depth of the currentaeter and on
the density sfcratification. In the offshore region the values of
m are generally analler than 2/5 both above and below fcbe aeason-
al thernocline, decreasing to zero just above the bottom. They are
higher than 2/5 only within the theraocline (series 2 and 6). In
the nearshore shallow water area, the TEC values depend on the
flow orientation as referred to the shoreline and the exponent
n varies largely between 0 and 1.6, thus proving that the .'2/5
power law" has a limited validity even for averaging periods
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smaller fehan 12 hours.

2. EORIZ02STAL TURBULENT DIFFUSION GOEFFIOIENT8

The methods of deterninateion of the ttu'balent diffusion
coefficients (hereafter TDC) - which allow calctaation of the
turbulent mass fluxes - were chosen according to the partictOar
contaminatJLon sources used in the experiments: continuous or
instantaneous mass sources, or instantaneous releases of free
floats. The continuous sources were those found in natural mixing
zones, while the instantaneous dye and float releases represent
experimental siLmalations of the diffusion process.
MIXING PAOU COiraiNUOUS SOURCBS

The determination of the TDC in the nearshore zones
where natural mixing of the fresh or waste waters occurs were
made using two aaalitical steady state solufcioas for the con-
tinuous regime;the PICK solution (5) and the OZMIDOV solutlon(6).
The constant TDC E of the first model and fche parameter k of the
second one (the proportionality factor in the "4/5 power law")
were calculated from the observed salinity or phosphate content
disfcributions according to a method previously presented (2).
This method is based on an optimization algorithm, *ihe objective
function being the mean sqaare deviation of the computed and
measured concentrations.

The results (Table 2) are in good agreement with those
published for the other regions of the Black Sea (U), when using
the Fickiaa model, but the values of k are somewhat isrger than
those presented in the literature, yet representing a better fit
for the experimental data. This facfc slight, be explained by <;he
discrepancies between the field conditions and tho^o -aesumecL by
the model: uniform flow, no shear, no external e-aergy sources.
More work is needed in order to properly r.s'i-tSft ;Ae apparent I;DC
to a wore complex model including sheai, ^Afeiual dii'i'Msion ,
density strati iuation, va.ve induced tarpulgneb. str;
INSTANTANEOUS POINT-RELBASB BXPBRIMENTS

This kind of experiments are usei eithej? as a method teo
study sarface spreading of an accidental uoll.&tan-; ;isyha'<y.
or as a less expensive method for deterb a'-icA 's? rt> ^'flwfi.
for'--casting -ubs, effects of s projected ftonriauou^ . ;i5..-£;^'"'w?
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Table 2

TDG and k values determi.ned from continuous regime experiLments

Exp.
ao.

1

2

5

4

5

6

7

8

9

10

11

1
9

Bate Tracer K

2 -1

Coaat. anta (South), waste water. Q = 0. 5 m5s"'1
10'

12. 05. 1977
0_onstaa1;a North

24. 05. 1977

04. 0^. 1977

12. 10. 1977

24. 10. 1977

Midi w te w ter

06. 06. 1977

salinj-ty
w s-be w ter s 0.

salinity
phosphate
salinity
phosphate
salinity
phosphate
salinity
phosphate

» 1 m5 s'1

9-5?
0. 59
0. 09
0. 09
0. 19
2. 89
0.09
0. 89

2. 85
2. 91
0. 70
2. 64
1. 29
2*12
0. 19
0. 50
5. 00
6. 91
0. 6?
5. 16
4. 11
2. 50
0. 57

-2 »2/5^-1

2.59
.5 - -1

salinity 5. 59
phosphate 0. 69

29.06. 1977 salinity
ite

14. 10, 1977 salinity
phosphate

R4. 04. 1978 salinity
phosphate

15 05 1978 salinity'
phosphate

..;:-. 05 .. 1979 sal..li. ifcy
phosphate

2?»OA. 39"5 s&linlty
phosphate

08. 08. 1979 pho sphate
18. 06. 1980 salinity

phosphate
08. 07. 1980 salinity

phosphate
29.08.1980 salinity

phosphate

-SS£.iSO±SS^ 'brackisja water 'Since la oon
13'°6«1??5 salinity 146. 00
2;:. 07. 197;'? salinity 56. 00
29. 05. 1979 salinity 52.86

Salifia. fra&h water Dantibe riveA* = 1166 d

5.20

5. 00
5-10
0»52
0. 28
2. 84
2.91
0. 24
0. 87

2. ?0
o. 71
0. 65
5-
1.00
0. 18

, 80
, 00
, 00

0. 50
1. 04
5. 86
0. 51
1. 50
1.26
5.07

=144 16 6m,
5 -1

i?, 06. iq?9
04-09. 1979

salinity
salinity

417-80
?40»00

1. 90
1. 40

15. 20
4n5 -1

2l-^
5. 20

iBS3.-;sass.=s«si-.asE3a;s&.--iassaaaEa«s==sasaaEa~ss=3sasssa=ssa8asassassss=aa3s
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DIB AND BADIOAOTITO TBAOSES

In these experiments, known quantities of dye (Ehoda-
nine B) and radioisotope (82Br) were siaaltaneonsly released as
an instantaaeoas point source. Concentration neastu-enents were
made by speotrophotometric analysis of fc&e water samples (for
iS^aTnJ?e). and.. b:!' nin si1;un radioactivity determination (for
'Br). The detailed results concerning the 82Br releases - carried

out in cooperation vitta a research -beam of tlae Institute for
Nuclear Physics and Engineering - will be published elsewhere;
only the results concerning the Rodamine releases will be
dicussed here.

The position of the sampling points were determined
with an accuracy of ±0. 5 n by using two shore-based thsodolites.

Two types of measarements were usedt time sampling of
tracer concentration along Ibs patch trajectory and space saa-
Pline along the axes of the "instantaneous" patch. The anal^is
of the experimental data from the first type of measurements"was
made using several aoalltical radial-symmetric solutions, for
which an optimization procedure yielded the value of the constant
parameter involved. The chosen solutions weret K=cqnst. (Fiok),
K=k^r (Joseph-Sendner), K =kgr4/5 (Ozmidov), K »^r2/3t (Okubo),
?y/o]Eabo ̂ and pritchard)> Ks^t2 (Obukhov). The results ob-
tained using Shodamiae concentratioas (Table 5) show an irregular
tine variation of the parameters, which could be due to the"fact
that not all the sampling points were, exactly in the longitudinal
axis of the patcfa. Tha residual arror was essentially the Sana for
all fche models and hence no preference for one of them resulted.

The second appjoach does not require any prior as-

sumption regarding the space scale dependence of the TDC» they
are simply defined as the tine derivative of the conoentration
variancet

KaH
where:

^2 _ 5Sx2 OCx. v') dx dv

( 5 )

( 4 )SSc(x. y) dx dy
with the x-axis taken along the patch and Vbe y-axis across it,
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the origin being th® center of the patch.
Table 5

Parameters of fche radial-symmetric solutions determined
.

-from_fi?®d""point measarements of Bhodamine concentration^
5:;:s;s!ss==="s^=^=S^=a!=======A"±a===!="s===»=»"="=r=r=r=«"Date
Place
Poiat.
Tine XXJ'(mia)

25.07. 79
Constanta

24
1

4-5

11.08.80
Ohituc

2

(m2 s-1)"
^ (m_8~1)
te2 <m2/5 a"1)
^ (nv5 ^1)'

(n2 s-2)

K2
5

4

A-)

(n^5 s-1)
^

(m2 s-5)

27,40
1. 40
0. 62
0. 67

2. 79
0. 82

88. 00
1. 8?
0. 62
0. 67
5. 76
0. 85

67

8. 20
0. 47
0. 21
0. 23

0. 95
0. 28

89

151. 00

1. 58
0. 4.5

0. 47
5. 17
0. 58

1
55

12.08.80
Chltue
-2 5
55 81

^5. 10
1, 16
0.41

0. 45

2. ?4
0. 55

97. 40
1.41
0. 41
0. 45

2.85
0. 55

!S

in

28.70
. 1. 14
0. 47
0. 52
2. 58
0. 65

:===ss===asa===a:sss===a:

ThLV4ue8. given. iQ fchis table shool& be multiplied by 10-2
)°^ae,! to_!btTin. the parameters ;s:ll;es ̂  ^"t^dt^fc^ i^its1'

Peak arrival time counted froin the injection moment.

The obtained results (Table 4) are in good agreeaenfc
»ith those presented in the litfcerature, bat they are scattered
^ver a very wide rang®, du» to their dependence not only on the
particular s-e?ioa and of the development stage of the process,
but also on tehe hydrologies. and aaeteorological conditions during
the expesiiBent.

Table 4
SDG valaes (in-a£ . s''-L) determined from th® variance

of ;'^e Eliodamiae B concentrations measured along the patch axis
==sas=assss=sacer'csss==a

Dat.®
s=============as=sss==s=sss===

Place TDC variation range

0. 004 - 0. 440

0. 167 - 0. 669
0. 075 - 0. 185
0. 555 - 0. 677

g5*0?. l97Q Constanta
5®.07. 1979 OonstaQU
,11, 08. 1980 Ghituc
12. 03. 1980 Chituc
--«Es;sssa=a;s=as!a=assssssa:a=a:asc-. sas==sss=====s;=s==;

3'ha efcatisticol analysis which is needed for correct
interpretafeion of fche sssalts requires a large number of experi-
aeats in ®ach ̂ tudy area. The above mentioned tracers are too
@xpi9aal.ve and th® "zperimeats too coaiplicated and costly for such
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an approacb so Vha.t tMs nefchod was replaesd by a aiapler fflt_
less eapeasiye cme- tetoa free float (drogaa) disporslon.
7RSS yiiOAIS

The assuned siBilarity betiween the diiape^aion of &
float claster and the diffusion of a dye patch aUows calealatioa
of TDG from the teime derivatiTO ©f disperaion E2 ae ia Bq. 5,
being defined as:

52 ( 5 )
thwhere d^ is the distance of the Ith float from the cluster center

of mass (2).
Between 1978 and I960 several experiments of this fcind

were carried oat in different li.ttoral zones using 6-12 floats,
for dispersion times in the range of 4-6 hours. Positioziing
the floats at 6-12 minutes intervals wa? accomplislied using two
sliore-based theodolites. Th® results were processed by a couputw;
program allowing calculatioa of individual float coordinates,
interpolation for the positions of all floats at the same moment,
calculat;ion_of the coordinates of the center of mass and of the
dispersion D^. Segression parameters a, m, b, t were deternined for
the time dependence relationshipst

D2 = a t°

D = b tP

( 6 )

( 7;)

by the same computer program. Fron( 6 ), the diffusion coefficient
Kj, defined asin ( 5 ), canbe expressed as:

S ^-IB~1K.

The dependence of £p on the scale
can be expressed as;

( 8 )

of the phenomeiioa

Ep = k Drl ( 9 )
and the substitution of t fron( 7 )gives the following expressions
for the parameters k and a:

k ^a^ ( 10 )
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(11)
The obtained values for n(!I?able 5)are in good agreement

with those published for other aearshore zones of the Black Sea.
It should be noted, however, that there is no value greater
than 1, which proves that for space scales shorter than "2-5 tan
and diffusion durations shorter than 10 hours, the "4/5 power law"
is not valid. The values close to 1 might be explained by a
"shaar-diffuaion" process, while the small value obtained from the
second experiment more likely denotes a Fickiaa diffusion (te0).

Table 5
Regression parameters for the free float dispersion analysis

s====s=a;=a===sss===as=s==ass=s==s=s=s=

^ Ba. 10 Ba. ll
b. 10-2 k7l0::2 ~T
4. 60 0.891 2. 90 0. 860

22. 70 0.605 7.70 0. 297
5. 81 o. 755 0.96 0. 705
8.04 0. 6?6 1. 51 0. 469

47. 00 0. 867 0. 78 0. 905

ssssssasasssa;

Experiment

Midia 1978
Taala 1978

Eforie 1978

Oonsfcan1;a 1979
Oonstanfa, 1980

B . 6'

a. 10
2. 74

84. 00

1.27
6. 19
265

-5

1. 768
1, 180

1. 515
1. 291
1. 785

s=aaB==saasstsessieassss:ss====sas===s

8UBMAST

Given the importance of the knowledge of the turbulent
mixing from a practical point of view, a large aunber of experi-
meats have been carried out in different; nearahore zones: tur-
bulsnt exchaags ooefficienl; determinations from current records
and tarbalenfc diffusion coeffi. oieat determinatioas in natural
nixiag areaa of fresh and waste waters from different diseliarge
outlets. Th® s&oreljLae CQdfigtu-ation, bottom topography. meteo-
rological as,& bydrologtcal conditions varied largely from one
exp«riffl t *, o another. A wide range of tracers bave been used;
salinity, pliosphate content, fihodamine B, radioisotope 82Br, frae
floats. Sfee diffasion process has been sfcudied either for coati-
nuous soapces, or for poiat-iastantaaeous releases} there were
also a few sitst^. i-ioas .^asn instant releases (Shodamine B or free
floats) w«C9 ®ade ia ths mixing plume fron a continuoas souroe.

Ttis resulting ;.;tu?bulent coefficient values are within
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the limits published in the liteteraturs, but they alao reveal a
local character, as well as a strong dependence on space aa& time
scales of the process. This results in a need for statistical

analysis for a large number of experiments, and toe most suitable
method appears to be the use of surface drifters. Also, this
inexpensive method does not use pre-set exponent value in the
power dependence of K on the space scale (or, alternatively, the
dependence of D2 on the tine scale), this value being also
determined from experimental data. This Is very iaportant if one
takes into account the fact that experimental exponent values
close to 0,2/5, 1 or 4/5 were found, and that a single model using
a given exponent value, even though providing analibioal solutioa,
cannot toe applied in all the experiments. The statistical results

concerning the space scale dependence of the turbalent mixing
coefficients could be very useful in defining diffusion models
ia which vertical velocity and. density distribution, liorizoatal
nonaniformi'by of tohe flow and noa-steady state of the process
would be included.
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