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INTRODUCTION

Circulation of water in animal breeding pools is an 
important factor which influences its quality. It is especially 
important in case of basins where warm-blooded animals live. 
The animals live in a limited space and influence parameters of 
water in the pools during feeding and by excreting metabolism 
products which contaminate the water. To prevent it, pools of 
the kind are fitted with water exchange systems. Their main 
task is to ensure an appropriate water change rate. They should 
also ensure an appropriate circulation to prevent forming the 
stagnation zones which may lead to growing concentration 
of contamination or microbes. (Lehnert et al., 2014). The 
detrimental phenomena can be counteracted by extending 
the zone of active exchange of water as well as by forming 
appropriate hydraulic conditions aimed at elimination of 
stagnation zones. This can be done by a few ways. One of 
them is the mathematical modelling of flow field (Zima, 
2014) as well as the conducting of tracer tests (numerical 

simulations and indication tests in situ). Unfortunately, 
mathematical modelling has one important drawback 
consisting in that to solve converse problems is not possible  
(when demands are imposed on problem solution and 
considered system geometry has to be solved, and/or limit 
conditions which make it possible to satisfy the demands). 
It allows only to analyze the accepted solutions and try to 
find a solution which satisfies the assumed criterion the best. 

As far as the sea-water pools are concerned, additional 
problems should be expected. Circulation of water in such 
objects consists in delivering sea water during its exchange.  
 It may cause problems dealing with moving contaminations 
from open water area and deposing them within closed 
ecosystem of animal breeding pools. It concerns all kinds 
of contaminations (biological, chemical and physical ones). 
Among physical ones, the more and more often present 
microplastic forms should be mentioned (Setälä et al, 2014). 
On the other hand, an aggressive impact of sea water on 
elements of water exchange systems should be remembered. 
This is especially dangerous in case when changes of pump 
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working parameters occur along with time (Puzyrewski et al. 
2010, Szantyr et al. 2011). Therefore even at a water exchange 
system correctly designed and tested it is necessary to control 
periodically operation of pump systems, and, at changed 
parameters of their operation – to analyze their impact on 
water circulation within pools. 

METHODS USED FOR INVESTIGATIONS 
IN QUESTION

As already mentioned, various methods may be applied 
to investigate water circulation in animal breeding pools. 
Good results can be achieved by means of mathematical 
modelling with the use of computer simulations. In order 
to perform mathematical modelling tasks it is necessary to 
prepare data for such model (a mathematical abstraction) 
which represents a real object (Meerschaert 2007) and to solve 
appropriate mathematical physics equations, which describe 
water flow (Szymkiewicz 1991, 2010, Szewc et al. 2012a), and 
in case of tracer tests – behaviour of the tracer in the form of 
dissolved substance in the calculated velocity field (or a two-
phase medium – Szewc et al. 2012b). The first phase, i.e. the 
forming of a mathematical model of real object, requires to 
define a calculation area, i.e. geometry of a pool in question. 
In case of animal breeding pools filled with sea water, various 
techniques of performing measurements which allow to use 
the more and more exact methods, may be implemented, 
depending on their size. In case of large pools, techniques 
used in sea-bed bathymetry are applied (Kozaczka et al. 
2012, Grelowska et al. 2013, Kozaczka 2013, Grelowska and 
Kozaczka 2014), for small pools geodesic measurements are 
satisfactory (Burdziakowski et al., 2015). Apart from area of 
a pool, it is necessary to know parameters which describe 
water circulating system, namely : pump capacity and location 
of water inflows to and outflows from the pool . 

The next step is to perform computer simulations. General 
motion equations of non-homogenous liquid represent an 
extremely powerful tool at contemporary development level 
of numerical methods and today capabilities of computers. 
The tool consists in far -leading formalization exemplified 
by commercial computer software. Its application becomes 
formally more and more simple, that results in growing 
popularity of applying Computational Fluid Dynamics in 
environment engineering (Lipeme Kouyi et al. 2003, Zima et al., 
2009). However, application of such programs for real objects, 
at satisfying an appropriate accuracy level, requires huge 
resources associated with preparation of a calculation model 
(generation of calculation area), and running the simulations, 
appears often very time-consuming. For this reason, 
simplified models which allow for utilizing specific features 
of an object and reaching good quality results, are commonly 
used . In this paper an example of such approach is presented. 
To determine water velocity field in seals’ breeding pools, 
 2D kinematic model in the form of Helmholtz biharmonic 
equation was applied. It allows for reproduction of velocity 
field in steady- state conditions (that is equivalent to specificity 

of water circulation in objects of the kind) as well as to draw 
trajectories of particles indicating stagnation zones. However 
it does not provide a full picture of changes in concentration 
of a factor which contaminates water in the pool. For this 
reason also tracer tests should be performed by simulating 
introduction of a tracer in the form of a substance dissolved 
in water in trouble spots of the pool. Migration of the tracer 
can be revealed by solving the dissolved substance transport 
equation. In the case in question, 2D equation of unsteady 
advecting- dispersing transport of dissolved substance was 
applied (Sawicki and Zima, 1997). 

The tracer tests should be conducted by numerical 
simulating as well as indication tests on the object in situ. 
To the indication tests, substances harmless for animals 
living in the pools, should be applied (Zima, 2014). In the 
presented example the indication tests were conducted with 
the use of the tracer in the form of the rhodamine WT. 
Portions of an appropriately dissolved tracer were delivered 
into characteristic spots, and then measurements of changes 
in rhodamine concentration along with time were made in 
selected points of the pools. Two Cyclop 7 sounders of Terner 
Designs were used for the measurements. 

MATHEMATICAL MODEL

In producing the mathematical model a schematization 
of real object should be first of all made. In the model an 
idealization of real conditions should be built in order to 
accept appropriate assumptions simplifying mathematical 
description of the phenomenon in question (Meerschaert, 
2007). In this paper results of the investigations performed 
in the seals’ breeding pools of Marine Station at Hel, Institute 
of Oceanography, Gdańsk University, are presented as an 
example. The arrangement and basic data concerning the 
pools are shown in Fig. 1 where water inflows and outflows are 
also depicted. The analysis covered water flow through three 
main pools (No. 3, 4 and 7), in which seals live. Depth of the 
pools is different and changes from h = 1.0m up to h = 2.9m.

 

Pool No. 3 
Pool No. 4 

Pool No. 7 

Line outflow 
of water 

Submerged inflow of water 

Submerged inflow of water 
Submerged inflow of water 

Point outflow 
of water 

Point outflow 
of water 

Fig.1. The assumed physical model of the seals’ breeding pools 

The next stage of building the mathematical model is to 
accept a mathematical description of run of the phenomenon 
. First, the description model of steady flow field at different 
water depth was assumed (the particular pools have different 
depth values and are connected to each other). As already 
mentioned above, was taken the kinematic model in which, 
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apart from the satisfying of mass conservation equation, 
also kinematic condition concerning fluid element rotation 
is fulfilled (Anderson, 1995). The model assuming changing 
rotation of fluid element is commonly in use. In case of 2D 
vector velocity: u=[ux,uy] the condition can be written as 
follows:

rotu = Ω(x, y) (1)

where: rotu = Ω(x, y)  – the assumed rotation distribution function.

If the Stokes assumption is accepted (on neglecting inertia 
forces) for steady flow conditions and constant temperature 
of water, with taking into account Eq. (1), the following is 
obtained: 

∆Ω = 0 (2)

It is the equation for the harmonic function Ω, called 
Helmholtz equation. If the stream function ψ (x, y) is defined 
as follows:

yx uh
x

uh
y

⋅=
∂
∂

−⋅=
∂
∂ ψψ , (3)

(where h stands for water depth), Eq. (2) (biharmonic one) 
can be expressed in the following form:

01
2∆Ω = ∆∆ψ = ∆ 1 ∆ψ − ∇ψ∇h =
hh

(4)

Eq. (4) may be interpreted to be a generalization of 
kinematic models in which velocity rotation is a harmonic 
function described by Laplace equation. In the general case 
Dirichlet problem should be solved for biharmonic operator. 
Solution of the problem in 2D space (x,y) is the stream function  
ψ(x, y). With the use of Eq. (3) velocity vector components 
can be calculated over the whole area . 

Next, was assumed the migration model for dissolved 
substance (tracer), which, in unsteady conditions, at 
changeable depth as well as 2D space, may be written in the 
following form (Sawicki and Zima, 1997):
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where: t – time, c – concentration of dissolved substance; 
and, coordinates of the dispersion tensor D may be defined 
as follows:

( ) 2222 ,, xTyLyyyxTLyxxyyTxLxx nDnDDnnDDDDnDnDD +=−==+= (6)

where: n = [nx,ny] is the velocity directional vector:
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The longitudinal, DL, and transverse, DT, coordinates of the 
dispersion tensor (6) are described by the following formula 
(Elder, 1956):
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L  – dynamical velocity. In this paper values of the 
coefficients α and β are determined on the basis of available 
literature sources. Finally, α = 300 and β = 0.23 was assumed. 
Eq. (5) constitutes mathematically an initial – boundary 
value problem, which, to be solved, requires assuming initial 
condition and boundary ones.

Eq. (4) and (5), in general cases, can be solved only by 
using numerical methods. In this work the finite difference 
method was used for biharmonic equation (Anderson, 1995) 
and the finite volume method – for dissolved substance 
transport (LeVeque, 2002). To apply the above mentioned 
methods the assumed solution area was split into square 
cells of Δx=Δy=0.25 m (Fig.2). For solving the problem the 
authors’ original programs were used.

Fig.2. The assumed calculation area 

COMPUTER SIMULATIONS OF WATER 
FLOW THROUGH THE POOLS

To obtain a solution of the biharmonic equation (4) it 
is necessary to take into account water supply to the seals’ 
breeding pools. In Fig. 1 location of water inflow and outflow 
spots in particular pools, is indicated. In these spots, in the 
mathematical model, the boundary condition simulating 
water inflow and outflow was assumed. Next, computer 
simulations were carried out in steady motion conditions.D
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Fig. 3. Distribution of the stream function ψ (x, y) in steady motion conditions 
in the seals’ breeding pools 

The obtained results in the form of distribution of the 
stream function ψ (x, y) are presented in Fig. 3 (from 0 up to 
100% m3/s per unit of depth). The zones inside closed lines 
of the stream function indicate areas of closed circulation 
of water. Then, by using Eq. (3), velocity distribution was 
calculated over the entire defined area. Results of the 
calculation are presented in Fig. 4. Maximum velocity values 
(in the spots of water flow into the pools) were equal to 0.5 m/s 
(the longest vectors shown in Fig. 4).

Fig. 4. Distribution of the water velocity field in steady motion conditions 
in the seals’ breeding pools 

Next, simulations of flow of the tracer introduced to inflow 
spots of each of the seals’ breeding pools, were conducted 
under assumption on continuous delivery of the tracer (100% 
amount). Their results are given in Fig. 5. The performed 
calculations made it possible to estimate duration time of 
flow of the tracer up to outflow spot. For all the pools the 
time was equal to about 6÷8 min.

Fig. 5. Distribution of tracer concentration after reaching the spots of water 
outflow from the seals’ breeding pools

a)  b) 

Fig. 6. Tracer tests in the pool No. 7 :  
a) input of dosage of the rhodamine WT at the spot of water inflow to the pool, 
b) continuous measurement of concentration of the rhodamine WT at the spot 

of water outflow from the pool

In order to verify the achieved results, the tracer tests were 
conducted in situ in the seals’ breeding pools. 20% rhodamine 
WT was applied as a tracer. 100 ml dosage was introduced 
to the spot of water inflow to each of the pools, and in the 
outflow spots continuous measurements were conducted by 
means of two Cyclop 7 sounders (Fig.6 – tracer tests in the 
pool No. 7). The tests were carried out in each of the pools 
separately (during the tests no seals were inside the pools). 
The example results, in the form of changes of concentration 
along with time, observed in the spot of outflow from the 
pool No. 3, are presented in Fig. 7 (where continuous line 
stands for measurement, broken line – result of numerical 
simulations) . 
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Fig. 7. Measurement results of concentration of the rhodamine WT at outflow 
from the pool No. 3, and results of numerical simulations – measurement 

of time of reaching, by the tracer, the outflow spot from the pool No. 3 

DISCUSSION OF THE OBTAINED RESULTS 
AND CONCLUSIONS 

The performed computer calculations made it possible to 
draw the stream function field ψ (x, y) and obtain values of 
the components ux(x, y)  and uy(x, y) of the velocity field u in 
the tested seals’ breeding pools. The distribution and shape 
of isolines of the stream function showed the arrangement 
of main directions of water circulation as well as location of 
outflow-free (stagnation) zones within the pools. In the pool 
No. 3 such zones occur mainly in its corners, and the largest 
one is situated just behind the inflow delivering water to the 
pool. In the pool No. 4 water flows in the form of uniform 
streams from inflow to outflow and builds the stagnation 
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zone in the channel connecting the pools No. 4 and 7. In the 
pool No. 7 the main stream of water circulation is formed 
along the streams connecting inflow and outflow spots. In 
the pool was built a vast stagnation zone in which exchange 
of water is made difficult and which does not take part in 
circulation of water flowing through the pool. The highest 
velocities occur at inflows and outflows (between 0.48 and 
0.51 m/s), and next, inside the pool, they drop to the value of 
a few centimeters per second only . All the stagnation zones 
are characteristic of closed water circulation in which velocity 
values are on the level below one centimeter per second. 
Next, the mathematical modelling of spreading the tracer 
was performed for each of the pools. The problem consisting 
in simulation of introduction of the tracer into inflow 
spots to each of the pools was solved and its spreading was 
calculated . The computer simulations were verified by means 
of the tests in situ. The conducted tracer tests showed that 
duration time of arriving the outflow by the tracer particles 
was between 6 and 8 min for all the pools. The calculation 
results confirmed the conducted measurements. Therefore it 
seems that application of the proposed approach in the stage 
of formulating the design guidelines for the animal breeding 
objects of the type is justified, hence it is also suggested to 
use the gained experience in case of modernization of other 
objects intended for the breeding of water animals so as to 
obtain such form of water exchange in an object, which could 
ensure an appropriate change rate of the whole water inside 
the pool (of at least a few times per day) 
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