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ABSTRACT
A study was performed to investigate the use of Computational Fluid Dynamics (CFD) for determining real 
swimming pool hydraulic model. The main aim of this study was to provide a simple hydraulic model for 
optimising chlorination or for predicting the kinetic of disinfection by-products. This work consisted, on 
the basis of a pool flow simulation (velocity field and path lines), in comparing the simulated integral 
Residence Time Distribution (RTD) and the integral RTD of the model. This model was based on the asso-
ciation of two Constant Stirred Tank Reactors (CSTRs) with an exchange flow between them. Each CSTR was 
relevant to the part of the pool identified by the simulation. The simulation also allowed determination 
of the different parameters of the model chosen. The representation of the modelled RTD turned out to 
be very close to the simulated RTD highlighted the relevance of model choice pertinence for this kind 
of pool. This study demonstrated that it is possible to avoid the systematic use of CFD for assessing the 
evolution of the chemical species in the experimental pool.

Keywords	 CFD, swimming pool, hydraulic model, RTD (residence time distribution),  
chlorination by-products

INTRODUCTION
Knowledge of the chemical reactions involved along with identification and quantification of swimming-
pool water chlorination by-products have, in recent years, become major preoccupations for World Health 
Organization (WHO, 2006). While some scientific works available in the literature yield information about 
the kinetics of the chlorination of the nitrogenous compounds brought by swimmers like ammonia and 
urea (Jafvert and al., 1992 – Ozekin and al., 1996), most authors describe only the time evolution of the 
species concentrations in the pool (Li and al., 2007 – Weaver and al., 2009)

Considered as a real chemical reactor (supplied with reagent hypochlorite and nitrogenous com-
pounds and exchanging species by its surface) including a recycling loop, pools have rarely been studied 
from a hydraulic aspect (Liu and al., 2006 – Stamou, 2008). Even so, the flow characterisation of the pool, 
by depending on its recirculation, mixing areas or its dead spaces, is a determining step for chlorination 
optimisation or for kinetic prediction.

Thus, for a pool with traditional geometry and operating in reversed hydraulicity, a study aimed at 
its hydraulic modelling is proposed in this document. This approach consists, from the pool flow simula-
tion (velocity field and path lines) and from the Residence Time Distribution (RTD) established without 
a recycling loop, in building a basic hydraulic model. This model will allow more convenient prediction 
of the evolution of the concentration of the chemical species present in the pool. It will also enable the 
planning of a relevant strategy for the control of some species such as chloramines and chloroform in 
the pool.
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MATERIAL AND METHODS
The volume and the surface area of the pool studied are 536 m3 and 275 m² respectively. The pool dimen-
sions are represented in the figure 1. The pool is fed with water via three square inlets in cross-section 
(0.3m x 0.3m) located on one of the vertical walls. The inlet flow-rate is equal to 5.10-2 m3.s-1. The water 
is collected at the pool surface by overflow channels (0.02m x 25m). This kind of pool with traditional 
geometry is quite common particularly in France.

 

Figure 1	 Pool geometry and dimensions

The flow simulation allows determination of the velocity field, the path lines in the area studied or 
to the RTD of the system. The simulation is performed without swimmers and only takes account of the 
inlet and outlet flow of the pool.

From the simulation results, a basic and a pool-equivalent hydraulic model will be proposed. This 
hydraulic model will be constructed by associating basic reactors whose global RTD will be compared to 
the RTD of pool studied.

FLOW SIMULATION
ANSYS FLUENT, a Computational Fluid Dynamics (CFD) code based on the finite volume method, was used 
in this study. The equations of the model are solved over each control volume, such that the relevant 
quantity (mass, momentum, tracer concentration, etc.) is conserved. The Upwind first order method was 
used to solve the differential equations governing fluid flow. Pressure and velocity are coupled by means 
of the SIMPLE scheme.

TURBULENCE MODEL
The inlet jet Reynolds number (Re=pud/µ where u is the inlet velocity and d is the inlet hydraulic diame-
ter) for the pool studied is equal to 55,500 but some areas present very low velocities. Therefore, the RNG 
k - ε turbulence model was chosen. The «renormalization group» (RNG) theory provides an analytically-
derived differential formula (eq. 1) for effective viscosity (µeff ) that accounts for low-Reynolds-number 
effects (Ansys Fluent 12, 2009).

 
					     (1)

Equation 1 is integrated to obtain an accurate description of the effective turbulent transport vari-
ations with the effective Reynolds number, allowing the model to better handle low-Reynold-number 
and near-wall flows. The coefficients for the RNG k - ε model are C1 = 1.42, C2 = 1.68, Cμ = 0.0845.

NUMERICAL GRID
The flow field simulation is carried out for a half pool, considering that the plane of equation y = 5.5m 
is a plane of symmetry (cf. Figure 2). A hexahedral meshing is constructed with the Gambit© software. 
Cells have a length of 0.5m in the x direction and 0.1m in the y direction. Their height in the z direction 
is between 0.02m and 0.1m. The meshing of the half pool is composed of 77,000 cells.

 

 

Figure 1. Pool geometry and dimensions 
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BOUNDARY CONDITIONS
•	 Inlet conditions: uniform inlet velocity equal to 0.185m.s-1 in the x direction. At the inlet, the initial 

values of k and ε are 1.28 × 10-4m2.s-2 and 1.13 × 10-5 m2.s-3 respectively.
•	 Outlet conditions: outlet pressure imposed (relative pressure of 0 bar).
•	 Water surface: wall with slide.
•	 Pool wall: walls without slide (roughness 0.5mm). The standard wall function approach was applied.

Figure 2	 Geometry of the half pool

RESIDENCE TIME DISTRIBUTION
The following strategy was used to determine the Residence Time Distribution (RTD):
(1)	 The conservation of momentum equation and the RNG k - ε turbulence equations were solved until 

a steady-state solution was reached. 
(2)	 A step impulse of an inert tracer was added to the inlet flow at a concentration c0. Using the steady-

state flow solution as the initialization, the same equations were solved in transient state.

The tracer convection-diffusion equation is:
	
					     (2)

where Sct = 1 is the turbulent Schmidt number for the tracer.
To obtain the integral distribution F(t), the tracer concentrations c(t) at the outlet of the pool are divided 
by the inlet concentration c0 (eq. 3).

 	
				    (3)

The function F(t) represents the probability that part of the water in the pool has a residence time less 
than or equal t.
The RTD is deduced from F(t) as follow:

 		
					    (4)

POOL MODELING
The aim is to represent the pool by an ideal reactor or an association of ideal reactors. The main ideal 
reactors are the Continuous Stirred Tank Reactor (CSTR) and the Plug Flow Reactor (PFR). These reactors 
can be associated in series or in parallel in order to create a model of a real reactor. Short circuiting, 
dead zones and recycling can also be taken into account. The types of reactors and associations can be 
deduced from the residence time distribution.
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3. RESULTS AND DISCUSSIONS 
The equations governing the flow field were solved in steady-state conditions with residue convergence 
criteria of 10-3.

In figure 3, the velocity fields in a horizontal plane located at a distance from the surface of z=1.2m 
and in a vertical plane located at y=5.5m are shown. The main characteristic of this flow field is the 
formation of two massive recirculation regions which occupy half the pool. The flow entering via the left-
hand-inlet forms an anti-clockwise recirculation region and the right-hand inlet flow forms a clockwise 
recirculation area. Very low velocities are found in the half pool far from the inlets, coming primarily 
from the central jet.

Figure 3	 Path lines coloured by velocity magnitude (m.s-1) (a) (xy) plane at z = 1.2m. (b) (xz) plane at y = 5.5m.

The simulation results indicate a low turbulent kinetic energy dissipation per mass unit, ε, in the 
order of 10-7 m2.s-3 and a global dissipation of 0.34W for the entire pool. Detailed examination of figures 
3a and 3b allow us to distinguish two distinct areas in the pool. The first is located at the inlets side and 
is 10m long and 11m wide. The second corresponds to the weakly agitated part of the pool. It extends 
over the entire width of the pool and between x = 10m and x = 25m.

From these observations, an elementary hydraulic model is proposed. This model is based on the 
association of two CSTRs. Each CSTR is relevant to a previously identified part of the pool (cf. figure 4). An 
exchange flow is provided between the two reactors and each reactor owns one outlet. The outlet flows 
of these reactors are then collected together. 

The a and b parameters enable the volume and the outlet flow rate respectively of each reactor to 
be balanced. The c parameter is related to the balancing coefficient of the flows exchange between the 
two compartments of the system. a, b and c constitute the model parameters.

 

 
(a) 
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Figure 4	 Scheme of the hydraulic model.

The study of the global RTD of the equivalent model consists in analytically determining the evolu-
tion of the concentration in the two compartments ci(t) for a passive scalar injected in the form of a 
step impulse. 

Hence, for such a system, the equations governing the concentration ci(t) for a step impulse at 
t = 0 are:

 

 		  (5)

with:

 
			  (6)

and:

	  				    (7)

−	 t is the global average residence time in the pool,
-	 λ1 = τ/τ1 where τ1 is the average residence time in the first compartment,
-	 λ2 = τ/τ2 where τ2 is the average residence time in the second compartment.

Eq. 5 + Eq. 6 + Eq. 7 p
 
		  (8)

This coupled system is solved by elimination or by Laplace transformation. If the Laplace variable is s and:
 

 

Figure 4. Scheme of the hydraulic model. 
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					     (9)

and:
 

 

 

 				     	 (10)

The average of the RTD E(θ) is equal to 1 and the variance, which characterises the dispersion around 
the average, is given by:

			 
				     	 (11)

The variance of a CSTR is equal to 1. The variance calculation enables the difference between the RTD 
of the proposed model and that of a CSTR to be evaluated.

For instance, the figure 5 represents the integral RTD of the entire system and those of each hydraulic 
model compartment. In this case, the a, b and c coefficients are 0.5, 0.75 and 0.2 respectively. Thus, the 
variance is close to unity (σ2=1.56) and the global RTD of the proposed system would appear to be close 
to CSTR RTD. Moreover, the table 1 gives more information on the influence of the parameters b and c 
regarding the difference between the model and a CSTR.

Figure 5	 Distributions F(θ) and adimensional concentrations C1(θ) and C2(θ) for conditions (0.5;0.75;0.2) compared to that of a 

CSTR.
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Table 1	 Variance of RTD for different models

« Average » case b influence c influence

a 0.5 0.5 0.5 0.5 0.5 0.5 0.5

b 0.75 0.25 0.5 0.75 0.25 0.25 0.25

c 0.2 0 0 0 0.2 0.5 1

λ1 2.4 2 2 2 2.4 3 4

λ2 0.9 1.5 1 0.5 1.9 2.5 3.5

σ2 1.56 0.67 1 2 0.74 0.8 0.86

Figures 6 and 7 illustrate the respective influence of the b and c parameters on the global RTD of the 
model for an impulse step and with a = 0.5.

Figure 6	 Influence of the b parameter on the distributions F(θ) for two compartments of the same volume and without exchange 

flow.

Figure 6 shows the influence of the distribution of the outflows. The representation of F(θ) in func-
tion of the CSTR distribution allows the model distribution to be compared with a CSTR, fitted by the 
diagonal. It would appear that the b coefficient of the model has a significant influence and may explain 
the difference between the real system RTD and the CSTR RTD. 

 
Figure 7	 Influence of the c parameter on the distributions F(θ) with average a and b parameters.
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Examination of the figure 7 allows to be concluded that the exchange flow between the two areas 
of the pool, characterised by the c parameter, has no significant influence on the global RTD of the pool 
studied.

In the case of the experimental pool, the flow simulation shows that the limit between the «agi-
tated» area and the «quite stagnant» area is located 10m from the inlets. The volumes of the first and 
second compartment are 246.6 m3 and 289.4 m3 respectively. The a coefficient, wich represents the ratio 
of the agitated area volume to the entire pool volume, is equal to 0.46.

The b coefficient of the model corresponds to the fraction of the total flow-rate and represents the 
outlet flowrate of the first part of the pool. This outlet flow rate is calculated by integrating the veloc-
ity (Uy) in function of x over the 10 first meters of the overflow channels. The water is collected by the 
overflow channels located on each lateral wall of the pool with a film thickness of 0.02m. The section 
crossed by water at each overflow channels in the first compartment is thus 10 x 0.02 = 0.2m2. Moreover, 
the velocity Uy(x) is obtained by the simulation (cf. figure 8). The outlet flow rate of the first compartment 
is equal to 9 x 10-3m3.s-1, i.e. 35% of the inlet flow-rate (b = 0.35). The outlet flow rate of the second 
compartment is 4.1 x 10-2m3.s-1.

Figure 8	 Velocity Uy profile at one of the two pool overflow channels.

Finally, the last model parameter c defining the recirculation rate between the «agitated» area and 
the «quite stagnant» area is determined from the simulation results; more precisely, by integrating the 
Ux component in the (yz) plane located at x = 10m (cf. figure 9).

 
Figure 9	 Ux velocity profile in the plane x = 10m for different heights z (water surface at z=2.4m).
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The net exchange flow between the two compartments, defined from the material balance presented 
in figure 4, is: 

 
that is

The c parameter is 1.22 and the b parameter value was confirmed to be 0.35.
Determining a, b and c parameters of the hydraulic model proposed for the experimental pool now 

enables a representation of the global RTD of the model. This RTD is calculated from the equations (10) 
that characterise pool dynamics studied for an impulse step perturbation.

The λ1 and λ2 parameters of the pool studied are therefore equal to 4.83 and 3.39 respectively. The 
variance (σ2) is around 0.94. Figure 10 illustrates the simulated and modelled integral RTD for the pool 
studied. Examining these representations, it would appear that the two RTDs are very close, which con-
firms the relevance of the hydraulic model proposed.

Figure 10	Representation of the simulated and modelled integral RTD.

CONCLUSION
CFD simulation allows characterisation of the water flow in a wide range of pools with different 
geometries and operating modes. The velocity field and the path lines simulated in the pool volume have 
revealed that most of the feed jet is dissipated in the first 10 meters of the pool and that this involves 
relatively intense water recirculation in this part of the pool. Detailed examination of the simulation 
results reveals that the pool is composed of an «agitated» and a «stagnant» areas. 

From these observations, it has been possible to build a simplified hydraulic model of the experi-
mental pool. This model is based on representing the two parts of the pool as CSTR with their own outlet 
and an exchange flow between them.

The simulation is capable of determining the different parameters of the model chosen. The repre-
sentation of the modelled RTD turns out to be very close to the simulated RTD, which shows the relevance 
of the choice of model.

Lastly, this works has confirmed that it is possible to represent a complicated real flow as a simpli-
fied model. This model, suitable for pools with comparable operating and geometric configurations, has 
proved to be especially convenient for kinetics applications, in particular for predicting the concentra-
tion of the chemical species present in the pool. It is possible, without too much difficulty, to adapt this 
approach to other pool configurations by applying an appropriate modelling scheme.
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NOMENCLATURE
cj	 tracer molarity in the j compartment, [mol.m-3]
d	 inlet hydraulic diameter, [m]
D	 molecular diffusivity coefficient, [s.m-2]
DT	 turbulent diffusivity coefficient, [s.m-2]
k	 turbulent kinetic energy per unit mass, [m2.s-2]
t	 time, [s]
u	 inlet velocity, [m.s-1]
Ui	 velocity in the i direction, [m.s-1]
V	 volume, [m3]
V
.
	 volume flow rate, [m3.s-1]

xi	 direction i (x1 = x, x2 = y, x3 = z), [m]

Symbols
ε	 turbulent kinetic energy dissipation rate per mass unit, [m2.s-3]
μ	 liquid molecular viscosity, [Pa.s]
μεφφ	 = μ+ μT,liquid effective viscosity, [Pa.s]
μT	 liquid turbulent viscosity, [Pa.s]
ρ	 water density, [kg.m-3]
ν	 liquid kinetic viscosity, [m2.s-1]
τ	 =V/ V

.
,pool average residence time, [s]

Indices
i	 direction (i = 1, 2 or 3)
j	 compartment (j = 1 or 2)
0	 pool inlet

Adimensional numbers
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a	 part of volume of the first compartment
b	 part of the total flow-rate leaving the first compartment
c	 part of the exchange flow-rate between the two compartments
C1	 constant of the k-ε model
C2	 constant of the k-ε model
Cm	 constant of the k-ε model
E	 residence time distribution
F	 integral residence time distribution
Re	 ρud/μ,inlet jet Reynolds number
θ	 = t/τ, adimensional time
λ1	 = (1+c)/a, ratio of the average residence time of the first compartment at the global average resi-

dence time
λ2	 = (1-b+c)/(1-a), ratio of the average residence time of the second compartment at the global 

average residence time
σ″	 variance of the residence time distribution
Sc	 =μ/ρD,laminar Schmidt number for the tracer
ScT	 =μT/ρDT,turbulent Schmidt number for the tracer
U	 unit step


