
HAL Id: hal-02289072
https://hal.univ-reunion.fr/hal-02289072v1

Submitted on 17 Sep 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Sensitivity analysis of an outdoor swimming pool under
dynamic conditions

Maïté Bernhard, Olivier Marc Marc, Emmanuel Quilichini, Jean
Castaing-Lasvignottes

To cite this version:
Maïté Bernhard, Olivier Marc Marc, Emmanuel Quilichini, Jean Castaing-Lasvignottes. Sensitivity
analysis of an outdoor swimming pool under dynamic conditions. Procedia Manufacturing, 2019, 35,
pp.124-129. �10.1016/j.promfg.2019.05.014�. �hal-02289072�

https://hal.univ-reunion.fr/hal-02289072v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


ScienceDirect

Available online at www.sciencedirect.com

Procedia Manufacturing 35 (2019) 124–129

2351-9789 © 2019 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the organizing committee of SMPM 2019.
10.1016/j.promfg.2019.05.014

10.1016/j.promfg.2019.05.014 2351-9789

© 2019 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the organizing committee of SMPM 2019. 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia Manufacturing 00 (2019) 000–000  

  www.elsevier.com/locate/procedia 

 

2351-9789 © 2019 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of SMPM 2019.  
*Corresponding Author 
Email: maite.bernhard@univ-reunion.fr 

2nd International Conference on Sustainable Materials Processing and Manufacturing 

(SMPM 2019) 

Sensitivity analysis of an outdoor swimming pool under dynamic 
conditions 

Maïté BERNHARDa,b,*, Olivier MARCa, Emmanuel QUILICHINIb, Jean CASTAING-
LASVIGNOTTESa 

aPIMENT Laboratory, 117 rue du Général Ailleret, 97430 Le Tampon, REUNION ISLAND, France 
bSunny Shark SAS, 87 Route de la Confiance, 97438 SAINTE MARIE, REUNION ISLAND, France  

Abstract 

Public swimming pools have an important energy consumption and are rarely optimized. One way to do so is to 
develop a model able to represent the swimming pool behaviour (water temperature and energy consumption) 
whatever the climatic conditions. The evaluation of thermal losses is done in this work thanks to the presented 
model and to measurements (ambient air and pool’s temperature, relative humidity, direction and velocity of wind, 
global solar irradiation) performed on a public outdoor swimming pool situated in La Reunion, a French overseas 
department located in the Indian Ocean close to Mauritius). Each contribution to the decrease of water’s temperature 
is clearly identified and represented, leading to quite accurate comparisons between simulated results and tests for 4 
different nights. 
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1. Introduction 

 
Public swimming pools have an important energy consumption (heating, dehumidification and sanitary hot 

water): around 2800 kWh per square meter of water surface but are rarely optimized [1]. The long-term objective of 
the current work is to find the best daily heating strategy to apply to a swimming pool energy system by simulating 
its dynamic evolution. The ability to attain the target depends on the quality of the predictive model taking into 
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2 M. BERNHARD, 0. MARC, E. QUILICHINIb, J. CASTAING-LASVIGNOTTES / Procedia Manufacturing 00 (2016) 000–000 

account all the significant physical phenomena, the weather, the geometry of the place and the users’ behavior. 
Many complex and coupled heat transfer enter into account in the system. 

 
The objective aimed in the paper is to identify the most significant factors having an influence on both the energy 

losses and on the dynamic evolution of the swimming pool water’s temperature. A first part of this paper will 
present the global modelling of an outdoor swimming pool. A second will describe the example of a public 
swimming pool situated in La Reunion. The model is compared to the experiments in a third part. 

 
 
Nomenclature 

A surface of the water, m² 

Cp/ Cv heat capacity, J kg-1 K-1 
G global radiation at the water level, J m-2 
h heat exchange, J m-2 K-1 or J m-2 Pa-1 
H enthalpy specific J kg-1 
k conductivity W m-1 K-1 
L energy given by swimmers J 
m  mass flow kg s-1 

Num number of swimmers 
P pressure Pa 
Q   heat flow W 
t time s 
T temperature K 
U internal energy J 
v wind velocity m s-1 

V volume m3 

 
α absorption coefficient of the water 

ε emissivity 
ρ density kg m-3 

σ Stephan Boltzmann constant    
( 8)5.6704 10 −  W m-2 K-4 

 
Relative to 
a ambiant 
atm atmosphere 
conv convection 
e enter 
evap evaporation 
heat heating 
o out 
rad radiative 
sat saturation 
sol solar 
v vapour 
w water 
 

* Corresponding author. E-mail address: maite.bernhard@univ-reunion.fr 
 

2. Dynamic modelling of a swimming pool 

A lot of swimming pools models can be found in the literature [2], [3], [4], [5] and using the energy and mass 
balances, a dynamic model has been built [6]. In parallel, an outdoor swimming pool situated in La Reunion (a 
French overseas department located in the Indian Ocean close to Mauritius), has been equipped in order to collect 
data (ambient air and pool’s temperature, relative humidity, direction and intensity of wind, global solar irradiation).  

 
Figure 1 presents schematically all the fluxes (mass and heat) involved in a swimming pool:  
• Heat losses: evaporation, convection between water and ambient air, conduction between water and the soil 

through the walls, long waves radiations; 
• Heat gain from the solar radiation; 
• Activity: number of people in the water and human behavior (sport or pleasure, regular use of the thermic 

cover protection…). 
 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2019.05.014&domain=pdf
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Figure 1 : Swimming pool scheme and main phenomenon having an influence on energy and mass balance and experimented swimming pool 

The energy conservation equation gives: 

. . . h .hw w
w v sol rad evap conv wall swimmers aux in in out out

dU dT
V C Q Q Q Q

dt d
Q Q Q m m

t
= = + + + + + + + −   (1) 

Where general expression for each energy flow model in presented in the table 1. 

Table 1 : heat transfer models interacting between the pool and the surroundings. 

Flux (W) Equations Sign  Refs 
Global Radiation  . .solQ G A=  >0  [5], [7] 

Longwave radiation losses  ( )4 4. ..rad w sky wT T AQ  = −  <0  [4], [8] 

Convection losses ( ). .conv conv a wQ h T T A= −  <0  [9], [10] 
Evaporation losses  ( ). ( ) .evevap ap sat w vh P T AQ P= −  <0  [11] 
Conduction losses ( ). .wallw wa s illl oQ k A T T= −  <0  [12] 

Swimmers heat .=swimmers swimmersQ Num L   >0   
Heating Depend of heating system (solar, heat pump…) >0  [2] 

 
In a previous work [13], focus has been made on the evaporation process and among the 20 models tested, the 

one from Shah [11] revealed the most accurate, mainly because it takes into account the influence of the air flow 
regime. Nevertheless, its form remains similar to the one of table 1. The mass of water evaporated represents also 
the district water that has to be added to the pool ( inm ) so as to maintain a constant level. 

Concerning long wave radiation losses, the model proposed by Walton et al. [8] is generally mentioned and has 
been chosen here. The evaluation of Tsky in governed by ambient temperature, humidity and nebulosity. 

Convection models are relatively similar to those concerning evaporation and the one proposed by Padet [9] has 
the advantage to take into account laminar and turbulent flows.  

Conduction losses through the walls and the bottom of the swimming pool are generally very low and are often 
neglected [14]. The model proposed by Woolley et al. [12] considers a form factor adapted to the swimming pool 
and has been chosen in our case. 
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3. Experimental setup 

The swimming pool experimented is located on the site of Vue-Belle at Saint-Paul (La Reunion, longitude: 
55.275441° and latitude:-21.077502) at a height of 520 m. The dimensions of this overflowing swimming pool are 
approximately 25*25*2.3 and the set temperature is 28°C. The water volume is about 1500 m3. 

A weather station is also on the same site at a height of 3 m and measures the ambient temperature, the relative 
humidity, the Global Horizontal Irradiation, the wind velocity and direction and the rainfall quantity with a step time 
of 15 min.  

As mentioned before, modeling and simuling the dynamic behaviour of the swimming pool is complex and we 
decided to focus mainly in this paper on losses, in order to overcome heat gains which could interfere with the 
global temperature evolution. This is the reason why, only data obtained when the swimming pool is not heated and 
during nights without cover are presented. Table 4 summarises the mean experimental conditions reached during the 
hot season, more precisely in end of November, beginning and end of January. These 4 cases have been chosen 
among a great quantity of data in order to represent the discrepancy of results. 

Table 2 : Experimentation date and weather mean values 

 
case 1 case 2 case 3 case 4 

Beginning date and hour 24/11/2016 20:00 25/11/2016 21:30 06/01/2017 19:00 29/01/2017 19:00 

End date and hour 25/11/2016 05:00 26/11/2016 05:00 07/01/2017 05:00 30/01/2017 05:30 

Initial water temperature (°C) 26.14 26.03 29.83 27.7 

Ambient Temperature (°C) 19.65 19.24 21.59 21.94 

Relative Humidity (%) 82.64 78.82 66.41 80.86 

Wind speed (m/s) 0.90 1.14 1.49 0.94 

 

4. Simulation and experimental comparison. 

Most of the parameters used in the simulation were those mentioned in the different models presented above. All 
the thermal-physical properties (heat capacity, density, viscosity, emissivity, etc) have been taken constant over the 
variation conditions. The global model is solved thanks to a RK4 method with a step type of 1 min and experimental 
swimming pool temperature is measured every 3 min. 

Figure 1Figure 2 presents the comparison of experimental and simulated water temperature of the swimming 
pool. Case 1 and 2 have a similar evolution since data are obtained in quite the same conditions in terms of initial 
water temperature and ambient climatic conditions (temperature, relative humidity and wind velocity). Except the 
fact that the initial temperature is different, Case 4 behaves about the same as previous cases mainly because 
ambient conditions are similar (wind velocity and relative humidity) despite a higher ambient temperature. The 
difference of temperature with water having about the same order of magnitude, the corresponding losses are also in 
the same range. Case 3 is much more different than the others, particularly concerning the slope of the line which is 
more important and corresponds to higher thermal losses. The origin of this behaviour is due to two different 
factors; the increase in wind velocity which contributes both to convection and evaporation and a lower ambient 
relative humidity leading to higher evaporation losses.  

Thanks to the different models presented above and to these different experiments, the model reveal quite 
accurate, even when submitted to different ambient conditions and a more detailed analysis has been carried out. 
The corresponding results can be seen in figure 4 where each contribution to the total losses are detailed. Since each 
experiments do not lasts the same time, the energy fluxes have been integrated over the total duration in each case 
and divided by the duration itself so as to be able to compare them. 

As mentioned earlier, the higher losses are obtained in the case n°3, mainly because of a higher evaporation rate. 
Globally, the radiation loss intensity remains rather the same whatever the case, probably because the temperature 
difference between the swimming pool and the sky during the nights does not change significantly. The third 
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during nights without cover are presented. Table 4 summarises the mean experimental conditions reached during the 
hot season, more precisely in end of November, beginning and end of January. These 4 cases have been chosen 
among a great quantity of data in order to represent the discrepancy of results. 

Table 2 : Experimentation date and weather mean values 

 
case 1 case 2 case 3 case 4 

Beginning date and hour 24/11/2016 20:00 25/11/2016 21:30 06/01/2017 19:00 29/01/2017 19:00 

End date and hour 25/11/2016 05:00 26/11/2016 05:00 07/01/2017 05:00 30/01/2017 05:30 

Initial water temperature (°C) 26.14 26.03 29.83 27.7 

Ambient Temperature (°C) 19.65 19.24 21.59 21.94 

Relative Humidity (%) 82.64 78.82 66.41 80.86 

Wind speed (m/s) 0.90 1.14 1.49 0.94 

 

4. Simulation and experimental comparison. 

Most of the parameters used in the simulation were those mentioned in the different models presented above. All 
the thermal-physical properties (heat capacity, density, viscosity, emissivity, etc) have been taken constant over the 
variation conditions. The global model is solved thanks to a RK4 method with a step type of 1 min and experimental 
swimming pool temperature is measured every 3 min. 

Figure 1Figure 2 presents the comparison of experimental and simulated water temperature of the swimming 
pool. Case 1 and 2 have a similar evolution since data are obtained in quite the same conditions in terms of initial 
water temperature and ambient climatic conditions (temperature, relative humidity and wind velocity). Except the 
fact that the initial temperature is different, Case 4 behaves about the same as previous cases mainly because 
ambient conditions are similar (wind velocity and relative humidity) despite a higher ambient temperature. The 
difference of temperature with water having about the same order of magnitude, the corresponding losses are also in 
the same range. Case 3 is much more different than the others, particularly concerning the slope of the line which is 
more important and corresponds to higher thermal losses. The origin of this behaviour is due to two different 
factors; the increase in wind velocity which contributes both to convection and evaporation and a lower ambient 
relative humidity leading to higher evaporation losses.  

Thanks to the different models presented above and to these different experiments, the model reveal quite 
accurate, even when submitted to different ambient conditions and a more detailed analysis has been carried out. 
The corresponding results can be seen in figure 4 where each contribution to the total losses are detailed. Since each 
experiments do not lasts the same time, the energy fluxes have been integrated over the total duration in each case 
and divided by the duration itself so as to be able to compare them. 

As mentioned earlier, the higher losses are obtained in the case n°3, mainly because of a higher evaporation rate. 
Globally, the radiation loss intensity remains rather the same whatever the case, probably because the temperature 
difference between the swimming pool and the sky during the nights does not change significantly. The third 
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contribution in magnitude is due to convection but reveals very low in all these cases and is certainly due to a wind 
velocity of about 1 m.s-1 only, leading to low heat transfer coefficients. In the end, all the other contributions 
(conduction and added district water to fill in the swimming pool) are representing approximately 1 or 2 % of the 
whole losses as generally noted in the literature [12]. 
 

  

 

 

Figure 2 : Evolution of the experimental (dots) and simulated (lines) water temperature of the swimming pool over time. 

   

Figure 3 : Analysis of the origin of energy losses for each investigated case. 

5. Conclusion 

In this work, comparison has been made between experiments and simulation of a swimming pool under dynamic 
conditions. To override the influence of the heater (a heat pump in this case) and of solar gains on the time 
dependent behavior of water’s temperature, specific tests have been made during summer night so as to properly 
evaluate heat losses. Among the various contributions and in accordance with the literature, the identified most 
important one is evaporation, which accounts between 55 and 70 %, depending on the 4 different tested cases. It has 
been demonstrated that wind velocity and relative humidity in the ambient air have the most important influence on 
this specific phenomenon. The second one, also in accordance with the literature is the long wave radiation from the 
swimming pool to the surrounding areas and in particular to the sky (20 to 40 %). In the 4 investigated cases, the 
analysis led to an almost identical value whatever the conditions. The third contribution to total losses is convection 
and accounts for less than 10 % mainly because of low values of wind velocity during the experiments. The last part 
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represents between 1 and 2 % and corresponds to losses through the walls and also to the input of district water that 
offsets evaporation. 

Simulations and experiments are in very good agreement and allow to think that these losses are correctly 
identified and represented by the model. The next step consists in extending this work to days in order to take into 
account solar gains and also to encounter different climatic conditions to definitely validate the work. The challenge 
will be later to integrate the heater and to compare energy consumptions before trying to reduce them by applying 
the most suitable and efficient heating strategy. 
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