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Résumé

On présente ici la modélisation d’'un systeme hyslreumatique de stockage d’énergie. Ce type de ageck
permet de combiner le bon rendement de la conversi@raulique d'énergie et la flexibilité spatiadie
stockage pneumatique. L’objectif du projet est dedétiser un prototype utilisant une pompe/turbine
rotodynamique qui déplace un piston liquide virtpelr comprimer de l'air. L’'absence de séparatiotneeles
deux phases devrait faciliter les échanges de neagkechaleur.

Un model dynamique est développé utilisant une atiittde diagrammes fonctionnels. On utilise les loesir
caractéristiques de la pompe turbine et des émsatite la thermodynamique. Les résultats de sinoulati
confirment que la diffusion de vapeur d’eau daas provoque une certaine diminution de la tempéeatie fin
de compression. Ceci se traduit par une augmentdtioendement de stockage.

La construction d’un banc d’essai va débuter @nlaé 'automne 2011. Celui-ci sera connecté ddteforme
d’énergies reparties des Arts et Métiers ParisTechille.

Abstract

Modelling of a hydro-pneumatic energy storage syste presented in this paper. Hydro-pneumatic gera
aims to combine the good efficiency of hydrauliemyy conversion and the space flexibility of pnetima
storage. The project aims to model a prototype lwhies a rotodynamic multi-stage pump-turbine $pldce a
virtual liquid piston to compress air. To faciléatnass and heat transfers between both phases, ithao
separation between the water and the air.

A dynamic model of the storage system is develamsdg block diagram methodology. It takes into acdo
characteristic curves of the pump-turbine and tloelynamic equations. Modelling results show thatovap
diffusion contributes to reducing compression fitggthperature. This implies an increase of stordfigency.

A test rig construction will begin at the end oftaan 2011. It will be electrically connected to the
“Distributed Energies” platform of “Arts et MétierParistech” in Lille.
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| Introduction

The intermittent character of some renewable eaesrdi.e. solar PV and wind), and potential
introduction of electrical vehicle are part of frélissues for electrical network managers; ondef t
considered solutions to improve energy flows manege is the energy storage.

Currently, large hydraulic pumped storage is a lyidesed solution, but many other chemical,
mechanical, thermal, pneumatic or electrical tetdgies are in development or in use. Different
purposes call for different technologies which barclassified in terms of delivered power and eperg
capacity. Hydraulic storage or compressed air snetgrage (CAES) can be used in energy
applications like pick shaving (i.e. equilibriumtiveen day and night consumption). Flywheels or
super capacitors are more often used for poweicgion (ex: flicker compensation) [1].

Pumped hydro is interesting because of the stonedgg amount and the deliverable power; the
drawback is the need of natural sites for wateuredation. CAES can be spatially flexible but has
relatively low conversion efficiency. Hydro-pneumsagnergy storage (HYPES) can combine the both.
It is based on air compression storage using hlideauvhich allows relatively high conversion
efficiencies and high power densities. The basa s to compress air in a closed vessel by mdans o
a liquid piston during storage phase and use thtisnpial energy when needed (fig. 1).

)
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Storage 8
{ ) ~—
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Consumption
Figure 1: Storage/consumption Figure 2: Test rig: 1-Siemens bipolar 70kW electriotor, 2-KSB
process Multitec A50/12A pumpl/turbine, 3-Hight pressuresets4-Low

pressure vess

Thus, HYPES was developed in some laboratoriesil&witzerland [2] and USA [3, 4]. Structures
proposed by these teams use closed or open gasscyel. single compression and storage volume
(fig. 1) or separated compression and storage v@summplying compressed air displacement into
separated storage vessels. Another aspect inweeks is the use of a physical separation between a
and the compressing liquid piston. One of the dbjes for these works was to be close to an
isothermal cycle in order to obtain relatively higforage efficiencies.

Our project aims to analyze the possibility of gsanrotodynamic pump turbine to drive the liquid
and estimate the advantages of a closed cycle usirsgparation between the air and the water; this
will facilitate heat and mass transfers, maintajnielatively low temperature variations.

Future test rig (fig.2) will be composed by a higfessure steel vessel (40 bars), a low pressure
vessel, a multistage rotodynamic pump-turbine andlectric motor.

This paper presents models for simulation of HYRgSamic behaviour, possible driving strategies
of the storage system and some simulation results.
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Il Modelling

Models of storage devices are used for the dynaamuwlation of the interactions between the
storage devices and the electrical network. In thés/ the aim is to analyze the global power
transmission of the HYPES system from pneumaticamgxhanics. This includes a model for
compressed air vessel and for the pump/turbine. fireetakes in account compression/expansion
work, thermal flows and mass flows (vapour in aidaair in water). Models used for mechanical
transmission and pipes are not presented here.

.1 Vessel modelling

I1.L1.1 General equations
The energy is stored in a metallic high pressussel Energy accumulation is done by the increase
of the air pressure produced as the liquid pistonen. The air is interacting with its environment i
vessel wall (heat flux due to temperature variajosnd water (heat and mass transfer). There are
potentially strong interactions between air andenatompressed volume cannot be considered as dry
air. This wet air is considered as a closed volan:the energy equation is written as follows:

dU = 8Q — PydV 1

This equation shows the variation of internal eperaused by the heat flu§@) and the mechanical
work (—P;dV) obtained from the pressure and the volume vanatf the compression space.

The internal energy variation is written for bolie tair and the vapour masses inside the vessel:
du = Meyir- CV?aiT" dT + mvap. Cv,vap' dT 2

The energy equation is then integrated on timebtain the temperature variation produced by the
volume variation. The partial pressures of air eapour are deduced from ideal gas law:

PL'.VZml'.RSl'.T 3

I1.1.2 Thermal aspects
The air exchanges heat by convection with exteaimednd water (radiation is not taken into account
in this paper).

In free surface exchange mechanisms, heat and naassers are strongly coupled. Evaporation is
possible for water molecules near the interface;ethergy required to sustain the evaporation isrgiv
from air by convection and is approximated to taesthle and latent energy of water. Energy flows
caused by air diffusion in water are neglected .here

Overall heat exchange problem is summarised indigu

)
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Figure 2: Fluxes on compressed volume
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Here the steel vessel's wall conductive resistasiceglected (biot number < 0, 01). Thus, the total
heat loss of air in stationary regime is:

6Q = Qext + Qvap 4
Qext = _hint_air_wall-s- (Tine — Twau) 5
Qvap = _mvap' Cpfwater- (Tint - Twater) - mvap' dH(Tint) 6

The evaporated vapour mass fluxiis,,, C, waeer IS Water’s heat capacity amd is the latent heat
of vaporization for water. Internal and externahwective heat exchange coefficients are obtained
from literature [5, 6].

[1.1.3 Mass transfer aspects
The wet air inside the vessel is submitted to warievolutions. The relative humidity (RH) of airais
function of temperature, and vapour concentratige Figure 3).

—
Ta RH=0.1
RH=0.4 Wet air
m
RH=1 T vap
Fog region
» Saturated air source
Mixing ratio (g/kg)
Figure 3: Mollier diagram for wet Figure 4: Water vapour diffusion-

air electrical analogy

Near the water free surface, a vapour saturatdtliaifiim takes the role of humidity source. Vapou
density difference between this and the air abaevatithe origin of the vapour diffusion: a water
vapour mass flux is produced. A similar case ocorair since the air partial pressure balancé wil
produce an air mass flux through the air-watenfate.

These diffusion mechanisms can be modelled by Rsits$ (fig.4): the potentials at the origin of the
fluxes are the concentration differences (or plptiessure differences). The concentration sowgee i
sheet of saturated air, in contact with water, meglito be able to deliver the necessary vapour mass
flux. The resistance to the diffusive flur,(,) is the inverse of the convective mass diffusion
coefficient; which is quite difficult to estimat€his is function of the velocity field and turbutesiate
above the water. It will be evaluated by CFD caltioh and validated by experimental results. The
general expression of diffusive resistance is atingrto [7]:

L
Sh.Dg—p

Ry p=—

This expression contains a characteristic lengttthef volume, the Sherwood number and the
diffusivity coefficient. In this expression, the &wood number is the unknown. This one is analogue
to the Nusselt number for thermal convective trarssf7].

The corresponding mass flux in the case of the wajso

. Sa
Myap = dMyep = — - (Poine = Poma) 10

Rvapour—air
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The maximal water density is a function of the sstion partial pressure of the vapour in the air
which depends on the temperature.

_ Pyap _ _Psa 11

Pv_max =
- Rs,vap'T Rs,vap'T

R

Poos = Py. exp (M'f““ L. (= - %)) 12
The internal water concentration is function of #meount of water vaporized into the compression
volume, so it depends on the historic of the vafiloxxrand available volume:

Myap HR-Psat-V-Mvap
14 V.RT

1 t2
= Jiy dmygdt 13

Similar assumptions can be made for the air mass fh this case, the maximal concentration is
calculated with the highest value of the solvapildoefficient using Henry’'s constants of air
components’ dissolution in water; these are obthfrnam [8].

Mwater M. 14

X . .
i/water
/ Mwater

Pi_max =
- Vwater

_ b
xi/water - Ky i
f

15

Resistive model of air mass transfer is analogubdmne shown on fig. 4.

1.2 Pump/turbine

One of the particularities of this project is theeuof a rotodynamic pump-turbine. This is a
commercial model, and operating characteristicgasen by the manufacturer. Characteristics for the
whole operating range are obtained with the usménsionless parameters:

8= qv _ dpP _ Pumeca
T 3 l/) - 2 (2 T= 5 3
rU.w Pwater-T=.w Pwater-T>.@
Pump characteristics Turbine characteristics
8,0 80% 80%
r 70% 20,0 F 70%
Feo% "k eo%
L 50% 15,0 1 - 50%
- 0% F40%
10,0
L 30% - 30%
- 20% L
; 50 20%
10 1 ::-‘ - 10% [ 10%
00 * 0% 0,0 : : 0%
0,000 0,020 0,040 0,060 0,080 0,03 0,08 0.13
8 5
Figure 5 Figure 6

Here is shown the dependence of conversion effigiem operating point i.e. pressure, water flow
rate and angular speed. Since the pump/turbinemsilasstage radial one, the pressure coefficient is
quite high whereas the flow coefficient is relaliviow. These are the steady operating charadiesjst
and one of the objectives of experimental phaskbeito validate these curves for dynamic operating
conditions or to introduce a full dynamic modeltlo¢ device [9]. Beside, the characteristics presknt
in fig.5-6 are used for the simulation whatever éingular speed is. The Reynolds number effects are
thus neglected.
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1l Simulation

The simulation of the HYPES system has been donéh@®basic configuration of the test rig, i.e.
using KSB pumpl/turbine’s curves and 12 retorage vessel model. Previous equations were
implemented in form of block diagrams using Simkilenvironment. The pump/turbine’s angular
speed is controlled by the driving strategy preseielow.

1.1 Driving strategy of the pump-turbine

During the energy storage and recovery phasesavhiable and necessary electrical power will
certainly be variable. If the available power i©egh during the entire compression period, the best
efficiency point (BEP) strategy will be chosen;sthis function of electric-hydraulic conversion
efficiency and storage efficiency. If the consunacepts to consume the whole range of the
deliverable power, the BEP strategy can also bd dseing the expansion. The other solution is to
take into account the really available and neededep. In this case, the conversion efficiency
couldn’t be maintained; this possibility is not peated here.

The efficiency of the pump-turbine depends on timgudar speed for a given pressure. The
characteristic curves are used to drive the pumiprie’s angular speed in function of pressure in
order to keep the BEP (equation 16).

0.5
wnmax = ( - ) 16

Pwater-R? Yomax

1.2  Simulation results

l11.2.1 Storage cycle simulation
Here is presented an example of what can be agstocgcle. Operating conditions of the
compression-expansion cycle are the following:

- Initial pressure of the air: 5 bars.

- Accumulation pressure: 40bar.

- BEP driving strategy

- Near instantaneous mass transfer, i.e. most fabteimass transfer coefficients for air and vapour

- Expansion starts when air reaches ambient teryperand stopped when initial air volume is reached

The evolution of various parameters is shown inftilewing figures. During compression phase (0
to 150s), angular speed (a) increases in orderaiatain pump-turbine’s efficiency (e) thus the flow
rate (b) increase when pressure grows (c); thisdymes the increase of the temperature (d). Then,
during the wait period (150 to 300s) temperatunastpressure, decreases because of the heat losses.
Finally, during expansion, angular speed decrdallewing one’s again pressure’s evolution.

N
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The last figure is gives a comparison between thieutated pressure and the isothermal and
isentropic ones in function of air volume; the gge evolutes inside the space limited by the two
others. Global efficiencies were calculated: sterafjiciency (pneumatic energy input/output factor)
is about 61%, pump-turbine global efficiency 53%.(68% during compression phase, 78% during
expansion) thus global efficiency for one cycle@resented conditions is 33%.

l11.2.2 Sensibility test
The current model is quite complete but the physieasameters used for now can certainly not
reproduce reality (i.e. diffusive exchange coeffitifor vapour and air diffusion). Sensibility tegtre
done in order to make an idea of the importancéhese parameters, specially this driving vapour
mass transfer (Sherwood number).

Tests were carried out in the same conditions thaprecedent part, except that for a given air
transfer coefficient, various vapour transfer coedhts (fig. 7-8) and various initial pressuresafi 9
bar) were computed. The temperature is observatieaend of the compression and the storage
efficiency at the end of the cycle. Figures 7-8vshvariation of the maximal temperature and storage
efficiency function of the Sherwood number for timdial conditions.

‘ Temperature at end of compressioé

1 450 1 70%
o—0
1 440 P 69%
| 1 68%
430 o o—o—o—F° 1 avot
1420 o 1 66%
o—o 1 410 2 —e—9bar 1 65%
\ 1400 @ —O—5bar 1 64%
s 1 63%
—©—9bar —% 390 g 1 62%
9
—o—5 bar 1 280 = o 1 61%
R o _O__c/ 1 60%
‘ ; 370 . oo
1,08-02  1,0B400  10E+02  1,0B+04  1,0E+06 10E02  1,0E+00  10E+02  1,0E+04  10E+06
Sh
Sh
Figure 7 Figure 8

For the both initial conditions, compression finamperature decreases with Sh and this trend
(inversed) is also visible in case of the storaffieiency results. In both graphs it is visible hawv
lower compression rate allows geting closer tosathiermal cycle.

The maximal temperature reached at end of the aesaan step is function of the compression ratio
(Pinit/Pmay and depends also on the global heat flux (figdrd.ow Sherwood number implies a low
vaporisation heat flux whereas high Sh impliesa mestantaneous vaporization.

IV Conclusion

Hydro-pneumatic storage systems solutions will b@meted by the concept proposed here using a
rotodynamic pump turbine and a free surface condion. Since experimental results are not yet
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available, only simulation approach was developetehThe presented model introduces, as is it
currently possible, the dynamic modelling of thistem.

The influence of the heat transfer aspects (ediheti@se linked to mass transfer) was shown. They
are susceptible to drive compression final tempeeaaind storage efficiency. But these results and
model must be completed / corrected by experimentusérvations in order to have realistic values for
the considered physical parameters.
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Nomenclature

C,, = Specific heat at constant volume of gas R, = Radius of vessel
D = Vessel diameter R,_, = Resistance to diffusive flux
D,_, = Mass diffusion coefficient Rs; =  Specific gas constant
h = Convective heat exchange coefficient Se_p =  Air-water interface area
HR =  Relative humidity of air S, = Sherwood number
ky; = Henry's constant fori* T, = Reference temperature
L, = Latent heat of vaporization T, = Space averaged temperature
M; = Molar mass U= Internal energy
m; = Mass of considered element V= Gas volume
m; =  Mass flux (kg/s) 8Q = Global heat flow
P, = Reference pressure AP, = Pump/turbine’s pressure
Pr= Total gas pressure (sum of partial x;,,..- = Molar fraction of ‘i" in water
pressures)
Pu,.q = Pumplturbine’s mechanic power A= Thermal conductivity of considered region’s filnmteerature
P, = Partial pressure of considered element p; = Volume mass
Py, =  Saturation vapour pressure 6 = Dimensionless flow
Q,= Considered heat flow n = Efficiency
r = Pump/turbine wheel radius 7= Dimensionless power
R = Perfect gas constant y = Dimensionless pressure
w =  Pumpl/turbine angular velocity
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