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Abstract

A model for compressed hot air storage in a sedimentary porous rock composed of spherical rock is presented.

During charging, the rock loses moisture and a dry spherical shell develops around a moist zone. The transient heat

conduction, convection and mass transfer that take place during charging and discharging are simulated using a

moving-grid numerical methodology for both the wet and dry zones. A process of evaporation/condensation moves the

boundary between the two zones. The model is verified using data from a concrete drying experiment. A parametric

study is conducted to demonstrate the sensitivity of the system to various parameters.
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1. Introduction

Underground compressed air energy storage (CAES)

has been considered as an attractive means of load

management in power plants [1] and new cycles com-

bining air humidification, coal gasification and com-

pressed air energy storage have been explored [2].

Economic and performance analysis has shown that

CAES plants can substantially enhance the economics of

conventional gas turbine power plants. Compressed air

energy storage is more efficient and less expensive than

conventional hydraulic pumped storage facilities [3].

Recently, the Alabama Electric Co-operative installed a

110 MW CAES plant at McIntosh, Al [4], where both

high and low pressure combustors were tested. Com-

pressed air energy storage has attracted increased

attention throughout the world (for instance, Germany

has an operational plant at Huntorf, and plans are

underway to construct a CAES plant in Israel).
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While conceptual and pragmatic system studies of

compressed air energy storage have been performed,

more detailed analysis of air impregnation in natural

underground porous aquifers is needed. Exploitation of

this technology requires development of adequate com-

putational tools to model aquifers and optimize air

storage operations and economics. In particular, heat

and mass transfer studies are required to develop air

charge/discharge strategies in terms of porous bed

characteristics: porosity, permeability, and thermal

conductivity of sedimentary rock. Evaluation of char-

acteristic aquifer dimensions, both on macro (the entire

available underground region) and micro scales, is nec-

essary to assess the aquifer storage capacity and deter-

mine the number and location of wells. Detailed

evaluations are needed to determine energy recovery

efficiency.

Most aquifers are inhomogeneous––essentially a

network of fissured rock. It is customary, however, to

consider the fissured rocks as porous homogeneous

blocks separated by gaps (representing the fissures) [5].

Thus, the aquifer is a double porosity zone, where

blocks and fissures each have their own characteristic
ed.
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Nomenclature

C constant volume heat capacity

Cp constant pressure heat capacity

D species mass diffusion coefficient

D dimensionless mass diffusion coefficient of

vapor into air D
e

C0q0
Kd

� �
e specific energy

�e dimensionless specific energy e
C0Ts

� �
h specific enthalpy
�h dimensionless specific enthalpy h

C0Ts

� �
h� convective heat transfer coefficient at the

sphere surface

hfg vaporization specific latent enthalpy

j mass diffusion flux

J dimensionless mass diffusion flux j C0R
Kde

� �
K thermal conductivity

k permeability
�k dimensionless permeability k C0qoPs

Kdel

� �
P pressure

P dimensionless pressure ðP=PsÞ
q radial heat flux on the sphere surface

R sphere radius

r radius

�r dimensionless radius ðr=RÞ
S fraction of pore space occupied by gaseous

species

T absolute temperature

T dimensionless temperature ðT=TsÞ
Tr energy reference temperature

t time
�t dimensionless time Kd

q0C0R2 t
� �

u velocity

x mass fraction

b gas over liquid viscosity ratio

e porosity

l viscosity

q specific mass

�q dimensionless specific mass ðq=q0Þ
g dimensionless radial distance from the dry/

wet interface into the dry zone, see Eq. (8)

1 dimensionless radial distance from the dry/

wet interface into the wet zone, see Eq. (8)

r wet over dry zone thermal conductivity ratio

n radius of the dry/wet interface position di-

vided by R
_n dimensionless time derivative of the dry/wet

interface location

D finite difference

Indices

d dry zone property

g gaseous species property

i dummy index or spatial numerical grid in-

dex

int dry/wet interface

j numerical time step index

l property of liquid

out condition around the sphere

s initial condition

w wet zone property

0 property of the solid porous matrix material

1 water property

2 vapor property

3 air property

– dimensionless property
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porosity. The volume of the block pores far exceeds the

fissure volume. Therefore, air storage would take place

primarily within the block pores. In contrast, the per-

meability of the fissures far surpasses that of the blocks.

Therefore, the flow of air between the well and the

various blocks of the reservoir would preferentially be

through the fissures.

Blocks and fissures can vary in shape, size and

geometry. From a statistical viewpoint, and in the per-

spective of examining the flow and storage of air in the

entire aquifer, it is most useful to conceptualize the local

blocks as homogeneous porous spheres. The aquifer can

be modeled as a domain comprised of many groups of

homogeneous spheres of different characteristic dimen-

sions and properties. In addition, each sphere is expected

to have different boundary conditions, i.e., the temper-

ature and pressure of the fluid in the fissure surrounding

the porous sphere. The local thermal/fluid conditions of
each sphere and its surroundings will depend on the

sphere location in the aquifer (specifically, its distance

from charge/discharge points, or wells).

Individual spherical structures can be classified as

homogeneous with respect to their permeability and

porosity. Initially, prior to air insertion, the blocks

contain both liquid and vapor. Once hot compressed

air is forced into the porous sphere, the liquid gradually

evaporates and a dry zone develops along the outer

surface of the porous rock. The dry zone expands over

time due to repeated evaporation in each charging/

discharging cycle. Consequently, the boundary between

the wet (liquid and vapor) and dry (compressed air and

vapor) zones moves towards the sphere center over

time as water evaporates. During the charging cycle

(penetration of hot air into the block), evaporation

takes place exclusively at the dry/wet interface, where

the wet zone temperature is the highest. Vapor advec-



Fig. 1. Schematic depiction of a typical region in a porous

aquifer and its model representation.

WET REGION

INTERFACE

r

DRY REGION

Fig. 2. Physical model of a spherical porous block with a core

surrounded by a dry shell.
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ted from the interface into the wet zone partially

recondenses to maintain local thermodynamic equilib-

rium conditions.

The physical aspects of simultaneous heat and mass

transfer with phase change in a porous media are de-

scribed extensively by Kaviany [6], which includes

discussion of several studies of moving phase-change

fronts. The characteristics of the drying process de-

pend on moisture content, the dry zone temperature

relative to moisture saturation temperature, and the

stability of the evaporation front interface. Numerous

investigations of the two-phase evaporation front re-

gime and its stability [7,8] have been conducted. When

bounding a liquid saturated region (funicular flow

regime), the evaporation front is often modeled as a

two-phase region [9,10]. However, when treating

problems of low moisture content, the evaporation

front is idealized as just a surface that separates the

moist and dry regions [11]. In our model, this simpli-

fication is invoked and we assume that the evaporation

front is stable.

Characterization of drying modes and drying times

of a single sphere is an important first step for the

development of a comprehensive model for the entire

aquifer. In this work, we approach this task by devel-

oping a model to simulate the heat and mass transfer in

a typical moist porous sphere as it is constantly or

cyclically charged with hot, dry compressed air. A

numerical procedure is developed to describe the pro-

cesses of heat conduction, heat convection, and mass

transfer owing to pressure and concentration gradients

in the wet and dry zones. Transient variations of tem-

perature, pressure, and water content spatial profiles,

and the steam flux exiting the rock surface are explored.

While the model developed in this work is targeted for

use as a component of a comprehensive design code for

compressed air energy storage facilities, it can also be

employed for analyzing other drying applications, e.g.,

clinker formation during the calcining of cement in kilns

and food processing and preparation [12]. The problem

is also similar to the drying of rocks used for radioactive

material deposition [13].
2. Problem description and mathematical model

Fig. 1 shows a schematic diagram of a typical region

in a porous aquifer consisting of blocks separated by

formation fissures. The blocks have different geometries,

orientations and sizes and can be represented as spheres

that portray their characteristic dimensions (i.e., both

their volumetric storage capacities and transport re-

sponse time attributes). Furthermore, a spherical shape

can be regarded as a reasonable average geometry for

different block shapes and orientations. The fissures are
merely flow communication channels with negligible

storage capacity. Their characteristic dimensions and

permeability are determined via in situ tests.

To study the response of one spherical block to a

surge of hot compressed air in the surrounding fissure

(penetration of hot air in a charging cycle), two distinct

regions in each sphere are modeled; one dry and the

other wet (see Fig. 2). This dry/wet modeling approach

was successfully employed for studying the drying of a

concrete planar wall subject to a step change in its sur-

face temperature [14]. Compressed air, at temperatures

well above that of the aquifer fluid, penetrates the

sphere, drying it from the outside inwards. The center

directed heat flux penetrates both the wet and the dry

regions and supports evaporation of water at the inter-

face. The migration of the liquid moisture within the

blocks is governed primarily by pressure gradients.

Transport of vapor and air, on the other hand, is driven

by both pressure and concentration gradients. During

the charging phase, vapor generated at the dry/wet

interface recondenses within the relatively colder wet

region, thus slowing down the drying process of the

blocks.

The governing equations of the physical model are

based on the following transport laws and thermody-

namic equations of state. The gaseous mixture (air and

vapor) filtration velocity in the dry zone, according to

Darcy’s Law, is

ug ¼ �S
kd
lg

rP ð1Þ

where P denotes the pore pressure, kd the dry zone

permeability, S the pore volumetric fraction occupied by
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gas (assuming that the gas effective permeability is pro-

portional to S), and lg the gas viscosity. Similarly, the

liquid velocity ul is also determined via Darcy’s Law,

with an effective permeability of ð1� SÞkd,

ul ¼ �ð1� SÞ kd
ll

rP ð2Þ

The Fourier law was applied to calculate thermal con-

ductivity fluxes with two different coefficients, Kd and Kw

for the dry and wet zones, respectively. The mass diffu-

sive flux of the vapor in the dry and wet zones were

calculated according to Fick’s law

j2 ¼ �e � S � Dðq2 þ q3Þ
ox2

or
ð3Þ

where x2 denotes the mass fraction of the vapor, and q2

and q3 are the vapor and air specific mass, respectively,

D is the diffusion coefficient of vapor in air, and e is the
porosity. The presence of the liquid has an effect of

reducing the available pore space for mass diffusion, in

the same manner that pores reduce the space for mass

diffusion. Therefore, the effective diffusivity was assumed

to be proportional to eS (notice that S ¼ 1 in the dry

zone).

Since the density, pressure and temperature of the

gaseous species are in local thermodynamic equilibrium,

the transport equations are coupled with thermody-

namic equations of state. Air and water vapor are

treated as an ideal binary mixture that obey Dalton’s

Law

Pi ¼ qiR
�
i T

ei ¼ CiðT � TrÞ
hi ¼ CpiðT � TrÞ
P ¼ ðq2R

�
2 þ q3R

�
3ÞT

ð4Þ

where R�
i is the gas constant of the ith gas species, T is

the absolute temperature, Tr the energy reference tem-

perature, and C and Cp are the specific heat at constant

volume and pressure, respectively. The water density

and specific heats can be assumed constant. The specific

enthalpy of water is calculated according to

h1 ¼ C1ðT � TrÞ � hfg ð5Þ

where hfg is the specific heat of vaporization at constant

pressure at Tr.
In the wet region, the vapor is saturated owing to the

local equilibrium assumption. This is justified in view of

the enormous specific pore surface area of the rock

structure and its low permeability. Hence, the vapor

pressure was calculated according to

P2 ¼ 1:055� 1021T�5 exp

�
� 7000

T

�
ð6Þ
where P is expressed in atmospheres and T in degrees

Kelvin.

At the sphere boundary (r ¼ R), the pressure and

heat flux are functions of the ambient conditions (frac-

ture space), i.e. temperature (Tout) and pressure (Pout)

P ¼ PoutðtÞ
q ¼ h�ðT � ToutðtÞÞ at r ¼ R

ð7Þ

where h� is the heat transfer coefficient at the sphere

surface. Note that both the pressure and heat flux are

transient.

Liquid, vapor, and air transport within the porous

sphere must satisfy a set of conservation equations for

mass and energy. Because of differences in properties,

two sets of conservation equations are written, one for

the wet region and one for the dry zone. For ease and

generality of presentation, the conservation equations

are presented in dimensionless form in spherical coor-

dinates (the dimensionless definitions of the various

parameters can be found in the nomenclature). Fol-

lowing Saito and Seki [15], the origin of the dimen-

sionless radial coordinate is positioned at the interface

between the wet and dry zones, as shown in Fig. 2.

Accordingly, the dimensionless coordinate system is

based on the following definitions:

�r ¼ r=R

n ¼ rint=R

g ¼ �rd � n
1� n

1 ¼ n� �rw
n

ð8Þ

where the subscripts ‘‘int’’ indicates the dry/wet interface

position, and ‘d’ and ‘w’ the dry and wet regions,

respectively. The respective mass continuity equation for

the dry zone can be expressed as

o�qi

o�t
¼ 1

�r2ð1� nÞ2
o

og
�r2 �k�qi

oP
og

��
þ J i

��

þ o�qi

og
1� g
1� n

_n i ¼ 2; 3 ð9Þ

where the dimensionless parameters are density �q, time�t,
permeability �k, pressure P , and mass diffusion flux J
(notice that J 2 ¼ �J 3). The indices i ¼ 1; 2; 3 represent

liquid, vapor and air, respectively. In essence, the

equation indicates that the rate of mass accumulation

equals the divergence of the filtration and diffusion mass

fluxes. The last term on the right-hand side of the

equation is a convective term resulting from the incor-

poration of the moving coordinate system.
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The energy conservation equation for the dry zone is

o

o�t
1� e
e

T

"
þ
X3

i¼2

ð�qi�eiÞ
#

¼ o

og
1� e
e

T

"
þ
X3

i¼2

ð�qi�eiÞ
#
1� g
1� n

_nþ 1

�r2ð1� nÞ2

� o

og
�r2

1

e
oT
og

"(
þ �k

X3

i¼2

ð�qi
�hiÞ

oP
og

þ
X3

i¼2

ðJihiÞ
#)

ð10Þ

where �e is the dimensionless specific internal energy, T
the dimensionless temperature, and h the dimensionless

specific enthalpy. The left-hand side of the equation

represents the rate of energy accumulation in the solid

matrix and gaseous constituents. The first term in the

right-hand side stems from the adoption of the mov-

ing coordinate system, the second term contains the

divergence of all three fluxes: heat conduction, heat

convection (filtration) and energy transport via mass

diffusion.

The respective wet zone vapor mass conservation is

o

o�t
½ð1� SÞ�q1 þ S�q2�

¼ � o

o1
½ð1� SÞ�q1 þ S�q2�

1� 1
n

_nþ 1

n2ð1� 1Þ2

� o

o1
ð1

�
� 1Þ2 �kðbð1

�
� SÞ�q1 þ S�q2Þ

oP
o1

þ J 2

��

ð11Þ

and the wet zone energy equation is

o

o�t
1� e
e

T

"
þ ð1� SÞ�q1�e1 þ S

X3

i¼2

ð�qi�eiÞ
#

¼ � o

o1
1� e
e

T

"
þ ð1� SÞ�q1�e1 þ S

X3

i¼2

ð�qi�eiÞ
#
1� 1
n

_n

þ 1

n2ð1� 1Þ2
o

o1
ð1

(
� 1Þ2 r

e
oT
o1

"

þ �k ð1
"

� SÞb�q1
�h1 þ S

X3

i¼2

ð�qi
�hiÞ

#
oP
of

þ
X3

i¼2

ðJ i
�hiÞ

#)

ð12Þ

where b is the gas mixture viscosity divided by the water

viscosity and r is the wet to dry zone thermal conduc-

tivity ratio. The wet zone equations are similar to the dry

zone and they contain an additional parameter (S) that
accounts for the presence of two phases in the pore

space.
The mass continuity equation for air in the wet zone

is

o

o�t
ðS�q3Þ ¼ � o

o1
ðS�q3Þ

1� 1
n

_nþ 1

n2ð1� 1Þ2

� o

o1
ð1

�
� 1Þ2 �kS�q3

oP
o1

�
þ J 3

��
ð13Þ

At the dry/wet interface three additional requirements

are imposed. The first requires that continuity of the air

flux must hold across the interface. The second requires

that liquid mass lost at the interface must equal to the

sum of the vapor fluxes entering both the dry and wet

zones in addition to the liquid flux entering the wet zone.

Likewise, the energy conducted to the interface must

equal the sum of the energy conducted into the wet zone,

the latent heat consumed for liquid vaporization, and all

the species enthalpies (liquid, vapor and air) transported

from the interface.

The initial and boundary conditions vary according

to the specific problem of interest. All solutions must,

however, satisfy the symmetry condition at the sphere

center f ¼ 1 (r ¼ 0) for temperature, pressure, pore

volume fraction and density

oP
o1

¼ oT
o1

¼ oS
o1

¼ o�qi

o1
¼ 0 at r ¼ 0 ð14Þ
3. Solution method

Fig. 3 contains a flow chart depicting the procedure

used to numerically determine the dimensionless pres-

sure, temperature, density, and the fraction of the pore

space occupied by the gaseous species (S). An explicit

moving-grid, finite difference numerical solution is em-

ployed to solve the governing nonlinear conservation

equations for any arbitrary initial and boundary con-

dition. The wet and dry regions of the sphere are dis-

cretized with equally spaced nodes (25 nodes on each

side of the dry/wet interface).

The stability of the numerical calculations is assured

via six criteria for maximum permissible time incre-

ments. These criteria can be developed via a Taylor

series approximation for heat and mass transport in the

dry and wet regions (including at their boundaries) [16].

Denoting i as a spatial nodal point and j as a temporal

nodal point, the stability criteria can be expressed as

(1) filtration and mass diffusion in the dry zone

D�t6
1

2½P ði; jÞ�k þD�
�rdði; jÞ

�rdðiþ 1=2; jÞ

" #2

½Dg � ð1� nðjÞÞ�2

ð15Þ



Fig. 3. Flow chart depicting numerical scheme.
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Fig. 4. Calculated and measured temperature response at var-

ious depths from the heated surface.

4464 A. Dayan et al. / International Journal of Heat and Mass Transfer 47 (2004) 4459–4468
(2) filtration and mass diffusion in the wet zone

D�t6
1

2½Pði; jÞ�k þ D�
1� 1ðiÞ

1� 1ði� 1=2Þ

� �2
½D1 � nðjÞ�2

ð16Þ

(3) heat conduction in the dry zone, evaluated at the

first grid in the dry zone i ¼ 1 (closest to the sphere

center)

D�t6
1

2e
�rdði; jÞ

�rdðiþ 1=2; jÞ

" #2

½Dg � ð1� nðjÞÞ�2 at i ¼ 1

ð17Þ

(4) heat conduction in the wet zone, evaluated at the last

grid in the wet zone i ¼ nw (closest to the sphere cen-

ter)

D�t6
r
2e

1� 1ðiÞ
1� 1ði� 1=2Þ

� �2
½D1 � nðjÞ�2 at i ¼ nw

ð18Þ
(5) heat conduction at the boundary r ¼ R, where nb is

the index of the grid near the sphere surface

D�t6
1

4e
½�rði; jÞ�2½Dg � ð1� nðjÞÞ�2 at i ¼ nb ð19Þ

(6) filtration and mass diffusion at the boundary r ¼ R

D�t6
1

½4Pði; jÞ�k þ D�
½�rdði; jÞ�2½Dg

� ð1� nðjÞÞ�2 at i ¼ nb: ð20Þ

The time step chosen to conduct each numerical calcu-

lation is the smallest of the above criteria.

As a validation test for the code, simulation results

were compared with experimental data on dehydration

[17] of a concrete cylindrical slab. The numerical code

was generalized to model drying in either Cartesian,

cylindrical or polar coordinate systems [18]. In the

experiment, a 0.6 m diameter slab of thickness 0.3 m was

heated by a steel plate on one side and maintained at

room temperature on the other side. Temperatures and

pressures were measured along several axial locations

and vapor released from the concrete was collected and

weighed throughout the experiment. Details of test

conditions can be found in [12] and [17], material

properties are taken from [19].

Figs. 4 and 5 depict the variation of temperature and

total vapor discharged from the heated surface per unit

area over time. Excellent agreement is found between the

experiment and simulation results, providing confidence

in the numerical approach. Fig. 4 shows the temperature

rising with time at different locations in the slab. The

linear slope in Fig. 5, after an initial transition period,

shows that the rate of vapor discharge remains fairly

constant over time.



Table 2

The corresponding dimensionless parameters of Table 1

�k 40.0

b 0.0

D 10.0

r 1.0

Ss 0.7

T out 1.604

P out 1.125
�h� 20.0

1.18

1.16

1 2 3 4 5

2

0

4

6

8

10

12

ELAPSED  TIME  (hours)

Fig. 5. Calculated and measured cumulative vapor mass re-

leased, from the heated surface, per unit surface area over time.

A. Dayan et al. / International Journal of Heat and Mass Transfer 47 (2004) 4459–4468 4465
4. Results and discussion

We simulate the charging of an aquifer with com-

pressed hot air by calculating the transient temperature,

pressure, and moisture distributions in a porous sphere

composed of dolomite stone (whose properties can be

found in Table 1). The initial thermodynamic conditions

of the porous sphere are listed in Table 2. At time �t ¼ 0,

the outer wall of the sphere is suddenly exposed to a step

change in temperature (Tout ¼ 250 �C) and pressure

(Pout ¼ 45 atm). A heat flux, q ¼ hðTout � TwallÞ, is thus

imposed at the wall and pressurized hot air is driven into

the sphere by the large pressure gradient. Vapor conse-

quently migrates outwards and is released from the
Table 1

Input data on material properties and operating conditions for

the results shown in Figs. 6–10, taken from [19]

Ps 40 · 105 Pa

Ts 21 �C
Ss 0.7

k=lg 5 · 10�13 m2/(Pa s)

k=ll 0.0 m2/(Pa s)

D 5 · 10�7 m2/s

h� 50 W/(m2 �C)
e 0.05

q0 2500.0 kg/m3

C2 1000.0 J/(kg �C)
Kd 2.5 W/(m �C)
Kw 2.5 W/(m �C)
Tout 250.0 �C
Pout 45 · 105 Pa
sphere surface into the fissure space. Periodic or con-

tinuous exposure to high temperature compressed air

would eventually dry out the spherical rock completely.

Figs. 6–8 display plots of the dimensionless pressure

P , temperature T , and moisture (1-S) profiles across the

sphere radius at various charging times, respectively. Fig.

6 shows a steep pressure peak close to the sphere surface.

During the charging phase, this peak in pressure rises and

moves away from the sphere surface. The vapor that

moves from the interface into the wet region quickly

condenses as its pressure is reduced to the saturation

pressure of the local temperatures. This condensation

enhances the energy transport rate into the wet region.

The total pressure buildup within the wet region is a

consequence of: (a) the combined effects of vapor gen-

eration and transport into the wet region; and (b) air

‘‘entrapment’’ with simultaneous volumetric and thermal

compression. Fig. 7 shows the surface temperature of the

sphere rising abruptly and continuing to increase due to

the constant elevated fissure temperature. Initially, the

temperature gradient at the sphere surface is very steep,
t = .0018
t = .0036
t = .0072
t = .0144
t = .0504

.2 .6.4 .80 1.0

1.12

1.08
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Fig. 6. Dimensionless pressure distributions within the sphere

at various times.
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Fig. 7. Dimensionless temperature distributions within the

sphere at various times.
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Fig. 8. Distribution of the pore liquid saturation (pore volume

fraction occupied by liquid) within the sphere at various times.
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Fig. 9. Dependence of the dimensionless temperature distri-

bution on the ratio of the wet to dry zones thermal conduc-

tivity, r, at a dimensionless time of 0.0504.
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but decreases as the sphere heats up. Fig. 8 displays the

accumulation of moisture adjacent to the interface,

which occurs due to pressure driven moisture convection

towards the wet zone as well as vapor condensation, as

required by local thermodynamic equilibrium consider-

ations. The build-up of moisture moves inwards con-

currently with the migration of the interface and is seen

to rise steadily over time. Compared to the planar case,

moisture accumulation is steeper due to the decreasing

interface surface area with drying progression.
Fig. 9 shows the influence of the ratio of wet over dry

thermal conductivities r on the temperature profile at a

dimensionless time �t ¼ 0:0504. The interface location

manifests itself in an abrupt change in the temperature

gradient around �r ¼ 0:85 for r above unity. For r ¼ 1,

however, the curve is smooth and the interface position

is not apparent (although it can easily be detected in the

pressure curve––Fig. 6). Close examination of the

interface region for r not equal to unity and comparison

with the interface location in Fig. 6 shows that r does

not appreciably affect the rate of the dry/wet interface

advancement. The greater the value of r, the higher the

wet zone temperature and the steeper the dry zone

temperature gradient.

Fig. 10 displays the influence of the dimensionless

fissure temperature on the rate of vapor release from the

sphere surface over time. The greater the fissure tem-

perature, the greater the rate of vapor release. At high

fissure temperatures, the vapor release rises steeply

during the initial heating period. After quickly reaching

a peak, the release slowly decreases as the evaporation

front (wet/dry interface) advances towards the sphere

center. Each curve levels as the rate of movement of the

interface slows due to accumulation of moisture ahead

of the front (as witnessed in Fig. 8). Effectively, moisture

accumulation enhances the thermal inertia by increasing

the apparent heat capacity at the front. Interface

movement is especially slow for a low fissure tempera-

ture, where the surface heat flux is too weak to supply

the large latent heat necessary for fast moisture evapo-

ration.

To simulate the operation of a compressed air energy

storage unit, a periodic charge/discharge cycle is con-
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Fig. 10. Dimensionless flux of vapor released from the heated

sphere surface for different surface temperatures.

Table 3

Input material properties for the periodic charging analysis

q0 2100.0 kg/m3

C0 800.0 J/(kg �C)
Kd 1.8 W/(m �C)
Kw 1.9 W/(m �C)
e 0.05

k=lg 5.0· 10�12 m2/(Pa s)

b 5.0· 10�3

D 1.2· 10�7 m2/s

Ts 21.0 �C
Ps 1.0· 105 Pa

Ss 0.8
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sidered. In the first 48 h the fissure pressure is gradually

raised to 40 atm. It is then allowed to fluctuate in 24 h

cycles, where the pressure varies in a sinusoidal fashion

with an amplitude of 5 atm (simulating charging/dis-

charging). During the cyclical charging phase the fissure

temperature is held constant at 250 �C, which slowly

drops linearly during discharge to levels ranging from

150 to 235 �C. Fig. 11 shows the cumulative vapor loss

from a sphere of 1 m radius. The characteristic thermal
16
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ELAPSED  TIME  (days)

Fig. 11. Time history of the cumulative discharged mass of

vapor per unit surface area for a periodic heating of the sphere

surface.
properties can be found in Table 3. During the initial 24

hours an isothermal compression is maintained and,

consequently, there is no vapor loss. Once the fissure

temperature rises, however, the charging/discharging

cycle begins and the vapor loss rises quickly. The fluc-

tuations (wavy behavior) in the curve are caused by the

cyclical nature of the sphere boundary conditions, i.e., of

the fissure temperature and pressure. After a period of

about 12 days, vapor loss begins to level off as the sphere

drying rate slows due to the substantially reduced

moisture content. After 17 days and 21 hours the total

water loss from the sphere is 39.71 kg, from an initial

water content of 41.89 kg.
5. Conclusions

A detailed model of heat and mass transport

mechanisms of hot compressed air impregnation for

underground energy storage has been developed for

homogeneous porous spherical rocks. The wet/dry

interface can be followed as drying proceeds and vapor

is removed from the sphere. Simulations reveal the

sensitivity of the transport mechanisms to various

dimensionless parameters of the operating conditions.

Interestingly, the enhancement of thermal inertia due to

moisture presence within the pore space appears to be a

dominant factor in the drying process. Accumulation of

moisture adjacent to the wet/dry interface is shown to

have a strong effect in slowing the evaporation front

movement.

This work is the first stage of the development of a

comprehensive design and analysis tool for compressed

air energy storage systems. Large underground storage

aquifers can be subdivided into distinct homogeneous

blocks applying a statistical distribution of sphere size

and fracture lengths; the model presented would provide

detailed thermal/mass transport response of individual

blocks to compressed air charging and discharging

operating modes. The results from the single sphere

model could be integrated into a larger model as a

correlational sub-model. Alternatively, a micro–macro
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modeling approach for transport in porous media, as in

[20], could be employed.
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