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Abstract— The momentary amount of the available solar
energy and the demand usually are not equal, so it is necessary
to store the heat energy. This article shows optimal design of a
new construction, sensible heat store filled with solid heat
storage material. It has cascade system formed a spiral flow-
path layout. This is a conceptual model, worked out in case of
pipe-channelled construction. The aim of the special layout is to
realize better overall efficiency than regular sensible heat stores
have. The new construction would like to get higher overall
efficiency by long flow-way, powerful thermal stratification and
spiral flow-path layout. The article shows the calculation
method of the simulation of the charge and discharge and the
calculation method of the overall efficiency using the results of
the simulations. The geometric sizes and operating parameters
of the thermal energy store with the best overall efficiency were
calculated using genetic algorithm.

Keywords— heat storage, optimization, sensible heat, solar
energy, solid charge

1. INTRODUCTION

HE possible thermal energy storing methods are:
sensible heat storage, latent heat storage, sorption
heat storage and chemical energy storage [1]-[5].

The simplest way is the storage of sensible heat, by
heating a heat storage material without phase changing.
The energy density of the sensible heat storage will be
high if the specific heat and the density of the heat
storage material are great as well [6].

Out of the materials which can be found in the
environment in large quantity, the water has the greatest
volumetric heat capacity (~4.18 MJ/m°K) [7], but water
can be applied at atmospheric pressure up to 100 °C only.
The heat transport media of the concentrated solar power
systems can be used as heat storage liquids as well. The
melt of the solar salt (60% NaNO; + 40% KNOs) is used
out of these materials in concentrated solar power plants
as heat storage material (operating temperature range
260-550 °C, volumetric heat capacity ~2.84 MJ/m’K [8]).
It is not flammable, not toxic, and not too expensive.

The volumetric heat capacity of some solid materials

(magnesite, corundum) —because of their higher density—
come near to the volumetric heat capacity of the water
with much higher upper temperature limits (magnesite
3.77MJ/m’K, corundum 3.3 MJ/m’K, cast iron
4.1 MJ/m’K [7)).

Screened pebble stone, cracked stone (1.5-
2.5MJ/m’K), concrete (0.8-1.8 MJ/m’K), wet soil
(3.56 MJ/m’K) [7] are used as sensible heat storage
materials, because they are inexpensive.

The sensible heat stores are typical regenerative heat-
exchangers. These are instationary thermal state heat-
exchangers. The regenerators are long ago applied, great
heat capacity heat stores with solid fill and with short
charge-discharge cycle time (10-7200 s).

My aims were to study the possible interior structure
of the long-term heat stores, the charge-discharge
process, to calculate the optimal geometric sizes and
operating parameters of those.

II. COMPARISON OF SHORT AND LONG HEAT STORES

In the charge period the hot heat transport medium
gives a part of its heat content to the solid heat storage
material by flowing through the heat store, which is cold
at the beginning of the charge period.

In case of short heat store the outlet temperature of the
heat transport medium and the solid heat storage material
are increasing soon after the beginning of the charging, in
case of long heat store they start to increase only at the
end of the charge period.

In the discharge period the cold heat transport medium
flows through the hot heat store in opposite flow
direction of the charge.

In case of short heat store the outlet temperatures of
the heat transport medium and the solid heat storage
material are decreasing soon after the beginning of the
discharging, in case of long heat store they start to
decrease only at the end of the discharge period.
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III. BASIC IDEA OF THE CASCADE SYSTEM HEAT STORE

During the charging and discharging of the long heat
store the thermocline zone is located only in a part of the
length of the heat store. It is plausible solution to divide
to sections the heat store and allow knocking-off the
sections from the flow-path of the heat transport medium.
Let’s call these sections as ducts. In case of the cascade
system heat store the heat transport medium must flow
through only the ducts where the thermocline zone is
going along. The transport power demand of the heat
transport medium can be reduced by this solution.

The heat-loss of the heat store into the environment
will be small if the heat store has small specific surface.
From the prismatic bodies the cylinder with H/D =1 ratio
has the smallest specific surface, followed by the regular
n-sided prism with H/S =1 ratio (assuming that the heat-
loss flux is approximately equal in all sides of the body).

The higher heat-loss of the long heat store (because of
its greater specific surface) can be reduced by using
cascade system of the ducts formed a spiral flow-path
layout (see later on Fig. 1.).

Out of the regular n-sided prisms the three-sided, four-
sided and six-sided are suitable to build from them
regular n-sided prisms without gaps.

IV. THE GEOMETRY AND OPERATING OF THE HEAT
STORE MADE FROM PIPE-CHANNELLED BRICKS

The pipe-channelled ducts of the heat store are regular
hexagonal prisms with metal shell and outer thermal
insulation. The metal shell holds the heat transport
medium in. The thermal insulation supports the thermal
stratification in radial direction.

The heat store is built up from pipe-channelled ducts.
The outer geometry of the heat store is of regular
hexagonal prism with H/S; ~1 ratio and cascade system of
the ducts formed a spiral flow-path layout (Fig. 1.).

The number of ducts N; is an odd one in case of full
filling, but leaving out the last duct we get an even
number, so it is possible to lock out or join in the heat
transport medium flow into any duct-pairs (duct-pair
means a pair of ducts, one downwards and another
upwards).

The hot heat transport medium is put in at the top of
the middle duct at the beginning of charge and it flows
downwards, it turns in the return band flows into the next
duct (the lower connecting of the ducts is signed with
dashed arrow) and flows trough that upwards. The heat
transport medium coming out from the second duct can
be led to the next pair of ducts. The heat transport
medium must flow through only the ducts where the
thermocline zone is going along. In the discharge period
the cold heat transport medium flows through the hot
heat store opposite to the flow-direction of the charge
(from outside to middle).

insulation

Fig. 1. The constructional layout of the pipe-channelled heat
store and arrangement in the cascade system with spiral
connection
S; — side distance of the heat store, H — bed height of a duct,
0; — thickness of the outer thermal insulation

The main sizes of a duct of the heat store can be seen
in Fig. 2.

Ne=3*nc*(ne-1)+1
N¢ (=9 pc.) (Ne=3%9%(9-1)+1=217 pc.)
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Fig. 2. Top view of a pipe-channelled duct with the main
sizes
S; — side-distance of the insulated duct, ds — whole thickness
of the thermal insulation between two ducts, n, — number of
channels along a side-length of a duct, N — total number of
channels of a duct, s — distance between the center of two pipe-
channels, s, — minimal material-thickness between two pipe-
channels
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The centres of the pipe-channels form an equal-sided
triange shape. The heat storage material which belongs to
a pipe-channel can be replaced by a pipe of equal solid
volume (drawn with dashed line in Fig. 3.).

detail A

Fig. 3. The part of the heat storage medium which belongs
to a pipe-channel and approximation principle of it
d; — inside diameter of a pipe-channel, d, — equivalent
outside diameter of the substitutional heat storage pipe

The pipe-channels of the bricks of a duct are arranged
so that they make the pipe-channels connected along the
whole duct. The whole cross-section of a duct can not be
made from a single brick — because of the cross-sectional
size of the duct.

V.BASIC DIFFERENTIAL EQUATIONS OF THE HEAT
TRANSPORT IN THE PIPE-CHANNELLED HEAT STORE

K. A. R. Ismail, and R. Stuginsky Jr. [9] have reported
an excellent comparative analysis of several models for
description of the heat transfer in the heat transport
medium and the solid heat storage material.

For both media I have chosen a bit simpler model than
the general, one-dimensional model and then I have
converted it to be suitable for the case of the pipe-
channelled model. The heat-loss boundary condition is
not included in the differential equations, because it takes
effect only at the outer ducts, the effect of it will be
calculated separately from the calculation of the
temperature-place functions.

The differential equation for the description of the heat
transfer in the heat transport medium is

ot
a;j=af ap(ts_tf)’ (1)

epsC %+w
ffat f

where t; is temperature of the flowing heat transport
medium, t; is temperature of the solid heat storage
material, o is density of the heat transport medium, C; is
specific heat of the heat transport medium, Ws is average
velocity of the heat transport medium in the flow-
channels, a, is superficial heat transfer surface area per

11

unit bed volume, ¢ is heat transfer coefficient between
the flowing heat transport medium and the solid heat
storage material, ¢is void fraction.

The void fraction ¢ in case of pipe-channelled heat
store (see Fig. 3.) is
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The superficial heat transfer surface area per unit bed
volume a, in case of pipe-channelled heat store (see
Fig. 3.) is

dr d=n 4d,
P ESZ d22 P d22
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The differential equation of the heat transfer in the heat
transport medium was discretized by applying explicit
forward difference scheme in time and upwind difference
scheme in space [10], [11].

The differential equation for the description of the heat
transfer in the solid heat storage material is

ot

ot

ot
7s+af ap(tf _ts) ’

v “)

= )“seffx

(1_8) Ps Cs

where ps is density of the solid heat storage material, Cs
is specific heat of the solid heat storage material, Agey is
effective axial thermal conductivity of the solid heat
storage material.

The effective axial thermal conductivity of the solid
heat storage material Aggy 1S

)"seffx = (1_8) 7“5 > (5)
where /s is thermal conductivity of the solid heat storage
material.

The differential equation of the heat transfer in the
solid heat storage material was discretized by applying
explicit forward difference scheme in time and centred
difference scheme in space (FTCS) [10], [11].

The heat transfer coefficient between the flowing heat
transport medium and the solid heat storage material was
calculated according to [13].

VI. THE DESIGN VARIABLES

The velocity of the flowing heat transport medium ws
has the most influence on the charge and discharge. Out
of sizes in Fig. 3. d; and s or S, are the most important
geometrical sizes which can be chosen in order to be
optimization variables together with the velocity of the
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heat transport medium wy. In the ws -d;-S or the wy -d;-S,
groups there are only two independent design variables.

The economical flow velocity in pipelines
(nonlinearly) depends on the inside diameter of the pipe
[12], but there is such a k exhibitor, with that Weyax /d,¥
and Wi, /d;* are nearly constant against to d;. This value
for the exhibitor is k=0.6. The Wimyay /d;* and Wiy, /d;* can
be used as restriction limits.

The design variables are the following

(6)

, X, =S, .

VII. DEFINITION OF THE RESTRICTIONS

A. Geometric restrictions

In case of a pipeline the upper limit of the variable X;
would be restricted by the operation cost, the lower limit
would be restricted by the investment cost. In case of the
pipe-channelled heat store there is not such lower limit,
so [ have decreased the lower limit.

Limits for design variable X; are given by

0,4 0,4

01M™ <x <12

(N

Lower limit of the size S, is restricted by the
manufacturing technology, and the upper limit is also
restricted by the minimal way-length of the heat transfer
in the heat storage material.

Limits for design variable X, are are given by

0.0l m<x,<05 m.

®)

The lower limit of the diameter of the pipe-channel d;
is restricted by the manufacturing technology and the
mountability

0.01 m<d,. ©)

For the minimal specific surface the best value of the
geometric ratio could be

(10)

B. Integral restriction

The number of channels along a side-length of a duct
N, must be integer.
C.Pressure drop restriction

The pressure drop of the heat transport medium
flowing through the pipe-channels in case of

12

incompressible medium is

Lp, 2

Ap'=Aq — W,
p g 2

an

where Ay is friction factor [14].

The pressure drop of the heat transport medium must
be restricted in order not to be necessary to install
pressure resistant shell, not to get high transport work
demand.

The upper pressure drop limit for L=2H flow-way
length according to the previous requirements is

Ap',,,<10000 Pa=0.1 bar. (12)

VIII. COMPOSITION OF THE OBJECTIVE FUNCTION

The objective function is the overall efficiency of the
heat storage. The optimal sizes and operating parameters
could be got from the maximum-point of the objective
function.

In the calculation of the overall efficiency I relate the
part of the extractable heat quantity which can be used
for heating and electric power production to the sensible
heat storage capacity of the heat store as it is here:

— Qria =Qi = Qv

: 13
Quu (13)

Mo

where Qg is the difference between the heat-content of
the heat store after charge and after discharge without
heat-loss, Q) is heat-loss to the environment through the
boundary surfaces during a charge-discharge cycle, Qy is
heat-equivalent of the transport work demand during a
charge-discharge cycle, Qcp is sensible heat storage
capacity of the heat store between the inlet and outlet
temperature of the heat transport medium at the charge.

The optimal value of the design variable can be
searched by optimization using the calculation of the
temperature-place functions during the whole length of
the charge-discharge cycle.

In case of liquid heat transport medium the mass of the
heat transport liquid (in the pipe-channels) is
commensurable to the mass of the solid heat storage
material. The heat transport liquid stores lot of heat as
well. The heat quantity Qg is

N; H \/§ d 2
T
Qug = 1[ cspch[zsz— 14 J (t, (¢, t0) -t (%, T, +74)) dx (14)
N; H d Zn
+ I cfprclT (t, (%) = t, (x, 7, +74)) dx,
0

where 7 is term of charge, 74 is term of discharge.
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The final temperature-place function of the charge of
the heat store is the initial condition of the discharge. In
the discharge period the heat transport medium flows
through the heat store in opposite flow direction of the
charge.

The heat quantity Q) is

Q=Q,+Q;;+Qy, (15)
where Q) is heat-loss to the environment through the
roof surface, Qs is heat-loss to the environment through
the side surfaces, Qp, is heat-loss to the environment
through the bottom and the ambient ground.

The calculation of the heat-loss has taken into account
the temperature of the heat store changing in place and
time.

The heat quantity Qy is approximated

(Njzre Te + Njopg Ta) M pr APy,
Qtr = P}
noh

(16)

where Njpc 1s average number of duct-pairs which are
simultaneously used during the charge, Njng is average
number of duct-pairs which are simultaneously used

during the discharge, M+ is mass flow rate of the heat
transport medium, Ap’py is pressure drop of the heat
transport medium on L=2H flow-way length, 7. is
overall efficiency of the electric power production in a
heat power station.

The heat quantity Qcap is

Qcap = Qf T, =Ms G (tf,ci _tf,co)‘ct = mscs(ts,ce _ts,cs) 5 (17)

where Qf is heat current during the charge, t;. is inlet

temperature of the heat transport medium at charge, t;, is
outlet temperature of the heat transport medium at
charge, m is mass of the heat storage material, ti¢ is
(homogeneous) temperature of the solid heat storage
material at the start of the charging, e is (homogeneous)
temperature of the solid heat storage material at the end
of the charging.

IX. BASIC DATA OF THE OPTIMIZATION TASK

I have made the calculations during the optimization
with the following main data:

=63 day=1512 h=5 443 200's, Q =2 MW, ;=400 °C,

tscs=100°C, de=0.2 m.
=58 day=1392 h=5 011 200 s.

The solid heat storage material is magnesite, its
physical properties are at tsmig [7]:

13

te mid=(ts cs s ce)/2=(100 °C+400 °C)/2=250 °C
2=23.26 W/mK, p=3500 kg/m’, ¢=1077.5 J/kgK.

The required mass of the heat storage material for an
ideal heat store: m&=33 678 t.

The heat transport medium is ionic liquid
([BMIM][BF4] 1-Butyl-3-methylimidazolium
tetrafluoroborate), its physical properties are at t;mig [15]:
tf'mid:(tf’ci+tfyco)/2:(400 0C+100 0C)/2:250 OC
A=0,1705 W/mK,  p=1037,5 kg/m®,  ¢=1774 J/kgK,
v=5,75-10° m%/s.

The final temperature-place function of the charge of
the heat store is the initial condition of the discharge.

The mass flow rate of the heat transport medium is
constant during the charge-discharge process.

The inlet temperature of the heat transport medium
during discharge is: t; ;=100 °C.

Data of the outer thermal insulation: 4;=0.0468 W/mK,
o=1 m.

Non=0.3.

I have applied the genetic optimization algorithm of
the Matlab software in order to find the optimal
geometric sizes and operating parameters of the thermal
energy store with the best overall efficiency.

X.OPTIMAL SIZES AND OPERATING PARAMETERS OF THE
PIPE-CHANNELLED THERMAL ENERGY STORE WITH THE
BEST OVERALL EFFICIENCY

The optimization process has been executed with
number of ducts Nj=1, 6, 18, 36, 60, 90, 126, 168. The
results are summarized in Table L.

The overall efficiency is increasing with the increasing
number of ducts. The increasing of the overall efficiency
is infinitesimal at large number of ducts. The reason of it
is the increasing heat-loss — because of the increasing
outside sizes. The heat-equivalent of the transport work
demand Qy during a charge-discharge cycle is much less
than the other heat quantities.

The advantage of the multi-duct type against the one-
duct type is the smaller cross-section of a duct. It is easier
to distribute the stream of the heat transport medium
along a smaller flowing cross-section than along a larger
one.

The results show that the small inside diameter of a
pipe-channel d;, the small minimal material-thickness
between two pipe-channels s, and little flow velocity of
the heat transport liquid (Ws =6.5 mm/s) are advantageous
in all cases. The optimal flow velocity is lower than 2%
of the economic flow velocity in pipelines Wpin.

At greater number of ducts the overall efficiency is
only restricted by heat-loss Q - because of the Qnig = Qcap
and Qi << Qcap.

The void fraction of the ducts £~0.001,...,0.2 is. The
void fraction of the volume of the heat store would have
to fill with heat transport liquid.
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TABLEI
OPTIMAL SIZES AND OVERALL EFFICIENCIES WITH SEVERAL NUMBER OF DUCTS

S

N; X1 X2 H L S St N d d, Sh W Qeap Quia Q Qu Mo
[1 [m"s] [m] [m] [m] [m] [m] [] [mm] [mm] [mm] [mm] [m/s] [PJ] [PJ]] [P]] [PJ] [-]

1 0.1 025 233 233 22.1 241 7057 10.1 2732 260.1 250.0 0.0064 10.89 6.35 0.81 0.00003 0.5092
6 0.1 0.09 264 1585 8.64 269 7057 10.1 1052 100.1 90.0 0.0064 10.89 9.08 0.94 0.00021 0.7471
18 0.1 0.048 257 462.1 519 26.0 7351 10.0 60.9 58.0 48.0 0.0063 10.89 9.89 0.86 0.00032 0.8296
36 0.1 0.032 25.1 904.1 3.81 262 7351 10.0 441 42.0 32.0 0.0063 10.89 10.22 0.84 0.00042 0.8619
60 0.1 0.023 253 1515.6 3.04 26.5 7351 10.0 34.6 33.0 23.0 0.0063 10.89 10.40 0.84 0.00055 0.8785
90 0.1 0.018 259 23294 254 269 6769 103 29.7 28.3 18.0 0.0064 10.89 10.49 0.85 0.00067 0.8861
126 0.1 0.015 265 33348 220 274 5941 108 27.1 25.8 15.0 0.0066 10.89 10.55 0.86 0.00078 0.8896
168 0.1 0.011 27.3 45918 196 280 6769 103 224 213 110 0.0064 10.89 10.60 0.89 0.00096 0.8917

XI. CONCLUSIONS

I have worked out the constructional and the
mathematical model of the long flow-way, pipe-
channelled sensible heat store with cascade system. The
temperature-place functions and the overall efficiency
can be calculated using the mathematical model.

I have used genetic optimization algorithm in order to
find the optimal variant of the thermal energy store with
the best overall efficiency.

The chargeable and the dischargeable heat quantity of
the multi-duct, long flow-way heat store is more than of
the one-duct, short flow-way thermal energy store with
equal mass of solid heat storage material. The
temperature level of the outgoing heat transport medium
is more advantageous in case of the multi-duct heat store
than in case of the one-duct type during the whole
charge-discharge cycle.

The heat-loss can be reduced by using heat store with
small specific surface and by allowing charge from
middle to outside and discharge from outside to middle.

The transport power demand of the heat transport
medium can be reduced by making the flow of the
transport medium only through the ducts where the
thermocline zone is going along.

According to the results of the optimization much
higher overall efficiency can be reached in case of multi-
duct type than in case of one-duct type pipe-channelled
heat store. The increasing of the overall efficiency is
infinitesimal at 60 < N;.
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