NUMERICAL MODELING OF AN OPTIMAL HEAT ACCUMULATOR WITH PHASE CHANGE
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The paper provides a procedure for and the results of the mathematical model-
ing of an optimum heat accumulator with phase change which operates with peri-
odic recharging from a solar energy concentrator. Calculations have been
carried out for two types of heat transfer media with laminar and turbulent
flow conditions of the media.

Heat accumulators (HAs) are included in energy systems which have variations in the
capacity of the heat source or in the energy requirements and are used for purposes of sta-
bilization and increasing the efficiency and energy economy of such systems. Heat accumula-
tors are based on heat-capacity properties, phase changes, reversible chemical reactions,
or adsorption—desorption processes of a material, and are classified according to the level
of the working temperature, the scale of the application, and the length of the charging—
discharging cycle [1-3].

The HA being considered in this paper is a high-temperature, short-term device based
on a phase-change phenomenon (melting—solidification) which is charged from a solar energy
concentrator and operates as part of a transport energy unit. As the initial construction
of the device (the choice of which can considerably influence the results of the investigation)
a HA design was selected (Fig. 1) whose operating principle has been given in the description
of the device [4]. The main difference of the HA being investigated from analogous devices
[2] consists of the method of inputting the radiant stream, which falls onto a receiving
window filled with focons which undergo a continuous transition into hollow narrow light
channels with partial absorption, and of a dense (bulk) packing of heat-accumulating elements
(HAEs). This construction of the radiant energy receiver makes it possible to put together
a HA package made up of standard modules each of small capacity, and also makes it possible
to achieve a significant decrease in the volume of the HA, its mass, and the area of its
shadow on the concentrator compared to the corresponding parameters for analogous devices
[2]. The latter consist of conico-cylindrical volumes with the spaces on the internal side
surfaces and base filled with HAEs, which leaves a considerable part of the volume empty
with a concentration of the mass in the side walls near the surface layer.

For developing an optimal HA within the framework of the design which has been selected
[4], i.e., in order to determine its optimum characteristics [with respect to mass, hydraulic,
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Fig. 1. Construction of heat accumulator.
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geometrical and light-absorbing properties (in the light channels)] and to analyze the system,
it is necessary to carry out mathematical modeling of the device. Its design is represented
in the form of a sequence of interacting computational blocks:

1. The selection (or correction) of the initial constructional model of the HA.

2. The specification in the initial approximation of the field of the temperature T*
at the surface of the heat removal channels at the moment T = 1% at which the illuminated
period of the operating cycle of the HA begins.

3. Specification of the optimization conditions and of the free parameters.

4. Solution of the problem of optimizing the HA. The results of this give the mass,
hydraulic, and geometric characteristics of the optimum device.

5. Solution of the problem of heat transfer in the HAEs for the parameters resulting
from block 4 for the shadowed period (discharge of the HA) of the operating cycle and up
to t = 1%. The results of this provide the thermal state of the HAEs in this period, and
in particular, the temperature field T * (1%, P) of the heat removal surfaces. Calculations
are made of the thermoelastic state of the uniformly loaded walls of the channels with subse-
quent checking of the conditions for strength, and corrections are made, as required, for
the wall thickness § and cross-sectional dimensions of the channel. The conditions are passed
back to block 4 through the calculated distribution T* = T *. The iteration process between
block 4 and block 5 is continued until the geometrical parameters of the HA and the fields
of T* and T.* converge to the required accuracy.

6. Specification (or correction) of the distribution of the heat flux density q over
the surface of the light channel.

7. Solution of the problem of heat transfer in the HAEs for the parameters resulting
from blocks 4~5 and taking into account the data of block 6 for the illuminated period of
the operating cycle (charging of the HA). The results give the thermal state of the HAEs
after the period of calculation, and. in particular, the temperature field TC* (TC*, P) at the
moment of time T.* corresponding to the minimum temperature of the heat transfer medium at
the exit from the HAEs. This is fed back to block 6. The iteration process between block
6 and block 7 is continued until no further correction to the flux distribution q is required
to ensure stability of the characteristics of the heat transfer medium at the exit of the
HAEs and uniformity of the melting of the heat accumulating material (HAM) over its volume.
In the last iteration calculations are also made of the thermoelastic stresses in the walls
of the heat-receiving channels, with corrections, as required, in the wall thicknesses or
in the cross-sectional dimensions of the channel, and then the information is transferred

to block 4 with the specification of new calculated values 1% = 1% and T* = T *.

In order to establish that stability exists in the operation of the HA, the calculations
are repeated for several working cycles. Still further investigations can be carried out
with corrections either to the conditions of optimization and the free parameters (passing
back to block 3), or to the initial constructional design (passing back to block 1).

The target function of the optimization problem is the mass m of the HA, which is made
up from the mass of the heat insulation, the focons, the devices for feeding and drawing
off the heat transfer medium, the heat accumulating material, and the walls of the HAEs.

The mass is a function of the geometric dimensions of the HA, its capacity, the density of
the heat accumulating material, the density of the material of construction, the angle of
convergence of the focons, the latent heat of phase change, and the type of heat insulation:

m = g, (Lchs> Puams P s % Ry,a b, v, £, 1), (1)

In order to ensure the temperature driving force required in the energy system, a lower
limit is introduced for the temperature of the heat transfer medium at the outlet from the
HAEs:

(Tp — Och}/(Tp —Bp) Ler. (2)

Maintaining a high efficiency of the system requires the imposition of an upper limit
on the relative pressure drop of the heat transfer medium in the channels of the HA:

(Po— Py ) Po<Lep. (3)
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A limit is alsc placed on the leakage of heat through the thermal insulation of the
HA:

QOutTc/EggF (4)
and the losses in reflecting the radiant flux directed from the concentrator onto the focons
of the receiving window of the HA:

@Dy +e<-s . ()

By using analytical solutions of the steady-state equations of heat transfer and of
the motion of the heat transfer medium averaged over the cross section of the heat removal
channels, with the condition that the temperature at the surface T} of the channels is rep-
resented in the form of the power series
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and taking into account the equation of state P=pR.8, the expression for the mass flowrate
Q = puF, and semi-empirical formulas for the coefficient of hydraulic resistance £ and the
heat transfer coefficient o, the mass function (1) and the optimization conditions (2)-(5)
can be represented in the form of sums of polynomials of nonnegative variables. As a result,
the mathematical statement is reduced to a problem in geometric mathematical programming

[51:

m=go(x)—>min, g;(x)<1, i=1,2,
where

g:(x) = Z cfnxj"*v’, i=0,1,2 ¢*=const, xC R™
b=} {=1
The solution of the latter is carried out by the method of condensation using a polynomial
approximation algorithm [6]; the programming was carried out in FORTRAN-4 language.

The determination of the thermal state of the HAEs, a diagram of which is given in Fig.
1, consisted of solving the problem of a two-dimensional unsteady-state heat transfer in
the zone of the HAM with a moving phase boundary and the one-dimensional quasi-steady-state
problem in the heat recovery channel. The simplified statement of the problem for the heat
transfer medium is valid, since the characteristic time for heat transfer in the channel
is much smaller than the analogous parameter for the zone of the HAM, and the channel length
is much greater than its width.

In solving the Stefan problem use is made of the principle of "spreading out" the heat
of phase change with respect to the heat capacity of the HAM in the A-vicinity of the temper-
ature of phase change; in this case, the boundary of the front cannot be clearly isolated
[7]. By introducing the Dirac §-function, the heat conduction equations for the solid and
liquid phases together with the conditions at the phase interface [p can be represented in
the form

ley (T) + 1 (T —Tp)]gl: div (A (T) grad T), (7)
i
where c¢,(T) = p(T)ep(T); r, = p(Tr;
o(T) = Ps» T<Tp, CP(T)—_—-{CPS’ T < Ty, AT) = Ay, T< Ty,
va T>TP7 CPL, T>Tp, }\,L, T>Tp
The boundary conditions are:

on the ends of the heat-accumulating elements,

or| _ar

0z |r, 02

Ty
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on the surfaces of the heat removal channels,

a

A(T) » = a(Tlr 0 (2, 1), (9)

ch
where the temperature of the heat transfer medium ©(z, 1) is recalculated on the basis of
the energy balance equation

00
QCP‘E)‘Z” = ay (T, — @), ©(0) = 8,

for each time step of the difference analog (7);

on the input surfaces,

A(T)lﬁz = q(z, 7). (10)
dx N}

For finding numerical solutions of Eq. (10) with the boundary conditions (8)-(10) given
above, the 8-function is replaced by the delta-like function §(T — T,, A), which is similar
to it. In this case, the temperature of the melt must exceed the temperature of phase change
Tp by the amount A.

The initial condition then has the form
T(t=0)=T,+ A
The expression c,(T) + r;8(T — Tp, 4) from Eq. (7) is approximated by the function
p(T) {A exp(—UT —Tp)/AP) -+ Bth (3(T —Tp)/A) + C};

the coefficients A, B, and C are determined as functions of the characteristics of the HAM
from the conditions
. Ty
cp (T = crs ¢ (Ty) = Crp, { cp(T)dT = cps (Ty —T9) + cpp, (T—Tp)+1,
T
L

where Ty and T,, are the lower and upper boundaries of the range of working temperatures of the
HAM in the problem being considered.

The Stefan problem stated in this way is solved by the finite element method. On the
basis of the temperature fields which are obtained, the same method is used to calculate
the thermoelastic stresses in the walls of the heat extraction channels of the HAEs and then
the strength limits are checked:

lgw | < 02,/2-

The temperature values on the surfaces of the heat recovery channels at the moment of
time T = T% are approximated by the power polynomial (6), and are used for the next iterative
solution of the optimization problem. The calculations of the thermostressed states are
carried out to the thin-plate approximation taking into account the transverse loading P, [8].

The mathematical modeling of a HA of the assumed construction [4] was carried out for
a series of variants of the device, and in particular, with turbulent and laminar flow condi-
tions of the heat transfer medium in the heat recovery channels, with different heat-accumu-
lating materials and heat transfer media, and with variations of the other free parameters
in the optimization problem.

The determination of the geometric, mass, and hydraulic characteristics of the optimum
HA according to the procedure proposed above under conditions of turbulent flow of the heat
transfer medium in the channels requires three to four iterative solutions of the optimiza-
tion and Stefan problems, and two iterations under laminar flow conditions. In the latter
case the calculations are simplified, since their results depend only slightly on the limit
(2) on the heating of the heat transfer medium in the channels (in contrast to the case with
turbulent flow), and consequently, they depend only slightly on the solution of the Stefan
problem after the shadowed period.
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Fig. 2. Dependence of the mass of the optimal HA on the Reynolds

number for various pressures P, in atm: 1) 2; 2) 4; 3) 6; 4) 8;
5) 10.

Fig. 3. The mass of the optimal HA as a function of the pressure
P, (atm): 1-3) under laminar flow conditions; 4-6) under turbu-
lent flow conditions; a) LiF; b) LiOH; c) 80% LiOH—20% LiF.

The characteristics of the optimal HA differ appreciably for these two cases. For the
case of trubulent flow conditions in the channels, the longitudinal dimension of the appara-
tus L, exceeds the transverse dimension Ly, by 2 to 38 times over the range of capacities 2.5-
25 kW and pressures P, = 1-10 atm. In the laminar construction, a flat structure results,
and the ratio LZ/Lxy falls from 0.16 to 0.08. From an analysis of the mass characteristics of
HAs of equal capacity it follows that equipment having laminar flow conditions of the heat
transfer medium has a mass 20-307% greater than that of the HA variants having turbulent flow
conditions, differs by being more complex to manufacture (a considerably larger number of
HAEs is required, and these have narrow, high-precision channel sizes), and there are consid-
erable heat losses by re-radiation from the receiving window during the charging period (10-
15% compared to 1-3% for the equipment with turbulent flow conditions). Figure 2 shows the
masses of HAs of capacity 25 kW for both flow regimes as a function of the Reynolds number.

The choice of the HAM in the range of working temperatures 700-1100 K is determined
by the requirements with respect to cyclability, the value of the heat of phase change, and
the chemical stability of the materials of construction to it [1]. Investigations of HAs
carried out for lithium fluoride LiF, lithium hydroxide LiOH, and the eutectic 807 LiOH—207
LiF show that the minimum mass characteristics under turbulent flow conditions in the channels
occur in a unit with the eutectic as the HAM, while under laminar flow conditions, this occurs
with lithium fluoride.

The results given below were obtained for the case of turbulent flow conditions of the
heat transfer medium in the heat recovery channels.

Calculations for equipment using xenon and helium—xenon mixtures as the heat transfer
medium show that the second variant has an advantage as the result of the greater heat trans-
fer intensity. For example, for a capacity of 25 kW the length of the heat recovery channels
appears to be 40-457 shorter than in the case where xenon is used as the heat transfer medi-
um, and the mass of the HA is smaller by 30-457 over the range of pressures at the inlet
to the heat recovery channels from 4 to 10 atm.

As the pressure P, is increased the mass of the HA falls off asymptotically, reaching
a practically constant value m* at the pressure P,* (see Fig. 3). The value of Py* is a
function of the capacity of the unit, the type of heat transfer medium, and the HAM, and
the limiting value of mass m* of the HA is reached at smaller values of the pressure P*
as the capacity of the unit increases.

The ratio of the heat recovery channel lengths of the optimum HA calculated by numerical
modeling and of the ideal HA characterized by a constant value equal to T, of the temperature
of the heat recovery surfaces has values of 1.3-3.6 for the different variants of the equip-
ment and as a function of condition (2). When the condition is specified that the temperature
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0. of the heat transfer medium at the outlets of the channels should be close to T,, then
about a half of the outlet part of the HAEs remains filled with melt at the end of the shadowed
period of operation.

The final modeling results show that by means of varying the distribution of the heat
flux being absorbed by the surfaces of the light-pipes it is not possible to achieve a state
of complete melting of the HAM during the jilluminated period: 6-77% of it in the corner zones
of the HAEs remains in the solid form, while a part of the melt appears to be overheated.

At the same time, the distributions which have been selected make it possible to satisfy
the stated optimization conditions over specified ranges.

The analysis of the solution of the problem of thermoelasticity in the plates taking
into account the transverse loading P, indicates the necessity of modifying the slot channels
for heat removal (for circular channels the strength conditions are more than satisfied),
for example, by introducing transverse separating walls. In this case at a pressure of P, =
10 atm, for example, the ratio of the size of the transverse sides of the channels in the
cross section should not be greater than four. ZFrom the analysis of the thermal stresses
it was also concluded that it was preferable to use the eutectic mixture as the HAM both
because of the smaller mass of the HA in this case and also from the point of view of the
strength of the construction. In this variant of the HA less massive characteristics of
the device are found at the lower values of the pressure P, of the heat transfer medium,
and hence, at smaller stresses in the construction elements.

As a result of the investigations of the HA arrangement being considered here [4] opti-
mal parameters have been obtained for several variants of the equipment; the results confirm
that the efficiencies exceed those of analogous foreign HAs. For example, approximate cal-
culations for the analog [2] compared with the data obtained for the construction being in-
vestigated here show that the energy-specific mass of the analog exceeds the corresponding
parameter for this construction by 1.3-2.0 times in the capacity range from 2.5 to 25 kW.

NOTATION

m) mass; E) quantity of energy; q) heat flux density; T, 0) temperatures of HAM [heat
accumulating material] and of heat transfer medium; P) pressure; cp, A, o) heat capacity,
thermal conductivity, and heat transfer coefficient; r) latent heat of phase change; RT)
gas constant of heat transfer medium; Q) mass flow rate; p) density; u) velocity; F, x) area
and perimeter of transverse cross section of channel; Rh) hydraulic radius; L) linear dimen-
sion; a) thickness of layer of HAM in symmetrical part of HAE [heat accumulating element];
c) thickness of light pipe; &§) wall thickness; v, ¢) angles between the plane of symmetry
of the focon and, respectively, the surface of the focon or the direction of the incoming
radiant flux; np) maximum number of reflections of the light beam from the surfaces of the
focon; €p, e, sE) relative deviations of P, T, and E; t) time; o) stress; of) ultimate
[limiting] strength; subscripts: c) calculated; ch) channel (or final value); L) liquid
phase; 0) initial value; p) phase change; s) solid phase; w) at channel wall.
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