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COMPUTER MODELING OF THERMAL STORAGE WALLS

J. Michael Connolly, Carl E. Bingham and
Joseph K. E. Ortegu
Passive Technology Branch
Solar Energy Research Institute
Golden, Colorado 80401

ABSTRACT

The modeling of the three-dimensional heat trans-
fer characteristics of thermal storage walls and
the effect of nonuniform irradiation is investi-
gated. Depending on how much of the wall is irra-
diated, a small error in energy storage is intro-
duced with the one-dimensional, uniform irra-
diation assumption. The results show that these
assumptions, currently used in most passive design
codes, are adequate to predict the thermal energy
storage characteristics. However, the tempera-
ture distribution along the surface of the wall is
much different when the nonuniform irradiation
case is considered. The addition of a highly con-
ductive metal cover on the front surface of the
wall does not significantly improve the thermal
energy storage characteristics of the wall when
the wall is partially irradiated. A selective radia-
tion coating reduces front losses and improves the
energy storage capacity of the wall 9-13%.

1. INTRODUCTION

Thermal storage walls are important and common
in passive solar building designs. They have been
examined using a number of simplified heat trans-
fer models. These models generally treat the wall
as a one-dimensional heat transfer problem with
uniform heat input and use constant heat transfer
coefficients over the entire surface area of each
face of the wall. It has not been shown that such
simplifying assumptions are justified.

This paper numerically investigates the three-
dimensional heat transfer characteristics of both
conventional and composite thermal storage
walls. The effects of nonuniform heat input end
convective film coefficients that vary both with
position and wall temperatures are examined.
Also, in an attempt to reduce energy losses from
the front surface during charging, a highly conduc-
tive metal front cover attached to the wall is in-

vestigated with and without selective radiation’

coatings. The analysis of the multimode, three-
dimensional heat transfer phenomena that this
study addresses is made possible by the use of the
generalized heat transfer program MITAS (1], de-
veloped by the aerospace industry.

The results of the investigation indicate that the
conventional one-dimensional, uniform irradiation
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assumptions made by currently available passive
design codes are adequate to predict the thermal
energy storage characteristics of mass walls.
However, the temperature distribution between
the uniformly end nonuniformly irradiated cases
studied are quite different. This indicates that
three-dimensional analysis may be necessary in
cases where realistic temperature distributions are
necessary. Addition of a highly conductive metal
front cover to the wall does not significantly re-
duce energy losses from the front surface, nor
does it improve the thermal storage characteris-
tics of the wall. However, addition of a selective
radiation coating reduces the front losses off the
wall and improves its energy storage capacity by
about 9-13%.

2. DESCRIPTION OF THE MODEL AND SIMU-
LATION METHOD

The 152-node thermal network model used to in-
vestigate the behavior of a mass storage wall is
depicted in Fig. 1, along with a resistance/ capaci-
tance network schematic of a general node on the
wall surface. The network is described using three
types of nodes: diffusion, arithmetice, and bound-
ary. Diffusion nodes have thermal capacitance
and have the ability to store energy. The future
temperature of these nodes are computed by a fi~ -
nitedifference routine representing the diffusion
partial differential equation. = The arithmetic
nodes have no thermal capacitance and thus no
ability to store energy. Their future temperatures
are cornputed by a finite-difference routine repre-
senting Poisson's partial differential equation.
MITAS has three transient execution routines
available to solve the finite-difference network:
forward, backward, and central differencing. The
explicit forward differencing technique is used for
this study because it has the least energy imbal-
ance and smallest computer run time for the num-
ber of nodes and the solution time step chosen.
The time step used for the solution is three min-
utes. This is well below the minimum time step
necessary to satisfy the forward differencing sta-
bility criteria of 12 minutes for the cases involving
a metal front cover. Radiation conductors are not
linearized. The execution routine solves an explic-
it quartic equation on nodes with radiation condue-
tors. Both the small time step and mannet in
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Fig. 1. Mass Wall Thermal Network Schematic.
The 152-node thermal network model used in this

* study to investigate the performance of thermal

storage walls is shown (a) along with a resistance/
capacitance schematic of a surface node on the

left edge of the wall.

which the radiation conductors are handled add to
the stability and convergence of the solutions
obtained. An integral energy balance is computed
every time step by summing the wall heat losses
and net energy storage and subtracting the total
heat sources applied to the wall. This system en-
ergy imbalance is less than one percent of the heat
sources applied to the wall.

‘I'he resistance elements shown in the schematic
raprasant guuduvtion, conveewsn, and radiativn
couplings in the netw0fk. A constant absorbed
heat flux of 200 Btu h™! ft™2 ip applied to various
areas of the front surface (20%, 60%, 100%) for
the first six-hours of the simulation. After this six
hour charging period, no heat flux is applied and
the wall is allowed to discharge for the next 18
hours. The convection conductors were evaluated
every time step using the average natural convec—
tion constant temperature correlations [J:

Concrete

Q 70°F

MG = 0.59 (Gr Pr)0 %5,

9

10t < Gr, Pr < 10° (laminar),
Nu = 0.13 Grp, Pr)0°333,
10 <aGrp Pros 10’2 (turbulent),

where Grp, is the Grashof number based on the to-
tal height of the wall and an average surface tem-
perature of the five surface nodes alang the height
of each of the five vertical strips. The Prandtl
number, Pr, of air is assumed constant at 0.72, and
Nu is the average Nusselt number. The convection
coefficient is ealculated from the average Nu and
applied to each of the five individual nodes along
the strip.

"The radiation coupling coefficients are calculated

from e¢Ao, where e is the surface emissivity, A is
the nodal area, and ¢ is the tefan-—Bol mann con-
stant (1.713 x 107 Btu h'! ft™% °R™%), * This as-
sumes the gray-body approximation for radiation
to a black-body environment with a view factor of
1. The condiction couplings are calculated from
KA/L, were K is the material thermal conductivi-
ty, A is the cross-sectional area for heat transfer,
and L is the path length separating node centers.
The same network is used both for concrete and
metal front surfaces. The only change is the con-
ductivity of the front surface node couplings
between the two cases. An identical thermal ca-
pacitance for these nodes (one-inch concrete) is
used in all cases. This is done because the objec-
tive of this analysis is to compare the thermal
storage enhancement due to a highly conductive
front surface material and not an increased capac-
Hance effect. ‘Taple ! 1ists the thermophysical
properties used in the simulation.

Both front and back face boundary temperatures
are held constant at 70°F, The back face is al-
lowed to radiate and convect to the boundary node
using a constant emissivity of 0.8 unq a cgnatm t
convection coefficient of 0.4 Btu h™' ft™° °F™ %,
Detailed temperature-varying calculations of the
éonvective heat transfer coefficients on the back

Table 1. THERMOPHYSICAL PROPERTIES USED IN MODEL

Thermal Specific
) Denaitya Con uc‘.-tilvity Hea 1
Component Material Emissivity (LBM ft™°) (Btuh! it~ oF~1) (Btu LBM™" °F™*)
Wall  Concrete 0.8 1318, 0.76 0.21
Cover  Aluminum  0.8% 131.8 110.0 0.21

go.z used in selective surface studies.
Same as concrete (see text).



o

surface have very little influence on the compara-
tive results and thus are not warranted. An energy

balance summary as well as nodal temperatures .

are printed out at hourly intervals for each case
simulated.

3. RESULTS
3.1 Uniform Irradiation Assumption

The first simulations investigate the uniform irra-
diation assumption on the homogeneous concrete
storage walls. The model is run for 20% and 60%
of the wall irradiated dlscretely, starting from the
left edge of the wall and moving to the right. The
model is then run using the identical total heat
input .as in the 20% and 60% cases, but uniformly
applying the heat to all the front surface nodes.
The results of this case are shown in Figs. 2a and
2b, where the integrated net energy stored in the
wall, normalized to the incident radiation, is
plotted versus charging time. Figure 2c shows the
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Fig. 2. Effect of Nonuniform Irradiation. Most
passive models assume that when solar radiation is
applied to a storage wall, the energy is distributed
uniformly on the surface. The effect of this as-
sumption is shown for cases where (a) 20% and (b)
60% of the wall surf&ce is irradiated discretely
with 200 Btu h'! ft In the uniform. cases
dePlcte above, an equi fl heat flux of 40 Btu

and 120 Btu h™ , is distributed uni-
formly over the entire wall surface for the 20%
and 60% cases, respectively. Each value repre-
sents the integrated energy stored normalized to
the incident energy. Figure 2(c) shows the stored
energy as a function of percent irradiation inte-
grated over a six-hour churying period.

integrated six-hour normalized storage .value ver-
sus percent area irradiated. The discrepancy in
the uniform irradiation assumption is greatest for
the 20% irradiation case, where approximately 7%
less storage is noted at six hours for the discretely
irradiated case. This effect is almost entirely due
to convection loss. In the case of uniform irradi-
ation, the entire surface area is at a modest uni-
form temperature of 83°F at six hours. The Gry Pr
for this case is in the loviﬁr range of the turbulent
regime, slightly over 10 r w1 h a i‘esultmg film
coefficient of 0.53 Btu h™! In the dis-
cretely irradiated case, the m'adlated strip is at
129°F and the remammg area of the front surface
is still near the initial 70°F at six hours. The first
strip has a Gry Pr number of 1 rfsultl in a
film coefflclen[f of 0.84 Btu h~ ft The.
total convection loss rate for the dxscretely m-adi-
ated case is 30% higher, for the whole surface,
than the uniform irradiation case at six hours.

The difference in energy stored is more predomi-
nant in the 20% irradiated case because the as-
sumption between discrete and uniform irradiation
has its largest disparity in this case. As irradia-
tion time increases and surface temperatures con-
tinue to rise, the effect becomes more apparent.
This is shown in Fig. 2a, where the dlscrepancy in
integrated energy stored at two hours (4%) is less
than the difference at six hours (7%).. The radia-
tion loss in the discrete case is also increased
above the uniform case (3% at six hours) because
of the elevated temperatures, but not nearly as
significantly as the increased convection loss.

Normalized energy stored during the discharge
eycle is shown in Figs. 3a and 3b. Discharge is un~
affected by the irradiation assumption during
charging, with the exception that there is slightly
more energy available in the wall if the uniform
assumption is used.

3.2 Composite Walls

A highly conductive (one-inch thick aluminum)
metal surface is simulated as the frunt cover of
the mass storage wall in an attempt to reduce sur-
face temperatures by spreading the absorbed
energy over more of the storage wall surface
during periods of partial irradiation. It is hypothe-
sized that reduced surface temperatures will lead
to a reduction in front surface heat loss and a
corresponding increase in wall energy storage.
The results of this study are shown in Figs. 4a and
4b for 20% and 60% irradiated area, respectively.
The normalized energy storage is plotted against
charging time for the case with and without the
metal cover. Figure 4c shows the integrated six-
hour normalized storage value versus percent area
irradiated.

The use of the aluminum cover adds very little
(less than 3%) to the storage capacity of the
wall. This behavior is due to compensating ef-
feets. As expected, the magnitude of the front
surface temperature is reduced, and the lower
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Fig. 3. Nonuniform Irradiation: Discharging. The
effect of the uniform irradiation assumption on
the normalized energy in storage during the dis-
charge period for (a) 20% and (b) 60% of the wall
surface is shown.
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Fig. 4. Highly Conductive Metal Front Cover:

Charging. The effect of a one-inch aluminum
cover on the front surface of the storage wall is
depioted for cases where (a) 20% und (b) 50% of
the wall surface is irradiated discretely. Each
value represents the integrated energy stored

normalized to the incident energy. Also shown is

the normalized energy stored versus percent irra-
diation integrated over the six-hour charging peri-
od {(e).

front surface temperatures result in decreased
heat loss. However, this effect is offset by in-
creased heat loss associated with having the non-
irradiated surface area at a higher temperature.
The net effect is essentially no change in energy
storage capacity of the wall. The storage capacity
is ultimately limited by the relatively low thermal
conduectivity of the concrete storage material.
This can be improved by increasing eonductance
into and through the wall [3].

The small increase in storage that the metal cover
does accomplish is from a reduction in convection
loss because of lower temperature. This is very
similar to the phenunienon encountered in the uni-
form versus descrete irradiation study. However,
the reduced convection loss in this case.is not as
pronounced as in the uniform irradiation case. The
metal cover, even though highly conductive, does
exhibit some temperature gradients, wmch lead to
ingreased conveetion losses.

3.3 Selective Surface

The application of a selective radiation coating
enhances the thermal storage characteristics of
the wall by as much as 13%, as shown in Figs. 5a
end 5b. This is consistent with the finding in Ref.
3. The front surface emissivity was changed from
0.8 to 0.2 to simulate the selective coating. Using
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Fig. 5. Highly Conductive Metal Front Cover with
a Selective Surface: Charging. The effect of a
one-inch aluminum cover, with selective surface-
(emissivity € = 0.2), is depicted for the case where
100% of the surface is irradiated (a). Each value
shown is the integrated energy stored normalized
to the incident energy. Also shown is the energy
stored after the six-hour charging period, versus
percent irradiation (b).



the 0.8 emissivity and the metal cover, the distri-
bution of front losses are 55% radiation and 45%

‘convection during charging.' Using thé selective . '

surface, the losses are 24% radiation and 76% con-

vection. Even though the distribution between

‘fadiation and convection losses has changed signif-
icantly, the total losses are reduced only 9-13%.
" This is.because using a selective radiation coating
increases surface temperatures and the resulting
temperature-dependent convective film coeffi-
cients. Figure 6 depicts the effect of the selec-
- tive'surface on the discharge cycle. The normal-
ized energy in storage during discharging is plotted
versus time. The additional energy stored (in the

‘. selective surface case) during charging is available

for release during discharging.

.100% Irradiation

' OStored/olncident
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68 12 16 20 24"
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Fig. 6. Composxte Wall with Selectwe ‘Surface: "
Discharging, - The effect of the selective surface
during ‘the dlscharge period is shown. The nor-

malized energy in storage during the discharge
,penod is plotted agamst tlme. ’

. 4. CONCLUSIONS

The major coneclusions reached in this study are as °

follows:

(1) The assumption of uniform irradiation,
one-dimensional heat transfer, used to analyze

thermal storage walls, is adequate to predict the

overall energy storage of the wall, but will not
predict realistic temperatures when the wall is
shadowed or nonuniformly irradiated. .

(2) Using a metal front cover to enhance the

storage characteristics of ‘the. wall during periods -
of -.partial irradiation improves the performance by .

less than 5% and is unwarranted.

(3) Using a selective radiation coating on the
front surface of a storage wall can improve the
performance by 13%.
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