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COMPUTER MODELING OF THERMAL STORAGE WALLS 

J. Michael Connolly, Carl E. Bin~ham and 
Joseph K. E. Ortegt1 

Passive Technology Branch 
Solar Energy Research Institute 

Golden, Colorado 8040 l 

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-dimP.nsional, 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%. 

I. INTRODUCTION 

Thermal storage walls are important and common 
in passive solar building designs. They hRVP. 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 co11stant heat tr1µ1sfer 
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 eifects of nonuniform heat input and 
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 [l], de­
veloped by the aerospace industry. 

The results of thP. 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 and 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, arithmetic, 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
nite-difference 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 computed by a finite-difference routine repre­
senting Poisson's partial differential equation. 
MIT AS 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 
ne·cessary 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 conduc­
tors. Both the small time step and manner 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 hea:t 
sources applied to the wall. 

The resistance elements shown in the schematic 
r~r;,r,M~nt ..,v111JuuLlon, oonveetion, and radiatiun 
couplings in the netwof k. A constant absorbed 
hpat. fluv i;,f 700 Btu h- n-2 ia applied to various· 
areas of the front surface (20·%, 6096, 10096) 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 conve~ 
tion constant tern"°erature correlations [:.!] 1 

Nu= 0.59 (GrL Pr) 0•25 , 

104 -::; GrL Pr -::; 109 (l!lllinar), 

Nu= 0.13 (GrL Pr) 0•333 , 

109 < GrL Pr ~ 10 12 (turbulent), 

where GrL is the Grashof number based on the to­
tal height of the wall and an average surface tem­
perature of the five surface nodes alnng 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 calculated from the average Nii and 
applied to each of the five individual nodes along 
the strip. 

The radiation coupling coefficients are calculated 
from iAa, where i is the surface emissivity, A is 
the nodal area, and9 a is the ptefr-Bo].P,mann con­
stant (1.713 x 10- Btu h- Ct- 0 R ). 'This as­
sumes the gray-body approximation for radiation 
to a black-body environment with a view factor of 
1. The conauction couplings are calculated from 
KAIL, 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 
stor11gP. P.nhano:-emoent due to a highly conductive 
front surface material and not an increased cap11e­
l lw1ce eltect. Tao!e l lists 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 const11nt ""missivity of 0.8 ani a ~notrult 
convection coefficient of 0.4 Btu h- fC °F- • 
Detailed temperature-varying calculatio11~ Qf the 
c6iwective heat transfer coefficients. on the back 

Table 1. THERMOPHYSICAL PROPERTIES USED IN MODEL 

DensitY, 
Component Material Emissivity (LBM tt-3) 

Wall 
Cover 

Concrete 
Aluminum 

0.8 
o.sa 

~0-2 used in selective surface studies. 
Same as concrete (see text). 

0.76 
110.0 

Specific 
Heat 

(Btu LBM-l op-l) 

0.21 
0.21 

,. .. 



. :, .. 

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. RPSULTS 

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 2096 and 60% 
of the wall irradiated discretely, 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 2096 and 6096 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 

- 1.0 
C 
GI 
'O . 9 
·u 
C 

.8 

~ 
'O 
S! 

.7 

~ .6 

0 5 

20% Irradiation _,.o 60% Irradiation 
C 
GI 
:!:! .9 
u 

J .. 8 

' 'O .7 
S! a .6 

0 .5 
3 5 2 3 

Time (hrs) Time (hrs) 
(a) (b) 

-uniform 
--- Non-Uniform 

After 6 Hour Charging 
- 1.0.---------, 
C 

~ .9 
·.; 
C .8 

0 
' 'O .7 

~ 
£ .8 

0 .5 .__ ............... ___ ...._.._. .... 
Oall4080801111 

%Irradiation 
(c) 

5 8 

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) 2096 and (b) 
6096 of the wall 1 surf~ce is irradiated discretely 
with 200 Btu h- fC . In the uniform. cases 
depicte~ above, an equivfen~ heat flux of 40 Btu 
h- fC and 120 Btu h- fC , is distributed uni­
formly · over the entire wall surface for the 2096 
and 6096 cases, respectively. Each value repre­
sents the integrated energy stored normalized tQ 
the incident energy. Figure 2(c) shows the stored 
energy as· a function of percent irradiation inte­
grated over a six-hour chiiri:ing period. 

integrated six-hour normalized storage .value ver­
sus percent area irradiated. The discrepancy in 
the uniform irradiation assumption is greatest for 
the 2096 irradiation case, where approximately 796 
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°"P at six hours. The GrLPr 
for this case is in the lo~r range of the turbulent 
regime, slightly over 10 l' wi~h a resulting film 
coefficient of 0.53 Btu h- fC ° F- • In the dis­
cretely irradiated case, the irradiated strip is at 
129°F and the remaining area of the front surface 
is still near the initial 70" F at six hours. The first 
strip has a GrLPr number of 1~11, r1sultipg in a 
film coefficienl: of 0,84 Btu h- ft- ° F- • The. 
total convection loss rate for the discretely irradi­
ated case is 3096 higher, for the whole surface, 
than the uniform irradiation case at six hours. 

The difference in energy stored is more predomi­
nant in the 2096 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 discrepancy in 
integrated energy stored at .two hours (4%) is less 
than the difference at six hours (796) •. 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 
cycle 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 front 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 2096 and 6096 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 396) to the storage capacity of -the 
wall. This behavior is due to compensating ef­
fects: As expected, the magnitude of the front 
surface tP.mpP.rature is reQ1,1ced, 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 on~inch aluminum 
cover on the front surface of the storage wall is 
depioted for cases where (&) 20CJ6 and (b) 60% 61" 
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 (c). 

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 
conductivity of the concrete storage material. 
This can be improved by increasing conductance 
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 
similOI' to the phenumenun encountered in the uni­
form versus descrete irradiation stuey. However, 
the reduced convection loss in this case is not as 
pronounced as in the uniform irradiation ~ase. ·The 
metal cover, even though highly conductive, does 
exhibit some temperature gradients, which lead to 
ir1r:reased convection lossee. . 

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. Sa 
and Sb. 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 effeot of a 
one-inch aiuminum cover, with selective surface· 
(emissivity 1; = 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). 
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the 0.8 emissivity and the met.al cover, the distri­
bution of front losses are 5596 radiation and 4596 
·coryvec"ti6n during· charging.· Using· the serective·:" · 
surface, the losses are 2496 radiation and 7696 con­
vection. Even though the distribution between 
radiation and convection losses·has changed"signif- ., . 
icantly, the total losses are reduced only 9-13%. 
This is. be.cause 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 

. ·sel~_ctive surface case) during charging is available· 
for release during discharging • 

. 100% Irradiation 
.s~-----~ 

~.7 

"O 

·g .8 ' 

c;;r .S \ C•0.2 

"O " ~ .4 "~=0.8 

r:JI' .3 ...... , ..... 

' .2 .__.__._,_..._....__.__,._ 
6 8 12 16 20 24 . 

Time.Jh~si 

Fig. 6. Composite Wall with Selective ·surface:. 
Discharging, :. The effect of t'he selective surface . 
during the .discharge period is shown. The nor­
malized energy in storage duri_ng the discharge 
period is_plotted against time. 

•• CONCLUSIONS 

The major conclusions 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 
shadowe_d 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 596 and is··unwarranted. · · · · · · 

(3) Using a selective radiation coating on the 
front surface of a storage wall can improve the 
performance by 1396. 
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