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1. INTRODUCTION 

Residences and o ther ' space  conditioned s t ruc tures  provide 

I - 
thermally acceptable conditions t o  occupants i n  a temperature range 

t h a t  may be expected t o  be a subinterval  of a "Comfort Range." 

Definit ion of a Comfort Range i s  generally based on a number of 

fac tors ,  some of which a r e  necessar i ly  subjective.  we may, 

0 
however, s e l e c t  the  in te rva l  65OF-75 F (18.33O~-23. 8g0c) as  charac- 

t e r i s t i c  of the  Comfort Range. Space conditioning and temperature 

control  systems f o r  typ ica l  s t ruc tures  a r e  generally s e t  t o  operate 

over some most desired subinterval  (as  defined by the  user)  of the  

I Comfort Range. I t  i s  generally taken as  a mark of "quali ty" f o r  a 

space conditioning system t o  operate r e l i a b l y  over a f r ac t iona l ly  

small portion of the  Comfort Range. 

The heating and cooling systems t h a t  serve t h e  conditioned 

space a r e  generally designed t o  meet peak demand ("designu) condi- 

t ions .  A (hot a i r )  furnace o r  (.hydronic) b o i l e r  t h a t  i s  sized t o  be 

adequate during the  coldest  winter day i s  generally operative over a 

small f rac t ion  of the  t i m e  during a typica l  winter day. I t  i s  opera- 

t i v e  over a smaller f r ac t ion  of the  time during the  heating season. 

For f u l l y  analogous reasons, space cooling equipment (compressor, 

I e t c . )  i s  operative over a f r ac t iona l  period of the  cooling season. 

The precise  operating cycles, as prescribed by the  space t o  be 
\ . 



conditioned, a f f e c t s  the  e f f i c i enc ies  of these two common devices. 

i 
I n  f a c t ,  t he  seasonal operating cos ts  of v i r t u a l l y  any given space 

conditioning device has been shown(2) t o  depend markedly upon the  

seasonal space-conditioning operating s t ra tegy,  as well as the  design 

f igures  of m e r i t  of t h e  device i t s e l f .  Comfort Range Thermal Storage 

has been found t o  serve e f fec t ive ly  i n  reducing seasonal operating 

cos ts ,  W e  have noted previously (2)  t ha t :  

(1) Typical frame (s ingle  family) residences a r e  characterized 

by r e l a t i v e l y  low thermal storage capacity, per u n i t  area 

of f l o o r  space, 

(2)  Typical masonry (s ingle  family) residences a r e  characterized 

-- . .- --. .. . . . . . . . . . -. . . . . - -. 
by r e l a t i v e l y  high thermal s t o r a g e  . capacity, per un i t  - . - -- . - . - - . 

f l o o r  space. 

( 3 )  The e f fec t ive  thermal storage capacity of a masonry building 

element can be subs tan t ia l ly  increased by the  incorporation 

of a d i s t r ibu t ion  of (comfort range) phase change t r ans i -  

t ions  (a  family of phase change materials)  i n  the  masonry. 

For ce r t a in  d i s t r ibu t ions  of phase change t r a n s i t i o n  temper- 

a tures  and physical sca les  of encapsulation, such Phase 

Change Masonry (PCM) can be made t o  physically behave as a 

super heat  capacity material .  

(4) Ordinary masonry o r  Phase Change Masonry (PCM) s t ruc tu res  

can be space conditioned i n  the  Comfort Rnage a t  subs tan t ia l ly  



lower cos t  than an equally well insul ta ted '  frame s t ruc tu re  

b (same U value walls ,  ce i l ing ,  e tc . )  i f  the  masonry (or  PCM) - 

s t ruc tu re  i s  insulated ex te r io r  t o  i t s  high mass s t r u c t u r a l  

elements (walls,  slab, e t c . )  . 
(5) The conclusions of (4) above, have been t o  follow 

from the  f a c t s  t h a t  

(a)  Taking 70O~ t o  be the  a r b i t r a r y  zero enthalpy point  

of the  comfort range, the  one thermal storage reservoir  

( s t ruc ture  i t s e l f )  can be employed f o r  both pos i t ive  

and negative enthalpy storage. 

(b) Negative enthalpy can be stored a t  the  highest  accept- 

able temperatures. Posi t ive  enthalpy can be  s tored 

a t  the  lowest acceptable temperatures. 

(c) Substant ia l  thermal storage i s  achieved. i n  a s t ruc-  

t u r e  whose la rge  in te rna l  surface area permits u s e  of 

the  s t ruc tu re  as  both hea t  exchanger and storage 

medium. The hea t  exchanger and thermal reservoir  

can be la rge ly  passive and charged/discharged by 

ordinary a i r  handlers used f o r  conventional a i r  

c i rcu la t ion  and/or vent i la t ion .  

(d) Off-peak e lec t r ic  power can be e f fec t ive ly  invoked 

i n  24-hour space conditioning s t r a t eg ies .  



(e)  Cost-effective use of anibient ( a i r  and/or water). . . 

"temperatures of opportunity" may be invoked f o r  

space conditioning. 

( f )  The e f f i c i enc ies  of f o s s i l  fue l  furnaces o r  bo i l e r s ,  

as w e l l  a s  so la r  co l l ec to r s  and the  COP'S of heat  

pumps may a l l  be optimized by the  use of 

(i) thermal storage, i n  general 

(ii) comfort range thermal storage,  i n  pa r t i cu la r  

This paper examines fu r the r  the  dynamic features  of small 

buildings which a r e  capable of subs tan t ia l  Comfort Range Thermal 

.Storage and indicates  some of the  quant i ta t ive  considerations i n  the  

e f fec t ive  coupling of the  CRTS with ex is t ing  o r  required space con- 

di t ioning devices, .. 

2,  SPACE CONDITIONING DEVICE PERFORMANCE AND COMFORT RANGE THERMAL 
STORAGE 

For f o s s i l  f u e l  f i r e d  bo i l e r s  supplying hydronic heating t o  a 

s ingle  family r e s iden t i a l  s t ruc tu re  (frame construction) seasonal 

burner "ON TIMEt1 i s  a minor f r ac t ion  of the  t o t a l .  ~ r a c t i o n a l  "ON 

TIMESu of 0.20 a r e  common (e.g., metropolitan New York area) and 

lead t o  seasonal e f f i c i enc ies  t h a t  may be only 70"b t o  80% of the  

usually c i t e d  steady s t a t e  eff ic iency of the  device. The degrada- 

t ion  of eff ic iency has been c i t ed  i n  several  s tudies .  ( 2 ,  5) It 



r e s u l t s  d i r e c t l y  from enthalpy storage i n  the  b o i l e r  being subjected 

t o  a var ie ty  of phermal los s  mechanisms during the  "off"  portion of 

the  cycle. Figure 1 (taken from Reference 2 ) t y p i f i e s  the  r e l a t ion  

between the  normally observed cycle eff ic iency,  and t h e  . f r ac t iona l  qc 
- 

ON TIME. The overal l .  eff ic iency,  q, i s  given by 

where q i s  the  so ca l led  steady s t a t e  efficiency.  
s 

( 2 f 6 )  I t  has been 

shown,(2) however, t h a t  cor re la t ions  such as those of Figure 1 do not 

represent general t ru ths ,  bu t  derive d i r e c t l y  and for tu i tous ly  from 

the  present commonality of typ ica l  b o i l e r  cycles f o r  devices which 

space heat  a low mass s t ruc ture .  Qu i t e  generally, we may define the  

overa l l  eff ic iency of a b o i l e r  by 

Enthalpy removal r a t e  through b o i l e r ]  d t  
tl & [ ~ h e m i c a l  Enthalpy flow r a t e ]  d t  

where the  time l i m i t s  a r e  taken over very long times. For a b o i l e r  

whose only losses  a re  "stack losses ,"  the  denominator may be con- 

sidered t o  be the  sum of three  terms: 

St1 [ N e t  Enthalpy removal r a t e  through boiler!  d t  
0 

where [$I represents the  constant stack loss  r a t e  during 
S 

steady s t a t e  operation and [2lNS i s  the  var iable  stack l o s s  r a t e  



I -  during nonsteady s t a t e  operation. I f  (HS-Ho) i s  -the enthalpy (above 

1 ambient) stored i n  the  device during steady s t a t e  operation, it follows 

d i r e c t l y  t h a t  

where n = the  number of cycles which occur during the  period t = 
' 

That is, the nonsteady stack losses  per cycle can be no g'reater than 

(a re  generally smaller than) t h e  enthalpy s tored i n  the  device a t  the  

termination of steady s t a t e  operation. 

A s  a p rac t i ca l  matter, a residence having subs tan t ia l  comfort 

range thermal storage w i l l  require t h a t ' t h e  ON TIME per cycle be very 

long. This r e s u l t s  i n  

where (t *) i s  the  cha rac te r i s t i c  time f o r  a f u l l  cycle. Inasmuch 
1 

it follows t h a t  very long cha rac te r i s t i c  b o i l e r  (or furnace) ON TIMES 

yie lds  overa l l  ' e f f ic ienc ies  t h a t  a r e  very c lose  t o  the  steady s t a t e  

' eff ic iency.  T e s t s  made a t  Brookhaven National Laboratory, employing 

absolute enthalpy flow r a t e  measurements, confirm these conclusions. (7 



~elatively long .ON TIMES are generally facilitated by space heating 
. . 

devices that are capable of low (or modulated) firing. rates. On 

I Long Island /(New York) and elsewhere, it is generally found 
( 2 , 3 )  

that boilers (in the field) are overfired and that the reduction of 

the firing rate increases the steady state efficiency as well as the 

cycle efficiency. Experimental data illustrating the effect on a 

steel fire-tube boiler are shown in Figure 2. 

Similarly, it is found that long ON TIMES for electric air 

conditioners . . leads to energy efficiency ratios that are close to the 

steady state value. For ON TIMES that are comparable to (or less 

than) the time necessary to achieve steady state operation of an 

electric air conditioner, considerably smaller energy efficiency 

I L . . .  . . .  . 
ratios result. These consequences are. illustrated in Figure .3 (Data 

- . . . -. . . . - -. . 

of Reference 8). The physical bases for these effects are completely 

analogous to those presented for the case of a space heating device. 

In this case, nonsteady losses are sustained by a variety of air 

conditioner components. For very short ON TIMES, the thermal and 

pressure equilibration of the individual components can degrade its 

steady state pressure and temperature conditions by substantial 

I amounts. Low instantaneous (and integrated) EER1s result. 

In general, the rates of enthalpy throughput of space condi- 

tioning devices and the characteristics of a structure's Comfort 

Range Thermal Storage will largely determine the characteristic 



length of ON TIME of a space conditioning device, once t h e  space 

conditioning s t ra tegy  (control  philosophy) i s  determined. The 

in te rp lay  of these f ac to r s  i s  considered next. 

3. THERMAL RESPONSE CHAFtACTERISTICS OF COMFORT RANGE THERMA3lr 
STORAGE MATERIALS 

W e l l  insulated,  s ingle  family frame dwellings provide thermal 

storage reservoirs  through the  s t r u c t u r e ' s  components i n t e r i o r  t o  

t h e i r  insulat ion ba r r i e r s .  For a typ ica l  frame dwelling, t h i s  

reservoir  may cons is t  l a rge ly  of some 1000 t o  3000 f t 2  of (3/811 t o  

1/2") plasterboard. Very meagre thermal storage indeed. .For a 

masonry dwelling, insulated on i t s  exter ior ,  8" masonry walls  ' 

provide substan.tia1 thermal storage. ( 2 )  Materials t h a t  undergo 

phase t r a n s i t i o n s  i n  the  comfort range may be used t o  enhance the  

thermal storage cha rac te r i s t i c s  of these commonly used bui lding 

materials .  (9'11) I n  t h e  comfort range, the  f a t t y  acids have been 

iden t i f i ed  as a family of compounds whose subs tan t ia l  heats  of 

fusion make them promising thermal storage materials .  

For i l l u s t r a t i v e  purposes, one may consider the  f a t t y  acids 

t o  display heats  of fusion t h a t  a re  about ha l f  t h a t  of water. 

One method of enhancing the apparent spec i f i c  hea t  capacity 

of masonry has been described e a r l i e r .  ( 2 )  Consider t h a t  a family 

of phase change materials  ( f a t t y  acids,  perhaps) has been developed 

so t h a t  sharply defined phase t r ans i t ions  can be caused t o  occur 



a t  any temperature wi thin  t h e  comfort range. Consider f u r t h e r  t h a t  

each pure mate r ia l  can be  encapsulated and t h a t  a uniform mixture of 

some eleven v a r i e t i e s  of capsules i s  then made. That i s ,  t he  mixture 

conta ins  (11 n) capsules where t h e  contents  of n capsules undergo a 

phase t r a n s i t i o n  a t  each temperature, Ta, Tb, T , . . .and where 
C 

Figure 4 shows t h e  s p e c i f i c  enthalpy vs.  temperature c h a r a c t e r i s t i c s  

of  a mixture of such encapsulated ( f a t t y  ac id- l ike)  mate r ia l s ,  a s  

compared t o  a t y p i c a l  masonry mater ia l .  The apparent h e a t  capaci ty  

of t h e  capsule mixture (mean slope of t h e  s t a i r c a s e  enthalpy funct ion)  

i s  some 40 t i m e s  t h a t  of ordinary masonry. A s  t h e  nurriber of d i s t i n c t  

pure compounds employed i n  t h e  mixture i s  increased,  the  he igh t  of 

each "s tep"  i s  decreased, t he  number of s t e p s  increased,  and t h e  

superb apparent hea t  capaci ty  preserved. Fur ther ,  i f  a composite 



wall  element i s  constructed of such a mixture of capsules, comfort 

.range heat  t r ans fe r  and storage measurements would indica te  the  

wall element t o  have an apparent heat  capacity of some 4.5 times 

t h a t  of water. I t  i s  c l e a r  t h a t  t h i s  experimental behavior of a 

mixture of capsules requires t h a t  the  physical sca le  of an . individual  

capsule be small, compared t o  the  wall thickness, and t h a t  the  

number of phase t r a n s i t i o n  temperatures employed, on the  range 

T1 < T c T2, be large.  

I t  may be unrea l i s t i c  t o  consider a wall element t h a t  cons is t s  

exclusively of such unmortared mixtures of capsules. However, one 

may (more r e a l i s t i c a l l y )  consider a masonry wall which contains a 

mixture of such encapsulated phase change materials .  We consider 

the  case where the  mass f rac t ion  of encapsulated phase change 

materials  i s  only ten percent of t h a t  of the  masonry binder. The 

character of a resu l t ing  wall element's enthalpy-temperature diagram 

i s  shown on Figure 5. In  the comfort range (T c T < T2) ,  the  1 
0 material  has an apparent spec i f ic  heat  capacity of 1.0 cal/gm/ C. 

Outside of the  comfort range, but  within the required operating 

range of the  r e su l t an t  s t ruc ture ,  the  spec i f i c  heat  capacity i s  of 

the  order of 0.22 cal/gm/o~. 

To compare the  three  wall materials:  

1/2" plasterboard 

8" masonry 



8" masonry with 'a phase change aggregate 

whose mass f r ac t ion  i s  a tenth t h a t  of 

t h e  binder 

We consider the  following hea t  transfer problem. Assume an i n i t i a l l y  

isothermal wall element t o  be a t  65O~ and t o  be " p e r f e ~ t l y ~ ~  insulated 

0 
on one s ide.  A t  time zero, impose a wall temperature of 75 F on the  

uninsulated s ide  of the  wall element. Calculate t h e  time-dependent 

thermal charging cha rac te r i s t i c s  f o r  each of the  three wall  elements. 

One may use standard methods (I2' 13) t o  deduce the  hea t  t ransf  e r  

r e s u l t s  given i n  Table 2. The (1/2") plasterboard i s  over 93"h 

thermally charged (saturated) i n  5 f i n u t e s ,  having sustained a heat  

2 
t r ans fe r  r a t e  (time averaged) of some 9 3 ~ t u / f t  /hr. That i s ,  during 

2 
a 5 minute period, a 1500 f t  wall  area can accept the  f u l l  enthalpy 

output of a ( typica l )  100,000 Btu boiler/furnace. However, due t o  

the  f a c t  t h a t  the  plasterboard i s  v i r t u a l l y  saturated a f t e r  5 minutes, 
- 

t he  instantaneous thermal charge r a t e ,  6'' , i s  only about a f i f t h  

of the  average over the  f i r s t  5 minutes. Moreover, it i s  dropping 

quickly. Accordingly, a frame s t ruc tu re  t h a t  i s  characterized by 
) 

such a wall system (2'13) typ ica l ly  f inds  i t s e l f  heated by a boi ler-  

furnace t h a t  i s  "ON" f o r  some 5 t o  10 minutes and of f  f o r  some longer 

period of time. Typical ON-OFF charac te r i s t i c s  of b o i l e r s  have been 

( 2 )  Figure 5, taken from Reference 2, i l l u s t r a t e s  reported previously. 

the  consistency of the  in te rmi t ten t  operating character of a bo i l e r /  



furnace with the rapid thermal sa tura t ion  cha rac te r i s t i c s  of a 

typ ica l  frame s t ruc ture .  

Next, w e  consider t h e  implications of the  corresponding data  

' for  masonry s t ruc tures  and f o r  PCM (m = 0.1) s t ruc tures .  From the  

r e s u l t s  shown (Table 2)  it i s  c l e a r  t h a t  a 100,000 ~ t u / h r .  bo i le r /  

2 
furnace would not sa tu ra te  e i t h e r  a 1500 f t  masonry o r  PCM s t ruc tu re  

during several  hours of continuous running (ON) time. Moreover, 

were lower-firing r a t e  (or  modulating) b o i l e r s  o r  furnaces t o  be 

used, (2 )  running times (ON times) of a s ign i f i can t  f rac t ion  of a 

day could be employed t o  charge these high mass heat  capacity s t ruc-  

tures .  The s t ruc tures  not only have subs tan t ia l  thermal storage 

capacity i n  t h e  comfort range. but  the  physjcal cha rac te r i s t i c s  

(Tables 1 and 2)  enable average heat  t r a n s f e r  r a t e s  t h a t  a r e  adequate 

f o r  reasonable charging (and discharging) by presently operative 

space conditioning systems. 

The use of a material  having an enthalpy-temperature character- 

i s t i c  such as t h a t  shown i n  Figure 5 has other  advantages as w e l l .  

For a s t ruc tu re  t h a t  has been allowed t o  " d r i f t "  out  of the  comfort 

range (e. g., during a weekend when it i s  unoccupied), res tora t ion  

of comfort range temperatures requires no enthalpy investment i n  

phase t r a n s i t i o n  energies outside the  range of i n t e r e s t .  This i s  

t r u e  f o r  both cooling and heating season operation. Thus, f o r  

example, cooling season operation during a Friday (irmediately p r i o r  



t o  a subs tan t ia l  period of nonoccupancy of a s t ruc ture)  may useful ly  

invoke the  following s t ra tegy.  

~ - 1, P e r m i t  t he  mean thermal condition of the  s t ruc tu re  t o  f i n i s h  

the .  operating period (Friday afternoon) i n  the neighborhood 
~. 

~. 

of T2,  the  upper l i m i t  of the  comfort range. 

2. During t h e  period of nonoccupancy, subject  t o  ex te r io r  I 

temperatures as  high as  Tmax, the  s t r u c t u r e ' s  mean thermal 

condition may d r i f t  upwards--perhaps approaching T max* 

3. I n  an t ic ipa t ion  of reoccupancy of the  s t ruc ture ,  outs ide a i r  

( i f  su i tab ly  cool) may be used t o  cool down the  s t ruc tu re  

below TmU. I n  any case, the  low apparent (C ) on t h e  
P 

range T2 c T < T permits the  res tora t ion  of the  T max 2 

thermal condition without any investment i n  phase t r ans i -  

t i on  energies. 

1 n '  t he  above "weekend" (or  day-to-day) s t r a t eg ies ,  CRTS may 

permit very subs tan t ia l  cos t  savings through the  use of "temperatures " 

of opportunity" (outside a i r ) .  ( 2 )  Nelson and Tobias (I4) have shown 

how an A i r  ~conomizer (using outs ide a i r  instead of an a i r  condi t ioner 's  

compressor) can be used t o  save "compressor time" f o r  frame s t ructures .  

Compressor t i m e  savings of 25%-35% a re  commonly predicted (I4) f o r  

frame s t ruc tures  i n  major population areas of the  country. I t  i s  



. . 

we have noted (2) t h a t  during the  in-between season (April,  May, 

October, November i n  the  Northeast) space heating and cooling can 

be car r ied  out almost e n t i r e l y  without e i t h e r  a i r  conditioner com- 

pressor time boiler/furnace On T i m e s .  This is accomplished 

primarily through a control  system t h a t  i s  designed t o  take advan- 

tage of outs ide temperatures of opportunity ( e i the r  "high" o r  "low") 

which permit the  thermal manipulation of a s t r u c t u r e ' s  CRTS. The 

s t ra tegy,  useful  f o r  a l l  seasons, involves the  u s e  of outside a i r  

to: 

1. Keep the  s t r u c t u r e ' s  CRTS i n  t h e  neighborhood of 

[ ( T ~ + T ~ )  /2],  during t h e  in-between season. 

2. Charge the  s t r u c t u r e ' s .  CRTS t o  as  high a value of T 

as  desirable ,  during t h e  heating season. 

3 .  Drive the  s t r u c t u r e ' s  CRTS t o  a s  low a value of T as 

desirable ,  during t h e  cooling season. 

Solar  heating design and operations a re  f a c i l i t a t e d  by t h e  

incorporation of subs tan t ia l  CRTS i n  a s t ruc tu re  t o  be so heated. 

Recall, f o r  example, the  f a c t  t h a t  the  idea l  eff ic iency of a con- 

ventional ( a i r  cooled o r  l iqu id  cooled) so la r  co l l ec to r  i s  a 

maximum when the  output temperature i s  a s  acceptably low as  possible. (2 )  
... . - .. - - -. . . - - - .. . .- -. . . .. -. .. . . . . . -. .. - . - . .. .-- - . - -. . . . - -  - .. -. - . 

With comfort range thermal storage provided by masonry and/or PCM 

building elements, the  high eff ic iency e f f luen t  of a s o l a r  co l l ec to r  

can be employed t o  hea t  the  s t ruc tu re  d i rec t ly .  A s  i l l u s t r a t e d  



~. by the  r e s u l t s  shown i n  Table 2 ,  temperatures w e l l  below 1 0 0 ~ ~  can 

1 .  
I be used ef fec t ive ly  (over a period of hours) t o  d i r e c t l y  heat  the  

I s t ruc tu re  which defines the  conditioned space. CRTS thus permits 
I 

high eff ic iency so la r  co l l ec to r  output, along with a thermal storage 

~ system t h a t  i s  useful  during a l l  seasons (heating and cooling) and 

t h a t  i s  l a rge ly 'pa id  f o r  by the  s t ruc tu ra l  requirements imposed on 

any res iden t i a l  (or  small commercial) building design. 

I t  i s  s ign i f i can t  t o  .note t h a t  a rch i t ec tu ra l  windows may be used 

t o  admit la rge  so la r  f luxes d i r e c t l y  t o  the conditioned space. Such 

fluxes can be eas i ly  handled by the  proposed high heat  capacity 

s t ruc ture .  This i s  c l e a r l y  not the  case . for  an ordinary frame 

2 
s t ruc ture .  Thus, f o r  example, a 1500 f t  wall  area of PCM could 

s t o r e  more than 250,000 Btu i n  a 4-hour period ( i n i t i a l  temperature 

of 65OF) and s t i l l  be only 20% charged (averaqe temperature increase 

0 
of some 2 F, t o  67OF). The increase i n  enthalpy of t h i s  pa r t i cu la r  

2 6 (1500 f t  ) wall system i s  1.24 x 10 Btu, i n  going from 65O~ ( i n i t i a l l y )  

t o  75O (sa tura t ion) .  This i s  more than adequate storage f o r  a 24-hr. 

2 period f o r  any well insulated s t ruc tu re  of 1500 f t  (metropolitan 

New York a rea ) .  

Generally, there  a r e  two major objections t o  the  extensive u s e  

of a rch i tec tura l  windows f o r  so la r  col lect ion.  One of these i s  con- 

cerned with t h e  i n a b i l i t y  of the  s t ruc tu re  (frame, typ ica l ly)  t o  

t r ans fe r  and s t o r e  the  rad ia t ive ly  deposited enthalpy. The other  



relates to the commonly encountered high heat loss rates sustained 

by both single and double pane windows. (I5) For a masonry (or PCM) 

structure, more than adequate CRTS is available, once adequate air 

circulation is provided. Further, results of recent investigations 

at the State University of New York (Stony Brook) and at Brookhaven 

National Laboratory indicate that large separation double pane 

windows can be made (I6) which 

(a) permit efficient transmission of solar radiation 

(b) sustain conduction-convection-radiation heat loss rates 

(time integrated) which are very substantially smaller 

than those normally encountered. 

With these two major objections now addressed, one can contemplate 

the major advantages that the architectural window--solar collector-- 

CRTS system promises. 

(a) Hiqh efficiency. Solar windows whose collection efficiencies 

are greater than 5@4 are easily available. This is true 

even though the new, (I6) convection-radiation control 

windows (THERMOCELL) are expected to display collection 

efficiencies that are somewhat smaller than those found for 

ordinary double-pane windows. 

(b) Low cost. The functionally simple system requires windows 

whose (pe; square foot) costs are about twice that of 

ordinary 'twin-pane glass windows. (16) The system is 



. . 
l a rge ly  p a s s i v e  and involves no addit ional  elements 

I other  than those (CRTS and appropriate a i r  handling 

I .  capacity) already required by other  noted) 

space conditioning requirements. 

I Accordingly, adequate CRTS i n  a space conditioned s t ruc tu re  

permits the  optimum use of high eff ic iency space conditioning 

devices and s t r a t eg ies .  For s o l a r  heating, t h i s  includes the  use 

of remote co l lec tors  as  well as  co l lec t ion  v ia  low hea t  los s  archi- 

t e c t u r a l  windows. For space heating and cooling, t h i s  includes 

f o s s i l  f u e l  f i r e d  boilers/furnaces, e l e c t r i c a l l y  driven space heating 

o r  cooling devices (e.g., hea t  pumps), space conditioning by selec- 

t i v e  u s e  of "temperatures of opportunity" (ambi,ent outs ide a i r ) ,  as  

well  as  the  potent ia l  savings t o  be derived from the  use of low cos t  

off-peak e l e c t r i c a l  energy f o r  24-hour space conditioning. 
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Table 1 

Proper ty  Values o f  Wall Elements 

Thermal 

P las t e rboard  1UO 0.2.0 0.42 0.021 0.0417 

Masonry 140 0.21 0.50 0.017 0.6667 

PCM(m = 0.1) .  124 1 . 0  0.46 0.0037 0.6667 



Table 2 

Thermal Charqinq C h a r a c t e r i s t i c s  f o r  Three D i f f e r e n t  Wall Systems 
The Wall i s  I n s u l a t e d  a t  x = 0 and Uninsulated a t  x = 1.  T (x,O) 
= 650F f o r  o 5 x < a .  T(A.0) = 75OF. 

Time 1 
Ins tantaneous  Averaged 

F r a c t i o n  o f  Charge Charge 
F u l l  Thermal I n s u l .  Rate  

Elapsed Charge Wall 
Time For  Wall Temp. [[k)i] [ 
(t) R T (0.  t) 

0 2 
q o  

h r .  -- F ~ t u / f t  /hr .  ~ t u / f t ~ / h r .  

P las t e rboard  (1/12) 0.932 73.94 16.77 93.16 
(3  inch  t h i c k )  

Masonry 
(8 inches  t h i c k )  

(m = 0.1) 
(8 inches  t h i c k )  



CAPTIONS 

F i g u r e  1 % "On T i m e "  C y c l e  E f f i c i e n c i e s ,  
q c  

VS. "On T i m e "  f o r  
T h r e e  D i f f e r e n t  ~ o s s i l - F ' u e l  S y s t e m s  

F i g u r e  2 S t e a d y  S t a t e  E f f i c i e n c y  vs .  O i l  ( A i r )  F l o w  R a t e  ( S t e e l  
F i r e - T u b e  B o i l e r )  

F i g u r e  3 ' E f f e c t  of C y c l i n g  on E f f e c t i v e  EER of a G i v e n  A i r  
C o n d i t i o n e r  

F i g u r e .  4 F a t t y  A c i d s  vs.  C o n c r e t e  C o m f o r t  R a n g e  C o m p o s i t e  
Storage 

F i g u r e  5 C o m p o s i t e  H i g h  "Cp" M a t e r i a l  E n t h a l p y  vs.  T e m p e r a t u r e  

F i g u r e  6 C y c l e  Characteristics of a Typical O i l - F i r e d  B o i l e r  

B e r l a d  I 



NATIONAL BUREAU OF STANDARDS DATA 
0 BACHARACH &ST. CO. DATA 
A DATA FOR TYPICAL COMMERCIAL CAST IRON BOILER 

'lo " ON TIME 'I - 
CYCLE EFFICIENCIES, l)c vs "ON TIME" 

FOR THREE DIFFERENT FOSSIL-FUEL SYSTEMS 

F i g u r e  1 



STEADY STATE EFFICIENCY 
VS 

O I L  ( A I R )  FLOW R A T E  
( STEEL FIRE-TUBE BOILER 1 

F I R I N G  R A T E ,  GAL/HR 

F i g u r e  2 



. - . .  . EER 

RATED EER = 6.5 

PERATlONAL.:.EER'= . . 5.7. (EE R $  : 
. . 

H. VOORHEIS,et al,DATA-: 
. '  PURDUE UNIV. C O N E ( O C T . / ~ ~ ~ )  

- . . . . . . 

I 1 

10 15 
. ON PERIOD DURATION ,T (MINUTES) 

EFFECT OF CYCLING ON EFFECTIVE EER 
OF A GIVEN AIR CONDITIONER 

F i g u r e  3 



FATTY ACIDS v s  CONCRETE 
COMFORT RANGE COMPOSITE STORAGE 

F i g u r e  4 



COMPOSITE HIGH "cpl' MATERIAL 
ENTHALPY vs. TEMPERATURE 

/ 

F i g u r e  5 



LOCATION: REILLY. 

DATE : 2/10/75 

BURNER ON 

CIRCULATOR ON 

OUTSIDE TEMf?w30°F 

NOTE: NO DOMESTIC HOT WATER USE 
IN THIS TIME PERIOD 

TIME OF DAY ,-@ 

BURNER ON - 
CIRCULATOR ON - - 

TIME OF DAY -4 

F i g u r e  6 

.,. .- . . .. - . 

C y c l e  C h a r a c t e r i s t i c s  of a T y p i c a l  O i l - F i r e d  B o i l e r  




