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ABSTRACT 

This report summarizes a project to model the annual thermal and 
moisture performance of radiant barrier systems installed in 
residential attics. A previously developed model for the thermal 
performance of  attics with radiant barriers was  modified to allow 
estimates of  moisture condensation on the underside of radiant barriers 
that are laid directly on top of  existing attic insulation. The model 
was partially validated by comparing its predictions of ceiling heat 
flows and moisture condensation with data and visual observations made 
during a field experiment with full-size houses near Knoxville, 
Tennessee. Since the model predictions were found to be in reasonable 
agreement with the experimental data, the models were used to estimate 
annual energy savings and moisture accumulation rates for a wide 
variety of  climatic conditions. The model results have been used to 
identify locations where radiant barriers are cost effective and also 
where radiant barriers have potential f o r  causing moisture problems. 
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EXECUTIVE SUMMARY 

The use of radiant barriers (RBs) in residential attics is 

receiving increasing attention. These materials consist of a paper or 

polymer substrate with a highly reflective coating (usually aluminum) 

on one or both sides. Their function is to reduce radiative heat 

transfer between the roof and the attic floor. Radiant barriers are 

installed in attics in two basic configurations: 1) laid directly on 

top of existing attic insulation (sometimes called the horizontal 

configuration), or 2) attached beneath the roof deck (sometimes called 

the truss configuration). 

A number of laboratory and field experiments have shown that 

radiant barriers can be effective in reducing heat flows through 

ceilings, and hence in reducing house heating and cooling loads. The 

experiments have also shown that radiant barriers are generally more 

effective in reducing sunimer cooling loads than in reducing winter 

heating loads. The field experiments have usually been conducted over 

periods of  a few weeks and have been performed in the warmer regions of 

the country, such as in Florida or Tennessee. 

Most of the field experiments indicate that the horizontal 

configuration produces the greatest reductions in ceiling heat f l o w s .  

However, at the recent Radiant Barrier Workshop sponsored by the 

Electric Power Research Institute (EPRI) and the Tennessee Valley 

Authority (TVA),  two issues were highlighted as ones that might hinder 

the use of horizontal radiant barriers: dus t  accumulation and moisture 

accumulation. 

While dust accumulation can lead to a deterioration in the energy 

savings obtained with a horizontal radiant barrier, moisture 

accumulation can lead to structural damage. Since a horizontal radiant 

barrier can act as a vapor retarder, there is a potential for moisture 

to condense on its underside during periods of cold weather. If enough 
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wat-er accunul.ates on the  r ad ian t  b a r r i e r ,  tile insula~:.loxz beneath i t  may 

become wet ,  thus reducing i t s  in su la t ion  va lue ,  o r  i he  wood s t r u c t u r a l  

members might absorb the moisture,  which may l ead  i o  mold, mildew, o r  

wood decay. 

The only f i e l d  da ta  on moisture accinmul.ation w i t h  ho r i zon ta l  RBs 

w a s  obtatned from a p r o j e c t  sponsored j o i n t l y  by E P R I ,  TVA, the  

Ref lec t ive  Insul-at ion Manufacturers Associat i  on,  and the  Departinent of 

Energy. T h i s  p ro j ec t  w a s  c a r r i e d  out  a t  the  Karns research  houses near 

Knoxvi-lle, Tennessee during the winter  of  1987-1988, A per fora ted  

ho r i zon ta l  r ad ian t  b a r r i e r  was used, and the houses were operated a t  

high indoor re la t i -ve  humi-dities . Although some condensat:ion w a s  

observed on the bottom s i d e  of the  radianc b a r r i e r ,  condensation thae  

occurred during the  n ight  usua l ly  disappeared the next day as the  a t t i c  

warmed up.  However, under sustxined cold weather condi t ions ,  all the  

moisture d id  not  disappear during the day. 

These r e s u l t s  gave some assurance t h a t  moisture problems w i l l  not  

be c rea t ed  with per fora ted  hor izonta l  r ad ian t  b a r r i e r s  i n  c l imates  with 

winrers  t h a t  a r e  no more severe than those i~i Knoxville.  However, 

moisture problems mi-ght occur i n  more severe winker  c l ima tes"  Although 

a fu1.l assessment of moisture problems i n  co ld  climiltes can only be 

obtained from f i e l d  d a t a ,  much can be learned through modeling. 

This report, gives r e s u l t s  of a modeling p ro jec t  t h a t  w a s  

undertaken t o  es t imate  the  annual energy savings due i o  r a d i a n t  

b a r r i e r s  i n  var ious  c l ima tes ,  and a l s o  t o  assess the pot-entia1 f o r  

moisture problems with r ad ian t  b a r r i e r s  i n  var ious  c l imates .  

A previously developed model f o r  the thermal performance o f  a t t i c s  

conta in ing  r ad ian t  b a r r i e r s  has been modified t o  allow p red ic t ions  o f  

moisture accumiilati on under ho r i zon ta l  r a d i a n t  h a r r i e r s .  Flow o f  water 

Vapor both by vapor d i f fus ion  and by convective flow o f  moist a i r  has 

been included i n  the model. However, the convective flow por t io t z  has 

not: y e t  been exerc ised .  
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Ceiling heat flows predicted by the model have been compared with 

those measured during the experiment at the Karns houses during the 

winter of 1987-1988. Heat fluxes measured by three transducers showed 

considerable variations that are thought to be due to local variations 

in the insulation R-value. Considering the variations among the 

transducers, the model predictions are felt to be in very reasonable 

agreement with the measured values. 

The moisture accumulation model has been partially validated by 

comparing its predictions with observations of  moisture accumulation 

during the same experiments with the Karns houses. The model 

predictions agree with the qualitative observations that the radiant 

barrier often had visible condensation in the morning that usually 

evaporated when the attic warmed up during the day. 

predicts the continuing buildup of  moisture that was observed during a 

very cold period of time. 

condensed moisture are in rough agreement with weight changes measured 

for blotter paper that was placed between the insulation and the 

radiant barriers. Uncertainties in the permeances of the various 

layers in the ceiling result in corresponding uncertainties in the 

quantitative predictions of the amount of condensed moisture. 

The model also 

Quantitative predictions of amounts of 

Because of the uncertainties in permeances, it is considered that 

the model can be used for parametric studies and f o r  development of 

guidelines, but at this stage, it can't be used to predict actual 

moisture condensation rates for a particular application with a high 

degree of certainty. Additional research is needed to measure and 

document the permeances of various types of  radiant barriers. 

The thermal model has been used to estimate energy savings 

potentials for various types of radiant barriers in various climates. 

Using a prototypical ranch-style house, the attic/radiant barrier model 

was used to predict hour-by-hour heat fluxes through the ceiling. 

These heat fluxes were then brought into the DOE-2.1C model to estimate 

whole house heating and cooling loads. The difference between similar 
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runs with and without a radiant barrier gave the load reductions due to 

the radiant barrier. Using medium lWAG equipment elficiencias, 

national average fuel prices, a 7 percent real discount rate, and 

est-imates of future fuel price increases, present value savings for 

radiant barriers were calculated. 

Present value savings were calculated €OK: 1) clean horizontal 

radiant barriers, 2) horizontal radiant barriers that gradually become 

dusty over their life cycle, and 3 )  t r u s s  radiant barriers. These 

estimates were made f o r  27 locations and for f o u r  levels of existing 

attic insulation. A s  a byproduct o f  the calculations for radiant 

barriers, calculations of present value savings for increasing 

insulation J.evels (without radiant barriers) were also made. 

Determination of cost-effectiveness o f  radiant barriers i s  

complicated because of the wide range of installed costs. Using a low 

value of $0.15 per  square foot of material, the model predicts tha'i a 

horizontal radiant barrier that remains clean i s  cost justified for 

nearly all locations in the lower 48 states when applied over R - 1 1  

insulation. When applied over R-19 insulation, it is cost justified 

only for the southern locations. When applied over R - 3 0  or R - 3 8  

insulation, it i s  not.. cost justified in any o f  the locations studied. 

Using data from the literature, which are admittedly sketchy, for 

the rate of change of the emissivity of a horizontal radiant barrier 

due to dusting, the model predicts that such a radiant barrier is cost- 

justified only f o r  Phoenix when applied over R - 1 1  insulation. It 

should be noted that tlte performance o f  dusty horizontal radiant 

barriers is a subject of  considerable controversy, and additional 

research is needed t o  define better the rates o f  emissivity changes in 

the field, and to define better the thermal performance as a function 

of emissivity. 

In agreement with iiiost experiments, the model predicts that the 

energy savings due to a truss radiant: barrier are not as large as those 
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€or a c l ean  ho r i zon ta l  r ad ian t  b a r r i e r .  This appears t o  be l a r g e l y  due 

t o  the  t r u s s  r ad ian t  b a r r i e r  conf igura t ion  having a l a r g e r  o v e r a l l  

r a d i a t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t  because of  the  combined areas of 

the  roof and gables be ing  larger than the  a rea  of  the  a t t i c  f l o o r .  I n  

a d d i t i o n ,  s ince  the gables a r e  a l s o  covered with r a d i a n t  b a r r i e r  

ma te r i a l  i n  these  app l i ca t ions ,  the  t o t a l  a r ea  of the  gables  and the 

roof r e s u l t  i n  a requirement for a l a r g e r  amount of  r a d i a n t  b a r r i e r  

mater ia l  t:han with the ho r i zon ta l  app l i ca t ion .  When these  f a c t o r s  a r e  

included,  the ranges of loca t ions  where truss r ad ian t  b a r r i e r s  are c o s t  

j u s t i f i e d  a r e  somewhat smaller than those i d e n t i f  i ed  f o r  the  clean 

hor i zon ta l  r ad ian t  b a r r i e r .  I t  is not expected t:hat the emissivity of 

the underside of a truss rad ian t  barrier wi l l  degrade due t o  dus t  

accumulation. 

A l l  of  the  load reduct ion and economic ca l cu la t ions  prci?sexited i n  

t h i s  r e p o r t  a r e  based only on the impact of radiant: b a r r i e r s  o r  c e i l i n g  

i n s u l a t i o n  an house loads caused by hea t  gains  or l o s ses  through t2ie 

c e i l i n g .  Recent ana l -y t ica l  work suggests t h a t  additi.ona1 s a ~ i n g s  

should he a t t r i .bu ted  t o  r ad ian t  b a r r i e r s  tha t  are insta1le.d i n  ~ Q U S ~ S  

where the  HVAC ducts  a r e  run through the  a t t i c  space.  These add i t iona l  

savings a r e  due t o  changes i n  the attic a i r  temperature caused by the  

r a d i a n t  b a r r i e r  t h a t  r e s u l t  i n  changes 3.n hea t  gains  and losses by the  

duc t s .  The amount of extra  savings should be s e n s i t i v e  to t h ~ .  overa7.1. 

c h a r a c t e r i s t i c s  o f  the house and the  W A C  equipment. Because of  the 

many f a c t o r s  involved, f u r t h e r  work i s  needed to analyze the inipacts of  

duct hea t  gains  and 1.osses. A l s o ,  experimenLal c:onfirinrrtion of  the  

analyses  are needed. 

The model  w i t t i  mois ture  e f f ec t s  included has been used t o  es t imate  

the  hour-by-hour moisture accumulation on the underside of  a clean 

ho r i zon ta l  r ad ian t  b a r r i e r  due t:o d i f f u s i o n  of  water vapor through the 

c e i l i n g .  The same pro to typ ica l  r anch- s ty l e  house that: w a s  used f o r  the 

energ-  savlngs analyses  w a s  a l s o  used f u r  the moisture analyses. 

Several  measures o f  moisture  accumulation have been exmined .  F i r s t  is  

the t o t a l  amount of  moisture tha t  condenses can the  r ad ian t  I>nr.a-Ler over 
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the year. This quantity would be of  interest if it is assumed that: all 

the moisture that condenses gets absorbed into the ceiling and is not 

released again. Other measures are the peak o f  the hourly values of 

condensed moisture (accounting for evaporation), the dates for start, 

peaking, and ending o f  condensation, and the duration of wetting. The 

model only estimates the amounts of water that have condensed or 

evaporated. It does not attempt to account for movement of liquid 

water after it has condensed. 

A two-level factorial design was run for Minneapolis to estimate 

the relative influence of the following variables on moisture 

accumulation: indoor relative humidity, indoor temperature, radiant 

barrier permeance, vent area, and insulation level. The most important 

vari-able was found to be the indoor relative humidity. The total 

condensed water was 7 to 17 times higher with a relative humidity of 50 

percent than with a relative humidity of 20 percent. The second most 

important variable was the radiant barrier permeance, and the least 

important variable was the vent area. 

From the factorial runs, a worst case w a s  identified as 

corresponding to a 50 percent relative humidity (the high value), 7S°F 

indoor temperature (the high value), vent area to ceiling area ratio of 

1/150 (the high value), R-11 insulation (the low value), and a radiant 

barrier permeance of 0.05 perms (the low value). Additional runs 

showed that the presence of a continuous polyethylene vapor retarder 

between the gypsum board and the insulation essentially eliminated 

moisture condensation, even for this worst case. 

Following this, a parametric study was performed to investigate 

the influence of the two most important variables, the indoor relative 

humidity and the radiant barrier permeance, on moisture accumulation in 

11 climatic locations. These studies held the other parameters 

constant: 75OF indoor temperature, vent area to ceiling area ratio of 

1/150, R-11 insulation, and no vapor retarder. 
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Based on moisture content  clianges that could occur in the c e i l i n g  

j o i s t s  due t o  so rp t ion  of  water t h a t  condenses on t he  r a d i a n t  b a r r i e r ,  

a high  p o t e n t i a l  f o r  moisture problems w a s  def ined  as one where the  

peak condensed rimisture exceeds 0.15 pounds pew square foot., and a low 

p o t e n t i a l  f o r  moisture problems i s  one where this  quan t i ty  is less d i a n  

0.03 pounds per  square f o o t .  

With t hese  c r i t e r i a ,  the  r e s u l t s  of  the parametric rims slirowed 

t h a t  w i t h  a 50 percent  indoor r e l a t i v e  humidity, a r a d i a n t  b a r r i e r  with 

a -permeance of  0 . 0 5 ,  wl-dch may be represent:ative of unperforated f o i l -  

type r a d i a n t  b a r r i e r s ,  has a high p o t e n t i a l  f o r  moisture problems i n  

a l l  locat i -ons studied.,  except Z,os Angeles and P l i i ~ ~ i . .  For the mare 

normal case of  a 35 percent  r e l a t i v e  l n m i d L t : y ,  a 0 .05  perm r a d i a n t  

b a r r i e r  has a high p o t e n t i a l  f o r  moisture problems f o r  l o c a t i s n s  having 

g r e a t e r  than about 4500 hea t ing  degree daysI and a low p o t e n t i a l  f o r  

loeat:.i.oxis w i t h  l e s s  than about 3000 hea t ing  degree days.  

The p o t e n t i a l  f o r  moisture problems i s  much reduced with a radiant: 

barr ier  Izavtng a permearice of 20, which may be r ep resen ta t ive  o f  some 

p e r f ~ r i i t e d  f o i l -  type radiant b a r r i e r s .  V i  tli an indoor rel-o.t:ive 

humidity o f  50 percent ,  there  i s  R high p o t e n t i a l  f o r  moisture problems 

f o r  h e a t i n g  degree days above about 4500 ,  ant1 ii Pow p o t e n t l a d  f u r  

heating degree days below ahnu(: 3000. With a 3.5 percent  iiiidoor 

r e 1 n t i . w  hurnFdity , the corresponding hea t ing  degree Gay f i g u r e s  are 

5500 and 5000.  

With a r a d i a n t  han-jmer having a permeance of 100, which may be 

representative of 111e ~ : a I l i z e d  spunbonded p o l y o l e f i n  r ad ian t  h a r r i e r s ,  

the potent ia l .  f o r  mc-,i.sture proh1.em.r; is  v i - r tua l ly  e l imina ted ,  except f o r  

the co ldes t  climates and the  h ighes t  indoor re l .a t ive  humidities . 

While these  modeling resu1.t:~ may be used a . ~  a guide,  t he re  i s  a 

need for fur ther  expG:1:imental. verificat3.on. Both experiments under 

eontrol.l.ed labora tory  condi t ions and f i e l d  experiments i n  very cold  



climates would provide useful tests of the validity of the model 

predictions. 
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The use of r ad ian t  b a r r i e r s  ( R B s )  in r e s i d e n t i a l  a t t i c s  Ls 

rece iv ing  increas ing  a t t e n t i o n .  These mater3.al.s c o n s i s t  o f  a paper  or 

polymer s u b s t r a t e  wi th  a h ighly  r e f l e c t t v e  coa t ing  (usua l ly  aluminum) 

on one o r  b ~ t h  s i d e s .  Their  'fennct:ion i s  t o  reduce r a d i a t i v e  hea t  

t r a n s f e r  between the  roof arid t;he a t t i c  f l o o r .  Radiant bar-triers are 

i n s t a l l e d  i.11 a t t i c s  i.xi two basic. conf1gurat:ions: 1 )  l a i d  d i r e c t l y  on 

top o:f e x i s t i n g  a t t i c  i n s u l a t i o n  (s0111e t s i m e s  cal.1.d the  ho r i zon ta l  

conf igu ra t ion ) ,  o r  2) a t tached  beneath the roof deck (sometimes c a l l e d  

the  t r u s s  conf igura t ion)  . The second bas i c  conf igura t ion  includes 

several. v a r i a t i o n s ,  among which a r e :  attachment t o  the bottoms of the  

rafters attachment he t:ween the  r a f t e r s ,  draping over t t i e  t-op UT t:he 

r a f t e r s ,  and attachment d i r e c t l y  t o  the  underside of t he  roof deck. 

A number of l abora tory  and f i e l d  experiments have been performed 

t o  measure the  thermal performance of  at t i-c r ad ian t  b a r r i e r  

systems '-I8 

b a r r i e r s  can be e f f e c t i v e  i n  reducing h e a t  flows through c e i l i n g s ,  and 

hence i n  reducing hause hea t ing  and cool ing loads .  The experiinents 

have also shown t h a t  r a d i a n t  barriers a r e  genera l ly  more e f f e c t i v e  i n  

reducing summer cooling loads than i n  reducing win ter  hea t ing  loads .  

The field experiments have usua l ly  been conducted over per iods  of  a few 

weeks and have been performed i n  the warmer regions of  the  country,  

such as i n  F l o r i d a  o r  Tennessee. 

These experiments have genera l ly  shown that: r ad ian t  

A model f o r  the thermal performance o f  a t t i c s  conta in ing  r a d i a n t  

barriers has  been developed a t  Predic t ions  of  t he  model have 

been compared wi th  seve ra l  s e t s  o f  l abora tory  arid f i e l d  I n  

gene ra l ,  it w a s  found t h a t  t he  model compared Eavornbly with measured 

c e i l i n g  h e a t  flow d a t a ,  and w a s  considered use fu l  f o r  ex t r apo la t ing  the 

r e su l t s  o f  the s h o r t  term f i e l d  t e s t s  t o  seasonal  o r  annual 

performances, and f o r  ex t r apo la t ing  t o  c l i m a t i c  condi t ions  o the r  than 

those under which the  experiments were performed. 



2 

Most o f  the  f i e l d  experiments,  and a l s o  the model, i nd ica t e  thar; 

the  ho r i zon ta l  conf igura t ion  produces the g r e a t e s t  reduct ions i n  

c e i l i n g  hea t  f lows. However, a t  the  recent, Radiant Ba r r i e r  Workshop 

sponsored by the E l e c t r i c  Power Research I n s t i t u t e  (EPRI) and the  

Tennessee V a l  l e y  Authority (TVA) , two i s sues  were h igh l igh ted  as ones 

t h a t  might hinder  the use of ho r i zon ta l  r a d i a n t  b a r r i e r s :  

accumulation and moisture accumulation. 23 

been i d e n t i f i e d  by the RadianL Barrier Systems Technical Panel.  

dus t  

These two i s sues  had a l s o  
24 

While dust  accurnulat-ion can l ead  t o  a d e t e r i o r a t i o n  i n  the  energy 

savings obtained w i t h  a ho r i zon ta l  r ad ian t  b a r r i e r ,  moisture 

accumulation can l ead  t o  s t r u c t u r a l  damage. Since a hor i zon ta l  r ad ian t  

b a r r i e r  can a c t  as a p a r t i a l  vapor r e t a r d e r ,  there  i s  a p o t e n t i a l  f o r  

moisture t o  condense on i t s  underside during per iods ol: co ld  weather.  

If enough water accumulates on the r ad ian t  b a r r i e r ,  che i n s u l a t i o n  

beneath it  may become wct., thus reducing i t s  i n s u l a t i o n  va lue ,  o r  the  

wood s t r u c t u r a l  members might absorb the nioist-ure, which may l ead  t o  

mold, mildew, or  wood decay. 

The only f i e l d  da t a  on moisture accumulation with ho r i zon ta l  RKs 

were obtained from an experiment sponsored j o i n c l y  by E P R I ,  TVA, the  

Ref lec t ive  Insu la t ion  Manufacturers Assoclat ion,  and the Department: of  

Energy. This experiment was c a r r i e d  out  a t  the  Karns research houses 

near  Knoxville,  Tennessee during the wi-nter of i 9 8 7 - 1 9 8 8 .  2 5  

perfora ted  ho r i zon ta l  r ad ian t  b a r r i e r  was used, and the houses were 

operated a t  hi.gh indoor r e l a t i v e  humiditi-es. Although some 

condensation was observed on the  bot tom s ide o f  the  r ad ian t  b a r r i e r ,  

condensation t h a t  occurred during the n igh t  usua l ly  di-sappeared the  

next  day as the  a t t i c  warmed up. However, under sus ta ined  co ld  weather 

cond i t ions ,  a l l  the moisture d id  not  disappear during the  day. 

A 

These r e s u l t s  gave some assurance t h a t  moisture problems w i l l  no t  

he c rea t ed  with per fora ted  hor izonta l  r ad ian t  h a r r i e r s  i n  c l imates  with 

win ters  t h a t  a r e  no more severe than those i n  Ki-ioxvi.lle. However, 

moisture problems might occur i n  more severe wi-nter climates. Although 
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a full assessment: of moisture problems in cold climates can only be 

obtained from experimental field data, much can be learned chrough 

modeling. 

This report describes modifications that were made to the 

attic/radiant barrier thermal model to estimate moisture accumulation 

on horizontal R B s .  The model was partially validated by comparing its 

predictions with the observatlons made in the Karns house experiments. 

The model was then used to perform parametric studies of moisture 

accumulation in a range of climatic conditions. 

In addition to the moisture studies, this report includes the 

results of estimates of  the energy savings that would be expected from 

radiant barriers in a wide range of climates. These estimates w e r e  

obtalned by coupling ceiling heat flows predicted by the attic/radlant 

barrier model with the DOE-2.1C whole-building simulation model m 2 6  

These estimates were used to identify regions where radiant barr iers  

are cost effective. 
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2 " HATHFMTICAL HODEL OF IS P 

The thermal performance model f o r  at.t::i.cs w i t h  r a d i a n t  b a r r i e r s  i s  

desc,ribed i n  de t a i l .  i.n Reference 1 9 .  This s e c t i o n  gives  a b r i e f  

overview of t he  thermal model, and gives  a d e t a i l e d  desc r ip t ion  of the  

p a r t s  o f  t he  model r e l a t e d  t o  moisture accimulat ion.  A list:i.ng of  the  

computer program f o r  the  model i s  given i n  Appendix A .  

The h e a t  t r a n s f e r  mechani s i n s  included i n  the  thermal model are 

shown i n  the  sketch i n  Figure 2 . 1 .  The rnodcl c o n s i s t s  of  n s e t  o f  

simul taneous hea t  balance equations t h a t  a r e  w r i t t e n  a t  the e x t e r i o r  

and i n t e r i o r  su r f aces  o f  t he  c e i l  i ng ,  roof s e c t i o n s ,  arid gables ,  and 

a l s o  on t h e  a i r  mass wi th in  the  a t t i c  space.  Short  v e r t i c a l  wal l s  a t  

t he  eaves a r e  added i n  order  t o  handle the case o f  ra ised t r u s s e s .  

Each of these  su r faces  is  assumed t o  be isothermal .  The se t  of h e h t  

balance equat ions i s  solved simultaneously t o  ob ta in  su r face  

temperatures ,  and then h e a t  f l o w s  a r e  ca l cu la t ed .  This procedure is  

followed on an hour-by-hour b a s i s  throughout t he  time per iod  being 

s imulated.  

Conduction through each of the  su r faces  i s  ca l cu la t ed  using 

thermal response f a c t o r s .  2 7 3 2 8  

thermal r e s i s t a n c e  and the hea t  capac i ty  ot the  ma te r i a l s  t h a t  comprise 

the  s e c t i o n  of the  a t t i c .  E f fec t s  of framing are included by adding 

response f a c t o r s  using a p a r a l l e l  pa th  approach. The model a l s o  

inc ludes  an approximation t o  account f o r  t he  temperature dependence of 

the  thermal r e s i s t a n c e .  

These f a c t o r s  account f o r  both the  

Convective hea t  t r a n s f e r  i s  ca l cu la t ed  using c o e f f i c i e n t s  from the  

l i t e r a t u r e  t h a t  are based on c o r r e l a t i o n s  f o r  isolated i sotheriiial f l a t  

p l a t e s .  29  

s u r f a c e - t o - a i r  temperature d i f f e rence ,  mean ( f i lm)  temperature,  hea t  

flow d i r e c t i o n  (up vs. down), sur face  s i z e  and o r i e n t a t i o n ,  laminar v s .  

These c o r r e l a t i o n s  account f o r  t he  following f a c t o r s  : 
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F i g .  2.1. Schematic of residential attic showing heat transfer 
phenomena 
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tu rbulen t  flow, and na tu ra l  vs. forced flow. Separate c o e f f i c i e n t s  a r e  

ca l cu la t ed  f o r  na tu ra l  and forced flow, and a mixed c o e f f i c i e n t  is 

obtained by taking the  t h i r d  root  of  t he  sum of the  cubes of t he  
sepa ra t e  c o e f f i c i e n t s .  30 

Radiat ion hea t  t r a n s f e r  among the  surEaces fac ing  the a t t i c  space 

i s  ca l cu la t ed  using an interchange ana lys i s  f o r  enclosures .  31 
ana lys i s  assumes t h a t  the  sur faces  a re  p lane ,  gray,  isothermal ,  

d i f f u s e l y  emi t t ing  and r e f l e c t i n g ,  and have a uniform rad ian t  flux. 

Each of  the  sur faces  may have a d i f f e r e n t  emiss iv i ty .  

ca l cu la t ed  among a l l  the su r faces ,  and al l .  i n t e r r e f l e c t i o n s  are taken 

i n t o  account.  The Stefan-Boltzrnann (T4> l a w  i s  e x p l i c i t l y  b u i l t  i n t o  

the  model. 

This 

View f a c t o r s  are 

Heat t r a n s f e r  t o  the v e n t i l a t i o n  a i r  stream i s  t r e a t e d  by the  

method used by P e a ~ y . ~ ~  A i r  a t  the  outdoor a i r  temperature e n t e r s  the 

a t t i c  space and i s  heated by convection a s  it f lows  through the a t t i c .  

Assuming each of the sur faces  t o  be uniformly d i s t r i b u t e d  along the  

flow path r e s u l t s  i n  a f i r s t  order d i f f e r e n t i a l  equation froin which an 

average a i r  temperature and a d i f f e r e n t  e x i t  temperature may be 

ca l cu la t ed .  

The r a t e  of flow of v e n t i l a t i o n  air through the  a t t i c  i s  

ca l cu la t ed  from a combination o f  stack and Wind pressure e f f e c t s .  33 
Airflow r a t e s  a r e  ca l cu la t ed  a s  the product o f  the  vent  a r e a ,  a 

discharge c o e f f i c i e n t ,  and r;he square r o o t  of a pressure d i f f e ren t i a l . .  

The pressure  d i f f e r e n t i a l  f o r  the s t ack  e f f e c t  is computed from the 

d i f f e rences  i n  dens i ty  between the a i r  i n s ide  the a t t i c  space and tihe 

outdoor a i r .  The pressure d i f f e r e n t i a l  due t o  wind i s  taken t o  vary 

with the square of  the wind speed, so  t h a t  the wind dr iven flow i s  

propor t iona l  t o  the  w i n d  speed. E x f i l t r a t i o n  of a i r  from the house i s  

added t o  the flow t h a t  comes from outdoors.  

Heat balances a t  e x t e r i o r  sur faces  c o n s i s t  a5 absorbed . W ~ Z K  

r a d i a t i o n ,  convection t o  the outdoor a i r  ~ and r ad ia t ion  exchanges w i t s h  
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the  surroundings.  S o l a r  r ad ia t ion  inc ident  on sur faces  with any 

o r i e n t a t i o n  a r e  ca lcu la ted  from s o l a r  algorithms taken from the DOE-2 

program. Radiation t o  the  surroundings i s  ca l cu la t ed  using an 

e f f e c t i v e  sky temperature based on the  work o f  Martin and Elerdahl.3'e 

2 .2  MODEL FOR MOISTURE EFFECTS 

The thermal. model iricorporates approximations t o  account f o r  the  

l a t e n t  hea t  e f f e c t s  due t o  so rp t ion  and desorpt ion of moisture a t  the 

wood sur faces  t h a t  face the a t t i c  space.  These general-ly follow the  

suggestions given by Burch, e t .  a1.35 and Cleary.  36 I n  t h i s  model, the 

wood sur face  i s  assumed t o  he i n  moisture equi l ibr ium with a t h i n  l aye r  

of a i r  adjacent  t o  the  su r face ,  The humi-dity r a t i o  of t h i s  l a y e r  of 
a i r  i s  given by 36 

Ws = (b + c u + d u2 -t e u3) exp(T/a) (1) 

where 

W, = humidity r a t i o  of a i r  near wood sur face  

T - temperature of  wood sur face  

u = moi-sture content  of wood (dimensionless f r a c t i o n )  

a ,  b ,  c ,  d = constants  from fit t o  equi l ibr ium moisture content  

d a t a .  

The r a t e  of t r a n s f e r  of moisture E r o m  the  ai.r i n  the a t t i c  space 

t o  the  sur face  i s  given by 

&,g = h, (wa - w s >  

where 

Gw = mass flow r a t e  of moisture per u n i t  a r ea  of exposed wood 

sur face  

w, :-= humidity r a t i o  of  a i r  i n  a t t i c  space 

h, = mass t r a n s f e r  c o e f f i c i e n t  

The mass t r a n s f e r  c o e f f i c i e n t  i s  obtained from the  analogy between 

hea t  and mass t r a n s f e r  as 
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h,/(h, Cp) = ( c Y / D ) ~ / ~  1 

where 

h, = convection hea t  t r a n s f e r  c o e f f i c i e n t  

Cp = s p e c i f i c  hea t  o f  a i r  

a = thermal d i f f u s i v i t y  of air  

E) = c o e f f i c i e n t  f o r  d i f f u s i o n  o f  water vapor through a i r  

( 3 )  

The huinidity r a t i o  of  the  a t t i c  a i r  is obtained by performing a 

moisture balance on the  atti.c space,  including d i f f u s i o n  of moisture 

through the  boundary su r faces ,  convection o f  m o i . s t r a r e  i n t o  t:he a t t i c  

space from the ou t s ide  a i r  and from e x f i l t r a t i o n  f r o ~ i  t he  house,  

convection of moisture out  of che attic space by the  v e n t i l a t i o n  a i r ,  

and moisture t r a n s f e r  t:o or from t:he woad surfaces. The att:i.c moisture 

balance i s  given by 

wherc 

M = number of su r faces  fa@-Lng the  a t t i c  space 

P ( j )  -= water vapor  permeance of  sur face  j 

mV = mass flow r a t e  o f  v e n t i l a t i o n  a i r  

r n ~  = mass fl.caw r a t e  of e x f i l t r a t i o n  a i r  

W,(j) = humidity ratio a t  surface j 

Id, = humidity r a t i o  of  a i r  i n  a t t i c  space 

W, = humidity r a t i o  of ratitside a i r  

Wi .= humidity ratio of indoor a i r  

p ( j )  = p a r t i a l  pressure of water vapor i n  a i r  on outs ide  of 

1) 

sur face  j 

pa = p a r t i a l  pressure o f  water vapor i n  a t t i c  a i r  

h,( j )  .-..= w a t e r  vapor inass t r a n s f e r  csefficf.ent:  at: su r face  j 

A ( j )  = area of  surface .j 

A '  (j ) .:.: exposed wow3. area at s u r f a c e  j 
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When a horizontal radiant barrier is placed over the insulation, 

the model must be modified to account for condensation and evaporation 

of moisture on the radiant barrier surface. An approximate model has 

been constructed assuming one-dimensional diffusion and convection of 

moisture through the ceilihg. 

are nonhygroscopic and that the only place that moisture can condense 

is on the bottom side of the radiant barrier. 

It is assumed that the ceiling materials 

Under steady conditions, with no condensation, the flow of water 

vapor by diffusion across a layer of material is given by 

where P is the permeance of the layer and Apv is  the drop in water 

vapor partial pressure across the layer. The water vapor partial 

pressure at the underside of the radiant barrier is then given by 

where pa = water vapor partial pressure in attic space 

pi = water vapor partial pressure inside house 

PRB = permeance o f  the radiant barrier 

Pc = overall permeance of the ceiling (includes the gypsum 

board, vapor retarder, insulation, and radiant 

barrier) 

If the partial pressure at the radiant barrier that is predicted by 

Eqn. 6 exceeds the saturation vapor pressure for the temperature of the 

radiant barrier, then moisture will condense on the radiant barrier. 

When this occurs, the water vapor partial pressure profile through the 

ceiling will adjust itself so that it i s  equal to the saturation value 

at the RB. Also, whenever, condensed water is already on the KB, 

saturation conditions will exist. The rate of condensation (or 

evaporation) of water on the radiant barrier will be given by 
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where the fi.rst term represents  water vapor d i f fus ion  from the  house 

toward the RB,  and the second term represents  vapor d i f f u s i o n  from the  

a t t i c  t o  tlric: RB.  I f  the  water vapor pa r t i a l .  pressure a t  the  RB i s  

given by E q n .  6 ,  then Eyn. 7 will give no condensation o r  evaporat ion.  

I f  a i r  e x f i l t r a t e s  froin the house through the  c e i l i n g  i n t o  trhe 

a t t i c  space,  i t  a l s o  can ca r ry  m o i s t u r e  t:o the r ad ian t  b a r r i e r .  If the 

humidity r a t i o  of the  a i r  i n s ide  the house i s  greater  than the 

sat .urat ion humidity r a t i o  a t  the r ad ian t  b a r r i e r ,  then add i t iona l  

moisture condensation will be given by 

where W i  == humidity r a t i o  in s ide  the house 

WSat = s a t u r a t i o n  humidity r a t i o  a t  the r ad ian t  b a r r i e r  

A, = area of c e i l i n g  

&E = mass flow r a t e  of e x f i l t r a t i o n  a i r  

When moisture i s  condensing o r  evaporating from the  r ad ian t  

b a r r i e r ,  the  terms i n  Eqn. 4 t h a t  r e l a t e  t o  d i f fus ion  through the  

c e i l i n g  and t o  e x f i l t r a t i o n  f rom the  house t o  the a t t i c  are modified t o  

be cons i s t en t  with Eqns. 7 and 8. 

After  mass t r a n s f e r  r a t e s  have been ca l cu la t ed ,  the l a t e n t  hea t  

t r a n s f e r r e d  t o  the sur face  i s  ca lcu la ted  by 

where h, i s  the l a t e n t  hea t  o f  vaporizat ion o f  water ,  which has been 

taken t o  have a constant  value of 1060 Bt:u/lb. The l a t e n t  hea t s  a r e  

then coupled i n t o  the  hea t  balance equat ions.  
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The algorithms for calculating moisture effects are embodied in 

several subprograms. The humidity ratio at the W Q O ~  surface is 

calculated by function WDHUM. Subroutines PSY and PSYl are used to 

calculate humidity ratios and partial pressures of water vapor from 

known values of air temperature and relatlve humidity. The mass 

transfer coefficients are calculaeed in subroutine M S S ,  and the 

moisture balance is performed in subroutine MOISTM. 
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3 .  PERMEANCE OF IEJtpS 

The permeance of the  r a d i a n t  b a r r i e r  is a dominant parameter i n  

determining whether apprec iab le  moisture w i l l  condense on the underside 

of a r a d i a n t  b a r r i e r  t h a t  i s  l a i d  d i r e c t l y  on top of t he  a t t i c  

i n s u l a t i o n .  A search  of the  l i t e r a t u r e  w a s  performed i n  an e f f o r t  t o  

f i n d  publ ished da ta  on the  permeance of  pe r fo ra t ed  sheets o r  f i l m s .  No 

da ta  w e r e  found. 

Two simple theo r i e s  w e r e  used t o  ob ta in  f i r s t  o rder  es t imates  o f  

permeances. In a d d i t i o n ,  two sources of  unpublished d a t a  became 

a v a i l a b l e .  F i n a l l y ,  an es t imate  of t he  permeance of one pe r fo ra t ed  

r a d i a n t  b a r r i e r  w a s  obtained from ana lys i s  of  data obtained from the  
Karns house experiment. 25 

The k i n e t i c  theory of  gases was used t o  ob ta in  a f i r s t  es t imate  of  

the  permeance of pe r fo ra t ed  f i lms .  From k i n e t i c  theory ,  t he  m a s s  flux 

of water vapor across  a u n i t  a r ea  of a plane t h a t  s epa ra t e s  two regions 
with d i f f e r e n t  concent ra t ions  of w a t e r  vapor i s  37 

where p1, p2 - water vapor p a r t i a l  p ressures  

T I ,  T2 - absolu te  temperatures 

M = mass o f  water molecule 

k = Boltzmann's cons tan t  

Since t h e  mass f l u x  through a per fora ted  foil i s  equal t o  the  inass f l u x  

from Equation 10 mul t ip l i ed  by the  a rea  f r a c t i o n  covered by h o l e s ,  and 

t he  e f f e c t i v e  permeance i s  the mass flux div ided  by the  water vapor 

p a r t i a l  p ressure  d i f f e r e n c e ,  t he  e f f e c t i v e  permeance of  a per fora ted  

f o i l  under isothermal  condi t ions  i s  

p &q*(Ah/A)/(pl " P2)  
where Ah/A is  the a rea  f r a c t i o n  covered by ho le s .  
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Evaluating t h i s  equat ion a t  a T i  = Tp = 75OF gives  

where P has the  customary engineering u n i t s  of g ra ins  per  hour per  

square f o o t  per inch of mercury vapor pressure  d i f f e r e n t i a l  ( t h i s  u n i t  

is  a l s o  cal.l.ed "perms"). 

Anot:her approximation was obtained by consideri-ng d i f f u s i o n  o f  

water vapor across  a l aye r  of a i r  equal i n  thickness  t o  a typ ica l  f o i l .  

Ignoring counterd i f fus ion  o f  a i r ,  the  mass f l u x  of w a t e r  vapor per  u n i t  

a r ea  is  38 

kw = DM/RoT * Ap/Ax 

where D = c o e f f i c i e n t  f o r  d i f f u s i o n  o f  water vapor through a i r ,  

about 1 f t 2 / h r  a t  75'F 

M = molecular weight of water ,  18.016 

R, = universa l  gas constant  

T = absolu te  temperature 

Ap = water vapor pressure d i f f e r e n t i a l  

Ax = thickness  o f  f o i l  

Using t h i s  equat ion,  the permeance f o r  a 0.003 inch th ick  per fora ted  

f o i l  is  

P = DM/R0TAx *(Ah/A) = 43100 (Ah/A) ( 1 4 )  

This value i s  a f a c t o r  of about 400 lower than the  simple k i n e t i c  

theory es t imate  given i n  Equation 1 2 ,  showing the  importance of t he  

r e s i s t a n c e  t o  vapor f l o w  caused by d i f f u s i o n  through a small  thickness  

of a i r .  

D .  Yarbrough of t he  Tennessee Technological Univers i ty  has  

performed a number of  experiments on the  permeance of pe r fo ra t ed  shee t s  
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of  aluminum H i s  se tup  cons is ted  of a 2 inch deep d i s h  

conta in ing  about 1/4 inch of water over which the  specimen w a s  p laced.  

This d i s h  was placed in s ide  a chamber t h a t  w a s  con t ro l l ed  a t  a 

temperature oE 100°F and e i t h e r  1 2  percent  o r  25  percent  r e l a t i v e  

humidity.  Per fora ted  specimens of aluminum foil were prepared with 

holes  of  var ious s i z e s  and spacings such t h a t  the percentage of the 

su r face  covered by holes  ranged from 0 .01  percent t o  0.38 percent .  

Water vapor t ransmission da ta  were converted to perms and the  following 

equat ion w a s  f i t t e d  through the da t a  p o i n t s :  

This r e s u l t  is i n  remarkably good agreement with the simple es t imate  

obtained from the d i f f u s i o n  c a l c u l a t i o n .  

D .  Jones of  DuPont has measured the  permeance of s eve ra l  r ad ian t  

b a r r i e r  ma te r i a l s  using ASTM E - 9 6 ,  Method B.40  

obtained a t  7 3 . 4 O F  with a 100 percent  r e l a t i v e  humidity on one s i d e  o f  

the sample and a RH of  50 percent  on the  o the r  s i d e .  Permeance values  

f o r  meta l l ized  spunbonded polyolef in  f i lm  were an the  order  of  100 

perms, and permeance values  f o r  pe r fo ra t ed  f o i l s  having roughly one 

percent  of the  sur face  covered with holes  were on the order  of 20 t o  30 

perms. 

T h e s e  da ta  were 

Data obtained from the experiment a t  the  Karns houses during the 

winter  of  1987-88 were a l s o  used t o  es t imate  the permeance of the 

r a d i a n t  b a r r i e r  t h a t  was used i n  this experiment, which had a hole  a rea  

t h a t  covered about 0.46 percent  of the sur face  a r e a ,  and which was l a i d  

d i r e c t l y  on top of  the a t t i c  i n s u l a t i ~ n . ~ ~  

r e l a t i v e  humidity sensors  were placed in s ide  the house,  between the 

c e i l i n g  drywall  and the i n s u l a t i o n ,  between the i n s u l a t i o n  and the  

r a d i a n t  b a r r i e r ,  and i n  the  a t t i c  space.  Temperatures were a l s o  

measured a t  each of these loca t ions .  

In t h i s  experiment,  
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These relative humidities and temperatures were used to calculate 

water vapor partial pressures on an hour-by-hour basis. Figures 3.1 

and 3.2 show plots of partial pressures for Houses 1 and 2 during the 

first week of the test. (Note, during this period, the average indoor 

relative humidities in Houses 1 and 2 were 53 and 46 percent, 

respectively.) From Figure 3 . 1 ,  it appears that there is little 

partial pressure difference across the ceiling drywall, while the 

pressure difference across the insulation is of the same magnitude as 

that across the radiant barrier. Figure 3 . 2  shows that for House 2, 

there is a substantial pressure difference across the drywall, but that 

the pressure differences across the insulation and the radiant barrier 

are o f  the same magnitude. 

Under steady-state conditions, wi.tkr no condensation or evaporation 

o f  moisture, the diffusion of water vapor should be a constant through 

the ceiling. Thus the partial pressure difference across a layer 

should be inversely proportional to the permeance of the layer. Since 

K-19 batts have a permeance of about 18.6,41 these data suggest that 

the radiant barrier also has a permeance of about this magnitude. This 

permeance value for the radiant barrier is roughly in agreement witsh 

that measured by Jones, but is considerably lower than that measured by 

Yarbrough. 

Although the various estimates of  the  permeance o f  perforated 

radiant barriers show considerable variation, they may be used to 

establish a rough range o f  values for use in the models. 
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WATER VAPOR PARTIAL PRESSURES 

HOUSE 1, DEC. 4,1987 - DkC. 1 I ,  1987 
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F i g .  3 . 1 .  Water vapor p a r t i a l  p ressures  measured a t  Kal-ns House 1 .  
A r a d i a n t  b a r r i e r  is  loca ted  between the a t t i c  and the top 
of  the i n s u l a t i o n .  

WAlER VAPOR PARTIAL PRESSURES 
HOUSE 2, DEC. 4.1987 - DEC. 11.1987 
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Fig .  3 . 2 .  Water vapor  partial pres su res  measured at K a r r i s  House 2 .  
A r a d i a n t  bar r ie r  is  loca ted  between the a t t i c  and the t o p  
of  the i n s u l a t i o n .  
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4. COMPARISON OF MODEL WITH EXPERIMENT 

The model f o r  hea t  t r a n s f e r  i n  a t t i cs  has  prev ious ly  been compared 

with da t a  from a number of labora tory  and f i e l d  experiments. 

gene ra l ly  concluded t h a t  the  model. i s  capable of  p red ic t ing  c e i l i n g  

I t  w a s  

h e a t  flows in t eg ra t ed  over time t o  wi th in  about 10 percent  of measured 
val.ues. 1 9 - 2 2  

In t h i s  s tudy ,  an add i t iona l  comparison of t h e  model w i t h  

experiment has  been performed, both f o r  heat t r a n s f e r  aspec ts  and f o r  

moisture accumulation a spec t s .  

obtained a t  the  Karns research  houses. 

These comparisons were done us ing  d a t a  

4.1. KNWS RESFARCH HOUSES 

The Karns research  houses are descr ibed i n  d e t a i l  i n  a number of 

r e p o r t s  by W .  Levins arid M .  Karni tz .  6-111 25 

c o n s i s t s  of  t h r e e  very similar r anch- s ty l e  houses loca t ed  i n  the 

community of  Karns, which i s  about midway between Oak Ridge and 

Knoxville,  Tennessee. The houses are about 40 f e e t  long and 30 f e e t  

w i d e ,  and have R roof  p i t c h  of 5 i n  1 2 .  The roofs  are covered with 

brown s h i n g l e s .  Ven t i l a t ion  of the  a t t i c  is provided by s o f f i t  vents  

with a n e t  f r e e  a rea  of about 3.15 square f e e t  and gable  vents  with a 

n e t  f ree  a r e a  o f  ahout  5 .01  square f e e t .  

The research  f a c i l i t y  

The t e s t  d a t a  used here  were obtained during the winter  of 1 9 8 7 -  

88,  and arc? descr ibed i n  Reference 25 .  During t h i s  t h e  per iod ,  the 

a t t i c s  w e r e  insul .a ted with f i b e r g l a s s  b a t t  i n s u l a t i o n  at a nominal 

level of R - 1 9 .  Radiant b a r r i e r s  were placed d i r e c t l y  over the 

i n s u l a t i o n  i n  al.1 three houses.  The r a d i a n t  b a r r i e r  w a s  r e f l . ec t ive  on 

both  s ides  and w a s  pe r fo ra t ed  with holes  t h a t  covered about 8 . 4 6  

percent  of t he  sur face  a rea .  
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Several va r i ab le s  were measured i n  t h i s  s tudy ,  a s  descr ibed i n  

d e t a i l  i n  Reference 25.  Data t h a t  have been used i n  this  r epor t  

c o n s i s t  of the  following: 

Cei l ing  hea t  f l uxes ,  measured with s m a l l  ( 2  inch square) hea t  f l u x  

t ransducers  t h a t  were placed between the  in su la t ion  and che 

drywall  midway between the c e i l i n g  t r u s s e s .  

Vi.sua1 observati.ons of the presence o f  moisture condensed on the  

underside o f  the  rad ian t  b a r r i e r .  

Changes i n  the weight o f  b l o t t e r  paper placed between the  r ad ian t  

b a r r i e r  and the in su la t ion .  

Weather parameters: so la r  r ad ia t ion ,  outdoor temperature,  outdoor 

r e l a t i v e  hwnidi t:y , wind speed I 

Indoor condi t ions:  indoor temperature, indoor relative humidity. 

4.2 HODEL PARAMETERS 

Thermal p rope r t i e s  of mater ia l s  t h a t  were used i n  the  model are 

given i n  Table 4 . 1 .  

Handbook of  Fundamentals .41 

taken t o  be 0 . 9 .  Thermal emis s iv i t i e s  were also taken t o  he 0 . 9 ,  

except f o r  the r ad ian t  b a r r i e r  which was taken t o  have an emiss iv i ty  of 

0 . 0 5 .  (Radiant b a r r i e r  emis s iv i t i e s  measured i.n the  houses averaged 

about 0 . 0 4 ,  using an instrument t h a t  has an accuracy of 1-0.02;  

of  t h i s  uncer ta in ty ,  the handbook value of 0 .05  w a s  used . )  

Most of  these values were obtained froin the  A S H U E  

The s o l a r  absorptance of a l l  ma te r i a l s  w a s  

because 

Water vapor permeance values used i n  t-he model a r e  given i n  Table 

4 . 2 .  

Handbook of Fundamentals. For example, the ASHRAE Handbook l ists  a 

value o f  50 perms f o r  3/8 inch drywall .  Extrapolat ing t h i s  value t o  

the  1 / 2  inch drywall used i n  the  experiments gives a value of 3 7 . 5  

Many o f  these values  were estimated from data given i n  the  ASHRAE 
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T a b l e  4.1. Thermal properties used in model for Karns house tests. 

Dens ‘3 Material Thickness, Thermal Conductivity, Specific Meat, 
i n .  Btu/(hr-ft-OF) Btu/(lb-OF) lb/ft 

Ceiling 

Drywall 
R-  19 

Insulat ion 
Joists* 

0 . 5  
6.25 

0.0926 
0.02741 

0.26 
0.19 

50 
0 . 6  

3.5 0 . 0 6 8 3 3  0.39 28 

Roof 

Shingles 
F e l t  
Plywood 
R a f t  e r s* 

0 . 2 5  
0.085 
0 . 5  
3 . 5  

0.04734 
0.04734 
0.0667 
0.06833 

0.30 
0.36 
0.29 
0.39 

70 
70 
34 
28 

Gables 

Hardboard 
Siding 

Studs 

0.4375 0.1242 

0.06833 

0.28 

0.39 

40 

28 1 . 5  

Eave Walls 

Hardboard 
S id ing  

0.4375 0.1242 0.28 40 

~- __ - _ _  

*Trusses are 24 inch on center. 
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Run 1 Run 2 Run 3 Run 4 

Cei l ing  

Drywa1.1 
Vapor Retarder  
I n s u l a t i o n  
Radiant Barrier 
To ta l  

Roof 

Shingles  
Felt 
Plywood 
Rafters 
Tota l  

Gables 

Hardboard Siding 
Studs 
Tota l  

Eave Wall. s 

Hardboard Siding 
To ta l  

37.5 - -  

1 8 " 6  18.6 
259 18.6 
11.83 9 . 3  

- -  - -  

- -  
3.30 
0 .357  

0.322 
- -  

10 

10 
- -  

10 
10 

37.5 

18 .6  
18.6 

- _  

7 . 4 5  

37.5 

18 .6  
18.6 

0.06 

0.0595 

... 
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perms. The ASHRAE Handbook lists a value of about 116 perms for a one- 

inch thick layer of mineral wool insulation. For a 6-1/4 inch thick 

layer of R-19 insulation, this would translate to 18.6 perms. 

Several model runs were performed with various assumptions about 

the permeances of the materials in the ceiling. In Run 1, the 

permeance of the radiant barrier was taken to be 2 5 9 ,  based on 

Yarbrough's data. For Run 2, the permeance of the radiant barrier was 

taken to be 1 8 . 6 .  This value was inferred from the analysis of data 

from relative humidity sensors in this experiment, Also, for Run 2, 

the water vapor diffusion resistance of the drywall was ignored since 

the data for House 1 indicated little difference in water vapor 

pressure across the drywall. Run 3 is a repeat of Run 2, but with the 

resistance of the drywall included. Finally, Run 4 was performed to 

investigate the effect of adding a continuous 6-mil polyethylene vapor 

retarder, 

4.3 HEAT FLUX RESULTS 

The four runs of the model as described above were performed for 

House 1 for the period of December 4 ,  1987 to January 14, 1988. During 

this 41  day period, the house was maintained near 70°F with an indoor 

relative humidity near 53 percent. During this period, the outdoor 

temperature ranged from a high of about 72OF on December 25 to a low of 

3'F on January 11. 

January 7, a trace of which was still on the ground on January 18. 

A snow accumulation of about 6 inches occurred on 

Model predictions from Run 2 are compared w i t h  measured heat 

fluxes in Figures 4.1 and 4 . 2 .  The time axis is the number of hours 

after the start of the test, which was at 6:OO pin on December 4 ,  1987. 

Thus Figure 4.1 starts at 6 : O O  pm on December 4 and ends at P0:OO am on 

December 11, while Figure 4 . 2  starts at midnight between January 5 and 

6, and ends at 8:OO am on January 14. 



CEILING HEAT FLOWS 

HOUSE 1 DEC 4,1987 - DEc. 11 I 1987 
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Comparison of predicted and measured hea t  fluxes f o r  House 
1 between December 4 and December 11, 1987 .  
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Fig. 4 . 2 .  Comparison of pred ic ted  and measured hea t  fluxes f o r  House 
1 between January 6 and January 14, 1988. 
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Both f i g u r e s  show a considerable  v a r i a t i o n  among h e a t  €lows 

measured by the  three  heat: f l u x  t ransducers .  A t  l e a s t  p a r t  of t h i s  

v a r i a t i o n  i s  thought t o  be due t o  d i f f e rences  i n  the  i n s u l a t i o n  l e v e l  

a t  t h e  spo t s  where the  t ransducers  a r e  loca t ed .  Heat .€lux da ta  a long 

w i t h  temperatures measured a t  the top and bottom of the i n s u l a t i o n  were 

used i n  a linear r eg res s ion  ana lys i s  of the form 

q = a + b A T  

with the  r e s u l t s  shown i n  Table 4 . 3 .  

r eg res s ions  a s  the  rec iproca l  of  the  i n s u l a t i o n  R-value y i e l d s  the 

fol lowing l o c a l  R-values a t  the  three hea t  f lux  t ransducers :  14 .5 ,  

2 4 . 8 ,  and 21 .4 .  

l d e n t i f y i n g  the  s l o p e  of  these  

Since the model assumed an i n s u l a t i o n  R-value o f  1 9 ,  it would be 

expected t h a t  the  model p red ic t ions  would fall between the  values 

measured by hea t  f l u x  t ransducer  1 and the va lues  measured by the  o t h e r  

two t ransducers .  Figure 4 . 1  shows t h i s  expected behavior during m o s t  

of trhe t i m e .  (Note: the  p red ic t ed  va lues  during the f i r s t  few hours i n  

Figure 4 . 1  should be ignored s ince  these  a r e  erroneous because a f  the  

s t a r t u p  of the t r a n s i e n t  ca l cu lac ions . )  

The time v a r i a t i o n  of rlie pred ic ted  h e a t  f l u x  i n  Figure 4 . 1  

fol lows the  measured variations. However, this is  not  the case f o r  a l l  

of t he  time per iod  shown i n  Figure 4 .2 .  For the f i r s t  t w o  days of t h i s  

per iod  (Hours 7 7 4 - 8 2 1 ) ,  the model p red ic t ions  vary about t he  s a m p  as 

the  measured va lues .  But, foe  the next  f i v e  days (Hours 822-941), the 

model p r e d i c t s  wide swings i n  the  h e a t  f l u x  that are n o t  observed. 

Then, again  during the  l a s t  two days (Hours 9 4 2 - 9 7 4 ) ,  elie model. 

v a r i a t i o n s  a r e  about the  same a s  those measured. The q u a l i t a t i v e  

d i f f e rences  between the p red ic t ed  and measured h e a t  f l uxes  during the  

middle f i v e  days appear t o  be due t o  snow cover on the  roo f .  According 

t o  Knoxville a i r p o r t  weather records,  snow s ta r ted  a t  3:OO am on 

January 7 (Hour 791)  and continued u n t i l  about 9 : O O  prn (Hour 819) .  For 

the  next  five days,  snow on the r o o f  l imi t ed  the  roof  temperature t o  n 
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Table 4 . 3 ,  Regression analysis of ceiling heat flow data vs temperature 
difference across insulation, H o u s e  1, k c : .  4, 1987 - .Ian. 14, 1988. 

Transducer InC e r c e p t Slope r In fe r r ed  R-value 

1 0.00504 0.06886 0.960 1 4 . 5  

2 -0,056149 0.04029 0.925 2 4 . 8  

3 0.05700 0.04665 0.953 21.4 

Table 4.4. Average ceiling heat flows for House 1. 

Insu la t ion  ~ v e r a g e  Heat F P O ~ ,  Btu/ft* 
I R-value Dec. 4 ---Jan. 14 Jan. 6 - J a n .  l/f. 

Measured 

HFT 1 
HFT 2 
HFT 3 

Predicted 

Run 1 
Run 2 
Run 3 
Run 4 

1 4 . 5 *  

21.4* 
24.8" 

19** 

l9** 
19** 
19%'" 

1 . 6 3  
0.93 
1.02 

1 .16  
1 . 1 9  
1.19 
1.19 

2 . 2 0  
1 . 2 4  
1.46  

1 . 8 0  
1 .79  
1 . 8 0  
1 . 8 0  

R-value i n f e r r e d  from regress ion  analyses .  * 

**R-value assumed i n  model. 
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high  of about 32OF during the  day, and provided some e x t r a  i n s u l a t i o n  

during the  n i g h t .  Since the model does not  account f o r  snow, i t  

overpredic ted  the  roof temperatures during the  daytime because of s o l a r  

loading ,  and underpredicted the roof temperatures a t  n igh t  because of 

r a d i a t i o n  t o  the  sky. Apparently, t he  snow melted o f f  t he  roof by 

around the  beginning of  January 13 (Hour 9 4 2 ) ,  and the model once again 

t racked  the measured va lues  I 

Average h e a t  f l o w s  over t he  per iod  from December 4 t o  January 14 

are compared i n  Table 4 . 4 .  The predic ted  h e a t  flows from the four  

model runs t h a t  made d i f f e r e n t  assumptions about the  c e i l i n g  and 

r a d i a n t  b a r r i e r  perineanees a r e  a l l  withFn a few percent  of each o t h e r ,  

i n d i c a t i n g  t h a t  d i f f u s i o n  of  water vapor through the  c e i l i n g  has  l i t t l e  

effect  on the  h e a t  f lows. The measured average hea t  flows show 

considerable  v a r i a t i o n .  However, they vary i n  a regular  manner with 

the  i n f e r r e d  i n s u l a t i o n  R-values .  A l i n e a r  r eg res s ion  of the  measured 

h e a t  flows versus the  r ec ip roca l  of  t he  i n f e r r e d  i n s u l a t i o n  R-values 

y i e l d s  an r2 of 0 .995 .  

Btu / f t2  f o r  an R-value of 19 ,  which i s  wi th in  2 to 4 percent  of the  

mode1 p r e d i c t i o n s .  Using the same procedure,  bu t  e l imina t ing  the  

per iod  from January 6 to January 14, during which snow w a s  on the  r o o f ,  

gives an average heat flow t h a t  i s  wi th in  6 t o  10 percent  of  the model 

p r e d i c t i o n s .  

This  regress ion  g ives  a h e a t  flow of 1 . 2 1  

Average h e a t  flows f o r  the  per iod from January 6 t o  January 14 

(during which a snow cover was on the  roof )  a r e  also given i n  Table 

4 . 4 .  A l i n e a r  regress ion  of  the measured d a t a  gives  a h e a t  flow of  

1 . 6 6  R L u / f t 2  f o r  an i n s u l a t i o n  R-value of 1 9 ,  which is  wi th in  allout 8 

percent  of  the  model p red ic t ions .  ‘rhus, even though the hourly h e a t  

flows p red ic t ed  by the  model do not  show the  r i g h t  rrends when snow i s  

OR the  roof, t he  average hea t  Flows predfc ted  by  Che model are i n  

reasonable  agreemenr with the measured d a t a .  



Rased on these comparisons of pred ic ted  and measured h e a t  f lows,  

i t  i s  concluded t h a t  the  model y i e l d s  reasonably good p red ic t ions  i f  

t he  i n s t a l l e d  l o c a l  R-values o f  the  i n s u l a t i o n  are taken i n t o  account.  

4 . 4  MOISTURE ACCUMULATION 

The model was used t o  ca l cu la t e  t he  amount o f  condensed moisture 

(pounds per  square foo t )  t h a t  ex i s t ed  on the  underside of  t he  r a d i a n t  

b a r r i e r  i n  House 1 on an hour-by-hour b a s i s  f o r  the  per iod from 

December 4 t o  January 14.  I t  was assumed t h a t  the  r a d i a n t  b a r r i e r  was 

dry a t  the  beginning o f  t h i s  siiiiulation. 

Figure 4 . 3  shows the  r e s u l t s  of  th ree  model runs for House 1. T h e  

legends an the  f i g u r e  r e f e r  t o  the  assumed va lues  o f  permeances f o r  the  

e n t i r e  c e i l i n g  and f o r  the racli-ant b a r r i e r ,  as given i n  Table 4 . 2 .  'rhe 

fou r th  model run ,  which assumed a continuous polyethylene vapor 

r e t a r d e r ,  i s  not  shown s ince  i t  predic ted  t h a t  no moisture would 

condense over t he  e n t i r e  pe r iod ,  The f i r s t  run,  which assumes a 

radi-ant b a r r i e r  permeance t h a t  corresponds t o  Yarbrough' s d a t a ,  shows 

very l i t t l e  condensation. 

The o the r  two runs assume t-he r ad ian t  b a r r i e r  t o  have a permeance 

equal  t o  t h a t  o f  the  R-19 i n su la t ion .  One run accounts f o r  t he  

permeance of the  c e i l i n g  drywall and the o the r  run ignores  the  drywall .  

B o l h  of  these runs show similar t r ends ,  d i f f e r i n g  only i n  the magnitude 

of pred ic ted  condensation. During the e a r l y  p a r t s  of  the time per iod ,  

both runs p red ic t  t h a t  moisture w i l l  o f t e n  condense on the  r a d i a n t  

b a r r i e r  a t  n i g h t ,  b u t  then w i l l  disappear ehe next day. During the  

l a t e r  p a r t s  of  t h i s  per iod ,  however, both TUXIS p r e d i c t  a continuous 

accumulation of condensed moisture.  The maximum amounts of  condensed 

water pred ic ted  by Runs 2 and 3 a r e  0.033 and 0.011 pounds pe r  square 

foot. I f  these  amounts of moisture were uniformly d i s t r i b u t e d  over the 

r ad ian t  b a r r i e r ,  they would correspond t o  f i l m s  only 0 .006  and 0.002 

inches t h i c k ,  r e spec t ive ly .  
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WATER CONDENSED ON RADIANT BARRIER 

HOUSE 1, DEC. 4,1987 - JAN. 14,1988 

OVERALL RB 
11.83 

+ 9.30 

0 7.45 

1 68 336 504 672 840 

n m ,  HOUR 

Fig .  4 . 3 .  Predicted mois-ure accurnulation on ho r i zon ta l  r ad ian t  
b a r r i e r  i n  House 1 from December 4 ,  1987 t o  January 14 ,  
1988.  FOP each curve,  the f i r s t  perm value app l i e s  t o  the 
t o t a l  c e i l i n g ,  including gypsum board,  vapor r e t a r d e r ,  
i n s u l a t i o n ,  and rad ian t  b a r r i e r ,  and the second value 
app l i e s  t o  the  r ad ian t  b a r r i e r  only.  See Table 4 . 2 .  



During the  experiments, v i s u a l  observat ions o f  t he  underside of 

t he  r a d i a n t  b a r r i e r  were taken pe r iod ica l ly .  Table 4 . 5  l i s t s  the  

observat ions f o r  House 1, along with p red ic t ions  of t he  models f o r  

corresponding t imes.  The r e s u l t s  of Runs 2 and 3 are i n  good 

q u a l i t a t i v e  agreement with the  observat ions.  Each t i m e  the r ad ian t  

b a r r i e r  w a s  observed t o  be d ry ,  the models a l s o  pred ic ted  a dry 

condi t ion ,  and when the  r ad ian t  b a r r i e r  w a s  observed t o  be w e t ,  t he  

model a l s o  pred ic ted  a f i n i t e  aiiiount of condensation. The q u a n t i t a t i v e  

p red ic t ions  of condensed moisture a r e  a l s o  i n  reasonably good agreement 

with the  observat ions o f  l i g h t ,  medium, o r  heavy moisture .  

Quant i ta t ive  da t a  were obtained by not ing  weight changes o f  

b l o t t e r  papers t h a t  were placed between the  i n s u l a t i o n  and the r ad ian t  

b a r r i e r .  I t  was thought t h a t  the  b l o t t e r  paper weight changes would be 

an ind ica to r  o f  moisture accumulation t h a t  might occur under the 

r a d i a n t  b a r r i e r .  The da ta  f o r  House 1 €or December 4 t o  January 14 are 

compared with the model. p red ic t ions  i n  Table 4 . 6 .  The model r e s u l t s  

f o r  Runs 2 and 3 are i n  reasonably good agreement with the b l o t t e r  

paper weight changes, with the  measured va lues  f a l l i n g  between the  t w o  

runs during the per iod  o f  heavy condensation. 

These comparisons o f  p red ic ted  moisture accumulation and 

observat ions show t h a t  the model is i n  reasonably good q u a l i t a t i v e  

agreement with the  observat ions.  However, uncert:ainties i n  the  

appropr ia te  values  f o r  the permeances of the l aye r s  i n  the c e i l i n g  

r e s u l t  i n  some uncer ta in ty  i n  the  q u a n t i t a t i v e  p red ic t ions .  Because o f  

t h i s ,  i t  i s  considered t h a t  the model can be used f o r  parametr ic  

s t u d i e s  and f o r  development o f  gu ide l ines ,  b u t  at: t h i s  s t a g e ,  i t  c a n ' t  

be used t o  p r e d i c t  a c t u a l  moisture condensation r a t e s  with a high 

degree of c e r t a i n t y .  
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Table 4.5, Comparison of observed and predicted moisture 
accumulation on radiant barrier, H o u s e  1 .  

Observed Predicted Water, Pounds per Square Foot 
Date T i m e  Moisture Run 1 Run 2 Run 3 Run 4 

Dec. 11 
Dec. 14 
Dec. 17  
Dec. 18 
Dec. 21 
Dec. 22 
Dec. 23 
Dec. 28 
Dec, 29 
Dec. 3 1  
Jan. 4 
Jan.  5 
Jan .  8 
Jan. 11 
Jan. 14 

0830 
0920 
1115 
1345 
1100 
0900 
1030 
1200 
0745 
0915 
1030 
0845 
0945 
0900 
0900 

Light  
Dry 
Light 
Medium 
Dry 
Light 
Light 
Dry 
Light 
Medium 
Medium 
Heavy 
Heavy 
Heavy 
Heavy 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.0011 
0 
0.0006 
0.0005 
0 
0.0001 
0.0010 
0 
0.0012 
0.0016 
0.0021 
0.0045 
0.0180 

0021 0.0309 
0011 0.0325 

0.0001 
0 
0 
0 
0 
0 
0.0001 
0 
0.0003 
0 
0.0003 
0.0022 
0.0070 
0.0109 
0.0053 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Table 4.6. Comparison of blotter paper weight changes vith 
predicted moisture accumulation, H o u s e  1. 

Weight Gain Predicted Moisture.  Pounds D e r  Suuare Foot 
Date 1b/f t2 Run 1 Run 2 Run 3 Run 4 

Dec. 2 3  0.0057 0 0.0010 0.0001 0 

Jan. 8 0.0111 0 0.0180 0.0070 0 

Jan. 14 0.0105 0.0011 0.0325 0.0053 0 
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5. ANNUAL ENERGY SAVINGS DUE TO RADIANT BARRIERS 

This section presents the results of  analyses of the annual energy 

savings due to radiant barriers. A prototypical ranch style house was 

used as the basis for the calculations. Weather data from Typical 

Meteorological Year tapes were used with the attic/radiant barrier 

model to calculate hour-by-hour cetling heat flows. The ceiling heat 

flows were then brought into the DOE-2.1C model, which combined them 

with the other heat flows in the house to obtain hour-by-hour, and 

annual, heating and cooling loads. The difference between similar runs 

with and without a radiant barrier was the measure of  radiant barrier 

performance. The load reductions were converted to energy bill 

reductions using average'equipment efficiencies and fuel prices. 

Present values of energy savings were obtained by discounting future 

savings and by accounting for projected increases in fuel prices. 

It is expected that many of  the assumptions about the prototypical 

house would be critical if the radiant barrier performance parameter 

were chosen to be the percentage reduction in the loads f o r  the whole 

house. By concentrating on differences in heating and cooling loads 

due to the radiant barrier, these assumptions should not be critical, 

since they should nearly subtract out. 

5.1 PROTOTYPICAL HOUSE 

The prototypical house used for these studies is shown in Figure 

5 . 1 . ~ ~ 3 ~ ~  

The house is 55 feet long and 28 feet wide, with a f l o o r  area of 1540 

square feet. The window area is 184.8 square feet, or 12 percent of 

the floor area. The window area is distributed as follows: 88.8 

square feet on the north wall, 7 0 . 4  square feet on the south wall, and 

25.6 square feet on the west wall. A door on the south wall occupies 

19.5 square feet. 

This basic house has been used for several other studies. 
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Fig. 5.1. Prototypical ranch-style house used €or model simulations. 
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The walls are constructed with 2x4 wood studs 16 inches on center 

(24  percent framing), with 1/2 inch gypsum wallboard, R - 1 1  insulation, 

1/2 inch fiberboard sheathing, and aluminum siding. The walls have a 

solar absorptance of 0.7. Windows are double-glazed, with a shading 

coefficient of 0.52 in the summer and 0.70 in the winter. A l s o ,  there 

is a 2 foot overhang on the south side. The floor is insulated with R- 

19 insulation between 2x8 wood joists 16 inches on center, and is built 

over a 3 foot crawl space. 

The ceiling is constructed with 2x4 wood joists 24 inches on 

center, with 1/2 inch gypsum hoard. The ceiling is insulated with 

either Et-11, R-19, R-30, or R-38 fiberglass insulation, and the joists 

are assumed to be covered with insulation f o r  levels greater than R-11. 

The roof has a pitch of 5 in 12, a solar absorptance of 0.9, and has 

the ridge oriented in the east-west direction. Venting o f  the attics 

is assumed through soffit and ridge vents, with a total net free area 

equal to 1/150 of  the ceiling area. One-third of the vent area i s  

assumed to be in the ridge vent, and the other two-thirds are assumed 

to be in the soffit vents. This corresponds to typical construction 

practice.44 

Emissivities of all surfaces were taken to be 0.9, except as noted 

below. 

The solar absorptance of the gables was taken to be 0.7. 

The thermostat settings were taken to he 78OF in the summer and 

70°F in the winter. During tlhe summer, window venting was assumed 

when: 1) opening windows provides enough cooling to keep the zone 

temperature between 68 and 78OF, 2) the outside air enthalpy is lower 

than the inside air enthalpy, and 3 )  the air-conditioning load during 

the hour can be met totally through natural ventilation at 10 air 

changes per hour. Since occupants typically would not: adjust windows 

after going to bed, a time of day schedule was added to keep windows 

closed between 11 p . m .  and 7 a . m .  During the winter, window ventfng 

was assumed when indoor temperatures would rise above 78°F. 
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I n f i l t r a t i o n  w a s  ca l cu la t ed  us ing  the  Sherman-Grimsrud model f o r  

average r e s i d e n t i a l  cons t ruc t ion  i n  a typical. suburban area with low 

bui ld ings  and trees wi th in  30 f e e t . 4 5  I n t e r n a l  loads were taken t o  be 

55,100 Rt:u per  day, corresponding t o  3 . 2  people ,  1 kwh per  square foo t  

l i g h t i n g ,  and average appl iance l e v e l s .  Hourly i n t e r n a l  load  p r o f i l e s  

were taken from a schedule developed by the  Ca l i fo rn ia  Energy 

commission. 46 

5.2 L LOAD REDUCTIONS AND 

The models were run f o r  the  27  c i t i e s  shown i n  Figure 5.2 (TMY 

weather tapes  were used f o r  all c i t i e s ,  except f o r  Rivers ide ,  CA,  f o r  

which a Ca l i fo rn ia  c l imate  zone tape  w a s  used) .  Annual hea t ing  and 

cool ing loads were ca l cu la t ed  f o r  houses with o r  without a r a d i a n t  

b a r r i e r  and with var ious  l e v e l s  o f  a t t i c  in su la t ion .  By using 

d i f f e rences  between similar runs w i t h  and without a r a d i a n t  b a r r i e r ,  

the  load  reduct ion due t o  a radiant: b a r r i e r  w a s  obtained.  A s  a 

byproduct of assuming var ious  l e v e l s  of a t t i c  i n s u l a t i o n ,  es t imates  

were a l s o  obtained f o r  the  load reduct ions t h a t  would resu1.t from 

increas ing  the l e v e l  of  a t t i c  insul-at ion.  The whole house load  

reduct:ions were normalized by d iv id ing  them by the  c e i l i n g  area,  and 

were converted t o  energy b i l l  savings by d iv id ing  by the  e f f i c i e n c y  of 

t he  hea t ing  o r  cool ing equipment arid by mult iplying by the c o s t  of 

f u e l .  The r e s u l t s  presented i n  thi.s r epor t  a r e  based on medium 

e f f i c i e n c i e s  of 65  percent  f o r  a gas furnace and a coef f ic i -en t  of 

performance of 2 . 3 4  f o r  a c e n t r a l  a i r - cond i t ione r .47  

p r i c e s  of $ 0 . 5 2 7  per  therm f o r  n a t u r a l  gas, and $0.0786 per  kWh f o r  

e l e c t r i - c i t y  w e r e  used. These values  correspond t o  those used i n  the 

development of ASNRAE Standard 9 Q . 2 P . 4 8  

cyc le  savings w a s  es t imated using a 7 percent  r e a l  d i scount  r a t e ,  a 25 

year  l i f e ,  and f u e l  p r i c e  e sca l a t ion  rates from Reference 4 9 .  

Average f u e l  

The present  value of l i f e  
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5.2.1 Clean Horizontal Radiant Barrier 

Since experiments have shown that the greatest ceiling heat flow 

reductions are obtained with the radiant barrier laid directly over the 

insulation (sometimes called the horizontal configuration), the 

greatest effort was aimed at this configuration. An upper bound on 

radiant barrier performance was estimated by assuming the horizontal 

radiant barrier to stay clean for its lifetime, with a constant 

emissivity of 0.05. 

Esti.rnated heating and cooling load reducti-ons due to a clean 

horizontal radiant barrier are 1ist:ed in Tables 5 . 1  and 5.2. The 

tables give entries for the 27 cities and for four levels o f  existing 

attic insul.ation. As expected, these tables show that the load 

reductions vary widely with climate. A l s o ,  as expected, the load 

reductions are greatest when the radiant barrier i.s added to the lower 

levels o f  attic insulation. 

Load reductions for the  R-11 insulation level are plott-ed in 

Figures 5 . 3  and 5 . 4  as functions of heating degree days and cooling 

degree hours. These plots show a reasonable degree o f  correlation 

between the load reductions and simple climatic indicators, which may 
ultimately prove to be a useful method of simplification o f  the  

results. 

Using the assumptions given above, the reductions in heating asld 

cooling loads have been converted tu present value savlngs and combined 

with the results shown in Table 5 . 3 .  These values can be used as a 

guide in making a deci.sion about investing in a radiant barrier. A 

radiant barrier is cost-justified if the present value sauFngs i s  

greater than or equal to the cost of  the radiant barrier. Clearly, the 

decision is complicated by the wide range in price of radiant barriers. 

However, a price of $0.15 per sqilare foot appears ' to be near the low 

end for contractor installed horizontal. radiant barriers. 50 
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Table 5.1. Annua-l heating load reductions due 
to clean horizontal radiant barrier. 

City 
Load Reduction, Btu/sauare foothear 
R- ll* R- 19 R- 30 R- 38 

Albany, NY 
Albuquerque, NM 
Atlanta, GA 
Bismarck, ND 
Chicago, IL 
Denver, CO 
El Toro,  CA 
Houston, TX 
Knoxville, TN 
Las Vegas, NV 
Los Angeles, CA 
Memphis, TN 
Miami, FL 
Minneapolis, MN 
Orlando, FL 
Phoenix, AZ 
Portland, ME 
Portland, OR 
Raleigh, NC 
Riverside, CA 
Sacramento, CA 
Salt Lake City, UT 
St. Louis, MO 
Seattle, WA 
Topeka, KS 
Waco, TX 
Washington, DC 

929 
931 
605 
1192 
842 
989 
792 
387 
725 
7 74 
738 
630 
99 

1062 
275 
606 
1112 
937 
74 1 
892 

906 
7 38 
9 04 
868 
477 
912 

a21  

400 
476 
282 
513 
377 
473 
378 
182 
337 
438 
390 
3 04 
47 
44 7 
130 
321 
490 
427 
342 
42 2 
397 
415 
324 
364 
379 
225 
386 

193 
299 
163  
293 
210 
277 
242 
108 
206 
277 
227 
1.80 
28 
223 
77 
191 
253 
238 
219 
248 
236 
223 
169 
197 
219 

212 
138 

140 
238 
137 
206 
144 
236 
19 7 
80 
164 
227 
188 
164 
26 
154 
62 
162 
194 
186 
162 
189 
192 

136 
133 
176 
119 
182 

187 

Level of attic insulation. * 
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Table 5.2. Annual cooling load reductions due 
to clean horizontal radiant barrier. 

City 
Load Reduction. Btu/square foot/ym 
R- 11* R- 19 R- 30 R- 38 

Albany, NY 
Albuquerque NPI 
Atlanta, GA 
Bismarck, ND 
Chicago, IT, 
DenV@K, CO 
E l  Toro, CA 
I-lous t o n ,  TX 
Knoxville, TN 
Las Vegas, NV 
Los Angeles, CA 
Memphis, TN 
M i a m i ,  FL 
Minneapolis, fil\T 
Orlando, FL 
Phoenix, A 2  
Portland, ME 
Portland, OR 
Raleigh, NC 
Riverside, CA 
Sacramento, CA 
Salt Lake City, UT 
St. Louis, MO 
Seattle, WA 
Topeka, KS 
Waco, TX 
Washington, DC 

876 
1598 
1673 
706 
960 
1020 
1232 
2162 
1597 
2535 
429 
1823 
3090 
769 
2575 
3308 
297 
551 
1440 
1999 
1592 
1286 
1466 
223 
1523 
2371 
1221 

409 
851 
832 
388 
475 
550 
636 
1120 
823 
1210 
256 
907 
1631 
418 
1299 
1595 
120 
299 
738 
931. 
849 
651 
757 
119 
790 
1175 
622 

259 
522 
5 16 
245 
284 
357 
h05 
672 
5 1.7 
703 
168 
555 
938 
257 
832 
942 

82 
178 
460 
556 
542 
409 
479 

512 
71.3 
386 

ao 

211 
42 6 
405 
191 
229 
234 
351 
521 
411 
539 
148 
44 0 
727 
204 
662 
738 
62 
147 
359 
44 8 
445 
332 
359 

6 5  
397 
552 
301 

*Level o f  attic insulation. 
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Fig. 5.3. Annual heating load reductions due to clean horizontal 
radiant barrier on top of R-ll insulation. 
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Fig. 5.4. Annual cooling load reductions due to clean horizontal 
radiant barrier on top of R-11 insulation. 
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Table 5.3. Present value savings for clean horizontal radiant barrier. 

City  

~ -~ ~ 

Present  Value Savings-. - Dol la r s  pe r  Square Foo t  
R -  Pl* R -  1 9  R- 3 0  K- 38 

Albany, NY 
Albuquerque, NM 
A t l a n t a ,  GA 
Bismarck, ND 
Chicago, XL 
Denver, CO 
E l  Toro, CA 
Houston, TX 
Knoxvil le ,  TN 
1,as Vegas, NV 
Los Aiigeles, CA 
Memphis, TN 
Miami FL 
Minneapol.is, MN 
Orlando, FL 
Phoenlx, AZ 
Por t ] -and ,  ME 
Por t land  ~ OR 
Rale igh ,  NC 
Rivers ide  ~ CA 
Sacramento, CA 
S a l t  Lake C i t y ,  UT 
St. Louis ,  MO 
Seattle, WA 
Topeka, KS 
Waco, TX 
Washing Con, DC 

0.21 
0.29 
0,26 
0.22 
0.21 
0.23 
0 .23  
0 .29  
0.27 
0.38  
0 . 1 3  

0.36 
0.21 
0.32 
0.45 
0.16 
0 .17  
0.25 
0.33  
0 .28  
0.25 
0.25 
0.13 
0.27 
0 . 3 2  
0 . 2 4  

0 .28  

0.09 
0.15 
0.13  
0.10 
0.10 
0 . 1 2  
0.12  
0.15 
0.13 
0 .19  
0.07 
0.1.4 
0.19 
0.10 
0.16 
0 . 2 2  
0.07 
0.08 
0.12 
0.1.6 
0.14 
0.12 
0.12 
0.06 
0 .13  
0.16 
0.12 

0.05 
0.09 
0.08 
0.06 
0.06 
0 .07  
0 . 0 7  
0 . 0 9  
0 .08  
0 .11  
0 . 0 4  
0.08 
0 . 1 1  
0.06 
0.10 
0 .13  
0.04 
0 .05  
0 .08  
0.09 
0.09 
0.07 
0.07 
0.03  
0.08 
0 . 1 0  
0 .07  

0.04  
0.08  
0 .06  
0.04  
0 .04  
0.06 
0 . 0 6  
0.07 
0.06 
0.09  
0.04 
0 .07  
0 . 0 9  
0 .04  
0.08 
0.10  
0.03 
0.04 
0.06  
0 . 0 7  
0.07 
0.06 
0.06 
0.02 
0.05 
0.08 
0.06 

I- 

*Level o f  a t c i c  i -nsu la t ion .  
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Comparing this figure with the values in Table 5.3 shows that, if 

the attic has R-11 insulation, a clean horizontal radiant barrier is 

cost-justified fur all locations except Los Angeles and Seattle. Since 

the weather data for Los Angeles were taken at the Los Angeles 

International Airport, they are probably not representative of the 

climate where most of the population of greater Los Angeles reside. 

The values for El Toro, taken at the E l  Toro Marine Corps Air Station 

are probably more representative of  this area, but still may have some 

moderating influence due to the ocean that is not felt by locations 

farther inland, such as Riverside. Thus, with R - 1 1  attic insulation, a 

clean horizontal radiant barrier is cost-justified for essentially all 

of the lower 48 states of the U.S. 

With R-19 attic insulation, a clean horizontal radiant barrier is 

cost- justified over the southern parts of the country, incl.uding 

Riverside, CA, as shown in Figure 5.5. With insulation levels of R - 3 0  

or R - 3 8 ,  a clean horizontal radiant barrier at a cost of  $0.015 per 

square foot is not cost-justified in any of  the locations studied. 

5.2.2 Effect oE Dust Accumul.ation on Horizontal Radiarnt Barrier 

The horizontal configuration is susceptible to accumulation of 

dust, which should result in an increased emissivity, and hence a 

smaller load reduction. The impac t on radiant barrier performance 

comes from two factors. The first is the rate a t  which dust 

accumulates, and hence the rate at which the emissivity increases, 

while the second is the effect of increased emissivity on the load 

reductions. 

Cook, et. al., have studied the effects of dust on the emissivity 

of radiant barrier materials. 51 

dusted samples was used to establish the relationship between amount of 

dust and emissivity, High emissivities, on the order of 0 . 8 ,  were 

measured when a sufficiently large amount of dust was applied, In 

addition, samples were retrieved from residential attics that had 

Laboratory testing with artificially 



4
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r a d i a n t  b a r r i e r s  i n s t a l l e d  f o r  around four y e a r s .  W h i l e .  i nd iv idua l  

measurements showed a l a r g e  amount of  s ca t t e r ,  a grand average va lue  of  

0.24 w a s  ob ta ined  f o r  t he  samples which had been i n  the  f i e l d  f o r  about 

fou r  y e a r s .  An approximation t o  the r e l a t i o n s h i p  between e m i s s i v i t y  

and t i m e  has  been obta ined  by f o r c i n g  an  equat ion  through Cook’s four  

yea r  f i e l d  average va lue  and h i s  l abo ra to ry  va lues  f o r  c l e a n  and very  

dus ty  samples ,  g iv ing  

E = 0.03 t -  0 . 7 6 1  [l - exp(-O.O807*t)] 

where t i s  the  time i n  y e a r s .  

The models have been run  wi th  va r ious  assumed levels o f  

e m i s s i v i t y .  Load reduct ions  obtai-ned from these  c a l c u l a t i o n s  were 

normalized wi th  r e s p e c t  t o  the l oad  reduct ions  from a clean h o r i z o n t a l  

r a d i a n t  b a r r i e r ,  wi th  the  resul t is  given i n  Table  5 . 4 .  The model 

p r e d i c t s  t h a t  t he  performance drops o f f  s i g n i f i c a n t l y  wi th  inc reases  i n  

e m i s s i v i t y ,  wi th  the  cool ing  performance dropping o f f  fas ter  than  the  

h e a t i n g  performance. The model also p r e d i c t s  t h a t  t he  normalized 

r educ t ions  do n o t  vary  s i g n i f i c a n t l y  wi th  climate. Enipirical equat ions  

f i t  t o  t h e s e  r e s u l t s  are 

N R I i -  192.2 [ 0 . 5 9 6  - 1/(1 -t 0 . 6 1 / ~ ) ]  

NRC 1 6 2 . 3  [O.8318 - 1 / ( 1  + 0 . 1 8 2 / ~ ) ]  ( 1 9 )  

where NRI31 and NRC are the  normalized h e a t i n g  and coo l ing  load  

reduczions and E is  t h e  r a d i a n t  b a r r i e r  e m i s s i v i t y .  

IJsing t h i s  rate of change of emiss iv i ty  and the  model p r e d i c t i o n s  

f o r  the  e f f e c t  o f  emissfvity on load reduct ions  r e s u l t s  i n  t h e  p re sen t  

va lue  sav ings  given i n  Table 5 . 5 .  tlsing the $0.1S p e r  square foot7 

c r i t e r i o n ,  a dus ty  h o r i z o n t a l  r a d i a n t  barr ier  ( a s  def ined  here) i s  

c o s t - j u s t i f i e d  only f o r  Phoenix when t.he a t t i c  con ta ins  R - 1 1  

i n s u l a t i o n .  
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Table 5.4. Effect of emissivity on h a d  reductions 
due to horizontal radi.ant barriers with It-11 irs%ulaCion. 

... -_ 

Percent of  Clean Horizontal RB Load Reduction 
Emissivity Miami, Cooling Minneapolis, Cooling Minneapolis, Heating 

0 .05  100 

0.1.0 7 3 . 4  

0 . 2 0  4 8 . 0  

0 .30  3 3 . 5  

0 . 4 0  2 3 . 4  

0 .50  16.0 

100 

7 4 . 8  

50 .8  

3 5 . 7  

2 4 . 9  

1 7 . 4  

100 

87 .8  

6 6 . 7  

51.6 

38.5 

28.0 

It should be noted that the performance of dusty horizontal 

radiant barriers is a subject of eonsiderab1.e controversy. First, 

there is considerable scatter i n  measured values of emissivity versus 

time. The analysis presented here uses what i s  considered to be a 

representative relationship. However, other curves might be chosen 

which would alter the  performance values ei-ther up or down. Second, 

there is a question of how well. the model accounts for the effects o f  

emissivity changes. Data taken by the Tennessee Valley Authority w i t h  

test: c e l l s  having horizontal radiant barriers that were artificially 

dusted with "Arizona test dustr." 30 not show such a rapid decline in 

performance as predicted by the model. 5 2  

research on the rates of  emissivity changes in the field, and also a 

need f o r  thermal performance tests under we1.l-controlled laboratory 

conditions. 

There is a need for continued 
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Table 5.5. Present value savings for dusty horizontal radiant barrier. 

Present Value Savinns, Dollars Der Sauare Foot 
City R- 11* R- 19 R- 30 R-38 

Albany, NY 
Albuquerque, NM 
Atlanta, GA 
Bismarck, ND 
Chicago, IL 
Denver, CO 
El Toro, CA 
Houston, TX 
Knoxville, TN 
Las Vegas, NV 
Los Angeles, CA 
Memphis, TN 
Miami, FL 
Minneapolis, MN 
Orlando, FL 
Phoenix, AZ 
Portland, ME 
Portland, OR 
Raleigh, NC 
Riverside , CA 
Sacramento, CA 
Salt Lake City, UT 
St. Loui s ,  MO 
Seattle, WA 
Topeka, KS 
Waco, TX 
Washington, DC 

0.08 
0.11 
0 . 0 9  
0 .09  
0.08 
0 . 0 8  
0 .09  
0.10 
0.10 
0.13 
0.05 
0.10 
0.12 
0.08 
0.11 
0.16 
0.07 
0.07 
0.09 
0.12 
0.10 
0.09 
0.09 
0.05 
0.10 
0.11 
0.09  

0.04 
0 . 0 6  
0.05 
0 . 0 4  
0 . 0 4  
0 . 0 4  
0.04 
0 .05  
0 .05  
0.07 
0 . 0 3  
0 .05  
0 . 0 6  
0 .04  
0.06 
0 . 0 8  
0 .03  
0 .03  
0.04 
0 .06  
0.05 
0 . 0 4  
0.04 
0 .02  
0 .05  
0 .06  
0 .04  

0.02 
0 . 0 3  
0.03 
0.02 
0 .02  
0.03 
0.03 
0.03 
0.03 
0.04 
0.02 
0 . 0 3  
0 .04  
0 .02  
0 .04  
0 .05  
0 .02  
0 .02  
0 .03  
0 .03  
0 .03  
0 .03  
0 .03  
0.01 
0.03 
0.03 
0.02 

0 . 0 2  
0.03 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.03 
0.02 
0.02 
0.03 
0.02 
0.03 
0 . 0 4  
0.01 
0.01 
0.02 
0.03 
0.03 
0 .02  
0 .02  
0.01 
0.02 
0 .03  
0.02 

*Level of attic insulation. 
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5 . 2 . 3  Truss Radiant Ba r r i e r s  

Truss r ad ian t  b a r r i e r s  a r e  i n s t a l l e d  i n  a nwiber oE 

conf igura t ions ,  which may be expected t o  have d i f f e r e n t  performances. 

Aiiiong the  methods f o r  i n s t a l l i n g  t r u s s  r ad ian t  b a r r i e r s  a r e :  1) 

a t t ach ing  them d i r e c t l y  t o  the bottoms o f  the  r a f t e r s ,  covering the  

bottoms of the r aE te r s ,  2 )  a t tach ing  them between thc  r a f t e r s ,  thus 

leaving the bottom sur faces  of the  r a f t e r s  exposed, 3 )  draping them 

over the  t o p s  of the r a f t e r s ,  which leaves more of the  r a f t e r s  exposed, 

and 4 )  a t t ach ing  them d i r e c t l y  t o  the  underside of the  roof decking. 

With any of these conf igura t ions ,  the  i n t e r i o r  of  the gables may a l s o  

be covered with rad ian t  b a r r i e r ,  as recommended by the  Ref lec t ive  
I n s u l a t  i.on Manufacturers A s  soc i a t  i on .  53 

Load reduct ions f o r  t r u s s  r ad ian t  b a r r i e r s  were est imated by 

running the  model with var ious l e v e l s  of e f f e c t i v e  o r  average 

e m i s s i v i t i e s  f o r  the underside of the roo f ,  and f o r  e i t h e r  r e f l e c t i v e  

o r  nonref lec t ive  gables .  Predicted load reduct ions ,  normalized t o  the 

values  f o r  a c lean  hor izonta l  r ad ian t  b a r r i e r ,  a r e  given i n  Tables 5 . 6  

and 5 . 7 .  I n  gene ra l ,  these t ab le s  show t:lrat the  normalized values  do 

no t  vary s i g n i f i c a n t l y  with cl imate  o r  i n su la t ion  l e v e l ,  bu t  do vary 

considerably with roof emiss iv i ty  and a l s o  vary somewhat between the  

hea t ing  and cooli.ng seasons.  I n  add i t ion ,  the  model p r e d i c t s  that: 

b e t t e r  performance i s  obtained with r e f l e c t i v e  gab le s ,  e s p e c i a l l y  wi.th 

l o w  r o o f  e m i s s i v i t i e s .  

gables ,  the  performance of a t r u s s  rad ian t  b a r r i e r  is  near ly  equal t o  

t h a t  of a c lean  hor izonta l  radi-ant b a r r i e r .  

A l s o ,  with a low roof  emiss iv i ty  and r e f l e c t i v e  

These model r e s u l t s  may be used t o  es t imate  the  load reduct ions 

due t o  truss r ad ian t  b a r r i e r s  i f  appropriate  values  can be se l ec t ed  f o r  

the  e f f e c t i v e  emiss iv i ty  of the underside of  the r o o f .  While t h i s  i s  a 

complicated t a s k ,  and subjec t  t o  some controversy,  i t  i s  i n t e r e s t i n g  t o  

look a t  two assumptions. F i r s t ,  it is  assumed t h a t  the  r ad ian t  b a r r i e r  

covers the bottoms o f  a l l  r a f t e r s  and thc  gables ,  and t h a t  a neg l ig ib l e  

amount of the  roof deck i s  exposed t o  allow f o r  passage of  v e n t i l a t i o n  
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Table 5 . 6 .  Load reductions for truss radiant barriers 
w i t h  reflective ( E  = 0.05)  gables. 

Insulation Percent of Clean HRB Load Reduction 
City Season leve 1 E = 0.05" € - 0.10 E - 0.15 

Miami Coo 1 ing R- 11 
R- 19 
R-  30 
R-  38 

Minneapolis Cooling R - 1 1  
R- 19 

Miami Heating R- 11 
R- 19 
R-  30 
R-  38 

Minneapolis Heating R- 11 
R -  1 9  

9 2 . 4  
9 4 . 1  
94 .5  
94.6 

93.2 
9 5 . 0  

95.4 
95.9 
9 5 . 3  
9 7 . 5  

9 6 . 3  
9 5 . 6  

6 8 . 2  
70.7 
73 .0  
9 1 . 8  

7 0 . 0  
74.5 

8 4 . 9  
83 .6  
8 8 . 4  
8 2 . 5  

8 4 . 2  
8 0 . 4  

53 .8  

58.2 
57 .9  

56 .8  

56.2  
6 0 . 7  

7 4 . 3  
69 .9  
76 .7  
7 2 . 5  

73.2 
71.2 

Effective emissivity of underside of roof. * 

Table 5.7. Laad reductions for truss radiant: barriers 
vith nonreflective (6 = 0.9)  gables. 

Insulation Percent of Clean HRB Load Reduction 
City Season level E = 0.05* e = 0.10 e = 0 . 1 5  

Miami Cooling R - 1 1  7 8 . 1  6 1 . 5  49 .9  
R -  19 81 .5  6 4 . 8  52 .9  

Minneapolis Cooling R-11 80.5 63.7  52.7 
R-  19 8 4 . 9  6 9 . 1  57 .5  

Miami Heating R - 1 1  8 1 . 6  73 .7  64.4 
R -  19 8 0 . 8  69 .9  6 0 . 3  

Minneapolis Heating R - 1 1  78.7 68 . O  5 9 . 6  
R-  19 77.6 6 6 . 0  58.7 

"Effective emissivity of underside of roof. 
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a i r .  I n  t h i s  case ,  the  e f f e c t i v e  emiss iv i ty  i s  0.05 and from Table 

5 . 6 ,  the  normalized load reduct ion is about 95 percent  f o r  e i t h e r  

hea t ing  o r  cool ing.  For the second case ,  it i s  again assumed t h a t  the 

gables  a r e  r e f l e c t i v e ,  bu t  t h a t  6 . 2 5  percent  of the  roof su r face  has an 

emiss iv i ty  o f  0.9  ( t h i s  percentage corresporids t o  the assumed framing 

f a c t o r ,  1 . 5  inch wide r a f t e r s  every 2 4  inches) .  Area averaging the  

high and low emiss iv i ty  sur faces  gives an e f f e c t i v e  emiss iv i ty  of 0 .10,  

and from Table 5 . 6 ,  the  normalized load reduct ions a r e  about: 70 percent  

f o r  cool ing and 85 percent f o r  hea t ing .  

Present  value savings ca l cu la t ed  with these assumptions a r e  given 

i n  Tables 5 . 8  and 5 . 9 .  For judging c o s t - e f f e c t i v e n e s s ,  r ad ian t  b a r r i e r  

c o s t s  must take i n t o  account the  f a c t  t h a t  the  roof  and gable ar-, - 2 s  a r e  

l a r g e r  than the c e i l i n g .  For the p ro to typ ica l  house descr ibed above 

the  t o t a l  a rea  o f  the roof and gables i s  about 19 percent  l a r g e r  than 

the  c e i l i n g .  

rnatexi-al ,  the cos t  per square foo t  of c e i l i n g  w i l l  be about $0.18. 

With an i n s t a l l e d  c o s t  of $0.15 per  square foo t  of 

Comparing the present  value savings i n  Table 5 . 8  with $0.18 per  

square foot shows t h a t ,  w i ~ h  R - 1 1  i n su la t ion ,  a t r u s s  r ad ian t  b a r r i e r  

with an e f f e c t i v e  emiss iv i ty  of 0 .05 i s  cos t  j u s t i f i e d  f o r  a l l  

l oca t ions  except Los Angeles ( a t  the a i r p o r t ) ,  Port land,  ME, Por t land ,  

OK,  and S e a t t l e .  With R - 1 9  i n s u l a t i o n ,  t h i s  r ad ian t  b a r r i e r  i s  c o s t  

j u s t i f i e d  only f o r  c l imates  t y p i f i e d  by Las  Vegas, Phoenix, and Miami. 

For higher  i n su la t ion  l e v e l s ,  t h i s  r ad ian t  b a r r i e r  i s  not  c o s t  

j u s t i f i e d .  

Comparing the  present  value savings i n  Table 5 .9  wi.tl.1 $0.18 per  

square foo t  i nd ica t e s  t h a t ,  with R - 1 1  i n s u l a t i o n ,  a t r u s s  r ad ian t  

b a r r i e r  with an e f f e c t i v e  emiss iv i ty  of  0.10 i s  c o s t  j u s t i f i e d  f o r  a l l  

l oca t ions  except those t y p i f i e d  by Albany, Bismarck, Chicago, Los 

Angeles ( a t  the a i r p o r t ) ,  Minneapolis, both Por t lands ,  and S e a t t l e .  

For higher  insul.ation l e v e l s ,  tAis rad ian t  h a r r i e r  i s  not c o s t  

j us ti f i e d  . 
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Table 5.8. Present value savings for truss radiant barrier w i t h  
reflective gables and effective roof emissivity of 0 0 5 .  

Present  Value Savings.  Do l l a r s  p e r  Square Foot 
C i t y  R - l l *  R -  1 9  R -  30 R-  38 

__-- .- -. _.1_1 

Albany, NY 
Albuquerque, NM 
A t l a n t a ,  GA 
Bismarck, ND 
Chicago, I L  
Denver, CO 
E l  T o r o ,  CA 
Houston, TX 
Knoxvil le ,  TN 
Las  Vegas, NV 
Los Angeles,  CA 
Memphis, TN 
Miami, FL 
Minneapol is ,  MN 
Orlando, FL 
Phoenix AZ 
Por t l and ,  ME 
Por t l and ,  OR 
Rale igh ,  NC 
R ive r s ide ,  CA 
Sacramento, CA 
S a l t  Lake C i t y ,  UT 
St. Louis ,  MO 
Sea t t le ,  WA 
Topeka, KS 
Waco , TX 
Washington ~ DC 

0 .20 
0.28 
0 . 2 5  
0 .21  
0 .20  
0.22 
0.22 
0.28 
0 .2s  
0.36 
0.13 
0.27 
0.34 
0.20 
0 . 3 1  
0.42 
0 .15  
0 . 1 6  
0.24  
0 . 3 1  
0.26 
0 .24  
0.24 
0.12 
0.26 
0 . 3 1  
0 . 2 3  

0.09 
0.14 
0 . 1 2  
0 .10  
0 . 0 9  
0 .11  
0 .11  
0 .14  
0.13 
0 .18  
0.07 
0 .13  
0.18 
0 . 0 9  
0 . 1 5  
0 * 21. 
0 . 0 7  
0 .08  
0.12 
0 , l S  
0 ” 1.4 
0.12 
0 . 1 2  
0 .05  
0.1.3 
0.15 
0.11 

0 .05  
0 . 0 9  
0.07  
0 .06  
0 . 0 5  
0.07 
0.07 
0.08 
0.08 
0 .11  
0.04  
0.08 
0.10 
0 .05  
0.10  
0.12 
0.04  
0.04 
0.07 
0 .09  
0.08 
0.07 
0.07 
0 .03  
0.08 
0 .09  
0 .06  

0.04 
0.07 
0.06 
0 . 0 4  
0 .04  
0 .06  
0 .06  
0 .06  
0.06  
0 .08  
0.04 
0.07 
0 .08  
0 . 0 4  
0.08 
0.10 
0 .03  
0 .04  
0 .06  
0.07 
0.07 
0 .06  
0.05 
0 .02  
0.06 
0 .07  
0.05 

-I_I 

Level of a t t i c  i n s u l a t i o n .  * 
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Table 5.9. Present value savings for truss radiant harri-er w i t h  
reflective gables and effective roof emisstvity o f  0.10. 

City 
..... Present Value-Savings. Dol la r s  per Square Foot 
R- ll* R- 19 R- 30 R- 38 

Albany, NY 
Albuquerque, NM 
Atlanta, GA 
Bismarck, ND 
Chicago, I L  
Denver, CO 
E l  TOTO, CA 
Houston, TX 
Knoxville, TN 
Las Vegas, NV 
Los Angeles, CA 
Memphis, TN 
Miami, FL, 
Minneapolis, MN 
Orlando, FL 
Phoenix, AZ 
Portland, ME 
Portland, OR 
Raleigh, NC 
Riversi.de, CA 
Sacramento, CA 
Salt Lake City, UT 
St. Louis, MO 
Seattle, WA 
Topeka, KS 
Waeo, TX 
Washington, DC 

0.16 
0 . 2 2  
0.19 
0.17 
0.16 
0.18 
0 .18  
0 . 2 1  
0.20 
0 . 2 8  
0.11  
0 . 2 1  
0.26 
0 . 1 7  
0 . 2 3  
0 . 3 2  
0.13  
0 . 1 4  
0 . 1 9  
0.25  
0.21 
0.19 
0.19 
0.11 
0.21 
0 . 2 4  
0.19 

0 .07  
0 . 1 1  
0.09 
0.08 
0 .08  
0.09 
0 . 0 9  
0 .11  
0.10 
0.14 
0.06 
0.10 
0.13 
0.08 
0 . 1 2  
0 . 1 6  
0 . 0 6  
0.07 
0.09 
0.12 
0.11 
0.09 
0.09 
0 . 0 4  
0.10 
0.12 
0 . 0 9  

0.04  
0.07 
0.06  
0 . 0 5  
0 . 0 4  
0.06 
0.06 
0.06 
0.06 
0.08 
0.04  
0 . 0 6  
0 .08  
0 . 0 4  
0.07  
0.09 
0 .03  
0 . 0 4  
0.06 
0.07 
0.07 
0.05  
0.05 
0 .03  
0.06 
0.07  
0 . 0 5  

0.03  
0 .06  
0.05 
0 . 0 4  
0 . 0 3  
0.05 
0.05 
0.05 
0.05 
0.07 
0.03 
0.05 
0.06 
0.03  
0 .05  
0.07 
0 .02  
0.03 
0.04  
0 . 0 5  
0 . 0 5  
0 . 0 4  
0 . 0 4  
0 . 0 2  
0 . 0 5  
0 .06  
0 . 0 4  

~ 

*Level of attic insulation. 



5.2.4 Increased Insulation Levels 

A s  a byproduct of  these calculations, load reductions due to 

increasing the level of attic insulation were also calculated. Heating 

and cooling load reductions are given in Tables 5.10 and 5.11. Table 

5.12 contains present value savings for increases of the insulation 

from R - 1 1  to R-19, from R - 1 9  to R - 3 0 ,  or from R-11 to R-30. 

A rough estimate f o r  contractor installed insulation is $0.02 per 

square foot per R-value. For example, increasing the insulation level 

from R-11 to R-30 costs about $0.38 per square foot. Table 5.12 s h o w s  

that increasing the insulation level from R-11 to K-30 is cost 

justified for all locations except Los Angeles (airport), Miami, and 

Orlando (borderline). 

5.2.5 Effect of Ducts in Attics 

All of the load reduction and economic calculations presented thus 

Tar are based only on the impact of radiant barriers or ceiling 

insulation on house loads caused by heat gains or losses through the 

ceiling, Recent analytical work suggests that another factor that may 

increase the cost effectiveness of  radiant barriers is related to heat 

gains or losses from HVAC ducts that are run through attic spaces. 

In addition to decreasing heat f l o w s  through the ceiling, truss radiant 

barriers alter the temperature in the attic space arid may reduce heat 

gains to air-conditioning ducts or beat losses from heating ducts. 

54 

The amount of extra energy saved will depend upon the general 

characteristics of the house and the HVAC equipment. 

simulated results for the effects of duct insulation level and ceiling 

insulation level for houses in Sacramento having attics with and 

without truss radiant barriers. Expressing his results in terms of a 

percentage increase in cooling energy savings due to a radiant barrier 

in an attic with ducts referenced to one in an attLc without ducts 

Hoeschele55 gives 
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Table 5-10. Annllnl heating load reductions due 
to increasing attic insulation level. 

C i. 2:y 
Load Reduction, Btu/square foot/year 

R - 1 1  to R-19* R-19 to R-30 R-30  to R-38 

Albany, NY 
Albuquerque, NM 
Atlanta, GA 
Bi-srnarck, ND 
Chicago, IL 
Denver, CO 
El Toro ,  CA 
Houston, TX 
Knoxville, TN 
Las  Vegas, NV 
1,os Angeles, CA 
Memphis, TN 
Miami, FL 
Minneapolis, MN 
Orlaticlo, FL 
Phoenix, AZ 
Portland, ME 
Portland I OR 
Raleigh, NC 
Riverside, CA 
Sacramento, CA 
Salt Lake City, UT 
St. Louis, MO 
Seattle, WA 
Topeka, KS 
Waco, TX 
Washington, DC 

5358 
3460 
2660 
7072 
4923 
4765 
1977 
1358 
31h5 
21.14 
1 / 0 6  
2711 

z 54 
6399 

712 
1444  
58 70 
3980 
2977 
2302 
2651 
4623 
GO10 
4328 
429 7 
1966 
3999 

2751 
1697 
1332 
3610 
2569 
2450 

923 
632 

1584  
1042 

8 1 4  
1359 

1 2 1  
3323 

390 
744 

3096 
1992 
1489 
1 1 2 1  
1294 
2321 
2038 
2295 
2199 

968 
2014 

1030 
626 
49 7 

1369 
952 
872 
336 
242 
599 
375 
29 5 
489 

38 
1239 

125  
318 

1137 
738 
606 
406 
467 
858 
759 
8 3 1  
802 
353 
731  

"Initial and final levels o f  attic insulation. 
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Table 5-11.. Annual cooling load reductions due 
to increasing attic insulation level. 

C i  cy 
Load Reduction, Btu/square foot/year 

R - 1 1  t o  R-19*  R-19 to R-30 R-30 to R-38 

Albany, NY 
Albuquerque, NM 
Atlanta, GA 
Bismarck, ND 
Chicago, I L  
Denver, CO 
El Toro, CA 
Houston, TX 
Knoxville, TN 
Las  Vegas, NV 
Los Angeles, CA 
Memphis, TN 
Miam:, FL 
Minneapolis, MN 
Orlando, FL 
Phoenix, A2 
Portland, ME 
Portland, OR 
Raleigh, NC 
Riverside, CA 
Sacramento, CA 
Salt Lake C i t y ,  
St. Louis, MO 
Seattle, WA 
Topeka, KS 
Waco, TX 
Washington, DC 

1171 
1100 
1649 
695 
1061 
715 
854 
1310 
1476 
1960 
214 
1797 
1694 
471 
1435 
3175 

392 
368 
1375 
1983 
1145 

UT 956 
1482 
169 
991 
1606 
1210 

258 
698 
508 
226 
293 
344 
384 
945 
527 
997 
122 
584 
883 
259 
691 
1334 
66 
316 
434 
713 
582 
462 
444 
73 

46 5 
819 
392 

87 
189 
184 
84 
99 
117 
123 
247 
193 
369 
25 
2 19 
315 
90 
284 
48 8 
27 
60 

153 
241. 
194 
159 
186 

23  
193 
317 
138 

Initial and final levels of attic insulation. * 
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T a b l e  5.12. Present value, savings for inicrreasiing 
at t i -c  insulat ion 1 evel" 

c i. ty 

Presgnt value savings.  dollars per square foot: 

R-11 to R-19* R-19 to R-30 R-11 to R-30 

Albany, NY 
Albuquerque, NM 
Atlanta, GA 
Ri sinarck ~ ND 
Chicago, I E  
Denver, CO 
El Toro, CA 
Houston, TX 
Knoxville, TN 
Z.as Vegas, NV 
Los Angeles, CA 
Memphis, TN 
Miami, FL 
Minneapolis, MN 
Orlando, FL 
Phocnix, AZ 
Portland, ME 
Portland, OR 
Raleigh, NC 
Riverside, CA 
Sacramento, CA 
S a l t  Lake City, UT 
St. Louis, MO 
Seattle, WA 
Topeka, KS 
Waco, TX 
Washington, DC 

0.76 
0.53 
0.50 
0.90 
0.69 
0.64 
0.33 
0.31 
0.53 
0.47 
0.22 
0.52 
0.22 
0.80 
0.25 
0.53 
0.73 
0.50 
0.50 
0.49 
0 . 4 ! 4  

0.65 
0.63 
0.52 
0.61 
0.41 
0.60 

0.35 
0.28 
0.21 
0.45 
0.33 
0.32 
0.15 
0.18 
0 . 2 4  
0.23 
0.11 
0.22 
0.11 
0.42 
0.12 
0 . 2 4  
0.37 
0.27 
0.22 
0.21 
0.22 
0.32 
0.29 
0.28 
0.31 
0.21 
0.28 

1 .10  
0.80 
0.71 
1." 35 
1. " 02 
0.96 
0 . 4 8  
0.49 
0.78 
0.70 
0.33 
0 . 7 4  
0.34 
1.21 
0.37 
0.77 
1.09 
0.77 
0.72 
0 . 7 0  
0.65 
0.97 
0.92 
0.80 
0.92 
0.62 
0.88 

Initial and final levels of attic insul.at:ion -ir 



57 

gives the following percentage increases for a duct insulation level of 

R-2.1: 19 percent, 35 percent, and 54 percent for ceiling insulation 

levels of R-7, R-19, and R-38. 

It is interesting to examine the map shown in Figure 5 . 6 ,  which 

shows the prevalence of basement, crawl spaces, and s1a.b foundations. 56 

The significance of this map is that houses built on slabs will 

generally have the HVAC ducts in the attic space, while houses built on 

crawl spaces and basements are less likely to have ducts in atti.cs. 

While houses built on slabs constitute a large proportion of  the houses 

south of the solid line, slabs are much less prevalent north of the 

line. 

The region south of the solid line is also the region where 

radiant barriers are cost justified when used with the lower levels of 

attic insulation. Factoring in the effects on duct heat gains and 

losses may also make them cost justified for higher levels of 

insulation. These factors may a lso  increase the radiant barrier cost 

that can be justified. Because of the many factors involved, further 

work is needed to analyze the impacts of duct: heat gains and losses on 

radiant barrier performance. 
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6 .  ANALYSIS OF ANNUAL CYCLE MOISTURE AC-TION 

The model with moisture effects included has been used to estimate 

the hour-by-hour moisture accumulation on the underside of a clean 

horizontal radiant harrier due to diffusion of water vapor through the 

ceiling. 

and for a range o f  parameters, using basically the same prototypical 

house as was used for the annual energy analyses. One difference is 

that the areas of soffit and ridge vents are taken to be equal for the 

moisture modeling runs, with different vent areas being studied. For 

all runs, the drywall was taken to have a permeance of 37.5 and the 

insulation was taken to have a reciprocal permeance of 0.0086 per inch 

of thickness. 

Estimates have been made for a number of climatic conditions, 

Several measures of moisture accumulation have been examined. 

First i s  the total amount of moisture that condenses on the radiant 

barrier over the year. This quantity would be of interest if it; is 

assumed that all the moisture that condenses gets absorbed into the 

ceiling and is not released again. The second measure is the predicted 

peak of the hourly values. This number will be less than the total 

condensation due to evaporation that occurs during the year. Dates 

have been estimated f o r  the occurrence of the peak, the first 

occurrence of significant accumulation, and the end of significant 

condensed moisture. From these dates is derived the duration of 

significant condensed moisture. 

defined with the somewhat arbitrary criterion of 0.005 pounds of water 

per square foot, or a continuous film only about 0.001 inches thick. 

“Significant condensation” has been 

The model only estimates the amounts of water that have condensed 

It does not attempt to account for movement of liquid and evaporated. 

water after it has condensed. However, a yardstick has been used to 

develop somewhat arbitrary criteria for severity of potential moisture 

problems. T h e  ce i l i ng  that is modeled has 2x4 wood j o i s t s  24 inches on 

center. With a density of  28 pounds per cubic foot, this corresponds 

to about 1 pound of wood per square. foot. If a11 the condensed water 
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were absorbed by the wood, the fractional wood moisture content would 

increase by an amount equal to the amount of water per square foot. 

Assuming that the wood starts with a moisture content of about 10 

percent, 0.1 pounds of water per square foot would increase the 

moisture content to 20 percent. The wood moisture content required to 

sustain decay is 24 to 31 percent. To provide a sufficient safety 

margin, ASHRAE recommends that the moisture content remain at 20 

percent or less. 57  

defined a high potential for moisture problems as one in which the peak 

condensed water exceeds 0.15 pounds per square foot. Medium potentials 

are those between 0.03 and 0.15 pounds per square foot, and low 

potcntials are those below 0.03 pounds per square foot. Since many 

attics will have more wood per unit area (e.g., 2x6 joists 16 inches on 

center), these ranges will be conservative. These ranges will also be 

conservative since a sustained high moisture content is needed for 

decay to occur. 

With this recommendation, we have arbitrarily 

6.1 IDENTIFICATION OF SIGNIFICANT VARIABLES 

In addition t o  climate, the influence O F  the following parameters 
has been studied: i.ndoor relative humidity, indoor temperature, 

radiant barrier permeance, ventilation aTei2, insulation level, and 

vapor retarder permeance. The effect of  some parameters is easy to 

envision, while other parameters will have competing effects. 

Increasing the indoor relative humidity would obviously be expected to 

increase moisture accumulation. 

Increasing the indoor temperature may have two competing effects. 

First, for a fixed indoor relative humidity, an increase in indoor 

temperature will increase the indoor water vapor partial pressure and 

should increase condensation. But, an increased indoor temperature 

will also raise the temperature of the radiant barrier, reducing 

condensat ion. 
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An increase in radiant barrier permeance would allow water vapor 

to pass through more easily, thus reducing condensation, An increase 

in attic ventilation area should increase the ventilation rate. This 

should flush out water vapor that comes through the ceiling, reducing 

condensation, but it will also lower the radiant barrier temperature, 

increasing condensation. 

Increasing the insulation level a l s o  has two competing effects. 

First, an increase in insulation level lowers the radiant barrier 

temperature, promoting condensation. But an increase in insulation 

level also lowers the permeance of the insulation, thus reducing 

condensation. Finally, increasing the permeance o f  a vapor retarder 

should increase condensation by allowing more water vapor to pass 

through the ceiling. 

To determi-ne the influence of these parameters, a number of model 

runs were made for a severe climate, Minneapolis. The conditions for 

the initial runs for this city are given in Table 6.1, with the results 

given in Table 6 . 2 .  

The first 32 runs constitute a two-level factorial design to 

investigate the relative influence of five parameters: relative 

humidity, indoor temperature, radiant barrier permeance, ventilation 

area, and insulation level.58 

asstuned not to have a vapor retarder. Among these 32 runs, the worst 

case is Run  12, which corresponds to a 50 percent relative humidity, 

75OF indoor temperature, a radiant barrier permeance of 0.05 

(essentially a vapor retarder), an atti-c vent area to ceiling area 

ratio oE 1/150, and R - l l  insulation. For this case, the total 

accumulated water is 2.6 pounds per square f ~ o t .  The best case is Run 

29, which corresponds to a 20 percent relative humidity, a 70°F indoor 

temperature, a radiant: barrier permeance of 20 (close to the value 

derived from field data at the Karns houses), a vent ratio of 1/150, 

and R - 3 8  insulation. For this case, the total accumulated water is 

0.03 pounds p e r  square foot. Predicted durations of  wetting varied 

For these 32 runs, the ceiling was 
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Table  6 - 1 -  Coradi.tioaw. for in i t ia l  m 0 i s t a r r e  model PTUTLS 
for Kinneapolis. 

Relative Indoor Vent/ Vapor 
Humidity, Temperature, RB Ceiling I n s u l a t i o n  Retarder  

Run % O F  Perm A r e a  Ratio Leve 1 Perm 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
1 4 
I. 5 
16 
17 
1.8 
1 9  
20 
21 
22 
23 
2 4  
25 
26 
27 
28 
2 9  
30 
3 1. 
32 

3 3  
3 4 

35 
36 

20 
50 
20 
50 
20  
50 
20  
50 
20 
50 
20 
50 
20 
50 
20 
50 
20 
50 
20 
50 
20 
50 
2 0  
50 
20 
50 
20 
50 
20 
50 
20 
50 

50 
50 

50 
50 

70 
70 
75 
75 
70 
70 
7 5  
75 
70 
70 
75 
75 
70 
70 
75 
75 
70 
7 0  
75 
75 
70 
70 
75 
75 
70 
70 
75 
75 
70  
70 
75 
75 

75 
75 

75 
75 

0 . 0 5  
0 . 0 5  
0 . 0 5  
0 . 0 5  
20 
20 
20 
20 

0.05  
0 .05  
0 .05  
0 .05  

20 
20 
20 
20  

0 . 0 5  
0 . 0 5  
0 . 0 5  
0 . 0 5  

20 
20 
20 
20 

0 . 0 5  
0.05 
0.05 
0.05 
20 
20 
20 
20  

0 . 0 5  
2 0  

0.05 
20 

1/300 
1/300 
1/300 

1/300 
1/300 
1/300 
1/300 

1/150 
1/150 
1/1-50 

1/150 

1/150 
1/300 

1/300 
1/300 
1/300 
1/300 
1/300 
1 /300 
1/150 
1/150 
1/150 
1/150 
1/150 

1/300 

I p s o  

1/150 

1/150 

1/300 

1/150 
1/150 
1/150 

1/150 
1/150 

1/150 
1/150 

R -  II 
R- 11 
R- 11 
R -  11 
R -  11 
R- 1.1 
R- 11 
R- 11 
R- 11 
R- 11 
K - 1.1. 
R- 11 
R-11 
R- I1 
R-11 
R- 11 
R-38 
R-38 
R -  38 
R -  38 
R- 38 
R- 38 
R- 38 
R- 38 
R-38 
R- 38 
R- 38 
R- 38 
R- 38 
R- 38 
R- 38 
R- 38 

R -  11 
a- 11 

R- 11 
R-11 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

0 .06  
0.06 

1 
1 
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Table 6.2. Results of initial moisture m o d e l  runs 
€or Hinneapolis. 

T o t a l  Peak Duration 
Water Water S t a r t  Peak Dry o f  Wetting, 

Run lb / f t2  l b / f t 2  Date Date Date days 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14  
15 
16  
1 7  
18  
19 
20 
2 1  
2 2  
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 
34 

35 
36 

0.178 
1 . 8 4 8  
0.272 
2.520 
0.058 
0 ~ 995 
0.092 
1.433 
0.195 
1.910 
0.297 
2.608 
0.064 
1 .061  
0.104 
1 .528  
0.127 
0.939 
0.188 
1.267 
0.034 
0.405 
0.052 
0.582 
0.128 
0.946 
0.189 
1 .279  
0.032 
0.413 
0 .051  
0.597 

0.006 
0.000 

0.137 
0.000 

0.107 
1.696 
0.184 
2.252 
0.018 
0.864 
0.035 
1 . 3 1 1  
0.127 
I. 762 
0.213 
2.349 
0.023 
0.942 
0.042 
1.420 
0.090 
0.838 
0.149 
I. 119 
0.010 
0.324 
0.018 
0.493 
0.094 
0.850 
0.155 
1 .151  
0.010 
0.337 
0.020 
0.513 

0.006 
0.000 

0.123 
0.000 

12/06 

12/06 
10/02 

10/01 
01/12 

01/11 

10/02 

01/11 

12/24 

10/02 

11/06 

11/0 3 
12/06 

12/06 
09/30 

11/04 

11/03 
12/14 

12/06 
09/30 
01/16 
11/17  
01/12 
11/05 
12/14 

12/06 
09/30 
01/16 
11/17  
01/12 
11/05 

03/05 

10/02 

11/13 - 

02/11 

02/11 

01/22 

01/22 

02/11 

04/01 

04/24 

03/16 

04/01 

04/01 
02/17  
04/24 
01/22 
03/16 
02/09 
04/01 
02/17 
04/01 
03/06 
04/24 

04/01 

03/16 
03/06 
04/01 
03/06 
05/02 
01/22 
03/06 
02/09 
03/16 

04/01 

01/22 

01/22 

04/14 
01/17 

03/17 
07/22 
04/02 
Wet 

01/26 
05/15 

06/02 
03/22 
07/26 
04/06 
Wet 

02/04 
05/20 
02/16 
06/07 
04/07 
07/22 
04/2 1 
Wet 

01/26 
04/2 5 

05/12 
05/09 
07/27 
04/2 5 
Wet 

01/27 
04/2 7 
02/15 
05/15 

04/12 

02/12 

02/12 

Wet 

102 
2 94 

>304 
15  

191 
33 

212 
107 
298 
1 2 2  

>305 
25 

197 
55 

217 
115 
294 
137 

>305 
11 

160 
32 

189 
1 1 7  
299 
141 

>305 
1 2  

162 
35 

191 

41 
0 

>261 
0 

i i a  
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g r e a t l y ,  ranging from I?. days t o  more than 300 days.  For some of  t he  

worst  cases, the  r a d i a n t  b a r r i e r  was not  dry a t  t he  end of  the annual 

c y c l e ,  i n d i c a t i n g  t h a t  a continuous bui ldup of moisture  could occur. 

The inf luence  of  each parameter can be determined by cxnmtning 

runs tha t  a r e  i d e n t i c a l  except  f o r  a change i n  one parameter .  With the  

two- leve l  f a c t o r i a l  des ign ,  1 6  s e t s  of runs can be examined f o r  each 

parametxr.  A summary of such an a n a l y s i s  of  t he  f a c t o r i a l  runs i s  

given i n  Table 6 . 3 .  The q u a n t i t i e s  given are the r a t i o  of  e i t h e r  t o t a l  

or peak water f o r  the  f i r s t  l e v e l  of  a v a r i a b l e  t o  the va lue  for the  

second l e v e l .  The order  o f  l e v e l s  o f  t he  v a r i a b l e s  i s  given i n  

parentheses .  A range of  r a t i o s  is  given f o r  t he  15 sets o f  runs .  

A s  expected,  the most important v a r i a b l e  was found t o  be the 

r e l a t i v e  humidi ty .  The t o t a l  condensed water w a s  7 t o  1 7  t imes h ighe r  

wi th  a r e l a t i v e  humidity o f  50 percent  thdn with a r e l a t i v e  humidity of 

20 pe rccn t .  The l a r g e r  va lues  of t h i s  r a t i o  corresponded t o  an indoor  

temperature of 75OF ( a l s o  as might be expec ted) .  

The second most important v a r i a b l e  w a s  found Lo be t h e  r a d i a n t  

b a r r i e r  permeance. 

o f  0 . 0 5  was 1 . 7  t o  4 t imes as high as t h a t  wi th  an KB wi th  a permeance 

o f  2 0 .  

Tota l  water accumulated with an  RB wi th  a permeance 

The next  two most i.mportant var i -ab les  a r e  the  indoor temperature 

Changing the  indoor temperature from 70°F t o  and the  i n s u l a t i o n  l e v e l .  

75'F produced an  inc rease  i n  t o t a l  water o f  35 t o  63  pe rcen t .  I t  w a s  

found t h a t  h igher  i n s u l a t i o n  l e v e l s  r e s u l t  i n  lower amounts of water, 

presumably because of t h e i r  h igher  r e s i s t a n c e  t:o vapor flow. With R - 1 1  

i n s u l a t i o n ,  t he  t o t a l  water w a s  40 percent  t o  2 . 6  t imes as h igh  as w i - t h  

R - 3 8  i n s u l a t i o n .  
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Table 6 . 3 .  E f f e c t  of variables on moisture accumulation 
for Minneapolis. 

~~ - .- 

R a t  i o  s* 

Var iab 1 e 
T o t a l  Water, Peak Water, 

lb/ft2 l b / f t 2  
- -  

Relative h u m i d i t y  (50%/20%) 6 . 7  - 1 7 . 2  7 .4  - 4 9 . 1  

Indoor  t e m p e r a t u r e  ( 750F/70°F) 1.35 - 1.63 1.33 - 2.01 

Radiant barrier perm ( 0 . 0 5 / 2 0 )  1 . 7 1  - 4 . 0 5  1 . 6 5  - 9.13 

Vent area (1/150 / 1/300) 0.94  - 1.13 1 . 0 0  - 1.31 

Insulation level (R-ll/R-38) 1.40 - 2.57 1.20 - 2.79 

* Values i n  table  are r a t i o s  f o r  two levels o f  one p a r a m e t e r ,  
w i t h  all other  p a r a m e t e r s  e q u a l .  
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The leas t  important v a r i a b l e  w a s  found t o  be the  ven t  a r e a .  For 

most of  t he  runs ,  t he  l a r g e r  ven t  a r e a  r e s u l t e d  i n  the  h ighe r  amount o f  

water,  b u t  only up t o  1 3  percent  more. 

Because of t he  sinaller s e n s i t i v i t y  of condensed moisture  t o  t h e  

ven t  a r e a ,  i t ’ s  va lue  w a s  h e l d  cons tan t  a t  1/150 f o r  a l l  succeeding 

model runs .  Also,  f o r  succeeding runs ,  the  i n s u l a t i o n  l e v e l  w a s  taken 

t o  be R - 1 1 .  This  corresponds t o  t h e  worst  c a s e ,  b u t  i s  a lso t h e  

conf igu ra t ion  where r a d i a n t  b a r r i e r s  come c loses t  t o  be ing  economically 

j u s t i f i e d .  

othci- runs ,  t o  give a worst  ca se .  With these  s i m p l i f i c a t i o n s ,  t he  two 

remaining v a r i a b l e s ,  t he  r a d i a n t  b a r r i e r  permeance and the  indoor 

r e l a t i v e  humidi ty ,  could be s & x d i e d  i n  g r e a t e r  d e t a i l  f o r  a w-ide range 

o f  c l ima tes .  

A l s o ,  the  indoor temperature was chosen t o  be 75OF f o r  

Before looking a t  these  two parameters i n  d e t a i l ,  i t  i s  important 

t o  determine the impact o f  an e x i s t i n g  vapor r e t a r d e r .  Run 3 3  i s  a 

r epea t  o f  the  worst  c a s e ,  Run 1 2 ,  wi th  the addiriion o f  a vapor r e t a r d e r  

wi th  a permeance of  0 .06 on the  bottom of the c e i l i n g .  This  r e s u l t e d  

i n  a t o t a l  amount o f  water o f  only 0.006 pounds per square Toot, which 

i s  pract1ical ly  i n s i g n i f i c a n t .  R i m  34 i s  a r epea t  of Run 1 6  ( r a d i a n t  

b a r r i e r  perm of 2 0 ) ,  with a 0.06 perm vapor r e t a r d e r .  I n  t h i s  c a s e ,  i t  

w a s  p red ic t ed  t h a t  no water would condense. The s i g n i f i c a n c e  of  t hese  

runs is t h a t  the p o t e n t i a l  f o r  water condensation i s  e s s e n t i a l l y  

e l imina ted  €or a l l  c l imates  and r a d i a n t  b a r r i e r  permeances i f  a 

continuous vapor r e t a r d e r  with a permeance of  0 .06 i s  p r e s e n t .  

R u n s  35 and 36  a r e  r epea t s  o f  runs 3 3  and 3 4 ,  b u t  w i t h  a vapor 

r e t a r d e r  having a permeance of 1, whlch i s  c h a r a c t e r i s t i c  of vapor 

r e t a r d e r  p a i n t s .  Clearly, t h i s  type o f  vapor r e t a r d e r  i s  a g r e a t  

improvement over no vapor r e t a r d e r ,  b u t  does no t  provide as much 

p r o t e c t i o n  as one wi th  a permeance o f  0 . 0 6 .  
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6.2 PARAHETRZC STUDY FOR VARIOUS CLIMATES 

Parametric runs of the moisture model were performed for a subset 

of the locations that were used for the energy savings analyses in 

Section 5. These locations, arranged in order of expected decreasing 

severity of moisture accumulation problems, are: Minneapolis, Chicago, 

St. Louis, Washington, DC, Knoxville, Atlanta, Portland, OR, Waco, TX, 

Phoenix, Los Angeles, and Miami. For each location, runs were 

performed over a wide range of radiant barrier permeances, and for most 

locations, also over a wide range of indoor relative humidities. 

all runs in this section, the following conservative conditions were 

used: 

1/150, R-ll ceiling insulation, and no vapor retarder. 

For 

75OF indoor temperature, vent area to ceiling area ratio of 

Representative plots of amount of condensed water versus time are 

given in Figures 6.1 through 6.4. These figures illustrate two 

locations, Minneapolis and Knoxville, two relative humidity levels, 50 

percent and 35 percent, and three radiant barrier permeance levels, 

0.05, 20, and 100. The worst case is Minneapolis with a 50 percent 

relative humidity and a 0.05 perm radiant barrier. 

condensed moisture becomes significant at the end of September, rises 

to a peak of 2.3 pounds per square foot on April 24, and at the end of 

July still has over 0.6 pounds per square foot of water left. 

radiant barrier permeance is raised to 20, significant condensation is 

delayed until November, a peak of 1.4 pounds per square foot occurs on 

April 1, and the moisture has disappeared by early June. 

radiant barrier permeance of 100, significant condensation does not 

occur until December, the peak of 0.15 pounds per square foot is 

reached on February 9 and the radiant barrier is dry after February 20. 

For this case, 

When the 

With a 

Lowering the relative humidity to 35  percent, as shown in Figure 

6.2, delays the occurrence of  significant condensation, significantly 

lowers the peak condensation, and hastens the occurrence of  drying. 
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Moisture condensation for Minneapo1.i.s with 50 percent 
indoor relative humidity. Labels on curves indicate the 
perm values of the radiant barrier. 

MOISTURE CONDENSATION FOR MINNEAPOLIS 

RELATiVE HUMIDITY = 35 % 
......... 1.2 --r- 
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Moisture condensation €or Minneapolis with 35 percent 
indoor relative humidity. Labels on curves indicate the 
perm values of the radiant barrier. 
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An indication of the significant role of climate may be obtained 

by comparing corresponding plots for Ninneapolis and Knoxville. Figure 

6 . 3  shows that for Knoxville, with 50 percent relative humidity and a 

radiant barrier permeance of 0 . 0 5 ,  condensation begins early in 

November, rises to a peak o f  0.7 pounds per square foot on March 10, 

and is dried out by the middle of May. With a permeance o f  20, the 

plot shows different qualitative features. Instead of having 

continuous condensed water, the radiant barrier shows several periods 

of wetting and drying, with a much reduced peak value. Figure 6 . 4  also 

shows the alternate per iods  of wetting and drying with a relative 

humidity o f  3 5  percent and a radiant barrier permeance of 0 . 0 5 .  

Summaries of all the runs for each location are given in Tables 

6 . 4  through 6 . 1 4 .  These tables show the total amount of water that 

condenses on the radiant barrier over the year, the peak amount of  

condensed water, the dates f o r  start o f  significant condensation, the 

date on which the peak amount occurs, the date which the moi-sture 

has disappeared, and the duration o f  che wetting period. 

A full matrix of runs was performed f o r  Minneapolis. The peak 

amount of water is plotted i n  Figure 6 . 5  as  a function of radiant 

barrier permeance and relative humidity. This figure shows t h a t  the 

peak amount: of water is a very strong function of  both these variables. 

Considering a peak level of  more than 0.15 pounds per square foot as a 

high potential for moisture problems, these  results j-ndicate that 

radiant barrier permeances less than 100, 50, and 5 will have high 

potential. for problems if the indoor relative humidity is 50 percent, 

35 percent, and 20 percent, respectively. To obtain peak water amounts 

below 0 . 0 3  pounds per square foot, f o r  a -low potxntial f o r  moisture 

probleiiis , requires radiant barrier permeances greater than abouts 190, 
95, and 30 for the same relative humidities, 

As the climate becomes mi.l.der, Tables 6 . 4  through 6 . 1 4  show that 

the amounts of condensed moisture also become less. For the milder 

climates, model runs concentrated on the higher indoor relative 
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PEAK MOISTURE CONDENSATION 
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Fig. 6.5. Peak moisture condensation for Minneapolis. 
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Table 6 . 4 .  Moisture ace 1.nticpn for Minneapolis. 

Re la t ive Total Peak Duration 
Humidity, RB Water Water Start: Peak Dry of Wetting, 

% Perm lb / f t '  lb/ft' Date Date Date days 

50 0 . 0 5  
50 1 
50 2 
50 5 
50 10 
50 20 
50 50 
50 11.00 
50 200 

35 0 . 0 5  
35 1 
35 2 
35 5 
35 10  
35 20 
35 S O  
35 100 
35 200 

20 0 . 0 5  
20 1 
20 2 
20 5 
20 1 0  
20 20 
20 50 
20 100 
20 200 

2 . 6 0 8  2 . 3 4 9  
2 . 5 1 3  2 . 2 6 5  
2 . 4 4 4  2 . 2 1 3  
2 . 2 5 3  2 .077  
1 . 9 7 6  1 . 8 5 5  
1 . 5 2 8  1 . 4 2 0  
0 . 7 3 6  0 . 5 7 7  
0 . 2 8 3  0 . 1 5 0  
0 . 0 7 7  0 . 0 2 0  

1 ~ 232 1 . 1 4 9  
1 . 1 7 6  1 . 0 9 8  
1 , 1 3 3  1 . 0 5 6  
1 . 0 1 3  0 . 9 3 1  
0 . 8 4 2  0 . 7 4 1  
0 . 5 9 3  0 . 4 8 1  
0 . 2 4 0  0 . 1 3 8  
0 . 0 7 4  0 .018  
0 . 0 1 7  0.007 

0 . 2 9 7  0 . 2 1 3  
0 . 2 7 9  0 . 1 9 5  
0 . 2 6 4  0 . 1 8 2  
0 . 2 2 3  0 . 1 4 8  
0 . 1 7 0  0 . 0 9 9  
0 . 1 0 4  0 . 0 4 2  
0 . 0 3 0  0 . 0 0 8  
0 . 0 0 7  0 . 0 0 3  
0 . 0 0 1  0 . 0 0 1  

09/30 
10/01. 
10/01 
10/01 
10/01 
11/03 
11/28 
12/06 
01/12 

11/04 
11/04 
11/04 

11/14 

01/12 

11/04 

1-1/28 
12/06 

12/06 
12/06 

12/06 

12/24  
01/17 

12/06 

12/20  

04/24 
04/24 
04 /0  1 

04/02 
04/0 1 
02/17 
02/09 
01/17 

04/01  

04/01  
04/01  
03/16 
03/06 
02/09 

01/17 

02/1.7 

04/01 

04/01  

01/22 

02/11  
02/11  
02/11 
02/11  
02/09 
01/17 
01/17 
01/17 

Wet 
rde t 
Wet 
07/29 
0-7/08 
06/07 
04/13 
02/20 
02/04 

06/17 
06/13 
06/139 
05/29 
05/14 

02/26 
04/17 

02/04 

04/06 
04/04 
04/02 
03/22 
03/07 
02/16 
01/21 

>305 
>304 

302 
280 
217 
137 

77 
2 4 

226 
222 
218 
20 7 
182 
14 1 

83 
24 
I 

122 
120 
118 
107 

78 
55 

6 
1 

>304 

Note, fixed parameters: Indoor temperature = 75'F 
Venl: area/ceiling area = 1/1SO 
Insulation level = R-11 
No vapor retarder . 
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Table 6 . 5 .  Moisture accumulation €or Chicago. 

R e l a t i v e  T o t a l  Peak Durat ion 
Humidity , RE Water Water S t a r t  Peak Dry of  Wett ing,  

8 Perm l b / f t '  l b / f t 2  Date Date Date days 

50 0 .05  
so 1 
50 2 
50 5 
50 10 
50 20 
50 50 
50 100 
50 200 

35 0 .05  
35 1 
35 2 
35 5 
35 10 
35 20 
35 50 
35 100 
35 200 

20 0.05 
20 1 
20 2 
20 5 
20 10 
20 20 
20 50 
20 100 

1.910 
1 .822  
1.752 
1 .560  
1 .279  
0.840 
0.251 
0 .051  
0.004 

0.725 
0.676 
0.635 
0.526 
0.387 
0.221 
0.051 
0.007 
0.000 

0.106 
0.097 
0.089 
0.069 
0.045 
0.019 
0.002 
0.000 

1.726 
1.646 
1.579 
1.405 
1.133 
0.721 
0.118 
0.019 
0.002 

0.608 
0.565 
0.527 
0.418 
0.252 
0.102 
0.019 
0.002 
0.000 

0.048 
0.044 
0.040 
0.029 
0.017 
0.008 
0.001 
0.000 

10/16 
10/16 
10/16 
11/09 

11/18 

01/27 
01/27 

11/17 
11/18 
11/18 
11/19 
11/28 

01/27 
01/27 

11/10 

12/01 

12/01 

12/02 
12/02 
12/02 
12/02 
0 1 /2  7 
01/28 
01/27 

04/14 
04/14 
04/14 
04/02 
04/0 2 
03/07 
02/07 
01/30 
01/27 

03/16 
03/16 
03/16 
03/07 
03/06 

01/30 
01/27 

02/21 

02/07 
02/06 
02/06 
02/06 
01/31 
01/30 
01/2 7 

07/25 
07/19 
07/14 
06/29 

05/09 
03/07 

01/27 

05/21 
05/15 
05/12 
04/29 
04/07 
03/10 

01/27 

0 6 / 0 8  

02/20 

02/20 

03/06 
03/06 
02/22 
02/21 
02/21 
01/31 
01/27 

283 
277 
272 
233 
2 1 1  
173 

97 
25 

186 
179 
176 
162 
131 
100 

25 

95 
95 
83 
82 
26 
4 

Note, f ixed parameters :  Indoor temperature  = 75OF 
Ven t  a r e a / c e i l i n g  area = 1/150 
I n s u l a t i o n  l e v e l  = R - 1 1  
No vapor r e t a r d e r  
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Rela t ive  Total. Peak Duration 
Humidity, RB Water Water Start Peak Dry of  Wetting, 

% Perm lb/f t ’  l b / f t 2  Date Date Date days 

50 0 . 0 5  
50 1 
50 2 
50 5 
50 10 
50 20 
50 50 
50 100 
50 200 

35 0 .05  
35 1 
35 2 
35 5 
35 10  
35 20 
35 50 
35 100 
35 200 

20 0 . 0 5  
20 20 

1.461 1 . 2 2 3  
1 I 385 1 .143  
1 . 3 2 5  1 .073  
1 .159  0.866 
0.927 0.625 
0 .605  0 . 3 4 3  
0 .191  0 .060  
0 .033  0.006 
0 , 0 0 1  0 .001  

0.499 0.280 
0 .4h4  0 .250  
0 .435  0 . 2 2 1  
0.359 0 .136  
0.266 0.072 
0 . 1 5 1  0.048 
0 . 0 3 1  0 .007  
0 .002  0 . 0 0 1  
0.000 0 .000  

0 .061  0 .020  
0.009 0.002 

10/19 
10/30 
10/30 
10/30 
11/09 
11/10 

01/10 

11/10 
11/10 
11/10 

12/11. 

01/10 

12/04 

11/30 

12/05 

12/18 

04/02 
03/31 
03/31 
03/31 

02/16 
02/17 

01/12 
01/10 
01/10 

02/16 
02/16 

02/15 
01/13 

02/16 

01/12 
01/12 
01/10 

01/12 
02/09 

06/17 

06/17 
05/15 
05/12 
04/11 
02/13 

06/11 

01/11 

04/09 
04/05 
04/02 
03/31 
02/18 
02/14 
02/09 

02/11 

242 
225 
2 2 1  
208 
1 7 5  
14 3 
72. 

2 

151  
147 
144 
1 2 2  

80 
7 2  
31 

56 

Note, f ixed  parameters: Indoor temperature = 75OF 
Vent area/ceili.ng area  = 1/1-50 
Insu la t ion  l e v e l  = R - 1 1  
No vapor r e t a rde r  
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Table 6.7. Moisture accumulation for Washington, DC. 

I 

Relative Total Peak Duration 
Humidity, RB Water Water Start Peak Dry of Wetting, 

% Perm l b / f t '  l b / f t e  Date Date Date days 

50 0 .05  
50 1 
50 2 
50 5 
50 10 
50 20 
50 50 
50 100 
50 200 

35 0 .05  
35 1 
35 2 
35 5 
35  10 
35 20 
35 50 
35 100 
35 200 

1.377 1 .091  
1.295 1.005 
1.226 0.927 
1.038 0.725 
0.779 0.514 
0.431 0.177 
0.092 0.026 
0.016 0.005 
0.003 0.002 

0.425 0.235 
0.387 0.195 
0.354 0.157 
0.272 0.088 
0.178 0.044 
0.085 0.023 
0.014 0.004 
0.003 0.002 
0.000 0.000 

1 0/0 3 
10/04 
10/04 
10/31 
10/31 
11/11 
01/01 

11/08 
11/08 

12/16  
12/30 
01/15 

11/11 

04/01 
04/01 
04/01 
03/24 
03/02 

01/19 
01/31 
01/31 

03/01 
03/01 
02/27 

02/22 

02/22 
01/20 
01/19 
01/31 
01/31 
01/31 

06/20 
06/13 
06/07 
05/21. 
04/29 
04/01 
02/15 

04/06  

04/0 1 
03/09 
02/27 

04/02 

02/05 

2 6 1  
253 
247 
203 
1 8 1  
1.42 

46 

150 
146 
142 

8 4 
60 
22 

Note, fixed parameters: Indoor temperature - 75'F 
Vent area/ceiling area = 1/150 
Insulation level = R - 1 1  
No vapor retarder 
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R e l . a t  ivn To ta l .  Peak Duration 
l-lumi.di t y  , RB Water Water Start Peak Dry of  Wetting, 

% Perm lb / f t ’  lb/f t ’  Date Date Date days 

50 0 .05  
50 1 
50 2 
50 5 
50 1.0 
50 20 
50 50 
50 100 
50 200 

35 0 .05  
35 1 
35 2 
35 5 
35 10 
35 20 
35 50 
35 100 
35 200 

1 . 0 0 3  0.682 
0.935 0.607 
0 .878  0.536 
0 .728  0 .373  
0 . 5 3 3  0 . 1 6 1  
0.289 0 . 0 5 1  
0 .054  0 .018  
0.006 0.002 
0.000 0.000 

0.288 0.051 
0.262 0 .045  
0.239 0.042 
0 .183  0.032 
0.119 0.022 
0 . 0 5 1  0.014 
0.007 0.002 
0 .000  0.000 
0.000 0.000 

11/0 7 

1-1/01 
11/07 

11/0 7 
11/07 
11/18 
01/05 

11/08 
11/18 
11/19 
11/29 
11/30 
01/05 

03/10 
03/10 
03/10 

01/24 

01/18 
01/16 

02/24 

01/12 

01/20 
01/12 
01/12 
01/12 
01/19 
01/18 
01/16 

05/17 
05/12 
05/08 
04/12 
03/26 
02/21 
01/20 

02/26 
02/26 
02/25 
02/19 
02/18 
01/20 

1 9 2  
187 
183 
157 
140 

96 
1 6  

111 
101 

99 
83 
8 1  
1 6  

No te ,  f ixed  parameters: Indoor temperature = 75OF 
Vent a r ea / ce i l i ng  a rea  = 1/150 
I n s u l a t i o n  level. = R - 1 1  
No vapor r e t a r d e r  
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Table 6 . 9 .  Moisture accumulation for A t l a n t a .  

I_ 

Relative T o t a l  Peak Dura t ion  
Himidi t y  , RB Water Water S t a r t  Peak Dry o f  Wet t ing ,  

% Perm l b / f t 2  l b / f t 2  Date Date Date days 

50 
50 
50 
50 
50 
50 
50 
5 0 
50 

0 . 0 5  0 . 7 6 5  
1 0.'708 
2 0 .660 
5 0 .535  

10 0 . 3 7 8  
20 0 . 1 8 7  
50 0.015 

100 0.000 
200 0.000 

0.467 11/07 03/02 04/26 171  
0.412 11/07 03/02 04/23 168 
0.359 11/07 03/02 04/17 162 
0 . 2 1 1  11/07 02/28 04/01 146 
0.081 11/18 01/15 03/31 134 
0.052 11/29 01/14 02/20 84 
0.003 01/13 
0 .000  
0 ~ 000 

35 0 .05  0 . 1 7 5  0.040 11/29 O l / l l (  02/20 84 
35 2 0 .140  0.035 11/29 01/14 02/20 84 
35 20 0 ,014  0.003 01/13 

Note, fixed parameters :  Indoor  t e m p e r a t u r e  - 75OF 
Vent a r e a / c e i l i n g  area = 1/150 
I n s u l a t i o n  level = R - 1 1  
NQ vapor  retarder 

Table 6 .10 .  Moisture accumulation for Portland, OR. 

R e  l a  t i v e  T o t a l  Peak Durat  i o n  
Hum i. d i. t y , RB Water Start Peak Dry o f  Vetting, 

% Perm 4"r:;"f'r' lb/ f t '  Date Date Date days 

50 0 . 0 5  0.960 0 .745  10/13 04/01 06/21 252 
50 2 0 .817  0 .618  10/14 03/19 06/06 236 
50 10 0 . 4 2 5  0.260 11/22 02/19 04/13 143 

50 50 0.007 0.002 12/13 
50 20 0 .175  0.040 11/26 12/22 02/12 79 

50 100 0.000 0.000 12/20 

35 0 .05  0 .133  0.037 12/13 12/22 02/12 62 
35 2 0.100 0.029 12/13  12/21 02/06 56 
35 20 0.005 0 . 0 0 1  12/13 

Note,  f i x e d  parameters :  Indoor  tempera ture  - 75OF 
Vent a r e a / c e i l i n g  area - 1/150 
I n s u l a t i o n  level  = R-11 
No vapor retarder 
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Table 6.11. Moisture accumulation for Waca, TX. 

Rela t ive  Total  Peak Dura t ion  
Humidity , RB Water Water S t a r t  Peak Dry o f  Wetting, 

8 Pe~rfi l b / f t 2  l b / f t  ' Date Date Date days 
... ._. 

50 0 . 0 5  0 . 5 2 0  0.1l1-4 11/08 02/24 03/23 136 
50 2 0 .442  0.100 11/09 02/17 03/17 129 
50 10  0.239 0 . 0 3 0  12/01 01/31 03/15 105 

50 50 0 .006  0 . 0 0 1  01/16 
50 100 0.000 0.000 

50 20 0.111 0 .019  12/29 01/31 02/13 57 

35 0 . 0 5  0 .106  0:013 12/18 01/06 02/14 59 
35 2 0 .083  0.011. 12/19 01/06 02/14 58 
35 20 0.006 0.002 01/05 

Note, f ixed  parameters: Indoor temperature = 75'F 
Vent a rea / ce i l i ng  a rea  = l / l 5 0  
Insul-ation l e v e l  = R - 1 1  
No vapor r e t a r d e r  

Table 6.12. Mokture aeci latian for Phoenix. 

Rela t ive  T o t a l  Peak Duration 
Humidity , RB Water Water S ta rc  Peak X)ry of  Wet:r:ing, 

% Perm l b / i t '  l b / f t e  Date Date Date days 

50 
50 
50 
50 
50 
50 
50 
50 
50 

0 . 0 5  
1 
2 
5 

10 
20 
50 

1.00 
200 

0.300 0.060 12/10 01/07 02/23 76 

0.229 0 . 0 4 3  12/27 01/06 01/13 18 
0.153 0.026 12/27 01/01 01./08 1 3  
0 .078  0.011 12/28 12/31 01/02 6 
0 .022  0 .003  12/31 
0.000 0.000 12 /31  
0 .000  0.000 
0 .000  0.000 

0 .262  0.050 12/27 01/07 02/23 59 

35 0 . 0 5  0.034 0 .003  12/31 
35 2 0 .022  0.002 12/31 
35 20 0.000 0.000 12/31 

Note, f ixed  parameters: Indoor temperature = 75'F 
Vent a r ea / ce i l i ng  a rea  = 1./150 
Insu la t ion  l e v e l  = R - 1 1  
No vapor r e t a rde r  
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T a b l e  6.13. Moisture accunaulatlion for Los Angeles. 

Relative Total Peak Duration 
Hwnidi ty , RB Water Water Start Peak Dry of Wetting, 

% Perm 1b/ft' lb/ft2 Date Date Date days 

50 0.05 0.075 0.007 12/29 12/30 12/30 2 
50 1 0.057 0.005 12/29 
50 2 0.044 0.004 12/29 
50 5 0.019 0.003 12/29 
50 10 0.004 0.001 12/29 
50 20 0.000 0.000 12/29 

Note, fixed parameters: Indoor temperature = 75OF 
Vent area/ceiling area 1/150 
Insulation level = R-11 
No vapor retarder 

Table 6.14. Moisture accumulation for H i m i .  

Relative Total Peak Duration 
Humidity , RB Water Water Start Peak Dry of Wetting, 

% Perm lb/ft2 lb/ft2 Date Date Date days 

50 0.05 0.022 0.004 12/16 
50 1 0.018 0.004 12/16 
50 2 0.015 0.004 12/16 
50 5 0.009 0.003 12/16 
50 10 0.003 0.002 12/16 
50 20 0.000 0.000 

Note, Eixed parameters: Indoor temperature = 75OF 
Vent area/ceiling area - 1/150 
Insulation level = R-11 
No vapor retarder 
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humidi t ies  and lower r a d i a n t  b a r r i e r  permeances. The runs  f o r  St. 

Louis show t h a t  t he re  i s  a low p o k r r t i a l  f o r  moisture  problems wi th  any 

radiant: b a r r i e r  permeance i f  the  r e l a t i v e  humidity i.s 20 pe rcen t .  

Because of t h i s ,  t he  20 percent  l e v e l  w a s  no t  used f o r  milder  climates.  

An abbrevia ted  s e t  of runs w a s  performed f o r  t h e  35 percent  l e v e l  f o r  

c l ima tes  milder  than  Knoxvil le ,  and no runs f o r  t h i s  l e v e l  were 

performed f o r  Los Ange1.e~ o r  M i a m i .  

Figure 6 . 6  shows the  peak amount of water p l o t t e d  against; h e a t i n g  

degree days f o r  a r e l a t i v e  humidity o f  50 percent  and f O K  t h ree  r a d i a n t  

b a r r i e r  permeances. Figure 6 . 7  i s  a s i m i l a r  p l o t ,  except  wi th  a 

humidity of 35 pe rcen t .  Visua l ly  f i t t e d  curves have been drawn through 

the  p o i n t s .  Both f i g u r e s  show a good c o r r e l a t i o n  between peak 

condensed water and hea t ing  degree days.  The p o i n t s  a t  4600 degree 

days t h a t  appear t o  be below the curves are f o r  Por t l and ,  O R .  These 

may be below t h e  curves f o r  t he  o the r  l o c a t i o n s  because of  the  

p a r t i c u l a r  c l i m a t i c  condi t ions  t h a t  occur i n  the P a c i f i c  Northwest,  

Figure 6 . 6  shows t h a t  wi th  a 50 percent  r e l a t i v e  humidi ty ,  a 

radiant b a r r i e r  wi th  a permeance of  0 . 0 5 ,  which may be r e p r e s e n t a t i v e  

of  unper fora ted  f o i l - t y p e  r a d i a n t  b a r r i e r s ,  has a h igh  p o t e n t i a l  f o r  

moisture  problems i n  almost a l l  l o c a t i o n s .  Exceptions a r e  Los Angeles 

and Miami. For the  more normal case  o f  a 35 percent  r e l a t i v e  humidi ty ,  

t h i s  r a d i a n t  b a r r i e r  permeance would have a h igh  p o t e n t i a l  f o r  moisture  

problems ( g r e a t e r  than 0 . 1 5  pounds pe r  square f o o t  o f  condensed water)  

f o r  l o c a t i o n s  having g r e a t e r  than about: 4500 heat:i.ng degree days,  and a 

low p o t e n t i a l  ( l e s s  than  0 . 0 3  pounds per  square f o o t )  f u r  l o c a t i o n s  

wi th  l e s s  than  about 3000 hea t ing  degree days.  Zones f o r  hi-gh, medium, 

and low p o t e n t i a l  f o r  moisture  problems wi th  a 35 pe rcen t  r e l a t i v e  

hurridity and a 0 .05  perm r a d i a n t  b a r r i e r  a r e  shotm i n  Figure 6 . 8 .  

Inc reas ing  the  r a d i a n t  b a r r i e r  permeance t o  2 0 ,  which may be 

t y p i c a l  o€  t h e  pe r fo ra t ed  type used i n  the  Karns house experiments ,  

l e a d s  t o  much reduced p o t e n t i a l  f o r  moisture problems. With a 50 

percent  r e l a t i v e  humidi ty ,  t he re  is  a h igh  p o t e n t i a l  f o r  h e a t i n g  degree 
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days above about 4500 ,  and a low potential for degree days below about 

3000. With a 35 percent relative humidity and a perm of 20, these 

heating degree day figures are about 6500 and 5000. 

Increasing the radiant barrier permeance to 100, which may he 

typical of metallized spunbonded polyolefins, essentially eliminates 

the potential for moisture problems, except in the coldest climates and 

for the highest humidities. 

6.3 EFFECT OF CONVECTIVE MOISTURE TRANSPORT 

All of the calculations given above are based on diffusion of  

water vapor through the ceiling. A bulk flow of moist air has the 

potencia1 to carry much larger quantities of water vapor. Although the 

model has convective flow built into it, this feature has not been 

exercised. This is largely because of a lack of data on air flow rates 

through ceilings. In addition, while diffusive flow would exist over 

the entire ceiling area, convective air flows would be expected to be 

localized around areas where the ceiling is penetrated, for example, by 

vents and light fixtures. The best policy would appear to be to locate 

these penetrations and avoid placing radiant barriers over them. 
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7 .0  SlJHMAEtY AND CONCLUSIONS 

The model for the thermal performance of attics containing radiant 

barriers has been modified to allow predictions of moisture 

accumulation under horizontal radiant harriers. Flow of water vapor 

both by vapor diffusion and by convective flow of moist air has been 

included in the model. However, the convective flow portion has not 

yet been exercised. 

Ceiling heat flows predicted by the model have been compared with 

those measured during the experiment at the Karns houses during the 

winter oE 1987-1988. Heat fluxes measured by three transducers showed 
considerable variations that are thought to be due to local variations 

in the insulation R-value. Considering the variations among the 

transducers, the model predictions are felt to be in very reasonable 

agreement with the measured values. 

The moisture accumulation model has been partially validated by 

comparing its predictions with observations of moisture accumulation 

during the same experiments with the Kartis houses, The model 

predictions agree w i t h  the qualitative observations that the radiant 

barrier often had visible condensation in the morning that usually 

evaporated when the attic warmed up during the day, The model also 

predicts the continuing buildup of moisture that was observed during a 

very cold period of  time. Quantitative predictions of amounts QS 

condensed moisture are within the right inagnitxde of weight changes 

measured for blotter paper that was placed between the i-nsulation and 

the radiant barriers. Uncertainties in the permeances of the various 

layers in the ceiling result in corresponding uncertainties in the 

quantitative predictions. 

Because of the uncertainties in permeances, it is considered that 

the model can be used €or parametric studies and for development of 

guidelines, but at this stage, it can't be used to predict actual 

moisture condensation rates for a particular application with a high 
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degree of  certainty. Additional research i s  needed to measure and 

document the permeances o f  various types of radiant barriers. 

The thermal model has been used to estimate energy savings 

potentials for various types of  radiant barriers in various climates. 

Using a prototypical ranch-style house, the attic/radiant barrier model 

was used to predict hour-by-hour heat fluxes through the ceiling. 

These heat fluxes were then brought into the DOE-2.1C model to estimate 

whole house heating and cooling loads. 

runs with and without a radiant barrier gavc the load reductions due to 

the radiant barrier. Using medium HVAC equipment efficiencies, 

national average rue1 prices, a 7 percent real discount rate, and 

estimates of future fuel price increases, present value savings for 

radiant barriers were estimated. 

The difference between similar 

Present value savings estimates were made for: 1) clean horizontal 

radiant barriers, 2 )  horizontal radiant barriers that gradually becoine 
dusty over their life cycle, and 3 )  truss radiant barriers. These 

estimates were made for 27 locations and for four levels of existing 

attic: insulation. A s  a byproduct of the calculations for radiant 

barriers, es ti-mates of present value savings for increasing insulation 

levels (without radiant barriers) were also obtained. 

Determination of cost-effectiveness of  radiant barriers is 

complicated because of the wide range of installed costs. Using a low 

value of  $0.15 per  square foot of  material, the model predicts that a 

horizontal radiant barrier that remains clean is cost justified for 

nearly a l l  locations in the lower 48 stxtes when applied over R - 1 1  

insulation. When applied over R - 1 9  insulation, it is cost justified 

only f o r  the southern locations. When applied over R-30 or R-38 

insulation, it is not cost justified in any of the locations studied. 

Using data from the literature, which are admittedly sketchy, for 

the rate o f  change of the emissivity of  a horizontal radiant barrier 

due to dusting, the model predicts that such a radiant barrier is cost- 
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justified only for Phoenix when applied over R - 1 1  insulation. It 

should be noted that the performance of dusty horizontal radiant 

barriers is a subject of considerable controversy, and additional 

research is needed to define better the rates of emissivity change in 

the field, and to define better the thermal performance as a function 

of emissivity. 

In agreement with most experiments, the model predicts that the 

energy savings due to a truss radiant barrier are not as large as those 

for a clean horizontal radiant barrier. In addition, since the gables 

are also covered with radiant barrier material in these applications, 

the total area of the gables and the roof result in a requirement for a 

larger amount of radiant barrier material than with the horizontal 

application. When these factors are included, the ranges of locations 

where truss radiant barriers are cost justified are somewhat smaller 

than those identified for the clean horizontal radiant barrier. 

A l l  of  the load reduction and economic calculations presented in 

this report are based only on the impact of radiant barriers or ceiling 

insulation on house loads caused by tieat gains or losses through the 

ceiling, Recent analytical. work suggests that additional savings 

should be attributed to radiant harriers that  are installed in houses 

where the W A C  ducts are run through the attic space. These additional 

savings are due to changes in the attic air temperature caused by the 

radiant barrier that result in changes in heat gains and losses by the 

duets. The amount of extra savings should be sensitive to the overall 

characteristics of the house and the HVAC equipment. Because of the 

many factors involved, further work is needed to analyze the impacts of 

duct heat gains and losses. A l s o ,  experimental confirmation of the 

analyses is needed. 

The model with moisture effects included has been used to estimate 

the hour-by-hsur moisture accumulation on the underside of a clean 

horizontal radiant barrier due to diffusion of water vapor through the 

ceiling. The same prototypical ranch-style house that was used EOK the 



energy savings analyses was a l s o  used f o r  the  moisture arialyses. Key 

model pred ic t ions  a r e  the t o t a l  amount of  moisture t h a t  condenses on 

the  r ad ian t  b a r r i e r  over the yea r ,  the peak of the  hourly va lues ,  the  

da t e s  f o r  s t a r t ,  peaking, and ending of condensation, and the  dura t ion  

o f  wet t ing.  The model only est imates  the  amounts of water t h a t  have 

condensed o r  evaporated,  

of  l i q u i d  water a f t e r  it has condensed. 

I t  does no t  attempt t o  account f o r  movement 

A two-level f a c t o r i a l  design w a s  run f o r  Minneapo1i.s t o  es t imate  

the r e l a t i v e  inf luence on moisture accumulation due t o  the  following 

v a r i a b l e s :  indoor r e l a t i v e  humidity, indoor temperature,  r ad ian t  

b a r r i e r  permeance, vent  a r e a ,  and in su la t ion  l e v e l .  The masfl important 

va r i ab le  was found t o  be the r e l a t i v e  humidity. The t o t a l  condensed 

water was 7 t o  1 7  times higher with a r e l a t i v e  humidity o f  50 percent  

than with a r e l a t i v e  humidity of 2 0  percent .  The second m o s t  important 

va r i ab le  was the  r ad ian t  b a r r i e r  permeance, and the  least important 

va r i ab le  was the vent  a r ea .  

From the  f a c t o r i a l  runs,  a worst case was i d e n t i f i e d  t h a t  

corresponded t o  a 50 percent  r e l a t i v e  humidity, 75'F indoor 

temperature,  vent  area t o  c e i l i n g  a rea  r a t i o  of  1/150, R - l l  i n s u l a t i o n ,  

and a r ad ian t  b a r r i c r  permeance of  0 .05 .  Additional runs showed t h a t  

the  presence of a continuous polyethylene vapor r e t a r d e r  e s s e n t i a l l y  

e l iminated moisture condensation, even f o r  t h i s  Worst case .  

Following t h i s ,  a parametric study was performed t o  inves t iga t e  

the  inf luence of  the  t w o  mos t  important va r i ab le s ,  the  indoor r e l a t i v e  

humi.dity and the  r ad ian t  b a r r i e r  permeance, on moisture accumulation i n  

11 c l ima t i c  l oca t ions .  These s tud ie s  held the  o ther  parameters 

cons tan t :  75QF indoor temperature, vent  a r ea  t o  c e i l i n g  a rea  r a t i o  o f  

l / l S O ,  R-11 i n s u l a t i o n ,  and no vapor r e t a r d e r .  

Based on moisture content  changes t h a t  could occur i.n the  c e i l i n g  

j o i s t s  due t o  sorp t ion  of water t h a t  condenses on the  radi-ant b a r r i e r ,  

a high p o t e n t i a l  f o r  moisture problems was defined as one where the  



peak condensed moisture exceeds 0.15 pounds per square foot, and a low 

potential for moisture problems is one where this quantity is less than 

0.03 pounds per square foot. 

With these criteria, the results of the parametric runs showed 

that with a 50 percent indoor relative humidity, a radiant barrier with 

a permeance of 0 . 0 5 ,  which may be representative of unperforated foil- 

type radiant barriers, has a high potential for moisture problems in 

all locations studied, except Los Angeles and Miami. For the more 

normal case of a 35 percent relative humidity, a 0.05 perm radiant 

barrier has a high potential f o r  moisture problems for locations having 

greater than about 4500 heating degree days, and a low potential for  

locations with less than about 3000 heating degree days. 

The potential for moisture problems is much reduced with a radiant 

barrier having a permeance of 20, which may be representative of  some 

perforated foi-1-type radiant barriers. With an indoor relative 

humidity of 50 percent, there is a high potential €or moisture problems 

for heating degree days above about 4500, and a low potential for 

heating degree clays below about 3000. With a 35 percent indoor 

relative humidity, the corresponding heating degree day figures are 

6500 arid 5000. 

With a radiant barrier having a permeance o f  100, which may be 

representative of metallized spunbonded polyolefin radiant barriers, 

the potential for moisture problems is virtually eliminated, except f o r  

the coldest climates and the highest indoor relative humidities. 

While these modeling results may be used as a guide, there i s  a 

need €or further experimental verification. Both experiments rander 

controlled laboratory conditions and field experiments in very cold  

climates would provide useful tests of the validity of the model 

predictions. 
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C********%*******%***********%********%*********%****************%****%* 
C** ** 
C** ** 
C%%****************************%*%********************%***************** 

C** PROGRAM RBSORlBO (RB1) %* 

C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

THIS PROGRAM CALCUIATES THE HEAT TRANSFER THROUGH THE CEILING 

VERSION "B" IS USED WITH WEATHER DATA PROCESSED FROM WEATHER TAPES 

THIS VERSION LIMITS THE MOISTURE CONTENT OF WOOD TO 38 PERCENT 

INCLUDES APPROXIMATE CALCULATIONS FOR LATENT HEAT EFFECTS 
DUE TO MOISTURE ADSORPTION AND DESORPTION 
THIS VERSION INCLUDES CONDENSATION OF MOISTURE ON A 

INCLUDES DIFFUSION OF WATER VAPOR AND CONVECTIVE FLOW 

SURFACE TEMPERATURES ON INSIDE OR OUTSIDE, OR VENTILATION RATE 
MAY BE SPECIFIED THROUGH KFLAG(1) = 1 
NOMENCLATURE: 

BELOW A GABLED ATTIC HAVING A FIVE-SIDED CROSS SECTION 

BY THE DOE-2 PREPROCESSOR 

ASSUMES THE AIR WITHIN THE ATTIC IS NOT WELL-MIXED 

HORIZONTAL RADIANT BARRIER 

OF MOISTURE THROUGH THE CEILING 

N(1) = NUMBER OF CONDUCTION TRANSER FUNCTIONS FOR SURFACE I 

CR(I) - COMMON RATIO OF RESPONSE FACTORS FOR SURFACE I 
RETA(1) = TEMPERATURE DEPENDENT COEFFICIENT FOR CONDUCTION 

X(I,J), Y(I,J), Z ( T - , J )  - CONDUCTION TRANSFER FUNCTIONS FOR 

U(1) SURFACE-TO-SURFACE U-VALUE FOR SURFACE I 

TRANSFER FUNCTIONS FOR SURFACE I 

SURFACE I 
SURFACES ARE WUMBERED AS (FOR NORTH-SOUTH RIDGE): 
1 = CEILING 
2 = EAST ROOF 
3 = WEST ROOF 
4 = SOUTH GABLE 
5 = NORTH GABLE 
6 - EAST EAVE W A U  
7 - WEST EAVE WALL 

ALF(1) - SOLAR ABSORPTANCE FOR SURFACE I 
EO(1) = INFRARED EMITTANCE FOR OUTSIDE OF SURFACE I: 
EI(I) = INFRARED EMITTANCE FOR INSIDE OF SURFACE I 
TIS(1,J) - INSIDE SURFACE TEMPERATURE FOR SURFACE I 
TOS(1,J) - OUTSIDE SURFACE TEMPERATURE FOR SURFACE I 
TA = AVERAGE TEMPERATURE OF AIR IN ATTIC 
QI(I,J) - INSIDE HEAT FLUX FOR SURFACE I 
QO(1,J) = OUTSIDE HEAT FLUX FOR SURFACE I 
HCI(1) - CONVECTION COEFFICIENT FOR INSIDE OF SURFACE I 
HR(I,K) - RADIATION INTERCHANGE COEFFICIENT FROM SURFACE I 
AA(I,J) = MATRIX OF COEFFICIENTS FOR SIMULTANEOUS EQUATIONS 
BB(I) = KNOWN VECTOR FOR SIMULTANEOUS EQUATIONS 
XXX(1) = SOLUTION YECTOR FOR SIMULTANEOUS EQUATIONS 
QSOL(1) = SOLAR RADIATION INCIDENT ON SURFACE I 
A(1) = AREA OF SURFACE I 

TO SURFACE K 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 

G(1,K) = OVERALL RADIATION VIET*$ FACTOR FROM SURFACE I TO 

HCO(I) = CONVECTION COEFFICIENT ON OUTSIDE OF SURFACE X 
HRO(I) = RADIATION COEFFICIENT ON OUTSIDE 0% SURFACE I 

AMC(I) = MOISTURE CONTENT (WEIGHT FRACTION) FOR SURFACE I 
PERM(1) = MQISTUKE PERMEANCE OF SURFACE I 
AWKAT(1) = RATIO OF EXPOSED SURFACE AREA TO PROJECTED SURFACE 

AREA FOR SURFACE I 
AMASS(1) = MASS PER UNIT AREA OF SURFACE 1 THAT PARTICIPATES IS 

MOISTURE EXCKANGE 
A*nJ(I) = MOISTURE FLUX TOWARD SURFACE I 
BMW(I) = TERM IN TAYLOR SERIES EXPANSION FOR MOISTURE FLUX 
TS(1) = TEMPERA4TURE OF INSIDE OF SURFACE I 
KFTAG = FLAG FOR SPECIFIED SURFACE TEMPERATURES 

SURFACE K 

R(I) = SURFACE-TO-SURFACE RESISTANCE FOR SURFACE I 

0 = PARANETER NOT SPECIFXED 
1 = PARAMETER SPECIFIED 
1 = 1,7 FOR TIS(1,l) 
I = 8,14 FOR TOS(I-7,l) 
I = 15 FOR VENTIMTION RATE 

AL == LENGTH OF ATTIC, FEET 
17 = WIDTH OF ATTIC, FEET 
PITCH1 = PITCH OF EAST ROOF, DEGREES 
PITCH2 = PITCH OF WEST ROOF, DEGREES 
ORIENT = ORIENTATION OF HOUSE 
H1 == HEIGHT OF VERTICAL WAT,LS AT EAVES, FEET 
AI = AREA OF INLET VENT, SQUARE FEET 
A0 = AREA OF OUTLET VENT, SQUARE FEET 
ITYYE = TYPE VENTS 

1 = SOFFIT AND RIDGE VENTS 
2 = SOFFIT AND GABLE VENTS 
3 = SOFFIT VENTS ONLY 

QLAT = HEAT OF VAPORIZATION OF WATER, BTU/I,HM 
EXFIL = R4TE OF FLOW OF AIR FROM HOUSE TO ATTIC, 
AL1 . . .  AL7 = CHARACTERISTIC LENGTHS OF SURFACES 1 . . .  7 ,  FEET 
TO = OUTDOOR TEMPERATURE, F 
QSOUI = SOLAR RADIATION INCIDENT ON HORIZONTAL SURFACE 

WS = WIND SPEED, MPH 
DIR = WIND DIRECTION 
HUM = OUTDOOR RELATIVE HUMIDITY, 
TI = INDOOR TEMPERATURE, F 
HUM1 = INDOOR RELATIVE HUMIDITY, PERCENT 
VDOT = VENTILATION RATE, CUBIC FEET PER HOUR 
IVFTAG = FLAG FOR CALCULATING FLOW VELOCITY 

0 = FLOW THROUGH BOTH SIDE OF ATTIC 
1 = FLOW THROUGH ONE SIDE OF ATTIC 

LB/I-IR 

BTU/(I-IR. -SQ. FT. ) 

PERCENT 

FLUX = MEASURED CEILING HEAT FLUX, BTIJ/(HR,-SQ.FT.) 
TAIK = MEASURED ATTIC A I R  TEMPERATURE, F 
TEXIT - MEASURED EXIT AIR TEMPERATURE, F 
H = HEIGHT, FEET 
AMDOT = VENTIIATION RATE, Paums PER HOUR 
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C AMCDOT - VENTILATION RATE TIMES SPECIFIC HEAT 
C V = CRUDE ESTIfiIATE OF AIR SPEED THROUGH ATTIC, FEET PER HOUR 
C ACH - AIR CHANGE RATE FOR ATTIC, AIR CHANGES PER HOUR 
C NFXT LINE ADDED FOK VERSION 1A 

C NEXT LINE ADDED FOR VERSION 1B 
COMMON /CLOUD/CLDAMT,ICLDTY,CC 

COMMON /HUMID/WO,PATM 
DIMENSION N(7),U(7),CR(7),BETA(7),x(7,l~~),Y(7,1oo),Z(7,~~o) 
DIMENSION A L F ( 7 ) , E O ( 7 ) , E I ( 7 ) , T I S ( 7 , 1 0 O ) , T O S ( 7 , 1 0 0 ) , T A ( 2 )  
DIMENSION QI(7,2),Q0(7,2),WC1(7),HR(7,7),AA(15,15),BB(15) 
DIMENSION XXX(l5),QSOL(7),A(7),G(7,7),HC0(7),HR0(7),R(7) 
DIMENSION AMC(7),PERM(7),AWRAT(7),AMASS(7),W(7),TS(7) 
DIMENSION BMW(7),KFLAG(15) 
DATA TIS/700*75.O/,TOs/7QOa75.O/,AA/225*0.0/,TR/75.0/ 
DATA TA/~*7S.O/,QI/l4~O.O/,QO/l~*O.~/~BMW/7*~.~/ 

READ ( 5 , * )  (KFLAG(I),I-1,7) 
READ (5,*) (KFLAG(I),I-8,14) 
READ (5 ,*)  KFLAG(15) 

C READ IN CONDUCTION TRANSFER FUNCTIONS 
DO 100 I = 1,7 
READ (5 ,*)  N(I),U(I),CR(I),BETA(I) 
M = N(I) 
DO 100 J = l,K 
READ (5,*) X(I,J),Y(I,J),Z(I,J) 

100 CONTINUE 
DO 101 I = 1,7 

101 R(I) = 1./U(T) 

C READ IN KFTAG 

C CONVENTION FOR CTF'S I S  SAME AS USED IN TARP 
C CONVENTION FOR ATTIC MODEL IS THAT INSIDE SURFACES 
C FACE THE ATTIC SPACE 
C CTF'S FOR THE CEILING ARE CALCULATED FOR USE IN A 
C WHOLE HOUSE MODEL, WHERE THE OUTSIDE SURFACE FACES 
C THE ATTIC; THEREFORE, FOR USE INTERNAL TO THE ATTIC 
C MODEL, INTERCHANGE THE X'S AND THE Z ' S  

M - N(1) 
DO 110 J = l,M 
XX = X(1,J) 
X(1,J) = Z ( 1 , J )  
Z(1,J) - XX 

110 CONTINUE 
C READ IN SOLAR ABSORPTANCES OF OUTSIDE SURFACES AND 
C EMITTANCES OF BOTH OUTSIDE AND INSIDE SURFACES 

READ(S,*) (ALF(I), I = 1,7) 
READ(5,*) ( E O C I ) ,  I = 1,7) 
READ(5,*) (EXCI), I - 1 , 7 )  

C READ IN ATTIC GEOMETRY: LENGTH, WIDTH, PITCHES OF ROOF 
C SURFACES(DEGBEES), ORIENTATION ANGLE OF HOUSE 
C AND HEIGHT OF SIDE WALLS 

C READ VENT INLET AND OUTLET AREAS, AND VENT TYPE 
C TYPE 1 = SOFFIT AND RIDGE VENTS 

READ ( 5 , * )  AL,W,PITCHl,PITCH2,0RIEN~~Hl 



102 

C TYPE 2 ::= SOFFIT AND GABLE VENTS 
C TYPE 3 = SOFFIT VENTS ONLY 

READ(5,*) AI,AO,ITYPE 
C READ WATER VAPOR PERMEANCES OF ATTIC SURFACES 
C PERM GRAINS PER (HR-FT2-INCH HG) 

READ ( 5 , * )  (PERM(1) ,1=1,7) ,PERMLIB 

DO 120 I = 1 , 7  

PERMRB = PEKMRB*(29.921/14.696)/70000. 

C CONVERT PEKM VALUES TO POUNDS PER (HK-FT2-PSIA) 

120 PERM(T) = PERM(I)*(29,921/14.696)/7000. 

C READ RATIO OF TOTAL ARFA OF EXPOSED WOOD TO GEOMETRICAL 
C PROJECTION OF SURFACE AREAS 

C READ WEIGHT OF WOOD PER UNIT PROJECTED AREA FOR EACH SURFL4CE 

C READ INITIAL MOISTURE CONTENTS OF WOOD, WEIGHT FRACTION 

C READ LATENT HEAT OF VAPORIZATION, BTU/LB 

C READ RATE OF FLOW OF HOUSE AIR INTO ATTIC, POUNDS PER HOUR 

C INITIALIZE: WATER ON RADIANT BARRIEK 

READ (5,*) (AWRAT(I),I=1,7) 

READ (5, *) (AMASS (I), I=l_,7) 

READ (5,*) (MC(1) ,I=l,7.) 

READ (5,*) QLAT 

READ ( 5 , * )  EXFIL 

NXB = 0.0 
WRBTOT = 0.0 
CALL VIEW2(AL,IJ,PITCH1,PITCH2,H1,EI,G97) 

C CALCULATE CHARACTERISTIC LENGTHS AND AREAS OF SURFACES 
C CHAR. LENGTHS ARE TAKEN TO BE: 
C CEILING - AVERAGE OF LENGTH AND WIDTH 
C ROOF - DISTANCE FROM EAVE TO RIDGE 
C GABL,E - AVERAGE HEIGHT 
C SIDE WALLS - HEIGHT 

AL1 = (AX.+W)/2. 
P I  = PITCH1*3.14159265/180. 
P2 = PITCH2~3.1415925,5/180. 
P3 = 3.14159265 - P1 - P2 
IP1 = PTTCHl 
I P ~  =  PITCH^ 
IP3 7~ 180.0 - PITCC11. - PITCH2 
IF(IP3.EQ.180) GO TO 5 
AL2. = W*SIN(P2)/STN(P3) 
AL3 = W*SIN(Pl)/SIN(P3) 
AL4 = 0.5*(AL2*SIN(Pl)) + H 1  
GO TO 6 

5 AL2 => W/2.0 
AL3 = W/2.0 
AWJ = H 1  

6 AL5 L-.: A M  
AL6 = H1 
AL7 = H 1  
A(1) :-= AL*W 
A(2) = AL*AL2 
A(3) = AL*AL3 
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A(4) = W*AL4 

A(6) = AL*H1 
A(7) = AL*H1 

A(5) - A(4) 
C*********************************************************************** 
C THIS BLOCK ADDED FOR VERSION 1A 
C READ LATITUDE, LONGITUDE, TIME ZONE, CLEARNESS NUMBER, 
C GROUND REFLECTANCE, AND FLAG FOR AMOUNT OF SOJAR DATA 
C TIME ZONE - 5 FOR EASTERN, - 6 FOR CENTRAL, ETC. 
C ISUN - 1, MEASURED TOTAL HORIZONTAL AND DIRECT AVAILABLE 
C ISUN - 2 ,  MEASURED TOTAL HORIZONTAL ONLY AVAILABLE 
C ISUN - 3 ,  NO MEASURED SOLAR, BUT MEASURED CLOUD COVER 
C NOTE, VERSION 1 B  EXPECTS ISUN = 1 
C IN VERSION 1B CLRNES WILL BE READ IN EACH HOUR 

READ(5,*) STAIAT,STALON,ITIMZ,CLRNES,FUOG,ISUN 
STAIAT - STALAT*3.14159265/180. 
SSTALA = SIN(STALAT) 
CSTALA = COS(STALAT) 
STALON = STALON*3.14159265/180. 

C ORIENT = ORIENT*3.14159265/180. 
BAZIM - ORIENT*3.14159265/180. 
SBAZIM = SIN(BAZ1M) 
CBAZIM = COS(BAZ1M) 

C READ BEGINNING DAY OF YEAR AND HOUR OF DAY 
C DISABLED FOR VERSION 1B 
C READ(5,*) IDOY,IHR 
C IHR = IHR - 1 
C CALL SUNl(STALAT,IDOY) 
C*********************************************************************** 
C READ LINE OF WEATHER DATA 
C~~*******************************************************************~* 
C NEXT 6 LINES DELETED FOR VERSION 1B 
C 10 READ(S,*,END - 999) T0,QSOLH,WS,DIR,HUM,TI,HUMT,(TLS(I,1),I=127), 
C & (TOS(I,1),I-1,7),VDOT,IVFLAG,ELUX,TAI~,TEXIT,CL~AMT,ICLDTY 
C RESTORE ESTIMATES FOR TEMPERATURES NOT SPECIFIED 
C DO 15 I - 1,7 
C IF(KFLAG(I).EQ.O) TIS(I.1) = TIS(I,2) 
C 15 IF(KFLAG(I+7).EQ.Q) TOS(1,l) = TOS(I,2) 
C NEXT LINES ADDED FOR VERSION lB, FIRST LINE OF DATA ARE FIXED 
C SECOND LINE IS HOURLY VALUES 

READ(S,*) TI,HUMI,IVFLAG,VDOT 
10 READ(lQ,*,END-999) IDOY,IHK,TO,PATM,CLDAMT,DIK,WO,QSOLH~DIRSOL, 

& ICLDTY,WS,CLRNES 
C NEXT LINE ADDED 10-11-89 

IF(WO.LT.0.0001) WO = 0.00005 
C CONVERT WIND DIRECTION TO BUILDING FRAME OF REFERENCE 

C SET UP DUMMY OUTDOOR RELATIVE HUMIDITY, NOT USED IN PROGRAM 

C*~***************************~***************************************** 
C*****************************~****************************************~~ 
C THIS BLOCK ADDED FOR VERSION 1A 

DIR - ORIENT - DIR 

HUM - 50.0 
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C MODIFIED FOR VERSION 1 B  
C IHR = IWR + 1 
C IF(IHR.GT.24) THEN 
C IHR = IHR - 24 
C IDOY = IDOY + 1 

C END IF 
C NEXT LINE CHANGED FOR ALTERATION OF SUBROUTINE SKY IN VERSION 1 B  
C CALL SKY(TO,HW,IHR,CLDAMT,ICLDTY,TSKY) 

XF(IHR.EQ.1) CALL SUNl(STALAT,IDOY) 

CALL SKY( TO, IHR , CLDBMLT ~ ICLD'IY, TSKY) 
TS2 = (((1.0 - COS(Pl))/2.O*(TO+459.67)**4) 

& .+ ((1.0 +- COS(Pl))/2.O*(TSKY+459.67)**4))**Q.25 - 459.67 
TS3 .-.: (((1.0 - COS(P2>>/2.0*(TOt4§3.6~)**~) 

& -t ((1.0 -C COS(P2))/2.O*(TSKY+459.67)**4))**Q.25 - 459.67 
TSV - (0.5*(T0+453.67)**4 + 0.5*(TSKY+459.67)**4)**0.25 - 459.67 
IF(ISUN.NE.1) DIRSOL = 0.0 
CAZL W D T S U N ( I H R , I T I M Z , S T A ~ O ~ , S T A L A , , S ~ A Z I M , C B A ~ ~ ~ ,  

& CLRNES ,QSOLH I DIRSOL, ISUN) 
C CALCULATE SOLAR LOAD ON EACH SURFACE 

QSOL(1) = 0.0 
QSOL(2) = SUN30R(90.,PITCHl,RHOG) 
QSOX.(3) = SUN3OR(270.,PITCH2,RMOG) 
QSOL(4) = SUN30R(1_80.,90.,RHOG) 
QSOL(5) = SUN30R(0.,90.,RHOG) 
QSOL(6) = SUN3OR(90.,90.,RHOG) 
QSOL(7) = SUN3OR(?70.,90.,W0G) 

C%*~*****%****%*********%**%***%*%**~*~*~***%%***,~*~**%*****.~.*****%-~*%** 

C % * * % * * * * * * * * * % ~ * % * * * % * * * * * ~ ~ * * * * ~ * , * ~ . ~ * * % * * ; ~ * * * ~ % ~ ~ ~ * * * * ~ ~ ~ * * % * * * * * * * % ~ - , ~ -  
C CALCULATE ATTIC VENTILATION RATE AND FLOW VELOCITY 

NIT :.= 1 

H = AL4 + AL?*SIN(P1)/2.0 

IF(KFUG(15) .EQ.O) THEN 
20 CONTINUE 

CALL VENT (TO, TA( 1) , WS , DIR , PI ,  AI, AO I LTYPE , WiCDOT , AMDOT, VlXYl~) 

EES E 
C ASSUME VENTILATION RATES ARE; BASED ON OUTSIDE AIK TEMPERATURE 

AMDOT = VDOT*22.0493/((T0+459.67)/1.8) 
&YCDOT = AMDOT*(3.4763 + 1.066E-4*((TO+459.67)/1.8))*0.068559 

END IF 
C ESTIMATE CRUDE FLOW VELOCITY 

IF( IVFIAG.  EQ. 0 )  
IF( IVFLAG I EQ. 1) V ...= VDOT*2.0/(AIA4*AL) 

V = VDOT/(AIk*AL) 

C AMCDOT = AMCDOT/100. 
C AMDOT = AMDOT/100. 
C VDOT = VDOT/100. 
C v = v/100. 

C ~ * * ~ * * ~ * % * * * * * * * ~ * * * * * * * * % ~ % * * * ~ ~ * * * * * * * * * ~ * % * * * ~ * . ~ ~ * % * * * * * * ~ ~ * ~ ~ * * * * * * ~  
C CALCIJIATE CONVEC'L'ION COEFFICIENTS AT INSIDE SURFACES 

CALX. HCON(TIS(l,l),TA(l),O.O,AL1pl,V,HCI(l)) 
CALL HCON(TIS(2,1>,'L'A(1),PITCH~~AL2,2,V,HCI(2)) 

ACIl = YDOT/A ( 4 )  /ATA 
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CALL HCON(TIS(3,l),TA(l),PITCH2,AL3,2,V,HCI(3)) 
CALL HCON(TIS(4,1),TA(1),9O.O,A~,1,V,HCI(4)) 
CALL HCON(TIS(5,1),TA(1),9O.O,AL5,l,V,HCI(5)) 
CALL HCON(TIS(6,1),TA(1),9O.O,AL6,l,V,HCI(6)) 
CALL HCON(TIS(7,1),TA(1),9O.O,AL7,l,V,HCI(7)) 

C CALCULATE CONVECTION COEFFICIENTS AT OUTSIDE SURFACES 
WS1 - WS*5280. 
CALL HCON(TOS(lll),TI,0.0,AL1,2,0.0,HCO(1)) 
CALL HCON(TOS(2,1),TOlPITCH1,AL2,1,WSl,HCO(2)) 
CALL HCON(TOS(3,1),TO,PITCH2,AL3,l,WS1,HCO(3)) 
CALL HCON(TOS(4,1),T0,90.O,AL4,1,WSl,HCO(4)) 
CALL HCON(TOS(5,1),T0,90.O,AL5,1,WSl,HCO(5)) 
CALL HCON(TOS(6,1),T0,9O.O,AL6,1,WSl,HCO(6)) 
CALL HCON(TOS(7,1),T0,90.O,AL7,1~WS1,HCO(7)) 

DO 200 I = 1,7 
DO 200 J = 1,7 
HR(1,J) = HRAD(G(I,J),TIS(1,1),TIS(J,l)) 

C CALCULATE RADIATION COEFFICIENTS AT INSIDE SURFACES 

200 CONTINUE 
C CALCULATE RADIATION COEFFICIENTS AT OUTSIDE SURFACES 

HRO(1) = HRAD(EO(l),TOS(1,1),TI) 
HRO(2) - HRAD(EO(2),TOS(2,l),TS2) 
HRO(3) - HRAD(EO(3),TOS(3,1),TS3) 
DO 250 I - 4,7 
HRO(1) - HEL4D(EO(I),TOS(I,l),TSV) 

C CALCULATE MOISTURE BALANCES, LATENT HEATS 
250 CONTINUE 

IF(QLAT.LE.1.) THEN 
DO 259 I - 1,7 
BMW(1) = 0.0  
AMw(1) - 0.0 

2 5 9  CONTINUE 
ELSE 
DO 260 I = 1,7 

CALL MOISTM(TS,TO,TI,TA(l),HCI,A,AWRAT,AMC,~SS,HUM,H~~,P~~, 

DO 270 I = 1,7 
IF(AMC(I).LE.1.E-6.AND.AMW(I).LT.O.O) THEN 

260 TS(1) - TIS(1,l) 
& AMDOT,EXFIL,AMW,BMW,7,PEKMRB,WRB,AMWRB,BMWRB,RHATC) 

AMw(1) = 0 . 0  
BMW(1) = 0 .0  

FACT - ASS(AMC(I>*AMASS(I)/AMw(I)) 
AMW(1) = AMW(I)*FACT 
BMW(1) - BMW(I)*FACT 
CONTIWE 

ELSE IF(AMW(I).LT.O.O.AND.ABS(AMW(I)).GT.(AMC(I)*AMASS(I))) THEN 

ELSE 

END IF 
270 CONTINUE 

C NEXT 12 LINES ADDED FOR MOISTURE ON RB 
IF(WRB.LT.1.E-6.AND.AMWRB~LT.O.O) THEN 

AMWRB - 0 . 0  
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BMWRB = 0.0 

FACT = ABS(WRB/MWRR) 
AM-WRB = AMWRB*FACT 
A H B  = RMJRB*FACT 

CONTINUE 

ELSE IF(ANWRB.LT.O.O.AND.ABS(AMWRB).GT.WKB) THEN 

ELSE 

END IF 

BMW(1) = BMW(1) + BMWRW 
END IF 

MW(1) = m(1) + M . W  

C***********%******~*.~*******.~****%*****************************~**%**** 
C SET UP MATRIX OF COEFFICIENTS IN HEAT BALANCE EQUATIONS 

DO 300 1 = 1,7 
DO 300 J = 1,7 
AA(1,J) = -HK(I,J) 

300 C O N I T W E  
DO 310 I = 1,7 
DO 305 .J = 1,7 

305 AA(I,I) = u ( T , : L j  + HR(I,J) 
31.0 AA(I,I) = AA(I,I) + Z(1,l) i- H C I ( 1 )  

C ADD IN IATENT HEAT TERMS 
DO 315 I = 1;7 

315 AA(1,I) = AA(I,I) + BNW(I)*QLAT 
C*~*****.~***~%*****~.** .~*****~~~.~*.~***********.~**************%*****~*~**** 

DO 320 I = 1,7 
A A ( I , I - t - 7 )  7-7 - Y(I,1) 
AA(I,15) = -HCI(I) 
PA(1-t7 ~ I )  == -Y(I, 1) 
M(1+7,1+7) = X(I,l) -F H C O ( I >  t HRO(I) 

320 AA(15,I) = A(I)*HCI(I) 
C~~*~****~.~*******~~**%****~****~*********~******%~***********.*~~~*%*%%~% 

e l  = 0 . 0  
DO 330 I = 1,7 

330 C 1  = CI f A(I)*HCI(L) 
C23: = (AMCDOT -1- EXFIL*O.24)/C1 
IF(C2I.GT.0.02) C3 EXP(-l./C21) - 1.0 
IF(C2I.LE.0.02) c3 = . -1 .o  
M(15,15) ...z -Cl/(l. + C2I*C3) 

.......................................................................... 
C SET UP VECTOR FOR RIGHT HAND SIDE OF HEAT BALANCE EQUATIONS 

DO 400 I = 1 , 7  
RR(I) = TR*(Z(I,l)-Y(I,l)) - CR(I)*QI(I,2) 
RR(I) = BB(1) -RETA(I)/2.*(z(I,l>*(TIS(I,l)-TR)**2 

& -Y(I,l>*(TOS(I,1)-TR)**~~ 
DO 400 J = 2,N(I) 

400 BB(I)=BB(I)-~(l,J)*(TIS(I,J)-TR)d-Y(I,J)*(TOS(1,J)-TR) 
& -BETA(I)/2.*(Z(I,J)*(TIS(I,J)-TR)**2 
6 -Y(I,J)*(TOS(I,J)-TR)**2) 

C ADD IN LATENT HEAT EFFECTS 
DO 405 I = 1,7 

405 BB(1) = BB(1) i- hMW(I)*QLAT + BWd(I)*QXA4T*TIS(I,1) 
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DO 410 I = 1,7 
BB(I+7) = TR*(X(I,l)-Y(I,l)) + CR(I)*QO(I,2) 
BB(I+7) == BB(I+9) -BETA(1)/2.*(X(I,l)*(TOS(I,1)-TR)**2 

6 -Y(I,l)*(TIS(I,l)-TR)**2) 
DO 410 J = 2,N(I) 

410 BB(I+7) = BB(I+7)-X(I,J)*(TOS(I,J)-TR)+U(I,J)*(TIS(~,~)-TR) 
& -BETA(I)/2.*(X(I,J)*(TOS(I,J)-TR)**2 
& -Y(I,J)*(TIS(I,J)-TR)**2) 
BB(8) = BB(8) t HCO(l)*TI + HRO(l)*TI 
BB(9) = BH(9) + HC0(2)*TO + HR0(2)*TS2 + ALF(2)*QSOL(2) 
BB(10) - BB(10) + HCO(3)*TO + HR0(3)*TS3 + ALF(3)*QSOL(3) 
DO 420 I - 4,7 

420 BB(I+7) = BB(I+7) + HCO(I)*TO -+ HRO(I)*TSV + ALF(I)*QSOL(l) 
B B ( 1 5 )  = (AMCDOT*TO + EXFLI4*0.24*TI)*C3/(1.O + C2I*C3) 

C******************************~**~*************************~*********** 
C THIS SECTION DISABLED FOR VERSION 1B 
C SKBIG = 1.E20 
C DO 450 I = 1,7 
C IF(KFLAG(I).EQ.O) GO TO 460 
C AA(1,I) = AA(I,I)*SKBIG 
C BB(1) = TIS(I,l)*AA(I,I) 
C 460 IF(KFLAG(I+7).EQ.O) GO TO 450 
c AA(I+7,1+7) - AA(I+7,1+7)*SKBIG 
C BB(I+7) - TOS(I,l)*AA(I+7,I+7) 
C 450 CONTINUE 
C~******************************~~**************~******~*************~*** 
C SOLVE SYSTEM O F  EQUATIONS 

CALL SOLVP(PS,AA,BB,XXX) 
C***********~*********************************************************** 
C TEST FOR CONVERGENCE OF SOLUTION 

EPS = l.E-3 
IFLAG = 0 
DO 500 I - 1,7 
DO 510 I =-= 1,7 

500 IF(ABS(XXX(1)-TIS(I,l)).GT.EPS) GO TO 600 

510 IF(ABS(XXX(I+7)-TOS(I,1)).GT.EPS) GO TO 600 
IF(ABS(XXX(15)-TA(l)).GT,EPS) GO TO 600 

c******************************************************%*************~~* 
GO TO 700 

600 IFLAG = 1 
700 CONTINUE 

C*****************************************************~***********~~~**** 
DO 800 I - 1,7 
TIS(1,l) = =(I) 

800 TQS(I,l) - XXX(I+9) 
TA(1) = wrX(l5) 

s1 = 0 . 0  
DO 850 I = 1,7 

850 S1 = S 1  + A(I)*HCI(I)*TIS(I,l) 

TE = TE/(AMCDOT + EXFIL) 

c~*******************************************~*****************3~~~****~** 

TE a AMCDOT*TO + EXFIL*O.24 + (SI - Cl*TA(I)) 



108 

NIT = NIT -i- 1 
IF(IFLAG.EQ.l.AND.NIT.LE.15) GO TO 20 

C CALCULATE HEAT FLUXES 
DO 900 I = 1 , 7  
QT(I,1) - CR(I)*QI(I,2) 

900 QO(1,l) = CR(I)*QO(I,2) 
DO 950 I = 1 , 7  
DO 950 J = l,N(I) 
QI(1,l) QI(I,l) i- Z(T,J)*(TIS(T,J)-TR)-Y(I,J)*(TOS(I,J)-TR) 

& +BETA(I)/2.*(2(I9J)*(TISCI,3)-TR)**2-Y(I,J)*(~0S(I~J)-TR)**2) 
950 QO(1,l) = QO(1,l) -t Y(I,J)*(TIS(I,J)-TR)-X(IpJ)*(TOS(I,J)-TR) 

& +BE'~A(1)/2.*(Y(I,J)~(TIS(I,J)-~~~**2-X(I,.J)*(TOS(I,J)-TR~**~) 
C CALCULATE TOTAL CEILING HEAT FLOW 

C CALCULATE NEW MOISTURE CONTENTS 
QCEIT, = QO( 1,1)*A( 1) 

DO 960 I = 1,7 
AMC(1) = A M C ( 1 )  -+ AEtW(I)/AMASS(I) 

IF(AMC(I).GT.0.30) AMC(1) = 0.3 
C NEXT LINE ADDED 10-1-89 

960 IF(AMC(I).LE.O.O) AMC(1) = 0.0 
C NEXT TWO LINES ADDED FOR MOISTURE ON RB 

WRB = WRB -+ AMWRB 
IF(WRB.LE.O.0) WRR = 0.0 
IF(AMWRB.GT.O.0) WP.BTOT = WRBTOT f AITdXB 

C WRITE OUT RESULTS 
C MODIFIED FOR VERSION 1 R  
C WRITE(6,lOOl) TO,TOS(2,1),TOS(3,1),QO(1,l),FLUX,TA(1),TAIR, 
C & T E , T E X I T , A C H , A M C ( 2 ) , N I T , H C O ( I ) , H R O ( 1 ) , W R B , ~ T C  
C1000 FOKMAT(2X,2F15.4,110) 
ClOOl FORMAT~lX,3F7.2,2F10.4,4F7.2,F15.G,F6.3,I5~2~6.3,~~0.6,~~0.2) 
C WRITE( 6,1005) QO( 1 1.) 
C1005 FORMAT(lX,F10.4) 

WRITE( 6,1.006) QO( 1,l) 
1006 FORMAT(lX,F10.4) 

C NEXT TWO LINES ADDED FOR MOISTURE ON RB 
WRITE(7,1007) IJRB,TIS(1,1) 

1007 FORMAT(l.X, F10.6, F7. 'I) 

DO 1100 I = 1,7 
Q1(1,2) = QI(1,l) 

C UPDATE TEMPERATURES AND HEAT FLUXES FOR NEXT HOUR 

QO(I,2) = QI(I,1> 
DO 1100 J I,N(I)-I 
TIS(I,N(L)-J+1) = TIS(.r,N(I)-J) 

1100 TOS(I,N(I)-J+1) = TOS(I,N(I)-J) 
TA(2) = TA(1) 
GO TO 10 

END 
999 STOP 

C***~*~*** * * * * * *~***~*** * * * * * * * * * * * * * * * * * * * * * * *~*** * * *~*~*** * * * * * * * *~~*~ 
C** ** 
C 3c.k WNCTION FMN ** 
C *%; ** 
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C************************************%*****************~**************** 

C THIS FUNCTION CALCULATES THE VIEW FACTOR BETWEEN TWO FINITE 
C RECTANGULAR PLATES SHARING AN EDGE 
C SEE APPENDIX A OF SPARROW AND CESS, CONFIGURATION 2 
C SEE ALSO A. FEINGOLD, PROC. ROY. SOC., A, VOL. 292, PP. 51-60 (1965) 
C VIEW FACTOR FROM PLATE 1 TO PLATE 2 
C A = WIDTH OF PLATE 2, C - WIDTH OF PLATE 1 
C B = LENGTH OF BOTH PLATES 
C PHI = ANGLE BETWEEN PLATES (RADIANS) 
C NUMERICAL INTEGRATION PERFORMED BY SIMPSON'S RULE 

FUNCTION FMN(A,B,C,PHI) 

DIMENSION Q(65) 
X = A/B 

SP = SIN(PH1) 
S2Y -= SIN(2 .*PHI) 
CP - COS(PH1) 
C2P - COS(2.*PHI) 
2 = x*x + Y*Y - Z.*X*WCP 
DXI - Y/64. 
DO 1 N = 1 , 6 5  

XI = DXI*ANMl 
E = SQRT(1. + XI*XI*SP*SP) 

Y = C/B 

ANMl = N - 1 

F - ATAN((X-XI*CP)/E) + ATAN(XI*CP/E) 
1 Q(Nj = E*F 
AINT = Q(1) + 4.*(7(64)  + Q ( 6 5 )  
DO 2 N = 1,31 
K - 2*N 
FMN = CP*AINT*DXI/3. 
E = SQRT(I.+X*X*SP*SP) 

FPLN = FMN + SP*S2P/2.*X*E*F 
FMlY - FMN + X*ATAN(l./X) + Y*ATAN(P./Y) 
E = 1. + X*X 
F = 1. + Y*Y 
FMN - FMN + (0.5 - SP*SP/4.)*ALOG(E*F/(l.+Z)) 
EMN = FMN + SP*§P/4.*(Y*Y*AIAOG(Y*Y*(1.+Z)/F/Z) 

& + X*X*(ALOG(X*X/Z) + C2P*ALQG(E/(I.+Z)))) 

2 AINT = AINT + 4.*Q(K) + 2.*Q(K+l) 

F = ATAN(X*CP/E) + ATAN((Y-X*CP)/E) 

& - SQRT(Z)*ATAN(l./SQKI'(Z)) 

E - Y*Y*ATAN((X-Y~CP)/Y/S??) + X*X*ATAN((Y-X*CP)/X/SP) 
FMN - FMN - S2F/4.*(X*Y*SP + (3.14159265/2. - PHI) 

ti * (X*X + Y*Y) + E) 
FMN = FMN/3.14159265/Y 
RETURN 
END 

C***~~**********%*******%~*****%****************%*~~~******~************~ 
C%* ** 
C%* ** 
~*~*****~******************************%***~*~**%**************~*~***~*% 
e** FUNCTION FP ak JE 
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FUNCTION FP(A,B,G) 
C THIS FUNCTION CALCULATES THE VIEW FACTOR BETWEEN TWO FINITE EQUAT, 
C PARALLEL PLATES 
C SEE APPENDIX A OF SPAKKOW AND CESS, CONFIGURATION 1 
C A AND B - DIMENSIONS OF PLATES, C = SEPARATION OF PLATES 

X = A/G 

D = SQRT(l.+X*X) 
E = SQRT(l.+Y*Y) 
F = SQRT(l.+X*X+Y*Y) 
FP = ALOG(D*E/F) + Y*D*ATAN(Y/D) + X*E*ATAN(X/E) 

& - Y*ATAN(Y) - X*Al'AN(X) 
FP i FP*2,/(3.14159265*X*Y) 
RETUW 
END 

Y = R/C 

C****~**%************%*******%**~~****%********~~-k~*%%*******~--k~~~***-~*~ 
C-k% ** 
C*%- SUBROUTINE HCON * -k 
C** ** 
C*.~*******~~**%*%************~***%~***~******%*%************~~********%* 

C THIS SURROII'L'INE CALCULATES NATURAL CONVECTION HEAT TRANSFER 
C COEFFICIENTS BASED ON ISOLATED I S O T H E W L  FLAT PLATES 
C CALCULATES FORCED CONVEC'CLON COEFFICIENTS AND TOTAL 
C CONVECTION HEAT TRANSFER COEFFICTENTS 

C TS = SURFACE TEMPEWATUKE, F 
C TA = A1R TEMPERATURE, F 
C PIIT = TILT ANGLE, DEGREES, 0 FOR IIOKIZONTAL, 90 FOR VERTICAL 
C AL = CHARACTERISTIC LENGTH OF SURFACE 
C IFLAG = 1 FOR SURFACE FACING UPWARD 
C IFLAG = 2 FOR SURFACE FACING DOWKJARD 
C V = AIR SPEED, FEET PER HOUR 
C HCF = FOKCED CONVECTION COEFFICIENT 
C HCN = NATURAL CONVECTION COEFFICIENT 
C HC 3 TOTAL CONVECTION COEFFICIENT 
C 

SUBROUTINE HCON(TS,TA,PHI,AL,IFJAG,V,HC) 

C SEE H O W ,  5TW EDITION, PP. 272-286 

REAL NUS,K,MU,NU 
DT =- TS - TA 
IF (IFLAG.EQ.2) DT = -DT 

C CALCULATE FILM TEMPEKATUKE 
TF = (TS+TA)/2 ~ 0 
TF1 = TF 
IF(ABS(PHI).GT.1.E-3.AND.ABS(PHI-9O.).GT.1.E-3) 

& TF = TS - 0.25*(TS-TA) 
IF(ABS(PHI).GT.1.E-3.AND.ABS(PHI-9O.).GT.I.E-3) 

& TF1 = TA f O.25*(TS-TA) 
TK = (TF+459.67)/1.8 

C THERMAL CONDUCTIVITY OF AIR FROM EQUAJ10N IN NRS C I K C .  564 
C THERMAL COND. IN BTU/(HR-FT-F) 

K = 0.6325E-5~SQRT(TK)/(l.+(245.~*lO.**(-l2./TK))/T~)*241.7~ 
C DYNAMIC VISCOSITY OF AIR FROM EQUATION IN NBS CIRC. 564 



C LB/(HR-FT) 
MU = (145.8*TK*SQRT(TK)/(TK+ll0.4))*241.9OE-7 

C PRANDTL NUMBER, LINEAR REGRESSION FROM 220 K TO 360 K 
C FROM NBS CIRC. 5 6 4  

C VOLUME EXPANSION COEFFICIENT OF AIR, l/TABS, PERFECT GAS 

C DENSITY OF AIR, PERFECT GAS, NBS CIRC, 564, LB/CF 

C KINEMATIC VISCOSITY, FT2/HR 

C SPECIFIC HEAT OF AIR, LINEAR REGRESSION FROM 220 K TO 360 K 

PR 0.7880 - 2.631E-4*TK 

BETA - l./(TF1+459.67) 
RHO - 22.0493/TK 
Nu - Mu/RHo 

C FROM NBS CIRC. 564, BTU/(LB-F) 
CP - (3.4763 f 1.066E-4*TK)*0.068559 

C RAYLEIGH NUMBER, LEADING COEFFICIENT IS 
C 32 I 174*360O*3600, FT/HR?_ 

C: BRANCH TO DIFFERENT CORRELATIONS DEPENDING UPON 
C SURFACE ORIENTATION 

RA = (4.16975E8)*BETA*RHO*CP*ABS(DT)*(AL**3)/NU/K 

IF(ABS(PHI).LE.1.E-3) GO TO 100 
IF(ABS(PHX-gO.>.LE.l.E-3) GO TO 200 
IF(ABS(PHI).GT.1.E-3.ANDaABS(PHI).LT.2.) GO TO 300 
I F ( A B S ( P H I > . G T . 2 . O . A N D . A B S ( P H I - 9 0 . ) . G T . I . . E - 3 )  GO TO 400 

C FOR HORIZONTAL SURFACES 
1.00 IF(DT.LT.O.0) GO TO 150 

NUS - 0.15*RA**(1./3.) 
IF(RA.LT.8.EG) NUS - 0.54*RA**0.25 
GO TO 1000 

GO TO 1000 
150 NUS - 0.58*Wk*0.2 

C FOR VERTICAL SURFACES 
200 NUS = O.lO*RA**(1./3.) 

IF(RA.LT.1.EB) NUS = 0.59*RA**0.25 
GO TO 1000 

C FOR NEARLY HORIZONTAL(UP TO 2 DEGREES TILT) SURFACES 
300 IF(DT.GT.O.0) GO TO 450 

NUS = 0.58*RA**0.2 
GO TO 1000 

C FOR TILTED SURFACES 
400 IF(DT.GT.O.0) GO TO 450 

NUS = 0.56*(RA*C0S((90.-PHI)*3.14159265/180.))**0.25 
GO TO 1000 

IF(ABS(PHT).LT.PS.) GRC - 1.E6 
IF(ABS(PHI).GT.75.) GRC - 5.E9 
GR = RA/PR. 
IF(GR.LE.GRC) NUS-0.56*(RA*COS((9Q.-PHI)*3.14159265/180.))**0.25 
IF(GR.GT.GRC) NUS = 0.14*(RA**(1./3.) - (GRC*PR)**(1./3.)) 

450 GRC = 10.O**(PHI/(1.1870+0.0870*PHI)) 

& +0.56*(GRC*PR*COS((9O.-PHI)*3.14159265/180.))**0.25 
GO TO 1000 

1000 HCN = NUS*K/AL 
C CALCULATE FORCED CONVECTION COEFFICIENT 
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SEE HOLMAN, 5TH EDITION, PG. 1 9 1 ,  EQN. 5-44, 5-46 
AND PG. 202, EQN. 5-85 

RE = V*AL/NU 
IF(RE.L'l'.S.E5) NUS = 0.664*(PR**(1./3.))*SQRT(RE) 
IF(RE.GT.S.E5) NUS = (PR**(1./3.))*(0.037*(RI2**O.8)-85O.) 
HCF NIJS*K/AL 

COMBINE NATURAL AND FORCE0 CONVECTION COEFFICIENTS 
USING CHURCHILL'S CORRELATION 

ASSUME ASSISTING FLOW IN ALL CASES 
HC =T (HCF**3 -b HCN**3)**(1./3.) 
RETURN 
END 

SEE J. mm TRANS., VOL. 108, P P .  835-840 (1986) 

C 
C 
c 
C 
c 
C 
C 
c 
C 
c 

c 

C 
C 

C 

c 
C 

C 

C 
C 

SUBROU'I'INE HMASS(TS ,Th,MC ,mi) 
THIS SUBROUTINE CALCULATES THE MASS TRANSFER COEFFIClENT FOR 
MOISTURE T M S F E R  BETWEEN A SURFACE AND MOIST AIR 
USING THE I,EWIS RELATIONSHIP, AND EVALUATING ALL THZRMOPHYSXCAL 
PROPERTIES AS THOSE OF DRY AIR 
SEE H O I M ,  5TH EDITION, PP. 494 
TS = SURFACE TEMPERATURE, F 
TA = AIR TEMPERATURE, F 
HC = CONVECTiON HEAT TRANSFEK COEFFICIENT 
IM = MASS TRANSFER COEFFICIENT, L B / ( H R - F T ~ )  

REAL K 
CALCULATE F1LE.I TEMPERATURE 

TK = (TF+459.67)/1.8 
TF = (TSt-TA)/2.O 

THERMAL CONDUCTIVITY OF AIR FROM EQUATION IN NFJS CIRC. 564 
THERMAL COND . IN BTU/ (HR - FT - F) 

K = 0.6325E-5*SqRT(TK)/(1.+(245.4.~-lQ.*%(-12./TKj)/T~)~24~.7~ 

RHO = 22.0493/TK 
DENSITY OF A I R ,  PERFECT GAS, NBS CIRC. 564, LB/CF 

SPECIFIC HEAT OF AIR, LINEAR REGRESSION FROM 220 K TO 360 K 
FROM NBS CIRC. 564, BTU/(J..B-F) 

CP = (3.4763 + 1.066E-4*TK)*0.068559 
CALCULATE THERMAL DIFFlJSTVITY, FT2/HR 

CALCULATE DIFFUSION COEFFICIENT FOR WATER VAPOR YHROUGH AIR 
D = FT2/HR, SEE 1985 ASHRAE HANDBOOK, PG. 5.2 

D = O.O35883/101.32*(TK*W. 5)/(TK+245.0) 
HM = HC/CP/( (ALF/D)**(2.0/3.0)) 
RETURN 
END 

ALF = K/CP/RH0 
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C** ** 
C*****%**********************************************************.******* 

C THIS FUNCTION CALCULATES RADIATIVE COEFFICIENTS FOR HEAT BALANCE 
C EQUATIONS 

FUNCTION HRAD(G,Tl,T2) 

T1R - (T1 -+ 459 .67 ) /100 .  
T2R = (T2 + 4 5 9 . 6 7 ) / 1 0 0 .  
HRAD - 1.714E-3*(T1R*TlR+TZR*T2R)*(TIR+TZR)*G 
RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C** ** 
C** SUBROUTINE MOISTM ** 
C** ->-A 

C~******************************************************%******~***~**~* 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

c 

C 

SUBROUTINE M O I S T M ( T S , T O , T I , T A , H C I , A , A ~ T , ~ C , ~ S S , H U M , H U M ~ , P ~ ~ ~  
1 AMDOT,EXFIL,AEIW,BMW,K,PERMKB,WRB,~~,BMWRB,RHATC) 

NEXT LINE ADDED FOR VERSION 1B 

THIS SUBROUTINE PERFORMS A MOISTURE BALANCE ON THE ATTIC SPACE 
TS = SURFACE TEMPERATURE, DEGREES F 
TO - OUTSIDE AIR TEMPERATURE 
TI INSIDE AIR TEMPERATURE 
TA = ATTIC AIR TEMPERATURE 
HCI = CONVECTION HEAT TRANSFER COEFFICIENTS 
A = PROJECTED SURFACE AREAS 
AWRAT - RATIO OF EXPOSED WOOD SURFACE AREAS TO PROJECTED AREAS 
AMC - WOOD MOISTURE CONTENTS, FRACTION OF DRY WEIGHT 
HUM = RELATIVE HUMIDITY OF OUTSIDE AIR 
HUM1 = RELATIVE HUMIDITY OF INSIDE AIR 
PERM = WATER VAPOR PERMEANCES 
AMDOT = MASS FLOW OF VENTILATION AIR 
EXFIL - MASS FLOW OF AIR FROM HOUSE INTO ATTIC 
AMW = MOISTURE ADSORBED PER UNIT PROJECTED AREA 
BMW - COEFFICIENT OF LINEAR TERM IN TAYLOR SERIES 
K = NUMBER OF SURFACES 
PERMRB - WATER VAPOR PERMEANCE OF HORIZONTAL RADIANT B M I E R  
WRB - AMOUNT OF WATER ACCUMULATED ON BOTTOM OF HORIZONTAL RADIANT 
AMWRB - AMOUNT OF WATER CONDENSED ON BOTTOM OF HORIZONTAL RADIANT 
RHATC = RELATIVE HUMIDITY IN ATTIC SPACE 

COMMON /HUMID/WO,PATM 

EXPANSION OF WS(1) 

BARRIER, POUNDS PER SQUARE FOOT 

BARRIER, POUNDS PER SQUARE FOOT, DURlNG CURRENT HOUR 

DIMENSION TS(K),HCI(K),A(K),AWRAT(K),AMC(K)~PERM(K),AMW{K) 
DIMENSION WS(lO),P(lO),HM(lO),AMASS(K),BMW(K) 
EPS - l.E-3 
DO 10 I = l,K 

CALCULATE HUMIDITY RATIOS AT WOOD SURFACES 

10 WS(1) = WDHUM(AMC(I),TS(I)) 
CALCULATE HUMIDITY RATIOS OF INSIDE AND OUTSIDE AIR 

CALL PSY(TI,HUMI,PI,WI) 
NEXT LINE DISABLED FOR VERSION 1B 
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C CALL PSY(TO,HUM,BO,klTO) 
C NEXT 2 LINES ADDED FOR VERSION 1B 

XX = W0/0.62198 
PO = PATM*XX/(1.0 + XX) 

C NEXT 2 LINES ADDED FOR MOISTURE ON RE 
C CALCULATE SATUIPATION VAPOR PRESSURE AT HORIZONTAL RADIANT EARRTER 

C CALCULATE MASS TRANSFER COEFFICIENTS 

20 CALL WSS(TS(I),TA,HC'I(T),HM(I)) 
C SET UP WL4TEK VAPOR PARTIAL PRESSURES 

CALL PSYl(TS(l),lOO.,PRBSAT,~B§A~,DWSDT) 

DO 20 I = l,K 

P(1) = PI 

30 P ( 1 )  = PO 
DO 30 I = 2,K 

C CALCULATE HUMIDITY RATIO OF ATTIC AIR FROM NOISTURE BALANCE 

C NEXT 6 LINES ADDED FOR MOISTURE ON RB 

IF(WRB.GT.O.0) PRB = PRBSAT 
IF(PRE.GT.PKBSAT) PRR = PRBSAT 
NIT = 0 

100 x = 0 . 0  

PA = PO 

PRB = PA i (PI-PA)*PEKM{l)/PERMRB 

X = X + A(1)*(PEREPRS*PRR + AWRAT(1)*1-IM(1)*WS(l)) 
DO 40 i = 2 , K  
X = X 3 A(I)*PERM(I)*P(I) 

40 X = X -+ A ( I ) " * A W T ( I ) * H N ( I ) * W S ( I )  
C NEXT LINE DELETED AND FOLLOWING 8 LINES ADDED FOB MOIST. ON RB 
C X = X + ,?JYDOT*WO + EXFIL*WI 

X = X + AMDOT*WO 
IF(WRB.GT.O.0) THEN 

ELSE IF(IJ1 .GE.WRBSAT) THEN 

ELSE 

END IF 

X = X + EXFIL*WRBSAT 

X = X 3- EXFIL*\JRBSA'1' 

X = X 4- EXFIL*WI 

C NEXT 2 LINES DELETED AND E'OT.4X.0WING LINE ADDED FOR MOIST. ON RB 
C NIT = 0 
c 100 Y = 0.0 

Y = 0.0 
DO 50 I = 1,K 

50 Y = Y + A(I)*AWRAT(I)*HM(I) 
Y = Y + AMDOT + EXFIL 

C NEXT LINE ADDED FOR MOIST. ON RB 

C IN FOLLOWING, PATM HAS BEEN SUBSTITUTED FOK 1.4.696 IN VERSION 1B 
Y = Y C A(I.)*PERMRB<k(PATM PA)/0.62198 

DO 60 I = 2,K 
C 60 Y Y i- A(I)*PERM(I)*(14.696 - P A ) / 0 . 4 2 1 9 8  

60 Y = Y t A(I)-*PERM(I)*(PATK - PA)/0.62198 
WA = X / Y  
XX = WA/O. 62'1.98 
PANEW = 14.696*w[/(l.O -I- XX) C 
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PANEW - PATM*XX/(1.0 + XX) 
C NEXT 3 LINES ADDED FOR MOIST. ON RE 

PRBNEW = PANEW + (PI - PANEW)*PERM(l)/PERMRB 
IF(WRB.GT.O.0) PRBNEW = PRBSAT 
IF(PRBNEW.GT.PRBSAT) PRBNEW = PRBSAT 
NIT - NIT + 1 
IF (NIT.GT.10) GO TO 200 

C NEXT LINE CHANGED FOR MOIST. ON RB 
IF(ABS(l.-PANEW/PA).LT.EPS.AND.ABS(1,-PR.~PS~ 

& GO TO 200 
PA = PANEW 

PRB - PRBNEW 
GO TO 100 

C NEXT LINE ADDED FOR MOIST. ON RB 

200 CONTINUE 
C CALCULATE WATER ADSORBED BY EACH SURFACE 

DO 300 I = l,K 
300 M(I) = HM(I)*AWRAT(I)*(WA-WS(1)) 

C NEXT 4 LINES ADDED FOR MOIST. ON RB 
AMWRB = l./(l./PERM(l) - l./PERMRB)*(PI - PRB) 

& + PERMRB*(PA - PRB) 

& AMMRB = AMWRB + EXFIL/A(l)*(WI - WRBSAT) 
IF(WRB.GT.O.O.0R.WI.GE.WRBSAT) 

C CALCULATE CORRECTION TERM FOR TAYLOR SERIES EXPANSION OF 
C ADSORBED WATER 

DO 310 I = l,K 
310 BMW(1) = HM(I)*AWRA.T(I)*WS(I)/28.6 

C NEXT 3 LINES ADDED FOR MOIST. ON REI 
BMWRB - EXFIL/A( 1)*DWSDT 
CALL PSY(TA,lOO.O,PASAT,WASAT) 
RHATC = PA/PASAT*100.0 
RETURN 
END 

C********~************************************************%********~*~** 
C2-X- -A-k 

C>k'ca SUBROUTINE PSY -2% 

C** ** 
C******************************************~******~~***********~~*~*~**** 

SUBROUTINE PSY(T,HUM,P,W) 
C NEXT LINE ADDED FOR VERSION 113 

COMMON /HUMID/WO,PATM 
C THIS SUBROUTINE CALCULATES THE WATER VAPOR PARTIAL PRESSURE ANT) 
C THE HUMIDITY RATIO, GIVEN THE TEMPERATURE AND RELATIVE HUMIDITY 
C USING EQUATION ]FROM 1989 ASHRAE FUNDAMENTALS P.6 .G 
C T = DRYBULB TEMPERATI7RE, DEGREES F 
C HUM - RELATIVE HUMIDITY, PERCENT 
C P = WATER VAPOR PARTIAL PRESSURE, PSIA 
C W = HUMIDITY RATIO, POUNDS OF WATER PER POUNDS O F  DRY AIR 

C1 - -10214.16462 
C2 = -4.89350301 
C 3  E -0,537657944E-2 
C4 0.192023769E-6 
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C5 = 0.355758316E-9 
C6 = -0.0903446883E-12 
C7 - 4.1635019 
C8 = -10440.39708 
C9 = -11.2946496 
C10 = -0.027022355 
C11 = 0.12890360E-4 
C12 = -0.2478068E-8 
C13 = 6.5459673 
TR = T I- 459.67 
IF(T.GE.32.0) GO TO 10 
X = C1/TR 4 C2 + C3*TR + C4*TR*TR tC5*TR**3+66*TR**4+C7*ALOG(TR) 
GO TO 20 

10 X = C8/TR i- C9 + C10*-TX + Cll*TR*TR + C12*TR**3 i- C13*ALOG(TR) 
20 PSAT = ExP(X) 

DPSDT = PSAT*DXDT 
P = (HUE.1/100.0) *PSAT 

C W = 0.62198*P/(14.696-P) 
W 0.62198*P/(PATM-P) 
RETURN 
END 

C%*%**~*********~**********~*******~*******%**********%~~**%****%%****~* 
C** ** 
C** SUBROUTINE SOT,VP ** 
C** ** 
C~~** * * * * * * * *~~* *~* * * * * * * * * * *~* * * * * * * * * * * * * * * * *~* * * *~~* * *%**~~%** * * * * * * *  

C SUBROUTINE TAKEN FROM NBSLD 
C TlITS SUBROUTINE SOLVES A SET OF SIMUTaTANEOUS LINEAR EQUATIONS 
C USING GAUSSIAN ELIMINATION 

C C = MATRIX OF COEFFICIENTS OF SET OF EQIJATIONS 

C X = SOLUTION VECTOR, CX = B 

SUBROUTINE SOLVP (I,C,D,X) 

C I -= NUMBER OF EQUATIONS TO BE SOLVED 

C D -= VECTOR ON RIGHT HAND SIDE OF EQIJATIONS 

DIMENSION A(lO~,lOl),C(I,I),D(I),X(I) 
M = X  
N = M + 1  
DO 10 IX = l,M 
DO 10 IY =- l,M 

10 A(TX,IY) = C(IX,IY) 

20 A(IZ,N) = D(IZ) 

30 AA = A(L,L) 

It0 A(L,K) = A(L,K)/AA 

DO 20 IZ = l,M 

L = 1  

DO 40 K - L,N 

DO 60 K = l,M 
IF (K.EQ.L) GO TO 60 

DO 50 IA == k,N 
AA = -A(K,L) 

50 A(K,IA) = A(K,IA) -b AA*A(L,IA) 
60 CONTINUE 
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L - L + l  
IF (L.LE.M) GO TO 30 
DO 70 IP = l,M 

70 X(1P) - A(IP,N) 
RETURN 
END 

e****************************** 
Ck;? 

k t** 

SUBROUTINE VENT 

k**** t**** k**********%***** 

** 
** 
** 

C~k*****%********************************************************~***~*~ 
STJBROUTINE VENT(TO,TA,WS,DIR,H,AI,AO,ITYPE,AMCDOT,ADOT,V) 

C THIS SUBROUTlNE CALCULATES THE VENTILATION KATE FOR A GABLED ATTIC 
C TO = OUTDOOR AIR TEMPERATURE, F 
C TA = AVERAGE ATTIC AIR TEMPERATUKE, F 
C WS - WIND SPEED, MPH 
C DIR = WIND DIRECTION 
C H = WEXGHT OF ATTIC 
C A I  = AREA OF VENT INLET, SQUARE FEET 
C AO = AREA OF VENT OUTLET, SQUARE FEET 

C ITYPE = 2, SOFFIT AND GABLE VENTS 
C ITYPE = 3 ,  SOFFIT VENTS 

C V = VOLUME FLOW RATE, CUBIC FEET PER HOUR 
C CALCULATE ABSOLUTE TEMPERATURES, R 

c ITYPE = 1, SOFFIT AND RIDGE vmrs 

C MICDOT AIR MASS FLOW RATE TIMES SPECIFIC HEAT, BTU/WR-F 

TOR = TO + 4 5 9 . 6 7  
TAR = TA + 4 5 9 . 6 7  

RHO0 = 22.0493/(TOR/1.8) 
M O A  2 2 . 0 4 9 3 / ( T A R / 1 . 8 )  
CP = ( 3 . 4 7 6 3  t- 1.066E-4*(TAR/1.8))*0.068559 

AMTN = M I N l ( A I  ,AO) 
AMAX - AMAX1(AI,AO) 

C CALCULATE DENSITIES AND SPECIFIC HEATS OF AIR 

C DETERMINE MINIMUM VENT AREA AWD MAXIMUM VENT AREAS 

C CALCULATE HEIGHT OF NEUTRAL PRESSURE LEVEL FKOM LOWER OPENING 
C SEE PG. 2 2 . 3  OF 1985 ASHRAE HANDBOOK OF FUNDAMENTALS 

HNPL = H/(l.+AI*AI/AO/Ao*TA/~OR) 
IF(TAK.LT.TOR) HNYI, = H/(l.+AI*AI/AO/AO*TOR/TAR) 

IF(TAFt.GE.TOR) QSTACK = 0.65*AMTN*SQRT(2.0*32.174*3600.*3600. 

IF(TAR.GE.TOR) AMSTACK = QSTACK*AHOO 
IF(TAR.LT.TOR) QSTACK - 0.65*M~IN*SQRT{2.0*32.174*3600.*36QO. 
IF(TAR.LT.TOR) AMSTACK = QSTACK*RHOA 
IF(ITYPE.EQ.3) QSTACK 2 0.0 
IF(ITYPE.EQ.3) ANSTACK = 0.0 

QWIND - 5280.0*0.6*AMIN*WS 

C CALCULATE FLOW DUE TO STACK EFFECT, SEE ASHME PG. 22.7 

& *HNPL* (TAR - TOR) /TAR) 

& *HNPL* (TOR- TAR) /TOR) 

C CALCULATE FLOW DUE TO WIND PRESSURE, SEE ASHKAE PG. 2 2 . 6  

C MULTIPLY BY EFFECTIVENESS COEFFICIENT DERIVED FROM 
C BURCH AND TREADO'S DATA FOR ATTIC VENTILATION 
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C TYPE 1 = SOFFIT AND RIDGE VENTS 
C TYPE 2 = SOFFIT AND ROOF VENTS, ASSUMED TO BE SAME AS SOFFIT AND 
C GABLE VENTS 
C TYPE 3 = SOFFIT VENTS ONLY 

IF( ITYPE. EQ. 1) CF == 0 .38  
IF(ITYPE.EQ.2) CF = 0 , 5 4  
IF(ITYPE.EQ.3) THEN 

IF(DIR.EQ.o.OR.DIW.EQ.180.) CF = 0.089 
IF(DIR.NE.O.O.AND.DIR.NE.i80.0) 
CF = 0.889 + 0.132*(ASS(SIN(DIR*3.14159255/180.)))**2.5 & 

END IF 
QWIND = QWIND/0.6*CF 
AMWIND = QWTND*RIIOQ 

AMDOT = SQRT(AMSTACK*AMSTACK + A.MWIND*s;AE.IWIND) 

ARAT = AMIN/AMAX 
AMDOT x AMDOT * 
AMCDOT - CP*MfDOT 
V = AMDOT/RHOA 
RETURN 
END 

C COMBINE STACK AND W3:ND FLOWS, SEE ASHRPPE PG. 22.5 

C CORRECT FOR UNEQIJAL INLE'L' AND OUTLET AREAS (ASHME PG. 2 2 . 7 )  

(1.0 -1- 0.4077*(1.0-ARAT**P.5)) 

C CALCULATE VOLUME FLOW RATE, CUBIC FEET PER HOUR 

C * * * * * * * * * Q * * * * * * * * ~ . ~ ~ ~ * * * * * * * * * . ~ * * * * * ~ . ~ * * * * * * % * * ~ Q * * * ~ ~ * * * * * ~ - ~ * Q * % ~ * * * * *  
c** ** 
Cx"* SUBROUTINE VIEW2 ** 
C** ** 
C~~***************~**~.~.~****%*****~**~***.~****%%****.~*****~**~-~.~**~%~~** 

C THIS SUBROUTINE CALCULATES THE VIEW FACTORS AMONG THE SURFACES 
C IN A GABLED ATTIC, HAVING A FI.VE-SIDED CROSS-SECTION, AND 
C HAVING ARBITWILY PITCHED ROOF SURFACES 
C AL = LENGTH OF ATTIC 
C W = WIDTH OF ATTIC 
C PITCH1 = PITCH OF SOUTH ROOF, DEGREES 
C PITCH2 = PITCH OF NORTH ROOF, DEGREES 
C H 1  = HEIGHT OF SIDE WALL. 
C SURFACE 1 = CEILING 

C SURFACE 3 = NORTH ROOF 
C SURFACE 4 = EAST GABLE 
C SURFACE 5 = WEST GABLE 
C SURFACE 6 - SOUTH SIDE WALL 
C SURFACE 7 = NORTH SIDE WALL 
C E 1  - EMITTANCE OF SURFACE FACING ATTIC SPACE 
C F(I,J) = RADIATION VIEW FACTOR FROM SURFACE I TO 
C SURFACE J 
C G(I,J) = RADIATION FACTOR 

SUBROUTINE VIEW2 (AL, W, PITCHI, PITCH2, H1 EI , G K) 

C SURFACE 2 - SOUTH ROOF (FOR E-W KIDGE) 

DIMENSION F(7,7),CHI(7,7),PSI(7,7),E(7),B(7),EI(K),G(7,7) 
PI = 3.14159265 

P 1  = PITCHl*PI/180. 
PI02 = PI/2.0 
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P2 - PITCH2*PI/180. 
F(1,l) - 0.0 
F(2,2) = 0 . 0  
F(3,3) = 0.0 
F(4,4) = 0.0 
F(5,5) = 0.0 
F(6,6) = 0.0 
F(7,7) - 0.0 
P3 (18O.-PITCHI-PITCH2)*PI/180. 
IP1 = PITCH1 
IP2 PITCH2 
IP3 180.0 - PITCHl - PITCH2 
IF(IPl.EQ.90.AND.IP2.EQ.90) STOP 
IF(IPl.EQ.O.AND.IP2.NE.O) STOP 
IF(IP1.NE.O.AND.IP2.EQ.O) STOP 
IF(IP1.EQ.O) GO TO 20 
A2 - W*SIN(P2)/SIN(P3) 
A3 - W*SIN(Pl)/SIN(P3) 
A2EXT = Hl/SIN(Pl) 
A3EXT - Hl/SIN(P2) 
IF(IPI.NE.90) W2EXT = H 
IF(IPl.EQ.90) W2EXT = 0 
IF(IP2.NE.90) W3EXT = li 
IF(IP2.EQ.90) W3EXT = 0 
A2P = A2 -t A2EXT 
A3P - A3 + A3EXT 
W2P = W + W2EXT 
W3P - W f W3EXT 
IF(IPl.NE.90) F(1,2) - (W2P*FMN(A2P,AL,W2P,Pl) 

& +W2EXT*FMN (A2EXT, AI,, W2EXT, P1) 
& - W 2 P* FMN ( A2 EXT , AL , W 2 P , P 1 ) - W 2 EXT*FMN ( A2 P , AL W 2 EXT , P 1 ) ) /W 
IF(IPl.EQ.90) F(1,2) = FMN(A2P,AL,W,Pl)-FMN(Hl,AI~,W,Pl) 
IF(IP2.NE.90) F(1,3) - (W3P*FKN(A3P,AL,W3P,P2) 

& +W~EXT*FMN(A?JEXT,AL,W~EXT,P~) 
& -W3P*FMN(A3EXT,AL,W3P,P2)-W3EXT*~(A3P,AL,W3EXT,P2))/W 
IF(IP2.EQ.90) F(1,3) = FblN(A3P,AL,W,P2)-FMN(Hl,AL,W,PZ) 
F(1,6) = FMN(Hl,AL,W,PI02) 
F(1,7) = FMN(Hl,AL,W,PI02) 
F(1,4) == (1.0 - F(1,2) - F(1,3) - F(1,6) - F(1,7))/2.0 

F(2,l) = W*AL*F(1,2)/A2/AL 
F(2,3) = FMN(A3,AL,A2,P3) 
ANG - P1 + PI02 
IF(IPl.NE.90) F(2,6) = FMN(Hl,AL,A2,ANG) 
IF(IPl.EQ.90) F(2,6) = 0 . 0  
ANG = PI02 - P1 
IF(IPl.EQ.90) GO TO 5 
A2P = W/SIN(ANG) 
A2EXT == A2P - A2 
HlEXT - W/TAN(ANG) 
H1P - H1 + HlEXT 

C NEXT LINE ADDED 4 - 6 - 8 8  

F(1,51 = F(1,4) 



120 

IF(IP2.NE.90) THEN 
F ( 2,7) == (A2P*FNN ( H I P ,  AI,, A2P, ANG) -I-A2FXT*FPZfa(WlEXT, AL A2EXT1 A N G )  

& -A2P*FMN(HlEXT,AL,A2P,ANG)-A2EXT*FMN(I~lP,AL,A2EXT,~G))/A2 
C NEXT 3 LINES ADDED 4-6-88 

ELSE 

END IF 
GO TO 6 

F(2,7) FMN(H1P,ALBA2,ANG) - FlW(WIEXT,AL,A2,APaG) 

5 F(2,7) = ((A2+Hl>kFP((A2+Hl),AL,W)-~~l*F~(~l,AL,W)-A2*~P(A2,AL,W))/ 
& 2.O/A2 

F(2,5) = F(2,4) 
F(3,l) .= W*AL*F(1,3)/A3/AL 
F(3,2) = A?*AL*F(2,3)/A3/AL 
AN'G = P2 + P I 0 2  
IF(IP2.NE.90) F(3,7) = FMN(Hl,AL,A3,ANG) 
IF(IP2.EQ.90) F(3,7) = 0.0 

IF(IP2.EQ.90) GO TO 7 
A3P = W/SIN(ANG) 

HlEXT = W/TAN(ANG) 
H1P .--= H1 -k HlEXT 

IF('LP1 . N E .  90) THEN 

6 F(2,4) = (1.0 - F(2,l) - F(2,3) - F ( 2 , 6 )  - F(2,7))/2.0 

ANG = PI02 - P2 

A3EXT .-= A3P ~ A3 

C NEXT LINE ADDED 4-6-88 

F( 3,6) = (A3P*FMN (II1.P , A L ,  A3P, AN(;).(-A3EXT*FMN(H1EXT ,AL, A3EXT , A N G )  
& -43P~FMN(HlEXT,AL,A3P,ANG)-A3E~T*~~(H~~,A~,A3~XT,ANG~)/A3 

C NEXT 3 LINES ADDED 4-6-88 
ELSE 

END IF 
GO 'TO 8 

F(  3,6) FMN(HlP, AI,, A 3 ,  ANG) - FMN(HlEXT, AL, A3, ANG) 

7 F(3,6) = ((A3+H1)*~P((A3+Hl),AL,W)-Hl~~~~Wl,AL,6J~-A~*FP(A3,A~,~~~/ 
& 2.0/A3 

F(3,5) = F(3,4) 
8 F(3, / .> = ( 1 . 0  - F(3,l) - F(3,2) - F(3,6) - F(3,7))/2.0 

F(6,l) = W*AL*F(1,6)/Hl/AL 
F(6,2) = A2*AL*F(2,6)/HI/AL 
F(6,3) = A3*AL*F(3,6)/Hl/AL 
F(6,7) = FP(Hl,AL,W) 

F(6,5) = F(6,4) 
F(7,l) = W*AL*F(1,7)/Hl/AL 
F(7,2) = A2*AL*F(2,?)/Hl/AL 
F(7,3) = A3*AL*F(3 7)/Hl/AL 
F(7,6) = F(6,7) 
F(7,4) = F(6,4) 
F(7,5) = F(7,4) 
F (11~1)  
F(4,2) = A2*AL*F(2,/.)/(0.5*A2*SIN(Pl)*W -5- W * H 1 )  
F(4,3) 2-y A3*AL*F(3,4)/(0.5*A2*SIN(Pl)*W + WkH1) 
F(4,6) - Hl*AL*F(6,4)/(0.5*A2*SIN(PI)*W 3 W*H1) 

F(6,4) :-: ( 1.0 - F(6,1) - F(6,2) - F(6,3) - F(6,7))/2.0 

= IJ*AL*F ( 1,4) / (0.5*A2*S IN ( P I )  *W + W*HP) 
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F(4,7) = Hl*AL*F(7,4)/(0.5*A2*SIN(Pl)*W + W*H1) 
F(4,5) = 1.0 - F(4,l) - F(4,2) - F(4,3) - F(4,6) - F(4,7) 
F(5,1) - F(4,1) 
F(5,2) = F(4,2) 
F(5,3) - F(4,3) 
F(5,4) - F(4,5) 
F(5,6) - F(4,6) 
F(5,7) = F(4,7) 

F(1,3) = F(1,2) 

GO TO 50 
20 F(1,2) = 0.5*FP(W,AL,Hl) 

F(1,4) - FMN(H1,WJALJP102) 
F(1,5) = F(1,4) 
F(1,6) = FMN(Hl,AL,W,PI02) 
F(1,7) - F(1,6) 
F(2,l) = 2.O*F(1,2) 
F(2,3) = 0 . 0  

F(2,6) = FMN(Hl,AL,X,PI02) 
x - w/2.0 
x = w/2.0 

F(2,5) - F(2,4) 
F(3,l) - F(2,l) 
F(3,2) = 0 . 0  
F(3,4) = F(2,4) 
F(3,5) - F(2,5) 
F(3.6) = F(2,7) 
F(3,7) - F(2,6) 
F(4,l) = AL*F(1,4)/H1 
F(4,2) * (AL*W/2.0)*F(2,4)/(Hl*W) 
F(4.3) = F(4,2) 
F(4,5) - FP(Hl,W,AL) 
F(4,6) - FMN(AL,Hl,W,PI02) 
F(4,7) = F(4,6) 

F(5,2) = F(4,2) 

F(2,7) - €11*(FMN(W,AL,H1,PI02)-FMN(X,AL,H1,PI02))/X 
F(2,4) = (1.0 - F(2,l) - F(2,3) - F(2,6) - F(2,7))/2.0 

F(5,l) - F(4,1) 
F(5,3) - F(4,3) 
F(5,4) - F(4,5) 
F(5,6) - F(4,6) 
F(5,7) = F(4,7) 
F(6,l) = W*F(1,6)/H1 
F(6,2) = (AL*W/2.O)*F(2,6)/(AL*Hl) 
F(6,3) - (AL*W/2.0)*F(3,6)/(AL*Hl) 
F(6,4) = W*F(4,6)/AL 
F(6,5) = 3'(6,4) 
F(6,7) - FP(Hl,AL,W) 
F(731) - F(6,1) 
F(7,2) = F(6,3) 
F(7,3) = F(6,2) 
F(7,4) = F(6,4) 
F(7,5) = F(6,5) 
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F(7,6) = F ( 6 , 7 )  
C 

50 CONTINUE 
DO 100 I = 1,7 
DO 100 J - 1,7 
DO 200 = 1,7 

100 CHI(I,J) = -(l. - EI(I))*F(I,J)/EI(I) 

200 CHI(I,I) - CHI(1,I) -I- l./EI(I) 
C INVERT CHI MATRIX TO OBTAIN ? S i  MATRIX 

DO 500 T.. = 1,7 
DO 300 I = 1,7 
E ( 1 )  .--= 0 .0  

300 IF(1.EQ.L) E(1) = 1.0 
CALL SOLVP(7,CHI,E,B) 
DO 400 I = 1 , 7  

400 PSI(I,L) = R(I) 
500 CONTINUE 

DO 600 I = 1,7 
DO 600 J = 1,7 

600 G(1,J) = PSI(I,J)*EI(X)/(l. - EI(1)) 
C DO 1000 I = 1,7 
Cl.000 WRITE( 6,2000) 
C WRITE(6,2000) 
c DO 1001 I = 1,7 
ClOOl WRITE(h,2000) (CHI(I,J),J==1,7) 
C WRITE(6,2000) 
C DO 1002 I = 1,7 
C1002 IJRITE(6,ZOOO) (PSI(I,J),J=l,7) 
C WRITE(6,2000) 
C DO 1003 I = 1,7 
C1003 WRITE(6,2000) (G(I,J) ,J=1,7) 
C WRITE(6,2000) 
C2000 FORMAT(IX, 7Fm.4) 

RETURN 
END 

(F( I, J) , J=1,7) 

C~.~*******k*****~*k**~~~,~****%~*****%******%*******~**-**.~****~~~********* 
Cx"* ** 
C*% ** 
C*********?~~~*.~*********%***,~~*%***~*~*~%k*****%****~.~~k******~k*%****k~.~ 

** (;*it FUNCTION WDHUM 

FUNCTION WDHUM(AMC,T) 
C THIS FUNCTION CALCULATES THE HUMIDITY RATIO OF A WOOD SURFACE 
C USING THE EQUATION FROM P. G ,  CLEAKY (1985). 
C WDWUM = HUMIDITY RATIO, POUNDS OF WATER PER POIJNB OF DRY AIR 
C AMC = WOOD NOTSTURE CONTENT, FRACTION OF DRY WEIGHT OF WOOD 
C T = WOOD SURFACE TEMPERATURE, DEGREES F 

A = 28.5 
B = -0 .00049 
c = 0.0172 
D - -0.060 
E = 0.076 
WDHUM = B + C*AMC + D*AMC*AMC + E*AMC**3 
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C NEXT LINE ADDED 11-2-88 
IF(WDHUM.LT.O.0) WDHUM = 0.0 
WDHUM = WDHUM * EXP(T/A) 
RETURN 
END 

C*-~***************************************%%***************~*******%**** 
C** ** 
C** SUBROUTINE SUN1 *k 

Ck* rcx 

C*****************************************************~********~~**~***% 

C KW SUBROUTlNE SUN1 
C CAIXUTATES DAILY DATA ON SOLAR RADIATION 
CKW SUBROUTINE BORROWED FROM DOE 2.1C WITH MODIFICATIONS 
C 
CKW COMMON /L80CALD/STAIAT, STALON , ITIMZ , BAZIM, 1BAL'IT.T ~ 

CKW 1 SSTAL4,CSTALA,TSTALA,SBAZIM,CBAZSM, 
CKW 2 BXORG,BYORG,SHCOEF,TP1,TP2,WSTP2,VSTP2, 
CKW 3 WSHGT 
CKW DIMENSION LOCALD(l8) 
CKW EQUIVALENCE (LOCALD(I), STALAT) 

J ..' 

SUBROUTINE SUNl(STAIAT,IDOY) 

COMMON /SIJND/ISUNUP , GUNDOG, HORANG , TDECIN , EQTIME, SOLCON, 
1 ATMEXT,SKYDEF,RAYCOS(3),RDN, 
2 BSUN,DECLN,CD,SD,FSUNI.JP 

CKW COMMON /TIME/IDOY,IDOW,IDSTF,ISCHR,ISCDAY, 
CKW 1 IMO, IDAY, IYR, IHR, CLOCK(10) , IIILFLG IDSEIX, 
CKW 2 MONDsC(12),MONLEN(12),MONSDA(12),IEODM!LZ 
C GET SIN, COS OF DAY OF YEAR/365 

C1 = COS(O.O172l*FLOAT(IDOY)) 
S 1  - SIN(O.o1721*FLOAT(IDOY)) 
s2 = 2.*Sl*Cl 
c2 = Cl*Cl - S l * S l  
c3 = c1*c2 - s1*s2 
s3 = C1*S2 + Sl*62 
TDECLN = 0.00527 - 0.4001*Cl - O.O03996*C2 - O.O04240*C8 

C CALC TANGENT OF DECLINATION ANGLE 

& -b O.O672*Sl 
C CALC EQUATION OF TIME 

EQTIME 5 0,696E-4 -t 0.706E-2*Cl - O.O533*C2 - 0.157E-2*C3-0.172;~Sl 
& -0.156*S2 - 0.556E-2*S3 

C CALCULATE SOIAR CONSTANT 
SOLCQN ,= 3 6 8 . 4 4  + 24.52*Cl - 1.14*C2 - 1.09*C3 -I- 0.58*51 = 0.18*S2. 

& +O. 28*S3 
C IF SOUTHERN HEMISPHERE, SHIFT AIMASS AND ATMOSPHERIC 
C FFXTINCTION CURVES BY 6 MONTHS 

IF(STAEAT.GE.0.) GO TO 10 
c1 - -c1 
s1 - - S I  
c3 - -C3 
s3 = -s3 

10 CONTINUE 
C CALCULATE ATMOSPHERIC EXTINCTION COEFFICIENT 
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ATMEXT = 0.1717 - O,O344*C1 + 0.0032*@2 -4- O.O024*C3 - O.O043*Sl 
& -O.O008*S3 

C CALCULATE SKY DIFFUSIVITY 
SKYDFF = 0.0905 - O.O41O*C1 -t O.O973*C2 + 0.0015*C3 - O.O034*Sl 

6r +O.O004*S2 - 0.0006-kS3 
C CALCULATE HOUR ANGLE OF SUNRISE 
C NEXT LINE ADDED BY K. WILKES 

TSTALA = TAN(STALA'1') 

DECLN = ATAN (TDECLN) 
CD = COS(DECLN) 
SD .= SIN(DECLN) 
RETURN 
END 

GUNDOG ACOS(-TSTALAkTDECLN) 

C**%***k*.~.~.~%*******************%*~********~***%*************.~-k******.~~* 
C** -k * 
C** SUBROUTINE WDTSUN ** 
C** ** 
C*************~****.~.~~~~***~*****%%*******%*********~****************~~*% 

SUBROUTINE WDTSUN(IMK,TTIMZ,STAEON,STALAT,SSTALA~CS~A~,SBAZIM, 
& CBAZIM,CXRNES,SOLRAD,DIRSOL,PSUN) 

CKW SUBROUTINE WDTSUN 
CKW CALCIJLRTE WEATHER DATA AND SUN HOURLY DATA 
CKW SUBROUTINE BORROWED FROM DOE 2.1C, WITH MODIFICATIONS 
CKW IHR ?-= HOUR OF DAY 
CKW ITIMZ = TIME ZONE INDICATOR, = 5 FOR EASTERN, = 6 FOR CENTRAL,ETC. 
CKW STALON = LONGITUDE 
CKW STAZAT = LATITUDE 
CKW SSTALA = SIN OF LATITUDE 
CKW CSTATA = COSINE OF LATITUDE 
CKW SBAZIM = SIN OF BUIXJING AZIMU'M 
CKW CRAZIM = COSINE OF BUILDING AZIMUTH 
CKW CLIRNES = ATMOSPHERIC CLEARNESS NUMBER 
CKU QSOUI = SOLAR RADIATION ON HORIZONTAL SURFACE 
CKW CLDAMT = CLOUD AMOUNT 

CKW ISUN - FLAG FOR TYPE OF SOLAR DATA AVAILABLE 
CKW I.SUN = 1, MEASURED TOTAL HORIZONTAL AND DIRECT AVAILABLE 
CKW ISUN ?-= 2 ,  MEASURED TOTAL HORIZONTAL ONLY AVAILABLE 
CKW ISUN - 3 ,  NO MEASURED SOLAR, BUT MEASURED CLOUD AMOUNT 
CKW RDNCC = DIRECT NORMAL SOLAR, WITH CLOUD COVER 
CKW BSCC = DIFFUSE WITH CLOUD COVER 
CKW 
CKW 
CKW COMMON /LOCALD/STATAT,STALON,ITIMZ,BAZIM,BALTlLT, 
CKW 1 SSTALA ~ CSTALA, TSTALA ~ SBAZIM, CBAZIM , 
CKW 2 BXORG,BYORG,SHCOEF,TP19TP2,WSTP1,WSTP2, 
CKW 3 WSHGT 
CKW DIMENSION LOCALD(18) 
CKW EQIJIVALENCE (LOCALD ( 1) , STALAT) 

CKW ICLDTY = CLOUD TYPE 

COMMON /CLCFLG/IFS'L'HR IPRDFI., IGOLGE , NDD , IDDFLG , LDSTYP 
COf.LMLON /INFPAR/PTWV, DUMG ( 8 )  , PS E 

COMMON /SUND/ISUNUP,GUNDOG,HORANG,TDECLN,EQTIME~SOLCON, 
1 ATMEXT,SKYDFF,RAYCOS(3),RDN, 
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2 BSUN DECLN , CD, SD , FSUNUP 
CKW COMMON /TIME/IDOY,IDOW,IDSTF,ISCHR,TSCHR,ISCDAY, 
CKW 1 IMO,IDAY,IYR,IHR,CLOCK(lO),IHLFLGJIDSFLG, 
CKW 2 MONDSC(l2),MONLEN(12),MONSDA(12),IEODMR 
CKW COMMON / W E A T H / I W D I D ( 5 ) , L R E C X , W L O N e , L T I M Z , 1 F X , I W S 1 Z ,  
CKW 1 CLRNES,TGNDR,WBT,DBT,PATM,CLDAMT,ISNOW,IRAIN, 
CKW 2 I W N D D R , H U M R A T , D E N S T Y ~ E ~ T ~ L , D I ~ S ~ L , D I R S O L , S O ~ ~ ~ I C ~ T Y ,  
CKW 3 WNDSPD,IDUMMY,DPT,WNDDRR,CLDCOV,RDNCC,BS, 
CKW 4 DBTR,GTEMP(12) ,CLR(12) 
CKW NEXT TWO COMMONS ADDED BY K .  WILKES 

COMMON /SUN2/RDNCC,BSCC 
COMMON /CI,OUD/CLDAMT, ICLDTY, CC 

CKW IF(NDD.GT.0) GO TO 50 
C IF NOT DESIGN DAY, GET WEATHER DATA FROM THE HOURLY WEATHER FILE 
CKW CALL WEATHI 
CKW GO TO 60 
C OTHERWISE, GET DESIGN DAY WEATHER 
CKW50 CALL DESWTH 
CKW60 CONTINUE 
C CONVERT WIND DIRECTION FROM 16THS OF CIRCLE TO RADIANS 
CKW WNDDRR = FLOhT(IWNDDR)*0.39269908 
C CALCULATE PRESSURE DUE TO WIND VELOCITY 
CKW P'ICWV - 0 ~ 000638*WNDSPD*rJNDSPD 
C SET RADIATION LOSS TO SKY FOR TILT = 0 
CKW SKYA (10. - CLDAMT)*2. 
C CALCUIATE HOUR ANGLE 

C SET TEST TO RE THE HOUR ANGLE OF THE BIN EDGE NFAREST NOON 
HORANG - 0.2618*(FLOAT(IHR-12-iITIMZ) 1- EQTIME - 0.5) - STALON 

TEST - NOKANG + 0,1309 
IF(IHR.GE.12) TEST n HORAPJG - 0.1309 

C I F  SUN IS DOWN, SKIP 
IF(ABS(TEST).GT.ARS(GUNDOG)) GO TO 1800 

C SUN IS UP. SET FLAG 
ISUNUP - 1 

C "]"EST TO SEE IF THIS NOUK BIN CONTAINS SUNRISE OR SUNSET 
FSUNUP = 1 

IF((DTFF.LT.0.) .OR. (DIFF.GE.0.2618)) GO TO 200 
DIFF = MS(GUNDOG) - ARS(TEST) 

C RESET THE HOUR ANGLE HALF WAY BETWEEN SUNRISE OR 
C SUNSET AND THE BIN EDGE NEAREST NOON 

IF(IHR.LT.12) H O W G  == HORANG -t- 0.5*(0.2618 - DIFF) 
IF(IHR.GE.12) HORANG = H O W G  - 0 . 5 * ( 0 . 2 6 1 8  - DTFF) 

C SET FSUMUP TO BE THE FRACTION OF THE HOUR THE SUN WAS UP 
FSUNUP = 3.8197*DIFF 

200 CONTINUE 
CHCD = COS (HOKANC; )*CD 
SHCD - SIN(HORANG)*CD 
C U D  = SDWSTALA 
CHCDSC CMCD*SSTALR I CLSD 

C CALCULATE SOLAR DIRECTION COSINES 
RAYCOS(1) CHCDSC*SHA,ZIM - SNCD*CRAZIM 
KAYCOS( 2) - -CHCDSC*C3AZIM - SHCD*SBAZIM 
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RAYCOS (3) = SSTAXA*SD + CSTAU*CHCD 
IF(RAYCOS(3).LT.0.001) GO TO 1800 

CKW IF((IFX.GE.5) .AND. (NDD.LE.0)) GO TO 2000 
CKW NEXT LINE ADDED BY K. WILKES 

C CALCULATE DIRECT NORMAE AND DIFFUSE RADIATION FOR SKY WITH 
C NO CLOUDS 

IF(ISUN.EQ.1) GO TO 2000 

c m i  MACHINE PROBTXM WITH EXPONENT UNDERFLOW FOK EXP( 1. 
C PROBABLE CAUSE < RAYCOS(3) VERY SMALL - ->  ARGUMENT VERY M G E .  
C FIX < CHECK ARGUMENT FOR LARGE NEGATIVE NUMBER. RDN = 0 IF SO. 

ARGUE = -ATMEXT/KAYCOS(3) 
IF(ARGUE.LT.-50.0) GO TO 1 
RDN - SOLCON*CLRNES*EXP(AGUE) 
GO TO 2 

C1 W R I T E (  6,3) 
C2 FORMAT('>>>>NOTE<WILL HAVE EXPONENT UNDERFLOW. RESULT 0') 
C LET'S NOT PRINT OUT ANY MESSAGE (JUST A NUlSANCE<) 

1 CONTINUE 

2 CONTINUE 
RDN = 0.0 

BSUN -= RDN*SKYDFF/(CLWES*CLnNES) 
CKW NEXT LINE ADDED BY K. WILKES 

C GET CLDCOV, THE CLOUD COVER MODIFIER 
IY(TSUN.EQ.2) GO TO 4000 

CALL CCM 
CLDCOV = CC 
IF(CLDAMT.LE.0.001) CLDCOV - 1.0 

SOLRAD = (RDN*RAYCOS(3) + BSUN)*CLDCOV*FSUNUP 
RDNCC F FSUNUP*RDN*(l.O-O.l*CLDAMT) 

C GET DIRECT NORNAL AND DIFFUSE FOR A CLOUDY DAY 

BSCC = SOTJiAD - RDNCC*MYCOS(3) 
BSCC = AMAXa(BSCc,o.) 
GO TO 3000 

CKW NEXT 9 LINES ADDED BY K. WILKES 
4000 IF((RDN*RAYCQS(3) -b- BSUN).LE.SOLRAD) THEN 

CLDCOV = 1.0 
ELSE 
CLDCOV = SOLIZAD/((KDN*R\YCOS(3) + BSUN)*FSUNUP) 

END IF 

AL = RAYCOS(3) 
CALL CCMINV (CLDCOV ~ AL , CLDAYT) 

cc = CLDCOV 

RDNCC = FSUNUP*RDN*(l.O - CLDAf.IT/lO.O) 
RSCC - SOLRAD - RDNCC*RAYCOS(3) 
BSCC = AMAXl(BSCC,O.) 
GO TO 3000 

C SUN DOWN 
1800 ISUNUP = 0 

RDN = 0. 
BSUN -7 0. 
CLDCOV = 0 .  
RDNCC = 0. 

, 
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BSCC = 0 .  
SOLRAD - 0. 
DIRSOL = 0. 
DIFSOL = 0 .  

GO TO 3000 
RAYCOS(3) = 0 .  

2000 CONTINUE 

RDN - 0 .  
BSUN = 0 .  
RDNCC = DIRSOL 
BSCC = SOLRAD - DIRSOL*RAYCOS(3) 
IF(BSCC.LT.0.) BSCC - 0. 

3000 CONTINUE 
RETURN 
END 

C USE MEASURED SOLAR DATA 

C IF(IFX.GE.7) BSCC = DIFSOL 

C**********************************************************************~ 
C** ** 
C** SUBROUTINE CCM ** 
C** ** 
......................................................................... 

CKW SUBROUTINE BORROWED FROM DOE 2.1C, WITH MODIFICATIONS 
SUBROUTINE CCM 

CKW 
CKW 

CKW 
CKW 
CKW 
CKW 
CKW 

CKW 
CKW 
CKW 

C 

CALCUJATE CLOUD COVER MODIFIER AS A FUNCTION OF CLOUD 
TYPE, CLOUD AMOUNT, AND S O W  ALTITUDE 

1 ATMEXT,SKYDFF,RAYCOS(3),RDN, 
2 BSUN,DECLN,CD,SD,FSUNUP 

1 CL,RNES,TGNDR,WBT,DBT,PATM,CLDAMT~ISNOW,I~IN, 
2 IWNDDR,HUMRAT,DENSTU,ENTHAL,DIFSOL,DIRSOL,SOLRAD,ICLDTY, 
3 WNDSPD,IDUMMY,DPT,WDDRR,CLDCOV,RDNCC,BSCC,SKYA, 
4 DBTR,CTEMP(12),CLR(lZ) 

COMMON /SUND/ISUNUP,GUNDOG,HORANG,TDECLN,EQTIME,SOLCON, 

COMMON /WEATH/IWDID(S),LRECX,WLAT,WLONG,LTIMZ,IFX,IWSIZ, 

REAL ICLD 
EQUIVALENCE (ICLD,CLDAMT),(ICLTP,ICLDTY) 
1 ,(CLDCOV,CC ),(AL,RAYCQS(3)) 
NEXT FOUR LINES ADDED BY K. WILKES 
COMMON /CTaOUD/CLDAMT,ICLDTY,CC 
ICLD - CLDAMT 
ICLTP = ICLDTY 
AL = RAYCOS(3) 

SQ = ICLD*ICLD 
J - ICLTP + 1 
IF(J-2) 130,100,160 

C CLOUD TYPE 1 

C LOW SUN 
100 IF(AL.GT.0.707) GO TO 120 

CC = O.598+D.00O26*ICLD+O.OOO21*SQ-O.OO035*ICLD*SQ 
RETURN 

C HIGH SUN 
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120 CC = 0.908-0.03214~~~CLD+O.OlO2*SQ-O.QOll4*ICLD~SQ 
RETURN 

C CLOUD TYPE 0 

C LOW SUN 
130 IF(AL.GT.0.707) GO TO 150 

CC = 0.849-0.01277*XCED-t0.00360*SQ-0.00059*1C4X4D~SQ 
RETURN 

C HIGH SUN 
150 CC = 1.010-0.01394*ICED+0.00553*SQ-0.00068*1CLD*SQ 

RETURN 
C CLOUD TYPE TWO 

C LOW SUN 
1 6 0  IF(AL.GT.0.707) GO TO 180 

CC 0.724-0.00625*ICLD+O 00191*SQ-O. OOO~t'/*ICJ..D-kSQ 
RETURN 

C HIGH SUN 
180 CC = 0.959-0.02304*XCLD+0.00787~SQ-O.OOO91*1CLD~SQ 

RETURN 
EN11 

C*%%%*****~~.~**%~*~.~*%%**~~%*%***%*~%*%%~~%*%~%*%~%*%~****%.~~~*%%***%%%% 
C** *% 

C%% FUNCTION SUN30R %* 

C*% *% 

C % * % ~ * % * * % % * % % * % % % % % % % % * ~ * % % * . ~ ~ * * * * ~ * ~ . ~ * % * * * ~ % ~ % ~ % % * ~ % * * ~ ~ * % * * * ~ , ~ ~ % * * * ~ %  

C THIS FUNCTION CALCULATES THE SOLAR RADIATION INCIDENT ON A TILTED 
C SURFACE 
C ADAPTED FROM SUBROUTINE SUN3 IN DOE 2.1C 

FUNCTION SUN30K(WA,WT,RHOG) 

COMMON /SUND/ISUWUP,GUNDOG,HORANG,TDECLN,K)TIME~SOLCON,  
1 
2 BSUN,DECLN,CD,SD,FSUNUF 

ATMEXT , SKYDFF , RAYCOS ( 3 ) , RDN , 

COMMON /SUN2/RDNCC,BSCC 
PI = 3.14159265 
BG == RHOG* (BSCC +- P(DNCC*UYCOS ( 3 )  ) 
IF(ABS(WT).GT.O.l) GO TO 110 

GAMMA = 1.0 
SWT = 0. 
ETA = RAYCOS(3) 
GO TO 240 

C TILT = 0 

110 IF(ABS(WT - 90.).GT.O.1) GO TO 130 
C TILT = 90 DEG. 

GAMMfi = 0.0 
SWT = 1.0 
GO TO 140 

C OTHERWISE 
130 GAMMA = COS(WT*PI/180.) 

140 CONTINUE 
SWT = SIN(WT*PI/180. ) 

IF(ARS(WA).GT.O.I) GO TO 150 

SWA = 0. 
C AZIMUTH = 0 
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CWA 5 1.0 
GO TO 230 

150 IF(ABS(WA-9O.).GT.O.1) GO TO 160 
C AZIMUTH - 90 DEG. 

SWA = 1.0 
CWA - 0. 
GO TO 230 

160 IF(ABS(WA-18O.).GT.O.l) GO TO 170 
C AZIMUTH - 180 DEG 

SWA = 0.0 

GO TO 230 

C AZIMUTH = 270 DEG. 
SWA - -1.0 
CWA = 0,O 
GO TO 230 

CWA = -1.0 

170 IF(ABS(WA-270.).GT.O.l) GO TO 180 

C OTHERWISE 
180 SWA = SIN(WA*PI/180.) 

CWA - COS(WA*PI/180.) 
C CALCULATE ETA IN GENERAL CASE 
230 ETA = (RAYCOS(l)*SWA + RAYCOS(2)*GWA)*SWT 

& + RFIYCOS(3)*GAMMA 
C ETA > 0 MEANS NO DIRECT SOLAR 
240 IF(ETA.GT.0.) GO TO 260 

RDIR = 0. 
GO TO 270 

C CALCULATE DIRECT RADIATION ON WALL 
260 RDIR - RDNCC*ETA 
270 FFG = (1.0 - GAMMA)*O,S 

FFS - 1.0 - FFG 
RDIF = FFS*BSCC f FFG*BG 
SUN30R - RDIF + RDIR 
RETURN 
END 

C******************************************************%********%******~ 
C** *% 

C** SUBROUTINE CCMINV ** 
C** ** 
C***************************************************************~*~****~ 

C 
C ASSUMING TYPE 2 CLOUDS 

C LOW SUN 

SUBROUTINE CCMINV(CLDCOV,AL,CLDAMT) 
THIS SUBROUTINE CALCULATES THE CLOUD AMOUNT FROM THE CLOUD COVER, 

IF(AL.GT.0.707) GO TO 100 

IF(CLDCOV.GE.1.0) THEN 

ELSE IF(CLPCOV.GE.O.71919) THEN 

ELSE IF(CLDCOV.LE.0.3825) THEN 

ELSE 

CLDAMT = 0.0 

CLDAMT = (1.0 - CLDCOV)/(l.O - 0.71919) 
CLDAMT = 10.0 
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YO = CLDCOV 
K - 1. 
XK = 9.995 

10 XKPl = X K  - (0.724-0.00625*XK+0.00191*XK*XK-0.00047*XK*X*X 
6 -Y0)/(-0.00625+2.*0.00191*XK-3.*0.00047*XK*~) 

IF(ASS(XKPl-XK).GE.O.O1) THEN 
XK = XKPl 
K - K + l  
IF(K.GT.25) STOP ‘ERROR IN CCFIINV‘ 
GO TO 10 

CLDAMT = XKPl 
ELSE 

END IF 
END I F  
GO TO 200 

C HIGH SUN 
100 IF ( ClDCOV . GE .l. 0) THEN 

CLDAMT = 0.0 
ELSE IF( CLDCOV. GE. 0.94292) THEN 

ELSE IF(CLDCOV.LX.O.6056) THEN 

ELSE 

CT..I)AMT = (1.0 - CLDCOV)/(l.O - 0.94292) 

CLDAMT = 10.0 

YO = CLDCOV 
K - 1  
XK = 9.995 

20 X K P l  = XK - (0.959-0.02304*XK+0.00787*XK*~-O.OO09l*XK*XK*XK 
& -Y0)/(-0.02304+2.*0.00787*XK-3.*0~00091*~*XK) 

IF(ABS(XKPl-XK).GE.O.Ol) THEN 
XK = XKPl 
K - K + l  
T.F(K.GT.25) STOP ‘ERROR I N  CCMINV’ 
GO TO 20 

CLDAMT = X P l  
E r..s E 

END IF 
END IF 

200 CONTINUE 
RETURN 
END 

C*******~******%***%*****************%.~****%*%*~****~****%****.~~~****%~* 
C-k* ** 
C** SUBROUTINE SKY *% 

C** ** 
C%**~~**********%~*****************~***%*******~.~****~***************%** 

C SUBROUTINE MODIFIED FOR VERSION 1B 
C SUBROUTINE SKY(TO,NUM,IHR,CLDAMT,ICLDTY,TS) 

SUBROUTINE SKY(TO,IHR,CLDAMT,ICLDTY,TS) 
COMMON /HUMID/WO,PATM( 

C CALL PSY(TO,HUM,P,W) 
C ALF = ALOG(P*29.921/14.696) 

XX = W0/0.62198 
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P = PATM*XX/(l. + XX) 
ALF = ALOG(P*29.921/14.696) 
IF(P.GT.0.08865) TDP = 79.047 + 30.5790*ALF + 1.8893*ALF*ALF 
IF(P.LE.0.08865) TDP - 71.98 + 24.873*ALF + 0.8927*ALF*ALF 
TD - (TDP+459.67)/1.8 - 273.15 
EPS - 0.711 + 0.56*TD/100. + O.73*(TD/lOO.)*(TD/lOO.) + 0.013* 
EPS = EPS + (1.0 - EPS)*CLDAMT/10.*0.784 
TS (TO+459.67)*SQRT(SQRT(EPS)) - 459.67 

& COS(2.0*3.14159265/24.*FLOAT(IHR)) 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C** ** 
C** SUBROUTINE PSYl ** 
C** ** 
C~*********************~**~****~********************~************~****** 

SUBROUTINE PSYl(T,HUM,P,W,DWSDT) 
C NEXT LINE ADDED FOR VERSION 1B 

COMMON /HUMID/WO,PATM 
C THIS SUBROUTINE CALCULATES THE WATER VAPOR PARTIAL PRESSURE AND 
C THE HUMIDITY RATIO, GIVEN THE TEMPERATURE AND RELATIVE HUMIDITY 
C USING EQUATION FROM 1989 ASHRAE FUNDAMENTALS P.6.6 
C T = DRYBULB TEMPERATURE, DEGREES F 
C HUM - RELATIVE HUMIDITY, PERCENT 
C €’ = WATER VAPOR PARTIAL PRESSURE, PSIA 
C W = HUMIDITY RATIO, POUNDS OF WATER PER POUNDS OF DRY AIR 

C1 = -10214.16462 
C2 = -4.89350301 
C3 = -0.537657944E-2 
C4 = 0.192023769E-6 
C5 - 0.355758316E-9 
C6 = -0.0903446883E-12 
C7 = 4.1635019 
C8 - -10440.39708 
C9 = -11.2946496 
C10 = -0.027022355 
C11 = 0.12890360E-4 
C12 -0.2478068s-8 
C13 = 6.5459673 
TR - T + 459.67 
IF(T.GE.32.0) GO TO 10 
X = Cl/TR + C2 + C3*TR + C4*TR*TR -tC5*TR**3+C6*TR**4+C7*ALOG(TRj 
DXDT = -Cl/TR/TR + C3 + 2.0*C4*TR + 3,O*C5*TR*TR + 4.O*C6”TR**3 

6 + C7/TR 
GO TO 20 

10 X = C8/TR + C9 + ClO*TR + Cll*TR*TR + C12*TR**3 f C13*ALOG(TR) 

20 PSAT = EXP(X) 
DXDT = -C8/TR/TR + C10 + 2.O*C11*TR + 3.0*C12*TR*TK + C13/TR 

DPSDT - PSAT*DXDT 
P = (HUM/lOO.O)*PSAT 

W = 0.62198*P/(PATM-P) 
C W - 0.62198*P/(14.696-P) 



1 3 2  

c DWSDT = 14.696*0.62198/(14.6~6-~~AT~/(lfi.696-PSAT)~~PS~T 
DWSDT = PATM*O.62198/(PAT#-PSAT)/(PATT?-PSAT)*DPSDT 
RETURN 
END 
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