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Tests were conducted by Oak Ridge National Laboratory researchers 
at three unoccupied research houses in Karns, Tennessee, to determine 
the effects of moisture condensation on the underside of perforated 
horizontal radiant barriers during the winter of 1987-638. An 
experimental plan called for the houses to be operated at high indoor 
relative humidities ( 4 5  and 55% at 70°F), with data concerning the 
attic moisture conditions collected by bath visual and instrument 
measurements. 

The testing showed that moisture went through a diurnal cycle at 
the Karns research houses. Moisture could condense on the bottom 
surface of a horizontal barrier in cold (below 35'F) weather, but it 
could also dissipate to the attic air during a normal Tennessee winter 
afternoon, leaving the barrier dry. In long periods of subfreezing 
weather, all the condensation did not vaporize, as some remained on the 
surface through the day.  However, the testing did show that the 
moisture cycle occurring on a perforated horizontal radiant barrier 
during a typical Tennessee winter did not appear to pose any 
structural, wet insulation, or  stained ceiling problems to the Karns 
research houses, even though they were operated at higher than normal 
indoor relative humidities. 

Care should be taken in extrapolating the observations of  this 
experimental work to areas with prolonged periods o f  subfreezing 
weather. The diurnal moisture cycle under a barrier may be different 
in colder climates. Further testing of horizontal barriers in colder 
climates is recommended. 
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EXECUTIVE SUMMARY 

Previous work at the three unoccupied Karns research houses was 

devoted to measuring the energy related effects of radiant barriers 

(RBs) in both heating and cooling seasons. 

horizontal radiant barriers (HRB) were more effective than truss 

radiant barriers (TfU3) at reducing house heating and cooling loads. 

However, moisture condensation under an HRB had been noted in previous 

winter testing, and a potential problem area was indicated. The work 

covered in this report was aimed at providing answers to the questions 

pertaining to moisture condensation under HRBs. 

This testing had shown that 

Data from the TVA Solar Homes for the Valley Program had shown 

chat the median indoor relative humidity (RH) in test houses in the 

Tennessee Valley area in below freezing weather is about 35% (when the 

data are normalized to 70°F indoor dry bulb temperature). 

winter testing with HRBs had been carried out at Karns with a 40% 

indoor RH. 

during this previous testing. A test plan was developed to determine 

the level of indoor RH (at 70°F indoor dry bulb temperature) at which 

moisture condensation on an HRB during the heating season would become 

a problem, 

Previous 

N o  structural or other moisture related damage was observed 

The plan called for indoor RHs of 45 and 55% to be maintained by 

humidifiers, while moisture levels in the attic of  each house were 

monitored both visually and with data logging instrumentation. 

affect of reduced attic ventilation area ratio (from 1/150 to 1/300 ft2 

of effective ventilation area per square feet of attic area) and that 

of  a kraft paper vapor barrier attached to the under side of the R - 1 9  

fiberglass batt attic insulation were also tested. 

The 

A perforated RB that had a measured total hole area of 0.46% with 

an average hole diameter of 0.040 in. was used. Previous winter 
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t e s t i n g  (1986-87)  had been done with unperforated b a r r i e r s  and with 

h a r r i e r s  having a measured total .  ho le  area of 0.05% and an average hole  

diameter o f  0.013 i n .  Per fora t ions  i n  an NRB os t ens ib ly  inake it e a s i e r  

f o r  condensed moisture t o  escape i n t o  the  free a t t i c  a i r  space. 

assumed t h a t  t he  manufacturer of the RB material had increased the hole  

s i z e  t o  allow moisture t o  escape more e a s i l y .  

We 

Sect ion 2 revea ls  t h a t  a t y p i c a l  family of four  i n  a house can add 

a l a t e n t  load t h a t  i s  equivalent  t o  about 25 l b  water per/day. T h e  

amount of w a t e r  added t o  the  t es t  houses during the  course of  our 

t e s t i n g  va r i ed  from about 5 t o  50 lb/day t o  maintain the  des i r ed  high 

indoor RHs. The h ighes t  water addi t ions  t o  the  houses occurred during 

cold  weather per iods when the  humidif iers  were cons t an t ly  running and 

producing t h e i r  maximum output .  

have t rouble  maintaining 4 5 %  RH i n  below f r eez ing  temperatures.  

Clear ly  an average household would 

Visual  observat ions of the  underside of ho r i zon ta l ly  in s t a l l - ed  R B s  

revealed t h a t  condensation formed when the outdoor dry bulb temperature 

approached f r eez ing  (3ZQF) during normal Tennessee winter  t e q e r a t u r e  

cyc le s .  Condensation was heavier  a t  55% RH than a t  45% M. During the 

wanner af ternoon hours ,  the moisture would usua l ly  evaporate from the 

b a r r i e r ,  leaving i t  dry.  However, i n  prolonged per iods of  subfreezing 

temperatures,  a l l  the  moisture d i d  not vaporize (alClsough some d id)  bu t  

appeared t o  maintain a w e t  sur face  on the  underside o f  the  HRB, 

moisture d i d  d r i p  o f f  the b a r r i e r  onto tzhe i n s u l a t i o n  ( e spec ia l ly  a t  

55% iRH) but  never appeared t o  pene t ra te  more than 1/8 i n .  i n t o  the  

f i b e r g l a s s  i n s u l a t i o n .  

Some 

Four s ec t ions  of 1 2  x 1 2  i n .  b l o t t i n g  paper were placed i n  the  

cen te r s  of quadrants i.11 each o f  the  a t t i c s  on t he  t o p  sur face  ~f the 

i n s u l a t i o n  under the  HRB. 

weighed t o  ob ta in  an esti-mate of the  amount. o f  moisture remaining tinder 

t he  HRB i n  the  f i b e r g l a s s  i n s u l a t i o n ,  A fLf th  s e c t i o n  o f  b l o t t e r  was 

fas tened  t o  a s e c t i o n  of roof t r u s s  i n  the  f r e e  a t t i c  a i r  t o  a c t  as a 

The b l o t t i n g  papers were removed week1.y and 
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con t ro l .  

observa t ions ;  when heavy condensation was noted on the HRB, moisture 

appeared t o  have dripped onto the  b l o t t e r s .  

va r i ed  i n  weight over the course of the  t e s t i n g .  

more i n  the  morning than i n  the  af ternoon,  c l e a r l y  showing t h a t  

moisture absorpt ion and desorpt ion i n  the  a t t i c s  were undergoing a 

d iu rna l  cyc le .  A t  t he  conclusion of t he  t e s t i n g  i n  the  middle of 

March, 1988, a l l  b l o t t e r s  were very close t o  t h e i r  o r i g i n a l  weights,  

The b l o t t e r  weights genera l ly  agreed with the  v i s u a l  

The con t ro l  b l o t t e r  a l s o  

A l l  b l o t t e r s  weighed 

Measurements of moisture content  of wood t r u s s  members loca ted  

under HRBs showed an increase from about 7 w t %  moisture i n  e a r l y  

December t o  about 11 w t %  during January and February, with a general  

dec l ine  t o  about 8 w t %  i n  March. These values  a r e  w e l l  under the  wood 

f i b e r  s a t u r a t i o n  l e v e l  of 28 t o  30 w t % .  The moisture l e v e l s  i n  a t t i c  

t r u s s  members above the  b a r r i e r  were not s i g n i f i c a n t l y  d i f f e r e n t  from 

those of members below the  b a r r i e r .  Higher humidicy condi t ions ins ide  

the  tes t  houses appeared t o  r a i s e  a t t i c  wood moisture l e v e l s  s l i g h t l y ,  

although the  l e v e l s  of humidity i n  a l l  houses were higher  than normally 

would be found. 

Instrument measurements showed t h a t  although condi t ions were 

favorable  f o r  moisture t o  condense on the  under sur face  of an HRB a t  

outdoor temperatures below about 35'F, a l l  t he  moisture did not 

accumulate under the  b a r r i e r .  

vapor under the  HRB was usua l ly  higher  than t h a t  i n  the  free a t t i c  a i r ,  

moisture could escape through any openings (pe r fo ra t ions ,  edge areas, 

e t c . )  t h a t  ex i s t ed  between the  HRB and the a t t i c  a i r .  Even i n  

extremely co ld  weather, moisture could escape. Although there  appeared 

t o  be some moisture accumulation during these very cold per iods .  None 

was not iced  i n  more normal Tennessee winter  weather. Increased a t t . i c  

v e n t i l a t i o n  would be expected t o  improve moisture d i s s i p a t i o n ,  Taut no 

g r e a t  d i f fe rence  w a s  noted when the  e f f e c t i v e  a t t i c  v e n t i l a t i o n  area 

r a t i o  was reduced from 1/150 t o  1/300. A r a t i o  of 1/300 i s  a 

recommended value f o r  a t t i c s  (such as those a t  the  Karns houses) with 

Since the  p a r t i a l  p ressure  QE water 
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e i t h e r  high/low v e n t i l a t i o n  combinations o r  vapor b a r r i e r s  under the 

i n s u l a t i o n .  There are a l s o  hea t  and tilass t r a n s f e r  balances t h a t  must 

be maintained t o  d i s s i p a t e  moisture,  and a t t i c s  may con ta in  SOI~IF: 

thermal l i m i t a t i o n s .  Measured sur face  emiss iv i t i -es  o f  the  HRA mater ia l  

used i n  t h i s  work showed l i t t l e  o r  no degradat ion during the  r e l a t i v e l y  

s h o r t  t e s t i n g  per iod.  

The main conclusion a r r ived  from t h i s  work a t  the Karns houses was 

t h a t  moisture appeared t o  go through a d iu rna l  cyc le .  

condense on the  under sur face  of an HRB i n  co ld  (below 35°F) weather 

bu t  could a l s o  d i s s i p a t e  during a normal Tennessee winter  a f te rnoon,  

leaving the  h a r r i e r  dry.  

subfreezing range,  a l l  the condensation would not  d i s s i p a t e ,  as some 

remained throughout the day. However, our t e s t i n g  showed t h a t  the 

rkioisture cycle  occurr ing on a per fora ted  MRB during a t y p i c a l  Tennessee 

winter  d id  not; appear t o  pose any s t r u c t u r a l ,  wet i n s u l a t i o n ,  OK 

s t a i n e d  c e i l i n g  problems t o  the  Karns t e s t  houses,  even though trhe 

houses were operated a t  h igher  than normal indoor KHs. 

I t  could 

If the  weather was con t inua l ly  i n  the  

Care shouLd be taken i n  ex t r apo la t ing  the  observat ions of t h i s  

experirnentxl work t o  a reas  with prolonged per iods of subfreezing 

weather.  The d iu rna l  moisture cycle  under an I-IRB cou1.d be q u i t e  

d i f f e r e n t  i n  co lder  c l imates .  Further  t e s t i n g  o f  HKBs i n  co lder  

climates i s  recommended. 
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Note: 
as in some of the plots. 

The following abbreviations are used in the report body as well 

Abbreviation 

A/C 
BSFH 
BTUSF 
BTUSE'H 
Cr Sp 
DB 
DTemp 
Gr Rm, Gr Room 
HB and HRB 
HP 
HFM1, HFM2 
Ht F l x  
Hum 
HVAC 
IR 
Jan. -Dec. 
Lt 
OD air 
RH 
RB 
R-11 or R11 
R11 + HRB 

R-19 or R19 
R19 + HRB 

R-30 or R30 
R30 + HRB 
TB or TRB 
WB 
No. 1, No. 2, No. 3 
TI 
TF 
UHRBB 
VB 
Vlt 

Me an ing 

Air conditioning 

Btu/f t2 
Btu/ft2/h 
Crawl space 
Dry bulb temper a ture 
Temperature difference 
Great Room (combination dining and living) 
Horizontal radiant barrier 
Heat pump 
Heat flux meter number 1, 2 
Heat flux 
Humidifier 
Heating, ventilating, and air conditioning 
Res is t ance he at 
Months 
Light 
Outdoor air 
Relative humidity 
Radiant barrier 
The R-value of  insulation 
Combination of R-11 insulation and a 

The R-value of insulation 
Combination of R-19 insulation and a 

The R-value of insulation 
Combination of R-30 insulation and a 

Truss radiant barrier 
Wet bulb temperature 
Houses No. 1, No. 2, No. 3 
Top of insulation 
Top of foil (radiant barrier) 
Under horizontal radiant barrier blotter 
Vapor barrier 
Very light 

Btu/f t2/h 

horizontal radiant barrier 

horizontal radiant barrier 

horizontal radiant barrier 

xvi i 





1. INTRQDUCTION 

The Department of Energy (DOE), the Tennessee Valley Authority 

(TVA), the Reflective Insulation Manufacturers Association (RIMA), and 

the Electric Power Research Institute (EPRI) have jointly sponsored 

these experiments to measure moisture conditions in houses with attics 

containing horizontally installed radiant barriers (RBs). A RB is a 

foil material with either one or both surfaces coated with a low- 

emissivity material (usually aluminum), which works as a system in 

conjunction with an air space. 

up to 95% of the far infrared radiant heat transfer. 

This barrier theoretically can block 

The experiments were carried out in three unoccupied houses 

located in Karns, Tennessee, midway between Oak Ridge and Knoxville. 

These houses have been used for seasonal space conditioning experiments 

that measured the energy performance of  RBs. 

was a cooling test conducted in the summer of  1 9 8 5 . l  

winter, a heating experiment was conducted in the same houses.2 

these experiments, RBs were installed in combination with R - 1 9  

fiberglass batt insulation. A second cooling season experiment was 

completed in the summer of 1986 when a RB was installed with both R-11 

and R-30 fiberglass ba t t  ins~lation.~ The following winter, a similar 

heating experiment was condu~ted.~ 

contained in Sect. 1 . 3 .  The moisture measurement experiments performed 

in the winter of 1987-88 are reported in the following. 

The first RB experiment 

The following 

In 

A review of these experiments is 

1.1 OBJECTIVE OF THIS INVESTIGATION 

The objective of this winter experiment was to determine if 

moisture condensation can cause problems when HRBs are used in attics 
of single-family houses given high and extremely high indoor relative 

humidities (RHs). Both the ORNL and TVA testing have shown t h a t  a RB 

located on top of attic insulation is the most energy-efficient method 

of  installation. This method is also the easiest to install in 
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retrofili situations, as well as the one requiring the minimum amount of 

RB Inaterial. The two potential problem areas with a hori-zontal 

installation are dust buildup and moisture accumulation. This 

investigation addresses only the questions regarding moisture, 

1.2 DESCRIPTION OF 

The Karns Research Facility consists of three i-dentical, 

unoccupied single-family, ranch-style houses. Each has a conditioned 

space of 1200 ft2 (approximately 40 x 30 ft) located over a crawl 

space, The houses are situated on Wilnoty Drive in the Karns 

community, between Oak Ridge and Knoxville, Tennessee. They were built 

by the same contractor using standard const:r:uction methods. Each house 

has the same make and model two-ton, single-package residential heat 

pump. All duct work is located in the crawl space and is insulated to 

R - 7 . 6 .  

fiberglass batt attic insulation. No vapor barrier is in the attic, 

although there are vapor barriers on the wall arid floor insulations. 

The effective attic ventilation area ratio is 1 ft net free area of 

attic ventilation per 150 ft2 of  attic floor. 

detai.l.ed construction information about the houses 

The houses have soffit and gable vents with unfaced R.-19 

2 

Appendix C contains more 

Each house is highly instrumented with its own microcomputer 

controlled data acquisition system. 

scanned at 30-second intervals. 

the data channels used in this work. 

Approximately 50 data sensors are 

Appendix C also contains a listing of  

1.3 REVIEW OF PREVIOUS RADIANT 

FACILITY 

The objective of the previous heating and cooling experiments at 

the Karns facility was to quantify the energy performance of R B s  when 

various levels of fiberglass batt attic insulation were used. The RR 

tests were done in combination with three levels of unfaced attic 

insulation ( R - 1 1 ,  R-19, and R - 3 0 ) .  Two different methods o f  installing 



RBs were also tested. In one configuration, the RB was laid an top of 

the fiberglass insulation [horizontal radiant barrier (HKB)], and in 

the other, the RB was attached to the underside of the roof trusses 

[truss radiant barrier (TRB)]. Previously in combination with R-19 

insulation RBs were tested in both the cooling mode (simmer of 1985) 

and the heating mode (winter of 1985-86). RBs were also tested in 

combination with both R-11 and R-30 insulation in the cooling mode 

(summer of 1986) and the heating mode (winter of 1986-87), 

The results of the energy performance testing are summarized in 

Fig. 1.1. 

a TRB reduced the house cooling load by lo%, while an HRB reduced the 

load by 1 6 %  compared with R-ll/no RB. 

attic insulation show that a TRB reduced the cooling load by about 12%, 
while an MRB reduced the load by 21% compared to R-19/no RB. 

very little effect when used in combination with R - 3 0  insulation, 

HRB tested in the heating mode with R-11 decreased the heating load by 

an average of  9%, while a TRB showed a very slight increase in the load 

of 0.8% compared with R-ll/no RB. 

heating load by an average of  10%. R-30 with a RB showed a reduction 

of 3.5% for both HRBs and TRBs. The heating load reduction with R-30 

and a TRB is inconsistent when comparing the trends obtained from B-11 

and R-19 with TRBs, and no explanation is offered f o r  this behavior, 

Note, however, that the absolute values of the R-30 load changes are 

relatively small compared with those of  R-11 and R-19 loads. 

The cooling results testing R-11 attic insulation show that 

The cooling results with R - 1 9  

lRBs had 

An 

An HRB with R-19 decreased the 

The results of the heating season test of 1985-86 (for K-19) and 

1986-87 (for Et-11 and R-30) were integrated using the DOE 2 . 1  building 

simulation program. 

tests and shows the effect of an RB relative to R-11 attic insulation 

with no RB. The results show that R-19 with a HRB outperforms all the 

other options in the cooling mode, including R-30 wLth an NRB. An IIRD 

in combination with R-19 ceiling insulation reduced the coo l ing  load by 

25% in comparison with R-ll/no RE. 

the heating mode, where R-30 alone or with either type of RE 

Figure 1.2 summarizes both the heating and cooling 

This situation is not: the same in 
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outperforms R-19 with an HRB. 

convective barrier in the heating mode than as a RB. 

no evidence to support this. 

quantity of perforations in an HRB had little affect on its energy 

performance, but, again, this is conjecture. 

We speculate that an HRB works more as a 
However, we have 

We also believe that the size and 

Observations were made during both heating season tests to detect 

the presence of moisture on a horizontally installed RB.  

and visual checks of the HRBs showed that moisture can form on the 

underside of the barrier during the winter. 

kept at 40% RH in the living area, and light condensation was detected 

an the HRB in the early morning hours during cold weather. 

the moisture vaporized in the warmer afternoon hours, and neither the 

insulation nor the RB showed any adverse effects for the six-week 

period when H R B s  were present. 

Both measured 

The houses were normally 

However, 

A three-day high humidity test was carried out in house No.3 when 

the RH was increased to 60%. The house felt uncomfortable at this 

humidity level, and condensed water was streaming down from the double- 

pane windows. Much moisture formed on the underside of the HRB and did 

not dissipate during the afternoon as it did in house No.2, where the 

inside humidity was 40%. When the humidity in house No.3 was reduced 

to 40%, the moisture on the barrier vaporized after a f e w  days. 

These observations show that moisture can be a potential problem in 

cold weather with HRBs, especially in excessively humid houses. No 

high humidity tests were conducted in the control house, so high 

humidity affects there are unknown. 

1.4 REVIEW OF OTHER RADIANT BARRIER INVESTIGATIONS 

Other experimental investigations of RBs have been made by Joy5 at 

the Pennsylvania State University in 1958, McQuiston6 at Oklahoma State 

University; Rish and Roux7 at the University of Mississippi; Fairey, 
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Chandra, and Huston* 3 

and O'Neal'' at Texas A&M University; I-Ia1.l.l19 l2 at the. Tennessee Valley 

Authority, Chattanooga, Tennessee ; and Lear , Barsup and Davis13 at the 

University of Florida, Joy's study was performed under laboratory 

conditions, while the  others were performed under field conditions. A 

summary o f  most o f  these investigations is documented in a paper  by 

Wilkes14 of OWL. 

at the Florida Solar Energy Center; KatipainuPa 

The ORNL work and the Uni.versity o f  Florida work are the only 

documented experiments done in full-sca1.e attics i n  real houses. The 

previous sections summarized the OKNL work; the remainder 02 this 

paragraph will summarize the results of the University o f  Florida. 

investigation. Their experiments were performed using t w o  side-by-side 

1250-ft 2 houses on the IJniversity o f  Florida campus. Both houses had 

roof pitches of 5 in 12 and both attics were insulated to an R-22 

level. One house, used as a control house, had soffit and gable vents. 

The other house was used to test R B s  and had soffit:, gable, and ridge 

vents. 

identical to that in the control house. Summer data were analyzed by 

integrating heat fluxes over the time period €rum 10 a.m. to 10 p.oi. 

(when all heat fluxes in the test house were hezt gains) and by 

calculating the ratio between the total heat flows f o r  the test and 

control houses. With no RB in the test house, more efficient (ridge) 

venting reduced the ceiling heat flux by 4 0 % .  

between Che top cords of the roof  trusses and the  reflective surface 

facing downward, ceiling heat flow in the test house w a s  81% lower. 

The heat f l o w  reduction with a RB evidently was due t;o the combination 

o f  more effective venting and the  affect of the RE. 

The vent system in the test house could be modified to be 

With an RB attached 
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2. MOISTUPZE BACKGROUND 1NFORNATIBE;I 

The purpose of this experiment at the Karns houses was to 

determine whether problems caused by moisture condensation occur during 

high and very high indoor RH winter conditions when a IB is placed on 

top of the attic insulation. It was very Important that an 

investigation be made of what actually constitutes high and very high 

indoor RH during winter so that the proper indoor IRNs could be tested. 

This section discusses some background information on RHs in homes and 

highlights the principal findings of the investigation of winter indoor 

RHS. 

2.1 WINTER INDOOR MOISTURE BALANCE 

Outdoor air is typically very dry during the winter, although RHs 

are usually moderate to high. This fact is misl.eading, however, since 

RHs are strongly temperature dependent. Psychrometric charts show that 

30°F air at 100% RH contains less than half as much moisture per pound 

of dry air as does air at 70°F and 50% RH. 

This dry winter air can lead to very low indoor RHs because the 

indoor/outdoor vapor pressure difference drives indoor moisture 

outdoors. For example, assuming no internal house moisture generation 
and indoor/outdoor moisture equilibrium (i.e.s equal humidity ratios) 

and an outdoor temperature and RH at 30°F of 8 O % ,  the indoor RH at 70OF 

is 18%. Internal house moisture generation raises the RH in a house 

above this low level, but this example shows why indoor IKNs tend to be 
low during cold winter conditions. 

Following is a list of  some internal moisture sources that can 

raise indoor moisture levels, along with estimates of  the pounds o f  

water added per day to house air from each source: 
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Source Daily E s t i m a t e  

People 
Pl.ants 
Showers 
Cooking 
Clothes washing and drying 
Floor mopping 
Kerosene hea te r s  
Humidifiers 

3 I 5 lb /persoo( l )  
1 . 8  l b /p l an t  
0 .5  lb/showcr 
5.7 lb 
7 . 7  l b  
3 . 0  l b  per  100 f t 2  
Depends on usage 
Depends on usage 

Some o the r  f a c t o r s  a f f e c t i n g  indoor humidity l e v e l s  a r e :  

House s i z e  r e l a t i v e  t o  the  number of  occupants,  
Presence o f  vapor b a r r i e r s  i n  Crawl space,  c e i l i n g ,  
w a l l s ,  and f l o o r s ,  
"Ti.ghtness" o f  a house, and 
Area and type of windows and doors.  

When a la rge  number of  people a r e  i n  a small  house,  t he  RH l e v e l s  will 

genera l ly  be higher  than l e v e l s  i n  a l a r g e r  house with the  same number 

of  people and t h e i r  a c t i v i t i e s .  A l s o ,  i f  a vapor b a r r i e r  i s  not  used 

over the ground i n  a crawl space,  the  ground can add a s  much moisture 

t o  a home as a l l  o ther  sources combined. F i n a l l y ,  a 'rtight" house 

( i . e . ,  wi th  good caulking,  weathers t r ipp ing ,  e t c . )  can r a i s e  win ter  

humidity l e v e l s  by t rapping indoor moisture that would normally escape 

t o  the dry outdoors.  

Figure 2 . 1  shows the  r e l a t i o n s h i p  between KH, dry bulb tempera- 

t u r e ,  and the dew poin t  temperature.  

2.2 WINTER INDOOR K E U T I V E  HUMIDITIES 

A l i t e r a t u r e  search w a s  conducted t o  l oca t e  a c t u a l  RH d a t a .  Only 

one source of continuous monitoring o f  winter  RHs i n  several occupied 

homes was found, da t a  from T V A ' s  So lar  Homes f o r  the  Valley ( S I l F v )  

Program. However, many references  t o  "proper" and "maximum allowable" 

indoor J3l.s Were loca ted .  Also,  one study was found t h a t  contained 

numerous s i n g l e - p o i n t  RH measurements (as opposed to continuous 
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inonitoring). The single-point measurements and references to proper 

humidity levels will be briefly discussed, followed by a detailed 

discussion of  I;he TVA SHFV data. 

2.2.1 Literature References to Winter ReSairi-we 

Several references to "proper" and "maximum allowable" wi.nter 

humidities were found in the literature. These are described brlefly 

in the following: 

1. The pub1 icat i.on "Moisture and Home Enerr] Conservation, If prepared 

by the National Center f o r  AppropriaLe Technology s t a t e s  that 

"Prolonged high indoor RH - above about 45% - can cause a wide 

variety o f  problems. 

2. In "Moisture in Homes,"3 it is stated that "Taking condensation 

control into account, optimum indoor RH i s  408 in w i n t e r . "  

3. Product literature f o r  a typical ccntral home humidifier4 shows 

the maximum sa fe  recommended indoor RH as a function o f  

temperature. For 10, 20, and 30°F outside temperatures, the 

maximum safe indocr humidities t ha t  are recommended are 30, 35, 

and 358, respectively. 

4 .  In a study described in "Residential Moisture Condiiions Facts and 

Experience, 'I5 single-point RH data were collected during one week 

in 16 homes located in Utah, Alabama, and Ohio. The results 

varied widely. The Ohio homes averaged 278 RH at an average 

outdoor temperature of 23OF. 

an average outdoor temperature of 31°F. 

averaged 66% RH,  but the outdoor temperature was much sdariner at 

The Utah homes aven-2ged 62% RH with 

The Alabama homes 

55OF. 

5 ~ "Residential Moisture Conditions and Perceived Ilealt-l-i SPatus,  "' 
describes single-point wi-nter humidity measurements in 253 



randomly selected houses. From a regression analysis of the data, 

the average indoor RH from this study was estimated to be 58%. 

However, the adjusted R2 for the regression analysis was very low. 
More importantly, the single-point measurements likely were made 

during che day hours when outdoor temperatures are warmer, which 

will tend to cause higher indoor humidities. 

temperatures, which would have strongly affected indoor 

humidities, were not measured. 

Outdoor 

2.2.2 WA's Solar Homes for the Valley Data 

One of the primary objectives of the RH literature search was to 

locate winter indoor RH data from occupied houses that were 

continuously monitored. Also, it would be highly desirable to have 

continuously monitored indoor and outdoor temperatures since these 

parameters critically affect the indoor RH. 

The literature search located only one data set that met the above 

conditions. During the later 1970s and early 1980s, a number o f  homes 

were built in the TVA region as part of a TVA program called SHW. 

These homes had many passive solar features and were well-insulated, 

energy-efficient houses. During this program, TVA monitored the 

environmental conditions and energy use of several. of these homes to 

determine the effectiveness of the designs. Among the many parameters 

monitored continuously were indoor and outdoor temperatures and indoor 

RH. 

The data from the SHFV that were applicable to our study were 

obtained from 12 homes that were monitored from December 1982 to March 

1983. Data were recorded continuously at 1.5-minute intervals. 

However, only three of the sites had data for the entire four-month 

period. Six of the sites had data for one month, while three of the 

sites contained data for three of the four months. 
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Indoor RL1 i s  s t rong ly  dependent on indoor temperature.  For 

example, indoor a i r  a t  75'F and 40% KH has the  same amount o f  moisture 

(per  l b m  of dry a i r )  as 65'F a i r  a t  568 KH. 

"norma1izat:ion" procedure was used t o  allow a l l  the  humidity data t o  be 

compared assuming the  sarne indoor temperature (70'F). 

Accordingly, a 

This normalizat ion procedure determined the  humidity r a t i o  f o r  

each indoor temperature and WH da t a  po in t .  

indoor temperature was se l ec t ed  t h a t  would givc the  same previous ly  

determined humidity r a t i o .  For  example, given i n d o o r  condi t ions  of 

75OF and 409,  t he  humidity r a t i o  (0 .0074 pounds of water per  pound of 

air) would be determi-ned. 

es t imated t h a t  would give the  same ( 0 . 0 0 7 4 )  humidity r a t i o .  

t h i s  normalizat ion procedure,  a l l  the  Rws can be compared f a i r l y  a s  

they are all based on the  same 70°F indoor temperature.  

Then, t he  proper RH at 70°F 

Then, the RH a t  70°F (488) would be 

By using 

Table 2 . 1  and F i g .  2 . 2  sumrnarize the  r e s u l t s  of t he  SMFV TZH d a t a .  

Table 2 . 1  gives  the  number and percentage oE observat ions ( i . e . ,  15-  

minute da t a  po in t s )  t h a t  

each RM range.  Fig.  2 . 2  

2 . 1 .  

The main 

above 45% a r e  

conclusion 

no t  common 

occur i n  each outdoor temperature range i n  

graphica l ly  d isp lays  the information i n  Table 

drawn from Table 2 . 1  and Fig .  2.2 is  t h a t  RHs 

when ambient temperatures a r e  less than 35'F 

( i . e . ,  a t  outdoor temperatures when condensation may be a problem). 

The percentage o f  observat ions €or the 4 5 - 5 0 8  humidity range was well  

below LO% for each temperature range l e s s  than 35OF. 

The occurrence of KHs i n  the 50-558, 55-60%, and above 60% ranges 

a t  outdoor temperatures below 35OF i.s even l e s s .  

(50-553,  15-20°F) ,  the percentage of observat ions are a l l  w e l l  below 

5 % .  

Except f o r  one case 
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0-15 
15-20 
20-25 
25-30 
30-35 
35-40 
40-45 
45-50 

0.0 0.0 33.3 0.0 66.7 0.0 0.0 
66.0 7.4 11.1 8.6 6.2 0.6 0.0 

57.3 20.8 12.2 6.0 3.0 0.6 0.1 
52.6 24.5 10.9 6.6 3.3 1.2 0.9 

39.1 25.7 11.5 13.3 7.2 1.9 1.3 
31.6 23.6, 13.6 13.3 10.5 4.1 3.2 

67.9 12.9 12.8 5.2 1.1 0.2 0.0 

2a.3 22.1 14.7 12.9 12.2 4.7 5.2 

3 0.01 
162 0.33 

1 292 2.62 
5585 7.21 
9364 19.00 
13125 26.63 
11 154 22.63 
1 OS94 21.50 

Tot  in WIH 19624 11570 6224 5503 5856 1343 1161 49281 
X in Range 39.8 23.5 12.6 11.2 7.8 2.7 2.4 400.0 

44.5 
30.5 
31 .f 
32.11 
36.0 
36.5 
38.0 
33.8 
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Fig. 2.2 TVA Solar Homes for the Valley relative humidicy data. 
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It should be noted that the results for the O°F - 1S0F range 

should be viewed with caution since there were only three observations 

in this temperature range from a grand total of over 43 ,000  

observations. 

during winter, most o f  the RHs in the SHFV data were in the 0-35% 

range. 

RHs in the 0-35% range was greater than 50%.  

temperature ranges? 15-20'F and 20-25OF, the occurrence of 0-35% BM 

observations was almost 70%. The three lowest RH ranges ( i . e . ,  0 - 3 5 ,  

3 5 - 4 0 ,  and 4 0 - 4 5 % )  account for 84, 9 4 ,  and 90 respectively, and 88% of 

all the observations in the below 35°F temperature ranges. 

As would be expected given the dryness of  outdoor air 

In the outdoor temperature ranges below 3S°F, the occurrence of 

During the coldest 

When the outdoor temperature rises above 35'F, the occurrence o f  

higher RHs increases, because t:l-te capacity of outdoor air for holding 

moisture increases significantly as the temperature increases. For 

example, when outdoor temperatures were between 45 and 50°F, the 

percentage of RH observations above 45% RH was 35% compared with 12% o f  

the observation above 45% RH during 30-35OF teoiperatures. 

2.3 CONCLUSIONS FROM INVESTIGATION OF WINTER I 

RELATIVE HUHTDITIES 

Based on the literature search and especially the SHFV data, the 

following conclusions concerning the experimental t e s t  conditions were 

made : 

o 45% indoor RH during c o l d  weather (below 35OF) is moderately 

high (greater than 80% of RH observations from SHFV data were 

less). 

o 50% indoor Rw during co1.d weather (below 35'F) is very high 

(less than 5% of SHW observations were greater). 

o 555 indoor RH during cold  weather (below 35'F) is extremely 

high (less than 1% of SHFV observations were greater). 
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2.4 POTENTIAL PR0BTXM.S OF CONDENSATION ON A HOKI 

BARRIER 

If significant amounts of condensation occurred on the underside 
of a HRI), three problems could occur: 

a. The ceiling joists and/or ceiling could experience woad rot 

and decay. 

The existing insulation could become wet. b .  
c. Water spots could appear on ceilings. 

Wood rot and decay are caused by fungi and can make wood 

permanently soft and weak. 

€unction of two parameters: 

The wood moisture content threshold below which fungi wi1.1. not grow 

(and therefore wood rot and decay will not occur, no matter what the 

temperature) is approximately 20%. Above 3 0 8 ,  given the proper 

temperatures, decay fungi will thrive. 

The growth of wood decay fungi is a 

wood moisture content and temperatures. 

Decay fungi can grow in temperatures from just above freezing t o  

100°F. 

75OF. 

90°F. 

These fungi thrive in the moderate temperature range of 50- 

Fungi growth is slower at temperatures below 50°F and above 

If significant amounts of condensation accumulate on the underside 

of a barrier, the existing insulation could get wet, which would 

decrease its R-value significantly. This problem may be more serious 

with blown-in insulations as opposed to batts. BEown-in insulation can 

become compressed if it becomes wet and would degrade the R-value even 

when the insulation dries. 

The last potential problem is water spots if the condensation is 

excessive and drips to the ceiling. This problem is probably the least 
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serious of the three, but if there is enough condensation to cause 

water spots on t;he ceiling, the previous two problems also may he 

occurring. 
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3.  EXPIERIMENTAI, DESIGN 

ORNL, DOE, TVA, EPRI, and RIMA formulated an experimental plan 

that was based on the results of the background literature search 

concerning moisture in houses. All three Marns houses initially were 

set up with R-19 unfaced fiberglass b a t t  insulation and perforated fIRBs 

in the attics. 

The plan called for changes to be made if the results from one 

phase indicated that a given humidity condition was either too high, 

too  low, or some happening in the testing pointed to new directions. 

The SHFV data had shown that 60% indoor RH at 7OoF was an extremely 

high winter indoor humidity (this was also found to be true at Karns) 
and that a median indoor RH at outdoor temperatures below 35OF was 

below 35%. 

indoor RH with no apparent problems, so we decided to start this 

testing at 45% RH in houses N o .  2 and No. 3 ,  and 55% RH in house No. 1. 

We also agreed to operate house No. 2 at 45% kH for most of the testing 

in order to obtain season-long data at constant humidity conditions. 

The previous winter testing at Karns was conducted at 40% 

It is somewhat ironic that we were trying to determine the 

conditions that would lead to a "problem situation" in the houses, yet 

the definition of  a "problem situation" was not c lea r .  

experience had shown that condensation on an HRB did not necessarily 

signify a problem. 

insulation saturated with water would indeed signify an immediate 

problem situation and that the indoor RH should be lowered to alleviate 

such conditions. 

Previous 

We agreed that water spots on the ceiling o r  that 

Four different types of measurements were to be made throughout 

The first of these was the constant monitoring of many the testing. 

sensors by the data acquisition system. 

and temperature sensors were placed at three locations in each attic. 

directly above the center of the great room (the humidifiers were 

located in the great rooms). 

In addition to these, humidity 

One set of sensors w a s  put under the 
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i n s u l a t i o n  on the a t t i c  s i d e  of  the  c e i l i n g ,  t he  second s e t  was put  on 

the  top sur face  of the  a t t i c  in su la t ion  under the RB,  arid the  t h i r d  set 

V J ~ S  hung about 2 f e e t  i n  the  a t t i c  a i r  above the  HRB. 

Visual  observat ions of  condi t ions i n  the  houses,  i n  the a t t i c s ,  

and under the  R B s  were made on an approximate d a i l y  b a s i s ,  The v i s u a l  

observat ions helped t o  ensure t h a t  the  himidi t y  sensors  vere recording 

accura te  d a t a .  Wood moisture content  i n  the  bottom chords o f  t he  roof 

t r u s s e s  ( the  p a r t  under the RB) w a s  recorded manually using a moisture 

probe each time a v i s u a l  inspec t ion  o f  a t t i c  condi t ions  was made. 

The fou r th  type of da t a  c o l l e c t e d  w a s  the  weight 01 1 2  x 12-511. 

sections of b l o t t i n g  paper placed a t  four  l oca t ions  under the  KJS i n  

each a t t i c .  A f i f t h  b l o t t e r  w a s  fas tencd  t o  a t r u s s  i n  the  open a t t i c  

a i r  i n  each house as a cont:a-ol. 

The per fora ted  RB mater ia l  used i n  t h i s  work w a s  d i f f e r e n t  from 

t h a t  used i n  the  1985-86 winter  t e s t i n g .  

come from the same source,  the s i z e  of  the pe r f s r a r ions  was different 

Figures 3 . l ( a - b )  a r e  photographs of s ec t ions  of  each of  t he  two 

mate r i a l s  and show the  d i f fe rences  i n  the hole  s i z e s .  Table 3 . 1  

compares da t a  obtained f rom a sur face  scan ana lys i s  of t h e  two 

b a r r i e r s .  Mater ia l  #1 had been used i n  the  previous wiinter Cest ing,  

and ma te r i a l  #2 was used i n  t h i s  cu r ren t  work. Figures  3 .2(a-b)  are 

bar  graphs depic t ing  the  da t a  from Table 3 . 1 .  The average hole  s i z e  

had increased from 0.012 t o  0.040 i n .  The percentage t iole area 

increased  f r o m  0.05 t o  0.46%. The number of pe r fo ra t ions  i n  the 

b a r r i e r  e s s e n t i a l l y  was unchanged - -  t he  hales were loca ted  on about: 

5/8-in. staggered cen te r s .  Also, the  holes  i n  material 11-2 appeared t o  

be more t r i a n g u l a r  i n  appearance than those i n  ma te r i a l  #1. 

t h a t  the  manufacturer of t he  mailerial hati increased the  hole  s i z e  t o  

cope with moisture d i s s i p a t i o n .  

Although the  m a t ~ ~ l a l  had 

Y e  assluned 
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MATERIAL #I  BY SURFACE SCAN ANALYSIS 
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Fig. 3.2(a-b) Hole size distributions in perforated radiant barriers. 
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The following sections present the findings of the V a K f . O U S  

measurements made throughout the course of the experiment, along with 

our interpretation of the data. As is usually the case i n  experimental 

work, all the data cannot be conveniently presented. Therefore, 

specific periods will be singled out as being either typical or unique, 

and detailed comment or analysis carried oiit on those per iods  are 

included. 

presented in Appendix B .  

values of various parameters f o r  each weekly period. 

The weather data €or all time periods during the test ' ing are 

Table A.l in Appendix A contains the average 
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4.1 HOUSE HUMIDITY CONTROL 

Humidity was added to the houses by means of free-standing 

humidifiers (Fig. 4.1). A 15-gallon plastic jug next to each 

humidifier served as a makeup water reservoir to keep the water in each 

humidifier at the same approximate level. Two floats, located in the 

left corner of each humidifier, actuated a small solenoid pump when 

approximately 200 ml of water had been added to the house air. 

was pumped from the plastic jug to the humidifier in this manner. 

stroke of each solenoid pump was adjusted to give a constant delivery 

volume of 2 ml per stroke. Pump repeatability was very good and held 

constant throughout the winter. 

pulse that the data collection system used to monitor the dynamic 

addition of water to each house. Table 4 . 1  shows the average 

conditions under which the houses were maintained along with the dates 

of operation for each phase of the testing. 

Water 

The 

Each stroke of  the pump generated a 

One thing that became apparent during the testing was that the 

output capacity of one humidifier (approximately 6 gallons per day) 

during cold (less than 25OF) weather was not sufficient to maintain the 

indoor RH at 55% at 70°F. 

testing, the RH of house No. 3 was raised to 55% and a second 

humidifier was added to ensure that this high level of indoor RH could 

be maintained. 

Therefore, during the second phase of the 

Figures 4.2  and 4.3 are plots that illustrate the amount of 

moisture which was added to house No. 3 and the corresponding outdoor 

dry bulb temperature for a warm week and a cold week respectively. 

cycling of the humidifier is clearly shown in Fig. 4.2,  while the 

essentially constant on condition of the humidifier is shown in 

Fig. 4 . 3 .  

The 
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Fig. 4.1 Humidifier setup used to supply moisture to test houses. 

Table 4.1 Experimental operation for K a r n s  humidity testing 

Date Indoor Rela t ive  Humidity a t  700F D r y  Bulb ( % )  
S t a r t  End Days House No. 1 House No. 2 House N o .  3 

D e c  04 - J a n  14 41 53 

J a n  14 - Feb 04 2 1  53 

Feb 04 - Feb 18 14 

Feb 18 - Mar 2 4  35 

Tota l  

- 

111 

f l oa t inga  

f loa t inga  

46 46 

46 

4 6  

46%/half 
a t t i c  vent  

ra te  

55 
( 2  humidi f ie rs  used) 

55 
(vapor b a r r i e r  

i n  a t t i c )  

55 
(vapor b a r r i e r  

i n  a t t i c )  

aApproximately 30 lb/day added by humidi f ie r .  
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HWSE 83 (a RH) OUTDOOR lllR DB TBlPs LB W W I  AODED TO HOUSE 

e it e it B it e iz B u B 12 e it e iz I) 
: Dec 24 I Dec# I Dec 26 : k 2 7  I Dec 28 I Pec 29 I Dec3B I D e c  31 : 

Hour d Day 1 Date 

Fig. 4.2 House No.3 (Dec. 24-31) humidifier water addition and outdoor 
air temperature. 
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The third phase of the testing was designed to test in house No. 1 

the 25 lb/day estimated water generation in a typical home. However, 

the actual experimental water generation rate was close to 30 lb/day 

because of humidifier control limits. Also, the unfaced R-19 in house 

No. 3 was replaced that had R-19 with a kraft paper vapor barrier 

facing. The RH in house No. 1 was therefore allowed to float, and that 

in house No. 3 was maintained at 55% with only one humidifier. Figure 

4.4 is a time series plot for approximately a week of the inside RH in 

house No. 1 and the outside temperature. The indoor RH was about 35% 

at about 7'F and 55% at 55'F. Figure 4.5 shows the cumulative amount 

of water added to the house air over the same weekly period. Note that 

the relatively constant slope signifies a uniform rate of water 

addition to the house. 

The same RH conditions in houses No. 2 and No. 3 were maintained 

in the fourth phase of the testing. The attic vent area in house No. 2 

was halved (from 1/150 to 1/300 ratio) by blocking off half of the 

soffit vents and half of each of the two gable vents. 

level in house No. 2 was kept at approximately 45%. 

The humidity 

Table 4.2 contains a summary of the humidifier addition of water 

to the houses along with dates and average indoor RHs. 

4.6(a-c) are plots that attempt to show the data in Table 4.2 more 

clearly and to illustrate that the data are somewhat consistent. 

Figures 

4.2 WOOD MOISTURE CONTENT MEASUREMENTS 

The most logical place to start describing the results of the 

experiments is with the visual observations made throughout the 

testing. However, while in the attic making visual observations, it 

was also convenient to take moisture content measurements of sections 

of the wood truss members which were underneath the RB. Since wood 

moisture measurements are more quantitative than visual observations, 

they will be discussed first. 
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Fig. 4 . 4  House No.1 (constant water generation)--iadoor relative 
humidity and outdoor air temperature. 

L 
B 

: Feb 84 Feb Bs : Peb 66 ! Peb 07 Feb 
Hour of Day ./ Bate 

Fig. 4.5 House No.1 (constant w a t e r  genesation)--water input; by 
humidifier. 
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Table 4.2 Summary of humidifier Qily w a t e r  addi.tion and house 
re l a  t ive humidi ty 

Avg 00 
Dates T e n p  F 

Dee 04-11 42.8 
Dec 11-18 40.5 
Dec 18-24 42.6 
Dec 24-31 45.3 
31-Jan 07 29.9 
Jan 07-14 22.9 

_ _ _ _ _ _ _ _ _  _ - - _ _ -  

Jan 14-17 28.8 
Jan 19-21 49.9 
Jan 21-28 31.7 
28-Feb 03 51.9 

Feb 04-11 28.9 
Feb 11-15 30.2 
Feb 16-18 34.3 

Feb 18-25 40.2 
25-Mar 03 41.3 
Mar 03-10 50.1 
Mar 10-17 38.3 
Mar 17-24 50.6 

25.8 20.2 
32.6 22.4 
28.7 16.6 
19.1 11.6 
39.0 34.5 
47.2 40.4* 

45.6 36.5* 
12.5 11.0" 
47.5 30.0 
17.6 10.7 

31.2 40.2 
31.3 38.7 
29.1 30.4 

28.9 27.7 
30.4 32.6 
25.2 12.6 
28.5 29.7 
26.8 18.7 

20.1 
24.0 
20.0 
12.8 
31.4 
38.5 

46.7 
26.4 
41.0 
28.1 

36.7 
39.6 
28.8 

27.4 
30.6 
11.6 
27.5 
20.9 

_ _ - _ _ _ -  
54.2 
53.7 
55.7 
55.4 
52.7 
51.0 

54.5 
54.1 
55.1 
55.2 

46.0 
44.0 
48.3 

51 - 5  
49.4 
59.5 
51 -6 
55.2 

X Relative t imidi ty  in 

House 1 House 2 House 3 

. . . . . . . . . . . . . . . . . . . . . . . . .  

_.___-- 
46.8 
47.1 
48.2 
48.0 
46.7 
47.7 

49.1 
55.3 
46.1 
46.9 

47.4 
47.1 
49.4 

413.4 
48.3 
46.7 
48.2 
47.4 

_ - - - _ _ -  
50.1 

49.9 
48.6 
46.1 
45.3 

52.3 
64.2 
55 -3 
63.5 

50.4 
53.0 
53.8 

54.0 
53.2 
53.0 
54.0 
56.7 

47.13 

Note: * = Estimated Value 
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Figs. 4 . 6  (a-c) Average daily water addition to K a m  houses vs 
average O U ~ ~ Q Q ~  temperature. 



A model J-l/C wood moisture content measuring instrument 

manufactured by the Delmhorst Instrument Company was used to manually 

take the moisture content data (Fig. 4.7). 

of from 6 to 30 wt% water and was calibrated for Douglas fir at 70°F by 

the manufacturer. Temperature and wood type (our trusses were made 

from southern yellow pine - -  see Fig. C.2 in Appendix C) corrections 
had to be made to all readings before they were meaningful. 

Measurements below 7% moisture content (uncorrected meter readings) are 

not as accurate as higher readings in the 8-12% range, although 

Delmhorst states an estimated accuracy of +/-0.5% for the 6-12 wt% 

range. All moisture measurements were taken in approximately the same 

four locations in each house (Fig. 4.8). 

The instrument had a range 

Table 4.3 is a chronological listing of  the uncorrected wood 

moisture readings taken throughout the testing on the top surface of 

the bottom attic truss, the top surface temperature of the attic 

insulation under the RB (assumed to be the same as the top surface of 

the truss member), and also visual observations of the bottom surface 

of the HRB. 

Figures 4.9(a-c) are plots of the corrected wood moisture 

measurements made in each of the three houses at location 1 (see Fig. 

4.8). The most obvious thing about the plots is that the measurements 

appear to be very similar. 

because they registered at or just below the lowest (6% uncorrected) 

range of the meter. However, a best guess of the corrected moisture 

content during that period would be about 7.5-8.0%. 

periods are plotted, and the moisture content of house No. 1 at 55% RH 

appears to be slightly higher-than that at house No. 2 (46% RH). Also, 

the presence of a vapor barrier (added for Phase 3 of the testing) in 

house No. 3 at 55% RH appears to lower the wood moisture content very 

slightly. 

The initial 20 days of data are not plotted 

All of the testing 

The maximum moisture levels peak out at about 11%, which is 
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Fig. 4.7 Delmhorst probe. 
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Fig. 4.8 Attic locations of wood truss moisture measurements. 
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Table 4 . 3  Moisture measurements of attic trusses under horizontal 
radiant barriers at Karns using Delmhorst probe 

Total  
Days 

0 
3 
4 
6 
7 

10 
12 
13 
14 
17 
18 
19 
24 
25 
26 
27 
31 
32 
35 
38 
41 

- _ _ _  

41 
42 
43 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
59 
60 
61 
62 

Date 

04 -Dec - 87 
07-Dec-87 
08- Dec - 87 
10 - Dec - 87 
11-Dec-87 
14-Dec-87 
16- Dec - 87 
17-Dec-87 
18-Dec-87 
21-Dec-87 
22-Dec-87 
23-Dec-87 
28- Dec - 87 
29-Dec-87 
30-Dec-87 
31 -Dec-87 
04- Jan-88 
05- Jan-88 
08- Jan-88 
11 - Jan-88 
14- Jan-88 

. - - - - - - - - 

14- Jan-88 
15 - Jan-88 
16- Jan-88 
18- Jan-88 
19- Jan-88 
20- Jan-88 
21 - Jan-88 
22- Jan-88 
23- Jan-88 
24- Jan-88 
25- Jan-88 
26- Jan-88 
27- Jan-88 
28- Jan-88 
29- Jan-88 
30- Jan-88 
01 -Feb-88 
02- Feb-88 
03- Feb-88 
04-Feb-88 

Time 
_ - _ _  
1200 
0945 
0930 
0930 
0830 
0920 
1000 
1115 
1345 
1100 
0900 
1030 
1200 
0745 
0830 
0915 
1030 
0845 
0945 
0900 
0900 

1345 
1330 
1510 
1000 
0900 
1500 
1000 
1400 
1330 
1410 
0900 
1030 
1100 
091 5 
1415 
1230 
0945 
1400 
1335 
1300 

H O U S E  # 1  
_ _ _ _  _ _ _ _  - _ _ _  _ _ - -  

T e m p 1  2 3 4 
- _ _ _  _ _ _ _  _ _ - _  _ _ _ _  _ - _ -  

6.0 6.0 6.0 6.0 
6.2 6.2 6.2 6.2 
6.0 6.0 6.0 6.0 
6.0 
6.0 ( l i g h t  moist) 
6.0 (dry) 
6.0 
6.0 ( l i g h t  moist) 
6.0 (med moist) 
6.0 (dry) 
6.0 ( l i g h t  moist) 
6.0 ( l i g h t  moist) 

58 6.0 (dry) 
44 6.0 ( l i g h t  moist) 
32 6.0 6.0 6.0 6.0 
52 6.0 (med moist) 
45 6.0 (med moist) 
32 6.0 (heavy moist) 
43 6.0 (heavy moist) 
32 7.0 (heavy moist) 
30 7.0 (heavy moist) 

(#1 53% R H )  
49 7.0 7.0 7.5 7.5 
55 7.0 (heavy i n  spots) 
58 8.0 (med moist) 
55 8.0 (&,lo% deck) 
52 8.0 ( m e d , l O %  deck) 
62 
55 7.9 (1t.spots.bath) 
50 
58 
65 
48 7.0 (med) 8.0 8.0 
32 
30 7.5 (heavy) 
35 7.5 (med-hvy) 7.5 
52 8.0 (&,dry spots) 
58 
58 8.2 (dry) 
64 
66 7.5 (dry) 7.5 7.0 
50 7.0 (dry) 7.0 7.0 

H O U S E  # 2  

1 2 3 4  

6.0 6.0 6.0 6.0 
6.2 6.2 6.2 6.2 
6.0 6.0 6.0 6.0 
6.0 
6.0 ( l i g h t  moist) 
6.0 (dry) 
6.0 
6.0 ( l i g h t  moist) 
6.0 ( l i g h t  moist) 
6.0 (dry) 
6.0 ( l i g h t  moist) 
6.0 ( l i g h t  moist) 
6.0 (dry) 
6.0 ( l i g h t  moist) 
6.0 6.0 6.0 6.0 
6.0 ( l i g h t  moist) 
6.0 ( l i g h t  moist) 
6.0 (med moist) 
6.0 (med moist) 
7.0 (heavy moist) 
7.0 (heavy moist) 

_ - - -  - - - -  - - - -  - - - -  

- - _ _  _ _ _ _  - - - -  - - - -  

H O U S E  # 3  
House #3 _ _ _ _  _ _ _ _  - - - -  - - - -  

1 2 3 4 Water t o  H u n  _ _ _ _  _ _ _ -  - - - -  - - - -  - - - - - - - - - - - -  
6.0 6.0 6.0 6.0 
6.2 6.2 6.2 6.2 
6.0 6.0 6.0 6.0 
6.0 
6.0 ( l i g h t  moist) 
6.0 (dry) 
6.0 
6.0 ( l i g h t  moist) 
6.0 ( l i g h t  moist) 
6.0 (dry) 
6.0 ( l i g h t  moist) 
6.0 ( l i g h t  moist) 
6.0 (dry) 
6.0 ( l i g h t  moist) 
6.0 6.0 6.0 6.0 
6.0 ( l i g h t  moist) 
6.0 ( l i g h t  moist) 
6.0 (med moist) 
6.0 (heavy moist) 
6.0 (heavy moist) 
6.0 (heavy moist) 

(#2 46% R H )  (#3 55% R H  H u n  On 3 Lou Sp) 
7.0 7.0 7.5 7.5 6.0 6.0 8.0 8.0 Star t  H u n  On  
7.0 (heavy i n  spots) 7.0 (heavy i n  spots) 11.5 L i t e r s  
8.0 (med moist) 8.0 (heavy i n  spots) 12.0 L i t e r s  

24.0 L i t e r s  
7.8 ( v  l i g h t  spots) 7.0 (med, 10Meck) 14.0 3 1500 
8.0 (dry, uet bath) 11.0 L i t e r s  
7.0 (v lsp,Weck)  7.0 ( l i g h t ,  med bath)l2.O 3 1530 
7.3 (dry  l t  over bath) 12.0 L i t e r s  

12.0 L i t e r s  
7.2 (dry  l t  over bath) 12.5 L i t e r s  
6.5 (dry) 6.5 6.5 7.0 (med) 7.0 8.0 12.75 a 1400 

10.5 L i t e r s  
7.3 (med) 8.0 (heavy) 14.0 1400 
6.0 (med) 7.0 7.0 (med-hvy) 7.0 12.75 a 1400 

11.5 L i t e r s  7.3 (dry , l t  spots) 8.0 (med) 
7.0 (dry) 12.0 3 1500 
7.2 (dry) 8.2 (dry-med bath) 22.0 a 1300 

8.5 L i t e r s  
7.0 (dry) 7.0 7.0 8.0 ( l t  spots) 9.5 9.5 3 0900 
6.5 (dry) 7.0 7.0 6.0 (dry-no HRB) Avg=11.84L/d 

(#1 H u n  F u l l  ON-LOU Sp) (#3 R-l9/Vap Barr)  (or  26.1 #/d) 
63 05-Feb-88 1020 38 7.5 (lt-med) 7.5 (very l t )  6.5 (80% dry-uet areas) 
64 06-Feb-88 1600 50 8.0 (dry, uet bath) 7.0 (dry,uet areas) 7.5 (dry,uet areas) 
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Table 4.3 (continued) 

Total  
Days Date 
_ - - -  - - _ - - _ - - -  

W 08-,Feb-88 
67 09-Feb-88 
68 10-Feb-88 
69 11-feb-88 
70 12-Feb-88 
71 33-Feb-88 

74 16-Feb-88 
75 17-Feb-88 
76 18-Feb-88 

72 14-Feb-88 

77 19-Feb-88 
79 21-Feb-88 
80 22-Feb-88 
81 23-F&-88 
82 24-Feb-88 
83 25-Feb-88 
84 24-Feb-88 
a5 27-Feb-88 
87 29-Feb-88 
88 01-Mar-88 
89 02-Mar-88 
90 03-Mar-88 
91 04-Mar-88 
94 07-Mar-88 
95 08-Mar-88 
96 QQ-Mar-88 
97 IO-Mar-88 
98 11-Mar-88 

101 14-Mar-88 
102 15-Mar-88 
103 16-Mar-88 

105 18-Mar-88 
108 21-Mar-88 
109 22-Mar-88 
111 24-Mar-88 

104 17-Mar-88 

Time 

1415 
1430 
0830 
0930 
1345 
1000 
1115 
1400 
0920 
1300 

-__. 

1000 
1030 
0900 
0815 
0830 
091 5 
0930 
0900 
1200 
1130 
0800 
1230 
1040 
1050 
1425 
1425 
0945 
0930 
0930 
1510 
1055 
1015 
1500 
1530 
0915 
1245 

remp 

58 
62 
40 
40 
45 
38 
46 
60 
40 
65 

- _ - -  

H O U S E  # I  

1 2 3 4  

8.2 (dry, L t  areas) 
8.2 (dry, wet bath) 
7.0 (L ight )  
7.0 ( i t )  7.0 7.0 
6.8 ( l t , spo t ty )  
6.8 (dry,wet bath) 
8.0 ( l t , spo t ty )  
8.5 (dry,uet bath) 

---c - " - -  - _ - "  - - - -  

- - - -  - - - -  - _ - _  - - - -  

7.0 (dry1 7.0 

H O U S E  # 3  H O U S E  # 2  
House kt3 - - - _  - _ _ -  _ - - -  _ _ - -  _ - - _  ___. _ - _ _  - - _ -  

1 2 3 4  1 2 3 4 Water t o  Hun 
_ _ - _  - _ _ -  - - - _  _ _ _ -  - _ _ -  - _ _ _  _ - _ _  _ - _ _  - _ _ - _ - _ _ _ - - _  
7.2 (dry, uet  bath) 8.Q (dry, uet bath) 
7.2 (dry, wet bath) 8.2 (dry, wet bath) 
7.0 ( L t ,  d ry  areas) 7.0 (lt, dry areas) 
7.0 ( L t )  7.0 7.0 7.0 ( l t )  8.0 7.0 
6.8 (Lt ,spot ty)  7.0 (dry,uet bath) 
6.8 (Lt,spotty) 
7.5 ( l t , spo t ty )  6.8 (dry,uet areas) 
8,0 (dry) 8.5 (dryswet bath) 
7.0 i i i g h t , d r y  spots) 

7.5 (Lt,spotty) 

7.5 (dry) 8.0 7.5 (dry) 7.5 

(#I Hun Full  ON-Lou Sp) (#Z 1/2 Vent Area) (#3 R-lP/Vap Barr) 
54 7.2 (dry) 
48 8.0 ( l t ,spot ty)  7.2 (d ry , i t  bath) 8.0 ( l i g h t )  

57 7.0 (medl 7.0 7.0 ( l i g h t )  7.0 7.0 (med,spot) 7.3 
42 7.0 (It-&) 7.0 7.0 (Lt,spot) 7.0 7.0 (&,spot) 7.5 

27 7.0 (med) 7.3 7.0 (med) 7.0 7.0 (med) 7.3 
40 7.3 ( l t-med) 7.3 7.3 (lt-wd) 7.0 7.2 (A) 7.3 
40 7.5 ( l t -wd)  7.2 ( I t - & )  7.2 (It-med) 
51 7.2 (dry) 
71 8.2 ( d r y - v l t  bath) 8.0 (dry) 7.9 ( l t ,spot ty)  
63 8.0 ( d r y - v l t  bath) 7.5 (dry) 7.3 ( d r y - l t  bath) 

64 7.0 (dry) 7.0 6.3  (dry) 7.0 6.0 (dry) 6.9 
42 8.8 (dry) 8.1 (dry) 8.0 (dry) 

81 8.5 (dry) 8.0 (dry) 8.7 (dry) 
70 7.8 (dry) 
53 7.0 (dry) 7.5 7.2 (dry) 7.0 7.0 (dry) 7.0 
52 7.0 (dry) 7.2 7.3 (I t ,spot) 7.0 7.0 ( l t -med) 6.8 
51 7.0 ( l t  bath) 7.1 6.8 (v  l i g h t )  7.0 7.0 ( l i g h t )  7.0 
57 7.0 (dry) 
55 7.9 (dry,Lt bath) 7.2 (dry) 8.0 (dry,wet bath) 

55 7.0 (dry) 
89 7.2 (dry) 7.0 6.5 (dry) 7.0 6.5 (dry) 7.0 
57 7.1 (dry) 6.8 (dry) 7.0 (dry) 

44 7.0 ( d r y - t t  sp) 6.7 (dry) 7.0 4.0 (sp,lt-med) 

63 8.5 (dry-Lt  bath) 8.0 (dry) 8.0 ( l t - s p o t t y )  

52 7.8 (dry,wet bath) 7.5 (Lt,spotty) 7.4 ( l t , spo t ty )  

A 7.0 (dry) 7.0 6.5 (dry) 7.0 7.0 (dry) 7.0 

Note: Wood moisture measurements shown are riot corrected for wood 
type or temperature. Measurements were taken at identical. locations in 
each attic. Visual observations of radiant barrier surface are in 
parentheses. 
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well below the maximum fiber saturation value of about 28-30%. These 

moisture levels are very similar to those reported for the winter in a 

New Jersey house1 with no RBs installed. 

Figure C . 2  in Appendix C is a drawing of an attic truss at Karns. 

Since each truss weighs approximately 180 l b s  and there are 21 trusses 

in the attic over the living area, an estimate of the total water 

absorbed by the attic trusses in the winter may be calculated. 

Assuming a uniform moisture content rise from 7 to 110, the additional 

water absorbed by the wood trusses is 

180 x 0.04  x 21 - 151.2 lbs . 

This value seems rather small compared with the amount of water added 

to the houses by the humidifiers (discussed in the following sections). 

It should also be mentioned that random wood moisture content 

readings taken on the upper (above the HRBs) truss members were not 

significantly different from those of trusses below the barrier; on 

several occasions they were actually higher than those under the 

barrier. Also, there is a diurnal cycle to the readings (especially 

those in the open attic), which appeared to be higher in the early 

morning than in the afternoon. This variance is probably the result of 

higher temperatures and increased atti.c ventilation during the day (the 

weather plots in Appendix B show the wind usually blowing stronger 
during the day than at night) and colder temperatures and lower 

ventilation rates at night and in the early morning. 

One item of importance that was not measured (it w a s  simply 

overlooked) during the testing was the dimensional stability of the 

trusses. 

they are plaster or to become wavy if the ceilings are gypsum board. 

It did seem 

wavy in certain rooms during cold weather, but  they seemed to be just 

Dimensional changes in trusses can cause ceilings to crack if 

that the gypsum board ceilings at Karns appeared slightly 
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as wavy in the latter part of July. No definite statement of the 

degree of wave can be made for the comparison before, during, and after 

tes tirig. 

4 . 3  VISUMA OBSERVATIONS 

Visual observations were made i n  the attic of each house by the 

actual lifting of  sections of the barrier to see if any condensation 

was present on the underside of the HRB and if s o ,  how niuch. The "how 

much" part o f  the observation was, of course, a subjective judgment on 

the part of the observer, but an effort was made to consistent (Table 

4 . 3 ) .  Some observations were made in the morning and some in the 

afternoon, and on marly days we made both (although only  one is noted in 

Table 4 . 3 ) .  The most obvious conclusion from tihe observations is that 

moisture conditions change in the course of  a day, especially if the 

sun is shining. Usually when moisture w a s  detected on the under 

surface of  a barrier in the morning, it was dry (or at least much less 

w e t )  in the  afternoon. 

Figures 4.10(a-c) are photographs (taken in the morning hours) of 

a dry RB, a moderately wet RB, and a heavily w e t  RB taken during the 

course of the testing. The perforations do s h o w  on the dry barrier 

[Fig. /J-.lO(a)J. The moderately w e t  barrier, Fig. LP.lO(b), presents an 

interesting story, because dry circular areas surround most of  the 

perforations on the barrier, indicating that condensed moisture was 

being vaporized and was passing through the perforations into the attic 

air. Evidently perforations in an RB do facilitate the transfer of 

moisture from an HRB t o  the  attic air. 

Figure 4.10(c) shows a barrier with a heavy amount o f  condensation 

on the underside. Drops of water can be seen in several locations on 

the barrier, and several large drops also can be seen on the top 

surface of Lhe insidation. N o  significant dry areas are visible around 
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Figs. 4.10 (a-c) Photographs of dry/wet horizontal radiant barriers. 
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the perforations, leading one to conclude that moisture is forming on 

the barrier much faster than it can be dissipated. 

accumulation of moisture was taking place at that time. 

Therefore, a net 

It should be noted that at no time in the course of the experiment 

was any moisture noticed on the underside of the insulation nor were 

any wet spots noted on either side of the ceiling. Any moisture that 

was on the attic insulation appeared to penetrate it no deeper than 

1/8-in. or less. A s  noted above, moisture shedding conditions (either 

partial or complete) usually occurred during the warmer afternoon 

hours. 

The attics themselves were hardly ever uniformly wet during the 

testing. The central part of the attic over the bathroom area was the 

most moist area in each of the three houses. 

penetrations into the attic in this area due to bathroom fans and sewer 

vent pipes than elsewhere in the house. The periphery of the houses 

adjacent to the walls was probably the driest area. 

observations varied with both dry and wet areas in the same attic. 

There are more ceiling 

Many of the 

One particularly cold week during the testing (January 7-14) when 

the average outside temperature was 23'F, to our visual observations, 

the heaviest moisture conditions occurred (Table 4.3). As the weather 

warmed up in the following weeks, the moisture level decreaqed 

significantly. 

In addition to attic conditions, one of the more significant 

observations was the condition of the windows. Often one could predict 

how the underside of an HRB would appear in the attic by observing the 

amount of condensation on the windows inside the house. Figures 

4.11(a-b) are photographs taken on a cold January morning of the great 

room window in house No. 3, with an indoor RH of 55%. The icicles on 

the outside window frames formed from condensed water leaking from the 

inside of the double-pane windows. Conditions were the same at the 
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other two houses during this period. The plaster board on the lower 

inside of the window frame was extremely moist in house No. 3 during 

these cold periods. 

humidity to maintain in a house during cold periods. Figure 2.1 shows 

that the inside dew point is 55OF when the inside dry bulb temperature 

is 70°F and the RH is 55%. 

Clearly, 55% RH is much too high an indoor 

Short-term bathroom shower simulation tests were conducted in 

house No. 1 (constant moisture generation of 30 lb/day conditions) and 

house No. 3 (55% RH) on February 26 at about 10 a.m. The shower water 

temperature was adjusted to about 105'F, the bathroom fan was turned 

on, and the bathroom door was closed in each house. A 20-minute shower 

was simulated in this manner, while conditions were observed in the 

attic. The fan/ceiling light fixtures were not vented above the 

insulation or the RB, although neither insulation nor RB covered the 

vent/fixture (there was a 1-in. cutout around it). A moisture plume 

from the fan exhaust was visible in the attic, condensation rapidly 

formed on the RB in the vicinity of the exhaust, and the insulation 

became wet. Obviously, this was not a good situation for the attic. A 

quick calculation showed that approximately one-half to one pound of 

water was capable of being vented into a small area of the attic during 

this 20-min. period. Two hours later, some insulation was still wet, 

and spotty condensation was on the barrier of house No. 1, while house 

No. 3 showed both wet insulation and a wet barrier. At 3 p.m., these 
conditions at house No. 1 were completely dry, while house No. 3 still 

had some wet insulation but a dry barrier. 

These tests show that to avoid any condensation problems, the 

bathroom fans should be vented at least to above the surface of any 

insulation and any RB that are present and preferably vented to the 

outside of the attic. Also, since the bathroom area was always the 

wettest area in the attic, any protrusions there from vent pipes, light 

fixtures, etc., should be well sealed at the edges with a proper caulk 

or sealant. 
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The unfaced R-19 insulation in house No. 3 was removed on 

February 4 ,  and kraft paper faced R-19 fiberglass batt insulation was 

installed in its place. The kraft paper facing is a vapor barrier for 

this insulation and is intended to impede moisture transport between 

the house living area and the attic. The RH was maintained at 55% in 

house No. 3 .  During the remainder of the visual observations, the RH 

of house No. 3 appeared to be similar to that of house No. 2, which was 
at 4 6 % .  

moisture transport levels lower in the attic of  house No. 3 (with a 
vapor barrier) than house No, 2 with the same R-value insulation 

(without a vapor barrier). 

The vapor barrier was evidently more effective at keeping 

The humidity level in house No. 1 was altered from 53% to a 

constant daily input of  approximately 30 1b.  This adjustment was to 

sirnulace the estimated amount of moisture generated by a Eamily of four 

(Sect. 2 ) .  On February 4 ,  the humidifier in house No. 1 was set to run 

continuously at a low fan speed setting. 

N o .  1 fluctuated as a function of the outdoor Cemperature. Figure 4 . 4  

in Sect. 4 . 1  shows the variation of the inside RH in house N o .  l with 

the outside temperature. Visual observations for the same time period 

showed the amount of condensation under the barrier in the attic 

roughly equivalent to that in house No. 2 at 4 6 % .  The amount was 

equivalent in house No. 3 at 55% and this house had a vapor barrier. 

The humidity level in house 

In summary, the visual observations made during the course of the 

high humidity testing showed that moisture does condense QII the 

underside of  an HRB during cold weather periods. However, the moisture 

vaporized partially or completely in the afternoon hours, especially if 

the outdoor temperature rose above 4O0F. Condensation on windows gives 

a good indication that it will be present on the underside of an HRB. 

An inside RH of 55% (at 7O0F) is too high a value during cold weather 

periods, a s  window frames tend to get wet as well as interior wall 

areas, 

insulation and any HRB, with outside venting preferred. Areas around 

The exhaust from vent fans should be vented at least above any 
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the edges of ceiling-mounted light fixeures and pipes protruding into 

the attic should be sealed properly. A vapor barrier helps *Lo reduce 

the amount of moisture entering the attic from the house living area. 

Koisture generation levels simulating occupied houses produced RHs 

ranging from 35 to 55% during Tennessee cold and warm winter weather, 

respectively. Heavy condensation on the barriers noted. 

Four sections of 12 x 12-in. blotting paper (each section weighed 

approximately 40 g when dry) were placed in the attic of each house on 

the t o p  surface of the insulation under the RB in proximity to those 

locations where the wood moisture measurements were made. A f i f t h  

control blotter was pinned to an attic truss so that it w a s  exposed t o  

the free attic air space. Figure 4.12 is a photograph of one o f  the 

control blotters in place. It was thought that the blotcers w~i.~.ld 

indicate any moisture accumulation t h a t  iiiight occur in the insulation 

under the barriers. The control blotter would be reference f o r  any 

changes in blotter weight that occurred as a r e su l t  o f  natural attic 

ambient conditions. 

The blotters were removed from their locations at approximate one 

week intervals, weighed on a triple beam balance, and returned to their 

respective attic locations for another weekly cyclc. ‘lable 6 . 4  

contains a summary of the average blotter weight changes, whtle Figs. 

4.13 (a-b) in the bar graph F o r m  depict the weight changes. Ta’olc A .  3 

in Appendix A contains a complete listing of each indivjdual weighing, 

which indicates variation in the blotter weights .  This resuli agrees 

with the conclusions from the visual observations that the attics were 

not uniform so far as moisture content is concerned. 
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Fig. 4.12 Photograph of attic control blotter.  

Table 4.4 Summary of blotter paper weighings a t  K a r n s  

Control ( in  A t t i c  A i r )  (B lo t te r  Under HRB - Control) 
Ut. Change i n  Grams Ut. Change in  Grams 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - - - - -  
Average of Four Under HRB 

Ut. Change in  Grams 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - -  

House 3 
- - - - - - - 

- _ - -  
1.90 
2.00 

3.85 
2.30 
0.53 

-0.16 
0.49 

0.46 
-0.10 
0.10 
0.36 
0.14 

Date House 1 

23-Dec 2.61 
08-Jan 5.03 
14-Jan 4.76 

_ _ _ _ - -  - - - - - - -  
House 1 
- -_ - - - -  

- - - -  
2.75 
2.85 

1.20 
2.10 
1.80 

0.90 
0.40 

0.15 
0.50 
1.10 

-0.45 
0.10 

House 2 
_ _ _ _ _ - -  

- _ - -  
2.25 
3.25 

0.85 
2.25 
1.70 

0.85 
0.60 

0.15 
0.35 
0.60 

-0.80 
-0.30 

House 3 
- - - - - - -  

- - - -  
2.20 
3.00 

0.80 
1.90 
2.20 

0.70 
-0.10 

-0.10 
0.40 
0.80 
-0.80 
-0.10 

Hwse 1 
- - - - - - - 

- - - -  
2.28 
1.91 

0.64 
0.40 

-0.14 

0.29 
0.46 

1.09 
0.15 
0.44 
0.31 
0.22 

House 2 
- - - - - - - 

_ _ _ -  
0.44 
0.49 

0.59 
0.05 

-0.25 

0.45 
0.52 

1.14 
0.10 
0.26 
0.46 
0.31 

1.84 
2.69 
3.74 

1.44 
2.30 
1.45 

1.30 
1.12 

1.29 
0.45 
0.86 

-0.34 
0.01 

2.10 
4.10 
5.00 

4.65 
4.20 
2.73 

0.54 
0.39 

0.36 
0.30 
0.90 
-0.44 
0.04 

2 f  Jan 
28- Jan 
04-Feb 

1.84 
2.50 
1.66 

11-Feb 
18-Feb 

1.19 
0.86 

25-Feb 1.24 
03-Mar 0.65 
10-Mar 1.54 
21-Rar -0.14 
24-Mar 0.32 

Notes: Each house had four 1 2 ~ ~ x 1 2 ~ ~  b l o t t e r s  under HRB. 
Each b l o t t e r  i n i t i a l l y  ueighed approximately 40 gram. 
I n i t i a l  b l o t t e r  ueighings uere a t  70 Deg F and 45% RH. 
Control b l o t t e r s  added in  a t t i c  a i r  space on 22-Dec. 
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Figs. 4.13 (a-b) Average weight changes in blotters in Karns attics. 
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Figure 4.13(a) shows the weight changes of the blotlrers under the 

HRB, while Fig. 4.13(b) shows the weight changes of the control 

blotters. 

the interesting result that the change in the weight of the blotters 

under the barrier was not much different than the control blotters. @n 
those occasions when there is a significant difference between the 

weight changes from under the HRB blotter and the control blotter, the 

weighings showed that one of the four blotters in the at:tic had wet 

areas on it (Table A . 2 ) .  The wet areas were caused by condensation 
dripping from the HRB. Table A.4 also shows that the attic is not 

uniform in its moisture content; some areas appear to be wetter than 

others. This fact agrees well with the conclusion drawn from visual 

observations. 

Figure 4.14 is a comparison between the two plots, showing 

A comparison of Figs. 4.13 and 4.14 with Table 4 . 2  shows that the 

average Under Horizontal Radiant Barrier Blotter (UHRBB) weight gains 

are higher for higher indoor humidities than f o r  lower humidities. 

This comparison is in agreement with the visual observations, The 

period from February 18 - March 24 for house NQ. 2 at a reduced attic 
ventilation area ratio (1/300 compared to the normal 1/150 f t 2  

effective vent area per f t 2  attic floor area) shows a sl.ight relative 

increase in the UHRBB weights compared to that of house No. 3 from the 

preceding two weeks (February 4-18). This increase suggests that the 

higher attic vent rate may be helpful in reducing the accumulation of 

moisture in the attic. However, the differences are slight, since the 

absolute values of the weight gains are small. Colder weather over an 

extended period would probably accentuate the differenc,e. 

A quantitative interpretation of the blotter weighings i s  not very 

straightforward. If one assumes that the UHRBB weight gain is equal to 

the amount o f  water retained by each square foot of attic insulation, 
then a surprisingly small amount of water is contained i n  the a t t i c  

insulation. For instance, a weight gain of 5 g/ft2 would amount to 
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Fig.  4.14 Difference in weight bemeen bloeter under horizontal 
radiant barrier control blotter. 
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13.2 lbs  or 1.6 gallons of water in the 1200 ft2 attic. 

one assumes that each equivalent thickness of insulation contains the 

same amount of moisture as the UHRBB, then a surprlsingly large amount 

o f  water is contained in the attic insulation. The same UMRBB weight 

gain of 5 g/ft2 would amount to 2505 lbs o r  300.4 gallons of water in 

the attic (the blotting paper is 0.033-in. thick and the insulation was 

6.25-in. thick). 

former is perhaps too low. The authors believe that the low amount is 

somewhat close to the actual weight of condensed water that drips from 

the HRB to the insulation below it. 

However, if 

The latter amount is obviously too high and the 

In summary, the blotter weighings do show that moisture is able to 

drip off the HRB onto the insulation and that certain areas of the 

attic are wetter than others. More moisture accumulates 5.n cold 

weather periods than during warm weather p e r i ~ d s  and a diurnal cycle is 

definitely in operation. The attic insulation moisture level appears 

to return to its pre-winter value when spring arrives. Higher inside 

RH values result in higher moisture content of the blotters, and a 

vapor barrier in the attic reduces the weight gain of the blotters 

compared to the gain in an attic with no vapor barrier. 

attic ventilation area ratio from 1/150 to 1/300 appears to increase 

the UHRBB weights slightly. 

Reducing the 

4.5 RADIANT BARRIER CONDENSATION AND INSTRmFm DATA 

The test houses and their attics were well instrumented, and the 

data collected from these measurements can quantitatively describe the 

RB condensation and vaporization processes that were taking place 

during the course of the experimental testing. 

temperature sensors were located in the attic under the insulation, on 

top of the insulation under the HRB, and 12 in. above the HRB in the 

attic free air space. All sensors were i n  the same vertical space 

approximately above the center of the great room. 

RH sensors and dry bulb 

Figures 4.15 to 4.17 
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Figs. 4.15 (a-b> Houses N o - 2 ,  No. l - -at t : ic  dry bulb, att ic  dew pcrinC, 
and top of insul-atiorn dew point temperatiares ( D e c  2/5-31>. 
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(b) Hour of; Day / Date 

Figs. 4.16 (a-b) Houses No.2, No.l--at~ic dry bulb, atitic dew p ~ h l : ,  
and top of insulation dew point temperatures 
(Dee. 31-Jan. 7). 
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8 1 2 8 1 2  
: Jan 87 Jan 

(b) How af Day Date 

Figs. 4.17 (a-b) Houses Mo.2, Mo.1--attic dry bulb, attic dew po int ,  
and top of insulation dew point temperatures (Jan. 7-14) 



are presented to help explain and illustrate the condensation/ 

vaporization of moisture under an HRB. 

Figures 4,15(a-b) are time series plots for house No. 2 (46% RH) 

and house N o .  1 ( 5 6 %  RH), respectively, on which the attic air dry 

bulb, top of insulation under HRB dew point, and attic air dew point 

are plotted €or the week between December 24-31. 

dry bulb temperature €or this period was 45.3'F, a relatively warm 

value. Plotting these values shows that conditions should be favorable 

for condensing moisture on the bottom of the HRB whenever the attic air 

dry bulb temperature was less than the dew point temperature at the top 

of the attic insulation under the RE. 

The average outdoor 

Figure 4.15(a) shows that the attic air dry bulb temperature (top 

solid line) did not go below the top of insulation dew point 

temperature (dotted line) until the morning hours of December 29. When 

moisture could form on the bottom surface of the HFS. A visual 

observation (Table 4 . 3 )  confirmed that a light coating of  moisture was 

present under the HRB in house NO. 2. In the afternoon hours the attic 

temperature warmed up and the condensed moisture vaporized from the HRB 
into the attic air. 

temperature (bottom solid line) was below that on the top surface of 

the insulation that a water vapor partial pressure driving force 

existed t o  promote the transport of water vapor from the HRB to the 
attic air through the perforations in the NRB. 

Mote that so long as the attic dew point 

The fact that a water vapor partial pressure-driving force existed 

between the bottom surface of the HRB (assumed to be the same as that 

of the top surface of the attic insulation) and the adjacent attic air 

means that moisture can be transported from under the NRB to the attic 

air at the same time it is condensing on the HKB. 

why condensed moisture does not necessarily accumulate in the attic 

insulation. Also, since vapor pressure is an exponential function of 

temperature, warmer temperatures provide greater driving forces €or 

moisture transport. 

This fact explains 
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The s i z e  and nurnber of  the  holes  i n  a pe r fo ra t ed  BRB provide 

r e s i s t a n c e  t o  moisture mass t r a n s f e r  Prom the MRB t o  the  at-tic a i r .  

Obviously l a r g e r  ho les  (and more of  them) w i l l  reduce t h i s  r e s i s t a n c e ,  

bu t  w i l l  increase  convective heat. t r a n s f e r  from an HRE i n  winter and 

w i l l  increase r ad ian t  hea t  t r a n s f e r  t o  a t t i c  insulation i n  summer. "Phe 

optimum ho le  s i z e  and p a t t e r n  would appear t o  be t h a t  which i s  ab le  t o  

d i s s i p a t e  moisture adequately i n  w i n t e r  and y e t  not  achei-sely a f f e c t  

summertime r a d i a n t  h e a t  t r a n s f e r  reduct ion .  More information must be 

gathered before  an HRB optimum hole  s i z e  conf igura t ion  can be 

suggested.  

Figure 4 . 1 5 ( a )  shows t h a t  condensation occured again j n  house N o .  

2 from about 6 p.m. on December 29 u n t i l  about noon on December 30. 

The outdoor a i r  temperature dropped sharply on December 29 (Fig.  8 . 4  i n  

Appendix B ) ,  causing condi t ions  favorable  fo r  condensation. 

Figure 4.15(b) i s  s i m i l a r  t o  F ig .  4 .15(a)  except that house No. 1 

a t  a h igher  56% RH i s  f ea tu red ,  A comparison o f  the  two p l o t s  sliows 

that  the  dew po in t  temperatlure o n  top of the  i n s u l a t i o n  i n  house No. 1 

w a s  u sua l ly  h igher  than t h a t  i n  house No. 2 .  This means that t he  attic: 

dry  bulb temperature w a s  ab l e  t o  c ross  the  HRB dew p o i n t  l i n e  more 

o f t e n  than i t  could i n  house No. 2 .  This occurrence i s  only l o g i c a l  as 

more moisture w a s  being generated i n  house No. 1. 

Figures  4 . 1 6  (a-b)  covering the  per iod December 31 -JaniiaP-y 7 ,  are 

similar t o  F igs .  4.15(a-b), d i f f e r i n g  i n  that  the average temperature 

during t h i s  week was 29 .g°F,  somewhat co lder  than the  45.3'F o f  the  

previous week. The Tws i n  both houses were similar t o  thosc from the 

previous week when house No. 3. a t  46% and house No. 1 WAS 53% RH. I t  

I s  apparent f r o m  F igs .  4.16(a-b) t h a t  condensation w a s  forming more 

o f t e n  on the HRB i n  both houses than during the  warmer week depic ted  in 

Figs .  4 .15 (a -b ) .  House No. 1 with the  higher  RH shows a g r e a t e r  
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tendency to condense moisture on the HRB than did house No, 2, The 

diurnal nature of the condensing and vaporizing moisture cycle is 

nicely illustrated by Fig. 4.16(a). 

Figures 4.17(a-b) showing data of January 7-14 are also similar to 

the previous two sets of figures, except that the average temperature 

during this period was 22.g°F, much colder than the previous two weeks, 

The plots show that the attic dry bulb temperature was almost always 

below the top of the insulation dew point temperature, so that 

condensation was present continually. Visual observations from Table 

4.3 are in agreement with these data. Note that the humidifier in 

house No. 1 could not maintain a RH above 50% during this period (Table 

4 . 2 ) .  The HRB blotter weight gains discussed in Sect. 4 . 4  were 

extremely high for this week, suggesting that moisture may have formed 
under the HRB faster than it dissipated. This suggests that prolonged 

cold weather conditions similar to those of January 7-14, which are 

common in northern climates, may be a cause for concern if a HRB is 

installed in a humid northern home. 

is definitely recommended. Note, however, that prolonged cold weather 

is unusual for southern locations and that no permanent ill effects 0x1 

our houses were noted during our testing. 

Testing of  k B B s  in colder elimates 

Figures 4.18(a), 4.19(a), and 4,20(a) are plots similar to Figs. 

4.15 to 4.17, except for the week o f  February 4-11. Corresponding 

plots 4.18(b), 4.19(b) and 4.20(b) include the outdoor dry bulb 

temperature as well as the temperature difference (attic dry bulb/top 
insulation dew point) for all three houses. The (b) plots of  these 

three figures make it somewhat easier to see when condensation under 

the HRB occurred, Whenever the temperature difference (attic dry 
bulb/top insulation dew point) becomes negative, condensation can 

occur. Some end effects may he noted in houses No. 1 arid No. 3 for t:he 

beginning of the week, since house N o .  1 was changed from 53% indoor 
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h w  d Day / Date (b 1 

Fig. 4.18 (a) House No.1--outdoor d r y  b d ? ~  temperature, a t t i e  dew 
point, and top of insulat ion dew point temperatures 
(Feb . 4 -  1.1) (b) House No ~ 1 - - ounkdoor d r y  bulb tieaaaperature , 
txrnperature difference (attic dry bulb- - t o p  insulation dew 
point) - 
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(b) 
FLg. 4.19 (a) House No.Z--attic dry bulb temperature, attic dew point, 

and top o f  insulation dew point temperatures (Feb. 4-11) 
(b) House No.2--outdoor dry bulb temperature, temperature 
difference (attic dry bulb--top insulation dew polnt). 

". . . . . . ... 
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F i g .  4 . 3 8  (a) House No.3--attic dry bulb temperature, a t t i c  d e w  point, 
and top of insulacion dew point temperatures (reb. k-11) 
(b) House No.3--outdoor dry bulb temperature, tenspe~ature 
di f ference  (attic dry bulb- -top insulaLion dew point ) - 



57 

to a constant moisture generation of 30 lb/day. Also, house No. 3 had 

the R-19 attic fiberglass batt insulation changed from one with no 

vapor barrier to one with a vapor barrier, and a new HRB was installed 

in house No. 3 .  

The average temperature during the week of February 4-11. was 

29.0°F, very close to the 29.9OF indicated in Figs. 4,16(a-b). 

plots of Figs. 4.18 to 4.20  once again show the diurnal nature of the 

condens€ng/vaporization moisture cycle. The figures also show that 

during normal daily temperature swings moisture tended to condense on 

HRBs at an outdoor temperature of about 30-35'F. 

The (b) 

In summary, the instrument data agree very well with the visual 

observations and the blotter paper weighings. 

revealed condensation on an HRB during periods of cold weather, the 

instrument data also predicted that condensation should be present. 

The psychrometric data collected also clearly showed the diurnal 

moisture cycle and revealed a mechanism for the escaFe of mois'lure from 

under an HRB to the attic air. 

force existed and allowed water vapor to enter the a t t i c  air through 

the perforations and any other open areas (loose edge conneetions, 

etc.) in an HRB. 

about 30-35'F during normal Tennessee winter weather. 

moisture appeared to build up under a HRB in prolonged !;ulsfreezing 

temperatures in humid houses. Caution is suggested before WRBs are 

indiscriminately added to humid houses in cold climaces. 

When visual observations 

A water vapor partial pres5ure driving 

Moisture appeared to begin condensing on an MRB at 

linwever, 

4 . 6  EMISSIVITY HEASuREf4ENTS 

Table 4.5 lists the measured emissivities of samplEs of HRB 

material removed from the Karns test house attics. Samples were taken 

from the attic locations depicted in Fig. 4.21 and were analyzed with n 

Devices and Services Model AE Emissometer, shown in Fig. 4.22. The 

perforations in the HRB appear to add some variability to the readings, 
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Table 4.5 Measurements of emissivity o f  perforated radiant barrier 
SWfaCeS 

Location 
Number 

1 S E  
2 5  
3 s w  
4 NW 
5 N  
6 NE 

_------- 

House # 3  House # 3  House #I Mouse # 2  
HOKIZ INSTALLATION HORIZ INST HORIZ INSTALLATION 
(4 Dec'87 - 3 Febv888)(3 Feb-28 Mas) (4 D e c o 8 8 9  - 2 8  Mar'88) 

Top S i d e  B o t  S i d e  Top S i d e  Top S ide  Top Side  
(EIJ1 ( ElJ 1 (EU) (EU)  ( ElJ 1 -_------ _------- --------.."- ----_--- ____-_-I 

0 . 0 2 0  0.010 0 . 0 3 0  0 . 0 3 0  0 . 0 5 0  
0.020 0.040 0.030 0.040 0.030 

0.050 0 . 0 3 0  0.010 0.010 0 . 0 3 0  
0.020 0 "  010 0.040 0.030 0.030 

0.040 0 .040 0.030 0.030 0.030 
0.040 0.040 0 . 0 5 0  0.040 0 .049 

Note: Unused RB Measured 0.03 Emissivity Units (EIJ) 
A Change of +/-0.02 EU Is Wi.thin Measurement Erro r  

ORNL-DWQ %I- 178 18 

.- ...... r----- 
1 2 

4 5 "  6 I ........ .... ... 

Fig. 4.21 Locations o f  s les taken from horizontal radiant barrier 
for emissivity measurements. 
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- 

Fig. 4.22 Photograpn of an emissometer. 
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but the net conclusion from the results in Table 4.5 is that no 

significant change in emissivity occurred on either surface of the HRB 

material during the course of our testing. 

to adversely affect the underside surface emissivity. 

were monitored that are not recorded here, and they also showed no 

significant degradation. 

Condensation did not appear 

Several samples 

This observation agrees with our conclusions from previous heating 

and cooling season testing, but the same caveat applies here as did 

before. Our tests covered a relatively short four-month period and 

provided no information concerning long-term effects of dust and/or 

airborne pollutants. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

The main conclusion reached from this moisture/radiant barrier 

study at the Karns research houses was that attic moisture appeared to 

go through a diurnal cycle. 

surface of an HRB in cold (below 35OF) weather but could also dissipate 

during a normal winter afternoon in Tennessee, leaving the barrier dry. 

If the weather was continuously in the subfreezing range, all the 

condensation would not dissipate, although it dfd appear to abate 

somewhat during the afternoon. However, our testing showed that the 

moisture cycle occurring on a perforated HRB during a typical Tennessee 

winter did not appear to pose any structural, wet insulation, or 

stained ceiling problems to the Karns test houses, even though the 

houses were operated at higher than normal indoor RHs. 

Moisture could condense on the under 

Another conclusion reached was that a normal range of indoor €3 

for Tennessee Valley houses (at 70°F) in winter is 30-408 N, with the 

median being about 3 6 % .  Houses with indoor RHs above 45% in freezing 

weather are not common, and their windows will contain large amounts of 

condensed moisture during subfreezing temperatures. 

Perforations in HRBs are effective in providing an outlet for 

condensed moisture, although an optimum hole size or pattern was not 

determined. 

diameter of 0.040 in. and an open hole area of  0.46% o f  the total area. 

The vapor pressure of water under an HRB is usually greater than that 

in the free attic air, and this difference provides a driving force to 

convey water vapor from under a barrier into the attic air. We 

recommend perforations in RB material that is used for horizontal 

installations, but we cannot recommend an optimum hole size or open 

hole area. More research is needed in this area. 

The material used in this study had an average hole 
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More moisture condensed on the barrier of a house a t  55% indoor WM 

than on that of a house with 45% RH. end installing 

HRRs in houses with consistent winter indoor His greater than 50% at 

7O0F. 

We do not reco 

A vapor barrier in the attic under the insulation reduced the 

amount of moisture entering the attic. We recommend attic vapor 

barriers in this climate (Tennessee) for attic moisture control. 

Reducing the effective attic ventilation area ratio from lJl50 to 1/300 

did not show any significant change in attic moisture parameters. This 

does not mean that the attic ventilation area is not important, but 

only that a 1/30 ratio may be sufficient for the Karns houses. 

More moisture condensed on barriers in the central portion o f  the 

at:tic than at the periphery. The area over the bathroom, which had 

holes cut f o r  several plumbing vent pipes and a ventilation fan, WRS 

usually the last attic area t o  become dry. Therefore, we recommend 

that holes around vent pipes from a house living area to the att1.c be 

sealed w i t h  a proper sealant. 

of  ceiling light fixtures and venting bathroom fans a t  least to above 

the top of  the attic insulation. 

We also reconmend sealing the perimeter 

The moi-sture content of attic truss members under an HRB started 

at about 7 wt% and reached a maximum value of 11 wt% before returning 

to lower val-ues. Their moisture content did not appear much different 

f rom that 05 those truss members above the barrier. These numbers are 

well below the danger point (28-30%)  for wood fiber saturation. 

We do not recommend extrapolating the observations of t h i s  
experimental work to areas with prolonged periods of subfreezing 

weather. The diurnal moisture cycle under an HRA could be quite 

different in colder climates. Further testing of HRBs in colder 

cl-iinates is recommended. 
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Table A.1 Average values of various parameters durfng t e s t  periods 

H O U S E f l  H O U S E X Z  H O U S E # 3  
00 A i r  00 A i r  S o l a r  W i n d  Sp G r  Rm DB G r  Rm U3 G r  Rm DB Gr Rm WE G r  Rm DB Gr Rm WB 

Dee 06-11 '87 
Dec 11-18 
Dec 18-24 
Dec 24-31 
Dec 31-Jan 07 
Jan 07-Y4 '88 

Jan 14-17 
Jan 19-21 
Jan 21-28 
Jan 28-Feb 04 
F e b  04-11 
Feb 11-18 
Feb 18-25 
Feb 25-Mar 03 
Mar 03-10 
Mar 10-17 
Mar  17-24 

42.8 
40.5 
42.6 
65.3 
29.9 
22.9 
28.8 
50.0 
31.7 
51 -9 
29.0 
32.4 
40.2 
41.3 
SO. 1 
38.3 
50.6 

71 
n 
77 
88 
81 
94 
88 
80 
68 
70 
64 
80 
76 
66 
78 
69 
63 

20.2 1.5 69.1 58.9 69.6 57.3 69.2 
26.1 3.6 69.9 59.5 68.5 56.5 69.5 
16.0 2.3 69.8 59.9 69.0 57.3 69.7 
11 -6 3.3 69.9 59.9 69.0 57.2 69.6 
15.6 3.0 69.6 58.9 69.8 57.5 69.3 
21.3 2.0 69.2 58.2 70.1 58.0 69.1 
24.5 1.0 69.2 59.0 71.5 59.6 69.5 
20.3 3.6 70.0 59.6 71.1 60.8 69.5 
32.0 4.0 69.5 59.3 69.4 57.1 69.1 
20.5 3.5 70.1 60.0 70.4 58.1 69.6 
37.5 1.3 69.7 57.2 69.3 57.3 69.3 
33.6 1.5 69.7 57.2 69.6 57.8 59.3 
35.2 4.1 69.8 58.8 69.9 58.0 69.6 
58.5 3.0 69.8 58.2 69.8 58.0 69.5 
39.6 3.3 70.1 61.1 70.8 58.4 70.0 
60.1 4.4 69.8 58.8 69.8 57.9 69.5 
61.2 3.5 70.6 60.4 71.1 58.8 70.6 

(De9 F) 

57.9 
57.7 
58.2 
57.9 
57.0 
56.6 
58.6 
61.7 
59.1 
61.6 
58.1 
58.9 
59.3 
58.9 
59.2 
59.2 
60.7 

- _ _ - _ _ _  
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Table A . 2  Results of blotter paper weighings at Karns houses 

House 1 - VE 69) o f  B lo t te rs  House 2 - Ut (9) of  B lo t te rs  House 3 - U t  (9) o f  Blot te rs  

1 38-69 41.40 2.80 38.20 39.90 1.70 38.80 40.80 2.00 

2 37.95 40.30 2.35 38.60 40.30 1.70 * 38.00 40.80 2.60 

3 ’ 38.90 40.70 1.80 36.90 40.20 1.30 39.10 40.50 1.40 

House 1 - Ut (g)  of B lo t te rs  House 2 
Location 08-Dec 08-Jan Del ta  (9) 08-5ec 
_ _ _ - _ _ _ -  _ - - _ - -  - - - - - _  _ - - - - - _ - _  - - _ - - _  
Control 39.60 42.35 2.75 39.15 

W t  (g) o f  B lo t te rs  House 3 - Ut  cy) of  B lo t te rs  
08-Jan Del ta  (g) 08-Dec 08-Jan Del ta  (9: 

41.40 2.25 38.70 40.60 2.20 

_ _ - - _ -  - - _ - - _ - - -  - _ _ - _ _  _ _ _ _ - -  - _ _ - _ - - _ -  

39.70 1.50 38.80 41.60 2.80 1 38.60 44.70 6.10 36.20 

2 37.95 43.10 5.15 36.60 42.70 4 - 1 0  ** 38.00 42.30 4.30 

40.80 1.90 39.10 40.30 1-20 3 38.90 41.15 2.25 38.90 

4 38.80 45.40 6.60 ** 38.65 _ _ _ _ _ _ _ -  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ - _ _ - _  _ _ - - _ -  
Avg. ut gain (g/sq f t )  5.03 g/sq f t  
l o t  A t t i c  Gain ( l b  Water)-> 13.29 l b  uater 

House 1 - U t  (g) of  B lo t te rs  
Location 08-Dec 14-Jan Del ta  (g) 

Control 39.60 42.45 2.85 

_ - _ - _ _ - _  _ - _ _ - _  - _ _ _ _ _  _ _ _ _ _ _ _ _ .  

Ut  (g)  o f  B lo t te rs  
14-Jan Delta (g) 

House 3 - Ut (9) of B lo t te rs  
08-Dec 14-Jan Del ta  (39 

38.70 41.70 3.00 

_ _ _ _ _ _  _ _ _ _ _ _  _ _ - - - - - - -  
39.15 42.40 3.25 

38.20 41-60 3.40 

38.60 42.30 3.70 

38.90 42.00 3.10 

38.65 43.40 4.15 ** 
_ - - _ _ -  - - _ _ - -  _ - - _ - - - - _  

38.80 42.30 3.50 1 38.60 43.20 4.40 

2 37.95 43.30 5.35 36.00 40.50 2.50 

3 38.90 45.10 6.20 ** 39.10 40.90 1.80 

4.76 g/sq f t  3.74 q/sq f t  5.00 g/sq f t  Avg. ut gain (g/sq i t )  
l o t  A t t i c  Gain ( l b  Uater)-> 12.60 l b  water 9.89 lb  uater 13.23 l b  water _ _ _ _ _ -  _ - _ _ - _  _ _ - _ - _ _ - _  _ _ _ _ _ _  _ _ _ _ - -  - - _ - - - - _ -  _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ - -  

Notes: - >  House 1 %RH - 53X House 2 %7H - 46% 
= Ut gain was on ly  1.29 a t  1500 on 22-5ec * 

** = Wet s p o t s  on b l o t t e r  
*** = Controls i n s t a l l e d  in  a t t i c  a i r  on 22-Dec 

House 3 %RH - 46% 
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Table A.2 (continued) 

House 1 - Ut (g) of B l o t t e r s  House 2 - Ut (g) of  B l o t t e r s  House 3 - Ut  tg )  of B l o t t e r s  
Location 08-Dec 21-Jan Del ta  (9)  08-Dec 21-Jan Del ta  (g) 08-Dec 21-Jan Del ta  (g) 

Control 39.60 40.80 1.20 39.15 40.00 0.85 38.70 39.50 0.80 

_ - - - _ - - _  - - - _ - -  - - - - - -  - - - - - - - - -  - - - - - -  _ - - _ _ -  _ - _ - - _ - _ _  - - _ - _ _  - - - - _ _  - - - - _ _ _ _ -  

1 38.60 39.40 0.80 38.20 39.00 0.80 38.80 40.35 1.55 

2 37.95 40.00 2.05 38.60 40.20 1.60 38-00 43.00 5.00 

3 ' 38.90 40.10 1.20 38.90 40.10 1.20 39.10 40-25 1.15 

4 38.80 42.10 3.30 38.65 40.80 2.15 38.19 49.00 10.90 ** 

House 1 - Ut (9) of B l o t t e r s  House 2 - Ut (g) of  B l o t t e r s  House 3 - U t  ( 8 )  o f  B lo t te rs  
Location 08-Dec 28-Jan Del ta  (g) 08-Dec 28-Jan Delta (g)  08-Dec 28-Jan Del ta  (g) 

Control 39.60 41.70 2.10 39.15 41.40 2.25 38.70 40.50 1.90 

_ _ - _ _ - _ -  - _ _ - - -  - - - _ _ -  - _ - _ _ - - - -  - -_ - - -  _ _ _ _ - _  _ _ _ _ _ _ _ - -  - _ - - _ _  _ _ - - ^ -  * _ - _ _ - _ _ _  

1 38.60 40.60 2.00 38.20 39.90 1.70 38.80 40.90 2.10 

2 37.95 41.65 3.70 ** 38.60 41.40 2.80 38.00 44.85 6.85 ** 

3 38.90 40.70 1.80 38.90 40.40 1.50 39.10 40.15 1.05 

House 1 - Ut (g)  of B lo t te rs  House i! - Ut (9) of B l o t t e r s  House 3 - U t  (y) of S lo t te rs  
Location OB-Dec 04-Feb Delta (g) 08-Dec 04-Feb Delta (9) 08-Dec 03-Feb Delta (g) 

Control 39.60 41.40 1.80 39.15 40.85 1.70 38.70 40.90 2.20 

_ _ - _ _ _  - _ - - _ _  - - - - - - - - _  - - _ - _ _  _ - - - _ _  ____I___-  - - - - - - - -  _ _ _ - - -  - - - - - -  ----.---- 

1 38.60 40.10 1.50 38.20 39.65 1.45 38.80 41.00 2.20 

2 37.95 39.50 1.55 38.60 40.10 1.50 38.00 41.35 3-35  

3 38.90 40.60 1.70 38.90 40.30 1.40 39.10 41.10 2.00 

Notes: ->  House 1 %RH - 53X House 2 %RH - 46% House 3 "mH - 52% Hucn On 
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Table A .  2 (csntimued) 

House 1 - W t  (g)  of  Blo t te rs  House 2 - U t  (9) o f  B lo t te rs  House 3 - Ut (g)  o f  B lo t te rs  

1 38.60 39.80 1.20 38.20 39.30 1.10 38.80 

2 37.95 39.20 1.25 38.60 40.20 1.60 38.00 

3 . 38.90 39.90 1.00 38.90 39.90 1.00 39.10 

11-Feb Del ta  (g) 

39.40 0.70 

_ _ _ _ _ _  _ - - - - - - - -  

39.30 0.50 

38.70 0.70 

39.40 0.30 

38.73 0.65 
_ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

0.54 g/sq f t  
1.42 l b  water 

_ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

House 1 - U t  ( g )  of B lo t te rs  House 2 - U t  (g)  of  B lo t te rs  House 3 - Ut (g )  of  B lo t te rs  
Location 08-Dec 18-Feb Del ta  (9) 08-Dec 18-Feb Delta ( 9 )  08-Dec 18-Feb Delta (9) 
_ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  ___.__ _______._ _ _ _ _ _ _  _ _ _ _ - _  - .------- 
Control 39.60 40.00 0.40 39.15 39.75 0.60 38.70 38.60 -0.10 

1 38.60 39.15 0.55 38.20 59.05 0.85 38.80 39.10 0.30 

2 37.95 38.70 0.75 38.60 39.90 1.30 38.00 38.40 0.40 

3 38.90 39.90 1.00 38.90 40.30 1.40 39.10 39.35 0.25 

Notes: - >  House 1 H l i m  on 3 Low Sp House 2 XRH 46% House 3 %RH - 52% Faced R-19 
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Table A. 2 (continued) 

House 1 - Ut (8) o f  B l o t t e r s  Hwse 2 - Ut  (g) o f  B l o t t e r s  Hwse 3 - Ut ( 9 )  o f  B l o t t e r s  
Location 08-Dec 25-Feb Del ta  (g) 08-Dec 25-Feb Del ta  (9) 08-Dec 25-Feb Del ta  ( 9 )  

Control 39.60 39.75 0.15 39.15 39.30 0.15 38.70 38.60 -0.10 

_ - - _ - _  __.___ _ - - _ - - _ - -  - _ - - _ -  - - - _ - -  - - - - - - - - -  _ _ _ _ _ _ _ _  - - _ _ _ _  - - - - - -  - - - - - - - - -  

38.60 39.85 1.25 38.20 39.10 0.90 38.80 39.00 0.20 1 

2 37.95 39.15 1.20 38.60 39.90 1.30 38.00 38.45 0.45 

3 38.90 39.60 0.70 38.90 39.50 0.60 39.10 39.25 0.15 

4 38.80 40.60 1.80 38.65 41.00 2.35 38.10 38.75 0.65 

House 1 - Ut (g) o f  B lo t te rs  House 2 - Ut (9) o f  B l o t t e r s  House 3 - U t  ( g )  of  B l o t t e r s  
Location 08-Dec 03-Mar Del ta  (g)  08-Dec 03-Mar Del ta  (9)  08-Dec 03-Mar Del ta  (g) 

Control 39.60 40.10 0.50 39.15 39.50 0.35 38.70 39.10 0 .40  

_ _ _ _ _ _ _ _  _ _ - - _ -  - - _ _ _ _  - _ - - - - - - _  _ _ _ - - _  _ - - - - -  _ _ _ - - _ _ - _  _ _ _ - - -  - - - - _ _  - - - - _ ^ - - -  

1 38.60 39.10 0.50 38.20 38.55 0.35 38.80 39.10 0.30 

2 37.95 38.60 0.65 38.60 39.00 0.40 38.00 38.40 0.40 

3 38.90 39.55 0.65 38.90 39.40 0.50 39.10 39.20 0.10 

House 1 - U t  (g) of  B l o t t e r s  House 2 - U t  (g) of  B lo t te rs  House 3 - U t  (9) of  B l o t t e r s  
Location 08-Dec 10-Mar Del ta  (g)  08-Dec 10-Mar Delta (9) 08-Dec 10-Mar Del ta  (9) 

Control 39.60 40.70 1.10 39.15 39.75 0.60 38.70 39.50 0.80 
_ _ _ _ _ - _ _  _ _ _ _ _ _  - _ _ _ _ -  _ _ _ _ _ _ _ _ _  - - - - - -  _ _ _ - _ _  - - - _ - - - - _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ - _ _ _ _ _ _  

1 38.60 40.00 1.40 38.20 39.00 0.80 38.80 39.80 1.00 

2 37.95 39.70 1.75 38.60 39.40 0.80 38.00 39.05 1.05 

3 38.90 40.35 1.45 38.90 39.80 0.90 39.10 39.65 0.55 

Notes: ->  House 1 H u n  on 6l Lou Sp House 2 50 X Vent %RH - 46% House 3 XRH - 52% Faced R-19 
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Table A .  2 (continued) 

House 1 - Ut (9) o f  B lo t te rs  House 2 - W t  (g) o f  B lo t te rs  House 3 - Ut ( g )  of Blo t te rs  
Location 08-Dec 21-Mar Del ta  ( g )  08-Dec 21-Mar Del ta  19) 08-Dec 21-Mar Del ta  (g )  
_ _ _ _ - - - _  - _ _ - - -  - - _ _ _ -  _ _ _ - - _ _ _ -  _ _ _ _ _ _  _ _ _ _ _ _  ___..____ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  
Control 39.60 39.15 -0.45 39.15 38.35 -0-80 38.70 37.90 -0.80 

1 38.60 38.20 -0.40 38.20 37.70 -0.50 38.80 38.35 -0.45 

2 37.95 37.RD -0.15 38.60 38.30 -0.30 38.00 37.60 -0.40 

3 38.90 38.80 -0.10 38.90 38.50 -0.40 39.10 38.50 -0.60 

House 1 - Ut (g) of B lo t te rs  House 2 - Ut  (g) of Blo t te rs  House 3 - U t  (9) o f  B lo t te rs  
Location 08-Dec 24-Mar Del ta  (9) 08-D~c  
_ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ -  
Control 39.60 39.70 0.10 39.15 

1 38.60 38.73 0.15 38.20 

2 37.95 38.25 0.30 38.60 

3 38.90 39.30 0.40 38.90 

4 38.80 39.25 0.45 38.65 
___.--__ _ _ _ - - _  -__.-- _ _ - - _ _ - - -  - - - - - _  
Avg. ut gain (g/sq f t )  0.32 g/sq f t  
Tot A t t i c  Gain ( l b  Water)-> 0.86 l b  water 

38.10 -0.10 38.80 

38.60 0.00 38.00 

38.95 0.05 39.10 

38.75 0.10 38.10 
_ _ _ _ _ _  _ _ _ - - _ _ - -  _ _ _ _ - _  

0.01 g/sq f t  
0.03 lb  water 

24-Mar Del ta  ( g )  
_ _ _ _ _ _  _ _ _ _ _ _ _ _ _  
38.60 -0.10 

38.80 0.00 

38.10 0.10 

39.05 -0.05 

38.20 0.10 
_ _ _ _  _ ._______ 

0.04 g/sq f t  
0.10 lb  kiater 
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Fig. B.l Weather data (Dec. 4-11, 1987). 

..... F . . . . . . . . . . . ..... 
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Fig. B . 2  Weather data ( D ~ c .  11-18, 1987). 
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Fig. B . 3  Weather data ( D e c .  18-24, 1987). 
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F i g .  B.4 Veather data (Dee, 24-31, 198-1). 
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[ID X RELAT I VE HUN I D I T'C 

1 6 

Fig. B.5 Weather data (Jan. 1-7, 1988) .  



Fig. B . 6  Weather data (Jan. 7-14, 1988). 



a i  

OD TEMPERATURE 

Fig. B.7 Weather data (Jan. 14-21, 1988). 



OD TEMPERATURE 
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Fig. B . 8  Weather data (Jan, 21-18, 1988. 
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OD % RELATIVE HUMIDITY 

Fig. B.9 Weather data (Jan. 28-Feb. 4, 1988). 
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OD % RELOT I VE HliM I ll I T'r' 

Fig. B.11 Weather data (Feb. 11-18, 1988). 
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$0. 

(Feb. 18-25, 1988). 
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OD TEMPERATURE 

Fig. B.13 Weather data (Feb. 25-Mar. 4, 1988). 
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ORNL-DWG 86-7845 

NOTE: ALL MATERIALS 
2 x 4 WOOD CONSTRUCTiON 
3% in. x 1Y2 in. 5 - y  

PITCH 

Fig. G . 3  Typical Karns house attic truss. 
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Table C.1 Additional construction details on K a r n s  houses 

ADDITIONAL INFORMATION ABOUT KARNS HOUSES 

ROOF 

Roof Pitch : 12 Horizontal, 5 Vertical 
Type Construction : Asphalt Shingles (Brown, Std Seal-Tab,240#) 

Overhang : 12 in. 

15# Felt 
1/2 in. CD Plywood Sheathing 

EXTERIOR WALLS 

Type Siding : 8 in. Horizontal Hardboard Siding 
15# Felt 
1/2 in. Sheathing 
2x4 Studs @ 16 in. on Center 
1/2 in Gypsum Board 
R-11 Fiberglass Batt Insulation 

CEILING DETAILS 

Construction : 1/2 in. Gypsum Board 
Wood 2x4 Trusses @ 24 in. on Center 
Fiberglass Batt Insulation (R-value varies) 

FLOOR DETAILS 

Construction : 1/2 in. CD Plywood Sub-Floor 
2x12 Floor Joists @ 16 in. on Center 
R-19 Fiberglass Batt Insulation 

ATTIC VENTILATION 

: Eight 8x16 in. Soffitt Vents ( 4  Front, 4 Rear) 
Two Base Louver Gable Vents (8.83 Sq Ft Area) 

CRAWL SPACE VENTILATION 

: Five 16x8 in FON Vents (Always Closed) 
Polyethylene Sheeting over Dirt Floor 

ATTIC DUCTING 

Type : None 

SHADING 

Type : None - No Trees or Other Tall Structures 
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Table C.2 Description of instrumentation at Karns house No.2 

Channel Slot Instrumentation Information 

000 
001 
002 
003 
004 
005 
006 
007 
008 
009 

010 
011 
012 
013 
0 14 
015 
016 
017 
018 
0 19 

020 
02 1 
022 
023 
024 
025 
02 6 
027 
028 
029 

030 

039 

04 0 
04 1 
042 
04 3 

049 

I 

I 

001 TE-014 
002 TE-082 
003 TE-083 
004 RE-070 
005 TE-081 
006 HFT3 
007 TE-087 
008 HFM3 
009 TE-089 
010 TE-001 

011 TE-002 
012 HFTl 
013 HFMl 
014 HFT2 
015 HFM2 
016 TE-026 
017 TE-028 
018 RHM2 
019 RHM2T 
020 TE-033 

021 TE-034 
022 TE-035 
023 RT1 
024 TE-037 
025 TE-038 
026 TE-039 
027 XE-044 
028 XE-043 
029 RHMlT 
030 RHM3T 

HWI ME-040 
HWI ME-041 
HWI ME-042. 

Location and/or Description 

Outside Air Temp (Rear) 
Great Room Wet Bulb 
Great Room Dry Bulb 
Pyranometer (Horiz Solar) 
Hall Ceiling Under HMFl 
Under Insulation at HFM3 
#2 Bedroom Dry Bulb 
Ht Flux Mtr #3 - Ctr Gr Room 
#3 Bedroom Dry Bulb 
Crawl Space Air Temp 

Crawl Space Earth 6 in 
Ht Flx Mtr #1 Temp 
Ht Flux Mtr #1 - Hall T'stat 
Heat Flux Meter #2 Temp 
Ht Flux Mtr #2 - BR #1 
Outside Earth 36 in 
Hall Closet (Carpet Top) 
RH Mtr #2-Top Ins (Under RB) 
Temp at RHM2 
Garage Inside Wall 

.............................. 

Great Room Wall 
Kitchen Air 
Roof (Under Shingles) 
Attic Top of Insulation 
Attic Top of Foil 
Attic Air Above Foil 
Wind Direction House #2 
Wind Speed (House #2 Only) 
Attic Air Temp over RHMl 
Temp in NE Corner Under GR Ins 

Channels 
not 
Used 

Outside Relative Humidity 
Crawl Space Re1 Humidity 
Hallway Relative Humidity 

Channels 
not 
Used 

Accuracy 
Range (+ or - )  ----------- 

0-200 F 
0-200 F 
0-200 F 
0-500 BTUSF 
0-200F 
0-200 F 
0-200 F 
100 BSFH 
0-200 F 
0-200 F 

0-200 F 
0-200 F 
100 BSFH 
0-200 F 
100 BSFH 
0-200 F 
0-200 F 
20-95 % 
0-200 F 
0-200 F 

0-200 F 
0-200 F 
0-200 F 
0-200 F 
0-200 F 
0-200 F 
0-360 DEG 
0-30 MPH 
0-200 F 
0-200 F 

10-95 % 
10-95 % 
10-95 % 

--e--- 

1F 
1F 
1F 
3% 
1F 
1F 
1F 
5% 
1F 
1F 

1F 
1F 
5% 
1F 
5% 
1F 
1F 
5% 
1F 
1F 

1F 
1F 
1F 
1F 
1F 
1F 
5% 
5% 
1F 
1F 

5% 
5% 
5% 



Channel. S l a t  Instrumentation Information Accuracy 
Number Number Number Location and/or Description Range (4- or -) 

050 
051 
052 
053 
054 
055 
056 
057 
058 
059 

060 
061 
062 
063 
864 
065 
066 
067 
068 
069 

070 
07 1 
072 
073 

6 3  1 
032 
033 
034 
035 
036 
037 
038 
039 
040 

Hwlc 
H W I  
€MI 
HWI 
IiwI 
HWI 
m u  
H W I  
HWI 
Hws: 

HWI 

HWI 
HWI 

--- 

------ --------------------_____CIIo__________ 

RHM1 A t t i c  Air RH Mtr #I 10-95 % 
RHM3 NE Corner Under Ins RHM # 3  10-95 % 

Not .  U s e d  -I---- 

NQt Used ----I- 

TE-031 WP Indoor Unit. Return Air 0-200 P 
TE-032 MP Indoor Unit Supply A i r  0-200 F 
TE-027 Thermostat (Hall Air) 0-200 F 
TE-023 Front Ent Outside Air 0-200 F 

Not Used 
Not Used 

------ ------ 
------ Compressor cycles - 
JE-060 Total House W - k  - 
JE-061 Total Heat Pump W-h - 
JE-062 Total Resistance W-h - 
JE-063 H P  Defrost/Cooling Run Time - 
JE-064 HP Heating Run Time - 
JE-065 H P  DeEroSt/C!oOling W-h - 
SE-066 HP Heating W-h - 
JE-067 Resistance Defrost W-h - 
JE-068 Resistance N O L - K I ~ ~  W-h - 
JE-069 S e n s i b l e  Hent /Coo l  Delivered - ------ Damaged Channel - 
-e---- Water Added to Humidifier 0 

------ Resistance Run Time - 

-------- 
5% 
5 %  

1F 
1F 
1F 
1F 

< . 5 %  
<.5% 
< . 5 %  
<.5% 
1 Sec 
1 See 
<. 5% 
<.5% 
< .5% 
< .5% 

2% 

2% 
1 Sec 
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INTERNAL DISTRIBUTION 

1-10" W. P. T..evins 
11-20. M. A .  Karnitz 

21. W. Fulkerson 
22. R. B. Shelton 
23. T. J. Wilbanks 
2 4 .  R .  S. Carlsmith 
25. M. A. Kuliasha 
26. W. R. Mixon 

46. 

47. 
4 8 .  
49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 
57. 

58. 

53. 

6 0 .  

61. * 

62. 
63. 

27-36. 
37" 
38 e 

39. 
40. 
41. 

42-44. 
45 

C. L. Brown 
D. E. Reichle 
E. T. Rogers 
OWL Patent Office 
Central Research Library 
Document Reference Section 
Lab or at o ry Records 
Laboratory Records - RC 

A. Adams, Solar Energy Applications Laboratory, Colorado State 
University, Fort Collins, CO 80523 
R. Akers, Roy and Sons, 661 E .  Monterey Ave., Pomotia, CA 91767 
F. Arumi-Noi, University of Texas, Austin, TX 78756 
Sam Ashley, Public Service Company of Oklahoma, P . O .  Box 867, 
Owasso, OK 74055 
T. Ashley, Devices and Services Company, 10811 Dennis Road, 
Suite 4 0 5 ,  Dallas,  TX 75229 
G. L. Askew, Tennessee Valley Authority, SP 2s 5 1 D - C ,  
Chattanooga, TN 37402-2801 
Larry J .  Augustine, U.S. Army Corps of  Engineers, 
P . 0 ,  Box 4 0 0 5 ,  Champaign, IL 61820 
L. Aulisio, Celotex Corporation, 1500 North Dale Mabry Highway, 
Tampa, FL 33607 
E. L.  Bales, New Jersey Institute o f  Technology, School of 
Architecture, 323 High Street, Newark, NJ 07102 
K. R .  Barnes, Oklahoma Gas and Electric Company, P.O. Box 321, 
Oklahoina City, OK 73101 
T. Becker, Alumax Company, P.O. Box 4515, T,ancaster, PA 17604 
F. E. Bitting, Director, Research and Development, Lamtec 
Corporation, P.O. Box 3 7 ,  Flanders, NJ 07836-0037 
J. J. Boulin, U.S. Department of Energy, Conservation and 
Renewable Energy, CE-131, FORSTL, 1000 Independence Ave., S.W., 
Washington, D.C. 20585 
T. W. Bradley, P . E . ,  Atlanta Gas Light Company, P.O. Box 4569, 
Atlanta, GA 30302 
Glenn Brower, Marketing Manager, Knauf Fiberglass, 240 
Elizabeth St., Shelbyville, IN 46176-1496 
J. Buddin, Manager, Residential Conservation Program, Florida 
Power Corporation (C-2-D), 3201 34th Street South, St. 
Petersburg, FL 33733 
C. Bullock, 3321 Pines Road, Shreveport, JA 11119 
G. S .  Cannon, Santee Cooper Utility, Drawer 2 1 3 4 ,  Myrtle Beach, 
SC 29577 
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64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

T. Carlson, Owens-Corning Fiberglas, Building G-20-1, 
Granville, OH 43023 
A. Carter, Boston Edison Company, 900 Boylston Street, Boston, 
KA 02199 
J. R. Carter, Worry County Council of Architects, P . O .  Box 172, 
Myrtle Beach, SC 29577 
G. Douglas Carver, Tennessee Valley Authority, SP 3N 61A-C, 
Chattanooga, TN 37402-2801 
S .  Chandra, Florida Solar Energy Center, 300 State Road 401, 
Cape Canaveral, FL 32920 
Liz Chase, Tennessee Valley Authority, W4 C1 4 3 C - K ,  
Chattanooga, TN 37402-2801. 
W. Chinn, Manager, Marketing Programs, Florida Power and Light 
Company, P.O. Box 029100, Miami, FL 33102 
J. F. Clark, Southern States Energy Board, 2300 Pcachford Road, 
One Exchange Place, Suite 1230, Atlanta, GA 30338 
J. J. Cuttica, Vice President of Research and Development, Gas 
Research Institute, 8600 W. Bryn M a w  Avenue, Chicago, IL 
60631 
Judy Driggans, Tennessee Valley Authority, SP 2s 55D-C, 
Chattanooga, TN 37402-2801 
Gautum Dutt, Princeton University Center for Energy and 
Environmental Studies, Princeton, NJ 08544 
G. H. East, Jr,, Mississippi Power Corporation, 2992 W. Beach, 
Gulfport, MS 39501 
W. M. Edmonds, Owens-Corning Technical Center, P.O. Box 415, 
Building 7201, Granville, OH 43023 
W. Edmunds, Owens-Corning Fiberglas, Building G-20-1, 
Granville, OH 43023 
W. P. Ellis, Standards Consultant, 754 Rob-Rea Lane, Harleys, 
PA 19438 
P .  Fairey, Florida Solar Energy Center, 300 State Road 401, 
Cape Canaveral, FL 32920 
D. Farmer, Weatherization Program Specialist I Tennessee Dept . 
of  Human Services, 400 Deaderick, 14th Floor, Nashville, TN 
37219 
A .  P. Fickett, Director, Electric Power Research Institute, 
3412 Hillview Avenue, Palo Alto, CA 94303 
C. Fowlkes, Fowlkes Engineering, 31  Gardner Park Drive, 
Bozeman, MT 59715-9296 
E. Frankel, House Committee on Science and Technology, Kayburn 
Building, Room 2320, Washington, D.C. 20515 
Ernest C. Freeman, Dept. of  Energy, CE-133, FORSTL, 
1000 Independence Avenue, S.W., Washington, D.C. 20585 
Jim Gardner, Division of Weatherization, Dept. of Energy, 
CE-232, FORSTL, 1000 Independence Avenue, S.W., Washington, 
D.C. 20585 
P. S .  Gee, North Carolina Alternative Energy Corp., 
P.O. Box 12699, Research Triangle Park, NC 27709 
J. Genzer, E s q . ,  Staff Associate, Comictee on Energy and 
Environment, National Governor’s Association, 444 North Capitol 
Street, Washington, D.C. 20001 
W. Gerkin, Dept. of  Energy, CE-131, FORSTL, 1000 Independence 
Avenue, S.W., Washington, D.C. 20585 



89. 

90 .  

91. 

9 2 .  

9 3 .  

9 4 .  

9 5 .  

9 6 .  

9 7 .  

98. 

99  - 103 

104. 

105,  

106. 

107. 

108. 

109. 

110" 

111. 

112. 

113 e 

114. 

115. 

116. 

117. 

C. F. Gilbo, Editor-in-Chief, Journal of Thermal Insulation, 
201 E. Ross Street, Lancaster, PA 17602 
M. Gorelick, U.S. Dept. of Energy, CE-131, FORSTL, 
1000 Independence Avenue, S.W., Washington, D.C. 20585 
J. Gregory, Carolina Power and Light Co., P.O. Box 1551, 
Raleigh, NC 27602 
T. Grether, Owens-Corning Fiberglas, 23rd Floor, Fiberglas 
Tower, Toledo, OH 43659  
R. Griffin, Edison Electric Institute, 1111 19th Street, N.W., 
washington, D.C. 20036 
E. I .  Griggs, Tennessee Technological University, 
P.O. Box 5014, Cookeville, TN 38505 
R .  Groberg, Dept. of Housing and Urban Development, 452 7th 
Street, S.W., Washington, D.C. 20410 
R .  A. Grot, Thermal Analysis, National Bureau of Standards, 
Bldg. 226, MS BR8306, Washington, D.C. 20234 
J. S .  Gumz, Pacific Gas and Electric Company, 77 Beale Street, 
§an Francisco, CA 94106 
J. K .  Hagan, Jim Walter Research Corporation, 10301 Ninth 
Street North, St. Petersburg, FL 33702 
James Hall, Tennessee Valley Authority, Power Control Center, 
Chattanooga, TN 37402-2801 
B .  J. Harris, Central and Southwest Corporation, 2 1 2 1  San 
Jacinto Street, Dallas, TX 75266-0164 
L. Harris, Assistant Commissioner for  Administration, Tennessee 
Dept. of Human Services, 400 Deaderick, lbth Floor, Nashville, 
TN 37219 
D. T. Ilarrje, Princeton University, Center f o r  Energy and 
Environmental Studies, Engineering Quad, Princeton, NJ 08544 
Jack Haslam, Dept. of Community Affairs, Division oE Housing 
and Community Development, 2571 Executive Center Circle East, 
Tallahassee, FL 32301 
R .  Hauser, Hauser Laboratories, 5680 Central Avenue, 
P.O. BQX G, Boulder, CO 80306 
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