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During a period of several years, Honeywell has been studying res iden t ia l  heating and 
cooling systems in great  deta i l .  The measurement of i n f i l t r a t i o n  r a t e s  is  an important part 
of t h i s  program. Humidification is  a l so  of major in te res t  in t h i s  systems project. During 
the  course of t h e  work an unexpected corre la t ion between i n f i l t r a t i o n  and ins ide  re la t ive  
humidity emerged. After t h i s  was noticed, some t e s t s  f o r  t h e  next year were designed t o  
study t h i s  specific hypothesis. Therefore, the  two-year study was not a s  rigorous as  one 
designed f o r  t h e  purpose a t  the  outset. The observed r e s u l t s  are  being offered here because 
they indicate a s ignif icant  energy saving benefit  from increasing re la t ive  humidity above 
t h e  normally low winter indoor RH. This is  an important consideration i n  the  general subject 
of humidification especially with the  need f o r  energy conservation. 

It is  t h e  authorst hope tha t  others w i l l  perform corroborating experiments in the  
future. 

TEST RESIIIENCE AND INSTRUMENTATIOE 

Details of t h e  house and surroundings used i n  the  i n f i l t r a t i o n  study a re  shown in Figures 1, 
2, and 3. The qual i ty  of workmanship i n  the  house is  considered good. It is  heated by a 
f orced-air-natur'al-gas-f i r ed  heating unit of 80,000 ~ t u / h o w  (23,400 Watt ) capacity. Cooling 
i s  provided by an air-cooled remote a i r  conditioning unit. 

The house is located 1.5 miles (2,4OCm) west of t h e  o f f i c i a l  weather s t a t ion  a t  the  
~ i s k e a ~ o l i s ~ a i n t  Paul International a i rpor t .  The c loser  half of t h a t  distance i s  f i l l e d  
with a typ ica l  suburban developnent of single s tory  houses and immature t r ees ,  The remainder 
of t h e  distance i s  a i rpor t  buffer zone. 

The house was equipped with a weather s t a t ion  t o  permit determination of exact loca l  
conditions which a re  used in t h i s  report. Weather records from the  o f f i c i a l  weather s t a t ion  
were a l so  obtained f o r  reference, An aneomometer and weather vane measured wind speed and 
direction.  Tenperature was determined by a resistance bulb i n  a venti lated white enclosure 
mounted on a post extending above the  roof of the  house. Outdoor re la t ive  humidity was 
obtained from the  o f f i c i a l  weather s ta t ion.  Indoor re la t ive  humidity was measured using a 
laboratory resistance-type sensor. 

When possible, weather data measured a t  t h e  h ~ i l s e  was used fo r  the  study. During the  
f i r s t  experiments (before the  house weather s t a t i o n  was in operation) only o f f i c i a l  weather 
bureau data  was available. Subsequent experimental data provided matching pairs  of o f f i c i a l  
and l o c a l  weather. A correlation of wind speed, direction,  and a i r  temperature was computed 
and used t o  estimate l o c a l  weather conditions f o r  the  f irst ,  experiments. A good corre la t ion 
was obtained with temperature but wind speed and di rect ion were apparently modulated i n  a 
complex fashion by surrounding t r e e s  and buildings resul t ing i n  only f a i r  correlation.  
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Helium i s  commonly used as  a t r a c e r  gas in i n f i l t r a t i o n  studies.  ( l )  A llresidual 
i n f i l t r a t i o n w ,  e cess of the  actual ,  under no wind o r  temperature s t r e s s  i s  found when 
helium i s  used18 i3 f  caused by the  mobility of helium combined with the  concentration gradients 
during the  studies.  Gases with greater  molecular weight generally produce lower "residual 
i n f i l t r a t i o n w .  Chlorothene (h Chemical's l ,l ,l-tri orethane) was chosen a s  the  t r a c e r  M gas f o r  these  s tudies  because it i s  readi ly  measured by an hexpensive continuous 
instrumental method and is  l e s s  toxic than other chlorinated solvents of similar  molecular 
weight. Its molecular weight is 133 compared t o  a i r  a t  29 and helium a t  4. An undesirable 
s ide  e f fec t  from using Chlorothene i s  corrosion of the  hot heat exchanger surfaces. 

TEST PROCEDURES AND RESULTS 

The i n f i l t r a t i o n  r a t e  ( a i r  changes/hour) was determined by observing the  decrease r a t e  of 1 

Chlorothene concentration in the  house. Wing the  s tudies  the  furnace fan was on continuously 
and the  heat was on the  normal demand cycle governed by the  thermostat. The house was 
unoccupied but under otherwise normal conditions. Up t o  February 26, the  house was a l s o  
unfurnished. Before each t e s t  Chlorothene was sprayed on the  furnace f i l t e r  i n  the return-air 
duct, a s  shown i n  Figure 4. Spraying was stogp2d when the  desired concentration (up t o  400 
par t s  per mill ion) wes reached, and a half-hour equi l ibra t ion time allowed before the  t e s t  
was begun. The normal a i r  flow from the  furnace fani mixed the  Chlorothene and a i r .  

The Chlorothene concentration was measured with a Davis Halide Meter located near the  
center of the  main f l o o r  i n  the  kitchen. This meter is  shown i n  Figure 5. Samples were 
drawn from six locations by a manifold. Sampling tubes were approximately 6 inches (15 cm.) 
from the  f loor  in the  center  of the  kitchen,  l iv ing  room, and each bedroom. Another tube was 
near the  center  of t h e  unfinished ce i l ing  i n  the  basement and a s i x t h  i n  the ve r t i ca l  section 
of t h e  furnace re tu rn  duct, positioned horizontally about 6 f e e t  (2 m) above the f loor .  This 
duct tube was of perforated brass t o  average conditions in the  duct. Ear l i e r  experiments 
with an open tube revealed variat ions i n  Chlorothene concentrations across the  duct. 

A complete s e t  of data was collected from the  six sampling points in 5 minutes, After 
allowing 50 seconds f o r  purging the  tube and eqvil ibrat ion,  t h a t  reading was taken and 
process continued foi6 all six tubes. 

h t a  was collected sequential ly f o r  a t  l e a s t  one (1 )  hour a f t e r  passing the 30(? ppm 
(par t s  per mill ion) Chlorothene concentration level .  Data from each locat ion was graphed 
semilogarithm c l y  with t h e  t o  determine the  i n f i l t r a t i o n  r a t e  fo r  each area. 
The formula, t 5 f  

--l 

I I was used, 

where 

I = i n f i l t r a t i o n  r a t e ,  a i r  changes per how 

t time i n  hours 

C = Chlorothene concentration, pm 

where t2-tl = l hour, Cl = 300 ppm a t  'cl ( a rb i t r a ry  s t a r t i n g  point ) ,  and C2 i s  the concentration 
, -' 
of Chlorothene one hour a f t e r  300 p p .  The squa.tion reduces to ;  

A l l  i n f i l t r a t i o n  r a t e s  were cdcula.ted from t h e  curves in the  same manner. I n  each of 
.%he experiments in f i l t r a ' i ion  rates fcr a l l  samplbg locationf were identt:',e&L w i t h k  55, The 
average i n f i l t r a t i o n  val-des wede used and a re  recorded h t h e  Tebla of &&a, Ewly  a q e s L ~ e n t s  
were performed without indoor rela%ive humidity data Sut t h e i r  V ~ ~ U B S  could be est%n?at'ld from 
'data' obtained i n . l b t e s  e x p - r h e t ~ t s  based upon humidifies operatt-on and r>ecen3; h is tory  of 
>' - , outdoor temperature and humidity Time (date)  was found i;c be an himpos%ant fac tcr  i u e  t o  t P e  
' high RH-inertia of the  house. 



DISCUSSION OF mULm 
The initial purpose of these experiments was t o  model the  i n f i l t r a t i o n  charac te r i s t i c s  of the 
house f o r  use in other studies. The re la t ionship  was expected t o  have the  form 

A B  Do - 
where I is the  observed i n f i l t r a t i o n  r a t e ,  V is  the  wind speed, T and Ti a re  the  absolute 
outdoor and indoor temperatures, and A ,  B, and C a r e  constants. ?This i s  sometimes approxi- 
mated I P: A + BV + CAT) 

Regression analysis  of the  data showed a very poor corre la t ion but a trend indicating the  
physical propert ies of the  house were changing resu l t ing  in changes in the  constants A ,  B,  and 
C. The pr inciple  influence appeared t o  be time or  t h e  chronological order i n  which the  
experiments were run. Later it became evident t h a t  the  time dependent variable was the  moisture 
content of the  wood. The absolute humidity i n  the  house was affected by weather conditions 
and humidifier operation. 

After  t h i s  hypothesis was made, s t a r t i n g  with the  experiment of February 20, 1963, indoor 
RH measurements were made. In  those experiments f o r  which indoor RH data was not available a 
log ica l  time - based RH s h i f t  was assumed. I n  a l l  cases the  RH was converted t o  absolute 
humidity expressed a s  p a r t i a l  pressure of water vapor i n  mm of mercury units, 

The term %ase i n f i l t r a t i o n  ra tew is  defined a s  the  i n f i l t r a t i o n  which r e s u l t s  from 
diffusion a f t e r  wind speed and temperature difference a r e  reduced t o  zero. This term which 
represents the  leakiness of the  house a l so  ac t s  as  a mul t ip l ier  on the  constants B and C 

7 --W 

where I, is  the  base i n f i l t r a t i o n  ra te .  

The constants A ,  B, and C were determined from the  data  obtained from February 23, 1963 
t o  February 26, 1963. The most accurate method of determining these constants i s  t o  perform a 
dFrect regressional  analysis  on the  non-linear relat ionship.  Due t o  the  enomous volume of 
computation required f o r  t h i s  model, a l i n e a r  approximation was chosen. A l b e a r  r e  ression 

3600 
5 analysis  produced approximations f o r  the  constants A ,  B, and C. I = I. ( 1  + 0.0354V + 

+i] ) where V is  i n  miles per hour and T is  in absolute degrees Fahrenheit 

( I  I. ( 1  + 0.0137$! + 2000 - $1 ) where V is  in Krn/hr. and T i s  i n  degrees ~ e l v i n . )  
L" '-A 

Then t h e  influence of wind and temperature difference were eliminated from the  model and 
the  data. The resu l t ing  curve re la t ing  base i n f i l t r a t i o n  (I,) t o  equilibrium wood-water vapor 
pressure ( ~ e )  is shown in Figure 6. 

Figure 7 i l l u s t r a t e s  the  trends of the  above data-set during the  period of increasing 
r e l a t i v e  humidity and resul t ing increasing wood-water vapor pressure. Note t h a t  a f t e r  t h e  RH 
changed, the  t o t a l  and base i n f i l t r a t i o n  rate,s decrease and approach l imi t ing values and the  
wood-water vapor pressure approaches i t s  l imft .  

A s  s t a t ed  above, the  dimensional changes of t h e  hygroscopic building materials (primarily 
lumber) could be responsible f o r  the  changes in base i n f i l t r a t i o n  ra te .  Moistwe content of 
these materials  under equilibrium conditions i s  dependent upon ambient absolute humidity. 
Tho moisture content, in turn ,  determines the  dimensions of the  lumber. The following analysis 
is made t o  support t h i s  hypothesis, 

Free water i n  lumber, in excess of f i b e r  sa tura t ion,  may vary from 25 t o  300 per cent 
without s ignif icant  e f fec t  on dimensions. Water bound i n  wood f ibe r s ,  however, has a profound 
e f fec t  on dimensions. 



When drying from reen lumber t o  the  air-dry condition, f i r  o r  pine shrinks dimensionally g by these percentages ( 1: 

Tangentially ( t o  the  growth ring) 2.1 - 7% 
Radially 1 - 4.2% 

Longitudinally 0.05 - 0.1% 

And t h i s  amount of shrinkage roughly doubles when lumber reaches the  completely dry condition. 
Note tha t  longitudinal dimension changes are  re la t ive ly  insignificant.  

The equilibrium moisture content and shrhkages  from the  green condition fo r  f i r  and pine 
are (798): 

Relative humidity a t  70°F1 1 0  2 0 3 0 40 

Equi3-ibrium moisture content, $ 3 4.5 6 8 

Shrinkage, $ of green ( rad ia l )  4.3 4.1 3.8 3 04  

Shrinkage, $I of green (tangential)  6 5.7 5 S3 4.7 

Response time fo r  such shrinkage i s  affected by the  degree of vapor-sealing from paint ,  
varnish, p las ter ,  stucco, or  other covering. From the  data,  a time constant of t e n  (10) days 
was calculated. 

I n  sh i f t ing  from 20 t o  40 per cent r e la t ive  humidity, therefore, the  wood's r ad ia l  
dimension increases 0.7 per cent and t h e  tangent ia l  dimension as  much as  one per cent. The 
longitudinal dimension changes only 0.025 per cent,  a s  calculated by comparing the  data from 
references 6 ,  7, and 8. 

In window construction and mounting t h e  net r e s u l t  of swelling is  d i f f i c u l t  t o  analyze, 
In a simple way, consider the  dimensional changes t h a t  might occur i n  a double-hung window 
uni t  shorn in Figure 8,  as the  re la t ive  humidity increases from 20 t o  40 per cent,  
Longitudinal dimensional increase of wood: 

3 0" = 0.C#)75vr (76 cm 0.019 cm) 
This dimensional change i n  the  window unit would be nearly cancelled by a similar change 
the  window framing lumber. Average rad ia l  and tangent ia l  dimensional.increase, each member 

= 0.043 cm) 

This increase w i l l  be bound within the  longitudinal  dimensions of the  frame. The net 
dimeasional increase across the  window is: 

2 (0.017") = 0.034t8 (2 (0.043 cm) = 0.086 cm) 

The crack width wound windows is  usually assumed t o  be 3.04lf ( l )  (0.1 cm) f o r  a normal 
window unit .  Therefore, the  calculated dimensional increase, applied equally t o  each s ide  of 
t+he window unit, would cut the  wondow crack dimension approximately in ha l f ,  proportionally 
decreasing t h e  i n f i l t r a t i o n  r a t e  around t h i s  window. Weatherstripping complicates t h i s  
analysis, 

The w a l l  sections in which the windows a re  mounted would a l so  be expected t o  swell. This 
added swelling i s  predicted t o  ba small since the  w a l l  framing lumber is  protected by reasonably 
good vapor barr iers .  The e f fec t s  of outdoor RH versus M o o r  RH and outdoor temperature versus 
indoor temperature on the  cross-sectional wood moisture gradient are  not included in t h i s  
analysis. However, the  83am:- ; ~ h c i p l e s  of decreased i n f i l t r a t i o n  a t  high outdoor RH would 
apply t o  the  out8er rnembk , oP rlndow frames and storm windows. Therefore, variat ions in out- 
door hCH are  expected .to have an effect  on W i l t r a t i o n  also,  

The sralues used Po. a ~ a f d i t y  variat ions and crack widths i n  the  example are  cons~dered 
typical  Y thgs stui , ,  Comparison of' measured i n f i l t r a t i o n  data before and a f t e r  humidffi- 
cation ?*:_p pllesuldCs ~ 5 m i . l ~ ~ ~  t o  those predicted by the  analyt ical  treatment. 



It should a l so  be noted , that  the  e f fec t  of humidity will be proportionately more 
pronounced f o r  t h e  t i g h t e r  window and door structures.  I f  a residence is  very poorly f i t t e d  
and weatherstripped t h e  percentage change in crack width due t o  t h i s  ef fect  i s  expected t o  be 
much less .  

CONCLUSIONS 

The study indicates tha t  increasing the  inside r e l a t i v e  humidity can s ignif icant ly  reduce 
i n f i l t r a t i o n  of outside a i r  during t h e  heating season, thereby reducing heating requbernents 
and costs. The heat l o s s  from i n f i l t r a t i o n  was reduced by up t o  50 per cent in these 
experiments, In a typical  house, i n f i l t r a t i o n  can represent approximately one-fourth the  t o t a l  
heat loss ,  Applying a tolerance t o  these estimates, this means that increasing t h e  RK from 
20 t o  4% is predicted t o  save from 5 t o  15 per cent on f u e l  costs during an average heating 
season. The energy penalty t o  evaporate humidification water i s  not considered i n  t h i s  
analysis due 'bo the  va r iab i l i ty  Sn water requirements and t h e  multitude of sources of t h i s  
water: humidifier, cooking, washing, etc.  

A s  addit ional  benef i ts  of humidification, damage t o  furniture,  books, clothing, and  
leakher goods caused by dryness can be reduced. Also, personal discomfort due t o  s t a t i c  
e lec t r i c i ty ,  dry hai r ,  skin  and respira tory  passages can be reduced. 

ASHRAE(~) reports indicate tha t  r a i s ing  the  re la t ive  humidity permits a s l i g h t l y  lower 
a i r  temperature and thus a s l igh t  savings in heat requirements. More importantly, a comfort 
benefit  with increased ins ide  re la t ive  humidity should accrue due t o  reduced i n f i l t r a t i o n  
This i s  expected t o  be i n  the  form of reduced cold d r a f t s  and be t t e r  temperature uniformity in 
the  residence. 

Persons attempting t o  humidify a building t o  conserve f u e l  (or  f o r  any other reason) must 
be cautioned against overhumidification. Condensation on cooler surfaces such as windows, 
doors, walls and roofs may cause wood r o t  and serious s t ruc tu ra l  damage. 
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