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-5.k: t r e c t  

This paper  documents and compares t h e  a i r  i n f i l t r a t i o n  l e v e l s  experienced 

i n  f i v e  P<iin Rivers  townhouses be fo re  and a f t e r  r e t r o f i t .  The technique use6 

t o  m e s u r e  sir i r i f l l t r s t i o n  r a t e s  was t h e  t r a c e r  gas method wkich r e l i e d  u2or.. 

& u t c ~ z t t d  e2ui;sent.  Weather d a t a  a s  w e l l  a s  5-minute i n t e r v e l  z i r  i n f i l t r z -  

tier; nieesurefier~ts were used i n  t h e  c o m p r i s o n s .  

Pr-zljrsis t e c h ~ i q u e s  included m u l t i p l e  r e g r e s s i o n ,  p o l a r  p l o t t i n g ,  steinleaf 

rlctti-F - and d e t a i l e d  comparisons o f  i n f i l t r a t i o n  r s t e s  a s  in f luenced  by t e q e r s -  

t z r e  d i f f e r e n c e s  i n s i d e - t o - o u t s i d e  t h e  dwell ing.  

7se r e s u l t s  i n d i c a t e  t h a t :  t h e  r e t r o f i t t e d  tomhouses  a r e  n o t i c a b l y  l e s s  

s e n s i t i v e  t o  t:ind d i r e c t i o n ,  showing l i t t l e  o r  no i n c r e a s e  i n  i r f i l t r a t i o n  when 

t h e  -.riLd d i r e c t l y  im2inges on b u i l d i n g  s u r f a c e s ;  t h e  p o s t - r e t r o f i t  i n f i l t r ~ t i o r .  

r ~ t e s  aversge  365 l e s s  t han  t h e  p r e - r e t r o f i t  ciath, wi th  i n d i v i d u ~ l  houses exyer i -  

er,clng as much as's 48% decrease ;  basement and a t t i c  r e t r o f i t t i n s  EFFeEr t o  be 
e 

ver:; i n f i u e n t i h l  i n  achiev ing  t h e  g r e a t e s t  r educ t ions  i n  sir i L f i l t r e t i o r i  r a t e s .  
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1. In t roduct ion  

The e f f e c t  of r e t r o f i t t i n g  on the  i n f i l t r a t i o n  r e t e s  o f  Twin Rivers,  

L;, J., townhouses i s  t h e  s u b j e c t  o f  t h i s  paper. The d e t a i l s  of  townnouses 

energy consurn~tion has been p a r t  o f  a broader s tudy  over these  p a s t  f i v e  
1- 3 

years .  The technique o f  a i r  i n f i l t r a t i o n  measurement i s  t h e  t r a c e r  gas 
4-6 

method w i t h  emphesis on the  use o f  automated sampling equipment. 

This s tudy s p e c i f i c a l l y  involves r eg ress ion  ana lys i s  o f  measured a i r  

F r f i l t r ~ t i o r ~  (AI) r a t e s  i n  townhouses before  and a f t e r  r e t r o f i t ,  a t t e a p t i n g  

t o  c o r r e l a t e  these  r a t e s  with l o c s l  weather condi t ions  and witk var is 'c les  

s r e c i f i c  t o  the  house i t s e l f .  Mul t ip le- regress ioc  equations,  a s  previously 
6 

derived by Blslliir s tudying two houses during t h e  f a l l  and winter  of  1374, 

a r e  co~~!pared t o  t h e  r e s u l t s  obtsined from e i g h t  a d d i t i o n a l  d a t s  s e t s  taker; 

over t h e  p a s t  tvo  years .  These d a t a  were taken f r o n  f i v e  t e s t  houses i n  a l l ,  

txo  of  tiiea being t h e  tohnhouses s tudied  by Malik. Each i s  a 1400 square 

f o o t ,  three-bedrooz, two-story townhouse with a basement and an a t t i c  ( d e t e i l s  

s e e  r e f .  3 and 7 )  . Centra l  heat ing  i s  provided by a gas furnace.  The pos i -  

t i o n s  of  t h e  t e s t  houses wi th in  t h e  townhouse rows and t h e i r  compass or ier i te t ions  

va rx  w i d e l y ,  a s  can be seen from Figure 1. These d i f fe rences  e r e  showc t o  be i n -  

fll*zeritial is:itn regard t o  the  e f f e c t s  o f  weather on air i n f i l t r a t i o n .  Tncse tohn- 

houses or: t h e  west s i d e  of  t h e  developmect (H and W houses) s e e  more of t h e  win- 

t e r  winds which a r e  predominantly west and northwest.  
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II To-~r~house R e t r o f i t t i n g  

From the  s tandpoint  of air movement as r e l a t e d  t o  townhouse phys ica l  

chz rac te r i a tdcs ,  a  more d e t a i l e d  desc r ip t ion  o f  the  townhouse i s  necessary. 

Fig:..re 2 i s  a  cross-sec t ion  of  a  t y p i c a l  Twin Rivers two-story toh-house 
Q 

2s viewed f r o x  f r o n t  o r  r e a r .  The documented a i r  pa ths  s h o ~ i  i n  t h e  f i g a r e  
6-9 

have beer. t h e  r e s u l t  o f  d e t a i l e d  s t u d i e s  using inf rared  S canning, t r a c e r  

%as s e t h o ? ~  and anemometer and temperature probes i n  the  a reas  under i n v e s t i -  

g z t i o ~ .  ? r i n c i p a l l y ,  a i r  has been shown t o  move i n t o  t h e  basement v i a  t h e  

o p e r i i g  betweer. a t t i c  f l o o r  j o i s t s  and the  f i r e w a l l  o r  through openings 

ir- o r  near  t h e  tax5 j o i s t .  At, overhanging bu i ld ing  segment on t h e  f r o n t  

of t k e  to-;nhc;lse zroved t o  be a  zairi  source o f  such i c f i l t r a t i o n .  The s h a f t  

o?er.ir,g zro~ir.5 the  v e r t i c a l  f l u e  was e prime source o f  temperature drive:! 

( s t ack  e f f e c t )  a i r  novement t o  t h e  a t t i c .  The fo l lowing r e t r o f i t s  have 
2 - 

Peer, designed t o  e l i ~ i n a t e  or  reduce such i z f i l t r z t i o n  probiexs.  

A: Increzs ing a t t i c  i n s u l a t i o n  t o  resist&?ce 3-30. A s  p a r t  o f  t h i s  - 
r e r r o f i t ,  m d  more i z p o r t a n t  t o  reducing a i r  i n f i l t r a t i o n  was t h e  s e a l i n g  o f  

c r ~ c k s  ~ l o r i g  t h e  a t t i c  f loor /pa r ty  w a l l  junction and t h e  leakage from base- 

mer-t TO a t t i c  around the  pluzbing ven t  s t ack .  De ta i l s  on a t t i c  bj-?zss, t h e  

scve.7-.er2t of hea t  p a s t  t h e  a t t i c  ins i l le t ion ,  rnzy be found i n  the  xori; of  Z u t t  
3 ? l S  

- 
G:  Cbulring end s e a l i n g  of  window frames t o  remove i n f i l t r s t i o n , / e x f i l t r a -  - 

tier: s i t e s .  





C: Wrapping o f  t h e  air  d i s t r i b u t i o n  duc t s  on t h e  basement c e i l i n g  - 
( t h i s  included t h e  two duc t s  and t h e  overhang a r e a  a t  t h e  f r o n t  o f  t h e  

house) ,  t h e  fu rnace  plenum, and t h e  h o t  water  h e a t e r  wi th  f i b e r g l z s s  

i n s u l a t i o n .  Cracks i n  t h e  ~ e i l i n ~ / ~ a r t y  w a l l  j unc t ion  were blocked, e s  

w e l l  a s  open cracks i n  t h e  s i l l  p l a t e  and around s e r v i c e  wi r ing  and d r y e r  

exhaust  . 
D: Sea l ing  o f  t h e  v e r t i c a l  s h a f t  surrounding t h e  furnace  f l u e ,  which - 

could a c t  as a convect ive chimney f o r  warm basement a i r  moving t o  t h e  

a t t i c  i n  cold westher .  



111 Eeduction of  Data 

The e c t a z l  t & i n g  o f  a i r - i n f i l t r a t i o n  d a t e  i n  a  townhouse r e l i e d  

upon use of  the  t r a c e r  gas method using the  Automated A i r  I n f i l t r a t i o n  

h i t  j-:-.ir~), pic tu red  i n  Fig. 3 ( d e t a i l s  on t h e  equipment and method 

a r e  found i n  r e f .  4 and 5 ) .  Bas ica l ly  t h e  a p ~ r o a c h  c o n s i s t s  of  pe r iod i -  

czll:. i r ?  j e  c t i c g  smell  amounts (<20cc) of  sulphur hexaflouride i n t o  the  

h e ~ t i n g  ciuct sjrstem, where the  furnace blower c i r c u l a t e s  and mixes t h e  

a i r  through t h e  house. Nonitaring of  the  decaying SF concentra t ion  wes 
6 

zenere l ly  - on a  f i v e  minute b a s i s  using a  e lec t ron-capture  d e t e ~ t o r / ~ a s  

chrc----togri?k u n i t .  Data on t h e  SF c o n c e ~ t r a t i o n ,  inc luding t h e ,  d e t e  : 
6 

s=:ylZ::s c r t  erid i n j e c t i o n  information,  was s to red  on magnetic t ape  

- ae fo re  t h e  ana lys i s  t h e t  forms t h e  b a s i s  of  t h i s  pzper could begin, 

tke  ~ 2 s  cfiros~togrl ;gh ds,ta had t o  be converted t o  va lues  o f  a i r  i n f i l t r e -  

t i e r i  v s .  t h e ,  the2  ir i tegreted with weather d a t a  taken during the  t e s t  

per io? .  To zccon;-~lish these  t a s k s ,  a d a t a  reduct ion  approach xas develop- 

e6 and i s  on t l ined  i n  r e f .  11. The d a t a  i n  t h e  form of t r z c e r  gas con- 

c e s t r e t i o n s  versus  time a s  recorded on the  tape  c a s s e t t e  a r e  reab i n t o  

t k e  corr,-;ter -::here it i s  compiled and checked on a  n a t u r t l  l og  of t r a c e r  

c o ~ ~ c e n t r a t i o n  versus time d i s p l a y  (here any v a r i a t i o n s  o r  e r r o r s  tecoxe very 

e v i d e n t ) .  Tne c a t &  a r e  "cleaned up" i n  t h e  case o f  obvious e r r o r s  and i n t e -  

gre ted  w i t h  the  appropr ia te  weather h i s to ry .  In t h i s  process ,  one has t h e  

o ~ t i o n  t o  t i n  d a t a  a s  t o  wind d i r e c t i o n ,  wind v e l o c i t y ,  temperature d i f f e r -  

e n t i a l  e t c ,  o r  t o  look a t  d e t a i l e d  i n f i l t r a t i o n  r a t e  versus time p r o f i l e s ,  

which can be "smoothed" by averaging before  and a f t e r  t h e  ind iv idua l  f ive-  

minute i n f i l t r a t i o n  r a t e s .  



Figure 3 



IV Data Anzlysis 

A. Goals of Analysis 

The f i r s t  t a s k  was t o  process t h e  "raw" gas chromatograph readings t o  

the  p o i n t  where a i r  i n f i l t r a t i o n  values were obtained as  a  p r o f i l e  s g e i n s t  

t ime. In  t h i s  way a genera l  idea  o f  t h e  magnitude o f  a i r  i n f i l t r s t i o n  

could be obtained f o r  each house, both before  and a f t e r  r e t r o f i t t i n g .  

Folloving t h e  matching of  a i r  i n f i l t r a t i o n  with weather d a t a ,  t h e  next  s t e ?  

was t o  d i sp lay  t h i s  d a t a  graphica l ly ,  using va r ious ly  l abe l l ed  axes and, 

e v e z t ~ a l i j - ,  d i f f e r e n t  coordinate schemes t o  at tempt t o  s e e  c o r r e l a t i o L  o r  

f u n c t i o n ~ l i t y  with the  s e v e r a l  independent weatner va r i ab les  o r  w i t h  tizie. 

F i r ~ a l l y ~  the  ~ v s i l a b l e  d a t ~  was reduce3 t o  mul t i - regress ion  equations 

us ing  orily these  same v a r i a b l e s  . The s  t a t i s  t i c z l  parmieters  of "goodfiess 

of  fit" achieve5 f r o n  t h e  equations were cozpared t o  those  obtained f r o n  
6 

s i l f l i l a r  equations aer ived by N a l i k  t h a t  xccde use  of  "house" v a r i z b l e s  

CS wel l .  Tie u l t ima te  goal  of  such regress ion  ana lys i s  would be t h e  de- 

velopaeLt of improved, general ized r e l a t i o n s  t h a t  could make use of a  s e t  

of  empi r i ca l ly  obtained s t r u c t u r a l  and c l i m a t i c  parameters t o  p r e d i c t  eir 

i r ~ f i l t r z t i o n  l e v e l s  i n  & v a r i e t y  of  housing. 

F Zreliminary Analysis 

The ce lcu la t ions  and p l o t s  made fiom t h e  f i r s t  d a t a s e t s  were use3 ir, 

var ious  kzys t o  i s o l a t e  t h e  e f f e c t s  of  one o r  two s p e c i f i c  weather v ~ r i a t l e s  

on a i r  i n f i l t r a t i o n .  This was accomplished by holding t h e  o the r  v a r i a b l e s  

cons tant  o r  wi th in  some to le rance  i n t e r v a l .  A "var iable  s e n s i t i v i t y  anelg- 

s i s "  was t r i e d  f o r  45"-wide i n t e r v a l s  of  compass wind d i r e c t i o n  (0) and a i r  

i n f i l t r a t i o n  (AI) va lues  were p l o t t e d  a g a i n s t  a d i f f e r e n t i a l  temperature 

("ET") measure. (A% t h e  time, t h e  e x i s t i n g  weather/air  i n f i l t r a t i o n  matching 



program would only provide binned weather readings,  e .g.  a reading a t  

some p o i n t  i n  time o f  0 = 274", V = 2.2  mps, T = 1°C would be reported 
SC 

as  a "weather address" of  (0) ( V )  ( T )  - 6 2 ~ 6 .  The program was l a t e r  

re- itten ten t o  co r rec t  f o r  t h i s  unnecessary l o s s  of  informat ion) .  Kind 

v e l o c i t i e z  were indica ted  on t h e  p l o t  by d i f f e r e n t  sjmbols, S O  t h a t  

both t e x p e r a t ~ r e  and wind e f f e c t s  could be observed. F ina l ly ,  t h e  
6 

p l o t s  generatea were compared wi th  Nalik 's  equation f o r  t h e  tor.mhouse 

a i r  i n f i l t r a t i o n  with winds over 3 mps. 

If 7.-e moCify the  equst ion using r e s u l t s  f r o n  o ther  Twi -  Eivers  exper i -  

- 5 
re!:;-, t L e  Z Z  l.6l X 10 (15.5-To), xhere T i s  ou t s ide  t enpera tu re .  

0 

.L.ssu~ir,< 5, j-eer-average i n s i d e  tempereture of 21zC, we can r e m i t e  t h e  

e;:;?es s ior, eccve as  

-41 = .23 i- . l 6 9  AT/LC?)V I Cos (O-e ) /  + . O l k h  T ( 2 )  
0 

i- xhic'. t he  independent v a r i a b l e s  a r e  weather d a t a  alone.  This equation 

cr:: the!: be coxpared t o  s i n i l a r  equations derived from t h e  townhouse eir 

i L f i l t r s t i o r .  measurements of  t h i s  s tudy.  Sect ion  IV - F discusses  these  

The b inn i r~g  procedure assigned numbers t o  the  var ious  ranges of  a  giver. 
paraneter ,  6 - 2 - 06. 



C. The Polar  P l o t s  

It was r e a l i z e d  t h a t  t o  be a b l e  t o  look a t  t h e  processed readings 

of  an e n t i r e  t e s t  ( d a t a s e t )  simultaneously, it would be necessary t o  f ind  

a' method of p l o t t i n g  A I  v s .  weather va r i ab les  t h a t  would: 1 )  al low one t o  

observe a i r  i n f i l t r a t i o n  "all  t h e  way aroundtt t h e  house, without  it being 

necessarj:  t o  p l o t  only po in t s  wi th in  a given 0 i n t e r v a l ;  2 )  a l low i s o l a t i o r ,  

of c e r t a i ~  v a r i z b l e s  t o   stud^ t h e i r  ind iv idua l  e f f e c t s  on A I ;  and 3)  allot:  

d i r e c t  cozparison o f  pre-vs.  p o s t - r e t r o f i t  A I .  P l o t t i n g  on p o l a r  coordinate 

pz~ez- was chosen as a  m y  o f  dep ic t ing  the  "dynanic" va r i a t io r i  of  AI aroune 

E  give^ house a s  a  r e s u l t  of ~ ~ e s t h e r  v a r i a b l e s  and t h e  surroundings of tiLe 
11 

house I t s e l f .  The e i g h t  d a t z  s e t s  t h a t  were eventual ly  used i n  these  p l o t s  

c m e  f r o 3  f i v e  s a ~ p l e  homes, x i t h  t e s t i n g  done both  before  and  a f t e r  r e t r o -  

f i t t i n g  except  a s  noted: K-, E-,  and 8- houses, K-house ( p r e - r e t r o f i t  t e s t  

o:ll;->, an5 H-house ( p o s t - r e t r o f i t  or,lj.). See the  "index t o  Polar  Plo ts" ,  

Table 1. Values of  AI were p l o t t e d  as Roman numerals, t h e  numerals d e n ~ t i n g  

-6ir.i-velocit;; t i r .  nurrtjer, or, a "com~ass  rose" p l o t  with z s i l h o u e t t e  of  t h e  

t e s t  house a t  t h e  cen te r  o f  eech p l o t .  Pre-and p o s t - r e t r o f i t  d a t a s e t s  were 

p l o t t e 2  s e ~ z r a t e l ; .  Generally, an at tempt w a s  made t o  match t h e  t enperz tx -e  

r z ~ g e  of  t h e  p l c t s  "before" and "a f t e r " ,  b u t  i n  order  t o  o t ' t a in  a  r eesona t l e  
* 

n ~ z b e r  of  ~ o i r ~ t s  t o  p l o t ,  t h i s  matching could not  be p e r f e c t .  I n  cases :.:here 

a ~ u f f i c i e r - t  :.,::%er o f  poirits were a v a i l a b l e ,  the  locus of a i r  i n f i l t r i t i o n  

readings f o r  a  p a r t i c u l a r  v e l o c i t y  b i n  - a s  sketched a top  t h e  p l o t .  Though 

*Linear r eg ress ion  an5 f u r t h e r  p l o t t i n g  w i l l  more c l e a r l y  p o i n t  o u t  t h e  r o l e  
o f  T i n  air  i n f i l t r a t i o n  and t h e  r e s u l t a n t  d i f f e rences  among the  pre-and 
p o s t - r e t r o f i t  d a t a s e t s .  



Data Set 

R Pre-Retrofit 

R Post-Retrofit 

S Pre-Retrof it 

S Post-Retrofit 

12 Pre-Retrofit 

U Post-Retrofit 

K Pre-Retrof it 

R Post-Retrofit 

-8- 

Table 1 

INDEX TO POLAR PLOTS 

#Points Plotted 
Test Date Total Points 

T-Range ( " C) T-Range ( " C )  
Plotted (Entire Test) 



the  averages d i f f e r  from house-to-house, one can obtain two "average averages" 

using four da tase t s  apiece fo r  the  conditions "p r e - r e t ro f i t "  and p o s t - r e t r o f i t "  

as shorn i n  Table 2. The p r e - r e t r o f i t  "average average" i s  .651 (exchanges/fir. ) 

over four  da tase t s ,  with a  standzrd devia t ion of .221 ( i f  we de l e t e  the  K-liouse 

average, which seems anonalously high, (.982 exchanges), and averege the  re -  

maining th ree ,  the  p r e - r e t r o f i t  "average average" drops t o  .5k1 but  the  standar6 

deviat ion i s  g r ea t l y  reduced, t o  .013).  The p o s t - r e t r o f i t  "averege average" 

obtained f rox four da tase t s  i s  .392, w i t h  standard devia t ion .08!3. The averzge 

reduction i n  a i r  i n f i l t r a t i o n  using a l l  da ta  s e t s  i s  10$, however, remember the  
* 

AT i s  no t  the  same i n  these  comparisons. ( ~ e l e t i n g  K-hoase da tz  drops the  

averege i q r o v e n e n t  t o  285. 

Another evident  phenonenon i s  the  differerice i n  the  e f f e c t s  of  va r ieb les  

6 azci V on A I  as  1:e go f ro2  pre- to  p o s t - r e t r o f i t  p l o t s .  A i r  i n f i l t r a t i o n  k e -  

f o r e  r e t r o f i t t i n g  seezs f a r  more d i r ec t i ona l l y  influenced thzn z f t e r .  IL 

general ,  AI seems t o  d ip  along the  s ides  of  each house ( i . e . ,  where the  wicd 

-doul6 be blowing slor-g the  long ax i s  of  the  torcmhouse TOT) and r i s e  es the 1.5-5 

moves t o  blow aga ins t  e i t h e r  t h e  f r o n t  or  t he  back of the  house, where doors 

an5 k*i~do-~.-s m&y a l l o v  d r a f t s  i n  through cracks even while closed. This i s  xos t  

s t r i i i ng l :  seen i n  t he  p r e - r e t r o f i t  S-house p lo t s ,  Figure 4. The locus of 

++The f i n e 1  comparison must await the  regress ion ana lys i s  c o a p ~ r i s o n s  and sa?~e b1. 



TABLE 2 

Dataset 

W house 

R house 

S house 

K house 

Dataset 

R house 

H house 

S house 

h' house 

T-Range ('C) Midpoint (OC) 

-10 ,4  -3 

- 6 , 3  - 1 
- 4 ,14  5. 

2 ,14  8 

Midpoint ('C) 

Average AI 

. g 8 2  

.542 

.559 

. 521  

Average AI 



* 
v e l o c i t y  b i n  I11 (4-5.4 mps) A I  p o i n t s  r i s e s  t o  about .67 as t h e  compass 

heading approaches t h a t  o f  t h e  f r o n t  door ( l o o ) ,  drops t o  about .5 as t h e  

wind begins t o  blow p a r a l l e l  t o  the  row, then r i s e s  again t o  .6 a s  t h e  

wind comes from the  south  (180" ), (where 190" i s  t h e  normal t o  t h e  back 
12 

wa l l ) .  Such e f f e c t s  were evident  i n  previous wind tunne l  t e s t i n g  and 

6 
i n  t h e  Mzlik s tudy . 

The c o r r e l a t i o n  o f  wind v e l o c i t y  ( V )  with A I  i s  complicated i n  i t s  

ana lys i s  v i a  these  p l o t s  by many f a c t o r s .  However, i n  t h e  p r e - r e t r o f i t  

p l o t s  t h e r e  seems t o  be a t  l e a s t  some evidence, i n  each, of the  proport ion- 
11 

a l i t y  ( l i n e a r  o r  non l inea r )  of  A I  t o  V,  evidence t h a t h r a s  l a t e r  supportee 

by mul t i - regress ion  a n a l y s i s  of the  same d a t a s e t s .  Lt c o n t r a s t  .&I values of 

t h e  > o s t  r e t r o f i t  d a t a  s e t s  genere l ly  sho-$7 verj- l i t t l e  evidence of such 

c o r r e l a t i o n .  Although wind speeds i n  t h e  p o s t - r e t r o f i t  t e s t s  averaged sope- 

what higher t h m  those  encountered during p r e - r e t r o f i t  t e s t s ,  p o s t - r e t r o f i t  

a i r  i n f i l t r 8 t i o n  vzlues  tend t o  "c lus te r "  i n  a  narrow band thus  farming a  

c i r c l e  on t h e  p o l a r  p l o t .  Where t h e  average value  f o r  t h e  p r e - r e t r o f i t  air 

exchw-ge r a t e  i s  .559 f o r  S-house i n  f i g u r e  4, t h e  pos t  r e t r o f i t  va lue  was 

found t o  be .415 with t h e  d a t a  p o i n t s  fol lowing t h e  c i r c l e .  

* Every da th  binning operz t ion  c o n s t i t u t e s  a s a c r i f i c e  of  a  c e r t a i n  aiiour~t o f  
information i n  an et tempt t o  i l l u s t r a t e  f u n c t i o n a l i t y .  This "noise" must be 
kept  i n  mind when v iev ing  such p l o t s .  



Figure 4 

S-HOUSE PRE-RETROFIT 

POLAR PLOT (AI v s .  0 )  

e 

Key 
0 C i r c l e d  p o i n t s  a r e  below f r e e z i n g  ( n O ~ )  

----.---Locus of a v e r a g e  A I  (0.559) 

--------Locus of wind v e l o c i t y  V=4-5  m / s  



The one house t h a t  shows l i t t l e  v a r i a t i o n  t o  wind d i r e c t i o n  i n  t h e  pre-  

r e t r o f i t  t e s t s  was R-house. This townhouse was a l ready p a r t i a l l y  r e t r o f i t t e d  

i n  the  basement area ,  where e f f o r t s  were being made t o  s e a l  t h e  band j o i s t .  

Bzse5 or; tolmhouse l o c a t i o n  considera t ions ,  Fig. 1, one would have expected 

even more 1-ind e f f e c t  f c r  R-house than with S-house. The r e s u l t s  obcaine6 

f o r  tne  E-house a r e  thus  f u r t h e r  confirmation o f  the  s e n s i t i v i t y  of  t h e  

bzsement zone i n  t h e  house t o  inf luence  i n f i l t r a t i o n  behavior . This f o l l o v s  

the  f.:zLik studj- which t r e a t e d  t h i s  townhouse l o c a t i o n  a s  a  sepa ra te  a i r  in-  

f i l t r ~ t i o n  zcne. 

3ne c t h e r  ite.5 t h a t  was a l s o  inves t iga ted  using these  p l o t t i n g  techniques 

xzs the  p c s s i b l e  inf luence  o f  n o i s t u r e  t o  he lp  s e e 1  openings. I ce  formatioL 

ir. crscks :.Ct.'. t ez2era tu res  below f reez ing  can be pos tu la ted  t o  supply a  block- 

i-lg aecrzr-is?.. Iio-@-ever, no evidence of  such an e f f e c t  was found as temperatures 

ncve5 belc-;- i k e  f r eez ing  p o i n t .  A concurrent s tudy looking a t  t~~ :nhouse  h u r i 5 i -  
13 

f icz t ior :  a l s o  f o u ~ d  no evidence of  such a i r  i c f i l t r a t i o n  reduc t ioc .  

-. 11.. 
L. i.io5Ffied Stem-and-~eaf" P l o t s  

TG i n v e s t i g a t e  f u r t h e r  t h e  r e l a t i v e  e f f e c t s  of  temperature and wind v e l c t i t l  

on a i r  i r ~ f i l t r e t i o n ,  t h e  E-house d a t a s e t s  were p l o t t e d  i n  a  "modified s t e ~ - a n 5 -  

l e a f "  faskion:" AI values  were p l o t t e d  a g a i n s t  T, with t h e  V-bin numbers re?re-  

s e n t i n g  t h e  poir,ts,  and a g a i n s t  V with T-bin numbers a s  po in t s .  A example of  

a compariscL i i i th  V i s  shown i n  Figure  5 .  The temperature a f f e c t s  a r e  t r e a t e 5  
6 

i n  t h e  n e s t  Sect ion.  One observation which has been documented before  i s  t h e  

doninant in f luence  of  T- induced ( s t ack  e f f e c t )  a i r  i n f i l t r a t i o n  i n  t h e s e  tomi-  

houses fo r  the  range o f  temperatures and windspeeds encountered during t e s t i n g .  



Figure 5 



14 
Taqura and Shaw have shown i n  s t ud i e s  on t a l l e r  bui ld ings  t h a t  r e l a t i v e l y  

high winds a r e  necessary t o  induce t he  same a i r  i n f i l t r a t i o n  as t h a t  brought 

about by a  t yp i ca l  winter  T. However, a s  wind ve loc i t y  V exceeds 8 or 8.5 

mps, A I  seems suddenly t o  Secome extremely s ens i t i ve  t o  t h i s  va r iab le ,  in -  

creasing rap id ly  from an average of .328 a t  8.5 mps t o  .636 a t  t he  maximurn 

wind speed of 11 mps. Malik observes t h i s  same e f f e c t  i n  one of h i s  H-house 

( ~ o u s e  $1) pre-re-crofi t  date. s e t s :  "AS the  wind becomes westerly and as  i t s  

speed s t a r t s  t o  exceed 8 mps, t he  value of A I  increases  without s c a t t e r  from 

0 . 5  exchanges per hous t o  0.9 exchanges per hour when t he  wind speed becomes 

10 nips, ini i icat ing a  slope of about 1.5 exchanges per nips". This behavior 

makes t he  6er iva t ion  of & multiple-regression equation t h a t  i s  adequate f o r  

a l l  values of V d i f f i c u l t .  A s imi lz r  sharp change i n  a i r  flow through 

modeled bui ld ing surfzces  t:ith both permea.:ility and hole s i z e  va r i a t i ons  uas 

. l 5  ciescribe5 by Ma1ino~:s::l based on a  s e r i e s  of exper inenta l  t e s t s .  The be- 

h w i o r  ~ 2 s  a t t r i b u t e d  t o  l o c a l  mixing and flow phenomena. 

E. Scz t t e rp lo t t i ng  and Regression: A I  vs. AT 

To develop s c a t t e r p l o t s  r e f l e c t i n g  a i r  i n f i l t r a t i o n ' s  response t o  changes 

i n  ir ioor-ogtdoor temperatnre d i f ference,  an indoor temperature of 21°C 

use5 ( izdocr tezperatures  tenaed t o  be very c lose  t o  t h i s  va lue) .  A l l  o u t l i e r  

h i  readings more inan two s t ~ r . d e r 5  j ev ie t ions  removed f roa  the  sample meenlrere 

f i r s t  el ini inrteo f ron  escn da t a se t  before it was p lo t t ed .  h-el iminary p lo t s  

of e n t i r e  da tase t s  had shorn t h a t  one o r  two enormous A I  r e e i i ngs  could s e r i -  

ously b ias  the  l i n e a r  regress ion of A I  aga ins t  AT. It has suspected t h a t  most 

of these  anomalous readings had t h e i r  ba s i s  i n  any of a  number of unmeasured 

events ( l i k e l y  candidates being the  opening of doors, wi~dows, e t c . ) ,  and were 

thus not  i nd i ca t i ve  of t he  ove ra l l  performance of t he  house under the  recorded 



w:.ather cond i t i ons .  If t h e  A I  va lues  f o r  each d a t a  s e t  could be assumed t o  

have E. roughly normal d i s t r i b u t i o n  about  t h e  (sample) mean, t hen  i n s t i t u t i n g  

t h i s  "2s c o n t r o l  l i m i t "  would only remove about  5% o f  t h e  t o t a l  number o f  

measurements ; i n  f a c t ,  fewer than  4% of  each d a t a s e t  was removed on t h e  

zverege be fo re  p l o t t i n g  was done. 

Table 3 summarizes t h e  r e s u l t s  o f  t h e  A I  v s .  AT r e g r e s s i o n  o f  each of 

t h e  3 ~ t a  s e t s  t h a t  were s c a t t e r - p l o t t e d .  The comparison p l o t s  themselves 

a r e  shorzn i n  F igures  6-8. The H-house p r e - r e t r o f i t  equa t ion  was obta ined  
6 

fro:: Ib:zlikts c a l c u l a t i o n s  (us ing  only  d a t a  from t imes when wind v e l o c i t y  

-;.-~s b e l ~ - ~ . :  3 acs ) ,  t hus  a s e t  o f  p o i n t s  f o r  s c a t t e r p l o t t i n g  i s  no t  ava i l&b le .  

k c t 5  t r ~ e  s c a t t e r p l o t s  and t h e  r e g r e s s i o n  equat ions  it i s  ev iden t  t h a t  

- G= - t h e  cocvec t ive  d r i v i n g  f o r c e  A T i n c ~ e a s e s ,  s o  does measured a i r  i n f i l t r a -  

t l o r .  2s sho-;.-X i n  a l l  e i g h t  t e s t  cases .  Furthermore, t h e  r e g r e s s i o n  c o e f f i -  

c L e ~ t s  o f  A': e f t e r  r e t r o f i t t i n g  i n d i c a t e  a  d e f i n i t e  decrease  i c  t h e  s u s c e p t i -  

b i l i t y  of  t h e  house t o  tempera ture-d i f fe rence-dr iven  air i n f i l t r a t i o n .  This 

i s  c k ~ ~ r v e 5  f o r  every house b u t  H; i n  f a c t ,  t h e  E-house c o e f f i c i e n t  s h m s  

sL9ost  an  order-of-magnitude r educ t ion  a f t e r  r e t r o f i t t i n g .  (Since t h e  tem- 

p e r ~ t x - e  darir ig  t h e  S-house p o s t - r e t r o f i t  t e s t  never dipped belo;; l L c C ,  t h i s  

e f i ' e c t  car,not be due t o  any s h e l l - t i g h t e n i n g  caused by weter  f r e e z i n g  i n  

crEcx2 i- t r ~ e  ?,case envelope) .  The appa ren t ly  c o n t r a s t i n g  r e s u l t s  ob ta ine?  

f o r  t h e  2-house, where house s e n s i t i v i t y  t o  AT seemingly i n c r e e s e s  a f t e r  re- 

t r o f i t s  have been i n s t a l l e d ,  a r e  i n  f a c t  probably explained by t h e  s i g n i f i -  

cect l ;  h igher  1:ind-speeds dur ing  t h e  p o s t - r e t r o f i t  t e s t s  f o r  t h i s  house: t h e  

e f f e c t s  of t h e s e  h igher  winds, s i n c e  they  a r e  n o t  e x p l i c i t l y  included as a 

%err. of t h e  r e g r e s s i o n  equat ions ,  must be lumped i n t o  t h e  c o e f f i c i e n t  and 



TABLE 3 

BEST-FIT LINES FOR SCATTERPLOTS (AI vs AT) OUTLIERS REMOVED 

Data Sets m - B - 
H "Pre"* .0046 . l 9  

"Post l' ,0054 .20 32/3. 05 

R lfPre" .0022 .34 25/12. 9 

* H-house pre-retrofit expression is derived for temperature-driven effects 

at low wind speeds ( V C 3  mps), while post-retrofit data set featured higher 

winds (average V = 4.5 mps). 



i n t e r c e p t  dur ing  r eg re s s ion .  ( 1 t  should be noted t h a t  i n  every  house t e s t e d ,  

higher  x inds  were observed du r ing  t h e  p o s t - r e t r o f i t  t e s t s .  Considering t h i s ,  

t h e  cons i s t eccy  o f  observed r educ t ion  i n  i n f i l t r a t i o n  h f t e r  r e t r o f i t t i n g  i s  

r ena rka t  l e  ) . 
I n  t h e  5 - ,  E - ,  and h'-houses, t h e  s i g n i f i c a n t  re6uct iorL t o  t h e  i n t e r c e p t  

terms -;:ith r e t r o f i t t i n g  i n d i c a t e s  a l i kewise  r educ t ion  i n  "base- leve l"  &ir 

i r i f i l t r a t i o r i ,  i . e .  t h a t  which occurs  wi thout  t h e  in f luence  o f  a temperature 

g r z j i e r i t  A T  ac ros s  t h e  house s h e l l .  This  could meac t h a t  t h e  r e t r o f i t s  

t ave  s i c c e e i e i  i n  making t h e  house t i g h t e r  a g z i n s t  t h e  in f luence  o f  x i n a -  
-3 

t h i s  tneor:: can be exanined more c l o s e l y  wi th  t h e  r e s u l t s  o f  t h e  nu1ti;le 

re , - reazlon ar~el ; -s is  t o  fo l low.  

F. I . : ~ l t i z l e  -egress ion:  fi.1 v s .  i<eather Variz 'cles . 
6 

:,:s;i.;, p o s t u l a t e d  two "regimes" of a i r  i c f i l t r z t i o n  depending upor - ~ i c 5  

v e l o c i t y .  A t  low wind speeds i n f i l t r a t i o n  seemed t o  occur  most ly v i a  t h e  " 

i-ioase "stec'z e f f e c t " ,  dziven by indoor-outdoor t e n p e r a t u r e  d i f f e r e n c e  AT; 

?:it5 h ighe r  speeds came enhancement o f  t h e  d i r e c t i o n e l  e f f e c t s  of  t h e  wind 

€55 2 c o u ~ l i n g  o f  t e n p e r ~ t u r e  d i f f e r e n c e  and wind e f f e c t s .  M a l i k  devise$ & 

q 1  1,-ind-tezperzture i n t e r ~ c t i o n "  r e g r e s s i o n  v a r i a b l e  ( a c t u z l l y  con ta in ing  a l l  

t h r e e  -,:eether v a r i a b l e s )  t o  model i n f i l t r a t i o n  x i t h  h-inas g r e a t e r  t h a c  3 rips. 

The wic2s recorded du r ing  t h i s  r e t r o f i t t i n g  s tudy  were n o t  u c i v e r s a l l y  high,  

however; t hodg t  t h e  average wind v e l o c i t i e s  recorded f o r  each  d a t a s e t  w i th  

-the f i r s t  s e t  o f  m u l t i p l e - r e g r e s s i o n  equat ions  a l l  exceed 3 mps, t h e  s t a n d a d  

d e v i a t i o n s  f o r  t h e s e  f i g u r e s  o f t e n  exceed one - th i rd  t h e  v a l u e  o f  t h e  averages 

themselves.  Thus, t h e  approach used i n  t h i s  s tudy  was t o  r e g r e s s  a i r  i n f i l t r a -  

t i o n  a g a i n s t  f i v e  models o r  equa t ions  and s e e  which one b e s t  f i t t e d  t h e  i n f i l -  

t r a t i o n  and weather d a t a .  Each o f  t h e  f i v e  models con ta ins  a "AT" o r  "T" t e r n ,  









t h e  b a s i c  d r iv ing  fo rce  of  s t a c k  e f f e c t ,  and thus a i r  i n f i l t r a t i o n  under lot? 

wind condit ions.  This term i s  a l s o  an i n d i c a t o r  of  furnace opera t ion ,  a s  

noted previous ly  i n  t h e  modificat ion of  Malik's o r i g i n a l  equation,  which con- 

ta ined a gas-consumption term i n  add i t ion  t o  weather-related v a r i a b l e s ;  f u r -  

nace opera t ion  enhances t h e  s t a c k  e f f e c t ,  thus con t r ibu t ing  t o  a i r  i n f i l t r a t i o n .  

The wind-related terms i n  the  models vary,  from simple wind v e l o c i t y  V t o  t h e  

h igh-veloci ty  wind-temperature i n t e r a c t i o n  term devised by Malik. 

The f i v e  models a r e  l i s t e d  i n  Table 4, along with t h e  r e s u l t s  of  t h e  robus t  

mul t ip le  r eg ress ion  ana lys i s  performed f o r  each. Model I i s  t h e  modified 1b:zliB 

"high-wind" equhtion discussed e a r l i e r ,  derived t o  model t h e  e l l i p t i c a l  ciepen5ezce 

of a i r  i L f i l t r a t i o n  on vind d i r e c t i o n  wi th in  t h e  townhouse row. The c0nstar.t eo 

i s  t h e  normal t o  the  back wal l ;  t h e  inc lus ion  of  both wind and temperature d r iv ing  

fo rces  i n  t h e  middle term r e f l e c t s  Malik's conclusion t h a t  t h e s e  fo rces  cac i n t e r -  

a c t  cox- t r u c t i v e l y  i n  high winds. lode1  I1 contslins the  same vind v e l o c i t y  CO%- 

ponent v I c o s ( E ) - ~ ~ ) (  a s  Model I, b u t  sepa ra tes  t h e  AT term t o  r e f l e c t  the  f a c t  

t h a t  no t  till of  t h e  t e s t  d a t a  was taken under high-xind condit ions.  Kodels Iii 

and N a r e  more standard reg ress ion  formulae. The former assumes t h a t  i n f i l t r a t i o n  

i s  l i n e a r l y  p ropor t iona l  t o  wind speed, while t h e  l a t t e r  de rv ies  f r o n  h nodeling 

of a i r  i n f i l t r a t i o n  as  l a m i n a r  flow through an c r i f i c e ,  where t h e  f l v c  Q, due t o  

t h e  vind v e l o c i t y  head i s  

$ = CA (AP) 
2 

and P = 2 (and where C and A a r e  t h e  flow c o e f f i c i e n t  and o r i f i c e  aresl, r e -  
g  

s p e c t i v e l y ) .  The l a s t  model t e s t e d  ( V )  i s  a modif ica t ion  o f  Model N, using the  

wind-component term o f  Models I and 11. 



The f i t s  obtained f o r  these  models vary from house-to-house and 

between pre-  and p o s t - r e t r o f i t ,  as can be seen from t h e i r  c o r r e l a t i o n  

c o e f f i c i e n t s .  Three of  t h e  t e s t  houses (R, S. and W )  were f i t t e d  t o  

a l l  f i v e  models. For a l l  th ree ,  t h e  b e s t - f i t t i n g  p o s t - r e t r o f i t  models 

2 involved only T and V o r  V , neg lec t ing  0 e n t i r e l y ,  This i s  c l e a r  

evidence t h a t  r e t r o f i t t i n g  has transformed t h e  house i n t o  a  more uni- 

form b a r r i e r  a g a i n s t  wind e f f e c t s .  Also evident  i s  t h e  in f luence  on 

t h e  "base-level" a i r  i n f i l t r a t i o n  constants  f o r  each of  t h e  f i v e  models. 

I n  every c6se except one ( t h e  H - h o u s e ) , r e t r o f i t t i n g  reduces t h e  i n f i l t r a -  

t i o n  predic ted  wi th  no wind o r  temperature d r iv ing  fo rces .  The AT (or T )  

c o e f f i c i e n t  a l s o  decrezses i n  every case except  f o r  H i n  t h e  f i r s t  r e -  

gress ion  model. Here t h e  "high V" p r e - r e t r o f i t  equat ion  comes from 

Mzlik d a t a  and t h e  p o s t - r e t r o f i t  equat ion  i s  negative i n  t h e  i n t e r a c t i o n  

t e r z  AT m VICos (@-Cl0) l .  However, considering a l l  t h e  models, t h e  wind 

v e l o c i t y - e x p l i c i t  terms show no u n i v e r s a l  decrease  i n  c o e f f i c i e n t s  fol lowing 

r e t r o f i t t i n g .  Even i n  t h e  case of  t h e  wind- tempera ture  i n t e r a c t i o n  term 

(bbdel I) ,  wi th  AT "pu l l ing  down" t h e  e n t i r e  expression,  t h e  R-house CO- 

e f f i c i e n t  doubles a f t e r  r e t r o f i t t i n g .  There i s  a s t rong  i n d i c a t i o n  i n  t h e s e  

two observations t h a t  r e t r o f i t t i n g  has a f fec ted  t h e  c l ima t i c  d r iv ing  fo rces  of 

a i r  i n f i l t r a t i o n  t o  d i f f e r e n t  degress.  
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V Summary and Conclusions 

This paper documents and compares t h e  air i n f i l t r a t i o n  l e v e l s  measured 

i n  f i v e  Twin Rivers townhouses before  and a f t e r  r e t r o f i t  using automated 

t r a c e r  gas equipment. P o s t - r e t r o f i t  i n f i l t r a t i o n  r a t e s  range fYom 31 t o  43% 

l e s s  than p r e - r e t r o f i t ,  with an average reduct ion  of  36%. Graphical and 

regress ion  techniques were used t o  a s sess  the  e f f e c t s  o f  c l i m a t i c  v a r i a b l e s  

a s  they influenced i n f i l t r a t i o n  before  and a f t e r  r e t r o f  i t t . i n g '  The i n f l u -  

ence of wind d i r e c t i o n  on a i r  i n f i l t r a t i o n  showed a  d e f i n i t e  decrease a f t e r  

r e t r o f i t s  were i n s t a l l e d ;  winds blowing d i r e c t l y  on t h e  f r o n t  o r  back towrhcase 

m l l s ,  p o s t - r e t r o f i t ,  produced l i t t l e  more a i r  i n f i l t r a t i o n  t h m  when t h e  

d i r e c t i o n  was p a r a l l e l  t o  the  townhouse row. 

The e f f e c t s  o f  r e t r o f i t t i n g  on indoor-autdoor temperature d i f fe rence  

(AT)-induced i n f i l t r a t i o n  a r e  a l s o  c l e a r  Prom t h e  analyses.  Mult iple r eg ress ion  

of A I  v s ,  temperature d i f fe rence  and o ther  c l ima t i c  v a r i a b l e s  showed reduce5 

coef f i c i en t s  o f  AT i n  every case a f t e r  r e t r o f i t t i n g ,  f o r  every house tes ted .*  

Regressior, cons tants  were a l s o  almost u n i v e r s a l l y  lowered wi th  r e t r o f i t t i n g ,  

i n d i c a t i n g  a reduc t ion  i n  "base-level" air i n f i l t r a t i o n  ( i .  e .  t h a t  p red ic ted  

under zero  d r i v i n g  fo rces  of  V and AT) .  The e f f e c t  o f  r e t r o f i t t i n g  i n  reducizg 

wind-driven i n f i l t r a t i o n ,  however, i s  n o t  a s  drarnatic a s  t h a t  f o r  AT-driven 

(s tack  e f f e c t )  A I ,  e s  was f i rs t  seen i n  t h e  stemleaf  and po la r  p l o t s .  Regression 

ana lys i s  a l s o  showed no evidence o f  t h e  kind of p o s t - r e t r o f i t  damping o f  wind- 

induced i n f i l t r a t i o n  t h a t  was seen f o r  AT-induced cases.  The l a t t e r  type of 

i n f i l t r a t i o n  may be reduced i n  t h e  r e t r o f i t  process by c los ing  convective 

pathways wi th in  t h e  townhouses and by c o n t r o l l i n g  i n f i l t r a t i o n  through t h e  

basement walls. Thus, although wind-di rec t ional  e f f e c t s  f o r  a given windspeed 

may have been quel led  by t h e  p resen t  s e t  of r e t r o f i t s ,  f u r t h e r  r e t r o f i t t i n g  



may be necessary t o  reduce t h e  e f f e c t s  of wind speed, p a r t i c u l a r l y  winds 

above 8 .5  mps. 

The winter  heat ing energy savings r e a l i ~ a b l e  from such A I  reduct ion 

8,12 
a s  previously discussed can be s i zeab le  (cz t h e  order of 10-15%). In 

addi t ion ,  t h e r e  a r e  ind ica t ions  t h a t  even with p a r t i a l  r e t r o f i t t i n g ,  t h e  

higher t h e  bT t h e  g r e a t e r  w i l l  be t h e  reduct ion i n  a i r  i n f i l t r a t i o n  w i t h  

r e t r o f i t t i n g .  Cel lar  and a t t i c  r e t r o f i t t i n g  emerge as  p a r t i c u l a r l y  im-  

p o r t a n t  i n  reducing i n f i l t r a t i o n :  i n  one house, i n s u l a t i n g  t h e  c e l l a r  

m5 sea l ing  up t h e  band j o i s t  alone r e s u l t e d  i n  a  predic ted  23% decrease 

i I .  icot t o  be overlooked i n  t h i s  r e t r o f i t t i n g  program a r e  t h e  more 

uniforz  t e x ~ e r s t u r e s  and absence of  d r a f t s  observed a f t e r  house t i g h t e r i n g .  

Th is  a d d e d  comfort has add i t ionc l  energy conservation b e n e f i t s .  3 



Harr je ,  3. T., Socolow, R. H, and Sondereggex, R. C. "Res iden t i a l  Energy 
Conservation - The Twin Rivers F ~ O ~ ~ C ~ " , A S H R A E  Transact ions 1977, vo1.83, 
P a r t  - 1 pp 458-476. 

Socolow, R.  H . ,   he Twin Rivers Program on Energy Conservation i n  Housing: 
A Siunmary f o r  ~o l i cymakers"  , Princeton Univers i ty  Center f o r  Er~vlronmental 
S tudies  Report No. 5,  June 1977. 

"Szvin; Energy i n  Your Home - Princeton 's  Experiments a t  Twin ~ i v e r s " ,  
Enercy and Buildings Vol 1, No. 3. E l sev ie r  Sequoia S.A., Lausanne, 
Sxi tzer land,  Spring 1978. 

Hzrr je ,  C. T., Hunt, C.M., Treado, S. J. and Malik, N . J . ,  "~utomated I n s t r u -  
mentation fo r  A i r  I n f i l t r a t i o n  Measurements i n  Buildingsn,  Pr inceton Univer- 
s i t y  Ceriter f o r  Environmental S tudies  Report No. 13, Apr i l  1975. 

Hhl-rje, C. T. and Grot, R. A. ," Automated A i r  I n f i l t r a t i o n  Measurements an3 
ic21icat ions f o r  Energy conservation", Energy Use Management-Proceedirgs of 
t h e  I n t e r n a t i o n a l  Conference Vol. 1 pp 457-465, Pergmon, Ite7: York, 1977. 

; s ; i l i k ; ,  !':. J., " A i r  I n f i l t r a t i o n  i n  ~omes" ,  Pr inceton Univers i ty  Center f o r  
En-viromentzl S tudies  Report No. 58, Sept .  1977. 

Sonieregger, R. C. "Dynamic Models of  House Heating Based on Equivalezt  
Thermal ~ z r a m e t e r s " ,  Pr inceton Univers i ty  Center f o r  Environmental S tudies  
:.e?ort 57,Sezt .  1977. 

Harr je ,  D. T. " R e t r o f i t t i n g :  Plan,  Action, and Ear ly  Resul ts  Using t h e  Tom- 
nouses e t  Tcin ~ i v e r s " ,  Pr inceton Univers i ty  Center f o r  Environmental ~ t u i i e s  
Eeport KO. 29, June 1976. 

It ~Sro t ,  R. A . ,  Har r j e ,  D. T., and Johnston, L. C. Applicat ion o f  Thermography 
f o r  Evzluat ing Effec t iveness  o f  R e t r o f i t  ~ e a s u r e s " ,  Proceedings of t h e  Third 
Eierinizl In f ra red  Information Exchanae, AGA Corp. , S t .  Louis, Missouri,  1370 
pp 103-118. 

Dutt,  G. S . ,  and Beyea, J., " ~ t t i c  Thermal Performace-A Study of  Houses a t  
Twin Rivers", Pr inceton Univers i ty  Center f o r  Environmental S tudies  Ee,-rot 
Xo. 53, Sept .  1977. 

Harr je ,  G. T. and Mi l l s ,  T.A. Jr. ,  " ~ i r  I n f i l t r a t i o n  Reduction Through 
R e t r o f i t t i n g :  Twin Rivers ~ o w n h o u s e s " , ~ ~ i n c e t o n  Univers i ty  Center f o r  Environ- 
mental S tudies  Report No, 6 5 , ~ a r c h .  1979. 



2 .  Mattingly, G. E. Pe te r s ,  E. F. "win4 and Trees-Air L n i i l t r a t i ~ r .  
Effects  on Energy i~ ~ 3 u s i n g " ,  Pr inceton University Canter f o r  Ehviron- 

me mental S tudies  Repaim-;; i30e 20, iCay 1375. 

13. Harr je ,  D. T. and Spriege*., J. R.   he E f f e c t  of Humidificatiu:~1 on Space 
Heating Reqvir?mend~s I n  Twin Rivers ~ownnouses" Pr inceton Universiby 
Center for  E n ~ ~ i r o m ~ : a t a l  S2udies . ( t o  be published) 

1 h .  Shaw, C ,  Y. and Tamura, G. T.  he Calcula t ion  of A i r  I r . f i l t rat i .on Caused 
by Wind a n d  Stt.ck Action G'? 7r.i.l ~ u i l d i n g s , " ~ ~ ~ ~ ~  Wsnsactions 19'77, Vo1.83 
P a r t  2,pp 145-3.58. 

11 15. Malinowslri, H. K. Wind E f f e c t  on t h e  A i r  Movernofit Inside Bi%ildlngs, " 
Proceedings o f  t h e  Third Intr:rnati,..i>a? C-~ni ' irencz on Wind E f h c t s  or. - "-*.--& 
Buildings and S t ruc tu res ,  Tokyo, 1 9 7 1  139 125-134. 


	Button3: 
	Button24: 
	Button25: 


