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T h i s  r e p o r t  i s  concerned w i t h  i n c r e a s i n g  t h e  accuracy  and thorough- 

n e s s  of energy a u d i t s  of b u i l d i n g s  by t h e  u s e  of s p e c i a l i z e d  i n s t r u m e n t s  

and improved a u d i t  t e c h n i q u e s .  Although t h e  emphasis i s  on t h e  r e s i d e n t i a l  

s e c t o r ,  c e r t a i n  o f  t h e  e v a l u a t i o n  methods d i r e c t l y  app ly  t o  h i g h - r i s e  b u i l d -  

i n g s .  A i r  i n f i l t r a t i o n  measurements a r e  a  key i t em i n  t h e  a u d i t  p r o c e d u r e s .  

Use of i n f r a r e d  s c a n n i n g  w i t h  p r e s s u r i z a t i o n  t e c h n i q u e s  a l l o w s  r a p i d  d i s -  

covery of major energy  l o s s  s i t e s ;  bypasses  i n v o l v i n g  b o t h  b u i l d i n g  enve lope  

and i n t e r i o r  s t r u c t u r e .  P o r t a b l e  equipment s u c h  a s  t h e  blower door speed 

t h e s e  p r o c e d u r e s .  S e n s i t i v e  t empera tu re  measurement probes  q u a n t i f y  

i n f o r m a t i o n .  An a p p l i a n c e  consumption meter  adds  needed d a t a  t o g e t h e r  w i t h  

h e a t i n g / c o o l i n g  e f f i c i e n c y  e v a l u a t i o n .  Emphasis throughout  t h e  a u d i t  i s  t o  

make optimum u s e  of p a s t  u t i l i t y  r e c o r d s ,  By add ing  q u e s t i o n n a i r e s  and 

s imple  a i r  i n f i l t r a t i o n  s u r v e y s  (SF p l a s t i c  b o t t l e  sampl ing) ,  t h e  h i g h e s t  
6 

p r i o r i t i e s  f o r  r e t r o f i t t i n g  may be q u i c k l y  a s s e s s e d .  
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I?!TRODUCT I O N  

The q u e s t i o n  of i n s p e c t i o n  2nd e v a l u a t i o n  of b o t h  new and e x i s t i n g  

U .S .  hous ing  w i t h  r e g a r d  t o  energy  consumption becomes i n c r e a s i n g l y  i m p o r t a n t  

a s  o i l  s u p p l i e s  a r e  l i m i t e d  and energy c o s t s  s o a r .  However, t h e  complex i ty  

of t h e  energy  a u d i t  d i r e c t l y  a f f e c t s  what methods can  b e  economica l ly  employed. 

The f a c t  t h a t  o n l y  2% of t h e  U.S. housing i s  c o n s t r u c t e d  e a c h  y e a r ,  p l a c e s  

heavy emphasis  on a c q u i r i n g  i n d i v i d u a l  ene rgy  u s e  d a t a  on t h e  98% of e x i s t i n g  

homes. These homes o f f e r  a  d i f f e r e n t  s e t  of  c o n s t r a i n t s  t o  t h e  energy  a u d i t  

p r o c e s s  compared t o  new c o n s t r u c t i o n .  

T h i s  r e p o r t  emphasizes  energy  a u d i t  t e c h n i q u e s  t h a t  c a n  b e  employed t o  

i n v e s t i g a t e  b o t h  e x i s t i n g  and new hous ing .  A t  t i m e s  t h e  e v a l u a t i o n  w i l l  f a l l  

s h o r t  of d e f i n i n g  t h e  energy  consumption p r e c i s e l y ,  however, t h e  r e l a t i v e  

impor tance  of e a c h  e n e r g y  i t e m  w i l l  be  emphasized i n  t h e  t e s t  p r o c e d u r e s .  

A p p l i c a t i o n  of t h e  t e s t s  t o  more complex b u i l d i n g s  w i l l  a l s o  b e  d e s c r i b e d .  

The emphasis th roughout  t h e  r e p o r t  w i l l  be on d e t e c t i o n  and e v a l u a t i o n  

of  t h e  energy  consuming c o n s t r u c t i o n  and b u i l d i n g  u s e  shor tcomings ,  w i t h  t h e  

g o a l  of a p p r o p r i a t e l y  c o r r e c t i n g  t h e s e  i t e m s .  

D i s c u s s i o n  of t h e  l e v e l  of t r a i n i n g  n e c e s s a r y  t o  perform t h e  t e s t i n g  

w i l l  b e  a d d r e s s e d  s i n c e  we a r e  c o n s i d e r i n g  r o l e s  f o r  t h e  homeowner a s  w e l l  a s  

t h e  p r o f e s s i o n a l  i n  t h e  energy a u d i t s .  

The i n s t r u m e n t a t i o n  of homes f o r  s t u d y i n g  energy u t i l i z a t i o n  c a n  be  



subdivided i n t o  two major types :  

1. The "House Doctor K i t "  type  of i n s t rumen ta t i on  f o r  gene ra l i zed  

short- t ime surveys.  

2 .  Data c o l l e c t i o n  systems f o r  highly-instrumented homes f o r  d e t a i l e d  

and f o r  long-term surveys.  

With t h e  f i r s t  goa l  i n  mind we have designed "House Doctor Kits." 

1. The "Homeowner's K i t " .  Th i s  i s  a  group of low-cost,  semi-precis ion,  

s imple ins t ruments  t h a t  can be  used by t h e  average homeowner. The 

k i t  would a l l ow  t h e  owner t o  make a  rough survey of t h e  house over  

a per iod of a  weekend o r  s o ,  and t h e  k i t  might p o s s i b l y  even be 

r e n t e d .  The ins t ruments  should be s imple,  easy  t o  o p e r a t e ,  d i r e c t  

r ead ing  and of reasonable  accuracy.  

2 .  The "Exper t ' s  K i t " .  This  i s  a  group of more s p e c i a l i z e d ,  p r e c i s i o n  
. 

ins t ruments  of moderate c o s t  r e q u i r i n g  t r a i n i n g  t o  use .  This  k i t  

would enable  a team of "experts"  t o  make a  more d e t a i l e d  survey 

on a  house i n  a  f r a c t i o n  of a day. 
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SECTION I 

ENERGY RECORDS OF PAST USE 

I n  t h e  s t u d y  of energy  consumption i n  r e s i d e n t i a l  hous ing  we have 

employed measurements r a n g i n g  from monthly u t i l i t y  d a t a  t o  i c f o r m a t i o n  o b t a i n e d  

from l i g h t l y -  o r  h igh ly- ins t rumented  b u i l d i n g s . '  The d e t a i l e d  i n f o r m a t i o n  i s  

n e c e s s a r y  i f  one i s  t o  d e l v e  i n t o  t h e  complex i n t e r a c t i o n s  of t e m p e r a t u r e ,  

s o l a r  and wind components o u t s i d e  v s ,  room, sys tem,  and peop le  i n t e r a c t i o n s  

i n s i d e .  Indeed ,  t h e s e  s t u d i e s  have l e d  t h e  group t o  t h i n k  i n  terms of such  

7 - 
c o n c e p t s  as e q u i v a i e n t  t h e r m a l  p a r a m e t e r s .  However, t h i s  r e p o r t  must ,  of 

n e c e s s i t y ,  avo id  s u c h  d e t a i l  and s h a l l  i n i t i a l l y  c o n c e n t r a t e  on p a r a m e t e r s  

t h a t  may b e  d e r i v e d  from energy  consumption d a t a  and p r e v a i l i n g  wea ther  condi-  

t i o n s .  

A s t a r t i n g  p o i n t  i n  t h e  energy a u d i t  p r o c e s s  i s  making p roper  u s e  of 

p a s t  u t i l i t y  b i l l i n g  d a t a .  From such  energy consumption r e c o r d s  f o r  h e a t i n g ,  

t o g e t h e r  w i t h  l o c a l  wea ther  r e c o r d s ,  an  energy- temperature  p l o t  can  be  con- 

s t r u c t e d  a s  shown i n  F i g .  1. The p l o t  p r o v i d e s  an  "energy s i g n a t u r e "  f o r  t h e  

house .  3-5 The h i g h e r  t h e  s l o p e  t h e  g r e a t e r  t h e  energy l o s s  p e r  d e g r e e  of t a p e r -  

a t u r e  change.  The r e f e r e n c e  t e m p e r a t u r e  i s  t h a t  t empera tu re  below which energy 

o t h e r  t h a n  f r e e  h e a t  i s  r e q u i r e d  t o  h c a t  t h e  house .  The e x c e s s  energy  immed- 

i a t e l y  b e n e a t h  t h e  i n s i d e  t e m p e r a t u r e  p o i n t  i s  t h e  f r e e  h e a t  g e n e r a t e d  by 

s o l a r ,  l i g h t s  and a p p l i a n c e s ,  and t h e  occupan ts .  Comparisons between houses  

o r  between houses  and s t a n d a r d s  a r e  a ided  i f  t h e  energy i s  p l o t t e d  p e r  a r e a  

of house f l o o r  so  a s  t o  p r o v i d e  a  more common denominator.  House t y p e  w i l l  



a l s o  a l t e r  t h e  s l o p e  because  of such f a c t o r s  a s  s u r f a c e  t o  volume r a t i o .  

Use of monthly energy d a t a  t e n d s  t o  average  o u t  t h e  e f f e c t s  of sun and 

wind, o f t e n  making t h e s e  d a t a  more d e s i r e a b l e  t h a n  d a i l y  energy r e c o r d s .  

The h e a t i n g  component must b e  s e p a r a t e d  from o t h e r  u s e s  of energy i n  t h e  

home. Use of monthly energy d a t a  between t h e  h e a t i n g  and c o o l i n g  seasons  

p r o v i d e s  t h e  b a s e  usage  which t h e n  must b e  s u b t r a c t e d  from t h e  w i n t e r  energy 

r e c o r d s  t o  p r o v i d e  " h e a t i n g  a lone"  i n f o r m a t i o n .  B e t t e r  t h a n  r2  = .9 d a t a  

f i t s  a r e  t h e  norm f o r  such energy s i g n a t u r e  p l o t s .  6 

Well conceived r e t r o f i t s  w i l l  lower t h e  s l o p e  of t h e  energy s i g n a t u r e .  

T h i s  lower energy  requ i rement  p e r  d e g r e e  t e m p e r a t u r e  change w i l l  r e s u l t  i n  

a  lower r e f e r e n c e  t e m p e r a t u r e  ( s i n c e  t h e  f r e e  h e a t  i s  unchanged) t h u s  mini-  

miz ing  o r  e l i m i n a t i n g  t h e  need f o r  h e a t  i n  t h e  " shou lder  months" a t  t h e  be- 

g i n n i n g  and end of t h e  h e a t i n g  season.  We have s e e n  t h i s  r e f e r e n c e  tempera- 

t u r e  a s  low a s  52°F (11°C) i n h o u s e s t h a t  were moni tored.  
1 

Lowering i n s i d e  t e m p e r a t u r e s  a l s o  r e d u c e s  t h e  r e f e r e n c e  t e m p e r a t u r e  

(F ig .  1 d o t t e d  l i n e )  b u t  t h e  s l o p e  remains  unchanged. T h i s  approach  t o  energy 

s a v i n g s  i s  l i m i t e d  by t h e  comfort  of t h e  occupan ts .  Night s e t b a c k  performs 

t h e  same s a v i n g s  f u n c t i o n  b u t  moves t h e  i n t e r i o r  t e m p e r a t u r e  back t o  comfort  

l e v e l s  a t  a n  a p p r o p r i a t e  morning hour .  I n  p l o t t i n g  t h e  g raph  f o r  s e t b a c k  

c o n d i t i o n s ,  t h e  a v e r a g e  d a i l y  i n s i d e  t empera tu re  would be used a s  T  
i n  

A f i n a l  p o i n t  a s  t o  t h e  u s e s  f o r  such a n  "energy s i g n a t u r e , "  one can 

match t h e  l o s s e s  t o  t h e  energy  produced a t  any given t e m p e r a t u r e .  

So f a r  we have d i s c u s s e d  i n f o r m a t i o n  which was a v a i l a b l e  from t h e  

u t i l i t y  and weather  bureau .  The energy s i g n a t u r e  approach  a l l o w s  t h e  house 



p o p u l a t i o n  t o  be  c u l l e d  f o r  prime r e t r o f i t  c a n d i d a t e s  u s i n g  t h e s e  l i m i t e d  d a t a ,  

a  p r o c e d u r e  t h a t  can  be done f o r  r e l a t i v e l y  low c o s t .  For t h e  energy  s i g n a t u r e  

t o  be  a  s t i l l  more a c c u r a t e  t o o l ,  supplementary i n f o r m a t i o n  from a  household 

7 
q u e s t i o n n a i r e  i s  needed.  The q u e s t i o n n a i r e  should ' p rov ide :  

e I n f o r m a t i o n  on t h e  s i z e  and t y p e  of d w e l l i n g .  

e D e t a i l  on i n t e r i o r  t empera tu re  s e t t i n g s  i n c l u d i n g  n i g h t  s e t b a c k  

L o c a t i o n  f a c t o r s  such a s  d e g r e e  of p r o t e c t i o n  from wind; p r o x h i t y  

t o  n e i g h b o r s ,  nea rby  t r e e  cover  and sur rounding  t e r r a i n .  

e Window d a t a  - which would i n c l u d e  t h e  s o u t h  f a c i n g  and p e r c e n t a g e  

of s o u t h  f a c i n g  g l a z i n g ,  w i n t e r  window opening i n f o r m a t i o n  and 

d r a p e  u s a g e .  

P r e l i m i n a r y  d a t a  on i n s u l a t i o n  l e v e l s .  

SECTION I1 

ITEMS FOR ENERGY AUDIT 

U n f o r t u n a t e l y  key items of i n f o r m a t i o n  cannot  be  o b t a i n e d  from e i t h e r  

t h e  energy  s i g n a t u r e  o r  t h e  household q u e s t i o n n a i r e .  One key item i s  t h e  

t i g h t n e s s  of t h e  house ,  what a i r  i n f i l t r a t i o n  l e v e l s  a r e  p r e s e n t ?  Another 

i s  how w e l l  i s  t h e  i n s u l a t i o n  r e a l l y  pe r fo rming?  A t h i r d  i s  what a r e  t h e  

t r u e  house  t e m p e r a t u r e s  i n  t h e  h e a t i n g / c o o l i n g  s e a s o n s ?  A f o u r t h  i s  what i s  

t h e  a c t u a l  performance of h e a t i n g l c o o l i n g  equipment? The r e s o l u t i o n  of t h e s e  

and o t h e r  v i t a l  q u e s t i o n s  i s  what makes a n  o n - s i t e  energy a u d i t  n e c e s s a r y .  

I n  t h e  s e c t i o n s  t h a t  f o l l o w  key i t e m s  f o r  o n - s i t e  a u d i t  w i l l  be d i s c u s s e d  

c o n s i d e r i n g  t h e  l e v e l  o f  complex i ty  of t h e  t a s k .  I n  conc lud ing  t h a t  t h e  energy 

a u d i t  i s  e s s e n t i a l ,  one i s  a l s o  conf ron ted  v i t h  t h e  economic c o n s t r a i n t s  of 

8 
a c h i e v i n g  t h e s e  g o a l s .  A s  po in ted  o u t  by Becker and Dut t  p u b l i c  i n t e r e s t  



wanes when t h e  a u d i t  c o s t s  more t h a n  a few d o l l a r s .  Thus one a p p r o p r i a t e  

approach may b e  t h a t  of p r o v i d i n g  more t h a n  a n  a u d i t ,  b u t  r a t h e r  a n  a u d i t  

w i t h  immediate s a v i n g s  b u i l t  i n .  Often such immediate s a v i n g s  c a n  be 

ach ieved  t h r o u g h  a i r  i n f i l t r a t i o n  r e d u c t i o n  and f u r n a c e  tune-up. 

Who performs t h e  energy a u d i t ?  The complex i ty  of energy  a n a l y s i s  

can v a r y  from i n s t a l l a t i o n  of mete r s  and d e t a i l e d  hour-to-hour measure- 

ments over  a  p e r i o d  of weeks o r  months1 (which i s  a p p r o p r i a t e  f o r  r e s e a r c h  

and documentat ion)  t o  a  walk-through v i s i t  of  a n  a u d i t o r  w i t h  f i n d i n g s  

h e a v i l y  i n f l u e n c e d  by t h e  p a s t  e x p e r i e n c e  of t h e  i n d i v i d u a l .  The i n s t r u -  

ments d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s  have been chosen w i t h  t h e  p r i n c i p l e  

i n  mind t h a t  t h e  o p e r a t o r  would r e q u i r e  l i t t l e  o r  no t r a i n i n g  i n  t a k i n g  t h e  

r e q u i r e d  measurements.  T h i s  o v e r a l l  c o l l e c t i o n  of i n s t r u m e n t s  and measure- 

ment s u g g e s t i o n s  i s  r e f e r r e d  t o  a s  a  "house d o c t o r  k i t . "  

One approach  we have cons idered  a s  p r a c t i c a l  i s  t h a t  house  d o c t o r  

k i t s  be made a v a i l a b l e  f o r  r e n t a l  i n  t h e  same way one r e n t s  lawn c a r e  

equipment.  A v a i l a b i l i t y  of t h e  i n s t r u m e n t s  i n  t h i s  way would a l l o w  t h e  

measurements t o  be  t a k e n  over  a  day o r  two and t h u s  p r o v i d e  s u f f i c i e n t  t ime  

f o r  a  more thorough survey  t h a n  what could  be accomplished by a n  "exper t "  

walk-through a u d i t .  The r e a s o n i n g  h e r e  i s  t h a t  t h e  walk-through a u d i t ,  t o  

s t a y  w i t h i n  r e a s o n a b l e  economic bounds,  must be  l i m i t e d  t o  a n  hour o r  s o  i n  

d u r a t i o n .  A f a m i l y  a u d i t  on a  weekend could  probe more d e e p l y  i n t o  t h e  

problems of t h e  home. 

As f o r  t h e  walk-through " e x p e r t , "  one problem he must f a c e  i s  t h a t  

v i t a l  i t e m s  such  a s  a i r  i n f i l t r a t i o n  l o s s e s  can o n l y  b e  roughly  e s t i m a t e d .  

Unless  t h e  house  i s  r i d d l e d  w i t h  open ings ,  a s s u r i n g  h i g h  i n f i l t r a t i o n  r a t e s ,  



e s t i m a t e s  based on window and door  f i t  can account  f o r  o n l y  a  f r a c t i o n  of t h e  

a i r  i n f i l t r a t i o n  l o s s e s  ( o r d e r  of 1 / 3 ,  based upon a  number of s t u d i e s ) .  
9 ,10 ,11  

Thus i t  i s  s t r o n g l y  sugges ted  t h a t  wherever p o s s i b l e  t h e  e x p e r t  measure v i t a l  

q u a n t i t i e s  i f  t h e  o v e r a l l  a n a l y s i s  i s  t o  p rove  a c c u r a t e .  

Even l a r g e  b u i l d i n g  energy  a u d i t s  tend t o  r e l y  on walk-through techn iques  

c a t a l o g i n g  equipment and b u i l d i n g  l a y o u t  d e t a i l s .  Use of d i r e c t  measurement of 

a i r  i n f i l t r a t i o n  a n d / o r  measurements of h e a t  and a i r  c o n d i t i o n i n g  f l o w  r a t e s  t o  

b a l a n c e  f l o o r - t o - f l o o r  and a rea - to -a rea  c o n d i t i o n s  a r e  Fmportant f a c t o r s  i n  

t h e  b u i l d i n g  energy  a n a l y s i s . 1 2  The house d o c t o r  k i t  i n  r e v i s e d ,  p r o f e s s i o n a l  

form shou ld  be  a p p l i e d  t o  m u l t i s t o r y  b u i l d i n g s  as  w e l l .  

SECTION I11 

THE IMPORTANT QUESTION OF A I R  INFILTRATION 

One o f t e n  used p rocedure  t o  a n a l y z e  t h e  energy  consumption i n  a  home i s  

t o  ( a )  c a r e f u l l y  c a l c u l a t e  conduc t ion  l o s s e s  of w a l l s ,  c e i l i n g s  and f l o o r s  and 

(b)  add t h e  c o n d u c t i o n  l o s s e s  due t o  windows. Then one e s t i m a t e s  t h e  e f f i c i e n c y  

f o r  t h e  f u r n a c e ,  m u l t i p l i e s  t o t a l  energy used d u r i n g  t h e  h e a t i n g  season  by t h i s  

e f f i c i e n c y  t o  p r o v i d e  ( c ) ,  t h e  energy used t o  h e a t  t h e  d w e l l i n g .  Then ( a )  and 

(b )  a r e  s u b t r a c t e d  from ( c )  + ( d )  ( t h e  f r e e  h e a t ) ,  t o  a r r i v e  a t  ( e ) ,  t h e  a i r  

i n f i l t r a t i o n  l o s s ;  ( s e e  F i g .  1 f o r  g r a p h i c a l  r e f e r e n c e ) .  However, o f t e n  f r e e  

h e a t  i s  ignored  and a i r  i n f i l t r a t i o n  i s  a n  even l a r g e r  "ca tch  a l l "  i n  t h i s  

c a l c u l a t i o n  p rocedure .  Another approach i s  t o  u s e  t h e  c r a c k  method t o  e s t i -  

mate  a i r  i n f i l t r a t i o n  d i r e c t l y . 1 3  U n f o r t u n a t e l y ,  a s  p r e v i o u s l y  s t a t e d ,  much 

of t h e  i n f i l t r a t i o n  comes from s o u r c e s  o t h e r  t h a n  windows and d o o r s  which a r e  

ignored  i n  t h i s  method. Both approaches  f a i l  t o  t r e a t  a i r  i n f i l t r a t i o n  l o s s e s  

i n  a  d i r e c t  manner. 



Because of t h e  importance of a i r  i n f i l t r a t i o n  we w i l l  t r e a t  t h i s  s u b j e c t  

f i r s t .  We w i l l  c o n f i n e  our a t t e n t i o n  t o  two g e n e r a l  i n s t r u m e n t a t i o n  approaches .  

The p r e s s u r i z a t i o n  method and t h e  t r a c e r  g a s  method. 

I n  t h e  p r e s s u r i z a t i o n  method one e v a l u a t e s  t h e  b u i l d i n g  under a n  a r t i -  

14-18 
f i c i a l l y  imposed p r e s s u r e  d i f f e r e n c e .  Rather  t h a n  a  wind p r e s s u r e  p r o f i l e  

t h e  method u s e s  a  powerful  f a n  t o  p r e s s u r i z e  t h e  b u i l d i n g  s o  a s  t o  cover  a  range  

of p r e s s u r e  d i f f e r e n c e s .  9910y14915'19 These p r e s s u r e s  a r e  r e l a t i v e l y  uniform 

over  t h e  b u i l d i n g  envelope ( p r o v i d i n g  o u t s i d e  winds a r e  low, 

l e s s  t h a n  3 m / s  ( 6  mph), a s  c o n t r a s t e d  t o  t h e  i r r e g u l a r  wind p r e s s u r e  p a t t e r n  

imposed by n a t u r e .  Two i m p o r t a n t  house c h a r a c t e r i s t i c s  a r e  ga thered  from such 

t e s t i n g .  F i r s t  a p r o f i l e  of l e a k a g e  r a t e  ( o r  l e a k a g e  r a t e  p e r  s u r f a c e  a r e a )  

v e r s u s  p r e s s u r e  d i f f e r e n c e  i s  e s t a b l i s h e d  f o r  t h e  house a s  shown i n  F i g .  2 .  

T h i s  p r o f i l e  can be compared w i t h  o t h e r  houses  t o  e s t i m a t e  r e l a t i v e  l e a k i n e s s .  

Second, t h e  a c t u a l  l o c a t i o n  of t h e  l eakage  s i t e s  can  b e  p i n p o i n t e d  u s i n g  i n f r a -  

r e d  scann ing  o r  smoke t r a c e r  t e c h n i q u e s .  T h i s  w i l l  be  d i s c u s s e d  i n  some d e t a i l  

l a t e r .  

L o c a t i o n  o f  such  l e a k a g e  s i t e s  o f t e n  a s s o c i a t e d  w i t h  f l o w  bypasses  
5 ,  21 

means r e t r o f i t t i n g  need n o t  be  de layed  u n t i l  a f t e r  t h e  a u d i t  p r o c e s s ,  b u t  

r a t h e r  can  be  performed immediate ly .  Of ten  t h e s e  open ings  r e q u i r e  i n e x p e n s i v e  

s e a l s ,  such  a s  wadded f i b e r g l a s s .  The p o t e n t i a l  s a v i n g s  d e f r a y  t h e  c o s t s  of 

8  t h e  a u d i t ,  p o s s i b l y  a l l o w i n g  t h e  economics of a u d i t  t o  be  f e a s i b l e .  F i g .  2 

shows t h e  change i n  p r o f i l e  t h a t  t a k e  p l a c e .  

The Blower Door 

F i r s t  a  c l o s e  examina t ion  of t h e  p r e s s u r i z a t i o n  method i s  n e c e s s a r y .  

The energy  a u d i t  g c a l  u s i n g  t h i s  t echn ique  i s  t o  r a p i d l y  i n s t a l l  t h e  b lower ,  



measure t h e  house p r e s s u r e  p r o f i l e ,  check f o r  l eakage  s i t e s  and t h e n  remove 

t h e  equipment ( r e s e a r c h - o r i e n t e d  s t u d i e s  need n o t  be  a s  concerned w i t h  s e t u p  

t ime  n o r  t ime  f o r  equipment removal) .  With t h e s e  a u d i t  g o a l s  i n  mind our  

approach h a s  been t o  d e s i g n  a  Blower Door w i t h  t h e  f o l l o w i n g  f e a t u r e s :  

e Blower p l a c e d  i n  a common b u i l d i n g  component of a  t y p i c a l  house  

so  t h a t  i t  can  be r e a d i l y  moved from house-to-house w i t h  minimum 

i n s t a l l a t i o n / r e m o v a l  t ime .  

e Make t h e  r e a d o u t  of f l o w  r a t e  as s imple  a s  p o s s i b l e  r e t a i n i n g  

=+ 5% a c c u r a c y .  - 

e P r o v i d e  c o n t r o l s  t h a t  a l l o w  s imple  s e t t i n g  of blower speed s o  

t h a t  t e s t s  may b e  q u i c k l y  accomplished.  

r Design t h e  p r e s s u r e  d i f f e r e n t i a l  r e a d o u t  sys tem so  t h a t  chance 

of e r r o r  i s  minimized a g a i n  r e t a i n i n g  r e a s o n a b l e  a c c u r a c y  (+2 ' ) .  - 

s P r o v i d e  a n  a b i l i t y  t o  b o t h  p r e s s u r i z e  and d e p r e s s u r i z e  t h e  house 

e Make t h e  u n i t  p o r t a b l e  t o  t h e  e x t e n t  t h a t  two men might e a s i l y  

s e t  up and remove t h e  components, h o p e f u l l y ,  advancing t o  a  one 

man d e s i g n .  

F i g u r e  3 i l l u s t r a t e s  t h e  blower t h a t  has  been used t o  meet t h e s e  d e s i g n  

g o a l s .  A complete  l i s t  of t h e  p a r t s  i s  t o  be found i n  Appendix A .  The 

d e s i g n  c o n s i s t s  of an  1 8  i n c h  (54 cm)d iamete r  f a n  and v a r i a b l e  speed motor 

housed i n  a  lower door  p a n e l  of 3 /4  i n c h  plywood, n o t  u n l i k e  a  Dutch d o o r ,  

The p a n e l  i t s e l f  c o n s i s t s  o f  t h e  f i x e d  segment,and a  s m a l l e r  moveable s h e e t  

aluminurn segment,which v i a  two jackscrews  i s  a d j u s t e d  so  a s  t o  f i t  t h e  door 



jamb. The household d o o r ,  i n  most c a s e s ,  need o n l y  be  opened r a t h e r  t h a n  

removed from i t s  h i n g e s .  T h i s  t echn ique  a l l o w s  t h e  lower door p o r t i o n  w i t h  

blower t o  be  t i g h t l y  squeezed i n t o  t h e  a v a i l a b l e  opening i n  a  m a t t e r  of t e n  

m i n u t e s  a t  most .  Door s i z e  ad jus tment  i s  between 30  and 36 i n c h e s  (75 and 

90 cm). A door  u n i t  was chosen over  a  window d e s i g n  because  of t h e  h i g h  

d e g r e e  of u n i f o r m i t y  of t h e  dimensions  of t h i s  b u i l d i n g  component. 

The upper h a l f  of t h e  Dutch door n a k e s  u s e  of t h e  same j a c k  

screws and moveable segment d e s i g n .  As shown i n  F i g .  3 o n l y  a n  open ing  f o r  

t h e  p r e s s u r e  probe i s  a n  added f e a t u r e  of t h i s  component (3116 i n c h  d iamete r  

h o l e ) .  The upper door i s  mounted a f t e r  t h e  lower door  i s  i n  p l a c e .  

Between t h e  two s e c t i o n s  i s  a n  a d j u s t a b l e  "br idge"  which a l l o w s  f o r  

v a r i a t i o n s  i n  t h e  v e r t i c a l  d imension.  T h i s  component c o n s i s t s  of two s l i d i n g  

aluminum p l a t e s  which a r e  expanded t o  t h e  edges  of t h e  door opening.  Three 

s p i n  t i g h t  knobs a r e  used t o  s e c u r e  t h e  b r i d g e  i n  p l a c e .  F u l l y  assembled 

t h e  o v e r a l l  e f f e c t  i s  n o t  u n l i k e  a  bank v a u l t  door .  Should one d e s i r e  t o  

p r e s s u r i z e  r a t h e r  t h a n  d e p r e s s u r i z e  t h e  home, two t e c h n i q u e s  of t e s t i n g  a r e  

a v a i l a b l e .  The f i r s t  i s  mere ly  t o  r e v e r s e  t h e  motor d i r e c t i o n  which a l l o w s  

f o r  p r e s s u r i z a t i o n ,  bu t  because  of f a n  b l a d e  shape t h i s  r e q u i r e s  t h e  u s e  of 

a n  e n t i r e l y  d i f f e r e n t  f l o w  c a l i b r a t i o n .  I f  one w i s h e s  t o  u s e  t h e  same c a l i -  

b r a t i o n  t h e  o r i e n t a t i o n  of t h e  lower door  can be  r e v e r s e d ,  p a s s i n g  t h e  c a b l e s  

t h r o u g h  t h e  b r i d g e  s e c t i o n  and t a p i n g  open ings .  

The a b i l i t y  t o  a c h i e v e  a  wide r a n g e  of a i r  volumes t o  conform t o  a  

v a r i e t y  of housing mandated a  v e r y  s i z e a b l e  b lower ,  one t h a t  cou ld  p r o v i d e  

3  f l o w  r a t e s  of more t h a n  3000 c u b i c  f e e t  p e r  minute(% 85 m /min) a t  p r e s s u r e s  



of 0.3 i n c h e s o f w a t e r  (75 Pa) i n  a  r e a s o n a b l e  s i z e d  house.  The blower chosen 

was a  d i r e c t  c u r r e n t  motor d r i v e n  a x i a l  f a n .  Using t h e  speed c o n t r o l  p a n e l ,  

s p e e d s  from a  few hundred rpm t o  j u s t  under 3000 rpm a r e  p r o v i d e d .  The 

e l e c t r i c a l  consumption i s  up t o  1 0  amperes a l l o w i n g  i t s  u s e  w i t h  any s t a n d a r d  

household c i r c u i t .  The r a n g e  of speed i s  u n i f o r m l y  v a r i e d  such  t h a t  t h e  

d e s i r e d  d i f f e r e n t i a l  p r e s s u r e s  can  be ach ieved  w i t h i n  a m a t t e r  of seconds .  

Such p r e s s u r e s  have normal ly  been chosen a s  -0.5, .10,  .15,  - 2 0 ,  - 2 5  and .30 

i n c h e s  o f  w a t e r  ( o r  1 2 . 5 ,  25, 37.5 ,  50, 62 .5  and 75 P a ) .  I n  t h e  l a r g e r  

more l e a k y  d w e l l i n g s  o n l y  h a l f  of t h i s  s c a l e  can be  t r a v e r s e d .  

Readout of f l o w  r a t e  h a s  been ach ieved  th rough  t h e  u s e  of a  f l o w  

c a l i b r a t i o n  s e c t i o n  i n  o t h e r  s t u d i e s L 0 '  15' a t  t h e  expense  of p o r t a b i l i t y  

and s e t u p  t ime .  The approach t a k e n  i n  t h e  d e s i g n  d e s c r i b e d  h e r e  was t o  keep 

t h e  u n i t  compact ( b a s i c  f a n  w i t h  t h e  a d d i t i o n  of two s c r e e n s ,  1 / 4  i n c h  mesh, 

t o  meet OSHA s a f e t y  r e q u i r e m e n t s ) .  We c a l i b r a t e  this door  f o r  a  v a r i e t y  

of p r e s s u r e  d i f f e r e n t i a l  l e v e l s  n o t i n g  t h e  rpm f o r  each p o i n t .  The readout  

* 
of rpm c a n  be  ach ieved  from t h e  u s e  of a  s t r o b e  l i g h t .  T h i s  was t h e  

method used i n  i n i t i a l  c a l i b r a t i o n ,  however, i t  was f e l t  that f a s t e r  r e a d i n g  

could  be  a t t a i n e d  th rough  t h e  u s e  of a  magnet ic  p ickup and d i a l - t y p e  r e a d o u t .  

The magne t ic  p ickup u s e s  a  s i x  l o b e  r i n g  on t h e  motor d r i v e  s h a f t  t o  supp ly  

t h e  p u l s e s .  The d r i v e  t o  t h e  blower used a  t i m i n g  b e l t  t o  e l i m i n a t e  s l i p p a g e  

(any s l i p p a g e  would make t h e  c a l i b r a t i o n  i n v a l i d ) .  The e l e c t r i c a l  p u l ~ e s  

a r e  coun ted  v i a  a  s o l i d  s t a t e  c i r c u i t  w i t h  a  p r o p o r t i o n a l  v o l t a g e  f e d  t o  a  0-1 

m i l l i a m p  gauge.  The gauge i s  r e a d  a s  a  f r a c t i o n  of 3000 rpm ( i . e . ,  0 . 4  = 0.4 

t imes  3000 o r  1200 rpm). 

*S t robe  measurements a r e  prone t o  e r r o r  when u s i n g  a m u l t i b l a d e d  f a n  a s  
r e f e r e n c e ,  



Deployment i n  a  number of homes h a s  shown t h e  a b i l i t y  t o  s e t  up t h e  

lower door  i n  t e n  minu tes  and d i s m a n t l e  i t  i n  less. The t e s t s  a t  v a r i o u s  

p r e s s u r e  l e v e l s  t a k e  o n l y  a few minu tes  t o  perform.  I f  v a r i o u s  sub t e s t s  

a r e  made, such a s  c l o s i n g  o f f  t h e  basement and c l o s i n g  o t h e r  i n t e r i o r  d o o r s ,  

t h i s  t e s t i n g  s t i l l  l a s t s  o n l y  abou t  1 5  minu tes .  Care  must be t a k e n  w i t h  

f i r e p l a c e s  t h a t  h i g h  f low r a t e s  and an  open f l u e  d o e s  n o t  r e s u l t  i n  a s h e s  

be ing  moved o u t  from t h e  h e a r t h .  F i r e p l a c e s ,  a l l  windows and o u t s i d e  doors  

should b e  c l o s e d  b e f o r e  t e s t i n g .  T e s t s  r u n  i n  c o n j u n c t i o n  w i t h  t h e  i n f r a r e d  

camera r e q u i r e  1 0  t o  1 5  m i n u t e s  t o  c o o l  dokm house s t r u c t u r e  and up t o  5 minutes 

i n  each  room a r e  r e q u i r e d  f o r  i n f r a r e d  scann ing  n o t i n g  problem a r e a s  and i n -  

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

The T r a c e r  Gas Method 

Much h a s  been w r i t t e n  on t h i s  method of measur ing a i r  i n f i l t r a t i o n .  

The d i s c u s s i o n  h e r e  w i l l  b e  a b b r e v i a t e d  t o  cover  s p e c i a l  t e c h n i q u e s  and new 

approaches  t o  t r a c e r  g a s  measurement. More e l a b o r a t e  s t u d i e s  r e q u i r e  more 

t h a n  one t r a c e r  g a s  t o  b e  used .  For example, one can  u s e  s u l p h u r  h e x a f l u o r i d e  

t o  measure t h e  o v e r a l i  house  r a t e  of i n f i l t r a t i o n  and s t h a n z  t o  monl tor  one 

room o r  one v e n t i l a t i o n  component of t h a t  house.  
2 2 

Conf in ing  our  d i s c u s s i o n  t o  a  s i n g l e  t r a c e r  g a s ,  SF6, t h e  r e s e a r c h  a t  

P r i n c e t o n  h a s  r e q u i r e d  comple te ly  automated systems t o  be  des igned  and f i e l d  

t e s t e d  a s  w e l l  a s  s imple  g rab  sample approaches  t o  checking r a t e s  of a i r  

i n f i l t r a t i o n .  2 3 

The automated system a l l o w s  measurements t o  be  made f o r  extended p e r i o d s  



over  a  r a n g e  of wea ther  c o n d i t i o n s .  The u n i t  developed a t  P r i n c e t o n  i n  

c o l l a b o r a t i o n  w i t h  t h e  N a t i o n a l  Bureau of s t a n d a r d s Z 4  a u t o m a t i c a l l y  e i t h e r  

i n j e c t s  SF i n t o  t h e  house  p e r i o d i c a l l y  o r  o n l y  a t  t h o s e  t i m e s  when t h e  
6 

c o n c e n t r a t i o n  f a l l s  below a  chosen l e v e l .  See  schemat ic  i n  F i g .  4 .  Measure- 

ments  a r e  t a k e n  from two sample l o c a t i o n s  ( a l t h o u g h  a  dozen such l o c a t i o n s  

can  b e  r e a d i l y  measured i f  a d d i t i o n a l  v a l v i n g  i s  added) a t  t ime  i n t e r v a l s  

f r o m  two m i n u t e s  t o  1 5  minu tes .  A n a l y s i s  i s  made w i t h  a  g a s  chromatograph 

and e l e c t r o n  c a p t u r e  d e t e c t o r  which i s  s e n s i t i v e  t o  SF c o n c e n t r a t i o n s  
6 

l p p b .  Using a f i v e  m i n u t e  i n t e r v a l  between samples ,  a s t a n d a r d  60 minu te  

t a p e  c a s s e t t e  l a s t s  f o r  one week, r e c o r d i n g  t h e  SF c o n c e n t r a t i o n s  d i g i t a l l y .  6 

The h i g h  p u r i t y  a r g o n  and t r a c e r  g a s  b o t t l e s  a r e  s i z e d  t o  l a s t  f o r  t h e  same 

one  week p e r i o d .  D e t a i l s  on t h e  components of t h i s  automated u n i t  a r e  l i s t e d  

i n  Appendix A. 

How may t r a c e r  g a s  t e c h n i q u e s  be used i n  energy a u d i t  s i t u a t i o n s ?  

One way i s  t o  s i m p l i f y  t h e  approach ,  s t r i v i n g  f o r  t e s t i n g  under  s p e c i f i c  

weather  c o n d i t i o n s  and w i t h  l i m i t e d  equipment on s i t e ,  With t h e  SF6 d e t e c t o r  

l o c a t e d  i n  t h e  l a b  one can b r i n g  t h e  samples t o  t h e  equipment u s i n g  bag o r  bot-  

t l e  samples .  2 3  T h i s  approach  h a s  been fo l lowed  by Grot i n  h i s  na t ionwide  

s t u d i e s  of r e t r o f i t t e d  homes.25 We have used t h i s  approach i n  t h e  LBL s tudy  

of v a r i o u s  t r a c e r  g a s e s .  
2 7 

A west  c o a s t  home was seeded w i t h  SF bag 
6  ' 

samples  were t a k e n  a t  h a l f  hour i n t e r v a l s  and t h e  a n a l y s i s  was made on t h e  

e a s t  c o a s t .  b%at cou ld  be  s i m p l e r ?  We t h i n k  t h a t  p l a s t i c  b o t t l e  sampling 

i s  even an  e a s i e r  and l e s s  expens ive  way t o  measure i n f i l t r a t i o n .  L a t e r  i n  



t h i s  r e p o r t  t h e  method w i l l  be  a p p l i e d  t o  a  h i g h - r i s e  b u i l d i n g .  

The method used i n  t h e  c a s e  of b o t t l e  sampl ing i s  a lmos t  i d e n t i c a l  t o  

t h a t  used w i t h  t h e  bag samples .  One v a r i a t i o n  i s  t h a t  t h e  SF i s  a l s o  pro-  6 

v i d e d  i n  b o t t l e  form t o g e t h e r  w i t h  s i x  empty sample b o t t l e s .  Loosening t h e  

c a p  on t h e  SF b o t t l e  one need o n l y  walk around t h e  house squeez ing  t h e  
6 * 

b o t t l e  t o  a c h i e v e  seed ing  of t h e  SF 6 ' With a  warm a i r  sys tem one can  use  

t h e  f u r n a c e  blower t o  f i n i s h  t h e  mixing p r o c e s s .  I f  t h e  d u c t i n g  system does  

n o t  c o u p l e  w i t h  t h e  o u t s i d e  a i r  ( e . g . ,  d u c t i n g  e n t i r e l y  w i t h i n  t h e  l i v i n g  

s p a c e ) ,  t h e  f u r n a c e  blower may be used th roughout  t h e  t e s t  p e r i o d .  I f  such 

c o u p l i n g  i s  s u s p e c t e d  a  measurement w i t h  f u r n a c e  blower on i n t e r m i t t a n t l y  o r  

on o v e r  t h e  t e s t  p e r i o d  w i l l  immediately r e v e a l  such  c o u p l i n g  by r e g i s t e r i n g  

a n  e l e v a t e d  a i r  i n f i l t r a t i o n  r a t e .  The normal on c y c l e s  ( s a y ,  20 m i n u t e s  o u t  

of t h e  hour )  of t h e  f u r n a c e  have proven t o  b e  a d e q u a t e  t o  m a i n t a i n  uniform 
. 

g a s  c o n c e n t r a t i o n s  i n  t h e  house .  F l o o r  f a n s  a r e  r e q u i r e d  w i t h  hydron ic  

h e a t i n g .  Fo l lowing  t h e  i n i t i a l  mixing p e r i o d  sample b o t t l e s  a r e  f i l l e d  

e v e r y  h a l f  hour  ( s i x  numbered b o t t l e s  over  2 1/2 h o u r s  w i t h  t i m e s  n o t e d )  w i t h  

house a i r .  Squeezing t h e  b o t t l e  f i r s t  from one s i d e  and t h e n  90" away, f o r  

te:: s q u e e z e s , f i l l s  t h e  b o t t l e  w i t h  room a i r ,  one c e n t r a l  l o c a t i o n  i n  t h e  house 

h a s  proven a d e q u a t e .  R e t u r n i n g  t h e  b o t t l e s  t o  t h e  l a b ,  by m a i l  i f  n e c e s s a r y ,  

( t h e y  f i t  i n  a  s m a l l  box) we a r e  ready  f o r  a n a l y s i s  u s i n g  t h e  equipment a s  

shown i n  F i g .  5 .  Each of t h e  b o t t l e s  h a s  a  n a t u r a l  r u b b e r  g a s k e t  and t h e  

p l a s t i c  c a p  h a s  been d r i l l e d  so  t h a t  t h e  SF d e t e c t o r  p r o b e ,  which i s  adapted 6 

*Evening h o u r s  a r e  normal ly  chosen f o r  t h e  t e s t  s i n c e  wind speed i s  d o n  
(< 3 m / s  o r  6 mph), o u t s i d e  and i n s i d e  t e m p e r a t u r e s  a r e  r e c o r d e d .  



t o  a  hypodermic n e e d l e ,  can  be  i n s e r t e d  i n t o  t h e  b o t t l e  ( t h e  g a s k e t  a c t s  a s  

a  septum w i t h  many r e u s e s  p o s s i b l e ) .  A s  a i r  i s  withdrawn from t h e  b o t t l e  a t  

a  c o n t r o l l e d  r a t e  measured by a  s e n s i t i v e  f low m e t e r ,  p r e s s u r e  must be  e x e r t e d  

on t h e  b o t t l e  t o  a v o i d  i n j e s t i o n  of room a i r .  T h i s  i s  ach ieved  by a  weighted 

clamp. SF6 c o n c e n t r a t i o n s  a r e  recorded  f o r  each  o f  t h e  s i x  sample b o t t l e s  

(double  o r  t r i p l e  r e a d i n g s  can a l s o  be  t a k e n  as a  check on p o s s i b l e  e r r o r )  

t o g e t h e r  w i t h  t h e  p r e v i o u s l y  no ted  time and tempera tu re  d a t a .  A s imple  hand 

c a l c u l a t o r  program p r o v i d e s  t h e  i n f i l t r a t i o n  r a t e s  over  t h e  f i v e  p e r i o d s .  

Again a s  w i t h  t h e  o t h e r  i n s t r u m e n t s  t h e s e  components a r e  l i s t e d  i n  Appendix A .  

T h i s  method a l l o w s  on2 t o  sample a  number of  homes p r i o r  t o  any r e t r o -  

f i t t i n g  program. P o s t  r e t r o f i t  sampling i s  a l s o  s imple  and i n e x p e n s i v e .  

Complementing t h e  "energy s i g n a t u r e "  such d a t a  p r o v i d e s  an  i n e x p e n s i v e  way 

t o  su rvey  homes a s  t o  l e a k i n e s s .  The e n t i r e  t r a n s a c t i o n  can be  conducted 

by m a i l  i f  n e c e s s a r y .  

SECTION I V  

INSULATION AhD INFRARED SCANNIKG 

The u s e  of i n f r a r e d  scann ing  t o  uncover f a u l t s  i n  c o n s t r u c t i o n  and 

i n s u l a t i o n  i s  a  w e l l  known t e c h n i q u e .  Thermography can  be used i n  a  number 

of ways t o  o b s e r v e  s u r f a c e  t e m p e r a t u r e  and s u r f a c e  e m i s s i v i t y  v a r i a t i o n s .  

Viewing t h e  home from above i n  o v e r f l i g h t  s c a n s  one must be a b l e  t o  s e p a r a t e  

e f f e c t s  of a t t i c  c o n d i t i o n s  from i n s u l a t i o n  l e v e l s  a s  w e l l  a s  t o  d i s c r i m i n a t e  

between a  v a r i e t y  o f  r o o f i n g  m a t e r i a l s  and roof c o n f i g u r a t i o n s .  R e s i d u a l  

e f f e c t s  from s o l a r  h e a t i n g  p l a c e s  t h e  f l i g h t  window i n  t h e  e a r l y  h o u r s  of t h e  

morning,  S i n c e  t h e  o u t e r  s u r f a c e  a i r  f i l m  r e s i s t a n c e  i s  nominal ly  l i s t e d  



1 3  
a s  0.17 and t h e  i n n e r  w a l l  a s  0.64 t h e r e  i s  a lmos t  a  f o u r  t o  one s e n s i -  

t i v i t y  f a c t o r  i n  f a v o r  of scanning i n s i d e  r a t h e r  t h a n  o u t s i d e .  S t a t e d  

a n o t h e r  way, t h e  t empera tu re  d i f f e r e n c e  i n s i d e - t o - o u t s i d e  would have t o  be 

f o u r  t i m e s  a s  g r e a t  i n  t h e  c a s e  of o u t s i d e  s c a n  f o r  t h e  same t e m p e r a t u r e  

r e s o l u t i o n .  With t h e s e  f a c t o r s  i n  mind our  e v a l u a t i o n  of r e t r o f i t s  a t  

Twin R i v e r s  c o n c e n t r a t e d  on i n s i d e  i n f r a r e d  measurements t o  e v a l u a t e  

improved i n s u l a t i o n  o r  e f f e c t i v e  s e a l i n g .  
2  9 

k%at can  be done t o  enhance t h e  t e m p e r a t u r e  c o n t r a s t ?  One method 

p ioneered  i n  Sweden combines p r e s s u r i z a t i o n  and i n f r a r e d  scann ing  t o  

3 0 
uncover problem a r e a s .  Because c o u p l i n g  between a t t i c s  and l i v i n g  space 

a n d / o r  basements  h a s  proven t o  be  so  important2 '  (bypass  r o u t e s )  we have 

used t h e  blower door t o  s l i g h t l y  p r e s s u r i z e  t h e  house  w h i l e  v iewing  t h e  

a t t i c  f l o o r  w i t h  t h e  i n f r a r e d  scanner  a s  a n  e a r l y  s t e p  i n  energy  a u d i t .  

Ra ther  t h a n  a n  e x p e n s i v e ,  $40,000 o r  more s c a n n e r ,  we have used a  $6,000 

hand-held u n i t  t h a t  p r o v i d e s  e s s e n t i a l l y  t h e  same s e n s i t i v i t y .  The u n i t  

has added conven iences  of improved p o r t a b i l i t y  and o n l y  a  few seconds  a r e  

r e q u i r e d  t o  warm up t h e  equipment ( c o o l  down i s  a c t u a l l y  more a c c u r a t e ) .  

The energy a u d i t  p rocedure  c o n t i n u e s  w i t h  t h e  house d e p r e s s u r i z e d  

(25 PA, o r  0 . 1  i n c h  of w a t e r ) ,  f o l l o w i n g  t h e  p r e s s u r e  p r o f i l e  measurement. 

Then we u s e  room-to-room scanning l o o k i n g  f o r  i n a d e q u a t e  o r  p o o r l y  i n s t a l l e d  

i n s u l a t i o n  a s  w e l l  a s  i n f i l t r a t i o n  s i t e s .  I n  t h e  a t t i c  v iewing  we were 

l o o k i n g  f o r  h o t  s p o t s  o f t e n  resembling a  "bed of c o a l s " .  I n  t h e  i n s i d e  

* 
s c a n n i n g  we a r e  l o o k i n g  f o r  co ld  s p o t s  -- d a r k  a r e a s  on t h e  v iewing  s c r e e n .  

F i g .  6a and 6b i l l u s t r a t e  t h e  d e t a i l s  s e e n  i n  t h e  I R  scann ing .  As i n  t h e  o t h e r  

s e c t i o n s ,  t h e  a c t u a l  house  d o c t o r s  k i t  components a r e  l i s t e d  i n  Appendix A .  

*Winter s c a n n i n g  i s  assumed h e r e  w i t h  20°F (12°C) lower  o u t s i d e  t e m p e r a t u r e s .  
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SECTION V 

TEMPERATURE PROBING 

We have j u s t  d i s c u s s e d  thermographic s u r v e y s  of w a l l s ,  c e i l i n g s  and 

f l o o r s  l o o k i n g  f o r  c o l d  o r  h o t  s p o t s .  The q u e s t i o n  remains ,  how c o l d  o r  

how h o t ?  I n  a d d i t i o n  t o  t h e s e  b u i l d i n g  s u r f a c e s  t h e r e  a r e  a  number of o t h e r  

t e m p e r a t u r e s  t o  b e  measured q u i c k l y  and a c c u r a t e l y  th roughout  any b u i l d i n g .  

The d e t a i l s  of our  approaches  t o  such t empera tu re  measurements i s  t h e  s u b j e c t  

of t h i s  s e c t i o n .  

F i r s t ,  a  p a r t i a l  l i s t  of t h e  f e a t u r e s  t o  b e  measured: 

a .  S u r f a c e s  ( w a l l s ,  c e i l i n g s  and f l o o r s ) :  

i n s i d e  (55 t o  85"F, 1 3  t o  30°C) 

o u t s i d e  (0 t o  150°F, -12 t o  65°C) 

b .  A i r :  i n s i d e  (50 t o  90°F, 1 0 - 3 2 ° C )  

o u t s i d e  (-30 t o  120°F, -55 t o  70°C) 

c .  Hot w a t e r  h e a t e r :  

i n l e t  (40 t o  /O°F, 5  t o  21°C) 

o u t l e t  (110 t o  160°F,  43 t o  71°C) 

d .  A i r  d u c t s :  

I n l e t  same as room tempera tu re  

O u t l e t s  and s u p p l i e s  (50 t o  150°F, 1 0  t o  65°C) 

e .  Furnace s t a c k  t empera tu re :  

(115 - 700°F, 45 t o  370°C) 

An i n s t r u m e n t  t o  p r o v i d e  t h e s e  measurements r e q u i r e s  t h e  f o l l o w i n g  

c h a r a c t e r i s t i c s  t o  f i t  House Doctor needs:  

1. E a s i l y  p o r t a b l e  w i t h  b a t t e r y  supp ly  f o r  8 hours .  



Use l e a v e s  one  hand f r e e ,  t h e  o t h e r  f o r  t h e  p r o b e .  T h i s  d i c t a t e s  

i t  b e  l i g h t  enough f o r  u s e  on a  n e c k  s t r a p .  

D i r e c t  Read ing .  T h i s  d i c t a t e s  a  d i g i t a l  r e a d o u t  v i s i b l e  b o t h  

i n s i d e  and o u t d o o r s .  

An o v e r a l l  a c c u r a c y  ( s e n s o r  + r e a d o u t )  of  b e t t e r  t h a n  - + 1 ° F  

(+ - 0.5OC) w i t h  O . l °F  (0.05OC) r e s o l u t i o n .  

An o p e r a t i n g  t e m p e r a t u r e  r a n g e  of  a t  l e a s t  3 2 - 1 2 2 ° F  (0  - 50°C) 

( f o r  t h e  a ,  b  a p p l i c a t i o n )  w h i l e  m a i n t a i n i n g  t h e  r e q u i r e d  a c c u r a c y .  

Pfa in ta in  a  r e q u i r e d  a c c u r a c y  d u r i n g  t h e r m a l  shock  anywhere w i t h i n  

t h e  o p e r a t i n g  t e m p e r a t u r e  r a n g e .  

Use commerc ia l ly  a v a i l a b l e  s e n s o r s  t h a t  do  n o t  r e q u i r e  s p e c i a l  

c a l i b r a t i o n  and w i l l  b e  i n t e r c h a n g e a b l e .  

A s  wide  a s  p o s s i b l e  s t o r a g e  t e m p e r a t u r e  r a n g e .  I n  t h e  c a s e  of 

t h e  p r o f e s s i o n a l  "House Doctor ' '  t h e  equipment  w i l l  p r o b a b l y  be  

s t o r e d  i n  a  v a n  pa rked  i n  a n  u n h e a t e d  g a r a g e  o r  o u t d o o r s .  

Minimum warm-up t i m e .  

A b i l i t y  t o  "hold"  t h e  r e a d i n g .  T h a t  way t h e  p r o b e  c a n  be  s e t  

down and t h e  r e a d i n g  c o p i e d ,  s o  a s  t o  a v o i d  human memory e r r o r s .  

These  r e q u i r e m e n t s  i n  p a r t  have  been  a r e s u l t  o f  h i n d s i g h t  f o l l o w i n g  

t h e  development  of theAC powered t e m p e r a t u r e  p r o b e  shown i n  F i g .  7, and t h e n  

t h e  c o n s t r u c t i o n  of  a  b a t t e r y  powered s y s t e m  as shown i n  F i g .  8 .  The d e t a i l s  

of  t h e s e  two u n i t s  and t h e  g u i d e l i n e s  s u c h  development  t e s t i n g  h a s  e s t a b -  

l i s h e d  f o r  p roposed  new u n i t s  a r e  d e s c r i b e d  i n  Appendix B.  I n  t h i s  s e c t i o n  



we w i l l  c o n c e n t r a t e  on t h e  a p p l i c a t i o n s  of  t h e  t e m p e r a t u r e  p robe .  

Fo l lowing  t h e  i n f r a r e d  s c a n s  t h a t  were d e s c r i b e d  i n  t h e  p r e v i o u s  

s e c t i o n ,  one  h a s  a n  o p t i o n  of  whether o r  n o t  t o  g a t h e r  f u r t h e r  d e t a i l  on 

t h e  w a l l  c a v i t y .  The two c a s e s  of h e a v i l y  i n s u l a t e d  o r  n o n - i n s u l a t e d  

w a l l  s e c t i o n s  a r e  normal ly  q u i t e  obvious .  However, because  t h e  r e t r o f i t  

p r o c e d u r e  t o  i n s u l a t e  o u t s i d e  w a l l s  such a s  by f i l l i n g  them w i t h  c e l l u l o s e ,  

f i b e r g l a s s  o r  foam i s  q u i t e  expens ive  (approaching one d o l l a r  p e r  s q u a r e  

f o o t )  one  wan ts  t o  b e  c e r t a i n  of t h e  i n s u l a t i o n  s t a t u s  of t h e  w a l l .  I n  

l i g h t l y - i n s u l a t e d  w a l l s  t h i s  knowledge becomes even more i m p o r t a n t  i n  t h e  

r e t r o f i t  d e c i s i o n .  We have found t h e  u s e  of a  s e n s i t i v e  t e m p e r a t u r e  probe 

can  p rove  e x ~ r e m e l y  h e l p f u l  i n  such d a t a  g a t h e r i n g .  

The measurement p r o c e d u r e  i s  a s  f o l l o w s :  s e l e c t  a  North  o r  West 

f a c i n g  w a l l  i n  t h e  morning t o  e l i m i n a t e  s o l a r  h e a t i n g  e f f e c t s . "  C a r e f u l l y  

s e l e c t  t h e  w a l l  l o c a t i o n  t o  b e  f r e e  from d u c t s  o r  r a d i a t o r s  a g a l n  t o  

e l i m i n a t e  h e a t  s o u r c e s .  : leasure and a v e r a g e  t h e  w a l l  s u r f a c e  t e m p e r a t u r e ,  

T w a l l  
a t  a  h a l f  dozen l o c a t i o n s  s t a y i n g  between t h e  s t u d s  ( s l i g h t  movement 

of t h e  low mass s u r f a c e  t e m p e r a t u r e  probe w i l l  i n s u r e  e l i m i n a t i o n  of  any 

e r r o r  b e c a u s e  of h e a t  removal from t h e  l o c a l  s p o t  t o  t h e  p robe .  Wave t h e  

p r o b e  i n  t h e  room a i r  6 i n c h e s  (15 cm) o r  so from t h e  w a l l  and r e c o r d  

t e m p e r a t u r e ,  Tin.. Repeat  t h e  a i r  t empera tu re  measurement o u t s i d e  t h e  same 

w a l l ,  T . Now we can make use  of t h e  r e l a t i o n s h i p  t h a t  t h e  the rmal  
o u t  3 

13  f  t'hr 
r e s i s t a n c e  of t h e  i n s i d e  a i r  l a y e r  i s  R = . 6 4  - and t h a t :  Btu 

T - T  
R w a l l  

= . 6 4  i n  o u t  - 
'in T w a l l  ( i n s i d e  s u r f a c e )  

* S o l a r  e f f e c t s  may l a s t  f o r  p e r i o d s  of more t h a n  f o u r  h o u r s  t h e r e f o r e  
c a r e  must b e  t a k e n  t o  avo id  s o l a r  c o n f u s i o n .  



Using t h i s  p rocedure  on known r e s i s t a n c e  w a l l s  of R = 4 . 0 ,  6 . 5 ,  and 9.0 

2 p r e d i c t i o n s  of R  t o  5 l f t  h r  a c c u r a c y  were i n d i c a t e d .  Of ten  t h e r e  i s  no 
Btu 

a c c e s s  t o  t h e  w a l l  i n t e r i o r  and t h i s  approach i s  v e r y  u s e f u l .  S u r f a c e  

t e m p e r a t u r e  measurements of i n s u l a t i o n  on h o t  w a t e r  t a n k s  and r e f r i g e r a t o r s  

u s i n g  t h e  same e q u a t i o n  can  prove u s e f u l  i n  d e c i d i n g  whe the r  i n s u l a t i o n  need 

be  added.  

Thermosta t  a d j u s t m e n t s  o f t e n  p r o v i d e  t e m p e r a t u r e s  f a r  from t h e  d i a l  

i n d i c a t i o n s .  Temperature  i n f o r m a t i o n  w i t h i n  t h e  house  ( p r i o r  t o  any blower 

door  t e s t )  w i l l  r e v e a l  t h e  t r u e  house  t e m p e r a t u r e  and a i d  i n  t h e  e s t a b l i s ? , -  

ment of a  more a c c u r a t e  energy  s i g n a t u r e  p l o t .  

S u r f a c e  t e m p e r a t u r e  measurements on t h e  o u t l e t  l i n e  of t h e  w a t e r  

h e a t e r  r e v e a l  how a c c u r a t e  t h a t  t h e r m o s t a t  i s  m a i n t a i n i n g  t e m p e r a t u r e .  

Adjustment of t h e  t e m p e r a t u r e  t o  120°F (\5O0C) ( o r  t o  140°F [60°C] where . 
h i g h e r  t e m p e r a t u r e s  a r e  r e q u i r e d  f o r  d i s h w a s h e r s )  i s  one of t h e  f a s t e s t  

r e t r o f i t  payback itm-S i n  t h e  home. I n c r e a s i n g  i n s u l a t i o n  on t h i s  same 

w a t e r  t a n k  a l s o  p r o v i d e s  r a p i d  payback.  

Another  a r e a  of i n t e r e s t  i n  a i r  o r  s u r f a c e  t e m p e r a t u r e  measurements 

i s  a s s o c i a t e d  w i t h  t h e  h e a t  d i s t r i b u t i o n  sys tem.  R e g i s t e r  o r  r a d i a t o r  

t e m p e r a t u r e  measurements r e v e a l  whether  s u f f i c i e n t  h e a t  i s  r e a c h i n g  remote 

a r e a s  of t h e  house .  The d e c i s i o n  of whether  o r  n o t  t o  i n s u l a t e  t h e  d u c t  

o r  p i p e  r u n s  shou ld  b e  a i d e d  by such measurements.  I n  a d d i t i o n  t e m p e r a t u r e  

measurements a t  t h e  f l u e  o r  on t h e  f u r n a c e  s u r f a c e  r e v e a l  i n f o r m a t i o n  

a s s o c i a t e d  w i t h  f u r n a c e  performance,  t h e  t o p i c  of S e c t i o n  V I I .  



SECTION V I  

APPLIANCE ENERGY CONSUMPTION 

One i m p o r t a n t  a s p e c t  o f t e n  u n d e r r a t e d  i n  t h e  e v a l u a t i o n  of t h e  

energy consumption i n  t h e  home, i s  t h e  a p p l i a n c e  consumption.  It i s  

p a r t i c u l a r l y  n e c e s s a r y  t o  moni to r  t h e  e l e c t r i c  consumption of  t h e  l a r g e r  

u s a g e  a p p l i a n c e s  s u c h  a s  r e f r i g e r a t o r s ,  f r e e z e r s ,  window a i r  c o n d i t i o n e r s ,  

h e a t e r s ,  some k i t c h e n  a p p l i a n c e s ,  e t c .  For  t h i s  t a s k  i t  would b e  d e s i r a b l e  

t o  employ a n  i n e x p e n s i v e  semi-automated i n s t r u m e n t  on a  s h o r t  term b a s i s  

t o  e s t i m a t e  t h e  month ly  e n e r g y  consumption.  

Genera l  Design C o n s i d e r a t i o n s :  Such a  d e v i c e  should  p r e f e r a b l y  have 

a  d i g i t a l  r e a d o u t ,  d i r e c t l y  c a l i b r a t e d  i n  u n i t s  such a s  1 . 0  k t I3  p e r  month 

o r  0 , l  kh'h p e r  d a y .  It should  a l s o  be  compact,  s e l f - c o n t a i n e d ,  f r e e  from 

b o t h  s u s c e p t i b i l i t y  t o  and t h e  g e n e r a t i o n  of  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  

(MI). It should  a l s o  n o t  i n t e r r u p t  o r  i n t e r f e r e  w i t h  t h e  o p e r a t i o n  of 

t h e  d e v i c e  under  t e s t .  An o u t l e t  and l i n e  cord  should  be  p rov ided  s o  t h a t  

t h e  d e v i c e  under  t e s t  can  be  plugged i n t o  t h e  i n s t r u m e n t  and t h e  i n s t r u m e n t  

plugged i n  a  w a l l  o u t l e t .  

Method of  Measurement: The m a j o r i t y  of home a p p l i a n c e s  c o n t a i n  

motors  and t h e s e  o p e r a t e  a t  power f a c t o r s  i n  t h e  0 .6  t o  0 .8  r a n g e .  T h i s  

p r e c l u d e s  a  s i m p l e  voltmeter-ammeter measurement. Also ,  t h e  p r e s e n c e  of 

harmonics  i n  t h e  l i n e  c u r r e n t  (caused by t h e  i r o n  i n  t h e  motors )  can 

i n t r o d u d u c e  a d d i t i o n a l  e r r o r  i n  a l l  b u t  t h e  r o o t  mean s q u a r e  (RMS) 

r e a d i n g  ammeters.  T h e r e f o r e ,  t h e  u s e  of a n  AC wa t tmete r  o r  wa t thour  



meter  i s  i n d i c a t e d .  However, a  s imple  wat tmeter  measurement i s  i n a d e q u a t e ,  

a s  most of t h e s e  a p p l i a n c e s  a r e  opera ted  on a  c y c l i c  b a s i s  ( u s u a l l y  au to -  

m a t i c )  a n d / o r  have use-dependent load f a c t o r s .  For i n s t a n c e ,  a  r e f r i g e r a -  

t o r ' s  consumption w i l l  i n c r e a s e  n o t i c e a b l y  a f t e r  a f a m i l y ' s  weekly shopping 

t r i p  as compared t o  middle  of t h e  n i g h t  usage.  T h i s  i n c r e a s e  c a n  be  

a t t r i b u t e d  b o t h  t o  t h e  i n t r o d u c t i o n  of a  q u a n t i t y  of "warm" foods  t h a t  

must be  c h i l l e d  and t h e  a s s o c i a t e d  amount and d u r a t i o n  of door  open ings .  

Thus, a n  energy  usage  must be  recorded over  a  s u i t a b l e  t ime  p e r i o d  t o  

e n a b l e  t h e  c o n f i d e n t  p r e d i c t i o n  of t h e  a p p l i a n c e ' s  monthly power consump- 

t i o n .  The f i n a l  form of t h e  mete r ,  t h e r e f o r e ,  should  be  a  wa t thour  meter 

w i t h  a  t ime-operated d i g i t a l  r e a d o u t .  

The Meter Design and Operat ion:  The d e t a i l s  of t h e  d e s i g n  approaches  

used t o  deve lop  t h i s  meter  a r e  covered i n  Appendix C .  The r e s u l t i n g  meter  

i s  shown i n  F i g s .  9 and 1 0 .  The cho ice  was a n  a l l - e l e c t r o m e c h a n i c a l  u n i t  

t o  a c h i e v e  low c o s t .  The readout  of t h e  mete r  h a s  t h r e e  s c a l e s  depending 

upon t h e  t i m e  i n t e r v a l  of t h e  read ing  which a r e  6 ,  1 2  o r  l 8  h o u r s .  

T h i s  a l l o w s  one t o  e s t i m a t e  d a i l y  o r  monthly usage  a g a i n ,  ( s e e  Appendix 

C f o r  d e t a i l s ) .  

Two s e t s  of t y p i c a l  d a t a  a r e  shown i n  t h e  f o l l o w i n g  t a b l e  t o  i l l u s -  

t r a t e  t h e  r e a d i n g s  t a k e n  w i t h  t h e  a p p l i a n c e  consumption mete r .  When com- 

pared w i t h  a c t u a l  meter  r e a d i n g s  over  t h e  p e r i o d  i n  q u e s t i o n ,  i t  i s  c l e a r  

t h a t  t h i s  i s  a  10% a c c u r a c y  d e v i c e  i n  i t s  a b i l i t y  t o  p r e d i c t  monthly 

usage .  Care  must be  t a k e n  t o  avoid t h e  shopping day a s  a  b a s i s  f o r  t h e  



monthly consumpt, D i s c r i m i n a t i n g  between h i g h  and low energy consum- 

i n g  u n i t s  i s  ach ieved  w i t h  t h e  f i r s t  me te r  r e a d i n g .  We have s e e n  r e f r i g e r -  

a t o r - f r e e z e r s  whose monthly consumption was as low as 42  kWh and o t h e r s  

w i t h  e l e c t r i c a l  u s e  w e l l  o v e r  100 kWh. 

Appl iance  Meter Data S e t s  

Appl iance  meter  used over  1 8  hour p e r i o d  t o  e s t i m a t e  monthly 

usage  of a p p l i a n c e .  

3  
Uni t  #l 1 5  f t  Coldspot  R e f r i g e r a t o r  Over ~ G e z e r  

S t a r t  

09:30 

19 : 00 

16:30 

07 : 00 

Monthly Es t imate  

7 6  

6 9  

7 1 

7 8 

3  
Unit 82 1 9  f t  Coldspot  F r e e z e r  Over R e f r i g e r a t o r  

8  0  

8  1 

104 (shopping day)  



SECTION V 1 1  

HEATING/COOLING PERFORMANCE 

The h e a t i n g / c o o l i n g  equipment i n  t h e  home and a s s o c i a t e d  d i s t r i b u t i o n  

sys tem must n e v e r  b e  over looked i n  a n  energy  a u d i t .  U n f o r t u n a t e l y ,  i f  one 

s e e k s  s e a s o n a l  performance numbers f o r  t h e  equipment r a t h e r  e l a b o r a t e  t e s t s  

a r e  o f t e n  r e q u i r e d .  For  example, i n  t h e  c a s e  w i t h  a  warm a i r  sys tem,  where 

f u r n a c e s  a r e  l o c a t e d  i n  t h e  basement,  one i s  d e a l i n g  w i t h  t h e  f o l l o w i n g  

c o m p l i c a t i o n s .  A f t e r  each  h e a t i n g  c y c l e ,  r e s i d u a l  h e a t  i s  l e f t  Itn t h e  

s u p p l y  d u c t s .  Ey n a t u r a l  c o n v e c t i o n  t h a t  h e a t  may c o n t i n u e  t o  move upward 

th rough  t h e  house  p r e f e r r i n g  t h e  h i g h e s t  p o i n t  i n  t h e  sys tem t o  d e p o s i t  

h e a t  ( i . e .  c o n d i t i o n  f o r  t h e  g r e a t e s t  s t a c k  e f f e c t ) .  On t h e  o t h e r  hand,  i f  

a i r  i n f i l t r a t i o n  r a t e s  a r e  h i g h  i n  t h e  basement much of t h i s  h e a t  c a n  be  

l o s t  t o  t h e  o u t s i d e ,  I f  t h e  d u c t  system e x t e n d s  th rough  t h e  a t t i c ,  t h e  

same s t a c k  e f f e c t  t h a t  scavenged r e s i d u a l  h e a t  now works t o  l e a k  t h a t  h e a t  

t o  t h e  a t t i c .  I n  t h e  basement i t s e l f  t h e r e  i s  t h e  q u e s t i o n  of l o s s e s  d u r i n g  

t h e  o f f  c y c l e  -- basement a i r  e scap ing  up t h e  s t a c k .  Is  t h i s  s t a c k  l o s s  

c o n t r o l l e d  by s t a c k  s i z e  o r  s i z e  of c r a c k  open ings  i n  t h e  basement?  The 

i n f l u e n c e  of t h e  i n t e r i o r  p r e s s u r e  of t h e  house must a l s o  be  c o n s i d e r e d .  

With t h e s e  and o t h e r  f a c t o r s  i n f l u e n c i n g  performance of t h e  h e a t i n g  

sys tem what methods c a n  b e  used t o  e v a l u a t e  performance a c c u r a t e l y ?  Perhaps  

t h e  s u b s t i t u t i o n  of known o u t p u t  e l e c t r i c a l  h e a t e r s  h o l d s  t h e  most promise  

f o r  q u a n t i f y i n g  t h e  e v e n t s  a s  t h e y  t a k e  p l a c e .  S e v e r a l  r e s e a r c h  g r o u p s  have 

employed t h i s  t e c h n i q u e 2 '  31 and i t  was p a r t  of t h e  E P R I  s t u d y  t o  evalu-  

a t e  h e a t  pump per fo rmance .  3 2  



Limited t o  a  v i s i t  of  a  few hours ,  s u b s t i t u t i o n  of e l e c t r i c a l  r e s i s -  

t a n c e  h e a t e r s  must b e  r e s e r v e d  f o r  more d e t a i l e d  s t u d i e s .  I n  d e a l i n g  w i t h  

g a s  and o i l  f u r n a c e s  t h e  House Doctor K i t  u s e s  a  Bacharach a n a l y s i s  approach.  

The p r o c e s s  i s  s imple :  t h e  f u r n a c e  i s  brought  up  t o  s t e a d y - s t a t e  tempera- 

t u r e  as measured w i t h  a  d i a l  thermometer w i t h  12- inch r e a c h  p laced  i n t o  

t h e  f l u e  immediate ly  a f t e r  t h e  h e a t  exchanger .  Then from t h a t  same l o c a t i o n  

s smples  a r e  t a k e n  f o r  a n a l y s i s  of CO and 0  c o n t e n t .  These measurements 2 2 

a r e  ach ieved  by s e l e c t i v e l y  a b s o r b i n g  t h e  sample g a s  i n  i n d i v i d u a l  con- 

t a i n e r s  f i l l e d  w i t h  s o l u t i o n s .  The p r o c e s s  t a k e s  l e s s  t h a n  1 5  m i n u t e s .  

The CO and t e m p e r a t u r e  r e a d i n g s  t r a n s l a t e  d i r e c t l y  t o  s t e a d y - s t a t e  perform- 
2 

a n c e  u s i n g  a n  accompanying c h a r t .  The 0  r e a d i n g  p r o v i d e s  a d d i t i o n a l  v e r i -  
2 

f i c a t i o n  of performance and p r o v i d e s  a  warning ( v e r y  low 0 r e a d i n g s )  t h a t  2 

CO may be  p r e s e n t .  M u l t i b u r n e r  g a s  f u r n a c e s  w i l l  r e q u i r e  t h i s  p r o c e s s  t o  

b e  r e p e a t e d  f o r  each  h e a t  exchanger segment. 

T h i s  s t e a d y - s t a t e  r e a d i n g  i s  u s e f u l  t o  s e e  whether  t h e  b u r n e r  i s  

o p e r a t i n g  p r o p e r l y .  S i n c e  a  t e n  p e r c e n t  performance improvement on a 

65 p e r c e n t  b a s e  t r a n s l a t e s  t o  15% o v e r a l l ,  t u n i n g  b u r n e r s  t o  maximum per-  

formance h a s  p r o v e n  t o  b e  c o s t  e f f e c t i v e .  I n  our  r e t r o f i t  s t u d i e s  we 

have been a b l e  t o  upgrade o i l  burner  performance by p r o p e r  a d j u s t m e n t ,  i . e .  

* 
h i g h e r  CO and s t a y i n g  below t h e  number two smoke number (smoke number 2 

tests a r e  p a r t  of t h e  Bachrach a n a l y s i s ) .  Another v a r i a b l e  b e s i d e s  

a d j u s t m e n t ,  i n  t h e  c a s e  of o i l  b u r n e r s ,  i s  t ime  from l a s t  c l e a n i n g .  

*DOE'S l a t e s t  r e g u l a t i o n s  c a l l  f o r  n o t  g r e a t e r  t h a n  it1 smoke f o r  new power 
b u r n e r  t e s t i n g  . 



Soot b u i l d u p  c a n  change t h e  h e a t  t r a n s f e r  by a s  much a s  1 0 % ,  t h u s  d e g r a d i n g  

pe r fo rmance .  New b u r n e r  d e s i g n s  emphasiz ing b l u e  f lame r a t h e r  t h a n  y e l l o w  

f l a m e  o p e r a t i o n  shou ld  e l i m i n a t e  t h e s e  s e a s o n a l  performance v a r i a t i o n s .  

Newer o i l  b u r n e r s  t end  toward h i g h e r  p r e s s u r e  d r o p  a c r o s s  t h e  b u r n e r  head 

t h u s  o f f  c y c l e  a i r  l e a k a g e  i s  l i m i t e d  much l i k e  t h e  i n c l u s i o n  of  a  f l u e  

d a ~ n p e r ! ~  R e t r o f i t t i n g  new b u r n e r s  i n  o l d  f u r n a c e s  o r  b o i l e r s  i s  one  approach  

t o  upgrade  pe r fo rmance ,  However, t h e  s i t u a t i o n  must be  c a r e f u l l y  reviewed 

s i n c e  o f t e n  t h e  h i g h e r  performance demands a  c l o s e  match between how t h e  

b u r n e r  r e l e a s e s  h e a t  and t h e  l o c a t i o n  and d e s i g n  of t h e  h e a t  exchanger .  

I n  t h e  c a s e  of g a s  f u r n a c e s ,  beyond a d j u s t i n g  t h e  p r imary  a i r  and 

r e c h e c k i n g  t h e  CO and t e m p e r a t u r e ,  t h e  s i t u a t i o n  becomes more complex.  
2 

The f u r n a c e  h a s  been  d e s i g n e d  w i t h  a  number of g o a l s  t h a t  must b e  a c h i e v e d .  

Secondary a i r ,  t h a t  a i r  f r e e l y  p a s s i n g  i n t o  t h e  combustion chamber w i t h o u t  

c o n t r o l  a t  t h e  b u r n e r  i t s e l f ,  i s  c o n t r o l l e d  by b a f f l e s  i n  t h e  h e a t  exchanger ,  

* 
Higher pe r fo rmance  c a n  be  ach ieved  i f  t h e  b u r n e r s  a r e  d e r a t e d  b u t  o n l y  i f  

t h e s e  b a f f l e s  ( o r  t h e  e x i t i n g  f l u e  opening)  a r e  a l t e r e d  a c c o r d i n g l y .  I n  

t h i s  p r o c e s s  one must b e  c a r e f u l  t h a t  CO i s  n o t  produced,  t h i s  would r e q u i r e  

a  C O  s e n s o r  ( a  r a t h e r  e x p e n s i v e  a d d i t i o n  t o  t h e  house d o c t o r  k i t ) .  A l so  

problems of c o l d  s p o t s  i n  t h e  h e a t  exchanger ,  w i t h  r e s u l t i n g  a c c e l e r a t e d  

r u s t  o u t ,  c a n  e a s i l y  deve lop  i n  t h i s  ad jus tment  p rocedure .  

Ra the r  t h a n  a  s e t  of  samples  of CO and 0 and s e p a r a t e  t e m p e r a t u r e  
2 2 

measurements o n e  would d e s i r e  a n  i n s t r u m e n t  t h a t  could  perform such  measure- 

ments  a l m o s t  i n s t a n t l y  and s i m u l t a n e o u s l y .  Honeywell h a s  been d e v e l o p i n g  

*The same s i z e  h e a t  exchanger i s  t h e n  a b l e  t o  remove more h e a t  from t h e  
reduced  o u t p u t  b u r n e r .  



such a  combustion a n a l y s i s  meter and we were a b l e  t o  u s e  i t  i n  c e r t a i n  of 

our  f i e l d  t e s t s .  The p robe  t i p  i s  p laced  i n  p o s i t i o n  a t  t h e  e x i t  of t h e  

h e a t  exchanger  a s  i n  t h e  p r e v i o u s l y  d e s c r i b e d  t e s t s .  E f f i c i e n c y  i s  read  

d i r e c t l y  on  t h e  d i a l  and by swi tch ing  t h e  s e l e c t o r ,  t e m p e r a t u r e  and 0 2 

l e v e l s  can  be read  s e p a r a t e l y .  The f a s t  a c t i n g  f e a t u r e  a l l o w s  immediate 

ad jus tment  of t h e  burner  t o  maximum performance.  The mete r  a l s o  r e v e a l s  

such a c t i o n s  a s  s lowly opening g a s  p r e s s u r e  r e g u l a t o r s  where e f f i c i e n c y  

i s  s e e n  t o  d e c r e a s e  t o  t h e  s t e a d y - s t a t e  v a l u e .  When marketed t h i s  meter  

w i l l  p rove  t o  be  an  impor tan t  component of t h e  house d o c t o r  k i t  f o r  b o t h  

t h e  p r o f e s s i o n a l  o r  t h e  homeowner. 

N e i t h e r  t h e  Honeywell probe nor  t h e  Bacharach a n a l y s i s  p r o v i d e s  a  

s e a s o n a l  performance number. Th i s  number may be  approximated from computer 

34 
t e c h n i q u e s .  A s  p r e v i o u s l y  s t a t e d  i n d i v i d u a l  house  f e a t u r e s  may c a u s e  

t h e  a c t u a l  performance t o  v a r y  from t h a t  c a l c u l a t e d .  h e  of t h e  l a r g e s t  

f a c t o r s  i s  f u r n a c e  l o c a t i o n .  I f  t h e  f u r n a c e  i s  w i t h i n  t h e  l i v i n g  s p a c e ,  

a i r  i n f i l t r a t i o n  l o s s e s  between f u r n a c e  o p e r a t i o n  w i l l  r e p r e s e n t  t r u e  

i n f i l t r a t i o n  l o s s .  Located i n  t h e  g a r a g e ,  t h e  f u r n a c e  l o s s e s  w i l l  have 

no meaning bu t  t h e  t e m p e r a t u r e  of a i r  e n t e r i n g  t h e  f u r n a c e  w i l l  v a r y  w i t h  

t h e  s e a s o n  i n f l u e n c i n g  f u r n a c e  performance.  A basement l o c a t i o n  w i l l  

p r o v i d e  p o s s i b i l i t i e s  f o r  reduced t empera tu re  a i r  and i n f i l t r a t i o n  l o s s .  

The s i g n i f i c a n c e  of t h e  l a t e r  w i l l  depend upon t h e  communication between 

house and basement.  14 



SECTION V I I I  

THE KIT AND PROCEDURES 

I n  t h e  p r e c e d i n g  s e c t i o n s  we have  d i s c u s s e d  many of  t h e  k e y  components  

t h a t  make u p  t h e  h o u s e  d o c t o r  k i t .  I n  t h i s  s e c t i o n  a d d i t i o n a l  i n g r e d i e n t s  

w i l l  b e  added t o g e t h e r  w i t h  a  s u g g e s t e d  p r o c e d u r e  t o  f o l l o w  i n  t h e  r e s i d e n -  

t i a l  a u d i t .  The f u l l  s e t  o f  components  t o  t h e  s u g g e s t e d  h o u s e  d o c t o r  k i t  

a r e  shown i n  F i g .  11. A i r  i n f i l t r a t i o n  equipment  i s  n o t  shown. 

I n  t h e  d i s c u s s i o n  of  i n f r a r e d  s c a n n i n g ,  s u r f a c e  t e m p e r a t u r e  measurements  

were  s t r e s s e d .  S e c t i o n  V Tempera tu re  P r o b i n g  f u r t h e r  d e s c r i b e d  t h e  a c t u a l  

t e m p e r a t u r e  p r o b e  t h a t  we h a v e  u s e d .  However, when we t a l k  a b o u t  s u r f a c e s ,  

a r e a  must  b e  known as  w e l l  as  l o c a l  t e m p e r a t u r e  d e t a i l s .  D e t a i l e d  measure-  

m e n t s  o f  area a re  o f t e n  v e r y  t i m e  consuming. Rather we h a v e  s t r e s s e d  u s i n g  

a s e r i e s  o f  " s t r a i g h t  on" p o l a r o i d  p h o t o g r a p h s  w i t h  a  c a l i b r a t i o n  s t i c k  i n  

t h e  p h o t o g r a p h .  Us ing  a  f i x e d  d i s t a n c e  f o r  s u c h  p h o t o g r a p h s  a l l o w s  a  

s t a n d a r d  t r a n s p a r e n t  g r i d  t o  b e  used  i n  s u r f a c e  e s t i m a t i o n  f o r  w a l l s  and 

windows. Each p h o t o g r a p h  i s  marked a s  t o  t h e  d i r e c t i o n  t o  which  t h e  w a l l  

f a c e s  s o  t h a t  i f  s o l a r  f r e e  h e a t  i s  t o  b e  c a l c u l a t e d  t h e  raw d a t a  i s  

a v a i l a b l e .  These  components  a r e  shown a t  A ,  B i n  Fig. 11. 

Measurements  o f  t h e  p e r i m e t e r  o f  t h e  b u i l d i n g  a r e  made and used  

i m m e d i a t e l y  on  g r a p h  p a p e r  w i t h  c a r b o n s  s o  t h a t  c o n s t r u c t i o n  f l a w s ,  l e a k  

s i t e s ,  m i s s i n g  i n s u l a t i o n  c a n  b e  marked on t h e  p l a n  fo rms  s o  a s  t o  f a c i l i -  

t a t e  fo l low-up  r e t r o f i t t i n g .  These  n o t e s  a r e  t a k e n  on  t h e  c l i p b o a r d s  

shown a t  K .  

D i s t a n c e s  o f  s u r r o u n d i n g  t r e e s  and o t h e r  r e s i d e n c e s  c a n  b e  q u i c k l y  



determined using a  pocket rangef inder .  Image matching e s t a b l i s h e s  t h e  

d i s t a n c e  t o  w i th in  a  few percent .  Th i s  device  i s  handy f o r  e s t a b l i s h i n g  

t h e  p o i n t  f o r  uniform d i s t a n c e  photography a s  w e l l  (not shown i n  F ig .  1 1 ) .  

I n  t h e  preceding s e c t i o n s  t h e  p r i n c i p l e  components of t h e  house 

d o c t o r s  k i t  have been descr ibed i n  d e t a i l .  I n  t h i s  s e c t i o n  t h e s e  energy 

components a r e  shown i n  Fig.  11. The app l i ance  consumption meter 

i s  shown a t  D.  A d e s c r i p t i o n  of t h e  sequence of how t h e  consumption 

meter i s  used completes t h i s  s e c t i o n .  A t  l o c a t i o n  E i s  t h e  hand-held 

i n f r a r e d  scanner .  Both t h e  AC and battery-powered temperature probes a r e  

shown a t  l o c a t i o n  F. The blower door i s  shown i n  i n s e r t  G w i t h  components 

a t  H and J. 

I n  F ig .  11 item C i s  t h e  s tandard  Bachrach furnace  e f f i c i e n c y  

measurement equipment i nc lud ing  a  smoke number a n a l y s i s  ins t rument .  To 

t h e  r i g h t  of C i s  t h e  pro to type  Honeywell furnace  ana lyzer  t h a t  provides  

almost i n s t an t aneous  readout  of furnace  performance, tempera ture ,  and 

gas composition. 

Although i tems  i n  t h e  k i t  f o r  i n f i l t r a t i o n  measurements v i a  t h e  

t r a c e r  gas  approach a r e  no t  shown, t h i s  equipment ean be seen i n  F igures  

4 and 5. For t h e  house a u d i t  t he  b o t t l e  sample technique can be used 

p r i o r  t o  t h e  v i s i t  as explained i n  Sec t ion  111. Where t h i s  i s  n o t  p o s s i b l  

l eav ing  a  seven b o t t l e  k i t  wi th  t h e  homeowner w i th  i n d i v i d u a l  explana t ion  

and i n s t r u c t i o n s  w i l l  i n s u r e  t h a t  t h i s  important i tem of base d a t a  i s  

made a v a i l a b l e .  Since app l i ance  d a t a  us ing  t h e  app l i ance  consumption 



meter  D ,  r e q u i r e s  l e a v i n g  a n  ins t rument  w i t h  t h e  homeowner, t h e  b o t t l e  

samples  c a n  b e  picked up a s  w e l l  when t h e  a u d i t o r  r e t u r n s .  

Aga in ,  i f  t h e  house  d o c t o r  k i t  i s  r e n t e d ,  t ime  c o n s t r a i n t s  a r e  

r e l a x e d  i n  pe r fo rming  t h e  v a r i o u s  recommended t e s t s .  

House Doctor  Energy Audi t  

1. Complete energy  s i g n a t u r e  and homeowner q u e s t i o n n a i r e  p r i o r  t o  v i s i t  

i f  p o s s i b l e .  

2 .  Check w i t h  homeowner p r i o r  t o  v i s i t  f o r  f a s t e s t  r o u t e  t o  s i t e ,  owner 

w i l l  be  home f o r  d u r a t i o n  of a u d i t .  Answer any p r e a u d i t  q u e s t i o n s .  

3 .  Proceed w i t h  o u t s i d e  p o l a r o i d  photography and p e r i m e t e r  measurenen t s  

a s  f i r s t  i t e m  on s i t e .  Observe o u t s i d e  s u r f a c e  c a r e f u l l y  t o  e v a l u a t e  

c a u l k i n g ,  u s e  b i n o c u l a r s  f o r  u p s t a i r s  w a l l s .  P l o t  p l a n  form.  

4 .  Survey t h e  house  i n t e r i o r  t o  d e t e r m i n e  t r u e  t e m p e r a t u r e s ,  pay s p e c i a l  

a t t e n t i o n  t o  t h e r m o s t a t  s e t t i n g s  and l o c a l  t e m p e r a t u r e s .  

5.  I n s t a l l  blower door  and p r e s s u r i z e  house  t o  % 25 Pa ( 0 . 1  i n .  of w a t e r )  

u s i n g  i n f r a r e d  camera t o  i n s p e c t  a t t i c  a r e a .  C a r e f u l l y  n o t e  l e v e l  

and i n s t a l l a t i o n  i n t e g r i t y  of a t t i c  i n s u l a t i o n .  I n s p e c t  s e a l  and 

i n s u l a t i o n  of e n t r y .  FURNACE MUST BE TURNED OFF PRIOR TO TEST. 

6 .  house  w i t h  basement door open t a k i n g  p r e s s u r e  d a t a  over  

r a n g e  of p r e s s u r e s  1 0  - 75 Pa ( .02 -0.2 i n .  of w a t e r )  t h u s  e s t a b l i s h i n g  

t h e  l e a k a g e  p r o f i l e .  Repeat  t e s t  w i t h  basement door  c l o s e d ,  u p s t a i r s  

d o o r  c l o s e d ,  e t c .  t o  i s o l a t e  p o r t i o n s  of house .  



7 .  I n f r a r e d  s c a n  i n t e r i o r  moving room-to-room w i t h  blower door  p r o v i d i n g  

25 Pa ( 0 . 1  i n .  of w a t e r )  n e g a t i v e  p r e s s u r e .  One a u d i t o r  scann ing  

w i t h  camera,  o t h e r  t a k i n g  n o t e s  and marking l o c a t i o n  on  p l a n  form 

graphs .  Take c a r e  of e a s y  p l u g a b l e  i t e m s  t o  p r o v i d e  a u d i t  p a y o f f .  

Recheck p r e s s u r e  p r o f i l e  fo l lowing  our  i n f i l t r a t i o n  r e d u c t i o n  r e t r o f i t s .  

8. Bring  house back up t o  t empera tu re  w h i l e  a t  t h e  same t i m e  measur ing 

f u r n a c e  performance.  A d j u s t ,  on t h e  s p o t ,  t o  t h e  b e s t  s e t t i n g .  

9. I n v e n t o r y  m j o r  a p p l i a n c e s  and a p p l y  m e t e r s  t o  r e f r i g e r a t o r  and f r e e z e r  

i f  more d a t a  i s  needed on t h e s e  h i g h  consuming items. 

10. Review w i t h  homeowner t h e  p r e l i m i n a r y  f i n d i n g s .  

SECTION I X  

MORE COMPLEX BUILDINGS 

Up t o  t h i s  p o i n t  we have c o n c e n t r a t e d  on r e s i d e n t i a l  d w e l l i n g s  of 

one t o  pe rhaps  t h r e e  s t o r i e s .  What f o l l o w s  is  a s e r i e s  o f  t r a c e r  g a s  a i r  

i n f i l t r a t i o n  measurements conducted on a  n i n e  f l o o r  o f f i c e  b u i l d i n g  

l o c a t e d  on t h e  P r i n c e t o n  Campus. The purpose  of t h e  t e s t s  was t o  deve lop  

t h e  p r o c e d u r e s  f o r  conduc t ing  t r a c e r - g a s  a i r  i n f i l t r a t i o n  measurements i n  

l a r g e ,  m u l t i s t o r y  b u i l d i n g s .  I n  p a r t i c u l a r ,  t e s t i n g  focused  on t h e  i n j e c -  

t i o n  and sampling of t r a c e r  g a s  v i a  a supp ly  d u c t  of t h e  b u i l d i n g ' s  HVAC 

system,  and on t h e  u s e  of s m a l l  p o l y e t h y l e n e  b o t t l e s  t o  conduc t  independent  

sampl ing  s t u d i e s  of i n d i v i d u a l  f l o o r s .  

Fur the rmore ,  a s  a  sub- task ,  t h e  b o t t l e  t e s t s  were conducted w i t h  

s e v e r a l  o b j e c t i v e s  i n  mind. 



e Use t h e  r e s u l t s  t o  c a l c u l a t e  and compare i n f i l t r a t i o n  r a t e s  

f o r  i n d i v i d u a l  f l o o r s .  

Check t r a c e r  g a s  d i s t r i b u t i o n  problems due t o  s t r a t i f i c a t i o n ,  

s t a g n a n t  a r e a s  and multichamber e f f e c t s ,  a l l  of which have been 

c i t e d  as p o s s i b l e  s o u r c e s  of e r r o r  i n  i n f i l t r a t i o n  t e s t i n g  

c e n t r a l  v e n t i l a t i n g  sys tems.  

e Obta in  a n  approximate  i d e a  of t h e  t ime  between i n j e c t i o n  and 

t h e  r e a c h i n g  of a  "dynamic e q u i l i b r i u m "  of t r a c e r  g a s  concen- 

* 
t r a t i o n  th roughout  t h e  b u i l d i n g .  

Sequence of Exper iments  

The f o l l o w i n g  i s  an  o u t l i n e  of t h e  p r e l i m i n a r y  t r i a l s  t h a t  f i n a l l y  

c o n s t i t u t e d  t h e  a c t u a l  exper iment .  P r e v i o u s  t r a c e r - g a s  i n f i l t r a t i o n  t e s t s  

have been performed i n  h i g h - r i s e  b u i l d i n g s  by Hunt12 Kelnhofe r ,  Hunt and 

Did ion  35 and Homa.  
3 6 

Only t h e  f i r s t  two have used t h e  c e n t r a l  v e n t i l -  

a t i n g  sys tems  t o  d i s t r i b u t e  t r a c e r  throughout  t h e  e n t i r e  b u i l d i n g .  Thkse 

and o t h e r  s t u d i e s  have po in ted  up some problems wi th  t h e  i n h e r e n t  assump- 

t i o n s  of t r a c e r  g a s  t e s t i n g .  Along w i t h  o t h e r s  ~ r i m s r u d ~ '  h a s  no ted  t h a t  

f o r  t h e  e x p o n e n t i a l - d i l u t i o n  law 

L 
C = C exp (- - t )  

0 v 
t o  b e  a  v a l i d  model f o r  a i r  i n f  i l t r a t i o n ,  t h e r e  must be:  ( i )  p e r f e c t  

mixing of t r a c e r  g a s  w i t h  b u i l d i n g  a i r ,  and ( i i )  p e r f e c t  mixing of 

* In  t h i s  s e n s e ,  t h a t  p o i n t  a t  which g a s  c o n c e n t r a t i o n ,  a t  a  g i v e n  i n s t a n t ,  
i s  r e l a t i v e l y  un i fo rm th roughout  t h e  b u i l d i n g .  Note: T h i s  s t a t e  i s  o f e  
of t h e  two c r i t e r i a  f o r  u s e  of e x p o n e n t i a l  d i l u t i o n  law C = C exp (- - t )  , 

t o  c a l c u l a t e  a i r  i n f i l t r a t i o n ,  t h e  o t h e r  c r i t e r i o n  be ing  mixYng 
of i n f i l t r a t i n g  a i r  w i t h  b u i l d i n g  a i r .  



i n f i l t r a t i n g  a i r  wi th  t h e  bu i ld ing  a i r - t r a c e r  mix ture .  The recommenda- 

t i o n  i s  f o r  sampling t r a c e r  concen t r a t i ons  throughout t h e  experimental  

space  i n  t h e  course  of a  s i n g l e  t e s t  t o  d e t e c t  problems of gas  s t r a t i f i -  

c a t i o n  and s e p a r a t i o n ,  o r  of multi-chamber e f f e c t s  ( t r a c e r  gas  movement 

r e s u l t i n g  i n  h igher  o r  lower apparent  i n f i l t r a t i o n  r a t e s ) .  ~ i c k ~ ~  and 

Honma found t h a t  t r a c e r  concen t r a t i ons  i n  s i n g l e  rooms were r e l a t i v e l y  

uniform i f  a u x i l i a r y  f a n s  were used,  whi le  Kelnhofer e t  a l .  performed 

spo t  checks du r ing  t h e i r  i n f i l t r a t i o n  t r i a l s  and found minimal concentra-  

t i o n  v a r i a t i o n  throughout a  bu i ld ing  s i m i l a r  i n  many r e s p e c t s  t o  t h e  New 

South Bui ld ing  (NSB) . Multichamber e f f e c t s  would hope fu l ly  be a  smal l  

problem i n  NSB, given t h e  l i g h t n e s s  of many of t h e  i n t e r - o f f i c e  p a r t i t i o n s ;  

bu t  t h e  mixing e f f i c i e n c y  of t h e  p e r i m e t e r / i n t e r i o r  v e n t i l a t i n g  systems,  

and t h e  " s t a b i l i z a t i o n  t i m e "  needed f o r  a  reasonably  uniform t r a c e r  gas  

c o n c e n t r a t i o n  t o  be e s t a b l i s h e d  throughout t h e  b u i l d i n g , a f t e r  i n j e c t i o n ,  a r e  

q u e s t i o n s  t h a t  could be i n v e s t i g a t e d  be fo re  a c t u a l  i n f i l t r a t i o n  t r i a l s .  

Dr ivas  e t  a 1  28 have descr ibed  a  mult i -point  sampling method was i n i t i a t e d  

u s ing  d r y  250 m l .  po lye thylene  b o t t l e s , a  p redecessor  t o  t h e  technique  

desc r ibed  i n  Sec t ion  111 of t h i s  r e p o r t .  The method would appear  i d e a l  

f o r  u se  i n  NSB, a s  i t  would a l low easy and cheap sampling of l o c a l i z e d  

t r a c e r  concen t r a t i ons  w i th  ve ry  l i t t l e  mod i f i ca t i on  of t h e  SF d e t e c t i o n  
6 

equipment. 

Tracer  gas  concen t r a t i on  anomalies might be  expected n e a r  v e n t i l a -  

t i o n  duc t  l o u v e r s  ( i n i t i a l l y ) ,  near  suspected leakage  s i tes  i n  t h e  e x t e r i o r  

w a l l s  and i n t e r n a l  s h a f t s ,  and a t  t h e  i n t e r f a c e s  of HVAC zones.  The sampling 



p o i n t s  marked by c i r c l e s  i n  F i g . 1 2 a r e  p laced  s o  a s  t o  check t h e s e  expec ta -  

t i o n s .  Samples would b e  t a k e n  a t  t h e  cor responding  p o i n t s  on t h r e e  f l o o r s :  

t h e  "A" basement (on t h e  machine f l o o r  l e v e l ) ,  t h e  t h i r d  f l o o r  ( t y p i c a l  

of f l o o r s  2-5),  and t h e  s e v e n t h  f l o o r  (where t h e  i n t e r i o r - z o n e  supp ly  f a n  

w i l l  be  s h u t  down d u r i n g  t e s t s ) .  The a c t u a l  sampling s c h e d u l e  f o r  t h e s e  

p r e l i m i n a r y  t r i a l s  i s  o u t l i n e d .  

O u t l i n e  of P r e l i m i n a r y  T r i a l  

(Designed f o r  t h r e e  r e s e a r c h e r s )  

l ,  I n j e c t  SF t r a c e r  g a s  i n t o  e x h a u s t l r e t u r n  d u c t  of sys tem E- l . (F ig .  1 2 ) .  S e t  
6 

up d e t e c t i o n  equipment t o  moni tor  SF c o n c e n t r a t i o n  decay v i a  s a r p l i n g  
6 * 

probe i n  d u c t ,  a s  proposed f o r  normal i n f i l t r a t i o n  t e s t i n g .  

2. Twenty m i n u t e s  a f t e r  i n j e c t i o n ,  i n i t i a t e  sample-gather ing ( u s i n g  250 m 1  

p l a s t i c  b o t t l e s )  a t  20-minute i n t e r v a l s ,  t e n t a t i v e l y  c o n t i n u i n g  f o r  

1 213 h o u r s  a f t e r  i n j e c t i o n  (5  s e t s  of samples ) .  P rocedure  f o r  g a t h e r -  

i n g  one such  s e t  would have a  r e s e a r c h e r  a s s i g n e d  t o  each  f l o o r ,  g a t h e r -  

i n g &  s t o r i n g  samples  a t  synchronized i n t e r v a l s ,  a t  each  of t h e  four  

p r e s c r i b e d  sample p o i n t s .  Procedure  recommended by D r i v a s  e t  a l .  f o r  

*The e n t i r e  sequence  of b u i l d i n g  p r e s s u r i z a t i o n ,  e t c . ,  was n o t  fo l lowed 
i n  t h e s e  p r e l i r r i n a r y  t r i a l s ,  R a t h e r ,  t o  check t h e  assumption of approach 
t o  a r o u g h l y  un i fo rm SF c o n c e n t r a t i o n  throughout  t h e  b u i l d i n g  a t  a  g iven  
i n s t a n t  f o l l o w i n g  i n j  e c e i o n ,  a  "worst-case" approach was t a k e n .  We c a n  
make a  c r u d e  a n a l o g y  t o  two t y p e s  of i d e a l i z e d  chemical  r e a c t o r  v e s s e l s ,  of 
t h e  b u i l d i n g  o p e r a t i n g  under  t h e  f i v e  "cases"  suggested by Ross and Grimsrud. 3 9 
Case 1 (100% r e c i r c u l a t e d  a i r )  i s  c l o s e r  t o  t h e  concept  of a w e l l - s t i r r e d  
b a t c h  (no f e e d ,  no e f f l u e n t )  v e s s e l  t h a n  i s  Case 4 ( o u t s i d e  a i r  dampers open,  
exhaus t  f a n s  o p e r a t i n g ) ,  which b e t t e r  approximates  a  CST (con t inuous ly - fed ,  
s t i r r e d  t a n k )  v e s s e l .  The theoretics c r i t e r i o n  of a  CST -- t h a t  a t  s t e a d y  



a c t u a l  sampl ing i s  t o  squeeze  t h e  b o t t l e  hard  1 0  t i m e s  t o  i n s p i r e  and 

mix sampled a i r  w i t h  t h a t  l e f t  i n  t h e  b o t t l e .  S i n c e  t h e  t e s t  i s  o n l y  

t o  d e t e c t  l o c a l  c o n c e n t r a t i o n  g r a d i e n t s ,  a b s o l u t e  c o n c e n t r a t i o n s  a r e  

n o t  i m p o r t a n t .  We c a n  assume t h a t  s u r f a c e  a d s o r p t i o n / d e s o r p t i o n  of 

SF o n t o  t h e  PE b o t t l e  w a l l  w i l l  come t o  a  c o n s t a n t  e q u i l i b r i u m  r a t e  
6 r ** 

f o r  a l l  b o t t l e s .  

3 .  Record weather  d a t a  v i a  t h e  weather  s t a t i o n  d u r i n g  t h e  t r i a l .  Th i s  

shou ld  b e  done a ) ,  a s  a  check on t h e  p r o c e d u r e  f o r  matching wea the r  t o  

a i r  i n f i l t r a t i o n  d a t a ,  and b ) ,  t o  h e l p  e x p l a i n  any unexpected c o n c e n t r a -  

t i o n  i r r e g u l a r i t i e s  t h a t  might have been b rough t  abou t  by h i g h  winds .  

4 .  A f t e r  a l l  samples have been t a k e n ,  t h e y  can  be  t a k e n  away and ana lyzed  

f o r  SF conc.  T h i s  shou ld  b e  done u s i n g  t h e  t e c h n i q u e s  o u t l i n e d  i n  
6 

S e c t i o n  I11 -- s l i g h t  b o t t l e  squeez ing  t o  avo id  c o n t a m i n a t i o n .  The 

r e s u l t s  -- a  th ree -d imens iona l  p r o f i l e  of how t r a c e r  c o n c e n t r a t i o n  i n  

t h e  b u i l d i n g  approaches  a  "dynamic e q u i l i b r i u m "  w i t h  t ime  -- can  t h e n  

be  compared w i t h  t h e  c o n c e n t r a t i o n  r e a d i n g s  o b t a i n e d  from t h e  d u c t  t o  

check mixing assumpt ions  and choose  a n  a p p r o p r i a t e  c o n c e n t r a t i o n -  

s ~ a b i l i z a t i o n  t i m e  f o r  normal i n f i l t r a t i o n  t e s t i n g .  

s t a t e ,  e f f l u e n t  c o n c e n t r a t i o n  C i s  e q u a l  t o  t h a t  found th roughout  t h e  v e s s e l ,  
o r  p e r f e c t  mixing -- i s  a l s o  t h e  p remise  of t r a c e r - g a s  measurement of a i r  
i n f i l t r a t i o n  i n  a  b u i l d i n g .  The m a t e r i a l  b a l a n c e  assuming t h i s  i t e r i o n  5 E f o r  a  CST of volume V and v o l u m e t r i c  f eed  r a t e  Q i s  QC = QC + V- which 

0 i s  s imply  a  r e e x p r e s s i o n  of  t h e  e x p o n e n t i a l - d i l u t i o n  l aw.  A c o n $ ~ n u o u s l y - f  ed 
s t i r r e d  t a n k  v e s s e l  w i l l  approach  t h e  t h e o r e t i c a l  CST c r i t e r i o n  a s  t h e  macro- 
s c o p i c  r e s i d e n c e  t ime  O+ =, where O = V/Q: i n  o t h e r  words ,  a s  t h e  v e s s e l  
approaches  b a t c h  o p e r a t i o n .  Thus, of t h e  two c a s e s  mentioned above,  Case 4 
i s  t h e  "worst  c a s e "  f o r  e x p e c t a t i o n  of a n  i n s t a n t a n e o u s l y - u n i f o r m  SF con- 
c e n t r a t i o n  a f t e r  some s t a b i l i z a t i o n  t ime .  6 

**Surface  a d s o r p t i o n ,  r e p r o d u c i b i l i t y  of sampl ing r e s u l t s ,  and o t h e r  un- 
c e r t a i n t i e s  of b o t t l e  sampl ing h a s  been t e s t e d  i n  t h e  l a b o r a t o r y .  No 
problems appear  t o  b e  p r e s e n t  i n  t h e  t e s t i n g  t o  d a t e .  



One e x c e p t i o n ,  u s e  of supp ly  d u c t  S-l (F ig .  12)  i n s t e a d  of exhaus t  duc t  

E-l f o r  i n j e c t i o n  and sampling,  was found t o  b e  n e c e s s a r y  a f t e r  i t  proved 

i m p o s s i b l e  t o  o b t a i n  a c c e s s  t o  t h e  l a t t e r .  Ke lnhofe r ,  Hunt and Did ion  
3 5 

i n  t h e i r  i n f i l t r a t i o n  measurements on a b u i l d i n g  v e r y  s i m i l a r  t o  t h e  New 

South  B u i l d i n g  [ t h e  Union P l a z a  b u i l d i n g  i n  Washington,  D.C.], a l s o  metered 

t h e i r  SF downstream r a t h e r  t h a n  upstream of t h e  e x h a u s t  f a n .  F u r t h e r  
6  

d e t a i l s  of t h e  a c t u a l  t e s t s  inc luded  1 )  supp ly /exhaus t  sys tem S-3/E-3 was 

shutdown; 2 )  a u x i l i a r y  exhaus t  sys tems ( t o i l e t ,  k i t c h e n ,  mechan ica l  rooms, 

d i shwasher  room, darkroom) OPERATING; 3)  no f r e s h  z i r  (dzmpers c l o s e d ) ;  and 

4)  no c o v e r s  on  s u p p l y ,  exhaus t  dampers. Tab le  I l i s t s  SF6 r e a d i n g s .  

D i s c u s s i o n  and Conc lus ions  

Checking some of t h e  i n h e r e n t  assumptions  of t r a c e r  g a s  t e s t i n g  

r e v e a l e d  s e v e r a l  t h i n g s  : 

The r a n g e s  of peak v o l t a g e  PV below a r e  a n  index  of how SF con- 6 

c e n t r a t i o n  v a r i e d  th roughout  t h e  New South b u i l d i n g  a f t e r  t h e  gas  

was metered i n t o  t h e  v e n t i l a t i n g  sys tem ( s t a n d i n g  c u r r e n t  SC = 8 4 ) :  

Time 

1 8  : 20 

1 8  :40 

1 9  : 00 

1 9  : 20 

1 9  :40 

Range 

65 - 73.5 
72 - 77.5 
76 - 79 
79 - 82 

8 1  - 82 

APV - 
8.5 

5.5 

3 .0  

3 .0  

1 . 0  



I f  we d e f i n e  a  r e a s o n a b l y  uniform c o n c e n t r a t i o n  a s  t h a t  which f a l l s  

w i t h i n  a  4  ppb band,  t h i s  c o n d i t i o n  i s  n o t  reached u n t i l  % 18:50,  b u t  SF 6 

i n j e c t i o n  began a t  17: 45, t h i s  i m p l i e s  a  " s t a b i l i z a t i o n  t ime" of o v e r  a n  

1 2  
hour .  Hunt,  i n  t e s t s  on t h e  N o r r i s  Cot ton B u i l d i n g ,  wa i ted  one hour 

between i n j e c t i o n  and sampling;  Kelnhofer ,  Hunt and ~ i o l i o n ) )  i n  t h e  Union 

P l a z a  t e s t s  made spo t  checks  of c o n c e n t r a t i o n  and a p p a r e n t l y  wa i ted  "15 

m i n u t e s  o r  l o n g e r "  f o r  c o n c e n t r a t i o n  s t a b i l i t y .  As was s t a t e d  and proved 

i n  R e f .  40,  t h e  HVAC system s e t u p  noted above i s  c l o s e  t o  a  "worst-case" 

t e s t  of whether  r e l a t i v e l y  uniform t r a c e r  g a s  c o n c e n t r a t i o n s  can b e  ach ieved  

i n  t h e  b u i l d i n g  (an even "worse case"  would have been t o  have o u t s i d e  a i r  

dampers open,  b u t  t h i s  i s  n o t  p e r m i s s i b l e  i n  w i n t e r  i n  N S B ) .  

Taking t h e  19:OO-19:40 i n t e r v a l  r a t h e r  t h a n  t h e  whole t e s t i n g  

p e r i o d  (18:20-19:40) d o e s  n o t  change t h e  d i f f e r e n c e  between t h e  d u c t  and 
. 

b o t t l e - s a m p l e  r e s u l t s  when a i r  i n f i l t r a t i o n  i s  c a l c u l a t e d  from c o n c e n t r a -  

t i o n  r e a d i n g s :  t h e  two t e s t  methods s t i l l  d i f f e r  i n  t h e i r  p r e d i c t i o n s  by 

- 1 
a b o u t  0 .07  exch.  h r .  However, b o t h  p r e d i c t i o n s  a r e  abou t  0.04 e x c h  hr-I 

h i g h e r  f o r  t h e  s h o r t e r  i n t e r v a l  than  f o r  t h e  l o n g e r .  Reasons f o r  t h i s  

d i f f e r e n c e  between i n t e r v a l s  k f  i t  be significant) 2re n o t , c l e a r :  s l i g h t l y  

h i g h e r  winds  were  f e l t  d u r i n g  t h e  19:OO-19:40 i n t e r v a l ,  Tab le  I ,  b u t  

whether  t h i s  was t h e  c a u s e  of t h e  d i f f e r e n c e  cannot  be  r e a d i l y  v e r i f i e d .  

Four sampl ing l o c a t i o n s  were chosen on each  f l o o r  t o  check f o r  

s u s p e c t e d  SF c o n c e n t r a t i o n  anomal ies  n e a r  v e n t i l a t i o n  d u c t  l o u v e r s ,  
6 

e x t e r i o r  w a l l s  and i n t e r n a l  ( e l e v a t o r  and s t a i r )  s h a f t s ,  and a t  t h e  i n t e r -  

f a c e s  of New S o u t h ' s  two v e n t i l a t i o n  sys tems ( p e r i m e t e r  and i n t e r i o r ) .  The 



c o n c e n t r a t i o n  (SC/PV) r e a d o u t s  from t h e  g a s  chromatograph -- one p e r  b o t t l e ,  

f o r  e a c h  l o c a t i o n  on t h e  20 minu te  i n t e r v a l  -- a r e  t a b u l a t e d  i n  Tab le  I1 

Marked c o n c e n t r a t i o n  d i f f e r e n c e s  between t h e  f o u r  l o c a t i o n s  a r e  n o t  r e a l l y  

e v i d e n t ,  though t h e  r e a d i n g s  n e a r  t h e  windows, columns "Att and "D", seem 

( n o t  s u r p r i s i n g l y )  t o  be g e n e r a l l y  more d i l u t e  t h a n  i n t e r i o r  r e a d i n g s .  The 
$ 

HVAC sys tem t h u s  seems t o  do a  f a i r l y  good j o b  of a i r  d i s t r i b u t i o n  on a  pe r -  

f l o o r  b a s i s ,  a t  l e a s t .  

F i g .  13 shows t h e  p e r - f l o o r  c o n c e n t r a t i o n  r e a d i n g s  averaged and 

p l o t t e d  a g a i n s t  t i m e ,  t o  compare a g a i n s t  themse lves  and w i t h  t h e  a i r - l e a k a g e  

r e a d i n g s  a l s o  o b t a i n e d  v i a  t h e  HVAC sampling d u c t .  A s  t h e  t a b u l a t e d  v a l u e s  

f o r  a i r  i n f i l t r a t i o n  i n  Tab le  111 bear  o u t ,  t h e  s e v e n t h  and t h i r d  f l o o r s  

averaged  over  t h e  80-minute t e s t  have t h e  same a i r  i n f i l t r a t i o n  l e v e l ,  w h i l e  

f l o o r  "At' shows 12% lower A I  l e v e l s .  A c t i v i t y  on f l o o r s  t h r e e  and seven 

d i f f e r e d  g r e a t l y  ( f l o o r  seven c a f e t e r i a  was s e r v i n g  d i n n e r  t o  t h e  U n i v e r s i t y  

Madison S o c i e t y  th roughout  t h e  t e s t ;  w h i l e ,  b e s i d e s  t h e  r e s e a r c h e r  and a  

l o n e  o f f i c e  worker and h i s  c h i l d ,  t h e r e  was no o t h e r  a c t i v i t y  on f l o o r  t h r e e ) .  

Another p o i n t ,  f l o o r  s e v e n ' s  i n t e r i o r  a i r  s u p p l y / e x h a u s t  sys tem (S-3/E-3) 

was s h u t  down a s  ment ioned,  t o  m a i n t a i n  t h e  v a l i d i t y  of sampling from S - l  

a l o n e .  T h i s  c r e a t i o n  of a  semi-"stagnant" i n t e r i o r  r e g i o n  cou ld  have r a i s e d  

t h e  f e a r  of a n  SF b u i l d u p  a s  t h e  t e s t  c o n t i n u e d ,  which cou ld  have been 
6 

s e e n  a t  a  "hung-up" c o n c e n t r a t i o n  w i t h  c o r r e s p o n d i n g l y  low l e a k a g e  r a t e s .  

Because of t h i s  a i r  l e a k a g e  o u t  of f l o o r  seven  may w e l l  have been h i g h e r  

t h a n  t h e  1 . 3 3  h r - l  averaged from t h e  20 minu te  r e a d i n g s  -- i t ' s  i m p o s s i b l e  

t o  t e l l  whether  SF d i f f u s i o n  i n t o  s t a g n a n t  a i r  on t h i s  f l o o r  masked a  h igher  
6 



Q than  f l o o r  t h r e e .  (b) The below-average a i r - l eakage  l e v e l s  f o r  Floor  "A" 

were p r e d i c t a b l e ,  p a r t  of t h e  " f l o o r ' s  e x t e r i o r  w a l l s  a r e  i n  f a c t  underground. 

A simple s o l u t i o n  t o  t h e  problem of a i r  i n f i l t r a t i o n  energy l o s s ,  bu t  no t  

p r a c t i c a l  f o r  a l l  cons t ruc t ion .  (c )  It i s  i n t e r e s t i n g  t o  n o t e  how c l o s e l y  

t h e  basement-duct concen t r a t ion  readings  fo l low t h o s e  of t h e  seventh f l o o r .  

S ince  t h e  basement duc t  a i r  i s  drawn (v i a  r e t u r n  system E-l) from the  

i n t e r i o r s  of a l l  New South F loors  except  t h e  7 t h ,  i t  beg ins  t o  look  l i k e  

t h e  7 t h  f l o o r  readings  a r e  l e s s  independent of t h e  duct-sample r ead ings ,  

t han  a r e  t h e s e  readings  obtained from t h e  o t h e r  two f l o o r s .  

Comparison of b o t t l e  and duc t  samplings f o r  p r e d i c t i n g  whole b u i l d i n g  a i r  

l eakage  shows promise of two compatible means f o r  e v a l u a t i n g  a i r - l e a k i n e s s  

of b u i l d i n g s ,  i f  c e r t a i n  gu ide l ines  a r e  fo l lowed,  i . e .  homogeneous mul t i -  

s t o r y  bu i ld ing  w i t h  c e n t r a l  AC supplylexhaust  systems, a l lowance of a 



r e a s o n a b l e  t r a c e r  g a s  s t a b i l i z a t i o n  t ime,  e t c .  I n  t h e  f i n a l  a n a l y s i s ,  t h e  

d u c t  sample produced a i r  l e a k a g e  Q undershoo ts  t h e  b o t t l e - s a m p l e  p r e d i c t i o n  

-1 
by about  .07 h r .  Is  t h i s  due t o  r e s i d u a l  SF i n  t h e  d u c t  a f t e r  i n j e c t i o n ,  

6 

i . e .  t o  a  weakness of t h e  t e s t  p rocedure ,  o r  i s  i t  because  t h e  bo t t l e - sample  

r e a d i n g s  a r e  l e s s  r e f l e c t i v e  of t h e  whole-building b e h a v i o r  t h a n  i s  t h e  

" s t i r r e d  average"  r e p r e s e n t e d  by t h e  d u c t  measurements.  I n  any c a s e ,  t h e  

d i f f e r e n c e  i s  l e s s  t h a n  6% of e i t h e r  average ;  t h u s ,  t h e  two methods of 

sampl ing would seem t o  g i v e  harmonious r e s u l t s  -- e i t h e r  cou ld  be  used .  

SECTION X 

MORE COMPLEX MONITORING 

O f t e n  one i s  c o n f r o n t e d  w i t h  energy moni to r ing  and a n a l y s i s  t h a t  

goes  beyond energy  a u d i t .  Ra ther  t h a n  a  v i s i t  of  h o u r s ,  o r  even d a y s ,  t h e  

m o n i t o r i n g  must cover  weeks o r  months and i n v o l v e s  r e s p o n s e  o f  t h e  b u i l d i n g  

t o  chang ing  wea ther  p a t t e r n s  a s  w e l l  a s  t h e  u s e  o f  t h e  b u i l d i n g  by t h e  

o c c u p a n t s .  I n  t h o s e  c a s e s  s p e c i a l i z e d  energy moni to r ing  equipment i s  

n e c e s s a r y .  

Submeter ing 

U t i l i t y  companies r o u t i n e l y  survey t h e i r  cus tomers  w i t h  m e t e r i n g  

t h a t  p r o v i d e s  a d d i t i o n a l  d a t a  on changing use  p a t t e r n s  and a s  a  p r e d i c t o r  

o f  a p p l i a n c e  c h o i c e s .  I n d i v i d u a l  m e t e r s ,  submete rs ,  may be  added t o  e i t h e r  

e l e c t r i c a l  o r  g a s  a p p l i a n c e s  and h e a t i n g / c o o l i n g  equipment ,  Such submeter-  

i n g  i s  n e c e s s a r y  f o r  t h e  u t i l i t y  t o  make r e a s o n a b l e  e s t i m a t e s  of f u t u r e  

energy  r e q u i r e m e n t s .  One example i s  submeter ing t o  d e t e r m i n e  t h e  energy 

consuced by a i r  c o n d i t i o n e r s ,  room-type o r  c e n t r a l ,  and e x t r a p o l a t i n g  t h e  



e f f e c t  on summer peak load .  

The energy a u d i t o r  i n  c e r t a i n  i n s t a n c e s  may wish t o  make use of sub- 

meter ing  t o  determine t h e  longer  term usage of a ques t i onab le  app l i ance  o r  

hea t ing l coo l ing  system. Th i s  approach was used a t  Twin ~ i v e r s ~ l  t o  

monitor t h e  i n d i v i d u a l  l a r g e  e l e c t r i c a l  u s e r s ,  a i r  cond i t i on ing ,  water 

h e a t i n g ,  e l e c t r i c  c l o t h e s  d r y e r ,  e t c .  I n  a more d e t a i l e d  s tudy  of a p p l i -  

ances ,  
41, 42 

i n d i v i d u a l  ga s  meters  were used a s  w e l l ,  i n  a s e t  of homes 

t h a t  provided gas  h o t  water  hea t ing  and gas  c l o t h e s  d ry ing .  

Instrument  Packages 

Beyond t h e  submetering approach one can proceed t o  t h e  i n s t a l l a t i o n  

of ins t rument  packages. Severa l  such packages have been developed i n  t he  

cou r se  of t h e  Twin R ive r s  program and a r e  desc r ibed  i n  Reference 41. Only 

t h e  l a t e s t  advances i n  our approach w i l l  be covered i n  t h i s  s e c t i o n .  How- 

e v e r ,  a b r i e f  summary of what has  been developed i n  t h e  p a s t  should prove 

h e l p f u l .  

HIT Package 

The highly- instrumented townhouse package allowed 63 channels  of 

energy- re la ted  d a t a  t o  be gathered every 20 minutes .  Th i s  package r e l i e d  

upon a 200 channel Esterline-Angus d a t a  a c q u i s i t i o n  system (DAS) t h a t  

i n t e r r o g a t e d  t h e  s enso r s  i n  a s e q u e n t i a l  manner. Data was s e n t  v i a  t e l e -  

phone l i n e  t o  our  l a b  and t a p e  recorded t h e r e .  The d a t a  were used t o  

completely d e s c r i b e  t h e  energy func t ion ing  of t h e  t h r e e  houses .  I n  a d d i t i o n ,  

however, d e t a i l s  on t h e  a i r  i n f i l t r a t i o n  r a t e  r equ i r ed  a v i s i t  w i th  t h e  



automated a i r  i n f i l t r a t i o n  u n i t  ( s e e  S e c t i o n  3 ) .  Complete d e t a i l s  on t h e  

f u r n a c e  and warm a i r  supp ly  sys tem r e q u i r e d  t h e  u s e  of Rapidscan.  

Rap i d  s c a n  

Rapidscan was a second DAS which added t h e  c a p a b i l i t y  of sampling 

as o f t e n  a s  20 t i m e s  per  second i f  r e q u i r e d :  T h i s  Doric  d a t a  system and 

a s s o c i a t e d 1 2  i n c h  r e e l - t o - r e e l  magnet ic  t a p e  r e c o r d e r  provided 100 c h a n n e l s  

of d a t a  and could  r e s c a n  c h a n n e l s  on 5 second t o  one hour i n t e r v a l s .  Up 

t o  1 5  d i s t i n c t  e v e n t s  were a b l e  t o  a c t i v a t e  t h e  r e a d o u t .  For example, t u r n -  

i n g  on t h e  a i r  c o n d i t i o n e r  would i n i t i a t e  a  s c a n  of a l l  s e n s o r s .  T h i s  

sys tem was used t o  e v a l u a t e  t h e  d e t a i l e d  energy h i s t o r y  of a l l  major 

a p p l i a n c e s  i n  l 6  a d d i t i o n a l  homes a t  Twin R i v e r s .  4 2  C u r r e n t l y ,  t h e  

Rapidscan system i s  g a t h e r i n g  s e l e c t e d  d a t a  i n  t h e  NBS-CSA n a t i o n a l  s tudy  

of r e t r o f i t t i n g  lower income hous ing .  2 6 

Omnibus 

A s i m p l e r  i n s t r u m e n t  package was developed f o r  moni to r ing  b e f o r s  and 

a f t e r  energy u s e  i n  a  group of 30 townhouses a t  Twin R i v e r s .  T h i s  Omnibus 

package,43 w i t h  m o d i f i c a t i o n ,  h a s  a l s o  been used t o  moni tor  1 0  heat-pump 

h e a t e d  and cooled homes i n  c e n t r a l  New J e r s e y .  4 4 9  4 5  Wore r e c e n t l y  Omnibus 

d o u b l e  packages have been used t o  moni tor  f o u r  o l d e r  homes i n  t h e  r e t r o f i t  

e v a l u a t i o n  program. The Omnibus package makes u s e  of a  four-channel  Westing- 

house demand meter  wide ly  used by t h e  u t i l i t i e s ,  Through t h e  a d d i t i o n  of 

a  s i g n a l  c o n d i t i o n i n g  and m u l t i p l e x i n g  c i r c u i t  t h e  r e c o r d e r  can  moni tor  12 



energy  s e n s o r s  once each hour .  The double  u n i t  a d d s  a  second t a p e  r e c o r d e r  

t o  a l l o w  24 s e n s o r  moni to r ing  i f  needed. 

A Computer as a  Monitor 

The p e r f e c t i o n  of t h e  Microprocessor  b rought  abou t  t h e  c r e a t i o n  of t h e  

Microcomputer -- t h e  i n e x p e n s i v e  "Home Corpputer". One such  home computer 

i s  t h e  Commodore PET (2001 S e r i e s ) ,  based on t h e  6502 Microprocessor .  How- 

e v e r ,  u n l i k e  t h e  KLM-1 o r  t h e  VIM-1  ( s i n g l e  c a r d  M i c r o s ) ,  i t  h a s  t h e  fo l low-  

i n g  conven iences  : 

1. B u i l t - i n  v i d e o  moni to r  w i t h  i n t e r f a c e  moni to r  and s c r e e n  memory. 

2. B u i l t - i n  keyboard w i t h  f u l l  ASCII c h a r a c t e r  s e t  and decoder .  

3 .  8K of BASIC on Read Only Memory (ROM). 

4 .  5K ROM Opera t ing  System, e t c .  
. 

5. 8K of Random Access  Memory (W) f o r  program and memory, 

6 .  Output p o r t s  f o r  two a u d i o  c a s s e t t e r e c o r d e r s  ( l - i n b o a r d ,  l -ou tboard)  

7 .  An IEEE-488 compatable  o u t p u t  p o r t  f o r  c o n n e c t i o n  of p e r i p h e r a l s  
such a s  p r i n t e r ,  f loppy  d i s c ,  d i g i t a l  c a s s e t t e ,  modem. RS-232 
c o n v e r t e r  a 1  so  a v a i l a b l e .  

8 .  A P a r a l l e l  U s e r ' s  P o r t  f o r  i n p u t t i n g  o r  o u t p u t t i n g  d i g i t a l  
s i g n a l s  under program c o n t r o l .  May a l s o  b e  used t o  c o n t r o l  
e x t e r n a l  s w i t c h e s ,  e t c .  

9. An i n t e r n a l  r e a l - t i m e  c r y s t a l  c o n t r o l l e d  c l o c k  a c c e s s i b l e  by 
b o t h  program and keyboard.  

These  f e a t u r e s  a l l o w  t h e  PET t o  be used a s  a  c o n v e n i e n t ,  low c o s t ,  

d a t a  c o l l e c t i o n  d e v i c e  when equipped w i t h  an A-D c o n v e r t e r  and a  m u l t i p l e x e r .  



A s i g n i f i c a n t  advan tage  i s  t h a t  a  " l a b  basedtf  PET can be used t o  p r o c e s s  

t h e  t a p e s  from many f i e l d  u n i t s .  I n  t r a n s p o s i n g  t h e  d a t a  t o  a  d i g i t a l  

c a s s e t t e  o r  f l o p p y  d i s c ,  t h e  d a t a  may be p r i n t e d  s imul taneous ly  f o r  r a p i d  

v i s u a l  examina t ion .  The d i g i t a l  c a s s e t t e  ( o r  f l o p p y  d i s c )  c a n  t h e n  be 

used t o  i n p u t  a  l a r g e  computer,  e l i m i n a t i n g  t h e  need t o  p r o c e s s  d a t a  

manual ly  ( w i t h  t h e  a t t e n d a n t  c o s t  and e r r o r  p o t e n t i a l ) .  The advan tages  

i n  t h e  f i e l d  a r e :  

1. S i n c e  t h e  PET i s  a  computer,  a l l  d a t a  can  be reduced t o  
p h y s i c a l  u n i t s  and rounded o f f  t o  a  r e a s o n a b l e  number of 
p l a c e s  b e f o r e  r e c o r d i n g .  

2 .  T h i s  a l l o w s  t h e  u s e  of low c o s t  t h e r m i s t e r s  (a lmost  h a l f  
t h a t  of t h e r m i l i n e a r  ne tworks ) ,  as t h e  PET c a n  e a s i l y  
compute t h e i r  r es i s , t ance- tempera tu re  c u r v e ,  

3 .  The i n t e r n a l  c l o c k  a l l o w s  t iming  of t h e  d a t a  t a k i n g  a s  w e l l  
a s  r e c o r d i n g  t ime  and d a t e .  

4 .  The PET " I n t e r r u p t "  Bus a l l o w s  t i m i n g  of e x t e r n a l  e v e n t s .  

5. The PET w i t h  e x t e r n a l  a u d i o  c a s s e t t e  c o s t s  l e s s  t h a n  a  d i g i t a l  
c a s s e t t e  r e c o r d e r  a l o n e ,  bu t  w i l l  p rov ide  about  t h e  same 
r e c o r d i n g  t i m e ,  i n c l u d i n g  t h e  p r e p r o c e s s i n g .  
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SECTION X I  

CONCLUSIONS 

The f i r s t  s t e p  i n  energy a u d i t ,  from t h e  s t a n d p o i n t  of i n f o r m a t i o n  

ga ined  v e r s u s  c o s t ,  i s  de te rmin ing  t h e  energy s i g n a t u r e .  P a s t  u t i l i t i e s  

r e c o r d s  and a  knowledge of p r e v a i l i n g  weather  a r e  n e c e s s a r y  t o  e s t a b l i s h  

t h i s  energy  v s .  t e m p e r a t u r e  d i f f e r e n c e  p l o t .  A d d i t i o n a l  i n f o r m a t i o n  

gained th rough  a  c a r e f u l l y  d i r e c t e d  homeowner q u e s t i o n n a i r e  adds  t o  t h e  

u s e f u l n e s s  and a c c u r a c y  of t h e  energy s i g n a t u r e  which can be  a p p l i e d  be- 

f o r e  and a f t e r  r e t r o f i t ,  

The house d o c t o r  k i t  d e s c r i b e d  h e r e i n  emphasizes fundamental  

measurements of t h e  key l o s s  f a c t o r s  i n  t h e  home energy a u d i t .  A i r  i n f i l -  

t r a t i o n  r e d u c t i o n  th rough  r e t r o f i t t i n g  h a s  been shown t o  be  f e a s i b l e  whi le  

t h e  a u d i t  i s  i n  p r o g r e s s ,  t h u s  p r o v i d i n g  i n s t a n t  b e n e f i t s  that can recover  

a u d i t  expenses .  The u s e  of s e v e r a l  approaches  t o  i n f i l t r a t i o n  measurement 

and l o c a t i o n  of l e a k a g e  s i t e s  h a s  been d e s c r i b e d .  Development of t h e  

s i m p l e s t  approach  f o r  such measurements u s e s  b o t t l e  samples from a  t r a c e r  

gas  seeded house .  T h i s  t e c h n i q u e  can be employed p r i o r  t o  a n  a c t u a l  house 

v i s i t  s a v i n g  t ime  and money. 

A key f e a t u r e  of t h e  house d o c t o r  k i t  i s  t h e  u s e  of t h e  blower door 

t o  d e t e c t  l e a k a g e  s i t e s  and t o  r a t e  t h e  l e a k i n e s s .  The blower door  des ign  

h a s  r e s u l t e d  i n  a  p o r t a b l e ,  f l e x i b l e  f i e l d  u n i t .  The u s e  of a  hand-held 

i n f r a r e d  camera when t h e  house i s  d e p r e s s u r i z e d ,  speeds  t h e  p r o c e s s  of 

l e a k  s i t e  d e t e c t i o n .  A t  t h e  same t ime t h e  q u a l i t y  and u n i f o r m i t y  of w a l l  

and c e i l i n g  i n s u l a t i o n  i s  surveyed .  Impor tan t  energy bypasses  a r e  un- 

covered i n  t h i s  I R  scann ing  p r o c e s s .  These s t r u c t u r a l  f l a w s  a l l o w  a i r  



movement t o  p a s s  th rough  t h e  b u i l d i n g  envelope degrad ing  t h e  performance 

of t h e  i n s u l a t i o n  and r a i s i n g  i n f i l t r a t i o n  l e v e l s  s i g n i f i c a n t l y .  I n t e r i o r  

w a l l s  can be  involved w i t h  t h e s e  l o s s e s  a s  w e l l .  

Another c o s t  e f f e c t i v e  energy a u d i t  i t e m  t h a t  should  n o t  be over-  

looked i s  f u r n a c e  performance e v a l u a t i o n .  Ten p e r c e n t  improvements a r e  

n o t  uncommon and t h e s e  can  be  achieved i n  l e s s  t h a n  one h a l f  hour and 

a l s o  p r o v i d e s  i n s t a n t  a u d i t  b e n e f i t s .  

Appl iance  performance i s  checked w i t h  a  r e c e n t l y  developed watthour 

mete r .  The meter  d e s i g n  p r o v i d e s  f o r  monthly e s t i m a t e s  t o  be made and 

c o v e r s  a p p l i a n c e s  a s  complex a s  t h e  r e f r i g e r a t o r .  

A l l  of  the energy  a u d i t  i t ems  c i t e d  r e q u i r e  a c c u r a t e  t empera tu re  

measurements.  T h i s  i n c l u d e s  house and t h e r m o s t a t  su rveys .  To meet t h i s  

need we have developed b o t h  AC and battery-powered t empera tu re  p robes .  

Measurements to  O . l D C  a c c u r a c y  a r e  achieved on s u r f a c e s  and a i r  t empera tu re ,  

a l l o w i n g  accura , t e  a s sessment  of energy consumption f a c t o r s .  

The items i n  t h e  house d o c t o r  k i t ,  f o r  t h e  most p a r t ,  can be  e a s i l y  

used by t h e  homeowner. T r a i n i n g  i s  minimal. The approach of add ing  

s p e c i a l i z e d  i n s t r u m e n t s  and t echn iques  and t h u s  move beyond t h e  walk through 

a u d i t  h a s  been demonstra ted  t o  have c o n s i d e r a b l e  m e r i t .  T h i s  a p p l i e s  t o  

homeowner and p r o f e s s i o n a l .  

I n  t h e  c a s e  of homes r e q u i r i n g  d e t a i l e d  o r  long-term moni to r ing  

s p e c i a l i z e d  u s e s  of t o d a y ' s  "home computers" w i l l  a l l o w  a n a l y s i s  t o  be  

made a c c u r a t e l y  and i n e x p e n s i v e l y  a s  d e s c r i b e d  i n  t h i s  r e p o r t .  



The t e c h n i q u e s  t h a t  have been o u t l i n e d  f o r  t h e  r e s i d e n t i a l  s e c t o r  

need n o t  be l i m i t e d  t o  s m a l l  b u i l d i n g s .  T r a c e r  g a s  moni to r ing  i n  t h e  d u c t s ,  

by bat tery-powered SF d e t e c t o r  equipment, and i n  rooms th roughout  t h e  6 

b u i l d i n g ,  u s i n g  the b o t t l e  t e c h n i q u e ,  was demonstra ted i n  a  h i g h - r i s e  

b u i l d i n g  on t h e  P r i n c e t o n  Campus, The methods a r e  f a s t  and economical .  

The r e s u l t s  a r e  most r e v e a l i n g  i n  t h a t  t h e r e  a r e  l a r g e  d i f f e r e n c e s  between 

d e s i g n  ( o r  c a l c u l a t e d )  i n f i l t r a t i o n  r a t e s  and t h e  r a t e s  a c t u a l l y  p r e s e n t .  

These d i f f e r e n c e s  a r e  h i g h l y  dependent  on t h e  v e n t i l a t i o n  sys tem.  



TABLE I 

Time 

WEATHER ANT.) CEmTRAL DUCT SF6 READINGS 

S tand ing  Cur ren t  = 86.5 Seeding a t  17:45 

* ** 
Peak Reading Wind Vel. Temperature  OF 

SF conc.  
6 (mph) 

O u t s i d e  I n s  i d  e 

* Averaged o v e r  20 minu te  p e r i o d  

**As measured a t  3 r d  f l o o r  



TABLE I1 

Time F loo r  

BOTTLE SAMPLES 

New South Building 

West Eas t  

Sampling S t a t i o n  ( see  F ig .  1 2 )  

* These a r e  t y p i c a l  SF concen t r a t ion  readings .  The s c a l e  number e .g.  65.5 i s  
6  compared t o  8 4 ,  t h e  ca se  where no SF i s  p re sen t .  Thus t h e  c l o s e r  t h e  reading 

i s  t o  84 t h e  lower t h e  SF concent ra f ion .  
6  



BOTTLE SAMPLES 

TIME 
L 

DUCT f 3 
INTERVAL SAMPLES FLOOR 7 FLOOR 3 FLOOR A 20 min. 

ave. 

1.20 1.33 1.33 1.17 1.27 
AVE. A. I.  I AVE. A.!. 
DUCT AVE. A.I. ALL FLOORS 

per FLOOR 
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BLOWER DOOR AND CONTROL PANEL 
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A .  HEAT LEAKAGE PATH FROM ATTIC 
SHOWN BEHIND lNYERlOR WALL. 

6B. HEAT LEAKAGE FROM ACROSS 
CEILING ( BETWEEN is5 AND 2nd FLOOR ) --. 
ALSO SHOWN IS WEATER DUCT PATH, 





APPLIANCE ENERGY CONSUMPTION METER 

FIGURE 9 
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APPENDIX A 

Components of the House Doctor Kit 

The following is a listing of components that make up the House 

Doctor Kit. Other key auxiliary instrumentation is also listed. Approxi- 

mate cost is shown in the last column 

Item Source 

"Probeye" Infrared Viewer Iiughes Aircraft Company 
Industrial Products Div. 
Image Device Marketing 
1284 No. Broad Street 
Hillside, N .J . 07 205 
(201) 289-7770 

Omega Model 250EF2-03 Tempera- Omega Engineering, Inc. 
ture Sensor with Model 68007-E One Omega Drive, Box 4047 
Surface Pyrometer and standard Staford, Corm. 06907 
Thermocouple assemblies (203) 359-1660 

Blower-Door Components 
Cat. /l22846 Constant-Torque, 
Adjustable-Speed D.C. Motor W. W. Grainger 
Cat. //4C249 Aluminurn Duct 819 East Gate Drive 
Type Fan w/o Motor Mt. Laurel, N.J. 08504 

Simpson Wide-Vue Panel Meter Any Major Electronic 
Model 1329 0-1 Ma DC (4 1/211) Supply House 

Dwyer Magnehelic Gauge 0-.5" Dwyer Industries 
Water Hightstown, N.J. 08520 

Dwyer Air Meter No. 460 (609)448-9200 

Camera Tripod (for Blower- Any Camera Store 
Door control panel and 
camera) 

Approximate 
Cost 

Tachometer circuit designed 
and built in house 



I tem 

m Bacharach T e s t  Equipment 

- 72 - 

Source  

F y r i t e  No. 10-5020 Combustion 
K i t  Tyro l  D i s t r i b u t o r s ,  I n c .  

Truespo t  Smoke Tes t  S e t  No. 21  517 South E a s t  Blvd. 
7 006 Vineland,  N.J. 08360 

D r a f t r i t e  Pocket  D r a f t  K i t  (609) 691-6740 
N O .  13-3001 

D i a l  Thermometers, 150-750 F Abbeon Ca l . ,  I n c .  
(18") and 200-1000 F(5") 123-50 Gray Ave. 

San ta  Barbara ,  C a l i f .  93101 

Appl iance  Time-Sequence Meter 
Genera l  E l e c t r i c  Type IW-70-S 
Watthour Meter 0.288 con / rev)  

Genera l  E l e c t r i c  Model 742X5Gll E l e c t r i c a l  Supply House 
SI-70 Meter Box 

Sodeco Model ET125-115 5 D i g i t  Sodeco Div. Land is  & Gyr 
Count e r  4 Wes tches te r  P l a z a  

Elmsford,  N.Y. 10523 
(914) 592-4400 

I n t e r m a t i c  Model E-1020 24 h r .  
Timer E l e c t r o n i c  Supply House 

E l e c t r o n i c  C i r c u i t  des igned  
and b u i l t  i n  house 

a O p t i c a l  Tapemeasure (6-100 f e e t )  Ranging I n c .  
90 L inco ln  Rd. ,  North  
Eas t  R o c h e s t e r ,  N.Y. 14445 

0 ~ p e c t r a n / ~ n s t r u m e n t s  Model S p e c t r a n  I n s t r u m e n t s  
640-1 Heat F l u x  Meter La Habra,  C a l i f .  

a P o l a r o i d  "The Repor te r  SE" Any Camera S t o r e  
Camera 

100  F t .  Tapemeasure Any Tool  S u p p l i e r  

0 1 0  Foot  Measuring Gauge Lumber Yard 
(made from 1 x 3  c l e a r  p i n e  
wood) 

Approximate 
Cost  



Item Source 

Alnor Thermo-Anemometer with Alnor Inst. Co. 
Model 1520 Probe 7301 N. Caldwell Ave. 

Niles, Ill. 60648 
. . (312) 647-7866 

Sling Psychrometer /l210 Science Associates, Inc. 
Maximum-Minimum Thermometers 230 Nassau St., Box 230 

//110-401120 F Princeton, N.J. 08540 
(609) 924-4470 

@ Automated Air Infiltration Unit 

Techtran Datacassette Model 8410.Techtran Industries, Inc. 
Willbe replacedwithMode1 200CommerceDrive 
817 @ $1295 Rochester, N.Y. 14623 

(7i6) 334-9640 
attn: Judy Monje 

I.T.I. Model 505 SF6 Detector Ion Track Instruments 
Chromatograph 3 A Street 

Burlington, Mass. 01803 
(617) 272-7233 

@ Automatic SFF, Injection Panel 
Components: 

Matheson Model 70 Low Pressure Matheson 
Regulator 932 Paterson Plank Road 

Matheson Model 8 Brass Two P. 0. Box 85 
Stage Regulator, CGA No. East Rutherford, N.J. 07073 
580; 4 to 40 psi delivery 
pressure 

Catalog No. 63-3131 Chrome- 
plated Brass Gauge 2 112" 
Diameter 

Catalog No. 4HD300 Sampling 
Cylinder 300 m l  Stainless 
Steel 

Catalog No. 3812 F4B Brass Hoke 
Valve 114'' NPT (Fem) 

@Mylar/Aluminum Sample Bags Calibrated Instruments, Inc. 
729 Saw Mill River Road 
Ardsley, N.Y. 10502 

.Smoke Air Flow Indicators National Mine Services 
Model 410 POB A 

Green River, Wyoming 82935 

Approximate 
Cost 



Item 

Commodore PET 2001 (8K Bytes) 
Computer w i th  No. 2 Casse t t e  
Recorder 

Tele type  Model 43 wi th  TTL 
I n t e r f a c e  (4320AAA) 

MC ADA 1200C 300 Band RS232C 
P r i n t e r  Adapter f o r  PET 

Approximate 
Sour c e Cost 

Commodore Business Machines $ 795 
Inc.  

901 Ca l i fo rn ia  Ave. $ 90 
Palo Al to ,  C a l i f .  94034 

Owens Associa tes  
147 Norwood Ave. 
New York, N.Y.  10304 

Connecticut Microcomputer $ 169 
150 Pocono Road 
Brookfield,  Conn. 06804 
(203) 775-9659 
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APPENDIX B 

Temperature  Probe Design C o n s i d e r a t i o n s  

The u s e s  of t h e  Temperature Probe a r e  o u t l i n e d  i n  S e c t i o n  V. F i e l d  

t e s t i n g  t h e  f i r s t  v e r s i o n  of t h e  probe (powered by AC) i n d i c a t e d  t h e  

f o l l o w i n g  c h a r a c t e r i s t i c s :  

1. AC l i n e  o p e r a t i o n  proved t o  be a  d e f i n i t e  drawback: i t  r e s u l t e d  

i n  e x c e s s i v e  l e n g t h s  of e i t h e r  AC e x t e n s i o n  c o r d s  o r  thermocouple 

e x t e n s i o n  w i r e s .  

2 .  Very bad r e s p o n s e  t o  the rmal  shock was evidenced when going from 

a t t i c  t o  basement o r  indoor  t o  outdoor  environments .  T h i s  was 

shown t o  r e s u l t  i n  a  l o n g  recovery  t ime  -- up t o  45 minu tes .  

3 .  S u r f a c e  p robe  proved t o  be  v e r y  f r a g i l e  and s u b j e c t  t o  breakage 

when used by inexper ienced  p e r s o n n e l .  (Replacement c o s t  $ 9 5 ) -  

4 .  S u r f a c e  p robe  took a  measureable  amount of h e a t  away from t h e  

s p o t ' b e i n g  measured.  On b a r e  m e t a l  s u r f a c e s ,  t h i s  was n o t  a  

problem. However, on wood p a n e l i n g ,  p a i n t e d  w a l l s ,  g l a s s ,  e t c .  

t h e  r e s p o n s e  t ime  was abou t  1 0  seconds .  Th is  meant t h a t  t o  

a c h i e v e  a  f i n a l  r e a d i n g  t h e  probe had t o  be moved t o  a  second 

p o s i t i o n  where t h e  p roper  t empera tu re  was p r e s e n t ,  and w a i t  

a n o t h e r  1 0  seconds  t o  g e t  a  f i n a l  r e a d i n g .  

5 .  O v e r a l l  r e a d o u t  accuracy  = - + 0 .6  + O.l°F (- 0 . 5  t o  0.7OF) o r  

(-0.3 t o  +0.4OC) a t  c o n s t a n t  t empera tu re .  Refe rence  j u n c t i o n  

d r i f t  (50 t o  104OF, 1 0  t o  40°C ambient)  = @ S ° F  (.4OC). 

Probe a c c u r a c y  (ANSI l i m i t s  of e r r o r )  = + 3OF (+ 1.7OC). Worst - - 
c a s e  o v e r a l l  a c c u r a c y  (over  t empera tu re  range)  becomes e s s e n t i a l l y  

+ 4.4OF (+ 2.5OC). - - 



6 .  An o p e r a t i n g  t e m p e r a t u r e  r a n g e  of 50 t o  104°F (10 t o  40°C) 

was ach ieved  combined w i t h  a  s t o r a g e  t e m p e r a t u r e  r a n g e  of 

- 40 t o  167°F ( - 40 t o  75°C). 

7 .  A r e a d o u t  r a n g e  of  0  t o  400°F (-18 t o  204°C) w i t h  O.Z°F 

(0 .  1°C) r e s o l u t i o n .  

By Mid-1978, D i g i t a l  Pane l  Thermometers were  becoming q u i t e  competi-  

t i v e .  Another su rvey  was made and a n  Omega ~ n ~ i n k e r i n ~ ,  I n c .  Model 250B 

was purchased (complete  s p e c i f i c a t i o n s  a r e  g i v e n  i n  Ref .  46) .  Improve- 

ments  ach ieved  inc luded  : 

1. Readout r a n g e  of - 110  t o  400°F (- 7 9  t o  204°C). 

2.  R e s o l u t i o n  of O . l °F  (0.05"C).  

3 .  O v e r a l l  r e a d o u t  a c c u r a c y  of  - + .3"F (+ 1 .7"C) .  - 
4. 5 V DC o p e r a t i o n .  

5. P r o v i s i o n  f o r  h o l d i n g  r e a d i n g .  

6 .  P r o v i s i o n  f o r  d i s p l a y  b lank ing .  

Thermal shock t e s t i n g  was done on t h e  u n i t .  I n  r e s p o n s e  t o  a  -35OF 

(- lg°C)  change shock,  a  the rmal  t r a n s i e n t  peak of  + .90F (+O.5"C) was 

noted a f t e r  1 minu te  and end ing  by 30 m i n u t e s ,  w i t h  f i n a l  s t a b i l i t y  being 

a c h i e v e d  i n  50 minu tes  w i t h  a  -0.2"F (-O.l0C) change i n  r e a d i n g .  The s e n s o r  

was h e l d  a t  room t e m p e r a t u r e  and i t s  t e m p e r a t u r e  was moni to red  d u r i n g  t h e  

tes t .  



There  a r e  a p p a r e n t l y  two c o n t r i b u t i n g  f a c t o r s  f o r  t h i s  e f f e c t .  They 

a r e :  

1. Cold j u n c t i o n  compensation.  I n  t h i s  mete r ,  co ld  j u n c t i o n  compen- 

s a t i o n  i s  accomplished by p o t t i n g  a  t r a n s i s t o r  i n  a  h o l e  i n  t h e  

t e r m i n a l  b lock  n e a r  t h e  TC i n p u t  t e r m i n a l s .  Obviously,  t h e r e  

i s  a  c o n s i d e r a b l e  t ime  and t e m p e r a t u r e  l a g  between t h e  c o l d  

j u n c t i o n  and i t s  tempera tu re  s e n s o r .  

2 .  Thermal s t o r a g e  c a p a c i t y  i n  s e n s o r  c a b l e .  The s u r f a c e  probe 

c a b l e  i s  q u i t e  bu lky ,  and though f l e x i b l e ,  h a s  c o n s i d e r a b l e  

the rmal  s t o r a g e  c a p a c i t y .  T h i s  w i l l  h e l p  t o  reduce  t h e  thermal  

shock s l i g h t l y  a s  t h e  p r e v i o u s  t e m p e r a t u r e  i s  conducted t o  t h e  

r e f e r e n c e  j u n c t i o n ,  bu t  d e l a y s  s t a b i l i z a t i o n  u n t i l  t h e  c a b l e  

s t a b i l i z e s .  

To overcome t h e s e  d i f f i c u l t i e s ,  t h e  mete r  was mounted i n  a  p l e x i -  

g l a s s  box l i n e d  w i t h  3/8"  t h i c k  s tyrofoam (See F i g .  8 ) .  The box was made 

l o n g  enough t o  p r o v i d e  1 .5"  (3.8cm) of a i r  s p a c e  between t h e  back of t h e  

meter  and t h e  r e a r  i n s u l a t i o n .  Th is  provided room f o r  about  1 f t .  (30 cm.) 

of TC e x t e n s i o n  w i r e  t o  connec t  t h e  co ld  j u n c t i o n  t o  t h e  r e a r  p a n e l  TC 

c o n n e c t o r .  T h i s  p r o v i d e s  some i s o l a t i o n  of t h e  the rmal  s t o r a g e  c a p a c i t y  

of t h e  s e n s o r  c a b l e  from t h e  co ld  j u n c t i o n .  The s tyrofoam t h i c k n e s s  was 

chosen t o  l i m i t  t h e  i n t e r n a l  t empera tu re  r i s e  t o  18OF (lO°C) above ambient 

(due t o  mete r  power d i s s i p a t i o n ) .  Th i s  e f f e c t i v e l y  reduced t h e  the rmal  



shock t r a n s i e n t  t o  l e s s  t h a n  + .4"F (+ -2°C) peak w i t h  f i n a l  s t a b i l i t y  

be ing  ach ieved  i n  100 minu tes  w i t h  no change i n  r e a d i n g .  The u n i t  r e t u r n e d  

t o  w i t h i n  . l ° F  (.06"C) i n  40 minu tes .  Warm-up t ime  f o r  room tempera tu re  

s t a r t  MS 60 minu tes .  

T h i s  meter  i s  powered by a  12V, 4 . 5  Amp. H r .  Gel  C e l l  and a  12V t o  

5V DC-DC c o n v e r t e r  mounted i n  a  s e p a r a t e  minibox t h a t  can  b e  b e l t  mounted 

o r  worn w i t h  a  shou lder  s t r a p .  

The meter  i t s e l f  i s  provided w i t h  a  neck s t r a p ,  d i s p l a y  b l a n k i n g  

s w i t c h ,  and a s w i t c h  t o  hold  t h e  r e a d i n g .  

F i e l d  t e s t s  were made i n  t h e  F a l l  of 1978 and showed t h e  f o l l o w i n g :  

l. B a t t e r y  o p e r a t i o n  and neck s t r a p  p o r t a b i l i t y  a  d e f i n i t e  p l u s .  

However, t h e  b a t t e r y  pack was t o o  heavy f o r  b e l t  u s e  and was 

n o t i c e a b l e  w i t h  a  shou lder  s t r a p .  

2 .  Response t o  the rmal  shock was a c c e p t a b l e ,  b u t  r e c o v e r y  t ime  

i n c r e a s e d  t o  100  minu tes .  However, r e c o v e r y  t o  w i t h i n  . I 0 F  ( .06"C) 

shor tened  t o  40 minu tes .  

3. Warm-up t ime leng thened  t o  60 minu tes .  T h i s  was overcome by 

t u r n i n g  t h e  u n i t  on with d i s p l a y  blanked when l e v i n g  f o r  t h e  

f i e l d ,  a s  n o r e  t h a n  a n  hour would a lways  e l a p s e  b e f o r e  u s e .  

T h i s  a l s o  meant t h a t  u n i t  was never  t u r n e d  o f f  i n  t h e  f i e l d ,  b u t  

t h e  d i s p l a y  was blanked when n o t  i n  u s e .  

4 .  The need f o r  con t inuous  o p e r a t i o n  combined w i t h  a DC-DC 

c o n v e r t e r  e f f i c i e n c y  of 55 t o  65% r e q u i r e d  a heavy b a t t e r y  t o  

a c h i e v e  7  t o  8 h o u r s  of o p e r a t i o n .  



5 .  A l l  t h e  p r i o r  p robe  c r i t i c i s m s  s t i l l  app ly .  T h i s  t i m e ,  one 

cou ld  n o t e  hand e f f e c t s ,  i . e .  h e a t  conduc t ion  t o  j u n c t i o n  through 

t h e  p robe  hand le .  

6 .  O v e r a l l  r e a d o u t  a c c u r a c y  of - + .3"F (+ - .17"C), T c o n s t a n t .  A 

* 
r e f e r e n c e  j u n c t i o n  d r i f t  - +0.4"F (+ - .22OF) . Probe accuracy  

( M S 1  ERROR LIMITS) - + 3 " F . ( 1 . 7 " ~ ) .  Worst c a s e  o v e r a l l  accuracy  

(over  t e m p e r a t u r e  r a n g e )  becomes e s s e n t i a l l y  - + 3.7OF (+ - 2OC) 

7 .  An o p e r a t i n g  t e m p e r a t u r e  range  o f  50 - 104°F was achieved 

combined w i t h  a  s t o r a g e  t empera tu re  r a n g e  of -40 t o  158°F 

(-40 t o  75°C). 

8 .  The p r o v i s i o n  f o r  h o l d i n g  t h e  r e a d i n g ,  combined w i t h  O. l°F 

(.06"C) r e s o l u t i o n  were d e f i n i t e l y  d e s i r a b l e .  

I n  t h e  o v e r a l l  v iew t h i s  u n i t  would appear  t o  be u s e a b l e  by t r a i n e d  

p e r s o n n e l ,  b u t  n o t  s u i t a b l e  f o r  u s e  by t h e  a v e r a g e  homeowner. A rugged,  

more a c c u r a t e  s u r f a c e  probe i s  r e q u i r e d  a l o n g  w i t h  a  l i g h t e r  b a t t e r y  pack 

and b e t t e r  performance under environmental  t empera tu re  changes  t o  a c h i e v e  

a  p r a c t i c a l  u n i t .  I t  i s  a l s o  noted t h a t  t h e  Model 250B h a s  been dropped 

from Omega E n g i n e e r i n g ' s  1979 Ca ta log .  Tab le  B - l  c o n t a i n s  a  summary of a  

1979 l i t e r a t u r e  s e a r c h  of D i g i t a l  Pane l  Thermocouple Mete rs .  Table  B-2 

l i s t s  t h e  AVSI l i m i t s  of e r r o r  of thermocouples (Standard C96.1) .  Refe rence  

t o  T a b l e s  B - l  and B-2 w i l l  i n d i c a t e  t h a t  t h e  p r a c t i c a l  l i m i t  of thermocouples 

h a s  been r e a c h e d ,  e x c e p t  f o r  t y p e  T w i t h  s p e c i a l  c a l i b r a t i o n .  Also,  no 

commercia l ly  a v a i l a b l e  s u r f a c e  p robes  appear  s u i t a b l e .  

*SO0 t o  104"F, 1 0  t o  40°C ambient .  



The o t h e r  a v a i l a b l e  methods of measur ing t e m p e r a t u r e  a r e  Semi- 

conduc tor ,  R e s i s t a n c e  Temperature  D e t e c t o r  (RTD) and Thermis to r .  

A l l  semiconductor methods (d iode ,  t r a n s i s t o r ,  diode-connected 

t r a n s i s t o r ,  o r  I . C . )  c a n  be d i smissed  because  each  u n i t  w i l l  r e q u i r e  

c a l i b r a t i o n .  I n  a d d i t i o n ,  t h e  packaging d o e s  n o t  l e n d  i t s e l f  t o  s u r f a c e  

probe c o n s t r u c t i o n .  

RTD's a r e  b a s i c a l l y  bu lky ,  e x h i b i t  slow r e s p o n s e  ( i . e .  abou t  1 0  

t i m e s  TC's o r  t h e r m i s t o r s ) ,  low o u t p u t ,  and even i n  t h e  b e s t  (p la t inum)  

c a s e  a r e  s t i l l  n o n - l i n e a r ,  The t h i n  f i l m  t y p e s ,  a r e  of c o u r s e ,  f a s t e r ,  

b u t  s t i l l  o b j e c t i o n a b l y  l a r g e  and f r a g i l e .  

Bead t h e r m i s t o r s ,  however, e x i s t  a s  b o t h  i n d i v i d u a l s  and compos i tes .  

The i n d i v i d u a l  t h e r m i s t o r ,  though h i g h l y  n o n - l i n e a r ,  i s  of h i g h  o u t p u t .  

The composi te  (two t h e r m i s t o r s  w i t h i n  t h e  same b e a d ) ,  o f  s i m i l a r l y  h i g h  

o u t p u t ,  can be  h i g h l y  a c c u r a t e  and l i n e a r  over  r e s t r i c t e d  r a n g e s  when used 

w i t h  t h e  c o r r e c t  r e s i s t o r s  and c i r c u i t  (See Ref. 4 7 ) .  While f o u r  pub l i shed  

r a n g e s  a r e  " s t a n d a r d , "  ( s e e  Tab le  B-3) dozens  of s p e c i a l  r a n g e s  e x i s t  ( s e e  

T a b l e  B-4). The impor tan t  t h i n g  i s  t h a t  a l l  t h e  r a n g e s  may be  o b t a i n e d  by 

u s i n g  d i f f e r e n t  combina t ions  of r e s i s t o r s  w i t h  t h e  same t h e r m i l i n e a r  

compos i te .  

I n  g e n e r a l ,  t h e  wors t  c a s e  "accuracy and i n t e r c h a n p e a b i l i t y "  i s  

+ 0.27OF (+ .15'C) over  t h e  r a n g e  of -22 t o  + 212OF, (-30 t o  100°C) and - - 

g e n e r a l l y  - + .15'F (+ - . 0 8 " C ) f o r l e s s  over  any p a r t i c u l a r  l i n e a r  r a n g e .  

The n o n - l i n e a r i t y  over  t h e  " s tandard"  r a n g e s  v a r i e s  from + .06OF t o  + - - 
.3g°F (+ - .03 t o  + .21°C) ( s e e  Tab le  B-3) and may be  c o r r e c t e d  i f  

d e s i r e d .  A t y p i c a l  d a t a  s h e e t  and e r r o r  c u r v e  i s  shown i n  F i g .  B - l .  The 



compos i tes  a r e  u s e a b l e  over  a  t empera tu re  range  of -40 t o  3 0 2 ' ~  (-40 t o  

150°C),  s u f f i c i e n t  f o r  a l l  a p p l i c a t i o n s  excep t  s t a c k  t e m p e r a t u r e s .  Also ,  

d o u b l e  (+ - .13OF) a c c u r a c y  and i n t e r c h a n g e a b i l i t y  (5 .07OC) t h e r m i l i n e a r  

compos i tes  a r e  a v a i l a b l e  on s p e c i a l  o r d e r  f o r  approx imate ly  a  65% p r i c e  

i n c r e a s e .  

The s m a l l  p h y s i c a l  s i z e  of t h e  bead ( s e e  F i g .  B - l  and low the rmal  

i n e r t i a  and time c o n s t a n t  make a  good c a n d i d a t e  f o r  u s e  i n  a  s u r f a c e  p robe .  

Such a  proposed d e s i g n  i s  shown i n  F i g .  B-2. 

The above c h a r a c t e r i s t i c s  combined w i t h  h i g h  l e v e l  o u t p u t  ( t e n t h s  

of v o l t s ) ,  e x c e l l e n t  i n t e r c h a n g e a b i l i t y  and accuracy  and moderate  c o s t  

make t h e  t h e r m i l i n e a r  network a  l o g i c a l  c h o i c e  f o r  t h e  t e m p e r a t u r e  s e n s o r ,  

T a b l e  B-5 compares t h e  c h a r a c t e r i s t i c s  of t y p i c a l  s e n s o r s  of each t y p e ,  

The r e c e n t  i n t r o d u c t i o n  by l n t e r s i l  of t h e  ICL 7106, 7107 3% 

D i g i t  S i n g l e  Chip A I D  c o n v e r t e r  I . C .  has  made t h e  3  112  D i g i t  DPM a  h i g h l y  

c o m p e t i t i v e  f i e l d .  U n i t s  a r e  now a v a i l a b l e  a t  p r i c e s  f r o n  $31 up (comple te ) .  

The 7106 i s  d e s i g n e d  t o  d r i v e  a  LCD d i s p l a y  w h i l e  t h e  7107 i s  des igned  t o  

d r i v e  a  LED d i s p l a y .  

The c h i p s  a r e  CMOS w i t h  h igh  i n p u t  impedance ( > l 0 0 0  megohms), au to -  

z e r o ,  t r u e  d i f f e r e n t i a l  i n p u t  and r e f e r e n c e ,  and u s e s  t h e  i n t e g r a t e  up- 

i n t e g r a t e  down c o n v e r s i o n  t echn ique .  It h a s  a  low supp ly  c u r r e n t  ( 1  ma + 8 ma/ 

segment) and a  v e r y  h i g h  s t a b i l i t y  and accuracy  and c a n  be s e t  f o r  a  f u l l  

s c a l e  of - + 2000 c o u n t s  w i t h  any i n p u t  v o l t a g e  i r o n  0.2V t o  2V by s e l e c t i n g  

t h e  r e f e r e n c e  v o l t a g e  and a  few e x t e r n a l  components. Thus, r a t i o m e t r i c  

o p e r a t i o n  i s  p o s s i b l c .  A summary of t h e  c h a r a c t e r i s t i c s  of t h e  ICL 7106, 

7107 i s  c o n t a i n e d  i n  R e f .  48. 
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An I n t e r n a t i o n a l  M i c r o t r o n i c s  Corp. Model 1100 DPM ( I n t e r s i l  ICL 7107 

CPL based)  was bought ( s e e  F i g .  B-3) f o r  $31 and t e s t e d  f o r  warm-up d r i f t ,  

r e s p o n s e  t o  the rmal  shock, the rmal  d r i f t ,  and s u p p l y  c u r r e n t  d r a i n .  

Warm-up d r i f t  was found t o  be l e s s  t h a n  23 c o u n t s  ( o u t  of 2000) 

l a s t i n g  1 0  minu tes ,  w i t h  t h e  r e a d i n g  coming w i t h i n  6 c o u n t s  of f i n a l  v a l u e  

w i t h i n  3 minutes .  The r e s p o n s e  t o  a  -3S°F the rmal  shock was a  smooth d r i f t  

of  -7 c o u n t s  (out  of 2000),  beginning a f t e r  1 0  m i n u t e s  and end ing  by 25 minutes 

There  was no z e r o  d r i f t  d u r i n g  e i t h e r  warm-up o r  the rmal  shock. Thus, t h e  

warm-up t r a n s i e n t  may be  expressed  a s  + 1.15% of r e a d i n g  l a s t i n g  1 0  minutes  

and the rmal  d r i f t  a s  + .01% of r e a d i n g  p e r  d e g r e e  F. change i n  ambien t .  

The supply c u r r e n t  a t  5 V was measured as 200 ma. maximum ( d i s p l a y  

r e a d i n g  I t -  188.8") and 27.5 rna w i t h  t h e  d i s p l a y  b lanked .  

If commercially a v a i l a b l e  DC-DC c o n v e r t e r s  ( t y p i c a l  e f f i c i e n c y  55 

t o  65%) a r e  abandoned i n  f a v o r  of a  custom des igned  h i g h - e f f i c i e n c y  swi tch ing  

r e g u l a t o r  (> 8 0 % ) ,  t h e n  a  l i g h t  b a t t e r y  pack can  b e  used ( i . e .  1 2  V .9 AH), 

Such a  d e s i g n  i s  i n  p r o c e s s ,  based on t h e  723 I . C .  p r e c i s i o n  v o l t a g e  regu- 

l a t o r .  

Such a  DPM -- Thermi l inear  Network -- H i  E f f i c i e n c y  Power Supply 

combinat ion would make a t empera tu re  measur ing d e v i c e  s u i t a b l e  f o r  u s e  by 

t h e  average  homeowner, and have a n  o v e r a l l  a c c u r a c y  and i n t e r c h a n g e a b i l i t y  
l 

of b e t t e r  t h a n  0.5"F. A S i m p l i f i e d  diagram of t h e  mete r  i s  shown i n  I 
Z 

F i g .  B-4. 
i 
j 

The r e c e n t  i n t r o d u c t i o n  by I n t e r n a t i o n a l  M i c r o t r o n i c s  of t h e i r  < 
i 
1 

S e r i e s  L500 DPM opens a n  a t t r a c t i v e  a l t e r n a t i v e  f o r  t h e  " p r o f e s s i o n a l "  



House Doctor .  It i s  based on t h e  I n t e r s i l  ICL7106 3  112 d i g i t  s i n g l e  c h i p  

A / D  c o n v e r t e r  and u s e s  a  Liquid  C r y s t a l  D i s p l a y  (LCD), a  complete  s e t  of 

s p e c i f i c a t i o n s  f o r  t h e  meter  i s  included a s  ( F i g .  B-5. The L500 DPM o f f e r s  

t h e  f o l l o w i n g  s i g n i f i c a n t  advan tages :  

1. The LCD i s  e a s i l y  r e a d a b l e  i n  b o t h  v e r y  h i g h  l i g h t  l e v e l s  

and d i r e c t  s u n l i g h t .  

2 .  Because of t h e  LCD, t h e  t o t a l  power d r a i n  of t h e  meter  i s  

v e r y  low (about  1 0  m i l l i w a t t s ) .  T h i s  w i l l  g r e a t l y  r e d u c e  

b a t t e r y  r e q u i r e m e n t s  and t h e r e f o r e  we igh t .  

3 .  E s s e n t i a l l y  no warm up time! 

4 .  Accuracy and l i n e a r i t y  i s  improved by a f a c t o r  of 2 ,  

5. Thermal d r i f t  i s  improved by a n  o r d e r  of magnitude.  

To t a k e  advan tage  of t h e  improved performance of t h i s  meter  a n  a d d i t i o n a l  

f e a t u r e  may be added f o r  t h e  p r o f e s s i o n a l .  T h i s  would a l l o w  him t o  change 

t h e r m i l i n e a r  networks  w i t h  a  s e l e c t o r  s w i t c h .  S ince  t h e  same t h e r m o l i n e a r  

compos i te  (YSIil44018) i s  used w i t h  a l l  f o u r  t h e r m o l i n e a r  components, t h e  

same probe  can be used f o r  a l l ,  Th is  then  r e q u i r e s  o n l y  s w i t c h i n g  R I ,  

R 2 ,  R 3  and R4 (See F i g .  B-4) w i t h  a  m u l t i p o l e  s w i t c h .  T h i s  t h e n  p e r m i t s  

t h e  p r o f e s s i o n a l  t o  choose t h e  most f a v o r a b l e  r a n g e  f o r  a c c u r a c y  and pre-  

c i s i o n ,  s p e c i f i c a l l y  : 

1. YSIil44201 +32 t o  $212 'l? +/-0.388 O F  L i n e a r i t y  D e v i a t i o n  (LD) 



However, t h e  LCD meter does have t h r e e  drawbacks: 

1. I n  ve ry  dim l i g h t  t h e  d i s p l a y  w i l l  r e q u i r e  supplementary 

l i g h t i n g  . 
2 .  The c o s t  of t h e  L500 i s  almost twice  t h a t  of t h e  1100 ($59 

vs .  $31). 

3 .  The LCD d i s p l a y  i s  only  .35" high compared t o  .SO" f o r  t h e  LED. 



TABLE B-l 

DIGITAL PANEL T.  C. METER SURVEY 

YEAR PRICE T.C. TYPE RANGE RESOLUTION OVERALL ACCURACY 

+ 1/2% of Bead ing  - 



TABLE B-2. ANSI LIMITS OF ERROR OF THERMOCOUPLES 

(ANSI STD. C 96.1) 

ANS I 
TYPE 

MATERIAL TEfPERATURE 
RANGE IN OF 

LIMITS OF ERROR 

STANDARD SPECIAL 

J Iron vs. Below 32 * j: ** 
Constantin 32 to 530 + 4°F + 2°F - 

530 to 1400 - + 314% - + 318% 

K Chrome1 vs. 
Alumel 

Below 32 ** 
32 to 530 - + 4OF 
530 to 2300 - + 314% 

E Chrome1 vs. Below 32 * * A * 
Constantin 32 to 600 - + 3'F - + 2 114'F 

600 to 1600 - + 1/2% - + 318% 

S,R Platinum vs. Below 32 ** * * 
Plat inum-Rhodium 32 to 1000 - + 2 1/2OF + 2.5OF - 

T Copper vs. -150 to -75 + 2% - - + 1% 
Constant in -75 to 200 - 4- 1 112°F + 314°F - 

200 to 700 - + 3 / 4 %  + 318% - 

** No limit specified 





TABLE B-4. SPECIAL RANGE VALUES FOR THE 

YSI-44018 THERHOLIEEAR CO?fPOSITE 

The folloc-ing a r e  46016 ranges v h i c h  have been c a l c u l a t e d ,  f o r  which YSI does  n o t  
s t o c k  f i x e d  r e s i s t o r s .  

The r e s i s t o r ' s  r e q u i r e 2  t o l e r a n c e s  a r e  20 .1% t o  r c N e v e  t h e  l i n e a r i t y  s p e c i f i e d .  
A6 w i t h  a l l  t h e r m l i n e a r  n e t v o r k s ,  t h e  load r e s i s t a n c e  should  be 1 0  m e g o h ~ s  o r  more.  
I n  many c a s e s  t h e  l i n e a ~ i z a t i o n  has  n o t  been op t imized ,  bu t  c a r r i e d  on ly  f a r  enough 
t o  meet a  rpec i f  i c  r equ i r emen t .  

/.L018 Temp L i n e a r i t y  E. = 0 EinT + () Ein R T = O h n s / O T + O h m s  R1 
Range 'C Dev. 'C R 2 
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TABLE B-4 (cont.d.1 

5 - Ohm61eT + Ohms 
R1 R2 Linearity 

Dev. *F 

.21 





VS1 RESISTOR COMPOSITE 44304 

RANGE 30' to lMJ°F 

YSI THERMISTOR COMPOSITE 44018 
This Vhermilinear Thermlstor NeWork Is a 

composite device consisting of resistors and 
precise thermistors which produce an output 
voltage linear with temperature, see Fig. 1, 
or a linear resistance with temperature, see 
Fig. 2. The precise thermistors can either be 
the YSI #44018 (as included in the $44204) 
or they can be a YSi 700 Series Probe since 
they are electrically Identical. 

Equations which describe the behavior of 
the device are: (Refer to Fig. 1) 

Eout, = (-0.0031289 Eln)T +1).90768 Ein 
Eoul, = (+0.0031289 Ein)T +0.09232 Ein 

(Refer to Fig. 2) 
R, (-47.834) T +5173.7 
T = O F  

Accuracy and Inter- 
~ h n g e r b l l l l y  
blnerrlty Der l r lkn:  

*Lin Yax 
*IT MIX 

h k l v f y :  
Lord Rnistrner: 
Tlmr Conatant: 

10 Mwohm min. 
The t ~ m s  r.qu1r.d tor me thermistor to 
lnd~crle 83% of r nrv imprert+d tem- 
perrture. In ' W l  Irl~rred' oll. l sec.. In 
tree still air. 10 rsc. 

-112°t0 +250bF (-80t0 9420°C) 

Eln M m  IT Mux values have Man urign+d to Confrol the 
therm~slor self-haat~ng errors 80 Ih41 they do no1 etllrrga the 
component error brnd, 1.1. tha w m  of VH Ilnurlfy Mvlat~on 
plus the probe lolerrnces 

Eln Max I, Max v~ lues @re ~ r r l g n e d  utlng 8 thnnmor 
d~ss~palion constun! of 8 M W I " C  In stirred oll If batter Mrl-81nk 
methods @re used or If an rnlargrmrnl of the error bind la 
rcceptable Eln M a r .  IT Mrx valuer may be extDKllb without 
damage 10 the thermlrlor probe 

WARNING 
Use heat sinks when ~oldering or 

welding to thermistor leads. 

WOW BODY 
dREY TIP 
EPOXY COATED 



-EPOXY FILLED WITH METAFIL 
EPOXY END FILL 

THERMISTOR COMPOSITE 

STYROFOAM INSULATION 

.--FOAM RUBBER DRAFT SHIELD / CABLE TO METER !! 

SYNTHANE TUBE HAND GRIP-' 

PROPOSED THERMISTOR WALL PROBE 



INTERNATIO,  -.L 
M I C R O T R O N I L S  
CORPORATION INSTRUCTION MANUAL 

MODEL l100 DPM 
SPECIFICA NONS: 
* 3 I / 2  DIGIT -5" LED DISPLAY 
* FULLY BIPOLAR 

AUTO ZERO 
* S V F S  DIFFERENTIAL/S.E. 

0.1 % ACCY L LINEARITY 
@ IOOOMEGOHMS INPUT IMPEDANCE 

200 pA BIAS CURRENT 
* 200V OVERVOLTAGE 
* RANGE PROGRAMMABLE 

DEC. POINT PROGRAMMABLE 
0.01% /'C TEMP. STABILITY 

* 750 mW @ 5Vdc 
m 100% TESTED 
* 100:; BURNED-IN . 100'. GUARANTEED 
* SAME PANEL CUT.OUT AS DATEL S 
@ MADE IN AMERICA. BY AMERICANS WITH 

AMERICAN COMPONENTS 

1 MAKE CONNECTIONS TO METER AS PER LABEL ON THE BACK OF THE HOUSING 
2 DO NOT APPLY POWER YET. CHECK OVER ALL YOUR CONNECTIONS AGAIN VOLTAGES AND MISCCNNECTIONS MAY GAMAGE 

IC BEYOND REPAIR AND VOID GUARANTEE 
3 APPLY POWER TO METER AND SHORT TOGETHER INPUT HI AND INPUT L 0  (PINS 8 & 9) METER SHALL DISPLAY 000 WITH THE MINUS 

( -  ) SIGN FLICKERING IF IT DOES NOT. SLIGHTLY TURN P, UNTIL THIS CONDITION IS ACHIEVED APPLY THE FULL SCALE SIGNAL 
AS PER RANGE OF METER. AND ADJUST P, FOR THAT READING. 

TROUBLE SHOOTING TIPS 
SYMPTOM POSSIBLE CAUSE 

1 NO DISPLAY DISPLAY BLANKED OVERRANGE NO POWE? 
2 DIS?iaY ERRATIC NO - SV POWER 
3 NOh LlhiEARlTY NO - C V  POWER 
4 h 3 N  SYMETRY G3Cui.3 iCZ? 

APPLICATIONS 
-. . . - . - . .A:.. - - -  ',> 

, ,- .. : -*...::. ' - : ;S :::G 23: 

I *:.L EMJL: ~ r c t ~ - m r .  ' . A ~ I O U ~ I ~  C a., m o u g ~ n  : 
. l a .A. - .- _ : *'.-_ 5 ,N i . i  f * 3 f  3 DI"f.f.',.. K m t . o o t . A l i o *  

8 - 7  r3: 

' . / -  V - . . 
. . .:.; 

. /A >'.. . .. - >  - .  . :  _..I" '. 

MECHANICAL SPECIFICATIONS 

FIGURE B -  3 



rsI #4401e 
THERMISTOR 
COMPOSITE 
CN PROBE END 

PORTABLE DIGITAL THERMOMETER BASED ON THERMlLlNEAR 
NETWORK 



SINGLE I.C. 
LOW COST INDUSTRIAL GRADE 

DIGITAL PANEL METERS 
Series 8500 Series L500 

L.E.D. Display FEATURES L.C.D. Display 
@ 150 Houn Burn-in 
* 100% Tested (3 Times) 

Automatic Zero 
Low Power Consumption 
Internal Attenustors 
Lamp Test 
Auto Polarity 

@ SOmV Input = 1000 Counts 
For Current Shunts 

DESCRIPTION 
Rugged reliability and dependable performance are offered in these low cost industrial grade DPM's. 
The single 1C design gives you all these plus low power and clear viewable display. The 50mV version 
(Option S) is ideal for industry's standard 50mV shunts; at SOmV input the output is 1000 counts with 
100% overrange to 2000 counts for 1WmV input. 

- 

LE.D. tm SPECIFICAT IONS @ 25OC L,Da ,,, 
Blp0l8f. Singk Ended. ....................... Input Sgn.1 Type ............................. Blpolrr. S~ngle Ended 

D~fferentlal Dltfrrent~al 
5 Pico Amps ................................. Input B t u  Current ............................ S PICO Amps 
1OOO Mspohms .............................. Input Impedance gm ~ c g r n m s  .............................. 
D u d  Ramp .................................. C o n ~ " i 0 n  Type ............................. Dual Ramp 
2 Volts ..................................... .Common Mode Vottage (CMV) ............... . 2  volts 
.S" Red L.E.D. ............................. ..Dtsplay TYW . . !  .35- Black Scgmcnts L C D .............................. 
4 hmpks/Socond ......................... . .Conmron Spbad ............................ 6 Slmples/Stcond 
+OOSkPC ................................... Drik versus Temparature ...................... :.W~:OC 
80 S8c0nds .................................. Warn-up Time ................................ E%wnltally None 
t9.05k of F . 5  21 dlglt ..................... ..Accuracy 81-14 Llnear~ty ........................ ~O.DS% of F.S :t dlgll 
5, r2vdc. 120/240Vac 215% ................... Operating Voltage ...................... . . . . . , S ,  Q, 12Vdc. 115~2j0v@c %r0% 
W m W  ..................................... .Power Consumvt~on .......................... 1OmW @ Q V ~ C  

Outpuf Voltage Avrtlrbk @ 
-5Vdc 3.70% @ 3mA .......................... 5V Input .................................. -5Vdc *l& @ 5mA 
-10 to 60'CI-25 to 4 5 ° C  .................. . Q ~ m ~ n g l S m r r p e  T+mwralure ............... 0 to X)°C/-2S to + ~ o * c  
Mc rn r l l y  Selectable ........................ . k l n r r l  Points ............................... Wernr l ly  &lectable 

ORDERING INFORMATION 

1 5 - 2V Ratiometric I&M I 

Option 1 

.. 

6-XX)UA 1K 
7 - 2mA . 100 ohms 
8 - 20mA 10 ohms 
Q - 200mA 1 ohm 
S --- 50 mV JOOOM 

0 - SVdc 
1 - 120/240Vac (uses 

ISG-6 or TB-6 
Conn.) 

3 --- l2Vdc 

TYPICAL 
l 

(For Both Series) 

. - 
& 

Note CONNECTORS: 
1%-18 h lSC-6 Solder Tabs T v w  



APPENDIX C 

Meter Design C o n s i d e r a t i o n s  f o r  Measuring Appl iance Consumption 

The b a s i c  f u n c t i o n s  o f  t h e  Appl iance Energy Consumption Meter a r e  

o u t l i n e d  i n  S e c t i o n  6.  The d e t a i l s  a r e  covered i n  t h i s  appendix.  

Three  d e s i g n  approaches  may b e  used.  They a r e  A l l - E l e c t r o n i c ,  Hybrid ,  

and Al l -E lec t romechan ica l .  

The a l l  e l e c t r o n i c  method would c o n s i s t  of a t r a n s f o r m e r  coupled 

ana log  w a t t m e t e r ,  A-D c o n v e r t e r ,  ga ted  s t o r a g e  c o u n t e r s ,  and LED r e a d o u t s .  

I n  a d d i t i o n ,  a n  e l e c t r o n i c  timer and e l a p s e d  t ime  t i m e r  would be  needed 

t o  g a t e  t h e  s t o r a g e  c o u n t e r s .  Also,  a r e g u l a t e d  power s u p p l y  w i t h  back-up 

b a t t e r y  would be  r e q u i r e d  t o  avo id  e r r o r s  due  t o  power l i n e  s u r g e s  o r  t o t a l  

l o s s  of s t o r e d  d a t a  due  t o  momentary power l i n e  f a i l u r e s .  The a l l - e l e c t r o n i c  

approach  i s  p r e c l u d e d  by c o s t  c o n s i d e r a t i o n s  compared t o  t h e  other_ methods.  

I t  i s  c o n c e i v a b l e ,  however, t h a t  i n  h i g h  volume p r o d u c t i o n  where custom LSI 

c h i p s  a r e  j u s t i f i e d ,  t h a t  t h e  c o s t  could  be  c o m p e t i t i v e .  

The "Hybrid" and a l l  e l e c t r o m e c h a n i c a l  approach b o t h  u s e  commercial 

wa t thour  m e t e r s  nok- i n  mass p r o d u c t i o n ,  such as G .  E. t y p e  IW-70 - S ,  and 

b o t h  e l e c t r o - m e c h a n i c a l  timers and c o u n t e r s .  

The "Hybrid" approach  employs a  s l o t t e d  o p t i c a l  c o u p l e r  t o  s e n s e  

h o l e s  d r i l l e d  i n  t h e  eddy-current  d r a g  d i s c  a s  d e s c r i b e d  i n  Ref.  41 .  

However, t o  have a  d i r e c t - r e a d i n g  o u t p u t  i n  a l l  kW' u n i t s ,  n i n e  h o l e s  

would be  r e q u i r e d  i n  t h e  d r a g  d i s c  fol lowed by a n  e l e c t r o n i c  d i v i d e  by 

125 ( f o r  Kh = 7 . 2 ) .  T h i s  r e q u i r e s  a  programmable divide-by ' I N "  c o u n t e r  

such a s  a  C34059A o r  3 d i v i d e  by 5 s t a g e s  u s i n g  3-CD4018A and 2-CD4011A 
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t o t a l .  The method r e q u i r e s  a  low v o l t a g e  r e g u l a t e d  power s u p p l y  and i s  

a l s o  s u b j e c t  t o  e r r o r  from l i n e  conducted e l e c t r o m a g n e t i c  i n t e r f e r e n c e .  

The a l l - e l e c t r o m e c h a n i c a l  approach u s e s  t h e  c o n t a c t s  on t h e  G . E .  

t y p e  IW-70-S wa t thour  mete r  t o  o p e r a t e  a n  e l e c t r o m e c h a n i c a l  c o u n t e r  d i r e c t l y .  

T h i s  method i s  f r e e  from l i n e  conducted EM1 and d o e s  n o t  r e q u i r e  a n  i n v o l v e d ,  

r e g u l a t e d ,  e l e c t r o n i c  power supp ly .  I n  a d d i t i o n ,  t h e  components can  be  con- 

t a i n e d  i n  a  s t a n d a r d  mete r  box provided w i t h  a  s t a n d .  See F i g . 9  However, 

c a r e  must b e  t a k e n  i n  t h e  d e s i g n  t o  minimize c o n t a c t  wear and e r r o r s  due t o  

c o n t a c t  bounce a n d l o r  d i r t y  c o n t a c t s .  

The t y p e  IW-70-S wa t thour  mete r  i s  a v a i l a b l e  w i t h  s e v e r a l  c a l i b r a -  

t i o n s  f o r  t h e  c o n t a c t s .  Chosen was 0.288 c o n t a c t s  p e r  r e v o l u t i o n  w i t h  a 

Y, of 7 .2  w a t t h o u r s  p e r  r e v o l u t i o n  of t h e  d r a g  d i s c .  T h i s  p r o v i d e s  a  

d i r e c t  c a l i b r a t i o n  of 25 w a t t h o u r s  p e r  c o u n t .  O p e r a t i o n  of t h e  c o u n t e r  f o r  

1 / 4  day (6  h r s . )  would p r o v i d e  a  s c a l e  f a c t o r  of 0 . 1  kWh/day p e r  c o u n t .  

S i n c e  t h e r e  a r e  two c o n t a c t s  c l o s i n g  a l t e r n a t e l y ,  u s e  of o n l y  one  c o n t a c t  

y i e l d s  t h e  same s c a l e  f a c t o r  when t h e  c o u n t e r  i s  o p e r a t e d  f o r  1 2  h r s .  

F o r t u i t o u s l y ,  o p e r a t i o n  of t h e  c o u n t e r  f o r  18 h o u r s  makes t h e  c o u n t e r  

d i r e c t  r e a d i n g  i n  u n i t s  of  1 . 0  kWh p e r  30 day  month ( u s i n g  b o t h  c o n t a c t s ) .  

Thus,  3 s c a l e s  may b e  s e l e c t e d  by a p p r o p r i a t e  t i m e r  s e t t i n g s  combined w i t h  
t 

one s w i t c h  s e t t i n g .  When m o n i t o r i n g  a  r e f r i g e r a t o r ,  f o r  example,  t h e  18 h r .  
f 

1 

p e r i o d  from 6 AM t o  1 2  Midnight  could  b e  s e l e c t e d .  T h i s  shou ld  correspond 1 
Z 
i 

t o  a  maximum demand p e r i o d  because  of numerous door  open ings  and t h e  l o s s  j 

J 
of c o l d  food and i n t r o d u c t i o n  of warm. Converse ly ,  t h e  u s e  f a c t o r  can  be  

e l i m i n a t e d  by s e l e c t i n g  t h e  6 hour p e r i o d  from 1 2  Midnight  t o  6 AM when 

t h e  demand i s  p r i m a r i l y  a  f u n c t i o n  of t h e  h e a t  l e a k a g e  and r e f r i g e r a t o r  

e f f i c i e n c y .  



C i r c u i t  A n a l y s i s :  

The schemat ic  d iagram of t h e  Time Sequence Meter wired f o r  l l O V  

s e r v i c e  i s  shown i n  F i g .  10.  The wat thour  meter  and box can  be  connected 

f o r  e i t h e r  115V s i n g l e  phase  2  w i r e  o r  230V s i n g l e  phase  3  w i r e  s e r v i c e ;  

bu t  d i f f e r e n t  p l u g s  and o u t l e t s  a r e  r e q u i r e d .  The a s s o c i a t e d  c i r c u i t r y  

was t h e r e f o r e  des igned  t o  o p e r a t e  on l 1 5  v o l t s ,  a s  t h i s  would a l s o  be  

i n t e r n a l l y  a v a i l a b l e  i n  t h e  230 v o l t  connec t ion .  

To e l i m i n a t e  t h e  e f f e c t s  of c o n t a c t  d i r t  and bounce and p ro long  

c o n t a c t  l i f e ,  t h e  c o u n t e r  i s  o p e r a t e d  i n  h i g h  v o l t a g e ,  low c u r r e n t ,  impulse  

mode. T h i s  a l s o  p r o l o n g s  c o u n t e r  l i f e  by minimizing h e a t  d i s s i p a t i o n  i n  

i t s  c o i l .  

The wat thour  mete r  c o n t a c t s  (K-l & K-2) a r e  cam d r i v e n  a s  a  snap 

a c t i o n  s i n g l e  p o l e  d o u b l e  throw s w i t c h .  When i n  good mechanical  a l i g n m e n t ,  

t h e  c o n t a c t s  a r e  c l o s e d  f o r  approx imate ly  e q u a l  t i m e s  when m e t e r i n g  a  con- 

s t a n t  l o a d .  Each c o n t a c t  c l o s u r e  c a u s e s  t h e  c o u n t e r  t o  advance on coun t  

by c h a r g i n g  a  c a p a c i t o r  from a  DC v o l t a g e  s o u r c e  through t h e  c o u n t e r  c o i l ,  

I s o l a t i o n  between t h e  c o n t a c t s  i s  provided by semiconductor d i o d e s  i n  

s e r i e s  w i t h  e a c h .  Thus,  c o n t a c t  K - l  a c t u a t e s  t h e  c o u n t e r  th rough  D-2 and 

C - 2  w h i l e  K-2 o p e r a t e s  th rough  D-3 and C-3. The d i o d e s  a l s o  pe rmi t  t h e  

c o n t a c t s  t o  become s o  b a d l y  misa l igned  t h a t  a  make-before-break s i t u a t i o n  

can occur  w i t h o u t  c a u s i n g  l o s t  c o u n t s .  R e s i s t o r s  R-2 and R-3 a r e  p laced  

i n  p a r a l l e l  w i t h  C-2 & C-3 r e s p e c t i v e l y  t o  d i s c h a r g e  each c a p a c i t o r  w h i l e  

t h e  a p p r o p r i a t e  c o n t a c t  i s  open. The DC v o l t a g e  s o u r c e  i s  provided by a  
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s imple  half-wave r e c t i f i e r  (D-l) c a p a c i t o r  f i l t e r  (C-l, R-l) o p e r a t i n g  

th rough  t h e  t imer  c o n t a c t s  (S-2 o r  S-3) and on-off s w i t c h  (S- l )  from t h e  

117V l i n e .  T h i s  p r o v i d e s  an  o p e r a t i n g  v o l t a g e  of a b o u t  160V DC t o  a c t u a t e  

t h e  c o u n t e r  through any d i r t  o r  ox ide  f i l m  b u i l d u p  on t h e  c o n t a c t s .  

A LED (D-4) i s  provided t o  v i s u a l l y  i n d i c a t e  when power i s  a p p l i e d  

t o  c o u n t e r  power supply.  Cur ren t  l i m i t i n g  f o r  t h e  d i o d e  i s  provided with- 

o u t  power d i s s i p a t i o n  by t h e  s e r i e s  r e a c t a n c e  of c a p a c i t o r  C-4. R e c t i f i e r  

D-5 shunted a c r o s s  t h e  LED, p r o v i d e s  t h e  r e q u i r e d  b i l a t e r a l  c u r r e n t  p a t h  

th rough  C-4. Turn-on t r a n s i e n t  c u r r e n t  i s  l i m i t e d  t o  a  s a f e  v a l u e  ( f o r  

t h e  d i o d e s )  by r e s i s t a n c e  R-4. 

I n  s e l e c t i n g  t h e  v a l u e  of C-2 and C-3 c o n s i d e r a t i o n  must b e  g iven  

t o  t h e  e l e c t r i c a l  pa ramete rs  of t h e  c o u n t e r .  The c o u n t e r ,  a  Sodeco ET125 

(115 VAC) w i t h  5 d i g i t s  and a  mechanical  r e s e t  i s  t y p i c a l  of i t s  c l a s s .  

I n  a d d i t i o n ,  i t s  i n t e r n a l  f u l l  wave b r i d g e  r e c t i f i e r  ( f o r  AC o p e r a t i o n )  

a c t s  a s  a  damping d i o d e  f o r  i t s  i n d u c t a n c e  d u r i n g  t u r n o f f .  T h i s  a l s o  

e l i m i n a t e s  t h e  EM1 n o m a l l y  a s s o c i a t e d  w i t h  t h e  tu rn-of f  of AC o p e r a t e d  

s o l e n o i d s .  T y p i c a l l y ,  such a  c o u n t e r  w i l l  appear  e l e c t r i c a l l y  a s  a 6 

Henry i n d u c t a n c e  i n  s e r i e s  w i t h  a  3 . 3 k  r e s i s t o r  ( b e f o r e  b e i n g  e n e r g i z e d ) .  

To p r e v e n t  a n  o s c i l l a t o r y  c h a r g i n g  t r a n s i e n t  on c o n t a c t  c l o s u r e ,  C should 

4L 
b e  chosen > - a s  w e l l  a s  p r o v i d i n g  s u f f i c i e n t  c u r r e n t  t o  o p e r a t e  t h e  c o u n t e r .  

The c l a s s i c  c i r c u i t  e q u a t i o n s  p r e d i c t  a  peak c u r r e n t  of 38 ma b e i n g  achieved 

i n  4 m i l l e s e c o n d s  f o r  t h e  p a r t i c u l a r  components u s e d ,  a l o n g  w i t h  t e r m i n a t i o n  

of t h e  t r a n s i e n t  a f t e r  35 m s .  F ig .C-l  shows a n  o s c i l l o g r a m  of t h e  c u r r e n t  

th rough  t h e  c o u n t e r  w i t h  bounce-free  c o n t a c t  c l o s u r e  t o  be c l o s e  t o  p r e d i c t i o n .  

O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  o s c i l l g r a m  shown i n  F i g .  C-2 .  T h i s  i s  



t y p i c a l  of t h e  c u r r e n t  th rough  t h e  c o u n t e r  when a c t u a t e d  by modera te ly  d i r t y ,  

bouncing c o n t a c t s .  The c o u n t e r ,  however, r e s p o n d s  w i t h  one coun t  (and o n l y  

one)  a s  w i t h  c l e a n  c o n t a c t s .  

Conc lus ions :  

The f i e l d  t r a i l s  of t h e  t ime  sequence mete r  have shown i t  t o  b e  easy  

and conven ien t  t o  u s e  w h i l e  y i e l d i n g  t h e  a c c u r a c i e s  p r e v i o u s l y  a t t a i n a b l e  

o n l y  by l e n g t h y ,  invo lved  p r o c e d u r e s .  

The e l e c t r o n i c s  h a s  been des igned  from t h e  a s p e c t s  of s i m p l i c i t y ,  

r e l i a b i l i t y ,  and low c o s t ,  a s  w e l l  a s  compactness.  

Opera t ing  I n s t r u c t i o n s  f o r  Appl iance Energy Consunption Hete r  

A .  Plug  kI.21 meter  i n t o  l l O V  AC w a l l  o u t l e t .  

B .  P l u g  a p p l i a n c e  i n t o  t h e  meter  box o u t l e t .  

C .  S e l e c t  p roper  range  w i t h  "range" swi tch.  

D .  I n s e r t  t r i p p e r s  a s  p e r  t i m e r  i n s t r u c t i o n  s h e e t  (on t h e  back of t h e  

mete r  box) f o r  t h e  d e s i r e d  t i m i n g  ( 6 ,  1 2  o r  1 8  h r s . ) .  

E .  S e t  t i m e r  t o  one hour b e f o r e  s i l v e r  t r i p p e r .  

F.  Rese t  c o u n t e r  t o  ze ro .  

G .  Pu t  on-off s w i t c h  t o  t h e  "on" p o s i t i o n .  

H .  The LED w i l l  come on when t h e  timer s w i t c h e s  "on" and t u r n s  o f f  when 

t h e  c y c l e  i s  completed.  

1. To check  t h e  o p e r a t i o n  of t h e  sys tem,  d e p r e s s  t h e  manual o v e r r i d e  

s w i t c h  which should s t a r t  t h e  c i r c u i t  o p e r a t i n g  ( c o u n t e r  o p e r a t i n g  



on meter switch c losu res  and the  LED on) .  Af t e r  checking t h e  opera- 

t i o n ,  depress  t h e  manual ove r r ide  swi tch  t o  t u r n  of f  t h e  system and 

r e s e t  t h e  counter  t o  zero.  

Take t h e  counter  reading  a f t e r  t h e  t imer swi tches  "off1' .  

1. On t h e  6 h r .  p o s i t i o n ,  you have 18 h r s .  t o  r e t r i e v e  t h e  reading ,  

2. On t h e  12 h r .  p o s i t i o n ,  you have l 2  h r s .  t o  r e t r i e v e  t h e  reading.  

3 .  On t h e  18 h r .  p o s i t i o n  you have 6 h r s .  t o  r e t r i e v e  t h e  reading.  

I f  t h e  reading i s  no t  taken before  t h e  t imer r eaches  t h e  next  "on" 

p o s i t i o n ,  t h e  counter  w i l l  s t a r t  aga in .  I f  t h i s  happens, a l l ow the  

c y c l e  t o  repeat and d i v i d e  t h e  counts  by 2  t o  ge t  an  average.  
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