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The Div i s ion  has  been much corlcerned wi th  t h e  c a l i b r a -  
t i o n  of humidity measuring dev ices  s fnce  humidity i s  an  
important  environmental  f a c t o r  e n t e r i n g  i n t o  t h e  performance 
of b u i l d i n g  m a t e r i a l s  and components. The dev ices  which 
purpor t  t o  measure d i r e c t l y  some thermodynamic p rope r ty  of an  
a i r -vapour  mixture  from which r e l a t i v e  hwllidity can be found 
a r e  u s u a l l y  l i m i t e d  i n  accuracy and, I n  a d a p t a b i l i t y  t o  t h e  
range  of s i t u a t i o n s  under which m e a ~ u ~ e m e n t s  a r e  d e s i r e d .  
A l l  dev ices  which respond t o  r e l a t i v e  humidity d i r e c t l y ,  
r e q u i r e  c a l i b r a t i o n .  Some of t h e  newer dev ices  now a v a i l a b l e  
e x h i b i t  very  s a t i s f a c t o r y  s e n s i t i v i t y  bu t  can b e  no more 
a c c u r a t e  t h a n  t h e  accuracy wi th  which t h e i r  r e a d i n g s  can be 
conver ted.  

Unfo r tuna t e ly ,  t h e  s i t u a t i o n  wi th  r e s p e c t  t o  r e f e r e n c e  
s t anda rds  t o  b e  used i n  c a l i b r a t i o n  i s  a l s o  f a r  from s a t i s -  
f a c t o r y .  Mi~ch a t t e n t i o n  has been g iven  t o  t h i s  problem of a 
hum-idity s tandard  and t h e  D i v i s i o n  has  developed an "atmosphere 
producer"  capable  of producing a tnosphe re s  of known r e l a t i v e  
humidity t o  about 0.2 p e r  cen t ,  

The a u t h o r ,  *Apon be ing  awarded an  Athlone f e l l o w s h i p ,  
has  r e c e n t l y  l e f t  t h e  D iv i s ion  t o  t ake  up Ph.D s t u d i e s  a t  
Imper ia l  Col lege ,  London. Before l eav ing ,  he completed a 
t h e s i s  based on t h i s  work, as y e t  m p u b l i s h e d ,  i n  which h? 
d i s c ~ ~ s s e s  i n  d e t , a i l  t h e  development of t h e  atmosphere producer 
a s  a s u i t a b l e  c a l i b r a t i o n  P-pparatus f o r  most hlrmidlty-measwing 
dev ices .  

The g r a v i m e t r i c  method of de te rmin ing  hun!idity r a t i o  
from which r e l a t i v e  humldlty map be found i s ,  i n  concept ,  one 
of  t h e  s imp les t  and most d i r e c t .  Care.ful c o n s i d e r a t i o n  was 
g iven  a s  t o  i t s  s u i t a b i l i t y  f o r  s t a n d m d s  purposes and it was 
t r i e d  o u t ,  i n  comparison w i t h  t h e  atmosphere producer .  The 
many sources  of d l f f l c u l t y  and e r r o r  encountered w i t h  t h e  
p rav ime t r i c  method whlch l e d  t o  i t s  r e j e c t i o n  a s  a s u i t a b l e  
"stando.rdl', i n  favour  of t h e  atmosphere prodxcer ,  a r e  now 
6asc:r ibed.  



!IT133 USE OF A GRAVI:dETRIS TECHNIQUE 
FOR HUM I D 1  TY TfIEASUREIiIEBT 

C .  E. T i l l  

The h u ~ a i d i t y  r a t i o  W i s  def ined  i n  psycllrometry a s  
t h e  weight of water  vapour a s s o c i a t e d  wi th  a  u n i t  weight of 
dry a i r  and i s  usua l ly  expressed i n  pourids o r  g r a i n s  of 
water  vapour per  pound of dry a i r .  A fundamental property 
of moist a i r ,  it i s  o f t e n  quoted d i r e c t l y  a s  an  index of the  
moisture content  02 an atmosphere. Conversion t o  any o t h e r  
index of humidity may be made wi th  t h e  a i d  of accepted 
t a b l e s  of t h e  p r o p e r t i e s  of m o i s t  a i . r  (1). The gravimetr ic  
technique involves  a  d i r e c t  determinat ion of t h e  humidity 
r a t i o .  Also, s ince  t h e  method involves  a  d i r e c t  measurement 
of a fundamental property of moist  a i r ,  it h a s  o f t e n  been 
accepted a s  a  s tandard f o r  humidity measurement a g a i n s t  
which o t h e r  instruments  may be c a l i b r a t e d .  Unfortunately,  
a l though t h e  method i s  simple and a t t r a c t i v e  i n  p r i n c i p l e ,  
it i s  awkward i n  a p p l i c a t i o n  and i n v e s t i g a t o r s  ( 2 ,  3,  4 ,  5 )  
have s t r e s s e d ,  o r  t h e i r  r e s u l t s  show, t h e  g r e a t  d i f f i c u l t y  
involved i n  obta in ing  r e l i a b l e  r ecords  of h igh  accuracy. 

The d e t a i l s  of t h e  gravimetr ic  appara tus  and t h e  
techniques used depend sorilewhat upon the  des i red  accuracy o f  
t he  r e s u l t s  bu t  i n  each case t h e  p r i n c i p l e  i s  t h e  same. 
!t!he moist a i r  sample t o  be analysed i s  passed through a  
s e r i e s  of tubes  conta in ing  a n  absorbent .  The d r i ed  a i r  
sample i s  t hen  metered i n  some way t o  permit the  c a l c u l a t i o n  
of t h e  quan t i ty  of a i r  involved. The measured q u a n t i t i e s  of 
major i n t e r e s t ,  t h e r e f o r e ,  a r e  t h e  inc rease  i n  weight of 
t h e  absorbent  tubes  and t h e  metered quan t i ty  of a i r .  Before 
t h e s e  q u a n t i t i e s  can be used t o  g ive  the  humidity r a t i o  of 
t h e  sample, however, a  l a r g e  number of extraneous f a c t o r s  
m u s t  be considered and t h e i r  e f f e c t s  upon t h e  records  accura te ly  
evaluated.  

I. EXPERIMENTAL CONSIDEELATIONS 

Conducting t h e  Sample 

The a i r  sample m u s t  be c lean  i n i t i a l l y  o r  f i l t e r e d  
s o  t h a t  t h e  absorbent  p icks  up nothing bu t  water  vapour. 
The f i l t e r  and t h e  tub ing  used t o  conduct t h e  sample frorn 
t h e  t e s t  space t o  t h e  absorbent  tubes  m u s t  not  a l t e r  t h e  
water-vapour content  of t h e  sample. The s o r p t i o n  of water  
on t h e  w a l l s  of t h e  tubing ,  f o r  example, m u s t  not  be s i g n i f i -  
cant .  Weaver ( 6 )  found t h a t  rubber  is u n s u i t a b l e ;  even 
t h e  small  amounts of rubber  used t o  connect g l a s s  o r  metal 
tubes  introduced s i g n i f i c a n t  e r r o r  a t  l o w  temperatures  where 
t h e  concent ra t ions  of water  vapour a r e  very  small .  



The Absorbent  

Magnesium p e r c h l o r a - t e  , phosphorous  p e n t o x i d e  and 
c a l c i u m  c h l o r i d e  have each  been u s e d  f o r  t h e  a b s o r p t i o n  o f  
t h e  w a t e r  vapous:. Phos l~horou s p e n t o x i d e ,  a l t h o u g h  v e r y  
e f f i c i e n t ,  i s  more messy a,nd d i f f i c u l t  t o  h a n d l e  t h a n  t h e  
o t h e r  two d e s i c c a n t s .  Calciuru c h l o r i d e  has poor  e f f i c i e n c y  
i n  colnparison w i t h  t h e  o t h e r  two ( 7 ) .  l!la~nesium pel-chlora- te  
h a s  been  w i d e l y  u s e d  i n  q u a n t i t a t i v e  m i c r o a n a l y s i s  (8). 
!he  p r o p e r t i e s  of m a g n e s i ~ ~ m  p e r c h l o r a t e  and i t s  u s e  as  a 
d r y i n g  a g e n t  have  bee11 inves -L iga ted  by X i l l a r d  and  Smith ( 9 ) .  
!he maximurn r a - t e  o:f f l o w  which w i l l  i n s u r e  comple te  removal  
of  t h e  w a t e r  froin t h e  a i r  i s  l e s s  f o r  rnal:nesium p e r c h l o r a t e  
t h a n  f o r  phosphorous  p e n t o x i d e .  This i s  e x p e c t e d  s i n c e  th.e 
mechanism o f  a b s o r p t i o n  i s  t h e  f o l m a t i o n  o f  w a t e r  o f  
c r y s t a l l i z a t i o n  r a t h e r  t h a n  t h a t  o f  t r u e  chemica l  cornbinat ion ,  
as  i n  t .he c a s e  of phospllorous p e n t o x i d e .  When t h e  g a s  f l o w  
does  n o t  exceed t h i s  maximum, hoT,vever, magnesium p e r c h l o r a t e  
has proved t o  be a s  e f f i c i e n t  a dry in^ a g e n t  as  phosphorous 
p e n t o x i d e .  A l s o ,  t h e  w e i g h t  o f  wa-ter  a b s o r b e d  p e r  u n i t  
w e i g h t  of d e s i c c a n t  i s  s e v e r a l  t i m e s  g r e a t e r  with anhydrous  
magnesiu~n p e r c h l o r a t e  tha l i  w i t h  phosphorous p e n t o x i d e .  
N e a r l y  60 p e r  c e n t  o f  i t s  own w e i g h t  of m o i s t u r e  can  be 
a b s o r b e d  b e f o r e  any  t r a c e  oP w a t e r  vapour  i s  d e t e c t e d  i n  
t h e  e f f l u e n t  g a s .  I n  a d d i t i o n ,  it does  n.ot forrn c h a n n e l s  
a n d  i t  c o n t r a c t s  i n  volurne a f t e r  absorb in^; m o i s t u r e .  

Weighing t h e  Absorbent  Tubes -- 

C e r t a i n  problems a r i s e  i n  t h e  a c t u a l  we igh ing  o f  
t h e  a b s o r b e n t  t u b e s ,  It i s  d i f f i c u l t  -to e v a l u a t e  t h e  e r r o r  
caused  by t h e  v a r i o u s  i n f l u e n c e s  on t h e  a b s o r b e n t  t i l b e s  t h a t  
a f f e c t  t h e i r  a p p a r e n t  we igh t .  Husrlidity, chani;es i n  a t m o s p h e r i c  
p r e s s u r e ,  changes  i n  t e m p e r a t u r e ,  u s e  o f  v a r i o u s  t y p e s  o f  
b o r e s ,  e l e c t r o s t a t i c  c h a r g e ,  d e p o s i t s  on t h e  s u r f a c e  o f  t h e  
t u b e s  from h a n d l i n g ,  a s  w e l l  a s  o - the r  f a c t o r s ,  may i n f l u e n c e  
t h e  a c c u r a c y  o f  t h e  we igh ing .  

The a b s o r p t i o n  o f  w a t e r  on 'the s u r f a c e  o f  t:he 
a b s o r p t i o n  t u b e  a n d  t h e  d e p o s i t i o n  o f  o t h e r  m a t e r i a l s  such  
as m o i s t u r e  from t i le  hands  on  t h e  t u b e s  durinc; handlin,- :  w i l l  
prodilce e r r o r s  i f  t h e  t u b e s  a r e  n o t  wiped b e f o r e  vieit;hi.li,y. 
However, a l l   lassw ware d e v e l o p s  a11 e l e c - t r o s - t a t i c  c h a r g e  when 
wiped w i t h  a chamois s k i n  ( t h e  u s u a l  p r o c e d u r e ) ,  t h a - t  i s  
e a s i l y  d e t e c t a b l e  oli a m i c r o b a l a n c e ,  :;t;yei-r;ar!r (IC) 
s t a t e s  t h a t  i f  t h e  s t a t i c  c h a r g e  i s  n o t  d i s s i p z t e d  on t h e  
b a l a n c e  t h e  o b j e c t  d e c r e a s e s  i n  w e i g h t  s o  r a p i d l y  t h a t  
we igh ing  i s  i m p o s s i b l e .  A r a t e  o f  d e c r e a s e  o r  0.3 m:: i n  
s e v e r a l  m i n u t e s  i s  n o t  uncornmoli. E le r , t rosd ;a t i c  charl;e i s  a 
par- t icu laz-  problem on d r ~  o r  c o l d  days .  To 'Lest Tor i t ,  t h e  
a b s o r p t i o n  t u b e  i s  h e l d  n e a r  a srriall p i e s c  o f  t i s s u e  p a p e r  
suspended by a s i l k  t h r e a d  wliich, i - P  a n  e l e c - t : r o s ~ a t i c  c h a r g e  
i s  p r e s e n t ,  w i l l  be  a t t : r a c t e d  o r  r e p e l l e d .  Lime g l a s s  i s  
p r e f e r r e d  t o  pyyex f o r  t h e  tub in l :  a s  i - b  does  n o t  Ilolcl a 
s t a t i c  c l ~ a r g e  as  l on~ : .  Almost a l l  g l a s s  a r - k i c l e s  t o  be 



weighed on a  micsobalance, t h e r e f o r e ,  a r e  of lime g l a s s .  
A t  a  i c l a t i v e  humidity of 40 t o  50 per  c e n t ,  charge i s  
r a p i d l y  lost- ;  f i f t e e n  minutes should be time enough f o r  
t h e  d i s s i p a t i o n  of t h e  charge.  The weighing process  was 
improved i n  one ins tance  by t h e  grounding of t h e  balance 
opera tor  when he was wearing nylon appare l .  

Since t h e  tubes  a r e  weighed i n  a i r  t h e  buoyancy 
e f f e c t  must  be considered,  a s  changes i n  atmospheric tempera- 
t u r e  and pressure  w i l l  in t roduce  e r r o r .  Also, i f  t h e  tubes  
a r e  a t  a  d i f f e r e n t  temperature t h a n  t h e i r  s u r r o u n d i n ~ s  on 
t h e  balance,  convection c u r r e n t s  may cause t roub le .  The 
absorp t ion  of water  by t h e  magnesium perchlora te  r e l e a s e s  
h e a t  so t h e  tubes  should be allowed s u f f i c i e n t  time t o  
approach temperature equi l ibr ium wi th  t h e  surroundings a f t e r  
removal from t h e  gravimetr ic  t r a i n .  This w i l l  a l s o  allotv 
the  e l e c t r o s t a t i c  charge t o  be d i s s i p a t e d  before t h e  
weighing t a k e s  place.  

A common method of rninimizin(7 t h e s e  volume f o r c e s  
on t h e  absorbelit tubes  i s  t he  use ,  on a  double-pan balance,  
of a t a r e  of i d e n t i c a l  dimensions and dens i ty  t o  t h e  tube 
t o  be weighed. The t a r e  i s  given,  a s  c l o s e l y  as poss ib le ,  
t h e  same treatment  a s  t h e  weighed tube ,  i n s o f a r  a s  wipinf: 
and exposure t o  room colidit ions a r e  concerned. In. t h i s  way 
it i s  hoped t o  cancel t h e  e f f e c t s  of the  f a c t o r s  j u s t  mentioned. 
A standardized rou t ine  should be followed i-n t h e  weighing of 
t h e  tubes.  For example, t h e  time l a p s e  between t h e  wiping 
and t h e  weighing of t h e  tubes  should be t h e  same f o r  weighing 
t h e  tubes  before they  a r e  placed on t h e  ~ r a v i m e t r i c  t r a i n  
a s  f o r  weighing them a f t e r  they have absorbed t h e  moistu:re 
frorn t h e  sample. The more c l o s e l y  t h a t  colzditioi2.s under 
which t h e  tube was i n i t i a l l y  weighed a r e  approached i n  t h e  
f i n a l  weighing, t h e  b e t t e r  t h e  chance t h a t  t h e  ex-Lraneous 
f a c t o r s  w i l l  cancel ou t .  

The Measurement of t h e  Quantity of A i r  

In making a  measurement of t h e  quan t i ty  of a i r ,  it 
i s  necessary t o  def ine  no-t only t h e  volume but  a l s o  t h e  
pressure ,  temperature and degree of s a t u r a t i o n  of the  a i r ,  
The weight of t h e  volume of a i r  may then  be taken frorn t a b l e s  
prepared f o r  t h i s  purpose. 

The meter usua l ly  used i n  t h e  l abora to ry  f o r  t h e  
measurement of gas  volurnes i s  t h e  we t - t e s t  gas  meter. T"he 
National Bureau of Standards has  published an  i n v e s t i g a t i o n  
of t h e  sources of e r r o r  inlzeren-t i n .  t h e s e  meters.  The e r r o r s  
i n  t h e  measurement caused by e r r o r s  i n  l e v e l l i n g ,  i n  a d j u s t -  
ment of water  l e v e l  and i n  temperature,  humidity and pressure  
rneasuremen.t were inves- t igated.  Tke r e p r o d u c i b i l i t y  of 
c a l i b r a t i o n ,  t h e  va r i a t io l i  i n  c a l i b r a t i o n  with flow r a t e ,  
and t h e  use of f r a c t i o n a l  r evo lu t ions  were a l s o  inves- t icated.  



The meters t e s t e d  mere a l l  i n  t h e  one-tenth cubic f o o t  per  
r evo lu t ion  ran.ge. A b r i e f  summary of t h e  conclusions i s  
now given. 

(i) Leve l l in  :- If t h e  water  l e v e l  i s  ad jus ted  
when d le  me. e r  i s  l e v e l ,  t i l t i n g  t h e  meter i n  va r ious  
d i r e c t i o n s  up t o  lo of an. a r c  produces changes 
exceeding 0.2 per  cen t  i n  t h e  c a l i b r a t i o n .  However, 
r e a d j u s t i n g  t h e  water  l e v e l  when t h e  meter i s  t i l t e d  
causes a change i n  c a l i b r a t i o n  of about 1.6 per cen t  
f o r  an angle  of lo. 

(ii) Adjustment of Water Level :- A change i n  water  
l e v e l  of 1 mm produces a  change i n  c a l i b r a t i o n  of 
0.5 t o  0.8 per  c e n t ,  t h e  meters d e l i v e r i n g  a  smal ler  
volume of gas  per  r evo lu t ion  when t h e  wa-ter l e v e l  i s  
high. 

(iil) Temperature, I-lumidity and Pressure  Measurement :- 
A t  reasonable flow r a t e s  ( 7  cu f t / h r  w i t h a z u -  
f t  meter)  t h e  a i r  i s  a c t u a l l y  metered a t  t h e  tempera- 
t u r e  of t h e  water  i n  t h e  meter  and becomes p r a c t i c a l l y  
s a t u r a t e d  a t  t h a t  temperature.  The e f r e c t i v e  pressure  
of t h e  gas  when measured i n  t h e  compartments of t h e  
meter drum i s  t h e  pressure i n  t h e  i n l e t  chamber, and 
i s  almost equal t o  t h e  pressure a t  tho i n l e t  of t h e  
meter. 

( i v )  Varia-tion i n  Ca l ib ra t ion  ---- wi th  Rate : - !Phe volume 
of gas de l ive red  per  r e v o l u x o n ,  a-t r a t e s  between 
two and t e n  cubic f e e t  per  hour,  i s  cons tant  t o  w i t h i n  
0.1 per  cent .  

( v )  Reproducib i l i ty  of Cal ibra t ion: -  !the o r d e r  of - 
r e p r o d u c i b i l i t y x y  be p u ~ ~ b o u - t  0.2 per  c e n t ,  
altlzough t h e  e r r o r  ma,y reach almost 0.5 per  c e n t ,  
even if t h e  water - leve l  adjustment i s  c o r r e c t l y  made. 
fke presence of any lealrage, throut;h s t u f f i n g  boxes 
f o r  example, of course voids  t h e  accuracy of t h e  
meter. 

( v i )  F rac t iona l  Revolutions:- The procedure i s  no t  
r e c o m a e d  as it may l end  t o  very s i g n i f i c a n t  e r r o r .  

The accuracy of t h e  w e t - t e s t  mcter i s  t hus  shown t o  
be s u b j e c t  t o  considerable  unce r t a in ty ,  a l though w i t h  c a r e f u l  
adjustment and c a l i b r a t i o n  against-  a  s tandard  volunle before  
use it may be used t o  a n  accuracy of ahout 0.2 per cen t  
provided t h e  meter has  su.€Sered no mech;~l> i c a l  i n j u r y .  



Laboratory meters a r e  o f t e n  c a l i b r a t e d  by t h e  water  
displacement method us ing  an a s p i r a t o r  b o t t l e ,  a s imple,  
inexpensive and p o t e n t i a l l y  accura te  method of obta in ing  a 
known volume of a i r .  The volume i s  simply c a l c u l a t e d  from 
t h e  volume of water  d isp laced  from t h e  b o t t l e .  Here again ,  
t h e  temperature,  pressure  and degree of s a t u r a t i o n  m u s t  be 
knomn i n  o rde r  t o  c a l c u l a t e  t h e  weight of a i r  involved. Tho 
temperature of t h e  a i r  i n  t h e  b o t t l e  i s  e a s i l y  determined 
s ince  t h e  gas  passes through a heat-exchange c o i l  i n  t h e  
l a r g e  mass of water  and t h e  water  temperature i s  r e l a t i v e l y  
simple t o  measure. Also, by us ing  some form of  a p re - sa tu ra to r ,  
complete s a t u r a t i o n  may be ensured. 

Other methods of measuring a i r  volume have a l s o  been 
used. Amdur ( 4 )  desc r ibes  t h e  use of a p a r t i a l l y  evacuated 
tank a s  a volumetric f l a s k  f o r  t h e  a i r  sample. I n  each 
method, however, assumptions must  be made wi th  regard  t o  t h e  
average temperature,  t h e  degree of s a t u r a t i o n  and t h e  pressure  
of t h e  volume of a i r .  

Leakage 

It i s  important t o  e l imina te  any p o s s i b i l i t y  of leakage. 
Each connection should be checked f o r  t i g h t n e s s  before  each 
run.  Although most connections a r e  n o t  d i s tu rbed ,  those  
connecting t h e  absorbent  tubes  t o  t h e  remainder of t h e  t r a i n  
a r e  removed each time a run i s  made. Mscuss ions  on quant i -  
t a t i v e  microanalysis  (10)  s t a t e  t h a t  atmospheric pressure  
should be maintained a t  the  connections between absorbent  
tubes  t o  reduce t h e  p o s s i b i l i t y  of moisture g a i n  o r  l o s s  a t  
t h i s  poin t .  

11. EXPERIMENTAL WORK 

The experimental  work on t h e  gravimetr ic  technique 
was done i n  f i v e  phases. Modif icat ions and ref inements  t o  
t h e  appara tus  and t o  t h e  technique were made a f t e r  each phase 
i n  a n  at tempt  t o  o b t a i n  more cons i s t en t  records  and a l s o  t o  
check whether t h e  r e s u l t s  previously obtained were dependent 
upon t h e  p a r t i c u l a r  experimental  arrangement used. I n  a l l  
work t h e  a i r  sample was taken from and t h e  r e s u l t s  checked 
a g a i n s t ,  t h e  two-temperature r e c i r c u l a t i o n - t y p e  atmosphere 
producer developed a t  t h e  P r a i r i e  Regional S t a t i o n  of t h e  
M v i s i o n  (11). This  machine supp l i e s  a stream of moist a i r  
of known and cons tant  humidity. While t h e  atmosphere producer 
w a s  still under development during much of t h e  work and t h e  
gravimetr ic  work was t ak ing  place i n  a n  at tempt  t o  v e r i f y  
i t s  accuracy, a l l  evidence showed t h a t  t h e  atmosphere 
producer was much more c o n s i s t e n t  and r e l i a b l e  than  t h e  (g rav i -  
me t r i c )  method used t o  check it. 



The r e s u l t s  obtained and t h e  va r ious  forms of t h e  
gravimetr ic  hygrometer t h a t  were used w i l l  be s e t  down i n  
chronological  order .  Viny of t h e  records  w i l l  be use fu l  only 
t o  show t h e  s o r t  of va lues  that  might be expected from equip- 
ment and techniques s i m i l a r  t o  those used he re .  It was be l ieved 
t h a t  t h e  r e l i a b i l i t y  of t h e  r ecords  w a s  improved w i t h  each 
succeeding phase, b u t  a t  no time could t h e  success of a 
p a r t i c u l a r  t r i a l  be predic ted  w i t h  any confidence.  When, 
a t  any time it appeared t h a t  t h e  r e s u l t s  were c o n s i s t e n t  and 
reproducib le ,  a d ivergent  run o r  s e r i e s  of divergent  runs  
would occur. 

The F i r s t  Phase 

The i n i t i a l  work took place i n  August, 1955 and t h e  
arrangement of equipment i s  shown i n  Pig.  1. Plow r a t e s  of 
1 t o  4 l i t re /min .  were used wi th  100 t o  300 mg of mois-ture 
being picked up i n  t h e  absorbent  tubes.  Two U-tubes, 0.7 
inches  i n  diameter and about 11 inches  i n  t o t a l  l eng th ,  were 
used a s  t h e  absorbent tubes.  The des iccant  w a s  magnesium 
perch lo ra te  which occupied about 7 i nches  of t h e  tube.  
Glass wool plugs were i n s e r t e d  on t o p  of t h e  des iccan t  i n  
each arm of t h e  U-tube t o  keep it i n  p lace  and t o  prevent 
it from being blown around by t h e  flow of a i r  through it. 
It was expected t h a t  t h e  bulk of t h e  moisture would be absorbed 
i n  the  f i r s t  tube.  The second tube was used as a check on 
t h e  e f f i c i e n c y  of t h e  first tube and t o  i n d i c a t e  when t h e  
des iccant  w a s  exhausted. 

m e  d r i e d  a i r  from the  absorbent  tubes  was passed 
through a  p re - sa tu ra to r  before  reaching the  we t - t e s t  meter.  
In t h e  p re - sa tu ra to r  t h e  a i r  w a s  bubbled through a mixture 
of vermicul i te  and water.  The purpose of t h i s  component w a s  
t o  b r ing  t h e  a i r  sample t o  a  knorvn cond i t ion  of s a t u r a t i o n  
f o r  c a l c u l a t i o n  purposes and t o  prevent  the  evaporat ion of 
water  from t h e  we t - t e s t  meter ,  which would m a r  t he  c a l i b r a t i o n  
of t h e  meter. The d i f f i c u l t y  of a t t a i n i n g  coniplete s a t u r a t i o n  
of an  a i r  stream wi th  t h e  bubbling technique was recognized 
bu t  it was be l ieved t h a t  the  s a t u r a t i n g  e f f i c i e n c y  w a s  
s u f f i c i e n t  f o r  t h i s  purpose. A "precis iont1 w e t - t e s t  l abora to ry  
gas-flow meter was used f o r  t h e  measurement of t.>le volume of 
a i r .  It measured t h r e e  l i t r e s  per  r evo lu t ion ,  wi th  a maximum 
capac i ty  of 550 l i t r e s  per  hour.  The manufacturer l is ts  
i t s  "normal accuracyf '  a t  one-half of one pe r  cent .  Pressure  
and temperature measurements were made a t  t h e  meter. The a i r  
was then  d r i e d  and re tu rned  t o  t h e  atmosphere producer. 

The U-tubes were weighed t o  one-tenth of a  mill igram 
on a  two-pan balance a g a i n s t  s tandard  metal  weights.  The 
tubes  were handled c a r e f u l l y  bu t  were no-t wiped o r  brushed 
before  weighing. No s p e c i a l  e f f o r t  was made t o  cancel  o r  
reduce t h e  volume f o r c e s  on t h e  tubes.  I n  most cases  t h e  
weight of t h e  second tube s tayed f a i r l y  cons tant  bu t  sometimes 



it l o s t  apprec iable  weight between t h e  i n i t i a l  and f i n a l  
weighings. A t  the  f a s t e r  flow r a t e s  a t  high moisture con ten t s ,  
t h e  f i r s t  tube became q u i t e  warm from t h e  h e a t  l i b e r a t e d  i n  
t h e  absorp t ion  of t h e  water .  e ~ e n t y  minutes were allowed 
before weighing f o r  the  tubes  t o  come t o  temperature equi l ibr ium 
wi th  t h e  surroundings.  The weighing room was a p a r t  from t h e  
remainder of t h e  equipment and while n e i t h e r  room was a i r -  
condit ioned,  t h e  weighing room temperature s tayed f a i r l y  
cons tant  a t  about 70°F while t h e  temperature i n  t h e  main room 
f l u c t u a t e d  a s  much a s  20°F above t h i s  f i g u r e ,  depending on 
t h e  t i n e  of day. 

Calcula t ion  Procedure 

I n  essence,  the  c a l c u l a t i o n  procedure cons is ted  of 
t h e  comparison of t h e  known vapour pressure  of the  a i r  stream 
i n  t h e  atmosphere producer wi th  the  ca lcu la ted  vapour pressure  
as determined by t h e  gravimetr ic  hygrometer. The temperature 
and t o t a l  pressure  of t h e  moist a i r  i n  t h e  s a t u r a t o r  of t h e  
atmosphere producer were measured and the  corresponding vapour 
pressure  was taken from t h e  exis t i r ig  t a b l e s ( l ) ,  t o  g ive  t h e  
vapour pressure  value a g a i n s t  which t h e  gravimetr ic  r e s u l t  
was compared. The measured quanLi t ies  were : 

(i) Atmosphere producer s a t u r a t o r  temperature.  ( A  thermo- 
couple mounted i n  the  satura-Lor i n  conjunct ion with a p r e c i s i o n  
potent iometer)  

(ii) Atmosphere producer s a t u r a t o r  pressure .  ( A  mercury 
manometer t o  a pressure t a p  t o  t h e  i n t e r i o r  of t h e  s a t u r a t o r )  

(iii) Barometric pressure .  ( A  mercury l abora to ry  barometer, 
t h e  v e r n i e r  read  t o  0.01 i n .  Hg) 

( i v )  Wet-Test meter: Pressure  (Mercury manometer a t  i n l e t )  
Temperature (Dlercury-in-glass thermometer) 
Volume (From i n t e g r a t i n g  d i a l ,  i n  l i t r e s )  

(v )  Weight of moisture absorbed i n  U-tubes. 

The calculat ions were made on the  f o l l o v ~ i n g  b a s i s :  

(i) The Weight of A i r : -  The a i r  mas assumed t o  be 
s a t u r a t e d  a$ t h e  temperature of t h e  w e t - t e s t  meter,  a s  measured 
by t h e  mercury-in-glass thermometer. The thermometer i s  
graduated t o  1 /10~~ .  The s p e c i f i c  volume Vs of s a t u r a t e d  a i r  

a t  t h e  i n l e t  pressure  of t h e  t e s t  meter vJas taken  from e x i s t i n g  
t a b l e s  prepared f o r  t h i s  purpose (unpublished t h e s i s ) .  Then 
i f  Va i s  t he  volume of a i r  i n  l i t r e s ,  a s  measured by t h e  

w e t - t e s t  meter,  t h e  weight of dry a i r  % is :  



V a ( l i t r e s )  x  1/28.32 (cu f t / l i t r e )  
Wa ( l b )  = 

S 
V (cu f t / l b )  

(ii) The Humidity Ra t io  W:- The weigh t  of  mo i s tu re  
a s s o c i a t e d  w i t h  t h e  c a l c u l a t e d  weight  of  a i r  w a s  determined 
from t h e  weighing of t h e  absorbent  tubes.  Th i s  f i g u r e  was 
conver ted  t o  pounds and d i v i d e d  by t h e  weight  of  a i r  t o  
g ive  t h e  d e s i r e d  q u a n t i t y ,  t h e  humid i ty  r a t i o .  O r d i n a r i l y  
t h i s  f i g u r e  would be t h e  end r e s u l t  of  t h e  a b s o l u t e  humidi ty  
de t e rmina t ion ,  b u t  i n  o r d e r  t o  compare t h e  r e s u l t  w i t h  t h e  
v a l u e s  g iven  by t h e  atmosphere producer ,  it w a s  conver ted  
t o  t h e  e q u i v a l e n t  vapour  p r e s s u r e  a t  t h e  e x i s t i n g  t o t a l  
p r e s s u r e .  The r e v e r s e  procedure  could  have been used i n s t e a d ,  
t h a t  i s ,  t h e  convers ion  o f  t h e  vapour p r e s s u r e  va lue  g iven  
by t h e  atmosphere producer  t o  i t s  e q u i v a l e n t  hur~ i id i ty  r a t i o  
a t  t h e  e x i s t i n g  t o t a l  p r e s s u r e .  E i t h e r  procedure would show 
t h e  same percen tage  d i f f e r e n c e  when t h e  two v a l u e s  a r e  
compared and i n  e i t h e r  c a s e  t h e  fo l l owing  procedure  ( o r  i t s  
e q u i v a l e n t )  m u s t  be used  t o  make t h e  convers ion .  

(iii) The Vnpour P r e s s u r e  pw:- The convers ion  from 

humidi ty  r a t i o  t o  vapour  p r e s s u r e  was accorriplished th rough  
t h e  r e l a t i o n :  

where pw i s  t h e  p a r t i a l  p r e s s u r e  e x e r t e d  by t h e  vapour 

a s s o c i a t e d  w i t h  t h e  g i v e n  humidi ty  r a t i o  W a t  t h e  t o - t a l  p r e s s u r e  
P. This  r e l a t i o n s h i p  i s  de r ived  from t h e  s e v e r a l  cons ide ra -  
t i o n s .  F i r s t l y ,  by d e f i n i t i o n ,  

where % = number of  mols o f  w a t e r  vapour 

na 
= number of  mols of  d r y  a i r  

18.016 = molecu la r  weight  of  w a t e r  

28.966 = molecu la r  weight  of  d ry  a i r  

But from Dal ton ' s  r u l e ,  



where the  undefined symbols 

R = un ive r sa l  gas  cons tant  

T = absolu te  temperature 

pw 
= p a r t i a l  pressure  exer ted  by t h e  water  vapour 

Pa 
= p a r t i a l  pressure  exer ted  by t h e  dry a i r  

Therefore,  w i t h i n  t h e  accuracy of Dalton's r u l e ,  

Dal ton 's  r u l e  g ives  a f a i r l y  c l o s e  approximation t o  t h e  a c t u a l  
behaviour of moist  a i r  a t  common atmospheric pressures .  However, 
t h e  depar ture  of t h e  a c t u a l  gas  fmm i d e a l  bellaviour may be 
taken i n t o  account by the  i n t r o d u c t i o n  of a  c o e f f i c i e n t  
f s  (P,T)  i n t o  t h e  above equat ion ,  

The v a r i a t i o n  of f s  
by Goff ( 1 2 ) .  For 
encountered i n  t h i s  

wi th  pressure  and temperature i s  given 
t h e  range of temperatures  and p ressu res  
work, f s  may be considered a  cons tan t  

wi th  the  value 1.004. S u b s t i t u t i o n  of t h i s  value i n t o  
equat ion 2  and rearrangement g i v e s  t h e  d e s i r e d  r e l a t i o n ,  
equat ion 1. 

The r e s u l t s  of t h i s  work a r e  l i s t e d  i n  Table I. 

! h e  Second Phase 

The second phase of t h e  gravimetr ic  work took p lace  
February 5 th  t o  20th,  1957. The u n s a t i s f a c t o r y  r e s u l t s  
obtained i n  t h e  f i r s t  phase of t h i s  ~ r o r k  l e d  t o  a  number of 
changes i n  both equipment and method, Ins tead  of u s i w  l a r g e  
absorbent  tubes ,  flow r a t e s  h igh  enough t o  y i e l d  weighable 
amounts of moisture i n  t h e  tubes  and a  w e t - t e s t  meter t o  
measure t h e  c o n p r a b l y  la rge .  volumes of a i r ,  t h e  appara tus  
was arranged on a much smal ler  s c a l e ,  TJicroanalytical  
absorp t ion  tubes  were used i n  place of the  much l a r g e r  U-tubes. 



'Illesc a r e  a bou t : i - fn~h  i l l  ili:-~~nett!r and  a b o u t  'j i n c h e s  
l o n e .  Ytle e n t r n u c e  and e x i t  al-e t h r o u ~ 1 1  a corn-se c a p i l l a r y .  
Rlng~lcsiurn pcrc1llol-r-I t c  c v ~ ~ s  at:ain ~ s i ? d  as  t h c  d e s i c c a n t .  

Coppc r t\ibin,o; lvas ~ i s e d  f o r  a l l  pipin[ ;  t o  whicln t h e  
a i r  sample WEIS cuposod b e f o r e  reachin(:  t l ie  d e s i c c a n t  t u b e s .  
A l l  connec-t  i o n s  were made me-lax-to-ine t a l ,  metal-to- lass, o r  
g l a s s - t o - g l a s s  ancl were  101-med m i  t l l  p o l y e t h y l e n e  t u b i n c ,  
e x c e p t  t h o s e  a-t  t h o  dusicc:lnt  t u b e s ,  where at;ed (8)  r u b b e r  
was usuci. The f l o w  r a t e s  viere o n l y  a f r a c t i o n  o f  t h o s e  
ornployed i n  tht l  f i r s t  ptlase o f  t h i s  worlc. I n  p l a c e  o f  t h e  
w e t - t e s t  m e t e r ,  a 2 0 - l i t r e  a s p i r a t o r  b o t t l e  was u s e d  t o  
measure  t h e  volume oi" ais-. A s a t u r a - t o r  o f  v e r m i c u l i t e  and  
w a t e r  was p l a c o d  i n  -the l i n e  be tween t h e  d e s i c c a n t  t u b e s  and  
t h e  a s p i r a t o r  b o t t l e .  A copper c o i l  h o u t  exchanger  i n  t h e  
w a t e r  mass i n  t h e  a s p i r a t o r  b o t t l e  was omployed t o  b r i n g  
t h e  a i r  t e m p e r a t u r e  t o  tha t  01 t h c  w a t e r  ruass. The w a t e r  
t e m p e r a t u r e  was measured  w i t h  a m e r c u r y - i n - g l a s s  the rmomete r ,  
g r a d u a t e d  t o  O . l ° C .  A scherua t ic  diasrarn 01 t h e  a p p a r a t u s  
i s  g i v e n  i n  P i g .  2 .  

The p r o c e d u r e  i s  now d i s c u s s u d .  Die c o p p e r  t u b i n g  
from t h e  a tmosphere  p r o d u c e r  t o  t h e  a b s o r b e n t  t u b e s  w a s  f irst  
purged  w i t h  a s n a l l  diaphragm pump d r a w i n s  t h e  a i r  t h r o u c h  
s t o p c o c k  il. A f t e r  a p u r g i n g  p e r i o d  of  t e n  m i n u t e s ,  s t o y c o c k  
A w a s  c l o s e d .  S topcock C w a s  t h e n  opened a n d  w a t e r  was 
a l l o w e d  t o  f l o w  in- to  t h e  weigh  p a i l ,  t h e  w e i g h t  o f  which h a d  
b e e n  p r e v i o u s l y  r e c o r d e d .  Vvkan a c e r t a i n  amount o: n e g a t i v e  
p r e s s u r e  had b u i l t  u p  i n  t h e  b o t t l e ,  s t o 2 c o c k  A was o7ened t o  
t h e  a b s o r b e n t  t ~ ~ b e s  and t h e  r u n  cvas s t a r t e d .  !Tlx3 fo1lo:ving 
measurements  mere made: 

(I) I n i t i a l  and  f i n a l  barometric p r e s s u r e s  ( n e r c u r y  
b a r o m e t e r ,  t h e  v e r n i e r  rest1 t o  (2.131 i n .  H g ) .  

( i i )  I n i t i a l  and f i n a l  a s p i r a t o r  b o t t l e  p r e s s u r e s  
( o i l  manone te r ,  r e a d  t o  0 . 1  i n .  o i l ) .  

(iii) I n i t i a l  axii f i n a l  a s p i r a t o r  b o t t l e  t a p e r a t u r e s  
( m e r c u r y - i n - g l a s s  t h e n n o n a t e r ,  s r a i i u a t e d  t o  0.  1 ° C ) .  

( i v )  Ahospherz p r o d ~ i s ? r  s a t . ~ r a  t o r  t e r : ~ ? a r a t u r e  
(Leeds  a n d  B o r t h ~ u r ,  p l a t inu31  r e s i s t a : l c e  t h e m m e t e r  and 
Pdueller b r i d g e ,  t i l e  t e x p a r a t u r e  r e a d  t o  (3 .!?l011). 

( v )  E v a p o r a t i o n  from t h e  vieisll p a i l  ( e s S i m a t e d  by 
a l l o w i n g  a second  p a i l  c o n t a i n i n g  a conpal-able  amount o f  
w a t e r  t o  s t a n d  on t h a  b a l a n ~ e  d u r i n g  t h e  run a n d  m e a s u r i w  
t l e  l a s s  o f  vrs ig i l t ) .  

~n ( v i )  treigil% o f  7:;atsr d i s ? l a c e d  ( 2 0  kg s i n g l e  pan 
b a l a n c e  s s n s i t i v e  to 1 ,T). 

( v i i )  Gain i n  t71eicc;ilt o f  a b s o r b e n t  t u 3 e s .  



The v ~ e i g h i n g  of the  absorbent tubes  was done on a  
two-pan micro-balance which had a  maximurn capaci-tjr of 20 
grams. The t a r e  used f o r  rough balancing was a small  f l a s k  
conta in ing  copper shot .  The weighing procedi~re was s-tandardized 
i n  t h e  time between successive s t e p s  bu t  no o the r  a t tempt  
was made t o  cancel  o r  l e s s e n  t h e  volume f o r c e s  on the  absorbent 
tubes during weighing. A repeated ,  apparent  weight l o s s  i n  
t h e  second tube was noted i n  these  runs .  !his could have 
been due t o  t h e  adsorpt ion  of water  o r  t h e  accuinulation of 
dus t  on t h e  su r face  of t h e  t a r e ,  o r  t h e  inadequate c a n c e l l a t i o n  
of t h e  e f f e c t  of buoyancy o r  e l e c t r o s t a t i c  charge.  The 
weight of moisture was taken a s  t h e  ga in  i n  weight of t h e  
f i r s t  tube.  The weight change i n  t h e  second tube was not  
used i n  t h e  c a l c u l a t i o n s  bu t  was taken  merely a s  an i n d i c a t i o n  
of t h e  r e l i a b i l i t y  of t h e  p a r t i c u l a r  run.  

Various a l t e r a t i o n s  i n  method were t r i e d  i n  t h i s  
s e r i e s .  Calcium ch lo r ide  was used a s  t h e  absorbent  tube 
des iccant  i n  two runs.  It d id  n o t  remove e n t i r e l y  t h e  water  
vapour i n  t h e  stream passing through it and both t imes 
s u b s t a n t i a l  g a i n s  i n  weight were noted i n  t h e  second tube .  
Flow r a t e s  of 1 and 3 l i t r e s  pe r  hour were used. The lotvex- 
r a t e s  d id  appear  t o  y i e l d  t h e  bes-t r e s u l t s ,  and a t  lovv 
temperatures they  l e d  t o  p r o l ~ i b i t i v e l y  lone; runs .  Some 
u n c e r t a i n t y  came i n t o  t h e s e  runs  when it w a s  found t h a t ,  
a l though t h e  20 kg balance had been c a l i b r a t e d ,  i t s  i n d i c a t i o n s  
wero dependent t o  some degree upon t h e  p o s i t i o n  on t h e  pan 
of t h e  o b j e c t  t h a t  was t o  be weighed. 

The method of c a l c u l a t i o n  t h a t  vias employed i s  
s u b s t a n t i a l l y  similar t o  those of t h e  previous s e c t i o n ,  
d i f f e r i n g  mainly i n  t h a t  t h e  volume of a i r  was determined 
by t h e  displacement of a weighed quan t i ty  of water  r a t h e r  
t h a n  t h e  we t - t e s t  meter. The changes a r e  now descr ibed.  

(i) Weight of A i r : -  F i r s t ,  a  buoyancy c o r r e c t i o n  
due t o  t h e  d i f fe rence  i n  d e n s i t y  between t h e  water  and t h e  
i r o n  weights  was app l i ed .  This was dsr ived  i n  t h e  fol lowing 
manner. It was assumed t h a t  t h e  weight of water  on t h e  balance 
w a s  equal t o  t h e  weight of t h e  s t e e l  weights needed t o  
balance it, with  both a t  t h e  same l e v e r  arm. This may be 
seen by considering t h e  e f f e c t  on t h e  moment of t h e  buoyant 
f o r c e  of t h e  a i r  on a), a 1-gram s t e e l  weight wi th  a  l e v e r  
arm of 1 0  c m  and b), a 10-gram s t e e l  weight wi th  a l e v e r  arm 
of 1 cm.  It i s  obvious t h a t  t h e  e f f e c t  on t h e  moment w i l l  
be t h e  same i n  both c a s e s  f o r  i n  a ) ,  while  t h e  l e v e r  a m  i s  
t e n  t imes t h a t  i n  b ) ,  t h e  volume i s  only one-tenth.  Therefore,  
providing t h e  weights  a r e  o f  t h e  same m a t e r i a l  ( d e n s i t y ) ,  
t h e  above assu~npt ion  w i l l  be t r u e .  Thus, i f  W i s  t h e  measured 
weight of water ,  Vw and Vs a r e  t h e  volumes of t h e  water  and 

t h e  s t e e l  weights  r e s p e c t i v e l y ,  and dw, ds and d  a r e  t h e  
d e n s i t i e s  o f  water ,  s-tee1 and a  ir r e s p e c t i v e l y  ,a then  f o r  

- 

balance 



B u t  t h e  d i f ference  i n  t h e  amount of air displaced mul t ip l i ed  
by t h e  dens i ty  of a i r  i s  t h e  added vieight of  water needed 
t o  cancel t h e  buoyancy e f f e c t ,  i . e .  

Then s u b s t i t u t i n g  f r o n  1 - 

B = (V, - -  Vbv % 
ds ) 'a 

and t h e  t r u e  weight of water ,  

The volume of water  was then  ca lcu la ted  by divid ing  
t h e  t r u e  weight of water  by t h e  dens i ty  of water  a t  t h e  
b o t t l e  temperature,  i . e .  

and this i s  equal t o  t h e  volume of a i r  t h a t  d isp laced it 
providing t h e  i n i t i a l  and f i n a l  b o t t l e  pressures  a r e  egual .  
F i n a l l y ,  t h e  weight o f  a i r  i s  given by mul t ip ly ing  t h e  
volume V by t h e  dens i ty  o f  a i r  a t  the  temperature and f i n a l  
pressure of t h e  b o t t l e .  

(ii) Weight of Moisture:- The quan t i t y  was taken 
d i r e c t l y  from t h e  weighing with only a  buoyancy cor rec t ion ,  
similar t o  t h a t  described,  app l i ed  t o  it. 

The remainder of t h e  calcu1ation.s were i d e n t i c a l  t o  
those i n  t h e  previous s e r i e s .  The r e s u l t s  a r e  l i s t e d  i n  
Table 11. 



The Third Phase 

The t h i r d  t e s t  s e r i e s  took p lace  wi th  s u b s t a n t i a l l y  
t h e  same experimental  arrangement a s  t h a t  used i n  t h e  second 
s e r i e s .  Although t h e  modif ica t ions  mainly concerned t h e  
procedure f o r  weighing t h e  absorbent  tubes ,  a  t h i r d  absorbent  
tube was a l s o  added, i n  s e r i e s ,  downstream of t h e  f i r s t  two 
tubes.  It was n o t  weighed a s  i t s  purpose vias merely t h a t  of 
a guard tube t o  p r o t e c t  a g a i n s t  t h e  back d i f f u s i o n  of 
moisture from t h e  a i r -meter ing  b o t t l e  and p re - sa tu ra to r .  

The weighing was done a g a i n s t  t a r e s  t h a t  were i d e n t i c a l  
t o  t h e  tubas being weighed. The t a r e s  were a l s o  f i l l e d  wi th  
magnesium perch lo ra te  i n  a n  at tempt  t o  dup l i ca te  exac t ly  t h e  
dens i ty  of t h e  weighed tubes .  They were subjec ted  t o  t h e  
same condi t ions  and pretreatment  a s  t h e  weighed tubes  i n  a  
f u r t h e r  a t tempt  t o  n u l l i f y  t h e  e f f e c t  of volume f o r c e s .  The 
weighing procedure was a g a i n  s tandardized  i n  t h e  time t aken  
between successive s t e p s .  A f t e r  removal from t h e  gravi -  
me t r i c  t r a i n ,  t h e  tubes  were allowed 10  minutes t o  approach 
equi l ibr ium wi th  the  weighing room cond i t ions ;  they  viere 
t h e n  wiped wi th  a  dry chamois and allovfed t o  s t and  f o r  
p r e c i s e l y  10  minutes. A f t e r  wiping, they  were n o t  touched 
by t h e  hands i n  t h e  weighing procedure. A f t e r  t e n  minutes,  
a n  a t tempt  was made t o  d i s s i p a t e  any remaining charge by 
s h o r t i n g  t h e  ends of t h e  tube wi th  a metal conductor (8 ) .  
The t a r e s  were given i d e n t i c a l  t rea tment .  The tubes  were 
then  t r a n s f e r r e d  t o  t h e  balance us ing  chamois "gloves" t o  
cover t h e  f i n g e r s  and t h e  weighing w a s  completed. 

The c a l c u l a t i o n  procedure was i d e n t i c a l  t o  t h a t  used 
i n  t h e  preceding s e r i e s .  The r e s u l t s  a r e  given i n  Table 111. 

The Fourth Phase 

The f o u r t h  t e s t  s e r i e s  s a w  two major changes i n  t h e  
gravimetr ic  appara tus  and technique. The gravimetr ic  
appara tus  was moved t o  a n  a i r - cond i t ioned  room i n  which t h e  
ambient temperature was c o n t r o l l e d  a t  70°P i lo. The r a t h e r  
wide f l u c t u a t i o n s  i n  t h e  ambient temperature t h a t  occurred 
i n  t h e  room where t h e  appara tus  had been housed caused some 
u n c e r t a i n t y  i n  t h e  measurement of t h e  a i r  temperature i n  
t h e  a s p i r a t o r  b o t t l e ,  and t h u s  i n  t h e  accuracy of the  
c a l c u l a t e d  weight of a i r .  The i n s t a l l a t i o n  of t h e  appara tus  
i n  t h e  a i r - cond i t ioned  space removed t h i s  doubt. The second 
change was t h a t  t h e  system of weighing t h e  displaced water  
t o  g ive  t h e  weight of a i r  vias discarded.  Ins tead ,  t h e  volume 
of d isp laced  water  was measured d i r e c t l y  wi th  c a l i b r a t e d  
volumetric f l a s k s .  The mothod of ca lcula , t ion  was s i m i l a r  
t o  t h a t  used i n  t h e  previous work. Tho r e s w l t s  a r e  given i n  
Table I V .  



The F i f t h  Phase 

The f i f t h  and f i n a l  s e r i e s  o f  r u n s  were done a f t e r  
t h e  f i na l  t e s t i n g  of t h e  atmosphere producer.  The purpose 
w a s  t o  determine j u s t  how c l o s e l y  t h e  v a l u e s  g iven  by t h e  
g r a v i m e t r i c  a p p a r a t u s  wou1.d correspond t o  t h e  known v a l u e s  
produced by t h e  atmosphere producer .  There were two a l t e r a -  
t i o n s  i n  t h e  a p p a r a t u s  and technique .  F i r s t ,  a l t h o u ~ h  it 
was b e l i e v e d  t h a t  t h e  a i r  sample drawn from t h e  atmosphere 
producer  w a s  e s s e n t i a l l y  c l e a n ,  a s i n t e r e d  g l a s s  f i l t e r  was 
added t o  t h e  en t r ance  of t h e  g r a v i m e t r i c  t r a i n  t o  ensu re  t h e  
s toppage of  any p o s s i b l e  s o l i d  m a t t e r  i n  t h e  a i r  sample b e f o r e  
it could  be c a r r i e d  i n t o  t h e  a b s o r p t i o n  t u b e s .  Secondly, 
t o  s t a n d a r d i z e  f u r t h e r  t h e  weighing technique  and make t h e  
t r e a t m e n t  more n e a r l y  i d e n t i c a l  between i n i t i a l  and f i n a l  
weighings ,  t h e  t u b e s  were placed on t h e  g a v i m e t r i c  t r a i n  
before  t h e  i n i t i a l  weighing,  and moi s t  a i r  i d e n t i c a l  t o  t h e  
sample t o  be drawn w a s  all-owed t o  f l o v ~  through them f o r  about  
20 minutes ,  They were t h e n  put  th rough  t h e  same weighing 
procedure a s  t h a t  used i n  t h e  f i n a l  weighing.  A s  i n  t h e  
p rev ious  r u n s ,  cons ide rab le  c a r e  w a s  t aken  i n  a l l  t e chn iques  
and measurements. The r e s u l t s  a r c  given i n  Table V. 

111. DISCUSSION 

It i s  d i f f i c u l t  t o  e v a l u a t e  p r e c i s e l y  t h e  accuracy 
of t h e  r e s u l t s  l i s t e d  i n  t h i s  r e p o r t .  Ce r t a in ly ,  t h e  e a r l i e r  
phases  s u f f e r e d  from some now obvious  f a u l t s  i n  t echnique  
tha t  undoubtedly a f f e c t e d  t h e  r e l i a b i l i t y  of  t h e  r e s u l t s .  
F u r t h e r ,  two decided f au l t s  i n  equipment were subsequent ly  
d i scovered  t h a t  a f f e c t e d  t h e  r e s u l t s  i n  Phases  I, I1 and 111. 
A f t e r  t h e  work i n  Phase I had  been d i scon t inued  it w a s  d i s -  
covered t h a %  t h e  w e t - t e s t  me te r  l e a k e d  around t h e  packing 
g l ands ,  which a f f e c t e d  t h e  accuracy  of i t s  c a l i b r a t i o n  t o  
a n  unknown degree.  It i s  known t h a t  t h e  meter  i n d i c a t i o n  
w a s  low. Also,  i n  Phases  I1 and 111, it w a s  found t h a t  t h e  
i n d i c a t i o n s  of  t h e  20-kg s c a l e ,  on which t h e  d i s p l a c e d  w a t e r  
was weighed, were dependent t o  some degree  on t h e  p o s i t i o n  
o f  t h e  o b j e c t  t o  be weighed upon t h e  pan of  t h e  ba lance .  
The e r r o r  due t o  t h i s ,  hovrever, i s  known t o  be l e s s  than  
one-half  o f  one p e r  c e n t .  Although t h e  f i n a l  r u n s  s u f f e r e d  
from no f a u l t s  i n  t echnique  known t o  t h e  w r i t e r ,  t h e i r  
c o n s i s t e n c y  i s  n o t  much g r e a t e r  t h a n  t h a t  o f  t h e  p rev ious  
runs .  

It should be mentioned t h a t ,  a l t hough  t h e  atmosphere 
producer  i s  a n  e x c e l l e n t  c a l i b r a t i o n  a p p a r a t u s  f o r  most 
humidity-measuring dev ices ,  it i s  n o t  i d e a l l y  s u i t e d  t o  a n  



a p p l i c a t i o n  where a s t r e a m  o f  m o i s t  a i r  i s  b e i n g  c o n t i n u o u s l y  
drawn f rom it a n d  a s t r e a m  o f  d i f f e r e n t  h u m i d i t y  i s  b e i n g  
s u p p l i e d  t o  t a k e  i t s  p l a c e .  The c o n t i n u o u s  exchange of t h e  
a i r  s t r e a m s  o f  d i f f e r e n t  h u n l i d i t i e s  u p s e t s  t h e  e q u i l i b r i u n i  
c o n d i t i o n  upon vihich t h e  p r i n c i p l e  o f  t h e  r e c i r c u l ~ t i o n  sys tem 
o f  t h e  atmosp11ere p r o d u c e r  is  based .  If t h e  q u a n t i t y  of m o i s t  
a i r  b e i n g  d r a m  from it i s  known, however,  it i s  p o s s i b l e  t o  
e v a l u a t e  q u a n t i t a t i v e l y  t h e  effec-l-  on  t h e  p r o p e r t i e s  of t h e  
a tmosphere  produced.  The method o f  c a l c u l a t i o n  i s  o u ' t l i ~ ~ e d  
i n  t h e  w r i t e r ' s  u n p u b l i s h e d  t h e s i s .  A t  t h e  f l o v ~  r a t e s  u s e d  
i n  t h e  f i n a l  f o u r  p h a s e s ,  it c a n  be sliown t h a t  t h e  e f f e c t  o f  
t h e  w i t h d r a w a l  of  t h e  sample i s  c o n s i d e r a b l y  l e s s  t h a n  0 . 1  
p e r  c e n t  a n d  i s ,  t h e r e f o r e ,  n e g l i g i b l e .  In  t h e  f i r s t  p h a s e ,  
however,  it i s  p o s s i b l e  t h a t  t h e  v a l u e s  s e t  u p  by  t h e  a tmosphere  
p r o d u c e r  were  a s  much a s  1 t o  2 p e r  c e n t  i n  e r r o r .  

It i s  d i f f i c u l t  t o  e x a ~ ~ g e r a t e  t h e  e x a s p e r a t i o n  o f  
t h e  e x p e r i m e n t e r  who w i s h e s  t o  u s e  t h e  g r a v i m e t r i c  method t o  
a r e a s o n a b l e  a c c u r a c y .  The w r i t e r  found  t h a t  extreme c a r e  is  
n e c e s s a r y  t o  o b t a i n  r e s u l t s  of t h e  o r d e r  o f  a c c u r a c y  r e p o r t e d  
h e r e .  Some t r i a l s  were t l ~ o u g h t  -to b e  more r e l i a b l e  t h a n  
o t h e r s ,  b u t  a l w a y s  when it w a s  b e l i e v e d  t h a t  r e p r o d u c i b l e  
r e s u l t s  were f i n a l l y  b e i n g  a t t a i n e d ,  a d i v e r g e n t  run o r  a 
s e r i e s  o f  d i v e r g e n t  r u n s  would a p p e a r .  

The w r i t e r  b e l i e v e s  t h a t  w h i l e  t h e  g r a v i m e t r i c  
method c a n  b e  c o n s i d e r e d  a p o t e n t i a l  p r i m a r y  s t a n d a r d  o f  
h u m i d i t y ,  it i s  e x t r e m e l y  d i f f i c u l t  t o  a c c e p t  it as  such i n  
p r a c t i c e .  The method i s  s o  s u b j e c t  t o  e r r o r  a n d  s o  awhward 
i n  a p p l i c a t i o n  t h a t  it is  a l m o s t  i m p o s s i b l e  t o  o b t a i n  r e l i a b l e ,  
a c c u r a t e  r e s u l t s  f rom it. It a l s o  r e q u i r e s  a c o n s t a n t  
a tmosphere  f o r  i t s  a p p l i c a t i o n  a n d  e s s e n t i a l l y  d e s t r o y s  t h e  
sample  i n  e v a l u a t i n g  it. 

I V .  CONCLUSIONS 

1. A s  t h e  g r a v i m e t r i c  method i n v o l v e s  a d i r e c t  measurement 
o f  a fundamenta l  proper-Ly o f  m o i s t  a i r ,  it h a s  o f t e n  b e e n  
a c c e p t e d  a s  a pr imary  s t a n d a r d  o f  h u m i d i t y  measurement.  

2. There  a r e  a l a r g e  number o f  e x t r a n e o u s  f a c t o r s  t h a t  a f f e c t  
t h e  a c c u r a c y  o f  t h e  e x p e r i ~ o e n t a l  r e s u l t s .  It i s  d i f f i c u l t  
t o  e v a l u a t e  a c c u r a t e l y  o r  t o  c a n c e l  e f f e c t i v e l y  t h e  i n f l u e n c e  
o f  a l l  f a c t o r s .  

3. C o n s i d e r a b l e  t i m e  w a s  s p e n t ,  g r e a t  c a r e  was t a k e n ,  a n d  
a number of  m o d i f i c a t i o n s  a n d  r e f i n - e m e n t s  were  made t o  t h e  
equipment ,  in .  an at ; tempt t o  o b t a i n  r e l i a b l e  r e c o r d s .  A t  no 
t i m e  were t h e  r e s u l t s  e n t i r e l y  s a t i s f o c - t o r y ;  t h e y  were  s t i l l  
n o t  s a t i s f a c t o r y  when. t h e  viorlr rvns d i s c o n t i n u e d .  

4. The gravirnc t r i c  hygrome-t e r  , a1 -Lhout:h p a - l - e n t i a l l y  a funda-  
m e n t a l  s t a n d a r d ,  i s  o f  ne[:l i f i i b l e  u s e  a s  a p r a c t i c a l  s t a n d a r d  
as it i s  s u b ; j e c t  -to ersro?: arid avilrward i n  a p p l i c a t i o n .  



TABLE I 

RESTJILTS OF TEST SRRIES I (1955)  

S a t u r a t o r  Vapor P re s -  Weight Gain Gravimet- 
Date Plow Tempera- s u r e  ( c o r r e s .  

Tube 1 Tube 2 r i c  Vapour Dif fe -  
t u r e  t o  s a t u r a t o r  P r e s s u r e  r ence  

t empera tu re )  ( m )  ( @ )  



TBLE I1 

RESULTS OF TEST SERIES 11 (1957) 

S a t u r a t o r  Correspon- Weight Gain Measured Gravime- D i f f e -  
Date Flow Tempera- d i n g  Vapour Rlbe mbe A i r  Vol. t r i c  Vapour r e n c e  Comments 

t u r e  ( O F )  P r e s s u r e  (CU f t )  P r e s s u r e  
( "Hg (mg) (mg) ( "Hg ) ($1 

Very a p p r e c i a b l e  
we igh t  l o s s  i n  
2nd t u b e  
New d e s i c c a n t  

Smal l e r  f l o w  r a t e  
8-hour  run 
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TABLE V --- 

RESTJI,!l?S OF TEST S?dRIXS V 

Date Plow 
S a t u r a t o r  
Tempera - 

t u r e  
(OF) 

Corrcspon- 
d ing  Vapour 

P r e s s u r e  
( '!% 1 

'iv'eirht Gain -- 
Tube 1 1hbe  2 

(mts 1 (m!; 1 

Weieht 
A i r .  

(me 

Dif fe -  
r ence  

( 7 :  1 
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FIGURE I 

ARRANGEMENT OF EQUIPMENT USED IN FIRST PHASE 

OF EXPERIMENTAL WORK 

FIGURE 2 

APPARATUS USED IN SECOND ----- PHASE . OF EXPERIMENTAL 

WORK 


