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A consistent  theory  of p sych rome t ry  is presented.  

A century and a half has passed since the appearance of the f i rs t  ~azork [1, 2] on the problem of psy-  
chromet ry .  Nevertheless ,  the problem cannot be considered solved at the present  work from ei ther  the 
theoret ical  o r  pract ical  aspect .  

The relat ionship widely accepted in meteorology contains an empir ica l ly  determined quantity - the 
p sych rome te r  coefficient.  Under the genera l ly  accepted theory based on the concept of adiabatic sa tura-  
tion, no one has managed to obtain the co r r ec t  value of this coefficient o r  even to explain the qualitative 
nature of its var ia t ion as  a function of var ious  fac tors .  

We have made an at tempt to const ruct  a theory  for the psychromete r  which would make it possible to 
obtain and explain present ly  known experimental  resul ts  and which would not require the introduction of any 
additional information of an empir ica l  nature.  

We consider  a plane surface on which a phase transit ion occurs  (evaporation or  sublimation of m a -  
terial) .  At some distance 6 from it, let there be another surface (removal surface) at which fixed values 
are maintained for the t empera tu re  and partial  p ressure  of the evaporating mater ia l .  Then the tempera ture  
of the phase t ransi t ion takes  on a s t r ic t ly  determined value during the period of time needed for es tabl ish-  
ment of equil ibrium. We determine this t empera tu re  under conditions where the heat required for main-  
tenance of a stable process  is supplied to the phase- t rans i t ion  surface by means of the thermal  conductivity 
of the ambient gas mixture and by radiation between the surfaces .  

Under assumptions previously stated [3,4] ,  the problem is formulated in the following manner:  

basic equations: 

x ---r.'~ - % p v  dT_f_ = o, (1) 
d~ dx 

(gv) = O, (2) 
dx 

d d - -~  (pvc) + - -~  (i) = o, (3) 

boundary Conditions at  x = 0, 

P 1 (4) 

T = T1, (5) 

c = cl, (6) 
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a t x  = L 

~, dT + ea (T~I - -  T~o) ---- I~H, 
dx 

" ( ) vp..~---~.;op~_ 1 P , 
Psi01 

vpc + j = I x. 

Omit t ing the in t e rmed ia t e  ca l cu la t ions ,  we p r e sen t  the final r e su l t s ,  

( P - - P , )  ( ) PDInxp--Po] 
In 1 4- T ~ -  T O _ (10) 

(7) 

(s) 

(9) 

~.__~__.ln{l+. T 1 - T o  } 
IX= %6 . H~ " cv " (11) 

whe re 

= 1  
I~H (12) 

Equat ions  (10) and (11) a r e  v e r y  c u m b e r s o m e  and unsui table  f o r  appl ica t ion .  However ,  if one l im i t s  the 
appl icabi l i ty  of the solut ion to condi t ions  c h a r a c t e r i s t i c  of  p s y c h r o m e t e r  opera t ion ,  cons ide rab l e  s imp l i f i -  
ca t ion is poss ible .  In fact ,  fo r  these  condi t ions  

(T1 - -  To) cp <~ 1 (13) 

and t h e r e f o r e  the approximat ion  In (1 + x) ~- x is comple te ly  accep tab le  on the left  s ide of Eq. (10) and on the 
r igh t  s ide of Eq.  (11). However ,  as far  as the e x p r e s s i o n  in the d e n o m i n a t o r  on the r ight  side of  Eq. (10), 

To + T I -  T O H *, 
( T 1 - - T ~  ) c v 

In 1 § H~p cv 

is conce rned ,  a s imple  evalua t ion  shows that  the a s s u m e d  app rox ima t ion  is not  s a t i s f a c t o r y  and t h e r e f o r e  
it b e c o m e s  n e c e s s a r y  to keep two t e r m s  in the expansion fo r  the l oga r i t hm:  

~ a ( T ~ - - T ~ )  2PD I ~  ! P - - P x  ) 
(Tx - -  To) + / /  H R~ (V, + To) ln~ ~ - - ~  o (14) 

f 

~, Vl - -  To e~ (T~ - -  T~) 
I ~ -  ~t H + H - -  (15) 

Note that  the e r r o r  in t roduced by these s impl i f i ca t ions  is p r a c t i c a l l y  a lways  l e s s  than 1%. 

In m a n y  c a s e s  which a re  r ea l i s t i c  fo r  p r a c t i c a l l y  al l  m e t e o r o l o g i c a l  m e a s u r e m e n t s  of humidi ty ,  P l  
< p0<< P,  and consequent ly  we have with suff ic ient  a c c u r a c y  

In P - -  P1 __ Po - -  P1 (16) 
P - -  Po P 

and 

)~ ~e(r (T 4 - -  T4o) 2PaD Po - -  Pl (17) 
~ -  (T1 - -  r0) § H " = R1 (T~-~- To) P 

F o r  evapora t ion  o r  sub l imat ion  f r o m  the s u r f a c e s  of a sphe re  [5] o r  a c y l i n d e r  of  infinite length,  the 
p rob l em is solved s i m i l a r l y .  In these  ca se s ,  the fo rm of Eq. (17) r e m a i n s  as  before  but the following quan-  
t i t ies  m u s t  be subst i tu ted  f o r  & 

for  a sphere  

ro (q - -  to) (lS) 
rl 
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for  a cyl inder  

2-~ " (19) 

It is advisable to emphasize  that Eq. (17) can be used direct ly  only for  calculat ions under conditions where 
the medium is static.  

It is interesting to note that where the evaporation is from a spher ical  surface where r ~ ~o (i.e., in 
a medium of unbounded size), Eq. (17) takes on a form corresponding to the expression obtained by Max- 
well [5] while for  a cyl inder  and plate with r -~ o~ and 5 -~ 0% respect ive ly  (in a static medium of unbounded 
size), no psychromet r i c  difference whatever  should be observed as is c l ea r  f rom Eq. (17). What has been 
said indicates that the Maxwell theory  of the psychromete r  is only applicable for a spherical  body (under 
the condition that special  measu re s  have been taken to eliminate free convection). 

In pract ice ,  as a rule,  the medium is displaced with respect  to the phase- t ransi t ion surface as the re -  
sult of forced or free motion. 

The use of Eq. (17) under these conditions immediately encounters the difficulty arising out of the un- 
certainty of the value of 6o The "film theory" presents certain possibilities here by which the actual, quite 
complex process of exchange devloping between the phase-transition surface and the moving medium can be 
reduced to t r ans f e r  into some static film di rec t ly  overlying that surface .  In such a case, the film thickness 
is dete rmined from the relation 

6 =  l/Nu. (2 O) 

The quite extensive volume of data accumulated up to now can be used for  the determination of Nu. 

In o rde r  to justify the admissibi l i ty  of the proposed approach, we employ the resul ts  of experimental  
p sych rome te r  studies known to us. Unfortunately, only a few of them can be introduced for  a quantitative 
verif icat ion of the proposed theory;  in mos t  cases ,  the data lacks the completeness  neces sa ry  for  ve r i f i ca -  
tion. Therefore  such resul ts  can only be used for  a qualitative check of the theory.  

In this paper ,  we confine ourse lves  to the experimental  data of Usol ' tsev [6] for  the purpose of quan- 
titative verif ication; the data was obtained for a standard aspirat ion psych rome te r  (type M-34) during 
studies aimed at ref inement  of the value for  the psychromete r  coefficient. 

The quantit ies needed for  a calculation based on Eq. (17) are  then determined in the following manner .  
Assuming that the initial section is blunt and the d iameter  of the bulb and cover ing is sufficiently large  in 
compar ison with the thickness of the boundary l ayer  (which makes it possible to neglect  t r ansve r se  curva-  
ture),  we use the following express ion  for Nu [7]: 

Nu = 0.0266 Re o.s. (21) 

Next, using the usual relat ions for  the calculations of radiative heat t ransfer ,  we obtain a value e = 0.38 for 
the reduced emissivity (the emissivity for water, ice, and the internal surface of the cylinder surrounding 
the mercury bulb and covering was assumed to be 0.960, 0.926; and 0.041 respectively [8]). The coeffi- 
cients k and D are determined from the arithmetical mean temperature. 

The experimental data and the theoretical results are given in Table 1. As is obvious, they are in 
particularly good agreement in the case of evaporation of water. As far as some of the discrepancies at 
negative temperature s are concerned, they can be explained most quickly by partially ice-free areas in the 
muslin, which is completely likely since movement of frozen moisture within the muslin is impossible. As 
far as the highly disparate data in the last column of the table is concerned, it should be considered the re- 
sult of error. 

The exceptionally high accuracy of the agreement between theoretical results and expe rimental data 
is a basis for considering the proposed theory sufficiently satisfactory. 

We compare the data of the proposed theory with other experimental and theoretical results for fur- 
ther analysis of the possibilities of applying the proposed theory to the problems of psychrometry. We 
write the basic equations (17) in the form 

p1= p0_[_ ~ RI(T I +To) R,(T~ + To)~e~ ] 
2PaD -+ H2Pa D (r~ + T~o) P (T~ --  To). (22) 
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TABLE 1. T h e o r e t i c a l  C a l c u l a t i o n s  and the O b s e r v a t i o n s  of Uso l ' t s ev  

[ Experimentalobservations ICalculated [Relative dis 
- - -  , - 7 - - - - - - - - - : - - .  - -  . rtial ~es- at~ree 

EXper dry-bulb wet-bulb barometric parualva r pa . P ment between cal- 
" ~ .  r - I / I D r e s s u r  ~ . ~ p o  I s u r e  o I w a t e r  , . 
ma~.~ thermome_~ Itherrnorae- |pressure P e;, -~ ~ vapor P~. tcutatea and observea 
No I . ! ' tenamDer, ~1, ira m ~ t 

�9 ttesT1, *C ]terT~ C ]ram Hg [mra Hg I g ~aluesofP~,% 

22,1 
22,3 
22,1 
22,3 
21,1 
21,8 
21,9 
21,9 

--5,1 
--3,8 
--3,0 
--2,6 
--2,5 
--6,0 
--5,4 
--4,3 

Water on thermometer bulb 

6,76 
7,06 
6,96 
7,06 
6,36 
6,76 
6,76 
6,86 

75O 
750 
750 
750 
756 
756 
756 
754,5 

0,199 
0,270 
0,306 
0,297 
0,201 
0,214 
0,230 
0,199 

Ice on tbezmometer bulb 

--9,43 
--8,43 
--8,14 
--7,43 
--7,13 
--10,03 
--9,33 
--8,68 

748 
747 
747 
747 
746 
736 
736 
734 

0,256 
0,354 
0,212 
0,447 
0,514 
0,288 
0,437 
0,329 

0,198 
0,285 
0,311 
0,285 
0,207 
0,212 
0,227 
0,212 

0,276 
0,356 
0,218 
0,462 
0,562 
0,294 
0,454 
0,411 

0,5 
5,5 
1,63 
4,04 
2,9 
0,94 
1,3 
6,53 

7,81 
0,565 
2,83 
3,24 
9,33 
2,06 
3,89 

~ , 9  

The e x p r e s s i o n  in the s q u a r e  b r acke t s  is none o the r  than the quant i ty  known in the l i t e r a t u r e  as the 
p s y c h r o m e t e  r c oeffic lent  A, 

z R1 (71 + To) R1 (rl -~ To) ~o~ (T~ + r~) (TI + To) A = - -  '-- ' (23) 
H 2PaD ' 2PaD H 

This  equa t ion  not  only  d e t e r m i n e s  the n u m e r i c a l  va lue  of the coef f ic ien t  A but a l so  m a k e s  it poss ib le  
to exp la in  the role  of the v a r i o u s  f ac to r s .  Before  t u r n i ng  to an a n a l y s i s  of the s e p a r a t e  f ac to r s ,  we e x p r e s s  
the t r a n s p o r t  coe f f i c i en t s  X and D as  expl ic i t  func t ions  of t h e r m o d y n a m i c  p a r a m e t e r s ,  

( T ~"- '  
9~ = ~o \ - ~ o  ] ' ( 2 4 )  

Pa D = PoDo ; (25) 
. i  

we then have 

A ?~o R1To R1 (7"1 + To) 6ec; (T~ -+- T~) (7"i - -  To) 
= - -  - -  -~ ( 2 6 )  

H PoDo 2PaD H 

The e x p r e s s i o n  on the r igh t  s ide of Eq. (26) c o n s i s t s  of two t e r m s .  The  f i r s t  is a g roup  made  up of 
t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  and is  s l igh t ly  dependen t  on t e m p e r a t u r e  (in p ropor t ion  to the v a r i a t i o n  in  
H). The second t e r m ,  which i s  r e a l l y  r e s p o n s i b l e  for  the v a r i a t i o n  in A, is d e t e r m i n e d  by the r a d i a t i on  
effect.  

The a n a l y s i s  of th is  t e r m  should be d i s c u s s e d .  

As is c l e a r  f rom Eq. (26), an i m p o r t a n t  f ac to r  is  the ra te  of ven t i l a t ion .  When it i n c r e a s e s ,  Nu in-  
c r e a s e s ,  6 d e c r e a s e s ,  and consequen t ly  the t e r m  b e c o m e s  s m a l l e r ;  th is  is  the effect  of the s t r u c t u r a l  de s 
s ign of the work ing  por t ion  of the we t -bu lb  t h e r m o m e t e r .  Th i s  effect  a p p e a r s  both th rough r a d i a t i ve  heat  
t r a n s f e r  and through the flow a round  the m e r c u r y  bulb ,  which depends  on the shape of the cove r ing .  :For 
example ,  if in the e x p e r i m e n t  d i s c u s s e d  above the cove r ing  was made  in such a way as  to e n s u r e  an un -  
i n t e r r u p t e d  flow of a i r  a t  the bulb ,  the t r a n s f e r  cond i t ions  change,  which e n t a i l s  a change in Nu and,  con -  
sequen t ly ,  in the va lue  of 6; th i s  is the effect  of t e m p e r a t u r e  cond i t ions ,  a c h a r a c t e r i s t i c  fea tu re  of which  
is  that  both t e m p e r a t u r e  d i f f e r ence  and the abso lu te  va lue  of the t e m p e r a t u r e  a re  i m p o r t a n t .  

We note that these  conc lus ions  about  the na tu re  of the inf luence  of the s e p a r a t e  f a c t o r s  a r e  in c o m -  
plete  a c c o r d  with e x p e r i m e n t a l  r e s u l t s  with which we a r e  f a m i l i a r .  
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We now compare  the resul ts  of the proposed theory with the convection theory genera l ly  accepted at 
the present  time. That theory does not include radiative components and therefore  the proposed and ac-  
cepted theor ies  should be compared  in the absence of radiation. In such a case ;  Eq. (23) takes the form 

A' = ~ R--A--1 T1 + TO -. (27) 
H P D  2 

I t  is easy  to see that this equation can be t ransformed to 

G / ~  Cp g '  = 
D M~ H (28) 

According to the convection theory,  

A M~ cp 
cony= Mz H (29) 

As is c lear  f rom a compar i son  of Eqs. (28) and (29), the convection theory  leads to an incor rec t  ex-  
press ion of the p sych rome te r  coefficient even under conditions where the effect  of radiation can be neg-  
Iected. The factor  a / D  is approximate ly  0.84, i.e., is close to one, for  a wa te r -vapor  and a i r  sys tem.  This 
c i rcumstance  is the reason that the convection theory,  which is essent ial ly  based on an incor rec t  physical  
concept, gave approximately  co r r ec t  resul ts  when used in meteorological  measurements .  However, a t -  
tempts  to use it under conditions other  than meteorological  reveal its inaccuracy at once. I ts  unsoundness 
is par t icu lar ly  apparent in applications to systems other than a wa te r -vapor  and air  system. Fo r  example, 
the e r r o r  is g r e a t e r  than 100% for  humidity measu remen t s  in hydrogen. The same e r r o r  is found in mea-  
surements  of the partial  p r e s s u r e s  in air of such mate r ia l s  as xylol, toluol, and chlorbenzol.  We compare  the 
resu l t s  of our proposed theory with the theory  of Arnold [9, 10], in which radiative flow of heat is included. 
We compare  only final resul ts  without d iscuss ing the Arnold theory  in detail. According to Arnold,  the ex- 
press ion for A tends to a limiting value when u --  ~,  which cor responds  to the conclusions of the convection 
theory.  As is c l ea r  f rom the preceding,  the factor  a / D ' i s  lost  in that ease.  In the opposite l imiting case 
where u -~ 0, a value is obtained for A which contains the f a c t o r a / D  according to Arnold. We recal l  that 
according to the proposed theory  there should not be any psychromet r i c  difference whatever in stable a i r  
(except for  the case where the t r ans fe r  surface has an a lmost  spherical  shape). 

In conclusion,  a few words must  be said about existing standard psychromet r i e  tables [11 ], which 
were computed under the assumption that the coefficient A was a constant.  If one is lim ited to the o pe rating 
conditions for  a standard aspirat ion psychromete r ,  it is impossible to ignore the fact that A changes with 
tempera ture  in such a case.  If  one es t imates  the possible sca t te r  in the vaiues of the coefficient A from 0 
to 50~ one obtains a value of • 15 %with respec t  to the average  value. Consequently, the use of such tables 
(given to three significant f igures !) is incor rec t .  

j = - p D d x / d ' r  

C 

V 

M v , Mg 
X 

O 

ep 
T 

P 
E 

ff 

r 

H 
D 

R e 
a 

N O T A T I O N  

is the diffusional m a s s  flux; 
is the dimensionless  mass  concentration; 
is the velocity; 
are the molecular  masses  of vapor  and gas,  respect ively;  
is the coordinate;  
is the mixture density; 
Is the thermal  conductivity; 
is the isobaric  heat capacity;  
~s the tempera ture ;  
Is the total p res su re ;  
m the par t ia l  p r e s s u r e  of substance evaporating f r o ~  the rmomete r  surface;  
is the S te fan-Bol tzmarm constant; 
is the S te fan-Bol t zmann  constant;  
is the radius; 
Is the phase- t rans i t ion  heat; 
is the diffusion coefficient; 
is the gas constant;  
Is the thermal  diffusivity. 
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S u b s c r i p t s  and  S u p e r s c r i p t s  

1 and 0 r~fer, respectively, to values in the medium and on the surface of the thermometer  bulb. 
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