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For a liquid sample the pressure variation in the gas is generated by a heat wave and an oscillating 
diffusive and convective flow of mass. It increases strongly with vapor pressure and, therefore, tempera­
ture, approaching a finite value the near boiling point. Experimental results confirm the model.

It was fo u n d  experim entally  th a t  the p h o to ­
acoustic (PA) signal o f  a wet sample increases 
strongly with te m p era tu re  [1]. It was also observed 
th a t  the presence o f  a  volatile liquid in a gas m ic ro ­
ph o n e  cell enhances the signal o f  any  sam ple  [2]. 
W e could explain these p h en o m en a  fairly well by 
assum ing an  oscillating diffusive t r a n sp o r t  o f  mass 
between the sam ple  an d  the  cell gas [3]. The  
fo rm ulas  in [3] are  only correct if the  partial 
pressure o f  the vap o r  is m uch  smaller th a n  the 
pressure o f  the  cell gas. N ow  we show th a t  at 
higher vapo r  pressures or  tem pera tu re s  a  con ­
vective m o tion  o f  the cell gas governs the pressure 
varia tion . A p p ro a ch in g  the  boiling po in t ,  the heat 
generated  by the a b so rp t io n  o f  light in the  sample 
limits the pressure oscillation.

The  scheme o f  the  sam ple cell geom etry  is show n 
in Figure 1. F o r  simplicity we assum e tha t  light, 
which is m od u la te d  s inusoidally  with frequency 
w / 2 n  is ab so rbed  a t the  surface  o f  the liquid at 
z  -  0 and generates the hea t  Q  =  Q q(\ + e lu>t) per 
unit  area. T em p era tu re  waves in the fo rm  o f

<Pg =  @ e lcot V  an d

0 , =  O e iU)t+a*z (1)

propaga te  in the gas (g) a n d  the sam ple  (s), if  b o th  
m edia are therm ally  th ick , i.e. \ a glg \ > \  and  
|(7S/S| > 1 ,  with o n =  (1 +  i ) a n. H ere ,  a ^  =  
( 2 a n/ c o ) W2 is the the rm al d if fus ion  length with the 
therm al diffusivity  a n =  k n/ Q ncpn, where A„ is the 
therm al conductiv ity , g n the  density, an d  cpn the 
isobaric specific heat capacity  o f  the m ed ium  la­
belled by n.
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Fig. 1. Calculated pressure amplitude (solid line) and measured 
amplitude (circles) for water (a) and methanol (b) versus T ~ l . 
Boiling temperatures are indicated. Insert: PA-cell, schematic.

A  small varia tion  0 S(O, t)  in te m p era tu re  alters 
the s ta tionary  vap o r  pressure P S- C SR T  o f  the 
sam ple and ,  therefore ,  the average m o la r  concen­
tra t ion  C s at z  =  0 in the  gas by the  a m o u n t  [3, 4]

i//(0,r) = Ps  d ( l n P s)

R T  d T
< M O ,0

PsL  

R 2T 3
0 e ‘ (2)

where L  is the heat o f  vapor ization  a n d  R the gas 
cons tan t .

T he  gas consists o f  a non-condensab le  com ­
ponen t with the m o la r  concen tra t ion  C 0 or partial  
pressure P 0 and  a v ap o r  with co ncen tra t ion  Cd or 
partial  pressure P d. T he  rate o f  ev ap o ra t io n  or 
condensa tion  per unit  area  depends on  the m olar  
flux J  o f  the vapor  a t the surface o f  th e  sample. If,

0932-0784 /  87 /  0900-0922 $ 01.30/0. -  Please order a reprint rather than making your own copy.

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



P. Korpiun, W. Herrmann, and R. Osiander • Photoacoustic Effect on Liquids 923

for  instance, the  concen tra tion  C d (z, t)  o f  the 
vapo r  a t z  is reduced , the concen tra t ion  C 0(z, t ) o f  
gas increases, because a t aud io  frequencies the 
to ta l pressure P t =  P 0+ P d and ,  therefore ,  the total 
concen tra t ion  Ct = C 0+ C d is cons tan t at each 
posit ion  z.  This leads to  a convective m o tion  o f  the 
whole gas m ix tu re  tow ards  the surface. The  total 
m o la r  flux o f  the  vapor  passing a p lane a t z  ^  0 
parallel to  the  surface  o f  the sample is then [5]

J  =  -
ctD a c c

Ct- C d 9 Z
(3)

Using the eq u a t io n  o f  continu ity  [6] - d J / d z  =  
9 C d/ d t  we ob ta in

2-
C tD

Ct-Ce
9 2Cd
d z 2

+  -
1

Ct-Cc
9 Cd
9^

+ i £ i = o .
9 /

(4)

The co ncen tra t ion  varia tion  in the gas should  be 
expressed by Cd = Cs+ y/{z, t ) with a concentra t ion  
wave

y/ =  c e ^ +,Mt (5)

an d  a  com plex concen tra t ion  wave num ber  £ / /  =  
(1 -  i) /rj .  E q u a t io n  (5) is a so lu tion  o f  (4) if the 
am p litude  c o f  the  concen tra t ion  varia tion  is small 
co m p ared  to  the  s ta t ionary  concen tra t ion  Cs o f  the 
v apor ,  i.e. c Cs. T hen  the non-linear  te rm  in (4) 
can be neglected a n d  it becomes an  o rd inary  d if fu ­
sion eq ua t ion  w ith an  effective d iffus ion  coeffi­
cient D P defined  as

D* =
C tD PtD

Ct Cs P t—P s
(6)

In th a t  case rj =  ( 2 D e/ a j ) U2 is an  effective concen­
t ra t io n  d if fus ion  length. The  am plitudes 0  and  c in 
(1) an d  (5) can be de term ined  f rom  the b oundary  
cond it ions  at z  =  0 fo r  the  concen tra tion ,  (2),

c =  P , L 0 / R 2T 3

a n d  the  hea t flow,

(7)

Xs g r a d 0 s | -  Xggrad  <2>g |
z = 0 z = 0

=  ö o ( l  +  e i(JJt) — D t L  g r a d ^  | . (8)
z = 0

D t L  g rad  y/ is the hea t o f  vapo r iza tion  necessary to 
generate the flow o f  mass D e gradi//.  W ith  the 
expressions (1), (5), an d  (7) the tem pera tu re  
am plitude  becomes fo r  Astfs >  Agtfg

0 =  Q 0e - i n /4 Ac ct c 1 +

' p s j R T

Dz

« s 

- l

1/2

(9)

T he  tem pera tu re  var ia t ion ,  (1), averaged  a long the 
gas co lum n o f  length L  is [7]

< 0 g> =  0 e i(ojt~ n/4)/ ( a J g) , (10)

a n d  the  average concen tra t ion  var ia t ion  becomes 
w ith (5) [3]

/  n  \ 1/2 
<y> =  j  t / /dz //g =  ( — - J  L P < ^ e>

(11)

T he  to ta l relative pressure oscillation p ( t )  in the 
gas is the sum o f  b o th  averages referred  to the 
m ean  tem pera tu re  T  a n d  concen tra t ion  Ct, respec­
tively [4]. F o r  a therm ally  thick gas one has [8]

P i t )

Pi
= y

<0g> , <<//>
Ct

(12)

with y =  cp g/ c j?g, where c vg is the isochoric specific 
hea t  capacity  o f  the  gas. A p p ro a ch in g  to  the 
boiling tem pera tu re  T h, i.e. P s- + P t , the  pressure 
varia t ion  (12) becom es approx im ate ly

p ( t , P s^ P {) Q 0 y R T

P  t (Ü la P tL
(13)

The hea t available fo r  ev ap o ra t io n  an d  not the 
tra n sp o r t  o f  mass in the  gas limits the  pressure 
am plitude .  It becom es inversely p ro p o r t io n a l  to 
the hea t o f  vaporiza tion .

Calcu la ted  am plitudes  p  an d  m easu red  am pli­
tudes A  (A °cp)  fo r  w ate r  a n d  methyl a lcohol in air 
( P t =  105 Pa) vs. inverse t em p era tu re  n orm alized  to 
th a t  a t  30 °C  are  p lo tted  in F igure 1. T o  realize 
optically s trong  a b so rp t io n  the  liquid surface was 
covered with a th in  layer o f  g raph ite  pow der.

In conclusion, we have s tudied  theoretically  and  
experim entally  the  P A E  on liquids. A t  very low
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partial pressures o f  the  liquid, the pressure var ia ­
tion is determ ined by an  oscillating flow o f  heat 
between liquid an d  cell gas. W ith  increasing vapor 
pressure, the signal reflects the diffusive an d  at still 
higher pressure the convective oscillatory m o tion  
o f  mass between the  liquid surface an d  the gas.
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