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An Experimental Study of 
Constant-Pressure Steam 
Injection and Transient 
Condensing Flow in an Air- 
Saturated Porous Medium 
In this paper the unsteady process of  constant pressure steam injection into an air- 
saturated porous medium is studied experimentally. To this end, vertical glass tubes 
are packed with dry quartz sand and injected with dry steam. The propagation of  
the steam front appears to be proportional to ~ .  It is observed that the water 
saturation is homogeneously distributed and remains below the irreducible water 
saturation. Furthermore, the theoretical model of  Brouwers and Li (1994) of  the 
process is applied to the experiments' and extended to take wall effects into account. 
A comparison of  the predicted front penetration and amount of  condensed water with 
the experimental results yields fairly good agreement. 

Introduction 
Steam flow in porous media with heat transfer and condensa- 

tion is encountered in many practical applications. Examples 
are steam injection enhanced oil recovery, geothermal energy 
production, drying processes, and cleaning contaminated soils. 

Marx and Langenheim (1959) and Ramey (1959) were the 
first to model hot fluid injection into an oil reservoir. Mandl 
and Volek (1969) assessed the magnitude and importance of 
heat transfer ahead of the front and performed experiments. 
Based on the assumption of constant steam front velocity, Men- 
egus and Udell (1985) and Stewart et al. (1989) also obtained 
an analytic expression, which agreed with their experiments. 
Morrison (1973) studied transient two-phase flow in porous 
media. Heat transfer ahead of the front was neglected and the 
governing equations were solved numerically. Based on a sim- 
ple single-phase flow model, Brouwers and Li (1994) derived 
analytical expressions for transient condensing steam flow in 
a porous medium. Hanamura and Kaviany (1995) derived a 
constant-pressure steam injection model assuming a quasi- 
steady behavior and the presence of a liquid slug, and neglecting 
axial conduction in the dry air-saturated downstream region. 

Constant-pressure injection experiments have been reported 
by Nilson and Montoya (1980), Tsuruta et al. (1988), and 
Hauamura and Kaviany (1995). Nilson and Montoya (1980) 
studied the injection of freon vapor into an initially dry sand 
pack. Tsuruta et al. (1988) and Hanamura and Kaviany (1995) 
investigated the injection of steam into a dry porous medium 
formed by packed glass beads. In both studies it was observed 
that if the condensate saturation is higher than the residual 
saturation, the superfluous condensate swept as a slug ahead of 
the steam front. 

Constant-pressure steam injection and transient condensing 
flow in dry sand has, to the author's knowledge, never been 
reported. This situation is considered to be typical for the clean- 
ing of the vadose zone of polluted subsoils. Accordingly, such 
experiments have been performed and the results are presented 
in this paper. 
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Theory 
In this section the analysis of Brouwers and Li (1994), con- 

cerning the one-dimensional longitudinal and unsteady propaga- 
tion of the steam front, is recapitulated. The homogeneous and 
isotropic porous medium was considered to have a constant 
thickness and to be confined by impermeable and adiabatic top 
and bottom layers. The process studied involved the displace- 
ment of air by dry steam, which partly condenses to heat up 
the porous medium and initial groundwater. 

Throughout their paper, it is assumed that the water saturation 
S~ is smaller than irreducible (residual or connate) water satura- 
tion Sir, so that this liquid water is immobile. This water satura- 
tion consists of two parts, that is, the initial water saturation 
Sz0, which is zero, and the formed condensation water saturation 
Sic. Thus it is assumed that 

Sl = Sic + Sio < Si, (1) 

It is noted that the assumption ( 1 ) is applicable because Sir can 
amount to 20-25 percent (Buchlin and Stubos, 1991 ). Assump- 
tion (1) will be verified at the end of this section and in the 
experimental part of this paper. 

The steam is injected at x = 0 at constant pressure. The steam 
flows through the unsaturated matrix to the condensation front 
(Fig. 1), the position of the front designated by Xo(t), where 
the ambient pressure Po is attained. 

There the condensation exists until the porous medium and 
the groundwater are heated up to the saturation temperature of 
the steam. It is assumed that the vapor, condensate, and matrix 
behind and in the front are in thermodynamic equilibrium, since 
the intraparticle thermal resistance and resistance from fluids to 
particles are both small. 

The pressure drop between injection point and condensation 
front (typically 0.1 bar) is much smaller than the absolute pres- 
sure in the porous medium (ambient pressure), so that Tsar may 
be regarded as a constant. Hence, behind the steam front (0 -< 
x -< X0), the temperature of the porous medium, water and 
steam, equals T,,t. Furthermore, a one-dimensional representa- 
tion of the process was imposed by assuming the process to be 
uniform perpendicular to the direction of flow. 

Based on an overall mass balance of water (steam and con- 
densate), Darcy's law, and an energy balance at the steam front, 
the front position was obtained as 

Journal of Heat Transfer MAY' 1996, Vol. 118 / 449 

Copyright © 1996 by ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/heattransfer/article-pdf/118/2/449/5669658/449_1.pdf by Eindhoven U

niversity of Technology user on 26 July 2020

https://crossmark.crossref.org/dialog/?doi=10.1115/1.2825865&domain=pdf&date_stamp=1996-05-01


1 
/ 

/ Z / / / / / / / / /  / / / / /  
x=0 ~X x=X0(t) I 

entrance Tsat steam front I Tair 
/ 

\ \ \ \ \ \ \ \ \ \ \  \ \ \ \ \  

Fig. 1 Steam front position 

Xo = ~ a 2 k ~  (2 )  

where k follows from 

] ~ y  effc ( h y ) e  x%2 = X (3 )  

with 

[a21"  "o)K,,11'2 
Y = L~a,J k ~ --  ~ J (4 )  

and 

and 

al -- _ _  (5 )  
psC ps 

2ffrvHlat( Pin - Po)t< 
a2 = _ _  (6 )  

p ,  cp,(T~. ,  - To )uo  

and erfc (x) ,  the complementary error function, defined as: 

2 e x p ( -  ~2)d~/ (7 )  e r f c ( x )  = 1 - e r r ( x )  = 1 - ~  =0 

For a given y, which is determined by al and a2, h can be 
determined as the root k (y )  of Eq. (3 ) .  Subsequently,  the 
steam-front posit ion then follows from Eq. (2 ) .  Thus it is suffi- 
cient to know how k (y )  changes versus y. The dimensionless  
group y is a measure for the latent heat transport  by vapor flow 
divided by the heat conducted away a h e m  of the front. 

Brouwers and Li (1994)  computed k (y )  numerically,  the 
results of  which are depicted in Fig. 2. Equation (4 )  reveals 
that the effect of condensed water in the porous medium on 
permeabili ty was described with the concept of relative perme- 
ability. 

The amount  of condensed water in the porous medium was 
determined as: 

Sic = psCps(Tsat - To) (8 )  
HlatC~t Z pt 

Equation (8 )  reveals that the amount  of  condensed steam does 
not depend on the posit ion of the front. Hence, both  the water 
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Fig. 2 Graphic representation of My} 

saturation behind  the front and the relative permeabil i ty of the 
steam are constant. 

E x p e r i m e n t a l  R e s u l t s  

One-dimensional  steam injection experiments into an air-sat- 
urated dry sand pack were conducted for model comparison. 
Dry sand was chosen to avoid having the water saturation ex- 
ceeding &,.. Two pyrex glass tubes were used, one with a thin 
wall ( tube I)  and one with a thick wall ( tube II ) ;  see Table 1. 
The length of the tubes ( thickness of the packed bed)  was about 
l m .  

With each tube, two experiments were performed. The tubes 
were filled with dry quartz sand, because of the spherical grain 
size and nearly pure silica composit ion ( 2 9 9  percent) .  The 
particle size distribution of the sand is given in Table 2. From 
this distribution and the formula of Fair and Hatch (1933) :  

Table  1 Glass  tubes used 

Exp Tube D~ Do 

1 I 5010 mm 52.5 mm 
2 I 50.0 mm 52.5 mm 
3 II 51.0 mm 56.0 mm 
4 II 51.0 mm 56.0 mm 

N o m e n c l a t u r e  

al = thermal  diffusivity, m2s-1 t = time, s 
a2 = parameter,  Eq. (6 ) ,  m2s t u = superficial velocity, ms -~ 
Cp = specific heat, Jkg-~K < Xo = position of steam front, m 

Dz = inner  diameter  of the tube, m x = coordinate, m 
Do = outer diameter  of the tube, m y = dimensionless  group, Eq. (4)  
dp = mean  particle size, m B = parameter,  Eq. (14)  

H~,t = latent heat of  condensation,  Jkg -~ ~7 = dynamic viscosity, Pas 
k = thermal conductivity, W m  1K ~ • = absolute permeabili ty,  m 2 
L = thickness of  packed bed, m Kr = relative permeabil i ty 
n = power-law coefficient k = dimensionless  parameter  
P = pressure, Pa u = kinematic viscosity, m2s 
S = saturation p = density, kgm -3 
T = temperature, K ~b = porosity 

d o = ~ookOl.~e o~ pwre< i.~xcr -+ 

Subscripts  

a = air 
c = condensate 
g = glass tube 

in = injection 
l = water 
s = pertaining to sand and air 

sat = saturation 
v = vapor 
0 = initial condition 

Superscripts  

= mean 
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Table 2 Particle size distribution 

Diameter,/am Mass fraction, percent 

>300 2.92 
250-300 36.08 
212-250 30.21 
150-212 28.33 
125-150 1.78 
90-125 0.39 
63-90 0.05 

<63 0.00 

d p = 0 . 7 8 (  x w i ~ - '  ~ - j  (9) 

an effective particle diameter d v = 0.228 mm follows. In Eq. 
(9) wi represents the mass fraction of particles between two 
sieves with diameterL__ L and d2, and dl the geometric mean of 
the two sieves, or Vd~d2. 

After each experiment the sand was removed and the tube 
cleaned and dried. For each experiment, new and dried sand 
was used, so that an initial water saturation of zero was ensured. 
Both ends of the tube were sealed with removable nylon plates 
with inlet connections and mounted filter screens to prevent the 
passage of sand. 

Before the steam injection experiments were run, the perme- 
ability of the dry sand bed was determined by measuring the 
pressure drop of air flow across the sand pack for various flow 
rates and pressure drops. The Reynolds number ranged from 
1.2 to 2.2. The permeability was determined via 

4rI.Pi,,Lqbi,, 
K = 2 2 7rDi (Pin  - -  P~) ( 1 0 )  

which takes into account the compressibility of the air. (hi,, is 
the volume flow rate at the entrance of the column. The perme- 
ability of the packed beds ranged from 6.6 x 10 i~ m 2 to 8.6 
x 10  -11 m 2 and the porosity from 43 to 45 percent; see Table 
3. The porosity was determined by comparing the bulk density 
of the packed column and the density of the sand. In Table 4 
the physical properties of the sand are tabulated. With the poros- 
ity and the effective particle diameter (see Eq. (9)),  the perme- 
ability can also be computed with the Kozeny-Carman equation 
(Buchlin and Stubos, 1991): 

K --  d / ] ~ 3  (11) 
181(1 - ~b) z 

In Table 3 the computed K are also included. One can see the 
fair agreement between the x values based on the air flow 
measurements and the K values based on the particle size distri- 
bution and the Kozeny-Carman equation. In what follows the 
values obtained with the air flow measurements will be em- 
ployed. 

During the steam injection experiments, to prevent heat losses 
to the surroundings, approximately 20 mm of insulation was 
wrapped around the tube. A small stripe was uncovered to per- 
mit visual inspection and determination of the steam front. Im- 
mediately after the front, in the region passed by, by the front, 

this small stripe was closed with insulation as well. As soon as 
the steam front had attained the top of the tube, the steam 
injection was stopped. 

In a low-pressure steam generator distilled water was evapo- 
rated, providing steam with a maximum absolute pressure of 4 
bar. This steam was reduced in pressure, and premature conden- 
sation of the superheated steam in the supply channels (ID 0.25 
in.) was prevented by electrical resistance heating. 

Dry steam was injected with an absolute inlet pressure of 1.2 
bar. With a thermometer the steam temperature at the entrance 
of the tube was measured, showing a slight and negligible super- 
heat of the steam (of order 3°C). 

The initial temperature To of the sand pack was around 20°C. 
The ambient pressure P0 was measured with a mercury barome- 
ter and ranged from 1.004 to 1.024 bar. 

In Figs. 3 and 4 the experimentally observed position of 
the steam front is depicted against the elapsed time for the 
experiments with tube I and II, respectively. One can see that 
the position of the steam front by good approximation varies 
with the square root of time indeed for all experiments. This 
remark is in qualitative agreement with the theory; see Eq. 
(2). In the next section the measured results are compared 
quantitatively with theory. 

The effective permeability of sand bed with condensate, x,~K, 
was measured 24 hours after the experiment by measuring the 
pressure drop of air in the wet column at ambient temperature, 
yielding values of t¢,~ ranging from 0.54 to 0.73 (Table 3). This 
procedure is acceptable as Piquemal (1994) concluded that air-  
water relative permeabilities at room temperature are in accor- 
dance indeed with steam-water relative permeabilities at ele- 
vated temperatures. 

The amount of condensate in the tube was computed by 
measuring the increase in weight of the tube due to the conden- 
sation of water. From this information experimentally deter- 
mined values of the water saturation were obtained, which are 
listed in Table 3. 

The relative permeability and water saturation are generally 
related by: 

K,~ = (1 -- &)" (12) 

With K~ and St known (& = Sk,, since &0 = 0), n can be 
computed with the help of Eq. (12), the result is included in 
Table 3. One can see that the magnitude of n is in the range 
found in the literature (Buchlin and Stubos, 1991; Falta et al., 
1992). Note that 1 - St corresponds to &. 

These measured water saturations are in fact averaged values 
within the tube. In order to investigate the homogeneity of the 
water saturation in the sand pack, and possible transport of 
water, a fifth experiment was executed with tube II. To create 
a larger amount of condensate, the sand was densely packed 
(~b = 0.41 ) by intense vibrating and the tube was not insulated. 
During the experiment it was verified that the steam front is 
planar. The maximum distance between foremost and hindmost 
front position amounted to only a few ram. 

After the experiment the average water saturation was deter- 
mined in the same way as for experiments 1-4; see Table 5. 
In addition, after the tube cooled down, samples of the sand 
were taken at the bottom (where the injection takes place), the 
middle and the top of the tube. By drying these samples (105°C) 

Table 3 Experimental data and computed K, n, and Stc 

Exp • [m 2] K~ @ Sic /3 K [m 2] n &c 

Experiments Eq. (11) Eq. (12) Eq. (18) 

1 7.4 X 10 -1~ 0.54 0.45 0.133 1.150 8.6 X 10 -H 4.24 0.126 
2 6.6 × 10 it 0.62 0.45 0.140 1.148 8.6 x 10 " 3.12 0.128 
3 8.6 X 10 -H 0.73 0.44 0.146 1.293 7.8 x 10-" 2.04 0.149 
4 6.7 × 10 -u 0.69 0.43 0.157 1.387 7.0 × 10 -H 2.17 0.156 
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Table 4 Properties of quartz sand, air, and glass tube 

Sand Air Glass 

k, W/mK 8.8 0.0257 1.17 
p, kg/m 3 2650 1180 2500 
cp, J/gK 1000 1007 840 

and measuring the weight loss, the water saturation at these 
three locations is obtained. In Table 5 the results are summa- 
rized. 

The values of Table 5 indicate that indeed the water saturation 
is higher than with experiments 1 and 4, due to greater heat loss. 
Furthermore, one can see that the water saturation is practically 
constant in the tube, confirming a prediction of the presented 
model. Table 5 also shows that, even for the large water satura- 
tion, no water has been transported as a slug ahead of the front. 
This contrasts with the experiments of Nilson and Montoya 
(1980), Tsuruta et al. (1988), and Hanamura and Kaviany 
(1995), who observed a liquid slug. Obviously, here the water 
saturation is still smaller than the irreducible saturation. This 
observation of Sir being larger than 0.21 corresponds with values 
of Sir found in the literature (Buchlin and Stubos, 1991). As 
water has not been swept for S~ ~ 0.21, it can be assumed that 
this was not the case either in experiments 1-4  where S~ < 
0.16. This conclusion is confirmed by the observation during 
experiments 1 to 5 that no water was leaving the column at the 
exit. The immobile water phase formed a major assumption of 
the one-phase flow model of Brouwers and Li (1994). 

In order to determine the temperature in the dry sand ahead 
of the front, two experiments have been performed with five 
equidistant thermocouples placed in the center of the sand pack. 
The measurements revealed that the dry sand is at ambient 
temperature up to the moment the steam front passes by. So, 
in the column a sharp temperature rise occurs at the steam front, 
implying negligible axial conduction ahead of the front. 

Model Validation 
In order to compare the theory with the experimental data, 

the properties appearing in a~ and a2 need be assessed. Both in 
al and a2 several physical properties appear. In a2 also the 
effective permeability Kr0K figures, which was obtained experi- 
mentally with the help of the air flow-pressure drop measure- 
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Fig. 4 The experimentally measured steam front position in tube II and 
the pertaining theoretical predictions 

ments 24 hours after the experiment, as explained in the previ- 
ous section. 

The physical properties appearing in al were evaluated at P0 
and To (ambient conditions), as these conditions prevail ahead 
of the front. The effective thermal conductivity k, is computed 
with the model of Zehner and Schltinder (1970). This procedure 
yields values of ks of 0.270 W/mK to 0.301 W/mK. The mean 
heat capacity pscps is obtained by adding the weighed contribu- 
tions of sand and air. Both ks and ~~p, depend on the porosity 
of the packed sand. 

The properties appearing in a2 were evaluated at the mean 
conditions between entrance and steam front, i.e., (Pin + Po)/ 
2 ( ~ 1.1 bar) and Tsat (depends on P0, Tsat ~ 100°C). The physi- 
cal properties of the steam were taken from V.D.I. ( 1991 ). 

With al and a2 known, y was computed to have a value 
ranging from 40 to 47. Subsequently, values of k greater than 
0.999 followed from Eq. (3). These values of k, which are 
nearly unity, imply that all liberated latent heat at the front is 
available for heating up the sand pack, and that axial heat losses 
are negligible (Brouwers and Li, 1994). This result is in 
agreement with the measured temperature profile in the dry 
sand. 

A first comparison of experimental data with theory showed 
that the progress of the front is slower than expected theoreti- 
cally. This can be explained by the heat needed to heat up the 
walls of the glass tube and heat loss to the surroundings. This 
supposition is confirmed by the fact that the theoretical S~, 
following from Eq. (8), equals about 0.11. Table 3 reveals that 
after the experiment, depending on the used tube, Stc= 0.13- 
0.16 is measured. This result implies that more steam has con- 
densed than is needed for heating up the sand pack. One can 
also see that this effect is more pronounced for the thick-walled 
tube. Accordingly, a modification of the theory is presented to 
take account of the heating up of the glass tube. 

Table 5 Measured average water saturation, and water 
saturation at three positions in the tube (experiment 5) 

Tube S/, 

Average 0.194 
Bottom 0.219 
Middle 0.189 
Top 0.204 
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As has been said, X ~ 1, implying that all liberated latent 
heat is used to heat up the sand and the glass tube at the front. 
An energy balance at the front yields: 

dXo 
pvUvHlat = pTCps/3( T~,, - To) - -  (13) 

dt 

In this equation the term/3 reckons with the heating up of the 
glass tube: 

/3: I + 1 p.,c---p.~ LD~ - 1 (14) 

The steam flow to the front obeys Darcy's law: 

Xou~,~o 
-- Pin -- Po (15) 

KroK 

Combining Eqs. (13) and (15), inserting Eq. (6),  solving the 
differential equation, and applying the initial condition 

x01,:0 : 0 (16) 

yields: 

x0 = ( 1 7 )  

The amount of condensed water in the porous medium can be 
obtained from an energy balance of liberated latent heat and 
heat required to heat up packed sand and tube wall, yielding: 

S,c = p ~ , ~ ( Z ~ , t -  To)/3 (18) 
Hl,tq~pt 

Equations (17) and (18) are modifications of Eqs. (2) and (8),  
respectively, and account for the heating-up of the tube wall in 
case h = 1. That is, X = 1 when the thermal conductivity ahead 
of the front (or resistance to vapor flow) is negligibly small. 
In Table 3/3 is given for both tubes, confirming that/3 is highest 
for the experiments with the thick-walled tube. 

Note that axial conduction in the glass tube, as well as the 
sand bed, can be neglected. This can be verified by considering 
the poor thermal conductivity of the pyrex glass (Table 4). 

Now it is possible to compare the theoretical prediction of 
the steam front position (Eq. ( 17 )) with the experimental obser- 
vations. In Fig. 3 the results of experiments 1 and 2 with tube 
I are presented with the applicable theoretical predictions. In 
Fig. 4 experiments 3 and 4 with tube II are summarized. The 
theoretical lines do not coincide as for each experiment ~b, x, 
K,~, etc. (and hence also az) have different values. 

One can readily see that the theoretical predictions of the 
position of the steam front agree well, at least qualitatively, 
with the observed position. Particularly for the experiments with 
tube II, there is good agreement. The worst prediction of the 
steam front is found with experiment 2, and corresponds to the 
worst agreement between the predicted and measured amounts 
of condensate; see Table 3. A part of the discrepancy can be 
attributed to the inaccuracy of the measurements. The uncer- 
tainty analysis in the appendix reveals that the maximum rela- 
tive error of the front position, dXo/Xo, is 7.5 percent. 

Conclusions 
In this paper the constant-pressure steam injection into a dry 

and air-saturated porous medium has been investigated experi- 
mentally. To measure the vertical upward flow of the steam 
front, a test setup and two vertical glass tubes packed with 
quartz sand have been used. 

A comparison of the experimental results reveal that the con- 
duction ahead of the front can be neglected. Furthermore, the 
heating of the glass walls, on the other hand, has a substantial 

effect on the steam front position and amount of condensed 
water. 

In order to account for this effect, a simple modification of the 
theory by Brouwers and Li (1994) is proposed. A comparison of 
the predicted steam front position and condensed water by this 
modified theory with the experimental result yields fairly good 
agreement. 

Furthermore, it has been verified that the water saturation 
remains below the irreducible saturation and is homogeneously 
distributed in the sand pack. These features formed the basis of 
and were predicted by, respectively, the one-phase flow model 
of Brouwers and Li (1994). 
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A P P E N D I X  

Uncertainty Analysis 
The uncertainty analysis presented here follows the proce- 

dures described by Kline and McClintock (1953) and Holman 
(1978). The primary experimental data, such as P0, P~n, and 
To are used to calculate the desired (dimensionless) quantities 
al ,  az, y ,  k, and Xo(t ) .  The uncertainty in these calculated 
results is obtained by considering the uncertainties in the pri- 
mary measurements and is discussed below. 

The uncertainty in a calculated result I, which is a function 
of the independent variables i l ,  i2 . . . . .  in, reads: 
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_ _  = Ol aI . . .  a/Tj2a/ol [~]2 [X_~]2 [~22 _~]2 qt_ @ IX 
(A.1) 

where din, di2 . . . . .  din represent the uncertainties in the quanti- 
ties il ,  i2 . . . . .  in. 

The uncertainty in a2, denoted by daz, depends on dKr~K, 
dp.,cp,, dPo, dPi,, dT.,at, dTo, dill,t, and duo; see Eq. (6).  The 
effective permeability of the wet sand K,oK is measured sepa- 
rately via flow and pressure drop measurements; see Eq. (10). 
Uncertainties in the physical properties, geometric properties, 
ambient pressure, and temperatures are much smaller than the 
uncertainty of the inlet pressure and gas flow, and are therefore 
neglected. Application of Eq. (A.1) to a2 and K,~K produces: 

[da:l  r+rd,<:,<l (1 .2)  
az J P i n  - Po J L K,~K J 

KrvK J = LP~o-~o~J L P,. J 

Pin and P0 in Eq. (A.2) reflect the pressures during the steam 
front measurements (pressure drop amounts to 0.2 bar). Pin and 
Po, appearing in Eq. (A.3),  are the pressures during the air 
flow measurements, which took place 24 hours after the steam 
front measurement (P,, - Po is about 1.4 bar). 

The inaccuracy in front position is mainly caused by the 
inaccuracy in a2. Applying Eq. (A.1) to Eq. (2) yields: 

dXo da2 

X0 2a2 
(A.4) 

With the help of Eqs. (A.2) - (A.4)  the relative inaccuracy of 
the lines drawn in Figs. 3 and 4 can now be assessed. This 
uncertainty is much larger than the uncertainty in measured 
front position and time, which are depicted in both figures as 
discrete symbols. 

The gas flow is measured with the aid of a rotameter with 
an inaccuracy dq%, of 100 I/h, and the inlet pressure with a 
bourdon pressure gage with an inaccuracy dP,, of 0.02 bar. 
Hence, for the experimental data of Figs. 3 and 4 the maximum 
dXo/Xo amounts to 0.075. 
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