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The nucleation behavior of supercooled water vapor in helium
P. Peeters, J. J. H. Gielis, and M. E. H. van Dongen
Eindhoven University of Technology, Department of Applied Physics, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 9 May 2002; accepted 1 July 2002!

The nucleation behavior of supersaturated water vapor in helium is experimentally investigated in
the temperature range of 200–240 K. The experiments are performed using a pulse expansion wave
tube. The experimental results show a sharp transition in the nucleation rates at 207 K. We suggest
that the transition is due to the transition of vapor/liquid to vapor/solid nucleation~ordered with
decreasing temperature!. A qualitative theoretical explanation is given based on the classical
nucleation theory and the surface energy of ice. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1501885#
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I. INTRODUCTION

The experimental results presented in this paper are
of an ongoing research program, focused on the nuclea
behavior of natural gas.1 Apart from the main componen
methane, natural gas contains many other~vapor! compo-
nents. These other vapor components can roughly be s
rated into two different categories, being water and hyd
carbons. One of the aims in the program is trying to estab
whether or not nucleation of ice and/or the nucleation
methane hydrates occurs. As a first step towards this g
the nucleation behavior of water in helium was studied. T
way, hydrate formation is excluded. What remains are th
possible nucleation processes. These are vapor/liquid, liq
solid, and vapor/solid nucleation. The nucleation behavio
water vapor~in an inert carrier gas! has been studied before
and a recent and extensive study was presented in a pap
Wölk and Strey.2 They measured nucleation rates in the te
perature range of 219–260 K. In their paper only vap
liquid nucleation is considered, and no indications for oth
nucleation processes are given. Another extensive study
performed by Peters and Paikert.3 They measured nucleatio
rates of water in argon in the temperature range of 200–
K. The results presented here are in the temperature ra
from 200 to 235 K. Attention will be focused on the dete
tion of vapor/solid nucleation.

II. NUCLEATION

Through the years several expressions for the nuclea
rateJ have been developed.1,4 For analyzing our experimen
tal results we will use an expression inspired by class
nucleation theory,

J5K expS 2
W

kBTD , ~1!

in which K is a kinetic factor,T is the temperature, andW is
the energy needed to form a critical cluster, at isothermal
isobaric conditions. When a vapor is supersaturated, it
lower its Gibbs free energy by forming a liquid phase. Ho
ever, in order to form a liquid phase, an interface between
vapor and the liquid has to be formed, which increases
5640021-9606/2002/117(12)/5647/7/$19.00
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energy of the system. The lowering of the free energy due
the bulk liquid formation is proportional to the volume (r 3)
of the liquid, while the increase of the free energy due to
formation of the interface is proportional to the area of th
interface (r 2). Therefore, the energy of formation of a clust
of molecules has a maximum as a function of the clus
size. The critical cluster is the cluster at this maximum andW
is its corresponding work of formation. For nucleation fro
the vapor phase classical nucleation theory gives5

W5
16p

3 S M

NArkBT ln~S! D
2

s3, ~2!

and

K5S psat

kBTD 2S 2sM

pNA
D 1/2S

r
. ~3!

The work of formation of a critical nucleusW and the rate
factorK depend on the molar massM, the specific densityr
of the condensed phase, the surface tensions and the satu-
rated vapor pressurepsat. At near-atmospheric pressures th
supersaturationS of the vapor in a carrier gas can be e
pressed as5

S5
pv

psat
5

yp

psat
, ~4!

wherey is the vapor fraction. Expressions for the physic
properties are given in the Appendix. In the original expre
sion of the CNT an extra factorS appeared in the rate facto
K. However, this is now generally believed to be incorre
More details are given in the book by Kashchiev.6

III. SURFACE ENERGY OF ICE

When will vapor/ice nucleation become more probab
than vapor/liquid nucleation? In terms of the classical nuc
ation theory this means that the barrier height in the ene
of formation (W) of a critical ice nucleus becomes small
than the barrier for the formation of a critical water nucleu
Using Eq.~2!, these energies of formation can be compa
when the physical properties of ice are known. The den
and saturated vapor pressure of ice are readily available.
7 © 2002 American Institute of Physics
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5648 J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Peeters, Gielis, and van Dongen
taining an expression for the surface tension~or rather sur-
face energy! of ice is less straightforward. Ice at temper
tures above about 235 K is covered with a quasiliquid la
~QLL! of microscopic size.7–9 In this case the ice/vapor in
terface actually consists of two interfaces, an ice/water in
face and a water/vapor interface. Therefore, for temperat
above about 235 K the equilibrium ice/vapor surface ene
can be obtained using Antonow’s rule,10,11

ssolid/vapor5ssolid/liquid1s liquid/vapor. ~5!

For temperatures well below 235 K the QLL has disappea
and the ice/vapor surface energy can be approximated u
the latent heat of evaporation.12 When it is assumed that
water molecule that moves from the bulk ice to the surfa
loses half of its bonding energy, the surface energy of
ice/vapor interface corresponds approximately to half of
energy of evaporation. This energy of evaporation is cal
lated from the entropy difference between the bulk ice a
the vapor,

Lsolid/vapor5TDSsolid/vapor. ~6!

We then have the surface energy per mole of ice. To ob
the surface energy per unit of area, the number of moles~of
ice! per unit area is estimated from the density of ice. T
molecules are assumed to occupy a spherical volume o
dius

r sphere5S 3M

4pNArsolid
D 1/3

. ~7!

The square of the diameter of the sphere gives the area
molecule on the ice surface. This corresponds to

a5S 4NAS 3M

4pNArsolid
D 2/3D 21

~8!

moles of ice per unit area. Finally, we have for the surfa
energy of ice below approximately 235 K the following e
pression:

ssolid/vapor5
1

2
CLsolid/vapora, ~9!

in which C is a correction factor of order 1.

IV. EXPERIMENT

The experimental setup has been described in de
elsewhere.13,14 The improved procedure of mixture prepar
tion has been described in the paper by Peeterset al.1 The
nucleation rates are measured using the nucleation p
method. The method is based on the fact that the nuclea
rate is a very steep function of the supersaturation. First,
gas/vapor mixture is rapidly brought into a state of high
persaturation, in which significant nucleation takes pla
This is generally achieved by adiabatically expanding
mixture. Shortly after the expansion the mixture is sligh
compressed, decreasing the supersaturation somewha
this new less supersaturated state no significant nuclea
occurs, while the clusters formed during the state of h
supersaturation~the nucleation pulse! can grow to optically
detectable sizes. This way, the formation and the growth
Downloaded 19 Jan 2010 to 131.155.151.137. Redistribution subject to A
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the droplets is effectively decoupled. The nucleation pu
can be obtained using a pulse expansion wave tube. Th
basically a shock tube, the high pressure section of whic
used as the test section. A schematic view of the setu
shown in Fig. 1. Just behind the diaphragm, separating
high pressure section from the low pressure section, ther
a local increase in the diameter of the tube. When the d
phragm is burst, an expansion fan will travel into the hi
pressure section and reflect at the end wall, causing a r
decrease of the pressure. The shock wave travelling into
low pressure section will partially reflect at the local wide
ing. This will result in the formation of a small pressure d
at the end wall of the high pressure section, i.e., the nu
ation pulse. The droplets formed in the pulse will keep gro
ing until the shock wave, reflected from the end wall of t
low pressure section, reaches the end wall of the high p
sure section. The low pressure section has recently been
tended from 6.42 m to 9.23 m, effectively increasing t
measuring time by about 40%. The pressure at the end
of the HPS is measured using a Kistler 603B dynamic pr
sure transducer. The temperature is calculated from the p
sure assuming an adiabatic isentropic expansion. The p
sure transducer was calibrated in the shock tube befor
well as after the experiments. Both calibrations gave
same result, within the experimental accuracy~,0.2% rela-
tive difference!. The number density and the size of the dro
lets are determined using a combination of light extincti
and 90° light scattering~CAMS!. The nucleation rate is ob
tained by taking the ratio of the number density and the ti
duration of the nucleation pulse. With this setup nucleat
rates between 1014 and 1017 m23 s21 can be measured.

The test gas mixture originates from a combination
two different gas streams. One is a ‘‘wet’’ helium gas strea
This gas stream is saturated with water by bubbling
through two containers half-filled with water, at a consta
pressure~5.17 bar! and temperature~291.2 K!. This way the
wet gas stream has a constant vapor fraction. It can be
luted by the second gas stream, which consists of dry hel
only. The gas streams are controlled by mass flow cont
lers. The composition of the gas/vapor mixture is altered
setting different ratios of the mass flow controllers. Befo
the start of an experiment, the high pressure section
flushed~at the initial pressure of the experiment! with the

FIG. 1. Schematic view of the setup.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



o
a
e

ar
nt
t
le
se
th
c
k
u
hi

t
ne
ce
tio
ld

ic

ll
ring
t
ea-

rate
orm

us
ar-
ap-

tial
put

al
n-

he

cl

ui

. The

of
ce

5649J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Nucleation water in helium
gas/vapor mixture. When the humidity sensor takes on a c
stant value, equilibrium has been reached between the w
of the setup and the gas/vapor mixture, and the experim
can begin.

V. RESULTS AND DISCUSSION

In Fig. 2 the results of the nucleation experiments
shown as a function of the temperature. The experime
rates are scaled with the theoretical classical nucleation ra
It is apparent that around 207 K there is a jump in the sca
rates of about 4 orders of magnitude. This jump is not cau
by a peculiar behavior of the analytical expression for
nucleation rate. Rather, it is caused by a change in the nu
ation process. This also becomes apparent when we loo
the supersaturation of water as a function of the temperat
shown in Fig. 3. In order to measure nucleation rates wit
our experimental nucleation rate ‘‘window,’’~O~14!-O~18!!
the supersaturation of water has to be decreased again a
K. The jump in the scaled nucleation rates can be explai
by the onset of vapor/ice nucleation. Onset of liquid/i
nucleation cannot explain the jump in the scaled nuclea
rates. It would mean that the formed liquid droplets wou
freeze, rendering the same amount of measured part

FIG. 2. Ratio of experimental nucleation rates to theoretical classical nu
ation rates of liquid water, as a function of the temperature.

FIG. 3. Experimental supersaturation of water vapor with respect to liq
water, as a function of temperature.
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~droplets! per unit volume. Effectively, this gives a sma
error in the measured number density, since the scatte
properties of~spherical! ice particles are slightly differen
from those of water droplets. This gives an error in the m
sured number density~and nucleation rates! of about 15%,
which is well within the experimental error of a factor 3.

Because of the steep dependency of the nucleation
on the supersaturation, the experimental vapor fractions f
a narrow band in theyp–T diagram, as shown in Fig. 4. To
compare the energy of formation of a critical water nucle
to that of a critical ice nucleus for our experiments, the n
row band of experimental partial vapor pressures was
proximated by the curve also shown in Fig. 4. The par
vapor pressures and the physical properties can now be
into the expression for the energy of formation for a critic
nucleus@Eq. ~2!#. This results in different temperature depe
dent curves for the energy of formation~for our experi-
ments!, which are shown in Fig. 5. When the valueC50.6 is
taken for the correction factor in the expression for t
‘‘dry’’-ice/vapor surface energy@Eq. ~9!#, the vapor/‘‘dry’’-

e-

d

FIG. 4. Experimental partial vapor pressure vs nucleation temperatures
line represents a fit through the data.

FIG. 5. The energy of formation of a critical nucleus as a function
temperature. Line: vapor/liquid nucleation. Dashed line: vapor/‘‘dry’’-i
nucleation@using Eq.~9! with C50.6]. Dotted line: vapor/‘‘wet’’-ice nucle-
ation @using Eq.~5!#.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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5650 J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Peeters, Gielis, and van Dongen
ice curve intersects the vapor/liquid curve at 207 K, mak
vapor/‘‘dry’’-ice nucleation more probable below this tem
perature. A transition to vapor/‘‘wet’’-ice nucleation will no
occur, as the energy of formation of such a cluster is alw
larger than at least one of the other two. In Fig. 6 the ‘‘dry
ice and ‘‘wet’’-ice approximations for the surface energy a
shown in one figure. ForC50.6 the ‘‘dry’’-ice surface en-
ergy intersects the ‘‘wet’’-ice surface energy at 220 K. Th
temperature is within the range of experimentally obser
temperatures at which the ice surface becomes comple
‘‘dry.’’ 7–9 Above this temperature the equilibrium surfa
consist of an ice/liquid interface, plus a very thin liquid lay
~which is not stable in bulk!, and a liquid/gas interface. Be
low the transition temperature the surface consists of an
gas interface only. The temperature derivative of the surf
energy is discontinued at the transition temperature.
transition is therefore a first order phase transition of
surface. This is also known as a Cahn transition.11,15

Nucleation rates of water in argon have recently be
measured by Wo¨lk and Strey.2 They used a pulse expansio
cloud chamber, with which they can measure nucleation r
between 1011 and 1015 m23 s21. So their upper range o
nucleation rates corresponds to our lower range. Their cy
drical measuring chamber has a diameter of 3 cm and a
volume of about 25 cm3. The measurements were perform
in the temperature range of 219–260 K. Peters and Paik3

also measured nucleation rates of water in argon, in the t
perature range of 200–245 K, using an expansion wave t
similar to ours. The scatter in their data amounts up to s
eral orders of magnitude, especially in the lower tempera
range. In Fig. 7 our data are shown together with the data
Wölk and Strey.2 At each temperature, the data by Wo¨lk and
Strey show a range of scaled nucleation rates. The lo
values of the scaled~isothermal! nucleation rates correspon
to a higher supersaturation. The temperature dependenc
the nucleation rates measured by Wo¨lk and Strey differs
from our measured dependency.

In order to investigate this difference we considered
possibility of the influence by thermal boundary layers in o
setup. Our measuring volume is located 5 mm from the

FIG. 6. Surface energy of ice as a function of temperature. Line: estim
‘‘dry’’-ice surface energy, withC50.6. Dotted line: ‘‘wet’’-ice surface en-
ergy, obtained using Antonow’s rule.
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wall of the HPS. To calculate the influence of time depend
conductive heat transport from the ‘‘hot’’ end wall of th
HPS to the cold gas the following~one-dimensional! coupled
differential equations have to be solved:

]r

]t
1

]ru

]x
50, ~10!

and

rcpS ]T

]t
1u

]T

]x D5
dp

dt
1

]

]x
k

]T

]x
, ~11!

which represent the conservation of mass and energy, res
tively. Here,u is the velocity,k is the thermal conductivity,t
is the time, andx is the position coordinate. Before the e
pansion (t50) the temperature is uniform (T0). The tem-
perature at the end wall (x50) remains equal toT0 . The
temperature far from the end wall (x→`) is equal to the
time dependent isentropic temperatureT`(t), which is cal-
culated from the known uniform time dependent press
p(t). It was shown by Keck16 and Van Dongen17 that for an
ideal gas the coupled differential equations can be rewri
in the form,

]

]s S T

T`
D5

]2

]h2 S T

T`
D , ~12!

where the coordinate transformations,

h~x,t !5E
0

xr8

r0
dx8, ~13!

and

s~ t !5a0E
0

tp8

p0
dt8, ~14!

are used. Furthermore, it is assumed that the thermal con
tivity is proportional to the temperature, resulting in

k5k0

T

T0
5r0cpa0

T

T0
, ~15!

d
FIG. 7. Experimental nucleation rates as a function of temperature.
experimental rates are scaled with the theoretical classical nucleation th
~for vapor/liquid nucleation!.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



u
th
o

-
0
m
n
fil
w
io
m
th

ca
nc

o

re
itio
tio
th
o

th

o
ue
e

ace
rder
es
ent
in
ured
t

ea-
the
at

lid.

cle-
nge
the
st is
. A
en
the
ex-

era-
his

tion
ergy

ed
dif-
s of
o

e-
up.

by
re-

ent

th
me,

5651J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Nucleation water in helium
wherea0 is the initial thermal diffusivity. For the initial con-
dition T(h,0)5T`(0), and boundary conditionsT(0,s)
5T0 andT(`,s)5T`(s) the solution of Eq.~12! is16

T

T`
511E

0

t

erfcS h

2 S a0E
t8

t p9

p0
dt9D 21/2D d

dt8
S T0

T8̀
D dt8.

~16!

This integral can be solved numerically using the press
p(t) obtained from the experiment. One then obtains
temperature as a function of the transformed position co
dinate h and time t. The actual position coordinatex can
easily be obtained, using

x~h,t !5
p0

p~ t !E0

hT8

T0
dh8, ~17!

which is the inverse of Eq.~13!. The boundary layer calcu
lations are performed for experiment numbers 482 and 5
Experiment 482 is the one with the lowest nucleation te
perature~201.66 K!, while experiment 500 has a nucleatio
temperature of 231.06 K. In Fig. 8 the temperature pro
resulting from both experimental pressure signals is sho
The time corresponds to 3 ms after the start of the expans
The nucleation pulse has already occurred within these 3
As can be seen from Fig. 8, there is no influence of
thermal boundary layers at the measuring position~5 mm!
before the ending of the nucleation pulse. From this we
conclude that the thermal boundary layers do not influe
the nucleation process. In Fig. 9 the temperature profile
these experiments at the measuring position~5 mm! is shown
as a function of time, scaled with the isentropic temperatu
The thermal boundary layers reach the measuring pos
after about 5 ms, measured from the end of the nuclea
pulse. Therefore, the thermal boundary layers influence
droplet growth process. However, this will only give an err
in the measured number density of,1%, and can certainly
not explain a difference of several orders of magnitude in
measured nucleation rates.

The difference in our measurements and those of W¨lk
and Strey2 could also originate from thermal influences d
to the separation of viscous and thermal boundary lay

FIG. 8. Development of the thermal boundary layers at the end wall of
HPS, assuming one-dimensional unsteady heat conduction.
Downloaded 19 Jan 2010 to 131.155.151.137. Redistribution subject to A
re
e
r-

0.
-

e
n.
n.
s.
e

n
e
f

s.
n
n
e

r

e

rs

formed along the side walls of the tube, caused by the sp
and time dependent flows induced by the expansion. In o
to investigate this, the full three-dimensional Navier–Stok
equations have to be solved. This is a subject of curr
investigation. Possibly, this can explain the difference
temperature dependency of the nucleation rates, meas
with the different devices. However, it is highly unlikely tha
this can explain the jump in the nucleation rates we m
sured at the nucleation temperature of 207 K. Therefore,
proposition of the onset of a different nucleation process
this temperature, being vapor/ice nucleation, remains va

VI. CONCLUSIONS

We have presented new experimental results of nu
ation rates of water vapor in helium in the temperature ra
of 200–235 K. In this temperature range a transition in
nucleation process is observed at 207 K, which we sugge
due to the change of vapor/liquid to vapor/ice nucleation
qualitative theoretical explanation of this transition has be
given, based on classical nucleation theory. In this theory,
surface energy of ice has a dominant role. Therefore, an
pression for the surface energy of ice at these low temp
tures was derived, which included one free parameter. T
parameter was then fitted to the transition in the nuclea
rates. The resulting temperature dependent surface en
has a first order surface phase transition~Cahn transition! at
220 K, which is within the range of experimentally observ
temperatures of this surface phase transition. The overall
ference in temperature dependency of the nucleation rate
our measurements compared to the measurements of W¨lk
and Strey2 cannot be explained by the influence of on
dimensional heat conduction from the end wall in our set
The differences in the measurements might be explained
the separation of boundary layers, induced by the flows
sulting from the expansion. This is the subject of a curr
investigation.

e
FIG. 9. Development of the thermal boundary layers as a function of ti
at the measuring position~5 mm from the end wall of the HPS!. The tem-
peratures are scaled with the isentropic temperatures.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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APPENDIX A: PHYSICAL PROPERTIES
Water

Molar mass~Ref. 18!
M50.018 015 (kg mol21!;
Pure component saturated liquid vapor pressure19

~originally T.273 K, however, comparing
with Pruppacher12 givesT.223 K!:

psat,liquid5610.8 exp@25.1421 ln(T/273.15)
26828.77(1/T21/273.15)#

~Pa!;

Pure component saturated solid vapor pressure20

~170 K,T,250 K!:

psat,solid5exp((22663.5/T112.537)ln(10)) ~Pa!;

Density of liquid12 ~223 K,T,273 K!:

r liquid5999.8410.086(T2273.15)
20.0108(T2273.15)2

(kg m23!;

Density of solid12 ~123 K,T,273 K!:

rsolid5916.720.175(T2273.15)
25.031024(T2273.15)2

(kg m23!;

Liquid/vapor surface tension5 ~251 K,T,268 K!:

s liquid/vapor50.127 24521.898 4531024T (N m21!;
Solid/liquid surface tension12 ~233 K,T,273 K!:

ssolid/liquid50.0285012.531024(T2273.15) (N m21!;
Latent heat of melting~at 273.15 K!:12

Lmelting56.0103103 (J mol21!;
Latent heat of evaporation~at 373.15 K!:21

Levaporation54.0653104 (J mol21!;
Molar heat of vapor at constant pressure18

~temperature range is not given!:

Cp,vapor532.2411.92431023T
11.05531025T223.59631029T3 (J K21; mol21!;

Molar heat of liquid at constant pressure21

~273 K,T,373 K!:

Cp, liquid5717.8827.626T10.03396T2

26.73031025T315.01431028T4 (J K21 mol21);
Molar heat of solid at constant pressure12

~233 K,T,273 K!:

Cp,solid51.88410.1320T (J K21 mol21);
Difference in entropy between vapor and solid:

DSice/vapor5Svapor2Sice

5Sice~273.15 K)1
Lmelting

273.15

1*273.15
373.15Cp, liquid

T
dT

1
Levaporation

373.15
1*373.15

T Cp,vapor

T
dT

2Sice~273.15 K! 2*273.15
T Cp,solid

T
dT

52.94320.1300T10.527531025T2

20.119931028T3131.36ln(T) (J mol21!;
Thermal conductivity of helium22

~certainly valid for 210 K,T,300 K,
probably larger temperature range!:

kHe520.0244910.001124T22.92931026T2

14.49331029T322.518310212T4 (J K21 m21 s21!.
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APPENDIX B: EXPERIMENTAL DATA

Run p0 ~bar! T0 ~K! y3104 p ~bar! T ~K! J (m23 s21!

425 1.678 295.75 40.20 0.9692 237.49 3.9E15
429 1.719 296.65 36.58 0.9721 236.23 3.1e14
430 1.738 296.65 36.66 0.9644 234.414 7.6E15
432 1.758 296.55 32.10 0.9484 231.70 3.2E15
433 1.778 296.45 29.65 0.9556 231.30 4.02E1
434 1.799 296.55 27.58 0.9554 230.27 1.97E1
435 1.819 296.45 27.66 0.9507 228.75 4.5E15
436 1.838 296.55 26.72 0.9371 226.54 7.4e16
437 1.859 296.55 24.96 0.9413 225.95 2.4E16
438 1.878 296.55 22.72 0.9482 225.66 3.8E15
439 1.938 296.45 20.35 0.9358 221.59 8.0E16
440 1.978 296.35 18.90 0.9326 219.42 4.0E17
442 1.978 296.65 16.49 0.9204 218.49 9.1E16
444 1.999 296.65 14.87 0.9359 219.05 4.3E15
448 2.099 296.45 11.24 0.9316 214.24 3.2E16
450 2.099 296.15 11.58 0.9741 217.90 8.2E14
451 2.099 296.15 11.70 0.9386 214.70 4.1E16
452 2.099 296.15 11.54 0.9553 216.22 3.9E15
455 2.113 295.95 10.23 0.9213 212.37 1.1E17
469 2.303 295.25 6.425 0.9725 209.19 2.0E15
470 2.303 295.35 6.649 0.9605 208.22 1.7E16
471 2.303 295.45 6.455 0.9583 208.10 2.2E16
477 2.503 294.85 2.872 1.005 204.74 9.1E15
480 2.503 295.15 2.612 0.9855 203.34 1.6E16
482 2.518 295.45 2.391 0.9685 201.66 3.0E16
484 2.343 295.65 4.584 0.9554 206.85 9.1E16
486 2.343 295.45 4.093 0.9580 206.65 4.4E16
487 2.383 295.55 3.434 0.9629 205.75 1.4E16
491 2.108 295.65 14.33 0.9851 218.14 1.2E16
493 2.048 295.75 17.19 0.9817 220.42 1.6E16
494 1.999 295.85 19.86 0.9809 222.60 1.2E16
496 2.192 294.45 9.723 0.9721 212.73 5.0E16
498 1.737 295.45 40.19 1.008 237.67 2.2E15
499 1.798 294.85 30.81 0.9994 233.15 1.7E14
500 1.838 295.05 30.77 0.9968 231.06 3.3E15
505 5.054 295.25 1.974 2.1135 208.37 1.5E16
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