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OPERATING CHARACTERISTICS OF A CLOUD CHAMBER

SUITED FOR CONDENSATION MEASUREMENTS

A study has been made of the various errors encountered
in the measurement of the homogeneous nucleatlon rate of wa-
ter. A complete analysis of the propagation of errors has
been made of the procedure for obtaining supersaturations.
The error in measuring nucleation rates from the resulting
error in measuring supersaturations has been estimated.

From this knowledge experiments have been performed in
an attempt to minimize the errors in measuring homogeneous
nucleation rates.

It was found to be impossible to measure temperatures in
a supersaturated vapor. In order to obtain the initial tem-
peratures, the steady state thermal gradient in the chamber
was mapped. From this knowledge, it i1s possible to ascertain
the temperature at any point near the center. A test was

also made of the validity of using the adiabatic law

1%
T, =T, (%1__) ¥
2

to find the final temperature in the chamber.

Assoclated with this, an attempt was made to measure ¥
for the system more accurately.

FPinally a measurement was performed to determine the
time required for the chamber to return to equilibrium after

an expansion.
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CHAPTER I
INTRODUCTION

1. HISTORICAL BACKGROUND. Although the cloud cham=-
ber has been an important research tool for over sixty years
and has contributed greatly to our knowledge of elementary
particles, the fundamental processes encountered in its op-
eration (the formation and rapld growth of drops in a super=
saturated vapor and the heat flow from the walls) are not
yet well understood. The cloud chamber facility at the Uni-
versity of Missouri at Rolla, 1s presently being used to
study the homogeneous nucleatlion of water droplets., As a ree
sult it 1s necessary to have a reasonably thorough knowledge
of some of the baslc thermodynamlc processes.

2, DEVICES WHICH ARE USED TO STUDY NUCLEATION PHENOMw

ENA. There are many devices whlch could be used to study
the nucleation of vapors. Steam nozzles, shock tubes, and
wind tunnels are all used to study nucleatlion phenomena, but
all of these devices present one limitation or another. Over
a period of years a new cloud chamber technique has been de~-

veloped in this laboratory by Mettenburg‘, Rinkerz, and

HughesB. Allard4 adapted and extended this technique to the
study of condensation phenomena., He found 1t to be an ex-
cellent device for studying homogeneous nucleation rates,

3« REVIEW OF CAPABILITIES AND LIMITATIONS OF CLOUD

CHAMBER, At this point, 1t is important to review the capa-



bilities and limitations of the cloud chamber for work of
this type. The cloud chamber is basically a device for
creating a condition of supersaturation of a vapor in a gase
vapor mixture., It 18 necessary to have a preclse knowledge
of the degree of supersaturation attalned. It would be de~
sirable to determine the supersaturation directly from tenm-
perature measurement., However, this i1s not possible because
condensation takes place on the sensing element with the con=-
sequent liberation of latent heat which causes an erroneous
temperature reading. Since the vapor 1s usually a minor cone
stltuent of the gas-vapor mixture, the mixture behaves very
nearly like a perfeét gas. Thus, the degree of supersatura-
tlon 1s usually calculated from the pressure ratio or the ex-
pansion ratio by utilizing one of the forms of the adiabatic
law., It is this procedure which draws t:ri.t‘.:l.c:\.sm.s'6 In or-
der to see why, let us examine the processes taking place.
When the cloud chamber expands, the gas-vapor mixture
is cooled to a temperature much lower than the temperature
of the walls of the chamber, which remain at room temperature.,
Heat immedliately flows in from the walls., As the gas next
to the walls warms, i1t also expands. The resulting expansion
of this boundary layer compresses the entire volume of gas
and thus causes the temperature of the gas to increase imme-
diately. Because of this, an expansion chamber operating in
the usual manner is never really adiabatic in the sense that

its temperature may be calculated from a volume expansion ra-

tio. This compressive effect also causes the supersaturation



obtained by the expansion to decrease lmmediately so that the
supersaturation i1s never constant.

4, THE CONTINUING EXPANSION TECHNIQUE. The technique

devised in thlis laboratory at least partlially overcomes this
problem. A secondary valve 1is activated after the main ex-
pansion is completed. This valve contlnues the expansion,
and 1ts orifice 1s adjJusted so that it Jjust compensates for
the compression due to boundary layer gas heating.4’7 Thus,
a small arbltrary volume of gas at the center of the chamber
remains at the same pressure, volume, and temperature for an
extended period until the slower effects of heat conduction
and convection begin to warm the center of the chamber.

This technique mailntalns a constant supersaturation at the
center for about half a second4 provided no dropwlse conden-

satlon takes place.

5. ACCURACY IN MEASUREMENTS. Since we are now as-

sured of a constant supersaturation, we are now Jjustified in
using one of the adilabatic laws to determine the degree of
supersaturation from the pressure ratio. Allard4 calculates
supersaturations correct to two decimal places. He states
that 1t is necessary to know temperature to 0.100, ¥ to 0.0001
and pressure to 0.5 mm Hg in order to determine supersatura-
tion with this accuracy.

6. SOURCES OF ERROR. There are still several possible

sources of error which need to be studied before the accuracy
of this determination of supersaturation 1s assured. Then

accurate measureménts of this homogeneous nucleation rate



versus supersaturation can be attempted. Allard4 discusses
possible errors.

It 18 necessary to maintain the top glass at a higher
temperature than the lliquid in order to prevent condensation
on the top, which obscures vision, and in order to stabilize
the gas mixture and damp out the convection currents. This
causes an lnhomogenity in the gas mlixture, and the super-
saturation attalned after expansion 1s not perfectly uniform
throughout the entire volume. It should also be mentlioned -
that convectlon currents afe a useful and necessary ald to
reestablishing a state of saturation after the cycle is com-
pleted, that i1s after the chamber has been compressed back to
its inlitial pressure. Diffusion of vapor 1s so slow a pro-
cess, that 1f the convectlion currents are damped out too
guickly, a state of saturation may not be attained during a
reasonable walting lnterval between expansions. Thus, a tem-
perature gradient needs to be found which 1s high enough to
prevent condensation on the top, but not high enough to cause
apprecliable uncertainty in the supersaturation; one which 1is
high enough to damp out the convection currents before the
next expansion, but not so high that the convection currents
are damped out before a state of supersaturation is estab-
lished.

It 1s also necessary to determine how long the super=-
saturation remains constant 1n the.center when the continu-
ing expansion technique 1s employed. That is, how long does

1t take for convection and conduction to reduce the supersat-



8 whilch was

uration measureably? The calculation by Carstens
relled upon bj Allard, is only an approximation and should
be checked experimentally.

It 1s also desirable to test the validity of the adiabat-
ic laws for determining supersaturation. It 1s possible that
¥ may be changing during the expansion since one of the con-
stituents of the gas is a condensable vapor. In practice ¥
changes with both temperature and pressure for a real gas.
This effect 1s small enough to be neglected in most experi-
ments., |

All sources of background caused by heterogeneous nuclea=-
tion must be minimized or elimimated if possible. Various
sources of background are dust, ions due to normal cosmic and
terrestrial radiation, photonucleation due to short wave
length components of 1llumination used in photography, and
re-evaporation nuclel. Over the years, the first three
sources mentioned have been studied and techniques developed
to effectively eliminate them."Q’B’However, re-evaporation
nucleli should be given further study.

Finally, when the gas in the chamber 1s cooler than the
surrounding walls, heat flows in from the walls. Thus, when
the gas 1s compressed back to its 1initial pressure, i1t does
not return to its initial temperature, but to some higher tem-
perature. A simlilar problem exlsts wlith the temperature gra-
dient. The heat which 1s pumped in 1s not distributed uni-
formly throughout the gas mixture, but the heated gas tends

to rise to the top and causes a larger temperature gradient



also be allowed during the walting interval for the static
gradient to be reestablished. The time required for the bulk
temperature and the temperature gradient to return to their
initial states should be measured.

Te STATEMENT OF PROBLEM. It is the maln purpose of

thlis research to investigate the vallidity of using the adia-
batic laws to determine the temperature from the pressure ra-
tio. Some of the effects which might invalldate the use of
the adlabatic laws will be studied. Speclal consideration
will be glven to the accurate calculation of Y.

Carstens' approximate calculation of the heat flow into
the chamber due to conduction will be checked. A measure-
ment will be wmade of how long the chamber remains adiabatic
after an expansion when the continulng expansion technique
is used. The static temperature gradient throughout the
chamber will be measured to provide a knowledge of the initilal
temperature at any point in the chamber. Finally, a measure-
ment wlll be made of how long 1t takes for the temperature
and the temperature gradlent to return to their 1nitial
values during the walting lnterval.

It 1is not the purpose of this research to exhaustively
investigate all possible sources of error in measuring homo-
geneous nucleation rates. Some of the other posslble sources

of error will be the subjJect of other investigations.



CHAPTER II
HOW A STATE OF SUPERSATURATION IS ACHIEVED

It is desirable to understand thermodynamlcally how a
state of supersaturation is achleved in the cloud chamber so
that an analysis of the errors in measuring the supersatura-
tion can be made.

In 1ts quiescent state the cloud chamber contains a noun-
condensable gas at pressure P,, the temperature T1, and volume
Vy, which is saturated with a condensable vapor. The chamber
is then suddenly adlabatically expanded. This causes the
volume to increase to V2, and the pressure and temperature to
decrease to P2 and T2, according to the adlabatic law

1-Y 1=Y

TPy 5 = ToPp ¥ . (1)

Before expansion there is a mass of vapor my present 1in
the volume V1 with a density m1/V1. This denslity po,is called
the saturation vapor density at Ty Immediately after expan-
sion, the original mass of vapor, m;, will be distributed in
the volume Vp. The new vapor denslity of thé vapor 1s pPo.
During the expansion, the vapor pressure decreases according
to Eq. (1), but the saturation vapor pressure decreases by a
larger amount. Flg. 1 demonstrates this result. In this fig-
ure, the equilibrium vapor pressuré curve is drawn from data
given in the International Critical Tablesg. The excess

vapor 1s therefore in a metastable state and would like to
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condense out of the inert gas, If the proper nuclel are
present to inltiate the phase change, the excess vapor will
condense, The supersaturation is defined1o by the ratio of
the vapor denéity, P2 to the saturation vapor density f .

It should be noted that an equivalent definition of su-
persaturation 1s the ratio of the vapor pressure Po at T2 to
the saturation vapor pressure at T,. This result easily fol-
lows from the perfect gas law. This equivalent definition |
was the one which Fig. 1 demonstrates.

Schmitt,11 Dawbarn,12 and Grayson13 utilize this definie-
tion of supersaturation in thelr investigations. They can
measure the initial total pressure P1 and the initial tenm-
which

perature T They then expand to a lower pressure P

1° 2

is measured. From the adlabatic law

1=
T, = T1<%£> ¥ (2)
Fa

they calculate T,. With this kno;ledge at hand, they look in
the International Critical Tables to find the saturation va-
por pressure of water p, at TZ' Once po 18 known, the vapor
pressure after expansion can be easlly determined from the
fact that

Py = P, o (3)
The supersaturation then 1s py/py= S

This is a time consuming procedure which must be re-

peated for every expansion. Since no way can be found to



10

calculate supersaturations without looking up vapor pressures
in a table, the Job has been given to the I.B.M. 1620 compu~-
ter on this campus, The pertinent section of the Interna-
tional Critical Tables has been fed into the computer's
memory so that now the computer does the whole Jjob of calcu=-

lating supersaturations.
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CHAPTER III
POSSIBLE ERRORS IN MEASURING SUPERSATURATIONS

Once the process of obtaining a state of supersaturation
is understood thermodynamically, an attempt can be made to
trace the sources of error in determining the supersaturation.
When the sources of error are understood, steps can be taken
to minimize them.,

LIS SUMMARY OF SOURCES OF ERROR. The only quantities

which can be measured are the initial total pressure, P1,
the final total pressure, P2, and the initial temperature,
T1. From these three quantitles, all the other quantities
necessary for a determination of Py and p, can be calculated.

Any errors in P1, P2, and T1 will be propagated through the

whole process of determining P, and p_, and will be reflected
in value obtained for S, Let us analyze the process involved
in determining S and note the sourcés of error at each step.
From T1,.the saturation vapor pressure for water must be
determined from a table. Any error in T, will cause a corre-
sponding error in the value obtalned for Py the saturation
vapor pressure prevalling initlally. In addition, the pres-
ence of the helium above the water causes an increase in the
vapor pressure of the water due to an effect analogous to os-
motic pressure. This dependence of the vapor pressure on he-

11
lium pressure has been neglected by Allard, Schumitt, Gray=

13 12
son, and Dawbarne.
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It is important to know the vapor pressure accurately
because the next quantity which must be determined 152{, the
ratio of the specific heats, cp/cv,for the mixture of hellum

and water vapor. This quantity is needed to determine T,

1=%
P 5‘?’
T2=T1P_; . (2)

¥ 1s dependent on temperature, pressure and the comnstituency

from

of the gas mixture. Purthermore ¥ changes during the expan=-
slon since the gas mixture 1s not an ideal gas. The accurate
determination of ¥ is one of the major obstacles to the accu-
rate determination of T,, the final temperature, and ultimate-
ly the supersaturation. It should also be mentioned that Eq.
(2) 1s an equation which applies only to a perfect gas. A
condensing vapor is far from being a perfect gas,

After T, is calculated, p,, the saturation vapor pres-

2
sure at T2 can be determined from a table. Again the error
in T2 1s reflected in the value obtalned for p, and again this

value will be raised because of the pressure of the helium
on the water,

Finally, the errors in P1 and P, cause an error in Po
which 1s calculated using these quantities. The supersatura-
tion is then in error according to the error in p, and pu.
Possibly some of the sources of error are negliglible compared
to others, but the above qualitative review of the possible
errors serves to point out the many things which needed to be

considered. These things will now be individually considered
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in more detall.

2. ERROR IN THE EQUILIBRIUM VAPOR PRESSURE. The to=-

tal pressures P, and P, can be measured to O.l1l mm Hg, and
the initlal temperature Ty can be measured to 0.05°C. The
change in the saturation vapor pressure at 22°C & 0.059° is

4+ 0.062 mm Hg. The total vapor pressure 1s approximately 20
mm Hg at 22°%,

Before X is calculated let us investigate the magnitude
of the error caused by the vapor pressure ralilsing due to the
presence of the helium, since the error due to this effect
may be negliglible compared to the error due to the uncertain-
ty in temperature.

During the quiescent state, the vapor in the cloud cham-
ber 1s in equilibrium with the liquld water. The condltion

14
for equilibrium with the liquid water is

}IV(T,P> "—-'}ll(TvP)’ (4)
where,uv is the chemical potentlial of the vapor and Ay is the
chemical potential of the liqulid. At constant temperature
this equation implies that p = £(P). Therefore, using the

(5

Since u = G/n for a system of one component, the fundamental

chain rule,

T(%;)T - (%_’;l)T. (5)

equation of Gibbs free energy,

dG = -SdT + VdP, (6)
may be divided through by n to yield
| dp = -54T + VdPp, (7)
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where S is the molar entropy and V is the molar volume. As-

suning u = u(?,T,), one may write

du =<Q) aT +<2£) aP. (8)
3T/ 3T )

Equating the respective coefficients of dT and 4P, one obtains

(M = -5, (9)
3T /p |
and
(b_g_) = 7. (10)
92 ) -
Substituting Eq. (10) into Eq. (5)
vv(glo_) = V4, (11)
o3P/
or
W= <a%> . (12)
T, \9%/r

This is Gibbs' equation which gives the increase in vapor
pressure due to an increase in total pressure. The constant
V1/Vy is very small. As an estimate, the vapor occupies ap-
proximately 448,000 cc/mole at room temperature and 20 mm Hg
pressure, and the liquld occupies only 18 cc/mole. Thus
Vl/vv is approximately 0.00004. The total pressure is about
1330 mm Hg and as was implied above, the vapor pressure of

water 1s about 20 mm Hg. This means that P_ = (P-p) 1is a

g
little over 1300. Assuming V1/V, to be constant over the
range of integration from P = 20 mm Hg to P = 1330 mm Hg,

"Eq. (12) becomes
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1330 P
;[__l_ OP const.T = dPconst.T -
Vv V2o 20
Integrating, one obtains (0.00004) (1330-20) = (p=-20)

or Ap =~ 0.052 mm Hg. This is on the same order of magnitude
os the uncertainty of 0.062 mm Hg in the vapor pressure due
to an uncertainty of 0.0500 in T.

Fortunately this error which has been neglected is con-
stant and does not fluctuate as does the error due to the un-
certailnty of Ty, so the precision 1s still good.

3 THE ERROR IN X. The error in ¥ due to the un-

certainty in vapor pressure may now be calculated. This is
done by utilizing the formula due to Richarz15 for calculat-

ing the ¥ of a mixture of gases. This formula is

1 =_1_Dpg+ 1 Dby
§=T ;T P ¥yuT P (13)

where: ¥ 1s the composlite ratio of the heat capacities for
the nmixture

xg refers in our situation, to the ¥ of He, -

¥, refers to the ¥ of water vapor,

jo) is the partial pressure of He,

Py is the partial pressure of water,

P "1s the total pressure of the mixture.
In this equation P 1s the initial total pressure which is
measured. The saturation vapor pressure, Py, is found from

tables. Thus Pg can be found from the difference between
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P and py. This leaves as unknowns ¥, and Xg. Schmitt' ' has
devised a method for obtaining ¥ for water in the temperature
range of interest. His method has the added advantage of de-
termining not ¥ for a given termperature, but a mean ¥ over
the tewmperature change which is produced by an adiabatic éx-

pansion. A brief summary of Schmitt's'

method 1s given be-
low.

On a large sheet of graph paper, isobaric curves of
water vapor, in the temperature range of interest, are plot-
ted on a temperature-entropy surface. The information nec-
essary to do this comes from a table of thermodynamic prop-
erties of water.16 Since reverslble adlabatic processes are
constant entropy processes, a constant entropy line_is drawn
at the proper entropy so that 1t intersects two isobars of
interest (P and P, of an expansion) at the temperatures of
interest (T¢q and T, for the expansion). Since T2 is not yet
known; 1t must be estimated. Thls process causes little
error in ¥ . ©Now that Py and P, are known for T1 and T,,
Eq. (1) may be used in the form |

¥ =1 iln Tg/T1 (14)
+ I,
1n 21/p2 s

to compute an average ¥ for that particular range of temper-
atures. This procedure is repeated for a variety of temper-
atures and then a curve‘is drawvn of ¥ <versus temperature for
water.

Schmitt' | accepted the standard textbook value of ¥
for helium which is 1.67. He then utilized Richarz's!®
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formula to compute the ¥ for gas-vapor mixture at a given
temperature and pressure from ¥ for helium and his ¥ for
water vapor at that temperature. Before returning to the
problem of the error in ¥ due to an error in the vapor pres=-
sure, addltional comments need to be made concerning
Schmitt's method.

Dawbarn12 has used Schmitt's procedure to investigate
Y for helium. The information necessary to do this came
from a set of tables by Mann.17 From this, Dawbarn found
the ¥ for helium also varies significantly with temperaturs.
A similar curve of ¥ versus temperature has been obtalned
for helium., Thus, Dawbarn uses his value of Xg for helium
at a given temperature and Schmitt's value of Xv for water
vapor and then utilizes Richarz's formula to determine the
¥ for the mixture for that temperature and pressure.

These efforts to obtain ¥ more accurately have a great
deal of merit. As will be seen later, the supersaturation
is very sensitive to an error in¥.

Very little information is avallable on the thermody-
namic propertlies of helium at room temperature and atmos-
pheric pressure. Since helium 1s such an important cryo-
genic material, most work on helium has been done at cryo-
genlic temperatures. Avallable information on helium at
room temperature and atmospheric pressure was accurate to
only five percent.

The use of the adiabatic law, Eq. (1), is somewhat ques=-

tionable, because this equation applies only to a perfect
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gas. Admittedly, helium behaves nearly ideally. However,
it fails to be perfect by a small but significant amount;
a result which is reflected in Dawbarn's result that ¥ for
helium varies significantly with temperature.

The situation is obviously even worse for a supersatu-
rated vapor. The fact that the vapor condenses is very
striking evidence that the vapor is not behaving as a per-
fect gas. This means that the use of Eq. (2), which is a
law that applies only to a perfect gas where ¥ is constant,
will lead to some error. This problem has been effectively
obviated in the method devised by Schmitt.11 Effectively,
Eq. (2) becomes a semi-empirical equation, and the value of
¥ is adjusted so that the equation yields the correct final
temperature for the range of temperatures and pressures of
interest. The non-ideality of the gas has been taken into
account in actual plots of the lsobaric curves. Since the
ideal adiabatic law 1s being used, this method therefore
probably yields a value for ¥ which is not actually the
ratio2of the heat capacities, cp/cv. To illustrate, Daw-
barn1 obtains a value for ¥ for He of 1.6721 at 23,1°%
and atmospheric pressure. On the other hand, Katz, Woods,

18
and Leverton obtalned a value of ¥ of 1.6667 at 23.1°C¢ and

~atmospherlc pressure. They obtained an empirical equation

for the ¥ of nelium. This equation is

¥ = 1.6669 - 0.0002F.

Thus ¥ for helium decreases with increasing pressure. Daw=
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12
barn's  results, on the other hand, show ¥ for helium in-

creasing with increasing pressure.

Now the problem of finding the error in ¥ due to all

these effects can be considered. The formula due to
15
Richarz is

1 = 1 Rf_{ + 1 Bl. (13)
3-1 X -1 P y.=-1 P
g v

Let us find the most probable error in 1/(¥ -1) due to the

standard deviation in all the other factors. The most prob-

able error is

Ag = Agpv +A2pg +&P +» ﬁxv-bﬁxg, (15)

Where: [ﬁxis the most probable error

N\ry = B("{L-‘T Soys

3Py

dis the standard deviation,

[ﬁ&p (711)§pg,

R




From Eq. (13)

In the above:

J
i

z
lg

Nyg = - %Wﬁg»
g
A){v = = Dv _ 1 26‘5‘,.
(o)
Yy = 13435,
éyv = 0,005,
Yg = 1.6721,
gxg = 0.005,
P = 1330 mm Hg,
61’: O.1 mm Hg,
Py = 20 mm Hg,
Spv = 0.06 muHg,
pg = 1310 om Hg,
5pg = 0,1 mm Hg,

21
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Using the above values the contributions to the error in

1/(¥=1) are:
-4
1.30 X 10 ,

JAN ¥
4
A\p_=1.12x10 ,

-4
ZCXP 1.14 x 10 ,

A ~
Xv 3.12 x 10 R

-2
/\y, = 1.09 x 10 .
Using these values in Eq. (15), the error in 1/(¥-1) is

-2
1.095 x 10 . The error in 1/(¥-1) due to an error in ¥ is

\/Eb{ R Sx} e &,

(¥-1)

l

i

-2
1.095 x 10

= 1 SX.
- 2
(0.65)
Thus O ¥ = 0.0046.
The bulk of the error in ¥ is due to the uncertainty of
Xé. All of the other factors contribute negligible error.

4, THE ERROR IN FINAL TEMPERATURE. Now that the

error in ¥ has been found, the error in the final temperature

can be computed. Remembering Eq. (2)

1Y
T, = T,[ 21 .sg
2 T-P-—-
2
the error in T2 due to the error in T1, P1, P2 and ¥ will

now be computed.
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In these equations:P; = 1330 mu Hg,
P, = 1008 mm Hg,
T, = 229,
¥ = 1.663,
5P1 = O.1 mm Hg,
§2, = 0.1 mm Hg,
§1, = 0.05%
8y = 0.005.

Using these values, the contributions to the error in
ZC§T1 = 0.0447°K,
123P1 = 0.008°%K,
ZQXPE = 0.010%%,
/N ¥ = 0.1249K.
Using these values in Eq. (15):
§ 1, = 0.133%.

T
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are:
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5. THE ERRQR IN THE SATURATION VA2 . PRESSURE AT To.

9 -—

From the International Critical Tables, the vapor pressure
of water p,, at -5.25 % 0.133°C, is 2.768 + 0.028 mm Hg.

There is an uncertainty of 0.028 mm Hg in p, at Ty

6. THE UNCERTAINTY IN p,. The vapor pressure after

expansion, B, is given by

P
p, =Dp_ {22}, (16)
2 © (P1>

The errors due to Pos Pos and P2 are:

Apo = (?_a)-épo,

Py

F,

/\p, = -pq<;%) §e .
1

Again, from previous sectlons:

/AN\er, = (}-_’_9_) 8§,

and

= 1330 mm Hg,
P2 = 1008 mm Hg,

4P,

592 = 0.05 mm Hg,

0.062 mm Hg,

&P1 = 0.05 mm Hg.
Using these values, the contributlons to the error in p, are:
[ﬁ;po = 0.047 mm Hg,
/NP, .= 1.5 x 107° un He,
and &22 = 1.13 x 10~3 mm Hg.
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Thus the bulk of the error in Ps i1s due to the error in Pge
It is lmportant to know this factor very accurately. The
error due to the other two factors is completely negligible.
Using the above values in Egq. (15), the error in Py is
0.049 mm Hg. The greater the ratio Py/P,, the more the er-
ror in Py Will be demagnified in Poe
Te THE ERROR IN SUPERSATURATION., Now all the infor-

mation necessary to calculate the error in S has been 0b-
tained. It will be remembered that S = pz/Pm‘ The contri-

butions to the error in S are:

b
and
In the above:
Po = 15.0 mm Hg,

P, = 2.768 mm Hg,
$§po = 0.047 mm Hg, -
and | S$Sp, = 0.028 mm Hg.

Using the above values the contributions to the error in S

are:
/N\p, = 0.017,
and /N\p_ = 0.0548.
The error in S due to these factors 1s 0.057,
The above analysis was performed for a supersaturation
of 5.42., This is a fairly high value so the analysis was re-
peated for supersaturations of 4.9 and 1.6. The latter su-

persaturation is too small to cause homOgenebus nucleation.
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19.872 nmHg
1310 mmHg

1.344
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An error analysls was performed at that value only to find
how L\ varies as S varies. At S = 4.9, the error was + 0.06
and at S = 1.6 the error was + 0.02., Apparently in the range
of interest in this laboratory, S = 4.0 and above, the error
in the supersaturation is around 0.06, It seems that Allard4
was in error when he states that he knew S correct to two

decimal places.

8. THY ERROR IN THE NUCLEATION RATE. A complete

error analysis of the nucleation rate would be an extremely
difficult procedure. There is so much disagreement between
the various theories that the results of the analysis would
not be very meaningful once they were obtalined.

As an estimate of how much error in the nucleation rate
an error in supersaturation causes, the above results were
applied to the Becker-DUring theory. This theory was chosen
because 1ts results lie about in the middle of the range of
values predicted by the varlious theories.

Grayson13 has computed the nucleation rates versus su-
persaturation predicted by the various theories and has dis-
played the results on a graph. By referringto this graph,
it was found that at S = 5.40 + 0.057 the nucleation rate
was 6 X 105 + 5 x 10? The error at othexr levels of super-
saturation caused by an uncertainty of 0.06 in S, was also
about 100%.

This drastic error 1is caused almost entirely by the

error in ¥ of helium. The error in the initial'temperature

also makes a much smaller but stlill significant contribution
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to the error in the nucleation rate. The pressures are
presently being measured with sufficient precision that they
cause negligible error. Since this laboratory is presently}
engaged in trying to obtain an empirical nucleation rate

law for water it is important that some means be found of

obtaining ¥ for helium more accurately.
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CHAPTER IV
THE EXPERIMENTAL APPARATUS

A complete description of the cloud chamber faclility is
given by Allard4 so only a general description of the appara-
tus will be given here with the inclusion of some details
about the pressure and volume circults.

1. THE CLOUD CHAMBER. A drawing of the cloud chamber

1s shown in Filg. 3. As can be seen, the cloud chamber con-
sists of two airtight volumes separated by a rubber diaphragm.
The position of thls diaphragm 1s controlled by adjusting the
alr pressure in the lower volume. The flow of air in and

out of the lower volume 1s regulated by a series of electron-
lcally controlled solenold valves.

The upper volume 1s the one in which measurements are
made. It 1s enclosed by a pyrex cylinder on the side and a
3/4 inch glass plate on the top. These glass surfaces allow
visual and photographic observation of the droplets formed
in the chamber. These i1s a hole in the pyrex cylinder in
which a pressure transducer is mounted. Another hole has
been drilled in the glass cylinder through which a thermo-
couple 1s placed.

The upper volume is filled with 99,99% pure helium. The
rubber dlaphragm is covered with water to a depth of several
inches. This water serves to saturate the helium above 1%,

and to trap any dust particles which might be introduced into
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the upper volume.

The rubber diaphragm 1s attached to a large aluminum
piston plate which in turn is attached to a guide cylinder
which slides up and down in a piston gulide. The lower end
of the piston gulde is threaded *+ ~ccept a coupling from
a2 manifold where the valves are loca.ea. Holes have been
drilled in the guide cylinder to allow air to flow into and
out of the lower volune.

Attacheda to the aluwinum piston plate is a brass rod
which is connected to the wiper arm of a linear potentiometer.
This potentiometer serves as a volume transducer.

2. THE VOLUME TRANSDUCER SYSTEM. A Dblock diagram of

the volume transducer system is given in Fig. 4. Referring
to this figure, the transducer power supply is a Systems
Research Corporation, Model 3508C strain gauge power supply.
This power supply is a highly isolated and regulated transis-
torized unit producing 0-30VDC up.to 100ma. Its output
voltage is constant to 0.01% with a variation of 95-135 VAC
input. Its regulation is 0.01% from no load to full load.
It has a ripple of only 0.05 mv rms. The primary of the pow=-
er transformer is highly shielded from the secondary so that
nolse on the power line does not get into the output of the
power supply.

This power supply feeds a linear potentiometer which was
designed in this laboratory. The voltage across the potentl--
ometer is maintained at 0.3 VDC. A baslic diagram of the
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linear potentiometer circult is given in PFig. 5. The wiper
arms of the transducer are operated by a push rod which is
attached to the bottom of the pilston plate. The transducer
1s designed so that the load on the input of the amplifier is
constant,.

The output of the volume transducer is fed to a Califor-
nia Instruments Corporation Model 3101B wideband DC amplifier.
This amplifier is completely transistorized and 1s designed
so that 1t may be used elther as a single ended or a differ-
ential input amplifier. The mode of operation 1s determined
by the plug-in attenuator used in the input of the amplifier.
The model D3PB plug-in attenuator, which provided for differ-
ential input, was used in the volume transducer system.’ The
differentlal input was chosen}because it gave a lower nolse
level than the single ended mode of operation.

The amplifier gain was set 20 X. The amplifier has a
very stable gain factor. This 1s accomplished by providihg
enough negative feedback so that the DC galn 1s reduced from

9 3
10 X to a maximum of 10 X.

The output of the amplifier is then fed to a Systems
Research Corporation, Model 304E, galvanometer control mod-
ule. This unit allows the signal to be attenuated and blased.
Thé unit came equipped with 5% carbon resistors in the atten-
nation circults. These were replaced by low thermal coeffi-
cient 1% resistors to eliminate drift. The blas was set so
that ﬁhe volume trace on the recording galvanometer was near

the left hand edge of the recording paper. An attenuation
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was selected so that the volume trace did not go off scale
during the operation of the cloud chamber. The proper atten-
uation was 120 ohms.

The signal from the galvanometer control module is then
fed to a Honeywell, Model 1508, Visicorder with a model M-400
zalvanometer. The Visicorder is a rack-mounted, direct-re-
cording osclllograph which will simultaneously record up to
24 channels of data from DC to 5000 cycles per second. Light
from an ultraviolet lamp reflects from mirrors on the galva-
nometers and exposes a light sensitive recorder paper. The
image on the paper can be seen ilmmediately by exposing it to
room light and allowing the paper to photolize. Tne photo=-
lized image will eventually disappear. A permanent record
may be taken by shielding the paper from room light and pro=
cessing 1t in developing chemicals.

S THE PRESSURE TRANSDUCER SYSTEM. The pressure is

monitored by a Micro Systems, Incorporated, pressure trans-
ducerducer, Type PO3BA5-50. Thils transducer has an operating
range of O+»50psi. The transducer consists of four solid
state elements arranged in a Wheatstone bridge. Straius
caused in the solid state elements due to the flexing of the
diaphragm on which they are fastened are converted into an
electrical signal of 0.607 volts per 50psi.

The voltage to the transducer 1s supplied by another
Systems Research Corporation, Model 3508C, power supply as
described above. The power supply 1s adjusted to 5.00 volts.

The transducer driver, furnished by the company, 1s not used.
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The output from the pressure transducer is amplified by
another California Instruments Corporation, Model 31013 DC
amplifier with the D3PB plug-in attenuation module for differ-

entlial input operation. The gain of the amplifier 1s set at
20 X.

The output from the amplifier 1s fed to another channel
of the Systems Research Corporation, Model 304E, galvanometer
control module. The precision, low temperature coefficlient
capabllities of the attenuator 1s utilized, but i1t was found
that the biasing capabllities of the module were inadequate
for use in the pressure system. A separate, rather complex,
blasing unit was designed in this laboratory and it is used
to blas the pressure signal for proper display on the Visi-
corder. This blasing unit will be described in a later sec-
tion.

After the signal has been properly attenuated and biased,
i1t 1is displayed on another channel of the Honeywell, Model
1508, Visicorder for display.

4. THE AUTOMATIC PRESSURE BIAS SYSTEM. As was in-

dicated in the discussion of errors, the pressure measuring
system needs to have sufficient resolution that a pressure
difference of O.1 mm Hg can be detected. However, an ex-
pansion sufficient to cause nucleation causes a pressure d4rop
of over 300 mm Hg. If the amplification of the pressure sig-
nal were sufficient to cause only a full scale deflection

over this pressure change, a deviation of 0.1 mm Hg could

not be detected at all. The resolution would be about taen
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times as coarse. On the other hand, if sufficient amplifica-
tion were glven to the pressure signal that the desired res-
olution were achieved, the trace deflection would far exceed
the full scale capabilities of the recorder, and the galva-
nometer would bc permanently damaged.

The solution to the problem was to design a biasing sys-
tem which would automatically change 1ts bias during the
cloud chamber cycle so that a high gain could be given to
the pressure signal and yet, the pressure trace would stay
on scale and galvanometers would be protected.

The heart of the system to achieve the above described
operation is the automatic bias module. This is a high pre-
cislion bias unit with four channels which may be switched in
and out at will. The bias voltage comes from a Systems Re-
search Corporation Model 3502 power supply. The voltage 1is
further regulated by temperature compensated, 9 volt, Zenor
diodes in each channel. The 9 volts are fed through a re-
versing switch and placed across a precislon Helipot, 100
ohm, 10 turn, linear potentiometer. Any desired voltage may
be selected with this Helipot. The output from each Helipot
is placed on the contacts of a C. P. Clare mercury wetted re-
lay. There 1s a relay for each channel. When 1t is desired
to utilize the blas furnished by a given channel, the relay
for that channel 1is activéted.

The voltage which is activated by a relay 1s fed through
a Sclentific Data Systems, Model HX-18 wideband differential

amplifier with a gain of 1 X. This amplifier serves to lower
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output impedance to 0.01 ohwm so that the output impedance of
the blas unlt i1s independent of the potentiometer setting
and the gain of the pressure signal 1s not affected by
changing the blas. The signal from the operational ampli-
fier is then used to bias the pressure signal.

The automatlic bias module is switched from channel to
channel, that is, from bias to bias, by a blas program mod-
ule. The operation of this unit is as follows.

A signal is taken from the thyratron control timers
which operate the various valves. IFor instance, a signal is
taken when the chamber is in its quiescent state in order to
find the initial pressure. When the chamber expands, this
signal shuts off, and no signal is taken during the expan-
sion. A signal 1s then taken from the timer which operates
the continuing expansion valve. This signal causes the fi-
nal pressure to be displayed. This process continues for
all the pressure intervals of interest.

These signals from the thyratron control timers are
passed through a dlode array, designed by the author, in the
bias program module. This array automatically sends the
signals to the proper channel of the automatic bias module.

These signals do not pass directly to the automatic
blas module, but are isolated from it by the relay repeater.
The signals from the diode array activate a set of C. P.
Clare mercury wetted relays. These relays then switch a
voltage from a 12 volt battery to operate the relays in the

automatic blas module. A battery is used to supply the
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voltage to the relays in the automatic vias module because
the voltage from the thyratron control timers is so noisy
that 1t causes a greaf deal of nolse in the pressure +trace
if 1t is placed directly on the automatic bias control mod-
ule relays. |

5. THE TEMPERATURE MEASURING SYSTEM,. The temperature

in the cloud chamber is measured by a 0.0005 inch diameter
chromel-alumel thermocouple. Larger dianmeter thermocouples
were first tried, but it was found that they had such a
large heat capacity that they did not adequately respond to
the temperature. A drawing of a thermocouple system which
finally worked properly is shown in PFig. 8.

A chromel-alumel junction of 0.0005 inch wire is placed
at the center of the chamber. This wire 1s stretched out
and the chromel wire was spotwelded to a support of 0.006
inch chromel wire and alumel was spotwelded to the same size
alumel wire. These support wires were then passed through
tiny stainless steel tubes made from a hypodermic needle.
The tubes pass through a teflon plug which 1s 1nsefted in a
quarter inch stainless steel tube. The stainless steel tube
passes through an "O" ring seal fitting in the wall of the
cloud cnamber cylincer. The support wires were insulated
and passed through the gquarter inch tube and connected to
two tiny wires from a shielded phono pick-up arm cable (Bel=-
don # 8429-25). The electrical contacts were made with low
thermal coefficient solder. These two Junctions were then

electrically insulated from each other and placed in an oil
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bath 1In a2 small glass tube with its end sealed. This glass
tube was then placed in a constant temperature water bvath to
assure that both Junctions would be at the same temperature
so that they could cause no thermoelectric potential.

The signal from the thermocouple is amplified by a
California Instruments Corporation, Model 3101 B amplifier
with the D3PB plug in attenuator module for differential
input. The gain of the amplifier was set at 100 X. The
signal from the amplifier was fed to a third channel on the
Systems Research galvanometer control module. An attenuation
of 130 ohms was ﬁsed for the measurements.

It should be mentioned that during the experiments to be
described below all the amplifiers were used in their differ-
ential input mode. After these experiments were completed,
the signal cables were doubly shielded. After this was done,
the lowest noise resulted from using the amplifiers in thelr

potentiometric mode.



CHAPTER V

EXPERIMENTAL PROCEDURES AND RESULTS

Te STATIC TEMPERATURE MZASUREMENTS. It seems de-

sirable to begin an experimental study of the thermodynamic
properties of the cloud chamber by determining the steady-
state temperature distribution in the sensitive volume of
the expansion chamber. The chamber was inoperative through-
out these measurements, the ligquild level remaining in the
fully expanded position. The chamber was not pressurized at
this time. A temperature gradient was artificially imposed
on the sensitive volume by means of a small electric heater
located in the top of the cloud chamber enclosure. The power
to the heater was adjustable and a temperature difference of
19C or less was maintained between the top glass and the lig-
ulid. It is the temperature distribution produced by this top-
bottom temperature difference and the perturbations due to
the walls which is to be determired. The top-bottom temper-
ature difference was measured with an iron~constantin thermo-
couple. The "hot" Jjunction was taped to the outside of the
top glass and cold, or reference, Jjunction was taped to the
zlass wall of the chamber below the liguld level.

Two theoretical calculations of the temperature distri-
bution were made using the usual diffusion equation with
suitable symmetry and simplified boundary conditions. The

gas-vapor mixture in the sensitive volume 1s treated in the
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steady state as a homogeneous solid. Since convection and
radlation effects snould be unimportant,'the top, being
warmer <tnan the bottom, they were neglected throughout tnese
calculations.

The first calculation was made for a homogeneous slab
with the thermal constants of the gas. In effect it was
assuimed that the temperature distribution is symmetric with
respect to the axis of the chazmber. No attenmpt was made to
estimate the effect due to the thermocouple probes. There-
fore any plane which contains the axlis will possess a teuper-
ature distribution characteristic of the entire chamber, see

Fig. 9.

2240 4 ¥°u = O w(0,y) =0 O£y <£0b
o2 by2 u(x,0) = O 0 £ x £ a
u(za,y) = O
u(x,b) = T.

The solution is
) i AT | m[m-m) Gin XQMWY ]
\A(X')’) - (lY\-\\TT Sk P—‘%} QA o

The first ten terms were evaluated using the computer for

n=}

the conditions T = 1°C, a = 17 cm, and h = 11 cm, the approx-
imate conditions for the cloud chamber. The Tresults are
shown in Fig. 10.

The second calculation was made using cylindrical syu-

metry and the following boundary conditions:
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u(r,0) = o}

IN
H
IN
P

0
u{r,h) = T

3

u({a,z) = O <€z £ n

-
[

n

The solution 1s obtained after making the change of variable:

v(r,z) = u(r,z) -Tz/h.

Then the equivalent problem in terms of v{(r,z) is

22V + 1/r ¥ + d2v = O v(r,0) = O .
dre 3T Jz2 vir,h) = O
. v(a,z) = 0O
The solution is v(r,z) = O. Hence u(r,z) = Tz/h and the

isotherms are equally spaced horizontal planes. This means
that near the center the top-bottom gradient is constant.
The first measurement in this series i1s designed to de-
termine the top-bottom gradient near the center of the cloud
chamber. A4 0.002 inch dlameter chromel-alumel thermocouple,
obtained from Omega ZEngineering, was used. The cold Junction
was placed on the chamber wall below the liguid level. The
thermocouple was bent at a 90° angle and rotated from top to
vottom in the sensitive volume near the center of the cham-
ber. The signal from the thermocouple was amplified with a
California Instruments Model 3101-P3P DC amplifier and dis-
played on the Minneapolis-Honeywell Vislcorder using a type
M~400 galvanometer. The results, shown in FPig. 12, indicate

an almost constant temperature gradient near the center of

the sensitive volume.
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Tais type of measurement was repeated with similar re-
sults each time. However, it was felt that the rotation of
itnhe tnermocouple carried the Junction too far from the ceun-
ter o the chamber to give reliable results. Also, 1t was
difficult to measure the temperature near the walls using
this partlicular thermocouple configuration. A new thermo-
couple was constructed to facillitate temperature measure-
ments from the center to the side wall and from top to bvottom.
A 0,002 inch diameter chromel-alumel thermocouple was mounted
in a stalnless steel tube 0.25 inch in diameter and 11 1nches
in leungth. A teflon plug fitted with pieces of no.22 hypo-
dermic needles serves as a hedder. The wires are threaded
through the needles and sealed in with epoxy resin. The
leads were made long enough so the hot junction could be
moved up anu down Dy merely bcading the leads slightly. The
0.002 inch wires were sufficiently strong to support their
own weight. The cold Junction was enclosed in a heat sink
and attached to the wall of the chamber below the liquid
level by wmeans of silicone grease and plastic electrical
tape. The thermocouple could be pulled through the chamber
from the side wall to the center by means of & slow-motion
electric drive. The veloclity of the moving thermocouple was
approximately 0.01 cm/sec. However, measurements were al-
ways made with the thermocouple at rest.

The cloud chamber walls were insulated with tightly-fit-
ting % inch thick plastic foam. The top portion of the cloud

chamber was also insulated with this foamn. The insulation_
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also served to maintain the teunperature of the reference
Junction at a constant value.

The signal from the Thermocouple was amplified by means
of the California Instruments Corporation DC amplifier as be-
fore. Recordings were wade on Visicorder paper. The posi-
tlon of the thermocouple junction was measured with a cathe-
tometer (for determination of height above the liquid level)
and with a Jjig (for measurement of distance from the center
of the chamber).

Typical results of such measurements are shown in Pig.
13, Since the noise level of the Visicorder recordings was
substantial, 1t was felt that the measurements might be mean-
ingless. " Also there was no way to check for possible ampli-
fier drift. Since the signal was of the order of 30 micro-
volts, a drift of even 5 microvolts would be sufficient to
invalidate the results. Therefore, the final series of
measurewents was made using a Hewlett-Packard Model 425A
Microvoltmeter. The signal from the thermocouple was fed
directly into the Microvoltmeter through a short length of
shielded cable., The Microvoltmeter was zeroed on the 100
wicrovolt scale by shorting the input. Theu the signal was
read on that scale and the meter rezeroed. Measurements
could then be made on lower voltage scales and zero drift
monitored merely by shorting the input and noting the read-
ing. Results of such measurements are shown in Fig. 14.
For the region near the center of the chamber the isothermé

are nearly horizontal planes. Both the Vislcorder method
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and the .dcrovoltmeter method zive similar resulis for the
tenperature distribution near the center of the sensitive
volume. The isotherms in this reglon are horizontal planes
more or less evenly spaced wiih respect to height above the
liquld level. This tends to substantiate the results in Fig.
9, Which indicate a linear top-bottom temperature distribu-
tion ncar the center.

The two methods of measurement do not, however, give
Tthne same results for the temperature distridbutiocn near the
wall. The Visicorder results indicate a non-linear top-bot-
tom temperature distribution near the wall. However, the
Microvoltmeter resulis indicate that the temperature of the
wall 1s a constant at least in the region midway beiween the
top glass and the liquid level. The temperature of the wall
is some constant intermediate to the temperatures of the
liquid and the top glass. However, this gquestion 1s of
minor importance since only the central portion of the sen-
sitive volume is useful for measurement purposes.

From this measurement it was declded that the initial
temperature, T1, at any point in the central portion of the
chamber may be determined by monitorling the temperature of

the top glass and the temperature of the liguld and using an

equation as follows:

T, Tp_Ts  (5,-S3) + Ty
Sp-S3
wnere: Tp = temperature at the top glass

TB = temperature at the water surface



S» = height of top gless
Sy = helght of water surface
and Sy = height of plane where T, 1s desired.
4 new thermocouple was desizocd to permit the water

temperature to be measured more accurately. A smell zlass
tube was sealed on one end and bent 900. 0il was placed in
the Dbottom of the tube to assure goocd thermal contact. The

cold thermocouple Junction was submerzed in the oil and the

ct

glass tube passed throuzgh an O-ring sealed fitting in the
wall of the chamber and submerged in the chamber liguid.

This new thermocouple will measure the temperature to
0.01°C so that the initlal temperature in the ceniral portion

0of the chamber may be accurately determined.

2. THE EFFECT OF CONDINSATION OF THE TEMPERATURE

MEASUREMBNTS ., It was mentioned in the introduction that it

FUIVIRAEA

1s impossible to measure the temperature in the cloud cham-~
ber during an expansion. Molsture 1s condensed on the
sensing element long before a sufficient supersaturation is
attalined to nucleate water droplets. The latent heat evolved
from this condensation gives an srroneous temperature reading.
During the experiments to determine how long the various forms
0f the adiabatic laws remailn valid, difficulties were en-
countered in measuring the temperature which were due to tuis
effect.

Since it was recognized that it would be impossible to
measure the temperature during an expansion, compressions were

used so that the final temperature could be both measured and



calculated and the values compvared. VWalle the chamber was
being programed for this compression cycle, it was ncticed
that the teumperature trace was acting very strangely. The
trace whica resulted is shown is ig. i5. It can be seen
that the temperature measursd by the thermocouple would not
come u» to its proper value immediately, but would attain
some intermediate value and remain there for a short time
before climbing on up to its proper value. The static tem-
verature gradient at that point was excessively nigh (around
4°C top to bottom), and it was felt that this may nave had

an adverse effect on the temperature measuremeunt. Then the
sradient was reduced to 1°C. The measurement was repeated
foxr this top bottom gradient. It was found that the temper-
ature measurcment, instead of being improved, was worse. ne
trace remained at i1ts intermediate level for an even longer
time. Thals may be seen in Fiz. 16.

It was finally declded that these strange results were
due to water evaporating from the thermocouple element. Ap-
parently, 1t took the water longer to evaporate when the
gradient was turned down because the thermocouple collected
more water at the lower static gradient prevalling in the
cloud chamber.

To see wnether or not 1t was really water on the thermo-

isturbance, the chamber was

£

couple which was causing the

allowed 4o sit in its quiescent state for about half an hour.
After +this time the chamber was activated and run through its

compression cycle and a recording of P, V, and T was wmade of
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this cycle. As can be seen in ¥lg. 17, the temperature

trace came up to its proper value immediately. The next
cycle however provided a temperature trace which was the
same as PFig. 16.

It was concluded from this that the thermocouple was
picking up moisture during the expansion back tc the ini-
tial pressure. Apparently, evern luring the short 0.7
second interval that the chamber was in its compressed
state, the gas had acquired a sizeable amount of vapor.
During the expansion then, the chamber becaue supersat-
urated and some of the excess moisture condensed on the
thermocouple. Tnls hypothesis was further substantiated
by the fact that the thermocouple and its fragile supports
began to droop during the expansion due to the weight of
the water collected on i<t.

It was decided to try expanding the chamber slower
so that bossibly the gas would not become supersaturated
as highly. When this was tried, the trace of Fig. 18
resulted. In this trace,»it 1s seen that the temperature
comes to a steady final value, but during the re-expansion,
1t suddenly makes about a four degree rise, wnen 1t should
be dropping. This effect could be due to one of two things.
The first possible explanation is that the thermocouple is
reading the correct final temperature, and during the
expansion the chamber becomes saturated so that water is
condensed on the thermocouple, liberating heat and causing

a temperature rise. Since this was the result expected 1t
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was at first thought that this was the case. However, a
more careful examination of the results revealed that the
second alternative was the case. The thermocouple acquired
even more molsture during the slow expanslion of the previous
cycle. The temperature indicated by the thermocouple was
lower than the temperature calculated from T¢P l%l = Tp, due
to the evaporation of water from the thermocouple so that
the temperature then rose to its proper value at point "b"
on the temperature curve. The sudden dip in the temperature
curve at point "a" has not been properly explained. One
possible explanation is that the last trace of water evapo=
rates more rapldly than the rest of the water. This feature
is characteristic of all the recordings and can also be no=-
ticed in Fig. 16.

Sti1il1ll another method was then tried to get rid of the
annoying effect of water on the thermocouple so that the test
of the adiabatic laws could proceed. The Peltier effect was
utilized by passing a current through the thermocouple in
the proper direction to heat the Junction. It was found that
this plus the added effect of Joule heating effectively re-
moved the water which had collected on the thermocouple. The
'thermocouple then read the proper final temperature. When
the data to determine how long the adiabatic laws remaln
valid was run, the chamber was allowed to remain in the
quiescent state for a half hour, and then about two minutes

before the compresslion was made, the thermocouple was heated.

Thus every attempt was made to assure that the thermocouple
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was dry during the measurements.

The above difficulties in obtaining an accurate tem-
perature measurement even during a compression serve to
vividly illustrate the futility of attempting to measure
temperature during an expansion while the chamber is super-~-
saturated. All such attempts are doomed to fallure so that
1t can be seen that 1t is necessary to use one of the forms
of the adiabatic law to determine the final temperature.
Since the problem of water on the thermocouple was finally
overcome, it was then possible to check the validity of this
procedure.

S A TEST OF HEAT FLOW INTO THE CHAMBER. In order

to test the validity of using the adliabatic 1awé to deter-
mine the final temperature, the chamber was programed with

a cycle consisting of a fast compression from 530 inches of
water, a continuing compression holding the pressure reason-
ably steady for over 0.7 seconds, and an expanslon back to
530 inches of water. It was found that it was necessary to
utilize three continulng compression valves with different
orifice sizes, operating in a rather complex overlaping se-
quence, in order to hold the pressure steady for 0.7 seconds.
This 1s because the boundary layer expansion effect is very
severe immediately after the fast compression, but this ex-
pansion diminishes rapidly as the thermal gradlent near the
walls of the chamber decreases so that less and less correc-
tion 1s needed as time progresses.

The actual form of this expansion due to boundary layer
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dooling versus time l1s approximately that of a decaying
exponential. An actual trace showing this effect is given
in Flg. 19, 7This is a trace of the pressure, volume, and
temperature when the continuing compression was not employed.
t will be noticed that the pressure drops precipitously im-
mediately after the compression. This i1s because there 1is
a temperature rise of about 25°C right after the compressionm,
which 1s confined to a very narrow region of gas next to the
walls so that the gradient 1s very large. This flow of heat
decreases rapldly as the gradient decreases.

The use of the continuing compression ylelds pressure,
temperature, and volume traces such as Fig. 20. It is now
seen that it is possible to hold the pressure steady for al-
most a second, except for an unavoidable oscillation possibly
due to the undamped vibration of the piston. The temperature
also remains constant during this interval except at the
very end when the effects of heat conduction are finally

beginning to effect the temperature. The adiabatic law
1Y

—————

TP ¥ = Kywas used to check exactly how long the center
remains adiabatic when the continuing compression technique
was used. A calculation was made every .05 seconds during

the secondary compression. The results are given in Table I,
Fig. 21 is a curve drawn from these results. It can be seen
that the center remalns adiabatéc for 0.3 seconds which

approximately supports Carstens calculated time of 0.5

secondse.

The volume that is being measured is the entire volume
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Time

O seconds
0.10
0.15
0.20
0.25
0.30
0.35
0.40‘
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80

P

528.9 in. H20

645.4
645.8
646.5
646.0
645.2

646.4

647.7
647 .2
647.3
647.5
647.6
647.6
647.6
647.7
647.8

Table II

T

293,66°K

316,62
316.73
316.97
316.79
316.71

. 316,88

316,97

316.71
316,53
316,44
316.36
316.18
315493
315.75

7R

.09252
.08578
.08576
.08572
.08575
.08579
.08572
. 08566
.08569
.08568
.08567
.08567
.08567
.08567
.08566
.08566

68

TP—L—}l

27.17
27.16
27.16
27.17
27.16
27.17
27.16
27.15
27.15
27,14
27.12
27.11
27.10
27.08
27.06
27.05
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of the gas-vapor mixture but the volume which remains adia-
batic 1s decreasing during the continuing compression.

There i1s no way to measure the small volume in the center,
around the thermocouple Junction, which remains adiabatic so
there 1s no way to utilize an adiabatic law involving V. It
can be expected that P V' = K, and T V'©' = Ky will fall al-

most lmmediately, growing worse as time progresses. In

order to see how badly the P v¥ and T Vx'1

fail to be - n-
stant, these quantitlies were also calculated for 0.05 second
intervals during the continuing compression. The results of
these calculations are shown in Tables III and IV, Filg. 22
and 23 are curves drawn of these thrae quantities versus
time. It can be seen that P V' and T V3~! fails immediately
as expected.

Perhaps the reason for the large difference in these
quantities at rest and in the compressed position 1is that
the rubber diaphragm stretches out of shape during the com-
pression.' The calibration of volume was of necessity done
with the piston at rest, but the diaphragm may have a differ-
ent configuratlion during an expansion or compression so that
the volume calibration does not hold while the piston 1is
moving.

It can still be seen from the curves how the adiabatic
laws involving volume fall during the inter#al while the
pressure and temperature are being held constant.

This experiment was repeated for seven different com=-

pressions. The I B M 1620 computer on campus was programed



Time

O seconds
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80

Table III
P \'s

+ 0.05 + 0.0t
528.9 in. Hyo

645.4 8.32
645.8 8.29
646.5 8.28
646.0 8.28
645.2 8.27
646.4 8.26
647.7 8.24
647.2 8.24
647.3 8.23
647.5 8.22
647.6 8.22
647.6 8.21
647.6 8.20
647.7 8.20
647.8 8.20

9.00 1lt.

+ 0.06

34,52
30.42
30.24
30.18
30.18
30.12
30.06
29.95
29.95
29.89
29.83
29.83
29.77

29.72

29.71

29.71

T

PV® x105
+ 40,
. 1826
. 1963,
.1953
.1951
.1950°
<1943
<1943
<1940
<1938
.1935 "
.1931.
L1932
.1928
.1924 -
L1924 -
.1525



Time

O seconds

0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80

T
+ 0.05

293.66%

316.62
316.73
316.97
316.79
316,71

316.88
316.97
316.79
316.71

316.53
316.24
316,36
316,18
315.93
315.75

Table IV

v
+ 0.01

9.00 1+t.

8.32
8.29
8.28
8.28

8.27.

8.26
8.24
8.24
8.23
8.22
8.22
8.21

8.20
8.20
8.20

-1

+ 0.005

3.863
3.656
3.648
3,645
3. 645
3.642
3.639
3.634
3.634
3.632

3.629
3.626
3,634
3,624

3,624

72
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to do the calculations. The results are displayed in appen-
dix 1. The information dislayed in this section was taken
from cowmpression 1.

4, AN ATTEMPT TO MEASURE X. The data obtained from

the 7 compressions mentioned above was ' used to measure ¥
for the system. The results were also calculated on the
I.B.M. 1620 computer. These results are also displayed in
appendix 1.

The method was rather simple. The temperature measured
by the thermocouple was taken as the true temperature. The
temperature and pressure measurements were used in Eq. (14)
to calculate the value for ¥. The results from compression
1 was that ¥=1.616,

This value is quite a bit lower than ¥ calculated from
Richarz's formula using Schmitt's and Dawbarn's values of
¥ for water vapor and helium. The value obtained from this
calculation was 1.661 for the initial pressure and temperature
in the chamber before compression 1 was performed.

The results of this experiment are rather incbnclusive
because ¥ varied from 1.616 to 1.590 over the 7 compressions.
It 1s possible that a residual trace of water remained on the
thermocouple during these compressions, thus causing the
final temperature to be too low. The final temperature'was
calculated for each compression using ¥ computed from
Schuitt's and Dawbarn's values for Y of water vapor and
helium. The calculated temperature was 0.58°C higher than

the temperature measured by the thermocouple for the first
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coumpression.

Since Y 1s the quantity which ultimately leads to the
most error in the supersaturation, more work needs to be done
to obtain thls quantity as accurately as possible. The ¥
of helium makes the largest contribution to ¥ of the helium-
vapor mixture. ¥ of water vapor only effects the total ¥
in the third decimal place.

Therefore, the chamber should be purged of water and
the experiment repeated with pure dry helium in order to ob-
tain the best ¥ for helium. Expansion of the same type used
to obtain nucleation could be performed in the desicecated
chamber instead of compressions since there would be no longer
2 problem of condensation on the thermocouple. In this way
¥ for helium in the proper temperature and pressure range
could be found.

5. THE RECOVERY TIME OF THE CHAMBZER. A cycle of the

form described above was used to determine how long the cham-
ber takes to return to its original temperature after an ex-
pansion. Again, a compression was used lnstead of an expan-
sion to avoid condensation on the thermocouple. Thnis typé of
cycle, where the chamber 1ls expanded or compressed, held at
the final pressure for an extended period of time, and then
brought back to its initial pressure, will cause more heat
pumping than the type of cycle normal used in experiments to
investigate nucleation rates. The type of cycle used in nucle-
ation experiments is showvn in Fig.(25). Referring to this

figure, the cycle from A to Ciis set up to form droplets,
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A small coumpression cuts off the formation of new droplets
from C to D, but allows the droplets which have been formed
to grow to visible size from D to E. The cycle is then
compressed to a pressure greater than the in.tal pressure
from D to F. This evaporated the droplets. The chamber is
neld in tnis coumpressed state for a short time from Fto G.
Thnis allows the heat which flowed into the chamber during
the expansion to flow out again. The chamber is them slowly
expanded again from G to H. This slightly supersaturates
the chamber which allows any residuai re-evaporation nuclel
to grow and fall into the liquid thus clearing the chamber
of nuclei. The supersaturation is nét high enough to form
new droplets homogeneously.

Thus, 1t is seen that a great deal of the heat which
flows in during the expansion will flow out again during the
compression. This means the chamber will not take so long
to return to equilibrium after the cycle is completed. This
is why the cycle was chosen as it was for this experiment.
It was desired to measure the longest time required for the
chamber to return to its initial temperature.

It was felt that this experiment would simultaneously
determine how long is required for the temperature gradient
to return to its initial state. The Jjunction of the thermo-
couple was not placed at the center of the chamber but about
an inch and a half from the top. The temperature at the
Junction could not return %o its initial value at that point

until the temperature gradient had been properly reestablished.
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The experimental procedure was very simple. The chamber
was run tarough a cycle identical with that used to check the
heat flow into the chamber. This time however, the Visi-
corder was not shut off after the compression was completed,
but was allowed to run for the full duration of the cycle.

Just as expected, the temperature did not return to its
initial value when the chamber was expanded back to its ini-
tial volume. Immediately after expanslon the temperature
was 2.62 % too low due to the heat which had escaped the
chamber. About three tenths seconds later the temperature
rose 0.7 °c and two seconds after that the temperature fell
to 3.14 % bvelow the initial temperature. These eratic
effects are due to the furbulance which i1s caused by the
convectlon currents.

Soon the turbulance ceased and 28 seconds later the
temperature came back to its initlal value. It can therefore
be said that the three minute cycle which is used in nuclea-
tion experiments certainly allows time for the bulk ‘tempera-
ture and temperature gradient to return to their initial
values,

The three minute cycle is used to assure that sufficient
time is allowed for the chambexr to re-establish a state of
saturation. Dawbarn 2 states that no difference 1is detecta-
ble in the results obtained from ruaning the chamber on a two
minute cycle and running it on a three minute cycle. Thus,

surely the chamber has been properly saturated after a walt-

ing interval of three minutes.
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6. SUILIARY. It nas been found from an error analysis
that ultimately the main source of error in measuring nuclea-
tion rates is a limited kmowledge of ¥ of the carrier gas,
helium. An uvncertainty in the initial temperature also con-
tributes a much smaller but still significant error. The
pressures are presently belng measured with sufficient pre-
clsion that they cause negligible error.

An effort was made to measure ¥ more accurately, but
the results were inconclusive. The method used does show
pronise for future work, however, i1f the water is removed
from the chamber during the measurement.. Since insufficient
knowledge of ¥ for helium is the largest obstacle to an
accurate measurement of nucleation rates, Dawbarn's deter-
‘mination of ¥ should be checked experimentally.

The isotherms of the cloud chamber at rest were measured.
The temperature of the top glass and the liquid are now moni-
tored by thermocouples. From a knowledge of the top to bottom
temperature difference and the form of the isotherms, it is
now possible to determine the temperature near the center
with fair precision. This is a great improvement over the
method of attaching a thermometer to the side of the chamber
at the water level with wax, which was used by Allard.

An experimental check was made of Carsten's approximate
calculation of heat flow into the chamber. It was found that
’it takes 0.3 seconds for heat to reach the center so that the
adiabatic law involving P and T may be used to calculate the

final temperature. The value 0.3 seconds 1ls in better agree-
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ment with Carsten's value of 0.5 seconds than it appears.
His calculations are for an expansion from 20 °c %0 0 °c.
The measurement is for a compression from 20 °c to 43 °6.

A smaller amount of Time should be expected for the measure-
ment at this nigher temperature due to purameters such as
diffusion coefficlients which are temperature dependent.

A measurement was made of how long is required for the
chamber to re-establish eguilibrium after a compression. It
waé found that the three minute walting interval between
expansions, presently being used, 1s surely sufficient time
for the chamber to equilibrate.

A knowledge of the operating characteristics of the
cloud chamber however, allows the chamber to be programmed
to avoid, in as much as possible, errors due to indetermined

operational characteristics.
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DATE 9/16/64 EXPERIMENT NO. 5

CALIBRATION DATA
INCHES INITIAL PRESSURE INCHES FINAL PRESSURE
3.50 140,0 2.03 24845

LCOMPRESSION NO, 1

FINAL TEMP. CALCULATED = 317.29

FINAL TEMP. MEASURED = 316.71

COMPUTED VALUE OF GAMMA = 1. 6156

SQ%



TIME PRESSURE TEMPERATURE CONSTANT PERCENT DEV.
0.00 528 .8 293,66 26,924 0.000
.10 64443 316462 264924 -.001
.15 644,71 316,71 264924 000
20 645,5 316,97 264,935 040
025 64449 316.79 264929 018
30 6441 316,71 264935 040
.35 645,3 316,88 26,930 .019
40 64647 316,97 264915 ~.036
45 64642 316,79 264909 -.058
50 646 ¢3 316,71 264899 ~.095
55 646 .6 316453 26,880 -.163
60 64647 316445 26.871 -.197
__«65 .646.7 316.36 26,864 =225
.70 64647 316.18 26,849 -.280
.75 64648 315,92 26,825 -.359
.80 64649 315.75 26,808 -.431

98




COMPRESSION NO. 2

FINAL TEMP, CALCULATED =
FINAL TEMP., MEASURED = 31

317.19
6436

COMPUTED VALUE OF GAMMA =

1.6051

L8




TINE PRE SSURE TEMPERATURE CONSTANT PERCENT DEV.
0.00 529, 293,66 27,603 0.000
010 647.8 316.53 27.574 -.107
.15 6448 316436 27.608 .016
.20 6451 316436 27.603 .000
.25 6450 316436 27,604 .003
.30 64445 316427 27.606 ,008
.35 643.9 316.10 27.599 ~.014
.40 64744 316,62 27,588 -, 054
.45 64640 316436 27.589 =052
.50 646 .7 316445 27.585 067
.55 6467 316410 27,554 ~ 177
.60 64649 316401 27.543 =217
.65 646 .8 315.83 27.530 -.266
.70 647 .0 315.66 27,512 -,331
.75 64741 315.57 27,503 365
.80 647.2 315,22 27,469 - 485

88




COMPRESSION NO. 3

FINAL TEMP. CALCULATED =

320433

FINAL TEMP. MEASURED = 319.24

COMPUTED VALUE OF GAMMA =

1.5998

68




TIME PRESSURE TEMPERATURE  CONSTANT PERCENT DEV.

0,00 529.8 293.66 27.960 0,000
.10 667 .0 319.50 27,904 -, 200
.15 662.5 319,33 27,960 ~000
.20 6620 319,50 27.983 ,082
.25 662.1 319,33 27,965 ,018
230 660.9 319.15 27,970 .036
.35 660, 2 318,98 27,965 ,019
V40 663 .4 319,24 27.938 -.079
.45 661.9 319.06 27,941 =048
<50 6623 318,89 27,925 —.125
.55 662.1 318,63 27,904 -, 201
.60 662.3 318.45 27.887 =262
.65 662.1 318,28 27.873 ~.310
.70 662.1 318.02 27.851 -.389
NE 6621 317,67 37,871 =498
.80 662. 1 317,41 27,797 -.584

06




COMPRESSION NO. 4

FINAL TEMP., CALCULATED = 321,32
FINAL TEMP. MEASURED = 320.29

COMPUTED VALUE OF GAMMA = 1.6031

16




TIME PRESSURE TEMPERATURE CONSTANT PERCENT DEV.

0,00 529 46 293,66 27,738 0,000
.10 667.0 320.29 27.738 .000

.15 66640 320.29 27.753 L057

.20 666 44 320,46 27,1762 .086

.25 666 42 320,37 27.758 074

.30 665 40 320,20 27.761 .083

.35 665 ,6 320,20 27,152 .051

40 66549 320,11 27,740 .008

.45 6668 320,11 27.725 -.045

.50 666 .2 319.85 27,713 -.089

.55 66643 319.59 27.688 -+ 180
Y 666.2 319.33 27,667 -.256
.65 6661 319.15 27.653 -.304

.70 665 49 318.80 27,6217 ~.401

.75 665 .9 318.63 27.611 =.455

.80 665 .9 318,19 27.574 ~e592

c6




COMPRESSION NO. 5

FINAL TEMP. CALCULATED =

320474

FINAL TEMP, MEASURED = 320,02

COMPUTED VALUE OF GAMMA =

1.6138

<6




TIME PRESSURE TEMPERATURE CONSTANT PERCENT DEV.

0.00 529.3 293.66 21.033 0.000
.10 66446 320,02 27.015 -, 064
o15 663.4 320.02 27,033 .003
«20 663.5 320,02 21.033 .000
e25 663.4 320411 27,041 .030
30 66246 319.94 27.038 021
035 66,4 320,46 21,024 -«032
W40 663.9 320.20 27.040 .029
o45 663.,6 319.94 27.023 -.037
220 664,0 319,68 26.995 ~.138
55 664,11 319.50 26,979 ~-.199
60 664.2 319.15 264948 ~-.311
065 664,0 319,06 264944 ~+329
o170 663.9 318,72 264915 -e435
o715 66349 318,45 264893 =516

.80 663.9 318.19 266871 =598

%76




COMPRESSION NO. 6

FINAL TEMP. CALCULATED
FINAL TEMP, MEASURED =

= 318.77
317.49

COMPUTED VALUE OF GAMMA

= 1.5904

s6




TIME PRESSURE TEMPERATURE CONSTANT PERCENT DEV.

0,00 529.,0 293,66 28,632 0.000
10 65645 316,97 284526 -e373

~#15 652.2 317.32 284626 —.0?3
220 652,2 317.41 28,635 007
25 652.8 317.49 28,632 .000
«30 65242 317.41 284634 004
«35 651.2 317.23 28,634 006
o40 65242 317.41 28,634 «004
45 653.9 317,49 284614 -.063
«50 653.1 317.32 284611 ~.014
55 65344 317.14 28,592 ~¢142
o60 653.4 316.97 28,576 ~-.197
065 653.4 316479 284560 -e251
o170 653.4 316462 284545 -+306
o715 653,4 316445 284529 -e361
80 653.4 316.18 284505 - h44

96




COMPRESSION NO. 7

FINAL TEMP. CALCULATED =
FINAL TEMP. MEASURED = 31

315.14
4,96

COMPUTED VALUE OF GAMMA =

1,6314

L6




TIME PRESSURE TEMPERATURE CONSTANT PERCENT DEV.

0.00 528, 5 293,66 25,940 0.000
.10 636,7 313.91 25,800 -.539
.15 632.9 314,79 25.931 -.032
.20 633.3 314.96 25.940 .000
.25 6347 315,22 25,939 ~,002
.30 633.8 315.05 254939 =.003
.35 633. 1 314,87 25,936 014
.40 63444 315,22 25,944 019
45 635.6 315,22 25.926 =053
50 635,8 '315.14 25.915 -.094
.55 636 .0 315,05 25.905 -.135
.60 636.1 314,87 25 .889 =197
.65 636.2 314479 25.880 ~.228
.70 636.3 314,70 25,872 ~.263
.75 63645 314,61 35.862 =300
.80 636.6 314435 25.838 -394

86




12

FORMAT (6F10.2)

14 FORMAT(I2)
15 FORMAT(412)
17 FORMATI(3X3FT7424r13s1yF17e2yF12414//77/)
22 FORMAT(313)
800 FORMAT(6X 24Hr INAL TEMP, CALCULATED =,F7,2)
801 FORMAT(6X422HFINAL TEMP, MEASURED =4F7.,2//)
802 FORMAT(6X,25HCOMPUTED VALUE OF GAMMA =,+9,4///)
803 FORMAT(]H+45X44HTIME,5X,8HPRESSURE,5X, 11HTEMPERATURE)
804 FORMAT(3XyFT7e2yrllelyF1542yF15.34F164,3//)
805 FORMAT (44X 8HCONSTANT 45Xy 12HPERCENT DEV.//)
900 FORMAT (4X 4HDATEIX3T231H/ 3123 1H/31243X,14HEXPERIMENT NOL,12///)
904 FORMAT(1H+,4X,24HINCHES INITIAL PRESSURE 46Xy 13HINCHES FINAL)
905 FORMAT (49X ,8HPRESSURE)
908 FORMAT(]H1)
910 FORMAT(1HT)
920 FORMAT(21Xy16HCALIBRATION DATA)
925 FORMAT(10X{15HCOMPRESSION NO.4y12///)
930 FORMAT(1H )
PRINT 908
PRINT 910
PRINT 930
READ 154LDyLMyLYyLEXP
PRINT 9Q0,LD,LMsLYsLEXP
READ 12,8P
READ 12,T1
PRINT 920
PRINT 904
PRINT 905
GAM=1,.64

A={1l.-GAM)/GAM
READ 12,XI,Y1,4XF,YF
READ 12,SLOPE,XTI

PRINT 174XI4YI4XFyYF
EMI=5.347
EME=5.564
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BI=YI-EMI*XI+BP
BF=YF-EMF*XF+BP
READ 14,NUB]L

READ 14,NUB2
NO=0
DO 60 N=1,NUBI

READ 224NRAPI yNRAPFyNXT
XT=NXT
RAPI=NRAPI

RAPF=NRAPF
NO=NO+1
API=(EMI*RAPI/100.,+B1)

APF=(EMF*RAPF/100,+BF)
RPRES=API/APF
PRINT 925,N0

T2C=T1%*( (RPRES)*xA)
PRINT 800,T2C
T2M=T1+SLOPE*(XT/)100,=XT1)

PRINT 801,T2M
RTEMP=T2M/T1
GAMC=1./({LOGF(RTEMP)/LOGF(RPRES))+1,)

A2={1.~GAMC) /GAMC
PRINT 802,GAMC
PRINT 908

PRINT 910
PRINT 930

PRINT 803
PRINT 805
TIME=0,

DEV=0,
PRINT 804, TIME,API,T1,XONST,DEV
TIME=0.05

DO 50 M=1,NUBZ
READ 224yNRAPF ¢NXT
XT=NXT

ag6




RAPF=NRAPF
APF=(EMF*RAPF/1004+BF)
T2M=T1+SLOPE*(XT/100.,=XT1)

CONST=T2Mx( APF*%A2)
DEV=((CONST~XONST)*100«)/XONST
TIME=TIME+0.,05

50 PRINT 804, TIME,APF,T2M,CONST,DEV
PRINT 908

PRINT 910

PRINT 930
60 CONTINUE
STOP

END
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LIST OF SYMBOLS

Initial Temperature in Cloud Chamber

Final Temperature in Cloud Chamber After Adiabatic
Change of State

Initial Pressure in Cloud Chamber

Final Pressure in Cloud Chamber After Adiabatic Change
of State

Initial Volume in Cloud Chamber

Final Volume in Cloud Chamber After Adiabatic Change
of State

Saturation Vapor Density at T1

Saturation Vapor Density at T2

Vapor Density After Adliabatic Change of State
Saturation Vapor Pressure at T1 |
Saturation Vapor Pressure at T2

Vapor Pressure After Adlabatic Change of State
Ratio of Heat Capacities cp/cv

Chemical Potential of Water in the Liquid Phase
Chemical Potential of Water in the Vapor Phase
Gibbs Free Energy

Intropy

Molar Entropy

Molar Volume

Most Probable Error

Standard Deviation

Vapor Pressure of Helium

Vapor Pressure of Water Vapor
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Total Pressure of pg and Py

Supersaturation (not to b§ confused wlith entropy used
above
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