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ABSTRACT

The application of the Pirani gauge to the measurement of small pressure changes
is discussed. Both nickel and tungsten wires are used as filaments in the gauge. Nickel
wire not only has the greater sensitivity but possesses several other advantages. The
theory of the gauge is developed so that it is possible to predict the effect of change in
length or diameter of the wire upon the sensitivity of the gauge. The theory also pre-
dicts that there is an optimum temperature to which the wire should be heated for
maximum sensitivity of the gauge. The observed and computed values of the opti-
mum temperature are compared. In some cases the agreement is as good as can be
expected and in the others the discrepancy is easily explained. The maximum sensi-
tivity attained is a galvanometer deflection of 1 mm for a pressure change of air equiva-
lent to 5X107° mm of mercury.

INTRODUCTION

HE possibility of using the variation in heat conductivity of a gas with

pressure as a measure of low pressures was first suggested by Pirani.!
Recent experimenters??® have shown that such a gauge is capable of respond-
ing to very small changes in pressure. ‘

These investigators have been primarily interested in a gauge which will
determine the actual pressure existing in a chamber after it has peen cali-
brated by comparison with an absolute gauge such as the McLeod: The aim
of this experiment is to develop a gauge with a high sensitivity to very small
pressure changes.

THEORY

It is easily shown that the quantity of heat Q conducted by a gas when the
mean free path is large compared to the dimensions of the container is

0 = nGAtH/6N (1)

where % is the number of molecules per cm?, G the mean molecular velocity,
A the area of the heated element, ¢ the temperature difference between the
heated element and its surroundings, H the molecular heat at constant
volume, and N the number of molecules per gram molecule. Experimental
measurements give a value of the heat transfer which is usually less than that
predicted by this equation. This is because the molecules striking the heated
wire do not attain temperature equilibrium with it. The ratio of the actual
amount of heat conducted from the heated element to that computed by

! M. Pirani, Verh. d Deutsch. Phys. Ges. 8, 24, 686 (1906).
2 A. M. Skellet, J. O. S. A. and R. S. L. 15, 56 (1927).
3 L. F. Stanly, Phys. Soc. Proc. 41, 194 (1929).
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Eq. (1) is known as the accommodation coefficient and has been measured
for some gases. Soddy and Berry* give the values of the actual amount of
heat conducted and the values of the accommodation coefficient for gases
striking a heated tungsten surface. The values of the accommodation coef-
ficient range from 0.25 in the case of hydrogen to 1.0 in the case of argon and
neon. The values of the actual amount of heat conducted by various gases
deviate by less than 10 percent from a mean value for a number of the com-
mon gases. Hence we may expect that the sensitivity of the Pirani gauge will
be nearly the same for this group of gases.

In the application of the above principle to the measurement of pressure
changes the temperature change in the wire resulting from a change in the
heat conductivity of the gas is usually measured by the change in resistance.
This resistance change is in turn measured by a Wheatstone bridge. If the
pressure change to be measured is not large the galvanometer deflection is
the most accurate method of determining the magnitude of the change.

The bridge potential serves as a source of power to heat the wire. The
energy dissipated by a heated wire must be equal to that supplied, hence
neglecting conduction to the leads

2

- Ay(T* — To*) + Aap(T — To) 2)
where E is the potential across the ends of the wire, R the resistance and 4 the
area of the wire, 7" and Ty the temperature of the wire and of its surround-
ings, respectively, p the pressure of the gas and v and « constants. Since the
resistance change corresponding to the pressure changes normally measured
is small we may assume that the power supplied to the wire is constant. Then
by differentiation of (2),

dp 4yT3 + ap

At low pressures the amount of heat dissipated from the wire by radiation is
large compared to that conducted by gas hence we may neglect ap in com-
parison to 4y73. Then

aT T — T,

— =K
dp T3

3)

where K is a constant.
- Obviously there is a relation between T and T for which the temperature
change of the wire will be a maximum for a given pressure change. This rela-

tion is given by
d [(T - To)] =0
arL 18 1

T = 3Ty/2.

or

¢ F. Soddy and A. Berry, Proc. Roy. Soc. 83, 254 (1910).
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Substituting this value in (3) we obtain,

aT K’
ESI
dP max I‘O2

Hence the value of the maximum temperature change of the wire for a given
pressure change is inversely proportional to the square of the absolute tem-
perature of the surroundings of the wire.

Since the temperature change resulting from a given pressure change is
normally small we may assume that

R = Ry[l + (T — 273)|
or .
dR = RoadT.

Substituting this value of d7 in (3) we obtain,
dR T — T, ,
— = K”Ro——-—_ . (»S)
dp T3
Obviously dR/dp has the same maximum as d7/dp. The maximum gal-
vanometer deflection does not necessarily correspond to the maximum re-
sistance change, however.
The current through the galvanometer in a Wheatstone bridge circuit is
given by
EdR

" 4RR, + 4R?

g

if the battery resistance is small and the four arms of the bridge are approxi-
mately equal. Substituting for dR from (5),
RE T — T

I,=K" dp. 6
0 Ty O (6)

Obviously the galvanometer deflection may be increased by increasing the
potential of the bridge. This factor is limited, however, because the wire must
be heated to its optimum temperature.

The relation between the potential drop across the wire and the tempera-
ture may be obtained from (2). In general the heat conducted by the gas
may be neglected in comparison to that dissipated by radiation and T¢* in
comparison to 7% Hence

E = (yAR)\2T2,
Substituting this value of E in (6)
Ro(AR)'> T — T,

I, =K ap. 7
RR,+ & 1 7 ()

The optimum temperature of the gauge wire for maximum galvanometer
deflection may be determined from (7). In the general case this solution is
difficult but several special cases which are of interest may be treated.
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If we assume that the galvanometer resistance is large compared to the
resistance of the arms of the bridge, (7) reduces to

I — T

I, = K'—=dp

But
R = Ro[1 + (T — 273) 4+ B(T — 273)2]

where the terms of second order must be included if the action of the gauge
is to be described over any considerable range. Hence

K'"'(T — Ty

= dp.
[1 + «(T — 273) + B(T — 273)2]\2T

g9

The optimum temperature of the wire may be determined by

T — T,
——[log ] =0
ar [1 4+ «(T — 273) + B(T — 273)2]t/2T

or
28T + (a — 5468 — 4BTo) T
— To(3a — 16388)T — 2To[1 — 273 + (273)28] = 0. (8)

If the galvanometer resistance is small as compared to the resistance in the
bridge arms Eq. (7) reduces to

I,,=K*T_TO

R3I2T

and the value of T for maximum 7, is given by
6873 4+ (3a — 16383 — 8B87T)1?
— 5To(a — 5468)T — 2To|1 — 273a + (273)%8] = 0. (9)

REsULTS

The experimental arrangement used in obtaining the results given below
is shown in Fig. 1. The leak was controlled by a stopcock so that it could be
opened or closed as desired. This gave a constant pressure change and the
corresponding galvanometer deflection could be observed for various bridge
potentials and various samples of wire.

The gauge formed one arm of a Wheatstone bridge. The other arms con-
sisted of resistances variable in small steps so that the arms of the bridge
could be kept approximately equal. The galvanometer used has a resistance
of 17 ohms and a sensitivity of 11.6 mm per microvolt. Resistance was con-
nected in series or parallel with it to obtain the high and low galvanometer
resistances used.

Equation (7) shows that the galvanometer deflection should be directly
proportional to the pressure change. This was verified beyond the limits of
the McLeod gauge by connecting a small leak to a pump through a stopcock.
This leak was adjusted to give several cm deflection of the galvanometer as
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it was turned on or off. As the pressure in the gauge was increased by the use
of another leak the deflection produced by opening or closing the first leak
remained constant.

Equation (7) also shows that the sensitivity of the gauge is proportional
to the square root of the area of the wire. It is possible to multiply the sen-
sitivity of a nickel wire gauge by two or three merely by flattening the wire.

The effect of the length of the gauge wire upon the sensitivity may be
determined from (7). Since 4, R, and R, are all proportional to the length
of the wire it is evident that the sensitivity will be directly proportional to

to liquid air trap,
leak and pumps

41 ltauid oxygen
or melting ice

copper leads
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nickel wire

small copper
Took soldered for
--deT || constant thermal
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quartz

—10cm —%——— 20 cm ——>
7
]
1

Fig. 1. Construction of the Pirani gauge.

the length of the wire if the galvanometer resistance is large compared to the
resistance of the bridge arms. On the other hand, if the galvanometer re-

TasLE L.

Galvanometer Length of Maximum
resistance wire (cm) deflection

312 20 22.4

10 12.0

5 6.3

17 20 23.0

10 20.1

5 15.9

3.86 20 24.5

10 24.8

5 23.2
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sistance is small the sensitivity is independent of the length of the wire.
Table I shows the effect of the length of the wire upon the sensitivity of the
gauge. In each case the gauge was constructed of nickel wire 0.001 inch in
diameter and the walls of the gauge were maintained at the temperature of
melting ice.

The variation of the sensitivity of the gauge with diameter of the wire
may also be predicted. If the galvanometer resistance is large compared to
the resistance of the gauge, the diameter of the wire should be decreased and
if the galvanometer resistance is low the diameter of the wire should be in-
creased. Hence for maximum sensitivity the wire should be as long as con-
venient and the diameter should be adjusted so that its resistance is of the
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Fig. 2. Curves showing the relation between the temperature of the gauge wire and the
sensitivity of the gauge. T is the temperature of the walls of the gauge and R, the galvanome-

ter resistance.

same order of magnitude as the galvanometer resistance. In general a gal-
vanometer with low resistance is preferable since the corresponding lower
resistance in the bridge arms permits the use of lower battery potential which
decreases the tendency of the galvanometer to drift.

The relation between the sensitivity of the gauge and the temperature of
the wire is shown in Fig. 2. The tungsten and nickel wires used in obtaining
these curves were 20 cm long and 0.001 inch in diameter. The temperature
was determined by the known relation between the temperature and re-

sistance. For tungsten the values «=5.24 X10~% and 8=0.7 X 10~ were used

in the well-known resistance formula. The temperature of the nickel wire
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was read from the curve shown in Fig. 3 which was determined for the wire
used in this experiment.

It will be noted that all the temperature sensitivity curves for nickel wire
(Fig. 2) have either a primary or a secondary maximum at approximately
570°* after which the sensitivity decreases very rapidly. This is obviously
due to the rapid increase in the slope of the temperature resistance curve and
the sudden break at 615°. The observed temperature at which this break
occurs should be less when the wire is used as a gauge because the ends of the
gauge wire are cooled by conduction of heat to the leads. This view is sub-
stantiated by the fact that the apparent temperature at which the maximum
occurs decreases when a shorter wire is used.
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Fig. 3. Temperature resistance curve for nickel wire.

In Table II, T is the temperature of the gauge walls, R, is the galvano-
meter resistance, R is the resistance of the wire at its optimum temperature,
E is the bridge potential necessary to produce this temperature, 7(obs.) and
D the optimum temperature and the galvanometer deflection at that temper-
ature, respectively, as determined from Fig. 2, and T (comp.) the optimum
temperature computed from Egs. (8) and (9). In obtaining the values of T°
(comp.) the proper equation is chosen depending upon the value of the
galvanometer resistance, and the values of T, @, and 8 are substituted after
which the equation may be solved for 7. For tungsten the values of « and 8
previously given were used and for nickel the same constants were deter-
mined from Fig. 3 to fit the curve approximately in the region in which the
observed temperature was known to lie. It will be noted that the computed
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temperatures when 7,=90° are much lower than the observed. This is
partially due to heat conduction along the leads and partially to the decrease
in the constant vy appearing in Eq. (2) or, in other words, a decrease in the
efficiency of radiation at low temperatures. In fact with a potential of only
0.0003 volt applied to the bridge the lowest temperature attained by the
nickel filament was 209° and by the tungsten 213°.

The secondary ‘maxima in the temperature sensitivity curves of nickel
wire are not predicted by the equations but they probably would be if the
variation in slope of the temperature resistance curve were taken into ac-
count and the equation of the curve were expressed more accurately.

TasLE 11
Ty R, R E T T D
Comp. Obs.

Nickel 90 612 41.9 0.5 248 313 22.3
90 0.95 30.6 0.3 136 261 45.0
273 312 99.0 2.9 533 563 22.4
273 3.86 61.8 1.1 429 393 24.5
Tungsten 90 612 23.3 0.5 195 311 9.6
90 0.95 17.0 0.4 120 254 27.6
273 312 46.5 3.0 715 513 8.2
273 3.86 33.5 1.3 415 401 19.3

* All temperatures given on the Kelvin scale.

Table II shows that the sensitivity attained by the use of nickel wire is
in all cases greater than that for tungsten. Nickel ‘wire has the additional
advantage that it may be flattened more easily than tungsten which greatly
increases the sensitivity as the previous discussion has shown. Tungsten wire
has the disadvantage that the slightest vibration will cause its resistance to
change sufficiently to keep the galvanometer moving back and forth over
several cm.

Immersing the walls of the gauge in liquid oxygen approximately mul-
tiplies the sensitivity of the gauge by two when the galvanometer resistance
is high and by seven when the galvanometer resistance is’low. This differénce
in the sensitivity ratio is to be expected for Table II shows that the resistance
of the bridge arms at optimum temperature is much lower when 7°9=90° than
when T,=273°. Equation (7) and the preceding discussion show that this
decrease in resistance will decrease the sensitivity when the galvanometer
resistance is high but not when the galvanometer resistance is low.

Many factors enter into the computation of the relative sensitivity of the
gauge when the walls are at the temperature of melting ice and at the tem-
perature of liquid oxygen. For example the relation between the pressure and
the heat conductivity of the gas will change both because more molecules
must be present at liquid oxygen temperatures to exert a given pressure and
because the mean molecular velocity is smaller. Also, as previously sug
gested, the radiation constant (y in Eq. (2)) probably decreases at the lower
temperature and it is reasonable to expect that the value of the accommoda-
tion coefficient depends upon the temperature. The effect of heat conduction
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from the filament to the leads upon the sensitivity of the gauge has been
neglected so that it is impossible to predict the change in sensitivity which
will result from the reversal in the direction of this flow. Such a reversal actu-
ally occurs in some cases for when the walls of the gauge are immersed in
liquid oxygen the temperature of the filament is less than the temperature
of the leads. Due to the impossibility of computing the magnitude of the
latter effect and the difficulty in computing some of those previously given
no attempt is made to predict the increase in sensitivity when the walls of
the gauge are reduced to the temperature of liquid oxygen.

Reducing the walls of the gauge to the temperature of liquid oxygen
makes the reaction of the gauge very slow. For example with the gauges at
the temperature of melting ice the galvanometer would reach equilibrium
about 10 seconds after the stopcock was closed. At liquid oxygen tempera-
ture the time required to attain equilibrium was often several minutes. This
time lag may be accounted for to some extent by the fact that there must be
three times as many molecules in the gauge and their velocity must be much
slower when the walls of the gauge are at the temperature of liquid oyxgen
so that it should take longer for the gauge to pump out. This factor cannot,.
however, account for the great difference observed in the time lag in the two
cases and neither can it account for the observed fact that the time lag of the
gauge decreases rapidly with an increase in temperature of the filament since
the area of the filament is so small in comparison to the area of the walls that
it can have no appreciable effect upon the mean velocity of the molecules.
The observed dependence of the time lag upon the temperature of the wire
suggests that it may to some extent be due to the adsorption of a layer of gas
by the filament.

It is possible to obtain a galvanometer deflection of 1 mm for a pressure
change of air equivalent to 5 +1 X 10~ mm of mercury by forming the gauge
from ‘a well-flattened piece of nickel wire 25 cm long and originally 0.0015
inch in diameter and using the galvanometer specified above at maximum
sensitivity.

Under similar conditions the sensitivity of the gauge for hydrogen is
441X107° mm of mercury per mm galvanometer deflection.

The sensitivity and characteristics of different gauges will vary due to
variations in the original size and the degree of flatness of the wire.

CONCLUSION

In order to measure pressure changes of less than 10~7 mm of mercury it
is obvious that the zero position of the galvanometer must be steady. If the
ordinary precautions necessary in connecting a Wheatstone bridge of high
sensitivity are observed, if the bridge potential is constant, and if the walls
of the gauge are maintained at a constant temperature such as melting ice or
liquid oxygen, the zero drift of the gauge becomes negligible provided that the
pressure changes take place over a short period of time.

The operation of the gauge is not satisfactory when the walls are exposed
to the variations of room temperature. A compensating gauge greatly im-
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proves the stability of the system but is not as satisfactory as one gauge im-
mersed in a constant temperature bath.

The stability of the gauge may be improved by keeping the bridge poten-
tial low. This may be accomplished by proper choice of the galvanometer as
previously described and by operating the gauge below its optimum tempera-
ture. The extent to which the temperature should be reduced below its opti-
mum value depends upon the difficulty arising from zero drift and upon the
rate at which the sensitivity decreases with decrease in temperature. In
some cases it is possible to reduce the bridge sensitivity to one half* of its '
value at the optimum temperature while the gauge sensitivity is reduced
only 15 percent. In such cases the decrease in bridge potential would prob-
bably be an advantage.

* That is AR/R for unit galvanometer deflection is doubled.



