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The Piston Gage as a Precise PressureMeasuring Instrument
BY D. P. JOHNSON!

AND

The errors which must be considered for accurate measurements of pressure with piston gages are discussed.
A new design of piston gage is described which permits
the operator to control the clearance between piston and
cylinder at any operating pressure. Instrumental errors
are thus substantially reduced, particularly those resulting from elastic distortion. A check list of errors inherent
to piston gages is presented. These errors are to be considered when instruments are used to accuracies better
than lh of l per cent. The need for a check on the longtime variations of the piston gage is supplied by the fixed
points, changes of state of some very pure materials which
take place at definite pressures. Such are the melting
pressure of solid mercury at 0 C, the melting pressure of
water at 30 C, the transition between crystalline states of
bismuth. As an indication of its possibilities the experimental model of the controlled-clearance piston gage was
used to measure the melting point of mercury at 0 C.
Results were in satisfactory agreement with Bridgman's
value.

I

INTRODUCTION

NDUSTRIAL engineers sometimes ask how they may benefit by the concern of the National Bureau of Standards over a
primary standard of pressure with an accuracy of 0.01 per
cent or better. An industrial engineer may be concerned with
processes which require the control of pressures within, say, ±1
per cent. To be sure of holding the pressures within the required
range, he will have on his control panel, pressure gages with an
accuracy of, say, 0.3 per cent. The manufacturer of the pressure
gages will have in his production line a calibration bench. Here
the gages will be checked against standards which should be
better than the instruments calibrated by at least a factor of 3,
preferably a factor of 10, that is, from 0.1 to 0.03 per cent. The
manufacturer should have in his standards room instruments
somewhat better than the bench standards, with an accuracy
better than 0.03 per cent, preferably about 0.01 per cent.
There are many research laboratories in industry engaged in
getting fundamental engineering data with an accuracy of 0.1
per cent or better. Phenomena which are sensitive to pressure
may require instrumentation accurate to 0.03 or even 0.01 per
cent.
The National Bureau of Standards should have primary standards which are somewhat more accurate than any instrument
portable enough to be brought in for calibration. There are
pressure-measuring instruments which are capable of an accuracy of 0.01 per cent at pressures up to a few thousand pounds
r National Bureau of Standards, Washington, D. C.
'Harwood Engineering, Inc., vValpole, Mass.; formerly with Foxboro Company, Foxboro, Mass. Jun. ASME.
Contributed by the Industrial Instruments and Regulators Division of THE AMERICAN SociETY OF :MECHANICAL ENGINEERS and presented at the Seventh National Instrument Conference, Cleveland,
Ohio, September 9-10, 1952.
NorE: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors and not those
of the Society. Manuscript received at ASME Headquarters
June 30, 1952. Paper No. 52-IIRD-2.
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per square inch. The primary standards against which these are
calibrated should be definitely better, with an accuracy of 0.003
per cent. The possible accuracy drops off as the pressures increase, and considerable effort is required to develop primary
standards adequate to the present requirements in the highpressure field.
PRESSURE-STANDARDS APPARATUS

In a prin1ary standard the measurement of any physical quantity is referred directly to the standards of mass, length, and time.
The device should be so simple in principle that all of the errors
inherent in the instrument either can be eliminated or evaluated.
Two commonly used primary standards are the mercury column
and the dead-weight piston gage. The choice of instrument is not
limited by accuracy, but by convenience. Twenty pounds per
square inch is approximately equal to the head of a convenient
40-in. column of mercury. To measure 30,000 psi would require a
column of mercury about 1 mile high.
The first extensive use of the free-piston gage was by Amagat
(1). 3 The basic form and two modifications are in current use.
They are illustrated in Figs. 1, 2, and 3.
Simple Piston Gage. The most familiar form of piston gage is
shown in Fig. 1. It is a fitted piston-and-cylinder arrangement
with means to apply known weights on the piston. The piston
is rotated or oscillated to reduce friction. When the pressure
applied to the piston develops a force sufficient to support the
dead weights, they will be lifted. The weights may be placed on
top of the piston or be suspended below it by a yoke. The
weights may rotate with the piston or the piston may be rotated
or oscillated independently of the weights. It is necessary for
some fluid to leak past the piston for lubrication. The leak
should be kept small to provide sufficient floating time to establish equilibrium and to make the required observations. This
is particularly important at high pressure.
Differential Piston. Professor Michels (2) of Holland has designed a sensitive piston gage for high pressure, Fig. 2. It is a
series of two differential-area pistons both carrying dead weights.
The first piston (A) is suitable to pressures of 3000 kg/cm 2 ( 43,000
psi).
When its output is piped to the upper side of the second piston
(B), the force developed is additive to the dead-weight load.
The second piston makes the unit suitable to 10,000 kg/cm 2
(142,000 psi). Leakage is controlled by an interference fit between piston and cylinder. At high pressure the piston becomes
free to rotate. The use of similar pistons of various sizes permits measurements over a wide range.
Re-entrant Cylinder. Professor Bridgman (3), early in his work
developed a free-piston gage with re-entrant cylinder, Fig. 3.
The bottom tip portion of the piston (p) and outside surface of
cylinder (C) are subjected to the measured pressure. The bore
of the re-entrant cylinder (C) grows smaller as pressure increases,
regardless of the wall ratio (W = OD/ID). Since the clearance
between the piston and cylinder diminishes with increasing pressure, and the leakage is reasonably small, the upper limit of the
range is determined by the initial clearance. The initial clear3 Numbers in parentheses refer to the Bibliography at the end of
the paper.
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SIMPLE PISTON GAGE
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C, Cylinder
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PISTON GAGE WITH RE-ENTRANT CYLINDER
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a, Piston

A, Low-pressure section B, High-pressure section
FIG.
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DIFFERENTIAL-AREA PISTON GAGE

ance was chosen so that the crevice closed completely at approximately 210,000 psi, and the instrument was used to approximately 190,000 psi to a precision of approximately 0.1
per cent. The fluid used was a mixture of glucose, glycerin, and
water.
The literature abounds with descriptions of instruments which
are variations of the basic concept of the simple piston gage.
Mostly, they are clever arrangements to allow the operator to
handle small weights. It is probably fair to say that uncertainties are built into the devices in proportion to the departure
from the simply loaded piston.
CONTROLLED-CLEARANCE PISTON GAGE

The clearance between the cylinder and piston must be kept
small if the piston gage is to be useful on the score of (a) knowledge of the effective area, (b) high sensitivity, (c) manageable
leakage of the fluid past the piston. The large elastic distortions, particularly in the cylinder, have set severe limitations on
the useful range.
The controlled-clearance piston gage, Fig. 4, permits a size
adjustment of the cylinder bore to the desired clearance. The
measuring piston (a) is contained in a jacketed cylinder (b).
An independent pressure is used between the jacketed and
jacketing cylinder (c) to deform the jacketed cylinder to the
desired clearance. The pressure in the jacketing cylinder is
sealed off by Bridgman unsupported area rings (d) whose initial
seal is accomplished by a mechanical load from nut (e).
The relation between the pressure P J required in the jacketing
cylinder and the pressure PM being measured is expressed approximately by

b, Cylinder
c, Jacketing cylinder
FIG.

4

d, Packing rings
e, Closing nut

CONTROLLED-CLEARANCE PISTON GAGE

in which K is the pressure required to close the crevice at zero
internal pressure. The value of L depends on the position of the
ring of minimum clearance. If the ring is near the top of
the cylinder, L will be about 0.7; if away from either end, the preferred condition, L will be about 0.35. Depending on the initial
clearance, the jacketing pressure can be either greater or less
than the pressure being measured. The jacketed cylinder and
piston are disposed in the design so that the seal between them will
be accomplished sufficiently far from the ends of the piston to
avoid local distortions which result from end effects. To avoid
end effect further, the jacket cylinder is "bellmouthed" at both
ends of its bore.
The free-falling time is controlled readily by minor adjustments of jacket pressure. If the close clearance is maintained,
the effect of the distortion of the cylinder is eliminated. It will be
shown later that this is a notable improvement since in other designs the elastic distortion of the cylinder is one order greater
than the distortion of the piston. A still further improvement
probably will result from the use of carboloy pistons. Otherwise
the apparatus is more elaborate than unique. The elaborations
take advantage of well-known design points with a view to
maintaining accuracy and precision, and to securing ease in
manipulation.
The dead-weight system, Fig. 5, is patterned after the 10,100-lb
dead-weight system in the Engineering Mechanics Section at the
National Bureau of Standards (4). The dead weights themselves
(f) are made of austenitic stainless steel for long-time stability
and freedom from oxidation, corrosion, and magnetism. The
loading system has 1000 lb of dead weight, consisting of nine
100-lb platters held in a chain suspension attached to the yoke
(g). The weights are lifted on and off the suspension by the
power cylinder (h) on the base. Smaller 10 and 5-lb weights (i)
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are provided for hand-loading on the yoke. The piston is rotated either clockwise or counterclockwise by means of a pulley
(j) and motor arrangement to eliminate the corkscrew effect.
It is patterned after that described by Meyers and Jessup (5).
The yoke suspension rods (k) are insulated electrically from the
upper cross rail (1). Thus, by electrical sensing, there is assurance that the weights supported by the piston are free of other
parts.
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and the cylinder. This is true for any clearance and for fluid of
any viscosity. If, because of other volume changes in the system,
the piston is falling at any other rate, of the same order of magnitude, the effective area will be changed by an amount of the
order of the square of the clearance distance.
Elastic Distortions. The following formulas may be found
with the assistance of standard texts on elasticity (7):
The change /1d in the diameter d, in a solid piston subjected to
end pressure P and surrounded by pressure P, (Pis the pressure
being measured and P, the pressure in the crevice) is given by

!1d

vP

P,

d

E

E

-=~+-(v-1) ...............

[1]

where vis Poisson's ratio and E is Young's modulus.
The change !1a in the bore radius a of a hollow cylinder of outside radius b = wa, where Po is the pressure on the outside, P a is
the pressure on the inside, and P • is the pressure on the end face, is
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f, Large dead weights of 100 lb each
i, Small dead weights
g, k, l, Yoke suspension
of 5 and 10 lh
j, Pulley for rotating
h, Power cylinder to load large
dead weights
piston
FIG. 5 LoADING MAcHINE FOR CoNTROLLED-CLEARANCE PISTON
GAGE

The measuring piston and cylinder are so arranged that they
may be removed readily and interchanged with similar components for other ranges. The cost of the piston assemblies is on the
order of 3 per cent of the total cost of the instrument, while the
piston itself represents only a fraction of 1 per cent of the total
cost of the instrument. The change-over from one piston size to
another is done readily with hand tools.
ERRORS OF A PISTON GAGE

Definitions. A pressure is a force per unit area. A force of 1
lb will be defined as that which will accelerate a mass of 1 lb at
the normal acceleration of gravity, 980.665 em/sec' or 32.174
ft/sec.' The U. S. pound is defined as the 0.4535924277 part
of the international kilogram. The U. S. standard inch is defined
as 100/3937 international meters (6).
To obtain the pressures as so defined, the indications of a practical dead-weight piston gage are subject to a number of corrections. The more important of these, which will be of concern
to those who hope to measure a pressure to a part in a thousand,
will be discussed in some detail. Some of these errors can be
evaluated and corrections applied, but in every case there will
remain some residual uncertainty which may or may not be
important.
Effective Area. The effective area of a piston gage is the mean of
the area of the cylinder and that of the piston, provided the piston
is concentric with the cylinder and falling at a rate at which the
volume displaced by the piston is equal to the leak between it

In the piston gage the pressure varies along the length of the
crevice between piston and cylinder. At the bottom it equals
the pressure being measured; at the top it falls to zero. The fall
of pressure probably will be concentrated in a small portion of the
length. The effective pressure in the crevice, to be used in calculating the distortion, will depend on the location of the region
of falling pressure. If this region is at the bottom of the piston,
the effective pressure will be small. If it is at the top, so that the
crevice is filled with liquid at high pressure, then the effective
pressure may be nearly as high as that being measured.
Small variations in dimensions may have a great effect on the
position of the pressure drop. (It is even possible that the position
may be a function of pressure.) The variations may occur because of the design, because of irregularities in machining, or
because of distortions in use. For example, when a piezoelectric
gage is calibrated by a sudden release of pressure, the piston of a
gage connected to the system will drop violently. If it is stopped
at the blind end of a cylinder it may mushroom slightly, Fig.
6(a ). If it is stopped by contact with the open end of the cylinder,
the latter may develop a burr, Fig. 6(b ). Therefore it can be
said with certainty, only that the effective pressure in the crevice
is less than the pressure measured. The distortions of the piston
and cylinder may be calculated on the basis of an effective pressure in the crevice which is the mean between that at the two
ends, provided that the fall of pressure takes place in a region remote from the ends of the piston, and of the bore of the cylinder.
"Remote" can be taken as one diameter in the case of the piston,
and three bore diameters for the cylinder.
Piston. Case 1: vVhen the pressure in the crevice is one half
the pressure being measured, we have the following change !1A
in the area A using Equation [1], a value of 0.28 for Poisson's
ratio and 30 X 106 psi for Young's modulus

!1A

'A

2!1d
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T

P
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· ·· · ·· ·· · ·· ···
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At 200,000 psi this amounts to -0.11 per cent.
Case 2: If the fall of pressure is at the top of the piston and
occurs over a length which is small compared to the diameter,
P, = p
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A
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d
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............... [4]
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At 200,000 psi this amounts to -0.8 per cent.
The change in effective area of the piston gage (piston Case 1) is
.1A

A

Ad

=

.1a

d + --;;

=

-2. 28P
10s . · · · · · · · · · · · · [9 ]

At 200,000 psi this amounts to ---0.46 per cent.
Controlled-Clearance Piston. In this instrument the dimensions
of the cylinder change with those of the piston. The piston extends outside the section of close clearance with the cylinder by
several diameters, so that the conditions for using the mean value
of the pressure in the cylinder are satisfied, Fig. 6(d). Therefore
the elastic distortion is that of the piston alone. For steel with
v = 0.28 and E = 30 X 10 6 psi, the change in area is

(a.)

ET 'PT?cSSIJIU

.1A

A

0.53P
10s

...... [10]

At 200,000 psi this amounts to -0.11 per cent.
For carboloy, with v = 0.22 and E = 88 X 10 6 psi
.1A
(b)
FIG. 6

A

(d)

PRESSURE DISTRIBUTION IN PISTON GAGES

(a, Piston and cylinder at low pressure; b, piston and cylinder at high pressure; c, piston at low pressure, cylinder at high pressure; d, top of piston
at low pressure, bottom at high pressure. Cylinder controlled to fit piston.)

At 200,000 psi this amounts to ---0.58 per cent.
Case 3: If the fall of the pressure is at the bottom of the piston
P, = 0
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At 200,000 psi this amounts to +0.38 per cent.
Piston Gage, Simple CylindeT, and Piston. Here the cylinder is
subjected only to the pressure in the crevice. Equation [2] is
applicable, with the terms
Po

= 0, P. = 0, and P.

p

=

P,

=

2

For a wall ratio W = 3
The change in area
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A

a
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At 200,000 psi this amounts to + 1.02 per cent.
The change in effective area of the gage will be the mean of the
changes in the cylinder and piston (Case 1) or
LlAeff
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At 200,000 psi this amounts to +0.46 per cent.
If the piston is expanded at the lower tip (Case 3), in a blind
cylinder, Fig. 6(a), the distortion at 200,000 psi might vary from
+0.19 per cent at the bottom of the stroke, to +0.70 per cent
when the tip of the piston has risen several bore diameters away
from the end of the cylinder, Fig. 6(c).
Piston Gage With Re-entrant CylindeT. The end face and outside
of the re-entrant cylinder are subjected to the pressure measured
so that P. =Po= P. If P. = P/2 the distortion ~A/A of the
cylinder of wall ratio 3 is
.1A

A

-4.02P
2Aa
= - - - ............... [8]
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At 200,000 psi this amounts to -0.08 per cent.
Measurement of Area. In the size range used in pressure gages,
the piston diameters can be measured to 10 microinches or a little
less. The corresponding uncertainties in the measured error are
given in Table 1.
TABLE 1

EFFECT OF A 10-:MICROINCH ERROR IN DIAMETER

Nominal
area, sqin .
1/200
1/100
1/50
1/20
1/10
1/5
1/2

Approximate
diameter, in.
0.0798
0.1128
0.1596
0.2523
0.3568
0.5046
0. 7979

Error in area,
per cent
0.025
0.018
0.012
0.008
0.006
0.004
0.0025

The gain in accuracy by increasing the size of the piston is
somewhat more than that shown in the table since more precise
methods of measurement are available for the largest size.
JJ!f.easurement of Mass. The weights should be of the materials
and quality required for the better commercial-scale weights.
The material should be nonporous, corrosion and wear resistant,
nonmagnetic. Weights usually are adjusted by the manufacturer to about 0.01 per cent. They can be calibrated to 0.001
per cent. In precise work, these corrections should be applied.
Gravity. The readings of Bourdon-tube pressure gages, manganin-wire gages, and such phenomena as elasticities, viscosities,
phase changes, and chemical reactions, are functions of the
absolute pressure. They are not sensibly affected by the local
value of gravity. The pressure measured by a piston gage loaded
with a particular set of dead weights is proportional to the local
value of gravity. The convention here used is that the readings
of elastic and dead-weight pressure gages should correspond when
the dead weights are acted upon by gravity at the standard value
of 980.665 cm/sec 2 •
In the southern part of the United States, the value of gravity
will be more than 0.1 per cent smaller than the standard value.
In Canada and the northern part of the United States the local
value will be higher.
If the latitude cf> and the elevation h in feet above sea level are
known, the gravity correction C" will be given approximately by

C0

=

-R (0.00261 cos 2 cf> +0.000000095 h + 0.00006)

where R is the reading of the piston gage.
This correction usually will compensate for gravitational
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variation with an error of Jess than 0.005 per cent in any part of
the United States.
For example: At Boulder, Colo., the reading on a piston gage,
before gravity correction, was 101,200 psi. The latitude was
40°01' (sin 80°02' = +0.1730) the elevation 5350 ft

C0

=

-101,200 (0.00261 X 0.1730 + 0.000000095 X 5350
+0.00006)

=

-101,200 (0.00102)

=

-103

so that the corrected pressure = 101,200 -103 = 101,097 psi.
In this case had the value observed at this location by the
U. S. Coast and Geodetic Survey been used, the corrected pressure would have been 101,091 psi. This difference of 6 psi is
reasonable, since the errors in the formula are largest in mountainous country.
Air Buoyancy. The mass of the piston anJ loading weights is
determined on the ordinary commercial basis, i.e., by weighing
in air, on an equal-arm balance, against standard brass weights
(density 8.4 grams per cc ). In precise work, the mass of the load
on the piston should be reduced by an amount equal to the mass
of the air displaced by the weights.
The density of air at room temperature and sea-level pressure
is about 0.0012 gram per cc; and the mass under these conditions will be reduced by 1 part in 7000.
Temperature. The effective area of a carbon-steel piston and
cylinder may be e:\.1Jected to increase about 13 ppm per deg F
temperature rise; for a stainless-steel piston and cylinder the increase in area will be about 18 ppm per deg F.
The temperature of the piston is somewhat higher than that
of the surroundings because of the dissipation of energy in the
fluid escaping between the piston and cylinder. The temperature
rise in the piston is difficult to estimate because of the uncertainty in the thermal transfer between the piston and the exterior. Since the dissipated energy is proportional to the rate
of leak, measurements can be made at various rates, and an
extrapolation made to zero leak.
Aging. Over a period of years the dimensions of the piston and
cylinder may change by as much as 1 part in 1000 because of
aging effects. \Vear also will change the dimensions, and is
likely to result in irregular performance. Extreme precautions
to keep grit out of the fluid are required. The dead weights may
Jose weight from wear, or may gain weight by oxidation or collection of dirt.
Height and Piston-Buoyancy Corrections. It usually happens
that the gage being tested, or the point at which the pressure is
to be measured, is not at the same level as the lower end of the
piston. Therefore conection should be made for the pressure
difference due to the head of oil between these points. The correction is negative when the gage is above the piston. \Vhen oil is
used in the piston gage, the correction will be approximately 0.03
psi for each inch difference in level.
When the submerged part of the piston is of uniform cross
section, the pressure measured is that at the level of the lower
end of the piston. In some designs the piston is enlarged to provide a stop for its upward motion or to give increased strength.
If these enlargements are submerged in liquid, the weight of the
fluid displaced by the enlargement should be subtracted from the
dead-weight load.
·with some designs it is not possible to observe tho liquid level,
and therefore not possible to determine the submerged volume.
In such a case it is necessary to determine the buoyancy correction by test. It will usually be less than a pound per square inch.
Pressure Drops in Lines. ·whenever possible, the piston gage
should be connected into a leak-tight system, with tubing of the
largest bore consistent with strength and safety, in order to
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avoid pressmc drops in the lines. If this is impossible, the layout of tubing should be such that the piston gage is connected
to the test vessel with a line through which the least possible
flow of fluid occurs.
Friction. If the piston and cylinder come into contact, or if
any part of the dead weight touches the supporting frame, sliding
friction will introduce uncertainties. A film of fluid between
piston and cylinder is usually maintained by rotation or oscillation. With rotation there is the possibility of a corkscrew effect,
an axial thrust produced by helical irregularities on the surface
of the piston and cylinder. Observations should be repeated
with the piston rotating in the opposite direction. If the hydraulic fluid is a good lubricant and has a suitable viscosity, a
film can be maintained with either rotation or oscillation. A
lubricating film can be maintained with a fluid of very low viscosity (even air) provided the piston is rotated above a critical
speed. This speed depends on the fluid, the symmetry of loading,
and the clearances, etc. It must be determined experimentally
for each instrument.
lNTERCOMPARISON TECHNIQUES

Since the percentage accuracy of the measurements of the
diameter is better for a large piston than for a small one, the intercomparison of piston gages of differing ranges provides an opportunity of improving the accuracy of the latter. In addition,
there is the opportunity of averaging out some of the effects of
varying properties of the materials of the piston, and of picking up
possible mistakes in measurements.
In an intercomparison by cross floating, two piston gages are
connected together and to a common pressure generator, such
as the intensifier, of suitable range and capacity. Either piston
gage can be isolated by means of valves in the connecting tubing.
A telescope with an eyepiece scale or the equivalent, is set up to
observe the position of one of the pistons in its range of motion.
At the selected pressure, the rate of fall of each piston is observed
with the gage isolated. The two gages are connected together
and one of the loads adjusted by adding small weights until both
pistons fall at approximately the same rate as when isolated.
An exact balance is usually not obtained, but by observing rates
of fall at various loads, an interpolation can be made to the load
for which the rates of fall would be the same with the gages connected as when they arc isolated.
By having one of the pistons fall repeatedly over the same
interval, while the other falls through various parts of its range
it is possible to observe small variations in diameter. By this
method a commercial piston gage with a simple cylinder was
ascertained to have an effective area constant over its length to
within 1 part in 50,000. Since the diameter of this piston was
about 0.16 in., it must have been uniform to 1.6 microinch or
better.
This particular observation happened to have been made at a
pressure of about 1000 psi. \Vhen the same kind of comparison
was attempted at 5000 psi, the rate of fall was so much greater
that the comparison was quite unsatisfactory. The enormous
change in sensitivity was caused by an increase in the bore of the
cylinder estimated to be only about 8 microinches.
CALIBRATION AGAINST A MERCURY CoLuMN

An alternative primary standard is the mercury column.
Headings on it are also subject to a large number of corrections,
most of which are counterparts of those for the piston gage.
The reader may refer to Glazebrook (8) or Meyers and Jessup (5)
for a discussion of them. The latter authors set up a 150-psi
mercury column, with an accuracy of 0.01 per cent, compared
it with piston gages of 0.01 per cent accuracy, and had agreement
within 0.01 per cent at pressures up to 1050 psi. They set up a
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pressure on one piston gage, added the pressure measured by the
mercury column, and compared the sum with the pressure on a
second piston gage. The pressure measured by the mercury
column was then added to that on the second gage and compared
with a new pressure set up on the first. The process was continued until the glass tubing broke. Keyes (9) has carried a
similar procedure up to pressures as high as 15,000 psi.
While this method is quite satisfactory at low pressures, the
accuracy falls off rapidly at higher pressures. For example,
suppose that a 150-psi mercury column is used to calibrate a pair
of 30,000-psi piston gages, which have a sensitivity of 1 ppm of
their range or 0.03 psi. Then each 150-psi step in this comparison
can be done to 0.03 psi, or 1 part in 5000. But the area of a piston
good enough to attain this sensitivity probably can be measured
to better than 1 part in 10,000.
The small distortion of the cylinder or piston in the 150-psi step
of pressure gives rise to just as large a correction, in relation to the
150 psi, as the larger distortion under 30,000 psi is with respect to
the 30,000-psi range of the instrument.
A satisfactory comparison with a mercury column will give the
user of the piston gage the valuable assurance that he has not
overlooked some large systematic error in the latter. But a
calibration of a piston gage against a mercury column cannot be
regarded as inherently better than a standardization by direct
measurement on piston and weights.
FIXED PoiNTs oN THE PRESSURE ScALE
Primary pressure standards are not portable. In order to attain
an over-all accuracy of 1 part in 10,000, attention must be paid
to a great many factors. As a result, although the mercury
column or piston gage is simple in principle, it will be surrounded
by so many auxiliaries that its bulk will be large in the aggregate.
To tear it up by the roots and send it to another laboratory for a
calibration is a formidable task. Even if all this were done,
there would be no assurance that essential parts would endure the
hazards of shipment. There is a real need for a means of calibration that can be put in a suitcase, or even better, sent by fir~t
class mail.
One solution to this problem is a set of experiments which can
be repeated at any laboratory and will reproduce definite pressures. In some cases a suitable transfer instrument and a set of
fixed-pressure points would replace the primary standard. The
analogous situation exists in the field of temperature measurement. The platinum-resistance thermometer and four fixedtemperature points define the temperature scale over a range of
600 C to the satisfaction of most users.
The fixed-pressure points may be based on changes of state or
polymorphic transformations which should satisfy the following
conditions:
1 The substances involved should be obtainable in a pure
state.
2 The transition should take place at a sharply defined pressure, with no range of indifference.
3 There should be a large volume change, or other effect, for
ready identification.
4 The reaction should run rapidly.
5 The dependence of the pressure on temperature or other
possible parameters should be slight.
6 It should be possible to contain the substances so as not to
damage the pressure vessel.
Triple points are particularly suitable since they are unique in
both temperature and pressure, provided all three phases are
present. In a two-phase system a volume change is associated
with a thermal change, and time is required to approach equilibrium. At a triple point, adjustments among all the components
take care of thermal and volume changes simultaneously.
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Bridgman's value of the freezing pressure of mercury at 0 C,
7640 kg/cm 2 (108,660 psi), has been used by a number of observers. Occasionally a higher temperature has been used when a
higher pressure was required. The temperature coefficient of the
melting pressure is about 3000 psi per deg C, so that accurate
temperature measurements and precise control are required.
These are much easier at 0 C, where an ice bath can be used.
In his work at the high pressures Bridgman has used the bismuth I-II transition at about 360,000 psi for the calibration of
his manganin-VIrire pressure cells.
The four triple points between liquid water and various ices
appear to be promising. These are L-I-III at about 30,000 psi;
L-III-V near 50,000 psi; L-V-VI near 90,000 psi, L-VI-VII near
320,000 psi. Between these points the melting-point pressure at
various temperatures can be used. The Geophysical Laboratory
of the Carnegie Foundation (10) is reporting its pressure measurements on the basis of a value of 9630 bars (139,670 psi) for the
freezing pressure of water at 30 C, with the expectation of adjustment if a better determination should change that value.
Professor Bridgman measured pressures at the phase changes of
water and of mercury in 1912. Since then, in so far as is known,
there has not been an independent determination. Rather,
the value reported by him has been used without question.
While the Bridgman values were sufficiently accurate for his
pioneering work, a vast amount of data reported with greater
accuracy than that claimed by Bridgman are still dependent on
his value. This is not as serious as it might seem at first glance.
Bridgman's value should stand until an independent determination has been made. with the improved tools of the present day.
Quantitative work reported prior to the publication of the new
value will have to be corrected when correlated to subsequent
work-should a correction for Bridgman's value be indicated.
MERCURY-POINT DETERMINATION
In order to test the possibilities of the controlled-clearance
piston gage, and to get the "feel" of the experiment, a determination was made of the melting pressure of mercury at 0 C. Use
was made of a transfer gage, at first a manganin-wire pressure
cell, and for the final runs, a gold-chromium-wire pressure cell.
The determination can be broken into three steps as follows:
(a) Measurement of melting pressure of mercury in terms of
transfer instruments.
(b) Calibration of transfer instruments in terms of piston gage.
(c) Direct measurement of area of piston and mass of deadweight load.

JYiercury-Point Comparisons. The apparatus found to be
convenient was arranged as shown schematically in Fig. 7. Two
laboratory-type intensifiers were used. The intensifiers were
driven and charged by hand-operated 10,000-psi pumps. White
gasoline was the high-pressure fluid used. Kerosene had been
found unsuitable in an earlier experiment. The upper side of the
low-pressure piston of the intensifier A (normally vented to the
air), was filled with a liquid and connected to a sight glass to
indicate the piston displacement, and hence the changes in volume. With a 1 / 8-in-bore sight glass, the displacement of the
column was 360 times that of the piston.
The mercury bomb was a simple high-pressure vessel with a
cavity 1 in. diam and approximately 3 in. long. Freshly distilled
mercury was sealed in a polyethylene sack and placed in the bomb
cavity.
A gold-chromium resistance element, subjected to the high
pressure, was used as a transfer device. The gold-chromium
resistance was part of a 120-ohm equal-arm bridge. The other
arms were in a bath at room temperature, close to the pressure
cell. The bridge was driven by alternating current at 1000 cps,
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50 milliamp total current. One arm of the bridge was shunted
by an adjustable resistance box. An a-c null indicator was used
to detect balance. The sensitivity of the indicator was adequate to detect changes in the resistance of the gold-chromium
wire of 1 part in 107• A duplicate bridge in a temperature-controlled bath was used to correct for drift in the null indicator.
The drift during a run was not more than 1 part in 106•
The system was charged to about 10,000 psi by a hand pump.
This pressure was held in the system by a check valve when the
hand pump was removed. The piston of intensifier (B) was then
advanced to the end of its stroke raising the pressure to about
90,000 psi. Another check valve held the pressure in the rest
of the system after the pressure in intensifier (B) was released.
During the rest of the experiment the pressure was raised by
advancing the piston of intensifier (A). The movement of the
piston of this intensifier was followed in the sight glasses.
If the volume is plotted against pressure, at constant temperature, there is obtained a nearly straight line A-B, Fig. 8, representing the compression of the liquid, a horizontal straight line
B-C, representing the change in volume at constant pressure of
the mixture of liquid and solid, and the nearly straight line C-D
representing the compression of the solid. This is under isothermal conditions, which are never realized by the experimenter.
When the specimen is compressed, it is heated, and is therefore at a pressure which is a little high. If only one phase is
present, either liquid or solid, the approach to equilibrium is
nearly completed after 5 min. \Vith both phases present, the
latent heat of the phase change is large, and a relatively long
time is required for the system to come to equilibrium as this
heat is transferred to the bath.
In these measurements the pressure is increased in steps of
about 5000 psi, and the piston held stationary at each step for 5
min. As long as only liquid mercury is present, the pressure
drops back slightly and stabilizes during each hold period, A to B,
Fig. 8. When solid mercury makes its appearance, the pressure
drops back farther in the 5-min period and the curve drops off,

A-B-Liquid phase only
C-D-Solid phase only
B-C-Liquid and solid phases present at 0 C
A-B-E-G-D-Mercury compressed in steps; specimen heated by
freezing
D-C-F-A-Mercury expanded in steps; specimen cooled by melting
H, !-Approaches to equilibrium with both phases present
FIG.

8

IDENTIFICATION OF FREEZING PRESSURE OF MERCURY BY
VoLUME CHANGE

as at E. When the all-solid line C-D is reached, there is an abrupt
transition to the quick equilibrium condition, and on further compression, the curve resembles A-B.
On expansion, a zig-zag line D-C-F-A would be described. If at
the point G, the volume were held constant the pressure would
settle out toward the equilibrium point. The time of several
hours required for a close approach to equilibrium may exceed
the experimenter's patience. A quicker way is to juggle pressures
so as to start close to the expected asymptote, as at H or I.
Then the equilibrium pressure can be approached from both sides,
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Approach to equilibrium after expansion; one phase present
Pressure change immediately after expansion; both phases
present
Approach to equilibrium after compression; both phases present
Approach to equilibrium after expansion; both phases present

FIG. 9

DETER:YIINATION OF MERCURY FREEZING PRESSURE;
SURE-TIME RELATIONS

PRES-

the expansion of the fluid under the leak, and that associated
with the change in volume due to the phase change. When
the pressure is falling rapidly, as at the beginning of curve
(c), the mercury is freezing, the sample is warmer than its
surroundings and is giving up heat to the pressure vessel. When
the pressure is falling very slowly, the fluids are expanding very
slowly, and most of the leak is supplied by the expansion which
results from melting of the sample. The sample then will be
absorbing heat from the pressure vessel and will be a little cooler.
At the point of (c) where the slope is the same as that of the leak
curve, the sample is neither melting nor freezing and its temperature is the same as that of its surroundings. The difference
between the pressure at this point and that at the asymptote is
approximately the leak conection.
An alternative and equivalent estimate of the effect of leak is
obtained by multiplying the rate of leak from curve (a) by the
time constant of the decay of pressure in curve (c) or (d).
Calibration of Transfer Instrument. The anangement of apparatus used in calibrating the gold-chromium pressure cell is
shown in Fig. 10. A pressure was generated by intensifier (A),
and admitted to the controlled-clearance piston gage (B). This
pressme was indicated on the gold-chromium pressure cell (C)
with the same bridge and null indicator used in the observations
on the mercury point. The jacketing cylinder of the piston gage
was subjected to pressures generated by intensifier (D) and measured by a manganin cell (E) which was part of a Wheatstone
bridge of the strain-indicator type.
A de11d-weight load was set up on the piston gage, the pressure
raised until the piston was 11t the top of its travel. While the
piston fell through its range (1/8-in.) observ11tions were m11de on
the pressure under the piston with the gold-chromium cell,
on the jacketing pressure with the manganin cell, and on the
time of fall. The jacketing pressure was adjusted until the rate
of fall was about 30 sec. Readings were made at the top and
the bottom of the travel. The dead-weight load on the piston
was increased in 20-lb steps until the pressure used in the mercury-point me11surements had been exceeded. The load corresponding to the mercury point was obtained by interpolation between calibration points on the b11sis of the resistance change in
the gold-chromium cell.
1\:Ieasurement of Piston and Dead Weights. The 20-lb weights

the decay being followed only long enough to predict the position
of the asymptote. This should be repeated at several points
along the line B-C, including one point close to C. If the mercury
is impure, the corner at C will not be sharp, as in the dotted line.
In addition to the plot of pressure (or what is
more convenient, readings on the transfer gage)
against volume, it is also desirable to plot pressure
3'ACI(ETED "PISfcN
against time. In Fig. 9 are such curves. In (a)
/tf'IQ CYLJND£~
(B)
only liquid is present, and the decay is rapid.
This is a leak check showing a loss of about 3 psi
per min after disappearance of the initial transient
following an expansion; (b) was taken near (F)
with both phases present; (c) and (d) were taken
at (H) and (I) and define the melting pressure as
their common asymptote.
It is desirable that the system be absolutely
tight. If the leak in, say, 30 min cannot be detected by the pressure-measuring means when only
one phase is present, its effect may be neglected.
If it is perceptible but small, its effect can be
DE;iD vV£16HT TESTER
estimated and a correction applied.
From a curve such as (a), Fig. 9, with only one
phase present, the leak in psi per minute may be
estimated. The flow through the leak is supplied
by the expansion of the fluids, mostly gasoline,
and the contraction of the pressure vessel under
this pressure change. The fall of pressure with
both phases present, as (c) Fig. 9, can be divided
into two parts, the pressure drop associated with
FIG. 10 CALIBRATION
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had been adjusted by the Massachusetts State Sealer of Weights
and Measures to within 0.001 lb of their nominal mass. The
yoke, weight hanger, piston, and so on, were weighed to an accuracy of about 0.001 lb.
The piston was measured by the Gage Section of the National
Bureau of Standards with an accuracy of about ±0.00002 in.
Results. The results of the measurement and the estimates of
the various errors are summarized in Table 2. The errors characteristic of piston gages, in general, have already been discussed
at length.
TABLE 2

SUMMARY OF RESULTS

Weights: 268.73 lb
Area:
0. 0024446 sq in.
Pressure uncorrected: 109,930 psi
Correction,
psi
Zero shifts, in mercury-point runs. . ............ .
Zero shifts, in piston-gage runs . ................ .
Correction for leakage . ......................... .
Piston measurement, ±0.00002 in .. ............. .
Piston taper, 0.00003 in.. .
. . ........... .
Residual clearance, 0.000010 to 0.000020 in ....... .
Elastic distortion ........ ...................... .
Temperature of piston ... ...................... .
Weight measurement .......................... .
Buoyant effect of air on weights . ................ .
Gravity at Foxboro ................... .
Temperature of ice bath, ±0.02 C .............. .
Conduction down tubing . ..... .
Total correction. . . . . . . . . . . . . . .
. .......... .
Corrected pressure . .......................... .

+

20

-30
65
-25

+

- 15
-35
-150
-170
109760

Residual
error, psi
"F 65
±215
±10
± 80
±120
±10
± 10
± 15
± 10

± 5
± 60
±150
±750

The mass load on the piston gage at the pressure for which the
resistance change was the same as that observed in the mercury
fixed-point runs was obtained by interpolation between observations in the piston-gage runs. The area was the average in the
upper 1 / 4 in. of the pi8ton, based on direct measurement. The
uncorrected pressure is the mass load divided by the area.
There were differences in zero before and after the mercurypoint and the piston-gage runs. The two zero readings were
averaged, on the assumption of equal changes during increase and
decrease.
The system was found to be losing pressure at a rate of about 2
psi per min when only liquid was present. This rate was multiplied by the 10-sec time constant of the approach to equilibrium
conditions when both phases were present.
The residual clearanre between piston and cylinder was estimated from the leakage rate, including the effect of the expansion
of the fluid under the pressure change during the fall of the piston,
and assuming that the drop in pressure occurred in 1/10 in. of
length of the piston.
The elastic distortion of the steel piston 'vas calculated from
Equation [10].
The value of gravity was interpolated from Coast and Geodetic
Survey data at points within 10 miles of Foxboro, Mass., where
the experiment was conducted.
The temperature of an ice bath, using good commercial ice,
usually can be expected to be 0.00 ± 0.02 C. Several measurements of samples during these tests fell within this range.
The conduction of heat down the pipe to the mercury cell would
raise the temperature of the latter by an amount estimated not to
exceed 0.1 C.
A difference between pressures at the upper and lower limits
of travel of the piston was observed. This was found to be
caused by a taper in the piston which developed when the piston
had been scored in previous tests. (This taper of 0.00012 in. in
1 / 2 in. of length was 10 to 100 times that which would be tolerated in a new piston.) The ratio of 0.7 between change of jacket
pressure and change of measured pressure indicated that the line
of contact between piston and cylinder was near the top. The
area of the piston was computed on the diameter of 0.05579 ±
0.00002 in. measured 1 / 8 in. from the top. An additional uncer-
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tainty in area was taken as that corresponding to the taper in
1 / 8 in. of length.
Additional possible errors, not evaluated, include those resulting from possible changes in the resistance in the gold-chromium wire which were not reflected in the zero shift. This alloy
is a new one for pressure measurement, and very little experience has been accumulated. In particular, little or nothing is
known as to the proper pressure-seasoning treatment. (This
particular element had been subjected to two applications of
pressure to 140,000 psi.)
Difficulties Encountered. A number of mechanical difficulties
resulted from the escape of mercury from its container in an
early experiment. A small quantity got into other parts of the
system, and amalgamated ,,-ith brass packing rings, the heads of
pistons, and the like. Numerous failures of these parts resulted.
No autofrettaged cylinders failed. It was found that a polyethylene bag was tough and flexible enough to hold the mercury.
Wberever possible, the inlets to pressure cells, intensifiers, and
the like, should be at the bottom, and the inlet to the mercury
bomb at the top, and the tubing arranged so that escaped mercury droplets will drain to the mercury bomb.
In the manganin and gold-chromium cells the packing used
for the insulated electrical lead included a plastic which softened
in contact with kerosene or gasoline, and was responsible for a
progressively increasing electrical leakage. This was serious
since one corner of the 'Vheatstone bridge is grounded, and a
leakage through 100 megohms will produce a significant error.
Other packing materials are being tried.
CoNCLUSIONS

The measurements of the melting pressure of mercury were
of value in trying out new equipment in the high-pressure field
and in pointing out the direction of future improvements in
technique and apparatus.
The controlled-clearance piston gage was used at pressures as
high as 120,000 psi, with no indication that the limit of its range
was being approached. (The pressures to which this instrument was used were limited by fittings rated at 100,000 psi.)
Adequate floating times for the measurements were obtained.
Indications were that clearances could be held to a few microinches, provided the surfaces of the piston and cylinder were
that good. The small clearances make necessary precautions to
eliminate abrasive particles in the working fluid. The use of
carboloy pistons may be indicated from considerations of wear.
The gold-chromium pressure cell seemed promising. The
time required to reach constant readings seemed somewhat
shorter than for manganin. The very small temperature coefficient should be valuable. The elastic defects of hysteresis,
drift, and after-effect, required further study since they were
obscured by the electrical leakages in other parts of the bridge.
These measurements give a value 1 per cent higher than obtained by Bridgman for the melting pressure of mercury. This
difference is not serious in view of the rather large experimental
error of ±0.7 per cent due to identifiable sources.
The largest errors can be reduced substantially in future work.
A better choice of the insulating material in the electrical leads
should reduce the troubles with zero shift. An unworn piston
would have variations in diameter less than a tenth as great as
those in the one used. The temperature of the mercury sample
can be measured directly.
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