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Preface

The extent of experimentation with high pressures has become so
great that it appears timely to publish a book in this field. The author,
D. S. Tsiklis, is already known to persons working with high pressures as
a sound reviewer and compiler, as from Bridgman's mention of him in
"Physics of High Pressures," Bell & Co., 1949. The present book offers a
wide scope of comparison of equipment and procedures used with high pres-
sures. The original application of topics was to physics and chemistry, but
it can be seen that the text material is equally useful in earth sciences and
engineering. Some of the fields to which the subject matter is being ap-
plied are:

Synthesis of new phases under high pressures

Chemical reactions under high pressures

Measurements of physical properties of materials under high pressures
Rock mechanics

Metalworking under high pressures

Mechanical design associated with high pressures

It is believed that this book will serve as a sound general basis for
experimentation with high pressure for many years.

The references in the book are up to date (1965) and large in num-
ber. The illustrations can serve as assembly drawings from which detail
drawings can be made; for this reason, the figures in the English edition
are reproduced to larger scale than in the original Russian.

The editor has placed occasional comments in brackets throughout
the text wherever in his opinion there were questions as to the intent of the
Russian language or wherever text material could be construed in different ways.
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vi PREFACE

Footnotes have been added to the manuscript by the editor with the
intention of comparing Russian and American practice, and sometimes in
order to update the text in accordance with later experience.

Finally, the subject index has been expanded in order to increase the
utility of reference of this volume,.

A . Bobrowsky




Foreword

The second edition of this book was published in 1958. In the years

following, new designs of high-pressure apparatus have been developed

that allow pressures on the order of hundreds of thousands of atmospheres
to be generated at very high temperatures, and in volumes far from micro-
scopic. Theinvention of these apparatuses and the performance of investiga-
tions using them have led to the synthesis of diamonds and borazon also. In-
dustrial production of these materials has begun. During this same time,
the area of application of high pressures has expanded considerably.

All this could not help but influence the contents of this book. It
should be noted that a huge number of works on the influence of pressure
on various physical and chemical properties of materials, methods of in-
vestigation at high pressures, etc., were published during this period. The
author has attempted to reflect the most valuable work which has become
known to him from the literature and from his personal experience.

In this edition more attention is paid (than in the second edition) to
problems of design of high and ultrahigh-pressure apparatus, and to meas-
urement of pressure; problems of temperature measurement are also covered.

The chapters on methods of investigation of phase equilibria and
compressibility have been rewritten. A new chapter has been written that
deals with methods of optical, X-ray-diffraction, and electrical measure-
ment. The material presented in the other chapters of this book also has
been reworked.

The author thanks I. R. Krichevskii, the editor of the first edition of
this book, whose efforts influenced the third edition as well. The author
also thanks L. F. Vereshchagin, who helped greatly in the job of familiar-

vii
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ization with works published by the Institute of High Pressure Physics of
the Academy of Sciences of the USSR, as well as V. P. Butuzov, M. G.
Gonikberg, V. A. Galaktionov, B. P. Demyashkevich, M. K. Zhokhovskii,
A. 1. Likhter, Yu. N. Ryabinin, and others who kindly presented him with

reprints of their works and thereby facilitated the difficult task of the author.

The author thanks his readers in advance for all their good wishes
and critical notes.

D. 8. Tsiklis
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Chapter 1

Construction Materials Used for Operations
at High and Ultrahigh Pressures

The first stage in experimental investigation is the design, manufacture,
and assembly of apparatus, instruments, and installations that will per-
mit the necessary experiments to be performed. The design of apparatus
depends to a great extent on the materials available to the investigator for
manufacture. When investigations are to be performed at pressures reach-
ing a half million atmospheres and at temperatures reaching several thous-
ands of degrees, the experimenter needs materials with special qualities.
In this chapter there are analyzed the properties of a number of materials
(steels; packing, lubricating, and insulating materials; and pressure-trans-
mitting materials) employed at high and ultrahigh pressures.

STEELS AND ALLOYS

The stronger the steel, the easier is the task of the designer and the
smaller can the dimensions of apparatus of a given capacity be. The qual-
ity criterion for steel is the tensile strength; at the present time tensile
strength is as high as 25,000 kg/cm? for certain steels.* Also, steels

* Editor's comment: Later in this book, the phenomenon of "pinching-off"
will be discussed. It will be shown there that the male member of an un-
supported-area seal is in a stress state equivalent to a uniaxial tensile
stress ofatleast115% of the pressure being sealed, submerged in an aver-
age compressive stress of about 75% of the pressure. If we accept as a
viewpoint that mean normal stress does not greatly affect tensile strengths
of steels (not the best approximation for highly hardened steels, though),
then a male member successfully sealing a frequently-quoted pressure of



2 CONSTRUCTION MATERIALS

possess a characteristic ductility. Insufficiently ductile steel (low unit
elongation) is unsuitable for construction of high-pressure apparatus.*

Appendices IV and V present types [1-5], composition, and heat treat-
ment of steels which we have used for a long time.f All of these steels
have strengths under 20,000 kg/cm?. At temperatures of 200-300°C they
can be used only up to pressures of 15,000-18,000 atm. It will be shown
below that certain special measures can be taken to increase the operating
pressure significantly.

Type St. 5 steel is used at pressures of not over 800-1000 atm. This
steel usually is not heat treated. It is easily worked mechanically, and it
is generally used in cases where a stronger steel is not needed. This steel
is used for the manufacture of nipples, valve bodies, and other parts work-
ing at even higher pressure (up to 1500-2000 atm).

The group of steels including types 18KhNVA, 18KhNMA, 30KhMA,
OKhNZM, 30KhGS, 40Kh, and 45KhNMFA are used at pressures above 1000
atm. They have different compositions but differ relatively little in their
mechanical properties. When these steels are used at pressures up to
10,000 atm there is no need for special design solutions, which are nec-
essary however if these steels are used at higher pressures, especially
at pressures exceeding their yield strengths.

30,000 atmospheres is being subjected to a tensile stress of at least 35,500
kg/cm?. Actually the editor and others have relatively routinely sealed
pressures of 550,000 psi and occasionally pressures of 600,000 psi with un-
supported-area hardened steel seals which consequently have manifested
tensile strengths of at least 115% of these values (or, expressed in kg/cm?,
tensile strengths about 44,000 and 48,000 kg/cm2 respectively).

* Editor's comment: This is an important point. When average normal
stress is tensile, as is usually the case in portions of a simple pressure
chamber under pressure, ductility of the chamber steel is lower than that
of a tensile specimen in a standard uniaxial tensile test. Thus a material
with nominally small ductility may lose that ductility completely whenun-
der biaxial tension. Further, size effects and anisotropy of the actual cham-
ber material may also tend to reduce ductility to zero. A steel in a stress
state with zero ductility is disadvantageous for two reasons: (1) brittle
cracks propagate readily, and (2) tensile strength frequently drops in a
marginally ductile material, more as the average normal stress becomes
more tensile.

fInformation can be found in literature [6] concerning mechanical proper-
ties and composition of various types of steels used in the European coun-
tries and in the USA.
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4 CONSTRUCTION MATERIALS

Steels types 1Kh18N9 and 1Kh18N9T are used at pressures up to
1000 atm and temperatures up to 500-600°C; steel type 2Kh13 is used at
pressures up to 5000 atm (at@the same temperatures) with small sizes of
apparatus. Although steels type 1Kh18N9 and 1Kh18N9T are less ductile
at high temperatures than steel type 2Kh13, the latter is considerably
stronger.

Stainless steel type EI437 B (alloy Kh20N77T 2YuR) is even stronger
and is suitable for the manufacture of apparatus working at pressures up
to 10,000 atm and temperatures up to 500°C in corrosive media. Steels
type 1Kh18N9, 1IKh18N9T, and EI437B are used to make nonmagnetic parts
for designs with magnetic stirrers.

Steels types ShKh13 and ShKh15 are used to make parts which sup-
port large compressive loads. These are very hard but brittle steels;
they are used to make plungers, pressure rings, and other such parts.
Steel type KhVG can be recommended for this same purpose [5]. This
tungsten steel has a very valuable quality — it is not distorted and does not
change its volume upon heating; it is suitable for manufacture of parts to
final dimension; these parts can be used immediately after heat treatment
and light polishing.

It can be considered that a pressure of 15,000-17,000 atm is the limit
for these steels. In order to make apparatus for operation at higher pres-
sures, we must use steels with higher tensile strength or resort to special
kinds of designs. Extremely hard metal carbides are used to manufacture
parts of apparatus operating at pressures measured in tens or hundreds
of kiloatmospheres. Thus, apparatus made of tungsten carbide cemented
with cobalt (this alloy is known in the foreign literature as "Carboloy") can
withstand pressures up to a half million atm. Our industry manufactures
the cemented carbides [7] whose properties are presented in Table 1 for
this purpose.

Table 1 indicates that the higher the cobalt content of the cemented
carbide, the higher the bending strength and the lower the compressive
strength. Pistons for ultrahigh-pressure apparatus are manufacturedfrom
carbides similar in composition to VK3.

Certain titanium alloys (Table 2) have good mechanical properties
and high corrosion resistance.

It follows from the above that the strongest materials currently avail-
able are the cemented carbides. However, even their strength is consider-
ably less than the theoretical maximum strength of metals found by cal-
culation [9]. It is considered that

ot =V Et/a
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where 0y}, is the theoretical maximum tensile strength; E is Young's
modulus; ¥ is the formation energy of the new surface; @ is the distance
between atomic planes in the crystal lattice.

Putting values in the expression for oty (E= 101t dyn/ cm?, y =103

erg/cm?, a =3-10"% cm), we see that oy, =10 dyn/cm? or 10° kg/cm?,i.e.,
the theoretical strengths of metals are at least ten times greater than their
actual strengths. This great difference is explained by the presence of de-
fects (disruptions of order, dislocations) in the crystal lattice of the me-
tals. Actually, single crystals of certain metals have been grown under
special conditions to produce so-called "whiskers" — thin threads of mono-
crystals with a strength near the theoretical,

Apparently, defect-free crystals can be produced under high-pres-
sure conditions [10]. Crystallization of steels under pressure permits
lattice defects to be eliminated, heat treatment under pressure (which is
called thermobaric treatment) prevents grain growth, and annealing under
pressure allows the ductility of the metal to be retained. Also, thermo-
mechanical treatment consisting of mechanical deformation (compression)
at low temperatures of austenite with subsequent martensite conversion
has succeeded in producing material [11, 12] with a tensile strength of
30,000-35,000 kg/cm? and a yield strength of 25,000-28,000 kg/cm? [13].

Melting under pressure allows new alloys to be produced, such as
an alloy of titanium with magnesium (because the boiling point of mag-
nesium falls lower than the melting point of titanium). Finally, new ma-
terials can be produced on the basis of sintering of diamond powder with a
metal or alloy at pressures under which the process of graphitization of
diamond is stopped or retarded.

HEAT TREATMENT

The strength of steels (with certain exceptions) is increased by low
temperature tempering. The brittleness is increased, however. The prob-
lem is how to attain the greatest strength while keeping unit elongation no
less than 8-10%. The higher the pressure for which the apparatus is de-
signed, the stricter are the requirements on heat treatment.* Selection

* Editor's comment: The 8-10% nominal tensile ductility is a convenient
rule-of-thumbthat is frequently used. What is actually desired, however,
is a steel that will remain ductile under whatever (tensile) conditions of
average normal stress may exist in the specific component made of that
steel when maximum pressure is applied to equipment containing the
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of a heat treatment [14] to give a steel the qualities required to satisfy the
demands of the designer depends on the type of steel, the dimensions and
configuration of the parts, and, finally, on the goals set before the designer.

In order to be able to select a type of steel, we must know its harden-
ability, i.e., the depth of occurrence of the martensite or troostite-marten-
site structure, since this determines the maximum diameter of workpiece
suitable for heat treatment. The quality of heat treatment is determined to
a great extent by the complexity of the configuration of a part. The sur-
faces of small-diameter through-holes and blind openings (which do not
permit free flow of cooling liquids) will be soft because of their slower
cooling. It is therefore desirable to have through-holes only. Also, since
the center of thick blocks of forged steel often contains fissures, it is ex~
pedient to avoid small diameter holes inthe center ofthese blocks altogether.

The final finishing of parts, i.e., grinding to the proper dimensions,
threading, etc., should be performed after heat treatment. Although this
requires the use of high-quality cutting tools as well as of polishing, it
eliminates the possibility of having the dimensions altered during subse-
quent heat treatment. If a high hardness of steel is used and if parts are
manufactured to close tolerances, heat treatment is performed in a pro-
tective atmosphere in order to prevent formation of scale, and then the
parts are polished.

In all cases attempts must be made to avoid sharp edges, angles,
holes, and so forth on parts to be heat-treated, since these lead to the
formation of internal fissures.

component. (For example, biaxial tensile stress generated in the wall of
a pressurized chamber must not give rise to so greatly tensile an average
normal stress that the steel of the wall becomes brittle). The only way to
know the ductility of a steel under an average normal stress that is more
tensile than in a standard tensile test is to conduct tensile tests over a
suitable range of tensile average normal stresses. One way of doing this
is to run tensile tests on notched specimens with notch stresses of varying
severity. (It is well-known that isolated notches increase the tensile char-
acter of average normal stress in a tensile specimen.) This method of
assessing ductility is given by S. I. Gubkin in his papers on plasticity and
formability of metals (during the 1950's and earlier), and by the editor in
"Formability Criteria for Metals," Collected Papers Southeastern Engin-
eering Conference and Tool Exposition, ASTME, 1965. It sometimes suf-
fices to conduct tensile tests at several pressures, and then to extrapolate
to negative values of pressure, but this method is risky if extrapolation is
carried too far.
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It should be remembered that improper heat treatment can com-
pletely ruin a part.*
TESTING OF MATERIALS

When working with new types of steels, it is always desirable to per-
form testing of coupons prepared from the identical heat-treated piece
which will be used for manufacture of the parts. With repeated usage of
steel of the same type, simple hardness testing of parts will be found to
be sufficient for quality control.

Hardness testing, where special equipment is not available, can be
performed using a Pol'di tester.f This instrument is easy to use. How-
ever, for determination of the hardness of very hard steels, the data from
calculation of the diameter of the impression must be extrapolated or con-
verted from the table supplied with the instrument to yield a Brinell num-
ber. These tables are not accurate [15]. They result in errors of up to
20%. Therefore, the use of several standard samples of known hardnesses
is recommended, checking them so long as the diameters of impressions
on the standard sample and on the part being investigated do not correspond.

In Appendix II we present data for conversion of Brinell numbers to
values of tensile strength.

* Editor's comment: This matter cannot be overemphasized. Components
that must operate reliably at the highest pressures can be quality-checked
for hardenability as follows, at least before the first time a new design or
steel is used. The component, or a coupon cut from the same bar of steel,
should be subjected to a "certified" heat treatment, i.e., to one where con-
ditions of heat treatment are well known and reproducible. (Where a coupon
isusedinstead ofa component, the minimum linear through-dimension must
be equal to the corresponding dimension in the actual component.) Indenta-
tion hardness of a suitable sort should be determined on a number of known
traverses. The component should next be sectioned without being heated,
then if necessary finished on the sectioned surface again without heating,
and hardness traverses run on the sectioned surface. Spot checks of hard-
ness can be made on the untouched outer surface to verify lack of heating
during sectioning. If the hardness variation thus determined is much be-
low the hardenability specification for the steel, the heat-treatment parame-
ters or the physical conduct of the heat treatment should be examined to
locate the difficulty. If the spatial variation of hardness is found to be
satisfactory, components finished from the same steel may be certified-
heat-treated without worry. Of course, any decarburized surface layers
should be removed after heat treatment by a final grinding, prior to deter-
mining hardness, unless a heat treatment was used that produces no de-
carburization. This is especially necessary for "superficial" hardness

testing.
T Editor's comment: Probably the Pol'di portable tester, hit with a ham-

mer. Impression is measured optically.
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14000

Tensile strength, kg/cm?

I ! !
200 400 600 800
Temperature, °C

Fig. 1. Change in tensile strength of titanium alloys
(alloys of Ti—Al—Cr—Fe —Si—B) with temperature:
1) AT-12; 2) AT-10; 3) AT-9; 4) AT-8; 5) AT-6;

6) AT-4; 7) VT-8; 8) VT-6; 9) VT-4; 10) VT-5;

11) OT-4; 12) TG-0; 13) VT-1.

Hardness testing can also be performed as follows [16]. A hardened
steel cone with a peak angle of 90° is pressed into the surface of the ma-
terial being tested, under a defined pressure. A rim (bead) is formed
around the imprint; the boundary of this bead depends on the yield strength
0g. This value is calculated from the formula

_ G
9s = T2

where G is the load on the cone; « is the bead radius.

In order to measure radius a, the extent of beading is determined by
polishing the sample with a small piece of emery paper in a direction per-
pendicular to the coarsest preliminary polishing. Then, knowing the diame-
ter of the impression, we can determine the yield strength by the following
formula [17]:

—
0 =915/ E=HmDh
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TABLE 3. Young's Modulus of Carbon and Alloy Steels
at Various Temperatures

Young's modulus Young's modulus 'Young's modulus
Temperature, -6 Temperature, -6 Temperature, -6
o (x10°°), C (X107, C (Xx107°),
kg/cm? kg/cm® kg/cm?
Carbon steel Carbon steel Alloy steel
20 2.10 350 1.84 400 1.75
100 2.05 400 1.77 425 1.73
150 2.00 425 1.71 450 1.70
200 1.96 450 1.67 4175 1.61
250 1.93 475 1.55 500 1.58
300 1.88 500 1.48

where p is the load on the sphere, H is the Brinell hardness number, D is
the diameter of the sphere, and h is the depth of the impression.

These methods cannot be used to correctly measure the Rockwell
hardness, since by the nature of the tests used, the hardness is determined
by the work hardening during plastic deformation.

MACHINED FINISHES

Parts of high-pressure apparatus must be finished very carefully.
The finishing of areas directly in contact with the medium creating the pres-
sure, as well as finishing of threads, packing surfaces, etc., must be espe-
cially accurate. Burrs and grooves cannot be tolerated. Sharp angles
should be smoothed off.

Special requirements are placed on threads. Threads in high-pres-
sure apparatus are usually made short, i.e, with smoothed sharp angles,
which prevents "seizing." Special attention must be turned to the center-
ing of threads in holes that are sealed by rods, pins, or shafts. Methods
of mechanical working of parts are described in the corresponding sections.

BEHAVIOR OF STEELS, METALS, AND ALLOCYS

UNDER EXPERIMENTAL CONDITIONS

Influence of Temperature. At sufficiently high tempera-
tures, all metals exhibit viscous behavior (creep). Also, high temperature
leads to a change in the structure of steel.

Steels containing nickel, chromium, and a small quantity of tungsten
have increased creep resistance. These steels are stable at 600°C and do
not oxidize up to 900°C. Steels types 1Kh13, 2Kh13, EI-437B, 1Kh18N9,
1Kh18N9T, and Zh69 have high creep resistance. The last three types are
stable up to 800°C. We present below the composition of a special heat-
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12 CONSTRUCTION MATERIALS

resistant steel [18] which is stable at pressures up to 2500 atm and temp-
eratures up to 1000°C:

Fe C Ni Cr Co Mo w Nb
wt. % 23 1 30 20 20 3 2 1

Figure 1 shows the change in tensile strength of titanium alloys con-
taining aluminum, chromium, iron, silicon, and boron, with temperature
[19, 20].

The strength of steels changes considerably with increasing tempera-
ture. Thus, for example, the tensile strength* of 18-8 chrome—nickel steel
decreases from 7000 to 4000 kg/cm? at 700°C and to 2000 kg/cm? at 800°C.
The modulus of elasticity (Table 3) also decreases [22, 23].

Steels behave differently at low temperatures [24]; their tensile
strengths increase somewhat, but their impact strengths decrease sharply.
Steels can be divided into two groups according to their behavior at low
temperatures: 1) carbon and low alloy steels; 2) alloy austenitic steels.

Steels of the first group show an increased tensile strength, yield
strength, elastic limit, and hardness and a reduced unit elongation, unit
reduction in area, and impact strength with reduction in temperature
(Table 4).

Steels containing nickel, copper, vanadium, molybdenum, manganese,
and chromium have increased impact strength at temperatures below 0°C;
those containing carbon have reduced impact strength below 0°C. Heat
treatment also affects the behavior of steels at low temperatures.

The second group includes the steels containing over 13% nickel,
chrome—nickel, and chrome—manganese steels, stainless steels (1Kh18N9),
etc. At low temperatures, these steels retain almost the same high ductil-
ity which they have at normal temperature. With reduced temperature, the
tensile strength limit, elastic yield strength, and hardness increase, while
(in most cases) the unit elongation decreases. The corresponding data for
these steels are presented in Table 5.

Table 6 shows the properties of materials of both groups at even
lower temperatures [24].

The property of steels and alloys of increasing their strength at low
temperatures has been used [25] in the design of apparatus for production

* Steel with the following composition also has high mechanical strength
[21]: 0.05-0.09% C; 0.4% Si; 0.4% Mn; 16% Cr; 8-8.5% Ni; ~1.0% Al.
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TABLE 8. Dependence of Shear Resistance on Pressure*

Material I T Tuzs T1s0

T2s Tas T2 Tos

Bismuth 1.7 3.0 3.5 -

Potassium 3.2 10.0 13.2 -

Lithium 2.0 6.5 11.0 -

Magnesium 2.3 5.4 7.5 -

Copper 1.9 4.5 6.5 -
Tin 2.2 7.8 10.4 12.3
Silver 1.9 3.7 6.3 8.8
EI437 steel 2.8 6.4 8.2 10.0
Tellurium 2.2 2.6 9.5 12.8

Zinc 1.9 4.2 5.3 -

Zirconium 2.0 3.4 4.3 -

* Tes, Tgo, €tC. are shear resistances at 25, 50 thousand atm., etc.

of pressures of 100,000 atm at the temperature of liquid air. At this tem-
perature, the compressive strength of carboloy (the cemented carbide from
which the apparatus was made) increases to 100,000 kg/cm?,

The mechanical properties of nonferrous metals also increase at low
temperatures. The strength, yield points, etc., increase.

The change in properties must be considered in selecting materials
for packing and valves.

The properties of nonferrous metals at low temperatures are pre-
sented in Table 7.

Influence of Pressure. Under pressure, the plasticity (ductil-

ity) of steel increases considerably. Detailed investigations [26, 27] have
shown that plastic deformation under hydrostatic pressure may reach im-
mense magnitudes, and may increase almost indefinitely without rupture.
Ordinary steel will withstand 300-fold reduction without rupture at a
hydrostatic pressure of 25,000 atm., Rupture of a specimen under these
conditions will result only from shear.

The nature of other types of deformation also changes under hydro-
static pressure. For example, shear deformation becomes qualitatively
similar to plastic deformation in extension.

Tables 8 and 9 show data [28] indicating that the shear resistance
increases by 8-12 times with anincreasein pressure from 25,000to 150,000
atm, whereas with an increase from 25,000 to 500,000 atm, shear resistance
increases by a factor of 50,
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TABLE 9. Shear Resistance of Various Materials at Various Pressures
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During shear, a disruption which has be-
gun may "healitself." When a cylinder is twisted
around a longitudinal axis, along which a com-
pressive load has been applied, fissures "heal
themselves" earlier than disruption can arise,
and ductility so increases that the sample will
not be ruptured at higher angles of rotation than
can be tolerated under ordinary circumstances.

A punch can be pressed through a sheet
of low carbon steel under hydrostatic pressure
without formation of a burr,* acleanholebeing
formed.

Investigations [29] have shown that the
hydrostatic pressure changes not only the
terminal properties of the material (compres-
sive strength and ductility), but also in most
cases changes the entire course of the de-
formation [stress-strain] diagram [30].

The properties of metal carbides change
considerably under pressure; Carboloy, which
can withstand up to 75,000 kg/ cm? in compres-
sion, is very brittle in bending or extension.f
With all-around pressure of 25,000 atm, Car-
boloy is ductile and withstands great tensile
stress, becoming an ideal material for manu-
facture of high-pressure apparatus.i

*The burr is made by the punched slug
[that fractures through the remaining thick-
ness of the sheet after preliminary coining of
the punch into the sheet]. In this case, the
ductility of the steel is so great that the punch
shears the steel aside without burring the ma-
terial at all.

fFor certain materials (such as the alloys
AMK-2, AZh-6, BrS-30) the ratio of the com-
pressive strength and tensile strengthis greater
than one, and for S415-32 cast iron it reaches
[4] as high as 4. Hard steels types ShKh12 or
KhVG are also stronger under compression
than under tension.

iThe reasons for the increased ductility under
high hydrostatic pressure were investigated in
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The Action of Gases and Liquids. Nitrogen reacts
chemically with iron at high temperatures (over 400°C) and high pressures
[33], forming iron nitride. The crystal lattice of the iron is altered and
its brittleness increases.

Hydrogen is one of the most dangerous gases for steel. A case is
known in which hydrogen penetrated through the wall of a cylinder with an
internal diameter of 0.6 cm and a wall thickness of 4.4 cm at 9000 atm with
explosive velocity, although the metal had no visible cracks.

The action of hydrogen on steel results in an increase in the brittle-
ness of the steel and in hydrogen embrittlement (corrosion). The increase
in brittleness [34], i.e., the reduction of the strength without formation of
microscopic fissures and alterations of the microstructure and composi-
tion, is caused by the adsorption of hydrogen on the surface of the metal,
accumulation of hydrogen atoms at defects in the crystal lattice, and
development of internal pressure.

Hydrogen embrittlement includes a reaction between hydrogen and
carbon: the metal is decarburized and methane is formed. Its accumula-
tion leads to the appearance of fissures and bulges.

Hydrogen corrosion of steel is decreased by a reduction in the carbon
content. Chromium increases the resistance of steel to hydrogen corrosion.
Still, the tensile strength of steel containing 0.06% carbon and 20% chromium
under the continuous action of hydrogen at 475°C is reduced in one month
from 7000 to 3600 kg/cm?. The steel becomes considerably more brittle
and its elongation is reduced from 53 to 6% [35]. Titanium, tungsten, and
molybdenum in small quantities act like chromium. Thus, N. V. Ash-
marin [36] has presented a composition of tungsten steel (0.53% carbon,
0.55% chromium, and 1.6% tungsten) which is immune to hydrogen em-
brittlement. Chrome—nickel steel containing 2.5% tungsten can withstand
hydrogen pressure up to 1000 atm (at 550°C).

In Table 10 we present the properties of steels used especially for
manufacture of apparatus operating at high temperatures under hydrogen
pressure [37] (see also [38]).

Carbon Monoxide forms carbonyls withiron,nickel, and other metals. Pres-
sure encourages the reaction. The carbonylsarealso formedat room tempera~
ture. Copper lining is usually used for protection from carbon monoxide.

Helium also has a disruptive influence on steel. At a temperature of
about 250°C formation of fissures is noted in steel parts which are in con-
tact with helium under a pressure of several hundred atmospheres.

greater detail by B. I. Bersenev, L. F. Vereshchagin, Yu. N. Ryabinin,
and L. D. Livshits [31] (see also [32]).



16 CONSTRUCTION MATERIALS

TABLE 10. Composition and Properties

Composition, % Testing of samples
at 20°C
Steel Yield Tensile | Elong-
strength | strength | ation,
c Cr Mo w v x102,| x10% | %
kg/em? | kg/cm?
a 0.11 3.2 0.30 - - 40-46 54-56 20
3 0.10 3.2 - - 0.11 ~39 53 29
b 0.15- 3.1 0.54- 0.45- 0.08- > 45 60-70 22
0.18 0.64 0.69 0.12
e 0.18 2.6 0.52 - 0.38 82 90 18
6 0.24 2.9 0.26 - 0.61 67-73 79-84 18
w1l 0.21 3.0 - 0.25 0.62 71-71 84-87 17
7 0.19 2.7 0.51 0.48 0.74 71-74 82-88 20
w2 0.22 3.0 - 0.22 0.86 71-16 84 -817 18
Vi 0.24 2.9 0.26 - 0.89 70-78 87-90 17
V2 0.23 2.9 0.27 0.24 0.92 68-70 83 17

* After 1000 h.
t 950°/A 2 h; 7507 A means 950°C, air, 2 hours; 750°C, air.

Mercury is the most dangerous material for metals. At a pressure
of 6000 atm , mercury passes through the walls of the vessel [39]. The action of
the mercury is thatit penetrates into the pores (microscopic fissures) in the
metal and then forms anamalgam on the clean surface of the metal, whichleads
tobreakdown of the metal. Inour experience,ata pressure of 10,000 atm certain
parts of the apparatus which touched mercury were subject to amalgamation and
fissuring, and the metal became so fragile that it could be broken by hand. In an-
other case, a connecting pipe with aninternal diameter of 3 mm and a wall thick-
ness of 27 mm made of 18KhNVA steel burst explosively five minutes after the
mercury pressure within it reached 9000 atm.
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of Hydrogen- Resistant Steels [37]
Resistance to
Impact strength, kg-m/cmz Creep limit, kg/cm2 hydrogen
pressure
after 500 h at
=g 100k | 100h fleat
E GS) 600°C | 650°C Hreatment
g g 500°C | 550°C | 600°C | 500°C | 550°C | 600°C 700 atm | 700 atm
217 - | 27+ 27 % 11.5- = - Stable | Unstable | 950°/At 2h
13.5 750°/A
30 - - 30* 11.3 6.5 - " " 1050°/A 6 h
660°/A
30 - - 30* 13-23 | 9-13| 3-4.7 " " 1050°/A 2h
710°/A
15-17 - - - 36 24 - " " 1050°/A 3 h
700°/A
10-14 9 10-12 | 14 24.5 19.8 | 11.6 " " 1050°/A 2 h
690°/A
9-15 7-8 8 11-12 | 27.4 19.0 | 10.0 " " 1060°/A 2 h
700°/A
22 - - 18-20* 24-28 |20-22 |13-15 | Stable " 1050°/A 2 h
{1000 h) 700°/A
1050°/A 2 h
14-17 2.7 6-11 |10-15| 24.3 19.0 | 10.5 " " 700°/A
1050°/A 2 h
7-12 7-8 | 8-11 |13 28.1 20.0 | 12.6 " " 700°/A
1050°/A 2 h
8-13 7-10] 9-10 9-12 | 25 19.9 | 135 " " 700°/A

N. T. Gudtsov and M. N. Govze [40] investigated the action of mer-

cury on steel at high temperatures. According to the data of these au-

thors, at 800°C mercury has practically no effect on steel after more than

1000 hours of contact and does not amalgamate even with stressed steel.

Accordingto thedata of T. A, Rebinder [41], liquid metal media cause a

considerable reduction in strength when they are adsorbed onto the surface of
the metal. Inthe presence of oxygen, the scale is removed from the surface of

carbon steel under the action of mercury and the surface is freed for the forma-

tion of a new scale.

Mercury is rather frequently used in high-pressure apparatus as the
medium transmitting the pressure and as a sealing or electrically-conduct-
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20 CONSTRUCTION MATERIALS

ing medium for contacts. Thereforethe internal surface of the apparatus must
be isolated from the action of the mercury by causing the mercury to con-
tact only parts under hydrostatic pressure that are supported by the walls
of the apparatus themselves (see Chapter III).

PACKING MATERIALS (GASKETS)

Packing materials for high-pressure apparatus must operate under
very difficult conditions. Under strong compression, the packing material
is in a state of plastic flow, filling all gaps in the sealing surfaces.

Various materials are used to make the packing, depending on the
pressure level, sealing or packing method used, and the pressure-trans-
mitting medium,

Copper. Copper packing seals well but withstands temperature
fluctuations poorly, due to the high coefficient of thermal expansion of
copper. The packing changes its configuration, and the seal must be re-
packed after every cycle of increasing and decreasing temperature. Copper
is best used in seals of the unsupported-area type.

Long retention of copper as a sealing material under pressure causes
it to harden. Of course, copper cannot be allowed to come into contact
with mercury or corrosive materials.

Aluminum. Aluminum is somewhat softer than copper, but is
more subject to seizing. Aluminum cannot be allowed to contact
mercury.

Lead. Lead can be used only at temperatures up to 200°C. It is
usually used in combination with copper or aluminum to make an initial
seal, especially in unsupported-area seals.

Babbitt. Babbitt is an alloy of antimony, copper, tin, and lead
with small additions of cadmium, nickel, tellurium, and arsenic, and is
used for lining of bearings. Thanks to its ductility and lubricating proper-
ties, it can be conveniently used for packing of compressor piston glands,
rods, valves, etc.*

Table 11 shows the properties of these and some other materials [43].

Fibra.f{ Fibra -has limited usefulness as a packing material due
to its low ductility. Its advantages are that it is not amalgamated by mer-
cury and is not electrically conductive, due to which it can serve as insula-
tion for electrical conductors in high-pressure vessels.

* Metallic sodium [42] is also used as packing for work at high pressures
and temperatures on the order of 50-100°K.
tTr. Note: a leatheroid material. Probably impregnated paper.
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TABLE 13. Strength of Plastics at Low Temperatures [50]

Tensile strength, Young's modulus (x 10~%),
kg/cm? kg/cm?
Materials
at at at at at at at at
—196°C | —120°C | =75°C | +20°C |—196°C | —120°C| —=75°C | +20°C
Teflon 960 590 340 100 52 38 18 4.2
Polycaproamide 1960 1680 1400 660 717 56 42 32
Polyvinyl -
chloride, rigid 1380 - 1200 540 1 - 38 36
Fluoroplast-3 1120 - 1100 440 58 - 43 18

TABLE 14. Mechanical Properties of Certain Packing
and Insulating Materials*

. Tensile strength Compression strength
Material (x 1072, kg/cm? (x 10-2), kg/cm?

Leather

vegetable tanned 2 -

chrome tanned 3 -

rawhide 3-12 -
Paronite (asbestos-filled elastomer)

along fibers 3.2-4 -

across fibers 1.2-1.8 -
Qil stable rubbert 0.5-0.4 -
Fibra

along fibers 5.5-4.1

across fibers 3.5-2.7 } 18-32
Textolite (like Formica) 6.5-10 20-25
Porcelain 4-9 30-60

*Caoutchouc undergoes 70% compression when loaded to 60,000 kg/ em?.
+The unit elongation at rupture of oil-stable rubber is 200-600%.

Leather. Processed leather and rawhide are used to make pack-
ings (for glands) and collars used at very high pressures. Tanned leather
is used primarily for packing glands of valves. If the leather is to come
into contact with organic solvents, it is recommended that it be prelim-
inarily boiled in glycerin. Rawhide is more elastic. We have used it for
packing gas-pressure intensifier rods at pressures up to 10,000 atm. At
higher pressures, the fatty substances contained in the leather are solidi-
fied, and the leather loses its plasticity and therefore its capacity to seal
(it becomes harder than brass).

Polymer Materials. It is very convenient to make packing
out of resins of certain types of synthetic rubber which do not swell in gaso-
line and, especially, of various plasticized resins. Such polymer materials
as polyvinyl chloride, polyethylene, and especially teflon (polytetrafluor-
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ethylene) are stable to corrosion and sufficiently plastic. They can be
used up to comparatively high temperatures.

Teflon [44] (fluoroplast-4 [45]) has remarkable properties. It is
stable to the action of all substances except metallic potassium and sodium.
Teflon does not lose its ductility even at very low temperatures. For ex-
ample, at 4°K, its plastic deformation reaches several percent [46]. When
cooled samples are heated, their initial properties return. The strength
of teflon increases with decreasing temperature. Thus, although the yield
strength at 160°K is 0.5 - 10% kg/cm?, at 4°K it increases to 2 - 103kg/cm?,
The modulus of elasticity changes from 5 -10%to 7-10% kg/cm?. Thanks to
these properties, teflon has been used in the manufacture of oxygen pump
valve stems. The temperature coefficient of compressibility of teflon be-
comes negative at over 1000 atm pressure. This means that teflon pack-
ing expands with decreasing temperature (at high pressures) to improve
sealing. Teflon, impregnated with molybdenum disulfide [46], can be used
as a material for manufacture of piston glands for pressures up to 1000 atm.

Polytrifluorochlorethylene (fluoroplast-3), or gostaflon
[47], has no less valuable properties; at high temperatures, it is consider-
ably stronger than teflon. Whereas teflon samples will burst at a specific
pressure of 100 kg/cm2 at 60°C, and at 50 kg/cm2 at 100°C, gostaflon sam-
ples of the same size are only plastically deformed at 140°C and 100 kg/cm?
pressure.

The properties of certain types of plastics are givenin Tables 12 and 13,

Polyethylene, whichis now produced by low-pressure polymerization
[51], has a tensile strength of 190-200 kg/cm?.

The strength of polymethacrylate [52] is too low to be used for manu-
facture of transparent tubing for high-pressure work. Also, it is insuffi-
ciently stable to organic solvents.

Also, the properties of polymer materials change with pressure.*
Thus, for example, the softening temperature of teflon increases [54] from
324°C at 69 atmospheres to 356°C at 207 atmospheres and 420°C at 615
atmospheres, which allows it to be used at higher temperatures. At the
present time, the thermal properties of teflon have been well studied [55].

Asbestos. Asbestos is a wonderful material for manufacture of
glands working at pressures up to 3000 atmospheres. Asbestos glands
(made of pure asbestos) can withstand high temperatures. Asbestos is
rather strong [56] (tensile strength 250-350 kg/cm?).

* According to some data [53] the strength of polymer materials under
compression in hydrostatic pressures up to 2000 atmospheres increases
by 1%, to 3 times.
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Pure asbestos is, however, rarely used. Usually, corded asbestos,
coated with powdered graphite mixed with oil to the consistency of a thick
paste, is used. A gland of this type can be easily pressed. The presence
of the graphite reduces friction in the gland.* If the gland is working under
mercury pressure, the asbestos fiber is lubricated with a mastic composed of
soft rubber boiled in lubricating oil or machine o0il (50% solvent).

The mechanical properties of certain packing and insulating materials
are presented in Table 14.

INSULATION MATERIALS

During investigations under high pressure, it is often necessary to
introduce an insulated conductor into the apparatus. There are various
types of electrical inlets, but in all such designs the insulating material
must withstand high compressive and shear stresses. Therefore, it is
very important to know how a given material acts under pressure. The
primary requirements for an insulating material are high electrical in-
sulating properties and sufficient strength.

Organic Insulators. For pressures onthe order of 3000
atmospheres, ivory can serve as a good insulator. However, naturally,
it, like other organic materials, cannot be used at temperatures over 100°C.
Fibra is used for the same purposes in the same temperature range. We
have obtained satisfactory results by using methyl methacrylate as an in-
sulating material. It has good insulating properties and withstands high
pressures (up to 20,000 atmospheres), but it cannot be used at tempera-
tures over 80°C.

Glass. Glassis a good insulator. It is used for manufacture of
electrical conductors operating at high temperatures and pressures [57].
A glass cone is melted-in hot. This structure will withstand pressures up
to 3000 atmospheres and temperatures to 200°C.

Glass is also used as a material for manufacture of high-pressure
apparatus. Thus, O. I. Leipunskii [58] performed investigations in glass
capillary tubes at pressures up to 12,000 atm. The literature [59] con-
tains a description of a special glass installation working at 100 atm pres-
sure. Finally, glass windows are used for visual observation in high-pres-
sure apparatus [60].

Depending on the composition of the glass involved, tensile strength
limits vary from 500 to 850 kg/ cm?, compressive strength limits from
6100 to 12,300 kg/cm?.

* Boron nitride or molybdenum sulfide can be used in place of the
graphite.
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TABLE 15. Compressibility of Glass at Various Temperatures
AV/Vy=— (aP+bP?)*

107 . 1012
Glass a-10 b- 10
30°C 70°C 30°C 70°C
Soda-lime with boron oxide 23.29 23.92 - 6.1 -10.1
Soda-potash 24.69 25.44 -22 —-21.2
Pyrex 30.12 29.72 + 6.1 + 6.7
Lead-potash with high lead
content 30.54 30.60 —24.3 —20.6
Lead-soda borosilicate
with fluorides 21.78 27.71 + 2.5 + 3.8
Zinc-soda borosilicate 25.97 26.30 + 4.0 + 0.2
* P is the pressure in atmospheres.
TABLE 16. Strength of Glass Tubing
Radius, mm Glass Rupture
Tubing - thickness, pressure,
external internal
mm atm
Capillary 5-1 0.24-1.0 4.76-6 430-1250
Thick wall 9-18 3-6 6-9 235-390
Thin wall 3.8-7.8 3.4-7.3 0.4-0.5 55-385
TABLE 17. Mechanical Properties of Quartz Glass and Porcelain
Strength, kg/cm?
Material
compression tensile bending bending shock
Quartz glass
Nontransparent 3122 226 455 0.85
Transparent 6556 734 1131 1.08
Porcelain 2000-4000 300-350 600-700 1.2-1.5
Ordinary glass 6000-10000 350-870 400-800 -
TABLE 18. Resistance of Quartz Glass Tubing to Rupture
from Hydrostatic Pressure
Transparent glass Nontransparent glass
internal wall rupture intemnal wall rupture
diameter, thickness, pressure, diameter, thickness, pressure,
mm mm atm mm mm atm
4 0.5 83 15 2.5 15.0
5 1.0 150 57 9.0 10.0
T 2.0 220 80 11.0 13.0
8 1.0 100 200 13.0 7.0
9 2.0 190 370 14.0 3.0
10 1.0 10 - - -
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tubing of various diameters. molybenum glass; 3) pyrex glass.

The mechanical properties of glass are:

Shear modulus G, kg/cm? 311,000
Young's modulus E, kg/cm? 715,000
Poisson's ratio, u 0.143

The dependence of these quantities on the composition of the glass
can be calculated by well-known methods [61]. The practice of working
with glass piezometers often provides us with the necessary data concern-
ing the compressibility of glass (Table 15).

Table 16 presents data on the strength of glass tubes used for manu-
facture of mercury manometers, high-pressure ampules, etc.

According to the data of D.I. Mendeleev [62], tubes with an external
diameter of 11.5-12.5 mm and a wall thickness of 3-4 mm rupture at a pres-
sure of 100-140 atm, while tubes with walls 2-3 mm thick rupture at apres-
sure of 140-200 atm.

The strength of glass tubes was investigated by Kh. M. Khalilov [63].
According to his data, there is an optimal wall thickness for every tubing
diameter (Fig. 2), at which the tube will withstand the highest pressure
(Fig. 3).*

If there are scratches on the surface of the glass, even though they
may not be visible to the naked eye, the strength of tubing is considerably

*The data presented have been checked in the temperature range from
20 to 140°C.
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reduced. The strength of glass tubing
is also reduced by thermal stresses.

Data on the strength of pyrex
glass are presented by Key [64] (Fig.4).
According to these data, a tube is
stronger the thicker the wall and the
less the internal diameter. Testing at
room temperature using tubes with wall
thicknesses from 0.7 to 1.7 mm was

performed. The data of Key correspond

to the data of Khalilov for pyrex glass.

G. M. Bartenev [65], investigating
the strength of hydrofluoric-acid-
etched glass, determined that the
strength increases with an increase in
the thickness of the etched layer up to
0.3 mm, then decreases (Fig. 5).

The considerable strengthening
of the glass which takes place at first
is explained by removal of surface de-
fects or microfissures which extend
to a certain depth only. With further
etching, due to the ever greater dis-
tortion of the surface of the glass, its
strength decreases somewhat. The
strength of chemically homogeneous
glass increases with etching, although
it does not reach a value close to the
strength of the internal layers (inthe
experiments of Bartenev, 2600 kg/cm?).
Itis also known that glass fibers covered

with a layer of softened glass [66, 67] (at 700°C) withstand stresses up to
9000 kg/cm?. These data indicate great possibilities for the use of glass
as a material for manufacture of high-pressure apparatus.

V. P. Pryanishnikov [68] presents the properties of quartz glass
(Tables 17,18). Transparent quartz is stronger than nontransparent quartz,
and its strength is as great as that of ordinary glass, exceeding that of or-

dinary glass in bending.

Tubing of transparent quartz glass is as strong as tubing of pyrex

glass (compare Fig. 3).
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Porcelain. Porcelain insulation is rarely used, in spite of its
excellent electrical insulating qualities and heat resistance. This is due
to the brittleness of porcelain and the difficulty of working it.

Mica. The most suitable material for insulation of electrical con-
ductors is mica. It has high compressive strength, possesses excellent
electrical insulating properties (better than porcelain) and withstands high
temperatures. The deficiency of mica is its brittleness, which causes it
to be difficult to work. Good quality mica 0.03-mm thick can be rolled into
3-mm-diameter tubing without cracking [69]. This sort of mica cannot al-
ways be produced, however, in which case the methods described below can
be used for production of reliable insulation.

When investigations are performed at pressures reaching hundreds
of thousands of atmospheres, it is important to know the coefficients of
friction (f) of the materials used as packing and insulating materials, and
as pressure-transmitting media. This information is presented below for
certain materials (mainly in powder form) at a pressure of 25,000 atm [70]:

f J

Iron oxides 0.71 Aluminum hydrosilicate 0.39
Zinc oxide 0.58 Kieselguhr [microcell] 0.39
Pumice 0.52 Calcium hydroxide 0.27
Chromium oxide 0.50 Boric acid 0.14
Pyrophyllite 0.25 Potassium chloride 0.12
Pyrophyllite Sodium chloride 0.12

(massive) 0.47 Sheet mica 0.07
Lead oxide 0.46 Boron nitride 0.07
Manganese dioxide 0.46 Graphite 0.04
Titanium dioxide 0.45 Molybdenum disulfide
Molydenum trioxide 0.42 [Molykote type Z] 0.04
Tin oxide 0.41 Silver chloride 0.03
Boron carbide 0.40 Sheet indium 0.01

PRESSURE-TRANSMITTING MEDIA

The selection of a pressure-transmitting medium is determined by
the object of the investigations and the amount of pressure to be trans-
mitted. For example, in investigations of the properties of an ordinarygas
at pressures up to 1000-2000 atm, it is simplest to generate the pressure by
pumping the gas being investigated into the pressure chamber. If the gas
in question is a rare gas, it is more convenient to reach the required pres-
sure by compressing the gas using some other medium such as mercury
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TABLE 19.Viscosity of Some Oils at Various Temperatures and Pressures’

oil Tem?erature, Viscosity in poises at pressures of:
c 1 atm 35 atm 700 atm 1000 atm
Aviation 22 14.5 - 56.0 -
32 6.5 11.9 21.3 40.3
60 1.75 2.92 - -
Lubricating oil 25 104 17.0 - 40
40 1.5 2.22 3.9 5.1
Machine oil 20 2.74 - - -
33 1.1 2.217 - 8.1
40 0.75 1.70 2.78 -
Upper cylinder 16 26.5 - - 131.0

*According to the data of M. P. Volarovich [74].

TABLE 20. Viscosity of Transformer Oil at 20°C
According to Data of E, V. Zolotykh [75]

Pressure, atm Viscosity, poise Pressure, atm Viscosity, poise
0 0.275 1500 7.568
200 0.428 2000 22.85
500 0.830 2500 68.98
1000 2.506 3000 208.3

TABLE 21. Coefficients for Calculation of Viscosity
According to the Formula of E. V. Zolotykh

0il o k No k Mo l k
at 14°C at 20°C at 30°C
Transformer 0.376 0.00241 0.275 0.00221 0.171 0.00201
Castor 17.6 0.00149 10.43 0.00142 4.79 0.00131
Vasoline - - 1.38 0.00269 0.733 0.00235

or another liquid, especially since it is much easier to seal an apparatus
for work with liquids than for work with gases.*

At very high pressures, the pressure-transmitting medium may be
solid sheet material with low coefficient of friction. During compression,
quasi-hydrostatic stresses arise in such materials,which are transmitted
to the sample contained between them. We must recall that at normal

* Editor's comment: Self-energizing seals (of which unsupported-area
seals and O-rings are examples) seal both gases and liquids without
any leakage.
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TABLE 22. Relative Viscosity of Certain Materials and Logarithms
of Relative Viscosity at Various Pressures

Material* Pr:tsr:ue, log n/no ..:.3.0...
at 30°C at 75°C i
Glycerin 1 0.000 2.810 15.49
(10=3.8) 1000 0.260 1.023 17.26
4000 0.936 1.529 25.53
8000 1.741 0.094 44.36
12,000 - 0.628 -
Isopentane 1 0.000 i.821 1.510
(19=0.00198) 1000 0.344 0.193 1.416
4000 0.894 0.715 1.510
8000 1.431 1.179 1.786
12,000 1.947 1.586 2.296
Kerosene 1 0.00 - -
1000 0.46 - -
4000 1.71 0.91 4.3
8000 - 1.88 -
12,000 - 2.80 -
n-Pentane 1 0.000 1.811 1.545
(1= 0.00220) 1000 0.315 0.163 1.419
4000 0.847 0.676 1.483
8000 1.360 1.119 1.742
12,000 1.846 1.493 2.254
Petroleum ether 1 0.00 - -
1000 0.30 - -
4000 0.93 0.56 2.34
8000 1.59 1.06 3.39
12,000 2.18 1.49 4.80
Ethyl alcohol 1 0.000 1.657 2.203
(1p=0.010083) 1000 0.200 1.873 2.123
4000 0.617 0.289 2.128
8000 1.023 0.634 2.449
12,000 1.390 0.919 2.958

* n9 is the viscosity in poise at 30°C and pressure 1 atm.

TABLE 23. Certain Properties of Mercury at High Pressures

Pressure, Melting point, vi:;lfiggn Viscosity, poise
atm °C* . 3 at 30°C at 75°C
melting, cm'/g
1 —38.2 0.002534 0.01516 0.01340
4000 —18.4 0.002512 0.01663 0.01463
8000 +1.8 0.002445 0.01822 0.01598
12,000 +21.9 0.002290 0.02007 0.01759

*M. K. Zhokhovskii investigated the course of the melting curve of mercury. Data presented
in Chapter IV.
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TABLE 24. Compressibility and Density of Mercury at 25°C and Pressures
up to 2500 Bar [k2P5= (v5°—v&)/V3®; % Is the Density at25°C and Pressure P]

P K ng P 15 143
bar P g/em® bar P g/cm®
0 0.000000 13.53365 1500 0.005889 13.61382
500 0.002000 13.560717 2000 0.007781 13.63971
1000 0.003963 13.58749 2500 0.009639 13.6654

TABLE 25. Compressibility (k) of Methylpolysiloxanes (Silicone Oils) [72]

1 vy—v ..
[ == 132““‘131'; vy and v, Are the Volumes of Liquids at Pressures P; and Py]
1 27 1
k- 10
P k- 107 for SS-I at k- 10" for SS-II at k- 107 for SS-III at sz"lrv
atm J
at
20°C | 80°C | 40°C | 20°C | 30°C | 40°C | 20°C | 30°C [40°C | 20°C
1-187 1057 | 1118 | 1198 | 1030 |1094 | 1153 | 1010 | 1061 | 1130 | 990
1-284 1006 | 1060 | 1134 | 979 | 1034 | 1085 [ 963 | 1003 | 1062 | 930
1-380 962 | 1010 | 1074 | 930 | 980 | 1030 | 908 951 | 1009 | 881
1-477 915 961 | 1026 | 883 | 932 979 | 861 905 | 955 | 836
1-761 804 8417 896 780 818 859 759 793 8317 736
1-1014 732 771 | 810 | 713 | 1748 781 | 692 726 | 758 | 674
1-1269 680 715 | 1745 | 663 | 692 725 | 650 675 | 705 | 632
1-1525 642 666 695 625 649 676 616 638 661 605
TABLE 26. Properties of Methylpolysiloxanes
L Average molecular Density (20°C), Viscosity (20°C),
Liquid . 3 . o
weights g/cm centipoise
SS-1 1130 0.940 10.4
§S-1I 6800 0.961 100
SS-1II 13,900 0.971 272
SS-1V 43,000 0.974 4530

temperature and at pressures of 50,000-100,000 atm, both liquids and
gases solidify.*

Liquid Pressure-Transmitting Media.

A liquid used as

a transmitting medium must be chemically inert and have a low freezing
point. The viscosity of the liquid should change little over a wide tempera-
ture and pressure interval.

* Cf. [71] which presents melting curves for certain pressure-transmitting
liquids and gases.
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The silicone oils, or polysiloxanes [72], have these properties; for

this reason, they are ever morewidely used as pressure-transmitting media.

In order to generate pressures up to 5000 atm at temperatures from
0 to 100°C, mixtures of oil and kerosene can also be used. The role of the
oil in this mixture is protection of leather packing from the action of kero-
sene. At temperatures below 0°C and pressures above 5000 atm, however,
the kerosene and its mixtures with oil become so viscous that ball valves
cease to operate and, in some cases (for example, when the pressure is
increased to 9000-10,000 atm), the indications of a manganin manometer

will be distorted due to the appearance of nonhydrostatic stresses inthecoil.

The kerosene used as a compressing medium mustbe pure and free of
moisture which otherwise may cause non-hydrostatic compression of the coils
of the manganin manometer. The oil should have alow freezing point (trans-
former or refrigerant oil). The higher the pressure, the lower should be
the fraction of oil in the mixture (1 :4 for 10,000 atm).

Athigher pressures, light gasolines with very small admixtures of oil
mustbeused;at 15,000-20,000 atm, pure gasoline canbeused. However,at
temperatures below 40-50°C, the viscosity of gasoline increases considerably
and it is more expedient to use petroleum ether or isopentane. The properties
of oils and gasolines have beendescribed in the literature [73, 74]. The vis-
cosities of oils at various temperatures and pressures are presented in Tables
19 and 20.

E. V. Zolotykh [75] presents an empirical formula which can be used
to calculate the viscosity of transformer, castor, and vasoline oil depend-
ing on pressure:

N = e’

where 7 is the viscosity at the given temperature and pressure; 7n, is the
viscosity at a pressure of 1 atm and given temperature; k is the propor-
tionality coefficient; P is the pressure in atm.

The values of 7, and k for various oils are presented in Table 21.
For glycerin at pressures up to 3500-4000 atm, E, V. Zolotykh de-

veloped the following relations:

at 20°C, %= 5.12¢0000552P
at 30°C, v = 2.30g%-000624P

where 7 is the viscosity, poise; P is the pressure, atm.

This same investigator studied [76] the viscosity of a number of
ligquids and their mixtures at pressures up to 10,000 atm.
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Table 22 presents the viscosity of certain material at pressures up
to 12,000 atm.* This table includes materials which might be used as pres-

sure-transmitting media and as solvents (see also [78]).F

Table 23 shows certain properties of mercury which is very often
used as a filler for hydraulic valves separating the material being investi-
gated from the pressure-transmitting media, and also is used as a liquid
electrical contact.

In designing appratus, we must know how the volume of the pressure-
transmitting medium changes with pressure. Tables 24, 25, 26, and 27

present data on the compressibility and density of certain pressure-trans-
mitting media.

Table 24 presents data on the compressibility and density of mercury
at 25°C and pressures up to 2500 bar [80].f Thermal expansion of mercury
with constant pressure can be calculated according to the equation

‘i—;;"—°.108 =af-108 = 18144.01¢+ 70.16-107%2 4 28.625-1074® + 2.617 - 10~

where « is the coefficient of thermal expansion;t is the temperature. The
equation is correct for temperatures from 0 to 350°C.

For calculation of the volume of mercury at temperatures from —30
to + 150°C and pressures up to 12,000 bars the following equation can be
used [81]:

log [L*P/(Ly— L)] = 5.8837 — 0.0004877T + 4.95 (L, —L)

where P is the pressure, bars; L is the length of the side of a cube con-
taining a unit mass of mercury at pressure P, cm; L; is the value of L at
atmospheric pressure, cm.

L = (02/06)1/8 and Lo = (051/06)1/3

where v is the volume of a given mass of liquid, cm?; ty is the experimental
temperature, °C;t is the temperature taken as the initial temperature
(usually 0°C). log [L2p/ (Ly— L)] is a linear function of (Ly— L).

* The viscosity of silicone oil No. 3 (VTU MKhP 2127-4a) is presented in
the literature [77]. [This is a temporary technical specification.]

tTable 22 presents the logarithms of the relative viscosity at various pres-
sures and temperatures. The viscosity at 30°C and at atmospheric pres-
sure is taken as unity. Since the viscosity of a material changes very
greatly with pressure, it is more convenient to have a curve of the depend-
ence of the logarithm of viscosity on pressure, which will be smoother and
more convenient for interpolation.

11 bar=1.02 atm =10° n/m?,
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Solid Pressure-Transmitting Media. Such media in-
clude polyfluorethylene resin [82], silver chloride [83], pyrophyllite, and
others. These materials are plastic and have low coefficients of friction.
Filling the space between compression surfaces, they transmit quasi-
hydrostatic stress to the sample included between them. Gradually flow-
ing out (under pressure) through the clearances between the piston and
cylinder, these materials (with the exception of AgCl) simultaneously form
an excellent seal in the high-pressure cavity.

Pyrophyllite (the aluminosilicate Al,O3 - 2SiO, - 4H,0) has a molecular
weight of approximately 360, density of approximately 3.15 g/ cm®, Katlen-
ite, a variety of pyrophyllite, is a clay-like material. Both pyrophyllite
and katlenite have a high melting point (approximately 1800°C), are elec-
trically nonconductive, have high viscosity, and are used as media for the
generation of quasi-hydrostatic pressures on the order of 200,000 atm at
temperatures up to 2000-3000°C. Operation at such high temperatures is
possible, apparently, due to the increased melting point of these minerals
under pressure. Ductile solid bodies are also used as working media in
the cylinders of powerful hydraulic presses [84].

A long list of materials which can be used for work under pressure,
as well as a description of some of the properties of these materials, can
be found in the literature [85].
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Chapter II

Design and Construction of High-
and Ultrahigh-Pressure Apparatus

DESIGN OF APPARATUS*

Stresses are present in a material under load, causing deformation.
The design of apparatus operating at low pressures entails primarily de-
termining wall thicknesses sufficient for the apparatus to withstand the load
to be applied without permanent deformation. For equipment working at
very high pressures, plastic deformation is included in calculation of wall
thicknesses. The occurrence of this type of deformation is utilized in con-
struction, as will be shown below.

Behavior of Material under Load

Before beginning our discussion of methods of design, it would be
useful to recall just what stress and deformation are and what are the re-
lations between them.

Stress. Stress is force (acting over a given cross section) per
unit of area. Stress can be divided into two components: normal stress
o, perpendicular to the cross section, and shear stress ¢ + acting in the
plane of the cross section. The stress state which arises in a body under
load is characterized by 9 stress components [1] parallel to the three co-
ordinate axes x, y, and z (Fig. 6). Of these, three are normal stresses oy,
Oys and 0, and six are the shear components of the three [total] shear
stresses acting in the planes of the elementary cube selected for analysis.

The entire system of stresses can be reduced to three principal (nor-
mal) stresses by selecting the proper coordinate axes.

* This portion of the chapter written in cooperation with A. N, Rozen.
39
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Fig. 6. Components of stresses acting on faces
of an elementary cube.
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Fig. 7. Schematic representation of the deforma-
tion of a crystalline lattice under the influence of
normal stresses: a) normal state; b) elongated;

c) ruptured.

Fig. 8. Schematic representation of deformation of
crystalline lattice under influence of shear stresses:
a) normal state; b) elastic distortion; c) shear,
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Deformation. We differ-
) entiate between elastic deformations,
those which disappear after the load
isremoved, and permanent (residual)
deformations or plastic deformations,
in which the displacement of one por-
tion of the body relative to another
al(s) — does not disappear after removal

of the load.

-~
-~

P(8) —
PN

Fig. 9. Elongation as a function of

tensile load (extension diagram). Figure 7 shows schematically
the deformation and rupture of an
ideal crystal lattice. It can be shown
[2] that normal [tensile] stresses in-

B crease the separationbetween atoms
) (Fig. Tb), causingfirst elastic defor-
5 T mation then (when the distance between
6, g; (4 ©  atoms is so great that the attractive
forces are overcome) disrupting the
crystal lattice by separation of one
portion from another (Fig. 7c).
s Shear stress (Fig. 8) also
Fig. 10. Diagram of extension of metals causes first elastic distortion of the
with yield region. o) Elastic limit; o) crystal lattice and then displacement

proportional limit; o ) yield strength; Op)

ultimate tensile strength. of one portion of the crystal relative

to another without disruption of the
integrity of the crystal; then plastic
deformation takes place.

The vicinity of the shear plane and the neighboring volumes are, due
to the distortion of the crystal lattice, stronger than those regions where
shear has not taken place. Therefore,increasingthe load causes new shear
in planes which have not undergone shear previously and, conversely, shear
does not reoccur where it has already taken place. Thus, the larger the
number of individual shears which have occurred, the less a metal is suited
to subsequent plastic deformation. When all planes and directions of shear
have been exhausted, further increase in the load results in rupture of the
material.

It is practically and theoretically important to know the maximum
values of normal o , max and shear o, ,max stresses before rupture of a
material takes place.

If a specimen is stretched and a graph is made of the dependence of
absolute elongation Al of the specimen on tensile load P, the result is a
curve (Fig. 9) which will have a straight line sector OA, followed by a
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curved sector AB indicating transition to the region of plastic deformation.
Placing the stress o (force P per unit area of the cross section of the spe-
cimen) and unit elongation 6 (Al divided by initial length I of the specimen)
on coordinate axes, we can, while retaining the nature of the curve, ex-
clude dependence of the quantities on the dimensions of the test specimen.

The ratio of stress to unit elongation [strain] in the straight-line sec-
tor of the curve is a constant, called the modulus of (normal) elasticity or
Young's modulus E (kg/ cm?). After transition through point A, the con-
stancy of this ratio is no longer retained. Deformation begins to increase
more rapidly than stress and in many cases permanent or plastic deforma-
tion appears (the dimensions and form of the specimen differ from their
initial values after the stress is removed). Point A is a very important
point on the diagram (Fig. 10). It determines the so-called elastic limit
of the material Og, i.e., the maximum stress to which the region of elastic
deformation extends, and the proportional limit Op i.e.,the maximum stress
to which direct proportionality between stress and strain is retained.

Since it is very difficult to measure these values accurately (they are
measured at very slight deviations from the proportionality law and with
infinitesimal permanent deformations), a characteristic which is much
easier to measure, and no less accurate, is used — the yield strength (or
nominal yield point) oy (also represented as 0y.9), i.e., the stress at which
the permanent (plastic) deformation reaches 0.2% of the gauge length of the
sample. This quantity is usually given in tables of properties.

With metals such as soft steel, a horizontal sector will appear above
point A (see Fig. 10) showing that at this particular load elongation in-
creases without an increase in load. This is the yield point of the material.

With further increase in load, first work-hardening and then rupture
of the material occurs. Certain materials are ruptured at stresses cor-
responding to point B. These stresses are determined by dividing the maxi-
mum tensile load by the area of the cross section of the specimen and are
called the ultimate tensile strength oy,.

For most ductile materials, rupture under tensile load takes place
not at the maximum load, but with a somewhat lower load (point D), since
before rupture of a specimen of plastic material, it "necks down" so that
less load is required to rupture it.

The stress can be determined by relating the force either to the in-
itial cross section, or to the cross section at each given moment taking into
account the reduction in area of the specimen during deformation. In the
first case, so-called nominal stresses are produced; in the second case,
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true stresses* are produced. If the stresses are determined in the area
before point A, i.e., in the area of elastic deformation, where the cross
section changes very little, the true stresses are almost identical to the
nominal stresses [3].

In the area of plastic deformation (to the right of point A) the area
of the cross section changes so much that this change influences the values
of true stress. The greater the plastic deformation of the material the
greater is the difference between the nominal and true stresses. For highly
ductile steels, the true stress may exceed the nominal stress by a factor of 2.

A very important characteristic of material [in the elastic region] is
the ratio of stress to unit elongation (strain) — Young's modulus:

g
Ez—g—

The ratio of the unit reduction in cross-sectional linear dimension
to the unit elongation [in the elastic region] is called Poisson's ratio:

aEEE

The ratio [in the elastic region] of shear stress to the unit shear
(shear strain) is called the shear modulus:

G=

<]

where 6 is the unit shear, i.e., the deformation caused by shear stress in
the material.

* Editor's comment: "True stress" should be considered as a compound
noun (a label). That does not necessarily imply that "true stress" is a
value which actually exists or is more real than any of other value of
stress in the specimen after necking occurs. Bridgman [17] has shown
that stress on the midplane of the neck of a tensile specimen is composed
of a uniform uniaxial stress, termed the flow stress, superposed on a
hydrostatic tension. The maximum normal stress on this plane exceeds
the average of normal stress on the plane (true stress) which exceeds the
flow stress which exceeds the nominal stress.
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Fig. 11. Stress components acting on element
of cylinder wall volume.

All of these values are interconnected by the following equation :*

1 1
T+ =g

Stress Present in Thick-Walled Vessels

under Pressure [Elastic Case]

The relatively simple interrelations between stress and strain which
hold in a body under uniaxial extension are replaced by a complex relation
for the distribution of stress in the walls of an apparatus under internal-
pressure loading.

As has been noted above, in the general case the stress state is
characterized by nine components of stress (of which only six are inde-
pendent). For analysis of the behavior of a cylinder wall (with external
radius R and internal radius ry) under external or internal pressure, we
cut out an elementary volume dV (Fig. 11) from this wall. This volume
element will be loaded only with normal stresses — the principal stresses.
The principal stresses are the axial stress 0, the radial stress oy, and
the tangential (circumferential) stress 0, ; due to the conditions of sym-
metry, the shear stresses [on the faces of the volume element] will be
equal to zero.

The dependence between these three mutually perpendicular stresses
and the forces causing deformation is given by Lamé's formula. Using

* All of these relations are correct when direct proportionality between
stress and strain is retained.
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symbols introduced by A. M. Rozen and I. M. Naidich, this formula can be
converted to a form convenient for calculation:

2 1 2 %
a ay — a
0"=_—Po. 5 I_Pﬂ'oz

a — ad —1

a4 1 az.—l—az
atﬂpo-&-(z;—_—-_l-——PHt-ao—g_-—l-. (1)

where P, is the internal pressure, By is the external pressure, a=R/r,

ay=R/r,;fristhe radius at the point in question, R is the outer radius, r,
is the inner radius.

Setting Py equal to zero and letting o =, we get the stress at the
internal surface of the wall:

°r="P0
341
=Py (2)
1

R —
at—1

°z=P0

Where o =1 and (PH =0) we get the following expression for the stress
at the external surface of the wall:

.a% —1 (3)

Expressions (1), (2), and (3) show that the radial stresses in the wall
of a vessel under internal pressure are compressive. In absolute value,
they decrease from the value of the pressure P, at the internal wall to the
zero pressure at the external wall,

The tangential stresses are always tensile and decrease toward the
external surface, since a?+1 is always greater than 2. The tangential
stresses are always greater than the radial stresses for any value of a,.

*For a cylinder with a bottom, when the external pressure at the bottom
is equal to zero.

+The quantities @ and ¢ are also representedby q and q (cf. [4], page 268).
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The axial stresses are uniform at all points in the wall sufficiently distant
from the ends and are always tensile.

Thus, the wall of a vessel is not uniformly stressed, the greatest
stresses being developed at the internal layers. Even with an increase in
wall thickness, its strength may still remain insufficient. It can be shown
that a vessel with infinitely thick walls will not withstand pressure any
greater than a given limiting value. In this case, @y=R/r;— «, and from
formula (2) it follows that o, =P at the internal surface of the vessel, i.e.,,
the tangential stress at the internal surface is equal to the pressure, no
matter what the wall thickness.

Equivalent Stress

The problem of determining the onset of plastic flow when a complex
stressed state exists in the material has not yet been finally solved. This
onset can be determined reliably only by direct experimentation [5].

The problem can be solved approximately by theory of strength of
materials, replacing the given complex stressed state by an equivalent uni-
axial tensile state. In this case, the actual stresses o, 0, 0, are also
replaced by an equivalent uniaxial tensile stress o,,.

Using the theory of the energy of form change (distortion-energy
theory)* we can derive the following expressions for equivalent stress:f

T2
e = —-——Pig/:a;" @
Pyy'3
%e.0. = ay-/——l (5)

0

where 0 j and 0g  are the equivalent stresses at the internal and ex-
ternal surfaces of the wall.

*If we use the maximum shear-stress theory, in formula (4) in place of
V'3 we get the coefficient 2. The problem of the essence of the theory of
strength has been rather fully discussed in the literature [1]. Up to the
present, however, there is no single criterion for onset of plastic flow.
Apparently, the coefficient in formula (6) takes on various values for vari-
ous metals. However, with the amount of strength reserve [factor of safety,
factor of ignorance] currently used, the deviation in values of this coeffi-
cient in the various theories of strength has no practical value.

{Here and below, we assume Py =0.
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s
m is the strength reserve [factor of safety]),* from equation (4) we get:

. _-R—_V__“_s____
0™ o T 65— 1,73mPy

from which the thickness of the wall is (6)

S=R—n=r(V =2 —1)

Formulas (4-6) are used in the design of apparatus operating at
pressures that cause only elastic deformation. With fixed vessel dimen-
sions, formulas (4) and (5) can be used to calculate the equivalent stresses,
due to internal pressure P, at the internal and external surfaces of the
wall, and to compare these stresses with the yield point or strength of the
material from which the apparatus is to be made. Equation (6) is used to
determine the necessary wall thickness of an apparatus made of material
with any given properties, intended to operate at pressure P; and with
strength reserve m,

Assuming o, =g.f (where o is the yield strength of the material, and

If a vessel is made with an infinitely thick wall (S=«) and m is as-
sumed to equal 1, then from equation (6)

Py = 1_‘_’573 = 0.5770,

This expression is similar to that presented earlier for o+ and shows
that the maximum pressure which will not cause plastic deformation is ap-
proximately 0.6 of the yield point or strength of the steel of which the ap-
paratus is made.

It follows from the above that ahigh-pressure apparatus cannot be
designed solely on the basis of the conditions of operation in the region of
elastic deformation. In this case, even if we substitute the ultimate strength

* Editor's comment: A "factor of safety" in mechanical design is ordin-
arily composed of factors concernedwith fatigue, corrosion, abruptor im-
pact loading, etc., as well as "true" factors of safety. The "strength
reserve" mentioned here is simply a ratio of yield strength to equivalent
static stress and hence the term "factor of safety" cannot be used as a
substitute for "strength reserve."

1In various theories of strength [4] this value varies within small limits.
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Fig.-12. Distribution of stress in the walls of a pressure vessel:
a) wall operating in the region of elastic deformations; b) wall
operating in the region of elastic-plastic deformations; ¢) wall
with a workhardening zone.

for the yield strength in the formulas, it is impossible to design an ap-
paratus, even made of the best types of steel, which could retain a pres-
sure higher than 15,000-20,000 atm. However, experience has shown [6,
7] that thick-walled vessels can retain considerably higher pressures: a
vessel made of untempered high-carbontool steelburst at 40,000 atm,
whereas the ultimate strength of this steel was only 10,000 kg/cm?.

This can be explained as follows: when the stresses in the metal
exceed the yield strength, the metal goes over into the plastic state. The
internal layer of the wall of the cylinder, where the pressure exceeds the
yield strength, will be in the plastic state, and the equivalent stresses in
it will have a certain value, uniform throughout the entire plastic layer.
With a further increase in pressure, the stress in this layer will not in-
crease, but the thickness of the plastic layer will increase. This agrees
with the concepts of the nature of plastic deformation presented above.

The high-pressure cylinder is thus, as it were, divided into two con-
centric layers; the internal (plastic) layer, and the external (elastic) layer
which protects the plastic layer from rupture. As the pressure is in-
creased, the thickness of the plastic layer increases, and the thickness of
the elastic layer consequently decreases until rupture finally occurs. Ex-
periments have shown that rupture of a high-pressure cylinder begins from
the outside [Ed. note: for ductile materials].
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Fig. 13, Method of graphic calculation of operating pressure in a cylinder
with a plastic layer.

The diagrams of stress distribution in the walls of a vessel operat-
ing in the regions of elastic and elastic-plastic deformation (Figs. 12a
and b) show that in the plastic-deformation zone the value of equivalent
stress does not depend on the pressure, i.e., a horizontal sector [whose
height is independent of pressure] is produced on the diagram. In this
case, the material of the vessel wall is utilized much better than in the
region of elastic deformation.

As a result of the strengthening caused by plastic deformation, the
material is able to withstand a higher pressure. Here, three zones may
exist simultaneously in the cylinder wall: the work-hardening, plastic,
and elastic zones (Fig. 12c).

Finally, if we recall that the ultimate tensile strength, which for
highly ductile steels may be only half the true stress at rupture (Sy),* is
used in calculations, the difference between theory and practice becomes
understandable. '

We have already analyzed the design of apparatus working in the
region of elastic deformation. The influence of a plastic layer may be
considered using the expression [1, 9]:

Ss

Po:a’}/ﬁ-

(202 Inay + o — of) ()

* For methods of determining Sy see, for example, [8].
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where P, is the internal pressure, @ =R/ r;, ¢y=r/r(, R is the external
radius of the vessel, rj is the internal radius of the vessel, r is the radius
of the plastic zone.

Formula (7) is used as follows. First, the values of P, are calculated
with various constants o (for example, from 1.2 to 4) changing o from,
say, 5 to 12. These data are used to construct a graph of the dependence
of Py on ¢, and a number of curves are drawn, one for every constant value
of oy (Fig. 13, curves o}, o, af', etc.). Then a curve &, y is drawn
parallel to the nearest curve of @, so that it passes throug}’x the point with
coordinates Py x (working pressure) and oy (the diameter ratio selected).
Having determined the scale of the value of &, x, we check the value of
P, using formula (7).

If the equivalent stress 0 o) (elastic), calculated according to
formula (4) exceeds the yield strength of the material only slightly (0¢ e].
=1.2 0g), the thickness of the plastic layer can be determined from the
relation:

dot (e

If we set the radius of the plastic zone in Formula (7) equal to the ex-
ternal radius of the cylinder, we can obtain an expression for the pressure
for complete flow of the cylinder, at which the plastic layer will reach the
entire thickness of the wall:

P, = '/?37 s, Ina, (9)

It is interesting to calculate, even approximately, the value of the
rupture pressure for such a cylinder. This value is determined by the ex-
pression below, presented by A. M, Rozen and M. N. Efremov [10]:

P,= )/23_ sln a, (10)

where 0 is the mean integral value of the equivalent stress in the cross
section, 0g=0=o0y,.

With a certain degree of approximation, we can replace o in equation
(10) by the ultimate tensile strength of the material 0y,; it is then easy to
calculate the reserve of strength available in an apparatus of any given
dimensions.
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S. N. Sokolov [11], using the method of polygonal approximation of
the tensile stress-strain curve constructed in "true stress-strain" coor-
dinates, produced a general expression for determination of the rupture
pressure in tubes. The author noted good correspondence between ex-
perimental data and theoretical data produced for the equation

P, =3 Inay

which differs little in essence from equation (9).

An overall solution to the problem is also given in reference [12], a
graphic method of solution in reference [13].

Calculations of the rupture pressure of steel cylinders made ac-
cording to equation (10) correspond satisfactorily with the results of ex-
periments [14]. Thus, a tube of 30KhGSA steel with a diameter ratio of 3
was ruptured at a pressure of 12,600 atm, whereas the calculation accord-
ing to equation (10) gave a value of 11,000 atm. A tube of type 1Kh18N9T
steel was ruptured at a pressure of 7700 atm, whereas the calculated pres-
sure was 8300 atm.

Determination of Thermal Stresses [15]

If the temperatures within and without the apparatus are different,
stresses are present in the walls of the apparatus, often reaching consider-
able values. Let us assume that the temperature along the axis of a vessel
is constant, but changes logarithmically through the thickness of the wall:

R
Ioln—r—+f,in—:'_;‘ ]n-—?—
f=——f > =t,+ M —F (11)
In— In —
ro ro

where t; is the temperature of the outer surface of the vessel; t, is the
temperature of the inner surface of the vessel; At =(t, — ty) is the tempera-
ture difference;t is the temperature at any radius r.*

We can then convert the expression for determination of stresses pre-
sented by Rozen and Naidich to a form convenient for calculations [defini-
tions of @ and ¢ for this section are given on page 45]:

* This assumption corresponds to heat transfer through a thick wall of a
vessel with equilibrium thermal regime.
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-
w=q (5= s =9K"

2 Inay

@41, 1—1 '
Gtzq(_—ag—l+ lna:a) =QK«¢ (12)

- 2 1—2Inay .t
cz—‘q(_aﬁ-—l—‘_ In aq )-—C[Kz

A quantity q, which can be called the thermal pressure, is determined
from

Ea;At . .
1=y (13)

where E is the Young's modulus, kg/ cm?; a4 is the thermal coefficient of
linear expansion of the metal, cm/degree; p is Poisson's ratio.

The thermal pressure q depends on the modulus of elasticity, co-
efficient of linear expansion, and Poisson's ratio. The way in which
Poisson's ratio changes with temperature is unknown. The modulus of
elasticity decreases with increasing temperature, and the coefficient of
linear expansion increases. Therefore it can be considered that, to a first
approximation, the value Eozt/ 2(1 — ) remains almost unchanged, so that

q = kAt

where k=15 for high-carbon nonalloyed steel; k=16 for low-carbon (soft)
nonalloyed steels; k=18 for chrome-moly, molybdenum, and chrome-—
nickel steels.

We can see from formula (12) that where q >0 (i.e., with internal
heating) the radial stress throughout the entire mass of the wall is nega-
tive (compressive stress), since (Ina/In o) > (@2—1)/ @3 —1) for any
values of @, where 1<a <, and In @/ In ay=(@?— 1)/ (@} — 1) where
a =1 and @ =,; consequently, the radial stresses on the internal and ex-
ternal surfaces of the wall are equal to 0.

" The tangential (circumferential) stresses (with internal heating) are
negative at the internal wall surface, equal to 0 at the point where
(a2+ 1)/(01% —1)=(1 —Ina)/Ina,, andare positive at the external surface.

The axial stress is negative at the internal surface, equal to 0 at the
point where 2/(@3— 1) =(1 — 2 Ina)/In@,, and positive thereafter. With ex-
ternal heating, the signs of the thermal stresses change. The nature of
change of thermal stresses is presented in Fig. 14, where we also see
values for thermal stress coefficient. The values of thermal stresses are
of the same order of magnitude as those of stresses caused by pressure.
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Fig. 14. Variation of coefficients of
thermal stress through thickness of
wall of hollow cylinder.

With a temperature difference between internal and external surfaces
of the wall At =30°C for chrome—nickel steel, formula (13) indicates q =540
kg/cm?.

Since o (on the internal surface of the wall) varies within the lim-
its =07 < 2q, for a cylinder of chrome— nickel steel with radii R = 60
mm and ry=20 mm, then when At =30°C, o7 =726 kg/ cm?, If the tempera—
ture difference in the same cylinder At=100°C, then o7 =2420 kg/cm

An equation expressing the dependence among coefficients of ther-
mal stresses can be used for calculation of the equivalent temperature
stresses:

= V(K — K/KE+ (KD)? (14)
At the external and internal surfaces of the wall, K}; =0; then

K’e.i. = Ki,i
Kte.o. = Ki, 0.

The sign is selected in consideration of the fact that the equivalent
stress (by definition) is a tensile stress Calculating the value of K.
formula (14) is used to determine Ke Then, calculating the thermal pres—
sure q for a vessel of the given dimensions, the equivalent stress is
calculated.
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In order to speed up calculations, we can use tables presented by
I. M. Naidich [15] for Kg, Kg, ete., calculated for various diameter ratios.

Simultaneous Action of Pressure
and Temperature

Adding expressions (1) and (12),* we get:

oz =—(Po— q)(“ + l>_q :xrll:o

o 1—1
51.2=(P0—q) (ag_1>+q. ll’lo::a (15)
1—21
Gzz~—(Po—2‘7)(a2_l>+‘7' maona

Assuming o =o; and & =1, we can determine 0, , @ , ando
. r,Zz T,Z z,%
at the internal and external surfaces of the wall.

Replacing the complex stress with the equivalent stress, we get

2 272
VSP +a32Pfal+ g% (16)

where
_ e —1—2Ing

Ina, (7

0y, » is the equivalent total stress on the external surface of the wall.

If it is desirable that this stress on the external surface not exceed
the equivalent stress from pressure [alone], we proceed as follows. 0o,z
is set equal to 0 j from expression (18) and the permissible limiting
temperature dropt is calculated:

‘/——_:'——"‘—_ P
A= AN 112)a+l Ji2 (18)

with which we can calculate the dimensions of the vessel from the stress
on an external "fiber" (without considering temperature drop). If the ex-
perimental At is greater than the calculated Aty;,,, the external fiber will
undergo the greatest stress, and

3P% 4 3aPyg + g*a®

03'}:=Gp< a%‘—l (19)

where % is the permissible stress.

* External pressure Py is assumed equal to 0.
{For the case of heat transfer from within the vessel outward.
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In the same way we can calculate the thermal stress as a multilayered
cylinder in the absence of slipping between layers, if we assume that the
dimensions of the basic cylinder are equal to the dimensions of a mono-
block.*

CONSTRUCTION OF APPARATUS

Autofrettaged Vessels

If a vessel in which plastic deformation has occurred is unloaded, its
walls will remain in a stressed state due to residual deformation.t This
type of deformation is termed autofrettage. Stresses arise at the boundary
between the plastic and elastic layers caused by the fact that the expanded
plastic layer stretches the external elastic layer, which in turn applies
pressure to the internal layer. As a result, even when there is no internal
pressure, stresses exist in the wall. A diagram of these stresses is pre-
sented in Fig. 15.

An autofrettaged vessel can withstand a higher pressure than a similar
one not autofrettaged, due to the compression of the internal layer and work-
hardening of the material during plastic deformation. This method of strength-
ening vessels, suggested in the 1870s by A. S. Lavrov,} is now widely used in
practice.

The design of autofrettaged vessels [18, 19, 20] consists of deter-
mination of the pressure required for autofrettaging and of the dimensions
of the vessel involved. There are several methods of calculation, of which
we will analyze only the method relating to the so~called semielastic state,i.e.,
a state in which there are two zones in the vessel — the plastic and elastic
zones * *

2 2
P0=2.23aelog%.—-+325-%”—<7%——l)—{—%(l——k—?—) (20)

* The literature [16] also presents methods for calculating high-pressure
vessels; the influence of circular elliptical apertures on stress concentra-
tion is analyzed in particular.

1A great deal of experimental material has been accumulated [17] allow-
ing us to draw conclusions about the nature of the various deformations
accompanying prestrengthening.

$The method used by A. S. Lavrov was the hardening of the material by
forcing a die through a weapon barrel.

**The more accurate method of G. A. Smirnov-Alyaev [18] is not pre-
sented here since its application involves difficult graphical calculations.
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where P is the pressure corresponding
to the elastic limit of the material, Oo
is the elastic limit of the metal, E is
the Young's modulus, R, is the internal
radius, Ry is the external radius of the
prepared tube, p is the radius of the
plastic layer (Ry< p <Ry).

The strength reserve

m= o
Pmax
Fig. 15. Distribution of equivalent where Pmax is the maximum internal
stressesin an autofrettaged cylinder. pressure.

Since an autofrettaged cylinder is
made by a final mechanical treatment of
the autofrettaged piece, the dimensions of this piece must be determined.
The following empirical equations are used for this purpose:

r'=R;+1,
and
ro=Ry—1,

where r' is the external radius of the piece; r} is the internal radius of

the piece; Iy and [, are the radial allowances for internal and externalradii.
Usually I, expressed in millimeters, is numerically equal to the radius of
the tube in meters, and 7, is six millimeters greater than 7.

The autofrettaging pressure P, of the piece is determined from
the formula

P, = 2.235,logL- + 325 °e<(-r—)y—1)+—°;—<1—(r%> (21)

If the cylinder is subjected to pressure and then the pressure is reduced,
yielding results and the dimensions of the cylinder change due to the fact that the
external layer , whose radius is now greater than p, is extended, while the inter-
nal layer is compressed. The change in external and internal radii after
autofrettaging can be determined from the formulas
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- i Oe. p2 - 2Pl 1 ’
A= 3 (—E—.(f')z ——E '——(a')"—-l )fl (22)
’ Ar’
— (2.0
Arp = ((‘l ) n ro
where
a' =_’i.

ro

Finally, the change in external radius under the autofrettaging pres-
sure, i.e., before reduction of internal pressure, will be:

' 5
(Arl)P = Tc—;‘e-n(‘??—)s'

Multilayered Vessels

The distribution of stresses in the walls of a cylinder as shown in
Fig. 15 can be attained without creating the preliminary residual deforma-
tions. If tightly fitted cylindrical
shells are inserted one inside the
other (whichis inthe hot state), the re-
sult after they cool will be a cylinder
consisting of individual layers with
excess tightness [interference]. This
tightness causes an external pressure
| to be applied to the internal shell and
; an internal pressure to be applied to
| the external shell, so that the wall of
: an unloaded cylinder is stressed (Fig.
Interference — stress wmﬁm‘l 16). This method [shrink-ﬁtting] was
AR
|

diogram developed and suggested by A. V.

Gadolin (1856-1861).

|
Working pressure — l [[ﬂ]mﬂmm The highest pressure which such
stress diogram : } : a vessel can withstand when made of
| L several layers of materials with vari-

|
i mﬂmmm' ous properties can be determined
. from the equations below, developed

Overall diogram

by A. M. Rozen:

Fig. 16. Distribution of equivalent stresses
in walls of a two-layered vessel [under
pressure].

Py= 7';__ (a———‘?}-‘—) (23)
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a= R = — % _\
Y )

Z6p,;  9g -+ So,a -+ Go,s+ 4 Go,n

[« R 3

a n n

n
= V°o,1°o,z°o,a‘ * *%o,n

where n is the number of layers, o, and o, are the arithmetic and geome-
tric means of permissible stresses of all Iayers, 0, ; is the equivalent
stress in layer i.

The dimensions of each layer are determined by the expression

(24)

where «; is the ratio of radii of the i-th cylinder. If all the layers are
made of the same material, and 0y ; =0g =03 =0y, then:

n 1
Po=7—§.-do (1—;%—/-5') (25)
%z(ﬂ_&_ﬁjm (26)
g6g— ¥ 3 e
%
o= (27)
RV

Representing equation (25) in the form

Po n 1. ﬁo_
% ﬁ (1 a%’" ) < Ss

we obtain, where n— «,

P 2
-c—:'-—-—))/——-?ll"l(lo (28)

From this it follows that, as the number of layers increases, the stress be-
comes distributed ever more evenly. This is characteristic [also] for
plastic flow of the shell. However, the number of layers cannot be in-
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Fig. 17. Plan of method of automatic generation of external compression
(support) of a vessel: 1) pistons; 2) vessel; 3) block; 4) material be-
ing compressed.

]

677 =y

| NNNNN >

creased infinitely, since the multilayered vessel would be burst by the in-
ternal stresses alone (interference stress).

If it is necessary that the assembly stress be less than og, the
maximum pressure which can be withstood by a multilayered cylinder
without plastic deformation is:

Po pmax = 1.076, (29)

Fulfillment of condition (29) should be checked during design calculations.

Before making a multilayered vessel, the interferences must be de-
termined. Design values of interferences, i.e., the differences in the di-
ameters of the i-th and (i — 1)-th layers manufactured but not assembled
are calculated directly from the drawings:

Si=—A—’= ri,i —ri-1,0 (30)

rg ri,i

The assembled interferences, which consist of the differences in diameters
of layers during the process of assembly, are greater than the design inter-
ferences, since the deformation of shells from their preceding dimensions
will be additive during assembly:

%e

ES, = 0p,ip] — O, = (ce,‘ﬂ —_ —a?'i).}/—%— (31)
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P, If all the layers are made of the

same material, then
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Fig. 18. Plan of forces in apparatus working
with external compression (support).
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where m is the reserve of strength.

Assembly interferences 6; are determined from the expression

8= 2 S Bé;l + S, (33)

where 8 =§—% is the ratio of the radius of the i-th cylinder to the internal
radius of the first shell.

Multilayered vessels are manufactured by various methods. For ex-
ample, thin steel sheets can be wound onto a thin-wall tube, each layer
being welded.

The wound vessel is a variation of multilayered vesselmade by wind-
ing shaped steel band or square section wire onto a tube. The band or wire
is first heated and strongly stretched [21]. Finally, a multilayered vessel
can be made by applying several heated discs around a thin-walled tube so
as to cover its entire length.

A detailed description of all these construction methods as well as
the design of wound vessels is presented in the literature [22, 23].

Vessels with Variable External Mechanical Support

As was noted above, the highest internal pressure can be withstood
by multilayered vessels whose internal layers have a plastic zone, How-
ever, the operating pressure for such vessels must be limited, since they
break under the action of their assembly stresses. Vessels made of the
best modern steels can withstand pressures no higher than 20,000-25,000
atm. The simplest method for increasing the working pressure on the basis
of the above is to strengthen the external support of the vessel in propor-
tion to the increased internal pressure.
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2 In multilayered vessels, the
maximum compression of the internal
layer is attained when the internal pres-
sure is equal to zero. If we make a
vessel in a conical shape and place it
in a conical support (Fig. 17), the ex-
P ! ternal pressure will automatically in-

Axial force, Py = crease with increasing internal pres-
sure, Pistons 1, entering vessel 2, in-
crease the pressure in the vessel and
simultaneously press the vessel down
into the body of block 3. When the cone
is forced into the block, forces arise on the contiguous tangent surfaces of
cone and support which act like the forces on the surface of a wedge.

Displacement —=

=

Fig. 19. Dependence of displacement
of conical vessel on axial force.

The force Py (total load on the piston) (Fig. 18) results in stress P
acting normal to the side surface of the cone plus friction force P¢ tan-
gent to this surface and directed opposite the movement of the cone. The
force P, will act over the entire surface of the cone.

Projecting all forces vertically, we see that force Py is composed
of two component forces:

P;=P sina+ P, cosa (34)

Ignoring friction between support and cone, and taking angle o so
small that the height of the cone will differ very little from the length of
the generator of the cone, we get:

P,= Phn(R471) (35)

where h is the height of the cone, R and r are the large and small radii
of the cone.

Since angle « is very small, we can consider that

sina =R _h_ 4
from which
P
P=m—m (36)

Using (36) we can approximately determine the support pressure,
i.e., the stress arising on the surface of the cone as it is pressed into the
support.
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Force PH, also called the axial force, causes the cone to move into
the support. The amount of the shift depends not only on the axial force,
but also on the force of friction.

A reduction in axial force as the piston moves in the opposite direc-
tion will allow the cone to move back only when the so-called friction angle
becomes less than angle a. Up to this point, the reduction in axial force
will not involve a change in the amount of displacement of the cone (see
Fig. 19, line 2). The movement of the cone into the block is shown by line
1. The axial force for unloading Pi{ , i.e., the force at which the cone be-
gins to move back out of the block, will be less than PH, and will be equalto

Py =P, sina—P; cosa 37)
If the results of experimentation, i.e., the axial force and the dis-
placement of the cone, are entered on the graph, the friction force can be
determined:

P,— P, = 2P, cosa (38)

Since the friction force Pg=fPt,

P, =P, sina+fP, cosa
Py=P, sina——fPtcosa} (39)
where f is the coefficient of friction.
From this,
Py—Py  sina
f= 57 ose (40)

Thus, the coefficient of friction between the support and the cone can
be determined experimentally.

The support pressure [see (36)] is higher the less the angle . How-
ever, reduction of angle o also causes the force of friction to increase.
Consequently, the axial force applied to the conical vessel is expended on
generating the support pressure and overcoming the force of friction. We
call the portion of Py used to create the support pressure the effective
force PH. of.*

Adding up expressions (39), we get:

Put P
L (41)

PH.ei.= Pt sina =
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Py ef. depends on the value of angle « (it is less, the less @). The
stress P can be expressed by the following formula:

C
P e (42)
where
__P __ R4
C= 2nR:vh’ R, = 2
Then

dP _ C(cosa— fsina)
de —  (sina - fcos a)?

At the point of the extreme,

1
tan ¢ = ——
f

Therefore, in order to increase the support pressure, not only the
angle of the cone but also the friction between support and cone should be
reduced. For this, lead foil 0.1-0.3 mm thick is placed between them (lead
is used because it has the least shear stress); the foil is lubricated with a
paste consisting of glycerin, water, and graphite. However, even this does
not allow any substantial increase in the support pressure, since the [com-
ponent of] force tending to eject the vessel from the support also increases.
It is therefore expedient to press the conical vessel into the support with a
separate piston; in order to create pressures on the order of 50,000 atm,
several stages of support pressure are used, i.e., a conical vessel with
several supports, each moving within another, can be applied.*

Even higher pressure can be created by supporting the entire vessel
in a liquid compressed to a pressure on the order of 30,000 atm. This re-
duces the pressure differential from inside to outside of the apparatus and

*The construction of such installations is described in more detail in Chap-
ter II. [Editor’'s comment: Bridgman had designed, and he and others had
constructed, a vessel with a single stage only of conical support for use to
50,000 atmospheres. A single-stage intensifier (about 1600 :1 area ratio),
fed by a low-pressure pump, actuated a cemented-carbide piston with
chamfer-ring seal for pressurization of solids. The high-pressure piston
was similar to Fig. 17 on page 59.]
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Fig. 20. Scheme of vessel with
hydraulic support.

greatly improves the properties of the material, especially cemented
carbides, used to make the apparatus (see Chapter I). This approach al-
lows the internal pressure to be increased to 100,000 atm [24].

When a conical vessel is forced into a support, the support is ex-
panded and the vessel is compressed. In order to evaluate the displace-
ment of the cone, the change in internal diameter of the support must be
known ; this value can be calculated by well-known methods [25]. The
radial displacement of a point located at distance p from the center of the
vessel is determined by the formula;

U=

1—p Py —R2P, 14 (Pi — P, >.r2R2

E B_r f E (43)

where R and r are the internal and external radii of the vessel; P is the
external pressure; Pi is the internal pressure.

In our case, the external pressure Py=0, and p=r. Then

P orl Rre 2
IRFATTENN o

The displacement of the vessel into the support causes compression
of the vessel and a reduction in the internal diameter. In order to prevent
binding of the packing and the piston in the bore of the conical vessel, the
amount of change of the diameter of this bore must be known. This value
can be determined from (43). Here, P; =0 and r=p. Then,

2rR?P,

U=— ER —1r3)

(45)
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In designing a conical-vessel piston, its diameter should be reduced
by 2U.

Vessels with Hydraulic Support

An apparatus constructed on the hydraulic support principle (Fig. 20)
consists of several vessels placed one inside the other. The clearances
between the vessels are filled with liquid under hydrostatic pressure some-
what less than the pressure in the next vessel; each shell thus operates with
a certain pressure differential across it. The limitations connected with the
increase of assembly stresses in multilayered vessels are eliminated
since the pressure in the clearances can be increased gradually with in-
creasing internal pressure. The higher the pressure, the better the condi-
tions under which the materials are operating. Placing the entire apparatus
in a liquid compressed to 30,000 atm allows simultaneous usage of hydraulic
support.

The design of vessels with hydraulic support is carried out using the
formulas developed by Kagan [4]. The external radius of the internal cylin-
der is equal to

Rl = V% rle (46)

and the external radius of the external cylinder is

2arys’
Re= yo 5o s il

where r; is the internal radius of the internal cylinder, ¢' is the permissible
stress of the material of the internal cylinder, o" is the same for the ex-
ternal cylinder, P, is the maximum working pressure;

=V
If we represent the pressure in the clearance space between cylin-
ders by Pj,t, then

Pint = i °'4’+’ 2P0 (48)

(49)

_R%—‘GZR% N RE""’% ’
Py 2Ry ° T TomE °

where R, =r, (internal radius of external cylinder).
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DA\

7 " I
‘2 f—rsy 723 .
Fig. 21. Wedge vessel: 1) ring; Fig. 22. Longitudinal section
2) wedges. of wedge vessel: 1) shell; 2)

wedges; 3) ring.

In order to determine the maximum permissible pressure change
in the gap 6Pj,¢, we represent the permissible increase in stress in the
wall of the external cylinder as 60'. Then, the permissible decrease in
pressure in the gap will be

3P _ 2Py 4" 3"
4 Y

int
and the permissible pressure increase will be

U 6 "
3 Pint = Pint “j:T (50)

Wedge Vessels

The important directions in the design of high-pressure apparatus
have been: replacement of tensile stress by compression stress, and us-
age of a method which might be called the stress-multiplication method in a
solid medium. These have resulted in the manufacture of high-pressure
vessels using such materials as tungsten carbide and highly hardened
steels, whose compressive strengths are three to four times greater than
their tensile strength. The use of stronger materials and the possibility
of reducing stresses in the crucial parts of installations have permitted
the creation of apparatus capable of maintaining pressures of 200,000 atm
and higher.

The principle of stress replacement and the method of multiplication
of stress in a solid body have been used, in particular, in the design of
wedge vessels [26].
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A wedge vessel* consists of two layers (Fig. 21): the external
layer is a ring 1 made of high-quality heat-treated steel, the internal layer

is made of a large number of wedges 2 made of a harder material and care-

fully ground to fit each other. There are no tangential stresses in the
wedges, and the radial stresses arising at the internal surface of such a
wedge vessel when pressure is created inside it propagate through the
bodies of the wedges and are decreased at the external surface of the
wedge layer (at the limit when there is no friction between wedges) by
ry/ri.¥ Therefore, ring 1 supports much less stress.}

If we assume [28] that the material of the shell 1 (Fig. 22) (which
provides hermetic sealing during compression of gases and liquids) is de-
formed as a rigid plastic body, ring 3 has the deformation diagram of an
elastic-plastic body, and the compressive stress acting on the internal
surface of wedges 2 is less than the yield point of the material of which
the wedges are made, we can define pressures Py and P, which can be
withstood by a wedge vessel and by an ordinary vessel of the same dimen-
sions respectively.

With elastic deformation [29], Py and P, are the pressures which
create identical equivalent stresses at the danger points of the vessels.
With elastic-plastic deformations, Py and Py are the pressures at which
plastic deformation extends to the entire cross section of the vessels.

Representing P;/P, as m, we can show that

2 [2 ?—1 o
my = aga__z_ 1 [Gps:r (-K’_' 1) + alail}. ._1_(2;—] (51)
_ o 2Ine 4+ oKey/ 3(K—1) %
Mo = oK 2Inay . (52)

53

where m., is the pressure ratio with elastic deformations, mp] is the pres-
sure ratio with plastic deformations,

oy =Tyl

ay = Tr,/ry

*The idea of using wedges was first suggested by R. V. Mil'vitskii, but
was not applied during his time [27].

tEditor's comment: F.J. Fuchs, Jr., additionally has tapered the lengths
of the wedges. The length of the outer surface of the wedge can be, say,
threetimes the length of the inner surface. Thus, the stress-multiplication
factor for a wedge vessel with a radius ratio of ry/r, and taper ratio of
L,/ Ly would be ryLy/r L.

{This method is also called control of radial stresses [28].
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Os, and Ogg are the yield point of material of shell 1 and ring 3, s

Gper i
the permissible stress,

K =r,,lr

With oy and K fixed, the value of m is a function of @y. The maxi-
mums of this function are equal to:

2a3 ) 5 O
My (max) = 3—1/:3_—1(_5‘%:7).[0'2 + 3V3 K(K— l)‘cp—;:l where 0, = -l/q3- (53)

eK —
24+ V3 (K—1)
Mpl(max) = g ST a o;, where a, =e (54)

from which the optimal value of Ty 3is equal to ry/V3 or ry/e.

If a solid body is being compressed in the vessel, shell 1 becomes
unnecessary. Then K=1

2 3
My(max) = g“ﬁ(ag—a_ﬁ (55)

and
a
m .y (max) = e_lngTz (56)

Analysis of equilibrium in a unit cell [30] (see Fig. 11) leads to analo-
gous conclusions. From the conditions of equilibrium, we can write:

d_(c;_@ = 0g (57)

Representing the radial displacement of a unit cell by u, we can pro-
duce the following differential equation:

2,
r’-—‘-’dr—‘:+r-—gr'-‘-—u=0 (58)

from which it follows that oy =— P, where r=r, 3, and 0,.=0, where r=r,.
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Then

. 2
=P _1_2% (l + —:—:—) : (59)

nras  r}
2 __ 2 " Tp
re—rys T

cl=c.,-—dr=P-

where r is the radius of interest.

As is known, 0; (difference between tangential and radial stresses)
has its greatest value at the internal surface of the wedge vessel, i.e.,
where r=r; 3. Then

rlrg’3
ra3(r3—r3 )

Gi(".'.,a) = 2P (60)

Taking the derivative of expression (60) and equating it to zero, we

get:
from which the optimal radius
Ty = ,-;—‘;_: (62)

Expression (62) is correct only where r; <r,/V 3.

Tetrahedral Press

The approach of replacing tensile stress by compressive stress is
also used in the device called the tetrahedral press (anvil) [31]. This is a

high-pressure apparatus (Fig. 23) made of four pistons consisting of a hard

material. The end of each piston consists of a triangular area. The four
pistons form a tetrahedral cavity which is a high-pressure vessel designed
for compression of materials enclosed in an envelope of pyrophyllite. Four
interconnected pressure intensifiers and pistons form the basis of a tetra-
hedral press.* This apparatus can be used to generate pressures on the
order of 100,000 atm at temperatures up to 2000°C.

*Various designs of such presses will be discussed in the following chapter.
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Fig.23. Diagram of tetrahedral press: 1) piston; 2) triangular area (anvil);
3) pyrophyllite; 4) material to be compressed.

Fig. 24. Plan of compression of
plastic bodies to 425,000 atm.

Conical Dies (Bridgman Anvils)

An interesting tendency in design of
high-pressure apparatus has been the
compression of material over very small
areas, surrounded and reinforced by less
highly loaded masses of metal. We know
[31] that the most suitable geometric form
for specimens to be subjected to axial load
is that of truncated cone. It will withstand
higher pressures than a cylinder with the
same cross-sectional area, since the
atoms at the truncated surface have me-
chanical bonds which extend fan-wise
toward the larger base of the cone.

One of the first designs using this
principle was created by Bridgman [32].

Placing a ductile material under a carboloy cone (Fig. 24) pressed into a
carboloy block submerged in a liquid compressed to 30,000 atm, he pro-
duced a pressure on the order of 400,000 atm. The highest pressure is
achieved at point A, which corresponds to point M onthe pressure diagram.

This method has developed in two directions. One has led to the in-
vention of apparatus in which the compression of a thin layer of material
is performed simultaneously with the application of a shear force.* The
other direction has been determined by the attempt to overcome the

*Thispapparatusiwillnberdescribed in Chapter III.
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Fig. 25. "Anvil" with heat insulation: 1) Carboloy; 2) band-
ing; 3) packing; 4) graphite.

primary shortcoming of the method, i.e., the impossibility of heating a
thin layer of material between the blocks to a high temperature and retain-
ing this temperature without weakening the surface of the dies as a result
of their being heated.

First of all, an attempt was made to increase the thickness of the
central portion of the specimen [32] (Fig. 25). At the same time, thermal
insulation (Al,03) was placed at the center of the anvil to protect the metal
from heating. However, the pressure which can be attained in this version
of the apparatus is limited since the compressing surfaces of the apparatus
touch each other after the specimen is compressed. Increasing the sample

Fig. 26. Apparatus with conical backing: 1) ma-
terial being compressed; 2) pyrophyllite packing.
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rosppee:
;“AIJ_'

Fig. 27. Apparatus with two conical packings:
1) Carboloy; 2) banding.

thickness does not give the desired results, since the excess material plus
packing merely flow outward until the thickness becomes "critical," i.e.,
until the friction forces become equal to the shear forces in the material
being compressed.

Considerably higher pressure has been attained in the apparatus
shown in Fig. 26. With this form of sample being compressed, and move-
ment of piston S, the packing is moved out only the distance N, where N=
Ssin 0 . Therefore, the central portion can be compressedto ahigher pressure
than the packing.

z 7 6
5
\%\/ 7
5

67 6 2

Fig. 28. Belt apparatus: 1) cemented-carbide
anvils; 2, 6) straps for strengthening dies; 3)
circular vessel of cemented carbide; 4, 7)
circular vessel straps; 5) soft steel ring.
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Fig. 29, Institute of High Pressure Physics' device with
conical anvils: 1) material being studied; 2) support;
3) anvils; 4) pyrophyllite packing; 5) supporting rings.

Fig. 30. Vessel with conical piston: 1)
Carboloy; 2) sample; 3) packing.

Figure 27 shows an apparatus
in which the upper and lower blocks
have identical form. Here, the sam-
ple thickness can be doubled. In this
case, there is a central ring-shaped
section which is made up prestressed
by bands 2 which protect the internal
ring-shapedvessel from rupture.

Belt Apparatus

An assembly consisting of two
conical pistons, a ring-shaped vessel,
and supporting belts has been called
the belt apparatus [33] (Fig. 28). The
sample is enclosed in pyrophyllite in-

sulation, and the pistons are insulated by conical layers of packing which
flow into the clearance spaces between pistons and vessel during compres-
sion. Thus, sealing of the vessel as well as thermal and electrical insula-

tion of the sample are attained.

If the supporting belts are made conical, the vessel can be consider-
ably strengthened due to the mechanical support. Figure 29 shows an in-
stallation of this design created at the Institute of High Pressure Physics
of the Academy of Sciences USSR [34] independently from those described

above,
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Fig. 31. Piston piezometer: 1, 5, 6) pistons; 2) high-pressure cylinder;
3) chamber holding material being studied; 4) low-pressure cylinder; 7)
silver chloride cylinder; 9) hydraulic press bed.
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Fig. 32. Dependence of maximum pressure
P within piezometer (operating in the elastic
region) on external pressure of support Py for
cylinders with various ratios of external
diameter to internal diameter (o).
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We know from experience of working with pressures of tens of thou-
sands of atm that pistons without side support will be broken, and vessels,
even those strengthened by belts or with mechanical support, will be burst
without end support. In order to prevent rupture of pistons or vessels, the
following design has been suggested [35] (Fig. 30). A conical piston is
placed in a vessel whose ends are formed by an internal cone with the
same angle (90°) as the piston. The ratio of length of cylindrical portion
of the piston to its diameter is slightly over one. During compression of
the sample, the packing material flows into the gap between piston and
vessel and supports both the piston and the ends of the vessel.*

Piston Piezometer (Supported Piston and Cylinder) [36]

We know that the increase in ductility of brittle materials under high
hydrostatic pressure is caused by a change in the nature of the stressed
state. When using solid ductile materials for generation of quasi-hydro-
static pressure, we can considerably increase the strength of the apparatus,

since the mechanical properties of such materials improve under high pres-

sure. This phenomenon is used in the apparatus called the piston piezo-
meter with quasi-hydrostatic support.

The apparatus (Fig. 31) consists of a cylinder 2 plus pistons 6 and 1
creating a stage of high pressure. The material being investigated is
placed in cylindrical chamber 3. Cylinder 4 and piston 5 are used to
create the supporting pressures. The circular chamber 7 is filled with a
ductile material such as silver chloride.t Piston 5, moving under the in-
fluence of force Fy, compresses the ductile material and simultaneously
moves piston 6, which creates the pressure in the material being investi-
gated. As this happens, quasi-hydrostatic stresses arise in the ductile
material supporting piston 6 and the ductility of the material of the piston
is increased. Axial forces Fy and F, are created by a hydraulic press.
Radial forces S are caused by assembly tension [interference stresses].
These forces prevent brittle fracture of the cylinder. The maximum pres-
sure [39] which canbe generated by a piston of this type is equal to the pro-
portional limit [under pressure] of the material of the piston (crp).

The walls of cylinder 2 are extended under the action of the internal
pressure P. The greatest stresses arise at the internal surface of the
cylinder. In this case 0y, 0+, P, the external pressure on the wall P,
created by radial forces S, andthe ratio of radii of the cylinder o are con-
nected by the equation

*The so-called girdle apparatus [35] is constructed according to the same
principle.
fOther ductile materials are used as well as silver chloride [37, 38].
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5,(a — 1) 4 2a2P,

P=—o; P=—"y (63)

The value of o and the value of o, for the cemented carbide of which
the cylinder is made are fixed. Since cemented carbides are brittle, on
the basis of the first theory of strength, only the greatest stress is con-
sidered;in this casethis means the tangential stresses on the internal sur-
face of the vessel.

If o1 =0, (0'p being the proportional limit intensionfor the cemented
carbide under K))\igh hydrostatic pressure), then, according to formula (63),
we can calculate the maximum permissible pressurefor the given cylinder.

Figure 32 shows the results of calculation where Op= 54,000 kg/ cm?
and the support pressure* is varied from one to 30,000 atm.

Let us note in conclusion that an apparatus operating under pressures

from 10,000 to 100,000 atm, even one made of the best modern steels, will
not last long, since the stresses in some of its individual parts so greatly
exceed the strength of the material that these parts will be rapidly de-
stroyed. T
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Chapter III
Methods of Generating Pressure

at Normal and Elevated Temperatures

Generation of pressure in equipment is the most difficult part of
high-pressure experimental work. We will analyze below some methods
for generating pressures in gases, liquids, and solid bodies.

COMPRESSION OF GASES

Laboratory Compressors*

Laboratory compressors now used are four- or five-cylinder hori-
zontal machines compressing gases respectively to 300 or 1000 atm, i.e.,
each cylinder has a compression ratio of about 3.5. The [volumetric]
capacity of these compressors is approximately 10 m¥hr.

A compressor is supplied with a crankshaft-connecting rod mechan-
ism and a flywheel driven by an electric motor (belt drive); the lu-
bricating valve is in the first compression stage. The compressed air
passes through an oil catcher, where most of the oil picked up by the gas
from the compressor is removed. However, the compressed gas contains
oil not only in the form of a fog or droplets, but also in the dissolved state
[2]. Also, if the gas is stored in a water gas holder, it is saturated with
water vapor. Moisture can be removed relatively easily by placing avessel
filled with silica gel and calcium chloride before the inlet tube to the first
stage of the compressor. Also, the compressed gas is passed through a
series of high-pressure vessels filled with silica gel saturated with cal-
cium chloride, caustic potash, activated carbon, and anhydrone.f

The oil and moisture contained in a gas can be completely removed
by absorption of the oil and moisture by an adsorbent or by cooling to a
temperature at which the oil and moisture condense.

*These machines are described in detail in literature [1].
tAnhydrone (magnesium perchlorate) is a strong oxidizer, so that it cannot
be used for drying of hydrocarbons.
79
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Fig. 34. Vereshchagin and Ivanov gas compressor: 1) Cylinder; 2) support; 3) sleeve
seal; 4) shaft; 5, 6) valve; 7) space beneath piston.
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Fig. 35. Membrane compressor: 1) flywheel; 2) piston;
3,7) delivery valves; 4) steel membrane; 5) steel body;
6, 8) valves.

The compressor which we have described can be used to compress
nitrogen, methane, hydrogen, carbon monoxide, and other so-called constant
gases which do not condense under compression. The hydrocarbons (even
if their critical parameters permit compression or if special measures are
used to prevent condensation) are difficult to compress with this type of
compressor, since the lubricating oil is almost totally carried off by the
hydrocarbons due to its high solubility.*

This type of compressor cannot be used to compress oxygen, since
the oxygen and oil form explosive mixtures. For the same reason, air can
be compressed with this type of compressor only to 200 atm. Oxygen is

*1It is also possible that emulsification of oil is considerably increased by
the compressed gases (especially hydrocarbons) due to reduction in sur-
face tension at the phase boundary.
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Fig. 36. Compression by mercury (mercury transfer): 1, 2) con-
nected vessels; 3) contacts; 4) valve.

compressed in special compressors using glycerin lubrication.* However,
under laboratory conditions different methods can be used to compress oxy-
gen; these methods will be described below.

Additional Compression Stages

For compression of considerable quantities of gasestopressures over
1000 atm, a device referred to as a final compression stage is often used.

B. A. Korndorf Single-Stage Compressor [1]. This
compressor has an increased compression ratio and is supplied by com-
pressed gas from an ordinary laboratory compressor. The principal parts
of the compressor (Fig. 33) are the working cylinder 1, water cooled and
designed for a pressure of 5000 atm, the inlet valve 2 and delivery valve3,
and shaft 4 with gland 5. The gland consists of conical babbitt rings di-
rected in opposite directions. They are lubricated from an oil reservoir 6
which is periodically filled with oil. The upper portion of the oil reservoir
is connected to the lower valve of the compressor oil separator. The oil

*The literature [4] contains a description of a new type of compressor
whose pistons use Teflon sealing rings without lubrication.
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Fig. 37. Liquid-transfer compressor: 1) double-action
intensifier; 2) high-pressure vessels; 3) floating piston
to reduce evaporation of liquids; 4) valves.

removed from the compressor by the gas and subsequently separated in

the oil separator is returned to the oil reservoir and enters the gland once
more. Since the gas still removes a certain quantity of oil, the oil reservoir
must be periodically refilled. This method of oiling is inefficient. Lubrica-
tion by a spray oiler (lubricator) is more reliable.

When the compressor is supplied with a gas compressed to 1000 atm,
the output pressure at the oil separator reaches 5000 atm.

L. F. Vereshchagin and V. E, Ivanov Compressor.
This compressor [5] is a single-stage machine with a high compression
ratio, designed to work with an inlet pressure of approximatly 100 atm (i.e.,
the pressure in a compressed-gas cylinder). The compressor (Fig. 34)
consists of a conical cylinder 1 retained in a support 2. The bore of the
cylinder contains polished sealing ring 3, in which stepped piston 4 moves.
As the piston moves downward, gas enters through valve 5. As the gas is
compressed, the lower section of the piston closes the valve. Delivery
valve 6 does not have a valve body and consists of an inverted conical bell
with elastic walls and a very slight rise over the seat.

Sealing of the piston is achieved by sleeve 3,* which presses against
the piston, the degree of compression [pressure] being proportional to the
increase in pressure in the cylinder. Also, the lower portion of the piston
creates a gas blanket in the space beneath the piston 7. Since the clear-
ances between piston, ring, and valve 5 contain lubricant (solidol or nigrol,
State Standard GOST 542-41), its high viscosity in the gaps creates a pres-
sure gradient which prevents leakage of gas. In spite of the high compres-
sion ratio (approximately 100 :1), the parts of the compressor are not heated,

* The. principle-of operation.of the sleeve seal is described in detail below.



COMPRESSION OF GASES 85

since the hot gas is rapidly removed from the
s cylinder and the gas remaining in the dead
Q space of the cylinder (approximately 0.01 times
SRS the working volume of the cylinder) is cooled
N N7 by expansion. This compressor can be used to
N \\« produce pressures of up to 6000 atm.

% . Compressing Devices
\\ ' \%/ When a small quantity of gas is suffi-
N

\ % cient for investigations, or when especially

\ N pure gas is required, as well as when oxygen
N “ N or a rare gas must be compressed, several

kinds of compressing devices are used.

Membrane [Diaphragm] Com-
pressor [6]. The compressor consists
of a steel body 5 (Fig. 35) which contains a
lens-shaped cavity divided by a steel mem-
5 brane 4 held between the body and a head. As
the flywheel 1 is rotated, piston 2 compresses
liquid located in the block, which forces the
membrane toward the head. During this cycle,

o
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Fig. 38. Compression by

metal bellows: 1) bellows; gas leaves the lens-shaped cavity through valve
2) insert; 3) head; 4) rod; 7. During the return stroke,the membrane is
5) gland. relieved and draws more gas in through valve

6. Since the displacement of the piston is some-

what greater than the capacity of the lens-

shaped cavity, a small portion of liquid is
pumped through inlet valve 8 and out through controlled outlet valve 3 with
each cycle. Since the membrane is fully supported* by the spherical sur-
faces of the block, it can withstand high pressure ratios.

Compression by Mercury. Two connected vessels 1 and 2
are half filled with mercury (Fig. 36). One vessel has two contacts 3. The
space over the mercury in vessel 2, which is connected to a pressure gen-
erating device, is filled with a liquid which is to be used to generate the
pressure (oil, water, glycerine, etc.).

Connecting a pressure cylinder filled with compressed gas to valve
4, some gas is drawn off [the cylinder into vessel 1]. The level of mercury
in vessel 1 is reduced, and rises in vessel 2 (the liquid generating the pres-

* The principle of the fully supported membrane [diaphragm] is also used
inthe design of the membrane [diaphragm] valve (Chapter VI) and the mem-
brane [ "null"] instrument (Chapter IV).
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sure is released from valve 2). When the circuit of the lower contact 3 is
opened, valve 4 closes and the oil (or other liquid) being forced into vessel
2 begins to compress the gas. The position of the mercury (which must be
known in order to prevent loss of mercury) is determined as it closes con-
tact 3. Since it is possible to practice to raise the mercury to the very top
of vessel 1, this method can be used to produce high compression ratios
fairly easily. By using a collecting vessel and feeding the compressed gas
into it, it is possible to accumulate a considerable quantity of pure com-
pressed gas rather quickly. If both vessels are connected to a double-
action intensifier and valves are included in the system (Fig. 37), gasescan
be compressed to very high pressures [7]. The mercury level may also
be determined by the resistance of a carbon rod inserted through the top

of the vessel: as the mercury rises, the current path through the rod is
shortened and the resistance is reduced.

This method of gas compression has its deficiencies. It requires a
considerable quantity of mercury, which is in itself undesirable. Also, the
mercury is contaminated by the pressure-transmitting liquid and begins to
contaminate the gas after a certain period of time.

Compression with Metallic Bellows (Sylphon). Bel-
lows 1 with insert 2 serving to reduce the internal space is installed in a
high-pressure column (Fig. 38). The bellows is connected through the in-
sert to head 3 in turn connected to a gas line. The bellows is compressed
from without by oil fed through the lower inlet of the column by an oil pump.

Before gas is fed into the apparatus, the bellows is compressed by
oil. Then, as the oil is gradually drained from the column, gas is fed into
the bellows under pressure. The expansion of the bellows is allowed to con-
tinue until the bellows reaches its maximum expanded position, after which
the inlet to the bellows is closed and the compression of the gas is begun
by pumping oil into the apparatus.

In order to determine the position of the bellows in the column, rod
4 (diameter 4 mm) is attached to the bottom of the bellows. The rod moves
through gland 5 made of polyfluoroethylene rings. Due to the low coeffi-
cient of friction of the polyfluoroethylene and the low rate of movement of
the rod, the resistance in the gland is slight and a small pressure differ-
ential is sufficient to move the rod. The position of the bellows can be
determined by observing the portion of the rod which extends outside the
apparatus.

Compression of Oxygen. In compressing oxygen, the mer-
cury or oil is replaced by a mixture of glycerin and distilled water. The
plan of an apparatus for compressing oxygen to 1500 atm was described by
L. F. Vereshchagin and V. A, Preobrazhenskii [8]. We compressed oxygen
to 500 atm with a bellows compressor operating with a mixture of glycerin
and water.
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In order to compress oxygen with a gas-pressure booster, the pack-
ing of the piston is made of polyfluoroethylene rings. In this method, oxy-
gen can be compressed to very high pressures (on the order of 10,000 atm).
An apparatus designed for preliminary compression of oxygen using metal
bellows as described above was tested by the author [9].

The pressure in the reaction column connected to the gas-pressure
booster was measured by manganin manometer. The coil of the manometer
was not protected from the oxygen, yet no disruptions in the operation of
the manometer at pressures up to 10,000 atm were noted over a long period
of service.

In compressing oxygen, all parts of the installation used must be
carefully cleaned of oil and other organic materials; otherwise they may
ignite and large steel parts may begin burning.* If cleanliness is assured,
the operation of compressing oxygen is safe; the pressure can be increased,
as was noted above, to 10,000 atm.

Other Methods of Compressing Gases

Considerable pressure can be created by evaporation of a compressed
gas in a closed space [10-12] as well as by heating a compressed gas.

S. S. Boksha [13] constructed a thermo-compressor for compression
of gases. This apparatus consists of 4 thick-walled vessels with capacities
of 2130, 1360, 500, and 480 ml. Each vessel contains an electric element
with capacities of 9, 7, 6, and 5 kw respectively. The entire system is
filled with gas from a pressure cylinder, after which a relay is closed
which first connects the first heating element. The gas in the outermost
vessel is heated, and the pressure in the entire system increases. Then,
the relay disconnects the first heating element and connects the second heat-
ing element. The pressure in the second vessel and the system connected
to it begins to increase. Then, the third and finally the fourth heating ele-
ments are connected, and after the system is further filled with more gas,
the first heating element is connected once more. Check valves are in-
stalled between the vessels to prevent gas from entering a vessel in which
the heating element has been turned off.

In eleven minutes, a thermo-compressor increased the pressure in a
200 ml capacity vessel from 150 to 2000 atm.

Very high pressure can be produced by using the kinetic energy of a
flying projectile for adiabatic compression of a gas [14]. In this case, the
compressed gas is heated to 5000-7000°C. This method is at the present
time the only method for simultaneous creation of high pressures and very
high temperatures., ‘

*See Chapter VIII.
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The compressed gas expands very rapidly; the reaction products of
any reaction which occurs between the components of the gas mixture at
high temperatures and pressures are instantly cooled and undergo quench-
ing. This method makes it possible to eliminate the influence of the walls
of the apparatus on the reacting materials; it has therefore beenused for in-
vestigation of certain reactions [15-17].

An installation for adiabatic compression of gases consistsofa column
(closed at one end) in which a piston moves to compress the gas. The piston
must be carefully fitted to the column in order that leakage will be minimal.
The piston, while located at one end of the column, is struck by compressed
gas and begins moving in the column, compressing the gas in front of it.
After it gives up all its energy to the gas, the piston stops, then moves back
under the action of the gas which it has compressed. After a few cycles, the
piston stops. An entire cycle last a few hundredths of a second, so that the
walls of the column are not heated.

The piston is manufactured very carefully and fitted to the column so
that the clearance between column and piston does not exceed 5 1. In spite
of this, gas losses occur as the gas slips through the space around the
piston, and the accelerating gas leaks into the gas to be compressed at the
beginning of each cycle.

Yu. N. Ryabinin [18] has developed a single-cycle unit in which the
piston compresses the gas and then returns to its initial position only once.
For this, a piston-valve is placed in the end of the column; this piston be-
gins to move as the compressing piston moves. When the compressing
piston reaches its end position and stops, the valve piston flies out of the
column, opening an exit for the accelerated gas. Therefore the compress-
ing piston, flying backward, extracts all the accelerated gas from the column
and stops in its initial position.

COMPRESSION OF LIQUIDS AND SOLIDS

Liquid Pumps and Compressors

Vereshchagin Hydraulic Compressor [19]. The com-
pressor (Fig. 39) consists of a block 1 of alloy steel, in which piston 2
moves. The block contains inlet valve 3 and delivery valve 4. The piston,
made of ball-bearing steel type ShKh15 annealed and tempered to a Rock-
well hardness of 40-45, is moved by link 5, held to the block by tension
element (rods) 6.

An interesting feature of this design isthe gland.* Usually, the op-
eration of a gland is improved by increasing its length. However, this re-

* Editor's comment: This gland is the key to reliable operation of the higher-
pressure compressors.
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Fig. 39. Vereshchagin hydraulic compressor: 1) block; 2) piston; 3) inlet valve; 4) delivery valve;
5) link; 6) tension members.

quires an increase in the length of the piston as well. This causes an in-
crease in the friction and a reduction in the resistance of the piston to
longitudinal bending.* As a result, the gland undergoes wear and may fail.
The instability of a long piston makes it necessary to decrease the stroke,
which causes an increase in the relative volume of the dead space.

In the compressor being described here, the gland consists of two
sets of packing (Fig. 40). The system of leather and steel rings 1 creates
the initial pressure gradient at which the sleeve seal begins to operate.

* A piston for this type of compressor must have a small diameter in
order to reduce the forces acting on it.
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Fig. 40. Packing of piston: 1) steel rings;
2) sleeve.

The sleeve 2 is a thin-walled cylin-
der, sealed at its upper end. As
the piston moves downward, the
pressure increases both beneath
the piston and in the ring-shaped
gap between the sleeve and the body
of the compressor. The piston is
fitted to the sleeve, and a pressure
gradient is set up in the gap be-
tween them as the piston moves.
Therefore, the pressure at the end
of the piston is always greater than
at the base of the sleeve, and the
pressure in the circular [annular]
space, equal to the end pressure,
compresses the sleeve. The greater
the pressure beneath the piston,the
stronger the compression against
the sleeve and the better the seal-
ing of the piston. This is the same
principle used in sealing the pistons
of piston manometers.

The inlet valve (Fig. 41) is
sealed by red-brass sleeve 1, the
delivery valve (Fig. 42) by copper
ring 1. The plug of the valve* is
also sealed by a sleeve. Plates 2
of the valves are very carefully fit
(to two or threxe Newton rings).{
This compressor can be used to
compress both liquids and gases,
which have been preliminarily
compressed to 500-600 atm, to a
final delivery pressure of 5000~
6000 atm,

The Ivanov Hydraulic Compressor [20].f The liquid

to be compressed is fed in through nipple 14 (Fig. 43) under a pressure of

*The valves are the most vulnerable part of any pump. This problem will

be analyzed further below.

TEditor's comment: This kind of valve operates reliably at the higher pres-
sures, whereas ball valves are subject to attrition at similar pressures.
1 Editor's comment: This design of compressor is very reliable in perform-
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Fig. 41. Inlet valve: 1) sleeve; 2) plate. Fig. 42. Delivery valve: 1) ring; 2) plate.

25-30 atm into the annular space between the body 13 and gland 12 from
which it passes through three apertures to the annular space between the
shaft 16 and the gland 12. As the piston moves downward, the liquid passes
through lateral apertures in the shaft to the bore of the piston 11 and, open-
ing inlet valve 3, fills the compression chamber. As the piston moves up-
ward, valve 3 closes and the pressure in the compression chamber rises.
When the pressure in the chamber exceeds the pressure beyond the delivery

valve 4, the valve opens and the compressed liquid enters the receiving
vessel.

ance. It is entirely capable of supplying a manifold that is piped to several
locations in a laboratory; in this way liquid at 150,000 psi is on tap, much
as steam, compressed air, vacuum, and other services are piped into mod-
ern laboratories. A pressure of 200,000 psi is reliably available for mod-
erate-duty use from certain models of this type of compressor.
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Fig. 43. Hydraulic compressor with separate supply of liquid and lubricant: 1, 9)
‘glands; 2, 14, 15) nipples; 3) inlet valve; 4) delivery valve; 5) plug; 6) flange; 7)
tension member; 8) cone; 10) support; 11) piston; 12) gland; 13) body; 16) shaft.
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Fig. 44. Tsiklis hydraulic pump: 1) piston; 2) link; 8) pump body; 4) inlet valve
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Fig. 45. Hydraulic pump with variable output.

The compressor automatically controls the mechanical support of
the compression chamber. Cone 8 which contains the chamber is held in
support 10. As the pressure increases, plug 5 tends to move away from
cone 8. When this happens, support 10 is forced even more tightly around
the cone by flange 6 and tensionmembers 7, compressing it further.

The sealing around the moving piston is a result of the hydraulic re-
sistance of the liquid flowing through the clearance space [21]. Piston 11
and sealing sleeves 1 and 9 are lubricated by a hypoid grease, fed in under
a pressure of 25-30 atm through nipples 2 and 15. The output of the com-
pressor is 120 liters of liquid per hour at pressures up to 5000 atm, or 60
liters per hour at a pressure up to 8000 atm. Other mecdels of similar de-
sign yield 12 liters per hour at 12,000 atm and 2000 liters per hour at 2000
atm [22].
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Fig. 46. High-pressure screw pump for viscous liquids: 1) body; 2) insert; 3) drive; 4) ends;
5) tubes; 6) nipple; 7, 8) tubes.

Fluid Pump. The pump design which we use (Fig. 44) can be
recommended for generation of pressures up to 1000-1500 atm.

Piston 1, moved by link 2, moves through the hump of the L-shaped
body 3 in which inlet valve 4 and delivery valve 5 are located. These disc
valves are sealed on the spherical and conical surfaces of the valves them-
selves. Gland 6 consists of alternating brass and leather or plastic rings.
Valve 7 is used for flushing the pump. Slide rails 8 along which the link
moves are fastened directly to the body of the pump.

The pump is driven by a speed reducer. With a piston diameter of 12
mm and an operating rate of 30 cycles per minute, its yield at 1000-1500
atm is 6 liters per hour.

77,80 WA\

=

Fig. 47. Pump for transferring corrosive media: 1) body; 2, 3) chambers; 4) plunger; 5, 6) glands;
7) sleeve; 8) ring; 9) valves.
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Fig. 49. Sidorov mechanical press: 1) cylinder;

5) traveling
7) ballbearings; 8) arms.

3) sealing rings; 4) nut;

nut; 6) drive screw;

2) piston;
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Fig. 51. Calibration of intensifier.

Figure 45 shows a similar
pump of another design* in which
the output can be regulated by chang-
ing the stroke of the piston by mov-
ing the finger [pin] of the sliding
drive relative to the axis of the re-
ducing gear drive. The horizontal
position of the piston allows a more
favorable location of the valves.{

A pneumatic drive is used in
place of the mechanical drive for
compression of liquids to high pres-
sures. The diameter of the work-
ing shaft of one such compressor,
designed for creation of pressures
up to 10,000 atm, is 5.5 mm. The
shaft is connected to the piston of
an air compressor with a diameter
of 220 mm. Due to the high ratio
of areas of the pistons, an air pres-
sure of 15 atm is sufficient for cre-

ation of a pressure of 10,000 atm [23].

Screw Pump for Vis-
cous Liquids [24]. The pump
(Fig.46) consists of body 1 with bronze
insert 2 impressed to cool the liquid.

Screw drive 3 with spiral channels rotates within the insert. The drive ro-
tates within glands located in the ends 4 of the body. The gap between drive
and insert is .01 mm. The liquid is fed to the pump through tubes 5. The
drive, rotating at several thousand rpm, picks up the liquid and forces it
through nipple 6. The opposition of the screw threads on the drive equalizes
the axial forces and removes the loads from the glands. The cooling liquid

flows through tubes 7 and 8.

Sidorov Pump.

Compression and pumping of corrosive liquids

at high pressures can be easily done using the Sidorov pump [25]. A body
1 (Fig. 47) made of stainless steel is divided into chambers 2 and 3; a step-
ped plunger 4 moves within these chambers. The large-diameter stage plus

* Engineer I. S. Radle took part in its development.

tThe NZhR pump (controllable liquid pump) manufactured by the school pro-
duction shops of MIFI [Moscow Engineering and Physics Institute] is simi-
larly constructed. Itis capable of producing pressures up to 1000 atm. De-
pending on the operating pressure and diameter of the plunger, the output of
this pump varies from 1 to 44 liters per hour.
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Fig. 52. Pressure booster with valves: 1)
inlet valve; 2) delivery valve; 3) valve body;
4) small piston; 5) large piston; 6) high-pres-
sure cylinder; 7) low-pressure cylinder.

gland 5 is used to pump an inert
liquid, while the smaller diameter
stage is used for pumping the cor-
rosive liquid. Gland 6 prevents
mixing of these liquids. Sealing
of the gland is achieved by sleeve
7 plus ring 8. Conical valves in
opposing pairs are used in the
pump.

Connecting the chambers
allows the liquids from the two
chambers to be mixed in the re-
quired proportions or to be sup-
plied separately. Also, the in-
ert liquid can be circulated in a
closed cycle so that only a very
small quantity of its will be lost.
Since gland 6 works with a pres-
sure drop of practically zero,
leakage of the corrosive liquid
is excluded. The sealing of gland
5 is not difficult.

Hand Pumps. A hand
pump (Fig. 48a, b) consists of
cylinder 1 in which lever 2 moves
piston 3. The pump shown in
Fig. 48a has two ball valves 4, It
is easy to use and simple to make.
If the piston diameter is 1.2 cm
and the arm length is 50 cm, this
pump can be used to produce pres-
sures of 600-700 atm. The pump
shown in Fig. 48b can produce even
higher pressures.

Sidorov Mechanical Press

The mechanical press (Fig.

49) is convenient in cases when pressure must be changed smoothly in a
system by adding very small quantities of liquid to the system. Cylinder

1 contains piston 2 which is sealed at its tip by alternating leather andbrass
rings 3, compressed by nut 4. The piston is moved by nut 5 driven bythread
6 mounted in ball-bearing races 7. The screw is rotated by long handles 8
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or by a chain drive from a motor. The productivity of the press depends
on the diameter and travel of the piston, and may be varied over a wide
range.

A deficiency of this design is that the reverse movement of the piston
accomplishes no work. A device similar to this one but with a gland at the
top of the cylinder can be used for introduction of mercury under pressure
to high-pressure apparatus (see Chapter IX).

Pressure Intensifier

A pressure intensifier (booster), or hydraulic press, is a system con-
sisting of two pistons in two cylinders. Figure 50 shows a Sidorov intensi-
fier. Piston 1 has a considerably smaller diameter than piston 2. When a
pressure is created beneath piston 2, the force applied to the piston is equal
to the pressure times the area of the piston. The pressure over the upper
piston will then be equal to this force divided by the area of the upper piston.

In other words, theoretically the pressure over the small piston is as
many times greater than the pressure beneath the large piston as the area
of the large piston is in the ratio to the area of the small piston. In prac-
tice, this ratio is not obtained since the pistons move in cylinder bores
with friction.

In order to calibrate the intensifier, the values of pressures beneath
the large piston and above the small piston are plotted against each other
on a graph. The experimental line will not pass through the coordinate
origin, but will be shifted by a certain value A (Fig. 51). Pressure P above
the small piston is determined by the expression

P=pB+ A

where p is the pressure beneath the large piston (low-pressure piston); B
is the ratio of areas of large and small pistons; A is the pressure used in
overcoming friction.

When the pistons are raised, the value A is negative; when they are
lowered it is positive. Once the value of A is determined by experiment,
the pressure in the apparatus can be measured approximately.

This formula is unsuitable for intensifiers with self-energizing seals,
in which friction increases with increase of pressure.

At pressures on the order of 20,000 atm, the compressibility of fluids
(not gases) reaches 30%, and it is difficult to reach the required pressure
with one cycle of piston movements; certain additional methods must be used.
One such method is to supply the pressure intensifier with: two valves, thus
converting it to a low-speed compressor. One such intensifier [27] is '
shown in Fig. 52,
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Fig. 53. Pressure booster with sup-

port: 1, 45) bolts; 2) bottom platen;

3, 11, 12, 21, 31, 39, 47) nuts; 4, 6)
pressure rings; 5, 7, 22, 35, 37, 43,

49, 50, 58, 59) packing; 8) rings; 9,

48) cylinder; 10) screw; 13, 28) com-
pression nuts; 14, 53) inserts; 15, 32,
34, 52) pistons; 16) plug; 17) elec-
trodes; 18) insulating cone; 19, 29,

30, 36, 38) pressure rings; 20) coil;

21) shell; 23) middle platen; 24, 25)
reinforcing rings; 26) tube; 33) plate;
40) upper tension member; 41) sup-
port; 42) upper platen; 44) head (plug);
486) top; 51) nipple; 54) conical [cham-
ber] ring; 55) plug; 56) support; 57)
conical vessel; 60) lower tension mem-
bers; 61) support rings. The M notes
are thread designations.
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Fig. 54. Pressure intensifier with double support: 1, 2, 21) pressure
intensifiers; 3, 6, 10, 11) pistons; 4, 15) cylinders; 5, 9) rings; 7)
plug; 8,18)blocks; 12) conical vessel; 13, 14) supports; 16, 17, 19)
indicators; 20) rod; 21) control intensifier.
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Fig. 55. Overall view of parts of 50,000-atm pressure intensifier.

The inlet ball valve 1 located in the high-pressure cylinder is con-
nected to an apparatus to supply the initial pressure (such as with a me-
chanical press). The cone of delivery valve 2, located in the so-called
valve body 3* is connected to the apparatus in which the pressure must
be produced. The small piston 4 forces the fluid into the apparatus as it
rises, when valve 1 is closed. After large piston 5 rises to the level of the
high-pressure cylinder 6, which is indicated by a sharp increase in pres-
sure in the line supplying fluid to the low-pressure cylinder 7 (indicating
termination of pumping), the large piston must be caused to drop. Allow-
ing the fluid to flow from cylinder 7, fluid is fed in through valve 1. Valve
2 closes during this part of the cycle so that the fluid cannot flow back out
of the apparatus. Forcing the piston down in cylinder 7 requires a certain
amount of pressure which depends on the design of the packing in the small
piston and may be as high as 1000 atm.

With direct compression of gas, hand-operated valves may be used
in place of automatic valves. Press valves, the design of which is de-
scribed in Chapter VI, are especially applicable.

For generation of pressures over 20,000 atm, pressure intensifiers con-
structed on the mechanical support principle are used (see Chapter II).
Such a pressure intensifier is the Vereshchagin intensifier [28]. Figure 53
shows an intensifier with independent support usedfor creation of pressures
up to 30,000 atm (designed by the author). The conical vessel 57, made of
heat treated type 45KhNMF steel (ultimate tensile strength 0y, =18,500 kg
per cm?) is placed in support 56, made of type 40Kh steel.

According to data in the literature [28, 29], the support can be made
of three steel discs. An aperture is drilled in each disc, after which, with

*The part in which the manganin manometer and pressure-reduction valve
are mounted.
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the disc mounted on a rod, the edge of the support is peened so that the in-
ternal surface is hardened by cold working. After this, the discs are heat
treated to R, =53 and ground on the ends and internal surfaces with a spe-
cific tolerance. Then, each disc is hardened by pressing over a conical
die of the same dimensions as the conical vessel, producing a residual
strain of about 5%. The die is pressed into the support using a lubricant
made of water, glycerine, and graphite. The pressure on the walls of the
support reaches 15,000 atm, and the cone is displaced along its axis by

10 mm. After the hardening, the three rings are fastened together and the
aperture is ground.

Our experience has shown that the manufacture of the support can be
simplified if it is made of one piece of annealed and normalized metal. The
external surface of the conical vessel and the internal surface of the sup-
port are ground on a machine tool and lapped in with emery paper and
boron carbide powder. In processing these surfaces, it is important not
only to produce polished surfaces, but also to avoid a rippled surface,
which might cause the mount to break when the conical vessel shifts
within it.*

The supporting force is created by piston 15 moving in cylinder 9.
The piston seal is achieved by the unsupported-area principle. Insert 14
transmits the force of the piston to the conical vessel. It is made of
30KhGS steel andis hardened to ahigh hardness. The manganin manometer
lead goes through this insert.

The pressure in the conical vessel is produced with the pressure in-
tensifier consisting of cylinder 48 and piston 34. The cylinder is sealed
by plug 44 which compresses copper spacer 43 under the pressure of bolts
45 threaded into cover 46. The body of the piston carries hardened plate
33, on which driving piston 32 bears. Piston 32 travels in a gland with self-
energizing seal. Reverse travel of the booster piston can be produced by
feeding oil through nipple 51.

Piston 32 is made of ShKh 12 steel, hardened to high hardness R¢ =
62-65) and polished. Breakage of the piston usually begins with light
scratches around the edge. In order to increase the life of the piston, re-
inforcement rings 24 and 25, made of hard steel, are wrapped around its
end. Working piston 52 is made of KhVG steel, which changes its form
and volume very little during heat treatment. ¥

*The technology of making of the parts of the installation was borrowed to
a great extent from L. F. Vereshchagin.

It is most expedient to make the piston of tungsten carbide. Young's
modulus and Poisson's ratio for this material are: E =(6.44-6.94) -10°
kg/cm? and g =0.267-0.359.
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Fig. 56. Butuzov, Shakhovskii, and Gonikberg pressure intensifier
with doubie support: 1) conical vessel; 2, 3) supports; 4, 7)
cylinder; 5, 6, 8) pistons; 9) electrical lead; 10) tension members.

The piston is hardened, tempered to R, = 62-65 and polished. The
piston diameter is made 0.1 mm smaller than the bore diameter. This is
necessary to prevent seizure of the piston in the bore of the conical vessel
when the piston presses the vessel into the support (see calculation in
Chapter II). Rings 24 and 25 have spherical surfaces,* which aid in the
self-centering of the piston. Piston 52 compresses the packing consisting
of plug 55, made of KhVG steel, against vinyl chloride packing members 22,
conical [chamfer] ring 54, and washers 53. The conical [chamfer] rings 54,
made of type 18 KhNVA steel, prevent packing 22 from entering the gap be-
tween the seal and the cylinder.

Tube 26 is used to produce the initial liquid pressure. After the
piston moves the packing past the aperture of the tube, the channel through
which the liquid is supplied is cut off, and the compression of the liquid
continues in the channel of the cylinder. With a maximum pressure of
30,000 atm at room temperature, only isopentane remains sufficiently fluid.
All other liquids are hardened [solidify or are made too viscous].f

* Advised by L. F. Vereshchagin.

TEditor's comment: Other liquids are also suitable, viz., certain gasolines.
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Fig. 57. Pressure intensifier with external support
of cylinder by compression of packing: 1, 3, 5)
cylinders; 2, 4) pistons; 6) tension members; 7)
2-layered cylinder; 8) rubber rings; 9) steel rings;
10, 11) shoulders.

The installation is assembled on three fastening platens, 2, 23, and
42, held with four tension members 40 and 60. In operating with fluids,
the pressure is measured with a manganin [coil] manometer. In working
with solid bodies, the manometer is replaced by a steel plug and the pres-
sure is determined from the area ratio of the pistons.

Before the conical vessel is placed in the mount, it is wrapped in
lead foil 0.1 mm thick, lubricated with a paste consisting of graphite and
glycerine.

The method of designing vessels with mechanical support is pre-
sented in Chapter II. Design requires, based on properties of the material

being used and the nominal dimensions of the conical vessel chosen, deter-
mination of the pressure to cause yield and selection of the proper support

pressure.
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The effective force is calculated from the dimensions of the conical
vessel; on the basis of this force, the axial force Py is determined. The
dimensions of the lower pressure intensifier are calculated from the value
of Py and the force created by the upper pressure intensifier. In order to
determine the working stroke of the lower intensifier, the shift of the coni-
cal vessel in the mount due to expansion of the support and compression of
the vessel is calculated, keeping in mind that a portion of the lead foil will
flow out through the gap [between vessel and support]. The diameter of the
working piston is determined from the reduction in internal diameter of
the conical vessel as it is compressed in the mount.

The piston creating the pressure is made of KhVG steel. It under-
goes tremendous compressive stress, reaching 30,000 kg/ cm? in this in-
stallation, and is not broken only due to the fact that the compressive
strength of KhVG steel, like other very hard materials, is considerably
greater than the tensile strength. When the piston is manufactured, the
possibility of longitudinal bending must be considered.

The pressure in the conical vessel must not cause an excessive stress
in the support where it is in contact with the surface of the conical vessel.
In turn, this stress depends on the dimensions of the apparatus and the
amount of working pressure. It can be shown by calculation (see Chapter
II) that the limiting pressure for an apparatus with a piston diameter of 10
mm and a conical vessel with an [semivertical] angle of 2.5° will be 30,000
atm. At higher pressures, the support stresses exceed the yield strength
and even the ultimate strength of the steel of the support and the conical
vessel, which leads to rupture of these parts.* Therefore, so-called
double support is used to create higher pressures, increasing the support
pressure by stages. For this, a second stage of support must be created

* Editor's comment: The 30,000-atm "pressure barrier" for single-stage
support equipment appears to be ina class with the "sound barrier" and the
"thermal barrier" of aerodynamic terminology, both of which proved to be
of smaller significances then originally posited. The editor and others
employ a supported cone for routine use to 38,000 atm and for occasional
use above 40,000 atm (at room temperature, with noncorrosive liquids).
A barrelling of the chamber is observed (as occurs also with pressures
of 30,000 atm and lower), however, presumably because restraint by un-
pressurized metal at the ends of the chamber strengthens the ends. This
barrelling does not interfere with operation of the chamber in general.
Similarly, 30,000 atm pressure with both pressure chamber and external
support at 500°F does not appear to be harmful. Pinch-off is present too.
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around the initial support by placing the first support mount in a second
mount. Double support, in spite of its greater complexity in comparison
with single support, makes a larger selection of cone angles possible.

An installation [30] constructed on the double-support principle is
shown in Fig. 54. It consists of a primary conical vessel 12 placed in
supports 13 and 14. The piston 10 (diameter 6.3 mm) which creates the
high pressure is made of Carboloy and presses on Carboloy block 8,
diameter 12.5 mm. The block presses on plug 7, made of hard steel.
Piston 10 is pressed into the cylinder by piston 6.

The high-pressure vessel 12 moves into support 13, which in turn
moves into support 14 under pressure from piston 3 moving in cylinder 1.
The external surface of vessel 12 has a solid angle of 18°. The solid angle
of the external surface of support 13 is 13°. The maximum pressure on
the internal surface of the support 13 is equal to 26,300 atm, on the ex-
ternal surface, 11,400 atm.

Displacement of vessel 12 in support 13, and support 13 in support
14, are measured by the lever indicator 16 and 17. These data can be used
to get an idea of the friction of the moving parts and to calculate the sup-
port pressure,

Displacement of piston 10 in vessel 12 is measured by special rod
20, made of hardened steel. The rod passes in through the plug closing the
pressure vessel and contacts Carboloy piston 11, located above the sample
being investigated. The displacement of the entire vessel relative to the
piston is read on indicator 19.

Block 18 is made of bronze and designed for absorption of shock in
case the vessel ruptures.

It is very important that the pressure in intensifiers 1 and 2 increase
smoothly and in the proper relationship; otherwise the relationship be-
tween the support pressures will be disrupted. This is the job of pressure
intensifier 21, which is connected to both working intensifiers and assures
that the required pressure ratios are maintained as oil is fed to both in-
tensifiers. The capacity of this intensifier must be sufficient to achieve
the maximum pressure.

The pressure under pistdn 6 is measured by a weight manometer,

An overall view of the conical vessel, small piston, and supports is
presented in Fig. 55.
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Fig. 58. 100,000-atm pressure intensifier: 1) conical vessel;
2, 3) blocks; 4) small conical vessel; 5) support; 6) pistons;

7) [specimen] material; 8) plug; 9, 10) plates; 11) compresso-
meter; 12) plug with electrical lead inputs.

A double-support pressure intensifier of a considerably more con-
venient design can be used to create pressures up to 40,000 atm; it was
described by V. P. Butuzov, G. P, Shakhovskii, and M. G. Gonikberg [31]
(Fig. 56). Conical vessel 1 is located in support 2 which, in turn, is lo-
cated in supports 3. When pressure is created in cylinder 4, piston 5forces
the conical vessel into support 2, and support 2 into support 3. As this oc-
curs, a pressure on the order of 14,000 atm is created on the surface of
the vessel, while a pressure on the order of 12,000 atm is created at the
surface of support 2. Upper piston 6, moving in cylinder 7, is used to
generate pressure in vessel 1, This piston presses on piston 8, 16 mm in
diameter. Piston 8 rides on a sealing plug which serves to generate pres-
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sure in the cavity of the conical vessel.

The pressure is measured by a man-
ganin manometer, the end of whose
coil protrudes through electrical lead
9. The cylinders of the pressure in-
tensifier are held down by 8 tension
members 10.

Figure 57 shows a pressure in-
tensifier designed by M. K. Zhokhov-
skii [26]; the mechanical support in
this booster is replaced by hydraulic
support. High-pressure cylinder 1
and piston 2 and low-pressure cylinder
3 and piston 4 form an ordinary pres-
sure intensifier. Cylinder 3 is also

! the piston for hydraulic-press cylinder
Fig. 59. Compression by conical piston: 5, which creates the support pressure.
1) support; 2) cone; 3) lead plug; 4) The pressure at the lower side of the
sealing plug; 5) manometer; 6) plate. intensifier and in the hydraulic press
is created by one pump. The bottom
of cylinder 5 bears, through a cushion,
on the lower plate of the frame. Cylinder 7 and its support fit on the
shoulders of the external surface of cylinder 1. Packing insert 8 made of
rubber rings and two anti-extrusion rings 9, which exclude leakage of the
rubber through the gaps, are located in the cavities between shoulders 10
and 11,

As pressure is generated at the lower end of the intensifier and in
the hydraulic press, the external support pressure increases simultane-
ously. If friction is ignored, then

S
p= pl"s%
where p is the pressure in cylinder 1; p; is the pressure in the low-pres-

sure cylinder 3; S, is the area of piston 4; S, is the area of piston 2.

In turn,

where p, is the pressure in packing 8; S3 is the area of cylinder 5; S, is
the area of packing ring 8.
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Then,
p=rp,
where

The stress in the rubber approximates hydrostatic pressure [dis-
tribution].

In order to achieve even higher pressures, the conical vessel and its
mount can be submerged in a fluid compressed to 30,000 atm [32]. An in-
stallation for compression [pressurization] of material to 100,000 atm con-
structed on this principle is presented in Fig. 58. Conical vessel 1 of an
ordinary 30,000 atm installation with independent support, filled with iso-
pentane, contains a casinginwhich a small conical vessel 4 with support 5
and piston 6 is compressed between blocks 2 and 3 by two nuts. The ma-
terial being investigated 7 is placed within the small conical vessel.

The quantity of liquid in vessel 1 is calculated such that as it is com-
pressed plug 8 contacts plate 9 at the moment when the pressure in the
liquid reaches 25,000-30,000 atm. Then, further movement of the plug
causes motion of plate 9 which transmits the force of piston 6 by pressing
on block 2. The piston, moving into cone 4, compresses material 7 and
simultaneously moves the cone into mount 5. Thus, reinforcement of ma-
terials by surrounding external pressure is used in this design.

The pressure in the apparatus is measued by compressometer 11, the
design of which is described in Chapter IV.

L. F. Vereshchagin, A. I. Likhter, and V. I. Ivanov [33] used a coni-
cal vessel as a piston to create high pressures. Steel support 1 (Fig. 59)
contains conical vessel 2 with an aperture straight through, which is
soldered to lead plug 3. Glycerine is poured into the bottom of support 1.
The cavity of the conical vessel contains a compressible fluid. The vessel
is closed with plug 4 containing the electric leads and manganin manometer
5. Part 6 transmits the pressure from the hydraulic press. As cone 2 is
pressed into support 1, it is compressed and moves down into the support.
The volume of the internal cavity is thus decreased and the pressure within
the cavity increases.

Anvil Apparatus

The usage of the principle of replacement of tensile stress by com-
pressive stress (see Chapter II) has allowed the creation of apparatus cap-
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Fig. 60. Diagrams of anvil apparatus: a) tetrahedral; b) and c) 6-anvil
[cubic, if of equal sides],

P — able of producing pressures on the order
L : H L ) of 100,000 atm and higher with consider-
[H ] able volumes of sample material. Fig-

I - ure 60 shows diagrams of anvil apparatus

—2 of designs improved over the design of the
g 72 : Hall tetrahedral press described in
- 7 9 Chapter II.

I ! J In the apparatus constructed accord-
Fig. 61. Tetrahedral installation ing to plan a, the force creating the pres-
with a single source of power: 1) sure is applied to one piston only.* This

support; 2) anvils; 3) guiding frame.  eliminates one of the primary deficiences
of the Hall installation, in which the forces
of four pressure intensifiers must be
equalized. A pressure intensifier of this design [34, 35] with one source
of power is presented in Fig. 61. The installation consists of conical sup-

* Editor's comment: In the USA, this scheme is termed the NBS (National
Bureau of Standards) technique after reference [34].
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Fig. 62. Cubic clamp intensifiers: 1) upper press; 2) lower press; 3) ring press;
4) wedge mount; 5) high-pressure chamber with 6 anvils.
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Fig. 63a. 6-anvil clamp intensifier with a single source of power: 1)
press; 2) reverse travel [retraction] press; 3) wedge supports; 4) anvil
frame. AB Section on following page.
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Section through AB

Fig. 63b. 6-anvil clamp intensifier (section)
compressing sample.

port 1 plus four anvils 2, joined in guiding frame 3. One of the anvils is
located above. The force applied to the upper anvil causes it to move down-
ward. When this happens, the frame also slips downward in the mount,
moving the remaining pistons toward the center of the structure,

Figure 62 shows a 6-anvil [cubic] pressure intensifier constructed
in cubic form with three presses; Fig. 63 shows an intensifier with one
press which moves all the dies [36].

The design of such apparatus has resulted in availability of a com-
paratively small volume between the anvils which must contain the pyro-
phyllite packing, sample, heating installation, and measuring transducers.
Figure 64 shows the plan of location of these elements within the tetra-
hedron. Here, pyrophyllite equilateral tetrahedron with edge length 25%
greater than the edge length of the triangles on the anvils contains metal
tube 1 with the sample, connected to two metal contacts 2 for passage of
current through the tube. Pyrophyllite prism 3 insulates the contact. The
temperature is measured by thermocouples 4. In order to increase fric-
tion between the pyrophyllite tetrahedron and the anvils (so as to prevent
leakage [extrusion]) the faces of the tetrahedron are covered with ocher.

Observations of specimen harm in this type of pyrophyllite tetra-
hedron [37] have shown that the least amount of distortion occurs when the
sample is placed oriented from one side to an angle peak. The generation
of a pressure gradient in the pyrophyllite can vary the results of measure-
ments from experiment to experiment by 40%.
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Fig. 64. Arrangement of sample
and thermocouples within tetra-
hedron: 1) sample tube; 2) con-
tacts; 3) insulation; 4) thermo-
couples.

Wedge Apparatus

Figure 65 shows the diagram of an apparatus [38] constructed onthe
principle of the wedge vessel. The high-pressure cylinder consists of
four carefully fitted wedges 1 with spherical [sic] surfaces, placed in steel
band 2. The apparatus is closed with a plug 3 from below, and a cylindrical
steel piston 4 is placed above in the bore formed by the wedges. The pres-
sure on this piston is created by conical piston 5. The bore contains pyro-
phyllite cylinder 6 in turn containing the sample being tested 7. As the
piston moves, the pressure in the bore rises sharply and reaches a max-
imum at the end of the piston stroke, when the piston cone closesthe wedge-
shaped vessel. A compact unit is created which is capable of withstanding
a pressure over 50,000 atm at a temperature up to 1500°C.
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Fig. 65. Wedge pressure intensifier: 1) wedges; 2) ring; 3)
plug; 4) cylindrical piston; 5) conical piston; 6) pyrophyllite
cylinder; 7) sample.
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Fig. 66a. Spherical vessel a, longitudinal section. 1) Top of segment;
2) middle of segment; 3) base of segment; 4) hard steel rib; 5) spheri-
cal shell; 6, 13) pistons; 7) platens; 8) graphite resistor; 9) cubic soft
copper shell; 10) thermal insulation; 11) electric insulating shell;

12) tube.

This same principle is used in the design of the apparatus shown in
Fig. 66 [39]. It is a spherical vessel made of six segments each of which
consists of three parts — the top 1, middle 2, and base 3.

The internal portions of the bases have square planes which form a
cubic volume when the apparatus is assembled. This cavity contains cubic
shell 9 made of soft copper, which itself contains a spherical volume that
holds a graphite resistance 8 which is used to heat the sample, electric
insulation shell 11, and the material being investigated compressed into
a tube. This tube is placed in thermal insulation 10 (soapstone) [or laval.

The spherical vessel is located in spherical shell 5, 52 cm in diame-
ter, placed in a tube covered by pistons 13 and 6. Water is forced into the
tube through tubing 12 under a pressure of up to 6000 atm, causing the seg-
ments to move together and compress the cubic cavity. It can be seen from
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Fig. 66b. Spherical vessel, view from above: 1) Top of seg-
ment; 2) middle of segment; 3) base of segment; 4) cubic soft
copper shell.

Fig. 66 that the areas of the bases of the segments contacting the copper
cube are less than the outer projected areas of the segments. Due to this,
the pressure created within the cubic volume is greater than the pressure
of the water by a factor equal to the number of times that the area of the
projection of the surface exceeds the area of a side of the cubic container.

As the pressure is increased within the copper shell, the shell flows
into the clearances between parts 2 and 3. In order to prevent puncturing,
ribs 4 are made of hard steel. With a pressure in the tube of about 6000
atm, pistons 13 and 6 withstand a force of 13,000 tons. This force is ap-
plied to a shell consisting of plates 7 placed in steel support and wrapped
with stressed steel bands (not shown on the figure). The steel bands form
the body of the apparatus, similar to the body of awound vessel. Synthesis
of diamonds has been performed in Sweden in this type of apparatus.*

* A wedge vessel was also used in this work [40].
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Fig. 67. Belt apparatus (apparatus with conical dies): 1) Carboloy pistons; 2, 3, 7, 8) belts; 4)
steel ring; 5) copper ring; 6) Carboloy chamber; 9) rubber belt; 10) tube; 11) pyrophyllite shell;
12) nickel packing; 13) steel packing; 14, 16) pyrophyllite cones; 15) steel cone.

Belt Apparatus

The highest pressure (on the order of 200,000 atm) has been produced
in so-called belt apparatus.¥

A belt apparatus (or apparatus with conical anvils) is shown in Fig.
67. It consists of three parts— two pistons and a high-pressure chamber
in the form of a ring. The pistons consist of Carboloy anvils 1, of the
most suitable form (conical), reinforced by belts 2 and 3 made of hardened
self-loaded (press-fitted) steel. These rings are surrounded by rings 4
and 5 made of soft steel and copper, which protect the surrounding area
from flying fragments in case the inner rings burst.

iThese apparatus were created almost simultaneously in the USSR [40] and
the USA [41]. They can be used to produce this order of pressure with si-
multaneous heating of the material being investigated to 2000-4000°C.
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Chamber 6 is a Carboloy ring, also reinforced by rings 7 and 8. If
the experiments are performed at high temperature, the chamber can be
cooled with water. The water jacket is surrounded with rubber cushioning
ring 9.

The material being investigated is placed in tube 10 with pyrophyllite
shell 11, which is placed in Carboloy chamber 6. Then, current-conducting
nickel packing 12 and steel packing 13 are placed on the pyrophyllite, and
a layered packing consisting of pyrophyllite 14 and 16 and steel 15 conical
rings is applied to the piston. The apparatus is then placed between the
platens of a powerful hydraulic press, which is used to compress the en-
tire assembly. By passing a current through the pistons, which are in-
sulated from the body by packing 14 and 16, tube 10 and the sample being
investigated can be heated to several thousand degrees.

Figure 68 shows the pyrophyllite container [42] in which the ma-
terial being investigated and the thermocouple are inserted; these con-
tainers are used for studying phase transformations, and measurement of the

dependence of electrical resistance and melting point of material on pres-
sure.,

7 | NN | B
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Fig. 68. Container: 1) graphite furnace;
2) stainless steel wire 2.6 mm in diameter;
3) material being investigated; 4) insulated
thermocouple lead; 5) thermocouple; 6)
solder; T) silver chloride; 8) insulation.
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At the present time, investigations are performed in belt apparatus
at pressures up to 200,000 atm and temperatures up to 5000°C [43].

Small Hydraulic Presses

The usage of belt and anvil apparatus, in which the sample being in-
vestigated may be 10 to 12 mm in diameter, requires the construction of
powerful intensifiers capable of creating forces on the order of several
thousand tons. It is rather difficult to manufacture such intensifiers. In-
dustrial hydraulic presses cannot be used for these purposes, since they
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Fig. 69. Small laboratory hydraulic press: 1, 2) cylinders; 3, 6)
platens; 4) nut; 5) conical surface; 7, 8) packing; 9) reverse tra-

vel cavity.
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cannot long maintain the forces involved, are complex in design, are ex-
pensive, and are extremely large and heavy.*

Figure 69 shows a small press [44], in which the force required is
achieved by increasing the operating pressure of the fluid in the cylinders
of a press. The press has a lower cylinder 1 and an upper cylinder 2 with
conical external surfaces 5, and mechanical support platens 3and 6. Nut 4
transmits the load from the pressto the platens. The pistons of the cylinders
are packed with vinyl chloride and textolite rings 7, operating on the un-
supported-area principle. Reverse travel of the piston is produced by forc-
ing fluid into cavity 9. The platens of the press are connected by four
columns,

When the pressure inthe cylinders is 5000 atm, the press can create
a force of up to 1000 tons, corresponding to a pressure in anvil or belt ap-
paratus (with a piston diameter of 10 mm) equal to 700,000 atm.

GENERATION OF HIGH PRESSURE WITH SIMULTANEOUS
APPLICATION OF SHEAR FORCE

The method of compression of material in a thin layer (see Chapter
1II) is highly effective. Bridgman [45] discovered that the combination of
high pressures generated in such apparatus and the application of shear
forces aids in the progress of certain physical and chemical conversions
of material or mixtures of materials. These conversions can be studied
by means of the behavior of curves of dependence of shear force on ap-
plied pressure.

L.F.Vereshchagin, E. V. Zubova, and V. A. Shapochkin [46, 47] im-
proved this method and created an installation in which shear force can be
applied at pressures up to 500,000 atm. The installation (Fig. 70) consists
of four anvils 1, made of a cerametallic alloy, pressed into belts 2. The
material being investigated is located between two anvils. The anvils are
placed in a hydraulic press and compressed. Then, block 3 is rotated ap-
proximately 60°, thus applying shear force to the compressed material.

The apparatus for compression of material in a thin layer is shown
in Fig. 71. The apparatus is located between base plate 1 and piston 2 of

*Editor's comment: Therearenow available, from several sources, simple
presses with low ratios of weight-to-tonnage capacity, intended specifically
for high-pressureusage. Suchpresses are designed to have small bed areas
and small daylight, and ordinarily are fed by hydraulic fluid at relatively
high pressures, much as described here. Presses with capacities up to
10,000 tons are in use.
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Fig. 70. Installation for simultaneous creation of
high pressures and shear: 1) anvils; 2) belts; 3)
block; 4) material being investigated.

a hydraulic press which bears on the apparatus through thrust bearing 3.
Pobedit conical anvils 4 are enclosed in supporting belts 5. The entire sys-
tem is enclosed in aligning vessel 6 which contains a slot for lever 7. By
applying aforceto this lever (measured by a dynamometer), mobile shaft 8
is moved, also rotating belts 5 with the anvils. If we know the force re-
quired for rotation of shaft 8, we can calculate the shear force and estab-
lish the dependence of this force on the pressure being applied to the ma-
terial being investigated.

OTHER METHODS OF PRODUCING HIGH PRESSURES

High pressures can be created using the property that materials
change their volume upon melting.

V. G. Lazarev and L. S. Kan created a pressure of 1700 atm by freez-
ing water in a closed space [48]. According to the calculations of Kan,
ethyl alcohol frozen at normal pressure and heated to 20°C in a closed
vessel would create a pressure of 6000 atm. If the alcohol is frozen with
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Fig. 71. Apparatus for compression of material in a thin
layer: 1) base plate; 2) piston; 3) thrust bearing; 4) anvils;
5) belts; 6) housing; 7) lever; 8) roll.
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Fig. 72. Plan of Kan installation for compression
of fluids by freezing: 1, 2, 3) bombs; 4, 5) capillary
tubes; 6, 7, 8) manometers.
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an initial pressure of 5000 atm, a pressure of 10,000 atm can be produced
by subsequent thawing.

This phenomenon is used in an apparatus suggested by L. S. Kan [49]
(Fig. 72). Reactor bomb 1 is filled with the liquid being investigated; gen-
erator bomb 2 is filled with alcohol, pentane, or light gasoline. Bomb 3is
filled with the same fluid while disconnected from the apparatus and the
liquid is frozen under a constant pressure, adding more liquid until the
level of the solid material reaches the plug. After this, bomb 3 is con-
nected to the assembly and heated in boiling water. At the same time,
bomb 2 is cooled. When the liquid in bomb 2 is frozen, bomb 3 is discon-
nected and, while freezing the liquid in capillary 4, bomb 2 is heated. This
causes the pressure in bomb 1 to increase. After freezing the liquid in
capillary 5, bomb 2 is disconnected and the operations with bombs 2 and 3
are repeated until the required pressure is generated in bomb 1.

N/
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W R
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Fig. 73. High-pressure vessel with conical thread: 1) body; 2) nut; 3) head; 4)
packing; 5) pressure ring; 6) capillary; 7) thermocouple well.
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E. A. Itskevich, et al., used the same method to create the pressure
in the low-pressure cylinder of an intensifier. For this purpose, water is
pumped in beneath the low-pressure cylinder and frozen. The expansion
of the water causes the piston to move. The small piston can be used to
compress a material cooled to the temperature of liquid helium. The loss
of heat through the piston is considerably reduced.

N. B. Brandt and A. K. Tomashchik [50] discovered that samples
frozen in water under pressure are subjected to heterogeneous [nonhydro-
static] stresses; therefore they used a mixture of water with ethyl alcohol
to create high pressures. It was shown that the ductility of the solid phase
of such solutions is considerably greater than the ductility of ice, and in-
creases with increasing concentration of alcohol in the solution.*

HEATING AT HIGH PRESSURES

A material compressed to high pressures can be heated by two meth-
ods: 1) the entire high-pressure apparatus can be heated in a furnace to
the required temperature (external heating); 2) the high temperature can
be created within the apparatus (internal heating).

External Heating. With external heating, the temperatures of
the parts of the apparatus are identical, so that the pressure which the ap-
paratus can withstand is determined by the strength of the steel of which it
ismade, at the temperature to which it is heated.

At high pressures and temperatures, packing and threads operate
under very difficult conditions; therefore, the high-pressure apparatus
must be made of special steels and special designs must be used.

Figure 73 shows an apparatus [52] for investigation of the compressi-
bility of water at temperatures up to 1000°C and pressures up to 2550 atm,
made of a steel whose composition is presented on page 12. This steel
has high tensile strength at a temperature of 1000°C and withstands cor-
rosion well,

The body [bore] 1 of the bomb is covered [sealed] by head 3 with cop-
per packing 4 and pressure ring 5. Parts 3, 4, and 5 amount to an unsup-
ported-area plug. The packing is compressed by nut 2. Experience has
shown that at high temperatures and pressures, it is the threads on the nut
that fail most frequently. In this design a tapered (conical) thread with
large pitch [few threads per unit length] is used, allowing the nut to be
rapidly removed even if it sticks [seizes].

* A mixture of water and methyl alcohol can also be used for these in-
vestigations [51].
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Fig. 74. High-pressure apparatus with internal furnace (for investiga -
tions at pressures up to 12,000 atm and temperatures up to- 1200°C):
1) conical vessel; 2) support; 3, 4) covers [heads]; 5) furnace; 6)
electric lead; 7) screens,

Connecting capillary 6, made of stainless steel, is threaded into head
3. In order to assure proper sealing at the thread, the head and capillary
are heated red-hot and the thread is expanded by placing a mandrel in the
capillary. After this, the thread will not leak.

With external heating, there is no temperature gradient in the walls
of the high-pressure apparatus and no thermal stress which, as we have
seen in Chapter II, may be considerable in other types of apparatus. The
absence of thermal stresses and the relative simplicity of design of the
furnaces required are advantages of this method of heating.
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Internal Heating. With internal heating, the heat source is
placed inside the vessel. The wall temperature within the vessel may be
considerably reduced by good thermal insulation (refractory and thermal-
insulating [radiation] screens, as well as artificial cooling of apparatus
walls). However, considerable thermal stresses may arise in the walls
of the apparatus.

-

Fig. 75. Installation for investigation of polymorphic transformations: 1) high-
pressure vessel; 2) heater; 3) thermal insulation; 4) crucible [enclosure]; 5) pack-
ing; 6, 7) porcelain ampules; 8, 9, 11, 12, 13, 14) thermocouple junctions; 10)
quartz capillary tubes; 15) plug; 16) manganin manometer; 17, 18) galvanometers.
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Heat sources may be explosive materials [53], thermite [54], etc.
The most widely used method of internal heating is the passage of an elec-

tric current through a heating element or the striking of an electric arc [55].

The electric leads into this type of furnace must be designed to pass
a high-power current. Various designs of such apparatus used for miner-
alogical investigations at high pressures and temperatures are described
in the literature [56].

Figure 74 shows the design of an apparatus with internal heating [57].
Conical vessel 1 is surrounded by support mounts 2. There is a channel
between the vessel and mounts for the passage of cooling liquid. The coni-
cal vessel is covered with two tops [heads] 3 and 4. Compression [chiefly
restraint] is achieved with a hydraulic press, by placing the entire appara-
tus between the platens. The electrical leadsin the top are used to place a
thermocouple in the apparatus. Furnace 5 is heated with a platinum-
rhodium winding, powered through electrical lead 6. The second conductor
for the electric power is the body of the apparatus itself. The vessel con-
tains screens 7, used to protect the walls of the conical vessel from heat
radiation. The apparatus is designed for pressures up to 12,000 atm and
temperatures up to 1200°C.

Sometimes, graphite rod resistors are used in place of the electrical
winding for heating. The specific design features of the furnace are deter-
mined by the type of material being compressed (gas, liquid, or solid). If
the material being investigated is corrosive, the thermocouple placed in
the apparatus is enclosed in a thermocouple well. It should be recalled
that certain gases, such as hydrogen, dissolve in platinum under pressure
and change the indications of the thermocouple.

Figure 75 shows the apparatus designed by V.P. Butuzov, S. S, Boksha,
and M. G. Gonikberg [58] for investigation of polymorphic transformations
at extremely high pressures and temperatures above 1000°C. Electrical
heating element 2 is placed in conical vessel 1, insulated from the walls by
the thermal-insulating enclosure 3. Crucible 4, which is insulated fromthe
electrical heating element by mica covering 5 and has a hole in its bottom,
contains two porcelain ampules 6 and 7. One ampule contains the material
being investigated, the other, any other material which does not undergo
polymorphic transformation under the [given] experimental conditions.

The differential thermocouple, whose junctions 8 and 9 are placed in
the investigated and standard material, can fairly precisely fix the tem-
perature situation during the polymorphic transformations, which may be
accompanied by absorption or production of heat. The junctions of the dif-
ferential thermocouple are protected from corrosive materials by quartz
capillaries 10.
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Fig. 76. Assembly for studying melting points of metals: 1) elec-
trical inlet lead; 2) plastic seal; 3) nipple; 4) manganin manometer;
5) crucible; 6) electric furnace; 7) rubber plug; 8) piston seal; 9)
conical vessel; 10) piston; 11) liquid; 12, 19) thermocouples; 13)
material being studied; 14) seal around electrode carrier; 15, 16)
steel ring; 17) compression ring; 18) base.
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A second differential thermocouple, with four junctions, 11, 12, 13,
and 14, is used to measure the absolute temperature. Two junctions 12
and 13 of this second differential thermocouple are located within the plug
15; the emf's of these two junctions compensate each other.

The pressure is measured by manganin manometer 16, and the emf
of the thermocouples by two galvanometers 17 and 18.

Figure 76 shows an installation [59] for the study of the dependences
of melting points of metals onpressure (at pressures up to 30,000 atm and
temperatures up to 2000°C). The apparatus consists of conical vessel 9
located in a support for mechanical constraint. Before gas is passed in
through joint 3 the lower press of the pressure intensifier is used to com-
press packing 2 in an unsupported-area gland consisting of rings 15 and 16.
The pressure-intensifier piston transmits force to support 18, which trans-
mits this force through the body of electrical lead 1 to pressure ring 17.
While this is happening, the sealing rings 14 of the electrical lead are not
compressed and the gas, compressed to several thousand atm (for ex-
ample, by a compressor described above), passes freely into the bore of
the cone. After the installation is filled, the lower press is connected again
and, applying more pressure to ring 17, rings 14 of the electrical lead are
compressed. At this time, base 18 touches the lower end of cone 9 and
creates the force necessary to achieve mechanical support of the vessel.

Further, the gas in the bore of the cone is compressed by piston 10
which, as it moves, touches unsupported-area seal 8. A hydraulic plug is
used in this apparatus for more reliable sealing: rubber plug 7, onto which
liquid 11 (a mixture of glycerine with pentane) is poured, is installed be-
fore the piston. The same liquid is poured onto the electrical lead plug.

After the required pressureis created, electrical heater 6 is connected
(the heating element consists of a coil of platinum or tungsten wire or a
graphite resistance) and the material 13 contained in vessel 5 is heated.
The temperature is measured by a dual-junction differential thermocouple
12. The hot junction is placed in the medium being investigated, the cold
junction in a well inthe body of the electrical lead. The temperature of the
cold junction is measured by a second thermocouple 19. The pressure is
measured by a manganin manometer 4.

One specific feature of internal heating of compressed gases is the
sharp increase in required power at the furnace as pressure is increased.
According to the data of the author, an internal heater used to heat a column
approximately 30 mm in diameter to 520°C required 5 amps at 8 volts at
atmospheric pressure. At a pressure of 600 atm nitrogen, the same tem-
perature could be maintained only by a current of 20 amps at 30 volts. A
qualitatively identical picture was observed by J. Basset [60], L. F. Veresh-
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chagin and Ya. A. Kalashnikov [61], and J. Robin and S. Robin [62]. This
phenomenon is apparently explained by the great increase in density of the
medium and by convection to the walls of the apparatus.

L. F. Vereshchagin and Ya. A. Kalashnikov investigated another
phenomenon accompanying internal heating of a compressed gas in detail;
namely the displacement of the high-temperature zone toward the lower
portion of the high-pressure apparatus: they established thatthe displace-
ment of the heated zone, as well as the instability of indications of thermo-
couples at high pressures [63], are caused by changes in the laminar [flow]
state of the compressed gas by turbulent convection currents within the
vessel.

All these phenomena must be considered when investigations are
performed in high-pressure vessels with internal heating.
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Chapter IV

Methods of Measuring High Pressures

PRESSURE UNITS

Pressure is force applied to a unit of area. The most widely used
pressure unit is the atmosphere (normal [standard] or physical atmosphere),
equal to the pressure of a column of mercury 760 mm high on an area of
1 em?with mercury density 13.5951 g/cm? (at 0°C) and an acceleration of grav-
ity equal to 980.665 cm/sec?. The weight of such a mercury column is

1.033 kg. Thus, a normal atmosphere (n. atm.) corresponds to 1.033 kg/cm?.

For convenience in calculations, the so-called technical atmosphere
(atm.), equal to exactly 1 kg/ cm? has been introduced and is used in Soviet
technical writing.* In the SGS [CGS] system, the unit of pressure is one
dyne per square centimeter, also called a "barye."

In 1961, the International Unit System SI (State Standard GOST 9867-
61) was introduced in the USSR; in this system, pressure is expressed in
newtons per square meter: 1n/m?=1.019716 X 10~ kg/cm?; 1 kg/cm?
=0.980665 X 10° n/m?.

Pressure is also measured in kilograms per square meter, in pounds
per square inch, in tons per square inch, in meters of water, in mm of
water and mercury, and in inches of water and mercury. Appendix III pre-
sents conversion factors for these pressure units.

* * *

Pressure is measured by manometers, which are divided into so-
called absolute and relative types.

* Ed. note: This is the "atmosphere" used throughout this book.
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ABSOLUTE MANOMETERS

Absolute manometers are instruments which permit direct measure-
ment of pressure by equilibration of its force, the value of which can be
accurately determined. These manometers include liquid and piston (weight)
manometers.

Liquid Manometers

By equilibrating a pressure to be measured with the weight of a
column of liquid, the magnitude of the pressure can be determined. The
heavier [more dense] the liquid, the shorter the column of liquid required
to equalize the given pressure. Therefore, high pressures are measured
most frequently by using mercury. The weight of a column of mercury 76
cm high with a cross-section of 1 cmz, as is known, corresponds to 1 atm.
Therefore, measurement of pressures on the order of hundreds of atm
requires a mercury column hundreds of meters high. Such manometers
have been used, but they are cumbersome and inconvenient in use. Re-
cently, a change has been introduced in the design of these manometers
which has considerably simplified operation with them.

An improved mercury manometer (Fig. 77) was used by D. I. Men-
deleev [1]. The manometer consists of a series of interconnected columns.
Each column is filled with mercury. The intervals between columns of
mercury are filled with water. The pressure is measured as the sum of
the heights of the mercury columns (hq, hy, hs) minus the sum of the heights
of the water columns, multiplied by the specific gravities of mercury and
water respectively.

In spite of certain deficiencies (difficulty in sealing the joints, re-
quirement of correcting factors, etc.), mercury manometers of this design
are still used [2, 3, 4]. One such is the precision multi-stage mercury
manometer with steel tubes [5], consisting of nine columns, each approxi-
mately 17.5 m high. The steel tubes have an internal diameter of 1.6 mm.

Fig. 717. Mendeleev manometer.



ABSOLUTE MANOMETERS 139

Toluene is the fluid between the mercury
columns. The mercury level in each column
y is determined by a cathetometer through a
¢ ‘:,r-—f transparent plastic window, the distance be-
B ) tween windows by the resistance of a meas-
uring strip of Invar.

&
b For accurate readings, especially
- \ where there are a large number of columns,

correction factors must be introduced (for
temperature differences between various
portions of the column, compression of mer-
cury at the pressure being measured, force
of gravity, etc.). Thus, the mercury ma-
nometer, strictly speaking, is not absolute.

If the manometer is placed in a thermo-
stat, the necessity for temperature correc-
tion can be eliminated. Corrections for the
force of gravity are still necessary. The
pressure is equalized by the weight of a
column of mercury, i.e., by the force act-
ing on the area of the tube cross-section.
This force is equal to

%

N\

Fig. 78. Piston manometer:
1) piston; 2) cylinder.

F=mg

where m is the mass of the mercury; g is the acceleration of gravity at
the point where the measurement is performed.

For so-called normal acceleration (980.655 cm/ secz), this force will
be equal to

F=mg,

Expressing the mass of the mercury column by the area of its cross-
section, height h, and density of the mercury, and equalizing the right por-
tions of these equations and simplifying, we get

where h, is the height of the column for normal acceleration; h is the meas-
ured height of the column.
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The value of the correction depends on the geographical location of
the place where the measurement is being performed. Values of accelera-
tion of gravity (cm/ sec?) are presented below for certain cities of the USSR :

Thilisi. ....... 980.32
Odessa ....... 980.74
Kiev......... 981.08
Moscow . .. .. .. 981.52
Leningrad ... .. 981.93
Arkhangel'sk ... 982.13

More detailed information on the corrections and techniques for cal-
culation can be found in [6], by M. K. Zhokhovskii.

Piston Manometers

Another type of absolute manometer is the piston (weight) manometer.

Detailed investigations of piston manometers and development of
their theory were performed by M. K. Zhokhovskii [6, 7] (see also [8]). He
divides piston manometers into four basic types:

1) a simple, unpacked piston;

2) a simple piston in a cylinder with lateral pressure;
3) a single differential piston;

4) a dual differential piston.

Operation of a Piston Manometer. The pressure P, to
be measured acts on piston 1 (Fig. 78), which moves freely in cylinder 2.
The piston is carefully fitted to the cylinder and has no additional packing.*
The pressure in the cylinder attempts to eject the piston. By equalizing
this pressure with known load G, if the area of the piston is known, the pres-
sure under the piston can be determined.

There is a clearance between the piston and the cylinder, which is
filled with a liquid. Sealing of the piston is achieved by liquid [viscous]
friction between the walls of the piston and the cylinder as the liquid moves
through the clearance under the action of the pressure.

Pressure P, and load G applied to the ends of the piston compress
the piston. A pressure which varies from the hydrostatic pressure in the
cylinder (at base of piston A) to atmospheric pressure (at level B) exists
inthe clearance between the lateral surfaces of the piston and the cylinder;
this pressure acts normal to the lateral surfaces. These forces cause de-
formation of the piston and cylinder.

* Manometers with pistons sealed by a gland will not be analyzed here.
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Load G applied to the piston creates
{ c pressure P, beneath thepiston. The liquid
fills the clearance and flows out of the clear-
ance under the action of this pressure. Under
stable conditions, the liquid in the clearance
i flows under the action of the constant pres-

-+ sure difference between the beginning and end
l E of the piston. The liquid flow is compensated
/ by a drop in this piston. The rate of descent
of the piston must be small; therefore, the
% clearance must vary within a range of a few
LR
77

7
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microns.
d

Rate of Descent of Piston. It is important
to know the dependence of the rate of descent
1% of the piston on its dimensions, the clearance

77 width, etc.
Y,

V4
N

SN

% With a small pressure P4, such that de-
&f:; 7 formation of the piston and the change in
7 viscosity of the pressure-transmitting fluid
< can be ignored, the rate of drop of a simple
Fig.79. Simple piston. piston, as shown on Fig. 79, is equal to:

2 \\\ \\ .

XA

= Bnebly

where V is the speed [rate of descent], cm/sec; P, is the pressure, dy’n/cmz;
h=a —b is the clearance, cm (a is the radius of the cylinder bore, b is the
radius of the piston); 7, is the viscosity of the fluid, poise; I, is the length
of the portion of the piston within the bore, cm.

This equation allows the dimensions of a planned instrument to be
estimated or the rate of descent of a piston to be determined if the dimen-
sions of the piston are known.

However, at high pressures, the cylinder and piston are deformed and
the clearance changes. Since the pressure along the length of the clearance
is variable, the viscosity of liquid in the clearance also changes along the
length of the piston. In order to compute the descending rate of a piston
under these conditions, the change in clearance width must be estimated.
The introduction of deformation coefficients is very convenient in this case.
For a simple piston (Fig. 79) these coefficients are equal to:

K — <R2+02+ )+_‘£_1_(1__p‘1)’ K1=_Eb‘_p'1
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where R is the external radius of the cylinder; E and E,; are the moduli of

elasticity of the materials of cylinder and piston; p and iy are the Poisson's

ratios for the materials of the cylinder and piston.

Then, the rate of descent of the piston is:

1 3K 6K 6K
V = gt ||+ KaPo® 5 (h— KiP o+ 5 (h— KPy) + 5] —
o | (B PLK = K)o 2 (P (K — K+

F (A HPK—KD) +9—’§;}}

where c is the isothermal piezo-coefficient characterizing the change in
viscosity of the liquid with pressure.

\
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Fig. 80. Simple piston and cylinder
with lateral pressure,

Fig. 81. Single differential piston.
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h | h It can be considered, on the basis
r : ] of experimental data, that the viscosity of
’} b_\' the liquids changes with pressures as
i
follows :*
7z, I
/ / — eL‘P
% | %fﬁ 7 = g
Z %
% o 20 - where 7 is the dynamic viscosity under
e I pressure; 7, is the viscosity at atmos-
/ sz /// ol pheric pressure.
7. Zb é Y This formula can be used to deter-
SacA mine the rate of descent of a simple
NS piston at high pressure. The expres-
I 888 ] 0T J sions for deformation coefficients of
1 manometers of other types are presented

below, and the expressions for the rate

Fig. 82. Dual di ial pi .
8 val differental piston. ¢ Gescent of the pistons of these ma-

nometers can be found in literature [6, 7].

The deformation coefficients K5 and K, for a simple piston in a cylin-
der with lateral pressure (Fig. 80) are equal to:

i

mle e

@;%+@+%U—M

2R b
(m—!’*)—i—E—lHt

K,
K,

For a single differential piston (Fig. 81), the deformation coefficients
are:

for the upper portion,

a, [R?+a} by .
K= [meat ]t B u—m
for the lower portion,

2 2
K= [REg+e]+20—w)

ng P’l

where a,, by, and hy are the radii of the cylinder and piston, and the magni-
tude of the clearance for the upper portion of the piston respectively; a,,

*See Chapter I.



144 METHODS OF MEASURING HIGH PRESSURES
by, and h, are the corresponding values for the lower portion of
the piston.

For a dual differential piston (Fig. 82) the deformation coefficients
are respectively:

for the upper portion

R: 4 a}

K =g+ |+ B 0—w

’ b
K= ‘El;'l"'l

for the lower portion

1 a [R? 2 b
K =% |fma o]+ 2 0—w
KT———%—M

Rate of Rotation of Piston. No matter how well a piston manometer is
made, defects in centering of the system may cause friction between the
piston and cylinder. In order to eliminate this, the piston is rotated. The
piston may be given a certain angular velocity by hand, after which it will
rotate with decreasing speed until it stops. The piston may also be rotated
with constant speed by a motor.

When there is no non-liquid friction,under low-pressure conditions,
and when the clearance and viscosity of the liquid are constant, the rate of
rotation of a simple piston is:

0 = e~
_ Axlp?
C= e

where w is the instantaneous value of angular velocity of the piston; wj is
the initial angular velocity of the piston; r is the radius [of gyration] of the
load; m is the mass of the load.

If friction force T is applied to the piston (for example friction in the
shaft bearing), then:

_2Tb,

)
w = (.l)oe—“’—— -la—'(l —e‘“’) 5 it

where by is the radius of the bearing shaft.
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At high pressures, the value of the torque applied to the piston by
liquid friction changes greatly due to deformation of the clearance space
and variation in viscosity of the liquid. In this case, coefficient @ can be
calculated from the deformation coefficients presented above.

Effective Area of Piston. As was noted above, during the process of
measurement of pressure, the area of the piston changes due to its de-
formation under load. If the area determined from measurement of the
diameter is compared with the area determined by calibration of the ma-
nometer with a known pressure, the latter value will be greater even at
[low] pressures where the deformation of the piston can be ignored. This
is determined by the fact that the piston diameter is effectively increased
by the liquid film flowing through the clearance space between cylinder and
piston under the influence of the pressure.

The area determined by calibration is called the effective area of
the piston. This value must be known in order to determine the pressure
being measured by the manometer with respect to a given load.

If the friction arising when the liquid and piston move in the cylinder
is taken into consideration, the pressure measured by the manometer will
be equal to

G-—T
P=——

where G is the weight of piston plus load; T is the friction; S is the area of
cross-section of the piston.

We know that the liquid friction
T = Prb(a—1D)

Then,

G
S+ nbh

P =
The expression in the denominator is the effective area. Thus,

Syg= b + =b (a — b)

i.e., the effective area is greater than the true area by approximately one
half the area of the ring-shaped gap. This approximate expression for de-
termination of the effective area is often used in calculations. However,
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this expression, like the expression for the accurate determination of
effective area

Sef =+ (a%+ b?)

is correct only at low pressures. At high pressures, when deformation of
the piston and cylinder takes place, the effective area changes. This change
can be calculated from the following formulas:

for a simple piston in a normal cylinder
! 3uy—1 1 K. ’
Sp, =S, {1 +P,[—%T+T (3K )]}

for a piston in a cylinder with lateral pressure

Sp, = Set {1 + P, [3“15? 4 (K"—%‘”}

for a dual differential piston

Sp, = Sef {1+P1|:3MET + bi — b

for a single differential piston

3 — 1 bl%_bz<%+K4>
Spy = Sef |1 + Py E, + b} — b}

Here Sp, is the effective area at pressure Py; Sef is the effective area cal-
culated or determined at low pressures; K;, K,, etc., are the deformation
coefficients.

Representing the expressions in brackets as A, we get

Sp, = Ses (1 + PN

where A is a coefficient characterizing the relative change in area per unit
of pressure.

It can be shown that the simplest method for determining the effec-
tive area is measurement of the diameters of the piston and cylinder bore.
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However, with very small bore diameters, it is very difficult to measure
this diameter with high accuracy. Even if the diameter is measured in-

directly, such as by weighing the liquid filling the bore, the required ac-
curacy is still not achieved.

The effective area can be calculated from the diameter of the piston
and the size of the gap, determined hydrodynamically, using a method sug-
gested by M. K. Zhokhovskii. The value of clearance h is determined from
the descent rate of piston V, which is found experimentally:

3
h=T o

Another method for determining the effective area is comparison of
two pistons, where the area of one piston is known.

Also, a known pressure can be created beneath the piston, as by the
vapor of some material at known temperature, for example the vapor of
pure carbon dioxide, the vapor pressure of which at 0°Cis 26114.7+1 mm Hg
(£=980.665) or 34.4009+0.0013 atm. At high pressures, reference
points which will be given below can be used.

The most accurate method of determining the effective area is meas-
urement of this area from the indication of some accurate manometer,
such as a mercury manometer.

The effective area can be measured at pressures of several thousand
atm by the following method [9]: The piston manometer is connected to
a mercury manometer, consisting of a steel column, approximately 900 cm
high, filled with mercury. The column is terminated by steel plugs. Two
tubes filled with nonviscous oil are used to transmit the pressure to the
top and bottom of the column. The position of the division boundary [me-
niscus] between mercury and oil is maintained at a constant level by elec-
trical contacts. The height of the mercury column is determined from the
distance between these contacts with an accuracy of 0.013 cm, using a cali-
brated Invar tape. The mercury column and the oil line leading to the top
of the column are held constant at 25°C.

The top of the column is connected to the atmosphere, the bottom to
the piston manometer to be calibrated. The pressure which equalizes the
mercury manometer can be easily determined if the dimensions of the
manometer are known. A pressure is created at the upper terminus of the
column through a system of valves by a press; the manometer to be cali-
brated is also connected to the top of the column, A second piston manome-
ter is connected to the bottom of the column. The pressure at which it is
equalized is equal to the pressure at the bottom of the column during the
first measurement plus the pressure of the mercury column. As the
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two piston manometers are switched, the pressure is increased each time
by 11.73 atm, finally reaching a pressure of 2550 atm.

If the pressure of mercury and oil are known, the value of the pres-
sure generated and the effective area of the manometer at this pressure
can be calculated. The accuracy of this method at 510 atm is £0.015 atm;
at 2550 atm, the accuracy is £0.14 atm. This method gives good results,
but it is complex and requires the construction of expensive apparatus.

A simpler method [10] consists of connecting two piston manometers
of identical design and dimensions, made of different materials. The
modulus of elasticity of these materials should be known. The dimensions
of the clearance under the conditions defined will change in proportion to
the moduli of elasticity.

Ignoring second-order quantities, the effective areas A and B of the
pistons of the two manometers are determined at the given pressure:*

A=Al +cf(P)]
B =B,[1 + Bf (P)}

where A, and B, are the effective areas at atmospheric pressure; o and 8
are constants inversely proportional to the moduli of elasticity of the ma-
terials; f(P) is the unknown pressure function.

Then:t

Al @—B) (P

Equalizing the two manometers at identical pressure, we determine
(@ — B)f(P); knowing a/B, we can determined the absolute value of effec-
tive area at the known pressure. This method is applicable only if the
ratios of moduli of elasticity and Poisson's ratios are identical.

When these conditions are observed, the effective area changes in
direct proportion to the change in pressure, which permits reliable extra-
polation to be performed for higher pressures.

Experiments have shown that this method makes it possible to meas-
ure the change in effective area with an accuracy to 107%% of the total area.
The effective area at atmospheric pressure may be determined from the in-
dications of a mercury manometer.

*These expressions are identical to equations presented above for deter-
mination of effective area determined by M. K. Zhokhovskii.
7This expression has been derived with certain assumptions.



ABSOLUTE MANOMETERS 149

By measuring the capacitance of
the condenser formed by the cylinder,
piston, and oil layer in the gap, we can
determine the width of the gap and,
consequently, the effective area of the
piston [11].

Corrections to Reading of Piston
Manometers. It is clear from the above
that accurate pressure measurement
with a piston manometer requires in-
troduction of certain corrections to the
readings of the piston manometer. The
most important correction is that for
the change in effective area with pres-
Fig.83. Amagat manometer: 1)high-  gure.
pressure cylinder; 2) high-pressure

piston; 8) low-pressure piston; 4) oil; The pressure, measured by the
5) mercury manometer. piston manometer
G

where S, is thé effective area; G is the weight of the load plus piston.

If the effective area is changed by AS, the change in pressure

AP, = —p, S

P
The total change in effective area of the piston with pressure

AS = SyP,

from which

AP, = — P}

where A is a coefficient characterizing the relative change in area per unit
of pressure. The value of A for various types of manometers can be found
in the literature [7].

It is further necessary to introduce a correction for the acceleration
of gravity:

AP, = p 8 _&n ‘g‘ngﬂ
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where g is the acceleration of gravity at the location of measurement; gn
is the normal acceleration.

The effective area of the piston changes with temperature as well.
In this case, the correction to the measured pressure

APy = P (a+ B)(20 —1)

where P, is the pressure at 20°C; @ and 8 are the thermal coefficient of
linear expansion of the material of piston and cylinder respectively.

In cases when the pressure is measured with an accuracy to hund-
dredths of an atmosphere, the pressure of the column of pressure-trans-
mitting liquid in the connecting capillaries must be considered. For this,
the height of the liquid column from the end of the piston to the place to
which the measured pressure is related must be known.

In practice, the location of all high-pressure capillaries connecting
the manometer with the apparatus can be drawn to scale and the difference
in the columns of liquid between the levels of the end of the piston and, for
example, the level of the mercury in the mercury equalizer or [diaphragm]
membrane null-instrument can be calculated. Then, the correction

AP4=i§:HT

where H is the calculated height of the liquid column, cm; y is the specific
gravity of the liquid at the given temperature, g/ em?,

The correction is added or subtracted, depending on the location of
the manometer and the instrument in which the pressure is being measured.

Manometers with Single Piston.* The greater the diame-
ter of the piston, the more slowly it will descend into the cylinder with the
same clearance width. However, an increase in diameter leads to an in-
crease in equalizing load required.

Amagat Manometer (12]. In order to reduce the load, Amagat used two
pistons of different diameters (Fig. 83).f The small piston receives the
load to be measured, while the large piston, connected directly to the
small piston, equalizes the pressure of the mercury column., With a suf-
ficiently high ratio of areas of pistons, this manometer can be used to

*We will not describe the simplest manometer — a Rucholz press, which
the reader can find in the literature [6].

tAnother method for reducing the load being equalized is reduction of the
piston diameter.
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Fig. 84. Vereshchagin-Aleksandrov piston manometer: 1) bomb; 2) sleeve;
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3) piston; 4) ball; 5) beam; 6) bevel gear; 7) steel ring; 8, 9) mirrors; 10)

lamp; 11) lens; 12) microscrope.
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/
A

Fig.85. Controlled-clearance manometer: 1) meas-
uring piston; 2, 3) cylinders; 4) seal; 5) nut.

measure pressures up to 3000 atm. The design of the manometer is com-
plex and the pistons must be very accurately fitted.

In this manometer there are two pistons, but we relate it to manome-
ters with single pistons, since the pressure being measured is borne by
only a single piston.

Manometer with Cylinder with Lateral Pressure. ~Good sealing of the piston
is achieved in a cylinder which has a thin-wall sleeve at its lower portion.
Since the pressure in the clearance drops continually, the external pres-
sure acting on the walls of the sleeve compresses the sleeve, improving
the sealing of the piston and decreasing the diametral clearance. The
Vereshchagin-Aleksandrov manometer [13] (Fig. 84) is constructed on this
principle. It consistsof abomb 1 containing cylindrical sleeve 2 made of
hardened steel. Sleeve 2 is compressed in the bomb, and the pressure
presses it around the piston. Piston 3, 1.52 mm in diameter, made of ball-
bearing steel, is contained in the sleeve. The lower end of piston 3 bears
on steel beam 5 through steel ball 4; beam 5 is supported on two
mounts and can bend between them. As a working fluid, the authors used
a viscous mixture of glycerine and glucose.

In order to reduce friction, the piston is rotated by bevel gear 6. The
movement of the piston under pressure is measured by the bending of steel
beam 5. The amount of bending is determined from the compression of
light steel ring 7, which carries mirrors 8 and 9.
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Light from lamp 10 passes
through lens 11, is reflected from
these mirrors and focused in the
lens of measuring microscope 12,
\\Q -Z The movement of the dot of light
on the scale of the microscope is
used to measure the change in
ring diameter under the influence
of bending of the beam. At 10,000
atm, the bending reaches 20 u.

A}

As can be seen from the
description of the manometer, the
authors do not use aload for meas-
urement of pressure at all. They
have actually used the method of
relative pressure measurement.*

] . There are similar designs in
Fig. 86. Piston manometer with constant which the displacement of the
clearance: 1) piston; 2) insert; 3) manome- . .
ter; 4) apertures; 5) nut. piston is measured from the bend-
ing of powerful springs made of
disks of sheet steel 2 mm thick.

A somewhat different design [14] is the piston manometer with con-
trolled clearance (Fig. 85). The measuring piston 1 is located in cylinder
2, which in turn is located in cylinder 3. A definite, calculated pressure
is created between cylinders 2 and 3, the amount of the pressure depending
on the amount of pressure to be measured. The pressure in the gap be-
tween cylinders 2 and 3 deforms cylinder 2, changing the clearance between
piston 1 and cylinder 2. In order to prevent leakage of the liquid, unsupported-
area seal 4 is used, compressed by nut 5.

The dependence of pressure Py, which must be created in the clear-

ance between cylinders 2 and 3, on the measured pressure P, is expressed
by the formula

P,=K+ LP,
where K is the pressure required for reduction of the clearance between the

cylinders at atmospheric pressure; L is a coefficient dependent on the po-
sition of the so-called "minimal-clearance ring."

* This method of measuring the position of a piston is inefficient and elim-
inates the advantage of a piston manometer as an absolute manometer.
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Fig. 87. Shtyukrat balance: 1) fork support; 2) support;

3) piston; 4) cylinder; 5) tube; 6, 7, 8) knife edges; 9) load
container; 10) scale; 11) indicator; 12) adjusting weight.
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Fig. 88. Decimal manometric balance: 1) manometer; 2, 3, 4) equalizing weights; 5) rider.
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Fig. 89. Zhokhovskii manometer: 1) body; 2, 5) cylinders;
3, 6) pistons; 4, 8) nuts; 7) packing; 9) tubing; 10) ball; 11)
pulley; 12) fingers; 13) plate.

If the minimal-clearancering is located near the top end of the cylin-
der, then L.=0.7; if the ring is located near the middle, then L.=0.35. De-
pending on the initial size of the clearance, the support pressure P; may be
greater or less than the pressure being measured.

The attempt is made to move the sealing between the support cylin-
der 3 and the measurement cylinder 2 as far as possible from the ends of
the piston, in order to avoid local deformations resulting from end effects.

A Carboloy piston is used in this manometer, which allows measure-
ments to be performed with high accuracy.

A piston manometer with constant clearance (independent of preésure)
[15] is shown on Fig. 86. In this manometer, the cylinder is symmetrically
loaded from within and without, so that the clearance dimension and the
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force of liquid friction remain constant, Piston 1 is carefully fitted to
cylindrical insert 2, which in turn is carefully fitted to the body of the
manometer 3. Apertures 4 equalize the pressure. Nut 5 retains insert 2.

Manometric Balances. The amount of load required to equalize the
piston can be reduced using balances with unequal-length levers. In the
Shtyukrat balance* [16] (Fig. 87), forked support 1 contains support 2, which
is pressed by piston 3, moving in cylinder 4. The cylinder is fastened to
the body of the balance. Tube 5 creates the pressure in the manometer.
Support 1 hangs on a knife edge mounted on the short arm of the balance.

The fulcrum of the balance rests on the body of the scale at knife
edge 7. Knife edge 8 is located at the end of the long arm of the balance,
carrying weight-container 9. The long arm is terminated by indicator 11
with adjusting-weight 12, which moves across scale 10,

The piston subjected to pressure in a manometeric balance (Fig. 88)
is weighed using a high-precision decimal analytic balance [17]. Manome-
ter 1 is installed in a fixed position so that its pistont bears on a frame
supported by the fulcrum of an unequal arm balance (stages 2, 3, and 4).
Stage 2 has nine weights, each of which corresponds to 70 atm. Stages 3
and 4 consist of nine weights corresponding to 7 and 0.7 atm respectively.
The weights are removed or added automatically as the weight ring rises
or falls. Movement of rider 5 is used to determine a change in pressure
of less than 0.7 atm. Each centimeter of rider movement corresponds to
0.03 atm.

The balance deécribed was constructed in 1940, and has been peri-
odically checked over the last 14 years [18]. In this time, the calibration
coefficient A in the expression

P=As+B

has changed by 0.0004. Here P is the pressure being measured; s is the
indication of the balance; B is a constant.

Manometers with Differential Piston [6, 7, 19, 20].
In order to reduce the load on the piston, manometers with so-called dif-
ferential pistons are used. The pressure in these manometers is borne

by the area of a ring with diameters equal to the larger and smaller pistons.

This area may be comparatively slight, which allows a reduction in the load
equalized by the pressure being measured. The diameters of the pistons

*In this manometer, the piston moves in a gland.
1In this design, the body of the manometer is rotated rather than the
piston.
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Fig. 90. Zhokhovskii piston manometer for 15,000
atm pressure: 1) manometer cylinder; 2) sleeve
seal; 3) nut; 4) low-pressure piston; 5) low -pressure
cylinder; 6) valve; 7) head; 8) load; 9) piston
manometer; 10) output tube; 11) indicator; 12)
bearings; 13) piston; 14) nipple; 15) pulley.
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Fig. 91. Manometer with displaced center of gravity: 1) piston;

2) cylinder; 3) nut; 4) nipple; 5) plumb; 6) bearing; 7) bushing;
8) head; 9) tube; 10) load; 11) plate.
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Fig. 92. Measuring installation plan: 1, 3, 5, 7, 8) valves; 2) piston manometer; 4) oil press;
6) manometer [pressure gaugel; 9) dividing (null) instrument; 10) system in which pres-
sure is to measured.

may be rather great, so that the pistons will drop slowly. Also, the load
is not placed on the piston, but is rather suspended from it, which also
improves the usage conditions of such manometers.

In addition to these advantages, differential piston manometers have
deficiencies: itis more difficult to manufacture the piston; the piston drops
more rapidly, since leakage takes place on two sides; the accuracy of a
differential manometer is somewhat less than the accuracy of a normal
piston manometer. For measurement of high pressures, a dual manometer
with a differential piston is used, i.e., a second manometer is connected
in series to a first one so that the ring space of the first is connected to
the large piston of the second. In essence, the second manometer acts as
a pressure intensifier. It is also connected to the space in which the pres-
sure must be measured.

Zhokhovskii Manometers. The design of a manometer with a measure-
ment booster for determination of pressures up to 2000 atm has been cre-
ated by M. K, Zhokhovskii (Fig. 89). Body 1, which is a truncated cone
with a window cut out, contains cylinder 2, in which piston 3 is fitted. The
cylinder is sealed by nut 4, through which a tube connecting the chamber
of cylinder 2 with a piston manometer used to create an accurately known
pressure is connected.

The lower portion of body 1 contains cylinder 5 with fitted piston 6.
The cylinder is sealed by packing 7 and nut 8. There is clearance between
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the body and cylinder 5, into which liquid can penetrate under the same
pressure as on the end of piston 6. This causes the cylinder to be com-
pressed, sealing the piston.

The lower portion of cylinder 5 is connected by tube 9 to equipment
in which the pressure is generated. Piston 6 is connected by a spherical
head (not shown on the figure) to piston 3 through ball 10. Pulley 11, in the
aperture in body 1, rotates piston 3 and plate 13 (through fingers 12), con-
nected to piston 6.

The pressure P measured by this manometer is expressed by the
following formula:

P=P1K+‘g—

where P, is the pressure over the upper piston; G is the weight of the up-
per piston; S is the cross-sectional area of the upper piston.

S
K=-s—'

where s is the cross-sectional area of the lower piston.

With a large area ratio of the pistons, a small accurately-known
pressure can be used to equalize and therefore measure a high pressure.

For measurement of very high pressures (up to 25,000 atm), other
measuring intensifiers [21, 22] are used. Figure 90 shows a manometer
designed for a pressure of 15,000 atm. The apparatus in which the pres-
sure must be measured is connected through nipple 14 to cylinder 1 of the
manometer, in which carefully fitted piston 13 moves. The force from this
piston is transmitted through the ball to the low-pressure piston 4, which
moves in cylinder 5. The space over piston 4 is filled with oil, the oil pres-
sure being less than the pressure in the apparatus by a factor equal to the
ratio of areas of piston 4 to piston 13.

Cylinder 5 is covered by head 7 and valve 6, through which oil can
be transmitted from the space over piston 4 to the low-pressure piston-
manometer bore 9 with load 8, connected to head 7. Indicator 11, which is
observed through the viewing window, is used to determine the position of
the piston system 13-4. The position of the piston of manometer 9 can be
controlled by feeding oil through tube 10.

Bearing 12 and pulley 15 rotate the pistons of the manometer. The
pressure being measured is

P=P,+Gn
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where P, and n are constants of the instrument; G is the weight of load 8
and the piston in manometer 9;

n= 3—3:9:' PO ——GO/SS

where s, is the effective area of the piston in manometer 9; s, is the effec-
tive area of piston 4; s; is the effective area of piston 13; G, is the weight
of piston 4 and the parts connected to it.

MP-600 Manometer. In order to reduce the load necessary for equal-
ization of a high pressure, a very small diameter piston can be used. In
this case, however, in addition to the difficulties of manufacture of the
piston and cylinder, the danger of bending of the piston-load system as it
is rotated arises. This deficiency is eliminated in manometers in which
the center of gravity is moved downward. One such manometer [23] is
shown in Fig. 91. Piston 1 is placed in cylinder 2, which is pressed against

nipple 4 by nut 3. The upper portion of nut 3 carries bushing 7 throughbear-

ing 6. Tube 9 is mounted on the head of the piston; within the tube there is
plumb 5, used to set the measuring system in a strictly vertical position,
The tube is covered by head 8 screwed into bushing 7. Plate 11 carrying
the load 10 is screwed into the bottom part of the bushing. As the piston
moves, tube 9, connected to it, raises the bushing and load weights. The
load weights are rotated by hand. Manometers of this design can be used
to measure pressures up to 2500 atm with accuracy to hundredths of an
atmosphere.

Methods of Measurement. For measurement of pressure
with a piston manometer, an installation (Fig. 92), consisting of the piston
manometer 2, oil press 4, and null instrument 9 (equilibrium indicator)
dividing the medium in the cylinder of the piston manometer from system
10, in which the pressure is measured, must be assembled.

The oil press is necessary to replace oil lost flowing through the
clearance between cylinder and piston. Also, it is used to set the manome-
ter piston in the position at which the measurement is to be performed.
This position is generally adjusted for manometers of various designs.

The instrument dividing the oil from the medium being investigated
is extremely important: it is the indicator of equilibrium between load and
measured pressure.

Before measuring the pressure with a piston manometer, the pres-
sure is measured approximately with Bourdon gauge 6. To do this, valves
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Fig. 93. Membrane [diaphragm] null instrument: 1) body; 2)
electrodes; 3, 5) packing; 4) nut; 6) membrane; 7, 10, 13)
nipples; 8) spindle; 9) gland; 11) electric lead; 12) lamp; 14)
contact terminal.

3, 7, and 8 are closed and an oil pressure approximately equal to the pres-
sure in system 10 is produced by the press. Then, valves 7 and 8 are grad-
ually opened, and the indications of instrument 9 (which may be a U-shaped
metal manometer filled with mercury and supplied with contacts used to set
the mercury at the same level in both tubes) are used to produce a pressure
in manometer 6 equal to the pressure in system 10. Then, valve 7 is closed
and valve 3 is opened, the piston of manometer 2 is raised to its working
position and is loaded to match the indication of gauge 6. Valve 5 is then
closed, the piston plus load is rotated and valve 7 is opened. By adding or
removing loads from the plate, a position is attained when the indicator of
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Fig. 94. Membrane mercury null instrument:
1) membrane; 2) pressure nuts; 3) sealing rings;
4) float; 5) coil.

instrument 9 reacts to a load change minimally for the given type of
manometer. The amount of this load is used in calculating the pres-
sure in system 10,

The equilibrium indicator between load and pressure may be a so-
called membrane [diaphragm] divider* or a null instrument [24] as shown
on Fig. 93. This instrument is constructed on the principle of the fully
supported membrane.

Membrane 6, 0.1-0.2 mm thick, is clamped between body 1 and nipple
7 by nut 4. The membrane is made of brass or stainless steel. Since the
membrane rests on the surface of nipple 7 and the fluoroplast packing 5, it
can withstand pressure drops of dozens of atmospheres without rupture.
The sensitivity of the instrument permits measurement of pressures with
an accuracy of thousandths of an atmosphere.

*This instrument may be used for measurement of pressure by a Bourdon
gauge if the medium being measured cannot be permitted to touch the curved
tube of the gauge.
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The upper portion of the body 1 contains nipple 10 in which spindle
8 with insulated electric lead 11 is located. The spindle can move in gland
9 which is cooled when working at high temperature. Electrode 2 with tip
14 is attached to the spindle. The electrode and tip are insulated from the
body of the instrument by packing 3 and 5, made of fluoroplast in which
aperatures are made for passage of oil. Packing 5, as was noted above, is
also the upper support surface, protecting the membrane from rupture.
Nipple 7 contains an aperture 0.2-0.5 mm in diameter, connecting the mem-
brane cavity with the apparatus. As the pressure is increased above the
membrane, it presses against the surface of the nipple; since the aperture
is very small, it can withstand pressure drops of up to 100 atm.

The instrument works as follows: if the pressure in the apparatus

is greater than that over the membrane, the membrane touches tip 14 and
closes the electric circuit, which is noted on indicator 12, By feeding oil
through nipple 10 from the press, the membrane can be moved away from
the contact, opening the circuit. By increasing or decreasing the oil pres-
sure, a position can be attained at which it is sufficient to change the pres-
sure by 100ths of an atmosphere in order to close or open the circuit. A
small, low-voltage lamp or a sensitive galvanometer is used as an indicator.

A null instrument of this type [25] but of another construction is shown
on Fig. 94. The instrument consists of machined membrane 1, 25 mm in
diameter and 0.2 mm thick, made of stainless steel. The membrane is
compressed between two nuts 2 and sealed by plastic O-rings 3. Pressure
nuts 2 have lens-shaped cavities allowing the membrane to move to either
side by 0.1 mm, Mercury is poured in above the membrane to a height of
40-100 mm; float 4, made of soft iron, floats on the top of the mercury.
The position of the float is determined inductively by the position of coil
5, connected into the measuring circuit. The instrument permits measure-
ment of changes in the position of the membrane by 0.005 mm, i.e., allows
measurement of a pressure of 1500 atm with an accuracy of 0.07 atm.

RELATIVE MANOMETERS

Manometers Using Elastic Properties of Materials

It is difficult to work with mercury or piston manometers. There-
fore, when there is no need to measure the pressure with extreme accuracy,
secondary (relative) instruments which can be calibrated using a piston
manometer are used.

Manometer with Tubular Spring. One of the most widely
used relative manometers is the tubular-spring manometer [Bourdon gauge].
Its design and construction are well known [6], therefore, they will not be
analyzed here.
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Fig. 95. Section of tubular springs: a) with flat; b) with
displaced aperture [eccentric borel.

4 5
& i/
i E L
r
J
S}
| .5 Section through AB
S LS
6
N Y Y
~ A | B
3 \ .
\
N\
NN

}

Fig. 96. Straight-tube manometer: 1) tube; 2) rod;
3) stand; 4) lever; 5) indicator; 6) protective cover.
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Fig. 97. Connection of bellows:
1) bottom plug; 2) passage; 3)
head; 4) reservoir.

At the present time, tubular-spring manometers are available for
measuring pressures of 15,000-20,000 atm. Although their measurement
accuracy is low (error 3-4%),* they are convenient as indicating instruments.

Standardized gauges of this type are made for measurement of pres-
sures up to 5000 atm (instrument class 0.35). They require extreme care
in use. In order to avoid stretching the spring and destroying the accuracy
of the instrument, the manometer must be connected only at the moment
measurement is to be made. Therefore, in measurement practice this type
of standardized manometer is set up beside an ordinary device constantly
showing the pressure in the apparatus, and the standardized manometer is
only used at the time of measurement, then immediately disconnected and
drained of liquid or gas. Tubular springs are subject to the phenomenon
of hysteresis; therefore, these manometers, especially standardized in-
struments and manometers designed for high pressure, require frequent
checking.

* Editor's comment: There are available in the USA Bourdon gauges for
use at pressures up to at least7000 atm with a claimed full-scale accuracy
of 0.1-0.2%.
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The limiting measurable pres-
sure is increased by using tubular
springs [26] of cross-sections as in-
dicated on Fig. 95. The movement of
the free end of such a spring under
pressure is caused not by deforma-
tion of the profile, as in ordinary
tubular manometers, but by displace-
ment of the neutral axis (Cy) passing
through the center of gravity of the
cross-section by a certain amount
relative to the axis of the bore (Cy).
The force acting on the bore axis
creates a bending torque relative to
the cross-sectional axis, which causes
the tubular spring to bend toward the
thicker wall.

Straight-Tube Manome-
ter. A tube with a channel dis-
placed relative to the axis is also
used in the manometer shown on Fig.

Fig. 98. Tait manometer: 1) cylinder; 96 [27]_ The manometer is a thick-

2) capillary. walled steel tube 1 with two flanges.
The aperture in the tube is displaced
from the center by distance y; there-

fore, when a pressure is created in

the tube, it bends toward the thicker wall. In this case rod 2, fastened to
stand 3, presses level 4 of indicator 5. The deviation f of the rod is pro-

portional to the pressure and can be calculated from the equation:

- a’_:_(i_.. %) (1 +2_31>E(1+a)(1 f;ffi(l_a)wv

where u is Poisson's ratio; E is the Young's modulus;
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a=r,y/r,

I, ay, vy, vy, and y are dimensions of the instrument in mm (see Fig. 96).
According to the author of [27], 7 =332.4, 2,=130.2, ry=2.48, ry=8.21, and
y=2.85,

The tubular manometer described above can be used for measure-
ment of pressures of noncorrosive media and mixtures whose composition
does not change (due to condensation of the components) as the temperature
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is changed from the temperature of measurement to room temperature,
which is the temperature of the tubular manometer. Otherwise, the con-
densing material will adhere to the spring of the manometer and remain in
the apparatus, which will disrupt the equilibrium in the system. In this
case it is useful to isolate the manometer spring with a metallic bellows
from the material being investigated. When this is done, plug 1 and pass-
age 2, threaded for screwing into head 3, are attached by soldering or con-
tact (roller) welding to the bellows (Fig. 97). The head closes reservoir 4,
connected with the apparatus in which the pressure is to be measured. The
reservoir is maintained at the temperature of the experiment. A steel
capillary leading to the tubular manometer is connected to head 3.

The bellows-capillary-manometer system is filled with liquid oil
(vaseline or transformer oil) so that no air bubbles remain in the system.
In order to prevent crushing of the bellows it is necessary that the change
in volume of the bellows under the action of the pressure being measured
be greater than the compressibility of the oil in the entire system. Since
upon heating of the oil, its pressure increases due to thermal expansion,
the temperature cannot be increased in this device unless a preliminary
pressure of 10 to 15 atm is produced in it. The bellows-manometer sys-
tem must be first calibrated using another tubular manometer in order to
determine the correction required for the rigidity of the bellows. For
stainless steel bellows 10 to 15 mm in diameter, the correction will be a
few atmospheres.

A great deficiency of tubular manometers is the frequent breakage
of the springs. Operation with these manometers, especially if the com-
pressed medium is a gas, requires special safety measures such as the
installation of protective screens or plates of shatter-proof glass in front
of the dials.

The accuracy of this type of manometer can be increased by using a
helical spring with suppressed zero. This type of spring makes it possible
to measure only a portion of the pressure interval near its upper limit.
For example [28], a device for measurement of pressures up to 665 atm
is supplied with a scale of 630-700 atm.

Tait Manometer. Manometers of other designs exist in which
the pressure is measured by the elastic deformation of a material. One
such is the Tait manometer [29] (Fig. 98). Cylinder 1, filled with mer-
cury and terminating in glass capillary 2 is subjected to external pressure.

The compression of the cylinder causes the mercury to rise in the capillary.

This instrument has considerable hysteresis and requires large tempera-
ture corrections since it is in essence a mercury thermometer.
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Manometers Using Change in Volume of Liquid or
Gas Under Pressure. If we know the compressibility of any gas or
liquid, we can determine the pressure by measuring the volume of the ma-
terial under pressure. In particular, Michels [30] used a hydrogen manome-
ter for calibration of his piston manometer.

A manometer based on the compressibility of water is a glass sphere
filled with water and subjected to biaxial pressure. A glass capillary filled
with mercury and subjected to the measured pressure is connected to the
sphere. The mercury enters the sphere of water, moving down the capil-
lary. Its position is determined by the resistance of a platinum wire em-
bedded in the capillary. This manometer also is inconvenient to use. It
allows pressures to be measured for which data on the compressibility of
water are available. The indications of this manometer must be corrected
for the compression of the glass. Also, the accuracy of the instrument is
reduced due to drop formation of the mercury on the wire.

Electrical Manometers

The inconvenience of relative manometers based on the measurement
of the elastic properties of materials has caused investigators to turn to
the so-called electrical effect of pressure. Several designs of manometers
have been suggested; these designs can be divided into two types: 1) elec-
trical manometers, i.e., those in which the pressure changes the electrical
properties of a material, and 2) so-called elastic-electrical manometers,
in which the deformation of an elastic element is measured by the change
in some electrical parameter of a transducer.

Manganin Manometer. Purely electrical manometers in-
clude manometers which measure a change in electrical resistance of a
metal wire due to the pressure. Since this effect is not great, these ma-
nometers are convenient to use only for measurement of pressures on the
order of several thousand atmospheres.

This type of manometer was first used [31] in 1903. Since that time,
almost all the metals plus many alloys have been tested as wire materials;
however, the material which has proven the best has been manganin, the
material first used for such purposes.*

* The literature [32] contains an indication that an alloy containing 15.9%
manganese and 84.1% silver has a greater rate of change of resistance
with pressure and a lower temperature coefficient than manganin; informa-
tion is-also to be found concerning a new pressure-sensitive material [33]
which is a product of the reaction between zirconium tetrachloride and the
rare earth metals.
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The advantage of manganin (a copper alloy containing 11% mangan-
ese and 2.5-3% nickel in addition to the copper) is that its resistance is a
linear function of pressure. At the present time, it has been experimen-
tally established [34] that the linear dependence is retained up to 10,000
atm with an error of 0.7%, and up to 30,000 atm with an error of a few per-
cent. The accuracy of pressure measurement is a function of the accuracy
with which the electrical resistance of the manganin wire is measured and
the constancy of the properties of the manganin itself.

The change in resistance of manganin with pressure AR/R\AP varies
for different samples within limits of 2-107%-2.5-107% cm?/kg. Let us take
a measurement accuracy of resistance of 0.01 Q, which is not unreasonable
for measurements performed in a laboratory with ordinary instruments
(bridges or potentiometers). The accuracy of pressure measurement then
depends on the initial resistance of the coil used. For a number of reasons,
this resistance is taken as 200 Q2. Then AP, with a change in resistance of
the coil of 0.01 © will be:

0.01

= 5700500 = 20 aum

AP

The value of AP, however, cannot be used to judge the accuracy of
measurements which must be evaluated by relating AP to the value of the
pressure measured. If the manometer for which a value of AP is 25 atm
is used to measure a pressure of 10,000 atm, the measurement error is
0.25%, which is the accuracy which can be given by a manometer of a high
degree of accuracy with a tubular spring (at considerably lower pressures).
But pressures of 1000 and 500 atm with the same value of AP will be meas-
ured with errors of 2.5 and 5%. Thus, manganin manometers can best be
used at pressures over 2000-3000 atm.

In order to determine the pressure more accurately, the resistance
of the coil should be measured with an accuracy of no less than +0.001 .
For this, the manometer coil must be kept at a constant temperature since
the coefficient of change in resistance of manganin with pressure depends
on temperature [35], and changes with a temperature variation of 1°C (be-
tween 0 and 95°C) by an average of 2.2 - 10 *times its initial value.* This
means that a change in surrounding temperature of 5°C during measurement
or in comparison with the calibration temperature will produce an error
of 0.1%.

An alloy of gold and chromium [36] has a considerably smaller varia-
tion in resistance with temperature. The best results are produced with a
wire made of an alloy of chromium and gold containing 2.1% chromium.

* Change in temperature of the wire also leads to a change in its resistance.
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Fig. 99. Change in resistance of gold —chromium alloy
and manganin with temperature.

The resistance of gold—chromium alloy wire changes almost linearly
with pressure. The coefficient of resistance with pressure for this alloy
is 0.96-107%, i.e., gold—chromium alloys are three times less sensitive
to changes in pressure than manganin. However, the independence of the
indications with respect to temperature is an extremely valuable advantage.
The dependence of resistance on temperature for this alloy and for manganin
are presented on Fig. 99. The gold—chromium alloys change their resist-
ance very little over a wide temperature interval. However, this alloy is
extremely sensitive to mechanical action, as well as to cooling. The stress
formed in the wire as it is wound into a coil disappears after heating to
150°C. It should be noted, however, that when heated to 175°C the wire
takes on a drastically increased sensitivity to temperature change.

Depending on the required accuracy, various methods of measure-
ment of coil resistance are used.

Balanced Bridge Circuit. A Wheatstone bridge is used as a measuring
arm, permitting measurement of coil resistance with anaccuracy of +0.01 Q.
The bridge is supplied by a six-volt battery. The higher the voltage, the
more sensitive the circuit. However, too strong a current may cause over-
heating of the thin wire in the coil, which distorts the measurement results.

Unbalanced Bridge Circuit. This circuit is more simple and reliable, but
less accurate. It uses a galvanometer rather than a null instrument. When
there is no pressure, the bridge is so balanced that the galvanometer in-
dicates zero. When the bridge is unbalanced due to a change in resistance
of the manganin coil, the arrow of the galvanometer is deflected. If the
galvanometer is properly graduated, pressure can be measured directly in
atmospheres. The bridge operates on DC, the voltage being stabilized with
high accuracy. The circuit is convenient in that it includes an indicator
(in contrast to the preceding circuit).

More Accurate Circuits. In order to increase the accuracy of determina-
tion of pressure, the electrical resistance of the coil of the manometer must
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Fig.100. Katsnel'son-Ikhlov circuit for meas-
urement of resistances using a manganin coil:
1) coil under measurement pressure; 2) coil
at atmospheric pressure; 3, 4) bridge coils; 5)
resistance box; 6) mirror galvanometer; 7)
rheostat.

be measvred with an accuracy of no less than + 0.001 Q2. This cannot be
done with ordinary instruments with coil resistances of 200 Q. Therefore,
Katsnel'son and Ikhlov suggested a circuit (Fig. 100) in which only the
change in resistance with pressure is measured. The resistance Ry of

coil 1, which is subjected to the pressure to be measured, is unknown in
the balanced Wheatstone bridge shown in the figure. The initial resistance
of the coil is accurately measured. The second arm of the bridge is coil

2, which has the same resistance (with an accuracy to 0.2-0.3 ), but which
is not under pressure. Both coils are temperature-controlled. Coils 3 and
4, with the same impedance as coils 1 and 2, are connected in the bridge

as well. They are placed side by side, in order that the temperature con-
ditions are identical. Resistance box 5 with selections 0.5, 1, 2, 3, and 4Q
is connected in series with coil 3. The circuit is closed by rheostat 7, made
of manganin wire 1 m long, with a resistance of about 1 2. Moving the rheo-
stat mobile contact 1 mm to the right corresponds to connection of a resist-
ance of about 0.001 Q to the arm of the bridge containing coil 3 and removal
of an identical resistance from the arm containing coil 4. Mirror galva-
nometer 6 is used as a null instrument.

After the circuit is connected, electrical calibration of the rheostat
must be performed, i.e., the values of its division must be determined.
This requires that the resistance box be connected in the circuit in place
of the manganin coil and, while changing resistances, the position of the
rheostat mobile contact at bridge equilibrium is noted. The results of the
measurement are used to construct a graph showing Ry directly from the
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indications of the rheostat. This dependence cannot be calculated, since
movement of the contacts on the rheostat changes the resistance of two
arms of the bridge at the same time.*

A variant of this plan with a potentiometer is described in work [39].

Calibration of Manganin Manometer. The manganin manometer is a sec-
ondary instrument requiring calibration. It can be calibrated most pre-
cisely by using a weight manometer. Since the indications of a manganin
manometer are linear over a large pressure interval, the manometer can
be calibrated using only two reference points, one of which may be atmos-
pheric pressure, the other the melting pressure of mercury at a given tem-
perature. M. K. Zhokhovskii [40, 41] presents an empirical formula for
the dependence of melting pressure of mercury on temperature up to
25,000 atm:

log (P + 37663) = 1.21458 log T + 1.69765

where P is the pressure, kg/cmz; T is the temperature, °K.

The freezing point or melting point of mercury under pressure has
been determined numerous times. The authors [14] performed a very care-
ful investigation and produced a mercury solidification pressure at 0°C of
7716 £51.5 kg/cm?; according to the data of M. K. Zhokhovskii, this pres-
sure is 7715 kg/cm?; these data differ from those of Bridgman [31], which
are still in use (7640 kg/cm?).

In calibration, the movement of a piston compressing the mercury or
another material is measured as a function of pressure. The curve drawn
in the coordinates "movement of piston vs. pressure" will show a bend
[change in slope] at the mercury solidification point.

A special installation is required for this type of calibration. The
author has suggested a simpler and sufficiently reliable method of calibra-
tion using the melting point of mercury [42]. A metal vessel containing
400 gof carefully purified mercury is placed in a high-pressure column. The
column is closed and the zero point of the manganin manometer is tested.
Then, the pressure in the insulation is increased to approximately 7000 atm.
The pressure can be determined approximately from the reading of the
manometer on the low-pressure line to the pressure intensifier or from the
coefficient of change in resistance of manganin with pressure. Before cali-

*QOther precise circuits are also presented in the literature [14, 37, 38].
For example, the sensitivity of the indicator of an AC balanced bridge (fre-
quency 1000 Hz) allows a change inresistance equal to 1 :107 to be measured.
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bration, this coefficient can be accepted as equal to 2.5 10~% cm?/kg. Then,
the temperature is lowered to 0°C and calibration is begun. Benzine is fed

into the column, with a waiting period of 5 to 10 minutes after each dose of
benzine is fed in, in order to allow the heat of compression to dissipate
and to allow the new dose of liquid to take on the temperature of measure-
ment. During calibration, the resistance of the manometer coil is meas-
ured as it changes, depending on the quantity of liquid fed into the appara-
tus, generating pressure in the mercury. Since the mercury freezes only
after a considerable excess pressure is produced (a phenomenon like super-
cooling), it is easy to note that after a smooth increase in resistance in

the coil, at a certain point the resistance will drop sharply and will re-
main at a certain value, which can be accepted as the resistance at 7715
atm. On the other hand, when the pressure is reduced, the resistance of
the coil, after first dropping, increases back to the same value. These
changes are so clear and so easily reproducible that they allow an accurate
reading of the resistance value corresponding to the freezing pressure of
mercury at 0°C.*

Polymorphic conversion temperatures, determined from the sharp
break in the curve of volume vs. pressure, can be used as reference points
for the calibration of a manometer at higher pressures. The most reliable
scale of such conversions at the present time is that produced by Kennedy
and La Mory [44] using an installation in which the piston compressing the
material being investigated was rotated to reduce friction.

The polymorphic conversion pressures of certain materials are pre-
sented below (in bars):
Bix — Biu Biu —_ Bim Tlu —_ T]m CSu _ CSm
25410 + 95 26975+ 190 36 690 1+ 100 41 800 4 1000

For the measurement of even higher pressures, data on the change
in melting point of germanium under pressure can be used [45]. The de-
pendence of melting point on pressure is linear up to 180,000 atm. The re-
duction in temperature equals (3.27+0.7) - 1073 deg/atm.

The points of sharp change in electrical resistance of certain metals
[46] with pressure can be used for this same purpose (Table 28).

It should be noted that in calibration of apparatus, the ratio of load
to anvil area is sometimes defined as a function of pressure. In reference
[47] it was shown that the generation of a stress gradient in the pyrophyllite
used as a plastic medium caused the results of this sort of calibration to
differ by up to 40% from experiment to experiment, depending on the loca-
tion of the sample.

*The calibration of instruments for measuring pressure is described in
the literature [43].



RELATIVE MANOMETERS 175

TABLE 28. Reference Points for Change of Electrical Resistance

Metals Pressure, kbar Nature of change
Bismuth 83 Sharp reduction in resistance
Iron 133 Sharp increase in resistance
Barium 144 " " " "
Lead 161 " " " "
Rubidium 193 " " " "
Calcium 375 Maximum point in graph

M. K. Zhokhovskii [48] (see also [19]) suggested a thermodynamic
method for reproducing a scale of extremely high pressures. According
to this method, the dependence of melting point of the material being in-
vestigated on pressure is determined, and expressed empirically by an
equation; the curve is extrapolated to higher-pressure areas. After this,
the piston manometer is used to calibrate a manganin manometer, the
dependence produced being also expressed by an empirical equation and
extrapolated to even higher pressures. Then, these measurements are
combined into one experiment. The curves produced should match. Then,
the melting of other materials is investigated, selecting the materials so
that their melting curves intersect with the melting curve of the first ma-
terial. The points of intersection of the extrapolated sectors should be
confirmed experimentally.

Later, the author [49-51] showed that if a generalized melting-proc-
ess parameter, such as the specific melting energy A /AV (where A is the
heat of melting, and AV is the change in volume upon melting) is introduced,
we find that In (A/ AV) is a linear function of In T along the melting curve,
and A/AV is a linear function of pressure. The slope of these two lines is
identical, and their value equals the constant C in the Simon [52] equation:

a+P=<T>C

a To

This empirical equation, as we know, indicates the dependence of
melting point of the material on pressure, the constants A and C for each
material generally being determined experimentally.

The Simon equation can be represented in a new form, including the
parameter A/ AV, i.e., the specific melting energy of the material, inplace
of the empirical constant ¢ at the triple point:

=) -
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A AV,
In x5~ @)

ln-f;

C=

The constancy of constant C can be established by experiments which
do not require pressure measurement. It is sufficient for this purpose to
measure the latent heat of melting A and the change in volume AV, as well
as the temperature, along the melting curve. If the value of constant C cal-
culated according to equation (2) does not change, equation (1) is an analytic
expression of the thermodynamic scale of pressure in the pressure inter-
val for which the values of C are constant.

If we know the values of (%%/—)P = AB and (%A}I,i) =Ac, the change
T

in temperature with pressure can be expressed by the following differ-
ential equation:

a _ L[.TL AV,et @me=D 4 A 3]
[1]

where b is an empirical constant.

This equation is correct for materials in which

AV = AV e—dT/To—D

This condition, calculations have shown [50], is fulfilled for the majority
of materials investigated.

A method of constructing a high-pressure scale using points of inter-
section of melting curves of various materials on the plane PT has also
been suggested [8].

Design of Manganin Manometers.* Designs of manganin manometers differ
primarily in the method of introducing the electrical lead and the method of
manufacturing the coil.

In order to reduce the dimensions of the coil, a conductor diameter of
0.05-0.03 mm is used. The use of such a thin conductor in enamel and
double silk insulation requires skill and dexterity on the part of the experi-
menter. Practice has shown that the conductor should be wound bifilar on
a shell of wax paper and glued with cellulose nitrate varnish.

* The first work performed in the USSR on the creation of a manganin ma-
nometer for measurement of pressure up to 10,000 atm was published by
B. S. Aleksandrov and L. F. Vereshchagin [53].
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Fig. 101. Device for winding manganin coils.

We can recommend the device shown on Fig. 101 for winding coils.
To use the device, aluminum foil is wrapped around the center shaft, then
covered with wax paper. Then, the center of the conductor to be wound
around the shaft is fastened to the waxed paper using a silk thread. After
this, both ends of the conductor are put‘under tension using a light load sus-
pended over the pulley. After the wire is straight, and the experimenter
has satisfied himself that there are no defects in the wire, the wire is slowly
wound around the center shaft, with each turn touching the next, leaving the
last 1-2 cm of the conductor unwound. This free end is fastened with silk
thread and the entire coil is covered with a thin layer of cellulose nitrate
varnish. After drying of the varnish, the coil is wound with silk thread
and varnished once more. During winding, we recommend that the con-
ductor be handled with waxed paper in order to ensure that no oil or mois-
ture from the skin gets on the conductor.

When a coil is ready, the foil covering is removed from the shaft, and
the shaft is pulled out of the coil. If the center hole in the coil is 5 mm and
the wire diameter is 0.03 mm, the coil height will be 3 to 4 mm. The pre-
pared coil is aged, in ordeér to remove stresses from the conductor and
thereby eliminate fluctuation in the zero point of the manometer. For this,
the coil is heated in a current of dry nitrogen for 2 hours at 130°C, after
which it is placed in a vessel with dry ice for 10-15 minutes. These op-
erations are repeated for 30-40 hrs. It is then useful to place an ebonite
or Plexiglas insert containing copper conductors inside the coil, soldering
the ends of the coil to the copper conductors. The coil is then subjected to
a pressure somewhat higher than its working pressure, after which it can
be calibrated. All coils should be calibrated,even those made from the same
spool of wire, since the resistance of various segments of wire may differ.
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Fig. 102. Manganin manometer: 1) coil;
2) insulated cone; 3) head; 4) cap; 5) pack-
ing; 6) bottom box; 7) body; 8) nut.

Even with all these pre-
cautions, the zero point of a
manganin coil may fluctuate, so
that this point should be checked
from time to time.

K. A, Alekseev and L. L.
Burova [54] performed a detailed
investigation of the properties
of manganin manometers. These
authors came to the conclusion
that a coil of manganin wire,
freely wound and subjected to
aging at 130-140°C, still has a
nonlinear dependence of resist-
ance on pressure. The nonlinear-
ity, i.e., the change in pressure
coefficient [AR/ R,AP)] with
pressure, reaches approximately
1.5% at 10,000 atm, according to
these authors. For wire of the
same type but different diameters,
the coefficient fluctuates within
limits of ~ 4%, whereas for wire
of the same diameter but taken
from various points on the spool
the fluctuation is 0.2%.

K. A. Alekseev et al. [55] suggested another design for manganin coils
and a new method of aging manganin. A coil is prepared in the form of a
thin spiral, placed in longitudinal grooves in a steatite frame. Four such
spirals are connected, joining the ends with copper foil petals. After the
transducer is assembled, the coil is annealed with a current pulse from an
800 uf condenser. With this method of annealing, the pressure coefficient
of all transducers tested differed by less than 1%.

Figure 102 shows a manometer used by the author for many years.
One end of coil 1 is soldered to lead 2, which consists of an insulated cone,
while the other end is soldered to a conductor connected to the body of head
3. Then, cap 4 is placed over the coil. The head is completely assembled,
i.e., packing 5 and bottom box 6 are installed. Pure, dry benzine is poured

into body 7, in the vertical position.

The way in which the pressure is transmitted to the coil is very im-
portant. If the pressure created by benzine, kerosene, or another nonelec-
tric-conducting liquid (in the absence of moisture) is measured, direct trans-
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Fig. 103. Section of bellows (a) and membrane (b) coil devices: 1) coil; 2) bellows;
3) sleeve; 4) membrane.

mission of the pressure to the coil is possible. This method can be used
only up to 10,000 atm, due to the great increase in viscosity of the liquid
and resulting appearance of shear force in the coil, which distorts the read-
ings of the manometer at higher pressures.

The pressure of noncorrosive gases and oxygen can be measured di-
rectly, without filling the manometer with a pressure-transmitting fluid.
In all other cases, the coil of the manometer must be separated from the
medium in which the pressure is being measured. This can be done using
metal bellows, placed over the coil and filled with a fluid such as pentane
(Fig. 103a), or by a membrane (Fig. 103b).
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If the membrane is used, the coil
is made flat with the conductor wound
bifilar in concentric circles on a base
of drawing paper [56]. The electrical
lead and coil are screwed into sleeve 3
(see Fig. 103), the bottom of which is
soldered to thin brass membrane 4.
The space between the body of the elec-
trical lead and the membrane is filled
with a pressure-transmitting fluid.

The readings of a manganin ma-
nometer (like any other manometer)
can be checked approximately, where
pressure is being generated by a pres-

Fig. 104. Plan of compressometer. sure intensifier, by calculation of the
area ratio of the intensifier pistons and
the readings of the manometer indicat-
ing the pressure in the low-pressure

cylinder of the intensifier. However, friction in the intensifier packing
must be considered; as was shown above, the straight line drawn in the
coordinates "pressure under large piston vs. pressure over small piston"
does not begin at the zero point, but is rather shifted by a value equal to
the friction (see Fig. 51). This method is not suitable for self-sealing
[self-energizing] piston packings, since the stress in the packing changes
with pressure. '

Manganin manometers of other designs are described in the litera-
ture [6, 20].

Compressometer [57]. Pressures over 30,000 atm can be
measured with a device (Fig. 104) consisting of a thin-walled steel sleeve
with a number of slots. One of the slots goes from top to bottom, while
the rest do not, ending alternately short of top and bottom. This position-
ing of the slots lengthens the path of an electric current passing through
the sleeve. As the sleeve is compressed, its electrical resistance changes.
By measuring this resistance, the force acting on the sleeve can be deter-
mined and the pressure in the apparatus can be calculated.

The sensitivity of the device is higher the less the cross-sectional
area of the sleeve. It is therefore important that the material of which it
is made have great strength and be able to withstand considerable uniaxial
compression without rupture [see Fig. 58 for clarification of presence of
uniaxial compression].

The resistance of a compressometer changes both as it is compressed
[uniaxially] by the piston of the apparatus in which the pressure is being gen-
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7 Fig. 105. Tensimetric ma-
nometer: 1) body; 2) cover;
3) diaphragm; 4, 5) transduc-
er; 6) packing.

NN
N

4. —4

erated and under the influence of hydrostatic pressure. Therefore when
the compressometer is calibrated, its resistance is determined as a func-
tion of the compressive load at atmospheric pressure and of the hydro-
static pressure; the change in compression coefficient of the steel with
pressure is also determined. The change in resistance ofthe compressome-
ter is measured potentiometrically. This requires four electrical leads.
Two of these act as current-carrying leads (one grounded), the two others
leading to the potentiometer.

The hydraulic support pressure in the apparatus is measuredwitha
manganin manometer.

Compressometers are used to measure pressure from 30,000 to
100,000 atm in an apparatus with variable mechanical and hydraulic sup-
port (see Chapter III). Pressures over 10,000 atm are measured by the
load applied to the anvil [or piston] of the apparatus and checked from ref-
erence points by placing checking materials in the apparatus together with
the material being investigated.

Tensimeters. If a manganin or constantan wire is wound around
a steel tube and the tube is subjected to internal pressure, the change in re-
sistance of the extended wire can be used to measure the internal pressure.

The tube should be so designed that its walls will undergo only elastic
deformation,

This method can be used to measure pulsating pressures [58] such
as in internal combustion engines. In this case, the change in resistance
of the tube can be registered on an oscilloscope. Even more rapidly chang-
ing pressures (such as during adiabatic compression of gases,when the pro-
cess lasts only hundredths or thousandths of a second) are measured with spe-
cial instruments.

Tensimetric Manometer [59]. A manometer of this type
(Fig. 105) is a chamber 1 in which cover 2 clamps diaphragm 3 to packing
6. A tensimetric transducer 4 is applied to the diaphragm. Transducer 5
is used to compensate for temperature deformation of transducer 4.
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Fig. 106. Electric manometer for
measuring rapidly changing pres-
sures: 1) transducer; 2) rod; 3)
body of instrument; 4) sealing ring.

Under pressure the diaphragm bends, and stresses arise in the di-
aphragm which are measured by the tensimetric transducer. By using
diaphragms of various thicknesses, pressures over a wide pressure range
can be measured. Following is a dependence between diaphragm thickness
6 and measured P:

4, mm 0.1 0.2 0.5 1.0
P, atm 0.004-0.02 0.016—0.7 0.1-4.5 0.4-18
3, mm 2.0 5.0 7.0

P, atm 1.6—75 10—450 19.6—900

The same principle is used in the design of an apparatus described -
in work [60]. This apparatus carries four wire tensimetric transducers
with resistances of ~ 200 Q each. Two are used for initial balancing of
the measuring bridge, a third for compensation of the influence of tem-
perature. The measuring tensimetric transducer is fastened to the high-
pressure vessel; the transducer for compensation of change in temperature
is placed beside the measuring transducer. The two remaining transducers
are fastened to a steel plate (on opposite sides). The bridge circuit is bal-
anced by bending the steel plate.

A change in pressure in the vessel can be read directly in scale
divisions of a galvanometer acting as a null instrument.

The literature [61] contains a description of a method for measuring
pressure from the volumetric compressibility of a metal probe under hy-
drostatic pressure.

Capacitive Manometers. A membrane manometer in which
the bending of the membrane is measured using an electric circuit is
called a capacitive manometer. The membrane serves as one side of a
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condenser whose capacitance is measured as
\ | % the membrane moves. These manometers
' 2 are described more fully in the literature
[62-65].

1 Descriptions are available of other
1 1 | 1 T types of electric manometers for measure-
y; ment and recording of rapidly changing pres-
sures [66-68]. One such is the instrument
shown on Fig. 106 [69]. Transducer 1, made
of constantan wire, is applied to rod 2,
screwed into the body of the instrument 3.
Sealing ring 4 is used to protect the wire
from the action of the gases whosepressureis being measured. The pres-
sure being measured causes elastic deformation (longitudinal compression)
of the rod, causing its cross-section to change. This causes the constantan
wire wrapped around the rod to be extended and changes its resistance.
The change in resistance is measured by a sensitive circuit. This instru-
ment allows the entire picture of pressure change with time to be traced.

Fig. 107. Plan of interference
manometer: 1) diaphragm; 2)
quartz plate.

Interference Manometer. Of the many manometer designs
suggested recently, the interference manometer is one of the most inter-
esting [70]. This instrument (see Fig. 107) consists of a steel diaphragm
1, which receives the pressure. The diaphragm is carefully polished and
covered with quartz plate 2. A ray from a special light source strikes the
diaphragm and interferes [optically]. A change intheform of thediaphragm
with pressure changes the number of interference bands, which is recorded
on photographic film. This instrument can be used to measure rapidly
changing pressures.

Piezoelectric Manometer [62-65, 71]. The action of -
this manometer is based on the fact that mechanical oscillation of a quartz
plate is transformed into an electric potential.

This effect, discovered in 1817 by Ayui, is explained by the fact that
when a quartz plate is compressed on certain planes (perpendicular to the
so-called electrical axis of the crystal) a potential is formed proportional
to the force applied to the plates. The sign of the potential depends on the
pair of planes to which the force is applied. In addition to quartz, other
materials also have this property (such as Seignette salt [potassium tar-
trate-hydrate]).

By measuring the charge potential, the pressure applied to the plate
can be determined.

In view of the fact that electrostatic charges arise in quartz instan-
taneously and disappear rapidly, they are recorded by transforming them,
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Fig. 108. Manganin transducer for measuring rapidly changing pressures:
1) flat coil; 2) electric lead; 3) nipple; 4) sleeve; 5) membrane; 6) pres-
sure -transmitting fluid; 7) adiabatic-installation column.

using a special circuit, to electric current oscillations, which are then
recorded by an oscillograph. One specific feature of this type of manome-
ter is its ability to measure rapidly changing pressures, due to which this
type of manometer is often used for measurement of pressures in the bar-
rels of artillery weapons, in internal-combustion-engine cylinders, etc.
Although the instrument itself is simple, the measurement circuit re-
quired is complex, requiring high-quality insulation of all current-con-
ducting leads; also, the indications of the instrument depend on many ex-
ternal conditions (moisture content of the air, etc.).

Rapidly changing pressures may be measured using the manganin
transducer [56] whose design is shown on Fig. 108.

Ryabinin Crusher [Upms_gt_ting] Manometer [72]

Another type of instrument for measurement of dynamic pressure is
the crusher [upsetting] manometer which can be used only for measure-
ment of maximum pressure.
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The Ryabinin crusher [up-
setting] manometer* differs from
ordinary crusher manometers.
Piston 1 (Fig. 109) contains crusher
2 consisting of a plate of well-an-
nealed red copper, containing hard-
ened steel block 3 with tip angle
Fig. 109. Crusher [upsetting] manometer: ~120°. The block moves in guide ring
1) piston; 2) crusher [material being in- 4, and its movement is limited by
dented]; 3) block; 4) ring; 5) nut. nut 5, which presses ring 4 through
the crusher. Thus, all parts ex-
cept the block are immobile.

The piston in the column of an adiabatic installation moves, com-
pressing the gas toward the closed end of the column, then stops and flies
back. When the piston stops, the block, freely moving within the piston,
continues moving in its previous direction due to inertia, and presses into
the copper plate. Doing this, it leaves an imprint in the plate. The force
f with which the block is impressed into the copper plate is equal to

f=mw
where m is the mass of the block; w is the acceleration (in this case de-

celeration) experienced by the block.

The same deceleration is experienced by the piston. Therefore,

where F is the force decelerating the piston; P is the pressure; S is the
area of the cross-section of the piston; M is the mass of the piston; g is
the acceleration of the force of gravity; Q is the weight of the piston.

Representing the weight of the block as q, we get the relation

_ Qf
P=3s

If we know the weight of the piston, the area of its cross-section,
and force f, we can determine the pressure. The force f is measured
from the diameter of the indentation made in the brass by the block.

*The Ryabinin crusher [upsetting] manometer is used for measurement
of pressures in an adiabatic installation.
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In order to determine the dependence of the diameter of the indenta-
tion on the force f, the crusher is calibrated by applying a static load to
the plug. A Rockwell or Brinell device can be used for this, producing a
so-called calibrating graph which shows not force f but the pressure in
atmospheres corresponding to each indentation diameter. If the diameter
of the indentation is measured with an accuracy of 0.01 mm, a pressure
measurement accuracy of £20 atm can be produced. It should be noted that
the accuracy of this manometer is usually lower than this. The error may
reach 10%, since the mechanical properties of the copper change from
sample to sample. Also, the change in plasticity of the crusher depending
on the rate of compression introduces an element of error.

It is clear from all the above concerning manometers that a high-
pressure laboratory should have piston and manganin manometers for ex-
tremely precise measurement of pressure and Bourdon gauges for ap-
proximate measurements.

DIFFERENTIAL MANOMETERS

In the process of investigation, it is often necessary to measure small
pressure drops under very high total pressures. Instruments which canbe
used to make these measurements are called differential manometers.

The methods of measurement of pressure drops are highly varied in
their degree of accuracy and in the design of the measuring instruments
used. When the pressure drop to be measured does not exceed a few dozen
cm of a liquid column, and the total pressure is not too great, thick-walled
glass capillaries are used and the fluid level is observed directly. Often
(for higher pressures) special types of glass are used. Although very
narrow glass capillaries are capable of withstanding high pressures, they
cannot be used for manufacture of manometer columns, since capillary
phenomena distort the indications. Wider tubes are not strong. Also, it
is extremely difficult to join glass with metal, to seal the joints, etc.
Therefore, indirect methods of determining the level of the liquid in ma-
nometer columns are more satisfactory, though not as simple. If the li-
quid used does not conduct electricity, its level in a closed vessel can be
determined by measuring the resistance of a platinum wire heated by a
current to a certain temperature and connected into a bridge circuit. As

the wire touches the liquid, it is cooled and its resistance decreases sharply,

unbalancing the bridge.

Usually in high-pressure work, the manometer liquid used is mer-
cury. This facilitates the problem and allows the mercury level to be de-
termined by its ability to close electrical contacts located at various levels
in the differential manometer. This method is insufficiently accurate, al-
lowing only a rough determination of the mercury level with an accuracy
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1) body;

5) fiber rings; 6) fiber
7) leather gland; 8) directing ring; 9) galvanometer

Fig. 110. Bol'shakov differential manometer:

4) micrometer;

3) screw;

’

2) pin;
sleeves;
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9 & 5

Fig. 111. Aristov contactless manometer: 1) body; 2)
cover; 3) tubular spring; 4, 5) magnets; 6) arrow; 7)
packing; 8) bushing; 9) nut.

equal to the distance between contacts. A more accurate method is the
moving-contact technique used in the manometer designed by P. E, Bol'-
shakov [73].

Bol'shakov Manometer. Steel body 1 of the instrument (Fig.

110) has two connected columns, the ratio of whose cross-sections is 1 :25.

The narrow column has pin 2, the lower end of which carries a platinum
contact. The pin is held with screw 3, which has a fine thread. The screw
isfirmly connected to micrometer 4. The pin and thread are insulated
from the body of the manometer with fiber rings 5 and sleeves 6, leather
gland 7, and guiding rings 8. The micrometer has two drive gears and a
disk with a vernier drive, which can be used to measure movement of the
screw to an accuracy of 0.001 mm,

The body and pin of the differential manometer are connected to an
electric circuit, supplied by a thermocouple. As the mercury rises, it
touches the platinum contact in the right column of the manometer, which
causes the arrow of galvanometer 9 to move. By raising or lowering the
pin, it is easy to determine the level of the mercury.

A deficiency of this manometer is the possibility of play in the gear
teeth of the micrometer and some adhesion of the mercury to the contact.

Contactless Manometers. So-called contactless instru-
ments include the Aristov manometer [74] (Fig. 111). The body 1, filled
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with oil, is closed by cover 2, which is connected to tubular spring 3. The
spring is also filled with oil and connected to magnet 4, rotating with the

Fig. 112. Contactless

Gamburg-Katsnel'son

manometer transducer:
1) glass tube; 2) trap;

3) coil; 4) float.

shafttowhich it is attached. Another magnet 5 is
attached to a shaft on the outside of the nonmag-
netic steel cover. Its shaftisconnected to arrow
6 which reads on a scale on the side of the device.

The tubular spring is under differential pres-
sure and shows the pressure difference. De-
pending on the rotation of the spring, magnet 4
rotates, turning magnet 5, connected tothearrow.

This manometer allows measurement of
pressure drops over a rather wide range of pres-
sures. Since the tubular springis under differential
pressure, its thickness need not be too great.

A standard spring, designed for measurement of
pressures up to 2 atm, will give a measurement
accuracy of no less than 0.05 atm,

Another design for a similar manometer is
the Shelaputin and Voitovich instrument [75], in
which the flexible element is an 80/55 mm bellows
with 13 convolutions. This manometer operates
under pressures up to 160 atm and measures pres-
sure drops up to 1000 mm Hg.

An electropneumatic differential manometer
for measurement of pressure drops from 5 to 80
atm with a total pressure of 700 atm has been de-
scribed by D. V. Kiselev [76].

Gamburg-Katsnel'son Manometer
[77]. The device consists of two interconnected
columns filled with mercury. One has consider-
ably greater cross-section, which increases the
accuracy of the manometer. The narrow column
is terminated with a transducer (Fig. 112) lo-
cated within the metal portion of the apparatus.
The transducer consists of glass tube 1 withtrap*
2. The tube is surrounded by coil 3 containing a
resistance winding of approximately 40 Q. Hollow
iron core 4 (float) containing 3 notches at its ends,

*The trap prevents the mercury from entering
the high-pressure apparatus.
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Fig, 113. Electrical circuit of contactless
manometer: 1) resistance; 2) transducer
coil; 3) copper-oxide rectifier; 4)
galvanometer.

which center the float in the tube,
moves within the tube. As the mer-
cury rises or drops, the core moves
within the tube in the coil. The coil
is connected to an electrical meas-
uring circuit (Fig. 113), and the
movement of the core is determined
galvanometrically.

The measuring circuit is an
ordinary bridge fed with alternat-
ing current.

The arm of the bridge paired
with the measuring coil is an iden-
tical coil, within which a core moves
on a micrometer screw. By mov-
ing the core, it is easy to deter-

mine the true position of the float. This device is designed to measure ex-
tremely small pressure drops (approximately 5 mm Hg) and the accuracy

is 0.02 mm Hg.

Fig. 114. Manometer with electromagnetic transducer:
1) valve block; 2, 4) columns; 3) mercury; 5) float; 6)
induction coil; 7) milliammeter; 8) lamp; 9) precise
control; 10) scale with vernier gauge.
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Fig. 115. Differential manganinmainometer: 1)body; 2) heads; 3) electrical
leads; 4) coils; 5) nipples; 6) needle valve; 7) gland; 8) cone; 9, 10) pistons;
11, 12) oil inlets.

This device is used in investigations not as a differential manometer,
but rather as a device allowing pressure to be maintained within two inter-
connected vessels with an accuracy to 0.02 mm Hg with an overall pressure
on the order of 1000 atm.

Another design exists for a manometer with electromagnetic trans-
ducer [78]. Valve block 1 (Fig. 114) connects two columns of a manometer
2 and 4, filled with mercury. Float 5 floats on top of the mercury column.
The presence of the float in the induction coil 6 is determined from milliam-
meter 7, the position of the float by reading the scale.
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In a manometer of another design [79] one column is a tube placed
in the high-pressure vessel, the other is a high-pressure block divided into
two parts by a corrugated membrane. A nonelectrical-conductingliquidis
poured in atop the membrane. Mercury contacts the bottom of the mem-
brane. A calibrated mercury press is connected to the tube connecting
the two columns. As the difference in the mercury levels in the
columns changes, the position of the membrane also changes, which is de-
termined by an instrument connected with electrical leads mounted in the
body of the block. Then, the press adds or removes a quantity of mercury
sufficient to return the membrane to a neutral position. If the quantity of
mercury required for this is known, the change in level of mercury in the
measuring column can be determined. This manometer can measure pres-
sure differences up to 1 atm with an accuracy of 0.05 mm Hg with an over-
all pressure of 500 atm.

Differential Manganin Manometer [80]. A differential
manometer permitting measurement of pressure drops of 0.2 atm with an
overall pressure of up to 7000 atm is shown on Fig. 115. It consists of
body 1, into which two heads 2 with conical electrical leads 3 are screwed.
Manganin coils 4 are connected to the leads. The manometer is connected
to the high-pressure apparatus throughnipples 5. Hydraulic needle valve 6
allows the coils to be disconnected from each other. Piston 9 seals the
valve gland, using the unsupported-area principle. When oil is forced by
a hand press into aperture 12, piston 9 and cone 8 move, sealing packing
ring 7. When oil is fed into aperture 11, piston 10 begins to move, also
moving needle 6 separating the two manganin transducers. If needle 6 is
closed and nipples 5 are connected to vessels containing different pres-
sures P, and P,, then

Ri+ AR, _ Ry+ AR,
R+AR =~ R

where R; and R, are the initial resistances of the manganin coils; AR, and
AR, are the changes in resistances of R; and R, under the influence of the
pressure; R is the initial resistance of the manganin at which the bridge
circuit was balanced at atmospheric pressure; AR is the change in resist-
ance of the manganin compensating the unbalancing of the bridge circuit;
Rj is the constant standard resistance, and

Ri+ AR
AR =R p,yar, — R
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For a bridge with equal arms, Ry=Ry=R3=R,

— ROR, — ARy
AR R+ AR,

Since AR, is very slight in comparison with R, then

AR =AR,— AR,

We can express the change in resistances AR; and AR, by pressures

AR,=k,RP, and AR, = k,RP,

where k; and k; are the coefficients of resistance change of the coils with
pressure.

If the coils are made of identical wire, k; = ky=k. Then

AR =kR (P, —P,)

The term AR/KR is equivalent to a certain pressure drop which is meas-
ured by the instrument.
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Chapter V
Measurement of the Flow and Temperature

of a Compressed Medium

MEASUREMENT OF FLOW OF A COMPRESSED MEDIUM

High-Pressure Rheometers

When designing rheometers, it is first necessary to choose a means
of measuring the level of a liquid under pressure in the column of the
rheometer. This can be done by one of the methods previously described.
Secondly, the capillaries must be properly selected.

The use of a metal capillary involves considerable difficulty. De-
sign of a rtheometer for air has shown that even if water is used as the
liquid filling the rheometer, the generation of a liquid-level difference in
the columns of 15 cm with a total air flow rate of 50 cm3/min at a pressure
of 300 atm requires a capillary with an internal diameter of 0.1 cm and a
length of 150 cm. A reduction in capillary diameter to 0.05 cm allows its
length to be reduced to approximately 10 cm. However, it is very diffi-
cult to manufacture a metal capillary with a bore of 0.05 cm. It is conse-
quently more convenient to u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>