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PREFACE

IN the preparation of this book the object in view has been
primarily to give in a small volume, somewhat in detail, the
generally approved methods of testing engines, turbines, boilers
and the auxiliary machinery usually found in power plants,
as well as to present more or less complete descriptions of the
various kinds of apparatus used and the calibrations required for
accurate testing. In addition to this subject-matter, chapters
have been prepared on the testing of fuels, ' refrigerating and
hydraulic machinery, as well as on the proper methods and
the machinery to be used in making tests of the strength of the
materials commonly used in the construction of buildings.

As a book for students in laboratory courses it is intended
particularly for use in large classes in which at the beginning of
the laboratory periods it is necessary to begin at the same
time a number of different experiments and tests. On this
account care has been taken to state as clearly as possible the
descriptions of the apparatus to be used and the precautions to
be observed to secure accuracy in the results. Students should
be expected, however, to rely to some extent on their own
initiative.

In most respects the book is probably complete enough in
descriptive matter and in general instructions so that very little
lecture-room work is needed for at least elementary courses.
It is the author’s opinion that students in experimental engineer-
ing laboratories should not receive a great deal of assistance in
planning and conducting tests. Sometime they must learn to
be resourceful and independent of the ‘“school” type of instruc-
tion and obviously the sooner this is appreciated by both instructors
and students the greater will be the benefits. At least for very
small classes the better plan is the one advocated years ago by
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vi PREFACE

a famous educator, that students working in laboratories when
assigned the work of testing a machine, a new type of aeroplane
engine, for example, should have very simple instructions such
as: ‘“Make tests of this new type of engine, find out what you
can about it and report your results.” It is to be hoped that the
particular method of teaching in laboratories known familiarly
as ‘feeding with a spoon” has disappeared in present-day
instruction in technical schools and colleges.

Quite a large part of the training required for one to become
accurate and reliable in the work of observing and interpreting
the results of tests of machinery consists in becoming familiar
with the details of the adjustment and calibration of the various
instruments, so that they may be used intelligently.

Although in the arrangement of the chapters the use of the
book by students was given the most careful consideration, yet
as a whole the needs of the ‘‘practical” man were not lost sight
of, and it is hoped that the author’s experience when working
with this group of readers in testing both large and small power
plants has helped to make thc book interesting and helpful to
them. The book is intended to be also a manual giving useful
information in a more or less limited way to those professional
engineers having the advantages of a technical training, but who
are not thoroughly familiar with the most up-to-date methods
of testing.

In many cases not nearly all the results that should be calcu-
lated to make up a complete report are mentioned. It is the
opinion of the author that in a text-book it is desirable that no
more than very general instructions should be given regarding
the conduct of the test, the quantities to be calculated, and the
form and tabulations expected in a report. Such details should
be left in the hands of the instructor. Because the size of the
book was limited it was necessary to omit explanations of the
methods of calculating many interesting and more or less appli-
cable results from tests. In the more extended courses it is
believed that the instructors can readily fill in these omissions.

The author is particularly indebted in the preparation of this
book to Professors M. E. Cooley, J. R. Allen, C. J. Tilden, and
E. D. Campbell, of the University of Michigan; Professors I. N.
Hollis and L. S. Marks, of Harvard University; Professor H. W.
Spangler, of the University of Pennsylvania; Professor W. F. M.
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Goss, of the University of Illinois; Professor C. H. Peabody of
the Massachusetts Institute of Technology; Professor L. V.
Ludy, of Purdue University; Professor A. M. Greene, of Rens-
selaer Polytechnic Institute; Professor C. C. Lorentzen, of New
York University; Professor E. J. Fermier, of the Mechanical and
Agricultural College of Texas; Professor E. A. Fessenden, of the
University of Missouri; Professor F. H. Sibley, of the University
of Alabama; Dr. C. P. Steinmetz and Mr. Richard H. Rice, of
the General Electric Company; Mr. H. R. Kent Vice-president,
Westinghouse, Church, Kerr & Company; Mr. J. R. Bibbins, of
The Arnold Company; Mr. R. A. Smart, of the Westinghouse
Machine Company; Mr. St. John Chilton, of the Allis-Chalmers
Company; and Messrs. G. E. Wallis, J. E. Emswiler, F. P.
Maloney, J. R. Bazley, and E. D. Connell, of Ann Arbor.

The short steam tables given in the Appendix have been
taken, with permission, from Allen and Bursley’s ‘‘ Heat Engines.”
In many cases, particularly regarding engineering practice abroad,
Pullen’s “ Engines and Boilers”” has been found very useful.

J. A. MoOYER.

ANN ARBOR, MICHIGAN,
August, 1911,






INTRODUCTION

TesTts of the machinery in a power plant are usually made
to determine the capacity and efficiencies of its various units
when operating under certain definite conditions. In recent
engineering practice manufacturers and contractors are generally
required to make certain estimates and guarantees of the capa-
city and efficiency of the various kinds of machinery supplied.
This is exactly equivalent, in other words, to agreeing to pro-
vide for doing a given unit of work under specified conditions
at a definite cost. The purchaser, on the other hand, for his
protection, finds it necessary to determine from the results of
reliable tests whether the ‘‘ guarantees” can be obtained.
Obviously, then, the importance of knowing how to make
careful and reliable tests, of which the results will not be
questioned, cannot be overestimated. ,

Tests of power plants as a whole are also necessary and
should be made from time to time in order to determine what
results can be obtained from an economic viewpoint when
operating under the existing conditions; and also for finding
out what saving can be obtained by changes in the operating
conditions or by the installation of more efficient auxiliary
machinery. From the viewpoint of determining whether or
not it is economical to replace old equipment with new, tests of
old installations are relatively more important than those of
newer ones, because usually it is out of the question to rele-
gate practically new machinery to the scrap-heap. The great-
est importance of such tests is due, however, to the fact that
they show how nearly the existing conditions of operation
conform to those of standard engineering practice, and to those

obtained in other plants operating with the greatest success.
ix



X INTRODUCTION

Practice tests in the laboratory are intended to show to
students by actual experience the best methods for investi-
gating the problems arising in the operation of plants, how to
work out in a practical way the doubtful points in designing
and constructing machinery, and, above all, to think accu-
rately and systematically in such matters.

Procedure for making accurate tests may be stated as
follows:

1. Procuring a suitable standard testing equipment. Any
instruments and apparatus not well known to engineers gen-
erally and which are of doubtful accuracy or sensitiveness should
always be avoided. Remember that a single element of uncer-
tainty may vitiate the acceptance of the results of a test of
otherwise undoubted accuracy.

2. Careful calibrating of instruments before a test, so that
the greatest possible errors of the tests are definitely known
and that proper allowance can be made in the results

3. Systematic recording of observations.

4. Recalibrating of instruments after a test to dctermme
whether there have been any changes in their accuracy.

5. Preparing of a report embodying data, results and con-
clusions.

6. Tabulating and plotting on cross-section paper the
important results. This plotting is not only for the purpose of
showing the results graphically, but also for the purpose of
providing a check or a method of eliminating errors in obser-
vations or in calculations. The skill of an engineer in testing
is shown more than in any other way, by his ability to check
results. If after applying various checks, usually by means of
plotted curves, the results for varying conditions are found
to agree, the engineer is able to tcll definitely whether or not
his tests are reliable.
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POWER PLANT TESTING

CHAPTER 1

MEASUREMENT OF PRESSURE

THE simplest instrument used for measuring pressure is a
glass tube bent into the shape of the letter U, as illustrated

in Fig. 1. When such a tube, called

technically a manometer or U-tube, is .

partly filled with a liquid, usually water
or mercury, and is connected at A by
means of tubing to the vessel in which
the pressure is desired, there will be ob-
served a difference in the level of the
liquid corresponding to the pressure. If
the end of the tube at B is open to the
atmosphere, then the difference in the
level of the liquid in the two legs measured
in inches, multiplied by the weight of a
cubic inch of the liquid in pounds, gives
the difference in pressure in pounds per
square inch between that in the vessel
and atmospheric pressure. When the level
in the leg B is higher than in A then the
pressure measured is greater than atmos-
pheric and is called gage pressure to
distinguish it from the other condition
when the level in the leg A is higher than
in B; that is, when the pressure is less
than atmospheric. In the latter case we
speak of vacuum or negative pressure.

Fic. 1.—A U-tube.
The Simplest In-
strument for Meas-
uring Pressures.

As such instruments are usually constructed, a scale suitably
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graduated for measuring the difference between the levels
of the liquid in the tube is placed between the two legs, as
shown in Fig. 2. Still another type is illustrated in Fig. 3. Ina
manometer of this kind one leg can be made very short if it is
correspondingly large in diameter. If the scale is adjusted so that
the level in the short leg is at the zero of the scale, then the
level in the long leg will indicate directly
inches of pressure or of vacuum as the case
. may be. A typical vacuum gage of the same
kind is illustrated in Fig. 4. The end of the
tube corresponding to the short leg in Fig. 3
is shown at A, When manometers are to
be used for pressure or vacuum measure-
ments of steam, a condenser (C, Fig. 5) is
often employed to prevent the passage of
steam into the glass tube in which it would
form a water column on the top of the
mercury for which a correction ! would have
to be made. To be effective the condenser,
C, must always be partly filled with water.
Manometers or U-tubes of very small diameter
when filled with mercury may be affected by
capillarity to such an extent that in order
to obtain the true height corresponding to
the pressure, a correction must be added.
It is not at all unusual to find manometers
used for vacuum gages to be comparatively
© small in diameter, and unless the gradua-
Fic. 2.—A Simple tions of the scale have been corrected for
Manometer witha the error due to capillarity the proper allow-
Graduated Scale. ances must be made for all observations.
Fig. 5 shows by a curve the values of this
correction as determined by Pullen for mercury columns of
various diameters.
Mercury columns should be read at the top of the meniscus
and water columns should be read at the bottom. In this way,

LRI L0 LA I O % O

! Correction for water on the top of a mercury column is most
conveniently made by dividing the length of the water column by the
specific gravity of mercury (13.6) and adding this equivalent length
to the mercury column on which the water rests.
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except in very small tubes, the errors due to capillarity may
be regarded as negligible. '

Conversion of Pressures. It is frequently necessary to re-
duce pressures in inches of mercury or of water to the equiv-
alent in pounds per square inch. Since the weight of a cubic
inch of mercury at 70 degrees Fahrenheit is .4906 pound and
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Typical Mercury Vacuum Gages.

of water at the same temperature is .0360 pound, pressures in
inches of mercury at the usual “room” temperatures can be
reduced to pounds per square inch by multiplying by .491 or
by dividing by 2.035, and similarly inches of water can be
converted to pounds per square inch by multiplying by .0360
or by dividing by 27.78.
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Kilograms per square centimeter are reduced to pounds
per square inch by multiplying the kilograms per square centi-
meter by 14.223, or by dividing by .0703.

A cubic foot of water at 70 degrees Fahrenheit weighs 62.3
pounds and at 3o degrees Fahrenheit, 62.4 pounds. At ordi-
nary room temperature the pressure due to 2.31 feet of wateris
equivalent to one pound per square inch.!

.23

Ioch.,
et

e
8

Caplllarity,

\
013 A
&
k| \
Eo.m
8

k
0.05 N
S oT o5 o2 0.3 ) 0.5 0.6
Diameter of Tube in Inches.

F1a. 6.—Curve of Capillarity Corrections for Mercury Columns.

Tubes used as mercury manometers must be cleaned from
time to time by washing the inside surface with nitric acid and
afterward thoroughly cleansing them with water. Mercury
used in manometers should be free from impurities. Usual

! The unit pressure of one pound per square inch is equivalent also
to that due to a column of air of uniform density, of which the vertical
height in feet is approximately, 144.0 divided by the weight of a cubic
foot of air at the temperature, pressure and humidity as observed.
Tables of the weight of air are given on page
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impurities can generally be removed by filtering through a
clean cloth of close texture or a thin chamois leather. Air can
be removed by boiling, but by far the best method for cleaning
mercury is by means ot a mercury still. Unfortunately an
apparatus of this kind is not available in most engineering
laboratories.

Pressure Gages. The large size necessary, however, for
manometers or U-tubes, even if filled with the heaviest liquids,
makes their use unsuitable except for comparatively low pres-
sures. Instruments
more desirable for
high pressures are
made by the applica-
tion of some kind of
clastic material de-
signed to produce a
uniform deformation
for variations of pres-
sure. By connecting
a suitable auxiliary
mechanism to the
elastic element it can
be made to move a
needle to indicate on
a graduated dial the
degree of pressure.
The most common
form of such devices
is a hollow brass or Fi6. 7.—A Typical Bourdon Tube.
steel tube bent into
the shape of an arc of a circle. It is a well-known principle that
when a straight piece of tubing is bent into this shape the
sides come nearer together, making the section of the tube a
very much flattened oval. A tube of this kind is illustrated
in Fig. 7T, showing also in the right-hand corner a transverse
section. If one end of such a tube is closed and fluid pres-
sure is applied to the inside, the parallel sides, as at A and B,
tend to separate and consequently there is a tendency for the
radius of curvature of the tube to become larger, thus moving
the end at E toward F. By connecting a suitable mechanism

A
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to E, the degree of pressure can be indicated. Instruments

of this kind are called Bourdon gages.

Fig. 8 shows one of the simplest forms of such gages used

Fi1c. 8.—Typical Bourdon Pressure Gage.

in power plants to
indicate the pressures.
It consists essentially
of the curved tube T
of oval cross-section
closed at one end.
By means of suitable
levers and gears a
pointer or needle P
is made to move over
a dial graduated or
marked to indicate
pressures in standard
units as, for example,
pounds per square in.
(English system) or
kilograms per square
centimeter  (Metric
system). (Fig.9.)

Fig. 10 shows a form of Bourdon gage in which the amount
of vibration of the needle due to the jarring that occurs in

F16.9.—The Dial of a Pressure Gage.  F16.10.—A Modified Bourdon Gage.

locomotive and other portable services has been reduced to
a minimum by supporting the pressure tube in the middle
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instead of at its end as in Fig. 8. This form of tube has also
advantages for use in gages exposed to temperatures below
freezing, since the arms can be drained of water, while the other
form will usually hold the water that has entered.

Gages to be used to determine the pressure of ammonia’
have the oval tube made of steel instead of brass because the
latter material deteriorates rapidly in the

presence of ammonia. Sumtm 0
Bourdon gages may be used for indi- a [t G

cating the pressures of either liquids, steam

or gases without observing special pre- \

cautions if the temperature is never much
over 130 degrees Fahrenheit. If, however,
the elastic tube in the gage is heated above
this limit it is likely to lose some of its
temper. When used for steam pressure, E

therefore, some form of siphon or water

seal must always be used to prevent steam .
from entering the gage. The type of Fig. 11.—A Circular
. o Siphon for Steam
siphon used most commonly is illustrated  Gages.

in Fig. 11. There is always a possibility,

however, that air carried in the steam may be entrapped at a,
where it forms a cushion, preventing the gage from indicating the
true variationin pressure. For thisreason
the form of siphon shown in Fig. 12
is preferred for accurate measurements.

In Bourdon gages any lost motion
of the parts is taken up by the hair-
spring attached to the spindle carrying
the pointer.

Adjustments. The ratio of motion
of the pointer with respect to that of
the tube can be adjusted in most
Bourdon gages by sliding a set-screw
in a slot in the short arm of the rack-
lever. In the gage illustrated in Fig. 8
when the short arm of the rack-lever is
made longer by adjusting the set-screw, the movement of the rack
and also of the pointer is reduced for a given deflection of
the tube.

Fic. 12.—A U-shaped
Siphon for Steam
Gages.
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Sometimes when used carelessly, especially when subjected
to pressures beyond the scale on the dial, the tube of the gage
takes a permanent ‘“ set ''; or, in other words, it does not spring
back to its original position, and the pointer does not come back
to the zero mark. In such exigencies and also for adjustment
after calibration the needle can be forced off from its spindle
—preferably by the use of a clamp or *‘ needle-jack "’ made by
gage manufacturers specially for this service—and then set
again in  position
where it should be.

Another kind of
gage in which there
is a metallic disk or
diaphragm instead of
a bent tube for actu-
ating the indicating
device is sometimes
used. One of this
type is well illustrated
in Fig. 13. It con-
sists of a corrugated
diaphragm clamped

around its edge by the

‘ > flanges of an encir-
STy cling chamber. _Pres-
‘%]”W“M”M : sure applied on the
it lower side of the

diaphragm deflects it

F16. 13.—A Typical Diaphragm Gage. upward, the amount

of this upward move-

ment being proportional to the pressure. By means of a con-

nccting strut S the movement of the diaphragm is communi-

cated to a rack R connected to a small pinion attached to

the spindle of the ncedle indicating the pressure on the
graduated dial.

Since the deflection of the center of the diaphragm is pro-
portional to the pressure and is inversely proportional to the
cube of its thickness, a very slight alteration in the thickness
of the diaphragm will cause a considerable change in the reading
of the gage.
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Vacuum Gages. For the measurement of vacuum instead
of pressure Bourdon gages are also very commonly used. The
design used for a pressure gage is altered only in the arrange-
ment of the levers moving the needle, which for vacuum meas-
urements turn it in the same direction as for pressure (clock-

Lba.ree sarm,

0b¢n© 2083 p#h

Fi1G6. 14.—A Recording Pressurc Gage.

wise), when, as in this case, the tube is bent inward or toward
the center of the gage instead of outward as for pressure meas-
urements. Vacuum gages are usually graduated to read inches
of mercury below atmospheric pressure. Absolute pressure
in inches of mercury is the difference between the barometer
and the reading of such vacuum gages.
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Still another type of pressure gages known as a compound
gage is used to indicate either pressure or vacuum on the
same dial.

Recording Gages. In many modern power plants recording
gages are used to give a graphic record on a chart of the pres-

¥16. 15.—Operating Parts of a Recording Gage with a Helical Tube,
(Bristol.)

sure or vacuum for 24 hours. The most common type of record-
ing gage is shown in Fig. 14.

These gages are made with either a circular tube of oval
section in the form of a helix as illustrated in Fig. 15, with a
metallic Bourdon tube as shown in Fig. 16, or with a dia-
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phragm device as in Fig. 17. The first and second of these three
types are generally used for cases where the maximum pressure
is greater than 3 pounds and the third when it is less. The
recording arm is preferably attached directly to the moving
element so that no gears, levers, or other multiplying devices
are needed. A more compact and less expensive form of such
gages is illustrated in Fig. 18.

——
..

“— ’-
g
- |

Fi16. 16.—A\ Recording Pressure Gage Operated by a Bourdon Tube.

The average pressure corresponding to an irregular curve
traced on the circular card of one of these recording gages is
obtained with a fair degree of accuracy by integrating the curve
by means of a Durand-Bristol integrating instrument described
on page 8o0. Corrections to be applied to the readings of
these gages are of course obtained by calibrating in the same
way as for an indicating gage.
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Still another type of recording pressure gages is shown in
Fig. 19.

Calibration of Gages. Until recent years when the so-called
‘““dead-weight ”’ apparatus for testing gages came into general

Fic. 17.—A Low-pressure Recording Gage Operated by a * Diaphragm *'
Device.

use, gages used in other places than engineering laboratories
were commonly calibrated by comparison with a so-called
test gage. Such test gages have usually somewhat finer gradu-
ations than the ordinary gages used in practice and are probahly
also adjusted a little more accurately. They should never be
exposed to the severe conditions of service, being intended
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only for purposes of comparison. This comparison can be
made anywhere by connecting the standard and the gage to
be tested to any system of piping in which the pressure can
be varied either by pumping a liquid, or by means of valves
‘“ throttling "’ steam, water or air under pressure. The only
important precaution to observe is that the two gages shall be
at approximately the same level when a liquid is used, and that
the velocity of the fluid in the main pipe to which the gages are
attached is negligible or is the same at the points where the
connections for the
gages are inserted
in the “main"” pipe.
Test gages must, of
course, be calibrated
from time to time
with some standard
apparatus to insure
their accuracy. A
bench pump svitable
for calibrating by
comparison is illus-
trated in Fig. 2o.
Gage Testers. In
very many power
plants the use of the
test gage has been
superseded by some
form of gage tester Fiq. 18.—A Veyr Compact Tpye of Recording
and by this means Gage. (Bristol)
the gages used in the
plant can be calibrated directly with an absolute standard. Cali-
brations of gages for high pressures by means of mercury columns
are for practical reasons suitable only for laboratory work.
Dead-weight Gage Testers. The best-known form of this
apparatus is made by the Crosby Steam Gage and Valve Co.,
and is illustrated in Figs. 21 and 22. The latter figure shows
a partial section. It consists of a vertical cylinder C, into
which is fitted very accurately a piston P, of which the area,
when new, is exactly one-fifth of a square inch. A circular
platform vpon which weights can be placed is attached to the

W
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upper end of this piston. The cylinder, C, communicates at
its lower. end with the reservoir R, fitted with an adjustable
plunger working in a screw and is operated by a hand wheel.
A pipe, T, attached to the lower part of the reservoir is pro-
vided with unions and special fittings for attaching gages of
various sizes. In the horizontal portion of this pipe a three-
way cock or valve V is provided for either draining the reser-
voir or for closing the pipe so that the liquid in the apparatus

Fi16. 19.—A Combined Recording and Indicating Pressure (Gage.

will not escape when the gage is removed. In operation, after the
gage has been attached securely, the adjustable plunger S (Fig. 22)
is screwed down to the bottom of the reservoir R, then with
the piston removed, glycerine or heavy oil is poured into the
cylinder C at the same time that the plunger P is screwed out.
In this way the reservoir can be completely filled with oil
witout entrapping any considerable amount of air which would
act as a cushion preventing the most satisfactory operation
of the apparatus.
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If the area of the piston is one-fifth of a square inch then

each pound weight
added on the plat-
form produces a
pressure on the
liquid of 5 pounds
per square inch.
The weight of the
platform and pis-
ton (usually 1
pound) must al-
ways be included
in the weight pro-
ducing the pres-
sure. Astheload
on the platform
is increased the
plungermust,from
time to time, be

Fi6. 20.<A Bench Test Pump.

screwed in to keep the piston and platform “ floating.” When
observations are being taken it is very essential that the loaded

platform be given,
preferably by hand, a
slight rotary motion
to reduce to a mini-
mum the friction of
the piston in its cylin-
der.

Suggested Proce-
dure with Dead-weight
Testers. The accura-
cy of the gage to be
calibrated is deter-
mined by subjecting
it to known pressures
and noting its error.
Before the piston has
been put into place
the reading of the

gage, called * zero-reading,”” should be observed and recorded in a




16 POWER PLANT TESTING

form similar to the one on page 20. Then the pressure should
be increased 5 pounds per square inch at a time (corresponding
usually to a weight of 1 pound) up to the limit of the gradu-
ations on the dial, spinning the piston gently when each reading
is taken. Commencing then with the highest pressure the

Fi1G 22.—Sectional View of a Dead-weight Gage Tester.

same operation should be repeated by decreasing the pressure
by the same increments.!

! When the pressure is being decreased the movement of the pointer
must be always in a counter-clockwise direction just before a reading
is taken. In other words, if a weight of 2 pounds has been taken from
the load on the piston when only 1 pound should have been removed
the pointer will, of course, get below the next point to be calibrated.
To secure the reading missed it will not be correct to add 1 pound and
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A modification of the dead-weight gage tester is shown in Fig.
23. Thisinstrumentis particularly suited for calibrations at high
pressures. Its range is from o to 1500 pounds per square inch.

Any pressure within these limits can be obtained without
shifting heavy
weights.  Read-
ings are taken
when the scale
beam is balanced.
The hand wheel
A is used to regu-
late the fluid pres-
sure by means of
aplungerasin the
apparatus shown
in Figs. 21and 22.
The other hand-
wheel B shown in
the figure must
be kept rotating
when  observa-
tions are taken.
The slight jar-
ring of the parts
due to its rota-
tion serves t0  piq. 23.—Crosby Portable Fluid Pressure Scales.
make the friction
as small as possible. For still higher pressures up to 12,000
pounds per square inch, a heavy stationary type shown in
Fig. 24 can be used.

|
=

take the reading, because the friction and lost motion will now be in the
same direction as with increasing pressures; and to overcome this diffi-
culty the pressure must be increased again to a value higher than that
for which the reading is to be taken. For the purpose of increasing the
weight it is not neccessary to put on more weights, as additional load in
such cases can be put on by the pressure of the hand.

The same precautions apply with even greater force to calibrations
made with test gages or with a mercury column. With either of these
instruments discrepancies may occur with increasing or decreasing pres-
sures. In fact the only certain way to get satisfactory results with these
instruments is to keep the pointer of the gage or the mercury column, as
the case may be, moving continually in the same direction.
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Calibration of Gages with Mercury Columns. The ultimate
standard for the determination of reasonably high pressures
is the mercury column, but the apparatus required is so com-
plicated and occupies so much space that this method is suit-
able only for use in laboratories where it will have the attention
of skilled observers.

For the purpose of calibrating steam gages mercury columns
have been fitted up in a variety of ways. Simplest of these
is the method of connect-
ing the gage to be tested
by means of a short tube
to a “closed” mercury
well into the top of which
a long glass tube has been
inserted. The pressure can
then be increased either
by displacing some of the
mercury in the well by
means of the plunger in
the mercury pump shown
atth e right-hand side of
Fig. 25, and forcing it up
into the glass tube, or else
by pouring mercury into
the tube from the top as
must be done in the ap-
Fi6. 24.—Fluid Pressure Scales for High paratus shown in Fig. 26,'

Pressures. Zero pressure for compari-
son is to be taken on the
column at the same level as the center of the gage. Beginning
then with 5 pounds per square inch pressure on the gage observe
the corresponding height of the mercury column and its tem-
perature, and then continue the observations, first increasing
the pressure and then decreasing by increments of 5 pounds,
as indicated by the gage. Equivalent units for calibration
can be computed from the height of the mercury column, since
1 inch of mercury at 70 degrees Fahrenheit is equivalent to
a pressure of .4906 pound per square inch.

When using a mercury-testing apparatus it is necessary

to obsérve the temperature near the mercury column in the
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room in which the work is being done, so that the observed
height of the mercury column can be corrected to a tempera-
ture at which the relation between pressure in pounds per
square inch and height is known. The coefficient of cubical
expansion of mercury is not constant, as

will be observed from the following table: :
Temp. Deg. Coetlicient of
Fahr. Cubical Expansion.
32 .0000998 =
. 00 S
50 00010 . %
70 .0001002 6—]
90 .0001004 N
110 .0001007 h
] Fs0
] E=s
5—
]
-’\:
50
1F
s 5
1F
i 40
1 35
1F
-1
2| 30
1 Ees
— F
1|0
s
Lo_— :_.o

Fic. 25.—Standard Mercury Column and Fi16. 26.—Simple Open
Hand Pump. Mercury Column.
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For very accurate work allowance must be made for the
expansion of the graduated scale. Coefficients of expansion
of metals are given in the Appendix.

Instead of connecting the gage directly to the mercury well,
it is sometimes connected to one end of a steam drum and the
mercury column is connected to the other. The increments
of pressure are then obtained by increasing or decreasing the
steam pressure in the drum.

Observations taken in the calibration of a steam gage
should be recorded and the computed errors tabulated in a
form similar to the following:

CALIBRATION OF PRESSURE GAGE. COMPARISON WITH
GAGE TESTER

Date......... ..o, Observers. . .........c.vueun...
Makerof gage.................. Maker's No. ... ...
Laboratory No............... Limits of Graduation. . ..............

) ] |

No. Weight | Gage Readings. Lbs. persqg.in. { Actual Mean Error

of on | Pressure. of gage. | Remarks
Reading. | Tester . Lbs. per Lbs. per

Lbs. Up. Down. Mean. | sq.in. sq.in.

—_—

The error of the gage is determined by the comparison of
the mean of the up and down readings with the actual pressure.

Curves. From the data tabulated two curves are usually
plotted:

1. Mean gage readings (abscissas) and actual pressures (ordi-
nates). Use 2 large sheet of coordinate paper for this curve.

2. Error Curve: Mean Gage Readings (abscissas) and mean
corrections, positive and negative (ordinates). See curve in
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Fig. 27. Error curves should have the points, if very irregular,
connected by a broken line rather than by a * fair ”’ or average
curve through them. Never, however, try to draw an irregular
curve through each of a number of scattered points when the
points are supposed to follow a definite relation between the
coordinates selected. A ‘ fair "' curve should then be drawn
between the irregular points.

Calibration of Vacuum and Low-pressure Gages. A vacuum
gage is usually calibrated by connecting it to one end of a
U-shaped glass tube of which both legs are about 30 inches

Mean Error of Gage, Lbs. per Sq. In.

Mean Gage Readings, Lbs. per Sq. In.

Fi6. 27.—Typical Error Curve for a Pressure Gage.

long and are filled to about half their length with mercury.
The U-tube and gage are then connected to the receiver of an
air pump or else to an aspirator or ejector operated by water
or steam pressure, such as chemists use for vacuum filtering.
The aspirator is really the more convenient instrument to use.
1f the readings of the vacuum gage are correct, they will corre-
spond exactly with the difference in the level of the mercury
in the two legs of the U-tube.

In case a condensing engine is operating when the calibra-
tion of the vacuum gage is to be made, both the gage and the
glass U-tube may be connected to the condenser. A compari-
son of the readings taken will show, under the best possible
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conditions, the absolute errors of the gage. A suitable scale
about 30 inches long and accurately graduated should of course
be provided and placed between the two legs of the U-tube.

An apparatus consisting of an air-pump designed for a high
vacuum and a mercury column is illustrated in Fig. 28. It is
a very convenient means for testing vacuum gages.

2\
=J))=
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Fi16. 28.—Air Pump and Mercury Columns for Testing Vacuum Gages.

A low-pressure gage with a scale from say o to 15 pounds
per square inch is very easily and accurately calibrated by
using the same glass U-tube mentioned for the calibration of
the vacuum gage with air pressure, preferably, or with steam
pressure. Otherwise the method for calibration is the same as
for a vacuum gage, except that jnches of pressure jnstecad of
inches of vacuum are observed.
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Draft Gages. Many engineers use an ordinary glass U-tube
manometer (Fig. 29) filled with water for measuring small

pressures like that due to the draft in a
chimney or that produced in air-ducts by
ventilating fans or blowers. For such obser-
vations in many cases, however, greater
accuracy is desired than can be secured by
the use of the ordinary U-tube and a special
form of manometer is used in which the dis-
tance moved by the surface of the liquid in
the tube is greater than the vertical change
of level. Fig. 30 illustrates a simple device
of this kind. It consists of a bottle B, filled
with water, having a suitable opening at the
bottom to which by means of a short rubber
tube the inclined glass tube CD is attached.
At the upper end of this tube a piece of
rubber tubing T is shown and is intended
to be connected to the chimney, duct, or
flue in which the pressure is to be obtained.
A scale placed behind the inclined tube CD
should be graduated so that when the spirit
level L is adjusted, vertical differences in
level in the bottle will be indicated by the

F16. 29.—Simple
U-tube Draft Gage.

scale. Then differences in the readings of the scale will give
directly the difference in pressure in inches of water just as

with an ordinary U-tube.

F1G. 30.—Inclined Tube Draft Gage.

Very accurate draft gages of this type known as Ellison’s,
are shown in Figs. 31 and 32. The inclination of the tube in

these instruments is usually about 1 to 10.

Instead of water

a very light oil is used to fill the tube. It is claimed that this
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oil has the advantages of having less capillarity than water
and also, being lighter, permits the use of a longer scale for a
given difference in level. Graduations on these instruments
which are sold commercially ! are, however, always made to

Fic. 31.—Ellison's Improved Draft Gage.

read equivalent inches of water. These draft gages are also often
used for measuring small differences of pressure. For example,
if there are two vessels containing gases at different pressures
and one is connected to the left-hand side and the other to the

Fi6. 32.—Ellison’s Diffcrential-direct Draft Gage for High Drafts.

right-hand side of the gage, it will indicate the difference in
pressure.

When calibrating gages it is worth while to notice that
when instruments are to be used to observe practically con-
stant values it is necessary to calibrate them only near the
values to be observed.

! American Steam Gage and Valve Mfg. Co., Boston and Chicago.



CHAPTER 11
MEASUREMENT OF TEMPERATURE

Mercurial Thermometers. Temperatures less than about
500 degrees Fahrenheit are usually measured by means of
mercurial thermometers, depending for their action on the
expansion of mercury in a glass bulb and a graduated capil-
lary tube.l

Whenever mercurial thermometers are used for any work
where reasonable accuracy is expected they should be care-
fully calibrated before the test is made; and after the test
the calibration should be at least roughly checked to be sure
that the zero of the thermometer has not changed. Too
often it happens in practice when tests are being made, as
for example of a boiler or of a steamn turbine, that in some
way a thermometer not previously calibrated has been used,
and before the end of the test is broken. It is then too late
to get a calibration and sometimes very important results of
tests are made doubtful because of such negligence.

Calibrations of thermometers of all kinds must be made
often because there is always the possibility that a little of
the mercury has become detached from the column and remains
unobserved either on the sides or at the top of the capillary
tube. In all glass thermometers therc is always taking place
with use and time a gradual and permanent change in the

! The best thermometers for ordinary engineering work are those
having graduations etched on the tube. The only difficulty with this
method is that after considerable use the ink originally in the etched
markings disappears and it becomes difficult to read the scale. When
this happens a thick paint made of lampblack and shellac or printer’s
ink can be rubbed over the etched scale, and when this paint is rubbed
off after a few minutes, there will be enough of it left in the etchings
to make the scale as legible as when new. A crayon or pencil of soft
greasy graphite like those used by glaziers for marking glass or by ship-
pers for marking cases is a satisfactory substitute for the paint, although
it is not so permanent.

25
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volume of the bulb, more in new thermometers than in old
ones, altering the zero point, and of course, also the true
values for all the graduations.

Alcohol Thermometers. For the measurement of tempera-
tures much below zero Fahrenheit thermometers filled with
mercury are not satisfactory, and alcohol or * spirits of wine "
is used. These liquids, on the other hand, are not suited on
account of their high vapor tensions for high temperatures.

Conversion of Temperatures and Heat Units. Tempera-
tures in Centegrade degrees are converted into Fahrenheit by
multiplying by § and adding 32. Kilogram-calories multiplied
by 3.968 give the equivalent British thermal units (B.T.U.),
and kilogram-calories per kilogram X1.8 give British thermal
units per pound. A ‘““small” or gram calorie is one-thou-
sandth as large as a kilogram-calorie.

Calibration of Thermometers. Tests to determine the accu-
racy of thermometers are made by subjecting them to known
temperatures and noting the errors. This is done usually in
one of two ways:

1. By comparison with a so-called * standard " thermom-
eter known to be accurate.

2. By comparison with temperatures corresponding to
“steam pressures.

Since the second method is not applicable for temperatures
below the boiling point of water, it is not often used for
temperatures below 212 degrecs Fahrenheit. For ‘ low-read-
ing " thermometers, therefore, the first method is generally
used.

Calibration by Comparison with a Standard Thermometer.
For low-temperature calibrations, the thermometers to be
tested are usually suspended together with a ‘‘standard "
thermometer of which the errors are known in a water bath
arranged so that the temperature can be varied. This bath
may consist simply of a vessel provided with a coil of pipe
through which steam can be circulated, and has also a suitable
stirring device. If the water is kept well stirred in such an
apparatus a uniform temperature can be maintained and three
or four thermometers can be calibrated at the same time.

Fig. 33 illustrates diagrammatically a very simple apparatus
of this kind, except that the water bath is heated by discharg-
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ing steam directly into the water. This arrangement permits
changing the temperature more rapidly than with the coil of
pipe mentioned above.

‘ Standard "’ thermometers for comparison should be pref-
erably those which have been calibrated at standardizing
laboratories such as at the U. S. Bureau of Standards at Wash-
ington, D. C., at the Reichsanstat at Berlin, Germany, or at
the Royal Physical Testing Laboratories in London, England.

Thermometers
S AN Steam
= E
3=
EC Paddles
r ! i —— ) S 1 J

il

L A

Fi1c. 33.—Apparatus for Calibration of Thermometers at Temperatures
Less than the Boiling-point of Water.

The steam laboratories of nearly all technical colleges have
sets of standard thermometers suitable for determining the
errors of good thermometers to be used as ‘‘ secondary ”
standards.

When the method of comparisen with a *‘ standard ”’ ther-
mometer is to be used for temperatures higher than are obtain-
able with the apparatus shown in Fig. 33, the * standard ”
thermometer and the other thermometers to be calibrated are
placed in adjacent cups or wells of the same depth inserted in
a suitable cylindrical drum with pipe connections permitting
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a flow of steam through it. The thermometer cups or wells
should be filled with cylinder oil or, preferably, for high tem-

peratures, with mercury.!

Temperature is varied by throttling

with the valves on either or both the steam inlet and discharge
pipes. Usually the necessary adjustment is made more easily
by manipulating the discharge valve rather than the inlet. At
least five minutes should be allowed after the valves have been
adjusted for the mercury in the thermometers to come to rest
before readings for comparison are taken. Readings of both the
standard and the thermometer being calibrated must be taken
as nearly as possible at the same time, and the thermometers
should be lifted from their cups when necessary just enough
to bring the mercury into view. Observations should be taken
as quickly as possible to avoid errors due to cooling and should
be made with approximately the same increments.!

A rccord of the observations should be made in the form

given below.

CALIBRATION OF THERMOMETER

Date.................... ObSErvers . .. ...t

Standard:
No. or distinguishing mark.. . . . .

Range of scale. .. ...... ... ..

Thermometer Tested:
.. ..No. ordistinguishing mark. .. . .... ..
....Rangeof scale. .. ...

Standard | ‘Thermometer
Thermometer. Tested.
_ True I .
No. \ ‘Temper- Remarks.
1‘ Reading. ]::::rn ature. Reading. (_::::_)r'_)
S N °F. ° P °F. °P.

{

|

VIf oil is used in thermometer cups, precautions should be taken
that the oil is absolutely free from the presence of water and that

therc is no water in the cups.

If water is allowed to accumulate there
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Calibration of Thermometers by Comparison with Tempera-
tures Corresponding to Steam Pressures. There is a definite
temperature of saturated steam corresponding to every pressure.
If, then, the pressure is known, the temperature corresponding
can be obtaihed from  Tables of the Properties of Saturated
Steam.”!

Thermometers to be calibrated are placed in adjacent cups
or wells of the same depth inserted in a cylindrical steam drum
and filled with cylinder oil or mercury. Pipe connections must
be provided for the attachment of an accurately calibrated
steam gage and valves are needed at the ends of the drum for
regulating the flow of steam through it. Except for the ad-
dition of the gage the apparatus is the same as that used for
the calibration of thermometers at high temperatures explained
in the preceding paragraphs, and the manipulation of the ap-
paratus as well as the precautions to be observed are also the
same except that the pressure registered by the gage is recorded
instead of the temperature indicated by the “ standard ” ther-
mometer.

If there is any possibility that the steam supplied to the
drum is superheated, then it is nccessary to provide a water-
jacket around the steam pipe large enough to make the steam
at least dry saturated or preferably slightly wet. Another
device often used to change superheated steam to the saturated
condition is illustrated in Fig. 34. In this apparatus the steam
passes down through the vertical supply pipe S closed at the lower
end and escapes from perforations near the bottom to bubble
up through the water contained in the chamber A and is carried
away in the pipe D. In this way the steam can be made to
lose enough heat to the water to reduce the superheat. A
gage glass G at the side of the drum is serviceable for,showing
the level of the water.

may be a slight explosion, sometimes strong enough, however, to throw
the thermometer out of the cup.

Thermometers used for measuring high temperatures should be
protected from contact with the metal of the cups by wrapping the
stems at the mouth of the cup with cotton waste, or, preferably, with
rings of cork.

! Marks and Davis’ Steam Tables and Diagrams or Peabody’s Steam
and Eutropy Tables (revised 19og) are recommended.
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A most excellent method for making calibrations of ther-
mometers by means of a steam drum is a combination of the
last two methods described. That is, the corrections are calcu-
lated from the temperature corresponding to the corrected
gage pressure; but at the same
time are checked by comparison
witha ‘‘standard’’ thermometer.

In all experimental work in
engineering such methods of
checking results cannot be too
highly commended. Checking
not only assists in the elimina-
tion of errors of observation as
well as in calculations, but for
the engineer it is his key to
success.! '

Observations should be tabu-
lated in the form given on page
31. The column under the head-
ing * Standard Thermometer "’
is to be left blank, of course,
when only the steam gage is
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§ used for the calibration. To
N N obtain the absolute pressure
?§ - z the barometric pressure must
%///W////////T//% be observed during the cali-

Fi6. 34.—Apparatus to Reduce bration.
the Superheat in Steam. Curves. 1. Plot a curve

for each thermometer showing
observed temperatures of the thermometer tested (abscissas)
and the corresponding “true’ or ‘standard " temperatures
(ordinates). This curve is of no value, however, unless a
reasonably large scale is used.
2. Plot an error curve, taking observed temperatures of
thermometer tested for abscissas and *‘ errors’ for ordinates.
Compare with Fig. 27.

! The plotting of curves is still another means which the engineer
uses continually for checking his calibrations, his tests, and his conclu-
sions. It has been well said that ‘‘ the physician buries his mistakes
but that the mistakes of the engincer bury him.”
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CALIBRATION OF THERMOMETER BY COMPARISON WITH
TEMPERATURES CORRESPONDING TO STEAM PRESSURES

Record:
1. Date and names of observers....... ... i it
2. No.and type of gage........ ... oo it
3. No. of standard thermometer................ ... ... . ...,
4. Identification of thermometer tested.. ... ... ... ... ... ..
5. Limits of graduationof both.................. ... ..o
6. Barometer reading.............. ins. mereury. ...
| N
1 2 3 14 s | e 7 8 | 9 l 10
e i | | |
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Experience has shown that certain types of thermometer
cups or wells for use in pipes give more satisfactory results than
others. The thermometer cup must be long enough to enter
well into the pipe so that the flow of fluid through it will be
around the well. In other words it should be located so that
it will be in the ‘““main stream’ and not in such a position
where only eddies touch it. A well-designed thermometer cup
is illustrated in Fig. 3s.

Correction for ‘ Stem Exposure” of Mercury Thermom-
eters. When a considerable portion of the mercury column
of a thermometer measuring high temperatures is exposed to
the air, a correction K must be added to the readings to ob-
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" tain the true temperature. If t is the observed reading, D
is the number of degrees Fahrenheit on the scale from the
surface of the oil or mercury in the thermometer cup to the

~Portable Cover

Asbestos Lining

The Right Way. The Wrong Way.
Fi6. 35.—Typical Thermometer Wells—'* Good and Bad.”

end of the mercury column, and t’ is the temperature of the
air surrounding the thermometer stem, then

K=.000,088D(t—t"). . . . . . (1)

This equation, it will be observed, includes three factors: coef-
ficient of expansion, length, and temperature difference. The



MEASUREMENT OF TEMPERATURE 33

coefficient of expansion given in the equation is the difference
between the volumetric coefficient of expansion of mercury
(.000,100) ! and the linear coefficient (.0o0,012) of the kind
of glass ordinarily used for thermometers.
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Fig. 36.—Typical Recording Thomometer with Flexible Tube.

In practice for carefully conducted tests of engines or tur-
bines operating with superheated stcam the above correction

1 An average value of the volumetric coeflicient is used here. A
table showing the variation of this coeflicient is given on page 19.
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should always be added to the thermometer readings to obtain

Fi1c. 37.—* Sensitive "' Bulb for a Recording Thermometer.

the correct temperature and superheat. In steam turbine
tests, when a high degree of superheat is used, this correction

Fi16. 38.—Mechanism of a Recording

Thermometer.

is often as much as from
5 to 10 degrees Fahren-
heit.

Recording Thermome-
ters. Recently instru-
ments for recording auto-
matically low as well as
high temperatures have
been very satisfactorily
developed. A typical ex-
ample is shown in Fig.
36. It consists of a
sensitive bulb (Fig. 37)
suitable for being inserted
into a pipe fitting and is
attached by a capillary
connecting tube to the
recording instrument.
The sensitive bulb and
capillary tube are filled
with either alcohol or
ether, which 1is sealed
in the bulb and tube
under, pressure. The in-

strument is operated by, the expansion of the vapor of these
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liquids. One of these instruments is shown in Fig. 38
with the cover removed so that the mechanism can be seén.
It is exactly the same as that of a recording pressure gage (see
page 10).

In general appearance these recording thermometers are
like the recording pressure gages now in general use, and in

F16. 39.—Recording Thermometer, Short Bulb Type.

other respects as regards the recording mechanism and clock-
work they are also practically the same. Movement of the
recording pencil proportional to the temperature is secured
in most instruments of this kind by the expansion of ether or
mercury in the “sensitive’ bulb inserted usually by screw threads
in the pipe or chimney where the temperature is to be obtained.
Some of these recording instruments, Fig. 39, have a short rigid
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connection between the bulb and the recording mechanism,
making it necessary to locate the instrument always immediately
adjacent to the bulb. In Fig. 36 there is a flexible connection
of capillary tubing attached to bulb permitting the setting
up of the instrument on a wall near by. This capillary tube
must, however, be handled very carefully to prevent causing a
serious leak, making the instrument useless.

Pyrometers. Temperatures over 6oo degrees Fahrenheit
are usually measured by instruments known as pyrometers.
Various types are in use particularly for the measurement of
temperatures in fluesand chim-
neys of boiler plants. The
thermo-electric pyrometer is
probably the one most com-
monly used, in modern plants
and isdoubtlessthe most reliable.
One of the best-known makes is
illustrated in Fig.40. Itconsists
of a twisted joint formed of
wires of two different metals
having such thermo-electric prop-
erties that when joined they
generate an electric current
capable of deflecting a sensitive
galvanometer. When, there-
fore, this joint or * couple ™ is
heated the electric current gen-
erated produces a deflection of
the needle of the galvanometer in
proportion to the temperature.
The scale of the instrument is generally graduated to read
directly in degrees of temperature. For instruments reading
up to about 1500 degrees Fahrenheit the ‘‘ couple ™ consists
of a wire of nickel for the positive element and an alloy of
nickel and chromium for the negative element, while if the
thermo-electric joint is made of one wire of pure platinum and
another of an alloy of platinum and about ten per cent ot rho-
dium or of iridium, temperatures nearly as high as the melting
point of platinum, or nearly 3500 degrees Fahrenheit, can be
measured, although 3ooo degrees Fahrenheit is considered the

Fi16. 40.—Thermo-Electric
Pyrometer.

”
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safe limit. This pyrometer with a platinum “couple " is known

as the Le Chatelier (Fig. 41).

Electric Resistance Pyrometers like the one illustrated in

Fig. 42 are sometimes
preferred when a very
sensitive instrument is
desired. The ‘‘heating”
element consists of a coil
of very fine platinum wire
wound on a mica frame.
The current from one
electric battery passes
through this wire, and
the current from another
battery passes through
the coil of ‘‘ resistance "’
wire in the cover of the
box. When the two cir-
cuits are connected so

F16. 41.—Le Chatelier Pyrometer.

that the electromotive forces of the two batteries are opposed,
the resistance in the cover is adjusted by means of a connec-

1)

[

U

F1c. 42.—Electric Resistance Pyrometer.

tion on a stylus so that
there is no current passing
through a telephone or a
galvanometer placed at the
junction of the two cir-
cuits. For making obser-
vations this stylusis moved
along the ““ scale ”’ wire in
the cover to a point where
the humming noise due
to the electric current
ceases. The temperature
can then be read on the
scale opposite the position
of the stylus.

By means of a switch-
board any number of *“ heat-

ing " elements can be connected to the same indicator box,
which may be located at any distance from the source of heat.
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Mechanical Pyrometers consist of two metals having dif-
ferent rates of expansion, such as copper and iron or graphite
and iron. By means of levers and gears the expansion is made
to rotate a needle over a dial graduated in degrees. One of
these instruments is illustrated in Fig. 43. It can be used
safely to 1500 degrees Fahrenheit. i

Calibrations of ¢ Indicating ”’ Pyrometers such as the thermo-
electric and metallic are best made by comparison with a special
standard pyrometer of which the error
is known and which is used only for
standardizing work. The couple to be
calibrated and the standard should be
fastened together closely with only a
sheet of asbestos between them. The
two couples thus bound together should
be put into an electric furnace in which
the temperature can be controlled and
raised very slowly. Then at different
points in the scale, at intervals of
about fifteen minutes, readings for com-
parison can be taken. If a standard
pyrometer is not available a calibration
can be made by comparison in a furnace
of constant temperature with a good
mercury thermometer. Such thermom-
eters in which the capillary tube con-
Fic. 43._:'.3 echanical” tainsrareﬁed'nitrogen above the mercury

Pyrometer. can be obtained to measure tempera-
tures with a fair degree of accuracy,
when new, up to 1ooo degrees Fahrenheit.

Recording Pyrometers arc most frequently of the type of
recording thermometers illustrated and described on pages 33-35.
Such instruments can be constructed, when the sensitive bulb
is filled with a gas instead of a liquid, to register accurately-
temperatures as high as 1200 degrees Fahrenheit.

Another type operated by the expansion of the vapor of
mercury is shown in Fig. 44. This is a combined indicating
and recording instrument. The sealed tube A is to be inserted
in the chimney or flue in which the temperature is to be
observed.
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Optical Pyrometers. For temperatures above 2500 degrees
Fahrenheit optical pyrometers similar to the one illustrated
in Figs. 45, 46 and 47 are most suitable. They can also be
used in many places where is it almost impossible to locate a
pyrometer of any of the other types. It consists of a cylindrical
case set upon a tripod. This case contains a concave mitror
and a lens (or lenses) which when properly adjusted and focused
on a hot body concentrate the heat rays upon a small thermo-
electric couple inside the case. Copper wires connect this couple

F16. 44.—Combined Indicating and Recording Pyrometer.

with a very sensitive portable galvanometer (Fig. 46) located
where it can be read conveniently. The most modern instru-
ments of this kind are provided with scales indicating directly
degrees of temperature. Fig. 47 shows a section of the telescope
used in connection with this pyrometer. The concave mirror
M receives the heat rays and focuses them -at F,; where a
small thermo - couple is located. To assist in pointing the
telescope an eye-piece E is provided through which a reflected
image of the hot body can be seen. The rack R and the
pinion P, moved by a thumbscrew outside the case, serve
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for adjusting the focus of the mirror. In the center of the
field of view, as seen in the eye-piece, the thermo-couple is
seen as a black spot, and this must be overlapped on all

F1G. 45.—An Optical (Radiation) Pyrometer in Use.

sides by the image of the hot body to obtain the correct
temperature. It is interesting to observe that the distance of
the telescope from the source of heat does not affect the reading
of the instrument. When the telescope gets nearer the hot
body the mirror M receives of course more heat, but at the same
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time this greater amount of heat is distributed over a larger
image and the intensity of the heat remains the same.

Optical pyrometers are
invaluable for determining
the temperatures of the
various parts of a furnace,
of the walls of the setting
of a steam boiler, of various
portions of a bed of coals,
etc.

Another type of optical
pyrometer, based in prin-
ciple upon the measure-
ment of the brightness of
the hot body by compari-
son with a standard lamp
is shown in Fig. 48. In
order to use this instru-
ment, known as Wanner'’s,

Fi16. 46.—Sensitive Galvanometer of
Fery Radiation Pyrometer.

the incandescent (osmium filament) lamp must first be stan-
dardized by comparison with an amylacetate oil lamp of

Fic. 47.—Telescope of Fery Radiation

Pyrometer.

constant candle power.
Then after standardizing
it is only necessary to
focus the instrument upon
the hot body to be meas-
ured and the temperature
is read directly on the
graduated scale at the
eye-piece.

Calorimetric Pyrometers.
If the specific heat and
weight of a body are known,
its temperature can be ob-
tained by observing the rise
in temperature of a known
quantity of water into
which the body is thrown.

More in detail the method consists in the determination
of temperature by putting a ball of metal or other refractory
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material into the medium of which the temperature is to be
measured. When the ball has become heated uniformly
throughout its mass to the temperature of the medium it is
transferred quickly to a cup heavily jacketed with non-con-
ducting material in which there is a known weight of water at
a known temperature. Copper, wrought-iron and fire-clay
are suitable materials. Specific heats of these materials at
about soo degrees Fahrenheit are respectively .097, .110 and
.180. Since metals are readily attacked by furnace gases they
should be protected when used in this way in a crucible of
refractory material.

Incendescent Lamp
(Oamium)

F1c. 48.—Wanner Optical Pyrometer in Position for Standardizing.

This method is often very serviceable in places or at times
when accurate pyrometers are not available. On account of
the * personal’ error liable to enter, such determinations
should be repeated several times to check the results. Calcu-
lations required are as follows.!

Let wy=weight of the ball, pounds.

w2z =weight of the cup (only the“inner’’ vessel),? pounds.
w3 =weight of the water in the cup, pounds.
t; =initial temperature of water, degrees Fahr.
t:=final temperature of the water, “ “

' A more complete description of calorimetric pyrometers and the
precautions to be observed for accuracy will be found in Proceedings
American Society of Mcchanical Engincers, vol. VI, page 712.

2 It would be more accurate, of course, to use in the calculation the
water equivalent of the whole vessel, as is done in coal calorimetry. See
page 162. Units given are in pounds and degrees Fahrenheit, but other
units, provided they are corresponding, can be used in the equation given.
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Let to=initial temperature of the ball, degrees Fahr.
s; =specific heat of the ball.
sz =specific heat of the cup.

Then wi8; (to—t2) = (W2sg +ws) (t2—ty),
to:(W282+W3)(t2—t1)+t2. . @
W18

Seger Pyrometer Cones. For many purposes when a pyrom-
eter cannot be well placed fusible Seger cones are used. Such
cones are made of several different oxides mixed in a manner
to give a definitely known melting point for each one. The
melting points range from 59o degrees to 1850 degrees Centi-
grade by steps of from 20 to 3o degrees, each having a stand-
ard number. These cones are carefully graded, so that if one

F1G. 49.—Seger Cones after Use.

has had some experience with them, temperatures can be
estimated to about the nearest ten degrees in Centigrade. Four
of these cones are shown in Fig. 49.

When a series of cones is placed in a furnace the one having
the lowest melting point begins to turn over first. The tem-
perature corresponding to the cone number is reached when
the tip of the cone has bent over and just touches the surface
on which it is standing. Hence the highest temperature reached
when the cones shown in the illustration were used was about
half way between that corresponding to each of the two middle
cones. According to the numbers on the cones the temperature,
as given by the table on page 45, was between 830 and 860 de-
grees Centigrade. The greatest disadvantage with this system is
that there is no way of observing a decrease in the temperature,
or, in other words, only the maximum temperature is recorded.
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Two types of mercury thermometers protected by heavy
metal cases are illustrated by Figs. so and s1. It will be
observed that a very satisfactory thermometer cup is a part
of the casing. The one shown in Fig. s1 has graduations for
reading both temperatures and pressures. A thermometer of
this type is particularly useful in pipes carrying hot boiler
feed-water. When the temperature is ctove 212 degrees

=

Fi16. s0.—Combined Thermometer Fi6. 51.—Combined Thermometer
Cap and Protective Casing. and Pressure Gage for Boiler
Feed-water Pipes.

Fahrenheit the thermometer will indicate that the water is
being heated at a pressure higher than atmospheric. For
water heated in closed vessels or pipes there is for every
temperature a corresponding pressure as given in tables of
the properties of saturated steam.!

! Short and very much abbreviated tables of the properties of

saturated steam are given in the Appendix. See also references in foot-
uote on page 29.
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The following table gives the temperatures, in degrees Centi-
grade, at which the Seger cones will begin to melt:

I
Seger Temp. Seger Temp. Seger Temp.
Cone No. Deg. C. Cone No. Deg. C. Cone No. Deg. C.
022 590 o4 1070 15 1430
oz21 620 o3 1090 16 1450
o020 650 02 1110 17 1470
o19 680 || or 1130 18 1490
o18 710 X 1150 19 1510
o1y 740 2 1170 20 1530
o16 770 3 1190 [ .....0 | el
15 800 4 1210 26 1650
o14 830 5 1230 27 1670
or3 860 ! 6 1250 28 1690
o12 890 | 7 1270 29 1710
orl 920 8 1290 30 1730
oro 9so | 9 1310 31 1750
09 970 | 10 1330 32 1770
o8 990 8¢ 1350 33 1790
o7 1010 | 12 1370 34 1810
o6 1030 13 1390 35 1830
os 1050 14 1410 36 1850




CHAPTER III
DETERMINATION OF THE MOISTURE IN STEAM

UNLEss the steam used in the power plant is superheated
it is said to he either dry or wet, depending on whether or not
it contains water in suspension. The general types of steam
calorimeters, used to determine the amount of moisture in the
steam, may be classified under three heads:

1. Throttling or superheating calorimeters.

2. Separating calorimeters.

3. Condensing calorimeters.

Throttling or Superheating Calorimeters. The type of
steam calorimeter used most in engineering practice operates
by passing a sample of the steam through a very small orifice,
in which it is superheated by throttling. A very satisfactory
calorimeter of this kind can be made of pipe fittings as illus-
trated in Fig. 52. It ‘consists of an orifice O, discharging into
a chamber C, into which a thermometer, T, is inserted, and
a mercury manometer is usually attached to the cock V3, for
observing the pressure in the calorimeter.

It is most important that all parts of calorimeters of this
type, as well as the connections leading to the main steam pipe,
should be very thoroughly lagged by a covering of good insulat-
ing material. One of the best materials for this use is hair
felt, and it is particularly well suited for covering the more or
less temporary pipe fittings, valves, and nipples through which
steam is brought to the calorimeter. Very many throttling
calorimeters have been declared useless by engineers and put
into the scrap heap merely because the small pipes leading
to the calorimeters were not properly lagged, so that there was
too much radiation, producing, of course, condensation, so that
the calorimeter did not get a true sample. It is obvious that if
the entering steam contains too much moisture the drying
action due to the throttling in the orifice may not be sufficient

46
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to superheat. It may be stated in general that unless there is
about 5 to 10 degrees Fahrenheit of superheat in the calorim-
eter, or in other words unless the temperature on the low
pressure side of the orifice is at least about 5 to 10 degrees
Fahrenheit higher than that corresponding to the pressure in

r/_,.,-»'

%,

Steam Pipe
PO
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F16. 52.—A Simple Throttling Steam Calorimeter.

the calorimeter, there may be some doubt as to the accuracy
of results.! The working limits of throttling calorimeters vary

! The same general statement may be made as regards determinations
of superheat in engine and turbine tests. Experience has shown that
tests made with from o to 10 degrees Fahrenheit superheat are not
reliable, and that the steam consumption in many cases is not con-
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with the initial pressure of the steam. For 35 pounds per
square inch absolute pressure. the calorimeter ceases to super-
heat when the percentage of moisture exceeds about 2 per
cent; for 150 pounds absolute pressure, when the moisture
exceeds about § per cent; and for 250 pounds absolute pres-
sure, when it is in excess of about 7 per cent. For any given
pressure the exact limit varies slightly, however, with the
pressure in the calorimeter.

In connection with a report on the standardizing of engine
tests, the American Society of Mechanical Engineers! published
the following instructions regarding the method to be used
for obtaining a fair samole of steam fromn the main pipes. It
is recommended in this report that the calorimeter shall be
connected with as short intermediate piping as possible with
a so-called calorimeter nipple made of }-inch pipe and long
enough to extend into the steam pipe to within } inch of the
opposite wall. The end of this nipple is to be plugged so that
the steam must enter through not less than twenty 3}-inch
holes drilled around and along its length. None of these holes
shall be less than 3 inch from the inner side of the steam pipe.
The sample of steam should always be taken from a vertical
pipe as near as possible to the engine, turbine, or boiler being
tested. Good examples of calorimeter nipples are illustrated
in Figs. 54 and s9.

Never close and usually do not attempt to adjust the dis-
charge valve V; without first closing the gage cock, V3. Unless
this precaution is taken the pressure may be suddenly increased
in the chamber C, so that if a manometer is used the mercury
will be blown out of it, and if, on the other hand, a low-
pressure steam gage is used it may be ruined by exposing it
to a pressure much beyond its scale.

Usually it is a safe rule to begin to take observations of
temperature in calorimeters after the thermometer has indi-
cated a maximum value and has again receded slightly from it.

sistent when compared with results obtained with wet or more highly
superheated steam. The errors mentioned, when they occur, are prob-
ably due to the fact that in steam, indicating less than 10 degrees
. Fahrenheit superheat, water in the liquid state may be taken up in
* slugs ” and carried along without being entirely evaporated.

! Proccedings American Society of Mechanical Engineers, vol. a1.
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The quality or relative dryness of wet steam is easily cal-
culated by the following method. Using the symbols,

p1=steam pressure in main, lbs. per sq.in. abs.
P2=steam pressure in calorimeter, 1bs. per sq. in. abs.
t,-- temperature in calorimeter deg. Fahr.
r, and q; =heat of vaporization, and heat of liquid corresponding
to pressure p,, B.T.U.
H; and tz=total heat (B.T.U.) and temperature (degs. Fahr.)
correspending to pressure po.
cp=specific heat ot supcrheated steam. Assume o.s
for low pressures existing in calorimeters.!
x; =initial quality of steam, per cent.
I —X; =initial moisture in steam, per cent.

Total heat in a pound of wet steam flowing into the orifice is
X1 +qy,.

and after expansion assuming all the moisture is evaporated,
the total heat of the same weight of steam is,

H2 +cp(tc—t2)'

Then assuming no heat losses and putting for ¢, its value o.5
we have,

!1f1+q1=H2+o.5(tc—t2), N € ))

_Hato.s(t—t) —qu

or X
Ty

e e e (3D

Chart for Moisture Determinations. Using degrees of
superheat in the celorimeter as abscissas and initial absolute
steam pressures as ordinates, the diagram in Fig. 53 has been
constructed. In the calculations it was assumed that the
pressure in the calorimeter was atmospheric. In cases where
this condition exists, theretore, after determining the degrees
of superheat in the calorimeter (t.—212) and the initial absolute
pressure p;, the percentage moisture can be read from the curves
without further calculations.

1 Average values for the specific heat of superhcated steam for any
temperatures are given on page
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Steam Pressure, Pounds per Square Inch, Absolute

Superheat in Calorimeter, degrees Fahr.
Fi1c. 53.—Chart for Determining Quality of Steam from Pressure and
" Superheat.
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Although all the calculations for drawing this diagram were
made by assuming atmospheric pressure in the calorimeter,
the curves in the figure can be used with almost equal accuracy
for pressures in the calorimeter not exceeding about 5 pounds
above atmospheric by using the diagram?! as if the ordinates
represented the difference in pressure between the two sides
of the orifice, or in other words the difference in pressure
between that in the steam pipe leading to the calorimeter and that-
in the calorimeter itself. For example, if the superheat in the
calorimeter is 40 degrees Fahrenheit, the initial steam pressure
is 150 pounds per square inch gage and that in the calorimeter is
s pounds per square inch gage, then the difference in pressure is
145 pounds per square inch, which is equivalent, with a barometric
pressure of 15 pounds per square inch, to 160 pounds per square
inch absolute pressure. Selecting the abscissa =40 and the ordi-
nate=160 the diagram shows that the quality of the steam is
approximately 96.9 per cent. If with the same data the qual-
ity x; is calculated by equation (2), taking again the baro-
metric pressure to be 15 pounds per square inch absolute, it is
found to be 96.85 per cent, which for the accuracy required in
the ordinary daily power plant calculations is good enough
agreement, particularly when it is generally conceded by practi-
cal engineers that it is almost impossible with any of the
simpler forms of steam sampling devices to obtain samples
which do not differ as much as } per cent from the
average.

When a U-tube manometer is used to determine the pressure
in a calorimeter of the type illustrated in Fig. 52, this pressure
can be obtained very accurately and an excellent means is
provided for calibrating the thermometer in the calorimeter
just as it is to be used. The calibration would be made, of
course, by the method of comparing with the temperature
corresponding to known pressures explained on page 29. In
order to avoid having superheated steam in the calorimeter
for this calibration the felt or similar material usually needed
for covering the valves and nipples between the main steam
pipe and the calorimeter should be kept saturated with
cold water.

! For the use of this diagram as well as the one in Fig. 55, acknowl-
edgment is due to Messrs. Schaeffer & Budenberg and R. C. Carpenter.
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The Barrus Throttling Calorimeter. An important varia-
tion from the type of throttling calorimeter shown in Fig.
52 has been introduced quite widely by Mr. George H.
Barrus. In this apparatus the temperature of the steam ad-
mitted to the calorimeter is observed instead of the pressure
and a very free exhaust is provided so that the pressure
in the calorimeter is atmospheric. This arrangement simplifies
very much the observations to be taken, as the quality of the
steam Xx; can be calculated by equation (3’) by observing only
the two temperatures t; and t,, taken respectively on the high
and low pressure sides of the orifice in the calorimeter. This

calorimeter is illus-
trated in Fig. 54.
The two thermom-
eters required are
shown in the figure.

\ Arrowsindicate the
A path of the steam.!
7 ' i The orifice in
f'.{mw‘. ;: such calorimeters

S **-«z I“Eg. is usually made

about 4 inch in
diameter; and for
this size of orifice
the weight of
Fic. 54. Barrus Throttling Steam Calorimeter. steam? discharged
per hour at 17s
pounds per square inch absolute pressure is about 6o pounds.
It is important that the orifice should always be kept clean,
because if it becomes obstructed there will be a reduced
quantity of steam passing through the instrument, making
the error due to radiation relatively more important.
In order to free the orifice from dirt or other obstructions
the connecting pipe to be used for attaching the calorimeter
to the main steam pipe should be blown out thoroughly with

! Proceedings American Society of Mechanical Engineers, vol. 11,
page 79o0.

2 Formulas for calculating the exact weight of steam discharged
from a nozzle are given on pages 148 and 149. In boiler-tests corrections
should be made for the steam discharged from the steam calorimeters,



DETERMINATION OF THE MOISTURE IN STEAM 53

steam before the calorimeter is put in place. The connecting
pipe and valve should be covered with hair felting not less than
§ inch thick. It is desirable also that there should be no leak
at any point about the apparatus, either in the stuffing-box
of the supply valve, the pipe joints, or in the union.

Fig. 55 is a diagram for the determination of the quality
of steam which is particularly suitable for use in connection
with calorimeters of the Barrus type.

Abscissas in this diagram are temperatures in the calor-
imeter ty, and the ordinates are the initial temperatures t, of
the steam before expansion in the calorimeter.

With the help of such a diagram the Barrus calorimeter
is particularly well suited for use in power plants, where the
quality of the steam is entered regularly on the log sheets. The
percentage of moisture is obtained immediately from two
observations without any calculations.

Separating Calorimeters. It was explained on page 48
that throttling calorimeters cannot be used for the determina-
tion of the quality of steam when for comparatively low pres-
sures the moisture is in excess of 2 per cent, and when for
average boiler pressures in modern engineering practice it
exceeds § per cent. For higher percentages of moisture than
these low limits separating calorimeters: are most generally
used. In these instruments the water is removed from the
sample of steam by mechanical separation just as it is done
in the ordinary steam separator-installed in the steam mains of
a power plant. There is provided, of course, a device for deter-
mining while the calorimeter is in operation, usually by means
of a calibrated gage glass, the amount of moisture collected.
This mechanical separation depends for its action on changing
very abruptly the direction of flow of wet steam moving with
considerable velocity. Then since the moisture (water) is
searly 3oo times as héavy as steam at the usual pressures
delivered to the engine, the moisture will be deposited because
of its greater inertia.

One of the simplest forms of separating calorimeters, made
of pipe fittings, is shown in Fig. §6. Steam enters at A, passes
down through the vertical pipe P, plugged at the lower end,
from which it escapes through a large number of }-inch holes
indicated in the figure. In passing through these holes the
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Initial Temperature of Steam before Expansion in Calorimeter, Degrees Fahr.

Fi1c. 55—Chart for Determining Quality of Steam from Temperature
Observations,
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direction of flow is changed very abruptly, since the steam must
go upward to be discharged at D. Moisture is deposited at
the bottom of the vessel V, and its volume or weight can be
determined from the height of the water in the gage glass G
if the vessel has been calibrated. Steam discharged from D
must be condensed and weighed in a pail or barrel contain-
ing cold water. The percentage of moisture is then found by
dividing the weight of water collected in the vessel V by the
sum of the weight of steam con-
densed and the weight of water
collected in V. This sum is, of
course, the weight of the wet steam.
Radiation Loss. As in all cal-
orimetry work, in order to obtain
accurate results there should be a
covering of hair felt § inch thick
over all parts of the apparatus, and
even then the radiation loss is
sometimes large enough to make
corrections necessary. This correc-
v G tion is determined by operating two
calorimeters which are exactly alike
in construction and in the amount
of felt covering, in series, and so
arranged that the second takes the
discharge of the first. If it is
paim  known that the discharge from the
F1c. 56.—A Simple Separat- first calorimeter is .perfcctly dry
ing Steam Calorimeter Steam! then thc moisture collected
Made of Pipe Fittings. in the second calorimeter is the
’ condensation due to its own radi-
ating surface, which should be the same as for the first.
Calculations for corrected moisture determinations are made
then by subtracting from the moisture collected in the first
instrument the amount condensed in the second. When, of
course, the radiation loss has been once determined it is not
necessary to operate the second calorimeter.

1 A small throttling calorimeter can be attached to the discharge from
the first separating calorimeter to determine whether or not the steam
discharged is dry.
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Carpenter’s Separating Calorimeter.

Fig. s7 illustrates a

form of separating calorimeter in which the improvement over
the one shown in Fig. 56 is in the addition of a steam jacketing
space receiving live steam at the same temperature as the sample.
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Fic. 57.—Carpenter Separating Steam
Calorimeter.

Steam is supplied
through a pipe A,
discharging intoa cup
B. Here the direction
of the flow is changed
through nearly 180
degrees, causing the
moisture to be thrown
outward through the
meshes in the cupinto
the vessel V. The
dry steam passes
upward through the
spaces between  the
webs W, into the
top of the outside
jacketing chamber J,
and is finally dis-
charged from the
bottom of this steam
jacket- through the
nozzle N. This noz-
zle is considerably
smaller than any
other section through
which the steam flows,
so that there is no
appreciable difference
between the pressures
in the calorimeter
proper and the jacket.

The scale opposite the gage glass G is graduated to show
in hundredths of a pound at the temperature correspond-
ing to steam at ordinary working pressures, the variation

of the level of the water accumulating.

A steam pressure

gage P indicates the pressure in the jacket J, and since the
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flow of steam through the nozzle N is roughly proportional
to the pressure (see page 148), another scale in addition to the
one reading pressures is provided at the outer edge of the dial.
A petcock C is used for draining the water from the instrument,
and by weighing the water collected corresponding to a given
difference in the level in the gage G, the scale opposite it can
be readily calibrated. Too much reliance should not be placed
on the readings for the flow of steam as indicated by the gage,
P, unless it is frequently calibrated. Usually it is very little
trouble to connect a tube to the nozzle N, and condense the
steam discharged in a large pail nearly filled with water. When
a test tor quality is to be made by this method the pail nearly
filled with cold water is carefully weighed and then at the moment
when the level of the water in the water gage G has been
observed the tube attached to the nozzle, N is immediately
placed under the surface of the water in the pjail. The test
should be stopped before the water gets so hot that some weight
is lost by * steaming.” The gage P is generslly calibrated
to read pounds of steam flowing in ten minutes. For the best
accuracy it is desirable to use a pail with a tighily fitting cover
into which a hole just the size of the tube has been cut
Combined Separating and Throttling Calorimeters. Calor-
imeters described are effective in removing practically all of
the moisture in steam when the pressure is not lower than 25
pounds gage pressure. For lower pressures, particularly around
atmospheric, recent experiments show that the efficiency of
such carloimeters is in some cases not more than 8o per cent.!
For this reason in the best current practice for determinations
of moisture in low-pressure steam a throttling calorimeter
is attached to the discharge of the separating calorimeter.
Then if the separating calorimeter has been carefully calibrated
for radiation loss and the steam escaping from the separating
calorimeter is tested again in a throttling instrument, it is
possible to make correct determinations for the percentage of
moisture in the steam of almost any degree of wetness. An
apparatus of this kind which is reported to have done excellent

! Proceedings American Society of Mechanical Engineers, Aug., 1910,
page 1132. The efliciency of the calorimeter is the ratio of the percentage
of moisture taken out by the separating calorimeter to the total percent-
age of moisture.
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service in tests of very large low-pressure sieam turbines, oper-
ating with the exhaust from reciprocating steam engines in New
York city, is shown in Fig. 8. The most unique feature of this
apparatus is the sampling tube. It wasfound that for this low-
pressure steam the ordinary sampling tube of perforated pipe
(see Figs. 54 and s9) did not give a reliable sample. It wasalso
found necessary that the sample should be taken from the main
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Fi1c. 58.—Stott's Combined Separating and Throttling Steam Calorimeter-

without changing its direction or velocity until it is actually
inside the sampling pipe. If the direction of flow of wet steam
is suddenly changed when entering the sampling nozzle, the
entrained moisture, because of its greater specific gravity on
the one hand and the very slight skin friction between it and
the surrounding dry steam on the other, will cause it to continuc
in its path in a straight line, so that there is a tendency for only
dry steam to enter the nozzle. Also if the velocity of the steam in
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the sampler is greater than that in the main, there is a tendency
for the dry steam to ‘ accelerate  into the nozzle, leaving the
moisture behind. It has been stated that this action has not
been observed in tests of steam at high pressures, because (1)
of smaller differences between the specific gravity of high
pressure steam and water; (2) greater skin friction; (3) the
highly divided state of the moisture.!

As the throttling calorimeter is ordinarily used it would
have very little capacity when used with steam pressures only
a little above atmospheric; but by making it discharge into
a receiver in which a vacuum of 28 inches was maintained the
throttling portion of the calorimeter will evaporate 2 to 3
per cent of moisture.

The apparatus shown in Fig. 58 consists of the -inch brass
nozzle on the sampling tube which is bent to point in the direc-
tion opposite to that of the flow of the steam. The lip of this
nozzle is filed to a knife-edge to avoid disturbing the current
of steam around‘the mouth of the sampler by eddies and impact
against a thick lip. ‘This sampling tube is sct up so that it ex-
tends into the main steam pipe } of the diemeter of the pipe,
where it has been observed to give practically the true average
flow. When in operation the valve at the sampling tube is
opened wide and the flow is regulated by mcans of the lever
cock between the separating and the throttling calorimeters.
The necessary throttling action ordinarily produced by an orifice
is produced by this cock. A vacuum is maintained in the
throttling portion from which the discharge is carried to a
small cooling receiver in which the steam is condensed. From
this receiver it flows to a ‘‘ volumetric ”’ measuring tank of
which the top is tightly closed and connected by }-inch pipes
to the main condenser. A spy-glass shown at the left in the
figure is useful for proving that the calorimeter is working
properly. It often happens that when the superheat in the
calorimeter is less than 5 to 8 degrees Fahrenheit there is some
moisture passing through and the spy-glass will invariably
show it. As the spy-glass is most conveniently made of }-inch
gage glass its area is not large enough to carry all the steam,
and a by-pass connection is arranged as shown. The large size

““

P H. G. Stott, Proceedings American Society of Mechanical Engineers,
Aug,, 1910,
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of the parts is necessary on account of the very large specific
volume of the low-pressure steam.

All parts of the apparatus are carefully covered with mag-
nesia-asbestos covering 2 inches thick. For the normal rate
of flow for the instrument, the radiation can be made less than
o.1 per cent.

Calculation of Percentage Moisture for Combination Sepa-
rating and Throttling Calorimeter. Quality of steam X; is
calculated for a combination calorimeter as follows:

Let w,=weight of moisture collected in the separating
calorimeter in a given time, in pounds.
wy=weight of dry steam condensed after passing
through the throttling calorimeter, in pounds.

X2 =quality of steam discharged from separating por-
tion as determined by the throttling calorimeter,
then without sensible error the percentage of -
moisture in the steam is,

.

w
1—!1=—L_+ X2,

and in terms of “ quality,”” we have also approximately,

2
X =
W) + W2

+x2.0 L 000 0 @)

Still another type of combined calorimeter is illustrated in
Fig. 59. In this instrument, known as Ellison’s Combined
Throttling and Separating Calorimeter, the sample of steam is
collected by the perforated tube in the main steam pipe. The
temperature before expansion in the throttling plug is indi-
cated by the thermometer marked T;, and another thermom-
eter T2 gives the temperature after throttling. A scale S
opposite the glass water gage G is used to show the weight of
water separated from the steam. The proportion of moisture

1 If the radiation test shows it is large enough to be appreciable, then
if R is weight of condensation due to radiation in pounds in a given
time corresponding to that for the other units, then '

_w,+R

x,;':;’+x,.........(4)
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separated in relation to
the weight of steam passing
through the instrument is
the percentage of moisture
separated. This percent-
age is to be added to the
percentage of moisture de-
termined by throttling as
calculated from the read-
ings of the thermometers.

Electric Steam Calorim-
eters. For use with partic-
ularly very wet steam, the
Thomas electric calorim-
eter, Fig. 60, has been
designed. It consists es-
sentially of a cylindrical
vessel B containing a series
of resistance coils for heat-
ing steam by means of the

Perforated Casing
Filled with Copper ~
Gauze.
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Fi1c. 59.—Ellison’s Improved Steam
Calorimeter.
electric current passing

Fi1c. 60o.—Thomas’ Electrical Steam

Calorimeter.

through them. These coils
are connected to the elec-
tric terminals or binding-
posts shown in the figure,
and are supported in a
soapstone cylinder in which
there are a large number
of %}-inch holes through
which the coils pass.
Steam enters at the
bottom of the vessel at
A and passing upward
through the heated coils
the moisture contained init
is evaporated. The steam
then passes up through a
perforated casing filled with
copper gauze and escapes
through the pipe discharg-
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ing at the side at C. A part of this latter pipe is made
of a glass tube for observing .the condition of the steam. A
thermometer is inserted at T for observing the temperature
of the steam after this reheating.

Although this apparatus is used for steam of high qual-
ity as well as low, it has not been generally used to any
great extent, probably because throttling calorimeters are
preferred because of the greater simplicity and because very
often a source of electric current is not conveniently available
where tests are to be made. No data are available comparing
its efficiency with that cf the combined separating and throttling
calorimeters described in the preceding paragraphs, but for
accurate tests the latter are generally preferred by engineers.

Barrel Calorimeters. There is still another kind of steam
calorimeter, known as the barrel type, deserving some attention.
It is one of the oldest forms of apparatus for making deter-
minations of the quality of steam. In the classification made
at the beginning of this chapter it belongs in the group of con-
densing calorimeters. Even with expert manipulations, ordi-
narily it is much less accurate than any of the calorimeters
already described. A typical apparatus of this kind is shown
in Fig. 61. It consists usually of a weighing barrel B, made
of three concentric vessels of galvanized iron with the two
annular spaces between the inner and outer vessels filled with
pressed sheet cork or hair felt to reduce radiation to a mini-
mum. It is usually arranged so that when the inner vessel has
been nearly filled with water from the barrel A, a quantity of
the steam to be tested can be passed into it. The steam is
admitted into the barrel in the most common forms by dis-
connecting the water hose R at C and making a temporary
connection from the steam pipe out of which a sample is to be
taken to a vertical pipe in the barrel of sufficient length to
extend nearly to the bottom of the inner vessel. The pipe may
be plugged at the lower end and sufficient area for the escape
of steam is then secured by drilling into the pipe a number
of 3-inch holes for some distance from the lower end. This
arrangement will make it easier to secure an equal rise in
temperature in the different parts of the barrel. A float is

" usually provided to show the depth of water in the barrel, and
a suitable stirring device or agjtator conmsisting of paddles
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attached to a vertical shaft is also needed. This agitator when
revolved stirs up the water and brings it to a constant
temperature.

Briefly the method to be pursued in the operation of the
barrel calorimeter may be outlined as follows: First fill the
barrel with cold water till the float shows that the water level
is within about 6 inches from the top. Then stir well, observe

| ———————
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Fi1G6. 61.—Barrel Steam Calorimeter.

the temperature accurately and weigh carefully on a platform
scales. The steam pipe should then be connected up to dis-
charge into the water after first allowing the steam to blow off
into the air, for the purpose not only of removing the condensa-
tion in the piping, but also to heat it to as nearly as possible
the temperature of the steam. When the temperature has risen
to about 120 degrees Fahrenheit the steam should be shut off
and another weighing made to determine the amount of steam
added. While the weighing is being done the water should be
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stirred vigorously and the highest temperature observed. For
. all the weighings the piping must be in exactly the same position
as regards the connection on the barrel and all the pressure
in the pipes must be relieved. When the piping between the
calorimeter and the steam supply is connected by pipe fitters’
unions these should be disconnected to insure the best accuracy.
When, however, the connection is made by means of flexible
rubber hose the weight can probably be obtained accurately
enough without disconnecting the piping if the precaution is
taken to relieve the pressure in the piping by opening a petcock
located in the steam pipe near the point where it enters the
barrel.

If, just before making the test for the quality of the steam,
the calorimeter is filled with water, heated with steam or other-
wise to about 150 degrees Fahrenheit and again carefully drained,
the barrel will be near its average temperature during the test,
and no correction need probably be made for the heat absorbed
by the calorimeter. In most cases it is preferable, however, to
determine accurately the heat absorbed by the calorimeter and
then make the proper corrections; but unless the work be done
very carefully it is valueless. This correction is usually made
by calculating the water equivalent or the capacity of the
calorimeter to absorb heat measured by the similar capacity
of water. This water equivalent is to be added to the weight
of water in the calorimeter. Using then the following symbols:

w’ =weight of water in calorimeter in lbs.

w’’ =weight of water added in 1bs.
t’ = temperature of water in calorimeter, deg. Fahr,
t’’ = temperature of water added, deg. Fahr.

t’’’ -=temperature of mixture, deg. Fahr.
k =water cquivalent in Ibs. Then

(w/ +k) (tll' — tl) p— wl'(tll — tlll)’

wl/(tll_tf’l)
k=i =W -« « .« . . (8)

The temperature of the water added should be taken just
as it enters the calorimeter and as near to it as possible.

The quality of the steam (x¢) to be determined is calculated
as follows:
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w, =weight of water in calorimeter in lbs.
w2 =weight of steam added, in lbs.
k =water equivalent of calorimeter in 1bs.
t; =initial temperature of water in calorimeter, degs. Fahr.
ty=final temperature of water, degs. Fah.
po=pressure of steam, lbs. per sq.in.
ro=heat of vaporization of steam (B.T.U.) 'copresponding to

Po.
qo and q2=sensible heat of steam (B.T.U.) corresponding
to Po and to.

Then equating the heat lost by the steam to the heat gained
by the water!,

(Xofo+Qo—q2)Wo = (W +K)(tz—t;). . . . (6)

xo= F1HE) (t2— ti)  92=Qo
Woalo To

N (2]

The accuracy of this instrument depends principally on the
accuracy with which the various temperatures and the weight
of the condensed steam are obtained. Usually it is very dif-
ficult to obtain accurately the temperature of the mixtures of
water and steam. It is not unusual for determinations of
moisture with such a calorimeter to vary for the same quality
of steam and with expert handling as much as 5 per cent. In
the case, therefore, of steam with 10 per cent moisture, the deter-
mination of quality might be in error as much as one-half per
cent.

Calorimeter Calibrations. For a laboratory calibration
exercise three calorimeters of different types are connected
by means of exactly the same kind of fittings and valves
to the same steam main or receiver. A water-jacket or a
device like that shown in Fig. 34 should be provided to vary
the quality of the steam. Tests should be made simultaneously
and for the same length of time on the three instruments.

! Equation (7) can be made a little simpler for calculations by writing
for (q;—q,) the difference between the corresponding temperatures
(t,—t,) without appreciable error. :

,



CHAPTER 1V
MEASUREMENT OF AREAS

Planimeters. The most accurate and generally approved
method for obtaining the area of irregular figures is by means
of integrating instruments called planimeters. Instruments
of this kind may differ in many details, yet all of them are based,
in theory, on the original Amsler polar planimeter.

Polar Planimeters. One of the simplest forms of the polar
type of planimeters is shown in Fig. 62. It consists essentially

F16. 62.—Amsler Polar Planimeter.

of two arms PO and TO pivoted together at 0. When in use
the point P is not to be moved, and is held in place by means of
a pin-point upon which a small weight rests. There is a tracing
point at T intended to be moved around the border of the area
to be measured. Attached to the arm TO is a small graduated
wheel W carried on a short axis which must be placed accurately
parallel to TO. Any movement of the arm TO except in the
direction of its axis will, of course, move the wheel W on the
paper or other surface on which it is placed so that the amount
of its movement gives a record indicating the area measured.
A vernier, V, placed opposite the graduations on the wheel,
assists in reading the instrument accurately. The arm TO
is usually made of such a length that the movement of the trac-
‘ing point T around an area of one square inch (for English
66
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units) will move the wheel one-tenth of its circumference.
Graduations of the vernier indicate usually one one-thousandth
of a revolution of the wheel, or in English units one one-
hundredth of a square inch.

When -the tracing point T is moved around an area in a
clockwise direction the wheel will roll in the direction of its
graduation, and the area is found by subtracting the final reading
from the initial. Amsler planimeters are often constructed with
the arm OT adjustable in length, so that it can be set to indicate
areas in various units, as, for example, square inches, square
feet, square centimeters, etc.

The veriner V has ten graduations, and the total length
of these ten divisions is one-tenth less than the length of those
on the wheel, so that it repre-
sents, counted from zero, so
many hundredths of an inch.
To explain the method of using
the vernier, Fig. 63 has been
inserted, showing the wheel W
and the vernier V, in a drawing -
of larger scale than in Fig, 62. E
Readings of the. graduations |
on the wheel W are always .
taken opposite the zero mark L
on the vemier, so that the p,g 63.—Typical Vernier for a
reading indicated in Fig. 63 Planimeter.
without the help of the vernier
would be little more than 4.7. The graduation on the vernier
which is exactly coincident with a graduation on the roller wheel
is the third from zero and indicates three hundredths. The
complete reading is therefore 4.73 as determined by the vernier.

Theory of Polar Planimeters. As this instrument is con-
structed neither of the points T nor W can pass over the arm
PO (Fig.64). If the arms PO and TO are clamped so that
the plane of the graduated wheel W intersects the point P;
that is, when the angle TWP is a right angle, and then the
arms thus clamped are revolved around this point, the wheel
will be continually slipping without any rolling motion in the
direction of its axis, and consequently it will not revolve.
When, however, the arms are not clamped and if the con-
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struction of the instrument will permit the tracing point

Fic. 64.—Position of the Arms of
a Polar Planimeter to Draw the

**Zero"’ Circle.

T to be moved out so far
that the axis of W will lie
in the line PO, then an arc
described by the 1novement
of T will produce only a
rolling motion of the wheel.
Obviously with the arms in
any position intermediate be-
tween that of the clamped
right angle and the one with
W in line with PO, the wheel
will partly slip and partly
roll, the amount of slipping
and rolling depending on the
size of the angle between the
arms. It follows, then, that
when circumscribing a closed
figure, the radial components

‘cause only slipping of the

wheel and need not be considered, while the circumferential

components produce a result-
ant rolling which must be
taken into consideration.
The path described by the
tracing point T when the
arms are clamped as indicated
in Fig. 64, is called the zero
circle for the planimeter. If
the tracing point is moved
in any path outside the zero
circle in a clockwise direction
a positive record will be indi-
cated on the graduated
wheel, while if it is moved
in a path in the same direc-

24

tion as before but inside the F1c. 65.—Theoretical Diagram for

zero circle, there will be a
negative record.

a Polar Planimeter,

According to the theory of polar planimeters, they are
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designed so that the rolling of the wheel for a given circumferen-
tial motion of the tracing point T i