Thir small laboratory, constructed at the turn of the century, howses the: famouns. vespitation
calorimeser, The laboratory has been preserved virtwally intact as a museum and memiorial to
pioneers in animal nutvition research at Penn State.

Dr. Armsby at bis desk in the vespivation calovimeter laboratory wheve be spent much of the final 14
years of bis life. His writings and understandings of animal natvition and energy metabol ism arve as
authoritative today as when first elpcidated move than balf a century ago.
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A Tribute to Agricultural Research

The Armsby Respiration Calorimeter, located on the University
Park Campus of The Pennsylvania State University, is truly the
birthplace of animal nutrition studies in America.

Dr. Henry Prentiss Armsby, Director of the Agricultural
Experiment Station, received permission in 1898 from Penn
State trustees to construct and equip this unique laboratory for
his historic experiments in energy metabolism of farm animals.

The first experiment, conducted in 1902, artracted the atten-
tion of scientists through the United States and in Europe. For
more than half a century, the calorimeter contributed valuable
research findings in animal and human nutrition to the state,
nation and world.

It is remarkable in this age of sophisticated research facilities
to find a turn-of-the-century laboratory virtually intacr as a
rerninder of this country’s agricultural research heritage.

The College of Agriculture Alumni Association allocated
funds in 1970 to restore and preserve the calorimeter as a
museurn and memorial to Penn State pioneers in animal nutri-
tion research.

Staff members and faculty of the Department of Animal
Science, along with retired Penn Stare scientists who conducted
actual experiments in this laboratory, have contributed greatly
ta the restoration,

We owe a debt of gratitude to the Agriculture Alumni
Association and members of the Armsby Calorimerer Museum
Committee who have spearheaded this project. Men like Dr.
Raymond W. Swift, former head of the department of animal
nutrition, have provided invaluable assistance.

Reprinted copies of this 1933 Experiment Station Bulietin
have been made available in limited numbers ro Museum vis-
itors who have a special interest in energy metabolism and the
operation of the respiration calorimeter,

Facsimile veproduction, J. M. Beartie, Dean
July 1974 College of Agriculture

The Respiration Calorimeter

A description of the Respiration Calorimeter for the
larger farm animals at The Pennsylvania State College
WinrrEp W. Bramaw®*

that time Dircetor of the Pennsylvania Agrieultural Experiment

Station, had been deeply interested in the nutrition of farm ani-
mals. Tn 1882 he had published his book *‘Manual of Cattle Feeding.”’
Realizing the madequacy of the prevalent methods of investigation in
animal nutrition, he decided that more thorough studies should be made,
and therefore sought to enlist the support of the United States Depart-
ment of Agriculiure in a cooperative program of highly seientifie nutri-
tional researeh at The Pennsylvania State College,

As a result, in the spring of 1898, the United States Department of
Agriculture proposed to the Pennsyivania State College Agricultural
Fxperiment Station that the latier undertake snech work in cooperation
with the Bureau of Animal Industry of the United States Department
of Agriculturé. The trustees of The Penngylvania State College ae-
cepted the proposal, which provided for the payment of the larger part
of the cost of the special apparatus required in the eontemplated studies,
and also a minor portion of the current expenses of the work—the Ex-
periment Station to house the apparatus, to supply heat, light and
power, and to contribute the use of animals, feeds and laboratory faeili-
ties.

F OR SOME YEARS prior to 1898, Dr. H. P. Armsby, who was at

In undertaking this projeet Doctor Armsby continued to serve as
Director of the Pennsylvania State College Agricultural Experiment
Station, and in addition was commissioned, by the Government, as Ex-
pert in Animal Nutrition, in the Bureau of Animal Industry of the
United States Department of Agrieulture, Under these joint aunspices,
therefore, was undertaken the first exhaustive study to be made in this
country of the nutrition of farm animals by means of a regpiration
calorimeter.

In the summer of 1898 Doctor Armshy spent some time in Furope
studying various existing apparatus for respiration calorimetric re-
search, but found none superior to the respiration calorimeter at Middle-
town, Conneecticut, which had been devised by Atwater and Rosa for
experiments on man.

The general principle of this eomparatively small American ealori-
meter was therefore adopted; the fask of adapting the details fo the
requirements of work with large farm animals was undertaken; and in

“the autumn of 1898 the trustees of The Pennsylvania State College au-

thorized the construction of a small building for housing the apparatus
(Fig. 1).
s Puhlication authorized November 16, 1933,

#% A oknowledgmenti i3 made to Director E. B, Forbes and J. A. Fries for suggestions
a&nd criticismas.




2 The Pennsylvania State College—Agricultural Ezperiment Station

FIG. 1. RESPIRATION CALORIMETER BUILDING, THE PENNSYLVANIA
STATH COLLEGE

In the building of this respiration calorimeter there werc associated
with Doctor Armshy, L. Thornton Osmond, Professor of Physies in the
College, as consulting physicist, and J. August Fries, of the Pennsyl-
vania Agricultural Experiment Station, who was given immediate
charge of construction.

The building of the calorimeter was necessarily time-eohsuming, sinee
it involved much wdrk of a technical nature, The first experiment with
an animal was made early in 1902, The cost of the apparatus, and the
small brick building fo house it, was approximately $20,000,

In 1907 this research interest was constifuted an independent depart-
ment, under the title of the Institute of Animal Nutrition. Doetor
Armsby became Director of the Institute and relinquished his position
with the School of Agriculture and Experiment Station. The Institute
was continued in the relation stated until July 1, 1983, when it was
constituted a department of the Agrieunltural Hxperiment Station.

Doctor Armsby died in October, 1921. Professor J. A. Fries, con-
tinned the work, as Aecting Director, until September, 1922, when
Dr. E. B. Forbes, the present direetor, assumed charge.

The Burean of Animal Indusiry of the United States Department of
Agrieulture continuned until July 1, 1920, to bear a minor poriion. of
the current expense of the experiments. Im: 1922 a grant was received
from the Burean of Dairy Industry, of the United States Department
of Agriculture, for a special study of the energy requirements of milk
-production, At the present time the Institute of Animal Nutrition is
supported from the same funds as are the other departments of the
Agricultural Experiment Station.
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The Purpose of the Respiration Calorimeter

The purpose of the respiration calorimeter is fo make possible an ac-
curate measurement of the balance between nutritive income and outgo
—the income being feed, water and oxygen, and the usual factors of
outgo being the excreta—solid, liguid and gaseous—and the heat pro-
duced. Puring lactation milk is aeccounted for as a factor of outge. The
difference between the nutrient income and outgo, obviously, is that
part of the income which is retained by the animal

For the measurement of this nutritive balanee the ealorimeter iz so
designed as to inclose the animal in a room which is air-tight, in the
sense that no air enters except for the ventilating eurrent which is drawn
through this room, and at the same time is measured, by a calibrated
pump.

In order that the results may represent normal conditions the animal
is maintained in comfort, free to stand, lie and rise at will ; and receives
feed and water in the manner to which it is accustomed.

The preduets of respiration, and the heat produced, are removed and
measured ; the liquid and solid exereta are collected for chemical analysis
in receptacles provided, inside the calorimeter but below the floor on
which the animal stands; and the calorimeter is so constructed and
operated that no heat is gained or lost by radiation through the walls
of the apparatus.

In the respiration calorimetric work with cattle, at this Institute, a
unit period of experimentation is ordinarily 28 days, during the first 25
of which the animal is kept at the Nutrition Experiment Barn, which is
equipped for digestion work. Only the last three days are devoted to the
calorimetric study, the calorimeter being located in a separate building.

In order ihat the quantifies of excreta and of heat produced and
measured during the calorimetric period shall accurately relate fo the
feed given, it is necessary that the animal b subjected to a preliminary
feeding period of 10 days, on the experimental ration. Then follows an
18-day digestion period during which the solid and liquid exereta arve
accounted for, and during the last 3 days of which the gaseous exereta
and the heat produvetion are also measured, in the calorimeter. The
quantity of heat produced differs with eonditions, but is equivalent to
approximately 40 per cent of the gross energy of the feed when the
.animal is receiving twice the maintenance requirement,

The Nutrition Experiment Barn

The Nutrition Experiment Barn is a small 3-story structure serving
mainly as an accessory to the calorimetrie equipment. The main floor
of this barn is equipped with digestion stalls. The floor below provides
for the reception and colection of the excreta from the digestion stalls
above—and for a heating plant; while the uppermost story eontains
machinery for the cutting and grinding of feed, and a magnetic separator
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for removing iron from the feed ; also there is space for the mixing and
weighing of feeds, and there are bins for feed storage.

During the 18-day digestion period the animal, if a male, wears a
harness with aceessory equipment providing for the collection of the
urine. This harness is also worn during the 3-day experiment in the
respiration calorimeter, The harness consists of a surcingle from which
a heavy strap passes along the back of the animal, and ends in a light-
yvelght erupper, covered with soft rabber tubing. The urine is recetved
In a rubber-and-fabric funnel suspended beneath the animal by four
leather straps (Fig. 2).

Fi1G. 2. STEER WEARING HARNESS USED IN THE DIGESTION STALL AND
IN THE RESPIRATION CALORIMETER

The funnel terminates in a hose eoupling, to which is attached a pure
gum rubber tube about one inch in diameter. This tube passes through
3 hole in the floor of the stall, and condnets the urine to a receptacle in
the space beneath the floor. The tube is weighted, to take up the slack
when the animal lies down. The lower end fits loosely into an opening
in the removable cover of s tin-coated copper can.

The feces are colleeted by means of a metal-lined hopper into which
they are directed by a rubberized canvas apron, and are condieted into
a galvanized iron box in the space beneath the floor. The apron is held
fast at its lower edge by a light iron rod which passes through a stitched
fold in the fabric and then through. the sides of the hopper frame. The
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upper edge of the apron carries, in a stitehed fold, a 4-ineh iron pipe.
A stitched fold at each side of the apron carries a light chain which is
attached by snaps te the iron pipe in the upper edge of the apron, and
to screw-eyes in the frame of the hopper, below.

The upper edge of the apron ig held against the rear of the animal by
means of a system of cords, pulleys, window weights and springs, so ar-

FIG. 3. DIGESTION STALLS IN NUTRITION EXPERIMENT BARN
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ranged as to keep the apron in place, regardless of the position of the
animal, as it stands, and to draw the edge of the apron forward, under
the animal, when it Hes down.

Pig. 3 shows a vaeant digestion stall, and another stall containing a
steer, with accessory eguipment for exereta collection,

"This hopper and apron arrangement for feees collection during the
digestion period at the Nutrition Experiment Barn is also utilized, with
certain changes of detai], during the 3-day experiment in the respiration
calorimeter.

The Respiration Calorimeter Building

A substantial brick building was eonstrudted especially for the respira-
tion calorimeter and its accessory apparatus. The walls are built with
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FIG. 4. GROUND PLAN OF RESPIRATION CALORIMETER BUILDING

Respiration calorimeter

Observer’'s table

‘Water meters for meaguring absorber water

Brine tank for cooling absorber water

Bridge for entering chamber, folded back

Bullock scales

Digesation stal

Runway for entrance of animal

Cold storage rooms

Raised platform .
Blowers for drawing samples through absorption tubes
Rack for ahsorption tubes, with air metera on iop
Spirometer -
Meter pump

Electrically heated combustion furnaces

Ammonia compressor

Motor for operating compressor
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an air-space, and the windows are provided with double sash. This
eonstruction: minimizes the effects of the weather on the inside tempera-
ture, a eondition essential to the satisfactory operation of the calorimeter.

Fig, 4 gives the floor plan of the building, and shows the location of
apparatus. The floor is of eement, and the rooms have a height of 15
feet, the dividing walls heing of brick. Imw the smallest room is a 7%
. P. motor which operates a 5-ton ammeonia compressor. In this room,
also, are two special eleetriec furnaces for oxidizing eombustible gases in
the ventilating air current, a two-H. P. motor for operating the meter
pump, and a transformer to produce dircet electrie current.

In 2 reom of intermediate size are two cold storage compartments, a
work bench and tool cabinet, table (for weighing), and storage shelves.
In a part of this room an elevated floor has been bunilt, at a height of
four and one-half feet, to provide for a digestion stall (with space be-
neath for exereta collection}, a bulloek scale, and for the econvenient ae-
cess of the animal to the ealorimeter. One door opens from this raised
Boor to a runway by means of which the animal enters the building.
From this floor another door opens on the level of the inner chamber
floor of the calorimeter, in the adjoining room, thus permitting the
animal to walk across a movable bridge info the calorimeter.

In the largest room (30 by 32 feet) is the respiration calorimeter.
Pax:tltloned off in one corner of this room is the so-called pump-house, in
which are the meter pump, a special spirometer, and the meters and
absorption trains used in the sampling of the air current.

In the attie of this building are tanks for supplying water, at constant
pressure, to the heat-absorber system inside the ealorimeter; and also
equipment for freezing the greater part of the moisture out of the air
which goes to the calorimeter chamber,

Construction of the Respiration Calorimeter

Thig calorimeter is a Pettenkofer, or open-circuit, apparatus, the inner
chamber being 10 feet 4 inehes long, 8 feet high, and 6 feet wide, sur-
rounded by three double walls, one of metal and two of wood, with air-
spaces both within and between these walls, ’

While its construetion is similar in principle o the apparatus of
Atwatqr and Rosa, important modifications in detail were requived to
adapt ify for use with large animals. Thus, this ealorimeter was mace
thI:ee times the size of the one at Middletown, Conn. Liarge, triple,
swinging doors were made for the entrance of the animal. Sypecial air-
quks with separate doors to the outside were devised for the introduction
of feed and the removal of exereta. A special device was installed for
watlering the animal.  Changes in detail were made neeessary by the
faet that ;che animal eould not, as in the case of man, aid in the experj-
ments. Furthermore, means had to be devised for the measurement of

‘the eombustible gases produced by ruminating animals,

F_Detaﬂ.ed cross-sections of the respiration calorimeter are shown in
1gs. 5 and 6. The door frames, Hj and, I, are of heavy oak, as also are
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FIG, 5. HORIZONTAL CROSS-SECTION OF RESPIRATION CALORIMETER

A, the double metal wall of the chamber, consisting f an airtight inner wall, B, of ‘heavy
copper sheets, soldered together, and an airtight outer walil, C, of sheet zing, carried on
a framework of 27 x %" lumber; D and E, doubls wooden walls, incloging dead air
apaces, and rendered alrtight by the use of building paper. Between the walis A, D andé
E are the inner and outer air spaces, F and G, which serve an essential function of the
ealorimeter; H, the hinged entrance doors; I, the doors to the feedbox air-lock, J! K, the
opening In the stall platform for the urine tube; and L, the opening for the feces hopper.
he outer finigh of the ealorimeter is of beaded partition lumber.

S £ I -
T

FIG. 6§, VHRTICAL CROSH-SECTION OF THE RESPIRATION CALORIMETER
Two vertleal cross sections of the 3 boxes comprising the calorimeter, M, (in each box)
a plate glass window; P, the stall platform with angle jrons at the side edges; B8, the
apace for the excreta air-lock beneath the pilatform,
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the frames of the doors themselves; and the coustraetion of the deoors
matches and continnes that of the respeetive walls. The air-tight closure
of these doors ig provided fou by a flat, pure-gun. gasket cemented upon
the door frame, and by a raubber tube gasket cemented into a groove on
the inner faee of the door. Compression deor fastenings force the rubber
tubing gasket on the door against the flat rubber gasket on the door
frame.

The Stall—The stall floor, on which the animal stands, ig built of
plank, and is supporied on trestles 21 inches above the bottom of the
inner chamber. This floor, and all other woodwork inside the chamber,
is covered with copper, or with zine, to prevent the absorption or the
giving off of moisture. The animal is provided with no bedding, but
stands or lies on a soft rubber mat. The stall and stanchion are built of
iron. pipe, and the stall is so construeted as to be 12 'inches wider at the
floor than at the top, thus allowing the animal sufficient room while
in the lying position.

The two windows enable the operalor to see the animal’s head, the
waler bowl and the front part of the stall floor, and also to see into the
rear of the chamber. The windows eonsist of pieces of plate glass sealed,
air-tight, into openings in the walis. In addition to the openings in the
chamber walls, there are openings for the ingoing and the outeoming air-
flues, for the lever which operates the lid of the feed-hox air-loek, for
electric wires, and for the water pipes of the heat-absorption system,

The Feed Box.—The animal ig fed by placing the feed into an unat-
tached feed-box ouiside the ealorimeter, next plaeing the feed-box inte
the feed-box air-loek, and then raising the lid of the air-lock by means of
a lever, outside the calorimeter, Thig lever connects, through the wall,
to a shaft made fast to the hinged edge of the lid of the air-lock. By
lowering the lid the air-lock can be eniirely shut off from the chamber.

At the right of the animal’s head, and on a level with the top of the
feed box, 15 the drinking bowl (Ttig. 7).

The Floating Platform.—A vigible record of the movements of the
animal, which is of service by calling attention to abnormal eonditions,
is made on a kymograph. Superimposed upon the forward part of the
stall platform is a loose floor, the rear edge of which is hinged to the
stationary platform, while the forward edge is slightly elevated, and is
supported by compression coil springs, one at each corner. These two
forward corners are also supported from the ceiling joisis of the ealori-
meter chamber by expansion coil springs, with turnbuekles for the acl-
justment of tension. At the right front corner this floating platform is
attached to a pneumograph, which conneets, by means of a small eopper
tube, to the tambour of a kymograph ountside the chamber. Sinee the
animal stands with its fore feet on, this floating platform, any consider-
able movement of the body is reeorded.

Standing and Lying Alarms—The method of experimentation re-
guires that an aceount be kept of the time spent by the animal in the
standing and in the lying position, in order that the heat production, as
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FIG. 7. DIAGRAM OF ARRANGEMENT FTOR WATHRING THE ANIMAL
IN THE RESPIRATION CALORIMETER

The bowl, D, is connected at the bottom with a syphon, C, passing through the
wall to the cutside, where it receives water from a meial water tank, B, reating
on weighing scales. Connected with the syphon is a glasg tube, ¥, used as a
level gauge., 'The syphon tube carries a valve at its top! for the removal of air,
and g valve at the bottom, for the withdrawal of water.

observed, may be computed to the basis of a standard day, as to time
spent in these positions. To this end, the following apparatus has been
devised. A cord is attached to the top of the sureingle of the harness.
This cord runs to pulleys in the eeiling and to a weight which, as the ani-
mal ehanges posttion, slides up and down in an iron pipe, fastened verti-
cally just outside the stall frame. At ihe bottom of this pipe is a make-
and-break contact connected with a double-throw switeh near the ob-
server’s table. The length of the cord over the pulleys is so adjusted
that when the animal stands the weight in the iron pipe will make con-
tact and ring a bell. The observer throws a switch, stopping the alarm,
until the animal hes down, when the ascent of the weight rings the bell
for the lying position,
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The Brcrete Air-lock—Beneath the stall floer is the exereta compart-
ment—a copper chamber 67 inches long, 34 inches wide and 18 inches
high, supported above the chamber bottom. Aeccess to this compartment
is by doors through the three walig of the calorimeter, directly below the
main entrance doors, This opening is shown in Figs. 8 and 9.

There are two openings from the excreta compartment up through the
stall floor; one, 114 inch in diameter, and 27 inches back from the feed
bex, is for a rubber hose which conduets the urine from the funnel of the
animal’s harness into a tin-coated can in the compartment. The other,
opening through the stall floor, 36 inches back of the hole for the urine
hose, is 1734 by 614 inches. A hopper, with rubber apren similar to that
used in the digestion stall, fits this opening and directs the feces infe a
galvanized iron box helow.

Thig opening in the stall floor is closed by two piecey of sheet rubber,
held in place by a light, removabie, wooden frame, and stretched taut
with edges meeting, thus providing a slit which opens readily to permit
the passage of feces into the box below, and then closes again. Thus

FIG. 8 FRAMEWORK OF THE CALORIMETER COVERED WITH
THE ZINC WALL
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FIG, 9 VIEW OF THE INTERTOR OF THE RESPIRATION CALORIMETER,

THROUGH THE REAR DOORS

the ecompartment is practically eut off from the chamber above, The
compartment door is opened once inevery 24 hours in order to change
the exereta boxes,
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Ap;uamtus fo;fr Specml Nitrogen Study—When a special study s fo
be made off urine, requlrmg[ the separate accounting for successive void-
ings, the urine box in the excreta compartment is placed on one end of
a light-weight wooden platform, arranged to tilf as does the beam of a
balance: The urine box is slightly over-counterpoised ; when urine flows
into the box, the box descends and makes an electric confact which rings
a bell at the observer’s table, thus notifying the observer that a urime
sample is to be removed, The observer notes the time and throws the
switeh. An attendant removes tha ean of urine and adjusts a fresh can
on the tilting platform ready for the next voiding. The momentary
opening of the eompartment causes no disturbance of conditions in the
chamber proper.

Emergency Light—An electric light, operated by a switech conveni-
ently accessible to the observer, is located inside the chamber. Two mir-
rors, one on each side of the animal, near the stall floor, are so arranged
that the operator ean view the floor at the animal’s hind feet by momen-
tarily throwing in the light switech. The amount of heat generated by
thig light, in the short fime required for such inspection, is negligible,

The Ventilation of the Respiration Chamber

The oxygen required by the animal is supplied by a current of fresh
outside air through a 6-ineh metal flue, projecting through the roof of
the building. This air is drawn into and through the calorimeter cham-
ber by a special pump which maintaings a steady flow of air (Fig, 10).

The maintenance of satisfactory conditions of experimentation re-
guires that the air enter the chamber nearly dry. The greater part of
the natural moisture, therefore,is frozen out of the incoming air by
drawing it over ammonia expansion coils in a speeial chamber, this ap-
paratus being located in the aftic of the building. The air from the
drying-box flows through a 6-inch metal flue to and through the chamber
of the calorimeter in the room. below.

Inasmueh as the design of the calorimeter contemplates the measuring
of the heat given off by the animal after its absorption by a stream, of
cold water, which circulates inside the chamber, no heat must be re-
moved In the air-siream. Obviously, this requires that the temperature
of the incoming and the outgoing air be maintained identieal, by the ad-
Justment of the temperature of the incoming to agree with ‘that of the
outgoing air.

For the accomplishment of this purpose the incoming air flue is
equipped with both heating and cooling facilities. Inside the calorimeter
both the incoming and the outcoming air pass through separate divi-

sions of an apparatus which indicates the difference in temperature be-

tween these air streams, and, therefore, the necessity of heating or cooling
the ineoming air.

The incoming air is liberated in the lower, left-hand eorner of the
chamber; is stirred in the chamber by a small fan, the motor of which is
outside the calorimeter; is drawn from the ealorimeter in a duct the
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opening of whieh is at the upper right-hand corner of the ehamber, op-
posite the point at which the incoming air is liberated; after passing
through the temperature-difference indieator it goes outside to the meter
pump, whieh measures and records its volume, and discharges it into a
flue leading to the outer air.

The Ventilating Pump—The pump (Fig. 10} which maintaing the
flow of air through the apparatus was especially designed for this calori-

FIG. 10, THE METER PUMP
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meter, and has been describeds and illustrated in detail elsewhere The
air is pumped by two cylindrical bells of drawn steel, 18 inches high and
18 inehes in diameter, which move alternately up a,ncl down in wells of
mereury held in a steel casting, the valves heing mechaniecally actuated.
The mercury acts as a seal for the air in the bells; and the two wells are
so connected that the mereury flows back and forth, at each stroke, and
remaing at a constant level. The number of gtrokes and the volume per
stroke can be regulated; the pump is calibrated for volume delivered,
which, as the pump is ordinarily used, iz approximately 50 liters per
stroke, A cyeclometer attachment records the number of strokes,

The variation in air pressure in the chamber, on account of the aection
of the ventilating pump, is equivalent to about a guarter-inch of water.

The Sampling of the Air

Three continuous air samples are regularly taken In connection with
a calorimetric experiment, one of the ingoing and two of the cutcoming
ailr. A fourth sample, of the outcoming jmir, is taken, by means of the
spirometer, when the heat is to be computed from the respiratory quo-
tient, The three samples regulariy taken are drawn through brass pipes

-eonnected with the air-flues at appropriate points. The sample of the

ingoing air is drawn through a set of five glass-stoppered U-tubes, con-
taining absorbents which retain the gases to be measured.

_The ﬁrst and seeond tubes contam medinm-fine pumice stone satur&ted

water); absdi'bs altthe :"earbon dmimie The fom‘th ‘and fifth tubes con-

ain’ ra,ud saturated pumice stone; as do. the first and second ; it is their
“Fonetion to’ absorh the ‘water set Tree from the soda lime as a result of

the.absorption of carbon dioxide. The increase in weight of the first
and second tubes, in the train, gives the weight of water in the sample.
The total increase in weight of the soda lime tube and the two following
acid fubes gives the weight of the carbon dioxide in the sample.

From thig absorption train the ingoing air sample goes fo a tube fur-
nace in which it is drawn over platinized kaolin, which is kept at red
heat, to oxidize the combustible gases present. The air sample goes next
to an absorption train whieh colleets the carbon dioxide and meisture
produced by the combustible gases burned; then to a meter, in which it
is measured, and finally to the outside air. The quantity of combustible
gag in the ingoing air is normally negligible,

Two samples of the outcoming air are taken for the determination of
earbon-dioxide and moisture, one of them being subsequently used for
the determination of combustible gases {mamly methane) produced by
fermentation of carbohydrates in the ruminant, digestive tract. In the
measurement of the methane the air is first freed from earbon dioxide
and moisture, and is then drawn through a tube furnace. This sample
then goes to an absorption train, next to a meter, and finally to the onter
air. All absorption sets are provided with bynpasses, by means of which

1 dmerican Machinist 25 (1902), p. 1297,
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the tubing back to the air-flues can be swept out, for the remgwal of pos-
sible accumulations of moisture, before a measurement begins.

The movement of the air samples, from the air-flues through the ak
sorption trains, the furnaccs and the meters, is accomplished by the use
of three nir pumps {Fig. 11). These blowers are operated by pulleys

FiG. 11. PUMPS USED TO TAKE SAMPLES OF AIR FOR ANALYSIS
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from a single shaft, driven by a one-H. P, motor. The maximtum sue-
fion required to draw the samples of air through the U-tubes, as indi-
cated by mercury manometers in the cireuits, is less than 25 mm, The
manometers show at all times whether the sampling eirenits are open
and operating properly.

These pumps, after drawing the air samples through the absorption
train, push the air into the meters, for measurement at barometric pres-
sure. Between each pump and its meter is a bottle serving as an oil
trap, and a second bottle containing water, to moisten the air eurrent
and thus prevent the dry sample from removing water from the meter.

.The air meters with the outgoing air absorption trains, are shown in
Fig. 12, These are constant-water-level meters, made entirely of an
aluminum alloy. ‘The air exit tube at the back of the instrument has
connected to it a vertieal glass tube, 12 inches long, which serves to hold
# thermometer,

Since the samples are much larger than the 10 liters measured by one
revolution of the meter, provision is made for recording the number of
times the pointer passes the zero mark. Through an opening in the
top of each meter-case, but insulated from it, a thin, tongue-shaped piece
of sheet copper is held in such position that a wire preng earried by the
pointer makes momentary contact witl it. When the contact is made

FIG. 12. ATR METERS AND OUTGOING AIR ABSORPTION TRAIN
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a magnet, actuated by a six-volt direct eurrent, moves a cyelometer for-
ward and thus reeords the revolution.

The temperature of the air from the meter, the barometer reading
and the eyclometer reading are recorded ‘at the start and at the end of

sampling, and every 30 minutes in between. The volume of any sample

therefore, can be computed to standard temperature and pressure

These meters are located in the pump-house, in order that the measuve-:
ments of the entire air-stream and of the Samples may be SubJected to.

the same temperature influences,

The Tube Furnaces

Bach furnace for the determination of combustible gases in the air
consists of a transite box 7 feet 114 iriches long, 8 inches high and
7 inches wide, inclosing a copper combustion tube, surrounded by &
hrass supportmg tube, quartz insulation, the heatmg element, asbestos
wrapping, and ﬁna,Hy sand.

Each furnace is divided, crosswise, into three equal divigions by
transite partitions, each with a eenter hole through which pass the
copper, the brasy, and the quariz tubes. The copper and brass tubes
are continuous throughout the length of the furnace. The quartz in-
sulating tubing is in three ipieces, one to each division of the furnace.
Each of these quartz tubes is wound with a %4 inch nichrome ribbon,
having a resistanee of .173 ohms per foot. Asbestos cord, %4 of an inch
in diameter, iz wound between the spirals, and a % inch asbestos
tape is wound over the spirals of the ribbon. The nichrome ribbontat
eath end of each quartz tube passes outside to connect to a binding post.

The tubes are wrapped with ashestos paper, and the box fitled Wiﬂl
sdnd. Three peep-holes, one at the middle point of each dlvaswnl of
the furnaee, permit observatiorm of the color of the tube, to judge' u\os
temperature These openings are normally closed by transﬂ:e plugs.

Three binding posts, one from each eoil on a gquartz fube, are con-
nected with resistance coils, The other three eonnect with the lead
from the 110-vol{ eireuit. A 5-foot coil of nichrome ribbon, to furnish
outside resistance, is put in each cirenit immediately above the furnace.
Coils of nichrome ribbon, one foot long, with two switches, are used
as rheostaty when the current fluetuates. About 30 amperes of cur-
rent for the two furnaces maintain a temperature of about 700 degrees
Centigrade.?

The brass supporting tube projects outside the furnace box about
eight inches at each end; and the inside combustion tube of copped is
filled, throughout eight feet of its length, with platinized kaolin, which
catalyzes the eomhustion of the gasges.

The ends of the ‘¢opper tube are eonnected by reducers to copper
tubes one-fourth of an inch in diameter. At the entrance end the

2 Fries, J.- A, Journ. Amer. Chem. Soe. 32, p. 94%, (1%10).

R
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connection is made directly with the brass tubing of the airsample
cireuit. The 14-inch copper pipe at the exit end i3 econnected by heavy
rubber tubing to a, Y4-inch iron pipe for the return cireuit. The exit end
of the eopper pipe is supported, to prevent bending, when heated, on
aceount of the weight of the portion outside the furnace.

The Spirometer

The fourth air sample, which represents the outeoming stream, and
which is taken for oxygen determination, when the heat is to be com-
puted from the respiratory guotient, is drawn by a speelal spirometer
{(Fig. 13) actuated from the same shaft that drives the large, ven-
{ilating meter pump., Phis sample is a 12-hour continunocus aliguet.

The spirometer eonsists of two bells, each of 2 liter capaeity, work-
ing over mercury, as in the large meter pump. A ceurrent of air from
the exit flue at the meter pump is drawn through the base of the
spirometer by a rotary blower, such as moves the other air samples in
their course, Aswm bell is raised, a sample is drawn through a minute
opening from this air stream. A bell ig filled in 12 hours. After a
bell is filled it antomatically comes fo rest, with its intake valve eloged,
and the second bell beging to fill.

While the seecond bell is filling a sample is drawn of the air in the
first bell, through a valve provided for the purpose. The samples are
drawn over mercury imto glass gas-sampling tubes, and are analyzed
for oxygen and earbon dioxide. In the illustration (Fig. 13) the front
plate of the base of the machine has been removed to expose a part of
the mechanism.

The Residual Air Sample

A sample of the air of the respiration ehamber, called a residual
sample, is taken at the beginning and the end of each period (12
or 24 hours) which is to be considered separately. This procedure is
required by the facts that the volume of the chamber is large (approxi-
mately 12,000 liters) and that the gaseous produets of metabolism are
not produced at nniform rafes.

To accomplish this purpose, a 25-liter sample is drawn from the out-
eoming air-flue during a period of 15 minutes, A 25-liter metal as-
pirator, employing water as a motive ageney, draws the sample through
a set of the usual absorption tubes, thus providing for weighing the
water and earbon dioxide contalned. The total quantities of water and
of carbon dioxide respired are corrected by the amount of the difference
in eontent of water and of carbon dioxide in the chamber between the
beginning and ending of a period.

Indirect and Direct Calorimetry

Thus, given the quantities of feeds consumed, the quantities of urine,
feces, methane, and carbon dioxide produced, the chemical composition
and energy values of these produets, and the water balance, it is pos-
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sible to compute the balance between the income and the outgo of
nutrients, This balance reveals the gain or loss of body substance,
the heat production and the nutritive value of the ration. This general
procedure of indireet calorimetry, known as the carbon-and-nitrogen
balance methed, may be utilized during experimental perieds in which

G 13. SPIROMETER FOR TAKING ALIQUOT
AIR SAMPLE FOR OXYGEN ESTIMATION
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the animal receives feed. Tn addition, the respiratory quotient pro-
cedure, in which the heat produced is computed from the gaseous metia-
bolism, is available during either feeding or fasting,

The special funetion of the respiration calorimeter, however, is the
actnal measurement of the heat produeed. In the use of this equip-
ment it has been customary at all times to measure the heat directly;
the sensible heat in a continuous stream of cold water whieh passes
through the calorimeter, and the latent heat of vaporization of water
in the moisture which is in part condensed on the heat absorbers and
in part carried out of the calorimeter in the air current.

At least two measurements of heat produetion are eommonly made,
therefore, by different methods, one to eheck against the other.

The Heat Absorber System

The temperature of the chamber is kept constant, within 1/100 or
2/100 of a degree, by removing the heat from the chamber as fast as
the animal gives it up. The Theat is removed by, ecold water flowing
through a system of pipes, suspended 6 to 10 inches heneath the
chamber ceiling. This heat absorption system econsists of 4 separate
copper pipes, 34 of an inch outside diameter, arranged in the form of
a rectangle, The pipes carry copper dises, 2 inches in diameter and
L4 inch apart, the purpose of whieh is to extend the surface. This
absorber system hangs on a weighing scale.

The water for the absorber flows through a mixing receptacle situ-
ated between the copper and the zine walls of the chamber. The mix-
ing receptacle econtains a special thermometer extending to the outside
of the calorimeter. The water from this box flows through a brass
pipe to the absorber system, with which it is connected by flexible
rubber tubing, to permit weighing. After passing through the four
pipes, the streams of water combine, and flow through a flexible rubber
tubing and a brass pipe into a mixing box for outgoing water. This
is located beside the box for ineoming water, between the copper and
zine walls of the chamber,

A special thermometer extends from this mixing box, as from the
other, through the calorimeter walls. The thermometers for ingoing
and outcoming water are located side by side. The thermometers are
made in a right-angle, the horizontal arm being 25 inches long, and the
vertigal arm, which bears the engraved scale, being 18 inches long,
The thermometer in the ingoing water eurrent is engraved for temper-
atures from 0° to 15°, and that in the outgoing water, from 4° to
19°C. These thermometers are graduated to 1/50 degree, and can be
read to 1/100 degree. The vertical arms carrying the engraved seales
are at the left of the observer's table (Fig, 14).

The outcoming water flows to measuring tanks where its volume is
determined. These tanks are shown, beside the steps to the observer’s
platform, in Fig. 14. Each tank has a eapacity of 100 liters. The
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FIG. 14. OBSERVER’S TABLE AND ADJACENT CONTROL EQUIPMENT

filling and emptying are adequately controlled with the aid of a
system of electrically aetusied signals,

Beneath the absorber system, but suspended independently of its
strueture, is a -U-shaped copper trough, 5 inches deep and 5 inches wide
at the top, which is used to regulate the exposure of the absorber system
to the air of the chamber. This trough, or shield, is suspended by
light-weight phosphor-bronze cables, conneeted to a shaft. This shaft,
in turn, i connected by a chain over sprockets to a second shaft which
projects through the walls to the outside of the calorimeter, above the
observer’s table,

The movement of this shaft is controlled by a handle and a ratchet.
By the use of this handle the observer can change the height of the
copper trough, lower it away from the absorber pipes when more
heat must be removed, or raise it when less heat must be taken out
of the chamber. This shield is covered, externally, with lacquered card-
board, to inerease ils effectiveness. In addition to its regulating fune-
tion, the shield catehes eondensed moisture dripping from the absorber
system—water being conducted by a rubber tube to a bottle in the ex-
creta compartment. When in its lowest position the shield hangs, with
“the absorber system, from the weighing secale.
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The weighing seale is hung from the eeiling of the echamber, and re-
sembles the common platform seale in eonsiruction. Changes in weight
of the absorber and shield, on account of adherent condensed moisture,
are read on a dial, threugh the window of the calorimeter.

Water for the Absorber System

Water is supplied to the heat-ahsorber system from a storage tank
in the attic. From this storage tank the water is run into a small
constant-level feed tank from which it flows, through a filter, into the
absorber system. By this means water is supplied at a constant head,
and free from solid contamination and bubbles.

The flow of the water through these tanks is controlled by a float
valve, If the water from the atiic for the heat absorber is not cold
enough, a regulable portion of the flow is passed through a ecoil sub-
merged in a brine tank, kept at about 5°C. by an ammonia expansion
coil.

If the water for the heaf absorber is too cold, it is not allowed fo
pass through the brine tank, but must be heated. This is aceomplished
by a heater, on the supply pipe, made of nichrome ribbon wound about
the pipe. The pipe is msulated from the winding electrically, and the
stuceessive layers of winding are insulated from one another. The whole
device iz heavily eovered with ashestos. The current to this heater is
controiled by a switeh and rheostat on the oufside wall of the ehamber,
near the observer’s table.

Resistance Thermometers for Determining the Temperature of the Air
in the Chamber and of the Copper Wall of the Chamber

During an experiment it is necessary to know the temperature of the
air in the chamber, in order thai it may be kept as nearly constant as
possible. Copper resistance thermometers are used, these thermometers
being eonnected with a bridge and galvanometer. The bridge is at the
back of the observer’s table, and the galvanometer scale is immedi-
ately above. Twelve of these thermometers are held one-half inch from
the copper wall, and 12 more in flat ecopper boxes soldered to the
copper wall. These thermometers are made of copper wire wound ou
hard rubber spools. The air thermometers are in 614 by 2 inech eylin-
drical, eopper gauze containers, and the wall thermometers are in
copper pockeis 8 inches long, 3 inches wide and 1 inch deep. These
registance thermometers are distributed throughout the chamber in
pairs, (1 for the air and 1 for the wall), 3 pairs at different levels on
each side wall, 2 pairs on the ceiling, 2 on the front wall and 2 on
the back wall, at different levels.

One set of these copper thermometers indicates, on the bridge, the °
average temperature of the air in the ehamber, and the ofher set the
average temperature of the wall. Readings are taken every four min-
utes, by keying-in the proper circuit, and operating the slide on the
bridge so as to bring the image, as it is reflected from the galvanometer
mirror, to zero. The bridge readings do not indicate the temperature
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directly, but the bridge scale is ealibrated oceasionally, when everything
is in equilibrinm, by comparison with a mercury thermometer inside the
chamber, which is read to 1/20 of a degree through the window at
the observer’s table.

Temperature Regulation of the Ingoing Air

The detection of any neecessity for raising or lowering the temperature
of the ingoing air, to equalize itz temperature with that of the outeom-
ing air, is accomplished by means of a device contained in a metal
drum, through which pass the ingoing and the outcoming air flues.
Thig drum, which is located inside the chamber, is 72 inehes long and
14 inches in diameter, and is double walled, with a narrow air-space
between the walls, The inside eylinder iz divided crosswise, in the
middle, by a tight, double-walled, wooden partition, inclosing a dead-air
space, internally. This divides the drum into two eylindrical air-spaces,
end to end, through one of which passes the Incoming and through
the other the outeoming air, both containing thermocouple elements
(Fig. 15},

FIGQ. 15. CONSTRUCTION OF APPARATUS FOR COMPARING TEMPERATURE
OF INGOING AND OUTCOMING AIR

These thermocouples connect with a switch to the galvanometer. If
the temperature of both eylinders is alike the galvanometer reads zero
on the seale. I the air in one eylinder differs in temperature from the
air in the other, the galvanometer indicates this fact, by swinging to the
right or to the left, according to whether the ingoing air is cooler or
warmer than the outeoming air. If the ingoing air is not at the same
temperature as the outcoming air it must be cooled or warmed, as is
indicated by the galvanometer when put in cirenit with the thermeo-
couples in the air-current,

The vertical portion of the ingoing air flue, near the chamber, is en-
larged to a diameter of 15 inches along 48 inches of its length. This
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enlargement containg a cooling deviee through which eold water may be
passed. The internal congtruction of this deviee (Figs. 16 and 17) has
for its purpose the presentation of an extensive cooling surface to the
stream of air.

It the operator finds, from his galvanometer reading, that the ingoing
air is warmer than the outcoming air, a valve is opened which permits
cold water to flow through this apparatus; but if the ingoing air is
cooler than the outeoming it ig heated by resistance wires and light
bulbs in the ingoing air flue.

Maintenance of the Chamber in Adiabatic Balance

The eorrect measurement of the hieat produced by the animal requires
that the chamber be prevented from gaining heat from or losing heat
to the outside room, by passage through the walls, This ig accomplished
by maintaining the temperature of the air in the 3-inch air-spaces be-
tween the triple walls of the calorimeter the same as that in the inner
chamber,

This regulation is aceomplished by means of water pipes for cooling,
and resistance coils for warming these air spaces/ The necessity for
cooling or for heating is indieated by many thermeocouples in the walls
of the metal chamber and in the walls of the wooden chamber next out-

FIG. 16. CONSTRUCTION OF APPARATUS FOR
COOLING THE INGOING AIR
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FIG. 17. CONSTRUCTION OF APPARATUS FOR COOLING INGOING ATR

A, the entrance of the ingoing air; B, the entrance for the cold water; C, the
exit of the air going to the chamber; D, the overflow pipe for the water from

the cooler; H, a cross-section of the 3 water drums, eor cahg, with the fins to
give extra surface.

side; these show the difference in temperature between the two sides of
each wall,

The thermocouple is fundamentally a pair of eonductors so joined as
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to produce a thermoelzetrie current when the junctions are at different
temperatures, the intensity of the eurrent varying with the difference
between these temperatures, The thermocouple employed in the con-
struction of this ealorimeter (Fig. 18) is made of 4 pairs of wires, 1 wire
of each pair being iron, ¥, and the other German silver, N, Hach of
the 8 wires is luid in a lengthwise groove in a hardwood cylinder 3%
inches long and % inch in diameter; and the 8 wires are connected at
thein ends, in pairs, one iron and one German silver, by silver golder.
The German silver wire of the fivst junetion and that of the last june-
tion are left free for connection to the copper wire leads,

Thermocouples are so placed in the double metal wall of the chamber
as to extend from the copper wall to the zing wall, across the dead-air
space, thus providing for the detection of a difference in temperature
between the copper and the zine walls.

In plaeing each thermocouple unit in the wall of the metal chamber,
a copper thimble 54 inch by 9% inch, B, was soldered against the out-
side of the copper wall, ¢, and opposite this thimblel a zinc tube, E, was
soldered into the zine wall. The element was put through the tube in
the zine wall and then into the thimble in the copper wall. A mica
wrapping prevents contact of the thermocouple wires with either copper
or zine. A cork stopper, D, ffor holding in position the two German
silver projecting wires, in the open end of the zine tube, hiolds the ele-
ments in place and keeps the leads apart,

These projecting leads of a series of thermocouples are connected by
insulated copper wire to the reflecting galvanometer. The four june-
tions between the wires of a thermocouple near the copper wall assume
the temperature of the adjacent copper, and the junections near the zinc
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FIG. 18, DIAGRAM OF A THERMOCOUPLE IN THE AIR SPACE BETWEEN
THE ZINC AND THE COPPER WALLS
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wall assume its temperature. If there is a temperature differcnee be-
tween. the copper wall and the zine wall near these junetions a current
of electricity is set up and is indicated on the galvanometer,

Copper and, zine are good conducetors of heat. A change of tempera-
ture in any locality of either the copper or the zine wall quickly spreads
to adjacent localities, and tends to bring the whole wall to the same
temperature. Since these thermocouple units are scattered over the
six sides of the metal chamber, any slight differenee in temperature ba-
tween the copper wall as a whole, and the zinc wall as a whole, is in-
dicated by the galvanometer, These units are installed in pairs, one of
‘each pair bheing held in reserve for use in case of accident to the other.
In the six walls of the metal chamber are 252 thermocouples distributed
.at approximately equal infervals over an area of about 380 square feet,

In addition, a similar system of 76 thermocouples in the wooden wall
next outside the metal chamber indicates any differcmee in temperature
between the two air-spaces. Sinee wood is a poor conduefor of heat
a metal plate 134 inehes square, is fastened to the wall, at the point of
attachment of each thermocouple, to take up the temperature of the air
in-the air-space and transfer it to the thermocouple.

The thermoeouples in the walls of the metal chamber are wired in
siteh manner that switches at the observer’s table can put in cirenit all
units at once,.or different groups of such units, one group at a time.
There are 5 sueh groups, 1 each for the.top and the beotlom, and 3 for
the sides, in horizontal bands, for the upper, the middle and the lower
third. The thermocouples-in the walls of the wooden box are conneeted
in a similar way to the same galvanometer. In this case there are only
4 independent circuits, 1 each for top and bottom, and 2 for the sides.
All the cireuits on this wall can be united, to indieate the condition of
all ‘the thermocouples in one reading.

By putting in cireuit all of the thermocouple units, in either the
metal chamber or in the wooden box surrounding it, the observer can
determine whether the average temperature of the inside of the wall
{or adjacent air-space) differs from that on the outside of the wall (or
adjacent air-space). If there is a difference it must be corrected. To
locate such temperature differences, the cirenits 1o the different sections
are used,

For heating purposes, each dead-air spaee is provided with resistance
cirenits for the top alone, the upper half of the sides, the lower half
of the sides, and the bottom. FEach cireunit is provided with a separate
sliding rheostat switch, for the regulation of the quantity of heat in the
desired location. These switches are at the right on the observer’s table.
The resistance deviees connected with the rheostat at the observer’s table
consist principally of speeial wive wound on asbestos eylinders, but in
part of light bulbs, Tn addition to serving as resistance these light
bhulbs indicate, by their incandescence, the continuity of the ecircuits.
The bank of light bulbs, with resistance coils above, is shown in Fig. 14.

The cooling of the air-spaces is accomplished by means of water, which
i carried in a small brass pipe to the several sections, corresponding in
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location to the eireuits of the heating wires. Fach top, each upper half,
each lower half, and each bottom of the two inner walls, therqfore, can
be cooled independently. The eight valves controlling the co_ohng water
are on the outer chamber wall, to the left of the operator (Fig. 14).

The heating wires in the air spaces are supported by insulato.rs, and
tha brass water pipes by wooden blocks placed on the outer surfaces of
the metal chamber and of the wooden wall next outside it. The arrange-
ment and relative position of the wires and pipes is shown in Fig. 19.

The Building of the Calorimeter

Tn the building of the calorimeter the hottom of the outer Wooden box
was laid on timbers resting on three brick piers 15 inches high. Upon
this outer box was put the heating wires and the cooling pipes.

FIg. 19. HEATING WIRES AND COOLING PIPHS IN THE AIR SPACE BETWHEEN
THE ZINC AND THE WOODEN WALLS

The bottom of the innex wooden box, with its thermocouples and con-
neeting wires in position, and with the heating wires and cooling pipes
for the inner air space on top, was then placed above the bottom of the
outer box, and supported four inches above it. Fig. 20 shows the bottom
of the inner wooden box in position. Leaning against the wall, to the
right, is the bottom of the metal box, its zine bottom side showing, with
thermocouples in position,

After this metal bottom was in position the timber work of the metal

-
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FIG. 20. BOTTOM OF THE WOODEN WALLS, IN POBITION, AND BOTTOM OF
THE METAL WALLL AT THE RIGHT

box was erected (Iig. 21). Then the imside of this framework was
covered with sheet copper, and the outside with sheet zine,

Fig. 8 shows the metal in position, and the small openings, in pairs,
ready for the thermocouples, on one side. The entrance opening is
shown at the right end, with the excreta air-lock opening below. On
the side is seen the large square opening for the windows; two small
square openings, side by side, for the ingoing and outcoming air flues;
and a small oblong opening for the absorber water pipe and the absorber
water thermometers,

Figs. 22 and 23 show the metal chamber with the thermoeouples wired
and in position, together with the heating wires and cooling pipes. The
doors, also, carry thermocouples; Originally, as shown, the wires to
the thermoeouples passed direetly from the body of the chamber to the
doors. Later, sliding contacts, made of thin strips of brass, were placed
in the eircnits to conneet across thd erack at the hinge side of the doors.

. The wiring and piping on the metal box having been fully tested, the
inner wooden box ‘was erected, thus creating the inner dead-air space.
F}g. 24 shows the inner wooden box with its thermocouples, heating
wirey, and eooling pipes in position. Near the middle of the side are
seen the coils of wire and leads from the thermocouples and copper
thermometers to the outside.
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FIG. 21. ¥FRAMEWORK OF THE RIESPIRATION CALORIMETER

Control of the Calorimeter

The operation of the respiration calorimeter is under the control of
an operator stationed at the observer’s table, which is near the window
in the chamber, at the head of the animal. Tig. 14 shows the table and
the adjacent apparatus. These are also shown in the pieture of the
apparatug as a whole, in Fig, 25,

At the left of the table are the thermometfers in the ingoing and
outeoming absorber water. Turther to the left, at the corner of the
chamber, are the two 100-liter copper tanks for the measurement of the
water coming from the absorber system, Hach tank has a glass gauge
marked for the reading off guantities less than 100 liters.

To the left of the window are eight water valves for the control of the
cooling water for the different sections of the dead-air spaces,

At the left front of the observer’s table is the multiple-point switch
for connecting with the galvanometer the various sets of thermocouples
in the walls and in the air eurrent, in order to determine which sections
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FiG. 22, METAL CHAMBER, WITH THERMOCOUPLES, HEATING

FIG. 23,

WIRES, AND COOLING PIPES IN POSITION

METAL CHAMBER, WITH THERMOCOUPLES, HEATING WIRES, AND
COOLING PIPES IN POSITION
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FIG. 24. INNER WOODEN WALL: WITH THERMQOCOUPLES, HEATING
WIRES, AND COOLING PIPES IN POSITION

of the dead-air spaces need heating or cooling, and whether the ingoing
air needs heating or eooling. To the right, on the table, are the switches
conirolling the eurrent to the heating wires in the dead-air spaces, and
to the heating eircuits in the ingoing air eurrent. At the back of the
table is a slide-wire bridge, used in conneetion with the galvanometer,
the scale of which is above the bridge, on a level with the eyes of the
operator,

The galvanometer is mounted on a wooden block, resting in sand, in
a metal eylinder 18 inches in diameter which rests on the cement fioor,
thus redueing to a minimum the jarring of the galvanometer, The lamp
for the galvanometer mirror is a 15-watt bulb, 110 volt, adjustable in
a metal cylinder. The mirror refleeis a bright image upon the ground-

glass millimeter scale six and one-half feet back, and above the observer’s
table,

This galvanometer can be put into eirenit with the resistanee thermo-
meters in the chamber, and with slide-wire bridge, by means of switches
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FIG. 26, GENERAL VIEW OF THE RESPIRATION CALORIMETER AND
ACCHSS0ORY mQUIPMINT

on the observer’s table. Also it can be putl in circuit with any one of
the several thermocouple circuits in the dead-air spaces, or with the
thermocouples between the ingoing and the outcoming air currents.
Thus it s used to determine the temperature of the air inside the
chamber, and of the eopper wall itself, and to determine which sections
of the air-spaces require heating or eocoling,

Hanging from the absorber shield in the ehamber, in view through
the winflow of the observer, is a thermometer gradunated in tenths of a
degree, This thermometer, which gives the temperature of the air in the
chamber, i3 read every 30 minutes,

At the observer’s table the operator records six readings every four
minutes, on printed forms. These readings, in order of taking, are as
follows:

Outeoming water thermometer,

Ingoing water thermometer,

Temperature of air in chamber (by resistance thermometer).

Condition. of first sir-space, relative to wall on inside of chamber.

Condition of second air-space, relative to first air-space.

Condition of ingoing air, relative to outcoming air.

Other readings are made, but not recorded, at times in between the
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sets of 4-minute readings, to trace the course of the {emperature regu-
lation.

The experimental work is timed by a master-clock, provided with a.
self-winding regulator movement, actuated.by a 6-volt direet eurrent.
This master-clock operates a secondary elock conveniently plaeced for
observation at the control table, and also a program machine, which
gives signals denoting t'me for the instrumental readings. Thus, every
four minutes a light flashes directly in front of the operator at the
control table, indicating the time to begin taking a series of readings.
Every half-hour a bell rings to indicate to the floor operator the time
to begin a series of observations and duties in relation to varions in-
struments other than those at the observer’s table, especially with the
barometer, the ventilating pump, the air-sample meters, the cooling-
water meters, the tube furnace, and the brine tank.

In order to test the aecuracy of the respiration calorimeter a known
quantity of aleohol is burned, in a special lamp, inside the chamber,
and the heat and gaseous products of combustion are messured, The
experimental error of these alcohol tests has been found, by comparison
with the theoretical values, to be, as a rule, less than 1.0 per cent.

Status of the Respiration Calorimeter as an Instrument of
Nutritional Research

The respiration, calorimeter for the larger farm animals, at The Penn-
sylvania State College, has proved to be a highly accurate and de-
pendable instrument for the measurement of heat production. Thredgh
its use, principles have been established which are of great value as
contributing to a correct background of understanding in nutritional
research. For example, the demonsfration that food energy is utilized
at different rates of efficiency (1) for maintaining the animal, (2) for
milk produection, and (3) for body inecrease, and the establishment of
these different rates, has been acecomplished with the aid of this ealori-
meter,

The respiration calorimeter also has supplied evidence on the ex-
planation of the relationship belween the quantity of ‘food -eaten and
the heat-loss, which is not a simple, direct proportion, but is expressed
by a reversed curve. This is exceedingly important, especially as’ it
shows (1) that nutritive values per unit of rations differ with the
guantity of food eaten, (2) that the most practicable measure of the
net energy requirement for maintenance is the directly determined heat
produetion of fast, and (3) that the logical base value for determining
the energy expense of utilization of feod for bedy inerease is the heat
produetion at the point of energy equilibrivm.

Furthermore, the respiration calorimeter has eontributed extensively
to the understanding that any deficiency of any essential nutrient must
eventually affect the utilization of the energy of a ration and, conse-
quently, to the establishment of the Liaw of Maximum Normal Nutritive
Value. This signifies, in relation to studies of nutritive principles, that
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the rations compared must be ecomplete, perfect and sufficient in all
characteristics exeept the single one upon which evidenee is sought.

It has not been found practicable, by means of the respiration ealori-
meter, or by any other means, to determine fundamentally significant
energy values of individual foodstuffs, in general, for the reason that
such values are much affected by the combinations in which foodstuffs
are used; but the method of respiration ealorimetry has proved highly
serviceable in the defermination of the most significant cnergy values
of rations, as such.

The greater part of the equipment which has been built during re-
cent years for the study of the energy metabolism of the larger farm
animals has been of the nature of respiration chambers, providing for
only the indirest measurement of heat produetion. Such facilities have
the advantages of less expensive construection, and greater ease and
economy of operation; but the disadvantage of not providing for as
complete confirmation of the resulis as may be obtained by the use
of the respiration ecalorimeter.

Animal feeding researches of comparatively erude character fre-
guently invelve as large expenditures as those involved in direet calori-
metry. This method is not inerdinately expensive for the establishment
of principles of nutrition. The funetion of the respiration calorimeter,
and of the respiration chamber as well, is primarily fundamental re-
search, and not the solution of the every-day problems of praetical
animal production.

While there are in existenee several respiration chambers, for in-
direct calorimetrie researeh with eattle, the respiration calorimeter of
The Pennsylvania State College is unigue. It is the only apparatus
in the world, of the size requived for work with catile, which measures
energy direetly.
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