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PREFACE

The Principles of Mechanical Refrigeration is based on a

series of twenty articles published in Power during 1920.

These articles were written as a "study course," the attempt

being made to present the subject in as clear a manner as

possible, each article being complete in itself, while the

series covered the entire field of refrigeration in an ele-

mentary manner. The success of the articles seemed to

warrant their collection under one cover in book form.

In compiling this book the "study course" has been

rearranged, and amplified. The attempt has been made to

continue the same manner of presentation; namely, to

write in a simple manner, to use very little mathematics

and to strive to explain the action of refrigeration by
analogies to steam machinery and steam cycles. It is a

book on refrigeration for practical steam and refrigerating

engineers, written somewhat in the form of lectures, and
with a frank expression of personal opinion in regard to

designs and types of machinery and equipment. It is

hoped that others besides practical engineers will find a book

of this sort of interest, both in reviewing the subject, and in

the use of the diagrams and tables which have been made as

nearly up-to-date as possible.

It is always a pleasant privilege for an author to acknowl-

edge assistance in the preparation of a book while still

reserving all the responsibilities for short comings. The

present author wishes to mention with special gratitude

the assistance of Mr. B. F. Kubaugh, of the Henry Vogt
Machine Co., of Mr. E. C. Lloyd of the Armstrong Cork

Co., of Mr. Louis Morse of the York Manufacturing Co.,
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and Mr. J. C. Goosmann, of the Automatic Carbonic

Machine Co. Besides this particular thanks are due to

Mr. Fred Low of Power for permission to reprint the articles

already mentioned and to use such cuts prepared by
Power as was deemed desirable, and to the manufacturers

who have kindly supplied illustrations of their machines.

H. J. M.
UNIVERSITY OP ILLINOIS,

URBANA, ILL.
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Principles of Mechanical

Refrigeration.

CHAPTER I

INTRODUCTION

Mechanical refrigeration is not a science by itself, but is

an application of heat engineering which makes use of the

same laws that apply to steam engineering, heating and ven-

tilation, air compressor work and other similar branches of

mechanical engineering. In explaining the subject of re-

frigeration, or in making its study, it is very desirable to

connect it as far as practicable with these other branches of

engineering, and more particularly to understand the fun-

damentals underlying all of these other engineering subjects.

Therefore it seems wise to review at the beginning of this

discussion certain basic principles upon which matter dis-

cussed in later chapters depends.

Heat. Heat is a form of energy like electrical, chemical

and mechanical energy and may be converted into each of

these other forms. It makes itself known to us in two ways ;

in the form of sensible heat and as a latent heat.

Sensible heat is that kind which can be perceived by the

senses it is evidenced by the temperature. All substance

are understood to be composed of very small particles* which

* These particlea are called molecules.
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are in continual motion within certain limits. With a solid

the limits of this motion are much more confined than in the

case of a liquid or a gas. As the substance absorbs heat these

particles increase in intensity of vibration and the substance

becomes hotter. If another and colder object is brought into

contact with the first one the colder substance is heated
;
that

is, there is a tendency in the particles of the colder body to

increase in intensity of vibration. At the same time there is

a tendency in the hotter body to get colder, for it is giving

up some of its energy to the colder one. Heat is transferred

from one substance to another having a colder temperature,
never to a hotter one.

Besides the sensible heat, a substance may store up heat

energy at a constant temperature. In changing from water

to steam a large amount of heat energy is stored up in the

substance as a latent (hidden) heat of vaporization, due to

the separation of the particles of the water to the condition

of a vapor. Energy is supplied in order to separate these

particles against their mutual attractions, and in order to

do enough external work so as to push aside the surrounding

vapor necessary for this increase of volume. The sum of

these two quantities, the work of separation of the particles

of the substance and the so-called external work, is called the

latent heat of vaporization, and this is always in evidence

whenever a substance (as water, ammonia, carbon dioxide or

ethyl chloride) boils.

In order to measure the amount of heat added to or taken

from a substance, it is necessary to have a unit. For example,

it would take much less heat to raise one pound of iron one

degree F. than to raise one pound of water one degree. Like-

wise the heat capacity of salt brine is less than that of pure
water. Therefore in order to have a reliable, standard unit

of heat measurement, the British thermal unit (B.t.u., so-

called) has been selected, and is defined as the amount of heat

necessary to raise one pound of water from 63 deg. F. to 64
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deg. F. The sensible heat capacity of a substance is called the

specific heat, or the ratio of the amount of heat necessary to

raise the substance in question one degree Fahrenheit to the

amount necessary to raise an equal weight of water from 63

to 64 deg. P.

In the United States the Fahrenheit scale of temperature
is used almost entirely by steam and refrigerating engineers

with the melting point of ice at 32 degrees and the boiling

point of water (at sea level and under normal atmospheric

pressure) at 212 degrees. There are, therefore, 180 degrees

of temperature between the melting point of ice and the boil-

ing point of water. The Centigrade scale, with 100 degrees

between these two points, is seldom used in the engine room,

although it would be more handy if its use were general.

Likewise the old English units of work are used, the foot

pound, defined as the work done in raising one pound weight
a distance of one foot. A foot pound is also the work of

lifting 10 pounds 1/10 of a foot or 12 pounds one inch. In

each case the work done is equal to the product of the weight
or force applied, in pounds, by the distance in feet through
which the force acts. It has been found that heat energy is

convertible into work and work into heat energy. The steam

engine, the turbine or the oil engine convert heat into me-

chanical energy, and the friction of the journals in their

bearings, or windage, or the action of stuffing boxes, cause

the conversion of mechanical into heat energy. But it has

been found that there is a certain particular relationship be-

tween these two forms of energy, and that 777.64 (or roughly

778) foot pounds of work may be converted into one B.t.u.

rnfortunately it is not possible (practically) to reverse the

process completely.

Properties of Vapors. All substances have three states,

solid, litjuiil. ami WISCOHS. The gaseous state may be saturated,

superheated or a perfect gas. For instance, steam is usual 1\

saturated, or possibly slightly superheated. Air is a so-call'.l
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perfect gas at usual temperatures and pressures, but in reality

it is only a highly superheated vapor. A vapor is a gas at or

near the point where liquefaction occurs, and it behaves dif-

ferently from a perfect gas as regards the action of heat

or when work is performed on it. In order to change from

a solid to a liquid or from a liquid to a vapor a certain amount

of heat must be supplied in order to make it possible to

separate the particles and thereby to form a new state of

aggregation. As an example: it requires 143.4 B.t.u. per

pound to change ice at 32 deg. F. to water at 32 deg. F.

*- 9t\f\
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is called the latent heat of vaporization and is different in

amount for the various substances with which we have to deal.

The internal energy in a substance is the amount of heat

energy stored up in it. If water at 32 deg. F. is heated to

212 deg. F. there will be 180 B.t.u. stored up in each pound. ^

This heat is stored up as so-called sensible energy because

of the vibration of its particles,* and the amount of this

internal energy is found by observing the temperature in

the steam, ammonia or other vapor tables. The amount of

internal energy thus stored up in one pound is called the

"heat of the liquid" and it has been usual to measure it from

32 deg. F. even in the case of refrigerants which are mostly

used below this temperature (in which case the heat of the

liquid becomes a negative quantity).

The total heat of a substance is the heat necessary to raise

one pound from 32 deg. F. to the condition in question. For

example, the total heat of a mixture of 90 per cent steam and

10 per cent water at 212 deg. F. is

Heat of the liquid at 212 plus 0.9 times latent heat of

evaporation at 212, or 180 + 0.9 X 971.7 = 1054.5 B.t.u.

A substance can be superheated, that is heat in addition to

the amount required to produce dry and saturated vapor is

added. The total heat of dry and saturated vapor at 212

deg. F. is

180 + 1.0 X 971.7 = 1151.7 B.t.u.

And if this vapor is heated still more the temperature will

rise (usually with the pressure constant). The amount of

heat added to attain a certain number of degrees of superheat
will vary with the so-called specific heat at constant pressure,

an amount very nearly 0.5 for steam and ammonia for medium
>sures and small amounts of superheat.
All saturated vapors hav ain relationship between the

pressure and tin t. -nip. Tatim-. At standard atmospheric pres-

sure water will always boil at 212 deg. F. and ammonia will

. the so-called molecules.
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boil at minus 28.2 deg. F. Steam at 150 Ibs. pressure (abso-

lute) will always boil at 358.5 deg. F., and will condense at

5 Ibs. absolute pressure at 162.25 deg. Likewise ammonia at

20 Ibs. absolute will always boil at minus 16.65 deg. F. and

will condense under 100 Ibs. absolute pressure at 56 deg. F.

There is, then, always some particular pressure of saturation

corresponding to any particular temperature and vice versa.

The pressures dealt with in engineering have to be given
in absolute pressures very frequently. All steam engineers

know that the lowest back pressure they can obtain on their

engine or turbine is that corresponding to the barometer. A
perfect vacuum means a zero pressure, which is at sea level

14.69 Ibs. per square inch below the zero of the pressure gage.

Therefore, in order to change gage to absolute pressures it

is necessary only to add the equivalent of the barometer pres-

sure (usually 14.7 Ibs.) to the gage pressure.

The density of the vapor is one of the most important factors

which one has to consider. By density is understood the

weight of one cubic foot of the substance, steam, ammonia or

sulfur dioxide. The specific volume, found by dividing unity

by the density, is the quantity usually used, and is the volume

in cubic feet of one pound at the pressure under considera-

tion. The increased volume of steam after expansion is the

cause of the much greater exhaust openings as compared with

the high pressure steam connections. Likewise the ammonia

compressor is affected by the specific volume of the ammonia,
because the volume of one pound increases very greatly with

a reduced back or suction pressure.

The reader is probably puzzled to see the relationship of

the preceding matter to the subject of mechanical refrigera-

tion. In other words, why speak of ''heat" in dealing with

the manufacture of cold ? And yet heat is a relative term, as,

for instance, our winter may seem very hot to the Eskimo.

Ammonia boils at 28.2 degrees below zero Fahrenheit at

normal atmospheric pressure, and yet that is hot indeed com-
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pared with the boiling of liquid carbon dioxide at minus 70.8

deg. F. and each of these is very hot as compared with the

boiling temperature of liquid hydrogen at 422.5 deg. F.

Again it is understood that it is possible to freeze liquid

hydrogen at a temperature which would be colder than 422.5

deg. F. and hotter than the absolute zero of temperature

where we assume no motion of the particles that compose
matter. Thus compared with these low temperatures, me-

chanical refrigeration dealing as it does with temperatures
around zero degrees Fahrenheit, and seldom below minus 30

degrees, is really hot, although engineers feel that it is cold

enough as compared with the temperature of boiler steam or

even the engine room temperature.

However, what is this process of mechanical refrigeration,

and how is it accomplished? Refrigeration, in fact, is an

old acquaintance, one that we meet face to face every day
in one or another of its forms. The wind from the snow-

capped mountains, or from a floe of icebergs, or from a

glacial pond or lake, gives a sensation of cold. By this we
mean that the wind is colder than the atmosphere had been

previous to its coming, and it can be said that we are cooled

by air convection, the air being previously chilled by being

brought into actual contact with melting snow or ice. The
street watering wagons, however, passing down the hot streets

and wetting the sizzling pavements give us a sensation of

relief and, for a time at least, a pleasant cool feeling in a

manner similar to the effect of a summer rain.

The action of the sprinkling wagons and that of the rain

N different from that of the cold wind. The former is an

actual case of vaporization of water at a certain temperature
which is always below that of the atmosphere. In fact evap-

oration is at the so-called "dew point"* temperature which

''dew point" ia the condition when the air is saturated with

water, and a lowering of temperature will cause some liquefaction of
water to occur.
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in turn depends on the humidity of the atmosphere. The

(oration action is similar in process and effect to that

taking place in cooling towers and spray ponds for in each

of these canon some vaporization of the water takes place

at the "dew point" temperature which being colder than

the surrounding atmosphere makes a lower resulting tempera-

ture. Aj:ain there is the action of ether or other volatile

liquid on a person's palm. The ether evaporates and leaves

the hand decidedly cold. These are all examples of refrigera-

tion, there being developed in each case an atmosphere colder

than there had been before the process began. But what

Meet ion have these instances with mechanical refrigeration

and how is the latter obtained? Mechanical refrigeration is

simply the term used to denote the generation artificially of

a colder temperature than that of the atmosphere. Where
this colder temperature is obtained by human efforts it can

be said to be an illustration of mechanical refrigeration.

There is no requirement in regard to temperature except that

it must be below that of the atmosphere. It may be 33 deg. F.

or a sharp freezer at 15 deg. F. or it might be the cooling
of air some 10 to 15 degrees below that of the atmosphere.

Cooling with Ice. In the development of refrigeration, be-

fore other and better means were found, the use of ice was
a successful means to an end, and of course is the best means
at the present time for small refrigerators. The principle

underlying the use of ice is simply the fact that ice melts at

leg. F. and cools the surrounding air or commodities to

.irly its own temperature. It can do this only by ab-

sorbing heat (at the rate of 144 B.t.u. per pound of ice) from
substance at a higher temperature. The surrounding

^tance which may be air, water, a metal container, or solids

placed around or about it, is hotter than 32 degrees and gives

up i:ouL'h li.-.-it to cause a certain number of pounds of ice to

fact that it requires 144 B.t.u. per pound of ice

to melt means that considerable cooling can be obtained with



INTRODUCTION 9

a very small weight of ice. But temperatures below 32 de-

grees cannot be obtained with ice alone, and as a rule the

temperature of the material cooled is considerably greater

than 32 degrees. It follows then that ice alone cannot be used

Fig. 2. A typical section of an
bunker

for cold storage work at 25 degrees, or for any condition re-

quiring a temperature below the temperature of melting ice.*

Jn the ice bunker (Pig. 2) heat from the goods being stored

or heat from the outside of the storage room, or from warm
air entering during the opening of the doors causes the air

'f coarse ice and salt or ice mixtures containing certain acids or

chemicals will give much lower temperatures than 32 deg. F.
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in the lower part to increase in temperature. If air circula-

tion is possible there will be a flow of air (as shown by the

figure) due to the difference in density of air near the ice

and of air below the ice loft where the eatables are placed.

By difference of density is meant that there is an actual dif-

ference in the weight of one cubic foot of air in the two

different portions of the storage room. The circulation of air

is obtained in the same manner as the draft up to the stack

of a power plant. As a result of the proper arrangement of

air passages air will pass from the lower part to the loft

where it gives up some heat, and be cooled in the process on

account of melting some ice, and, by reason of its greater

density, flow to the lower part again for a second round of

the cycle. In other words, the air in the room is a
"
carrier"

of heat and if the box is designed properly with proper sized

air passages so that a good circulation is provided, and suffi-

cient surface is arranged for so that the air can cool itself

satisfactorily, then the box will never get too warm but will

preserve the meats and vegetables from rapid decay.

On analyzing the foregoing, it will be seen that a tempera-

ture below that of the atmosphere may be obtained by securing

a substance which can absorb heat at or below the temperature

required in the cold room. In addition there must be a carrier

of cold (and heat) that will take the surplus heat in the goods,

and the heat leakages from the walls, floor and ceiling and

convey it to the refrigerator (the ice) where the surplus heat

will be delivered and the air, relieved of its heat, returned to

the lower part again. It is apparent that success may be

achieved only by having sufficient refrigerator surface, suffi-

cient ice to absorb the heat to be removed, and proper air

passages so that an unrestricted flow of air is possible. The

process of heating by means of hot air is very similar, for air

is heated in a furnace or bunker coil and then passed through
ducts by natural or forced draft to the registers in the several

rooms. As the hot air comes into contact with cold walls,
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windows, etc., it gives up part of its heat and (because of its

greater density) flows back to the furnace or heater again.

In both cases air is a carrier and stores up heat as internal

energy produced by the rise of temperature. It can be shown

readily, however, that the carrying c^pacity_ol air^is- very

small^ and that large volumes must be provided in order to

get results.

Cooling by Means of a Volatile Liquid. The objections

to the use of an ice box can be seen very readily except in the

case of household or small boxes which require only nominal

cooling temperatures, because of the expense, dirt, icing

troubles and limited cooling temperature. It is readily per-

ceived that some means must be used that will give any de-

sired temperature at as little cost of operation as possible. Ice

and salt can be used for temperatures below 32 degrees but

no engineer would consider such an arrangement for any

except very special conditions. Therefore, some other means

has to be found, one that will be of nominal first and operat-

ing cost.

As already mentioned there is another method of securing

artificial cooling, one using a liquid that will evaporate

readily at a temperature below that desired in the room to be

cooled. This action is similar to that which takes place on

sponging a fevered patient with alcohol, applying ether to

one's hand or water to a hot pavement, for in each case heat

is absorbed from its surroundings and boils. The boiling is

at a temperature dependent on the so-called vapor pressure

for that particular liquid. As the liquid changes into a vapor

it "carries" away from the surrounding substances an amount

of heat equal to the heat of vaporization of the liquid. These

substances become colder, or are maintained at a given cold

temperature subject to the conditions which prevail. (Pig. 3.)

In order to grasp thoroughly what is taking place under

these circumstances it will be profitable to see what takes
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place in the case of steam, remembering that all vapors behave

in a similar manner, and that the phenomena are identical in

each case, subject to special physical properties of the given

media. For example, we know that steam boiling at 150 Ibs.

gage has a temperature of 365.9 deg. F. but that at sea level

the temperature is 212 degrees with atmospheric pressure.

Likewise, with a barometer pressure of 29.92 in. of mercury
the temperature of steam at 26 in. vacuum in a surface

condenser is 125 deg. F. and at 29 in. is 76 deg. F. There-

Lfqufc

Boi/ing
'"Ammonto

Ammonia-

Ice

Fig. 3. A test tube containing ammonia.

fore, both when 'boiling or condensing, steam has a tempera-

ture corresponding to a particular pressure and. only one such

temperature, thereby obeying the law of pressure temperature

relations of saturated steam. These values are determined by
careful experiment, and may be found by referring to the

proper tables. Sometimes, however, the vapor becomes super-

heated, in which case the temperature has no relationship to

the pressure. But as regards refrigeration, and the produc-

tion of a depressed temperature, it is evident that water vapor
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cannot be used very readily and that something else will have

to be substituted. By process of elimination this something
else has been found to be ammonia* because of nominal pres-

suivs and high heat capacities.

The operating engineer feels at home with pressures similar

to those he is used to and ammonia and steam are practically

identical in the range usually employed. For example, am-

monia has usually from 100 Ibs. to 200 Ibs. on the high pres-

sure side and from zero to 20 Ibs. gage on the low pressure

side. These are comparable with steam engines running at

high pressure. With ammonia at 15.72 Ibs. gage the boilin<:

Expansion to Atmoaphert

Cold Storage Room

Fig. 4. The simplest refrigerating plant, a drum of

ammonia with free exhaust to the atmnsphriv

temperature is zero degrees F. and at 20 Ibs. gage it is 5.52

deg. F. but with zero gage pressure the temperature is minus

28.2 deg. F.

Besides this nominal pressure to be dealt with there is also

tin- matter of the storage capacity for heat. The meaning of

the storage capacity of a substance may be brought out by

Chapter VII explains why ammonia is so popular in the United States.
On account of this popularity ammonia is referred to in many
where the word "rcfri^cr.-mt

''
could be used to equal advantage.
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an example. If air is used there would be required a change
of temperature of 55 deg. F. per cubic foot (or 55 cu. ft.

with a rise of one degree) to get the heat capacity of one heat

unit (1 B.t.u.). The difference is very marked with am-

monia. One cubic foot of ammonia has stored up in it as

latent heat of vaporization some 20,000 heat units which would
be available without change of temperature during the boil-

ing process. Being a noxious gas the ammonia must be made
to boil inside of suitable coils (Fig. 4) so that first the coils

are cooled and then by the absorption of heat by the ammonia
the air is cooled also. In the most elementary cycle the am-

monia after being vaporized is allowed to pass into the atmos-

phere and a new supply of liquid ammonia is drawn from

the drum as shown. Such a scheme, however, though it would

work perfectly, would be very expensive. The cost of a ton

of refrigeration per 24 hours (288,000 B.t.u.) would be ap-

proximately $200 and some 600 Ibs. of ammonia would be

required to do the job. Such an arrangement would be in-

conceivable, both from the standpoint of cost and the annoy-
ance resulting from the odor. What then can be done ?

The Ammonia Pump. If the vaporized ammonia is not to

be thrown away then it must be removed from the coils

promptly after vaporization and must be returned again to

the condition of a liquid. This must be done continuously

without interfering with the steady boiling of other ammonia
in the coils, and it must be liquefied promptly enough so that

it may be returned to the cooling coils for a second round of

the cycle. But how can this be done ? The answer is, by the

use of a machine, a gas pump which will remove as many
cubic feet of ammonia vapor per minute as are boiled into

vapor in that time. Besides this the ammonia pump (the

compressor) will have to compress the vapor to some higher

pressure, one high enough to enable the vapor to condense

again in some condensing equipment. First let us consider
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the principle involved in this cycle and see whether we have

an old friend disguised in a new make-up.

The steam engine takes steam which had been made in a

steam boiler by first heating up the boiler feed water and then

vaporizing this water. The steam thus generated at, say,

100 Ibs. gage pressure absorbed heat from the flue gases

resulting from the combustion of fuel on the grates and in

the combustion chamber. When this steam entered the steam

engine cylinder it did work on the piston, expanding during
the process, and finally was exhausted into the steam condenser

under greatly reduced pressure where cooling water or some

other refrigerating agent took away the heat of vaporization

at the condenser pressure and left a liquid (water) at a tem-

perature at or near the temperature of liquefaction. Let us

repeat the cycle. Water is heated until a temperature is

reached where evaporation begins, then evaporation continues

at constant temperature (and constant pressure) until all the

water is steam, then work is done on the piston of the steam

engine, accompanied by a drop of pressure and temperature
and finally the low pressure steam is condensed in a water-

cooled condenser or refrigerator. Note that condensation and

evaporation were separated by work done on the steam engine.

In refrigeration exactly the same things take place, but in the

reverse order.

Suppose that it is required to boil the ammonia at a tem-

perature of zero degrees F. The resulting ammonia vapor
then passes off at a low temperature, 70 degrees (perhaps)
below the temperature of the atmosphere. In order to liquefy

the ammonia again it must be made to give up the heat it con-

tains to the atmosphere (which is 70 deg. F. in this ca

As "heat cannot be made to run up hill" it is clear that some-

thing must be done so that cooling water at 70 degrees will

condense this ammonia gas. The answer is to do work on the

ammonia so that the pressure will increase to a point where

70 deg. F. water will miulmse it. Perhaps this is not clear to
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the reader at first, unless the pressure-temperature relation

is plainly understood. A few of these relations are as follows :

Pressure, Ib. ^ Temperature, deg. F.

7.-, 50.3

100 63.5

H2.-> 74.7

150 84.4

175 93.0

200 ..100.9

Suppose the ammonia vapor was compressed to 200 Ibs. gage,

then it would condense at 100.9 deg. F. A condenser sup-

plied with water at 90 deg. F. would probably satisfy this

condition, whereas the same vapor at a pressure of 150 Ibs.

gage would condense at 84.4 deg. F. and would require water

of 75 deg. F. or lower. The function of the ammonia gas

pump (or compressor) is only that the gas be compressed to

such a pressure as will allow the cooling water available at

the plant to condense it. Liquid ammonia at 100 Ibs. pressure

will boil at 63.5 deg. F. and gaseous ammonia (at this pres-

sure) will condense at 63.5 deg. F. In each case heat is made
to exchange downwards in the scale of temperature. The

compressor is simply a gas pump', one that will lift the am-

monia, or other refrigerant, to a pressure level so high that

the temperature of liquefaction will be above the temperature
of the atmosphere (or of the condensing water at the plant).

During refrigeration a certain number of heat units were

abstracted from the air in the cooling rooms, or from the

commodities, in order to boil the ammonia at the required

temperature say zero degrees and after compressing the

.iris a number of heat units equivalent to the refrigerating

effect plus the heat equivalent of the compressor work were

removed by the condensing water at atmospheric pressure.

In fact the condenser has to remove about 30 per cent more
heat units than are obtained in useful refrigeration. The

gain in so doing is that the work may be performed at the

temperature of the river or pond or well, irrespective of
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whether the refrigerant boiled at 30 degrees above or below

zero Fahrenheit.

The Ammonia Compression Cycle. The attempt up to

the present has been to show that refrigeration is obtained

in practice by boiling the ammonia, and that the only use

of the compressor is to make it possible to continue the use

of the same charge of the refrigerant. It is very important
that this reason for the use of the compressor be clearly

understood. Also what it accomplishes and what is expected
of it. But really there is nothing unusual about the com-

pressor. The dry-air vacuum pump draws the rarefied air

(and steam) from the condenser, compresses it to an amount

slightly greater than that of the atmosphere, and then dis-

charges the mixture into the atmosphere. The deep well

pump takes water at the level of the water in the well and
lifts it up to the tank, cistern or irrigation ditch. In each

of these cases, namely the deep well pump, the air pump and
the ammonia compressor, work is done on the substance

pumped. Each substance is lifted in level. This level is

datum level, pressure level and temperature level respectively.
In the case of the compressor something has been done so as

to make it possible to condense the ammonia at a much higher

temperature than that at which refrigeration took place, and

therefore it was a "temperature" pump. The compressor,

then, should be designed, as nearly as is practically possible,

to draw into the cylinder at each stroke an amount of gas

equal to the piston displacement, and discharge all of this

amount into another part of the system with the least ex-

penditure of power and at the pressure required for <'<m

densation. This pressure will vary usually from 100 Ibs. to

200 Ibs. gage pressure, depending on the condensing water

available for that purpose at the plant.

As in air compression, a kind of work which it very closely

resembles, the gas from the ammonia compressor Becomes quite

hot during compression, especially if the ratio of the suction
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to the discharge pressure is appreciable. In fact it is usual

to find with pressures of 125 to 185 Ibs. per sq. in. a discharge

temperature of from 150 to 250 deg. F. which represents

superheats of from 75 to 175 deg. F. From this fact it can

be seen that the discharge from the compressor must be al-

lowed to pass into an after-cooler, or something of like nature,

so that the superheat, first, and the latent heat of condensa-

tion, second, may be properly removed. The after-cooler or

so-called condenser is made in various designs so as to bring

the ammonia gas into good metal contact with the water and

thereby make the best practical use of the water. In conse-

quence the ammonia will be cooled to an amount some 10 to

15 degrees above the cooling water temperature, and the am-

monia in due course of events will become a liquid at a

pressure slightly less than the discharge gas just outside the

compressor. The condensed liquid is then collected into a

drum or liquid receiver where it remains until it is needed for

a second round of the cycle. The compressor, condenser and

liquid receiver, being subject to the compressed gas, are

often called the high side, or the high pressure side.

As mentioned, the liquid ammonia in the receiver is under

pressure and will flow like water in consequence of this

pressure through the pipe connection to the place where the

cooling coils are placed. At the cold-storage room, or brine

tank, there is a valve to regulate the flow of the liquid am-

monia. This valve has the common name of an expansion

valve, although no real expansion takes place but only a

flow control so that the amount of liquid flowing will just

equal the amount of liquid boiled into a vapor in the refriger-

ating coils. Since the pressure of the liquid passing through

the valve is lowered in the process the valve may very properly
be called a pressure reducing valve. The reason it is desired

to secure a lower pressure is that a reduced temperature of

the boiling ammonia in the coils is necessary. For example,

it is frequently necessary to obtain such a temperature as
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zero degrees F., which means that a drop of pressure from

that of the condenser to 15.72 Ibs. per sq. in. gage must

occur. Therefore it is desirable to have only a very small

area of valve opening, seldom larger than the lead in a lead

pencil, from which the liquid ammonia squirts into the coils

like water escaping through a sand hole in a water pipe fit-

ting under water pressure. If the piping is properly arranged
and proportioned, the liquid ammonia will begin immediately
to boil in consequence of absorbing heat through the pipe

coils from the air or brine or other substance which is to be

reduced in temperature, and in so doing the ammonia becomes

a gas. As a gas ammonia has little heat capacity and is

High Pressure

Rfrigrator

Fig. 5. A typical layout of an ammonia compression plant

therefore of little refrigerating value, hence it is essential to

get rid of the ammonia gas as promptly as it is formed, and

separate it from the liquid and return it through the low

pressure system (the so-called suction line) to the ammonia

compressor where the gas is again compressed for a second

round of the refrigerating cycle.

The Refrigerating Cycle. Prom the foregoing it is evident

that the refrigerating cycle (Fig. 5) consists of three distinct

parts, the compressor, the condenser and the refrigerating

coils, including the suction return. The refrigerating coils

in action are much like the boiler of a steam plant. In cadi
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case the heating surface (pipes) is in contact with relatively

hot gases, the air of the room or the hot products of com-

bustion. In the case of the ammonia pipes the hot air in the

cold storage rooms boils the liquid ammonia, whether vigor-

ously or not depending upon the temperature difference be-

tween the air in the room and the boiling temperature of

the ammonia in the coils. Now in the steam boiler the steam

generated must be allowed to pass out through the steam nozzle

as fast as it is formed, and it must be used by the steam engine
or the heating system at the same rate. If for any reason

the steam ceases to be used in this manner the pressure in

the boiler will rise and the safety valve will blow, thus allow-

ing the steam to escape another way. On the other hand, if

steam is used too fast, say by throwing too heavy a load

on the line to be handled by the boiler, then for a time more

steam will be taken from the boiler than is generated during
that interval of time. The result of such conditions would

be that some heat energy would be taken from the stored up
heat in the hot water of the boiler, the steam pressure would

drop and soon the boiler would be out of commission. In

other words, in order to secure satisfactory boiler action the

amount of steam generated by the boiler for each unit of

time must be used during that same unit of time.

Likewise the refrigerating coils must be so ordered and

arranged that the vapor boiled from the refrigerating coils

will be just enough for the compressor. The compressor,

being a pump, may handle a certain volume of gas per minute

corresponding to a definite piston displacement for a particu-

lar machine and rate of operation. If the boiling action is

too rapid and more gas is formed than can be handled by
the compressor the vapor will back up in the suction line and

the gas pressure will rise. If the boiling pressure rises then

the boiling temperature will rise likewise perhaps to a point
where satisfactory results will no longer be obtained. On
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the other hand, too slow a boiling action, due to having too

large or too high speed a compressor or too small a set of

refrigerating coils, will result in having a drop of suction

pressure and perhaps too low a boiling temperature of the

ammonia. But the result of too low an ammonia pressure

is that the volume of one pound (the specific volume) be-

comes excessive and the necessary weight of ammonia will not

be pumped. Of course it is the weight of ammonia com-

pressed by the compressor and condensed in the condenser

per unit of time which is of primary importance. Therefore

if the weight of ammonia discharged by the condenser de-

creases then the capacity of the machine, and also the whole

plant, decreases in proportion. For satisfactory results the

piston displacement of the compressor and the volume of

gas boiled from the coils must be inter-related.

For example, given a room to be held at 36 deg. F. and

500 sq. ft. of cooling coils supplied, to be used normally with

a 37.9 Ibs. gage suction pressure which corresponds to a

temperature of 24 deg. F. Then with these conditions there

will be 36 24 = 12 degrees difference of temperature on

the two sides of the pipes, and about 5.45 cu. ft. of gas will

be boiled out of the coils per minute. But how about this

weight of a gas or vapor?

Perhaps it is not perfectly clear to everyone that a gas or

a vapor can have weight. Yet a steam engine or a turbine

operates with steam which certainly had weight as water

previous to vaporization, and exhaust steam may be con-

densed in a condenser and the condensate weighed. An
-i urine is often spoken of as having a water rate of 15, 20, or

25 Ibs. of steain per horse p<>\ver hour. A.irain there are

examples of balloons and other lighter than air airships.

which of course are able to remain in the air only because

displace a greater weight of air than they weiirh them-

So every pound of ammonia evaporated in the coils will
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occupy a certain particular volume, which is itself dependent
on the pressure. For instance, a pound of ammonia at

200 Ibs. gage will occupy 1.40 cubic feet.

150
100
30
20
10 " "

1.82

2.57

6.3

8.0

11.0

18.0

In consequence, should it be desired to compress one pound
of ammonia from zero pounds gage to 200 Ibs. gage the volume

of gas drawn in during the suction stroke would be 18.0 cu.

ft., and the discharge volume (if the gas is not superheated)
would be 1.40 cu. ft.

The Refrigerating Coils. The refrigerating coils have al-

ready been compared with the heating surfaces of a boiler,

as in each case a liquid is evaporated into a vapor thereby

absorbing heat and cooling the source of this heat (the flue

gases in the case of the boiler). Taking the steam boiler as

an example it will be remembered that the usual figure taken

is 10 sq. ft. of heating surface per boiler horse power, and

a boiler horse power as the evaporation of 34^ Ibs. of

water from a temperature of 212 deg. F. to dry and saturated

steam at 212 deg. F. In refrigeration it is not possible to

proceed in this manner, as the conditions of operation are

widely varying. The boiler plant has about the same tem-

perature of flue gas, or combustion chamber, and about the

same average temperature of the water inside the boiler.

Although the refrigerating coils are really a boiler yet neither

the condition outside nor inside the coils is constant. Some-

times the difference in temperature on the two sides of the

pipe may be 10 deg., 15 deg., or even 20 deg. F. Evidently
more heat will pass through a material if the temperature
difference on the two sides of the material is great, than if

it is small. In other words, the greater the temperature

difference between the ammonia and the outside of the pipe
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the greater each square foot of surface will increase the

capacity of the coils. But besides the area of exposed sur-

face there is a very important consideration of the condition

of the surface of the pipe. For example, the pipe surface

may be wet or dry, it may be frosted slightly, or it may be

very heavily frosted and covered with ice. The inside of the

pipe may be covered with scale
;
or with a mixture of oil and

dirt. It is not reasonable to expect the same amount of

boiling action in all of these cases. In fact, clean pipe will

always give the best results, and the kind and amount of

scale, oil or other foreign material as well as other factors

affect the ability of heat to pass through the pipe. There is,

then, a coefficient of heat transmission, so-called, for refriger-

ating piping in the same manner as for steam condensers,

evaporators and boilers.

As the matter of heat transfer in refrigeration is a matter

which is coming up all the time it is very desirable to have

some means of calculation for the different cases. This equa-

tion may be worded as follows:

The heat transmission in B.t.u. equals the area of the sur-

face in square feet times the coefficient of heat transfer times

the temperature difference in degrees Fahrenheit on the two

sides of the surface. The coefficient of heat transfer (k)

has to be found out by experience or by a test for the specific

purpose of finding out the value desired. In a steam con-

d user this value may be 400, bleeder type of ammonia atmos-

pheric con denser may be 150, and the ordinary expansion

refrigerating coil may be 2.0 B.t.u. per square foot per de-

gree difference of temperature per hour. As an example, sup-

POM it is desired to calculate the refrigerating effect of 1,200

linear feet of H/i-inch pipe with a suction pressure of 25

Ibs. gage (corresponding to a boiling temperature of 11.3

deg. F.) and a room temperature of 34 deg. F. Although
it is not possible to predetermine the amount of frost likely
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to accumulate on the pipe yet the value of 2.0 for k is reason-
1200

able. Then : the total B.t.u. transferred =-^ - X 2 X
Z.o

(34 11.3) = 23,700 B.t.u. per hour where the value of 2.3

is the number of linear feet of li/^-inch pipe per square foot

of outside area. It is not convenient to use the B.t.u. as the

unit of refrigeration any more than it is in the case of steam

boilers. In boilers a horse power is the evaporation of 34%
Ibs. of water at 212 degrees to dry and saturated steam at

212 deg. F. or 34i/2 X 971.7 or 33,524 B.t.u. per hour. In a

like manner the ton of refrigeration has been taken as the

unit of refrigeration, and is defined as the rate of cooling of

12,000 B.t.u. per hour or 200 B.t.u. per minute. So, in the
90

above problem the tonnage becomes - '

nnn = 1.97 tons of
4)000

refrigeration. A refrigerating coil for the conditions as

stated, therefore, would require a compressor which would

compress and deliver to the condenser enough gas to sup-

ply when condensed 1.97 tons of refrigeration and the

high and low side would then be balanced, satisfactorily.

From the foregoing it will be seen, therefore, that mechan-

ical refrigeration is heat engineering of a sort that is similar

in many ways to steam engineering. The cycle has to be a

closed one, but otherwise it is really similar, though reversed

in the order of the events, to the more common steam engine

cycle. The study of refrigeration, therefore, is more or less

a study of the details of construction suitable for the refriger-

ant used (e. g., the compressor, the condenser, fittings and

accessories, erection and the methods of insulation), of the

refrigerants, and of the more common uses of refrigeration.

These matters will be taken up in detail in the following

chapters.



CHAPTER II

THE COMPRESSOR

In the foregoing chapter the refrigerating cycle was de-

scribed and the function of the compressor was touched on.

The compressor is considered a temperature pump, and is

provided in order that the gas from the refrigerating coils

may be put into such a condition that it can be liquefied

again. This is the only place in the cycle where power is

!, and therefore (for a certain set of operating condi-

lions) the only place to be examined when economy of opera-
lion is in question.* (See Fig. 6.)

Also, as a pump, the compressor is the means of "lifting"
the gas from the condition of low to that of high pressure.

The volume of gas compressed is dependent absolutely on the

compressor piston displacement. The amount of gas con-

densed in the condenser and subsequently boiled in the re-

frigerating coils depends on this piston displacement. There-

fore, other things being equal, the capacity of the compressor

depends on the volume of gas drawn into the cylinder per
unit of time (per minute) and the degree of perfection witli

which this gas is compressed. This "degree of perfection"

requires some explanation.

The tininmniii cuiH/tnsxftr in particular is similar to the

ordinary air compressor, except for the physical character-

istics of the substances beini: compressed. For instance, ain-

*It will be shown tli.-it tin- condition of tin- condenser and the low

pressure side of the system have a decided ( >flYrt on the power input
per unit <: ;tion.

26
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monia is difficult to keep confined, and being expensive, as

well as obnoxious to the senses, the usual design of air com-

pressor has to be modified : in the density of cast iron used,

the type of fittings, kinds of joints, and stuffing boxes, and

forms of valves, in order to secure tightness. Although

ammonia compressors work between the limits of 20 Ibs. gage

Fig. 7. Indicator card and ammonia cylinder. (The
hatched area indicates excess work done in the

cylinder on account of faulty design
or operation

and about 160 Ibs. gage under standard conditions and fre-

quently with even greater limits little use is made of com-

pound compression. In air compression it has been found eco-

nomically necessary to us.- a low and high pressure cylinder

\\ln-n tin* discharge pressure is 70 Ibs. or greater, in as

much as losses during compression assume large proportions

at that tim. . However, two stage compression is now beini:
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used for low temperature refrigeration to a certain extent and
without question a more or less general application of two

stages is sure to come in the near future. The mechanically

operated valve, which is commonly used in some makes <>!'

air compressors, is never used in refrigeration, and the rea-

sons are principally those already considered. In order to

operate a mechanical valve some valve rod and stuffing box

would have to be made to enter the compression cylinder.

This would thereby make possible ammonia leaks, as well

as operating troubles in maintaining the stuffing boxes, and

the impossibility of control of the compressor pressures. In

general, however, it may be said that the problems in air

and ammonia compression are similar and that compressor

designs for both are parallel. To understand the problem

during compression, it is desirable to study the action of

the valves as shown by the indicator diagram in Fig. 7.

The Indicator Diagram. The indicator diagram shows

the variation of the pressure in the cylinder for every posi-

tion of the piston, and about all that can be hoped for in such

a diagram is to be able to observe the action of the valves,

though it is also a ready means of finding out whether the

valves and the piston are tight.

As has been mentioned, the compressor is the pump lifting

the ammonia vapor from the boiling pressure to the con-

denser pressure. As a pump it is desirable to reduce all

losses to the minimum. Therefore, during the suction stroke,

it is essential that the compressor be filled with gas at the

pressure in the refrigerating coils, and also, that the com-

pressed gas be discharged at the pressure in the condenser.

Also, it is important to draw into the cylinder at each stroke

of the piston a volume of vapor equal to the total piston dis-

placement, and to compress this gas along a compression

curve which will require the least expenditure of power.

These specifications are impossible of perfect fulfilment but

they are the goal we attempt to achieve.
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During the suction stroke, so-called, gas is drawn into the

cylinder of the compressor, and between successive strokes

an equal volume of additional gas is evolved by the boiling

action in the refrigerating coils. If the piston, Fig. 7, was

working in a cylinder of zero clearance and no gas was ad-

mitted into the cylinder a perfect vacuum would be obtained

with a movement of the piston. In the actual case, as the

piston moves from the end of the stroke, it tends to create a

perfect vacuum, but as soon as a certain drop of pressure

<le the cylinder is obtained, the gas in the suction bends

and suction mains commences to flow into the cylinder through

the suction valves. The amount of pressure drop depends
on the local conditions

;
as for example, the speed of the piston,

the amount of suction valve area in proportion to the area of

the piston, the ease of opening of the suction valve, and the

size of the pipes and ports leading up to the cylinder. This

drop of pressure is similar to the drop of pressure in an

electric circuit, or in the case of water flowing through pipes.

ain losses of pressure are due to velocity head, to friction,

and to impact on changing direction of flow. Therefore it is

desirable to overcome these losses to as great an extent as

possible by making straight connections of liberal area and

by using a large valve that can be readily operated.

The reasons for care in obtaining full suction pressure

inside the compressor cylinder may be seen on considering
this phase of the problem. Kir. 7 shows two suction pres-

sures, HE and DA, and the cross-hatched area shows, in

part, the amount of extra work which must be used to com-

press the gas at tlu-s.- two pressures. But more important
>till is the fact, that the higher pressure represents a greater

iht of ammonia. For example, if one suction pressure
is at 5 Ibs. gage and the other at zero pounds gage there would

be about 30 per cent more ammonia by weight at the higher

pressure for an equal rulu,,\, in each case. Thus with less

k of compression in tin- lo\\-i p.nt of th> indicator dia-
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gram, and also the compression of a much greater weight,

it is doubly important to reduce the drop of pressure within

the compressor to the lowest amount practicable.

The pressure of discharge is determined by the action of

the condenser, but the pressure inside the cylinder may be

almost any pressure in excess of this amount. In general, the

excess pressure must be great enough to overcome the fric-

tion and impact losses in getting out of the cylinder through
the discharge bends and pipe line up to the condenser, and,

in addition, the throttling action of the discharge valves.

Sometimes, in slow acting compressors of liberal design, this

excess pressure shown as BJGC in the figure, is nominal,

but occasionally the additional work in getting the gas out

of the cylinder becomes excessive, and should be corrected

by removing the cause of the trouble.

The compression line has been given considerable atten-

tion on the part of compressor designers, but with indif-

ferent success. It has been found for practical reasons that

the most efficient compressor is the one using a water jacket

to keep the cylinder cool during operation (rather than that

using a liquid injection, as is done in wet compression) and

that under the above conditions the compression curve can-

not be very much controlled. In addition to the compres-

sion curve, the effect of clearance has been studied, and for

some time it was considered very detrimental to have volu-

metric clearances of more than a fraction of one per cent.

The reason for this may be seen in Fig. 7, which shows the

expansion of the clearance gas along the line CHD. Evi-

dently it will not be possible to draw a new supply of am-

monia gas into the cylinder until the clearance pressure has

dropped down to the suction pressure outside the cylinder,

or even to a slightly lower pressure. This point is represented

on the diagram by the letter D, and the effective piston dis-

placement is reduced by an amount corresponding to the

part of the stroke passed through in reaching D. The capac-
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ity of the machine, therefore, will be reduced in proportion

to the reduction of effective volume, but the gas expands along

the line CHD and does work on the piston. This work is

nearly equal to the work of compression of the clearance gas

and therefore little thought is now given to providing small

Fig. 8. Stuffing box and lantern

Fig. 9. Section of the t \\in vertical single acting enclosed type
ammonia compressor (Viltrr \\\-

clearances. In fact 5 to 7 per cent clearance is quite common
on the modern high speed compressors.
The Suction and Discharge Valves. Probably no one part

of tin- refrigerating system has received the careful considera-

tion of designers more than have the compressor valves, and

very justly so. The compressor represents the main cost
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of operation and anything that will permit an increase in

capacity or a reduction of power input per unit of refrigera-

tion output is an important factor. In the early days de-

signers had only the steam engine for the motive power and

the compressor was direct driven at 50 to 60 r.p.m. or less.

Later came higher speed engines up to 100 r.p.m. and finally

the demand for direct connection with oil engines and syn-

chronous motors, or even medium speed four valve engines.

The types of valves used, as well as other compressor charac-

teristics, have undergone a steady change. The old reliable

form of poppet valve (Fig. 11) used with such excellent

success at first, and still the best type for certain designs

of compressors, has been found unsatisfactory with present

day moderate speed machines.

The poppet valve is shown in detail in Fig. 12, in which

it may be clearly seen that both the suction and the discharge

are identical in essential features. The valve is designed for

"line" contact, so that excessive unbalanced pressure will

not be experienced. This would have the effect of causing

a "toe" at the time the valves open and would result in

unnecessary additional work in the cylinder. In addition, the

poppet valve must be supplied with springs to assist in prompt

closing and with some form of dash pot which will enable

the valve to close without shock. With the suction valve

there is, also, usually, a means of preventing the valve from

falling into the cylinder should some part of the stem become

broken. In Fig. 12 it is seen that this danger is lessened by
means of a collar on the enlarged part of the stem.

The plate or the ribbon form of valve (Figs. 13, 14 and 15)

has been growing increasingly popular for some years so

that now nearly every one of the prominent manufacturers of

ammonia compressors is using this valve for certain types of

their compressors. At first it was feared that, because the

"line" contact was not used, but instead one wherein the

valve overlapped the valve seat for quite an appreciable
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Dlicbtrt*

10. The York Enrlosr.l t\|..- v.-rtir:il sin-lr ;i<tiii k' ,-oiii|.r.

[50 to 75 tons capacity]
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amount, considerable (even excessive) surplus pressure would

have to be used in opening the valve. Although this is true

in some cases it is not serious as a rule, and frequently is

not appreciable. On the other hand, advantage is obtained

in the simplicity, the lack of inertia, the lack of danger from

broken valves, and the reduced cost. Frequently the dis-

charge and suction valves are identical, except for the direc-

tion of opening of the valve when assembled in place.

In the steam engine it is true that the valve gear is the

most important feature of the design, but it is not the only

consideration by any means, and this is true for the re-

frigerating compressors. In fact, many other features are

of great importance and make a great difference as regards

successful operation and low operating costs. For example,

the main design divisions are worthy of special mention, as

is also the matter of lubrication, standard operation and stage

compression, high speed and multiple compression, and ma-

i-hines designed for other working vapors besides ammonia.

A discussion of a few of these matters follows, particular

attention bi'in.ir paid to recent features and developments.

The Compressor. The old form of twin cylinder vertical

single acting compressor is still being successfully used. This

design embodies the uniflow principle to a certain extent, the

gas entering the lower part of the cylinder during the up
ke and passing to the upper side of the piston through a

"balanced" suction valve of the poppet type in the center

of the piston during the down stroke. This compressed gas
:isrhar:iMl through one or more poppet valves of the

ordinary type, and the design is one using very small "strik-

ing" clearance usually 1/.'J2 to 1/64 in. A safety head

(so-called) is provided which will lift when pressures of 250

<>r more pounds are experienced inside the cylinder. The
balanced suction \,ilv is one (Fig. 10) which has its weight

balanced by a spring, and which will open or close with

the slit/hirst (liir.-n-M,-,. of pressure on the two sides of tin-
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piston. The valve is usually a large one, with an area of

opening of about 20 to 25 per cent of the area of the cylinder.

As the lower part of the cylinder is exposed to suction pres-

sure only, the form of rod. packing does not have to be very

elaborate. As a rule, however, the stuffing box has from

eight to fourteen packing rings with a lantern of metal ap-

proximately at the middle and is connected at the lantern

with the lubricating pump. Box girder columns connect the

cylinder with the frame, and the crank shaft is designed

with the cranks of two ammonia cylinders 180 degrees apart.

Fig. 12. Discharge and Section Valves designed for

''line" contact and supplied with dasli pots

and the steam engine (if one is used) connected to one of

the same crank pins. A heavy fly wheel must be used also,

especially for the lower speeds. (See Fig. 16.)

Smaller sizes of compressors are designed somewhat dif-

ferently as shown in Fig. 8. This enclosed type, usually made

up to 20 tons but sometimes in larger sizes, is generally of

high rotative speeds varying with the size of the cylinder.

This form of compressor is splash lubricated, having an en-

closed crank case, and a rotary instead of a reciprocating

rod passing through the stuffing box. The valves shown in
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the figure (contrary to the design of some enclosed compres-

sors which use the balanced suction valve) are different from

the larger machine just described, having a "
plate" valve in

the piston and a modified plate valve with dash pot for the

discharge. This discharge valve may be used in sets of two

or three, and can operate without noise to over 350 r.p.m.

l'iu
r

- 13. The Borsitf type of pinto valve.

(This design is subject to trouble due to pos-

sibility of breakage neur the points of support]

In L'eneral it may be said that, except for the enclosed type,

the horizontal compressor is the most popular design. It is

easily accessible, and the valves are more easily removed and

replaced than with the vertical types. Being double acting,

practically the same tonnage can be obtained with one cyl-

inder as with the two cylinders of the single acting design.

Al n tin- pace occupied, the head room require.! and the
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initial cost are less. As a rule the construction is heavy, in

order to be capable of taking severe forces without ap-

preciable distortion.

The general construction of the horizontal compressors is

shown in Fig. 11. The frame and base is usually of close

grained iron or semi-steel, the metal being well distributed

in order to offer the best resistance to the severe forces which

are developed during compression, and it is usually of the

rolling mill or the heavy duty type of frame with spherical

Fig. 14. The Kogler plate valve. [Note that

closure occurs due to the elasticity of the

plate itself]

heads. The piston is usually of semi-steel, designed for from

two to four spring piston rings. As a rule the poppet type

of valve only is used. The later horizontal machines de-

signed for higher rotative speeds are even heavier in con-

struction, or are made of special material of greater strength,

on account of the increased forces developed.

Lubrication. The problems of lubrication are slightly dif-

ferent in the case of ammonia compression from those in the

case of air. The ammonia cycle is a closed one and after
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operating for some time a certain (small) amount of oil will

circulate continually with the ammonia through the cycle.
On the other hand, the greater part of the oil that gets past
the oil trap on the discharge line from the compressor will

collect in the condenser and the liquid receiver or perhaps

Fig. 15. The ribbon type of valve and a typical installation within the

ammonia cylinder. (Nut.- th*- thin steel strip, and the cage
:it r\crssi\v movement]

k its way into the expansion (cooling) coils, and, as the

temperature is much reduced ihere, will most likely form a

muddy paste on the sides <>f the pipes. This paste is com-

posed of congealed oil. mill M -ale. dirt of various sorts or

oxide of iron, and these accumulations will quickly decrease
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Figs. 16 and 16A. Typical designs for Automatic lubri-

cation applied to the open type of vertical single

acting compressor
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the ability of the pipe to conduct heat. With modern high

speed or even moderate rotative speeds the lubricating system

for the cylinder is very important and defects of lubrication,

in fact, are the cause of a large part of the operating dif-

ficulties.

As already mentioned, the enclosed type of compressor uses

Figs. 16 and 16A. Typical designs for Automatic lubrication

applied to the open type of vertical single

acting compressor

the splash system of lubrication, which works with entire

^faction on most occasions, especially if the proper kind

of piston rings is used. The best conditions are secured by
the selection of some modification of the gas engine piston

ring, one that will positively prevent the oil from passing by
the piston. However, an oil that can stand the temperature
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of the suction pressure without congealing and a discharge

temperature of 20 deg. F. or over without vaporizing and
at the same time will not absorb ammonia, has not been

found.* At times, especially at reduced suction pressures
if the pressure drop is sudden, the oil in the crank case will

be made to foam by a partial evaporation of the ammonia out

of solution and the lubricant will in most likelihood pass

through the suction valve.

In the case of the vertical single acting compressor the

lubricant is fed into the suction line, and the stuffing box.

This may be done by force feed, either by a force pump
operated by hand or by means of a cam on the shaft. The
horizontal machine, as a rule, has a forced feed system of

cylinder lubrication with a hand pump for occasional extra

oil and it is piped so as to enter the suction bends, or the

cylinder at about the middle of the barrel. The lubrication

of the horizontal main bearings, crank pin, cross head, and
other parts is now usually managed by means of one of the

automatic sight feed oiling systems, using an oil filter and a

pump driven by means of a belt or a separate crank or eccen-

tric from the compressor shaft. By this means the oil may
be kept in good condition, and cooled by the cooling water

used in the filter. The cylinder oil which is carried out of

the cylinder by the compressed gas is supposed to be collected

by the oil trap. It is not advised that reclaimed cylinder oil

be used again in the cylinder although it may be used (after

filtering) for other purposes. The oil trap is located near

the condenser in fact as close as may be practical in order

that the oil may be reduced in temperature as much as pos-

sible before it reaches the separator. A typical piping layout
for compressor lubrication is shown in Fig. 16.

Multiple Effect Compression. For some time refrigerat-

*
Cylinder oil for ammonia should not congeal at temperatures of from

minus 15 deg. F. to zero deg. F., depending on the suction pressure <-:tr-

ried, and should not have a flash point below 250 deg. F. Only straight,
well refined, filtered, petroleum oil should be used.
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ing engineers have advocated a segregation of the compressor
work if more than one temperature was to be carried, for

instance, in cold storage where one set of rooms was desired

at 33 to 34 deg. F. and another at or near zero deg. F. In ice

making where the brine is held at about 14 degrees the water

for the cans should be precooled to about 33 to 34 degrees.

In fact a large majority of applications of refrigeration re-

quire more than one temperature and with the usual installa-

tion it means that the entire tonnage must be carried by the

back pressure which is required for the lowest temperature
desired. As the capacity of the compressor is, roughly, di-

rectly in proportion to the absolute suction pressure it is

readily seen that the capacity of the plant suffers if one

machine only is in operation and that at the lower pressure.

One common way (if two machines are not available one for

each pressure) is to use the separate cylinder of the horizontal

duplex, or of the twin vertical single acting machines for the

two pressures.

Another method, one agitated for many years, has recently

been adopted by the Carbondale Machine Company of using
two pressures in the same cylinder. The compressor using
this cycle will draw in the gas from the lowest temperature
(oils during the ordinary suction stroke, and at the end of

the stroke the piston uncovers a set of ports in the cylinder
connected with tin- higher pressure expansion coils. The

higher pressure gas will flow into the cylinder and will in-

crease the pressure above that of the suction stroke. A
greater weight will therefore enter the cylinder per stroke

which will cause a greater weight of ammonia to be boiled in

the refrigerating coils.

To illustrate the principle (Fig. 17), suppose gas were
drawn into the cylinder along the suction line be and at the

en<l of the suction stroke (at the point c) the high pressure
on valves were uncovered, and gas at a pressure con.

spending to the point e were allowed to enter. The action
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of this higher pressure would be such as to raise the pressure
in the entire cylinder to that shown by the point e along the

line ce (this is assuming that sufficient time is allowed). In-

stead of compression along the line cd the compression line

will be along the line ef. If c and e are 15 Ibs. gage and 30

Ibs. gage respectively the weight of ammonia compressed will

be 47 per cent greater in the latter case, and the increase in

power required per stroke will be only 33 per cent (not allow-

ing for losses).

Although the use of two or more suction pressures seems

revolutionary, yet the principle of the action of the valves is

Volume

Fig. 17. Theoretical Diagram for compres-
sion with two suction pressures

not so, being somewhat of a reversal of a number of types of

heat engines. The charge in a two cycle gas engine is brought
into the cylinder frequently by the uncovering of cylinder

ports by the piston, an operation which allows the fresh

charge, at an initial compression of from 3 to 5 Ibs., to pass
into the cylinder. Use of cylinder ports to discharge the ex-

haust vapor is made in the case of the uniflow steam engine.
It may be mentioned, however, that at moderate speeds the

time interval is not very great for the proper flow of the gas
under the higher pressure. Whereas the lower suction gas
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has the entire suction stroke to fill the cylinder, this other

suction gas must enter during 1/6 or even 1/10 of this time

interval. If a moderate speed (for the enclosed type of com-

pressor) of 150 r.p.m. is carried, the time allowed for the

process ce would be only 1/30 of a second at best. Such an

action is possible with large valve opening, and with a sac-

rifice of a certain amount of pressure in pressure drop in

passing into the cylinder. This seeming to be the case, it

would appear that the advantage in multiple effect compres-

sion is limited to low speeds. An actual card is shown in

Fig. 18.

The Carbon Dioxide Compressor. It so happens, that in

the United States, contrary to European practice, the am-

monia refrigerating machine is almost the only kind used

whereas the carbon dioxide compressor is very extensively

used in Great Britain and on the Continent. The reason for

this is hard to assign, except possibly because the carbon

dioxide machine has not been pushed by any of the large

refrigerating manufacturers in this country, and its advan-

tages have not been sufficiently advertised.

As a matter of fact the carbon dioxide system has certain

important advantages, and there is no question but that the

future will see a great advance in its use. During the World
War considerable progress was made in its manufacture here,

especially for marine installations, and during that time

nearly all of the large manufacturers were turning out carbon

dioxide compressors.

The chief difficulty in regard to the use of carbon dioxide,

perhaps, is a mental one. There is an idea that it may be

used only when cold condensing water is available. Besides

this the engineer does not like the heavy, almost hydraulic

pressures encountered. Condenser pressures of 800 to 1,000

Ibs. per square inch are usual, with suction pressures ranging

from 200 to 400 Ibs. These heavy pressures require special

material in the compressor, and fittings and pipe must be
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capable of taking the maximum pressures with safety and

without appreciable leakage.

IndicatorConnection'

Fig. 19. The Carbon dioxide double

acting compressor. [Note hr:i\\

cylinder construction and
small dinmi'trr com-

pared to the stroke]

The advantages in the use of the carbon dioxide system
are two in number. Carbon dioxide is not a noxious gas in

the sense that ammonia is. Quite a large proportion of the
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gas can be present in a room without discomfort, as it is a

neutral very much in the same sense that nitrogen is by

diluting the oxygen of the air in the same proportion. Of

course the presence of too large an amount of carbon dioxide

will mean the absence of oxygen, and suffocation would be

experienced after a few minutes. However, the breaking of

a cylinder head, or of a pipe in the line would not be as

dangerous, or as disturbing to the people outside the engine

room, as is the case with ammonia. Although ammonia in

most cases is not explosive (certain particular percentages

of mixtures of ammonia and air will burn with explosive

violence) yet there have been certain cases of explosion and

fire. Carbon dioxide is not a combustible, and because of its

heavy working pressures it has a very small specific volume,

a fact that results in a large refrigerating effect per cubic foot

of piston displacement. Referring to Table 7 in Chapter VI,

it is seen for the particular case chosen of zero degrees boil-

ing temperature of the refrigerant that ammonia requires

5.07, sulphur dioxide 13.7 and ethyl chloride 32.5 times the

piston displacement that carbon dioxide does. The com-

pressor using carbon dioxide, therefore, will be the smallest

of all known refrigerating machines with the additional

advantage that copper, or brass, may be used in the con-

denser a very important factor for marine work which has

salt water for condenser purposes, and also because of the

much greater heat transfer in the process. Fig. 19 and

20 show typical compressors of this sort.

Compressors Using Other Refrigerants. As mentioned,

and as shown in Table 7, sulphur dioxide has a much larger

volume per unit of refrigeration than has either ammonia or

carbon dioxide. Except for the rather low pressures experi-

enced there does not appear to be any particular advantage

in its use, and for this matter ethyl chloride has but one-half

the pressure of sulphur dioxide. Although a reciprocating

compressor would be bulky with either of these refrigerants,
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Wittenmcicr carbon <li. n showing plate vah.s

[N ' 1\ long strokt- rmiip:iivl with t!i- diamotorl
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yet it is possible to use a rotary compressor successfully as

is done in the small household "Isko" machine us HILT sulphur

dioxide, and the "Clothe!" compressor used for marine re-

frigeration quite extensively and operating on ethyl chloride.

The large volume of the refrigerant is managed satisfactorily

by having a high speed rotor, somewhat similar to the

manner in which low pressure steam turbines are operated.

With these two refrigerants, each being of rather heavy den-

sity, and having very nominal condenser pressures, the use

of direct connection to electric motors or steam turbines

should work out satisfactorily. Another successful design

using sulphur dioxide is the Audriffren-Singrun machine. This

is self-enclosed and always uses the indirect system of brine

refrigeration. The design is one where the compressor, con-

denser and the expansion surfaces are all enclosed, sealed at

the factory and non -accessible for repair. Its greatest advan-

tage is in the fact that its operation is almost absolutely fool-

proof.

On analyzing the foregoing it may be said that there is a

bright future especially for the carbon dioxide machine. It

would seem that the only real difficulty is in getting its use

appreciated. The power required for operation is practically

the same for the four refrigerants given in the table, and

therefore there is no relative advantage for any one above the

other as to the cost of power, for nominal suction pressures.

The High Speed Compressor. As all engineers know, the

four valve steam engine, and particularly the Corliss type, is

the most efficient of the standard reciprocating steam en-

gines, and yet there are many medium and high speed engines

that have a ready sale for all kinds of work and locations.

The reasons for this substitution lie in the fact of smaller

size and smaller first cost of the machine itself. It is not

expected that so high a prime mover efficiency will be ob-

tained, but these considerations, as regards lesser floor space

required, lesser engine room volume, possible use for the ex-
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haust steam for heating purposes, and lower initial cost of the

installation, overbalance the disadvantages.

In the refrigerating field the conditions are not exactly
the same. A score of years ago rotative speeds of 30 to 40

r.p.m. were usual, then came speeds of 60 to 70 and finally

100 r.p.m. for the larger and 140 to 160 for the smaller ma-

chines (usually the twin vertical type). Of late years at-

tempts have been made to increase the speeds still more, and

encouraging successes have been obtained the main difficul-

ties encountered being mechanical ones due to poor lubrica-

tion or faulty machine design. Defects which cause wrecking
of the machine and loss of life are infrequent. Designed

properly so as to maintain proper lubrication and so as to be

amply strong, the future of the high speed ammonia com-

pressor seems bright, especially as the high speeds make it

possible to connect directly with synchronous motors in sizes

of fifty tons and over. As will be seen later, there is no appre-
ciable loss in economy at high speeds provided a good form

of valve is used and large area of valve opening is provided.

It has been shown that the refrigerating duty is dependent
on the weight of ammonia pumped into the condenser and

evaporated in the refrigerating coils. For any particular

set of conditions the weight of ammonia condensed varies

with the piston displacement; but the volumetric efficiency

varies with different conditions of head and suction pressures,

the quality of suction gas and the amount of clearance. For

example the real volumetric efficiency (Table 1) may be any-

thing from 80 per cent to 50 per cent or less. If the apparent
volumetric efficiency (the ratio of the effective stroke to the

actual piston stroke) remains the same, it means that the

capacity of the machine (the tonnage) may be increased by
speeding up the compressor.

Ammonia compression, as already mentioned, is similar to

air compression, and the same design, with suitable changes,

can be used for either kind of work. However, mechanically
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operated valves for refrigeration have never been a success,

on account of lack of constant conditions as regards both

suction and discharge pressure, and also because of the addi-

tional difficulty due to having the necessary valve stems pass

through the cylinder walls. The valves are therefore gas

operated and automatic of one type of design or another.

TABLE 1. HORSEPOWER PER TON OF KEFRIGERATION [AMMONIA]
Condenser
Pressure
Lb. Gage

145
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difference of pressure increases with the weight of the valve

and the speed with which it is opened (the effect of inertia).

Again as the piston speed increases, the size of the valve open-

ings must increase so as to allow the gas to pass in and out

with the least possible effort, and thereby keep the so-called

velocity head down to a minimum.

The effect of inertia can be seen by common examples: A
boat in the water, or a train of cars, requires some time at

full power to attain even moderate speed. A paper may be

jerked from under a book, which if moved slowly could have

carried the book along. The skater or the car starting from

rest requires full power to attain speed quickly. These ex-

amples are all subject to the law that the force required to

change the velocity of a body varies as the product of the

weight of the body and the change of velocity.

So it is in the case of the valves of ammonia or air compres-

sors. As the speed increases, the force necessary to open or

close the valves quickly becomes very great. The sudden

application of the force necessary for the purpose tends to

weaken the material also. For these reasons the demand is

for a type of valve that is light in weight ;
a demand that has

been met by means of the ribbon, feather or plate valves.

As has been already mentioned, the valves used for am-

monia compressors are those which have found success in their

application to air compression, both in moderate pressures and

in the nominal pressures required for blast furnace compres-
sion. One of the most widely known of these is the plate

valve.

The plate valve, as its name suggests, usually is made of a

thin sheet of steel, is hardened, and is ground down to a cor-

rect flat surface. In the older types the Borsig and the

Gutermuth valves and the more modern valve the Mesta

flexibility is obtained by perforating the plate (after th>

principle of a spiral) so that the movement of the plate is

easy of accomplishment.
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The main objection to such a design is the fact that the

valve is fastened to the seat by means of a machine screw

attached to a central part of the spring. This means that the

valve lifts off its seat by a bending action similar to the deflec-

tion of a cantilever. The operating result is trouble due to

occasional breaking on account of repeated stress along the

position of maximum bending. Although trouble of this sort

is reduced by heat treatment and by selected material used

in the plate valve, and is only of slight difficulty in the case

INLET VALVE DISCHARGE VALVE

Fig. 21. The modern type of plate valve, with closure

by means of a spring. [Note the thin, hardened steel

ring ground to a true surface]

of air compression, yet for ammonia this type of valve has

not been found entirely satisfactory. One of the latest of the

plate valves is a distinct variation from previous plate valves.

It is more like a disc and is flexibly held on its seat by means

of a spring. In consequence there is no call for deflection

of the material, and no chance of fracture on that account.

A number of manufacturers are using designs similar to Fig.

21 for both air and ammonia compression. The valve lifts off

its seat more like a disc valve in the water end of a pump.
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The ribbon valve has, without question, proved its value in

refrigeration work. At first applied to refrigeration only in

several special designs it has now been adopted by one of

the refrigerating companies for all its horizontal machines.*

There seems to be a difference of opinion in regard to the

relative advantages of the various types of valves. The main

objection to the use of the plate valve seems to be in the

alleged large resulting unbalanced pressure. Referring to

Fig. 21 it will be seen that the plate valve has to overlap the

ports enough to secure a firm seat. This amount may be 1/16

of an inch all around the port. The result is that some en-

gineers claim that an unbalanced pressure is present, due to

the much greater area of valve on the top as compared with

the area subject to vapor pressure on the underside of the

valve. This difference of area would appear to be from 25

to 35 per cent of the port opening. If such a condition pre-

vailed the compression line would have to show an excessive

pressure rise in order to open the valve. Although this con-

tention is true in some cases it certainly is not generally so.

In the horizontal compressors using the plate or ribbon valve

the suction and discharge valves are identical, and frequently

of the same size, and in some cases the two are interchangeable

by the simple expedient of reversing them.

Effect of Clearance. For some time we have heard of the

dire effects of clearance, and how it should be reduced to a

minimum. It is true that clearance will reduce the capacity

of the compressor, but it is not true that four or five per cent

of clearance will increase the horse power per ton of refrig-x
eration very appreciably. The superheated gas remaining in

the clearance space at the end of the stroke expands at the

beginning of the suction stroke and does work on the piston.

This work is nearly equal to the work done on the gas during

Recently it has been announced that two companies identified with
the manuf.H tnr* of absorption machines for some time are to build :mi.

prosftorg iisiii^ pl.-itr or ribbon valves.
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compression theoretically it is equal. On account of this

re-expansion, however, the effective stroke of the compressor

is reduced due to the reduced volumetric efficiency. Additional

capacity is secured by increasing the piston displacement

increasing the cylinder diameter or by increasing the rotative

speed by an amount which is not very great provided that

the condenser pressure is normal. There is also the factor of

the compressor friction, which becomes greater in proportion

with decreased volumetric efficiency. Incidentally the plate

form of valve is one which usually requires considerable clear-

ance volume, because of the cages used to secure it accurately

in position and to enable it to function properly, and therefore

four to seven per cent of clearance will be found in all such

compressors.

Low Temperature Refrigeration. Certain applications of

refrigeration require low temperatures, the production of

which adds to the difficulties and operating problems of the

engineer. These low temperatures are found in cold storage

work, possibly in ice cream hardening, in oil refining and in

special chemical industries of various sorts. In such applica-

tions of refrigeration, temperatures of zero degrees Fahren-

heit or lower are maintained, thus requiring minus 15 deg.

F. or lower boiling temperatures of the ammonia.

At low boiling temperatures the ammonia compressor of the

standard design is not efficient except at low head pressures.

At normal condenser pressures the standard machine has the

following capacities per ton, 20 Ibs. suction and 175 Ibs. head

pressure being taken as unity:

Suction Pressure Capacity
40 Ib. gage 1.611 tons
30 Ib. gage 1.306 tons
20 Ib. gage 1.000 tons
10 Ib. gage 0.699 tons

Ib. gage 0.410 tons
5 Ib. gage 0.263 tons

From this table it is seen that at low suction pressures the

standard compressor fails as a medium for securing refriger-
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ating duty, and the engineer sees clearly why it is necessary

to designate the working conditions when stating the capacity

of the compressor, e.g., 5 deg. boiling temperature and 86 deg.

condenser temperature. In the figures given a 100 ton ma-

chine at 20 Ibs. suction and 175 Ibs. condenser pressure would

have only 26.3 tons capacity at a pressure of 5 Ibs. gage.

The reasons for lowered capacity with decreased suction

pressure have already been brought out but it is worth while

making mention of them again at this time. These reasons

are the low density of the ammonia at low pressures and the

small volumetric efficiencies obtainable. In addition there is

trouble in the condenser on account of overheating the am-

monia.

Some operating engineers have no clear idea of the so-

called density and its Effect on the tonnage of the machine.

Yet in the use of steam they see clearly the reason for the

relative increase in size of the exhaust steam pipe as com-

pared with the high pressure steam pipe supplying the steam

especially when a low vacuum is carried as in steam turbine

practice. In the steam engine or turbine the same weight of

steam is exhausted as enters from the steam header, but the

pressure is much lower. We say under these conditions that

the volume of a unit weight of steam (one pound) is much

greater with the lowered pressure. It is like pumping air

into a bicycle or automobile tire the air under pressure has

the same weight as before being compressed, but it has only

1/5 or 1/6 of the volume. Prom these comparisons it will be

seen that the density of ammonia is reduced as the pressure
is 1. -SN. -n. <! as will be even more apparent from the table of

approximate values:

Pressure, Ib. gage. Density of ammonia, cubic feet per lb.

'. 8.0
I'- 9.3

10 11.0

. . 18.0

5 ....
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The ammonia compressor, which has a fixed piston displace-

ment per stroke, will pump the same number of cubic feet of

ammonia per minute, but will have fewer and fewer pounds

of ammonia discharged out of the compressor as the pressure
is lowered. And the tonnage is always proportional to the

amount of ammonia in pounds which is pumped into the con-

denser per unit of time, usually taken in minutes.

The volumetric efficiency has to be considered because of

the re-expansion of the gas in the clearance space at the be-

ginning of the suction stroke, a matter which is a very im-

portant consideration when there are great differences in the

suction and discharge pressures. This re-expansion prevents
the inlet valve from opening until the gas in the clearance

space has been reduced at least to the suction pressure. Under
conditions of operation prevailing in 'low temperature opera-

tion this re-expansion factor looms in large proportions and

materially affects the effective stroke. Clearance re-expan-

sion, as already considered, is not a direct cause of increasing

the power required to compress and pump a given amount of

gas, but it cuts down the capacity of the machines as the

cylinder is supplied with much less than the full cylinder

volume of gas per stroke.

^The third objectional feature of the single stage compres-
sion as applied to ammonia is the high temperature of dis-

charge of the gas. In air compression the rule is usually to

pump from atmosphere to about 70 Ibs. in the first stage, and
from this pressure to the required final pressure when mod-

erate pressures are required. An intercooler is placed be-

tween the stages, and the gas is cooled to within a few degrees
of the available cooling water before passing on to the second

stage. The reason for so doing is to increase the volumetric

efficiency, decrease the work of compression and prevent ex-

cessive discharge temperatures.

Excessive discharge temperatures are bad for ammonia.

Considerable difference of opinion has been expressed on the
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subject, but it is clear from the practical experience of re-

frigerating engineers that high discharge temperatures, as

well as high discharge pressures, tend to disintegrate the

ammonia into hydrogen and nitrogen as well as to cause ex-

cessive vaporizing of the lubricating oil. These disintegrated

gases are permanent, and they collect in the condenser and

unless purged gradually increase the condenser pressure in

a manner similar to the way that air increases the pressure in

a steam condenser when the air pump is stopped. The forma-

tion of inert gases in the condenser has resulted in excessive

purging and heavy losses of ammonia from passing out of the

condenser during the purging process.

Parallel with the development of the ammonia compressor
came the absorption machine (which uses heat energy di-

rectly instead of mechanical energy, to return the ammonia

gas to the condenser again). The absorption machine uses

any form of heat energy, but at present exhaust steam is most

used. By the use of the absorption machine which by a

special device does not have to handle the ammonia gas di-

rectly as an exhaust gas low temperatures may be readily

and economically obtained at the expense of about 30 Ibs. of

steam for 10 degrees brine and 34 Ibs. of steam for minus 10

deg. F. brine, calculated for 60 degrees cooling water. At first

it would seem that the objection to low temperatures does not

hold with the absorption machine, and in fact for some time

it was considered that the low temperature industry was the

'ial field of the absorption machine, and that the com-

pressor could in no way compete with it. This contention is

no longer true, although the absorption may still hold its own
under particular conditions.

The absorption machine has never been very popular even

at the best time of its career. It is large, costly, awkward and

more difficult to operate successfully than the compressor.

Steam must be available. When operated by competent en-

gineers, however, it is satisfactory, and can a< lii \c low tern-
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peratures with ease. Until the perfection of the stage am-

monia compressor it was used for all low temperature work.*

Stage ammonia compression for low temperature refrigera-

tion has a number of important features. It is compound
compression, with an inter-cooler between the stages. It is

possible to arrange the suction of the high pressure so that

it will take care of the gas from the freezer rooms as is

done in multiple effect compression but this scheme has its

limitations. It is more advantageous to design the cycle in

a manner similar to the compound steam engine, and to try
to equalize the load due to the compression between the

two cylinders. Thus, instead of having a receiver pressure
of 25 or 30 Ibs. gage, a pressure of some 45 to 55 Ibs. would

have to be used, depending on the suction and head pres-

sures carried.

As we all know, compound compression requires an inter-

cooler as well as an aftercooler (the condenser in refrigera-

tion). In air or ordinary gas compression water is used in

the intercooler, but this is not possible with ammonia because

of the low temperature of saturation of 30 to 38 deg. F.

at 45 to 55 Ibs. gage respectively. It is evident that water

cannot be used for such cooling, unless the intercooler used

water for the first part of the coolir.g process and finished

by means of some other cooling medium similar to the prac-
tice in the Baudalot milk cooler. The only convenient and
natural medium for such low temperature intercooling is am-
monia. This is done by means of an accumulator arrange-
ment.

The functions of the accumulator are twofold. It will be

remembered that under usual circumstances there is some
10 to 15 per cent of ammonia vaporized at the expansion
valve in order to cool the remaining liquid ammonia from
the temperature of the liquid receiver to that of the tem-

*Chapter IV is devoted in part to a detailed study of the absorption
machine.
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perature Of the boiling liquid in the expansion coils. The

vapor formed in the process cannot be used for refrigeration,

but clogs up the expansion system unless removed. The

gas formed increases in amount in cases of extreme pres-

sure range, as in the case where low temperature refrigera-

tion is required, and so the accumulator principle is used

to remove the gas formed in pre-cooling and to remove the

superheat from the discharge gas from the low pressure

cylinder.

Fig. 22 shows the general arrangement of the cylinders

VOLUME OF CAS IN CUBI-; FEET

Fig. 23. Stage ammonia compression. [The theoretical card]

and intercoolers. Referring to the figure, it will be seen

that the gas discharged from the low pressure cylinder is

made to go through the water-cooled first intercooler and

then through the ammonia-cooled intercooler. The discharge

gas is thereby cooled from, say, 100 to 150 deg. F. to about

35 deg. F. and some 5 per cent (perhaps) of liquid am-

monia is vaporized in the process. Liquid ammonia not

vaporized after passing through the second intercooler

through the valve A, flows by gravity down pipe B into the

liquid precooler which is open at the top to the intercooler
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receivers, and the gasefied ammonia passes out and enters

the high pressure cylinder of the compressor. The liquid

from the liquid receivers, having passed through a long coil

in contact with boiling ammonia, will be precooled to about

30 to 35 deg. F. or any other temperature desired.

But what is the advantage of all this? It seems that a

lot of extra piping has been designed all to no purpose, as

all these things will occur anyway. Yet this is not true, as

can be seen by a careful consideration of the conditions which

prevail. It is true that gas is formed by cooling the liquid

Fig. 24. St;i^c :mimonia compression, taken from actual cards

in the liquid precooler, but this gas is compressed only in

the second stage, thus decreasing the work necessary to be

done in the low pressure cylinder. Some liquid is evaporated
in the second intercooler, but the volume vaporized is only
one quarter of the decrease in volume of the gas passim:
into and out of the intercooler. Finally the temperature of

lisrharge from the second stage compressor is only about

175 deg. F. (point I) instead of 350 deg. F. (point B) in

Fig. 23. The clearance re-expansion loss is reduced, as seen

in Fig. 24, which is taken from an actual indicator diagram.
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It is seen from the diagram that the two compressors are

driven from the same shaft, which may be engine, synchronous

electric motor or belt driven. If desired, separate drives

may be made, as is done in the Central Manufacturing Com-

pany cold storage warehouse, of Chicago, where large units

are employed. In this plant the low pressure cylinder is

called a "booster" and liquid cooling is used in a somewhat

similar manner to that already described, which is known as

the D. I. Davis method. In moderate sized plants, however,

the advantage of having the two cylinders on one shaft lies

in the reduced torque and decreased flywheel and balancing

troubles.

In summarizing this discussion of compressors especial

attention might well be called to the three main types of

compressor design, the vertical single acting (Fig. 16), the

horizontal double acting (Fig. 11), and the enclosed type

of compressor (Figs. 8 and 10), since these are the chief

fundamental designs, and represent very nearly present day
construction in the United States. But the compressor is

only a small, though an important, part of the refrigerating

cycle. The other parts are the condenser and its connections

and the expansion (low pressure) side, with its fittings and

auxiliary apparatus, and these now will be considered in

Chapter III.



CHAPTER III

CONDENSERS, AMMONIA FITTINGS AND ACCESSORIES

Sometimes in taking up a new subject, or an old one from

a new point of view, it is worth while to stop occasionally

and consider in retrospect the ground already covered. This

idea of "mulling" over problems until the solution has be-

come clear is worth while for every one. For example, no

'n:ineer who has mulled over the principles involved in

making steam in a boiler, and the vast heat developed in

the combustion of the fuel as compared with the relatively

small amount of steam generated, could ever believe the

rather common explanation that ammonia "flashes into a

gas" on passing the expansion valve. Of course some gas

is generated, but only about 10 or 15 per cent, in a manner
similar to that experienced on the occasion of opening the

lower cock of the water column on the steam boiler.

And therefore it is wise to look backwards and re-examine

the refrigerating cycle, and the function of the different

parts of the process. Consider, if you will, that the refrigerat-

ing cycle is the reverse of the steam engine cycle ;
anti-clock-

\vis< rotation for example. Start with the compressor which

lakes a vapor that may be wet, dry and saturated, or super-

heated, and pumps it up to a new level (a new temperature

level) where the new condition is always that of a super-

heated gas under much heavier pressure. The temperature
of tin- (iisrharirr from the compressor varies with other con-

ditions but is always greater than 100 deg. F. As work is

65
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done on the gas the process is opposite to the action of the

-i tarn engine. Then the compressed gas is cooled in a con-

denser, to remove first the superheat, then the latent heat of

condensation and finally some of the heat of the liquid. This

action is exactly the opposite from what takes place in the

steam boiler with a superheater. Finally the expansion or

refrigeration coils (in which heat is absorbed from the sur-

rounding mediums) have an action just contrary to that of

the steam condenser. These three separate processes are nec-

essary in order to complete the cycle, and to enable the same

refrigerant to be used continuously.

Although the term "superheat" has been used several

times, and is a common one in steam engineering, it is yet

worth additional comment. The ordinary steam boiler

gives saturated steam. Superheated steam is obtained by

having a portion of the heating surface so located as to take

up some of its heat out of contact with water in the liquid

state. The ordinary water tube boilers the Babcock and

Wilcox, the Stirling, the Heine, etc., and the fire tube boil-

ers like the horizontal return tubular boilers, the Scotch

marine, and the locomotive types all give saturated steam

which is usually a little bit wet. The vertical boilers of the

donkey, fire engine, and the Manning type give superheated

steam without (of course) the use of the superheater, be-

cause the water level in these boilers is below the level of

the upper tube sheet. Likewise the refrigerating coils of a

refrigerating plant will give dry saturated vapor in the suc-

tion return pipe provided no heat is abstracted by the am-

monia (or other refrigerant) while not in contact with its

liquid.

As an example of what has just been said suppose water

is pumped into a boiler at 110 deg. F. and is evaporated into

steam at 150 Ibs. gage pressure. Then the water will be

heated with a rise of temperature until a temperature corre-

sponding to that of saturated steam at 150 Ibs. gage, or 366
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deg. F., is obtained and then (and only then) evaporation
will begin. As the pressure is maintained constant, boiling

will continue at a constant temperature of 366 deg. P. Steam

so generated is given the name of saturated steam, but it is

not dry and saturated unless some form of dry pipe is used,

or the boiling action is very slow. If a superheater is used,

or one of the types of vertical boilers just mentioned is em-

ployed, then the steam becomes dry and superheated an

amount depending on the conditions prevailing. This may
be enough to make the final temperature of the steam 400

or 500 deg. P.

In the case of a refrigerating plant, if the ammonia is

allowed to boil at 15.72 Ibs. gage (assuming a standard

barometer pressure) boiling will take place at a constant

temperature of zero degrees, and the ammonia gas will have

that temperature, provided heat is not removed by the am-

monia at any time while not in contact with liquid ammonia.

If the refrigerating coils are similar in arrangement to that

of a vertical boiler so that some of the surfaces convey dry
ammonia then the temperature of the gas will rise (it be-

comes superheated) and the return gas to the compressor
will be superheated and the final temperature will be 10, 15

or more degrees Fahrenheit, depending on the temperature
of the substance being refrigerated and other conditions of

operation. Likewise, if a long suction return pipe takes tne

gas through rooms held at ordinary temperatures or if the

pipe is poorly insulated, then the amount of superheat -will

be excessive. The gas entering the compressor, then, is super-

heated except in the case of the older types of machines

operating on the so-called wet compression.

During the suction stroke the ammonia gas is superheated
an additional amount due to the heating effect of the cylinder
walls and ports, which have been heated by the hot dis-

charge gases and during compression this superheat becomes

very much greater still. Frequently the amount of super-
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heat after compression is as great as 125 to 200 deg. P., but

now figured above the saturation temperature corresponding

to the discharge pressure. The reason for this superheat in

the gas during compression is because of the increase of the

internal energy during compression in consequence of work

having been done on the refrigerant during a process which

is approximately an adiabatic.*

The Ammonia Condenser. From the preceding, and from

the consideration that the condenser in the refrigerating cycle

corresponds to the boiler of the steam engine cycle, just re-

versed in its action, it becomes a simple matter to calculate

the amount of heat to be removed. The gas enters the con-

denser superheated and is condensed and finally cooled (as a

liquid) to a point depending on the temperature of the cooling

water and the form of the condenser used. Taking an example
of gas entering the condenser at 165 Ibs. absolute (150.3 Ibs.

gage) and a temperature of 250 deg. F., the saturated temper-
ature at this pressure is 84.5 deg. F. and the total heat meas-

ured above 32 deg. F. is 661.7 B.t.u. (see the ammonia tables,

Chapter VI) . If cooling water is used of cold enough tempera-
ture to cool the condensed liquid to 75 degrees, then (as the

total heat of liquid ammonia above 32 deg. F. is 47.8 B.t.u.)

the heat removed by the cooling water per pound of ammonia
under those conditions is 661.7 47.8 = 613.9 B.t.u.

The function of the condenser is to remove heat at the

upper temperature, that is, the discharge pressure from the

compressor. As a pure liquid refrigerant is required for use

in the expansion coils it is necessary to have a surface con-

denser only, one providing contact between the water and the

refrigerant. However it is much more of an engineering

proposition than simply providing a certain area of cooling

surface, although in a certain way it is much simpler than is

The adiabatic is a term used to <leimte .m expansion or a compres-
sion liiu' which <loes not receive he;it or p;ive np he:it during thc> process.
A compression line on a medium speed <-ompressor is \,r\ n..irlv such
a line.
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the problem of steam surface condensers working under a

vacuum.

The Effect of Air Film. In ammonia condenser practice

there is always a compromise between the amount of cooling

water to be used, and the cooling surface provided. If we use

little water, and heat it considerably say 15 to 20 deg. F.

then we will increase the head pressure, as the head pressure

is dependent on the temperature at which liquefaction takes

place. As a rule, this pressure is nearly that of the final*

Fig. 26.

denser.

The bleeder [drip] atmospheric type ammonia con-

The action of the gas and water is counter current

temperature of the cooling water. If we use quite a little

water, with a water temperature rise of 5 to 8 deg. F., then

the cost of pumping water assumes larger proportions. But
more important than all is the question of heat transmission.

In the steam surface condenser the water usually passes

through the tubes and the steam is allowed to enter the shell

of the condenser in a manner such as to allow it to impinge

*The head pressure may be considered as that corresponding to the
final water temperature plus five degrees.
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perpendicular to the tubes. In this steam is a little air, which

seems to stick to the tubes and form an insulation air film

around the tubes. The result is a much reduced rate of heat

transmission, and the effect finally is that it takes two or

three square feet to do the same amount of work that would

be required of one square foot without the insulating film.

In the steam condenser the air is removed constantly by means

of an air pump, which compresses the rarefied air to a pres-

sure great enough to discharge it into the atmosphere,

and removes during each unit of time the amount of air leak-

age during the same space of time. In the ammonia condenser

there is always some air as well as decomposed ammonia and

oil, all of these tending to the formation of a non-condensible

gas film. However, here there is a difference in that as the

flow of the ammonia is along the tubes there is a tendency to

scrape off this film if there is some place to which the accumu-

lated gas may go. For instance, in the bleeder type of con-

denser (Fig. 26) the gas enters at the bottom and passes

upward, suitable provision being made so that the liquid

ammonia may be drained or bled off as it is condensed. The

idea here is, as it is in the steam condenser, that the best

efficiency may be obtained by operating the condenser with

as little liquid in the pipes as is possible. In the flooded con-

denser, the double pipe (Fig. 25), and the atmospheric types,

ilu- gas from the compressor enters at the top and works

<lnwn wards so that the lower pipes are partly, or, possibly,

completely filled with liquid ammonia. In Fig. 27 it is seen

how this affects the action of the condenser, inasmuch as the

effective area of the pipes is reduced in proportion to the

area exposed to tin- liquid.

Effect of Oil and Scale. In addition to the effect of a gas
film, or accumulated liquid on the pipe surface, there is the

effect of oil and scale. This is not a question of design, ex-

cept that the right kind of condenser should be chosen for

the kind of condensing water at the plant. Boiler tubes re-
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quire cleaning for economy as well as for safety, and ammonia
condensers have a similar need. The condenser must have

a ready means of being cleaned, and cleaning should be per-

formed frequently enough to prevent the solid material from

forming a hard scale.

The Temperature Difference in a Condenser. In con-

densers, as well as other heat transferring apparatus, there

are three factors which affect the quantity of heat conducted

through the walls of the pipes: the area exposed, the co-

Cooling Water-.

'Gas film

Fig. 27. The ordinary and the flooded atmos-

pheric ammonia condenser in section, show-

ing the probable formation of gas
films and the liquid levels

efficient of heat transfer, and the temperature difference on

the two sides of the pipe. The product of these three quan-

tities will give the number of heat units transferred per hour

or per 24 hours. The area is taken in square feet, and the

coefficient of heat transfer is found by experiment and is

affected by the kind of metal used, its thickness, the condition

of the surface, whether oily or scaly or whether a gas film

is around it. The temperature difference requires a little

more explanation.
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In Fig. 28 an attempt is made to show the action taking

place in the condenser. Two cases are shown, one represent-

ing parallel flow of the gas and water as in the case of the

common atmospheric type of condenser where the water flows

out of a trough and then falls first on one pipe and then on

another, the other is a counter flow of the gas and the water

as in the bleeder type, or the double-pipe type of condenser.

From the diagram it will be seen that parallel flow and

counter flow do not give the same results. What is desired

most particularly is to get as cold a liquid ammonia as is

pooling

i ^~-
Condensing
Wafvr Htoh'nq

\mmonia
Coolinq

Conctensinonaensinq'
Water Heating

Fig. 28. The relative action of the condenser,
gards the change of temperature of

the water and the gas. [Note that
the parrallel flow does not cool

the liquid refrigerant to as
low a temperature as does
the counter flow type]

possible, because it has been found that more refrigeratiiiLr

capacity is obtained thereby, and the condenser pressure is

lowered. Therefore it is most desirable to bring the coldest

water into contact with the coldest ammonia, and the warmest

water where the compressed gas enters. To show how this

works out in practice it may be said that the usual specification

for the atmospheric type of condenser is 60 lin. ft. of 2- in.

pipe, but only 30 lin. ft. for the bleeder typr. usmir the same

liberal factor of safety
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The Flooded Condenser. A type of condenser that was

regarded with considerable favor some time ago was the

flooded condenser (Fig. 29), a design which is now not so

popular, on account of the difficulty in the control of the

discharge pressure, and proper working of the condenser.

The idea in this arrangement was that the coefficient of heat

transmission in the ordinary condenser from the gas to the

water is very low in value, but that if the surface could be

wetted then results would be better. As a matter of fact

the condenser surfaces are inherently wet because of the

rapid disappearance of the superheat in the ammonia, and

Warfer

De-tail "X

Fig. 29. The flooded condenser, showing the detail X,
whereby the gas from the condenser picks up liquid

ammonia by means of an ejector nozzle

the great difficulty with the flooded condenser is to prevent,

as the name really implies, the actual choking up of the con-

denser tubes with liquid ammonia, so that the conduction of

heat would be retarded, instead of being accelerated, if the

gas velocity was not increased by choking up the pipes. The
action of the condenser is to install an injector so arranged
that the gas from the compressor passes through and drags
some liquid ammonia from the liquid receiver and the gas
and liquid mixture passes through the condenser, as in the

ordinary design.

With pure water, and especially with small sizes, the double

pipe condenser is the best all around design, but with large

sizes and with salt water or fresh water subject to salts or
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vegetable growths there is a demand for a compact condenser

which may be readily cleaned. In consequence the vertical

shell and tube condenser is becoming prominent, either with

heads so as to have more than one pass of the water (Fig. 30)

and with the tubes filled solidly with water or with open
heads and by use of adjustable thimbles at the top to allow

a film of water under rather high velocity to pass over the

DETAIL OF
TUBE SHEET &
FLANGE &

EXPANSION RING

ELEVATION

Fig. 30. A special design of ammonia condenser, some-
what on the principle of the surface steam condenser

surface. In either of these designs a very large condenser

surface is possible within a small volume, the path of both

water and ammonia is direct thereby reducing friction

head, the apparatus is easily cleaned and inspected, and

the condenser pressure is maintained close to that corre-

sponding to the exit condensing water temperature.

Condenser Surfaces. As regards the capacity of an am-

monia condenser, the condition is similar to that of a steam
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boiler of the water tube type. It is usual to rate such a

boiler at 10 sq. ft. of heating surface per boiler horsepower ;

vet there are cases where such boilers have developed 2, 2!/2> 3

or even more boiler horsepower for every 10 sq. ft. of heating

surface. A boiler capacity depends on the condition of the

water, of the tubes and the ability to burn fuel under the

tubes of the boiler. In like manner the condenser may be

Atmospheric
Type Condenser

Fig. 31. The atmospheric type of condenser, showing
distributing troughs for showering the water over the

sides of the pipes

able to do cooling at the rate of 12, 10 or even 6 sq. ft. per

ton of refrigeration, and yet we would not be justified in

using such small surfaces. The efficiency of the condenser

may drop off, some stands may be laid down for repair, or

perhaps storage volume may be required for the liquid am-

monia during times when repair work on the low pressure

side is required. As a matter of fact, the usual allowance

in condenser practice is 4 to 8 sq. ft. per ton of refrigeration

for the flooded, 6 to 8 sq. ft. for the double pipe, 12 to 20 for
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the shell and tube, 20 to 25 for the bleeder and 25 to 30

sq. ft. for the common atmospheric type of condenser.

The most important function of the condenser is the de-

termination of the condenser pressure, which determines

directly the work done by the steam engine or the electric

motor used in the compressor drive. If no air were present
or decomposed oil or ammonia then the condenser or head

!! ssure would be determined by the temperature at which

liquefaction took place. And the temperature of liquefaction

is determined directly by the amount of cooling water

showered over the condenser and by the temperature of this

water. As an example, it may be said that in acquiring a

ton of refrigeration the liquid ammonia in the expansion
coils will absorb heat at the rate of 200 heat units (200

B.t.u.) per minute. Additional heat, amounting to about

60 heat units, is added during compression so that the total

amount to be removed by the cooling water in the condenser

is about 260 heat units per minute per ton of refrigeration.

This has to be taken away by the cooling water, which is

heated in consequence. By allowing each pound of water to

260
rise 10 deg. F. there would be required -^=26 Ibs. (3.1

gal.) of water per minute, or 191/2 Ibs. (2.34 gal.) when
heated 15 deg., or 13 Ibs. (1.36 gal) when heated 20 deg.

Table 2 shows what can be obtained in practice.

Ammonia Fittings. The steam engineer does not always

appreciate the conditions which obtain in refrigeration, per-

haps, because of lack of understanding of the cycle employed
and through bcinr used to carelessness in steam operation on

account of its lesser importance as far as leaks are con-

cerned. The operator should remember that the refrigerat-

ing cycle is a closed one, with the compressor in series in

order to obtain continuity. With ammonia in particular,

although the other refrigerants are hardly less demanding
in this i-.-sprct. tin- sy^tnn must !> tiirht. As the pressures
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carried are almost always above the atmosphere the trouble

with air leaks into the system is small,* but the piping and

fittings must be of a material which will be tight and the
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piping is subjected to is much less than for steam, but steam
leaks that would not be noticed would cause considerable loss

and complaint when ammonia was in use. In particular there

is the trouble with the piston rod, especially if the rod is

adjusted out of center. With good erection, and pipe fittings

designed for ammonia there is no question but that the am-
monia system may be maintained tight.

Design of Ammonia Fittings. Ammonia has the property
of escaping piping and fittings which would be absolutely

tight for steam. The result is that the material used must
be special or it must be of high quality or very thick. The

Elbow Expansion Valve

Fig. 33. Ammonia fittings: the elbow and the

expansion valve

steam engineer will recollect the difficulty in keeping a

vacuum exhaust line tight, and he will then appreciate

properly ammonia difficulties. Screwed ammonia fittings may
be used and they are made tight in two ways: either by tin-

ning, soldering and (in the case of the larger sizes) by

filling the cup of the fitting with solder and calking, or by
the use of litharge and glycerine. The first is the preferred

method except possibly where shaking or expansion has the

tendency to break the solder and is generally used in con-

densers and piping erected in the shops. The second method



CONDENSERS AND AMMONIA FITTINGS 81

can be made stronpr and tight for a score of years. Flanged

joints are designed with the tongue and groove exclusively,

either with oval glands or flanges, or with square or round

flanges. Both lead and rubber gaskets are used, but in gen-

eral it may be said that lead must not be used on the dis-

charge side where it is subject to much range of temperature

if it is not confined well enough to prevent flowing, an action

which is also true in the soldered discharge line under high

discharge temperatures. Unfortunately the different manu-

facturers have not yet standardized fittings except as regards

their own products in the matter of the length of run of

flanged tees, ells, globe and angle valves, etc. The table

(Fig. 32, taken from the Arctic Company) is an example

Return Bend

Fig. 34. Ammonia
fittings; the return Fig. 35. Ammonia fittings; the cross and

bend the pop safety valve

of the present tendency showing how the different fitt MILTS

are interchangeable.

The ammonia fitting material is undergoing a steady chan '.

Ordinary cast iron is unsuitable for ammonia, and is sup-

planted by high grade, usually air furnace, castings, by semi-

steel, drop forgings and by machinery steel. Drop forged
screwed fitt MILTS, expansion and stop valves are becoming

popular in spite of the additional cost required in order to

drill out and thread. Standard pipe threads nre always used.

A few typical fittings are shown in Figs. 33 to 37.
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With the occasional exception of the suction and discharge
bends which are frequently made of cast iron, headers and
receivers are now made of steel, usually flame welded, both

as regards the longitudinal seam and the heads, and also

in respect to the nipples and outlets. Such headers are

usually preferable because of the decreased number of joints,

and because of their compactness. The finished product is

light in weight, moderate in price and (if the work is properly

executed) amply strong. The flame welded shapes may be

made readily for any design, as it is a matter only of cut-

/i

Expansion

Fig. 36. Ammonia fittings; the ex-

pansion cock

Flange

Pig. 37. Ammonia
fittings ;

the four
bolt flange

ting out the steel plate to the proper shape and rolling to

form. (Fig. 38.)

Ammonia Pipe. The kind of pipe to be used is still a

question of debate, with the use of the black steel pipe gain-

ing in the race. It has not been our custom to specify

seamless pipe as yet, and therefore the pipe used, either

wrought iron or steel, is welded from the flat plate. If the

welding operation is satisfactorily performed, and the thick-

ness of the walls of the pipe conforms with standard practice,

there is no advantage of wrought iron over steel. It appears
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to be simply a matter of getting pipe of good quality in either

case. Where corrosion is likely to occur it is becoming the

custom merely to use extra heavy pipe, inasmuch as tests do

not show any considerable advantage in wrought iron over

steel when subjected to corrosion tests. Incidentally corro-

sion is a very difficult process to prevent, due as it is to

electrolysis caused by stray electric currents, and galvanic

cell action. Pitting may be formed even by mill scale in the

pipe. Both lap and butt welding of the pipe are permissible,

but lap welding is preferable for pipe over 2 in. in normal

diameter, and ammonia pipe for smaller diameters than 2

in. should be redrawn from a larger size after welding.

In general the lap weld is about 20 per cent stronger than

Expa^nsiorv Joirtf

Fig. 40. Ammonia fittings:
one design of an ex-

pansion joint

the butt welded pipe. The main requirements in the choice

of pipe are careful testing and inspection of all pipe before

use.

Without question the modern tendency is towards the re-

duction of joints in the ammonia line. Welded headers have

already been given as an example of this. In addition the

expansion line is frequently welded and bent as shown in

Fig. 39, thus requiring a minimum of joints. Expansion

joints are usually provided in the larger plants only, and

may be of the slip joint design as shown (Fig. 40) or of the

flexible U bend. When there is room the latter is far

preferable on account of the impossibility of leaks.

The Oil Trap. One of the most serious operating troubles

is due to the effect of oil. Most operators feed the lubricating
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oil too heavily in the case of the slower rotative speed com-

pressors. The more recent designs of high speed compressors

require a very liberal supply of cylinder oil if serious trouble

is to be prevented. If oil gets out of the cylinder (and it

will) it should be separated from the hot, compressed gas

before it enters the condenser. In consequence an oil trap

similar to the steam separator for use on steam engines)

is placed in the line, preferably nearest the condenser in

order to get the discharged gas as cool as possible before

letting it enter the trap. However no oil separator is per-

fect, no matter how large it is or what design is used, because

some of the oil is vaporized by the heat and this vaporized

oil will pass into the condenser and will ultimately find its

way into the liquid line and the expansion piping. Of course

oil in the expansion piping (or any other heat transfer pip-

ing) is almost as bad as if it were in boiler tubes. The

efficiency of the piping is reduced, and the coils will lose

capacity. In consequence it is wise whenever there is a

low point in the expansion piping to place a special trap

for the collection of the oil or other non-volatile liquids.

These traps may be connected together and all run into the

purifier, or they may be allowed to exhaust into the atmos-

phere when opened by the operator.

The Regenerator. The regenerator, or purifier, is an ar-

rangement (Fig. 41) which is absolutely necessary for plants

of moderate size. The piston rod, being colder than the

air in the engine room, has moisture from the air condense

on it, and this in time -jets into the refrigerating system

bring carried in by the movement of the piston. Water will

make ammonia "dead," and after a time satisfactory results

are impossible. Consequently it is necessary to renew the

ammonia charge by piiinpinir out the entire system and re-

char/mir. or by using a special device. This latter is an
arrangement by which a small amount of liquid ammonia is

bled off from the high side, or from the traps, into a special
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drum usually arranged for heating slowly by means of hot

water or steam coils. Liquid ammonia is bled off regularly
and is heated sufficiently in the regenerator to boil off the

ammonia which passes to the suction of the compressor. The
water and the oil are left behind as a residue.

Every steam engineer knows the test for the level in the

boiler by use of the gage cocks, and each engineer has his

own idea for the reason for the fact that when water is

allowed to blow out it appears as wet steam. Apparently,

Gage Glass

Fig. 42. Ammonia fittings: the gage
glass fitted with four rods for pro-

tection against accident

water has flashed into steam on being allowed to escape into

the atmosphere. As a matter of fact, the water in the boiler

contains more heat energy at boiler pressure than is per-

missible at atmospheric pressure. As the water reduces in

pressure on passing the gage cock, the surplus heat energy

vaporizes some of the water, and thus gives the appearance
of steam.

The Accumulator. The expansion valve of the refrigerat-

inLr cycle has been misnamed; it really is only a pressure

reducing valve. As the liquid ammonia is fed through the
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valve, the pressure drops from, say, 150 Ibs. to 15 Ibs. or

whatever the suction pressure may be in the plant. The

heat in a unit weight of liquid ammonia at 60 deg. F. is miu-li

greater (because of its temperature) than a similar weight
of liquid ammonia at deg. F. In consequence the am-

monia in passing the expansion valve has the same effect

take place as in the case of the boiler gage cocks, and there-

fore some ammonia will be vaporized. The amount of am-

monia vaporized depends on the temperatures of the liquid

on the two sides of the valve and may be less than 10 per cent,

but usually is between 10 and 15 per cent. The vapor
formed is of no practical value for refrigeration, and the

quicker it is gotten rid of the better it will be. Therefore

in certain cases a special device, called an accumulator, is

used,.

The accumulator is really a special trap, arranged so that

not only does it return to the compressor the gas formed by
the process of the reduction of pressure, but it acts also as

a separator and insures against liquid returning to the com-

pressor. In one design (Fig. 43) it is seen that there are

two parts the upper acting as a kind of precooler and a

suction gas drier, and the lower as a separator for the vapor
and liquid and the lowest part as an oil collector. It is

(

noticed that the whole trap is open to the suction pressure
and that the liquid ammonia flows to the expansion (refriger-

ating) coils by gravity. In consequence sufficient head must
be allowed to force the liquid into the coils, which are fed

from the bottom and are called "flooded." A flooded sys-

tem of refrigerated coils is not exactly what its term would
indicate. As soon as the liquid enters the refrigerating coils,

evaporation (and refrigeration) begins and gas is given off.

This gas passes on up through the pipe and finally gets

into the suction pipe. Thus the coils are all liquid at the

beginning, and all or nearly all gaseous at the end (the top)

of the coil. The advantage of the flooded system is in the
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initial removal of the gas in the accumulator and the easy

control of the feed into the cooling coils. The coils are much
more efficient in this system, but as a rule it can only be used

in ice tanks or special piping where a gravity head may be

employed. Especially large pipes must be used in the liquid

feed as the head on the system is small at best.

Coil) for Liquid

:

'' '

i VI
'

. . j J j J j J j -j j J :'
;

jf
;

ration

Cutter for
Ammonia
(Gravity Ff*<f)

for Liquid

Outlet for Precooted

Liquid Ammonia
ijSravityFttd)

Oil
Outlet

Fig. 43. Ammonia fitting": one type of accumu-
lator using gravity feed of the liquid am-

monia into the refrigerating coils

Pump Out. To make repairs or alterations it is required

that means be provided to remove the ammonia charge from

the part of the system in question and store it in another

part. In consequence "pump out" lines are provided. Tli>^'

pipe lines leading back to the compressor need not be so large
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as the suction return pipe as it is expected that only small

coils or a few stands of pipe will be pumped out at a time,

and the pumping process is usually a slow proceeding.

To pump out the high side easily it is customary to have

cross connections on the compressor. These are means by
which the discharge from the compressor is delivered to the

suction pipe and the suction is drawn from the high side.

The suction and the discharge stop (king) valves are closed

tight, and these bypass valves are placed on each side of

the stop valves. In addition, on account of the necessity for

freedom in starting electric-driven compressors, a full sized

bypass frequently is made between the discharge and the

suction pipes. This is really just a
"
short circuit" so as to

reduce to a minimum the power required for starting.

The Scale Trap. On erection the pipe line is carefully

blown out to clear of mill scale, etc., but during operation

some scale, dirt, foundry sand, etc., will become loosened and

will flow back to the compressor. The poppet type of valve

is ground to a
' l

line
' '

contact, and other forms are ground to

a surface contact. It is clear that impurities of all sorts

must be kept out of the cylinder and valves. A leaky valve

means much reduced capacity. Therefore a scale trap is

placed in the suction line near the compressor, where it can

be cleaned readily.

The liquid receiver (Fig. 44) is another important acces-

sory. It should be large enough to hold the entire ammonia

charge for small plants, without flooding the condensers ex-

cessively. Both horizontal and vertical receivers are used.

The receiver and the discharge line for the compressor should

be protected by means of safety valves of the pop-relief type,

which may be piped to the suction side as a rule. The suc-

tion and the expansion system is frequently protected by
relief valves also, piped to the atmosphere or to the blow

off mixer where the gas is dissolved in water and flows into

the sewer.
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Ammonia Stop Valves. Large plants should also be pro-

tected in such a manner as to save the ammonia charge should

breaks occur. Such protection may be obtained by means of

no-pressure stop valves (Fig. 68), or by some form of remote

control valve, or by something similar to the automatic stop

valve required on each boiler in a battery of boilers.

Carbon Dioxide Fittings. So far nothing has been said

of carbon dioxide fittings and accessories, although in general

these are not much different from ammonia fittings. Carbon

Fig. 44. Ammonia fittings: the liquid receiver and connections. [This
is a horizontal type fitti-d with a liquid gage glass]

dioxide pipe is never heavier than extra heavy (even in the

case of the 9-in. condenser and brine cooler, which are

frequently made of pipe). Even the carbon dioxide com-

sor frames, bearings, shafts, connecting rods and pins are

practically the same as the companion ammonia compressor,

inasmuch as the forces applied to these parts are the same

in the two. The only exception is that the carbon dioxide

machine n^um's a much heavier flywheel than does tin-

ammonia compressor.
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From the foregoing it is clear that refrigerating fittings

must be especially designed, first of good thick material, and

second with special flanged tongue and grooved joints, or

special screwed fittings. Also that, as the system is a closed

one, provision must be made for proper care of the refrigerant,

for purifying it or caring for it during periods of repair

to parts of the system. The piping must be tight, free from

low spots unless trapped, and designed with the proper size

or the proper surfaces for the work it is called on to do.



CHAPTER IV

OTHER REFRIGERATING SYSTEMS

THE BRINE SYSTEM

Perhaps the operating engineer has never considered that

the steam engine or the steam turbine cycle is an indirect

one. As a matter of fact, it is an indirect, indirect cycle, be-

cause the heat developed by the combustion of the fuel first

heated the flue gases, these heated water and formed steam,

and the steam was made to generate power in the usual man-

ner. With the internal combustion engine, the oil, or the

gas engine, one of these steps (with its losses) is done away
with, but the process is still an indirect one.

The Indirect Refrigerating Cycle. So, likewise, in refrig-

eration an indirect system is made use of, which in spite of

its inherent losses, yet has so many advantages that these

overbalance the disadvantages. It is well to recollect that the

so-called direct expansion system where ammonia is allowed

to boil within the pipes in the cold storage rooms, or boxes,

there is a remote but great danger latent all the time. The

jip' lines may corrode, or the pipe split due to imperfect
\\ riding or become broken by accident or by vibration, or

the threads or fittings may fail, with the result that some

or all of the ammonia in that part of the system may be

. inptied into the room, causing injury to the goods in storage

or even (possibly) fatalities. There have been accidents to

liquid receivers where the liquid ammonia has run in streams

into the street, boiling all the time and giving off suffocating
93
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fumes along the way. The result is that certain types of

service have very nearly discontinued the use of direct ex-

pansion of ammonia and confine the cycle within the bound-

aries of the engine room : that is, service in hotels, apartment

houses, district refrigeration and in other places where the

refrigerating line cannot be properly cared for.

Besides the loss of life or of commodities should leaks occur,

there is the danger in the matter of the initial charge of

sKell Brirse Cooler

Fig. 45. The shell and tube brine cooler, one
of the most successful means of cooling brine

ammonia, which for the direct expansion system may become

a very large factor. In a large system of long supply and
return lines, and extensive expansion piping, the actual

amount of the initial charge has to be very heavy, a fact

which results in a constant demand for care and repair to

maintain the piping tight at all times. The result is, that,

under certain particular conditions, the so-called brine system
is best for the refrigerating plant using ammonia as a re-

frigerant.



OTHER REFRIGERATING SYSTEMS 95

Tube Sheet
and Weld

^'Nozzle

Top ofGoo/er~

T?
Inlet Head Outlet Head

Fig. 46. The shell and tube brim- cooler arranged
for five passes of the brim

The Brine System. The brine system, then, consists of

two distinct circuits similar to the two electric circuits used

in alternating current when a transformer is made use of.

The ammonia system (or a system using any of the other
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frigerants, understood by inference) is complete in every

detail as brought out in the preceding chapters, but the non-

freezing solution is cooled in the double pipe, shell and tube

(Figs. 45 and 46) or shell and coil brine cooler. The brine

is upually a solution of sodium or calcium chloride of such

density as will not freeze at the temperature carried in the

cooling system. On account of the lower freezing temperature
of calcium brine, it will be found in most service where zero

degree F. is required. It is thought also to be less corrosive

than "salt" brine, but neither should cause trouble if the

solution has a strength of 1.14, is free of C02 and is slightly

alkaline.

The brine system (Fig. 47) is really an additional unit in

the cycle, where the brine is kept cool by boiling ammonia

and the cold storage rooms or other refrigerating applications

are kept cool by the brine. The ammonia system is self-con-

tained, and the ammonia piping may be kept confined to a

single room. The brine, however, must be kept circulating

constantly by means of a centrifugal pump, and all exposed

piping must be kept well insulated. The brine line need only

be full weight steel pipe with ordinary fittings, valves and

cocks. The entire piping is laid out in many ways like an

ordinary hot water heating plant, which it considerably re-

sembles.

Advantages of Brine System. The great advantage of

the brine system, other than those already noted, is in the

ability to store up energy. With the direct expansion cycle

the compressor must be operating constantly during the live

load period. If this is not done, the pipes will soon lose

their frost and the room temperature, or the commodities

being cooled, will begin to get warmer. With the use of

brine this is not necessarily true, as "cold" can be accumu-

lated in the brine storage, and this storage brine may be cir-

culated while the compressor is shut down. In fact, the

example can be carried considerably farther in certain kinds
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of service that are intermittent, as ice cream making, milk

and drinking-water cooling, the chill room in the packing

house, or where refrigeration is required suddenly for short

periods.

In cases of periodic load the brine tank becomes an ad-

vantage. In such a case refrigeration may be stored by cool-

in r a large volume of brine through as large a temperature

range as is practical. The compressor may be operated 24

hours of the day, thereby utilizing a much smaller machine

than would be required if no brine were used and the com-

pressor capacity had to be capable of the maximum rate of

/Ammonia Low ^AmmomaHiqn Pressure S/aff

COLO STORAGE ROOrt \PUMP
(Insulafeof) - Discharge

Fig. 47. A diagramatical arrangement showing
the brine system of refrigeration

cooling. Sometimes it is an advantage to operate the com-

pressor only 8 to 10 hours per day, and allow the brine pump
to operate continuously. It will be seen that by the use of

brine the peak load is distributed over the whole 24 hours of

the day, whereas the high point of the load may last only three

hours. Energy is accumulated in the same sense as in the

case of the engine flywheel, or the electric storage battery.

Disadvantages. There are, however, certain disadvantages

in the use of brine. The first cost and the operating costs are

usually greater than with tho direct system. The brine pump
has to be operated by independent power. In addition, and

more serious than anything else, are the losses incidental to
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the use of brine. It will be remembered that the brine is first

cooled in the brine cooler, and the ammonia may be required
to boil at 16 deg. F. to carry brine at an average temperature
of 26 deg. F. Likewise the air to be cooled in the cold storage

room could be kept at a temperature of 36 deg. F., thus allow-

ing a 10 degree difference of temperature in each case. The

capacity of the compressor would be determined by the tem-

perature of the boiling ammonia, which has to be only 26 deg.

F. in the case of direct expansion. In all such cases the ca-

pacity of the compressor is roughly proportional to the abso-

TABLE 3. PROPERTIES OF SODIUM CHLORIDE BRINE
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done in circulating brine by a one horse power brine pump
will heat the brine by the amount of the heat equivalent of a

horse power i.e., at the rate of 42.4 B.t.u. per minute or a

TABLE 4. PROPERTIES or CALCIUM CHLORIDE BRINE

[Bureau of Standards]

Specific Gravity

II
0.999 1.05

70 8.33 8.75

60 8.34 8.76

50 8.34 8.77
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sidorable in proportion to the load on the plant and fre-

quently the heating effect of the pump is responsible.

Typical Brine Problems. The brine required for a given

condition may be calculated easily. The "heat capacity" of

a certain volume of brine depends on the product of the den-

sity (specific gravity) and its specific heat (see tables 3 and

4) (the heat units required to raise one pound one degree F.).

For instance the cooling effect of 100 gallons of brine when
raised 4 deg. F. in temperature would be:

4 X 10 X 8l/3 X !-2 X - 7 2
>
8 B.t.u.

deg. No. Wt. gal. Spec. grav. Spec, heat

range gal. of water. brine. brine.

assuming 1.2 for the specific gravity and 0.7 for the specific

heat of the brine. The values change with every concentra-

tion of brine solution, and the kind of brine used, and refer-

ence should be made to the tables of brine solutions.

If it is required to find the amount of brine per minute

necessary to provide one ton of refrigeration with a four de-

gree range of temperature, the calculation becomes

200 = No. gallons X 8l/3 X 1-2 X - 7 X 4-

B.t.u. per
ton per min.

200 200
Therefore No gallons = = 7.14 gal.

8y3 X 1.2 X 0-7 X 4 28

With a four degree range of temperature and the density of

brine used in the problem there would be required 7.14 gal-

lons of brine in circulation per minute to provide the carrying

capacity of one ton of refrigeration. Should less brine capac-

ity be desired, a larger range of temperature would be re-

quired and thereby a lower suction pressure in proportion
on the machine.

AUTOMATIC REFRIGERATION

There are many applications of refrigeration which require

intermittent work, and especially is this true of motor driven

small sized cold storage plants. Being motor driven, usually
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of the induction and sometimes of the synchronous type, it is

not practical to provide variable speeds to adjust the speed

to the load,. Also it is desirable where possible to have a

machine that is capable of temperature control, one that will

be semi-independent of constant care or that will operate by

night or day subject to occasional supervision on the part of

the engineer.

Holdover Tanks. This desire for an automatic refriger-

ating machine applies more particularly to the small machine,

Fig. 48. Typical Brine layout

where the plant does not warrant the cost of additional oper-

ators. For very small plants the use of
"
holdover tanks," or

the brine system with large storage tanks and continuous

brine circulation, has for some time met with considerable

success. However, tin- holdover lank (see Fig. 6) iv<|uhvs

considerable additional liradmnm, because a tank containing

brine and one-third of the total amount of the expansion pip

inir must be arranged at the top of the cold, storage room. Tli-

submerged piping is expected to provide the necessary re-
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frigeration for cooling the brine to an amount sufficient to

hold the temperature of the room during the night time.

Likewise the brine storage tank and circulating pump take

space and considerable extra power. The compressor, which

operates but about one-third of the total time, has to be of

sufficient size to carry the day load and store up sufficient

refrigeration for the night as well. Also the operation is not

so efficient, for the pumping action of the brine pump has a

heating effect which alone would heat the brine even if no

refrigeration was being done. For example, a one horsepower

centrifugal pump would heat the brine at about the same rate

that one-fifth of a ton of refrigeration would cool it.

The methods mentioned holdover tanks and brine tanks

are objectionable on account of the space occupied and the

poor efficiency of the operation. The compressor and high

pressure side have to be of extra size so as to provide the re-

quired tonnage in the time of intermittent operation including
as it does not only the day load but the night load as well.

Therefore, we have the automatic refrigerating system, which

may operate without constant attention the twenty-four hours

of the day, or off and on with the demand which is thermally
controlled by a thermostat located in the cold storage room.

As it may operate full time if absolutely necessary it may be

of only two-thirds or one-half the size required of the other

designs, which are arranged for part time operation only.

Before going into a detailed description of the totally auto-

matic refrigerating machine it will be advisable to review

the semi-control systems.

The advent of the small enclosed type of compressor has

been a decided advance in the art of refrigeration. It is

splash lubricated, and while the crank case remains supplied

with oil, it is reasonably free from the dangers incidental to

the lack of lubrication. Likewise the main compressor bear-

ings are ring oiled, a method that is reasonably safe as long

as the ring or chain revolves freely. There remains, then, the
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necessity for the control of the water supply, the excess con-

denser pressure control and some regulation of the expansion

valve (if this last seems justified). In this connection atten-

tion is again called to the fact that if the suction pressure is

too high no refrigeration will be obtained at all, as the tem-

perature of the boiling ammonia at high pressures may be

above the temperature desired. Likewise if the suction pres-

sure is too low the cooling coils will conduct heat better, but

they may become choked with a low density gas and the capac-

ity of the compressor will drop to one-third or less of the

normal tonnage in consequence of this so-called specific vol-

ume of the ammonia.

The suction control expansion valve is in principle like the

well-known back-pressure valve except that the latter deals

only with gas on both sides of the valve while the expansion
valve must have liquid on one si$e and liquid and some 5 to

10 per cent of gas on the other. There is another difference,

too, which must be given consideration, namely, that a little

liquid ammonia will go a great way in producing refrigera-

tion and the opening must be very small and the valve must

be designed for close adjustment. With a head, pressure of

150 Ibs. on one side and 15 Ibs. on the other it is clear that a

larire amount of liquid could pass through a very small open-

ing, and a pound of liquid ammonia per minute will provide

the cooling effect of about two and one-half tons of refrigera-

tion.

The Automatic Expansion Valve. A good example of

such an expansion valve is shown in Fig. 49. This is a

design using the diaphragm method of control. Liquid am-

monia comes in on the right hand side, as shown, and passes

through the filter and then to the conical reducing valve.

which has an extended stem that presses on a pusher plate.

The pusher plat*' rests on the diaphragm, which is also under

the pressure of a control sprint. The under side of the dia-

phragm has suction pressure, and the upper side has a spring
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pressure which is regulated by the engineer for the operating

pressure desired. Such a device should give close regulation

and should be capable of relieving the mind of the operator
from all worry about the expansion pipe boiling temperature.

Unless the discharge valve on the compressor is closed or

in some inconceivable way the discharge line has become ob-

for SpringAdjustment

Fig. 49. The automatic diaphragm typo
of expansion valve with spring adjust-
ment for control of suction pressure

structed, then the cause of a sudden increase of the head

pressure without exception would be the fault of the con-

densing water used on the condenser. If this condensing
water is not turned on or is turned off or fails to function

properly then the head pressure will rise. As the ammonia

compressor is usually made with small clearances the pressure
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that may be obtained under these conditions may be excessive

and decidedly dangerous. The result is that some head pres-

sure relief valve must be provided in the automatic system
now under discussion.

The Relief Valve. The most elementary of these relief

valves are those operating against a spring or a diaphragm
and so adjusted as to give movement to a small plunger. This

plunger acts on a trip which releases a trigger to which is

attached a weighted cord that in falling pulls open the main

electric switch (Figs. 50 and 51). Other simple devices are

Fig. 50. The excess pressure Fig. 51. The low pressure
relief valve relief valve

on similar lines of design. The relief valve, identical to the

steam boiler safety valve, may be placed on the discharge

header and piped either to the atmosphere or into the suction

header. In the latter case the relief valve becomes simply a

bypass valve, but loaded to a certain discharge pressure. Then

again, there may be a solenoid device that operates the main

switch on the electric circuit. This solenoid is excited by a

current that is made when the arm of the pressure gage turns

to a certain desired pressure, say 'Ji^ lls., when contact is made
and the electromagnet stops the motor. Likewise a device

may be used embodying the solenoid principle with that of
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the safety valve design. The lift of the valve is made to close

the electric circuit, the solenoid is excited and the main switch

on the motor circuit is made to open. But all of these designs

operate on the head pressure and are planned for shutting

down the compressor. While the cooling water is nearly

Fig. 52. One design for Fig. 53. Thermostat con-

a thermostat trol applied to the brine

system

always responsible for excess head pressure, it is not regulated

by the controls so far described.

The Water Regulator. The simplest water regulator is

one driven by the compressor itself. For the method of con-

trol it is necessary to have a pump capable of supplying the

condensing water required and subject to some suitable varia-

tion of capacity by which more or less volume of water is

pumped per stroke of the piston. A variable control of
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amounts of water is absolutely required unless, as in some

wells, the temperature of the water is constant. A more elab-

orate valve would be one similar to Fig. 49, which in this case

would use the condenser pressure, acting on the lower side of

the diaphragm. The rise or fall of this pressure actuates a

valve that regulates the amount of water permitted to pass

to the condenser, more water being admitted with an increase

of condenser pressure.

. Automatic

Fig. 54. Semi-automatic system

^Automatic WattrJleyulator 'ControlonMotorIme

Fig. 55. Complete automatic refrigerating system

To resume, the semi-automatic control system is one that

is designed to run under certain prescribed conditions. Th>

suction pressure is to remain constant, the water is adjusted

for normal conditions and there is an arrangement for shut-

ting down the machine when the head pressure becomes ex-

cessive. The machine is safe under these conditions, and

while the compressor is so operated, it is possible to produce
useful refrigeration.
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The Completely Automatic System. But if the machine

stops, it remains stopped until the engineer returns. Also it

will continue to operate irrespective of the cold storage tem-

peratures being maintained in the cold storage rooms. The
conditions are simply those of safe operation during the

Ji'tlquld Feed Into Top Pipe of Coll

out of Bottom Pipe of Coll

4 Automatic Expansion ValTe

Vshut off Valves

^''Expansion Valve

Locate Valveo at Convenient

Height on Front of Refrigerator

Oil TrapConnect to Preai ur

Gorernor on Con

. Suction Strainer

t Water Line to Sewer

Bull Size Bypass Sewer

Fig. 56. Isometric showing piping for an automatic system

absence of the engineer in charge. Fig. 54 shows schematic-

ally the arrangement of such a refrigerating cycle.

The completely automatic refrigerating system is elec-

trically driven, and so controlled as to require the minimum
of attendance for keeping a plant in first class operating con-

dition. If necessary it may operate the twenty-four hours,

starting and stopping as required by the temperature of the

cold rooms. A thermostat is located in the room directly
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controlled by the expansion valve, and is the master control

of the whole plant.

The Thermostat Control. In general the rise of tem-

perature of the cold storage room expands the elements of the

thermostat (Fig. 52) in consequence of which electric con-

tact is made and the electric motor is excited through suit-

able relays so that the compressor is started. Water is pumped
over the condenser by means of a directly connected pump,
or the increased head pressure due to starting the compressor
actuates the water valve, which opens until a certain con-

denser pressure is obtained. As the compressor continues

pumping, the suction pressure is reduced and the expansion

valve is opened, thus allowing liquid ammonia to pass into

the expansion coils. As the expansion valve is adjusted for

a particular back pressure, it permits a suitable boiling tem-

perature for the ammonia. Operation under these conditions

will reduce the cold storage temperature in due course of

time and the thermostat will open the circuit and the motor

and the compressor will stop. Subsequently a decrease of

head pressure will close the water valve (if one is used) and

a rise of the boiling pressure (suction pressure) will close the

expansion valve. A diagram of such an arrangement is

shown in Pig. 55.

Of the automatic features described it is certain that some

at least will soon be in common use, especially in the large

cities. Safety relief valves are now required, and it is more

than likely that remote control valves, or automatic non-

return valves (Figs. 35 and 68) on the condenser, receiver

and the expansion piping will soon be required also. The

main objection to the automatic plant at present is its in-

creased first cost, but it is not unlikely that all plants will be

better safeguarded in the future and the disparity in the

initial costs will not be so marked. The present boiler plant

laws seem to point in that direction.
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THE ABSORPTION MACHINE

So far little has been said of the absorption machine, and

its system, a type of machine that is least understood in re-

frigerating circles. However, this machine is important, is

adapted to certain kinds of work and will continue to be sold

and used for many years. It should be understood, though,

that it has its own sphere, and the future will see it more

particularly confined to that sphere, and those limitations.

For example, it cannot be operated with success without

steam. But the high pressure absorption machine is seldom

used now, because as a rule the same result may be obtained

much more economically by use of low pressure (exhaust)

steam or by the use of a steam driven compressor.

Using exhaust steam in the absorption machine, a ton of

refrigeration may be obtained for about 30 to 35 Ibs. of steam,

or about the rate required in certain types of steam driven

compressors. In other words we can practically double the

tonnage, using the same steam, by the addition of the absorp-

tion machine. Is this a case of "getting something for noth-

ing"? The answer is, no. We simply employ another ma-

chine, more investment and much more engine room space

for the purpose of securing greater economy. But are there

any other advantages besides the use of exhaust steam (like

exhaust steam heating) for the production of refrigeration

with this type of machine?

Advantages of Absorption Machine. Yes, the one other

great advantage of the absorption machine lies in the ability

to secure low temperature with slight increase of expenditure

of power. As has been pointed out a number of times, the

compressor gives the maximum economy with the highest pos-

sible suction pressure. This is because the tonnage varies

directly as the number of pounds of ammonia condensed and

later evaporated in the expansion coils. But this number of

pounds varies with the so-called specific volume of saturated

ammonia, which in turn varies approximately indirectly as
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the absolute pressure. At low pressure this specific volume

(the volume in cubic feet occupied by one pound) is so great

that the standard compressor is frequently expressed as doing

nothing but "fanning a vacuum.'* The standard compressor
is unsuited for such service, as it has greatly reduced capac-

ity and tends to overheat the ammonia on discharge. As
has been considered already the compound compressor and

60

Fig. 57. The high pressure side of the absorption machine
58. Tin- principle underlying the generator

Fi^. 59. The principle underlying the absorber

Fig. 60. The absorber mixing device in one design

not the standard form of compressor should be used for low

temperature refrigeration. But how about the absorption

machine? How does it work to secure economy at low re-

;ating temperatures?

Operation. The absorption machine is not a displacement

pump in the sense of the compressor. The gas is carried over

from the low pressure side to the high pressure side in the
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form of an ammonia solution at much reduced volume. For

example, 5, 10 or 15 Ibs. of ammonia solution will carry with

it one pound of ammonia. This aqua (solution of ammonia
in water) occupies 1/12 to 1/4 of a cubic foot of space per

pound of ammonia delivered irrespective of the pressure on

the low side, which might be for the one pound. 15, 20 or

even more cubic feet. This peculiarity of forming a solution

(aqua) is not absolutely liquefaction. It is simply a fact

RUBBER 6A3KELT

WEAK LIOUOH INLET

Fig. 61. The mixing nozzle in one

design of absorber

that water has the ability to dissolve a large amount of am-

monia, say 500 to 1,000 volumes.

The result of the cycle of operations is that the ammonia

may be boiled in the refrigerating coils at any temperature
desired and the gas formed will be conveyed to the so-called

absorber. In the absorber the gas enters solution and the

strong aqua formed in the process is pumped back into the
"
still" again, which is arranged with suitable heating sur-

faces by means of exhaust steam piping, (Fig. 57) . The steam

in this piping heats the aqua (so-called strong aqua) in the

still or generator and drives off a vapor mixture of steam and

ammonia, the steam being almost entirely separated from the
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ammonia before condensation occurs in the ordinary type of

ammonia condenser. This action in the still is similar to that

which takes place when distilling water, refining oil and in

other similar industries. The idea is simply that a certain

concentration of aqua when heat is applied will boil am-

monia gas (Fig. 58), and the boiling pressure is the vapor

pressure in the condenser. Also that boiling will continue

until a certain concentration of solution in the still is ob-

tained, unless the temperature of the aqua in the still is in-

creased, in which event boiling will be resumed. As the aver-

age temperature in the still in practice is held constant then

to have continuity of boiling it is necessary to keep up a steady

addition of strong aqua and allow the weak aqua (the strong

aqua after boiling away the ammonia gas) to pass out of the

still.

The weak aqua from the still is made to go into the absorber

where it meets the gas produced by the action of the boiling

in the refrigerating coils (Figs. 59, 60, and 61). The latter

shows a detailed design of an absorber mixing nozzle. The

ammonia gas comes into the absorber and is thoroughly mixed

with the liquid weak aqua in a manner similar to the jet

condenser for steam
;
that is, the gas is apparently condensed

and carried away. There is, however, no real analogy be-

tween the absorber and other steam power plant equipment.
The weak aqua does actually condense the gaseous ammonia
and then absorbs it, forming thereby a stronger solution or

concentration. This strong solution is called the strong aqua,

and it leaves the absorber at a low pressure (the pressure in

the refrigerating coils), a low temperature but a strong con-

centration. It is the difference in the concentrations of the

weak and the strong aqua which materially affects the econ-

omy of the absorption refrigerating machine.

Action in Generator. Suppose we have a generator con-

taining aqua of 26 per cent (26 p<>r r<>nt by weight of am-

monia and 76 per cent by weight of water) concentration.
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Suppose that a condenser pressure of 161 Ibs. gage is carried

this is determined by the amount and the temperature of the

cooling water circulated in the condenser such a solution at

this temperature and condenser pressure will boil at 245.5

deg. P. This is similar to the action of heat on pure water.

We say ordinarily that water in an open dish will boil at

212 deg. F.
;
also that the temperature of the water (and

steam) in a boiler at 125 Ibs. gage is 353.1 deg. F. and the

temperature of steam under a vacuum of 26 in. is about

125.0 deg. F. In other words, when speaking of saturated

steam, there is a definite, unvarying pressure for each par-

ticular temperature. This is also true for anhydrous am-

monia, but aqua ammonia is different, because there is water

present, varying in amount from 70 to 80 per cent. But if

we have a certain concentration and a certain pressure, then

the solution has a maximum concentration at a certain par-

ticular per cent. That means that at 26 per cent under the

pressure of 161 Ibs. and a temperature of 245.5 deg. F. there

could not be any more ammonia dissolved. In other words a

saturated concentration of 26 per cent and a condenser pres-

sure of 161 Ibs. will have a temperature of 245.5 degrees. But
more important than this, if the pressure is 161 Ibs. and a

temperature of 245.5 degrees is maintained, a concentration

greater than 26 per cent will cause some ammonia to be

driven off as a gas. If the solution was 27 per cent, 28 per

cent or 30 per cent, then while the temperature and the pres-

sure were maintained constant a boiling action would con-

tinue until the remaining solution had a strength of 26 per

cent. This is true of any solution of ammonia and water;

that is, there is a fixed relationship of the pressure, the tem-

perature and the concentration at saturation, and if any two

are known, the third may be found^ as will be seen from

Table 5.

Such being the theory of the action of the generator, let us

see how the action is accomplished. In the generator steam



116 MECHANICAL REFRIGERATION

coils are provided, so arranged as to supply the heating sur-

face necessary to drive off the ammonia gas and the steam.

This is somewhat similar in manner to the case of the steam

boiler. In the water tube boiler we usually say that 10 sq. ft.

of heating surface is required per boiler horse power. In

the generator 14, 15 or 16 sq. ft. of heating surface is used

per ton of refrigeration. Of course, in the generator we could

use very hot steam in the heating coils say steam at 75 Ibs.

or 100 Ibs. pressure and in consequence of such intense heat

(comparatively) the heating surface could be cut down to

12 or 10 or even 8 sq. ft. In the case cited it might be desir-

able to boil the solution down to 22 per cent requiring a tem-

perature of the aqua of 262.1 deg. F. and as a mean con-

centration of 26 per cent would be used, then 30 per cent

concentration could be looked for in the strong aqua. The

steam pressure must be such as to give a sufficient tempera-

ture difference between the steam in the coils and the aqua.

For example, 262.1 + 10 = 272.1 or a 28-lb. steam pressure

is required.

The action then of the generator is to boil off a vapor
which is slightly superheated. This is obtained by having a

temperature sufficiently great in the steam coils, determined

by means of the values given in the table. Increasing the

steam pressure or increasing the concentration will stimulate

the boiling action, but the easiest point of control for the

operator is the steam pressure. If capacity is not being ob-

tained a rise of steam pressure will give hotter steam and

therefore a greater temperature difference and a greater heat

transfer. The result will be that more steam will be con-

densed in the coils and more ammonia gas will be distilled out

of the generator.

It is readily seen from the foregoing that one of two things

in the generator may be wrong if the plant is found not to con-

dense the ammonia properly either there is too weak a con-

centration in the generator or the steam pressure is too low.
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In either case charging more anhydrous into the system or

increasing the steam pressure will give the same results;

namely, having enough difference between the condensing

temperature of the steam and the boiling temperature of the

aqua to enable sufficient heat to pass through the heating sur-

face of the steam coils. All of this may be seen from the

table. For instance, suppose it is found that ammonia is not

being condensed fast enough in the condenser, though the

latter as well as the rest of the piping between the generator

and the condenser is working properly. Suppose that the

steam temperature is 250 deg. F. and the condenser pressure

is 161 Ibs. It is possible to take a sample of the weak aqua
and test it for its concentration. This, however, is not neces-

sary if we have a means of measuring the temperature of the

aqua as it leaves the bottom of the generator. Suppose the

temperature is 245 deg. F. Referring to the table, the con-

centration is found to be only 26 per cent the supposition

being that the aqua leaves the generator in a saturated con-

dition. If this concentration had been 28 per cent with a

saturated temperature of 237.1 deg. F. the saturation tem-

perature would have been found to be lower and for the same

steam temperature there would have been more degrees dif-

ference of temperature on the two sides of the heating coils

and therefore a greater heat transfer resulting in a greater

number of pounds of ammonia evaporated. The same result

necessarily would have occurred with an increase of steam

pressure.

Action in Absorber. In the absorber the vapor tension is

determined by the temperature and concentration of the

strong aqua in a manner similar to that used in the case of

the generator. For example, if the strong aqua is 90 deg.

F. and 32 per cent aqua is being carried, then the vapor ten-

sion is t'n>m the tablrs > 20 Ibs. abs. or 5 Ibs. gage. But this

5 Ibs. gage is possible only when the absorber is pur-red out.

A new plant is likely to have a large amount of air in the
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system, and this will slowly accumulate in the absorber. If

air collects, which will itself exert a pressure of 3 Ibs. per

square inch, then the total pressure in the absorber will be

8 Ibs. The boiling pressure of the ammonia in the expansion
coils is not the absorber pressure. It tends to become this

pressure, but in fact there is usually considerable
"
wire-

drawing" between the two pieces of apparatus, and the result

is that the pressures of the brine cooler or expansion coils are

usually from 2 to 5 Ibs. in excess of the absorber pressure.
This loss of pressure may be eliminated by making the pipe
line connections and gas headers of liberal size. The inert

gas may be removed in the same way that is used in the am-

monia condenser.

Aqua Concentrations. The concentrations carried in the

system are of great importance as regards both the economy

TABLE 6. POUNDS OF STRONG AQUA REQUIRED PER POUND OF AMMONIA
EVAPORATED

Concentration
Weak Aqua

18%
20%
22%
24%
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than before. Thus, evidently, it is important to keep the

strong aqua as strong as possible, and for satisfactory opera-

tion of the plant a means of getting the strong aqua tem-

perature as it leaves the absorber should be provided. If no

inert gases are present, then the concentration may be ob-

tained from the aqua tables as noted. The action of concen-

trations on the pounds of aqua required to be pumped are

shown in Table 6.

Generally speaking, it is wise to keep the difference in the

concentrations as great as possible. The reason for this is

that the weak aqua has to be cooled by cooling water before

being admitted to the absorber, and also the strong aqua has

to be returned to the generator at a temperature much below

the temperature of the aqua there. This latter action is as

bad for the generator as far as economy is concerned as pump-
ing cold water into a steam boiler. For before the ammonia
can be distilled the aqua must be heated up to the tempera-
ture of the solution in the still. If a very little aqua is cir-

culated (large differences of aqua concentrations being used)

then this loss is small, but if a large amount of aqua is pumped
the loss is appreciable and should be corrected.

The exchanger is another necessary piece of apparatus in

the absorption system. It has been noted that the strong

aqua has to be cool to absorb the ammonia gas, and should be

hot before it returns to the generator. Likewise the weak

aqua is hot on leaving the generator and must be cool before

entering the absorber in order to be able to absorb the gas.

In consequence the exchange is used. This is simply a

counter flow apparatus that allows the heat of the wi-.-ik

aqua to pass by metal contact to the strong aqua. In addi-

tion a weak aqua cooler is used to precool the weak aqua a

little more with water. Finally the vapors leaving the gen-
erator consist of a mixture of steam and ammonia gas super-

heated over a hundred degrees. To remove some of this

superheat and particularly to condense the steam so that it
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will not get into the condenser the so-called rectifier is used.

This rectifier or dehydrator is water cooled and is designed

to cool the gas to within 15 to 20 deg. F. of the condensing

temperature. During this cooling almost all of the steam is

condensed and returns through suitable traps to the gen-

erator in the form of a very strong aqua. The cooled am-

monia gas, -with a trace of water remaining in it, goes now

to the condenser. The absorption system is shown in Fig. 62.

It may be said that the absorption machine is somewhat

like a steam heating system except for the addition of certain

special pieces of apparatus. The plant has a single moving

machine, namely, the strong aqua pump (provided the cooling

and condensing water does not require pumping) . The plant

is also like a distilling system and when understood, will give

entire satisfaction. However, the action in the generator and

the absorber must be understood-, and the temperatures in the

system as well as the concentrations carried must be main-

tained at the proper values to get good results. The rectifier

must not cool the ammonia too much or it will act as a real

condenser and the ammonia will be trapped back to the gen-

erator. Sometimes it is possible to economize in the use of the

cooling water, especially if it is cold, by sending it through
,il parts of the cycle in succession, but such schemes are

not common. Usually there is required some two or three

times the amount of water needed by the standard com-

pressor.

Combination Plants. The particular advantages in the use

of the absorption machine lie in the relative ease in securing

low temperatures and in the ready use of exhaust steam for

power purposes. Where high pressure steam has already

been used and is available as exhaust steam in sufficient quan-
tities at a nominal price (or as a waste product) the absorp-

tion machine may be used advantageously. The economy of

operation must be sufficient to warrant tin* installation. Tt is

becoming quite popular to install combination plants, using
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the exhaust steam from steam driven compressors and auxil-

iary apparatus to operate the absorption machine. In gen-

eral it can be said that small steam engines should not be

operated condensing under vacuum. In fact no simple en-

gine should be so operated, because the losses due to cylinder

condensation make such operation a loss instead of an ad-

vantage. But, where exhaust steam cannot be used for useful

heating or drying purposes, the absorption machine makes a

satisfactory addition in a combination plant.



CHAPTER V

ERECTION AND OPERATION

It is not possible to give more than fundamental ideas in a

brief discussion such as this, and especially is this true of a

subject of the importance of erection and operation. As de-

tail design is so different with different machines it will be

possible to make only general statements such as will be true

for all makes.

The Principal Points on Erection. The essentials in re-

frigeration are to make the system ammonia-tight, the valves

n that they will open properly with the least excess pressure

possible and close properly and promptly. Of course the

valves must be ground to a tight seat. The compressor must

be erected so that the reciprocating parts are central, for it

is impossible to maintain tight rod packing otherwise. Ad-

justments should be made so as to give more clearance on the

head end for the double acting machine, because of the effect

of friction on the length of the piston rod. In this connection

it will be remembered that the operator can easily stall the

compressor by tightening on the stuffing box packing. The

enclosed type of compressor, having no stuffing box, but hav-

ing the entire connecting rod exposed to the temperature of

the suction gas, which is colder than the temperature of the

air prevail ing- during erection, should have no clearance. In

this case the rod will shorten with decrease of temperature
as soon as operation begins.
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The Piping. Contrary to the steam engine cycle the re-

fri^i'ratiiiLr system is a closed one and the plant will retain all

the impurities that are left in it during erection. In conse-

quence care should be taken to make the inside as free from

pipe threads, mill scale and dirt of all sorts as possible. Be-

fore erection all pipe should be cleaned, at least as far as

hammering on one end. After testing with compressed air

for leaks it is usual to open each coil or section of pipe

directly to the atmosphere to blow the loose stuff out of the

system.

The piping should be carefully erected. Ammonia is very

difficult to keep tight, and special provision is always made

to stop leaks. This includes special (ammonia) fittings of

dense, close-grained cast iron, steel castings and drop forg-

ings, these last drilled out and threaded from the solid metal.

The pipe used should be of wrought iron or of steel, either

butt or lap welded in the smaller sizes, but only lap welded

in sizes larger than 2 in. diameter. When steel pipe is used

it is better to specify extra heavy rather than full weight,

especially if the plant is troubled with factors that cause

corrosion, such as heavy galvanic action or stray electric

currents.

Joints should be made up with litharge and glycerine (al-

ways mixing up a little at a time as needed) or by use of

the sweated joint, this last being the preferred method if the

pipe line is not subject to an action which has a tendency

to cause the solder to break. The work done at the shop,

such as condensers and other piping put up in stands, is

preferably sweated by tinning and then making a shrink

fit with enough solder to fill the screw threads and the cup

at the back of the fittings. The piping should be securely

fastened and arranged without low spots where water, oil

or mud will accumulate. Where low spots are necessary the

piping should be arranged to drain to this spot and a trap
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should be placed there. It will assist in keeping the system

free from impurities and will be handy during overhauling.

Traps. The trap for small plants may discharge into the

atmosphere, but for larger plants it should be connected with

other traps feeding into the regenerator. The regenerator

should always be used in plants of any appreciable size. It

is the only way that we have of keeping the ammonia "
alive'

'

and in good operating condition without the necessity of

removing the charge and returning it to the manufacturers

of ammonia for purification. A suction-line trap should be

placed iii the pipe line near the compressor to prevent the

passage of scale and other impurity into the compressor.

This trap acts in a manner similar to the steam engine

separator and will assist in preventing slugs of ammonia as

a liquid 'iitering the compressor during operation.

A satisfactory trap in the. suction-line is one of the most

important single pieces of apparatus, and it should be

made plenty large enough, and provision should be made
to keep it properly drained. The greatest operating danger
in the refrigerating plant is that of slugs of liquid return 5 nur

from the expansion coils to the compressor. Ammonia com-

pressors are not designed to utilize relief valves in the cyl-

inders, and these are a questionable advantage even with

MI cylinders. Therefore, for safety, liquid must be pre-

vented from entering the cylinder, and the suction trap

must be capable of taking care of any liquid that may come

over with tin- LMS. The liquid ammonia caught in the trap
must be passed into the coils again (if there is head enough ^

:

otherwise it must be pumped back or allowed to ro to the

regenerator. The trap must be cleaned frequently under any
circumstances.

The Oil Separator. It is a mistake to place the oil (dis-

charge) trap too near the compressor. With the highest

les of lubricants some oil will volatili/.e with the tem-

perature rise during compression, and unless ibis is con-
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densed again before it reaches the oil trap it will pass on

to the condenser. The discharge line, being uncovered, will

quickly lose its superheat and there will be more chance of

complete removal of the cylinder oil if the trap is placed

nearest the condenser. This trap is likewise similar in

action to the steam separator and is preferably made large

so that the liquids may have a chance to separate out by

gravity.

Loss of Capacity. It is now universally conceded that the

most economical manner of operation is to bring the am-

monia back to the compressor in a dry, saturated condition.

Too much superheat of the return gas cuts down the capacity

of the machine, and too wet a condition (wet compression)

of the gas allows excessive re-expansion of the clearance vol-

ume as well as inefficient use of the liquid ammonia. The

temperature of the gas entering and leaving the compressor
is important and every machine should be provided with

thermometers in the suction and the discharge lines. By
means of thermometers the operator can tell whether the

suction gas is superheated or wet by reading both ther-

mometers and comparing the readings found with the tem-

perature corresponding to that of the suction pressure. It

should be noted that if too much liquid is returning with

the gas the temperature of the discharge will be low pos-

sibly cold to the hand. These readings are similar to those

in the steam power plants, the C0 2 apparatus, the steam flow

meter, the boiler draft gage, etc., and are a ready means of

showing changes in operating conditions, as just mentioned.

The old method of trying to operate by placing one's hand

on the pipe should be avoided, as it has been found to lead

to very bad results.

Reviewing the operating conditions which cause decreased

capacity of plants, increased power input or inability to

secure the required temperature it will be found that the

main troubles are valve action, ammonia contamination with
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inert gases in the condenser and water in the liquid receiver

and the expansion coils, and scale, oil, mud and other pipe

troubles in the condenser and the expansion coils.

The operating engineer who is accustomed to the operation

of steam machinery will find it necessary to make due al-

lowance for the refrigerating cycle. The greatest advantage

of steam machinery is that it will always work. In fact, this

characteristic has been one reason for its continued employ-

ment, frequently, but refrigerating machinery has to be

operated just right. Leaky flanges, fittings, expansion joints,

stuffing boxes, valve rods, etc., might be all right with steam,

but all wrong with ammonia. Sooty and scaly boiler tubes

might "get by" but similar contamination in the refrigerat-

ing cycle will cause much reduced capacity if operation is

-ible at all. The fact is that instead of several thousand

degrees difference of temperature on the two sides of the

pipes (as in the case of the steam boiler), the expansion pipes

have only 10 or 15 degrees difference of temperature. Then

again the steam engine can be operated with 1/16 to 3/32
of an inch out of round, but failure would be the only result

of such conditions with the use of ammonia. The capacity

of the compressor is determined from the amount of gas

actually pumped into the condenser, and leaks through suc-

tion and discharge valves or past the piston mean that much
reduction in capacity.

In consequence the equipment must be erected or over-

hauled so that it will be sound and tight. The valves must

be gas tight, and the action must be such as will allow the

least "slip" possible. After operation for a short time the

valves should work freely, and must be perfectly smooth.

On erecting it is wise to operate the compressor on air for

a few days, with discharge open to the atmosphere and with

plenty of oil, so as to be sure that the adjustments are riirht.

Another trouble may be expected that due to sand or s

getting under the valves. This trouble is due to the loosen i ML'
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of sand from the unfinished surfaces of castings, or of mill

scale in pipe or of dirt in the system not blown out durinir

erection.

Inert Gases. Inert gases in the condenser are not only
bad because of the extra pressure which the compressor has

to pump against, but also because of the decreased efficiency

of the condenser containing them. As already explained,

air, nitrogen and hydrogen in the condenser act as an insu-

lator on the pipes and it is possible under these conditions

for parts of the pipes in the stand to be out of commission.

Inert gases are mainly due to the presence of air and decom-

posed lubricating oil. There is little decomposition of the

Fig. 63. Metallic packing (France Co.) for piston rods

ammonia at the usual operating conditions. Care should be

taken never to operate at a vacuum, unless the exceptional

condition prevails of necessity of very low boiling tempera-

tures of the ammonia. The trouble with operating under a

vacuum is that air will always get into the cylinder through
the stuffing boxes, even though the packing is sufficiently

tight to prevent the ammonia escaping into the atmosphere
when the suction pressure is greater than the atmosphere.

Metallic packing is frequently worth the increased cost, be-

cause of reduced friction and reduced ammonia losses. (Pig.

63.) Lubricating oil should be selected for the two extremes

of temperature, so that it will not freeze at the suction tern-
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perature or disintegrate at the temperature of the discharge

under the most severe operating conditions. Incidentally the

maximum temperature of the discharge gas is obtained when
the suction pressure is the lowest and the condenser pressure

the highest. The condenser pressure should be frequently

compared with the ammonia tables, using a temperature a

few degrees higher than that of the exit condensing water.

Any marked difference between these two pressures indicate

that non-condensable gas is present in the condenser, which
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use of the refrigerated purge tank. The latter is simply a

device to cool the gases being purged by the means of refriger-

ated coils the idea being to condense the ammonia out of the

permanent gases in a manner comparable with the action of

the rectifier of the absorption machine.

The liquid receiver should always have a gage glass with

automatic valves that will shut off the connection should the

gage glass break. The liquid receiver level is always chang-

ing, and if more than one temperature is being carried con-

tinual trouble will be encountered unless the operator can

tell how much liquid he has back of the expansion valve. If

the receiver runs empty then liquid and uncondensed gas will

flow into the expansion pipes, thereby choking the coils and

reducing the refrigerating ability of the system.

The Stick Test. In this connection, as well as in any

expansion line test, it is convenient to use the
"
stick test."

This test, for boiling temperatures of ammonia below 15

deg. F., is to scrape away the frost on the pipe and to apply
a moist finger. If the proper temperature is being carried

within the pipe the finger will stick and it will require quite

a pull to release it. If the finger does not stick it shows

that the boiling temperature is not that which is expected

and the trouble must be found and rectified.

Sometimes the operator will find the discharge temperature

of the gas leaving the compressor a means of locating trouble.

As no up-to-date engineer now advocates the use of wet com-

pression (unless the compressor does not have a water jacket)

the presence of a cold discharge gas pipe means that con-

siderable liquid is returning to the machine. This means

that one of the expansion valves is too open, that (possibly)

there is a leaky expansion valve, or that the coils are in a

flooded condition. By applying the stick test to the different

suction return lines it is possible frequently to locate the

trouble quickly.
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Oil. The almost daily care to overcome the trouble due to

oil in the system is comparable with the use of the surface

blow and the daily blowing off of the steam boiler through

the blow off valves. The engineer will be aware certainly,

that solids in the feed water, and possibly oil in the con-

densate will have to be removed from the boiler by means of

the blow off valves or by washing out the boiler. In the

refrigerating system there is an accumulation of oil inside

the pipe (condenser, receiver, traps and expansion piping)

and frost and scale on the outside of the expansion piping.

Occasionally plants are found which have not been cleaned out

since erection, as likewise have water tube boilers been found

with scale thick enough in the tubes to stop the passage of

water. But the point is that for efficient operation, and for

the maintenance of capacity, the heat transfer surfaces must

be in good shape.

Some engineers believe that after the first few months little

or no oil should be added to the system, because, being a

closed system, oil will travel around the cycle with the am-

monia. This probably will work out all right with careful

attention to details by experienced engineers especially with

the slower types of compressors. The oil trap should be kept
drained of oil at all times, and the condenser and the expan-
sion system should have a regular overhauling. However,

as the oil which gets into the expansion pipes is likely to

congeal, it is essential that proper means be used to get the

oil to flow.

Aft. i [> uniping a vacuum on the cooling coils in order to

free them of ammonia preliminary to overhauling (heating

them if necessary) the coils should be drained of any remain-

ing liquid and finally blown out with steam under pressure,

tri\ inir a rather free exhaust so that the velocity of the steam

will carry out tin- 1 if pi id and other soft deposit. After this

steam ii it: has been completed satisfactorily, hot air should be

pumped into the pipes in order to dry out any moisture



\:l-2 MECHANICAL REFRIGERATION

remaining. Finally, in pumping a vacuum on the coils pre-

liminary to recha Tiring the system, the compressor should

be run slowhj. This is because with oil and air in the com-

pressor there is needed only the proper mixture and the flash

point temperature to secure an explosion. This flash point

temperature is easily reached with vacuum pumps when one

remembers the very high ratio of pressures possible under

the circumstances.

Tests for Leaks. In order to keep the plant in good con-

dition regular tests for leaks must be made. Ammonia test

paper (sulfur paper) should always be on hand and used,

and Nessler's solution should be available for periodic tests

of the jacket water, condenser water and the brine. The

condenser can be leaking with a split pipe for weeks without

giving visible signs of trouble. The operator should approach
the matter with an open mind, and remember that conditions

are different in certain respects from those in the steam plant.

In the case of steam the loss of 100 Ibs. through the stuffing

boxes, flanges, etc., probably would be of slight moment.

With ammonia it would cause the loss of about $30 and prob-

ably would be objectionable on account of the odor. Just

as in the case of the boiler plant where continued care is

necessary to prevent blow off valve leaks, leaky settings and

air holes in the fuel bed it is necessary always to be on

the lookout to keep the refrigerating plant in good condition.

Suction Pressures. Unless the surrounding medium (air,

brine, water, etc.) is hot enough the ammonia will not boil.

The ammonia boiling temperature is a variable, depending on

the pressure to which it is exposed, just as in the case of the

steam in the boiler or the steam in the steam pipe or the

radiator. If a brine tank has brine at 14 deg. F. it will not be

possible to boil ammonia at a pressure of 30 Ibs. gage because

the boiling temperature of the ammonia at that pressure is

slightly greater than 16 deg. F. Where only one expansion

valve is in use the lack of any refrigerating duty would be in



ERECTION AND OPERATION 133

evidence at once, but most plants have several loads with a

variety of conditions, including cold storage, ice making and

possibly a sharp freezer of one sort or another. In these
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pin Tits, if tho suction pressure is not low enough to boil the

ammonia in the coldest room or t.'ink. then the liquid food t<>

tlif (M.l.lrst coils will not boil, but will aoouimiljito and linally
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the pipes will become flooded. "Lost" or "dead" ammonia
is the result, combined with unsatisfactory operation. A
condition such as has been mentioned is often found in the

case of plants requiring a heavy load of short duration, like

the chill of the packing plant or the dairy with its pasteuriz-

ing load, or even the plant which has to pull down the brine

tank temperature in the morning. Incidentally it is wise to

remember that at times it is possible to have a double suc-

tion, or to have one machine on the low temperature and

the other machines on the medium temperature refrigeration.

It is unwise to have to govern the conditions of the whole

plant by the conditions prevailing in one room.

Defrosting and Lack of Capacity. As far as the routine

work is concerned considerable advantage is derived from

having a connection from the compressor direct to the ex-

pansion coils, or to the different sections of coils. To defrost

or to start the oil flowing the hot gas from the compressor is

allowed to flow directly into the low pressure side. The

refrigerating coils then become a condenser for the time

being without water cooling, and therefore they will rise in

temperature. In consequence the solidified oil will become

liquid and if the pipe line has no pockets, but drains towards

its liquid trap the oil may be separated easily. Care must

always be taken, however, to prevent slugs returning to the

compressor. The same method of pumping the hot gas into

the expansion piping may be used for defrosting. Sometimes

oil in the lower (and colder) part of the condenser may be

loosened by allowing the cooling water to be shut off for a

short space of time. As an example of the advantage of

overhauling the following typical example may be given :

Removing long accumulation of ice, the suction rose from 3 to 15

Ibs. gage.

Removing long accumulation of oil in pipes, the suction rose from
15 to 17 Ibs. gage.

By increasing the amount of piping, the suction rose from 17 to 22

Ibs. gage.
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The piping noted in the above was placed in some of the

rooms which were under-piped. It is usually conceded that

piping is the cheapest thing around the plant. The piping

ratios should be correct for the kind of work being per-

formed. As an example of piping and plant design, Figs.

65 and 66 are included.

To summarize, inability to obtain capacity may be brought

about by:

1. Too small a piping ratio, requiring a low suction pressure.
2. Frost on the outside, oil, scale, etc., on the inside of the expansion

pipe.
3. Water in the expansion pipe, requiring a lower suction pressure

for the required boiling temperature of the ammonia.
4. Leaky valves, and piston rings, that allow loss of weight of gas

pumped by the compressor into the condenser.
5. Too small a charge, resulting in the blowing of gas through the

expansion valve into the coils.

6. Suction pressure too low for the required refrigerating work being
performed, or the suction valve partly closed.

7. Liquid returning to the compressor (wet compression).
8. Leaky safety head, or leaky or partly open by-pass valve.

Excess condenser pressure may be from:
1. Too small a condenser, or one that is not working properly.
2. Too small an amount of water on the condenser for the temperature

of water used.
3. Oil or scale on the condenser piping.
4. Condenser partly filled with liquid ammonia.

Stands of the condenser not working, due to valve trouble or

accumulation of solids which prevent the condenser from draining.
6. Inert gases resulting from poor lubricant in the compressor, or

air in the condenser due to pumping a vacuum during operation or to

repair work.

Accidents and Their Prevention. It is also worth while

mentioning a few of the most common causes of accidents.

The rule in regard to steam boilers and steam pipe lines

applies with even greater force to ammonia, don't break a

/ under prc.s.v//< Also the fact that a vacuum has been

pumped on a set of coils is no reason for the coil to be free

"f ammonia. Install safety valves according to the A. S. R. E.

Code (Pig. 67). Apply the "stick" test or use a blow torch

<>n the pipe in order to boil away the liquid which may still

be present. Do not pump an air pressure on the system in



136 MECHANICAL REFRIGERATION

too great a hurry, operate slowly and stop the machine occa-

sionally. It is very easy to have too great a temperature of

SECTIONAL ELEVATION THROUGH POWER PLANT

Fig. 66. The boiler and engine room of a typical modern steam

driven, medium speed, refrigerating plant

discharge, which may be the only other prerequisite for an

explosion. In large plants install automatic stop valve (Fig.
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68), which should be installed in the main pipe lines. In

breaking a joint be careful to do it slowly. It is better to

n and still have bolts in the flange until a lack of pres-

sure in the pipe is found actually to exist. Don't fill a

drum or receiver or system of piping full of cold ammonia

and prevent or try to prevent expansion by closing all valves.

The container will burst every time when the temperature

rises. Don't operate at a pressure below the atmosphere

Fig. 67. The A. 8. R. E. excess pressure safety
v;ilve piping arrangement :nnl mixer

unless absolutely required and don't operate the machine

while the pipe line is open for repairs, and make sure that

the joint is tight before starting up a<_rain. Ammonia d>es

usually disintegrate, and does not explode except with

particular mixtures of air, but on the other hand, it is useless

to run any unnecessary danger.

Starting Up the Compressor. In starting up the com-

pressor it is usual to proceed as follows :
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1. Start the condensing water over the condenser, and through the

compressor jacket.
2. See that both the suction and the discharge valves on the com-

pressor are closed, open the discharge by-pass to the suction line.

3. See that all lubricators are open and that the oil supply is ample.
4. Start the compressor slowly if it is possible so to do.

5. Open the suction and the discharge valves.
6. Close the by-pass valve.

Operate so as to pull down the suction pressure to the

amount desired, then open the expansion valve. Try to

bring the frost back to the suction bends, but do not frost

the machine. If the machine is motor-driven remember that

the power required to operate at high back pressure is greater

than it is at low back pressure (this is the opposite from

what might be expected). For example, at 170 Ib. gage

pressure the mean effective pressures are as follows:

At 5 Ibs. gage suction pressure the mean effective pressure is 58.0 Ibs.

At 10 Ibs. gage suction pressure the mean effective pressure is 63.5 Ibs.

At 15 Ibs. gage suction pressure the mean effective pressure is 67.7 Ibs.

At 20 Ibs. gage suction pressure the mean effective pressure is 70.9 Ibs.

At 25 Ibs. gage suction pressure the mean effective pressure is 73.3 Iba.

At 30 Ibs. gage suction pressure the mean effective pressure is 75.0 Ibs.

Sometimes the suction pressure is high at the start, and

the power required by the compressor is 40 per cent greater

than under standard conditions. To shut down the machine

reverse this order of operation.

Starting and Operating the Absorption Machine. In

operating the absorption machine the cycle must be fully

understood if one is to get results of value (see Chapter IV).

Briefly the proper steam pressure must be used in the gen-

erator for the average concentration of aqua carried. The

strong aqua pumped back by the aqua pump must be 6 to

12 per cent or more higher in concentration than the weak

aqua leaving the generator, and the pump must be operated
so as to provide the necessary amount of aqua for the con-

centrations being used. To operate (assuming there is pres-

sure on the generator), proceed as follows:

1. Turn on the water supply to the condenser, absorber, rectifier, and
the weak aqua cooler.
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2. Start the strong aqua pump, and see that the weak aqua is flowing
properly, and the weak aqua regulator on the strong aqua receiver ia

working.
3. Start the brine pump, if one is installed. Note the ammonia pres-

sure in the brine cooler (for expansion coils) and in the absorber. Re-
member that in this machine the boiling temperature of the ammonia
is determined by the pressure in the absorber.

4. Turn the steam on the generator, using the steam pressure required
by the consideration of the concentrations carried in the generator.
When the supply of anhydrous ammonia is sufficient in the receiver, and
the absorber pressure is correct for the load being carried, then:

5. Open and adjust the expansion valve.

In shutting down reverse the order of operations.

In operating the absorption machine the main difficulties

consist in keeping up the concentration of the aqua in the

generator, and in keeping water out of the expansion coils.

It should be remembered that, as in the compression system
some oil gets into the liquid receiver and then into the ex-

pansion coils, that the rectifier cannot remove all of the water

vapor out of the gas boiled out of the generator, and that

in time the coils receive more water and the result is that

these become partly filled with a strong aqua. The result is

that the coils must be pumped out, and the operation must

be attended to frequently enough to keep the low pressure

part of the system in good condition. Also as the ammonia
is lost through leaks or disintegration or otherwise the con-

centration must be brought up to normal by means of a new

charge or the steam pressure must be raised. More inert

gases are formed in the absorption machine than in the com-

pression system, and purging must be resorted to to keep tin*

condenser pressure down to normal. It is now recommended

that a solution of potassium bichromate using 1/5 of a pound

per 100 Ibs. of aqua be used in the generator to reduce

the action of CO, and the formation of oxide of iron sludge
and of free hydroirni in the generator.

After testing the new pipe line with air pressure, and soap

suds, without evident leaks the air pressure should be main-

tained for 24 hours without appreciable drop. The system
is then ready for charging, and the first operation is to free
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tin* pipe line of air usually performed with a free exhaust

to the atmosphere so arranged as best to free the line of dirt

and accumulated impurities. To pump a vacuum the corn-

Fig. 68. Semi-automatic stop valve for

ammonia lines. [Note lever :m<l

catch at top]

pressor exhaust valve is closed, the compressor is operated,

and the exhaust is allowed to escape into the atmosphere

through some suitable opening between the compressor and

the exhaust stop valve. The compressor is operated slowly



ERECTION AND ol'I-J.'ATION 141

as a vacuum air pump until a vacuum within 4 inches of the

barometer is obtained. The system is now ready for charging.

Charging With Ammonia. The ammonia charge is made

by connecting the drum of ammonia to a point in the pipe
line between the liquid receiver and the expansion valve

where the charging connection has been placed. In charging

the drum is placed on a platform scales and the amount of

ammonia drawn out of the drum may be known by referring

to the weights on the shipping tag and the reading on the

scales. The liquid should be allowed to flow into the expan-
sion system only (not into the liquid receiver) and the valve

on the drum becomes the expansion valve during charging.

The ammonia will flow readily because the pressure in the

drum is that corresponding to the pressure of saturation

(practically) given in the ammonia tables for the tempera-

ture in the room, and of course the suction pressure is readily

controlled at about 15 to 20 Ibs. by the operation of the com-

pressor. Continue the action of feeding into the system and

operating the compressor until a pressure in the condenser

is obtained approximately as follows:

For 60 deg. F. water on the condenser the condenser pressure should
be 150 gage.
For 65 deg. F. water on the condenser the condenser pressure should

be 160 gage.
For 70 deg. F. water on the condenser the condenser pressure should

be 170 gage.
For 75 deg. F. water on the condenser the condenser pressure should

be 180 gage.
For 80 deg. F. water on the condenser the condenser pressure should

be 190 gage.

And of course the actual amount of ammonia charge will

depend on the amount of piping. This is approximately %
Ib. per lineal foot of 1*4 inch pipe, 1/5 Ib. per lineal foot

of 2 inch pipe when the pipe is ordinary expansion, and Vi Ib.

;m<l 0.7 Ib. respectively when the pipe is flooded. For con-

densers use 15 Ibs. per coil (12 pipes hiirln <>!' I 1

\
x - inch

double pipe, and 30 Ibs. per coil (12 pipes high) for 2 inch

atmospheric cniKl, -users. We usually figure to fill th.
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ceiver half full. The charging drum is empty when its

weight is that given as the "tare" on the shipping tag. Such
a number of drums must be used as will give a sufficient

charge of ammonia. The refrigerating plant is now con-

sidered to be ready to operate.

COOLING WATER

Refrigeration and cooling water are inter-related terms,

for without cooling water there could not be refrigeration.

One would be as likely to operate a steam engine or steam

turbine condenser without condensing water, or the oil engine

without cooling water, as the refrigerating machine without

the necessary amount of water at the temperature of the

air or colder. As a matter of fact, the first question that

arises when considering the installation of a new plant is,

"What is the temperature of the cooling water?" and the

second is, "What is its cost?" In other words, the engineer

desires to find out how fully it is possible to use the cooling

water and what will be the cost of providing the required

amount.

Occasion has been taken before this to bring out the func-

tion of the cooling water in the refrigerating cycle. The

compressor is a pump a temperature pump in a way as it

raises the temperature level of the refrigerant to a point

sufficiently high so that the cooling water at hand can con-

dense the ammonia gas satisfactorily. In the ammonia con-

denser, as in any form of condenser, the cooling water

removes the heat of liquefaction (latent heat) and in addi-

tion the superheat and some of the heat of the liquid. In

consequence of this the water is warmed a certain amount,

depending on the relative amounts of water used. In gen-

eral it may be said that the heat removed is as follows :

The compressed ammonia gas, being superheated, has its

superheat removed first and then its latent heat of liquefac-

tion. Finally, the liquid ammonia is precooled slightly below

the temperature of saturation. The cooling water has to
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remove all of this heat, and then to pass away from the

condensers carry hit: this amount of heat with it at a propor-

tionately higher temperature. An example will make this

clearer :

Example. Take a compressor receiving ammonia gas in a

dry, saturated condition and operating between pressures of

1">.7 Ibs. gage and 175 Ibs. gage, with a temperature of dis-

charge of 234 deg. F. and a temperature of the liquid leaving

the condenser of 80 deg. F. The temperature of the water

leaving the condenser is 90 deg. and the water entering is

75 deg. F. Under these conditions there would be removed

for each pound of ammonia 92 B.t.u. of superheat and 485.5

of cooling would be needed to condense it at 175 Ibs. gage
^sure and a temperature of saturation 93.1 deg. F. Finally

to cool the liquid to 80 deg. F. requires 15.1 B.t.u. or a total

of 592.6 B.t.u. per pound of ammonia. The useful available

refrigeration from this same pound of ammonia is 479.6 B.t.u.

and the difference, 592.6 479.6=113.0 B.t.u. is the work

done by the compressor per minute, resulting in heatmir

the ammonia. This result may be shown in another way.

Taking a case where a pound of ammonia is compressed per

minute, the net refrigerating effect is 479.6 B.t.u. or a rate of

2.40 tons of refrigeration. With these conditions of opera-

tion there will be required (with no allowance for losses)

1.125 h.p. per ton of refrigeration or

1.125 X 2.40 X 42.4 = 114.5 B.t.u.

per pound of ammonia condensed, in the condenser. The

difference of 1.3 per cent in the two calculations is due to

errors in the constants used in the calculations, but the

example shows the real function of the condenser and of the

enoling water. It is frequently said that the condenser must

remove an amount of heat equivalent to the amount of useful

refrigeration dour plus the heat equivalent of the work done

by the compressor. This likewise may be seen by the example
as noted above. The total heat removed by the condenser
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per pound of ammonia was (>">().!) B.t.u. and the

under the conditions of the problem was 2.40 and the quotient,

592 6'

'

is 247 B.t.u. per ton per minute. If a 100 ton plant

is being figured on them 24,700 B.t.u. must be removed per

minute, which (at 1% gallons of water per ton per minute)
will require 175 gallons per minute of cooling with a tempera-
ture rise of about 17.0 deg. F.

To supply the required amount of condensing water is

frequently a difficult and expensive job, unless the plant is

Fig. 69. Hadley Ice Co., Chicago, 111.

situated near a plentiful supply of satisfactory water. It

frequently occurs that the plant is located in such a way
as to limit the water supply to wells or to the city supply.
The cost of water from the city mains is usually beyond the

economical means of the plant, and wells may be expensive
to dig. For example, some of the wells in the stock yards
district of Chicago were sunk to 1,600 feet, and cost $14,000.

So, if water is expensive to pump, and has to be purchased,
a method of cooling would be necessary to make it serve over
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again one or more times in the condenser. The methods used

are as follows:

In general there are three ways of cooling water where re-

use of such water is desired for cooling purposes; by the use

of cooling ponds, spray ponds and cooling towers. Each of

these methods has its own advantages in special en

The Cooling Pond. The cooling pond can be used in loca-

tions where a natural body of water is available adjoining the

plant. The water is cooled by being allowed to be brought
into surface contact with the air, and the evaporation (and

the cooling of the water) depends on the relative temperature
of the air and on the humidity. The tendency would be for

the pond to assume the temperature of the air both due to

giving up heat to the air and also due to the difference of the

saturation pressure of the water vapor in the air. Roughly
the amount of cooling surface for usual conditions may be

taken at from 60 to 80 B.t.u. per square foot of surface per

hour, or about 225 sq. ft. of coolinr surface per ton of

refrigeration. As the surface is the main consideration, it

is not important to have any depth unless the refrigerating

load is a variable amount, as, say, in the cases already men-

tioned of the chill rooms of packing houses, or in the case of

pasteuri/inr milk or cream. In these latter cases it would

be possible to use a smaller pond, but of some depth in order

to store up enough cooling water. Usually a foot or two

is plenty.

Spray Ponds. Spray ponds differ from cooling ponds in

the attempt that is made to accelerate the cooling effect. By
forming a spray and by very finely dividing the particles

of water, the air may quickly reach all the water instead of

waitinr until <-ach particle reaches the surface of the cooling

pond a process that might be a h-im'thy one under adverse

conditions.

With the spray nozzle (Pigs. 69 and 70) the water is

pumpi-d under 5 or 10 ll>s. prrssun- through a special n<
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designed to create a whirling spray of fine water particles.

In most cases a cooling of 10 to 15 deg. F. may be obtained

with a single spraying, and the final temperature depends
on the fineness of the spray and on the humidity. For in-

stance, if the air has a humidity of 70 per cent and a tem-

perature of 70 deg. F. the pressure of the water vapor in

the air is 0.70 times 0.36 (the saturation pressure of steam

at 70 deg. F.) or a pressure of 0.25 Ib. per sq. in. It is

usually assumed that the cooling water may be reduced to a

Fig. 70. Arrangement of sprays for a spray pond.
Note size of basin required to prevent loss of

water by drift. [15 ft. is required from
nozzle to edge of pond]

temperature corresponding to a pressure of about 0.15 Ib.

sq. in. greater than that of the water vapor in the air, or

(in this case) 0.25 + 0.15 = 0.40 Ib., which corresponds to

the temperature of 73 deg. F. Some five or six per cent

of the water sprayed is evaporated in the process.

A good rule to use is to allow one square foot of surface

for every 250 to 300 Ibs. of water sprayed per hour, which

reduces to about 4 sq. ft. of surface per ton of refrigeration,

allowing a temperature range of the water of 12 deg. F. To

prevent excessive loss of water due to the drift of the spray
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during moderate winds the pond or catch basin should have

the embankment at least 15 ft. outside the row of spray
nozzles. The nozzles should be from 8 to 10 ft. apart to

secure satisfactory results. The spray pond may be placed
on the roof or above the condenser if suitable louvres are

provided to prevent excessive loss of water during winds.

Fig. 71 shows a good arrangement for gravity feed from the

spray pond to the troughs over the condensers.

.ir -;-

g'-EVATlON

Fig. 71. A typical spray arrangement for the roof. Note
louvres, catch basin and gravity feed to the atmospheric

condenser, and position of centrifugal pump

The Cooling Tower. The cooling tower has been success-

ful and popular for many years, and without question will

continue to be used indefinitely with equal satisfaction in

spite of the success of the spray pond in particular instances.

It lends itself particularly to congested quarters, where tin-

cooling pond is out of the question and the spray nozzle can-

not be easily arranged. As the name would imply, it is built

in the form of a tower usually with air tight walls to gain
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the advantages of the chimney construction. The object of

the tower design is to acquire a natural or a forced draft

(or both) and to provide a means of securing a large amount

of wetted surface kept wet by the condensing water that is

pumped in at the top.

The wetted surface may be secured by means of tile, but

the usual manner in refrigeration is to form a wooden

checkerwork, arranged as in Fig. 72, to prevent undue trouble

Fig. 72. One method of building wooden cooling towers.

[The idea is to secure as efficient surface as possible]

by warping and so that the wet cross sectional area will be

sufficient to allow the necessary amount of air to pass through.

As in the spray nozzle, which requires a finely atomized spray,

so in the cooling tower a thin film of water is required and

an air current to evaporate some moisture and to cool the

water by the heating of the air.

The action of the cooling tower is as follows: The water

is showered over the top grids of the tower, and it descends



A.\D OPERATION 149

dropping from checkerwork grid to checkerwork grid and

being exposed all the time as a thin film on the surface of

the tower. The ascending air absorbs moisture, has its tem-

perature increased, and finally leaves the tower at a tem-

perature of about 10 deg. F. below the temperature of the

entering warm water from the ammonia condensers, and with

a humidity at the exit temperature of about 95 per cent.

During the passage of the air through the tower some water

is evaporated, which cools the remaining water according

to the principles of refrigeration.

In refrigeration it will be necessary frequently to cool

water about 15 to^ 20 deg. F. Under usual conditions the

tower will absorb heat from the water at the rate of 300 to

400 B.t.u. per square foot of tower wetted surface per hour.

At this rate 40 to 50 sq. ft. is required per ton of refrigeration

and an air velocity in the tower of about 10 ft. per second

is expected. In refrigeration a natural draft tower is gen-

erally used, and either the necessary chimney effect is relied

on for the creation of the draft, or the design with open
sides is used, which relies on the wind to do the business.

It will thus be seen what the function of the cooling water

is and what means of making a repeated use of this cooling

water is possible. As a means of visualizing the problem
better and also of estimating the requirements of new plants

the diagram, Fig. 73, is added showing the heat to be re-

moved by the condenser per ton of refrigeration, and tin-

condenser pressure to be expected in this condition for each

1- mperature range of the cooling water.

Example. For example if 2.45 gallons of water are used

I
MM- ton of refrigeration per minute with a suction pressure of

1 > Ib. gage, the range of the water (the temperature rise of

the water in passing through the condenser) will be 12 deg. F.,

the heat removed per ton per minute will be 244.9 B.t.u.

ami tin- condenser pressure will !> ir>8 Ib. gage. The diagram
il laid iut for an initial t.'ni|cratun of 70 deg. F. and n<>
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liquid cooling is allowed for after condensation of the am-

monia. Also the assumption is made that the gas entering
the compressor is just dry and saturated (a condition that

prevails only with careful operation of the compressor by
means of thermometers) in which state the maximum efficiency

of the compressor is also obtained. The assumptions enumer-
ated are average figures, and the chart becomes much simpler
than it would have been in order to include all variables.

No Liquid Cooling
. Initial Temperatu

of Cooling Water in
every Case

2.45

220 230 240 250 260

E,t,U. Removed by Condensing Water per Ton

Fig. 73. Chart for calculating condenser performance

The chart shows in an excellent manner the effect of

changing the conditions of operation. It is evident that some

advantage is derived by the use of more water. For example,

if 5.8 gallons of water were used with 15 Ibs. suction pressure

the condenser pressure would be 139.2 Ibs. per sq. in. gage
with a temperature rise of 5 deg. F. and a removal by the
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water of about 228.5 B.t.u. (see intersection of the 139.2

condenser nressure and the 15 Ibs. suction line) per ton of

refrigeration per minute. The reduced amount of heat re-

moval is, of course, on account of less work done by the

compressor as the pressure is reduced from 158 Ibs. to 139.2

Ibs. The addition, then, of over double the amount of water

(from 2.45 gallons with 12 degree range to 5.8 gallons with

a five degree range) had the effect of reducing the head

pressure only 18.8 Ibs. and the work done in the compres-
sor by only about 16.4 B.t.u. Since the advantage derived by

showering the condenser with water is not very great ap-

parently, its value may be questioned.

Conclusion. In this chapter the principal causes of grief

and trouble have been given, with also a description of the

factors influencing economy of condensing water. Erection

must be more carefully attended to than is usual in steam

engineering, and in operation the engineer has to maintain

his system tight as well as prevent accumulation of foreign

material tending to prevent the proper functioning of either

side of the system. The refrigerating machine may be excel-

lent, and the piping adequate and yet the plant may be a

failure unless details of operation are strictly attended to.



CHAPTER VI

REFRIGERANTS

It is quite possible that there has been some concern on

the part of engineers as to why ammonia machines are used

for refrigeration in the United States to the extent of more

than 95 per cent of all such work, whereas in Great Britain

and France other cooling vapors are used to a much greater

extent. There must be some reason for this preference

some good and sufficient points of excellence for engineers

in the United States have always been very quick to make

changes if there is anything to be gained thereby. What are

the reasons for the preference for ammonia, and why do not

carbon dioxide (CO 2 ), sulphur dioxide (SO,), ethyl chloride

and other vapors gain in popularity?

Analysis of Choice. All engineering questions have two

sides, and few if any live matters can be answered definitely

and decidedly one way or the other. As an example, there

is the question of the use of the jet or the surface condenser

for stationary plants (there is no question as to the use of

the surface condenser in marine practice). There is the

question of the use of star or delta windings in electric ma-

chinery or of two phase or three phase electrical transmis-

sion, and the question of the steam engine or the steam

turbine as compared with the Diesel oil engine, and both of

these as compared with the development of water power
if the latter is available. The questions of load factor, cost

of fuel, cost of money (if borrowed) kind and quantity of

152
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water, proximity and quality of fuel to be used, etc., are

factors that must be weighed in the balance if a satisfactory

answer is to be obtained. \o cut and dried answer will avail

in all cases, but each individual case must be decided for

itself.

The refrigerating engineer understands that our objective

with the use of the compressor and the high pressure side

is to be able to use the same refrigerant continuously. We
compress the gas boiling off from the refrigerating coils in

order that the condensation of the gas may be possible at

temperatures of 60, 70 or 80 deg. F. or even higher, depend-

ing on what temperatures of cooling or condenser water may
be obtained. The gas compressed passes through the com-

pressor, and the amount of gas so compressed per interval

of time depends on the piston displacement of the compressor.

Naturally we are interested not only in the pressure range
of the compressor (the suction and discharge pressures re-

quired by the refrigerant used), but also in the cooling effect

obtainable by one cubic foot of compressor displacement.

Chemical Properties of Refrigerants. There are in addi-

tion the factors of the cost of the substance used, the patho-

logical effect should the stuff escape from the compressor or

cold storage piping and the chemical effect on iron, steel and

brass. Of these the first item, the cost of the refrigerant, is

too great in every case to allow the substance to be thrown

away. If air were used it might be possible to exhaust it into

the atmosphere after using, but air is no longer employed.
The effect on human life of the gas used is different with

aeh substance. Carbon dioxide is harmless in small (piantities

and is odorless when pure. In larire (piantities its effect on

one is practically the same as if mie were submerged in

:-. Sulphur dioxide and ammonia are deadly even in

relatively small (piantities if relief is not immediately ob-

tained. Ethyl chloride in small (piantities s.-ems to 1.,- tin-

least harmful of all refrigerants now in use. and for that
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reason it is used to a large extent on naval vessels for medium

refrigerating temperatures. The result in all cases is that

careful provision has to be made for preventing leaks or

breaks in the pipes or headers. Also it is necessary to pro-

vide for the withdrawing of the charge into drums or for

400r

-20 -10 10 20 30 40 50 60

Temperature inDeg.F

Pig. 74. The presure-temperature relations

for the common refrigerants. [Note
the relative pressure at, for ex-

ample, 80 deg. F.]

storage in another part of the system when repairs or clean-

ing of any portion of the plant have to be performed.

The Physical Properties. The main difference in refrig-

erants, and (with the exception of ethyl chloride for use on

shipboard) the deciding factor in its choice, lies in the

physical properties as regards the pressures usually obtained

during operation, the refrigerating effect of one pound of
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the substance and finally the volume of one pound of the

refrigerant at the pressure of boiling in the expansion coils.

Referring to Fig. 74, it will be seen that ethyl chloride

has the least and sulphur dioxide has very moderate pres-

sures corresponding to the temperatures of the cooling coils

or the condenser, but that carbon dioxide has (relatively)

extremely heavy pressures some 200 to 300 Ibs. for suction

and 800 to 1,000 Ibs. per sq. in. for the condenser pressure.

These latter pressures are so great as to require special

materials both for the compressor and the piping and this

TABLE

I

Jfc

Kthyl chloride

Sulphur
dioxide ....

Ammonia . . .

Carbon dioxide

160.6

&
3 .-.

19.0

III
^p

11900

1

149.34 7.49 5020
491.1 9.114 1855
77.0 0.282 366.0

Refrigeration is at F.

Temperature at expansion valve 70 F.

8
32.50

13.72

5.07

1

$&
10

4.3o

15.7

288

factor is one that has been a deciding point in all save & few

particular cases in the United States. In fact, unless great

care is exercised the loss of the refrigerant becomes exces-

M\>, frequently to an extent such as will make the replace-

ment cost greater than for ammonia. As will be seen, the

small size of the compressor using carbon dioxide and th<>

fact that the gas is not necessarily dangerous immediately,
if it escapes, has caused it to be used in many places wh'iv

is valuable and where congestion makes it doubly dan-

to use ammonia. Fiir. 7} also shows that anmicmia
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has mock4 rate pressures, both at xero degrees F. (for the cool-

ing coils) and at 70 to 80 deg. F. (for the condensing piping).

The pressures encountered are nominal and are those which

steam engineers are used to. The substance, however, lias

greater ability for escaping out of confinement than has steam

or air, and also, it has a corroding action on copper and brass,

and therefore the materials used are special air furnace cast

iron of extra thickness, steel forged fittings, or high grade
semi-steel castings, and either extra heavy steel or wrought
iron pipe. The joints have to be special, either screwed fit-

tings using litharge and glycerine or solder joints or flanged

joints using tongue and groove with lead or rubber gaskets.

Piston Displacement. However in the final analysis the

real points to be considered are the horsepower input per ton

of refrigeration and the cubic feet of piston displacement ot

compressor per ton. All other factors fade in comparison
unless the conditions are very extreme. Of course it is de-

sired to produce refrigeration at as small cost of power as

practical, and this cost of power is mostly in the demands

of the compressor, which lifts the gas from the low side to the

condenser. Again, as a rule, the volume of gas handled

affects not only the size and cost of the compressor, but of

the piping as well.

Referring to Table 7 it will be seen that the volume dis-

placed by the compressor is less for carbon dioxide than for

any other of the refrigerants. In fact, ammonia is 5.1,

sulphur dioxide 13.7 and ethyl chloride is 32.5 times as great

as carbon dioxide for similar conditions. For the same piston

speeds the areas of the respective cylinders would have to

have these same values, and the diameters would have to

be 2.22, 3.7 and 5.71 times as great as for carbon dioxide.

Ethyl chloride is fortunate on account of the small number

of operating troubles. The low side, being subject only to

an inward pressure, will leak air into the system if leaks

should occur but leaks are readily prevented with proper
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designs and careful operation. When air does accumulate, it

collects in the condenser, from which it can be purged in the

usual manner. The gas, however, is not entirely harmless

and, if taken in larire fimujrh quantities, will put one to

sl'"p like any anesthetic. Mixed with about twice its volume
of air it forms an explosive mixture. The vapor burns readily
with a <rreenish-edged flame. On account of the extremely

large volumes at usual refrigerating temperatures, its ap-

plication has to be limited to special cases and at present to

Fig. 75.

Bearing'Space/

The rotary form of compressor, used for ethyl
This ilositfii has been successful in the

U. S. Navy

rather small machines. The pressure on the high side being

very small it lends itself easily to the use of the blower or

t lie centrifugal compressor. The centrifugal compressor (for

eth\l chloride. Fi<_r. ?.">. and other refrigerants') certainly is

L'oinpf to be used to a much greater extent in the futuiv.

P'-cially as direct connection to steam turbines and the cheap-

hi'_r h'T speeds) electric motors is possible with ret I need

Sulphur Dioxide. Sulphur dioxide has nominal }>;

and like carbon dioxide does not have a had effect on copper
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and brass. Sulphur dioxide is to some extent self-lubricating,

whereas ethyl chloride requires glycerine. The great objec-

TABLE 8. SATURATED AMMONIA: TEMPERATURE TABLE

[Bureau of Standards]
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bination of water and sulphur dioxide forms sulphurous

acid. The result is that the sulphur dioxide (S0 2 ) machine

lias to be very self-contained and sealed against air leakage.

In this country SO, machines are used only in the smaller

s and seldom, if ever, used where direct expansion is em-

ployed in the sense that is usually understood. To do so not

only would require large return mains, but would greatly

increase the possibilities of corrosion.

Carbon Dioxide Carbon dioxide (CO 2 ) has its particular

field in congested localities, such as office buildings, hotels

TABLE 9. PROPERTIES or SULPHUR DIOXIDE

Cailletet and Mathias
-B.t.u .

c-:

V
EH
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difVusion, and quests or tenants arc not driven out of their

rooms. Also unlike ammonia or ethyl chloride it is not a

combustible nor will it form explosive mixtures with air as

the other two will do. On the other hand it is preferably a

cold cooling water refrigerant. Its critical temperature is 88.4

deg. F., which means that in extreme cases in the semi-tropics

or for work in certain locations which have very warm con-

densing water it is possible that the discharge gas passing

into the condenser will not be condensed, but will act some-

what like the
" dense air" refrigerating machine which was

used in the government service for many years. Under such

conditions the efficiency is reduced, and better results could

have been obtained by the use of some other refrigerant.

It so happens that, contrary to the expectation of most engi-

neers, the power required by the different refrigerating ma-

chines per unit of refrigeration is about the same. One might

expect that carbon dioxide, working as it does with a pres-

sure range of about 550 Ibs. would require much more power

input than would, say, sulphur dioxide, which works between

the limits of -5 Ibs. and 35 Ibs. or only 40 Ibs. total pres-

sure. However, the volumes to be pumped are to be consid-

ered, and there are 13.7 tim^s the volume of S0 2 to be pumped
for the same refrigerating effect as for C0 2 at zero degrees F.

The net result is that carbon dioxide requires a little more

power than does ammonia or sulphur dioxide. In fact, am-

monia leads slightly in this respect but the net result is so

close that the matter of the horsepower per ton of refrigera-

tion for usual (standard) operating conditions need not be

considered when deciding on one or the other refrigerant.

To sum up, it may be said that ammonia is preferred in

this country because of its nominal pressures for a large range
of work using condenser pressures varying from those corre-

sponding to 50 to 80 or even 90 deg. F. and suction pressures

from 5 to 20 or 30 Ibs. gage. Its specific volumes are

also nominal, thereby allowing moderate sized suction return
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lines and headers. The piston displacement required is con-

venient, and therefore the cost of the compressor and the

space occupied are small. The American engineer feels more

at home with such conditions and hence ammonia holds its

popularity.

TABLE 10. PROPERTIES or SATURATED CARBON DIOXIDE.

[Jenkin and Pye Macintire]

40
30
20
15
10
5

5
10
15
20
25
30
35
40
46

50
55
60

70
75
80
85
SS.4

1029
1078

.01438
64
96

.01514
32
52
70
91

.01613
37
63
89

.01718
48
83

.01820
63

.01908

.02000

i
O 3

OQ

0.609
0.495
0.408
0.371

0.337

0.308
0.282

0.257
0.234
0.215
0.197
0.180
0.166
0.152
0.140
0.128
0.117
0.107
0.097

0.087

0.078
0.070
0.061

0.064
0.049

w
38.7

33.5

28.3

25.7

23.0

20.3

17.7

14.9

12.2

9.5

6.8

4.0

1.2

1.8

4.7

7.6

10.6

13.7

16.7

19.7

22.8

25.9

28.9

32.0

34.0

li

136.3

132.1

127.4

125.1

122.7

120.2

117.5
114.8

112.0

109.0

105.8

102.5

98.9

95.1

91.2

87.3

83.1

78.7

74.1

69.0

63.3

56.5

47.1

33.0

r 7J

I?

97.6

98.6

99.1

99.4

99.7

99.9

99.8

99.9

99.8

99.5

99.0

98.5

97.7

96.9

95.9

94.9

93.7

98.4

90.8

88.7

86.1

82.4

65.0

34.0

It should be said, though, that the carbon dioxide machine

is making strides in its applications in the United States.

With a better nnderstandiiiir <>!' the proper! ies of < '(
>_.
and tin-

actual cycle of operation, combined with improved designs

of the compressor and the remainder of the system, there
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TABLE 11. PROPERTIES OF ETHYL CHLORIDE.

Henning.

4
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is no question but that the carbon dioxide cycle has a future.

The fear present in the use of ammonia would be avoided as

also the danger of fire and explosion.

As regards the properties of the refrigerants little is known

except in the case of ammonia. There has been little research

work on carbon dioxide, sulphur dioxide or ethyl chloride and

precise information is lacking. However, most calculations

are accurate enough with the information already available.

Values are given in Tables* 8, 9, 10 and 11 for the heat of

the liquid, the latent heat of vaporization, the specific volume

(the volume of one pound) and the temperature and the pres-

sure. With these values most of the practical problems may
be solved, as explained in various parts of the text.

*
Recently (Dec., 1920), the Bureau of standards' physical properties

of ammonia was made public by the American Society of Refrigerating
Engineers. These tables embracing the saturated region only have been
the continuous work of the Bureau of Standards for a number of years.
The results are quite at variance with those of Goodenough, but the
author considers that they represent more uniform and concerted work
than any other set of tables on ammonia. These tables are probably not

final, but they should be accepted as standard until we are warranted in

replacing them by others. It should be noted that the ammonia tables
are calculated from a zero of heat content from minus 40 deg. F. and
therefore no negative values for the heat of the liquid will enter into

the calculations. The other tables are calculated according to the usual

method employing a xero of heat content at 32 deg. F. As the Bureau
of Standards has not published the properties of superheated ammonia
those of Goodonough are used in Table 12. The reader is warned
against the con fusion which exists because of the difference in calculation

of the properties of refrigerants. Tables 9, 10, 11 and 12 are calculated

with 32 deg. F. as the zero of heat content.



CHAPTER VII.

HEAT TRANSFER

Heat transfer is a very broad subject, embracing practi-

cally every application of engineering in one way or another.

In refrigeration it is studied in its effects as regards the

water jacket, the condenser, the expansion coils, and the suc-

tion and the discharge pipe lines. Besides these there is the

matter of heat leakage through the building walls, floors, and

partitions, and through the pipe lines where heat transfer is

not desired and which must be insulated. In the absorption

machine every part except the aqua pump is designed to per-

mit a transfer of heat. The consideration of the freedom of

heat transfer through materials, arranged in different ways
with different applications therefore becomes one of primary

importance in refrigeration. The subject naturally divides it-

self into two parts; that of attempting to prevent heat flow,

and that of trying to assist heat transfer.

Insulation. An analogy has already been made between flow-

ing water, electricity and heat. Heat cannot run "up hill"

or from a colder to a hotter object until it is acted on by
mechanical energy. On the contrary, heat has a tendency

to flow in the direction of the colder object, to warm this

object and finally to establish a condition of equilibrium con-

sisting of an average temperature of all the adjacent bodies.

In refrigeration the heat in the atmosphere has a tendency to

flow into the ice tank, cold storage rooms or brine cooler or

pipes and to raise their temperatures. The result would be

164
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a great loss of capacity, inasmuch as refrigeration would have

to be provided in order to carry the live load plus the "leak-

age" losses due to the conduction of heat from the outside.

To reduce this loss to a minimum insulation is resorted to.

In general it may be said that if two adjacent bodies have

different temperatures the tendency is for an average tem-

perature to be established. For example the hotter substance

tends to become cooler, and the colder one to become warmer.

The method producing this temperature equilibrium may be

radiation, convection, or conduction. Radiation is the method

by which the sun's rays reach the earth or by which one re-

ceives the sensation of heat from an intense fire perhaps some

distance away. It is explained as a vibration of the ether,

the substance existing in interplanetary space. Convection

is the method by which heat is conveyed by a moving sub-

stance, like hot air or hot water heating in the factory or the

home or by steam from the boiler to the engine, or the brine

from the storage rooms to the brine cooler. Finally conduc-

tion is the manner in which heat is carried along by the parti-

cles (molecules) of a solid, as in the case of a hot slicing bar,

a hot piston rod, or steam pipe. In the case of refrigeration

the heat comes from the atmospheric air as a rule, and passes

into the rooms which are refrigerated, or into the insulated

(cold) tanks or pipes.

Conductors of Heat. The reason for the passage of heat

from the air to the refrigerated pipes is self-evident on con-

sideration of the conditions that prevail. Heat passes, like

water, from a condition of higher level to one of lower level.

The heat in the combustion chamber of a boiler passes through
the tubes and shell into the (relatively) cold water in the

boiler, and the gaseous products of combustion are lowered

in temperature and the water in the boiler is heated and evap-
orated into steam. In like manner heat from the atmosphere
outside the building or from the air inside or the ground
underneath the building will leak in. Where we desire to pre-
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vent the passage of heat we use a non-conductor so placed as

to offer a resistance to the passage, similar to the use of mag-
nesia on steam pipes.

It is not, however, practically possible to prevent all losses

due to the phenomenon of heat transfer. All that can be done

is to use a substance of high resisting power to heat conduc-

tion which of itself will not require much volume. Of course,

if it were possible to secure a material of great strength as

well as resistance to heat transfer then the problem would be

different, but brick, concrete, iron and steel are relatively

good conductors of heat. Therefore, the load due to the dead

weights and the storage commodities or the pressure due to the

brine or the refrigerating medium must be carried by the ap-

propriate material and the insulation must be added as a neces-

sary extra, very much like the insulation used in steam pipes

and steam boilers. The problem, though, is not a simple one.

Too much space must not be taken up by the insulating ma-

terial. The problem is one to be decided from the consideration

of the material used, its cost and the value of the space occu-

pied by the insulation. Naturally also the material should be

of the same degree of endurance as the rest of the building,

and it must be capable of lasting sufficiently long in good

condition to make its use economical.

Insulation. From the foregoing it may be seen that the

problem narrows down to the following : To conserve refrig-

eration, insulation of a suitable material must be provided

on all sides of the cold-storage room and on the brine and re-

turn ammonia pipe lines. Also that perfect insulation is

impossible and that the proper amount and the kind of ma-

terial to be used are dependent on conditions that prevail.

These conditions vary with the average summer temperatures,

with the kind of cold storage or refrigerating duty performed

(and the length of this service) and the cost of a ton of re-

frigeration.
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The insulating material is really a part of the building con-

struction, and it must therefore be on a par as far as the qual-

ity and the erection are concerned with the rest of the build-

ing. It must be capable of withstanding deterioration or rot-

ting, and, in addition, should be free of odor of any sort al-

ways. It should be capable of maintaining itself in position

(even in the case of a hot fire in its neighborhood) and of not

si-ttling in places so as to leave pockets or air spaces. It must

be waterproof so that moisture may not be collected, as this

ten (Is to make it mold and to diminish its ability to insulate,

and it must be vermin proof. Finally, the insulator must be

of a high degree of perfection and must be capable of re-

ducing the heat losses.

Effect of Moisture. The problem of insulation is much more

difficult as far as moisture is concerned than is the case with

steam. With steam the tendency is to dry out the covering

and to maintain this dryness as long as the temperature of

the steam is maintained inside the boiler or vessel. In refrig-

eration the opposite is true and moisture has the tendency
to travel towards the coldest surfaces and to keep collecting

as time elapses. In this case also it is possible to have ice

form, which may loosen or disintegrate the insulation.

The theory of insulation is somewhat difficult to understand

at first. According to this theory there is no material that

resists heat perfectly. Remember that insulating for refriger-

ation purposes is preventing heat from coming inward from

the atmosphere to the region maintained at a temperature
which is below the surroundings. However, it is found that

air pockets of extremely small size are an insulation, and any
material which has the greatest number of these pockets is the

best insulation, but each pocket must be separated from its

neighbor. If the pockets are connected, then convection will

take place as in the case of the hot air furnace system. From
this it would naturally follow that the material that is tin-

best insulator tin- liijhtist in point of weight, as a large
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amount of its volume is air. This is the reason that substances

like mineral wool, corkboard, balsa wood, shavings, sawdust

and animal wool have insulation values.

Methods of Securing Insulation. The use of air spaces

(Fig. 76) naturally follows from what has just been said.

However, although under test conditions the air spaces (say

% inch thick) would seem to be efficient, such an insulation

does not seem to meet with success. In fact, the reason for the

insulating value seems to lie in the effect of the surface resist-

Steel Ice Freeima Tank

Reinforcedby Angle Irons

at

2 Layers TandG Boards

tauntedto ?-piyftyer

Fig. 77

.'V.

'\? Layers Cork Board
laid in Asphalt Pitch

withJoin's broken

Fig. 78Flow of Air

showing Convection
of Heat

Fig. 76

Fig. 76. Heat transfer by convection

Fig. 77. Wall construction using cardboard, asphalt, pitch
and cement mortar

Fig. 78. Use of granulated cork for ice tank insulation,
corkboard on bottom of tank

ance rather than in any other property. The surface resist-

ance is important in certain cases as in window glass, where it

is practically the only resistance to the flow of heat. But in

built-up insulation, subject to the accumulation of moisture,

etc., it does not seem to be practical.

Sawdust and shavings were used extensively at one time,

and still have certain advantages. They are not waterproof

nor are they vermin or fire proof. They lend themselves to

cheap temporary construction, such as ice storage buildings

put up for a short life or for short refrigerating loads. Where
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these substances are used the work should be carefully per-

formed, and the shavings or sawdust should be carefully

packed and a waterproof paper very carefully secured in

place. Sawdust is likely to settle and leave a space in the

upper part of the wall, hence shavings, dried before using, are

preferred.

Lately, for second-class construction, a large number of

special materials have appeared in the form of convenient

sized boards. They are compressed wood and vegetable fibres

so devised that the board may be erected like lumber and

nailed into place. Being compressed, it has the characteris-

tics of shavings and has the advantage of more efficient insu-

lation and of being able to retain its position. It is not ver-

min, fire, or water proof, and thus it would generally be used

only in wooden constructions.

Some success has been achieved in the use of mineral wool,

the product of blast furnace slag or of special mineral earths.

These are made up in the form of boards of the standard size,

12 in. by 36 in., and attempts are made to waterproof the ma-

terial in the process of the manufacture. When so done it

is easily erected into place, is fireproof and is a very good
insulator. It is used in permanent construction and should

maintain itself for years. By far the most successful

and popular insulating material is cork, obtained from

the bark of trees found in Spain and Portugal. This

bark has the air cell construction which is necessary ior the

use we desire of it. For refrigeration use is generally made
of the wastage in the manufacture of cork stoppers, etc. The
cork particles are compressed and heated so that they adhere

t"L'<-ther and are made up into boards of standard size or in

us to fit standard pipes and tanks. The cork is inherently

waterproof, and in erecting the joints and courses are mad-

up in asphalt pitch or Portland cement mortar. Asphalt is

not as satisfactory as mortar because of the possibility of the

effect of intense heat as in the case of fire loosening the
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bond and allowing the insulation to fall. In building con-

struction there is also a final coat, as a rule, of cement plas-

ter which protects the cork board (Fig. 77) and gives a smooth

surface suitable for cleaning.

TABLE 13. KEPORT OF TESTS CONDUCTED BY THE UNITED STATES BUREAU
OF STANDARDS, WASHINGTON, D. C., COVERING THERMAL

CONDUCTIVITIES OF VARIOUS INSULATING MATERIALS

Conductivity
24-Hr. Ft. Sq.
In. Thick

Material B.t.u. Density Nature of Material

Air 4.0 Horiz. layer heated from above radia-
tion.

Colorax 5.3 0.064 Fluffy finely divided mineral mat-
ter (elim.)

Hair felt 5.9 0.27

Keystone hair 6.5 0.30 Hairfelt confined between layers
building paper

Pure wool 5.8 0.107 Firmly packed
Pure wool 5.8 0.102 Firmly packed
Pure wool 6.3 0.061 Loosely packed
Pure wool 7.0 0.039 Very loosely packed
Cotton wool 7.0 0.100 Firmly packed
Insulite 7.1 0.19 Pressed wood pulp rigid, fairly

strong
Linofelt 7.2 0.18 Vegetable fiber confined between

layers paper soft and flexible

Corkboard (pure) ... 7.4 0.18

Eelgrass 7.7 0.25 Inclosed in burlap
Flaxinum 7.9 0.18 Vegetable fibers firm and flexible
Fibrofelt 7.9 0.18 Vegetable fibers firm and flexible
Rock cork 8.3 0.33 Prest rock wool with binder rigid
Balsa wood 8.3 0.12 Very light and soft

Waterproof lith 9.8 0.27 Rock wood, vegetable fiber and
binder, not flexed

Pulp board 10.4 Stiff pasteboard
Air cell l/2 -inch 10.7 0.14 Corrugated asbestos paper, inclosing

air spaces
Air cell 1-inch 11.5 0.14 Corrugated asbestos paper, inclosing

air spaces
Asbestos paper 11.8 0.50 Fairly firm but easily broken
Infusorial earth 13.9 0.69 (Block)
Fire felt (sheet) 14.3 0.42 Asbestos sheet coated with cement

rigid
Fire felt (roll) 15.3 0.68 Soft, flexible asbestos

3-ply Regal roofing. . . 16.7 0.88 Flexible tar roofing
Asbestos mill board. . 20.2 0.97 Prest asbestos, fairly firm, easily

broken
Woods Kiln Dried

Cypress 16.0 0.46
White pine 19.0 p.50
Mahogany 22.0 0.55

Virginia pine 23.0 0.55
Oak 240 061
Hard maple 27.0 0.71

Asbestos wood (sanded) 65.0 1.97 Asbestos and cement very hard and
rigid

Special kinds of work also use granulated or pulverized

cork, as in insulating the sides of ice-making tanks (Fig. 78)

and the ends of cylindrical tanks. Usually granulated cork
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should be used only where access is readily obtainable for

repacking from time to time should settlement occur.

The operating engineer will find a number of methods of

calculation of the insulating value of building material, and

he will also find some difference in the values reported for the

different materials. Elaborate experiments have been made,
both with simple materials and with built-up construction.

As there are a number of methods of securing the experi-

mental results, some including and others excluding the
' '

skin

effect" these variations are accounted for in part. However,
the skin effect is of influence on the outside of the insulation

only, and for good insulating material of high insulation abil-

TABLE 14. COEFFICIENT or CONDUCTIVITY or BUILDING MATERIAL.

Brickwork 5.0

Concrete 5.3 (average)
Wood-fir i/i" thick 1.0

Asbestos-sheets or boards 0.3 to 0.5

Glass 0.085" thick 24.3

Double window %" air space 1.10

2" Hollow Tile, plastered 1.0

4" Hollow Tile, plastered 0.6

Mortar 8.0

The figures are the B.t.u. per square foot, per inch thick (unless the

thickness is mentioned) per degree difference of temperature per hour.

ity the skin effect may be disregarded without appreciable

error.

Neglecting this skin effect in order to simplify the calcu-

lation the insulating value of the material used is dependent

on its conductivity. By this is meant the number of heat

units that will pass through it, usually rated for each square

foot, one inch thick, per hour or per 24 hours with a differ-

ence of temperature on each side of the insulation of 1 deg. F.

If this "leakage" is known for one degree difference, then

the leakage loss will be proportionately greater for 25, 50, 75

or 100 deg. F. difference in temperature. Likewise if a mate-

rial one inch thick will give a certain leakage loss, then one _



1 7L> MECHANICAL REF1UUE1L \ TION

or 6 in. will give proportionately less loss. This can be ex-

pressed in the formula :

Q = A X K X (t ut8ide tinside)

where A equals the area of the material of the wall or the

pipe in square feet, K equals the conductivity of the material,

and t equals the temperature in degrees F.

The value of K is obtained from tables of experimental

values, as given in Table 13, or (should a built-up section bo-

used) by the following formula :

'Ti + T^ + Tg + T^-f etc.

Cj C 2 C 3 C 4

where Tx ,
T2 , etc., equal the thickness of each material in

inches, and C 1? C 2 , etc., represent the conductivity as given
in the tables for standard conditions.

Calculations : As an example of the use of the formula, sup-

pose a wall composed of 8 in. of brick, 2 in. of corkboard and

1/2 in. of mortar is exposed to temperatures of 70 deg. and

zero deg. F. on the two sides and it is desired to find the leak-

age per twenty-four hours for a total surface of 700 sq.ft.

The value of K becomes (see values in the table)

K __\__ = 0.122 B.t.u. per horn
8 2 0.5

5.0 0.31 8.0

and the leakage is

Q 700 X 0.122 X (70 0) = 5978 B.t.u. per hour.
= 5978 X 24 = 143,470

B.t.u. per 24 hrs.*

The practical engineer does not care for great refinements

in the calculation of insulation any more than for similar de-

tails in other branches of the work. He desires a quick answer

to the problem with the least calculation possible. It is not

recommended for these reasons that he consider much more

*For skin effect increase the denomination by 0.77 for each inside
surface and by 0.25 for an outside surface.
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TABLE 15 (Continun
FREEZING TANKS

Thicknesses of Corkboard Recommended for

Bottoms Thickness of
If placed on foundation Temperatures Corkboard

laid on ground. 20 to 5 F. Eight inches

Minimum ">" 5 to -f5 F. Six inches

Preferably ('." 5 to 20 F. Five inches
20 to 35 F. Four inches
35 to 45 F. Three inches
45 and above Two inches

CYLINDRICAL COOLERS, TANKS AND FILTERS FOR COLD LIQUIDS

Thicknesses of Corkboard Recommended for

Range of Temperatures Sides, top
Below F 6

F. to 10 F 5"
10 F. to 25 F 4"
25 F. to 45 F .' 3"
45 F. to 5;") F 2"
55 F. & above iy2

than the effect of the conduction of the material used except
in special cases where the effect of surface resistance is a

large percentage of the total resistance of the heat transfer.

For example a piece of glass has hardly any resistance to con-

duction, and yet there is a
' '

skin
' '

resisting effect which serves

the same end. This surface resistance applies to all materials,

and to practically every case of heat transfer, as also in the

cases of steam boilers, steam condensers, ammonia condens-

ers, etc.

Whereas the skin effect would tend to reduce the value of

K and Q, yet the factor which is important is the perfection

of the erection, which is subject to wide variations. Unless

the joints are carefully made and air tight, moisture will get

in and freeze, causing the ultimate deterioration of the in-

sulation. This is probably the factor most responsible for the

fact that the laboratory results and the practical results do

not agree, and we are justified in adding a liberal factor of

safety to insure <roocl operating results. For these reasons
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and for simplicity of calculation it is recommended that use

be made of the method of calculation given.

As regards the maximum temperature to be used in the cal-

culation of leakage losses, it is customary to assume an aver-

age maximum temperature during the period of peak refrig-

erating loads. Some idea of average temperatures in the

United States may be obtained from the map, Fig. 79. It is

not recommended that the highest local temperatures be

Fig. 79. Map of the United States showing average sum-
mer temperature [for use in calculating insulation

losses.]

taken, but the average temperature experienced during the

t wcnty-four hours for conditions that are likely to prevail for

a period of days, say a week or more. Of course, the actual

choice of the thickness of the insulation for any particular

will be decided by the relative costs of the insulation it

an<l the book yatae of a ton of refrigeration, if thctimr

of operation, days per year, is small, one cannot economically

install heavy first cost construction. It would be a poor in-

vestment. Typical examples of best insulating practice are
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shown in the cuts, Figs. 80 to 84, inclusive. Fig. 85 shows a

modern freezer cold storage warehouse. It will be noted that

very thick insulation is carried on the walls and floors.

Table 15 is added in order to show thicknesses recommended

by insulation companies for different cases. In general it

can be said that one inch thickness of corkboard should be used

Fig. 80. Typical first class

wall insulation [note
method used in insula-

tion at the floor

level]

for every 10 to 12 degrees difference of temperature to be

carried.

In the matter of the heat transfer for ammonia piping the

conditions which prevail are much like those existing in steam

boilers and steam condensers. The steam boiler is affected by
soot and air film on the fire side and scale and surface water

film on the water side of the tube. The steam condenser is

affected by scale on the water side and air film on the steam
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Fig. 81. Tyji<-:il insiil.-ition for
use in brine tanks

side. If it were not for scale or other non-conducting coatings
on the heat transfer surfaces the same amount of work could

be done with a small fraction of the surfaces usually needed,

un<lT existing conditions.
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In refrigeration the condenser and the other refrigerating
surfaces have the same troubles to contend against with the

additional difficulty of the accumulation of ice (frost) on the

low temperature piping. Frequently also there are designs of

nominal efficiency (necessarily so, in many cases) which do

not allow the gas formed during the boiling action to be car-

Fig. 82. Typical insulation

Brine globe valve

Fig. 83. Typical
insulation Am-
monia flanged

elbow

ried away quickly, and (in condensers) there is not the quick

removal of the condensate which will allow the compressor

gas ready access to the condenser surfaces.

One factor of importance in all heat transfer surfaces is

that of the agitation of the surrounding fluid. The best in-

Fig. 84. Typical insula-

tion brine pipe
and hanger

sulating material is "still" air. In refrigeration, in steam

boilers and steam condensers there seems to be a tendency for

the collection of inert gases and the formation of an air film

to the pipe surfaces which sticks to the surface and greatly

increases the resistance to the passage of heat through the
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walls of the pipes or tubes. Anything that can be done to

"scrape" away this film by creating a velocity of flow in the

medium will increase the coefficient of heat conduction or the

capacity of the piping. This is true in the case of the radia-

tor, the bunker coil, the ice-making tank or the cooling tower.

Expansion piping is also allowed to become covered with

Fig. "85. Cross section, Merchants Refrigerating Co., Cold Storage Ware-
house, showing Freezer Insulation

frost. Some engineers believe that as the diameter increases

with the addition of frost the increased surface will make

up for the decreased rate of heat conduction. One has only
to try to get capacity with the expansion piping loaded with

frost in order to see the fallacy in such an idea. Frost must

be removrd. cither by scraping or by the usual methods of de-

inir. One method us.-l with success is to allow brine to
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trickle down the pipes, arranged as wall piping in stands;

this brine will keep the surfaces wetted and at the same time

will prevent the accumulation of frost. Whereas the co-

efficient of conduction is increased, the extra labor involved

in attending to the brine has prevented its general use.

From the foregoing it can be seen that the values for heat

transfer in refrigeration piping are very variable. In con-

sequence such cannot be stated with much surety, and the

best that can be offered are average results or those that

have been found to be successful under a variety of different

installations. A few of these values of "k" are as follows;

in B.t.u. per square foot of pipe surface per degree difference

of temperature per hour:

Freezing tanks
Old style feed (expansion valve on each coil) 12 to 15 B.t.u.

Flooded 20 to 30 B.t.u.

Ammonia condensers

Submerged type (practically obsolete at present) 30 to 40 B.t.u.

Atmospheric type (old style, parallel flow) 60 to 65 B.t.u.

Double pipe 150 to 200 B.t.u.

Bleeder (drip pipe, counter flow) 125 to 200 B.t.u.

Flooded type* 140 B.t.u.

Engineers sometime prefer to have the condenser surface

stated in terms of the area per ton of refrigeration, and aver-

age results are as follows, remembering that the condenser

has to remove about 260 B.t.u. per ton. The shell and tube

requires 12 to 20 sq. ft., the shell and coil 16 sq. ft., the double

pipe 6 to 10 sq. ft., the atmospheric 8 to 10 sq. ft. and the

flooded 4 to 8 sq. ft. per ton of refrigeration.

Baudalot coolers (counter flow, atmospheric type)
Milk coolers 75 B.t.u.

Cream coolers 60 B.t.u.

Oil coolers 10 B.t.u.

Brine coolers

Shell and tube 90 to 100 B.t.u.

Cooling Coils

Brine to unagitated air 2 to 2% B.t.u.

Direct expansion to unagitated air 1% to 2 B.t.u.

* Numerous claims for better results than those here given for the

flooded condenser have been advanced, but these are disputed.
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The action of forced circulation of the air increases the

heat transfer, and may be taken as iy2 to 2% times the values

riven above. Frost on the pipes reduces the value of "k,"
and one inch of frost will reduce k by about one-fourth.



CHAPTER VIII

PIPING AND PIPING CALCULATIONS

The expansion piping of the refrigerating system has its

counterpart in the boilers of the steam plant. The boilers

absorb heat from the hot gases produced by the combustion

of the fuel. While with the single boiler the fireman has a

ready means of telling about the output, in a battery of boil-

ers there is no ready means, except possibly by checking up
the amount of coal burned with the flue temperature and the

C0 2 analysis of telling whether one or more boilers are not

loafing. The steam meter, which gives immediately the re-

sponse of any boiler to the action of draft and stoking by

registering the steam output in pounds per unit of time, is an

accurate register of a boiler's output.

In like manner if the expansion piping or refrigerating

coils are "laying down" on the job, it is even harder to tell

just where this is taking place, aside from the fact that results

are not being obtained. The operator may be holding the suc-

tion pressure right, the condenser and all the high pressure

side may be apparently in good shape, but the ammonia will

seem to disappear from the receiver and the required tempera-
tures will not be maintained. The trouble in such cases is

that the ammonia is not being evaporated as it should. It is

the boiling of liquid ammonia at the proper pressure that

gives useful refrigeration. The improper pressure, the pres-

ence of oil or scale or water on the inside of the pipe and
scale and ice on the outside decreases the ability of the ex-

182
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pansion piping to function and the result is reduced ca-

pacity sometimes very much reduced capacity. With no

flow meter the operator can not readily check the several

parts of the system. If results are not obtained practically

the only course is to check over the possibilities for trouble

and do such overhauling as seems necessary and desirable.

Operating Pipe Troubles. Refrigerating systems have

troubles which arise somewhat in the same manner as those

Conctensincj htifer

flowing on outside oTPfpe

fj7m ofAiradhering
to Waif

Fig. 86. Looking into a condensed pipe. Note factors

tending to reduce heat transfer

in a boiler plant. The system may accumulate air, on account

of repair work, or with the low pressure side operating under

a vacuum, or by carelessness in the initial charge of the

system. Then moisture may get into the expansion piping
when the engineer is blowing out the coils with steam in order

to remove an accumulation of oil, or even by being carried into

the system by condensing on the piston rod. The oil, of

course, gets into the coils by IXMHT earned out of the cylinder
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by the discharge gns. Let us see how these impurities affect

operation and the production of refrigeration.

The effect of air in the steam condenser is to increase the

back pressure on the steam engine or the steam turbine. This

decreases the economy of operation. Air or some other inert

.ITas in the refrigerating system collects in the condenser,

where it increases the head pressure over and above that which

should exist due simply to its own vapor tension. The head

pressure may be 10, 20, 50, or more pounds greater than it

should be, and the horse power required to produce a ton of

refrigeration will be correspondingly increased.

In addition the air collects in the condenser, first forming

an insulating film about the condenser pipes, (Fig. 86) and

then as it accumulates fills the condenser. It is a mistake

to think that air or an inert gas collects in any particular part

of the condenser. All gases tend to diffuse and become uni-

formly mixed. The only way to separate the ammonia from

the gas is to condense it. This is done partly in the process

of purging when the cooling water is showered over the pipes

while the compressor is not pumping on that particular stand
;

partly by allowing the gas in the upper part of the condenser

to bleed out, making it less rich in inert gas in the process.

Moisture in Expansion Piping. Air in the system is thus

seen to affect the head pressure and therefore to increase the

horse power needed per ton, but the accumulation of water in

the low pressure piping has a yet worse effect. It may prevent

obtaining the required temperature in the refrigerating coils.

Moisture will get into the system in one way or another. If

it gets in by way of the condenser, it mixes with the anhydrous
ammonia in the receiver and finally passes through the ex-

pansion valve into the refrigerating coils. As the boiling

pressure of the ammonia (the back pressure) is relatively high,

there is an almost negligible tendency of the water in the

coils to evaporate. The water remains in the low pressure
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side and forms first a strong aqua ammonia, and then (as the

water increases) a less strong aqua.

Aqua causes the cooling coils to behave as if dead. The

boiling action is decreased, or the temperature required can-

not be obtained. To get the results required, a lower suction

pressure must be carried than would be required if the am-
monia were free from water. The result of a lower suction

pressure for refrigerating compressors has already been given
considerable emphasis, increasing as it does, the horse power
per ton of refrigeration and decreasing the capacity of the

Coating of ICe

Metal of Pipe

ud Formed of OH

I'araffluc sJmpurltlei

Fig. 87. Section of a cooling coil when Func-

tioning

machine. The net result may be noted in the table, which
shows the boiling temperature of aqua ammonia under various

pressures and per cents of water. For example, at 20 Ibs.

gage pressure anhydrous ammonia will boil at 5.5 deg. F., but

if 10 per cent, of water is present the temperature of boiling

of the solution (at 20 Ibs.) will be 15 deg. F. Therefore (see

table) the pressure of the suction will have to be depressed
to 12 or 13 Ibs. to give the same boiling temperature with

10 per cent of water present in the ammonia as with pure

anhydrous ammonia boiling at 20 Ibs.
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Oil in Expansion Piping. No refrigerating system can be

kept entirely free from oil. The vertical enclosed type com-

pressors are splash lubricated, and the horizontal high speed

machines must have copious amounts of oil or trouble will

occur. Even the old style, slow speed compressors carry over

considerable oil which is supposed to be caught in the oil

separator. However, it is well known that no separator can

remove all the oil from the discharge gas. Some is volatilized

and finally condensed in the condenser with the liquid am-

monia, while some other portion passes the separator in the

liquid form. In fact it is safe to assume that from 2 to 5

per cent of the oil will get into the condenser and ultimately

collect* in the low spots (if there are any such) of the direct

TABLE 1C.
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into the coils through the expansion (pressure reducing)
valve. In consequence of heat being used up to boil the

ammonia, the atmosphere or brine is cooled. It is desired to

get as many heat units past the walls for every square foot

of pipe surface as possible under the circumstances, but an oil

film 1/100 of an inch thick is as bad as a boiler scale 1/10 of

an inch, or a steel plate 10 inches thick.

Unlike steam surface condensers, which are usually of brass

and some 0.05 in. thick, refrigerating expansion piping is

usually 114 and 2 in. normal diameter and the walls are

usually extra heavy. The outside surface is frequently heav-

ily coated with ice
;
the net result is a great reduction in the

unit heat transference, (see Fig. 87). If a pipe will not allow

sufficient heat to pass then more surface will be required or

a greater temperature difference will have to be carried.

Either of these two alternatives is commercially unbearable

and so the piping must be kept in as clean a condition as

possible, just as in boiler and steam condenser practice.

Maintaining Piping Clean. The best possible arrangement
of piping to keep the low pressure side free from oil or water

is to arrange all piping so that it will drain and so that it

will contain no pockets. At each low point there should be

installed a suitable trap which may be opened to the atmos-

phere or piped to the regenerator apparatus. Although semi-

solid oil will not flow readily, and may remain on the sides

of the pipe, yet ease in cleaning is obtained and the oil may
be made to flow when desired by passing some of the hot

gas from the compressor directly into the expansion coiN.

More trouble is encountered with the low pressure side, per-

haps, than with any other part of the system. This is mainly

due to the fact that the low pressure side is not so well under-

stood. And yet it certainly is not more difficult to understand

than is the steam boiler, the steam surface condenser, the

closed feed water heater or the economizer. Each of these

<1 vices is a heat exchange apparatus, and the heat transfer is
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made possible by having metal contact with the two sub-

stances. But to transfer heat there must be a temperature

difference on the two sides of the metal a temperature dif-

ference in the two substances, the ammonia and the brine, or

the ammonia and the atmosphere of the room to be cooled.

Suction Pressure. As has been pointed out before, the

ammonia in the refrigerating coils must be maintained at the

proper pressure for satisfactory service. Why does not a

drum of ammonia provide refrigeration and become frosted

with a thick layer of frost ? Why does not the liquid receiver

normally become frosted and tend to refrigerate the compres-
sor room

;
or the liquid pipe lines refrigerate the air through

which it passes in going to the different locations of the ex-

pansion valves ? Because the pressure in these pipes or drums

is too great, and therefore the temperature corresponding (a

fact due to the laws of saturated vapors) is greater than or

equal to the temperature of the air in the engine room or

passage way. To have an evaporation of the ammonia its

boiling temperature must be below the temperature of the

substance on the other side of the container. Heat must flow

into the expansion coils from the outside. The point in ques-

tion is brought out by every day operation of the plant. If

a sharp freezer and a cooler are on the same system and a

pressure of 15 Ibs. gage is carried, the ammonia will become

"lost" and the receiver will become empty. Investigation

will show that the sharp freezer coils are flooded because the

room was too cold to evaporate the ammonia and it accumu-

lated in these sharp freezer coils. The remedy would be in

reducing the back pressure to 10 Ibs. or 5 Ibs. gage, in which

case the boiling temperature of the ammonia would drop to

8.5 deg. and 17.0 deg. F. respectively, and, as the sharp

freezer is maintained at zero degrees, boiling action would be

stimulated and refrigeration would be maintained. The

whole process is expressed by the formula:
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Refrigeration in B.t.u. := area of pipe in sq. ft. times the co-

efficient of heat transmission timet

the temperature difference on th*

two sides of the pipe.

From this formula it would seem that to secure refrigera-

tion in moderate amounts it is necessary to have either exten-

sive piping or a large temperature difference. For example,

a ton of refrigeration can be obtained by the following:

a 400 sq. ft. X 2.0 X 15 12,000 B.t.u. per hour.

6200 sq. ft. X 2.0 X 30 = 12,000 B.t.u. per hour,

where in each case the coefficient of heat transmission is taken

as being equal to 2.0. In 6 only one-half the piping is needed

as compared with a, but the temperature difference is twice

as great, thereby requiring about 10 Ibs. suction pressure, as

compared with the case a which requires about 20 Ibs. Like-

wise if 800 sq. ft. were used then only 7^> deg. F. tempera-

ture would be required with a correspondingly higher suction

pressure. The higher the suction pressure the greater the

number of pounds of ammonia handled, and therefore the

greater the efficiency of operation with respect to the power

input.

Calculation of Piping. As regards the possible demands

on the refrigerating pipes it is well known that there are the

so-called live loads and the leakages. These loads vary with

each design and location, and may consist of the heat gen-

erated by the electric lights and the animal heat of the work-

men, the mechanical equivalent of the heat of the fans or

other machinery, the heat due to the chemical energy of

decay, the sensible and latent heats (if the goods are frozen)

of the new goods brought into storage, the liquefaction and

freezing of the steam given off by the goods (as in the chill

room of a packing house) and finally the leakage of heat from

the outside atmosphere which is, of course, nearly always at

an amount considerably above the temperature of the cold

storage rooms.
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With these varied conditions of operation of refrigerating
load and of heat transmission per square foot of pipe sur-

face it is naturally difficult to design the expansion piping
with economy. The main consideration on the part of most

engineers is to get enough surface so as to be sure to carry the

load readily under any and all conditions of operation. The

tendency has been to play safe, and to be sure that plenty
of pipe surface is provided so that after a term of years of

service with even indifferent care and attention the machine

may still give the contract load. The old style can-ice plant
was laid out for a heat transfer of about 12 to 15 B.t.u. per

sq. ft. per degree difference of temperature and those engi-

neers who became familiar with these conditions of design
cannot become used to the new plants giving 25, 30 or higher
values for "k." The thought is ever in their minds, "Is it

possible to get full capacity of ice from the ice tank after the

pipes have become fouled with an accumulation of four or five

years of oil and scale ?
' '

This point of view is the wrong one,

and time will see a decided change. The refrigerating ma-

chine and Japing will be sold with the understanding that

these will be maintained in an efficient operating condition.

It will be remembered how heavy the copper used to be in

electric machinery, and how steam turbines had better steam

economy at 25 per cent overload than at full capacity. The

reason for these cases was that the designers were not sure

of their machines when operating under industrial conditions

in the field.

The reason for emphasizing so particularly this matter of

the expansion piping is to call attention to the difficulties in

the way of the engineer who is planning a new system, and

also to make clear the reason for the great variation in the

amount of piping one notices from time to time. Under good

operating conditions there is no question but that relatively

small surfaces may be used, but otherwise there must be

sufficient allowance for the decrease in unit output.
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Example. As an example of the method to be used in the

calculation of a typical problem consider the example of a

cold storage room having 2,200 sq. ft. of wall surface, and
with a leakage coefficient (k) = 0.07 B.t.u. The storage room
is designed for 34 deg. F. and for an average of 70 deg. F.

outside temperature. The live load consists of 50,000 IDS. per

day of goods at a temperature of 65 degrees and of 0.8 specific

heat, and of 900 B.t.u. per hour for 8 hrs. as the heat equiva-

lent of two workmen and the lights used in the room. The

problem is to find the piping required for 24 hours operation.

Leakage loss 2,200 X 0.07 + (70-34) = 5,544 B.t.u. per hr.

50,000
Average goods load

1^4 X -8 X (6534)= . . .51,700 B.t.u. per hr.

900 V 8

tge mechanical load ^ = 300 B.t.u. per hr.

Air leaks during loading (estimated )= 10,000 B.t.u. per hr.

Totals 67,544 B.t.u. per hr.

Piping area required= ^ = 1690 square feet

= 1690 X 1.6=2,704 linear feet of 2 in. pipe

In the problem an estimate has to be made of the loss due

to the opening of the cold storage doors. This amount de-

pends on the personal equation of the workmen and whether

ante-rooms are used. The bringing in of a large amount of

relatively hot goods would raise the room temperature, but

this point has been neglected because it has been assumed

that 34 deg. F. is the constant temperature during the period

under calculation. Also the value of k = 2.0 has been taken

for direct expansion, and a temperature difference on the

two sides of the pipes of 34 14 = 20 deg. F. The calcula-

tions do not account for the condensation and freezing of

water vapor on the two pipes, as such figures would be rela-

tively small in this case. The problem is given to show the

factors entering into a calculation, and the results reached.

The leakage through the walls may be arrived at by a method

.similar to that given in the chapter on heat transfer (Chapter

VII) for the type of construction of the walls and floors used

in the individual case.
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The Liquid Line. The liquid line seldom gives trouble, and

yet there are a few points about it which are worthy of study.
The behavior of the liquid ammonia in the liquid line (as re-

gards the flow of the liquid from the receiver to the expansion

valve) is the same as the flow of water from the air chamber
of a pump to the discharge nozzle. However, both the lift

and the velocity of the ammonia must be nominal in order to

get good results.

In nearly every case it does not much matter what drop
of pressure there is before reaching the expansion valve pro-

viding there is no tendency for vaporization to occur in the

pipe due to too great a pressure drop of the liquid ammonia.

With a condenser pressure of 150 Ibs. it is possible to raise the

liquid to a height of 540 ft. (an amount much greater than

water could be raised under the same pressure because of the

lower density of liquid ammonia). It is possible to locate the

expansion valve in any part of the usual type of building un-

less the friction loss in the pipe is excessive.

As a rule the velocity permitted in the ammonia feed line

is from 6 to 10 ft. per second. Knowing the tonnage required,

the number of pounds of ammonia needed may be calculated.

The volume of this weight may then be found by referring to

Table 8 in Chapter VI under the heading of the specific vol-

ume, in cubic feet per pound. If the volume in cubic inches of

the liquid passing any cross section per second is known, then

divide by the velocity desired (72 or 120 in.) and the quo-

tient will be the area cross section of the pipe required. The

method is exactly the same as would be used in the case of a

water or any kind of liquid pipe.

Arrangement of Expansion Valve. The expansion valve

should be carefully located. Of course the valve may feed

any length of pipe but naturally the surface which will con-

duct to the ammonia the heat necessary to boil it should be

sufficient for the liquid feed being supplied. Too short a pipe

might fail to give enough releasing area to vaporize the am-
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monia and the suction return might be very wet. In like

manner too great a length of pipe would cause choking of the

pipe and inefficient service. In other words the length of

direct expansion piping which may be controlled by a single

expansion valve is limited to its ability to free itself of the

ammonia gas that is boiled out. In general it may be said that

the practical maximum which may be used is :

1,100 feet of 1 inch pipe.

1,300 feet of 1% inch pipe.

1,600 feet of 1^ inch pipe.

1,900 feet of 2 inch pipe.

With brine pipe the case is somewhat different, as brine is not

subject to bad effects from gas formation in the pipe. The
amount of pipe per coil is independent of the size of the pipe
and varies with the operating conditions from 100 to 400 ft.

Piping Ratios. Table 17 will be found convenient for cal-

culations or for checking. Various room temperatures and

boiling temperatures of the ammonia are used, giving a va-

riety of pipe lengths per ton of refrigeration. As a general
rule (except for short seasonal operation) it is wiser to have

high suction pressure and relatively large piping ratios; in

other words to have an economical operation rather than a low

initial cost. For direct expansion piping both 11/4 and 2 inch

pipe is given, but for brine only iy inch. Should it be de-

l to find the length of pipe for any other size, say for 2

inch pipe, using brine divide the length of pipe as given
in the table by the ratio of the external areas (per unit length)
of the two pipes. For example, should it be desired to find

the length of 2 inch pipe per ton for a room to be held at 20

deg. F. and with a suction pressure of 10 Ibs. gage pressure,

tln-11, take from the table the value 540 ft. and divide by
2 3
~t (the ratio of the external areas per linear foot) and the

answer is 378 feet of 2 inch brine pipe.

As a convenience the curves in Fig. 88 are given. This set

of curves is very useful for approximate work and for pre-
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liminary estimates. It is possible, moreover, to get fairly

good results from them provided that the conditions found

in the particular cases are not abnormal.

Sue of Room in Cubic Feet

Fig. 88. Diagram showing cubic feet storage space
IMT ton of refrigeration for various sized rooms

Pipe Sizes. All steam engineers understand the importance

of the proper pipe sizes and connections. With steam it is

necessary to prevent excessive pressure drop as well as to
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keep the headers and pipers drained and free from the possi-

bility of water hammer. The pressure drop from the boiler

to the engine or turbine results in some loss in efficiency and

power. Likewise on the condenser side it means the same

thing to a much greater degree.

In refrigeration the same general conditions are true, espe-

cially as applied to the suction line. The ideal condition is

to have the same cylinder suction pressure (the actual pres-

sure during the suction stroke) as the pressure of evaporation
in the expansion coils. This condition is an impossibility

because there must be a pressure drop to make the gas flow

along the pipe, just as water will flow only when there is a

1.24cu.ft.

ticnasodvolumeaut
tosvperheat }

Ammonia Steam

Fig. 89. Figure to represent the effect of quality,
or superheat on the volume of one pound of vapor

head to cause the flow. This drop of pressure is increased

when the connection between the compressor and the expan-
sion coils is increased in length, when the pipe is decreased

in diameter or when fittings, valves, ports and passages offer

resistances and cause whirlpool and eddy currents in the gas

as it passes along the pipe and passage.

The bad effect of excess condenser pressure, due to resist-

ances to flow of the compressed gas into the condensers, and

of wire drawing of the suction gas has been given considerable

attention already. The first is reacted directly in the power

required to drive the compressor, and the second causes a

loss of capacity of the compressor and an increase in the
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power required per ton. Pressure drop in the suction line is

a serious matter and cannot be tolerated to much extent.

Where the pipe connections in the suction line are short this

loss is not serious as a rule, but frequently in packing

houses, cold storage and other plants the return gas has a

long way to travel and the velocity must be kept low in order

to prevent excessive losses. But before going into the design

of ammonia lines, a few other points must be considered.

Figure 89 shows the effect of the quality on the specific

volume; that is, the volume of one pound of the substance.

For example, the volume of one pound of ammonia at zero

degrees F. boiling temperature is 9.11 cu. ft. for dry and

saturated ammonia and it is 10.41 cu. ft. for superheated
steam with 50 deg. F. superheat. Therefore there will be an

increase of 14.3 per cent in volume in being careless in the

use of the expansion valve and by allowing the gas to return

to the compressor suction bends in a superheated condition.

Usually it is desirable to bring the frost back to the suction

bends, because this is an outward sign that the gas within the

pipe is considerably below 32 deg. F. But if the gas may be

reduced in volume by eliminating superheat in the suction

headers, why not go a step farther and decrease the volume

a little more?

Wet compression, the result of bringing wet ammonia into

the cylinder, has few advocates at present. The same liquid

ammonia is believed to give much better results by being

allowed to perform its proper function of providing refrigera-

tion in the cooling coils. In fact it seems a very roundabout

method of cooling the gas on the compression stroke by spray-

ing liquid into the cylinder. Of course the temperature of the

gas discharging from the cylinder is reduced, but at the ex-

pense of liquid suitable for cooling effect in the expansion
coils. The important consideration is which condition will

Sfive the greatest amount of useful rt frit/* ration per horse

power or per kilowatt input. As a rule American engineers
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believe that the most economical operation is obtained with

the gas returning to the compressor in a dry, saturated con-

dition. Besides this, the use of liquid injection into the cylin-

ders does not lend itself to easy control without constant care.

This brings up certain troubles encountered in the expansion

coils.

The expansion coils may be designed for feeding at the top

or at the bottom. With the expansion valve at the top it is be-

lieved that there is less danger from slugs of ammonia return-

ing to the compressor. The reason for this is that, as the

liquid cannot collect appreciably in the coils, the feed cannot

very well be of the wrong amount without an indication on

the suction bends or the compressor cylinder. Liquid return

in certain designs of compressors will cause the stuffing box

to leak ammonia badly, and in any case there will be heavy
frost as far as the machine. In these cases about the only

chance of ''slugs" of liquid is where the pipe allows pockets

from which the liquid ammonia might be picked up by the re-

turn gas. Yet, judging from steam engine practice, such slugs

of liquid are usual only when a great sudden demand for the

vapor takes place, due to a change of load which causes an

appreciable increase in the vapor velocity.

On the other hand the liquid feed at the bottom of the coils

allows them to be operated when flooded with better heat trans-

ference. Being flooded the coils may fill completely with

liquid (as is frequent if the suction pressure is not low enough
to cause boiling in the expansion coils) and "lost" or "dead"
ammonia results. In addition the liquid is likely to slop over

and cause liquid hammer or worse in the compressor. Where
the expansion valve is placed at the bottom of the coils it is

wise to use a large liquid separator in the suction line, or a

large header arranged in a manner similar to Fig. 95.

Pipe Calculations. In the refrigerating system the follow-

ing pipe calculations are necessary. First, the connections

from the compressor to the condenser to convey the super-
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heated gas at an average pressure very nearly that of the

condenser. This may vary from 100 to 225 Ibs. gage depend-

ing on the temperature leaving the condenser of the cooling

water used, and this in turn is dependent on the initial tem-

perature and the amount of the cooling water. Second, the

liquid line connecting the liquid receiver with the expansion
valve. Third, the suction return from the expansion coils to

the suction bends on the compressor. Fourth, the amount of

lineal feet of piping to be used in the ammonia expansion

system.

The discharge line should be given careful attention. It is

undeniably true that the pressure in the condenser is deter-

mined by the condensing water temperature and the effective

area of the condenser, resulting in a certain so-called vaDor

tension of the condensed (liquid) ammonia, but this is not the

pressure against which the compressor is pumping. The com-

pressed gas is made to pass through the ports and valves of

the compressor head, then through the discharge bends, past

many valves and fittings and perhaps through a long pipe

connection (frequently from the basement to the roof) before

reaching the condenser and the condensing water. The com-

pressor has the same practical condition as exists in the case

of a water pump which discharges into a tank situated at

some elevated position. The pump has to work against the

static head plus the resistances, which vary directly as the

length and inversely as the inner diameter and it is increased

by the kind and the number of the fittings used. Likewise

the steam engineer who desires a steam pressure of 175 Ibs. at

the throttle notes that whereas the boiler pressure has to be

but slightly in excess of 175 Ibs. at low loads yet frequently

at full loads or at overloads the boiler pressure has to be con-

siderably in excess of 175 Ibs.

In like manner the suction pressure is maintained at a cer-

tain amount in the refrigerating coils. The pressure has to be

a certain amount if refrigeration is to be obtained at a par-
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ticular temperature. These temperatures are prescribed for

each case by the kind of refrigerating work being performed

any may vary from 40 deg. F. to minus 10 deg. F. or lower

and in order to provide the required temperature the boiling

temperature on the ammonia has to be some 10 or 15 degrees

lower still. This suction pressure is maintained by means of

the compressor which pumps from the expansion coils per
minute as great a weight of ammonia as is evaporated every
minute. The effective piston displacement is equal to the

weight of ammonia evaporated times the volume of one pound
of ammonia at the suction pressure.

But naturally the pressure in the inside of the compressor
must be less than that in the suction bends, and these latter

have to be less than the pressure in the expansion coils for

otherwise the gas would not flow in the proper direction. The

case is somewhat similar to the condition of a flowing brook;
if the water flows, then there is a difference of level. It re-

quires some difference of level (or pressure) to mainatin a

flow of any fluid against the skin or other resistances of the

pipe, duct or channel. Therefore in the case of the suction

line of the ammonia system there will be a drop of pressure

to get the gas into the compressor.

The Diagram. The whole matter of pressure drop may be

made clear by referring to the diagram, (Fig. 90). This dia-

gram, for convenience, is worked out for a straight length of

pipe of 100 ft. Pressure drop increases with the density of

the substance and as the square of the velocity. To get this

diagram on the paper to best advantage it has been found

advantageous to calculate the lower curves for a uniform

density corresponding to 20 Ibs. gage and with different gas

velocities up to 6,000 feet per minute. For any other density

it is necessary only to project upwards until the proper gas

pressure is obtained. For example a 4 in. pipe with gas at

60 ft. per second would have a pressure drop of 0.33 Ibs.

per sq. in. per 100 ft. of straight length for 20 Ibs. gage
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suction pressure, but this pressure drop would be 1.9 for 200

Ibs., 1.47 for 150 Ibs., 1.03 for 100 Ibs., and only 0.15 for zero

pounds gage pressure. Valves and fittings increase the re-

sistance greatly, which vary from 100 times the diameter of

Where
Vetocify/nff.persecMd

Lengthof

3 45 6 7 .

fiwnds-Pressvrg Dropfor 100 ft. of Pipe Calculated for Density Corresponding
to 20 Ib. Gaga Pressure

Fig. 90. Diagram showing the pressure drop in suction

and disdi.-ir^c .uiiMioiii.-i lines

the pipe for a 90 degree ell to 200 times the diameter for a

globe val\ Irregularities of the interior, which will cause

whirlpool or eddy currents increase the pressure drop. The
r.-siilt is that the designing engineer has to calculate the entire

effective length of the pip*
1

, allowing for each ell, tee, coupling,
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valve or other fitting and find the approximate pressure drop
from the diagram. Then, by using a liberal factor of safety,

the practical working value may be closely approximated.

Figure 91 shows an isometric of a typical small piping layout.

Velocity of Gas. The question may arise as to how the

velocity of the gas in the pipe may be found. This is deter-

mined by dividing the total volume of the gas passing through

the pipe per minute by the cross sectional area of the pipe. The

volume is found from the ammonia tables in Chapter VI. For

example, a 50 ton machine pumps against 175 Ibs. gage and

with a temperature of discharge of 200 deg. F. and a suction

pressure of 15 Ibs. gage. The specific volume at 175 Ibs. and

200 deg. F. temperature is 2.03 cubic feet and at 15 Ibs. gage
it is 9.32 cubic feet for dry, saturated ammonia. At 15 Ibs.

gage boiling pressure of the ammonia there will be required

200
;

= 0.428 pounds of ammonia per minute per
1-15 + Q15 qi 75

ton of refrigeration. Naturally the amount required for 50

tons will be 50 times 0.428 or a total of 21.4 pounds, which

will result in 21.4 X 9.32 = 199.5 cu. ft. of suction gas,

and 21.4 X 2.03 43.5 cu. ft. for the discharge gas per
minute. In a practical problem it is not wise to try to

fijrure too closely and therefore the warmest condensing water

should be used in determining the condenser pressure, as

well as the lowest suction pressure which experience has shown
is likely to be used in getting the work out. Dividing the

volume in cubic feet by the area of the cross section of the

pipe in square feet will give the required velocity of the gas,

in feet per minute.

In the foregoing an attempt has been made to show the

factors influencing the design o? the suction and the dis-

charge pipes. It. is important to note that whereas the first

cost of the installation must sometimes be kept down to the

practical minimum, yet daily operation must not be handi-

capped by faulty designs. The refrigerating plant, like any
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group of apparatus, must be balanced in every part, and as

a rule the part of the plant found to be the cheapest is the

piping. By this is meant that the larger the amount of

piping used for a certain particular load, the nearer the suc-

tion pressure may approach the pressure corresponding to

the room or brine temperature. And the higher this suction

pressure the lower the cost of refrigeration. One good ex-

ample of this principle is shown in the next chapter, on ice

making.



CHAPTER IX

ICE MAKING

Before going into the applications of refrigeration and in

particular into ice making it is wise to take breath for a

survey of the ground already covered, and to see wherein lies

the connection of the different refrigerating industries to

what has already been said. To begin with, the high pres-

sure side, i. e., the compressor and the condenser, is identical

for different applications of refrigeration with the possible

exception of the case of low temperature work. Therefore

whatever particular characteristics appear in the different

cases involving mechanical refrigeration should be in evidence

on the low pressure side, in the details of the expansion coils

and the uses and arrangement of these coils, or of the air

or liquid made cold by the boiling of the liquid ammonia, or

other refrigerant. In addition, the refrigerating engineer
has to deal with certain other matters associated with the

actual production of cold, as for example the softening of

\\ater to be frozen, the compression of air for agitation and

the pumping of well water or of cooling of condenser water,

all matters of importance.

Application of Refrigeration. Yet for all the differen

in the various applications of refrigeration, as in ice making,
ice cream making and hardening, cooling of water or of air

or in the work involved in packing houses and cold storage

problems, the underlying principles are the same. The re-

frigerant boils in the pipes or in a pressure vessel and the
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boiling temperature for the pure refrigerant depends on the

absolute pressure at which boiling takes place. The condi-

tion is similar to what takes place in a steam boiler where

heat is absorbed by the water in the boiler from the gases

due to the combustion of the fuel, in consequence of which

the gases become colder and the water becomes hotter and

is vaporized. On vaporization into steam more water is

pumped into the coils (the boiler) and the steam leaves the

coils for another part of the system. The use of the steam is

as varied as is refrigeration, for the steam may be utilized

for prime mover work of various sorts, for heating or for

industrial cooking and drying. The water on being pumped
into the standard boiler does not ''flash into steam" when

operated according to safe methods and neither does ammonia

(or any other refrigerant) "flash" or "expand" into a vapor
on being admitted into the expansion coils.

From the foregoing it is evident that the steam engineer is

not dealing with a new principle when studying refrigeration.

In the steam heating system steam at from 1 to 10 Ibs. is

admitted to the steam coils or radiators. The steam gives

up most of its heat to the surroundings, the air in the room,

and in so doing it is condensed. The steam radiators are a

sort of condenser. Likewise the refrigerating coil is a

boiler, for the liquid is boiled into a gas, and as a gas or a

vapor it passes out of the coil and into the compressor again.

If the boiling temperature of the ammonia in the refrigerating

coils is too high, as when the suction pressure rises too high,

the liquid will lie dormant in the coils like water in service

pipes. It can boil and refrigerate only when the surrounding

brine or air or other fluid is at a greater temperature than

the boiling temperature of the ammonia in the coils at the

moment.

In this book an attempt has been made to show that the

compressor and the high pressure side are only a means of

using the same refrigerant continuously, and that the piston
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displacement per minute determines the tonnage possible;

also that the valves, passages, and headers affect the economy
of operation. Likewise the condenser and the condenser water

affect the head pressure, which should be as low as possible

everything considered, since more work is done during com-

pression and the volumetric efficiency is decreased (the capac-

ity of the compressor is lowered) by an increase of com-

pressor pressure. In a similar manner the suction pressure

must be kept as high as possible because the work done in

the compressor, the volumetric efficiency, and the displace-

ment of the piston per ton of refrigeration are affected ad-

versely by a suction pressure which is lower than that really

required.

Hence, there has been a discussion of the compressor, the

condenser, stage compression, ammonia fittings, the brine sys-

tem, refrigerants and condensing water. So far in this book

greatest emphasis has been given to the compressor room.

The applications of refrigeration are independent of the

form of compressor or condenser and affect only the low pres-

sure side. Even the use of brine does not affect particularly

the engine room equipment except in the required use of a

brine cooler and the necessary brine pumps. Of course the

suction pressure for indirect refrigeration by the use of brine

has to be lower than when direct expansion in the expansion
coils is used. This is because the ammonia cools the brino,

and then the brine cools the air or other goods requiring

refrigeration. This makes a double temperature difference,

or heat transfer, and it has been shown that for maximum

efficiency of operation the suction pressure (and therefore the

boiling temperature of the ammonia) should be as high as is

practically possible.

And therefore, for the remainder of this book, particular

emphasis will be placed on the suction pressure end of the

cycle, and the details of the construction for the main sub-

divisions in the applications of mechanical refrigeration. Of
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all these applications at present the most important is ice

making.
Ice Making. Ice making has assumed very large propor-

tions at the present time even in regions of a good natural

crop. There are several reasons for this. Occasionally the

natural crop is a failure, and an ice shortage is experienced.
Lack of ice is a serious matter not only for the household

CONDENSING

3^S3?
-

Fig 92. One design of a
distilled water apparatus

for ice making

but also for those trades requiring icing during shipment

or in the process of the industry. But more important at

present than anything else is the cost of transportation of

the rather bulky and awkward commodity, which shrinks in

weight during shipment and which does not lend itself read-

ily to much handling. In fact, the artificial ice, which is

made at convenient center points for the trade it is catering

to, can compete easily with the natural ice industry in the
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matter of the cost of production in all except special loca-

tions in the United States. The matter of the purity of the

ice need not enter into consideration since artificial ice, even

distilled water ice, with a short time interval between making
and using is just as likely to be contaminated with bacteria

as natural ice with from four to six months storage, except
in waters of much pollution.

The ice making industry, by a process of growth and im-

provement of details, has now but one principal method of

manufacture (the can system) but it has several different

processes in this system, depending on whether the distilled

water, or raw water ice is desired. The so-called plate system

TABLE 18. ICE CANS.

Weight Length Thickness of Ma-
of Cake Over terial U. S.

of Ice
t

Inside Dimensions
N

All Standard Gauge
Top Bottom Length Sides Bottom

50 Ibs. 8x8 7%x 7% 31 32 No. 16 No. 16
100 Ibs. 8 x!6 7J4xl5Vi 31 32 No. 16 No. 16
200 Ibs. Iiy>x22% 10%x21j4 31 32 No. 16 No. 16
300 Ibs. 11^x22% 10^x21% 44 45 No. 16 No. 16
400 Ibs. 11^x22% 10%x21^ 57 58 No. 14 No. 14

The above sizes are in accordance with the standard adopted by the

Ice Machine Builders Association of the United States. Cans are made
throughout of galvanized material, well riveted and soldered and

guaranteed tight. Cans made of No. 16 gage material will be turned
over top and bottom. The 200, 300 and 400-pound cans have *4 * 2-inch

galvanized bands at top. Small sizes have ^4x1% inch, bands; ^-inch
lifting holes are punched through bands.

is still used, but it is not being installed in new plants to

much extent.

The Plate System. At first ice was made by freezing on

one side of a flat plate immersed in a tank of water until

8 to 12 inches thickness of ice was formed, the plate being

arranged so as to allow the liquid ammonia to be fed into

it suitably and the gas drawn out again to be returned to the

compressor in the usual manner. This method of ice makinir

is a raw water system, and such an ice plant is highly sue

cessful, and is ^'.\\ usnl with great satisfaction. However,
the plate ice system is seldom installed now because of the
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greater first cost required, the greater head room necessary,

and the lower back pressure required of the machine. Large
cakes of ice are frozen from 3 to 5 tons and this requires

heavy handling apparatus, a suitable saw and table for

sawing into convenient (300 Ib.) cakes. The time of freez-

ing is increased greatly with the thickness of the ice made
and frequently the time necessary to freeze a cake is six

days. However, the product of the plate system is an ex-

cellent raw water ice. It has a very clear appearance, but

is irregular in size both as regards thickness and the ability

of the ice to pack well in storage. In general, it may be

said that all water has air in solution, the amount depending
on the temperature of the water and other conditions. If

this water is frozen quietly the air in solution will be pock-

eted in the ice and the ice formed will have the appearance
of marble, and is called "tombstone" ice. It may be (and

usually is) as valuable as clear ice as far as its cooling effect

is concerned, but it does not look as well. The household

trade does not care for it and will pay a greater price for

the crystal ice. In consequence, water to be frozen into plate

ice (and can ice as well) is agitated by means of compressed
air under a few pounds pressure which is allowed to bubble

up along the freezing surface of the ice and thereby prevent
the air of solution adhering to the ice surface.

The Can Ice. Parallel with the development of plate ice

systems came the can ice method, using distilled water. If

steam is condensed (Fig. 92) and reboiled slightly while ex-

posed to the atmosphere, then cooled without being exposed

to the air, it may be frozen into a cake without a core, and

it becomes as clear as crystal. In the early days of artificial

ice making, and to a certain extent at present, especially where

the raw water is heavy in salts, the use of distilled water for

ice making has been popular. Being distilled and reboiled it

was considered hygienic and therefore appealed to the small

retail trade.
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Fig. 93. The high pressure system of can u-o

agitation
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In the can system a galvanized iron can of rectangular cross

section (Table 18) but with a slight taper towards the bottom

(Fig. 93) is filled with water and is lowered into a brine tank.

The brine tank, usually a sodium chloride brine, is main-

tained at about 14 deg. F. by means of ammonia expansion

piping arranged inside the tank on two sides of the cans,

or is cooled in a brine cooled either inside or outside the tank.

The brine is circulated by means of propellers, with either

horizontal or vertical shafts. These propellers are designed

in a similiar manner to a ship 's propeller and are used to keep
a rapid circulation of the brine in and about the cans, thereby

maintaining a uniform temperature of brine and also increas-

ing the coefficient of heat transmission through the can to the

ice and the water. Heat is abstracted from the water, and

the ice is formed rapidly at first, freezing at the start all

around the sides of the cans and then at a progressively slower

rate as the center is approached. Evidently, with good agita-

tion, the time of freezing of a certain sized can depends on

the brine temperature and the cross section of the can. The

brine temperature depends on the boiling temperature of the

ammonia (the suction pressure) and the linear feet of ex-

pansion piping in the tank. All these variables are given

in the diagram, (Fig. 94.) This diagram is recommended for

conservative practice, and the tonnage of a plant designed by

this diagram should be exceeded greatly if care is observed in

the operation and, as in Figs. 95 and 97, provision is made so

that the amount of agitation can be increased. The flooded

system works well in the ice plant, and almost the only care

necessary is in the design of the piping in order to keep a

good circulation of the ammonia, and also so that the gas

returning to the machine shall not be too wet.

The Flooded System. As mentioned, the flooded system

(Figs. 95 and 96) in ice making has been successful. The

essential feature in the system is a device to precool the liquid

ammonia being received from the condensers to a temperature
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equal to that of the ammonia in the cooling coils (corre-

sponding to the suction pressure). The coils may be fed by

gravity or by the usual expansion valve but arranged in a

special manner similar to Fig. 96. In either case the coils

are much more nearly filled with liquid ammonia and the heat

Fig. 96. The York type of flooded can ice making
plant

transfer from the brine to the ammonia is better than would

be the case with the old system. The flooded system does not

give more refrigeration per pound of ammonia; it simply
reduces piping in the tank.

Distilled Water System. The distilled water system is

giving way to the raw water ice in regions convenient for
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electric power and where the water to be used in the cans

is very good ;
but where the water contains certain solids, or

where steam power is necessary it is probable that it will

continue to be used. However, unless a distilling system is

used, the capacity of the plant is limited to the amount of

steam used in the engine or the steam auxiliaries, and this

usually means inefficient operation in order to get enough
condensed steam for ice making.. If fuel is expensive or boiler

troubles are bad on account of poor boiler feed water, the

use of distilled water is subject to considerable doubt unless

it can be shown that the water cannot be softened by any of

the known methods.

Refrigeration Required. In can ice manufacture it is clear

that two distinct steps are used; the cooling of the water

from 70 deg. F. or more often as a rule to 32 deg. F. and then

freezing the water and finally cooling the ice to or near the

temperature of the brine. If water enters the plant at 70

deg. F. and brine is carried at 14 deg. F., then there is

required :

(70 32) + 144 + - ^- - = 191 B.t.u. of refrigeration.

to cool to freeze to cool

the water, the water, the ice.

And the amount of cooling of the water to reduce the tem-

M
perature to 32 deg. F. is -^- or 20 per cent. This cooling

.I Jl

can be done at a higher temperature of the ammonia than
that of the freezing process, say, at 40 Ibs. gage as com-

pared with 20 Ibs. gage for the final freezing, if the parts
of the process can be separated. This problem is similar to

that encountered in the use of the steam economizer, in mak-

ing steam, where the boiler feed can be heated very advan-

tageously outside the boiler by the use of heating surfaces
in the path of the flue gases. The advantage of using econ-

omizers lies in increasing the temperature of the substance
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inside the piping. In cooling water for can ice advantage is

obtained in doing the job outside of the cans because of the

fact that the cooling can be done better (with less surface

and quicker) than by the can method, and because the boil-

ing temperature of the ammonia at 40 Ibs. gage is much more

economical of power supplied than if all the refrigeration were

done under one suction pressure. In general practice either

a small compressor would carry the precooling load (the

usual manner) or the compressor could be arranged as de-

scribed in Chapter II for compression with two suction

pressures.

The Raw Water Can Ice. One of the great advances in

refrigeration during the last decade has been in the methods

of ice making. The universal use of electric power, generated

by means of steam and by hydro-electric plants, has created

a demand for an ice plant which does not require the use

of a steam generating plant for distilled water. Also the

mounting cost of fuel, notwithstanding the reduced steam

consumption of the poppet valve and the uniflow steam engine,

as well as the application of Diesel and semi-Diesel engines

for compressor drives, has resulted in a great demand for a

raw water can ice system which can provide a clear crystal

like cake of ice.

As already mentioned, agitation of raw water during freez-

ing will provide a crystal plate ice, and the same is true

to a certain extent in the case of can ice. However, a residue

is left in the can (a core) which is likely to contain all of

the impurities of the water in the can. Very good water

(free from suspended and dissolved solids) need be agitated

only by air under pressure until complete freezing has nearly

been attained, but water containing much solid matter not

removed by previous treatment must have a core pump. This

pump will remove the remaining small part left from the

original canful of water. The resulting cavity may then bo
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refilled with distilled water, although additional raw water is

usually sufficient.

Agitation. The methods of providing agitation and se-

eurinir clear ice are numerous. One way is to provide drop

pipes into the center of the can and to allow air under 2 to

3 Ibs. pressure to bubble up. This is one of the simplest and

cheapest first cost constructions, but it requires constant care

Ctrwi T.o Cut Wife I<* Lifting 1

Pig. 97. Cross section through Arctic Fownall ice tank, showing
iee about 80% frozen, roimn-tions, -tr.

|

N<>u- additional height
rcquirrd to give access to control valves and that steel

supports are required for brine tank and cans]

on the part of the operator as the drop pipe may freeze into

the ice if it is not removed before the cake is entirely frozen.

To prevent this annoyance the high pressure system is used,

the air being compressed to 25 Ibs. or more and then pre-

cooled, either by expanding through a nozzle or otherwise or

by means of refrigerating coils, before being allowed to get

to the can so as to remove as much of the moisture content

as possible. Fig. 93 shows one jirnmjrriin'iit wln-iv tlio air



12:20 MECHANICAL REFRIGERATION

tube passes through a groove in the can, the pipe becom-

ing an integral part of the can, and the air passes up the

can as long as there remains a core -which will allow air pas-

sage. The main objection to this arnmirriurnt is the difficulty

of removing from the air a sufficient quantity of the water

content to prevent the formation of frost at the needle valve

and in the feed pipe, thus choking up the air supply to the

can and thereby preventing agitation. Also it is necessary to

have 100 per cent continuous operation, as otherwise the feed

valve will freeze solid and (without agitation) will form

opaque ice.

Fig 97A. Cross section through tank room. [Note compact ar-

rangement, but additional elevation required]

The Deal System. The high pressure (Beal) air agita-

tion system then requires considerably higher first cost and

more power input per ton of ice perhaps as much as 16 K.

W. hours per ton over that required by the drop pipe sys-

tems using only 2 to 3 Ibs. air pressure. The drop pipe sys-

tem, however, requires more labor to operate the air con-

nections.

The modern tendency is to reduce the amount of labor in

ice making as much as possible. This is shown by the applica-

tions of special designs such as the high pressure air system

already described which reduces the labor of attending to

the drop pipes of the low pressure system, and in attempts
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like "gang" hoisting can cranes and the use of special tank

designs !ike the Arctic-Pownall ice plant. The latter, shown
in Fig. 97, has stationary cans, arranged in tanks of 28 to

VERT/CAL SFCT/OM

HOft/ZOMTAL SECT/ON

Fig. 98. Detail of ice chutes and doors
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78 cans each, and devised so that the bottom of the cans is

insulated and the filling of the cans, dropping of the cores

and air agitation may be controlled by means of one

valve each. In thawing, the brine in the tank is shut off

from the other tanks and is pumped through the water storage

tanks, thereby precooling the water, and (as the brine is

heated) thawing the ice in the cans. In filling the cans,

overflow valves prevent too much water entering any one of

the cans. Evidently the gain is in the control of sets of cans

by means of one valve, and in the easy precooling of the

water. Quick cooling (as in many new ice plants) is ob-

tained by means of good agitation. The shell and tube brine

cooler is used exclusively. Table 19 gives the approximate

amount of power required.

TABLE 19.

No. 300- Horsepower Input to Mo- Kilowatt-Hours per Ton
Lb. Cans tor, Belted Compressor, Ice, for Compressor Only,

per Ton with Varying Condenser with Varying Condenser

Condenser Pressures. Pressures.

Pressure. ,
*

N ,

*
x

145 Ib. 165 Ib. 185 Ib. 205 Ib. 145 Ib. 165 Ib. 185 Ib. 205 Ib.

14 2.08 2.38 2.59 2.84 38.8 43.8 48.3 52.9

15 2.01 2.28 2.56 2.78 37.5 42.6 47.8 51.8

16 1.96 2.21 2.48 2.74 36.5 41.2 46.3 51.1

17 1.94 2.18 2.43 2.68 36.2 40.6 45.3 49.9

In all cases it is assumed that water at a temperature of 70 deg. F.

will enter the storage tank for freezing purposes.

The labor due to simply pulling the ice, thawing the ice

out of the cans (Pig. 98), returning the empty cans and

refilling is a large part of the final cost in producing ice.

The use of cranes lifting as many as 12 cans at once is some-

times made, and some plants have shown a decided economy

by their use, especially in long tank rooms which require a

TV to tin- thawing and dumping platform. KILT.

99 and 100 show typical modern ice making and storage plants.

Water Softening. As already mention.-.! not all water is

equally <_:ood for raw water ice. Water containing certain

solids will cause opaque cores, discolored patches, or even
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cloudiness on the outside of the cakes. Much of this trouble

may be decreased, or possibly removed entirely by water

softening or by proper agitation and core sucking.

Fig. 100. Floor plan raw water ice plant, City Ice Delivery Co.

Cleveland, Ohio. [Note short run to ice dump, arrangement
for ice chutes, and location of daily and permanent

ice storage]

Water softening is done in two principal ways: by the

use of lime and soda ash and by the use of zeolite. The latter

uses the principle of
"
exchange" where the carbonates and
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sulphates of calcium and magnesium become sodium salts.

The total weight of solids remains about the same and the only

advantage is in the softer water obtainable.

The second method of softening usinpr lime and soda ash

(Fig. 101) requires considerable care, but will actually elimi-

nate the bi-carbonates and will greatly reduce the amount of

2 Contra/ Hoot. tMtfrrLtvetmSerrffng Ttm*
Met.Bow W*ltrSupply

d ArwWorerBax
WaftrWhetl

*
?*"

I *Pk.
T r&SJ&L

from Chmical Tank
r Qxmical Miring Tank

Fig. 101. One system of water purification

carbonates and sulphates present. It will also reduce the

tendency towards shattering of the ice, which to a large extent

is caused by the presence of solids and carbonic acid, in the

water. Other causes of shattering are too cold brine, refilling

the core with warm water, poor brine agitation and rough

handling of the can during thawing and dipping.
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As suggested, the amount of agitation has an effect on the

appearance of raw water ice. For example, a 300-lb. can

with about four grains of total solids per gallon will require

about 0.65 cubic feet of air per minute, but this allowance

must be increased with solids in excess of four grains, and

an additional allowance must be made for brine temperatures

lower than 14 deg. F. Finally it may be said that water high
in sulphates cannot be used for raw water ice making, and

the attempt should not be made.

There are several other systems of ice making, possessing

more or less merit. The main points in raw water ice manu-

facture are the same for all of the methods, however.
' * Water

good enough to drink is good enough to make ice," and clear

raw water ice must be agitated during freezing.

In conclusion it may be said that of all methods the raw

water can ice manufacture offers the greatest possibilities for

continued progress. Future endeavor is towards the securing

of high suction pressures for the ammonia, high values of

"k" due to rapid circulation of brine, and in reduced labor

costs in handling the cans and the ice.



CHAPTER X

APPLICATIONS OF REFRIGERATION

COLD STORAGE, Am AND LIQUID COOLING

In the preceding chapter the matter of the applications of

refrigeration was taken up, and it was shown that the high

pressure side was the same in nearly every case, except where

stage compression was found desirable or the absorption
machine was used. In other words, the application of refrig-

eration affects the low pressure side, and it is here that the

details become varied and numerous. Ice making was de-

scribed in some detail and the fact that can ice making using
raw water in the cans is becoming the favorite method was

mentioned and reasons given for the preference. Because of

its bulk, ice must not be handled much and is best produced
in proximity to the zone where it is to be consumed; for

this reason artificial ice is rapidly replacing natural ice even

where the latter is plentiful. Next to the importance of ice

making comes the business of cold storage, which includes

chilling, sharp freezers, and coolers for the preservation and

curing of meats, fish, vegetables and fruits. However, before

going into the subject of cold storage, it will be wise to give

the reasons for its use.

Object of Cold Storage. Meats are chilled quickly be-

cause otherwise the natural process of decay will set in.

Vegetal^-*, fruits, dairy products, etc., are kept at or about

the freezing point of water because it has been found that

227
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the bacilli which cause decay are prevented from growing

actively when held at this temperature. Cold storage cannot

preserve goods indefinitely (except certain meats when kept
at extremely low temperatures) because the bacteria keep

growing and increasing in numbers when at cold storage tem-

peratures. A large number of goods cannot be frozen fruits

and vegetables for instance without spoiling the cell forma-

tion and the internal structure of the goods, and therefore

such goods cannot be kept in cold storage for more than a few

months, if that long.

Humidity. Besides the matter of the temperature, there

is the matter of the humidity of the air, which affects not only

the holding power of foodstuffs but the quality of these

goods as well. This is more marked in some cases than in

others, but with eggs too great humidity will cause spoiling

and too low a humidity will cause shrinking. In the packing
house chill room dense clouds of steam come off from the

freshly killed animals, and the manner of refrigeration must

also provide a convenient means of removing this vapor.

Vegetables, fruits, etc., dry out during the holding process,

thus increasing the humidity. As moist air is bad for cold

storage goods the refrigerating plant must provide the neces-

sary means for removing this surplus water vapor and keeping

the temperature and the humidity correct for the particular

goods being stored, these requirements being different for

each variety of foodstuffs. The humidity, roughly speaking,

must be in the neighborhood of 70 per cent. The accumula-

tion of frost on the expansion piping is an indication of the

removal of moisture from the air.

Kind of Piping for Cold Storage. There is no set rule in

regard to the type of direct expansion or brine storage piping.

The same plant may have both systems, as is frequently

observed. Packing houses use brine for the greater part of

their work, although one large company, at least, has little

or no brine refrigeration. This is because some of the load
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is heavy and of short duration, and can be handled well by
the use of brine storage tanks and a smaller compressor

operating the greater part of the time. Also it is safer to

use brine where the pipes are exposed and are subject to

accident. In addition the chill rooms are usually designed to

have a loft with brine sprays or a brine curtain, as brine

can pull down the temperature more quickly and absorb the

moisture better than any other system. (See Figs. 102

and 103.)

On the other hand, it is possible to operate compressors
on the direct expansion system more economically than with

Racking House Refrigeration (GUNN'S LIMITED)

Fig. 102. Brine spray [packing house] refrigeration

the brine system, because the boiling refrigerant cools the

air directly instead of indirectly as is the case with the us.-

of brine. But it may be remembered that the direct expansion
must be carefully laid out so as to return the gaseous ammonia
with the least possible pressure drop to the compressor. In

this connection one occasionally sees in the technical press

descriptions of changes made in old plants as, for example,
the redesign of the Anheuser-Busch plant in St. Louis in

order to secure more economical operation. The trouble in the

St. Louis plant was that it grew like "Topsy" and soon was

a mass of large and small* pipes of every description. Other

factors that must be considered in deciding on the type of
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piping are the effect on the goods held in storage of a break

in the pipe line, the cost of the ammonia piping as compared

with brine piping, cost of the initial charge of ammonia, and

its losses due to leaks or corrosion of the pipe line. The brine

system is self-contained, having, with the exception possibly

of the ammonia condensers, the entire high and low pressure

side under the easy control of the operator without his having

to leave the compressor room. It is to be remembered, how-

ever, that extra equipment is necessary with the use of brine,

namely, the brine coolers, the brine pumps and the power

necessary to circulate the brine. It may be added here again

,24"

?

*prab
cxwecKdfo

!.Z"x8

JbpofJo/st

Insulation'

Deflector

Packing Hoyse Refrigeration (MORRIS * CO.)

Fig. 103. Brine spray [packing house] re-

frigeration

that the absorption machine must always use brine, as direct

expansion is not so advantageous as in the case of the com-

pression system and the brine system works out most satis-

factorily.

The Bunker Coil. To circulate the air better, giving more

ready control to both temperature and humidity the outside

bunker coil is sometimes used. In brief, this is an arrange-

ment of coils in a separate loft or room, so arranged that

the air may be forced through at a moderate velocity (wher^

it is cooled to the proper temperature) and then through

ducts to the distributing openings. The return is usually

the reverse of the feed lines.
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Such a system is sometimes recommended because it removes

all piping from the cold storage room. With care in the design

a uniform temperature is possible, and there is less danger of

excessive cooling in certain parts of the storage room. Power

must be provided to drive the fan which must be carefully

selected so as to require the least power input for the volume

of air circulated. But whereas less piping may be required

than with the ordinary system on account of the better heat

transmission, there are some objectionable features.

The motive power necessary for the fan also heats the

air and requires additional refrigeration to neutralize it. The

main objection to bunker coils, however, is in the matter of

their cleaning. Usually the coils are close together and com-

bined with baffles, make a difficult piece of equipment to clean.

As the ice accumulates on the pipes, the heat transfer rate

will drop until either the pipes are cleaned or service is un-

satisfactory. This point is mentioned here because in the case

of ice cream hardening rooms the bunker coil is being replaced

by pipes in the room. The lack of success with hardening
rooms is purely a matter of operation, but this service is the

"court" of last resort when it comes to the proper design of

a new refrigerating room or plant.

The Sharp Freezer. The sharp freezer is the term used for

a cold storage room which is held at or near zero degrees F.

It may have better insulation than the ordinary cold storage

room, usually about six or eight inches of corkboard, and

it generally has an ante-room. The piping has to be heavy
to carry the heat leakage, which may be as great as double

that of the general storage room for fruits and vegetables

which are held at from 36 to 40 deg. F. Sharp freezers are

(Ifsi'j-iM-d usually for fish, meats, eggs in bulk, etc. Tin-

temperature carried is usually from to 15 deg. F.

Cold Storage Details. It is hardly within the scope of

an elementary book to go into detail except as to funda-

mentals. The storing of goods, the duration of storage, the
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.rht of boxes or packages, the amount of aisle, etc., arc

important details, hut not necessarily of the kind that the

operating engineer has to keep in mind. A few figures are

included, however, for handy reference. Particular attention

i lied to the layouts, which are all recent designs and are

typical of the kind of service being performed (see Figs. 107

and 108). Also Figs. 102 to 106 give an idea of the con-

struction of piping and cold storage systems in general.

fc

!

Mi

J>^i-A^

Sharp Freezers- Fish Stora0a

Smart Refrigeration Boxes

Fig. 104. Typical piping Installations

Do not put second or third grade goods in storage. Cold

storage goods should be of the best quality. Fruits and

vegetables should be carefully handled to keep them from

unnecessary injury, and they must be re-sorted after a

period of time depending on the kind of goods to remove the

sprouts, spoiled parts or spoiled containers.

Fig. 107 and 108 show the ratio of room space to piping
and also the room space per ton of refrigeration. In each

figure it will be noticed that this ratio is low for small cold
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storage rooms, increasing in value for large rooms. For
rooms that have to be opened frequently the ratio of the

piping per cubic foot is greater than for boxes seldom opened,
because the entrances of rooms that are to be opened fre-

quently are bound to create losses through the doors. A large

saving of refrigeration can be made by the installation of

proper door fittings and by all arrangements that help to

reduce the duration of opening to a minimum. There is much
carelessness in this matter in the practice of many plants.

TABLE 20. COLD STORAGE PRACTICE.

Temperature
of Storage, Humidity,

Deg. F.

Allowances

per cent 1 bbl. = 31% gal. of 231 cu. in. each.
1 bushel = 1.245 cu. ft.= 2,150.4 cu. in.

35 80 to 90 1 bbl. potatoes = 5 cu. ft.= 180 Ib.=r2% bu.

32 to 34 70 to 80 1 box cheese =z 60 lb.= 2 cu. ft.

30 to 31 75 1 case eggs = 30 doz. 50 70 lb.= 2% cu.

ft.= 12x13x25.
32 or lower 70 1 tub butter = 63 lb.= 1% or 2 cu. ft. (piles

not over 6 ft.)

30 to 35 85 1 bbl. apples = 150 lb., 5 cu. ft.= 2% bushels.

34 80 to 90 1 crate celery 10 cu. ft.= 140 lb.= 24x24x30
in. (8 ft. high).

34 80 to 90 1 bbl. vegetables = 5 cu. ft., piles 5 ft. high.
35 80 1 box oranges (packed on end)=4 cu. ft., 70

lb.=: boxes 15x15x30.

Aisles Allow 1-3 for eggs, celery and oranges.
Allow 1-5 for potatoes and vegetables.
Allow 1-4 for mutton, pork, poultry (4 ft. high).

Specific gravity of boned beef = 1.073 = 67.2 lb. per cu. ft.

Applications of Refrigeration. Some thirty years ago

mechanical refrigeration was used mainly in the brewery

industry, but of late years the great advance, first in ice

making and then in cold storage (including the packing

house industry) has relegated the brewery total tonnage

even before the advent of adverse legislation to secondary

importance. And there is now hardly any branch of engi-

neering that is developing with the speed of refrigeration in

variety of application, and in the amount of sales of new

machinery. The chemical industries are paying more and
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Cubic Feet of Space

Fig. 107. Cubic feet of space per linear foot of re-

frigeration piping per ton of refrigeration

more heed to the latent possibilities of the mechanical coolinjr

in their processes, as are the ciiLrimvrs in almost CV.M-V bram-h

of \\-ork. The steel mill uses refrigeration in tempering and

hardening, tin- oil refinery in separating out the paraffin,
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the oil and natural gas men use refrigeration to some extent

in the salvage of gasoline. The chemical engineer, the baker,
the candy maker, and the miner use refrigeration to secure

3600

o" o~ cf- XNJ tO

Size of Feet

Fig. 108. Cubic feet of space per ton of

refrigeration

standard conditions a cold water, a cold air or a cold stratism

of earth. As an example of the degree to which the industry

is carried, it may be mentioned that the Haber process for
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the fixation of atmospheric nitrogen is to form ammonia in

a mixture of hydrogen and nitrogen by means of a special

catalyst, and then to freeze the mixture to 20 deg. P. or

lower until the ammonia is liquefied and separation may be

secured by means of gravity and a modified trap.

In making an analysis of the different kinds of applications

of refrigeration, one will be surprised by their similarity.

As just noted, it is nearly always the matter of the cooling

of a fluid, a liquid or a gas, which in turn does the work

desired of it. However, there are a few other special applica-

tions which, because of their general use, are worthy of

special mention. A few of these will be taken up in turn.

THE MILK INDUSTRY

The milk industry is in an important one. Milk is a daily

necessity, a food that cannot be dispensed with. In conse-

quence of the distance from the source the city milk

supply is subject to such delay that by the time it is

ready to be served the milk may be 36 to 48 hours old. The
result is that raw milk is frequently badly contaminated with

bacilli of intestinal or lung variety, especially if the milk is

allowed to remain even for a short time at a temperature of

60 or more deg. F. To reduce the danger from disease

the pasteurizing process has been perfected. This consists

of either bringing up the milk temperature to 140 to 150

deg. F. and holding at that temperature for thirty minutes

(the preferred method) or of raising the temperature to

160 to 165 deg. F. and maintaining that temperature for

only one-half a minute. After the pasteurizing process the

temperature should be reduced to 35 or 45 deg. F. as quickly
as practicable. This cooling may be accomplished in either of

two ways first, by means of a regenerative apparatus, and,

second, by means of the old style Baudalot cooler.

Assume that the milk leaves the pasteurizer at about

1 M) deg. F. It would be sent to the regenerator, as shown
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in one design in Fig. 110. The regenerator is a sort of

counterflow exchanger. The raw milk is relatively cold and
must be heated to 140 deg. F. and the pasteurized milk is at

140 deg. F. and must be cooled. By using a counter current

device both of these results may be accomplished easily and

cheaply. The last portion of the work of cooling is by means
of brine, reduced in temperature by some method usual in

mechanical refrigeration.

Milklnkt from Aaittjrfzv

InM
Brine or lot

'

Water Disctorgt

,8rifortat
Ytotir/rW

Fig. 109. The Bandalot milk cooler

The second method is to pipe the pasteurized milk directly

into the cooler. This cooler is usually made of block tin

(for cleanliness) and is arranged so that the milk flows on

the outside. The refrigerating problem is a simple one, re-

quiring brine of about 20 to 25 deg. F. The most important

point is that the milk cooling after pasteurizing makes a

heavy load, usually for a short part of the day only. There-
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fore it usually works out best to have a brine storage tank

of sufficient size to carry a large part of the load. In so

doing the compressor may operate over a longer part of the

Fig. 110. An improved
type of milk cooler

day, and the machine may be a smaller one than would be

required otherwise. The amount of the refrigeration stored

in the brine depends on the temperature rise of the brim
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Assuming this to be 20 deg. F. the brine storage necessary to

cool 1,000 gals, of milk from 80 deg. to 40 deg. F. would be :

1000 x 8.58 X 4 X 0.9 = Vol. X 62.5 x 1-2 X -7 X 20

No.gals.Xlb- perxtemp,x specific weight ofxB.t.u. capacity per
Gal. range heat one cu. ft. of

water.

unit vol. of brine.

taking the specific heat and the specific gravity of the brine as 0.7 and
1.2 respectively. Solving, in cubic feet, the answer is

Volume = 294 cu. ft.

Co/rtrv/ltr \t>l*6

Fig. 111. Another type of milk cooler

Ice Cream Making. In ice making there is required

frequently from 1.4 to 1.7 tons of refrigeration for 24 hours

to produce a ton of ice. In other words, much more refrigera-

tion has to be put into the manufacture of ice than it is pos-

sible to secure in the cooling effect by the melting of the ice

after it is made. The reason for this is that in ice making
the water has to be cooled first to 32 deg. F., then frozen,
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and finally the ice cooled down to somewhere near the brine

temperature. All this requires (assuming 70 degree water)

(70 32) + 144 + ^=^- = 191 B.t.u. per pound of ice.

To this 191 B.t.u. should be added the losses by radiation,

conduction, etc., and the meltage and other losses in remov-

ing the ice from the cans and storing the cakes in the storage

rooms. The total input in heat units per pound of net ice

is therefore from 210 to 230 B.t.u. from which only 144

B.t.u. is usually available for refrigerating purposes. In

ice making, therefore, it is necessary to cool the water, freeze

the ice, and finally cool the ice.

Ice cream making is practically the same kind of refrigerat-

ing work. About the only difference between ice making and

ice cream making is in the details of the operation. Ice

cream, of course, is not frozen in a solid mold like can ice,

but as a rather soft mush, after which it is placed in a

container and allowed to cool into a solid condition in the

so-called hardening room. The refrigerating problem in ice

cream making is in cooling the cream, freezing it to a plastic

condition, and finally hardening it, a process which is much
like the cooling of can ice down to the temperature of the

ln-inc in the ice tank.

Calculations of the duty required are not as positive as in

ice making because the latent heat of fusion of the mixture

of cream and the specific heat before and after freezing are

not constant for all kinds of ice cream or ices. In general
the mixture is usually placed in the freezer at about 50 deg.

P. and the whipping of the cream occurs at about 26 deg. P.

During the process of freezing the cream "swells" an amount
<f from 50 to 100 per cent. Using a latent heat for ice cream
of 84 B.t.u. and the specific heat before and after freezing
as 0.68 and 0.38 respectively, the refrigeration necessary to
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make 100 gals, of cream from a mixture at 50 deg. F. to a

final temperature of deg. F. would be :^ r X 8 -5- X 1.0 =
JL.o o

463 Ibs. (the weight of the cream to be frozen.)*
(463 X -68 X 5026) + (463 X 84 ) + (463 X 0-38 X 260)=
wt. spec, heat temp, range wt. latent, heat wt. spec, heat temp, range= 51,030 B.t.u.

If, for example, the work had to be performed in one hour,

there would be required 51,030 -f- 12,000 = 4.25 tons capacity.

Of course there are the usual losses to be taken into account

as well as the ice required for icing the deliveries and other

incidentals still to be considered.

AIR CONDITIONING AND DEHUMIDIFYING

In theatres, packing houses, blast furnaces and in many
other different installations the air is refrigerated and the

humidity is regulated in some manner or other. In the pack-

ing house chill room, blood room, etc., the method used (as

already mentioned) for refrigeration must quickly remove

the animal heat and leakage losses, and also be able to re-

move the steam that is thrown off. The use of bunker and

deck coils has been found to be less satisfactory than the

sodium chloride brine spray, as will be described in detail

later.

In auditorium work the amount of cooling of the air is

small, perhaps only 10 or 15 deg. F., but frequently the

problem is made more difficult by a desire to regulate the

humidity also. In cooling air (except in especially dry
climates as Arizona, New Mexico, Southern Idaho, etc.) not

much drop of temperature is required before the dew point

is reached. For ventilation it requires, then, that the rela-

tive humidity be regulated to between 70 to 75 per cent, and

therefore in such work the actual cooling of the air must

be carried to a point considerably below the temperature

* The weight of the cream depends on the swell and the specific

gravity of the mixture. The above example is taken as an extreme case.
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required (at which time the humidity will be 100 per cent)

and then allowed to heat again.

In blast furnaces, where air conditioning is resorted to, the

primary consideration is the regulation of the water con-

tent of the air so as to reduce the amount of coke consumed

in the tower and to obtain a more regular or uniform product.

In such work it is customary to precool the air to about 25

deg. F. where the water content is 20 grains per pound of

dry air or 1.5 grains per cubic foot of free air.

In packing house work the humidity must be kept down,

preferably to a point where the "fog" brought about by
the hot carcasses will be made to disappear almost entirely.

In all of these cases the method now used with best success

is to employ cold water (for nominal air temperatures) and

brine (for temperatures of the air below about 35 to 38

deg. F.) in the form of a spray through which the air is

made to pass, being washed, cooled and relieved of surplus

moisture in the one process, very much after the method

used in washing air for transformer or other electric

machinery.
In all air refrigeration the problem presenting itself is

about the same; first there is the cooling of the air, then

condensation of the moisture, the cooling and then the freez-

ing of the condensate and finally the cooling of the ice. In

the use of the brine spray the condensate mixes with the

brine and dilutes it. Then the weaker solution is drained

off into the brine storage (where more salt is added or the

concentration may be increased by evaporation). No freezing

of the condensate occurs in this latter case. In figuring the

heat to be removed under these circumstances it is usually

sufficiently accurate to consider only the heat removed in con-

densing the moisture, and cooling the air and the condensate

down to the temperature of the brine. All of these data may
be obtained easily by means of the Carrier psychrometric

chart (Fig. 112), as shown in the following example:
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\Vater Packing

Deflector Blngi

Adjustable
Orifice

Spring

'Dr.in

Large Pisto*

Small Ptitoo

Water Inlet Jrom Pomp

Flushing Water
Inlet

American Blower Go's Spray Nozzle

Sturtevant

Atomizing Nozzle
Sturtevant Auxiliary Rain -Spray Nozzle

Carrier Nozzle Webster Nbzile

Fig. 113. Spray Nozzles for use of water or brine spray in air

cooling and conditioning

Required the refrigeration necessary to cool 1,000 pounds
of air from a temperature of 80 deg. P. and 75 per cent

relative humidity to 25 deg. F. Locating this condition by
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point A on the chart, the wet bulb temperature is seen to be

B or 73.7 deg. F. and having a total heat (as shown by the

diagram) of 36.5 B.t.u. Likewise the total heat correspond-

ing to 25 deg. F. at C is 9.0 B.t.u. or a difference of 36.59.0=
27.5 B.t.u. per pound of dry air. The total refrigeration will

be 1,000 X 27.5 = 27,500 B.t.u. The volume per pound may
be found from the diagram also, for at 80 deg. a pound of

dry air occupies 13.62 cu. ft. at standard atmospheric condi-

tions and when saturated with moisture occupies 14.08 cu. ft.,

or a difference of 0.46 cu. ft. due to the water content. As

our problem has 75 per cent moisture the volume of one pound
of dry air and this amount of moisture is : 13.62 + 0.75 X
0.46 = 13.97 cu. ft. or 1000 X 13.97 or 13,970 cu. ft. as the

volume of the air under consideration in the problem.

In cooling the air, as in the case of certain cold storage

rooms, the main essentials are to get circulation and to bring

all the air into contact with the spray. The nozzle is the all

important detail, one that will provide a finely divided spray
with a large angle and short trajectory being desired. Then

it is necessary that there be sufficient space for the brine

(or the water) to settle out by gravity or to be caught by
the eliminators. Figs. 113 and 114 show details and methods

used.

Water Cooling. Water cooling for hotels, office buildings,

factories, etc., is best done by refrigeration, and circulated

by means of some form of pump. As a rule water is best

cooled by means of the Baudalot cooler (see Fig. 109), part

of the coils being submerged, and the make-up and the return

water from the system flowing through the distributing

troughs and over the coils. The double pipe cooler is un-

satisfactory because of the danger of freezing the water and

bursting the pipe. The usual allowance for water cooling is

8 pints per person per 10 hour day. The problem of the

calculation of the refrigeration required is the simplest of

all our calculations, as it is the product of the number of
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Relative Spacing:, Proportions and Angle of Deflection

of Carrier Eliminators

Old Design

Note Lack of Device for

Trapping and Separating Moisture

t t t

American Blower C6"s Eliminator and Scrubber Plate*

Tempering RchcBter

Sturtevant Heating:, Ventilating and Air Condiliuniug Syitcm

in. Wjitrr or liriin- cliininators for air cooling anl comlitiouing
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pounds of make-up water and the number of degrees of cool-

ing of this water. In addition the circulated water usually

increases from 2 to 3 degrees in temperature during the cir-

cuit, and this load must be neutralized by the refrigerating

machine to prevent a temperature rise of the circulated water.

Conclusions. The steam and operating engineer will find

nothing new in principle in studying the subject of refrigera-

tion. The details are, of course, new, because of the cycle

used, the kind of working medium employed, and the details

of the operation and its many complications. In the funda-

mentals, however, there is usually some analogy between re-

frigeration and steam engineering, and one explanation makes

both processes clear.

Although this material has been written primarily for the

operating engineer for steam machinery it is hoped that others

will find the explanations easily understandable. In this

branch of engineering it may be said that when everything

else is considered the fact remains that "heat cannot of itself

run up hill," but must pass from a hotter to a colder condi-

tion
;
that the refrigerating machine is a "temperature pump"

so that condensation of the refrigerant may occur at a nominal

temperature in the condenser; and that (as in steam boilers,

condensers and steam evaporators) refrigeration to a large

extent is a matter of heat transfer.
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Absorption machines, 59, 110
art ion of absorber, 117

exchanger, 119

generator, 113

advantages of, 111

combination plants, 121

Table of properties of aqua, 114

carrying capacity, 118

Accidents, prevention of, 135

imulators, 87

low temperature, 60
Adi.-tbatic expansion, 69

Agitation of can ice, 219
Air cooling, 242

for blast furnaces, 243

example of, 246

for packing houses, 243

Ammonia, 163

density of, 22

table of properties of, 158

Applications of refrigeration, 234

'-I'ownall ice making, 221

Atmospheric condenser, 71, 76

AiiilritTen-Singrun machine, 50
Automatic refrigeration, 100

complete automatic. 108

OB valve. 103

relief valve. 105

thermostat control, 109

water regulation, 106

B

Hystem, of ice making. 221

furnaces, 243

Brine, advantages of, 2, 94, 96

disadvantages, 97

properties of (table), 99
the system, 94

typical problem, 100
British thermal unit (B.t.u.), 2
Bunker coils, 230

Can hoist, 221

Cans, standard sizes for system, 200
Carbon dioxide, 150

table of, 161

fittings for, 91

Carbondale Machine Company, 42
Carrier Psychrometric chart, 243

Capacity of refrigerating plants,

126, 135

Charging the plant, rules for, 141

Charging with ammonia, 141

Clearance, 30, 55

Clothel compressor, 50
Cold storage, object of, 227

allowances for, 234

details of, 231

goods in, 232

humidity control in, 227

piping in, 228

Combination plants, 121

Compressors, for ammonia, 25

carbon dioxide, 150

high speed, 50

multiple elTe,

safety heads for, 35
Condenser water, per ton, 91

table of, 78
IM'J
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Condensers for ammonia, 18, 69

atmospheric, 71, 76

bleeder, 71

double pipe. 68

effect of air film on, 70

oil and scale, 71

flooded, 74

shell and tube, 75

Conductors of heat, 165

Convection, 7

Cooling pond, 145

Cooling tower, 147

Cooling water, need of, 142

example, 143

use of chart, 150

D
Davis, D. I., 64

Dead ammonia, 134

Defrosting of pipes, 134

Dew point, 7, 243

Direct expansion, 94, 228

Discharge temperature, 58

Distilled water ice, 210

system, 216

E

Erection, main essentials, 123

need of tightness, 127

oil separator, 125

piping, 124

traps, 125

Ethyl chloride, 48, 155

table of properties, 162

Expansion valve, 18

position of, 192

External work, 2

Fittings, table of dimensions, 79

design of, 80

for carbon dioxide, 91

kind of, 79

materials of, 81

Flooded system, 212

Foot pound, definition of, 3

Gage glass, need of, 130

H

Haber process, 236

Heat, 1

Heat of the liquid, 5

Heat capacity of ice, 4

Heat transfer, buildings, 164

effect of frost, 179

pipes and coils, 176

values for pipes, 180

Heat transmission, 23

Hold over tanks, 101

Humidity, 228

I

Ice cooling with, 8

bunker, 9

heat capacity of, 4

Ice cream making, 240

calculation, 242

Ice making, 205

agitation, 219

can system, 210

plate system, 209

power required, 223

raw water, 218

refrigeration required, 217

time of freezing, 210, 213

Indicator diagram (simple), 28

multiple effect, 45

Inert gases, 128, 129

Insulation, methods of, 164, 166, 168

effect of moisture, 167

example, 172

materials, 169

standard of thickness, 173

table of, 170

table of values, 170, 171
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Latent heat of vaporization, 2, 5

Leaks, tests for, 134

Lime and soda, softening, 224

Liquid pipe lines, 192

Liquid receiver, 18, 90

Low temperature refrigeration, 56

Lubrication, 38, 128

splash, 41

M

Map of U. S. A. showing average
summer temperatures, 175

Mechanical refrigeration, definition,

8

Metallic packing, 128

Milk pasteurizing, 237

example, 240

Multiple effect compression, 42

N

Nessler's solution, 132

Oil, removal of, 131

Oil trap, 84, 126

P

Packing house refrigeration, 243

Pipes for ammonia, 83

Piping, 182

calculation, 189

water in, 184

oil in, 186

superheat, 196

example of, 191

for cold storage, 228

opera fiim troubles, 183

pipe sizes, 195

suction pressure, 188

Piping rnHos, 193

calculations, 198

table of, 194

Plate ice, 209

Power required for ice making, 223

Pressures, absolute, 6

gage, 6

proper suction, 132

R

Raw water ice, 218

Regenerators, 85

Refrigerants, 13

Refrigerants, choice of, 152

ammonia, 163

density of, 22

table of, 158

carbon dioxide, 150

table of, 161

chemical properties of, 153

comparison of, 155

ethyl chloride, 155

table of, 162

physical properties, 154

relative piston displacement,
156

sulphur dioxide, 157

table of, 150

Refrigerating cycle, 17, 19

high side, 18

liquid receiver, 18, 90
low side, 18

S

Scale trap, 90

Sensible heat, 1

Sharp freezer, 231

Specific heat, 3, 5

Spray pond, 145

St.Mtfe compression, 60

Starting the compressor. L37

orption machine. 138

Stick test, 130

Stop valves for ammonia. I

Sulphur dioxiilr. Is

Super!, ,-,t :,. IS, 66
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T Velocity of gas in pipes, 203

Volatile liquids, cooling, 11

Temperature, Fahrenheit, 3 boiling of, 206

Centigrade, 3 Volumetric efficiency (apparent),
Ton of refrigeration, 14, 24 30

?
53

Total heat, 5
real, 51

V W

Valves, ammonia suction and dis- Wat<* cooling, 246

charge, 32 softening, 224

plate, 32, 54 z
poppet, 32

ribbon, 32 Zeolite, 224
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