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HERE is in operation today
throughout the world a total
installed capacity of approximately
500,000 tons of centrifugal refrig-
erntion. Although eriginally devels
aped to chill water for air condi-
tioning service, its application has
bieen extended inte almost every
ficld requiring the production of
cold—for comfort, for industrial
and for eommercial processes—ifor
emperatures from -+60°F. down to
—=110°F,—in effect almeost every
coneeivable vefrigerating duty.
I is diffieult to realize that 30
:'.'u'.'l..l‘."l age the centrifugal principle
15 just & dream, that 20 years
apgo saw the first practical machine
Luilt, and that ten years ago text-
books still dismissed it with a cas-
aal reference. Although the past
two decades have given rise to an
unprececentied expansion in refrig-
erating development and enterprise,
there have probably becn few in-
vintions that have been as revolu-
tionary In fundamental concept and
ag important in their impact upon
the trend of the Industry, as the
introduction of eentrifugal refrig-
eration.

The Econcmic Need

N invention is an empty thing

unless it fulfills an economic
need. The need which gave birth
ts the centrifugal idea arose be-
tween 19056 and 1920 when the men
who had pioneered in sir condition-
ing were starting to use refriger-
ation in order to produce cooling
and dehumidificeation of air. This
was before the dave of comifort
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cooling, although there had been a
few installations even then., The
importance of alr conditioning in
those davs lay in the control of
atmegphere  for industrial pree-
CAREA,

Finned heat exchangers such na
present-day air eooling coils were
unknown at that time, and bare
pipe coils were impractical on ac-
count of cost. Cooling and dehumid-
ifying of air was done almost en-
tirely by the use of spray washers,
in which a finely atomized eloud of
chilled water provided the contact
surface for the absorption of heat
frem the air being cocled.

The spray washer was a very
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thermodynamically aatisfactory had
been made available for reciprocat-
ing machines. Yet safety was &
primary requirement for this type
of service, sinee the safety of hun-
dreds of employees could be endan-
gared by an accident to refrigerat-
ing machinery employing a hazard-
aus gas,

Another very important limita-
tion to machines of that day was
the difficulty of controlling capacity
of a machine which was cooling
wiater. An air conditioning load is a
variable load, subject to the wva-
garies of outside weather and the
process load it may be serving. A
machine chilling water for such a
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In this interesting account of the development of the cenicliugal re-
frigeration machine, the author reminds us that the first practical ma-
chine was built only twenty years age, and that even ten years ago this
Invention was not consldered serdously. In a fingl section on applica:
tions. he states thal although the prevalent idea is that centrifugal re-
frigeration is used chiefly for comliort cocling, the machine is well suited

lo the production of wvery low lemperaiures,
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satisfactory cooling and dehumidi-
fving device, as is evidenced by its
continued use today. The equip-
ment which chilled the water, how-
ever, was eminently unsatisfactory.
About the only machines of com-
mercial importance were ammonia
and CO: compression, and ammonia
absorption. Ammonia was o hazard-
ous refrigerant for air condition-
ing. Carbon dioxide, while safe, was
inofficient and quite expensive. No
refrigerant that was both safe and
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service must be extremely flexible,
and automatically se, Tor If its
capacity does not continually match
the changing load, the water will
either be too warm or will freeze
into ice.

At that time expansion wvalves
and compressor capacity control
were manual, which required em-
tirely too much attention by the
operator. Shell and tube coolers
could not be used because of the
huzard of freezing up, even with
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comparatively high water tempara-
tures. The conventional method of
cooling water was by the use of the
baudelot cooler, which for air con-
ditioning serviee was frequently
combined with a apray washer with
sprays cooling the air in the upper
chamber and the warm water fall-
ing over direct expansion ammonin
coils in the lower section.

The steam jet machine, invented
by Mauvice LeBlanc in France, and
used fo o considerable extent on
French battleships, appeared to
have attractive possibilities. It was
not wntil a little more than o decade
ago, however, that it was perfected
sufficiently to galn commercial im-
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ular weight) which would other-
wise have made it a suitable refrig-
erant for centrifugal compressiom,
LeBlanc's work with waler vapor
{Fig. 1) did not bear fruit largely
beenuse of his inability to design
an impeller of sufficient mechanical
strength for the high rotative
specds necessary with a refriperant
of such low melecular weight, A
secondary reason for hia failure fo
build & practical machine was his
lack of a satisfactory shait seal to
keep air out of the system.

There were other inventors at
about the same period whe dis-
cussed the feasibility of the centri-
fugal principle, and it may be that

Fig. 1. LeBlene centrilugal rotor.

portance, and of course ita inherent
limitations — the necessity of &
cheap source of steam and copious
condensing water—were recognized
at that time. For a refrigerating
machine to fill the economic need in
the broadest possible way, it waa
essentinl that it could use any of
the available important primary
sourees of energy.

Early Investigalions and
Inventions

LTIOUGEH the dden of apply-

ing centrifugnl comprossion is
probably fairly old, the first com-
potent analysis and experimental
groundwork was not done until be-
twoan 1910 and 1915, This picneer-
ing was likewize done by Maurice
LeBlane, who not only made quite
& thoreugh study but built a work-
able experimental mackine and ob-
tained o broad patent on the cantri-
fugal idea’

LeBlane experimented with tweo
refrigerants — earban tetrachloride
and water vapor. Carbon teira-
chioride was not a satiafpetory re-
frigerant because it was unstable
and dissocinted sufficiontly to form
decomposition products which
ruined the compressosr., He was
on the preper trail, however, be-
cawse  CCl, has  thermodynamic
praperties (including a high moles-
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ane or more of them built experi-
mental equipment. It is fairly cer-
tain however that none of them
made nearly as much progress as
LeBlane, and their contribution to
ihe art is not significant.

The need for a more satisfactory
method of cooling water led Willis
H. Carrier in 1916 to investigate
the thermal and ecommercial possi-
bilities of warious schemes, cach of
which he subjected to a rigorous
theoretical analysis. Among other
idens, Dr, Carrier was impresaed by
the Tavlor hydraulic air compres-
aor, which entraing alr at the top
of u moving column of wiler, nnd
compresses it to that pressure ex-
isting: at the bottom by virtue of
the column's static head. The power
input Is that required to pump the
water, and the efficiency is good,
The principle is suited to the com-
pression of a vapor for refrigern-
tion, and of course a centrifugal
action can be substituted for the
column of water.

This principle inspired Carvrier to
consider the basic refrigeration
cyele for a vapor alone from the
same point of view., He reazoned
that compression could be produced
by a gravitational column {Fig. 2}
auch an might exist if the avapor-
ator wore located at the top of a
mountain and the condenser in the
walley beneath, If soficient helght
i# provided in the column, the pres-
sure in the condenser will be
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encugh just from the column®™s own
weight te permit condensation @t
the available termperature, The gas
will eontinue to evaporate from the
evaporator, flow to the condenser,
and be condensed there, and all the
work required forr theoretical com-
pression ia provided by the external
foree of gravitation. This iz not
perpetual motion, for it is evident
that the condensate must
pumped from the condenser back to
the evaporator in order that refreig-
eration ean continue, and that just
as much work is required in pamp-
ing the liquid a8 is required in the
gravitational compression of the
gus.'

The illustration shows a centri-
fugal purmp for clevating the liquid.
It is obvious that instead of the
gravitation colummn, a centrifugal
compressor (o yof puemp) can be
subatituted, thus dispensing with
the liguid pump. Sinee the gas head
and liquid hend are the same, the
cenirifugal compressor would aper-
ate at the same peripheral apeed as
the centrifugal pump.

It iz also evident that the higher
the molecular weight of the refrig-
erant gas which s used in the eal-
umn, the lower the pumping head,
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Table 1. Requirements of a Practical Refrlgerant
for Contrilugal Compression -

Reguiremem

Diclene Carreaé

=2

Carrene

=1
CHLCl CFCL
| Meshylens [“Freon-
Chloride } ”"i'

CaHwlCls
[ DMehlorm
ethylene]

Thermed ymamic

High Molecular Weight
Suiably Large Valume
Hoilimg Point near 100

Low Pressure Diflerencs (Ll 8. In. )"
High Cyele Lrniunqr

er Taen®

Low Walug of == = k

T
srable—No Dissotiation

97.0 4.9 1374
41.2 Frid 158
#5.6% 71517 105.2" i
712 992 16,56
EL A 840,97

104 1,125

85.3%

W Yes

Physical and Physiological

Nom-Toxic
Nom-Caorrosive
Won-lnflammabie
Odorleas

Yeu
Yeu
Relatively
Yes

At 40 F. Fvaporaties v 100 F. Condemaing

= wWisour Liguid Enteressling.

and the lower the peripheral speed
of the equivalent eentrifugal com-
pressor. Likewise, for the same
tatal work with a shorter gravita-
tiomal column, more lquid would be
pumped, implying that a dense re=
frigerant with a high molecular
weight would have a low Intent
heat, Obviously, n heavy gas is de-
sirnbibe for centrifugal conipression
in order 1o reidiece the wumber of
imgellor stages and the poripherad
apead of aneh,

The foregoing analysis indicated
1o D, Carcier that for centrifugal
compression 1o be a success, he
would have to find a refrigerant of
auitable thermodynamic, physical
and physiological properties?

Beldgeranis for Conirifugal
asion

ABLE 1 shows the reguire-

ments of & practical ml'rip._'nra
ant for centrifugal compiession.
MNole the high moleculnr weighta aof
these refrigerants compared with
ammonin (17) and water vapor
(18}, nnd the diference in volume
per ton (ammonia 1.7 and waber
482.)

None of these subsiances was in
use as a refrigerant; the Froons
hzd not been developed; neither
dielene nor methylene chioride waa
available in this country. Ethyl
chloride war considered, but its
wolume was too amall, its boiling
point and molesular weight both
too low: furthermore it is quite in-
flammakble. Dielene seemed to have
most of the requisibe properties, if
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obtainable, When Dr. Carrier went
to Europe in 1921 ke found that
one of the divisions of the chemical
trusat in Germany was manufactur-
ing dielene on a small scale for use
ag a cleaning Auid, and he was able
o arvange for its importation. It
was not until some time lnter dur-
ing actual use of this chemical as a
refrigerant that it was discovered
to bee compossd of Dwo isomoera with
dilferent boiling  points. 1L woa
finally necassary Lo have it purified
by distillation to an average bolling
point within the range 122 to 125%
F.. in order to stabilize the per-
formanes of the machines and pre-
dict their capacity.

Diclene was used successfully for
about four yvears. By this time the
machines were an outstanding com-
mercial success, and when methyl-
ene chloride was found to have
suitable properties, the nnticipated
demand was sufficient for R, & H.
Chemicala Company to build n plant
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for its production in this country.
Carrene, as it was named, could Lo
used in the diclens machines with
minor medifications, was eatively
pon-inflammakble, had & single bail-
ing polnt, and gave somewhal
greater tonnage capacity for the
same size of machine.

It is interesting to review the
entive list of refrigevants which
have been wsed at one time ar an-
othar for centrifugal compresslon
{ace Table 2). Inspection of this
tabulation shows many gascs quile
far from the ideal with respect to
thermodynamic and physieal prop-
erties. Water vapor, for instance,
has such a low molecular weight
and high boiling peint that the
peripheral speed of the impellera
must be oxtremely high, yeb its
availability at no cost and its safety
made it a4 preferved chofee by Le-
Blanc in his experimental machine,
and by the Ingersoll-Rand Company
when the Iatter developed their
commercially suceessful rmachine
about 1835, Ammenia was alse wsed
in two installations abrond hy
Jrown-Boveri; obvioasly the small
volume per ton made it feasible
only for very large capacities.

In 18981, the Frigidaiva Diviaion
of General Motors, in collaboration
with du Pont, develogod the family
of Freon relvigorants, and joine
aluieel Frean-12 for peneval mecipnoe
caling machine duty. Dr. Currier
foresaw the possibilities of this re-
frigerant group early in 1931,
with o result that Freon-11 waa in-
troduced in 1933 for centeifugal
machines, after a complete rodesipn
of the compression and purge sys-
tems for this gas. Its high male-
cular weight combined with 0ta
other desirable thermodynamie and
physical praperties, has made it the
standard refrigerant for centri-
fugals today.

While on the subject of refrig-

Table 2, Befrigerants Used in Centrifugal Machinoa

W
Far-
He frigarani mula

wlar  Boili
Weight Font, P, Date

.'Ifnmufq'.llm Krmarks

Carbon Tetrachloside  OC1, 1558
Water Vapar H 15.0
Helene

| Deehloroethylene)
Tritlene

| Trichloroethylens)
Ammonks NH.
Carrene 1

{ Methylene (.‘I:lnndﬂ CHCL, B4

Ethyl Bromide Cyblafir 1090
Estiyl Chloride LT 448
Warer Vapar HyD

Carreme 52 (“Freon=11") CFCL

CFCl
ColllaFu 1574

CHCE 1514

T4

“Freon-13"
“Frean-113"

1700 AbL 1712 Le Blane
2120  Abt 1912 Le Blane

CiHCL 970 93.6751351 1922
LES.0 1525
17.0 —25.0 1525
105.2

1o 1932
4.0 1935
RO 210 (b

1935 Carrier
7.7 1939 York
I20.9 =217
178 1933

Experimeatal
F1;-|ﬂm1-enla|
First Practical
Machine

Only One Buih

Carrier
Currier

Brown-Beveri

1926 Carrier
1933 Hrown-Baverl

Browm-Havera
Brown-Haveri
Ingersall Rand

For Low

Temp, Duty

13 Waorthingron
1934  Carrier {

Trane
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ants, it iz appropriate to mentien
their performance with respect to
the standard of comparison, the
Carnot eyele. It was noted (Fig.
3) that dielene, methylene chloride
and Freen-11 have approximately
egual eyele efflelenclea at 40°F.
evaporator and 100°F. condenser.
In a similar comparison of Freon-
Il with ammonia and Freon-12,
it will be noted that not oniy s
Freon-11 substantially more ef-
ficient than the other twa, but
that by the use of an economizer
to permit liquid intercooling, this
cycle efliciency iz vastly improved.
This meana that with compressora
of equal mechanieal eliciency, a
centrifugal wsing Freon-11 wilh
intercooling will have o substantial-
Iy lower horscpower per ton than
the reciprocating machine where
intercooling fs not feasible except
for staged machines.

Design Probloms of the
Firsi Machine

HOICE of a suitzble refrig-

crant opened the door to the
centrifugal principle, but feft ma.y
impertant design problems o be
solved. Chief among thess was the
cholee of a sultable compressor.
Centrifugal air compressors were
in common wuse, but handling a
vapor like dielene waa conalderably
different from air., There were
thermal and hydraulic considera-
tions involving complete redesign
of impellers and diffuzers. There
was the sealing problem. for theas
machines were to operate under
vacuum, and & practical, fool-proof,
and long-lived shaft seal was esaen-
tial which would remain tight not
anly during operation but durlng
ahut-down as well. Finally, a lubri-
cating system had to be devised to

cperate with a refrigerant which

was miscible with oil in all propoy-
tiong, and which was abaorbed into
the oil from the gunsecus phase
whenever the two were in contact.
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Fig. 4. Cycie sificloncies of refrlgenants a1 307 F.

Dr. Carrier was upable to ar-
range for the adaptation of o cens
trifugal air compressor in this
country abl a reasonable price—at
that time they cost asg much as an
entire refrigerating plant. After
considerable search abread, he lo-
cated four sources of supply in
Bwitzerland and Germany and ulii=

mately made arvangements with

the Jacger Company of Stutigart
for their manufacture. This firm
designed a very satisfoctory coms
pressor o Carrier’s apecifieations,
but the fivst seal didn't work at all,
and he had to rebuild it completely
after it arrvived in New Jorsey.
Another design problem related
to the evaporator. The conventional
double pipe cooler was out of the
question due to the large volumes
of vapor to be removed ; the dooded
shall and tube evaporator was not
foasible for o vefrigerant like die-
lene where the submergonce of
liguid waises the boiling point ex-
cesgively at the bottormn of the shell.

Fig. 4. Dlagrammadc view ol cenirliugal relrigesailan.
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This difficulty wrs selved by the uze
of o flash evaporator wherein the
refrigerant was poured onto a dis-
tributing detk and rained over the
tubes below {Fig. 4).

Practical Centrifugal Machines

ARRIER'S machine was the

firgt peactical cepirifagal re-
frigerating machine. It had a four-
stage compressor using dielene for
the refrigerant, and had a capacity
of about 70 tons of vefrigeration
for mir conditioning service. The
first public demonstration was giv-
en in 1922 before the AS.R.E. at
the Carrier Engineering Corpora-
tion's affices in Newark, N. I. toan
interested but somewhat skeptical
gathering of men prominent in the
Industry. Twao years later this same
muching was sold to the Onondags
Pottery Company of Syracuse, N,
Y., where it has operated continu-
ausly ever sinee.

Az Is the ease with every develop-
ment, later machines incorporated
pefinements in design nnd arrange-
ment. Cast iron ceolers and con-
densers were used with straight-
through tubes that could be casily
cleaned., Compresasrs with dielene,
and subsequently moethylene ehlor-
ide, were five- and six-stage, which
in many cares pormitted direet con-
nection to 3600 r.pm, mofors, e
finements were made In the lEquer
pump, sexl and evacuatar-purging
aystem. The appearance was grad-
ually streamlined.

A single-atage compressor Was
developed in 1930 for small ton-
nages, but found rather limited ap-
plication. The chief drawback to




Fig, 5. Cutaway of Type 17-M mockise.

any single-stage machine, Irrespee-
tive of the refrigerant employed, is
the inability to obtain more than
alaut 60°F, temperature difference
belweon avaporator and condenser
without ontering a range of gas
wilezities above the eritical velocity.,
This provents good efficiency from
being reslized.

The development of Freon-11 in
1933 mnde possible a reduction in
the number of impellers in multi-
stage machines from five or six
down to twa, three or four, depend-
ing on the desired temperature dif-
forence. In other respects the de-
sign of the machines remained aub-
stantially the same.

In about 1935 Ingersoll-Rand in-
troduced the water-vapor centri-
fugal machine. The major points of
difference betwesn this machine
and these wsing hydrocarbon ree
frigerants lie in compressor and
evaparator. The former requires
much higher tip speeds, which
mgans more stages and specially de-
signed, light-weight Impellers to
produce the head requived for wator
a8 a refrigerant. A flash typo evap-
orater i3 uwsed, cooling the waler
directly as it returns from cooling
cofls or spray dehumidifier; this
eliminates the need for tubes to
provide heat Interchange,

The Trane eentrifugal is an in-
tevesting  development with the
basic abjective of building a ma-
chine with n capacity from 35 to
10 tons, Two two-stugs compres-
o %ars, each with its own direct driv-
ng motar, are piped in series, mak-
Ing a tofal of four stagea of come-
pression. The gas Freon-113, with

maolecular weight of 1874 and bail=
ing point of 117.6°F., is well suited
to a small machine ainee it provides
gas volumes sufficiently large to
make an eficient dealgn possible.
Thia is in effect & hermetically
sealed machine, which of course
limits the drive to motors of cor-
tain current characteristics. Plate
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fin conler and condenser are used.
A modification of this dosign is
used for larger machines,

The York and Worthington ma-
chinea are basfcally aimilar to the
Carrier centrifugal, with the ex-
ception of the seal. These machines,
first introduced in 1939, use Freon-
11.

Tho Modern Cenfirifugal Machine

N 1936 Carrler commenced n

very comprehenaive basic study
Lo redesign the centrifugal machine
far h'l"llll'n'i'hl cllicieney and lower
cost wilhout sscrifice of quality.
This development, which lnsted twe
years, was very productive of re-
sults, a8 in indieated by the 1038
model (Fig. 5). The major improve.
menta were: Impertant {nerense in
compressor efelency: development
and Introduction of Lo-Fin tubing
for the eoaler and condensor; elimi-
pation of the liqguor pump by design
of the firat feaszible flecded eooler
for centrifugals: standardization
of the bullt-in economizer; and im-
provement in the evacuating and
purging equipment,

With compressors having only
two or three impellers, it was pos-
sible to design each wheel separate-

(Continued on page 120)

Table 3. Improvement in Heat Transler of Coalers
and Condensers Due to Use of Lo-Fin Tuhbing
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