CENTRIFUESAL CASTING

By Leon Cammen1 New York, N. Y.
Non-Member

The paper describes the process oj centrifugal casting oj hollow metal
objects. The author first takes up the field of centrifugal casting and the
history oj the development oj the art, which he jollows by a discussion oj
the mechanics of the problem and a description of the operation oj the
casting machine. He then takes up the thermal conditions in the mold and
the field of application of hot-mold centrifugal casting, and closes with a
discussion of the manufacture oj plates by the centrifugal casting process.

In appendices to the paper are given a bibliography of the subject, a
list of patents, some of the mathematics covering the cases oj casting about
a vertical and about a horizontal axis, and the jorces acting on the liquid
metal in the direction oj the axis oj the mold, a discussion oj temperature
control in the casting and in the mold, and an analysis oj the stresses in
the mold.

1 The art of centrifugal casting of hollow metal objects is
quite old and has been practiced on a_commercial scale since the
be(t;lnmn? of the last century. The earliest English patent (Eckert)
dates as Tar back as 1809, and the earliest American patent to Love-
grove was issued in 1848. At about the sapie time Andrew

hanks, in London, En?land, began to make cast-iron pipe 12 ft.
long and 3 in. in diameter by pouring molten metal into a spinning
wrought-iron mold. His process was described in America in the
scientific American 0f December 1, 1849, and it is of interest to
note that in its basic features of design the Shanks machine does not
differ in any way from the great majority of machines working
with a cold mold-at the present day. _

2 Attempts were made at an early date to apply centrifugal
casting to mgot making with the view fo |mprovm% the quality “of
the metal and, for example, M. Tresca, in a paper before the Institu-
tion of Mechanical Engineers,2 states that the most remarkable

. Associate EditOI’, Mechanical Engineering.
2 Proceedings, 1867; pp. 149-150.
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instance that he had met with of freedom from air bubbles was in
the case of a bessemer rail manufactured at the Imphy Iron Works
near Nevers in the De{Jartment of Nievre; and he had ascertained
that the method adopted at these works was to pour the molten
metal into a revolving vessel driven at a considerable speed so as
to clear the steel of air by rapid rotation. This method proved
very effective in practice in freeing the steel from the minute air
butl)tbles WQICh it contained on leaving the converting vessel or the
melting pot. _ _

3 Asurvey of the literature (see Appendix No. 1) and of the
numerous patenits issued on centrifugal casting in this_countr
&]Appendlx_ No. 21) and in Europe would indicate that practically a
the essential features were covered by_Patents issued prior to the
beginning of the twentieth century, with the exception, however,
of those dealing with the temperafure control of the metal, which
Is a new feature. 1t would appear, therefore, that with the excep-
tion of minor.details and one or two features in special casting
processes there is no reason why any good e,nﬁmeer could not design
and operate a successful casting machine with a non-heated or non-
cooled mold without running irto legal complications. At the same
time, it might be well to realize that the very fact that the basic
features of the general Process are already free'makes those who
have developed some of the few minor featlres particularly anxious
to protect their patent rights in them. Because of this a general
familiarity with the patent situation is desirable to avoid involun-
tary infringement by using some minor detail such as, for instance,
a particular type of pouring spout that has been covered by a patent.
It'is to assist in this that Appendix No. 2 has been prepared, giving
as far as the author is aware, a complete list of all ?a ents on cen-
trifugal casting issued since 1848 by the U. S, Patent Office and
prepared after a careful investigation of the entire field. (See also
Appendix No. 1, Bibliography).

MECHANICS OF CENTRIFUGAL CASTING

4 In the first place, a clear distinction should be made be-
tween casting about the horizontal and about the vertical axis
and also the intermediate case of an,inclined axis. In casting about
a horizontal axis the metal is distributed symmetrically about the
axis of rotation, and if the axis of rotation’coincides with the axis
of the spinning unit, a tube of uniform thickness is produced. for
the entire length of the mold. 1f a vertical axis is used it is obvious
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that the external wall of the casting follows the shape of the mold
while the interior of the casting forms a paraboloid of revolution,
the elements of which depend on various factors given in Appendix
No. 3. In castm? with the inclined axis the same general principles
apply, with the further complication that the elements of the in-
sice “pariaboloid of revolution are also affected by the angle of
inclination of the axis to the true horizontal.

5 The usual way of casting is by introducing molten metal
into the spinning mold. Where the_ chilling of the metal  is
extremely ‘rapid,” as, for example, in casting cast-iron pipe
against a water-cooled chilled mold, it is imperative to _use
a movable sgout, the latter sliding at a certain predetermined
rate so that by the time the nozzle discharging the metal comes
out of the mold'the entire Plpe Is completed. This is the process em-
plo?/ed by DeLavaud. Other manufacturers working with the cold
mold have attempted to secure the same results by what is known
as a trough spout, which is really a trough into which the_entire
metal of the casting is poured at a rapid rate. The trou?h Is then
tipped and discharges the metal suddenly, the metal falling on
to the walls of the mold at such a rapid rate that a pipe forms
before the metal has had time to chill. Hitherto this process has
met with onl¥ indifferent success. ,

6 A better result has been achieved on comparatively short
castings, however, by the use of a ledge spout, the spout endlnﬁ
in a flat ledge aI_on? which the metal can flow the entire lengt
of the_castln(];. Finally, where a hot mold is used an ordinary short
spouf is emP oyed, the metal distributing itself throughout the mold
longitudinally under one of the components of centrifugal pressure
Or pressure Produced by centrlfu%al action éAppendlx 0. 3). This
arrangement cannot be used with the cold mold for reasons ex-
plained in the Appendix. o

7 In centrifugal casting the distinction should be clearly
made between jobbing work and mass production. For the former,
clay molds in iron cases have b'een used practically exclusively, as
it would not pay to make a permanent mold for only a few Cast-
ings. When 1t comes, however, to production on a tonnage basis,
such as tubing or pipe, a permanent mold is practically the only
feasible way of doing it. Crucible graphite or zirconia tubes have
been successfully used for castings not in excess of 3 ft. in length,
but when it comes to longer ones, metal molds are to be preferred.
Fairly successful results have been obtained with chrome-nickel
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alloys, thou?h it is not expected that this will be the material
finally adopted, as enough work has been done already on the pro-
duction of cast tungsten to make it certain that a mold of this still
rﬁthetrtmysterlous material will be available within a comparatively
short time.

8 There are several ways of supporting the mold in the
spinning bench, depending on”whether the mold is a permanent
fixture or removable and also deP_endmg on the size of the mold.
Where the mold is a permanent fixture as it is today wherever a
cold mold is used, any kind of bearings, providing they are substan-
tial enou%h, may be used. With removable molds the conditions are
somewhat different, especially where the mold is heated to a hl%h
temperature. (It will 'be shown later that the temperature of the
mold at the time of pouring the metal may be as high as 2000 deg.
fahr.— see also Appendix No. 4) Where extremely hot molds

have to be used, the arrangement must be such that the stresses on
the mold can be reduced to a minimum, and that the mold can
be rapldI% and easily inserted into the machine and extracted there-
from. The matter of stresses is of very great importance in view
of the fact that, especially in large machines, the bursting stresses
due to the action of centrifugal force are of such magnittde as to
require the most serious consideration. (Appendix No. 5).

9 The_ spinning bench for such removable molds works on
a comparatively simple ﬁrmmple, the mold being held in a barrel
rotating on rollers. The barrel construction ‘shown in Fig. 1
IS particularly suitable for use with hot molds. Here the barrel
consists, of a steel shell, 4, which may be an extra heavy
steel Flpe, but in sizes above 12 in. has to be made as a
sgec_la casting. At four to six ﬁlaces symmetrically spaced along
the inner circumference of the shell, steel strips tapered at 39 an
40, Fig. 2, and with face machined to the same radius as that of
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the internal surface of the shell, are screwed on or riveted on. The
strips are provided with truncated slots as shown in the figure, and
in these slots move the kexs or gibs 51, the cross-section of which
is shown by 37 and 36, which indicates that the face 36-37 is of
the same width from one end of the gib to the other, but the height
of the trunk varies. _

10 It is obvious that as long as the four gibs move through
the same distance longitudinally In their tapered beds, the faces
of the gibs will remain parallél to each ofher but the enclosed
cylinder tangent to those taces will vary in diameter with the posi-
tion of the gibs. o

11 The operation of the machine is therefore as follows: The
head, 20, is opened and the gibs pulled out a little way until the
tangent cylinder is, sa¥J a quarter of an inch larger thari the exter-
nal size of the mold. The mold is then inserted, Preferably without
touchm%_the %lbs until it comes to bear against the abutment ring,
7 to which all the gibs are attached, (for example by hooks, 8).
As the mold presses against the abutment the latter “recedes and
carries with it the gibs, which by mov_m% in their tapered beds
%radually contract until they come to grip the mold, and they may

e made to grip it as hard as desired mmplg by exerting sufficient
pressure on the abutment, 7, which may be doné through'the block,
14, bf/ the screw, 15. _ o

2 The important advantage of this construction lies in the
fact that, first, the mold automatically finds its own center, and,
second, that it is supported all along its length, a matter of great
importance when we come to deal with the bursting stresses in the
mold. %Compare Appendix No. 5.) Whether a solid or a split mold
should, be used is a matter determined primarily by the shrinkage
condition of the metal of the castings and the metal of the molds.
Where the shrmka%e conditions are Such that the casting comes out
of the mold easily, that is, where it contracts quicker than the mold,
a solid mold may be used, but where the shrinkage conditions do
not guarantee easy extraction of the casting, or where the shrinkage
conditions are non-uniform, the use of a spllt mold has been found
advisable. Such molds are usuall}/ spli IongltudlnaII¥ and the
question of the best method for holding. the two parts together is
far less simple than it appears at first aght. There are numerous
Batents showing the two split parts of the mold held together by

olts. In actual construction, however, the use of bolts for this
pulrp?set_ IS entirely unsuitable, as may be shown by simple
calculations.
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13 To meet this condition the mold shown in Fig. 3 has been
developed. This mold has side lugs machined in such a manner
that when the two parts are put together a tapered structure, such
as 6, is obtained, and dovetail piéces, 5, are provided to engage
with the taper 6. It is obvious that when the dovetail piece, 5,
is driven hard over the lug taper, 6, it will hold it tight. Further-
more, both the lugs and the dovetails can be made within reason
Bractlcally as heavy as desired, so that a good factor of safety can

e provided to take care of bursting stresses in the mold. To"close
or open the mold, it i only necessarJ to apply pressure to the dove-
tail ‘piece or give a |Ig0h'[ blow, an b?/ means of a simple jig the
blow or pressure can e applied to all the dovetail pieces on the
mold at once, o , _ o

14" Such a construction diagrammatically is shown in Fig. 3

It is obvious, however, that the presence of the lugs makes the ma-
chining of the mold to a true cylinder expensive, 1f not impossible.
Because of this, instead of machining the mold to a cylinder, a
number, such as four, of flat faces are Planed on the mold, the
location of the faces being such that they will be distributed
s?]/mmet_rlcally around the longitudinal axis of the mold and that
they will betangent to a circle described with the point on the
axis of the moldas a center. Such an arranPement IS compara-
tively easy to carry out and it gives an excelfent support for the
m?_l , besides providing a structure a good dynamic-balance prop-
erties,

15 As regards the foundations and bearings_ for centrifugal-
casting machines no special desuin need be desCribed here, but it
*should be most clearly and strongly emphasized that both the bear-
ings and the foundations should be of very generous loropo_rtlo_ns and
most substantial design. The maching in centrifugal casting is sub-
ject to quite viglent strains and unless it is properly built it is
apt to get into vibrations which sooner or later may have a danger-
ous efféct. The writer knows of a case in an American plant where
a centrifugal-casting machine located in a ditch and_ built with
insufficient” ruggedness actually jfumped out of the ditch durmg
operation, endangering the lives of those around it.  With steel an
concrete amply available there is no excuse for such practices.

.16 Up'to about two years ago very little work, as far as the
writer knows, had been_done successfully on the problem of casting
centrifugally comparatively thin sections, say, under f in., in such
metals as steels or monel and in lengths beyond 3 ft. On the other



hand, IarPe castings in brass, bronze, cast iron and
even steel have been made with considerable success.
The reason for this lies in the failure to understand
the thermal conditions in the mold and the process
undelr;ymg the freezing of the metal.

There is 4 basic difference between castings |

a stationary mold and in a spmnlng mold. In making
castings, in the former, whether] it be a simple ingot or
a complicated casting from a pattern, the foundryman
has means to ?YO\_/I e for the escape. of gas from the
metal and for taking care of the cavities produced by
contraction in cooling. In a casting_from a P_attern,
sink heads are provided, while in an"ingot casting the

top of the ingot acts as a sink head, in addition to
which special” methods such as *dozzling ™ may be
used to keep the top of the ingot hot as long as
possible, and increase the efficiency of the ingot top in
Rerformmg the functions of the Sink head In molds,
n both cases the foundryman is prepared to discard
as defective a_certain part of the casting (the ingot
head, risers, sink heads) and his skill lies partly”in
reduc_lnﬁ the quantity of discard as far as possible and
especially in directing the process so as to restrict the
presence’ of defective metal to the parts which he is
prepared to discarg. , _ ,

18 In centrifugal casting, there is no riser or
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anythlln? corresponding to the ingot top, and the cooling proceeds
essentia I¥ at a uniform rate all” Along the length of the tubular
shape. It is obvious, especially in tubes of small diameter and
considerable length, such as 6 in. outside diameter and 16 ft. long,
that the loss of heat inward must be extremely small, because the
entire inner air cylinder is surrounded by mefal at approximately
the same temperature. Heat is_therefore lost mainly outward t0
the mold and through it to the air.  As a result of this, the part of
the casting_in immediate contact with the mold chills first. The
problems with which the * centnf_ugal " foundr%man has to deal are
essentially the same as those which confront the man pourlngi into
stationary molds, and these are, first, to get rid of the occluded
gases, and, second, to take care of contraction cavities. As regards
occluded gases and slags, it would appear at first sight, especially
to those familiar with such centrifugal processes as cream separa-
tion, that they would be eliminated automatically; pure metal,
being heavier than either slag or metal containing 3ases,_should_ be
thrown to the outside, against the wall_of the mold, while -all im-
purities should go to the inner wall. This does actually happen,
provided one condition is satisfied, and that is that sufficient time
IS available; and it should be remembered in this connection that
this separation takes place at a fairly slow rate because of the
great viscosity of molten steel. N _
-9 The second problem is that of cavities formed in the cast-
ing as a result of contraction in cooling. As stated above, the
Fart of the C_&Stlﬂ% in immediate contact with the mold chills first.
n doing so, it contracts, and if left to itself, mlﬂht easily form con-
traction cavities, and thin spots. _If, however, the rest of the metal
is still in a liquid state, it Is projected, with a pressure at the rate
of, say, 100 Ib. _P,er b, of metal, against the chilled layer, and fills
all possible cavities with an efficiency many times greater than can
be obtained with sink_heads in stationary casting. = (To obtain the
same results in a statlona% mold, it would have been necessary to
PUt into the sink head 99 Ib. of metal for ever_ii pound of metal in
he actual casting, a prroposmo_n that is not likely to appeal to a
sang foundryman.) This again presupposes, however, that the
cooling proceeds at a fairly Slow rate, and enough time is, avail-
able for each succeeding layer to take care of chill conditions in
the preceding layer. In cold-mold centrifugal castln%z which means
with a mnlH warmed only enough to take “off the chill, say 300 to
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400 deg. fahr., temperature conditions do not favor slow cooling,
which is one of the reasons of the many past failures to produce
thin-walled steel tubing by centnfuqal, casting.  On the other hand,
very excellent steel tubes (both plain carbon and nickel alon?
have been produced with diameters ranging from 10 in. up, and wall
thicknesses up to in. In the latter case there is so much metal in
comparison with the area in contact with the mold that enough
time is available to ,oroduce a good segregation of impurities inward
before the inner wall freezes. _

0 It would ap?ear, therefore, that the secret of producing
centrifugally thin metal castings (under | in.) lies in establlshlr_\ﬁ
conditions under which the cooling of the molten metal wi
proceed at a fairly slow rate. This applies, of course, only to such
metals as steels and monel, but not to bronze, which is governed
by different conditions.. In the Cammen process this has been ac-
complished, by preheating the mold to a temperature close to the
melting point ot the metal itself, which may vary from, say, 1600
to 200 -d%;. fahr. for steel and monel-metal castings (Cp. Afspendlx
No. 4). Under these conditions a ”-in. wall takes about 45 to 60
sec. to harden entirely, which is sufficient to produce clean metal.
Cas,tmg in such extremely hot molds is a rather novel procedure and
at first one might antn;l?_ate trouble due to oxidation and warping
of the molds and the difficulty of handling big molds conveniently.
As a matter of fact, however, with proper equipment it offers corn-
{)aratlvely few difficulties. The (iuestlon of oxidation of molds is
aken care of by using proper al OYS' such as alloys of a nickel-
chrome base or cast tungsten gt_he atter is_not yet being done on
a commercial scale). The question of waerg is partly taken care
of by the same use of ﬁ)roper alloys, but mainly by the use of
extrémely substantial molds and proper facilities for handling them
between ‘the casting machine, the transfer table and the furnace,
In all this handling, the molds have to be properly supported
throughout the entire, length, either by carrqu them on a Very
heavy “horn » exte_ndln% rom one end of the'mold to the other, or
in a cradle supporting the mold throughout its length. _
21 The method of operation is as follows: “The mold with
Its castgnP insicle, both at' a temperature well above white heat,
are rapid ){( pulled out from the casting machine and carried over
to what is known as a transfer table, where the casting is pushed out
of the mold by a hydraulic plunger. While the casting Is going to
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the proper rolls or benches, the mold itself is coated inside b}/ a pro-
tective layer and carried over to a reheating furnace. The Turnaces
used. in this connection do not differ essentially from_the billet-
heatm([; furnaces in tube mills, The mold coating is intended to
Protec the metal of the mold from coming into direct contact with
he molten metal of the casting and need not be more than, say,
to in. thick. 1t _consists of some refractory material like
alumina, zirconia, kaolin, electrically calcined magnesia, or the
like. Either pitch with some addition of solvent naphtha or clay
may be used as a binder, the former being preferable as it con-
tains no water. The coating may be applied either by a swab or
throuzqzh a_compressed-air rqun. ,

“The transfer table referred to above cannot.be described
here owmg to lack of space. It is a somewhat cumbersome piece
of apparatus which may weigh from 2 to 10 tons, depending on the
sizes of the castings handled, and is' a practlcall?/ self-contained
unltthoperated from a cab by pulling a series of levers one after
another.

FIELD OF APPLICATION OF HOT-MOLD CENTRIFUGAL CASTING

23 The particular feature that determines the field of ap-
plication of hot mold centrlfu%al_ castmq Is the ability to produce
cast shapes of comparatively thin metal (down to i of an mchg
in great Ient};_th, with our present knowledge of the art up to 20 ft.
One of the first applications that comes to mind is in the produc-
tion of seamless tubing. _

24 Hitherto the principal tonnage of seamless tubing has
heen made by the Mannesmann piercing process and its varia-
tions. Essentially this process consists in imparting such a twisting
motion to a steel billet as to break down its central fibers. _This
motion is set up by means of obliquely placed rolls or disks. There
are several objections to_this process. In the first PlaceJ while it
does pierce high-grade mild steel or Muntz-metal billets, it stresses
the central Pa_rt of the billet far beyond its elastic limit. While
aPparen_tIy his does not affect very seriously the tensile strength
of the_finished product after it has"been cold-drawn or hot-rolled,
there is good reason to believe that it impairs the resistance of the
metal to”corrosion, the latter, as we know now, being partl_cullar!l/
active in the case of metals stressed up to or beyond the elastic limit.
Furthermore, the Mannesmann process is not at all applicable to
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metals which are either extremeI){ tough or very brittle. Thus, all
attempts_to produce commercially by the Mannesmann process,
hollow billets of either monel metal or” Admiralty brass have so far
failed. Not only that, but the Mannesmann process, by its very
character, is limited to the production. of comparatively small sizes,
not in excess of 6 in. in diameter; while experimentally larger sizes
have been made, the 6-in. limit has been prettk/ well established for
standard commercial ?rades. It is obvious that as we go up.in
sizes, the piercing mills used in this process increase in cost with
great rapidity, and as the cost of even a small Mannesmann mill
easily runs into six figures, the cost of the big ones becomes pro-
hibitive after passing a certain limit, which is around 6 in.

25 At the same time there is a demand for larger Sizes of
tubing of greater strength than a sm]gle-welded joint can ?lve and
this is where the most obvious field of hot-mold centrifugal casting
appears. With this process, tubing in extra heavy and double extra
heavy thicknesses can be easily produced in Sizes up to 24 in.
In diameter at a cost per ton that can compete with plain welded
tubing and it is considerably lower than that of double-welded
tublnzg5 such as is used for hydroelectric installations.

26 The next field of application in connection with steel tub-
Ing is in standard sizes from 6 to 14 in. up, where welded tubing is
now used exclusively. Such pipe can be produced in two ways:
First, by casting a hollow hillet of wall thickness two to three
times that of the finished pipe, and either cold-drawing or hot-
rolllni; It to size. In such a case the billets cast would be roughly
8.to 10 ft. long so as to have say, 22 ft. in the finished pipe, Dar-
ring cropped efds. The other method is to cast the pipe direct with
only a S|I?hl‘_ excess of wall thickness and then to give it one pass
betiveen S ralﬁhtenmg rolls over a ball, so as to reduce the diameter
and wall thickness to exact size with standard tolerances, and give
the exterior and interior walls a finished appearance. From data
now available it would appear that the final cost of both kinds is
approximately the same and is well within the range at which
centrifugally ‘cast-steel pipe can compete in price with Welded pipe.

27 "1t 71s only natural that this should be so. In pipe manu-
factured by the Standard processes, steel is cast in ingots, which,
after cropping and several thermal and mechanical operations, are
rolled into skelp. The skelp goes to a pipe mill, is heated to a red
heat and rolled to_ bevel ed%es, after which it 1s sent through the
bending rolls. It is next reheated to welding heats and in succes-
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sion passed througfh welding rolls, sizing rolls and finally straighten-
ing rolls. - Each of these operations is done, of course, yapProprl-
ate machlnery developed o a remarkably high state of perfection
but nevertheless each operation adds its mite to the final cost of
the article, and this mite is not inconsiderable in view of the im-
mense tonna%e produced. In centrifugal casting the metal i
Poured into_the mold which corresponds to casting the ingot, and
he casting is then ready to go to the final rolls, which can be done
without reheating. There is at least 50 per cent less handling
of material in centrlfu%al casting than there is in making pipe by
welding, and such a difference cannot help being reflected in. costs.

2 In this connection it might be well to mention one of
the psychological . factors with which centrlfu?al casting is con-
cerned, and that is, the not unfounded distrust of users of metal
products toward castings, egpeually those in thin sections. Such
castings cannot be produced commercially in a stationary mold,
and steel castings in a stationary mold as made today generally are
of such physical properties asto be usable only where they are
not subject to complicated stresses and where an extremely” high
factor of safety can be provided. Wherever the stresses are high
and especially uncertain and the factor of safety is not more than
ample, no engineer today will use a casting but will insist on either
a for%mg or a piece machined or hot-rolled.

’8 ~This not unfounded distrust of castings is due to the fact
that in either the sand casting or chill CaS'[Ir_l(i] e temperature con-
ditions in the metal are uncontrollable, with the result that one
Part of the metal may be entirely different in its physical proper-
les, such as hardness and crystalline structure, from the other, and
there is no guarantee that two castings made under apparently
the same conditions will be entirely alike. There is too much in-
dividuality in products cast in sfationary molds to make them
suitable for engineering requirements where a failure would be
disastrous_and where only moderate factors of safety may be em-
Ployed. The situation is, however, entirely different with centri-
fugal castlrags, because there ample facilities are available, especially
in hot-mold” casting, to control the rate of coolln(t; of the metal, and
the nature of the process is such as to tend to glve a uniform
Eroduct,_ provided, of course, the Process IS carried out properly.
From this point of view, one cannot help agzreelng with an editorial
in the iron Age (FeD. 0, 1922), which ‘states that “the successful
operation of centrifugal casting processes insures a product, no mat-
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ter of what composition, which is,of a high grade. 1t is a realization
of quality production In quantity, for rapid output is a marked
characteristic. There is also the advantage of the elimination of
sand and dirt. The condition of casting and cooling tends to rpro-
duce a dense casting and one whose microstructure is different from
the sand-cast products. Centrifugal force i substituted for sink
heads as an insurance against unsoundness.” This brief analysis
In the 1ron Age states strikingly the difference between sand cast-
ings and centrifugal castings, and explains the reason why centri-
fugal castings may be used on a par with for%ed or hot- dnd cold-
worked metal where sand castings would be too_hazardous.

30 But the field of application of centrifugal casting, es-
ecially of the hot-mold t}/pe, does not stop with plainscarbon Steels.
here are a number of alloy steels which it would be very desirable

to have in tube form, such"as stainless steel, high-speed tool steel,
chrome-nickel-vanadium steel and the various « near-steels ” which
are iron alloys with a predominance_of materials other than iron,
such as heat-resisting alloys. Practically none of these materials
will stand for piercing by the Mannesmann process, but cast with
great ease into tubular shapes. In fact, even Hadfield manganese
steel has been found to make, by centrifugal casting, excellent
tubing, although it is very doubtful if it has any commercial ap-
plication outsice of some very limited specialties.

PLATE MANUFACTURE

31 Centrifugal casting is peculiarly applicable to the manu-
facture ofRIates. ndrew Shanks, the British inventor of the middle
of the 19th century, to whose pioneering work in the manufacture
of cast-iron pipe reference has been made above, was also the
earliest manufacturer of plate. His process was to cast a thin-
walled pipe, cut it, and then by careful annealing and hammering,
flatten It out. The process was kept secret and was successful com-
mercially until rolled steel sheet was put on the market.

2 "The use of a hot mold makes It possible, however, to secure
comparatlveI% thin-walled castingsin large sizes. A process has been
worked out, ou?h not yet applied on a’commercial scale, in which
a cylindrical casting is made in such a manner that a longitudinal
split of about half~an inch wide is produced. The split cylinder
as it comes from the mold is sent first through a flattening jig where
it is flattened out on its own heat, and thento rolls, of which there
are at least two, one for sizing and the other for finishing. Under
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certain conditions more than one sizing roll may be required. The
casting has to be cast oversize, the wall thickness being_from 10
to 15 i)er cent greater than that of the finished plate, Thus, for
example, one-quarter-inch plate would be cast ‘in sizes 240 in,
Ion%, 20 in. in"diameter and 0.265 wall thickness, It is expected
that it can be brought down to a oluarter of an inch in one pass
in the sizing rolls and that no reheating would be necessary.

3 This process is today only in its initial stages of develop-
ment. It is attractive, however, as it does away with the ingot-
casting work, soaking pits, blooming mill and a (reat share of the
rolling equipment, permitting a conversion from molten metal to
finished plate estimated at about $4.00 per ton. _

34 "Not only that, but it also makes quite attractive the man-
ufacture of alloy-steel plates, in particular, of such material as acid-
resisting steels for use in chemical tanks and the like. These steels
are very difficult to roll. The final product could stand the cost of
the two or three passes r)ecessark/ in centrifugal casting of plates,
but not the many operations of the conventional methods of plate
manufacture, the main item of expense being not the actual rolling
but the complicated heat treatment absolutely imperative between
the rolling operations. In fact, it would notbe surprising if with
prices of alloy-steel plates brought within reason, they would be
used far more extensively than one would expect to find from
present indications. _ _ _

35 The casting of gears by centrifugal methods, in particular
worm and herringbone gears, has been achieved with great success
both in En?lan_d and in America, esPe(:laIIy in this country. As far
as the writer is aware, however, all such gears have been cast in
non-ferrous metals and not in steel. _ '
36 There is one more fielcj of application of centrlfu%al cast-
mg, especially the hot-mold. type, comparatively small today, but
which may become of material interest shortly, and that is the pro-
duction of cylinders _retiulrmg extremely high strength. When
the oxygen industry first called for cylinders that would safely
withstand 2000 Ib. pressure to the square inch, it looked like a
big problem, but it was solved by the progz_ress in the cupping
process. 'When, however, the Haber synthetic ammonia process
demanded_qreat pressures combined with considerable tempera-
tures, special expensive tools had af first to be provided for machin-
ing the cylinders required from solid stock. The Claude ammonia
process goes to temperatures and pressures far exceeding those of



276 CENTRIFUGAL CASTING

Haber, and the experiments of Professor Bridgman of Harvard
University and others point to the likelihood that before manY years
are past pressures of the range of 100,000, 200,000 and. possibly even
more pounds to the square inch will be used commercially. At
Bressures between those used by Haber and Claude and those used
y Professor Bridgman for containers of commercial size, carbon
steels are but little suitable and the vessels required will have to
be made from alloy steels. _ _ _
37 This may be done in two w_a){]s, either directly by centri-
fugal casting ona vertical axis which would give a’vessel with
closed hottom, or by the cupping process from™alloy-steel plates,
which, in their turn, would be ‘made by centrifugal casting as
described above. In this connection it may be of interest to men-
tion that a high measure of success was actiieved during the war by
the Bethlehem Steel Cor_npanﬁ at Bethlehem, Pa.,, in casting air
flasks for torpedoes centrifugally in a machine running on a vertical
axis.
38 No attempt has been made in the above discussion of the
field of application of centrlfu%al casting to present anything like
an exhaustive list. Instances have been”merely cited t0 show the
enormous field in which this process is or may be employed.
39 The same applies largely to the description of the' mechan-
ics of the process, where likewise'no _attemPt has been made to show
the historical development of machinery Tor centrifugal castmg or
to give details of the actual apparatus. The apparatus has been
shown mainly in order to give an idea of the kind of machinery that
has to be used. _ _
40 In connection with the mechanics of centrifugal processes
It seems appropriate to remark at the close of the paper so as to
give it the greatest emphasis possible, that the machinery itself
is and should be comparatively simple, for the process when prop-
erly worked out is the acme of simplicity. . It should be, however,
clearly understood that in centrlfutqal cas_tlng we are dealing with
Iar%e rotating masses and with mefal subjected in its molten state
to the effect of great force. _ _
41 Furthermore, the distribution of the metal in_the mold Is
effected primarily not by rigid material visibly distributed as in
stationary casting, but By the action of invisible forces which do
not come into operation until the moment when the metal is de-
livered to the mold. _ _ _ _
42 Because of all this, and notwithstanding the great sim-
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plicity of the machinery and methods of centrifugal casting, it
should be_clearly remembered that even the slightest imperfection
in the design or ‘operation will immediately show up in the casting.

43 Centrifugal casting is a process which is peculiarly im-
possible to_be worked either by slipshod methods or bn a shoestring,
e, skimping on the quality of materials and on factors of safety
In the design of _machlnerg. _

44 There is an old_saying current_among molders to the
effect that a lie in sand will be shown up in the metal. The same
applies with still greater force to centrifugal casting. The slightest
mistake in the Iagout_ of the machinery or use of poor materials in
the machine, its bearings and foundations, will produce an uneven
casting, result in excessively rapid wear of the molds, and at times
may even cause disastrous accidents with danger to life. At the
same time, with good engineering and the use of first-class materi-
als, centrlfu?_al casting may be carried on entirely by semi-skilled
labor and still give products of unsurpassed excellence.
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U. S. PATENTS ON CENTRIFUGAL CASTING

47 The following list gives the numbers (which are sufficient to locate

the patents) of patents issuéd by the U. S. Patent Office on centrifugal casting
or machines used thereon. So far as a careful search through the records of the
Patent Office has been able to establish, these are all that have been issued; in
any event, the compiler is confident that no important patents dealingwith the art
have been omitted. Those desiring to secure copies of the patents should bear
in mind that the mador,lty of the ‘earlier patents are out of print and can be
obtained only by ordering photostats. Copies of patents which are available
can be obtained by writing to the Commissioner of Patents at the regular rate
of 10 cents per copy.
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APPENDIX No. 3

SOME MATHEMATICAL CONSIDERATIONS ON THE SUBJECT
OF CENTRIFUGAL CASTING

48 This is not intended to be a complete treatment of the complicated
phenomena taking place in centrifugal casting, but merely a somewhat ele-
mentary presentation of some of thé more |mP0rtant facts that will help in
understanding the processes and in estimating the_forces acting therein.

49 Centrifugal casting may be carried on with the axis 0f rotation hori-
zontal, vertical, of inclined; although one may consider the case of cast_lnq
about the inclined axis as the general case, and the horizontal and vertica
positions as special cases at the two limiting extremes.  Finally, there is the
case, of no_apparent practical importance, of Casting about axes of double rota-
tion, that is, where, in addition to the rotation of the mold, the entire machine
IS spun about some axis which mafy and ma¥ not be external to the mold. Prac-
tically, such a case would arise if, in addition to spinning the mold, the entire
machiine were placed on a turntable and given a rapid rotation, say, about some
vertical axis. ~ This last case will not*be considered here.

CASTING ABOUT A VERTICAL AXIS

50 The case of casting about a vertical axis is the simplest theoretically,
and of considerable commertial importance, as nearly all castings of gears,
railroad wheels, etc., in which already quite a large production has been built
up, are made on a vertical axis. _ o , _

51 There are several ways of proving. that a liquid subjected to rapid
rotation about a vertical axis will assume on it inner surface the shape of a parabo-
loid. Horace Lamb 1Prove,s it by den_vmq the common mtegral of the dynamical
eqtﬁ]atflfogs of the rotating liquid.” A simpler proof is offered by Prof. V. L. Kir-

icheff.
P 52 For a particle of liquid m, Fig. 4, on the inner surface of the body
formed by the centrifugal force, determine the force me considered as a re-
sultant of the force of gravity mb and the centrifugal force ma which in its turn
Is equal to_mg~r Wheré q is the angular velocity Of rotation of the vessel.
.53 The laws of equilibrium of liquids demand that the surface of the
liquid at m be normal to the direction of the force me, which means that me
must be normal to the curve amsc at m. Continue this normal until it inter-
sectrs] the axis of rotation, say, at a. Since the triangles mdo and moc are similar,
we have

1 Hydrodynamics, 1906, p. 24.
2 Talks on Mechanics, St. Petersburg, 1907, pp. 94-95.
. 280
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which proves that the subnormal od to the curve amsc does not depend on r
and consequentl;F is the same for all points of this curve. But the subnormal
Is constant only Tor a parabola. Hence, amsc is a parabola, and the “funnel”
formed by a rotating liquid is a paraboloid of revolution. o _
Lamb (ioc. cit., Par. 51) proves also that in a mass of Il_clmd rotating
about a vertical axis with constant_ and uniform angular velocity and_only
under the action of gravity a_veloutly-potennal cannot exist, from which it
follows that a motion of this kind could not be generated in a “ perfect - fluid,
8., in_one unable to sustain tangential stress.
.55 Hans Lorenz . offers a carefully-worked-out proof to the effect that the
distance to which the apex of the paraboloid of revolution of the liquid mass

Fig.4 ForcesActingin aligtjidin aVessei.Rotating About a Vertical Axis

rotated about a vertical axis, as referred to above, is depressed, is proportional
to the square of the peripheral speed of rotation. o _

56 The complete derivation of the internal shape of a liquid rotating
presumably at a considerable speed about an axis inclined at an angle, a, to the
vertical (that is, the direction of acceleration due to gravity) is given by Hans
Lorenz, who starts with the equations of motion of the liquid, together with the
equation of continuity

d(wrr)  d(wazr) _dwW= Q rd)
dr z &>

57 He Broceeds to make certain substitutions in the equations of motion
referred to above. The integration of the equations remains, however, ex-
tremely difficult if not |mR035|b,Ie. Lorenz therefore assumed that it would
be permissible to neglect the axial and radial components and retain only the
tangential velocity

WN = 1 [3]

where ¢ is_the constant angular velocity of rotation.
From Fig. 5 he derives
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CASTING ABOUT A HORIZONTAL AXIS

63 The mathematics of casting about a horizontal axis are essentlall}/
extremely simple. - The liquid acts practically like the rim of an ideal flywheel,
that is, one which either has no arms or arms capable of infinite extension without
effect|rllg an% pull on the rim. o _

64 Three forces are acting on the liquid in a horizontally located mold:
namely, gravity, friction of the liquid against the wall, and centnfu?al force.
If there were no friction of the liquid against the wall, the liquid would not be
subject to the centrifugal force and the mold would simply spin around it while
the liquid would retain its level. It is important to realize this fact, aI,thouHh
nijmerically hitherto no way has been worked out to take into consideration the
slip of the liquid except b)() providing for it in determining the stnlng_ speed.
The subject is extremel¥ dbscure as yet, because of a total lack of experimental
data. Assuming, therefore, that the coefficient of friction between the liquid

Fig. 5 Forces Acting on a Liquid in a Vessel
Rotating About an Inclined Axis

and the walls of the mold is such that the liquid moves at the same peripheral
speed as the walls of the mold in contact therewith, one may apply to the calcu-
lation of the centrifugal speed-acting on the liquid the”same formula as is
applied to the rim of a flywheel, namely,

£ =0.00034I wnm,

where £ is the total centrifugal force in pounds, w the weight of the liquid in
pounds, r the radius in feet, and AT revolytions per minute,” Where the thick-
ness of wall of the cast article is small, it is advisable to take the inside radius
as r. Where the thickness of the wall is considerable, the mean radius maty be
taken by adding the_inside and outside radius and d|V|d|ng the sum b}/ W0.
Finally, ‘where the thickness of the wall is very large and thé radius small, it is
well to use for r the value of the outside radius, which is, strictly speaking, erron-
eous, but permissible, as the error lies on the safe side. As a rule, however, the
mean radius will give values precise enough for all practical purposes.
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. 65 Experiments have shown that for some metals, certain speeds of rota-
tion have to be maintained, and it would appear that the speeds of rotation that
have, to be maintained depend partly on'the temperature range between the
pouring temperature of the metal, its freezing temperature and the temperature
of the mold.” The speed of rotation also depends to a certain extent on the thick-
ness of wall which has to be cast. Experlqﬁn};@lly it has been found that for

steel the speed may be expressed as N = where r is the inside radius of
r

the casting in inches. If this value be substituted in the equation for centrifugal
stress, it will show that each pound of metal in the casting exerts a centrifugal
pressure equal to 75 Ib. -

e ssennallr, centrifugal pressure does not depend, on the specific
weight of the metal, a pound of water at a given speed exerting the same cen-
trifugal force as a pound of mercury. Actually, however, it is not quite o,
because the value of centrifugal force deJ)ends, as seen from the above equa-
tion, on & as well as on w. Now, a pound of water occuRles 136 times as much
space as a pound of mercury, which affects the value of the mean radius whether
erived by approximation “or by formal mathematical methods.

FORCES ACTING ON THE LIQUID IN A HORIZONTAL MOLD IN THE DIRECTION
OF THE AXIS OF THE MOLD

. 67 From a practical point of view this is an extremely important subject
which, as far as the author is aware, has not been }/e_t given due consideration.
The importance of this subject lies in the fact that it is the forces acting in a
longitudinal direction that permit the metal poured in at one end of the mold
to be spread the entire length of the mold, and_this in turn permits using a short
stationary spout, avoids the use of such complicated and at times unsatisfactory
devices & trough spouts, sliding sBouts, ete. o

.. In order to bring the problem to its simplest elements, it is assumed
that the mold is of considerable length, sa¥, 20 ft., of small diameter, say, 4 or
5in.,, and is at room temperature, and. that the liquid therein is mercury. It is
further assumed that the sReed at which the mold is spun is such as to satisfy
the above equation in such a manner that £ =75 [b. when w = . Ib.

9 InFig. . A, tois the mold; assume now that while the mold is spinning
a batch of mercury has been poured in so as to form a ring w, 3 in. long and
§ in. in wall thicKness; assume further that by some means such a ring has
actually been produced, if only for an instant, and that, as the ring begins to
spread, new metal is suPplled to maintain_jts shape. . _
© 70 Take the droplet of mercury P, Fig. . B, which shows part of Fig. . A
in an enlarged form. 1€ is acted on b,}/ its own centrifugal force equal to 100 £
where F is its weight. Furthermore, it undergoes a push on the part of the small
cylinder o, equal roughly to 100 A, where A is the we|%ht of the cylinder o.
ecause of this, the droplet p exerts a pressure on all the droplets around it,
and in particular tries to push the droplet C immediately between it and the
wall of the spinning vessel and thus displace it in the direction toward the
wall, Droplet c does the same thing to the next one back of it, and this process
continues until we reach dro?let D, which is right next to the wall. This drop-
let, accordlnq to the_ elementary laws of hydraulics, exerts a pressure which 1s
the same in all directions. The pressure exérted against the wall of the spinning
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mold produces in_it a stress, but the wall is supposed to be solid enough to re-
sist this stress without appreciable deformation.

On the other hand, however, droplet o exerts a pressure on droRI_et E,
and as there is nothing to hold droplet £ in its position except friction, which is
comparatively sllg[ht in this case, droplet & moves away in the direction e.
This leaves droplet D unsupported on one side, and, as droplet 6 exerts,on it the
same kind of pressure that it does on e, o moves into the place of e, In this
way there is a continual displacement of the droplets in both directions until
they encounter a solid wall and a state of rotational equiliorium has been
established, which means until a uniform cylinder has been formed from one
end of the mold to the other and the supply of new metal has ceased.

12 Let us see now what are the forcés that propel the metal and force
it to spread in the manner indicated. ~Assume that the mold is 6 in. inside di-
ameter and that molten;steel is poured from the spout at such a rate as to form
the ring w J in. wall thickness and only in. long, instead of 3 in. as shown in
Fig. 6. The Welﬁht of the metal in the'ring is then slightly over 1 1b. per sg. in.
of the area of the mold wall covered by metal, and the pressure per'sq. in. of

A B

Fig. 6 Forces Causing the Liquid in a Vessel Rotating About a
Horizontal Axis to Spread Longitudinally

(A, left, mold and ring of liquid; B, right, a part of the ring of liquid in A, magnified)

wall, or which is equivalent to it, per sg. in. of molten metal, is 100 Ib. At
such a pressure molten steel, having to overcome merely its own friction and the
friction against the walls of the molds, ought to make the distance of 20 ft. in
something under ” second.

what prevents the metal from spreading in a cold mold?

13 Great difficulty has been experienced in (};]etting the metal to spread
in a cold or 0n|¥ slightly heated mold, which led to the development of elaborate
sliding spouts, trough Spouts, and the like. The reason for this difficulty lies
in the fact that the above reasoning is correct only for the case of I!gmds, such
as mercury or molten and perfectly fluid metals, as it is only in liquids that the
pressure at a point is equal in all directions. o

74 But the metal in a cold mold does not stay fully liquid for any ap-
preciable Ienqth of time. As the particle o is projected beyond the ringw, it
strikes the cold wall of the mold. The metal film i$ at that instant so thin that
the amount of reserve heat in it is very slight. When this thin film of molten
metal comes in contact with the mold; which is say, 2000 deg. colder than the
metal, and many times its volume, the metal freezes, and in"doing so forms a
hard and non-liquid fringe about the ringw. This at once tremendously increases
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the frictional resistance of the spread of the metal, and in fact creates about the
same situation as.a dam of rocks in a river bed. The flow is impeded, in addi-
tion to which chilling of the metal is assisted by the slower flow.

IS CENTRIFUGAL FORCE A REAL FORCE OR A MATHEMATICAL FICTION ?

75 This question has been asked several times and is due to the fact that
notwithstanding its great |mBortance in mechanical engineering, the subject of
centrifugal force in ‘our textbooks of physics is considered ina very cursory
and superficial manner. On the one hand, every engineer knows that there is
some force that produces effects ascribed to what is called centrifugal force,
On the other hand, however, an incorrectly understood theory of the ‘action of
this force makes the subject a good deal more mysterious than it needs to be.
Here ishow the matter aprears from a cursory reading of our textbooks on physics.
Let us assume that a ball attached to a string is, whirled about a fixed cénter.
Then, the mass m of the ball moves in a circle owing to the tension in the string
which pulls the ball toward the center. This is thé centripetal force, the mag-

nitude of which is equal to the mass m times the acceleration, or — ,where vis

the uniform circular speed and r the radius of the circle, Because of the action
of this force the initial motion instead of being rectilinear becomes_circular.
Thus far everything is clear, but from now on"a misunderstanding is apt to
arise.

76 Assume that in addition to the centripetal force, a centrifugal force
acts on the body m and our textbooks usually state that the centrifugal force
IS equal in magnitude and opposite in direction to the centripetal force. Since
however, the two forces are equal in ma%mtude and opposite in direction they
ought to cancel each other, so that if it be assumed under the above reasonin
that the centrifugal force is a real force and not a mathematical fiction, it woul
mean that no force is acting on the ball as the two forces, which we have assumed
to be active mutuall;i cancel. Butif that were the case, there would have been
no reason why the ball should not follow the rectilinear motion, and yet, instead
of doing that, it moves in a circle. There is, therefore, a contradiction ap-
parently created by the assumption that_centrifugal force is a real force.

_ 1T _The error in this reasoning lies in the imperfect understanding of the
action of the two forces and more pregisely in the erroneous assumption that
ﬁ]otrg)fﬁrces, — the centripetal and centrifugal, — act on the same body, namely,

e ball.

18 Actualh{,_however, we have here a system consisting of wo bodies —
the ball and the string. The action of the string on the body is due to centri-
Petal force, while the Teaction of the body on the string is dué to the centrifugal
orce, the action and reaction here as elsewhere being equal and opposite in ac-
cordance with the third law of Newton.

79 Centrifugal force is therefore a perfectly real force and _maY be measured
by a dynamometer placed in the string. - The centripetal force is also a perfectly
réeal force, though there does not appedr as yet to be any way of directly measur-
ing it, nor is any necessary as it can be detérmined by measuring the centrifugal
force and changing the sign of direction.
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TEMPERATURE CONTROL IN CASTING AND MOLD

80 The Purpose,of temperature control of the metal of the casting and
of the mold is to give time to the metal to get rid of its occluded gases and slag
Which, if time is available, 1S powerfully assisted by the action “of _centrlfugal
force, and also to ?IVE time to supply hot metal to Contraction cavities formed
during the early s ages of the coolinig of the metal. This has been more fully
explained in Pars, 16-20. The matter is of such |m?0rtance that it is no exag-
geration _to say that if, in centrifugal casting, you take care of the mold, the
metal will take care of itself. ,
81 The above brief exposition of the purposes of temperature control in
centrifugal casting provides us at once with a criterion as to the proper tem-
erature of the mold at the time of Pourm the metal. We have fo give time
0.the metal to perform certain functions which it can perform only While it is
still liquid, and this means that the mold must be at such a temﬂerature that
the metal of a given castln%, while in contact with the mold, should remain
fluid for the necessary length of time. This, in formal language, may be ex-
pressed as follows: The temperature of the mold should be ‘Such that the loss
of heat from the metal to the mold at its obtaining temperature be less than
that which is sufficient to chill the metal to the point of congelation within
the time period necessary for the formation of the proper casting shape and
for the escape of the gades from_the metal. _ o

82 The following calculation may help to illustrate the application of
the above broad principle, It is assumed that a metal mold is used to make
a steel pipe, say, . in. in diameter and of standard thickness (0.280 in, wall, say,
20 Ib. per ft.). ExPenmentaIIy_ it has been established that for casting such'a
size, the metal should remain fluid after pouring for a Perlod of not less than, say,
30 sec, Assume that the metal, when coming out of the ladle, has a tempera-
ture-of, say, 2800 delg. fahr., which is probably higher than it will actually have
in an open-hearth pfant. Even with this temperature, the metal has, between
the liquid and solid states, a reserve range of only 300 deg., equivalent to about
50 B.t.u., neglecting latent heat. _ _

83 The reservé heat is here so low that if a mold of conventional type
were used at a temperature of, say, 400 de?h fahr., the loss of heat to the mold'
would have been so rapid that the metal of the casting would fregze in not more
than a couple of seconds, as has been proved by actual experiment. An ex-
tremely hot mold therefore becomes necessary, and.tests have shown that to
obtain"good castings, one must have the mold at bright white heat, or 1800 to
.000 080, fahr. Furthermore, it is desirable not to have the mold made of a
metal that is a ver;hgood conductor. of heat, as the prime function of the mold
IS to conserve the héat in the casting, and not to carr){ It away.

4 On the other hand, however, where a metal mold is used, unless such
metals as cast tungsten are available, which is not yet the case, there is a certain

287
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limit to the temperature that the mold itself will stand without collapsing under
the combined action of temperature and centrifugal stresses. It would appear
that chrome-nickel alloys can stand temperatures as high as . ... deg., possibly
2300 _degr. fahr. for a Considerable number of castingS. ~This gives Us at once
a basis Tor calculating the size of the mold as affected by temperature cond-
itions.  (The question of stresses has also to be Consiered, cp, Appendix No. 5.)
85 Taking again the abqve example of a .-in. standard pipe, we see that
it weighs ., Ib."per foot, and is cast af a temperature of 2800 deg., while it is
specified that the mold should not be heated to a temperature above - ... delg.
after starting with an initial temperature of 2000 deg.  The weight of the mold
must therefore be such that it could absorb all the heat in the metal down to
the point of temperature equilibrium (..., deg. fahr) without exceeding its
own limjt of safety. Assume that the,sRecn‘lc heats of 'the mold and metal of
trhhe casting are equal, and that the weight of the mold per foot of casting is x.
en

” 20 (2800'2200) 20 X600 "
(2200 - 2000, - 200

Y The,fo_llowmqrhas to be taken into consideration before we can accept
this figure definitely. The heat taken up b{ the mold from the casting is only
?artly retained by it, causing it to rise In temperature; it is partly dissipated
0 the surrounding air, gibs, barrel and foundations of the spinning machine
(which, by the way. have to be sufficiently massive to be able to do this without
be_cqmln(};]excesavel hot). It is well, however, to neglect this factor, in deter-
mmmg the size of the mold, and to treat the fact of the loss of heat from the
mold fo the ambient medium m,ereI)( as a factor of safety. Under these condi-
tions, and taking into consideration temperature conditions alone, it is perfectly
safe to make the mold of a weight equal to. 1.5, or say 90 Ib. per foot. (Ac-
tually, ... Ib. per foot has been found desirable, to take care of stresses.)

87 Suppose now that instead of casting a pipe of standard thickness,
0.280 in., it Is desired to cast a cylinder with walls 1 in. thick. Such a cylinder
welg_hs roughly 53 Ib. per foot, as compared with 20 Ib. for standard pipé. Ac-
cordingly, 1t Contains more than 2.5 times as much heat above the point of
solidification as did the former casting, and, because of this, does not chill quite
as easily. As a result, it does not need to have the mold quite as hot as in the
former case, and, as a matter of fact, amold at 1200 to 1500 deg. fahr. will handle
this kind of castm% very well. The same mold as above is therefore applicable.
It will e noted that_in all cases a range of temperatures is indicated, rather
than a single figure. This is due to the fact that in determining the temperature
to which the mold has to be heated, factors in addition to those discussed above
have to be taken into consideration, e.g., the length of the castln(%_whlch affects
the proportion of end losses to the total heat osses from the casting; the heat
conductivity of the metal of the mold; the character of the material used for
floating the mold, etc. _ _

.= The underlying purpose of heat control is, however, the same in all
cases, and that is, to givé the metal time to clear itself of gases, and to have the
freezing proceed at such a rate as to fill up contraction cavities with good molten
metal.~ To do this, the mold has to be heated to the proper temperature, and if
the mold and metal are at the proper temperature, there is no reason why a good
casting should not be obtained every time.
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89 The above does not, however, exhaust the subject of heat control,
and aﬁph_es only to metals which are not adversely affected by slow cooling
fromthe liquid state. Bronze is one of the metals that are, and when such metals
have to be cast centrifugally, especially in falrlal thick sections ($ in. and up)
the control of temperatire has to be” exercise d_unn? a much’ longer perlod
than, e.g., with steel or monel metal. - The first period, that is pouring and, say
30 to 45 seconds thereafter, is ?overned by the same laws as have been discussed
above, i.e. the temperature of the mold’is held mmallyt/ at such a level as to
Fermlt the metal to throw out the qases and slags, and fi
ayer dlrectl% against the mold wall. If, howéver, the same conditions were
maintained throtghout the rest of the _coohn% process, the latter would be very
slow, and there is danger that the grain of the metal would be coarse and the
casting unsatisfactory. ~ It is therefore necessary to cast the metal hot and against
a hot_mold, but, after the tubg has been formed, to chill it rapidly.

0 Some makers of centrifugally cast articles. of bronze and pure coRper
have attempted to meet these requiréments by squirting water through a hose
onto the casting after it has been poured and had a chance to spin up.. Good
results have been obtained where the casting is short, less satisfactory with long
castm?s. One does not have to look far for the reason of this d|screpancY. In
centrifugal castm? there is a_tendencY, due to the action of the centrifugal force,
to force the metal from the inner wall to the outer wall. Therefore the freezmq
of the metal should proceed from the outside inward, the inner molten meta
supplym? material for f||||n? up contraction cavities. In short casting, the
stream of water cools the mold as fast as, and possibly faster than, the métal of
the casting. In long castings, however, 15 ft. and up, the water has no chance to
cool the mold, with'the result that the inner wall freezes first, which is contrary
to what should take place in order to make a good casting. The lack of proper
control of the cooling process In bronze castings leads to” uncertainty of results
which is ?ossmly the explanation of the fact that some of the present manufac-
turers refuse to sell rough castings: not being. certain as to what the state
of the metal would be found to be"after machining, the,Y prefer to scrap bad
castings themselves rather than have their customers do it. ~ This may be good
busingss pollq(], but indicates a rather primitive state of ,engmeermg._ _

91 "In the Cammen process a special type of machiné is used in which
the mold is heated previous to casting (for common bronze, to. about 1400 deg.),
and then, at the proper time (which depends mainly on the size of the castln% :
Is cooled by a stream of water. With Such an arrangement, the cooling of thie
casting proceeds from the outer walls inward, as it should, and means are avail-
able to insure uniformity of results. Iron is probably the best metal that can
be used for the mold, and it is expected that a cheap way to make such mold
will be afforded by the Le Fer or Eustis method of electrolytically deposmng
99.9 per cent puré iron in the form of pipes over a rotating mandrel, a goo
illustration of how one discovery helps another.

0 form the first dense



APPENDIX No. 5

STRESSES IN MOLDS IN MACHINES FOR CENTRIFUGAL CASTING

192 The subject of stresses in molds of machines for centrifugal casting is
particularly important in large machines and in all machines using a hot mold,
In the former because of the great numerical value of these stresses, and in the
Iatterdbeca%JSﬁ of the low stréngth of materials at temperature of the order of
2000 e ' a r.

, 93g_Th_ese stresses depend primarily on the method of supporting the mold
in the wnnlng,bench. here are always present stresses:

~aWhat ml(t;ht be called fluid-pressure stress, or the stress exerted by the
liquid metal of the castln(% and _ _ _

b Flywheel stress, or he stress induced in_the mold itself due to its rota-
tion, and which would have been present even if it were 5ﬁun empty.  In addi-
tion to this, however, in @ mold supported at intervals, there are present what
might be called crankshaft stresses, stresses of bending essentially analogous to
those induced In a_crankshaft similarly supported.  There are also gyrosco Ic
stresses, the numerical value of whichis, however, small as compared with the
other three kinds. _ _ _

94 The value of the crankshaft stresses is a matter of considerable im-
Portance particularly as the deformations produced by these stresses are cumu-
ative. For Rermanent molds in machines for centrifugal cast_mﬁ, materials have
to be used which have a fairly low elastic limit, and this elastic limit is especially
low at high temperature, “Deformations produced in the course of sRmmn%
acquire, therefore, as a rule, the character of permanent sets, and as such affec
the dynamic balance of the rotating parts, causing an unbalance which tends to
increase the local stressing of the material, and this, in its turn, tends to increase
the_deformation.  As thé process is cumulative, it may, in the final end, lead to
rapid destruction of the mold, and if not guarded against by proPer caution
to accidents. |t is therefore highly desirable; especially with hot molds, to avoid
constructions in which crankshaft stresses maK arise.” The methods of calcula-
tion of these stresses are not given here, as they do not differ from those used
by demﬁners of steam turbines, with the exception of the fact that the bending
strength of the material is very low as compared with the stress imposed.

FLUID-PRESSURE STRESSES

95 The stress produced by the molten metal in the mold of a machine
for centr_lqugaI casting is exactly of the type shown in Fig. 1 of the paper of
Prof. Reid P. Stewart'in the T ransactions 0f The American Society of Mechan-
ical Engineers, vol. 34, 1912, p. 298. _ _ o
96 The designer of a mold for a centrifugal casting machine is usually
interested in selecting a safe thickness of wall for a Igl\/_en casting. As the size
of the casting is given, the inside d|amete2r9 81‘ the mold is determined. ~ Further-
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more, as will be seen clearer later, the stress per square inch of the wall of the
mold is also determined by the data of the problem. There is a certain leeway
as to the permissible fiber‘stress in the material of the mold, if there are severdl
materjals to choose from, but once the material is selected and the temperature
at which the mold is to be used is established, the fiber stress is also settled and
all that remains is to determine the thickness of the wall of the mold.

97 For this purpose one of two formulas may be used, namely, the
common formula

or the Barlow formula

......................................... . [16]

where ¢ is the thickness of wall in inches, o the inside diameter in inches, b
the outside diameter in inches, p the internal ga%e pressure. in Ib. per sg, in,,
and/ the_permissible fiber stress in the wall in Ib. per sg. in. _

_ he “gage pressure » p of the Barlow formula is derived for centrifugal
casting as follows.” Assume that the casting has an external diameter o and
anintérnal diameter d; the weight of a ring, 1 inch wide, is then w = k(o - d2,
where k Is a constant (0.220 for steel; 0:204 for cast iron; 0.235 for brass;
0.252 for copper, etc.). - But, in spinning, each pound of metal generates a cen-
trifugal force determined b;{_ the various elements discussed in Appendix No, 3
primarily number of revolutions and radius of spinning, so that each pound of
metal in the casting exerts on the moJd a force equal to m Ib., and hence on a
ring of the mold, I'inch wide, there is exerted a pressure mw Ib.; hence, the

“(gage pressure ™ or pressure per sg. in. p is MW where D is the inside di-
ameter of the mold in inches.

99 The difference between the common formula [15] and the Barlow
formula [16] is that the first is expressed in terms of the inside diameter p and
the second in terms of the outside diameter D'. Barlow’s formula is preferable
because it is on the side of safety. On the other hand, however, it cannot be
used directly in this case because it begs the question. As shown by the above
method of cal,cula_tmﬁ p, It contains the value of the inside diameter'o. There-
fore if o, which is the outside diameter, were known, it would not be necessary
to resort to either the Barlow or the common formula, as « could be obtained
by simply subtracting the inside diameter from the outside and d|V|d|n(]1 the
résult by“two. This dogs not prevent one from using the Barlow formula on

conditlion, however, that it be expressed in a way slightly different from the usual,
namely,

£= NED + 2 1) v [17]

100 The meaning of either « or / in this formula should be ver%/ clearly
understood; t means the thickness of the cylinder in which the highest permis-
sible fiber stress is/ that wojild withstand the pressure exerted by the centrifugal
action of the molten metal on the mold under the assumption that the mold
itself is not subject to centrifugal stresses of its own.  In other words, ¢ is that
amount by which the thickness of the wall of the mold has to be increased in
order to take care of the stress produced by the presence of the metal.

101 The meaning of « and/ can be presented otherwise: « is the valug, of
the thickness of the wall of the mold having a permissible fiber stress/ which
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the mold would have had if it had no mass of its own. Since, however, it has a
mass and since, in usual practice, the weight of the mold considerably exceeds
the weight of the casting, the stresses induced by the rotation of the mold itself
have to" be considered. ~ These are what has been denoted by the term “fly-
wheel stresses.”

FLYWHEEL STRESSES
102 If the mold were running empty, that is, without an?/ molten metal
in it, it would act practically like an ideal flywheel, that is, a flywheel of con-
siderable length having only a rim but withiout any arms.
Let w = weight of rim lper inch_ of length in Ib.

x = mean radius of rim in in.

= revolutions, per minu o
then'\_'the geﬁllrlﬁﬂggl ket ac%tr?g on the entire rim which is here assumed to be

one inch long is
P =0.000341 B [18]

103 This is the familiar formula expressed, however, in inches of radius
instead of feet.

104 The same formula ma% be exgressed, as follows:

_ P =0.000014 WD™N:  pnsenenigon o . [19]
where P_is the total centrifugal force on the rim and o is the diameter in inches.

The question now is which diameter to take. In flywheels the thick-
ness of the wall 7 is very small as compared with the diaméter, and therefore
the mean diameter or mean radius can be taken for purposes of calculation with-
out mtroducmg a greater degree of inexactness than is carried by the formula
itself. _In molds for machings for centrifugal casting the situation, however, is
very different in this respect, the thickness of the wall being very appreciable
as compared with the diameter, Therefore it would not bé safé to take the
mean diameter, and following the practice of the Barlow formula, the outside
diameter should be here taken. On the other hand, however, this would In-
troduce the same difficulty as to the expression of . as has been encountered in
%o|r|15|der|ng the fluid pressure stresses.  Therefore » may be here expressed as
ollows:

_ . P ZKWN*(D * 2T ) o e |120]
where T is the thickness of the rim of the flywheel, as yet irrespective of the
stresses induced. therein, and « =0.000014. _

106 This is the total stress on a section of the mold one inch long treated
as a flywheel, that s, runn[ngbemé)tg. In accordance with the usual processes,
It is necessary to,divide this by 6.28 to obtain. the strain on the cross-section
of the mold, in this case equal to T sq, in., and this gives 0,0000023 NHa(D + 2T),
which could be written as sw(p + 21) where s =0.0000023V2 _

107 From this it would be possible to calculate the value of T, provided
the fiber stress £ is either known or assumed, since Tf=sw( + 27').

108 At a glance the total thickness of the mold could be obtained by
adding v, as derived above, to  as derived in the preceding discussion of the
fluid pressure. Actualli/, however, the value thus obtained” would be smaller
than the true value of stresses, because the part of the wall equal to t has cen-
trifugal stresses of its own induced in jt. Because of this, it is simpler to use a
different method based on the following.



LEON CAMMEN 293

109 In the discussion of fluiq pressure it was found that the total pressure
roduced by the fluid metal on a ring cut out of the mold one inch long Is equal
0 wwm pounds. This entire strain has to be taken up by the mold in'the same
way as centrifugal rim stresses are in a flywheel, which” means that the strain

induced is 5 which may be written as swwm. Hence the total strain

_ . p> = TF=SwD + 21") + SW M s e [21]
where 7+ is the thickness of the mold sufficient to take up both the fluid pres-
sure and the flywheel stresses, and/, as before, the highest permissible fiber stress
In pounds per square inch. From this equations for either - or /" are derived.

T, _SwD + swWM r

J

110 It should be noted in this connection that v errs here on the side
of safety, the entire material of both the mold and the castmg being assumed
as concéntrated on the outside diameter of the mold rather than being distributed
between the outside diameter of the mold and the inside, diameter of "the casting.
This may introduce an error as hl(%h as 20 per cent.  Since, however, this error
is on the side of safety, it is not objectionable.

THEBMAL-EXPANSION STHESSES ,

111 As the molten metal is pouring into the mold, the inner wall of the
mold is rap|dI¥ heated up, and it takes a Certain amount of time for the heat to
spread throughout the metal and for the temperature of the various parts of the
mold to become equalized. . This time depends on the heat conductivity of the
material of the mold, and in very thick molds may be sufficiently appreciable
to induce thermal stresses in the mold, due to more rwd expansion of the inner
wall of the mold than of the outer wall of the mold. While it is possible to com-
Eute these, stresses by usmq the process developed some fifty years ago by

ord Kelvin for calculating the flow of heat in cylindrical bodies, the eXperi-
mental data are not sufficiént to obtain results that would be valuable in prac-
tice and these kinds of strains have to be,5|mP_Iy assumed and taken care of in
selecting the value for the highest permissible fiber stress, /. This is also one of
the reasons why a process for estimating T+ has been selected in such a way as
to admit of a ‘considerable error on the side of safety.

SPLIT MOLDS
112 If split molds are to be used it is obvious that the entire stress e+ is
taken up not by the wall of the mold, but by the elements holding the mold
together such as bolts, or lugs and dovetails, if"the construction shown in F|F. 4
is"used. It is obvious that in such a case the thread of the bolts or the side fugs

are in shear, the unit value of the shear being P, where n is the number of the
bolts or lugs that hold the mold together.
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DISCUSSION

James B. Laaa. TN Writer has read the Raper on centrif-
ugal casting with unusual interest because he has devoted con-
siderable time to the subject, and he feels sure that it will be
appreciated by all who are interested in this ling of engineering.
The writér believes that most readers of this paper, enpl-
neers. as well as others, will get the impression that successful
centrifugal castlnrq, that is commercial centrifugal casting, can
easily be accomplished, and he therefore regrets that the author
does” not emphasizes the fact that it is an exceedingly difficult
Erocess to perfect, as is evidenced by the fact that it"has been
nown for more than a century ¥et not developed on a commer-
cial scale until quite recently, although it has received much at-
tention in this country alone, as is shown by the 135 United States
patents listed in Appendix No. 2. , ,
~This refers, of course, to the centrlfu?al casting of ferrous
pipes and tubes to which the greater part o the_#aper Is devoted,
as the centrlfu%al Frocess IS apﬁremabl}/ less ditficult for hollow
castings of rela |_ve¥ short lengths and Tor non-ferrous metals.
Itis stated in Par. 42 that - notwithstanding the great sim-
plicity of the machmer% and methods of centritugal castln([l, it
should be clearly remembered that even the slightest imperfections
in the demgn or operation will immediately show up in the cast-
ing,” but this comes so late in the paper that it may not correct
the impression received by readers from several préceding para-
graphs, especially Par. 3, which states in part “there is no reason
wh){_ any good engineer could not design and operate a successful
cas |hr]g machine,” which of course means a centrifugal casting
machine,
While some of the difficulties to be encountered in developing

a centrlfuPaI process commercially are stated in this paper, the
writer feels that such difficulties “are not sufficiently emphasized
and that it should be clearly stated that no engineer Should under-
take to develop a centrlfu?al casting process without knowing in
advance that he should not expect commercial results without the
expenditure of much time and much money. Further, that he
should not only become familiar with thepatent situation, as
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the author states, but that he should also carefully watch the
Rat_ent, situation, because, even if he should ?et satisfactory results,
e is likely to find that he has been antedafed in essential details,
not only b& issued patents but also by unissued patents. _

That difficulties are to be encountered in developing a centrif-
ugal process is well illustrated by the history of the ‘making of
cast-iron ?I e, which was made by the centrifugal process as early
as about 1850, and yet the de Lavaud process of making cast-iron
pipe was not perfected commercially until a few years ago, and
It stands alone today as the only centrifugal process that” makes
cast-iron pipe commercially. _ N

_ The term = commercial process ” is used as defining a process
which produced a product at a cost not greater than the cost of
the same product of equal quality Produced by other processes.
In this connection it is interesting to note that a commercially
perfected centrifugal process not only produces a product com-
8et|t|ve in cost and quahty with like products by other processes,

ut that usually the centrifugal product is of sugerlor quality.
Thus, in the caSe of the de Lavaud process cited by the author,
the strength of the iron in the pipe i greatl}g increased over the
strength of the same iron in pipes cast in‘sand by the usual foundry
method. The author glves his Increase in strentqt_h conservatively
as about 15 per cent, but the writer believes thaf it is more nearly
40 or 50 per cent. _

From Par. 20 the writer understands that the « Cammen pro-
cess » is one for making steel pipe and tubes in highly heated
centrifugal molds. If, as related in Par. 21, this process involves
the removal of the castings and the molds from' the centrlfu,ggal
machine at - a temperature well above a white heat" the writer
fears that it is likely to be disappointing, as it is difficult to keep
hot molds in perfect running condition without removing_them
from the machine, and the difficulties will be increased if the
molds must be handled when hot. _

The statement in Par. 7 that a permanent mold is the only
Practlcal wa)r, of producing pipe on_a tonnage basis indicates that
he author, like others, has e_xRerlen_ced the_ difficulties inherent
to molds lined with sand, which difficulties include the handling
of the molds to and from the centrifugal machine and the. neces-
sity of using a large number of molds for quantity production,
and yet the “Cammen process” includes handling white-hot
molds.
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The description of the method of operation of the Cammen
process given in Par, 21 starts with the castlnlgs_ within the molds
and omits entirely to describe how the metal is introduced into
the mold, but Par. 67 seems to indicate that the metal is poured
in at one end of the mold and is spread the entire length of the mold
by centrifugal force. _ .

If the metal is poured in at one end of the mold, it is not
surprising that he considers it advisable to heat the mold hlgh_lg.
The writer believes that satisfactory results are to be obtained with
less highly heated molds b usmP a movmg runner and distribut-
ing the metal throughout the mold by the de Lavaud process.

W. M. corse. The contribution of such a complete paper
marks a distinct step in advance in the recording of the art of
this very important commercial process. The author has not only
given the history of this process but has described many of its
Salient features in detail. "It seems to the writer that wé should
be interested in centrlfu?al casting because it is so practical com-
mercially. The speed of production far. exceeds that of the ordi-
nary sand-molding method and. the quality of the casting is ver
Superior to any castln(_z that it is possible to produce by the sand-
moldln% methdd. As the author says, there have been persistent
efforts 1o keep out of the literaturé information on this process.
With all the facts given it becomes evident that obstructive tac-
tics on the part of any manufacturer of centn_fuga_l castings is
not only a commercial_€rror but also an error in judging the pres-
ent stafe of the art. The author has done the manufaCturing in-
dustry a service by accumulating so much information regarding
the earl){ history of this process as_described in Par. 3, namely:
“It would appear, therefore, that with the exception of minor de-
tails and one or two features in special casting processes there
IS no reason why any good. enginger could not désign and operate
a successful casting” machine “with a non-heated _or non-cooled
mold without running into_legal complications.” This statement
should set_ straight the minds of many people who have been
interested in this subject.

The Autnor aPpreciates fully the WEI?ht of the remarks of
Mr. Ladd. It is no doubt true that a gzr_ea deal of knowledge is
necessary for successfully designing centrifugal casting machinery
and when the writer stafed inPar. 3 that there is no"reason why



DISCUSSION 297

any good engineer could not de3|[qn and operate a successful casting
machine he had reference only fo the patent situation and not to
Its engineering features. o

At the same time, it is well not to exa%gerate_the difficulties
of designing such machines. Thus, excellent machines have been
de3|8ned_ and operated by the engineers of the Brooklyn Navy
Yard with only a very moderate amount of preliminary experi-
mental work. -

As regards Mr. Ladds remarks as to the great difficulty of
handling white hot centrlfutqal molds, the writer wishes to State
that_he did not find any frouble in this connection, which he
ascribes to proper dean of the molds and especially to the use
of proper materials. Had the molds been made of “cast iron_or
ordinary steel they would, of course, fly to é)leces at the first
i{)mnmg, blit they Stand up very well when made of é),roper alloys.

Iso, the molds must be properly supported in handling, a prob-
lem which has been solvea without much_trouble. As regards Mr.
Ladd’s fears that the Cammen process « is likely to be disappoint-
ing " because of the difficulty of keeping the hot molds in perfect
running condition, etc., it may now be stated that actual experi-
ence has shown that such fears are entirely without foundation.

As far as the writer is aware the De Lavaud process has not
been used for steel, and, in fact, it is doubtful if it could be so
used. Neither does it seem applicable to such metals as monel,
nickel and chrome-nickel alloys, where the pouring must be ex-
tremely rapid and effected at'temperatures of the order of 3000
deg. fahr. " No trouble has been experienced with such castings
in “properly preheated molds.



