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HIGHER STEAM CONDITIONS FOR SHIPS’

MACHINERY

Problems in the Selection and Application of Cycle Components and High Temperature Materials

By m. L. Ireland, Jr.,

Introduction

A discussion of this subject can be clarified by first defining
what is meant by “higher” steam conditions.

It would be easy to say that one means higher than some
specific currently accepted level of pressure and temperature
such as 600 Ib. per sqg. in. and 850 deg. F. However, a
more logical definition arises from the necessity for entry
into a field of new problems and new concepts of design.
Accordingly, the authors are referring to steam conditions
which require a consideration of the effects of temperature
upon the long term properties of the materials used in the
construction of ships” machinery. No new types of problems
are introduced by advances in pressure above say 600 Ib. per
sg. in., although existing problems may be so accentuated
that new solutions are required.

Discussion will be confined to geared turbine drive since
this is the most widely used type associated with advances in
steam conditions and encompasses problems not encountered
with electric drive. Security requirements limit the subject
to a consideration of merchant vessel types and World War Il
Naval construction.

Naturally, the authors’ viewpoint is based on conditions
prevailing in the United States. Entirely different conclusions
might be reached in other countries where the relations
between costs of fuel, raw materials and labour are quite
different. This situation has been ably discussed by
Burkhardtd)-*

The major incentive for advances in steam conditions for
commercial vessels is the prospect of a saving in fuel con-
sumption. Certain classes of long haul deadweight carriers
such as tankers and ore carriers can profit from a reduction
in machinery weight as well as smaller bunker capacity but,
as is shown in Appendix I, only minor weight savings, If any,
are to be expected from increased steam conditions.

There have been some very interesting studies published on
the continent® which indicate a reduction in the inherent
costs of stationary power plants as steam conditions are
increased. However, available information from published
American and British sources®- <). (5). (5). (7), indicate that
prices as distinct from inherent costs invariably become
higher for both stationary and marine power plants. It
seems evident that substantial weight savings must be effected
if costs are not to increase, since the increased alloy content

'Figures in parentheses indicate references to be found on p. 249.
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required for higher temperature materials is inherently more
expensive.

It appears, therefore, that consideration of advances in
steam conditions must require striking a balance between
fuel savings and increased first costs. A study of this
economic problem for merchant ships was published about
three years ago.<4> It is now clear that the factual results
of this study were destined to be somewhat conservative
because the initial scope was too limited. The study was
based on prices for only three vessels which inevitably
penalized the higher steam conditions because of the develop-
ment costs which had to be borne by a small number of units.

It is believed that quite different conclusions might be
reached by concerns operating a large fleet of vessels,
especially if long term replacements were considered. An
excellent example of analysis from the viewpoint of fleet
requirements appears in reference (8).

Whatever the combination of incentives, it is a fact that
merchant ship steam conditions are currently advancing.
It should also be recognized that these advances, if soundly
based and ably prosecuted, will become widely adopted as
development costs are mainly absorbed by the initial
installations. Thus, the advanced steam conditions of
today, if successful, are likely to become the standard of
tomorrow and will be priced accordingly.

This result is well illustrated by present-day conditions in
the United States where, for new construction of moderate
to high power (9,000 s.h.p. per shaft and greater), few
operators would seriously consider steam conditions less
than 600 Ib. per sg. in., 850 deg. F., whereas such conditions
were exceptional before World War Il.  There are indications
that a similar condition now applies to construction in the
British Isles, though the combination most favoured appears
to be 500 Ib. per sg. in., 800 deg. F.

To the authors, the moral of all this seems to be that the
strictly economic solution is likely always to be short sighted
and that the wisest long term selection should go at least
one step further. This conclusion is emphasized by the
continued tendency for initial costs to increase as time
goes on.

Pressure-Temperature Combinations

There are several factors, in addition to economics, which
may influence the selection of a set of pressure-temperature
conditions for a specific application. A number of these
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TABLE |

M arine Pressure Temperature Combinations Based on ASA D imensional Standards and Interim G uide Recommendations
for Ferritic Piping M aterials

(a) Facings other than ring joint

Steam temperature, deg. F. 750 800 850 900 950 1,000 1,050
Dimensional .
Standard Working Pressures

C. steel 600 Ib. 680 600

C.-Mo. steel 600 Ib. 720 680 640 600

1-Cr. i Mo. \ 290
1£Cr.\ Mo.J 600 Ib. 640 600 530 420

2% Cr. L MO, *600 Ib. 640 600 530 430 360
Carbon steel 900 Ib. 1,020 900

C. Mo. steel 900 Ib. 1,080 1,020 960 900

1-Cr. i Mo. \

1 Cr. J Mo.J 900 960 900 795 630 435
2J Cr. 1 MO, *900 960 900 795 645 540
(b) Ringjointfacings (or welding end valves and fittings without flanges)

C. steel 600 Ib. 850 730

C.-Mo. steel 600 Ib. 850 750 700 650

1-Cr. i Mo. \ 6001b. 850 800 750 680 600 520 360
li Cr.i Mo.J

20 Cr. 1 MO, *600 Ib. 850 800 750 680 600 540 450
C. steel 900 Ib. 1,275 1,100

C.-Mo. steel 900 Ib. 1,275 1,125 1,050 975

e i Mo. 900 Ib. 1275 1,200 1125 1020 900 780 540
20 CF A MO *900 Ib. 1275 1200 1,125 1,020 900 810 675

Note that Interim Guide makes no specific provision for use of ferritic alloys of greater chromium content cr for austenitic alloys.

are discussed in a very clear manner by Dr. T. W. F. Brown
in a recent and excellent paperW.

An important factor which must be considered in American
practice is the generally adopted American Standards Associa-
tion pressure-temperature ratings for American Standards
Series valves and fittings. For marine installations, these
are codified in the “Interim G uide” (=0) published and adopted
by the American Bureau of Shipping and largely included in
the current regulations of the United States Coast Guard
Bureau of Merchant Marine Inspection.

Owing to the American Standard Series basic pressure
standards of 400, 600, 900 and 1,500 Ib. per sqg. in., the choice
of steam pressures is likely to be limited to similar increments.
Variations in the applications of these standards to different
steam temperatures are available depending on the alloy
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Fig. 1.— Improvements in ship fuel rate due to higher

PRESSURES AND TEMPERATURES
a = ALLOWANCE for auxiliaries and hotel load
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content. Table I, based on the above reference(lO), presents
a condensation of the principal choices of current interest.

A recent version of the fuel savings which can be obtained
with advances in steam conditions is shown in Fig. 1. This
figure is a revision of earlier information~4) based on the
considerations which follow. In the first place, the earlier
curves were based on a certain standard level of turbine
performance as a function of the power rating. Recent, and
earlier published results, references (11), (12), (13), (14) and
(15), show that this performance has been exceeded over the
entire range as shown in Fig. 2. Use of this higher level of
turbine performance produces more favourable results at
the higher steam pressures and temperatures mainly due to
its effect on the regenerative part of the cycle. Details of
the method of obtaining these results are given in Appendix Il.

Another factor not fully expounded in the earlier pre-

Fig. 2.— Efficiency of geared turbines for various

designed powers corrected TO 590 LB. PER SQ. in ABS
840 deg. F., 28-5 in. Hg.

(1) ESSO SUPER TANKER REF. (11)

(2) Great lakes freighter Ref. (14)

(3) Bulk freighter, William A. Irvin Ref.

(4) Bethlehem super tanker Ref. (12)

(5) Super tanker— Atlantic Seaman Ref. (13)

(15)
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sentation was the influence of variations in the ship’s hotel
foad requirements. The new curves have been amplified to
include this effect.

A practical consideration which has a bearing on the
choice of steam pressure is the decided preference of some
operators for the sectional header type of boiler. The
principal advantages claimed are quicker plugging of damaged
tubes and reduced time and cost of cleaning external surfaces.
Selection of this type of boiler has in the past imposed a
definite limitation on the working pressure of about 600 to
700 Ib. per sg. in. due to the difficulty and cost of constructing
headers for much higher pressures. It is understood that
recent developments may increase the allowable pressure for
sectional header boilers to about 850 Ib. per sqg. in.

This preference, in combination with a realization that
the law of diminishing returns applies more stringently to
increases in pressure than to increases in temperature, has
resulted in some installations of moderate pressure which
employ a quite advanced temperature 03), 06) and 07).

1,000p
570/850
900 430,640 m m i
450/660 m
. 600, 660 620/ rs0
4§ fioo
d 450 yPB50
-a 700
P
?( 600
3 500
4000 2,000 4,000 0,000 12,000
Shaft Horse Powerper Screw higher

Fig. 3— Suggested range of steam conditions for various
shaft horse powers. Numbers on lines are steam
pressure Ib. per sq. in. gauge

Such installations are well out of the range where moisture
in the last few rows of low pressure turbine blading is a
matter of concern. On the other hand, there are indications
that the erosion problem for steam conditions resulting in
1 to 12 per cent moisture has been considerably reduced at
least for moderate blade speeds by the provision of drains
between blade rows<I8>

The presentation of a recommended choice of steam
conditions as a function of the power rating implies that all
the foregoing considerations have been weighed and an

economic balance obtained. Such a result can only apply
to a specific set of conditions; however, a range may be
indicated which would presumably include the majority of
cases. Fig. 3 presents the authors’ version of such a range
in which account has been taken of increasing competition
from Diesel propulsion at low and moderate powers per
shaft. Previously published recommendations appear in
references (7> (9 and 09), and numerous other
publications.

Selection of Principal Machinery Components

When a suitable temperature-pressure combination has
been determined, the selection of cycle components can
proceed along fairly definite lines based upon the following
very simple principle: if an advance in steam conditions has
been decided upon, then every reasonable effort should be
made to realize the full advantages of such a step in the
cycle arrangement and principal machinery component
selection.

Inability to carry out this principle seems to be the reason
why the then very advanced steam conditions employed in
German merchant vessels between 1935 and 1939 did not
result in outstanding fuel rate performances.

This point is illustrated by the figures given in Table Il
based on information ?0>compiled in 1945.

Cycle arrangements will be discussed in the proper place
but the first and paramount consideration is to obtain the
best possible performance from the main propulsion turbines
consistent with the highest standard of dependability. As
previously indicated, usual American practice can be repre-
sented by a “standard” engine efficiency curve for one
condition accompanied by a consistent set of correction
factors for other pressures, temperatures and vacua<4>

Also, as previously stated, this so-called “standard” can be
excelled if there is sufficient incentive. Still referring to
American practice, some turbine manufacturers have
established price increases applicable to specific percentage
improvements over the “standard” performance.

In view of the above, the authors’ suggestion is that
turbine performances be studied over a range including the .
very highest that can be guaranteed. Then, having compared
these results on a strictly economic basis including all factors
that apply to the particular case, the final selection should
lean toward an efficiency value exceeding the economic
optimum. This recommendation follows from the same

TABLE I

Summary of German High Temperature Installations— 1935 anda 1939

Vessel Gneisenau Tannenberg Pretoria (Erzes—:%%h) Schamhorst* Potsdam*. Blohmu?lr'ndsz\éoss t
TYPE e C. and P. C. and P. C. and P. Cargo C. and P. C. and P. C. and P.
Year built 1935 1935 1937 1939 1935 1935 1940
{Builder Deschimag Stettiner Blohm and Deschimag Deschimag Blohm and  Blohm and
Oder-Werke Voss Voss
Displacement, tons 24,250 9,680 24,250 23,600 36,000
S.h.p., total 26,000 12,500 13,000 4,500 26,000 26,000 44,000
No. shafts 2 2 2 1 2 2 2
Rop-Muiiiiiie 129 248 125 100 130 160 882
(throttle)
Superheater pressure, Ib.
per sg. in. gauge 735 882 1,135 735 735 1,320 877
Superheater temperature, (throttle)
deg. F. .. . 878 896 896 842 877 896
Fuel rate, Ib. per s.h.p. hr. 0-638 0-574 0-68 0-638 0-67

* Turbo-electric drive.
+Not completed.
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considerations previously outlined the initial
selection of steam conditions.

With regard to boilers, it is possible at the present time to
prescribe a limit of performance beyond which excessive
maintenance is almost certain to develop. If the uptake
temperature is below about 300 deg. F. corresponding to
88 per cent efficiency at the normal continuous rating,
corrosion of gas heated type air heater elements is likely to
be excessive. For satisfactory maintenance at this condition
it is essential to provide air heater by-passes for reduced
ratings and to maintain a rigorous schedule of soot blowing
and cleaning of external surfaces.

The reference to air heaters as a matter of course may not
be entirely satisfactory to some operators who have a decided
preference for economizers. The important point to realize
is that effective use of advances in steam conditions requires
the fullest possible use of regenerative cycle features. How-
ever, this cannot be accomplished and at the same time
obtain satisfactory boiler efficiency unless some form of air
heater is employed.

For those who object to gas type air heaters there is
available an alternate arrangement which employs bled
steam for air preheating”12). However, the thermodynamic
capabilities of this system are distinctly limited for pressures
exceeding about 900 Ib. per sg. in. unless considerably higher
air preheat temperatures are employed than is now customary
with gas air heaters<).

Another system which has been considered uses part of
the boiler feedwater as an intermediate heat exchange
medium, and while this arrangement is thermodynamically
equal to direct air heating, its economic position has not as
yet been determined by actual use.

regarding

Choice of Cycle Arrangements and Auxiliary Components

The general postulate of going one step beyond what
appears at the moment to be the optimum choice from a

Fig. of feed

temperatures with current practice

(1) Optimum for 5 heaters 800/950 deg. F. Ref. (7)

(2) Economic for 5 heaters 800/950 deg. F. Ref. (7)
Above at 50,000 kW. 29 inch vacuum

(3) Optimum 5 contact Heaters Ref. (22)

(4) Optimum 5 flash heaters Ref. (22)

(5) Economic 5 contact heaters Ref. (4;

(6) Optimum 3 contact heaters Ref. (22)

9 Current U.S. practice— installations and proposals

4.— Comparison optimum and economic
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strictly economic evaluation applies equally to the choice of
cycle arrangement and to all its auxiliary components.

This consideration has apparently resulted in the use of a
higher final feed temperature and more stages of feed heating
than are indicated by economic studies. The point is
illustrated by Fig. 4 wherein optimum and economic final
feed temperatures are compared with current American
practice. Considerable variation is to be noted between the
results from different sources. The data from Salisbury*22)
shows a particularly significant effect of type of heater
arrangement upon the optimum final feed temperature.

It will be noted that the final feed temperature is directly
related to the steam pressure and affected very little by steam
temperature. This has been shown to be fundamentally
correct B 2 <3y The gains resulting from a larger
number of feed heating stages are closely related to the
total feed heating temperature range. It is not so generally
recognized that extra feed heating stages produce a slight
additional gain at higher steam temperatures irrespective of
the steam pressure. This is due to a reduction in the inherent
losses resulting from the use of highly superheated bled steam
in the later feed heating stages.

This statement is illustrated by the values shown on
Fig. 25 where a smaller correction is indicated when five
heaters are used instead of four. This further improvement
of about 1 B.Th.U. per Ib. is due to the lower average
superheat resulting from the use of one more extraction point.

One feature of present trends in the United States which
merits elaboration is the use of a de-aerating feed heater
capable of fully utilizing the main turbine cross-over
pressureOD. For approximately equal power distribution
the cross-over pressure is higher for increased steam condi-
tions. With a non-condensing type feed pump turbine
drive, it becomes necessary to increase the exhaust pressure
of these units above the usual 15 Ib. per sg. in. gauge level.
However, the increased effectiveness of the cross-over bleed
point and the elimination of throttling often more than
compensates for the increased feed pump turbine steam rate.
Under some conditions overall fuel rate savings of about
3/4 per cent may be credited to this development with only
small increases in cost of the affected equipment.

Following this same line of reasoning into the selection of
steam conditions for auxiliary turbine drives led to a careful
review of previous recommendations™4) for the use of de-
superheated steam for such turbines. As a result of this
review, it still appears that only moderate temperatures can
be justified for non-condensing auxiliary turbine drives.
While marginal improvements in the heat cycle can be
obtained by using full boiler pressure and temperature steam
for these turbines, the expense of such designs is not justified
by the results.

t'* 6

Enthalpy - B. Jh.U.per Lb.

Fig. 5— M ollier diagram of preferred steam conditions
FOR AUXILIARY TURBINE DRIVES
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A reasonable compromise would appear to be afforded by
using full boiler pressure and reducing the inlet temperature
by de-superheating to such an extent that the auxiliary
turbine exhaust is near the saturation condition. Since
this exhaust steam is normally used for feed water heating,
inherent losses develop if it is superheated and at this point
the gains from higher initial steam temperature begin to
diminish. Fig. 5 has been prepared to illustrate this point
and shows the inlet temperature which will produce saturation
at 47 Ib. per sgq. in. absolute exhaust pressure for a 200
horse-power turbine and also for a 1,000 horse-power unit.
From these results it would appear that 50 to 100 deg. F.
initial superheat is all that can be justified for such units at
the present time.

There is ample experience available with the de-superheating
equipment needed to meet the above requirements and there
appears to be no reason why it should not be used wherever
its cost can be justified.

For auxiliary drive turbines whose power and load factor
conditions are similar to auxiliary generator turbines, it may
be desirable to consider the use of condensing units.

For such units and turbo-generator drives the maximum
inlet steam temperature cannot be selected on the same
basis as for non-condensing units, i.e. a condition of zero
exhaust superheat, since no serious inherent losses are
involved in the condensation of superheated steam. There-
fore, no general basis can be offered for the selection of
operating steam temperature for condensing type auxiliary
turbines. Economic studies are required to suit the particular

| SUPERHEATED STEAM . — DESUPERHEATED STEA M

mCONDENSATE AND FEEO ~  —=-=——————=--- DRAINS  —

6—Heat

PRESSURE REDUCINC VALVE
Fig. cycle diagram— trial
13,930 s.h.p. ;

,,,,,,,,,,,,,,, BLEED STEAM

performance
fuel consumption 0-4981b. per s.h.p. hr.
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conditions and it may be noted that current practice appears
to favour the use of full steam temperature for condensing
type auxiliary turbines. However, the authors are doubtful
that this can be justified for temperatures exceeding 900 deg. F.

There appears to be little basis for reducing the design
pressure for auxiliary turbine units of either type below the
main unit pressure unless this exceeds 900 Ib. per sg. in. gauge.
This is because there appears to be little cost saving when the
necessary reducing valves are taken into account. Also the
use of reducing valves in the steam supply line to a vital
auxiliary may be considered to add an unwarranted hazard.
On the other hand, de-superheating does not represent a
direct thermodynamic loss and the necessary equipment has
established its reliability in both land and marine power plant
service.

It has been indicated that gains result from using a higher
exhaust pressure for non-condensing turbines. It should be
obvious that the converse holds as long as this exhaust is to
be used for feed heating, since a lower exhaust pressure will
reduce the amount of bleeding from the lowest main turbine
extraction point where a greater amount of useful energy
has been obtained before the steam is extracted from the
turbine.

One very interesting development in feed pump drive for
steam pressures exceeding about 600 Ib. per sqg. in. is the
double compounded unit*11). Two high speed pump
impellers are operated in series but without physical con-
nexion between the shafts. Each is driven by a separate
turbine wheel and steam flows through these turbines in

so#/hr.
338Q#/nR

—————————————— — LOW PRESSURE STEAM —----———————- VAPOUR

BACK PRESSURE VALVE ~ —{X}— STOP VALVE' ~—[1— OIL SEPARATOR

of 12,500 s.h.p.

ESSO supertankers
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series but again there is no physical connexion between the
turbine rotor shafts. The high-pressure pump is driven by
the low pressure turbine and the speed of this unit is
adequately controlled by the hydraulic connexion to the
other set. Two-stage turbine performance is obtained and
the small size of the units results in a very compact arrange-
ment. Experience to date with these units is understood to
be highly satisfactory.

Two other practical alternatives remain to be considered
for auxiliary unit drives and these are the use of motors or
of direct attachment to the main units. Motor-driven feed
pumps are widely used in land power plants but have been
shown to be too costly to warrant marine use unless the
specific conditions are such that no increase in generator
capacity is required. The above condition would appear
to be found in a tanker with motor driven cargo pumps or
in a moderately powered vessel with large electric load
demands in port. Attached feed pumps appear very
unattractive because of manoeuvring conditions where
momentary boiler feed requirements have no relation to
main turbine output and speed.

Generators attached to the main reduction gear unit have
been used by one owner for a number of years*24) and this
practice has been continued on his most recent vessels.03)

The obvious inducement of such installations is that
electric power is generated at about the same efficiency as
shaft horse-power. It is necessary, however, with geared
turbine propulsion to consider the standby losses of an
idling turbo-generator set which must be instantly available
to take over the load upon reduction of attached unit
frequency below an acceptable value.

—— CONTAMINATED STEAM

7.— Heat

-—-X ] — STOP VALVE [—
diagram — proposed

40,000 s.h.p;

PRESSURE REDUCINC VALVE

Fig. cycle
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Definite solutions to problems of the type discussed above
can be obtained only for a specific set of conditions.
Reference levels for such studies are offered on the cycle
diagrams shown in Figs. 6 and 7. The first diagram presents an
average of the official results obtained on the economy trials
of three of a recent class of American tankersOO. The
second diagram is generally based on the first and shows what
might be expected in a larger powered twin-screw passenger
and cargo liner using somewhat different steam conditions.

The heat cycle diagram, Fig. 7, for a twin-screw passenger
liner illustrates another point concerning maximum utilization
of thermal gains due to higher steam conditions. Bled steam
is used as the primary source for supplying a number of the
hotel service requirements. However, owing to the general
use of non-ferrous materials in the ship’s steam heating
system, it is not possible to use bled steam directly for this
purpose. Therefore, as many services as possible have been
combined and supplied from a saturated steam generator
supplied with bled steam.

The exhaust and condensate returned from services which
are unlikely to result in contamination are returned to the
circuit to best advantage.

Selection of Materials and Working Stresses for
Temperature

High

Basic Information

Before proceeding to a consideration of the specific
problems occurring in superheaters, piping and turbine parts
exposed to high temperature, it is necessary to summarize the
basic problems common to all these items.

Returning to the previous definition of higher temperatures,

arrangement for 40.000 s.h.p. twin screw passenger liner
fuel consumption 0-5111b. per s.h.p. hr.
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the most important new fact to be considered "at these
temperatures is the slow permanent deformation of materials
under stress. This is the well-known phenomenon of
“creep” which first assumes importance for ordinary materials
like mild carbon steel at a temperature of about 800 deg. F.
and for stresses above about 5,000 Ib. per sq. in.

The literature on this subject is vast and most of it highly
technical. For the present purpose, discussion will be
limited mainly to descriptive statements following earlier
sources <26).

The paramount fact to realize about creep deformation is
that, for a particular material, the process is a function of
time, temperature and stress and that it proceeds at different
rates according to the effects of all three quantities. This
situation is represented in a qualitative way by the curves in
Fig. 8 where total creep deformation is plotted as a function
of time and the effects of various stresses and temperatures
are shown.

Where long term performance is of paramount interest,
the primary stage of creep shown in the figure can often be
ignored and emphasis placed upon the secondary or constant
creep rate stage. The tertiary stage which ultimately leads
to rupture is also shown in the figure and, if this is of short
duration before final rupture, it is obviously necessary to
select design stresses such that this stage will not be reached
during the useful life of the equipment.

A great deal of research effort has been spent and continues
to be spent upon careful measurements of the second and
third stage creep rates for various materials. It has been
learned that several factors aside from alloy content influence
the results obtained; heat treatment, method of forming and
melting practice appear to be the most important of these.
The effects of different testing procedures have been largely
eliminated by standardization of these techniques~27).

A large amount of creep data has been obtained from
tests usually lasting only a few thousand hours. For a wide
range of materials and stresses, approximately constant creep
rates are obtained in tests of such duration. It is also found
that for moderate deformations a log-log plot of stress
versus creep rate from such tests results in approximately
straight lines as shown in Fig. 9.

The most commonly reported creep strength values are
those sometimes described as the stress for 1 per cent creep

Fig. 8.— Total creep versus time illustrating effects of
stress and temperature

5
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All Testso f1000-Hr. Duration & a ll
9 Specimens annealedand from Killed
Steelunless otherwise noti'd.

0007 6-62 0-04 010 0-20 0-40

Rate o f Creep- per Centper 1,000 Hours
Fig. 9.—Log-log plot of stress versus creep rate.
(From A.S.M.E.-A.S.T.M. 1938 creep compilation

reference 92)

in 10,000 or 100,000 hours, when what is actually referred to
is the stress for 0.1 per cent or 0.01 per cent creep in 1,000
hours as determined from the above described log-log plot
of constant creep rates determined in tests of a few thousand
hours duration.

The results of creep tests carried out for many thousands
of hours<28> <9)- and O'), indicate that the creep rates
established in tests lasting a few thousand hours can be
extended safely to longer periods only if the range of tempera-
tures and stresses is such that the material is not undergoing
structural transformation or surface deterioration.

The stress-time value at which fracture occurs at a particular
temperature has assumed increasing importance as a basis for
determining safe working stresses for long life requirements.
This applies particularly in the case of structures which can,
without difficulty, withstand creep deformations of one
per cent or more.

The value of such tests also depends on the ability to
safely extrapolate the results of data obtained in practical
test periods to much longer times corresponding to the
required life of the equipment. It was soon found that log-
log plotting of fracture stress versus time resulted in straight
line relationships such as those shown in Fig. 10<32> As in
the case of creep tests, these results can safely be extended
to longer times only if there is assurance that intergranular
or surface oxidation or structural transformation effects are
unimportant~3* Breaks in the stress rupture curves such
as appear in this figure indicate that changes of this nature
are taking place in the material under test.

Similar changes will be found in the slope of stress-time
curves for a constant creep rate and, in addition, a marked
decrease is observed in the amount of elongation at fracture.
These indications all serve as a warning that the stress-
temperature conditions under which they occur are probably
unsuitable for long term operation. Discussion of the
metallurgical changes associated with these effects will be
given later with reference to specific materials.

Working Stresses and Factors of Safety

For a number of years the permissible hoop stresses in
pressure vessels and piping representing U.S. practice have
been set down in various portions of the A.S.M.E. Boiler
Construction Code. These tables give the allowable stresses
for various specification standard materials at various
temperatures.

The relations between the A.S.M.E. 1949 Code stress and
representative creep and rupture strength values for a few
pressure vessel and piping materials of current interest are
summarized in Table Ill. The strength properties shown in
this table were taken from reference (34) and from other
sources as noted in the table.
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Fig. 10— Log-log plot of rupture stress versus time for
FAILURE— CARBON MOLYBDENUM STEEL
© Indicates intergranular fracture from ref. (45>

It is understood that the code stresses originally assigned
for high temperatures corresponded to 80 per cent of the
creep strength on the 0.01 per cent per 1,000 hours basis.
Wartime provisions, which were later accorded regular status,
raised the allowable stresses by 25 per cent thus making them
equal to the above creep strength values*3).

A comparison of extrapolated 100,000 hour rupture
strength values with the code stresses indicates that in most
cases a “factor of safety” of at least two is available on a
nominal stress basis.

It should be emphasized that the strength values in the
table are averages and, as previously mentioned, wide
variations may result from differences in melting practice,
method of forming and heat treatment.

Certain of these A.S.M.E. Code stress values have recently
been adopted by the American Bureau of Shipping and the
United States Coast Guard Bureau of Marine Inspection
mainly as the result of the recommendations of an Advisory
Panel sponsored by the former agency*10).

It should be noted that lower temperature limitations

were assigned to the various materials for marine use than
appear in the above A.S.M.E. Code.
e The effect of these temperature limitations is to require
the use of carbon molybdenum alloy steel for temperatures
exceeding 775 deg. F. and the addition of chromium as well
as molybdenum for steam temperatures exceeding 875 deg. F.
This temperature limitation for carbon molybdenum steel is
somewhat more conservative than the recommendations of
the Joint Committee on Graphitization sponsored by the
American Central Station Power Industry*36). Some dis-
agreement with this limitation has been voiced as there are
numerous instances of successful use of this alloy at tempera-
tures exceeding 900 deg. F. including some marine
applications.

On the other hand there are equally strong opinions in
favour of lower temperature limits for both plain carbon and
carbon molybdenum steel. In any event, the authors feel
that for temperatures exceeding 875 deg. F. the extra cost of
the alloys with added chromium content would appear to be
well worth the more positive assurance of freedom from
graphitization*37). Other important considerations regarding
safe temperature limits for these materials are discussed later.

Hoop Stress Formulae. The comparisons made above are
between the primary circumferential tension or hoop stress
in piping and pressure vessels and the results of tensile creep
and rupture tests at the working temperature. They are
subject to further qualification because the hoop stress varies
throughout the pipe wall and various formulae are used for
its evaluation.

The most important working formula; are, first the
“common” or inside diameter formula, and, second
Boardman’s modified Lame formula as now incorporated in
the A.S.M.E. codes (with the addition of a corrosion
allowance). A comparison of the values obtained from
these two formula with Lame’s theoretically exact expressions
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Fig. 11— Comparison of loop stress formulae

(1) Lamf. formula for circumferential stress at inner wall
5 D2 + d2 1/ 1\

P 72 - a+ 2\ oy o+ o\ )

(2) Boardman approximation to Lame formula

| =g _°4=i(,+i+1)=3+0-6

(3) So-called “common” formula for average circum ferential
STRESS IN PIPE

s =D _ y

P 21 2

(4) Mean of Lame formul® for inner and outer w all stress

3-[(I(++2/ST- 1] = |-°2[" ] aPPr° Xmately
5) So-called Bailey-Nadai formula from Ref. (38)
D2+ 3d2 , ( , 1\

(6) Bailey's 1935 formula Ref. (40)

5= o-rm {1 20 1 e

(7) Beliaev and Sinitski formula for plastic state over entire
wall Ref. (43)

s =V3r | i

P 2 Uoge (1 + 2jy)\

(8) Nadai’'s 1937 formula Ref. (94)

P 270 +2y)i-11 ("=6

(9) Rankin formula based on shearing rupture stress Ref. (39)

L 1

P~ 065x4

* These formula also plotted as per cent difference from
other closely related formula

+

s Circumferential stress Ib. per sqg. in.
p Internal pressure Ib. per sq. in.
t W all thickness inch
p Outside diameter inch
d Inside diameter inch

for average and maximum circumferential stress under
elastic conditions is shown in Fig. 11.

It will be noted that the “common” or inside diameter
formula (3) in Fig. 11 is a very good approximation to the
average stress based on Lame’s solution, formula (4), whereas
the Boardman formula (2) very closely approximates to
Lame’s result (1) for the maximum stress which occurs at the
inner surface. The agreement in both cases is so close that
separate curves were not plotted but the percentage differences
are shown for precise comparison.

The Advisory Panel which drafted the interim guide
referred to above selected the “common” formula (3) as being
most representative of long term conditions in a pipe subjected
to internal pressure at a temperature where creep effects may
be expected to modify the variation in circumferential stress.
This conclusion is still subject to controversy, as indicated by
three quite recent publications *¥%p> *38) and *39)

In the past, several equivalent stress formula; have been
proposed which are based on various failure theories or
limiting stress criteria which also take into account the axial



TABLE Il

Comparison of Creep and Rupture Strength with Allowable Hoop Stress Values in

(a) Carbon and Carbon Molybdenum Steel

Reference Source for Principal Data

Material
Temperature, deg. F.
Allowable hoop stress, Ib. per sg. in.

Stress for 0-01 percent creep/1,000 hr., Ib. per sqg. in.
Stress for 0-1 per cent creep/1,000 hr., Ib. per sg. in.
Stress for rupture in 100,000 hr., Ib. per sg. in.CO
Stress for beginning of 3rd stage creep after 100,000

hr., 1D, PEr SO. iMoo
and above stress,

Elongation at
per cent®

100,000 hr.

Interim guide recommended limiting temperature,

0BG F o

1949 A.S.M .E. Boiler Code

Miller and HegerW

0-3 max. carbon steel type A 106 grade B

Material
Temperature, deg. F.

Allowable hoop stress, Ib. per sqg. in.

Stress for 0 01 percentcreep/1,000 hr., Ib. per sg. in.
Stress for 01 percent creep/1,000 hr., Ib. per sq. in.
Stress for rupture in 100,000 hr., Ib. per sq. in.(0
Stress for beginning of 3rd stage creep after 100,000

hr., Ib. per sq. in. ..
Elongation at 100,000 hr. and above stress,
per cent®
Interim guide recommended limiting temperature,
deg. F.
(b) Low Chromium Alloy Steels
Material

Temperature, deg. F.
Allowable hoop stress, Ib. per sg. in.

Stress for 0-01 per cent creep/1,000 hr., Ib. per sq. in.
Stress for OT per cent creep/1,000 hr., Ib. per sq. in.
Stress for rupture in 100,000 hr., Ib. per sqg. in.d)
Stress for beginning of 3rd stage creep after 100,000

hr., Ib. per sqg. in. ..
Elongation at 100,000 hr.
per cent<5>

Interim guide recommended limiting temperature,
AEG. F o

Material
Temperature, deg. F.
Allowable hoop stress, Ib. per sg. in.

Stress forOOI per centcreep/1,000 hr., Ib. per sg. in.
Stress for 01 per cent creep/1,000 hr., Ib. per sqg. in.
Stress for rupture in 100,000 hr., Ib. per sq. in.(!)
Interim guide recommended limiting temperature,

eg. F o e

(c) Higher Chromium and Austenitic Alloy Steels

Material
Temperature, deg. F.
Allowable hoop stress, Ib. per sq. in<7>

Stress for 01 per cent creep/1,000 hr., Ib. per sg. in.
Stress for 01 per cent creep/1,000 hr., Ib. per sq. in.
Stress for rupture in 100,000 hr., Ib. per sg. in.*1)

Material

Temperature, deg. F.
Allowable hoop stress, Ib. per sq. in.(?)

Stress forOOI per cent creep/1,000 hr., Ib. persq. in. (28,000)<8>
Stress for 01 per cent creep/1,000 hr., Ib. per sg. in.

and above stress,

750 800 850 900 950 1,000
10,400 9,100 7,400 5,600 3,800 2,000
13,000 10,300 7,500 5,400 3,400
19,000 14,200 10,800 7,200 5,000
16,600 13,200 10,000 6,800 4,600
12.200V) <3,4000)
<1 <1
775
Carbon molybdenum steel type A 206 grade PI
750 800 850 900 950 1,000 1,050
and less
11,000 10,750 10,500 10,000 8,000 5,000
20,700 16,600 12,600 9,200 6,500 4,000
29,000 24,000 19,500 15,000 10,500 6,500
46,500 33,000 21,500 10,900 4,300
6,500(-»)
<1
875
li chromium J molybdenum steel type A 158 grade Pl 1
800 850 900 950 1,000 1,050 1,100
11,800 11,200 10,000 8,000 5,850 3,850 2,200
20,500 17,000 14,200 11,200 8,500 6,000 3,700
28,800 23,500 18,800 14,500 10,800 8,000 5,500
(16,000) 11,700 8.500 5,700
9,400(6)
<1
1,050
2i chromium-molybdenum steel type A 213 grade T22
800 850 900 950 1,000 1,050 1,100
11,800 11,200 10,000 8,250 6,250 4,800 3,700
22,000 12,000 7,200 5,500 4,500
40,500 19,000 13,000 9,400 7,000
(18,000) 14,000 12,200 7,200
1,050

9 chromium molybdenum steel type A 213 grade T9

900 950 1,000
10,000 8,000 5,850
25,000 16,000 8,500
33,400 19,000 12,000

1,050
3,850
5,300
8,700

1,100
2,200
3,300
4,800
11,500

18 chromium 18 nickel Columbium Stabilized type A 213 grade TP 347

1,000 1,050 1,100
10,000 8,000 6,000
14,200

26,000 21,000 16,800

Stress for rupture in 100,000 hr., Ib. per sqg. in.CD (27,000)W(19,500)W 14,400

@) 'Extrapolated from data in reference (34)

(2) Rupture stress minus 1,000 Ib. per sg. in.—from reference (93)

(3) Extrapolated from data in reference (28)
(4) Extrapolated from data in reference (44)

(5) Extrapolated as shown in figures 12a and 12b

(6) Extrapolated from data in reference (47)
(7) From A.S.M.E. Boiler Code 1949
(8) From reference (30)
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1,150
4,600
10,000
13,500
10,400

6,000
1,200
3,600
6,500
10,000
6,700
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and radial stresses resulting from internal pressure. A
number of these formulae are based on failure theories which
have since been discredited even in the elastic range, and
others are found to be inapplicable in the plastic range where
creep effects are of importance. These latter have been
disposed of rather effectively by Burrows and Buxton in
reference (38).

However, the question is far from settled as may be seen
from several proposed equivalent stress formula:, (5) to (9)
inclusive, shown in Fig. 11 which are all based on either
plastic flow or rupture considerations.

It will be noted that the so-called Bailey-Nadai criterion,
formula [5] from reference (38), indicates slightly higher
stresses than the values obtained from the Lame formula (1)
for elastic inner wall stress. This result is at variance with
the original conclusions, formula [6], reported by Bailey in
his classic study presented in 1935 (4°) and with other studies
(4i), (42), (93) made at about the same time.  The discrepancy
appears to be due to the use by Buxton and Burrows of shear
stress at the inner wall as a limiting criterion instead of the
inner wall tangential creep rate used by Bailey and others.
Nadai (93), (94) still prefers to use the shear distortion energy
criterion alone and evaluates this, at the outer wall where it
has the largest value under creep conditions. His results
are also shown in Fig. 11 as formula [8] but numerically are
not greatly different from Bailey’s formula which is No. [6]
of the figure.

The authors have found that a formula intermediate to
the Bailey and Nadai results is obtained if the shear distortion
energy criterion is applied to stress conditions at the inner
wall of the pipe.

Another creep stress criterion, formula [7] of Fig. 11,
taken from reference (43), page 430, is based on the assumption
that creep rates eventually produce a state of completely
plastic flow in the cylinder.

Rankings) proposes a criterion based on shearing rupture
strength which is shown as formula [9] in the figure. A
more complete discussion of these various stress criteria is
given in Appendix IV.

In the normal range of thickness ratios (d/t exceeding 7)
the last four criteria result in permissible wall thickness less
than are obtained using the common or average stress
formula [3]. For this range the common formula is thus
seen to be conservative in relation to the more tenable of the
current creep and rupture strength interpretations. A more
rational selection of the most representative stress formula
does not appear possible until data such as the tubular stress-
rupture tests mentioned in reference (30) become available.

Metallurgical Significance of Stress Margins. The factors
of safety or stress margins indicated by the data of Table 11l
may appear quite startling in view of the customary room
temperature factors of safety of four based on tensile strength
and two or more based on yield strength. It must be realized,
however, that a numerical factor of safety in relation to a
rupture strength value for 100,000 hours of operation has no
intrinsic significance whatever.

It might be better to consider the margin of safety expressed
in relation to the expected service life, and on this basis the
time ratio may be from 5 to 20 or more depending on the
slope of the stress-rupture curve. This must be qualified by
the extent to which the factor of safety based on calculated
stresses must be considered as a factor of ignorance because
of lack of precise knowledge of the actual stresses.

In order to visualize properly the probable margin of
safety, it is necessary to consider the entire stress-creep to
rupture history and also the type of failure of a particular
material at its designed temperature. This point is illustrated
by the two design charts shown in Fig. 12

The upper curves, Fig. 12(a), show the behaviour of a
normalized carbon molybdenum steel at 1,000 deg. F.<44>
It will be noted that stresses which permit longer times to

236

Fig. 12(a)— Creep to rupture design chart for carbon J
molybdenum steel at 1,000 deg. F.
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Fig.

fracture result in a transition to the accelerated stage'of
creep at increasingly lower values of total deformation.

As stated in the original article(44> this particular alloy
had a relatively high manganese content which is believed to
account for the comparatively high values of elongation at
rupture. Other tests of this alloy with normal manganese
content resulted in much lower elongations at fracture,<45)
particularly in the longer time tests.

Examination of fractured specimens which failed with low
ductility shows that failure was of the intergranular type
associated with selective oxidation and crack formation at
the surface. The occurrence of this type of failure is usually
evidenced by a break in the stress-rupture curve (46>such as
appears in Fig. 12(a).

Since oxidation is essentially a process which proceeds
with time, its effects would be expected to be even more
serious at lower stresses where the fracture times are longer.

The lower curve, Fig. 12(b), shows a similar stress-creep to
rupture history for a 1J per cent chromium—£ per cent
molybdenum alloy at 1,000 deg. F.(47> In this case it will
be noted that, although accelerated creep occurs at deforma-
tions of about 1 per cent, there is no marked tendency for
the transition point value to drop off at longer times and
lower stresses.

Examination of the fractured specimens showed that all
failures were transcrystalline and accompanied by con-
siderable grain distortion*48). This results in greater total
elongations at long fracture times than were observed in the
former material. In fact, there appears to be no definite
tendency for a reduction in the elongation at fracture of this
material even for tests requiring 15,000 to 18,000 hours*49).

For a material which is to be used at a temperature which
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will result in ductile long time fracture characteristics of the
type just described, it would appear that a rupture stress
criterion might properly be based on the stresses existing
in a fully plastic condition since such a state would necessarily
be realized long before rupture could take place.

Since for a particular material the transition between the
two types of behaviour described above is primarily a
function of temperature, it is possible to restrict the use of
any particular material to a temperature range where the
latter characteristics are known to prevail. This criterion
appears to be fulfilled within the above-mentioned tempera-
ture limits for carbon and carbon molybdenum steel.

It may be of interest to note at this point that the probable
explanation for the marked improvement in high temperature
performance due to a moderate chromium addition is that
the formation of chromium carbide further inhibits the
spheroidization process (50> <&1)' U2)( which is known to
continue in carbon molybdenum steels although at a slower
rate than in plain carbon steel. Formation of such complex
carbides in the grain boundaries appears to block or retard
the progress of intergranular oxidation and cracking until
appreciable amounts of crystalline slip, distortion and
fragmentation have occurred.

Other Considerations. Hidden margins in the code
tolerances for thinning of bends, corrosion allowances and
manufacturing and procurement practices have recently
been very ably disclosed™-3H* It may be said that the
recommendations of the interim guide have made a great
step forward in eliminating some of these hidden margins
from mandatory requirements.

A realistic allowance for corrosion would still appear to
be desirable but, as will be shown later, it is doubtful that
any margin need be allowed for thinning of bends if the
bending procedure is carefully controlled. It does not seem
possible to reduce manufacturing thickness tolerances for
pipe and tubing without paying an excessive premium. Also,
it is quite difficult at the present time in the United States to
order tubing to exact rather than schedule thickness.

Additional piping and superheater tubing stresses of a
more localized nature result from thermal expansion and
from construction irregularities such as out of roundness in
bends, abrupt changes of stiffness in valves and fittings, etc.
Vibratory stresses may also result from localized resonance
with propeller impulses or other sources of vibration. As
will be shown later, all of these factors must be considered in
high temperature applications and every effort made to
minimize their effects.

Alloy Selection for Specific Applications

Superheaters. The highest metal temperature in any steam
power plant system usually occurs in the final pass of the
superheater. Figs. 13 and 14 have been prepared to illustrate
the general relations between steam temperature, superheater
location (i.e. gas temperature), rate of heat transfer and
maximum metal temperature. In Fig. 13 the heat transfer
rate per square foot of surface and also the steam flow per
square foot of surface are related to the desired steam
temperature and the superheater location as defined by the
gas inlet temperature.

It should be emphasized that these curves are not intended
to be used for design purposes. The many simplifying and
restrictive assumptions necessary to prepare such curves are
fully described in Appendix IlI.

The maximum metal temperature is shown in Fig. 14 in
relation to steam temperature, gas inlet temperature and
heat transfer rate. Again the results should be considered
as illustrative only due to the necessary assumptions involved
which are also described in Appendix IlI.

A study of these figures will show that maximum economy
of surface is obtained by locating the superheater in a higher
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/4S Superheater Area, Sq.Ft.
Steam Flow,Lb.perScj.Ft.

\ H Rate o fHeat Transfer
\ B.Th. U.per Hr.perSq.Ft.

900 1,000 1.100

Steam Temperature,” F.

Fig. 13.—Steam flow and heat transfer rate per sq. ft.
of by
temperature and gas inlet temperature

superheater surface as influenced steam

gas temperature zone, but higher metal temperatures will be
obtained which soon require the use of higher grade alloys.

Bailey in a very thorough study previously mentioned”40)
indicates that thermal stresses due to the temperature gradient
of heat transfer in a superheater tube may be unimportant
but that the influence of temperature on the creep rate cannot
be ignored. The American codes require that allowable
stresses be based on the average metal temperature.

A compromise must be found between additional surface
with attendant weight and space requirements and the
increased cost and additional design and fabrication problems
associated with more highly alloyed materials.

The U.S. central station power industry has now had over
ten years’ experience with steam plants operating at 900 to
950 deg. F. at the superheater outlet and many plants in the
last few years have been put in operation with steam tempera-
tures of 1,000 deg. F. to 1,050 deg. F. This experience, when
applied to current and prospective marine installations with
special weight and space requirements, indicates that above
about 950 deg. F. steam temperature it is necessary to use
austenitic materials in the final pass of the superheater. For
lower temperatures ferritic alloys in the 2 to 9 per cent
chromium range appear to be entirely satisfactory for most
applications.

900 1,000, 1,100

Steam Temperature, °F.

Fig. 14— Maximum metal temperature as a function of

steam temperature, gas inlet temperature and rate of
heat transfer
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Superheated Steam Piping. The selection of materials for
superheated steam piping is in some respects simpler than
the superheater problem since the metal temperature is the
same as the steam temperature. Referring again to power
station experience, even the highest steam temperature now
in use, i.e. 1,050 deg. F., can be handled with several of the
moderate chromium content ferritic alloys.

The metallurgical factors leading to a preference for
chromium bearing alloys for temperatures exceeding about
875 deg. F. have been rather fully discussed above. A choice
between the three commonly available alloys of this type for
the 900 to 1,050 deg. F. range can sometimes be made on an
economic basis. Referring to Tables | and Il it will be seen
that lower hoop stresses are required for the lower chromium
content alloys when these are to be used above 950 deg. F.
and that lower working pressures are necessary for the same
dimensional standards for valves and fittings.

A study of required piping thickness and resulting pipe
and valve sizes and costs for the possible alloy selections in
this temperature range may work out in favour of a particular
alloy. Where no important economic difference appears, it
is logical to prefer alloys having a greater chromium content.
The following selections are believed to be representative of
upper limits in current American power station practice:

Up to 775 deg. F. Plain carbon steel

Over 775 deé;. F.

eg. F.  Carbon

to 875 —| Molybdenum steel
Over 875 de&;. F. .
to 950 deg. F. 1 Chromium —£ Molybdenum steel
950 deg. F. to . . .
1,000 deg. F. li Chromium—i Molybdenum
Over 975 d%g. F. .
to 1,050 deg. F. 2\ Chromium—21 Molybdenum steel
1,050 deg. F. . . .
to 1,100 deg. F. 18-8 Columbium stabilized stainless
steel
Referring to Table 111 it will be noted that a peculiar
situation arises with regard to the higher chromium content
ferritic type alloys. Despite their reported superior

rupture strength properties, these alloys are not permitted
higher working stresses.

Another alloy which appears to have unusual long term
creep and rupture strength properties is a recent development
(39), (52) of the molybdenum-vanadium steel investigated by
Glen*54> The new alloy contains 1 per cent chromium,
1 per cent molybdenum and i per cent vanadium. Further
details will be found in the references cited above.

Austenitic materials are now being used for main steam
lines for land power plants for 1,050 deg. F. and higher
temperatures because of improved creep and rupture stress
properties which permit higher stresses and thinner walls.
Already the turbine builders have used austenitic steel in a
dozen or so large 1,050 deg. F. units for the piping between
throttle valves and steam chests, and between steam or valve
chests and the high-pressure cylinder casings. The earlier
installations have now been in satisfactory operation for
over two years. Recent thermal shock and cycling fatigue
tests of austenitic piping, in connexion with marine piping,
have recorded some disturbing results”), particularly In
some exploratory joints, and in castings. It has also been
found that current grades of austenitic piping may contain
serious flaws which can best be detected by ultrasonic
inspection devices *6)- *97). In fairness, however, the utiliza-
tion of such testing apparatus on other grades of alloy pipe
has also revealed similar though less numerous defects.

Also, the oil refining and chemical industries have had a
large amount of satisfactory experience with austenitic
piping at high temperature. In summary it may be said
that the use of austenitic steam piping is proceeding with the
aid of special precautions with regard to welding and
inspection, and with some reservations regarding the use of
castings.

steel
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Combined Thermal and Pressure Stresses.  The combined
stress problem in steam piping is twofold. It is first necessary
to determine the allowable expansion stresses which may be
superimposed locally upon the primary hoop stress. The
second step is to make sure that this stress is not exceeded
in the design.

The interim guide permits a local combined stress equal to
twice the allowable hoop stress for materials used at tempera-
tures of 1,000 deg. F. or higher. This rule was restricted at
lower temperatures to avoid exceeding the reported short
time proportional limit of certain materials. A table of
values is published in the guide which establishes a smooth
transition between the *“two thirds” rule which still is in
effect up to 850 deg. F. and the factor of two permitted at
1,000 deg. F. and higher temperatures.

The use of such local combined stress limits may at first
be considered hazardous since it apparently permits a factor
of safety of one based on the 100,000 hour rupture strength.
However, careful examination indicates that the basis is in
fact quite sound.

In the first place, the maximum combined or equivalent
stress is the value limited and this must include both internal
pressure and thermal expansion effects. The results so
obtained are usually localized point or line stresses. The
thermal expansion components are subject to rapid alleviation
due to creep effect, though they may recur in modified form
when the pipe is cooled down and again brought up to
temperature. Bailey*40) has indicated that creep effects are
much more pronounced due to combined bending and hoop
stress than for either stress acting alone.

Another feature which greatly reduces concern over
thermal expansion stresses is the use of cold pull-up. The
interim guide recommends that 100 per cent cold pull-up be
used where this can be done without exceeding § of the yield
stress in the cold condition. However, no more than ?
credit for cold pull-up may be used in the stress calculations.
This is believed to be a wise provision since it is manifestly
impossible to allow for the deflexion of anchorages or for
relative movements of terminals due to the working of a ship
in a seaway.

The best known and most widely used method of arriving
at the maximum equivalent stress value is the Mises-Huber-
Hencky distortion energy vyield criterion (reference (43)
page 256). This requirement simply states that the stress
deviator or octahedral shearing stress for a multi-axial
stress condition shall not exceed one half the permissible
maximum combined stress. When this requirement is met,
the maximum local shear distortion energy in the pipe has the
same value as the shear distortion energy in a simple tension
test.

The determination of thermal expansion stresses in steam
piping has been the subject of many publications, and
numerous ingenious methods have been devised to solve the
flexure problems arising in complicated piping arrangements.
A variety of these are described in references 57> &8). (59),
(80, (6i). Space does not permit any discussion of these nor
do the authors have anything new to add on the subject.

It may not be generally appreciated just how difficult and
time consuming is the practical process of compromise
between preliminary idealized technical piping layouts and
the actual arrangement drawing with its multitudinous
problems of clearances, anchorages and supports. The
authors cannot recall a ship piping arrangement that did not
require at least four complete sets of calculations for each
pipe section before a satisfactory arrangement was achieved.

Local intensifications of thermal expansion stress also
present a serious and continual problem. There has appeared
quite recently a new and valuable contribution on the subject
of stress intensification factors in elbows and bends*62).

One important case of stress intensification in pipe elbows
appears to have escaped treatment in the literature except for
one isolated note*63). Examination of the equilibrium
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stress conditions in a short radius
elbow

Fig. 15.— Bending

conditions in the cross-section of an elbow shows that there
is an increase of hoop stress on the inside of the bend which
is of major proportions in a short radius elbow such as
shown in Fig. 15.

Formulae for the stress conditions in a torus are given in a
standard reference text*&4). However, elementary analysis
by requiring moment equilibrium conditions as shown in
the figure yields hoop stress values which were found to be
in good agreement with strain gauge measurements on an
actual elbow similar to the one illustrated.

In this case the stress increase is general over the inner cross-
section and extends for the full length of arc. The authors
therefore conclude that such a stress must be considered in
relation to limiting hoop stress values for straight pipe.

Further investigation indicates that this problem will arise
mainly in forged turns where the method of forming restricts
the natural tendency for thickening of the inner wall. In
pipe bends of normal proportion which are formed around a
mandrel the thickening effect of the bending process is
approximately proportional to the increase of stress. This
problem is avoided in cast fittings which are normally
required to be appreciably thicker than the pipe wall/65).

A further consideration regarding pipe bends is that with
proper control, the thinning which normally occurs on the
outside of the bend will be of the same magnitude as the
decrease of hoop stress. Therefore, the provision of extra
design thickness to compensate for thinning appears to be an
unnecessary precaution.

Thermal Shock. A great deal of attention has recently
been focused on the effects of thermal shock on high tempera-
ture steam piping (53> (55> Except for its effect on flanged
joints, the results of sudden quenching of superheated steam
lines due to boiler water carry-over appear to have received
some undue emphasis. Much has been made of the reduction
in thermal stress which accompanies the use of thinner wall
pipe. However, both theoretical analysis illustrated by
Fig. 16 and actual temperature measurements"%) indicate
that the benefit of thinner wall pipe applies only to sustained
temperature gradients such as occur during starting of boilers
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0-445 Thick'

Fig. 16.— Total stresses on inner surface due to therm al
SHOCK AND PRESSURE

and warming up of steam lines or during steam temperature
swings while operating under load.

Probably the most important lesson obtained from these
studies and experiments is that thermal stresses approaching
short term yield values may occur repeatedly in high tempera-
ture steam lines. It is therefore evident that high endurance
strength and high short term fracture strength accompanied
by considerable ductility are desirable properties in piping
subjected to these conditions.

Vibratory Stresses. The influence of superimposed vibra-
tory stresses in piping and related equipment has received
relatively little attention. Some apparently conflicting
results for gas turbine type alloys are presented in reference
(66), Freudenthal also discusses these results in general terms
(reference (43), page 385).

The use of a modified Gerber diagram to relate steady and
alternating stresses at high temperature is suggested in
references(66) and (35). Some data are presented in reference
(67) from German sources which appear tojustify the parabolic
type of curve suggested in reference (35).

Unfortunately, information on the high temperature cyclic
stress limit appears to be completely lacking for the ferritic
alloys of current interest for piping. Information on damping
capacity and the expected magnitude of exciting forces is
also negligible. About the only information available is
from personal experience regarding the general order of
magnitude of shipboard steam piping vibration amplitudes
under various conditions. When such amplitudes become
excessive, common sense measures can usually be found
which will reduce the amplitude to an acceptable level.

Main Turbines. Turbine casings are principally pressure
vessels and materials and working stresses are selected on
this basis. The casing also serves to maintain proper
clearances between rotating and stationary elements and in
this function is adversely affected by creep. However, the
pressure-containing service is more critical and pressure
stresses are based on a safe relationship with the creep-to-
rupture strength of the material. With stresses so established,
the creep rate is reduced to the point where adequate clear-
ances can be maintained for the life of the machine.

High temperatures emphasize the need for material that
is free of defects. For these reasons it would be desirable
to make the casing element which is subject to inlet tempera-
ture of steel forgings. However, due to the complexity of
shape, steel castings are more practical. It is necessary that
these castings be examined by radiographic and magnetic
particle examination, and careful re-examination is required
after weld repair correction of all defects.

Rotor and blading materials usually operate at tempera-
tures below which the creep-to-rupture strength or limiting
total creep may determine the working stress. This is
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Fig. 17— -vertical header type multipass marine super-
heater with screened headers

because there is usually a considerable temperature drop
through the first stage nozzles. In this case the working
stress is based on the short term yield strength of the material
at the operating temperature with the provision of an adequate
margin of safety.

Initial blading and rotor stresses and temperatures may,
however, be in the range where creep rates are appreciable
but other considerations usually have a more important
influence on design proportions. The most important of
these is the vibratory stresses set up by steam impact in
stages which are necessarily of the partial admission type.
This problem received wide attention in the literature a few
years ago and these taken with two more recent publications
(68), (69) would appear to offer fairly complete information
on the subject.

The standard low carbon 12 per cent chromium steel
blading has so far proved entirely adequate for high tempera-
ture design work due to its excellent high temperature
properties. There have been some developments in turbine
rotor materials with primary emphasis on improved room
temperature properties, and a high degree of physical and
metallurgical stability. These materials which are complex
nickel chromium molybdenum alloys are found to have very
high creep strength properties.

Construction and Fabrication Problems

Superheaters

Returning to the superheater, the basic requirement for
providing adequate surface is. as would be expected, a
compromise between permissible gas and steam velocities
based on pressure drop and metal temperature limitations,
and a number of practical considerations. Recent experience
has indicated the desirability of proper access for external
cleaning and for detection of tube seat leakage. Fig. 17,
showing the superheater arrangement proposed for some new
cargo vessel construction, illustrates a vertical header design
which meet these requirements.

Special problems arise where the steam temperature is
high enough to require the use of austenitic tubing. Thermal
stress problems as well as increased cost are urgent reasons
for seeking to avoid the use of austenitic headers and a very
satisfactory solution has been developed in stationary plant
practice by employing ferritic “safe-ends” on austenitic
superheater tubes.

The ferritic header and the safe-ends may be protected
from radiation by a screen of insulation and refractory
similar to that shown in Fig. 17. The tube seat may,
therefore, be a normal expanded and seal welded design
which presents no great problem as long as proper preheat
and welding techniques are employed.

Welding of the ferritic safe-ends to the austenitic tubing is
a rather special problem which has recently received a great
deal of study <°)> (7> <A There is now ample experience
to indicate that such joints can safely be made in superheater
tubing.
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Superheated Steam Piping

General. One of the major piping construction features
which must be settled early in a design is the extent to which
flanges are to be used. Some American operators insist upon
flanged valves in order to permit shop, rather than ship,
repairs. It is understood that overtime premium pay
requirements when such work is performed by the ship’s
force have considerable bearing upon this situation.

Apart from such considerations, sound engineering practice
dictates the use of welded joints wherever possible. Tools
are now available which permit repairs in place even of
gate valve seating surfaces, and the inconvenience of doing
such work appears a small price to pay for the elimination of
numerous flanged joints which remain a potential source of
serious and even hazardous leaks.

Welding-in of fittings such as elbows, wyes, and headers is
accepted practice in addition to aboard ship welding together
of various shop assemblies of piping, fittings, and valves.

In spite of the additional radiographic and other inspections
required, there appears to be a saving in overall cost from the
substitution of welded for flanged connexions, and there is,
of course, an appreciable weight saving.

The authors would, therefore, recommend that the entire
superheated steam line be welded up except where flanged
joints are required for top half turbine casing steam inlets.
There does not seem to be any real need for flanged con-
nexions at the boilers unless frequent superheater replace-
ments are anticipated, and power station experience does
not indicate that this is likely.

The development of necessary welding and inspection
procedures even for the milder air hardening ferritic alloys
IS a major engineering task. Apart from the strictly welding
technique features of optimum current and voltage require-
ments, actual handling of the electrode, slag removal, etc.,
there are many engineering problems involved in the choice
of electrode compositions and coatings, amount of preheat
and post-weld stress relief or heat treatment and in the
mechanical design of the weld joints.

Each of the ferritic alloys will be found to have its own
particular requirements in the above respects and, while
this work may be new to shipyard organizations, there is
available a large background of such experience in the firms
which do pipe fabrication work for the power station
industry. A number of special problems and features
coming within the scope of the authors’ experience are
discussed below.

Structure and Heat Treatment of Welded Piping. The most
desirable heat treatment from the standpoint of long term
high temperature properties depends not only on the particu-
lar material and its melting and manufacturing history but
also upon the various fabrication operations including
bending and welding. The necessity for practical shop
sequences must also be considered.

With regard to melting practice the avoidance of excessive
amounts of aluminium in carbon and carbon molybdenum
steels is recommended because the fine inherent grain resulting
from aluminium additions is more susceptible to graphitiza-
tion and also produces inferior long term creep and rupture
properties. Steels with moderate chromium content are less
sensitive to the effects of aluminium de-oxidation since
chromium in amounts of 1 per cent or even less, according
to some sources<37> appears to completely inhibit graphitiza-
tion. There is some evidence, however, that aluminium in
excess of J Ib. per ton of melt has an adverse effect on the
long time creep strength of low chromium ferritic alloys"™4).

In general it is preferable to order ferritic piping in the fully
annealed condition to provide maximum initial ductility for
cold bending. This treatment also removes most of the effects
of cold finishing. The desirability of a recrystallization treat-
ment following either cold or hot bending will be elaborated
later. Further consideration of heat treatment must be
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related to a particular type of alloy, and the following dis-
cussion will be limited to two types, namely carbon molyb-
denum steel and the group of low chromium molybdenum
alloys listed in the interim guide*10).

Carbon Molybdenum Steel. It has been rather well
established that optimum long term creep and rupture
properties for low to moderate carbon grades of this alloy
are obtained from a grain coarsening treatment, i.e. normaliz-
ing. Tempering after normalizing or annealing instead of
normalizing are undesirable in this respect because both
processes Involve appreciable time at temperatures which
promote spheroidization and consequently a material loss of
creep resistance*54).

The normalizing treatment may be applied after bending
and completion of all sub-assembly welds except where pipe
is to be joined to completed valves. Some objections have
been raised to normalizing after welding of this material
particularly if the welds were made with electrodes having
an organic coating which will result in trapped hydrogen.
Controversial points of this sort can be decided only by careful
welding procedure and qualification tests for each particular
case.

Obviously, it is not practicable to apply a furnace normaliz-
ing process to completed valves nor is it safe to apply a local
normalizing temperature to the welded ends of such valves
because of the high temperature differentials which may result.

In this case the next best treatment must be accepted
which appears to be a 1,300 deg. F. stress relief anneal
maintained for at least four hours. This treatment applied to
carbon molybdenum steel which has previously been
normalized appears to be effective in preventing graphitiza-
tionW). However, there is evidence of some loss in creep
resistance and rupture strength, probably because of the
spheroidization which takes place during this treatment.*54)
Additional insurance against graphitization would appear to
be the more important consideration.

Low Chromium Molybdenum Steels. The addition of
larger amounts of chromium and molybdenum than the
minimum necessary to prevent graphitization tends to produce
inherently finer grain structures, even when little or no
aluminium is used in the melting process. Also, the
spheroidization process is strongly inhibited by chromium
additions. As a result it would be expected that the long
time high temperature properties of such alloys are less
sensitive to heat treatment variables*4).

Normalizing is generally preferred to annealing mainly
because of the higher short time rupture strength which
provides greater protection from local stress concentration
and thermal shock effects. Since the addition of chromium
also produces an air hardening characteristic, normalizing
must be followed by tempering above the usual stress relief
range, and preheat is essential for all welding operations.

A further complication occurs at least in the upper
chromium range under consideration where it has been found
that normalizing lowers the rupture strength of the weld metal
deposit*73).

As a result of these various factors, one recommended
fabrication sequence for these alloys consists of a normalize
and.draw treatment after all bending operations whether cold

VTG

FiO. 18— Typical butt weld design for pipe to casting
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or hot but before any welding is done. Welds are then stress
relieved at about 1,350 deg. F. for one hour per inch or less
depending on pipe size and thickness.

Welding— Design and Equipment. Two features of butt
weld joint design may be mentioned, one is the use of chill
rings of adequate thickness and the other is the application
of common sense to the proportions of a joint between
elements of considerably different thickness. Fig. 18
illustrates both features in a joint between straight pipe and a
cast fitting. The chill ring Is an integral part of the casting
which has a smaller bore than the pipe. In addition, the end
of the casting is tapered on the outside to provide a smooth
transition which avoids discontinuity stresses and reduces the
amount of weld metal to be deposited.

The necessity for preheating chromium alloy welds and for
local stress relief of aboard ship welds requires extensive use
of induction or resistance heating coils for this purpose. Even
for shop work it is necessary to use this equipment for preheat
and stress relief when welding pipe to finished valves in order
to avoid distortion of valve seating surfaces.

In connexion with radiography it may be mentioned that
where a large number of welds must be inspected, the use of
cobalt 60 as a radiation source has been found to be fully as
effective as radium and personnel hazards are limited to
radiation exposure only while damage to a radium capsule
presents the additional hazard of radon gas leakage.

The extensive use of cold pull-up in a practically all-welded
piping assembly results in a certain number of ship welds
which must be performed under restraint. Special fixtures
must be used to hold the pulled-up connexions in alignment.
However, the most important point is that it is essential to
determine by actual test that the material and the fixture are
capable of withstanding the expansion and shrinkage stresses
of the welding operation.

Cast Fittings. Reference has been made to the.use of
cast fittings. The technical piping system designer would
prefer easy bends to obtain the necessary flexibility but in
practice close bends and wyes are inevitable. The choice
between forged and cast fittings of ferritic material for this
purpose should be mainly an economic one since either type
can be expected to have long term high temperature properties
comparable to the straight pipe*5b).

The use of alloy castings requires careful radiographic and
magnetic particle inspection to detect and eliminate defects,
but once these have been corrected by repair welding followed
by radiography a sound fitting is assured. The alternative
for complex fittings such as headers and wyes is to weld
together various forged sub-assemblies. The proportions and
design of welds involved in such cases often make it evident
that better results as well as reduced cost will be obtained by
making the item a casting.

Bending Operations. The fabrication of shipboard piping
assemblies, of course, involves a large number of bends. As
would be expected, power station installations have less need
for bends and where required they often occur in very heavy
wall pipe due to the higher pressures employed. As a
consequence, it is found that stationary piping fabricators
generally do not cold form such bends and do not as a rule
possess or use the large cold bending machines commonly
found in shipyard piping shops.

This situation has resulted in some reluctance to use cold
bending procedures for alloy piping for ship use. In one
instance these objections were overcome by making destructive
and long term high temperature tests of specimens from a
sample cold bend of ferritic alloy piping made to a radius of
five times the nominal pipe diameter.

Micro-examinations at the point of maximum elongation
on the outside of the bend showed that the amount of grain
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structure orientation due to cold bending was surprisingly
small and of random distribution. In fact, there was little
difference from the micro-structure of the straight pipe which
receives a certain amount of orientation during the final
cold pass. A sub-critical stress relief treatment had no effect
on the micro-structure as might be expected but all evidences
of prior strain were completely removed by a normalize and
draw treatment. Such treatment is also important following
hot bending because of extensive coarsening at the hot
working temperature.

One consideration which has been suggested with regard to
cold bending is that the material should not be of a type which
is subject to marked strain ageing since permanent strains of
the order of 10 per cent occur during the bending process.
Cold bending of ferritic piping has, therefore, in some cases
been restricted to material of fine inherent grain size.
However, there is ample satisfactory experience in cold bend-
ing of low aluminium content carbon-molybdenum pipe in
the normalized condition which has a coarse grained structure.

It is also important to control the deformations resulting
from bending operations. Thinning of the outer wall must
be kept within reasonable limits but it is almost equally
important to control the development of eccentricity.

With regard to thinning, it should be mentioned that
ultrasonic equipment is now available which will measure
the wall thickness in pipe bends with an accuracy of about
2 per cent. One of these devices is so simple to operate
that it can be left in the hands of skilled shop mechanics once
they are instructed in its use*74).

A differentand more elaborate type of ultrasonic equipment
has been used to examine piping for radial flaws which are
not readily detected by other means*75). The authors’
experience, which includes sampling inspection of straight
ferritic pipe as received from the mill and similar pipe after
bending, did not disclose any defects exceeding the 5 per cent
tolerance limit mentioned in the reference.

When subjected to internal pressure, out of roundness
introduces local bending stresses which add directly to the
bursting stress. An analysis of this effect appears in an early
American article*76), which also points out that bending
stresses of opposite sign occur when an eccentric bend is subject
to expansion stresses. However, the authors do not believe
that any credit should be taken for this latter effect in view
of the 100 per cent cold pull-up basis which is intended to
eliminate expansion stresses at the working temperature.

From a practical standpoint it is not too difficult to limit
out of roundness to 4 or 5 per cent using either the cold or hot
bending technique. This tolerance may result in a super-
imposed bending stress at one section in the pipe nearly
equal to the bursting stress. However, the resulting combined
stress is of a localized nature and is in agreement with the
maximum combined stress limit previously discussed.

One obvious disadvantage of the hot bending process is the
additional loss of wall thickness due to oxidation and scaling
in the 1,600 to 2,000 deg. F. forming temperature range. This
may be as much as 0 03 inch or more depending on how long
the pipe must be held at these temperatures. Another factor
is that control of flats or excessive out of roundness is
exceedingly difficult once such a tendency develops since these
effects are due to local softening from unequal temperature
conditions in the pipe while forming. Control of these
features in the cold bending process is simply a matter of
selecting and maintaining the proper dimensions of the
forming dies and mandrels.

Flanged Joints. At the present writing it appears that any
ship installation must have a certain minimum number of
flanged piping joints because of the difficulties and expense
encountered in placing the inlet nozzles in the bottom half
casing of turbines requiring multiple nozzle valve control.

In this connexion, the bottom half casing piston valve
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arrangement described in reference (9) would hardly be
acceptable in American practice because of the clearance
flow losses.

Design of an efficient high temperature flanged joint is
therefore a matter of considerable importance and some new
work has recently been done in this direction*77). *78> *79) and
(8)- There is a long record of satisfactory marine experience
with spiral wound asbestos filled steel gaskets for temperatures
up to 900 deg. F. and some marine and power station
experience at higher temperatures. Nevertheless, enough
concern is felt over the behaviour of such gaskets under rapid
temperature swings to have resulted in two major alternative
developments.

The pressure sealed type of joint described in the above
references appears to have excellent possibilities for land use.
However, it is not attractive for ship piping due to the large
amount of spring back required to open the joint and the
difficulty of repairing damaged surfaces.

A modification of the pressure seal principle has been
developed for valve bonnet joints which has undergone
rigorous tests*3) and appears to have good possibilities for
marine use.

The other development described in reference */) employs
a bellows type all-metallic gasket which utilizes the internal
pressure to help maintain tightness. Like all bellows con-
structions it has the disadvantage of a welded connexion at a
point of stress concentration. Fatigue tests to determine
typical S-N curves for at least the number of cycles expected
during the service life would appear to be required before such
gaskets can be used with entire confidence.

Piping Supports and Anchorages. Hangers must be
sufficiently closely spaced to maintain localized natural
frequencies of piping system elements at values well above
propeller blade tip frequency. Ifpracticable, these frequencies
should exceed twice the number of the blade tip impulses at
maximum revolutions since second order resonances are
commonly observed.

Solid type hangers are preferred for long horizontal runs
of piping but spring hangers must be used wherever there are
substantial changes in elevation which result in vertical
expansion movements. The latter are arranged to support
the weight of pipe and insulation in the cold condition but
permit thermal expansion movement without excessive
change in spring reaction. The natural frequency of spring
supported systems is, of course, affected by the elastic
constants of the springs which must be taken into account.

When excessive vibration is encountered this can be reduced
to acceptable levels by the use of friction damping type
supports which permit slow movement due to thermal
expansion. Fig. 19 illustrates the details of this type of
support.

Horizontal weight and inertia components of piping may be
quite large when a vessel is rolling in a seaway. The forces
are usually absorbed by a system of sway braces or links.
Considerable ingenuity is often required in placing these

Fig. 19.— Friction damping type of pipe hanger
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links so that expansion movements of the piping closely
follow the arc of travel of the piping end of the link.

Frequently the forces and moments imposed by piping
attachments to turbines and boilers is of more serious conse-
quence than the stress in the piping. It is necessary to inform
the manufacturers of such equipment of the magnitude and
direction of these forces and moments, and quite often
additional piping flexibility must be provided to reduce the
values to acceptable limits.

Safety Valve Escape Piping. The few steam line failures of
recent record which resulted in casualties aside from battle
damage experiences were mostly due to rupture of safety
valve escape piping at the junction of the valve outlet, Fig. 20.

Fig. 20.— Typical design of open end safety valve escape
piping connexion

It is now well recognized that the entire vertical run of such
piping must be supported and permitted to expand inde-
pendently of the valve mounting.

Frequently this may be safely accomplished with an open
end connexion as shown in the figure since advantage may
be taken of the kinetic energy of the jet leaving the valve
nozzle to provide an eductor effect. The published
analytical procedures available to the authors*8l) <8>are not
sufficiently realistic for solving the flow and pressure drop
relations involved in this case. Tests of small scale piping
mock-ups using air instead of steam were found to give a
satisfactory basis for design. The method of analysis
involves the procedures described by Keenanw) for compres-
sible flow relations involving a shock front.

Main Turbines. Construction problems due to the use of
higher steam temperatures in main turbines centre in those
parts which are subject to full inlet temperature. These are
the stationary parts, valves, steam passages and nozzles which
are in contact with the inlet steam before it is expanded by the
first stage nozzles to a lower temperature.

The design features to accommodate higher temperatures
fall into two categories. The first process is simply the
selection of suitable materials and dimensioning of usual
constructions so that stresses are within allowable limits for
the materials at their working temperatures. When this is
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inadequate, it becomes necessary to develop special construc-
tions to reduce to safe limits the stresses which are set up by
temperature differences and to design for lower stress
concentrations at critical points to provide adequate margins
above the rupture strength or creep limit at the working
temperature.

Valve bodies for the turbine throttle and stop valves are
examples which can be satisfactorily designed for higher
steam conditions using only the first procedure described
above.

Forgings have been selected for this service for several
reasons. Thinner wall thicknesses are permissible which will
minimize the temperature differences during heating. The
use of forgings also avoids the extensive weld repair that is
generally necessary with castings to obtain an end product
that is free of defects. There is a secondary advantage in
having a valve body of minimum weight in order to simplify
its mounting to avoid vibration.

Fig. 27, showing a steam strainer and ahead and astern
valve body for the propulsion machinery described in
reference (13), is a typical example. It is a single-chamber
pressure vessel and therefore is subject to one pressure and
temperature. Heating and cooling are fairly uniform so that
there will be no severe stresses due to temperature differentials.
A material is selected which has adequate strength at its
working temperature and the proportions are such that
stresses are safe.

The problem of bolting is similar to that of the valve
body. It involves selecting a material and proportioning
the bolting to provide safe stresses. A choice is generally
available between bolting of one alloy steel, or somewhat
smaller size bolting of a higher alloy. In some cases,
however, where maximum strength is required, the more
expensive and special alloy requiring the use of critical
materials must be used.

Bonnet and cover joints which are circular can be made with
either metallic or spirally wound gaskets. Irregular open-
ings, however, must be made metal-to-metal and must be
designed and finished to the same high degree of care asthe
main turbine casing joint. The principles involved in the
design of such joints have been well summarized in a brief
paper by Campbell*&j).

Valves and valve stem construction must be arranged with
clearances that will permit seating of the valve even though
the stem and seat are somewhat misaligned by temperature

0 40 80 120 160 .
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Fig. 21.— Combined therm al and hoop stresses and effect
of scale; on furnace water wall and screened tubes
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strains, and without the imposition of undue bending
moments on the valve stems.

Valve stems and bushings, balance pistons and cylinders
must be made with sufficient clearances to avoid binding
and materials must be selected which retain their anti-
galling characteristics at the operating temperature.

The most critical element of the main turbine for high
temperature applications is the design of the inlet zone of the
high pressure turbine casing. This zone is not only subject
to maximum temperature and the limit which this places on
allowable stresses, but is also subject to temperature differences
during operation at partial loads when steam is admitted to
only a fraction of the inlet nozzles.

In this respect, the high temperature marine turbine like
its high temperature land counterpart must make use of
special construction to avoid the stresses that would be,set
up by non-uniform heating in the conventional turbine.

For moderate temperatures, the multiple steam inlet
passages to the first stage nozzles are cast integral with the
cylinder as shown in Fig. 28 which illustrates the h.p. turbine
for the tanker machinery described in reference (11). With
this construction, the passage to the first group of inlet
nozzles is open to the flow of steam before the other groups,
causing the walls of this passage to heat at a greater rate than
the surrounding walls.

The hotter walls are prevented from expanding by the
surrounding cooler walls and expansion stresses are set up
which are proportional to the temperature differences between
the casing walls in this area. For inlet temperatures up to
about 950 deg. F. these stresses can be safely sustained in
arrangements of the type shown but it is desirable that
attention be paid to retaining symmetry and circularity
wherever possible in the design. With higher temperatures,
the temperature differences are higher and the strength of
the material is lower, both conditions increasing the severity
of the resulting conditions.

One way to avoid severe thermal stress and distortion
conditions is to design the inlet zone of the high pressure
turbine in the manner illustrated in Fig. 29. This figure is a
longitudinal section through the inlet end of a turbine
installed in the Sewaren station of the Public Service Electric
and Gas Company of New Jersey*%).

It will be noted that each inlet passage to the first stage
nozzles is a single walled structure which is attached to the
inner casing wall by a conical member so arranged that the
nozzle chambers can expand without restraint. In this case
there are six of these separate nozzle chambers, three in each
half of the turbine casing.

The steam inlet pipe projects through the outer casing and is
fitted inside the cylindrical inlet to each nozzle chamber.
Leakage into the space between inner and outer casing walls is

Fig. 22.— Integrally welded tube to

high pressure boiler (f RoM A.S.M.E. code).
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Fig. 23.— Method of determining exact values for energy
extracted for a finite number of stages of feed heating
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restricted by piston ring type joints between the inner end of
the steam pipe and the nozzle chamber.
The inlet steam pipe is welded to a projecting nozzle of the
outer casing to permit unrestrained expansion of the pipe.
With this arrangement the only parts subject to stress due

to temperature differences are cylindrical, and the resulting
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stresses can therefore be accurately determined and the
dimensions proportioned accordingly.

For similar reasons the nozzle control valves which are
normally attached to the turbine casing must be separated for
temperatures above about 950 deg. F.  For the unit shown in
Fig. 29 the valve chest is mounted beside the cylinder and
connected to the various nozzle inlets by pipes whcih are
provided with sufficient flexibility to take care of their own
expansion.

24— Correction to short form values for
EXTRACTED FOR FEED HEATING

For three heaters add 1 B.Th.U. per Ib. to value read on
curve
For FIVE HEATERS SUBTRACT 1 B.Th.U. PER LB. FROM VALUE READ
ON CURVE
Exact energy for extraction feed heating = hr - correction

Fig. energy

Where hr= (1 + ~ [w> - HO . (460 + /,) (S6 - S0)]

Austenitic materials were used for the inlet nozzle chambers
and for the inlet steam pipes. There is also an austenitic
section of the nozzle projections on the outer casing and an
austenitic portion of the conical members supporting the
nozzle chambers. Thus the only welds required between
dissimilar materials are in the middle of these cylindrical
and conical members.

By this arrangement the main turbine inner casing is
subject only to the temperature of steam after expansion
through the first stage nozzles. This lower temperature is
the maximum to which the main turbine casing is subjected
and simplifies its design.

The use of a by-pass to admit steam directly into the
turbine casing for higher powers, which can readily be done
at lower inlet steam temperatures, would present a difficult
problem for a high inlet temperature casing design. By-passing
would also subject the first rows of rotating blades to nearly
full inlet temperature which would present an additional
difficulty.

A critical effect of high steam temperature, as defined
earlier in the paper, manifests itself in bolting. Bolts which
are subject to full inlet temperature, such as those which
attach the first stage nozzle blocks to the nozzle chamber,
must be given special attention to avoid stress concentrations
which may lead to failure by long term rupture. For this
service, provisions must also be made for either accurate
seating for the bolt heads or self-aligning washers to avoid
the possibility of a bending moment being introduced into
the body of the bolt while tightening. Tapered thread
diameters, round bottomed threads and reduced body diameter
are additional safeguards against stress concentrations.
Tightening of the bolt must be controlled by measuring either
the elongation of the bolt or the applied torque.

245

The remainder of the turbine in general follows conven-
tional practice since the temperatures beyond the inlet zone
fall within normal moderate temperature practice. However,
the overall temperature level through the turbine is raised,
which requires some innovations. Diaphragm packing seal
rings operate at temperatures too high for the standard
leaded-bronze construction and stainless steel fins must be
used. Gland sealing piping may receive steam at temperatures
above the limit for carbon-steel piping. The advantages of
metallic labyrinth gland seal rings over carbon rings is
amplified.

Astern operation presents an unusual problem for high
temperature designs, particularly for large powers due to the
increased windage losses generated in the ahead stages. The
effect of higher temperatures is to aggravate the problem by
raising the exhaust temperature level from which windage
heating begins.

Enough is now known about the factors controlling
reverse operation windage and thermal dissipation during
astern operation to predict the astern “hot spot” tempera-
tures and overall temperature differentials between rotor and
casing with a satisfactory degree of accuracy. Proper
clearances can then be assigned so that there is no likelihood
of a rub during or after astern operation.

With the proper selection of materials, and the same care
in the design and construction of the turbine, there is every
reason for a high temperature turbine to maintain the same
high standard of reliability as its moderate temperature
predecessors.

Condensers. As was shown previously, the use of higher
steam pressures and temperatures for modern propulsion
machinery justifies and requires the use of three or four
extraction type feed water heaters to obtain better cycle
efficiency and therefore fuel rate. The extraction of steam
for feed heating and the reduction of steam consumption for
a given power output result in a considerable decrease of
steam flow to the condenser, thereby making it possible to
use a smaller condenser and obtain a saving in weight.

Higher steam pressures and temperatures do not impose
any special design problems for a conventional surface
condenser supported by the low pressure turbine or where the
turbine supporting structure is built into the condenser shell
above the top of the tubes. However, new problems arise
in the case of installations where the turbine is mounted
directly on top of the condenser with the support attached
to the sides of the shell and there is considerable height
between the turbine exhaust flange and the condenser
supporting feet. This is because higher initial steam
temperatures result in a large upward expansion of the
condenser shell during astern operation when the exhaust
temperature is relatively high due to the lower efficiency of
the astern element. Adequate provision for differential
expansion is obtained by arranging for additional flexibility
in the condenser shell or by other means.

High Pressure Problems. As previously indicated, no
new problems arise due to the use of higher pressures;
however, a number of cases arise where designs that were
entirely satisfactory at moderate pressures must be con-
siderably modified for high pressure applications.

One obvious instance is the use of multiple pressure
breakdown devices around moving shafts; this applies not
only to steam turbine and feed pump rotors but also to high
pressure valve stems.

The increase of saturation temperature with higher steam
pressure has far-reaching effects on the boiler design.
Economizer water outlet temperatures may be increased to
correspond but, since feed water inlet temperatures usually
increase also, the economizer absorption per pound of
evaporation changes but little. A greater burden is, there-
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fore, imposed on air heater recovery surface since the
economizer gas exit temperature must be higher. The result
is a tendency toward higher combustion air inlet temperature.

The necessity for increasing steam generating tube pitch
to obtain adequate drum ligaments at higher pressures has a
tendency to reduce the amount of steam generating surface
which further increases the heat absorption duty ofeconomizer
and air heating surfaces.

Further, the density ratio of saturated vapour to liquid is
less at higher pressures, approaching unity at the critical
pressure. Therefore, it becomes increasingly important to
provide adequate disengaging surface in the steam drum, and
the moisture separating devices must be more efficient in
action. Additional downcomers may also be required
because the lowered density ratio reduces the circulation
head of the steam generating tubes.

Another important effect on boiler design occurs in the
waterwall and screen tubes of the steam generator; Fig. 21,
reproduced from a recent publication*8&), shows how the need
for increased wall thickness aggravates the elastic state thermal
stress conditions in such tubes. High steam temperatures
are also a factor in this problem since the screen tube absorp-
tion rate is greater for higher furnace exit temperatures which
have already been shown to have an important bearing on
economical superheater proportions for high steam tempera-
tures.

Another important high pressure effect is in relation to
transient thermal stresses since the increased wall thickness
required in drums, headers and piping aggravates the stresses
resulting from sudden but sustained changes in water and
steam temperatures.

Greater care must be exercised in starting of high pressure
boilers to avoid excessive sustained temperature gradients in
drum sheets, header walls and also in tube seat joints of
economizers, waterwalls and superheaters. The recent
considerable progress made in quick starting of high pressure
land boilers I1s due mainly to a better understanding of the
transient temperature conditions in these parts of a boiler

based on careful measurement and analysis*8). The provi-
sion of drainable superheaters and reheaters has also assisted
materially in reducing starting up time for such units.

The turbine starting problem is also accentuated in higher
pressure units with more massive casing and diaphragm walls.

Finally, the increased mass of high pressure parts appears
most prominently in the flanged joint problem. The neces-
sity for thicker walls and heavier bolts combine to aggravate
the delay in response of outer flange and bolt temperature to
changes in steam and pipe wall temperature.

This effect is also evident in boiler tube seats where the
need for heavier wall tubing and thicker headers has led
to developments in the design and fabrication of expanded
tube seats*87). Recently there has been a trend in very high
pressure land boilers to use integrally welded header joints
illustrated in Fig. 22 which result in an increased header
ligament efficiency. In such cases the final connexion is a
field butt weld between the tube and the stub which has been
shop welded to the header*30).

Similar considerations apply to the design of tube seat and
head joints in high pressure feed water heaters, and this
appears to be the reason for the development and increasing
use of return tube type heaters.

The problems involved in high temperature turbine casing
and valve chest cover joints have been discussed above, and
the extent to which these are magnified at higher pressures
is apparent.

The effects of higher steam pressure upon control equipment
will be discussed below.

Control Equipment and Operating Problems

A marked reduction in creep and rupture strength for the
same increment of temperature at higher temperature levels
is found even in the alloy materials selected for high tempera-
ture use. Thisisillustrated by the data in Table 111 and makes
it evident that a positive form of superheat control is highly
desirable for steam temperatures above about 850 deg. F.

It is obvious that a rising steam temperature characteristic
with boiler output is very desirable since this provides a safer
level for the temperature swings which are more likely to
occur at light loads and during manoeuvring. Unfortunately,
this characteristic conflicts to some extent with economical
superheater design for high temperatures since it is a result of
decreased radiant absorption in the superheater. This
situation further emphasizes the desirability of superheat
control for high temperature boilers, to ease the operator’s
burden.

The simplest and most reliable control arrangement is
accomplished with an auxiliary drum desuperheater which
receives a controlled portion of the steam flow from an
intermediate pass of the superheater. This desuperheated

Tempenature,OF.

Fig. 26.—T heoretical effect of steam temperature on
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steam is then returned to the inlet of the next superheater
pass and the superheater outlet temperature controlled by
the amount of steam permitted to flow through the desuper-
heater. The system has been in successful use for many
years, and the original marine application is fully described
in reference (24).
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are used. Such a system cannot be considered fully automatic
and its merit relative to a fully automatic system using either
wide range steam atomizing burners or equally wide range
return flow burners is still a highly controversial subject.

Considerable recent interest has been shown in steam
atomizing type burners because of the increased seriousness
of the superheater slagging problem at higher steam
temperatures*88). A great deal has appeared recently in
the literature on this subject, and one item which appears
to be of considerable significance is discussed briefly below#

Conclusive evidence has been presented in the case of
stoker-fired land boilers of a reduction in superheater
slagging due to introducing steam into the air supply below
the fuel bed*89). An explanation is offered which unfortu-
nately does not seem to apply equally to pulverized fuel or
oil-fired boilers. Briefly, the use of strongly humidified
air causes the appearance of the well-known water gas reaction
leading to the production of free hydrogen and carbon
monoxide in the fuel bed, followed later by further combustion
of these products. This first reaction is known to be
endothermic and istherefore supposed to lower the combustion
temperature above the fuel bed sufficiently so that vanadium
compounds present in the fuel do not volatize and later
deposit as slag on the superheater tubes.

Experience with pulverized fuel fired boilers indicates that
the same reaction is not sustained because of the greatly
reduced particle size and consequently greater speed of the
combustion reaction. The reported reduction in superheater
slagging due to use of steam atomizing fuel oil burners would
appear to be due mainly to the resulting finer atomization
and reduction in size of combustion particles.

The improvements in efficiency reported as a result of
these humidification procedures are probably in the main
due to increased average cleanliness of the various heat
absorbing surfaces.

A further advantage claimed for steam atomizing burners
is a reduction in soot deposits on economizer and air heater
tubes primarily because such burners require less expert
attention to maintain good combustion conditions at low
rates of operation. The very wide range of burner capacity
available when used with automatic combustion control
would appear to reduce firing attention to a minimum. The
amount of steam used is generally less than 1 per cent of the
evaporation.

With further reference to feed system controls, the increased
importance of feed pump losses in high pressure cycles
emphasizes the advantages of constant differential pressure
control of the main feed pump discharge pressure instead of
constant pressure. This Is particularly important for vessels
operating over a wide range of powers but may be of signi-
ficance even on a tanker or cargo vessel since appreciable
throttling is required at normal power if the constant dis-
charge pressure setting is based on the boiler drum safety
valve condition.

The design of direct mechanical type pressure controls is
greatly complicated by the requirement that the control shall
be accurately governed by a comparatively small difference
between two high pressures, i.e. feed pump discharge and
steam drum pressure. The use of air pilot operated control
for such purposes is therefore finding some favour despite its
increased complexity.

Another control feature which is becoming standardized
for high pressure designs is the provision of automatic
make-up feed by a vacuum drag line which is controlled by
the water level in the de-aerating heater. The tendency to
increase the pressure in this heater to permit full utilization
of the turbine crossover pressure emphasizes the importance
of always having sufficient “net positive suction head”
available at the inlet to the main feed pump which draws
from the de-aerating heater.
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Conclusion

The authors have attempted to discuss the major problems
in the use of higher steam pressures and temperatures which
are within the field of their experience. No doubt there are
many others which the authors have overlooked and still
others are due to appear in the future since the period of
actual experience with high temperatures is comparatively
short.

Further advances in power stations beyond the present top
level of 2,500 Ib. per sqg. in. boiler pressure and beyond
1,050 deg. F. steam temperature associated with a somewhat
lower pressure appear to be likely in the near future. It is
understood that units are now being built for 1,100 deg. F.
operating temperature.

Current U.S. marine practice is well illustrated by three
supertanker designs now in operation to which reference
has already been made*1*- *12- *13). These designs indicate
widely varying tendencies but the majority of post-war
installations are at the 600 Ib. per sg. in., 850 deg. F. level. A
brief description is also available of one C-3 prototype cargo
ship now under construction employing 850 Ib. per sqg. in.
gauge and 900 deg. F. at the superheater outlet*90). There
are, of course, other vessels under construction utilizing high
steam conditions but these all come under national defence
or other security classifications.

Regarding the near future, it appears probable that steam
temperature for U.S. merchant marine construction will
mainly be limited to about 850 deg. F. due to the present
critical shortage of chromium and its need for use in more
vital defence equipment. Looking beyond this limitation,
which everyone hopes is transitory, an increase in steam
temperature and pressure above 600 Ib. per sg. in., 850 deg. F.
is certainly to be expected.
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Appendix 1
Influence of Steam Pressure and Temperature on Specific Weight of Machinery

Information on the variation of machinery weight with
steam conditions was presented in Fig. 10 reference (4). This
data was based on manufacturers’ quotations and detailed
estimates of piping weights. In all cases the specific weight
per shaft horse-power was found to increase with higher
pressure and decrease slightly with higher temperature.

There follows a theoretical analysis of the basic factors
which determine the variation of weight with changes in
steam conditions for the principal types of equipment affected
by such changes.

(1) Steam Piping—effect of increased pressure at constant
temperature

p-Ap

It will be assumed that the length of piping required is
determined from arrangement considerations and is not
influenced by the steam pressure. The following require-
ments must be met: (1) pd/2t = a, constant, to satisfy strength
requirements (2) Ap/p = c¢, a constant, i.e. pressure drop
allowance is taken as a constant fraction of initial pressure.

For simplicity all constant quantities will be lumped
together in a single symbol c in each expression which follows.
The value of this constant is different for each equation but
has no significance for the present purpose.

Now it is shown in Fig. 1 that the improvement in fuel
rate due to higher pressures is quite small; however, there
is a reduction in weight flow and a substantial decrease in
specific volume. The change in weight flow is approximately
proportional to the increase in available energy and thus may
be determined from the approximate relation:

Wi =c,aconstant
where i=cpv(\ —P

using the following notation:

p = initial pressure, Ib. per sg. in. abs.
v = initial sp. vol. cu. ft. per Ib.

P = pressure ratio pijpi

k = adiabatic expansion coefficient
w = weight flow Ib. per hr.
W = total weight of equipment, Ib.
A = inside area, sg. ft.

| = inside diameter, ft.

t = thickness, ft.

V = flow velocity, ft. per hr.

i = available energy, B.Th.U. per Ib.
/ = friction factor

I = length of pipe, ft.
The specific volume change is approximately proportional
to inlet pressure, i.e.

pv — c, constant G
oo fvel_ o w,
YPTUNTdT O Tds ®©
since v=c"
~W
Finally the piping weight is given by
W=c@d+ /)t ©)
with both d and t variable
Combining (2), (5) and (6)
Ap w2vl wa ,,, . ®)
p pd5 pas -& y
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Combining (3), (4) and (5)

wi = corw= ‘1—k_V) ()
Also from (7) and (1)
Then from (8) and (10) is obtained
- (?2)(C +£)
or finally
W-cKpl(x +£)/(, (12,

iy.
Vzi obtained by substituting
values of p in this expression are shown in Fig. 25 using
reference valuespi = 615 Ib. per sqg. in. abs.,/?e = 0-75 Ib. per
sg. in. abs. It is apparent that the piping weight alone
increases appreciably as the pressure is increased.

The weight of insulation has been neglected in the above
analysis but experience indicates that it must be considered, as
in many cases the insulation will be found to weigh nearly as
much as the pipe. Thus if one writes:—

Values of the relative weight

where Wp = weight of piping
W, = weight of insulation
7% = steel density Ib. per cu. in.
Pi = insulation density Ib. per cu. in.

insulation thickness, inch
(assumed constant = 4 inch)
EW = Wp + W, 13
w, = TIAl (d + 2/ + /] §14§
or combining (14) and (1)

m = Tdrti\d ~1 + ~J + i
Thus (10) and (15)

£W = nHIpd2(1

1 15)

+i,) + (7 2)*r( +a 8V

w :r|d2[f]>, vE) + ("a)(" W )
or finally
ZW =
[£(i+ 26) + (55) (> +++3y]- 18

In this case the three constants fs, fi and d have relative

significance. Numerical results were obtained by assuming
h/d —i, 3= 0-283, and h = 0 011. Values are shown on
Fig. 26, and it is apparent that on the above basis the total
weight of piping and insulation decreases with increased
pressure.

(2) Boiler pressure tubing—effect of increased pressure at
constant temperature

This case includes steam generating, superheater and
economizer tubing in the boiler and differs from the steam
piping only in that the tube surface is a function of the total
heat to be transferred. Thus relations (1) to (7) of the former
case still apply but in addition the proportions must satisfy
the following:—

WAh = Qe (19)
-Q = UAt = constant, approximately (20)
S = cni\d (21)
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where S = surface, sq. ft.
Q = total heat transferred, B.Th.U. per hour
U = heat transmission coefficient, B.Th.U. per hour
per sq. ft. per deg. F.
Ah = unit heat transferred, B.Th.U. per Ib.
At = overall mean temperature difference, deg. F.
n — number of tubes in parallel flow
h = length of each tube, inch.

In practice d would probably remain constant, but to
obtain the minimum weight increase it is necessary to assume
that d may be varied as well as n and h.

The unit heat transferred Ah will be less due to a reduction
in enthalpy with increased pressure both at saturation and
at the superheater outlet. Also the inlet feed temperature

should be increased to correspond to the higher pressure. A
fairly close approximation to the overall effect for the
combination of all three types of boiler surface is:—
Ah = CW e (22)
Thus
T CW2 e (23)
and from (20) a{g)% (22)
nli d’ = constant or n\ d = cwl (24)
Returning to equation (6)
Ap _ wh na$
=c
npzd5 >0 I\ (25)

Equations (24) and (25) define the requirements which
must jointly be met by the three variables h, n and d. One
more condition is needed to define them individually. If
equation (24) is substituted in the weight formula (10), there
results:—

w +E) N (1 HE)

Examination of equation (26) indicates that a further
condition which will result in minimum weight is

dp = constant

<*>

@7)

M=c(l+£)/(1 o« -(28)

Again the relative weight is obtained by substitution of

numerical values. The results on Fig. 25 indicate a slight

decrease in weight of boiler heat exchanger tubing with
higher pressure.

However, it should be emphasized that if the tube outside

diameter is required to remain constant, an increase in weight

will result rather than a decrease. The weight formula for
this case is

It will be noted that the heat transfer coefficient U was
assumed constant in the above analysis. Certainly this is
justified for boiler pressure heat exchange elements where the
gas side coefficient is dominant.

(3) Feed water heaters—effect of increased steam pressure
In this case the water side coefficient is dominant and varies

with VO9d0-2. Thus:—
U = c yo-s/do.2 (30)
5. w
v=cn2 1)

Equations (19), (20) and (21) also apply except that the heat
transfer coefficient U is no longer constant. Furthermore,
there should be an increase in Ah and At to correspond to the
increased feed temperature desired with higher steam pressure.

The following assumptions appear to be a reasonable
approximation:—

wAh = constant (32)

Ah = At (33)

From which it follows that
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Q = constant (34)
and
U = c/SAt S nhd it (35)
since in practice d would remain constant.
Also from equations (30) and (31)
"L (S Tak-'GT s« (M
since vis practically constant for water.
Thus combining (35) and (36)
o« >
Now from equation (25)
2 = = ** = - N =
B FCT pas adh (M2 " T el
From (37) and (38)
Mm=c(~r)02=CP* o= (39
Thus in equation (26)
W = cnl\dd "1 + = cnhp M_+ 2N =
c (i +£)- - @O
and finally
WV o=cpA(l +fj/(l k-1 (41)

These results are also shown on Fig. 25, and it will be
noted that the weight increases at about the same rate as
the weight of steam piping only.

(4) Boiler furnace, brickwork, insulation and supporting
structure—effect of higher pressure or temperature

Assuming the furnace to be a cube with walls of constant
thickness, then the weight of brickwork, insulation casing
and supporting structure will vary as the 2/3 power of the
firing rate if no changes are made in furnace exit temperature
or loading factors. The resulting decreases in relative weight,
as shown on Figs. 25 and 26, are seen to be comparatively
small.

(5) Boiler drum

Aside from the main propulsion turbines only this one
important special case remains. Due to the reduction of
liquid to steam density ratio with higher pressures, it may be
assumed that the disengaging surface cannot be reduced for
such pressures even though the weight flow of steam is

reduced. If the drum diameter remains constant, the
following simple relations result:—
(1) pdlt = 2a, constant
d = constant (42)
| = constant (43)
_ lpd2(t
10) W = .
(10) “22 (e £)
or
w - CcP (Il + £) (44)

Thus, as shown in Fig. 25, the boiler drum weight increases
more rapidly with pressure than any other element in the
power system.

(6) Turbines—effect
temperature
The weight variation of turbines with steam pressure is
complicated by the introduction of rotor stress considerations,
desirable ratios of blade height to diameter and other design
factors. However, it is evident that the weight flow required
must fall off at a lesser rate than the increase of available

of increased pressure at constant
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energy. Also the reduction in size due to increased specific
density applies only to those parts of the turbine which
operate at higher pressures than the prototype machine. Thus
it is visualized that there may be a weight reduction in the
moderate to low pressure part of the turbine due to reduced
weight flow which is counterbalanced by increased weight in
the initial stages. Therefore, little if any turbine weight
saving is to be expected with increased pressure.

(7) Effect of increased temperature at constant pressure

The most important effects of higher steam temperature
are the reduction in weight flow due to a substantial increase
in available energy and the corresponding increase in specific
volume of superheated steam. The available energy increases
approximately with the square root of absolute temperature
but specific volume increases as the first power of absolute
temperature.

For various elements of the plant these opposing effects
work out as follows:—
(a) Superheated steam piping. No change unless stress is
lowered.

(b) Desuperheated steam and

boiler feed piping. W = c/(T)S
(c) Boiler tubes iIn steam
generating and economi-
zersections (\oconstant). W = ¢j7’i

(d) Feed heaters and boiler

drums (d constant in

both). W = c¢/Ti
Values are shown in Fig. 26.

Turbine weight increases due to increased available energy
which requires an increase in the Parsons coefficient, ~d2N 2,
unless such increase can be obtained entirely by an increase in
rotating speed N.

Appendix 11
Basis for Fuel Rate Improvements for Higher Pressures and Temperatures

The numerical procedure involved in calculating fuel rate
improvements for higher steam conditions is described in
Appendices 1 and 2 of reference (4) and will not be repeated
here.

The most important change in concept is that the short cut
procedure for determining feed heating energy removed from
the turbine was amplified by a set of correction curves to
express the difference between short cut and exact energy
extractions for feed heating.

Exact values were obtained by constructing estimated
turbine internal condition lines for various initial steam
conditions and powers, and obtaining the necessary enthalpy
and available energy values from these condition fines at the
various heater extraction points. Equal heater temperature
rises were used and no losses were assigned outside the turbines
and the use of the data assumes mixing or booster pump type
heaters with zero terminal difference. Pumping losses were
also ignored. A derivation of this method of computing the
energy loss guantities is given in Fig. 23 in condensed form.

A comparison of exact values with short form data is shown
in Fig. 24. Throttle entropy was selected as a parameter
which most suitably expressed the variation in average
superheat or moisture content at the various extraction
points €3> Further variations arise, as shown in Fig. 24, due
to the changing slope of the turbine condition lines with power
rating and due to changes in the number of feed heating
stages desired.

minor change was made from the original formulation
of an allowance for auxiliaries and hotel load, the factor a
shown on Fig. 1. The original data were reviewed and this
factor standardized to provide equal percentage increments
for higher pressures and temperatures. The expression
selected for a is:—

* =" (0 +250) 0 + 4000)

where ao = base value at 600 Ib. per sq. in. gauge, 850 deg. F.
at superheater outlet
At = temperature increase over 850 deg. F.
Ap = pressure increase over 600 Ib. per sg. in. gauge.

Representation of the results has been extended to show
the separate effects of a greater range of independent variables.
It was found that doubling the base load value ao had a
secondary effect on the result which varied with both
temperature and pressure. This is natural since the a factor
works against the improvement in propulsion machinery
performance. This effect is taken care of by the final family
of curves in the lower left corner which are labelled ao = 0-16.

A note on the construction of the turbine condition fines
may be of interest. These must, of course, agree with the
overall engine efficiencies shown in Fig. 2 corrected for
pressure and superheat as indicated in Appendix 2 of
reference (4), and with a further allowance for external losses.
It was found that these lines could be calculated through from
the initial conditions and arrive at the required end points
on the basis of the following considerations:—

(1) Basic stage efficiency in superheat region increases
slightly with power.

(2) Additional losses in the initial stages down to one
half of inlet pressure are proportional to inlet volume
flow.

(3) Additional losses in moisture region are proportional
to average moisture content.

(4) Leaving loss is constant except for changes in exhaust
moisture content.

(5) External losses (bearings, gears, glands, and astern
turbine windage) in B.Th.U. per Ib. are reduced at
higher powers.

Appendix 11
Superheater Characteristics as related to metal temperature

(1) Heat transfer relations
Notation
Ws Weight flow of superheated steam, Ib. per hr.
Ahs Heat added in superheater per Ib. steam, B.Th.U. per Ib.
Qs Total heat absorbed in superheater, 1,000 B.Th.U. per hr.
Gas weight flow past superheater, Ib. per hr.
Saturation temperature at superheater inlet pressure,

deg. F.
Superheater outlet steam temperature, deg. F.

t3  Superheater inlet gas temperature, deg. F.

14 Superheater outlet gas temperature, deg. F.

Ahs Heat absorbed by superheater per Ib. gas, B.Th.U.
per Ib.

A4S Superheater outside tube surface, sqg. ft.

Ag Mean gas flow area through superheater, sqg. ft.

H Unit rate of total heat absorption in superheater,
1,000 B.Th.U. per sq. ft. per hr.
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Hc Unit rate of convection heat absorption, 1,000 B.Th.U.
per sg. ft. per hr.

Ht Unit rate of radiant heat absorption, 1,000 B.Th.U. per
sq. ft. per hr.

Corrected logarithmic temperature difference, deg. F.

Cps Mean specific heat of superheated steam, B.Th.U. per Ib.
per deg. F.

Cpg Mean specific heat of gases, B.Th.U. per Ib. per deg. F.

Uc Overall convective heat transfer coefficient, B.Th.U. per
hr. per sqg. ft. per deg. F.

Ug Gas side heat transfer coefficient, B.Th.U. per hr. per
sg. ft. per deg. F.

Ut Tube heat transfer coefficient, B.Th.U. per hr. per sq. ft.
per deg. F.

Us Steam side heat transfer coefficient, B.Th.U. per hr. per
sg. ft. per deg. F.

tf  Average gas film temperature, deg. F.

tv  Mean radiating gas temperature, deg. F.

n Outside tube temperature, deg. F.

p  Absorption factor for radiation,

The following relations are fundamental
j* _ Qs _ Jsh _ CpsfFs {h —tw)

As ~ 1,000 At 1,000 As &)
- By Cpg (B —fo)

n 1,000 As @

Am = C6 (h —tS) + (U tV,) )

Where C6 is a constant which includes ratio of logarithmic
to arithmetic mean temperature difference and arrangement
correction factor.

U = 1,000 HJAm S (@)
L=J +& + )

U U U U
H =He + Hr . (6)

Ar = LAp T(h. + 460V (h 40460\ 4] @
Also

let Ci = PFg/fFs and assume that C\ is constant for purposes
of this study.

Then combining (1) and (2):—
t3 - U:c,c Us - tv)

The gas side heat transfer coefficient is dominant and may
be expressed fairly accurately as

Ug = 0-177 CC5(~)°'H . . . (8

where
C2 = correction for average gas film temperature
which will be assumed constant.
C5 = correction for tube size and arrangement factors
which will also be assumed constant.
Since Ug is dominant, it may be said that
U = C3C7l/g
Where C3is a constant correction for the effect of the tube
and steam side coefficients Ut and Us, and Ci is a similar
constant representing the clean tube factor.

v = superheater bank height, feet
So As =
p2
Also
= [r-j™-(12y/p)] | = v/(1
12ndxyl 12ad x
and As = assumed
W O -D ">(s-£>
constant.
Therefore,
1/= 0-177 C2CC5C7 M tja~ OB . . . dO)

Now combining equations (1) (4) (6) (7) and (9) results in :
Hc= —Hr + H

And U = 0-177 C2CALEC7 (CiCarY'Hs =

-T2PLG £y - (Uipdfyh ¢
CpsWs (/s Av)1l 1,000 nn
1,000 As I am

Now tr = t3 JE—4approximater and (—
is negligible in comparison.

1,000 /

So 0177 C2C3CSC, (CxCal 9° B=[CPY(? 9 (5 * tw)~

2K "i U
But Am = C«[B+ U ~

NO94ios - - - (2
+ )] =

C6\ 2/3 " cfcpg(s “ W) ~ (S IRXIY)J| (13)
{m

So 0-177 C2C3C5C7 =

Cpsfp) (ts- tw) - 1,720p f 2/3 _ c7Cpg(;s " ) + 92°1
L J

C;T (B—— =)=+ wW] gy

Now tw may be assumed constant for the present purpose.

Therefore, the above expression may be solved for %l in
s

terms of the two other variables f3and ts.
Resulting in:

Vs

As (15)

X °IL77 C2C3C5CECT (C1CH0H

Therefore, = 0-177 CCALC7 (M~ 9)°'B . . (9 [23-(/, - W) (ch p)-(/.+ *»]
Now As =* nd 1/12
with  n = number of tubes in superheater _ o
d = tube outside diameter, inch. - 1'720Pf|_2’3+92 2/\ ) M:]r
| = tube length, feet with tube axis normal to gas d
flow
n = 144 xyip2 K X? ~bc(x T ” ~ DT" _ _
where p = tube pitch, assumed same in both directions, It is useful to review the meaning of the various terms in
inch. equation (15); the left hand group is H —Hec, i.e. the total
x = superheater bank depth in direction of gas heat absorbed minus the convection heat transfer which
flow, feet must, of course, equal the radiant heat transmission on the
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right hand side of equation (15).

Other groupings have the
significance indicated below:

. 2/3 + 920 - ts - |/
T, = ir 460 = * C%;S)g( W
2
2’m —2/3  (lj  Iw) CiCpg th-:

Numerical solution of equation (15) is accomplished by
trial and error. The constants used in preparing the curves
for Fig. 13 were as follows:

tw = 500 cl= 11 Cs = 0-85
Cps =0-68 Ci — 115 C6 = 0-94
Cpg = 0-31 C3= 0-96 Ci = 10
p =007 C4 = 50

(2) Determination of Maximum Metal Temperature

It is not practicable to make direct use of the values shown
in Fig. 13 for estimating maximum metal temperatures for
the following reasons:

(1) The overall heat transmission rates previously
established are averages for the entire superheater; it is
necessary to assume that local convection heat transfer
coefficients will exceed these by about 20 per cent due to
unequal inlet gas velocity and temperature distribution.

(2) The maximum metal temperature will be near the
superheater outlet and in a zone where the gas temperature
is high. For the present purpose it is assumed that the
superheater outlet is located in the gas inlet zone, although
this is not always the case in practice. This greatly increases
the total radiant heat transmission above the average value.

(3) The maximum metal temperature depends to a con-
siderable extent on the inside and tube wall coefficients s
and Ut whose effects were small enough in the previous
study to be lumped together as a constant correction
factor, C3

(4)  The tube metal temperature cannot be neglected in
determining radiant absorption.

The curves in Fig. 14 were, therefore, prepared as follows:

(1) Values of the overall convection heat transfer coefficient,
Uc, were obtained from the data used to prepare Fig. 13 at
selected values of the gas inlet temperature /3 and desired
steam temperature ts. The local overall coefficient ifc], at
the superheater outlet was then established as 120 Uc-

(2) An assumed value of 300 was used for the inside heat
transfer coefficient Us. The tube wall thickness was taken as
018 which with a thermal conductivity of 200 B.Th.U. per
inch per hr. per sq. ft. per deg. F. results in a tube wall
coefficient Ut of 1,100. This conductivity value was chosen to
represent a low chromium molybdenum alloy at the average
metal temperature and was obtained from reference (26).

(3) The following relations must hold:

(@ Hc = H' - Hrl

() - u+Hi(z + 1)

- H'c
(@ Us 3 /m

(4)  Numerical results were obtained by a trial and error
procedure beginning with an assumed value of Hx which is
then used to calculate the metal surface temperature, tm
from equation (b). With this it is possible to compute the
radiant heat absorption HTXfrom equation (c). This value
is then subtracted from the total transmission H | to obtain
the convective heat transfer He.l (equation (a)).

The value of US is then calculated from equation (d) and
compared with the desired value of 1-2 Uc. This process is
repeated until a value of Hx is obtained which gives the
desired result.

Appendix 1V

Discussion of Equivalent Hoop Stress

The application of creep data to design of piping has been
studied by Bailey*40)- Marin*41), Soderberg*4?)- Nadai*)
and others but most recently by Buxton and Burrows*38)
and Rankin*39- A comparison of Bailey’s and Nadai’s
work with the more recent proposals of Buxton and Burrows
and of Rankin is given below in order to explain the major
differences in viewpoint.

For convenience the following generally
notation will be used throughout:

Notation
p = internal pressure, Ib. per sg. in.
r = radius, inch
ar = radial stress, Ib. per sg. in.
ot = tangential stress, Ib. per sqg. in.
ot = axial stress, Ib. per sq. in.

recognized

Jo = stress in equivalent simple tension test, Ib. per sq.in.
d = inside diameter inch.
t — wall thickness inch.
y = dit
wr, vt, vz are the corresponding creep rates inch per
inch per hr.

< is the stress deviator or shear distortion energy
function which is proportional to the octahedral
shear stress.

c is the creep rate constant which expresses propor-
tionality between creep rate and the stress
deviator.

Subscripts 1 and 2 refer to inner and outer pipe walls,
i.e., rland rt are the inner and outer radii.

Formulae for Piping

t = principal shear stress, Ib. per sg. in.

m = power exponent in the proportionality relating
creep rate to the stress deviator.

n = power exponent in the creep rate—stress relation.

A —numerical constant in the creep rate—stress
relation.

Bailey's Solution

Bailey develops general expressions for the three principal
creep rates wr, vt and V?in terms of the three principal stresses
<, "t, and oz on the basis that the creep rate is proportional
to a power “m” of the stress deviator <P or shear strain
energy term and also proportional to a power “q” of the shear
stresses on planes normal to the direction of creep.

It has been confirmed by careful measurements that the
axial creep rate vz is zero. In addition, it has also been
established that there can be no appreciable volume change.
This leads to the conclusion that vt is proportional to the
radius squared.

These conditions provide all the necessary information to
establish the stress-strain relations in the pipe under creep
conditions as follows:

W = c [far — <n)q + far — "z)q] P (1)

vt = ¢ [fat — @Bf1 + (<7, — <n)9] L (2)

Z —C [faz — a)q + (@2 — bd] . . . (3)

C=0m= 2[Cr“ G+ < ~a)2+" ~°2Im (4
F 20 s (5)
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-) ow (6)

for the case of simple tension, measured creep rates for a
stable material may be expressed satisfactorily by the

relation
V = A on and from the above ()
n=2m+ qorq=n—2m. (8)
It may be shown that equation (5) requires:
"Z- (©)
The equilibrium condition for a small volume element is:
— . dar
—alr=r =f—
&

Equation (10) can be expressed in terms of r, ar, and its
derivative and then integrated. The constant of integration
is obtained from the boundary conditions ari = —p and
2 = 0. Finally the various stresses and creep rates may
be expressed in terms of the pipe dimensions n n, the internal
pressure p, and the creep constants A, m and n.

The important results for the present purposes are

V(1
-H r-- (nfr2 2/]3 L. (12
For the case of simple tension the corresponding equations
are Ito —A GV (13)
To = OZO (14)

Bailey uses the inner bore tangential creep rate va as a
criterion and places this equal to the creep rate in a simple
tension test with the result:

o 5 =

iG P ['4 (15)

Somewhat different results are obtained by Buxton-
Burrows and by Nadai, and there are considerable differences
in the interpretations, as will be shown.

Nadai's Solution

Nadai*34) obtains somewhat simpler expressions than
Bailey, as he assumes that the creep rate equation (13)
above applies directly to the octahedral shearing stresses
and strains in the multi-axial stress condition.

ThLLS he arrives at a general expression for tangential

_ (nlrz)2r fj 1—2/n4 (16)
p 1 —(r\Iri)2m L (r/r22InJ
Nadai states that this is to be evaluated at the outer wall
of the pipe where the tangential stress is a maximum under
creep conditions, resulting in:
o "o = V3f injri)2* 1 _
(8] n LI —(ri/rd2/n)

—j] forn —

7

1
2 al3 [(1 + 2ly)il3
Values of this equation have been indicated in Fig. 11as a
percentage difference from Bailey’s equation [8].

Buxton and Burrows obtain stress equations which are
the same as those used by Bailey and Nadai but for reasons
which are not too clear to the authors use the shear stress at
the inner bore Ti,as a criterion and place this equal to the
shear stress in the simple tension test resulting in:

*Numbers in brackets [ ] refer to formulae as numbered in
Fig. 1L
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°i0 _ 2tq 2

(] p p ~nL1 (rilrd ]'

This last expression is seen to lack two terms which appear
in the Bailey equation. Using the values m =2 n = 6
recommended by Bailey it will be found that equation [6]
equals about 0-85 times equation [5]. It will be seen that
the Buxton-Burrows result also does not agree with Nadai’s
expression [8].

(18)

Rankin's Work

Rankin*-19) makes some very interesting proposals with
regard to a rupture strength criterion. He first evaluates
the average shear stress which is:

= rL+r\ =
%R B (y + 1) wherey = dft
then on the basis of indirect shearing rupture tests it is

concluded that the rupture stress in shear is 65 per cent of
that obtained in a simple tension test, thus

(19)

0-65 48 — ~& 0)
otp
el p 065 x40+ (21)

As a more conservative shear rupture stress criterion
Rankin also suggests the use of inner wall shear stress.

(22)
[m 6 n oo
then using a relation similar to (20) there results
gto 1 B
(23)
P 65 x 6 (1 +lﬂy3'VJ

This result is seen to be the 'same as dividing the so-called
Bailey Nadai formula [5] by 1-3 or using 0-65 for the shear
to tensile rupture ratio instead of one half.

Other Criteria
Buxton and Burrows also discuss the so-called Mises
formula:

glo _ V3
P~ 4 ( +3+yh) (24)
This formula expresses the condition for the beginning of
plastic flow at the inner wall (Freudenthal reference (43)
p. 432). This result is obtained by requiring that the stress
deviator at the inner wall be equal to the corresponding
tensile test stress limit.  Use of this formula does not appear
admissible since it is a criterion only for the beginning of
plastic flow at the inner wall.
However, if the same criterion is applied to average wall
stresses in the elastic state, the relation becomes:

glo _ a/3/

p PERY AR y +!)
which gives numerical results quite close to the Beliaev-
Sinitski criterion [7] for a completely plastic state.

One further criterion suggested by the authors also arises
from a consideration of the shear distortion energy in the
plastic state. If this criterion is applied at the inner wall,
there results:

ao _V3r 1

(25)

p n L —inin)2d - (29)
’ j
[5] 2V3 s LG ey
(forn = 6)
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This result is seen to be slightly more conservative
than Bailey's 1935 formula [6] but, less conservative
than Nadai’s formula [8], since the factor OiV)2n has
disappeared from the numerator. Since this expression
is intermediate to the above formulas, it might with some
justification be described as the “Bailey-Nadai compromise™
formula.

The remaining formulas [1] [2] [3] [4] and [7] shown in
Fig. 11 are generally self-explanatory or may be found in
the references cited in the illustration.

This paper was read on Wednesday, 27th June 1951, at the
Central Hall, Westminster, London, S.WA, at a meeting of the
International Conference of Naval Architects and Marine
Engineers, which ivor organized by the Institution of Naval
Architects, Institute of Marine Engineers, Institution of
Engineers and Shipbuilders in Scotland, and North-East Coast
Institution of Engineers and Shipbuilders.

DISCUSSION

Vice-Admiral(E) The Hon. D. C. Maxwell, C.B., C.B.E.,
said that it was most satisfactory to note that when naval
architects and marine engineers held an international
conference, it was truly international and leading men from
other countries were prepared to put into the common
pool the benefit of their experience and practice, to devote
the time and effort that the preparation of a paper of this
nature demanded, and to come over to this country to present
it. If this free and whole-hearted co-operation existed in all
fields of human intercourse, how much more smoothly
might the world be running today !

The paper was one of very great merit. In it the authors
had collected together a wide range of knowledge from many
sources, to which they had added of their own great experience
and they had assembled the whole in a manner which both
provoked and stimulated discussion. It was an ideal paper
for the members of the conference to get their teeth into, and
he congratulated the authors upon it.

While the paper had been written from the aspect of
merchant ship machinery, it might be of interest and perhaps
of most value to the proceedings if he remarked on certain
points from the Naval view of the same problem. It was
necessary to appreciate that Naval machinery designs differed
basically from those to meet mercantile requirements. One
essential difference was that Naval machinery was utilized
at full or high power for only a very small proportion of its
life, and therefore they were prepared to sacrifice some full
load efficiency to obtain optimum part load performance.

In the section dealing with control of equipment and
operating problems, the authors stated that a steam tempera-
ture characteristic rising with boiler output was very desirable.
In some Naval designs higher steam temperature at the lower
powers was necessary in order to obtain the best possible
efficiency at cruising speed; full use could thus be made of
the fact that centrifugal stresses were much reduced below
full power. A boiler characteristic of this type required
control of steam temperature, and this allowed the tempera-
ture to be greatly reduced during manoeuvring and whenever
there were considerable and, more particularly, rapid changes
in power.

Naval designs were largely controlled by considerations
of space, for it was only by making every effort to minimize
the space occupied by equipment that the best battle
characteristics could be worked into the overall ship design.
In the matter of turbines this had led to the use of high blade
speeds with bypassed stages in the h.p. turbine and high
leaving losses from the l.p. turbine. The authors had pointed
out that with high temperature designs, bypassing of the
initial stages of the h.p. turbine introduced difficulties in
design. The alternatives involved additional space and weight
and for Naval purposes this must be carefully balanced
against the improved efficiency of the cycle.
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Almost as important as the bulk of the machinery was the
requirement for minimum weight of machinery plus fuel, and
in some cases it paid them to design for 25 in. or 26 in.
vacuum at full power instead of 28£ in. normal in the merchant
service. The saving in weight of condenser and turbine
allowed more fuel to be carried and increased the ship’s
radius of action, while at the lower powers at which they
normally operated a high vacuum was readily obtained.
Should they go to higher steam temperatures without greatly
increasing the steam pressure, the l.p. turbine exhaust was
likely to be considerably superheated; they had so far been
unable to locate any positive evidence of the effect of this
upon condenser design, and he would welcome any experience
that the authors might have in this respect.

Little had been done in Naval engineering in the way of
multi-stage bleed feed heating owing to the weight of the
heaters and pipes involved, and to some extent to the
complications that might arise when frequently changing
power. Naval practice was to use non-condensing steam-
driven auxiliaries, the exhaust from which was used for feed
heating either in a pressure heater or de-aerator; this afforded
the equivalent of single stage bleed feed heating, while preserv-
ing the essential lightness of the installation.

The use of higher steam temperatures posed a considerable
problem in the layout of auxiliaries due to the complication
of the steam and particularly of the exhaust pipes from those
auxiliaries. The common solution in the merchant service
was to use electric drive for all but the largest auxiliaries, but
this as a complete solution was not so attractive to the Navy,
because of the danger of interruption to electric supplies
during battle.

One more difference between mercantile and Naval
practice in design to which he wished to draw attention was
that of cost. In merchant ship work, first costs, operating
costs and maintenance costs were three guiding principles
in deciding steam conditions. In a Naval design, they had, of
course, to be certain that the taxpayer got value for money,
value in this case being the military qualities of the ship, but
they must also consider cost as being a yardstick of the effort
required to produce, as manpower was the biggest single
limitation of the country’s effort in war. Not only must
they reject a design which involved unduly complicated
techniques, provided, of course, a less complicated design
would serve the purpose, but they must also ensure that their
designs in peace did not call for materials upon which they
could not lay their hands in time of war. Stockpiling could
not be relied upon as a full solution of a supply problem, and
they might find that they had to limit themselves in steam
conditions because of the danger of material shortages.

The paper had given all of them much food for thought,
and he wished to express his appreciation and gratitude to
the authors. He most certainly joined hands with them upon
the desirability of going one stage beyond the economic
optimum when designing advanced machinery. This was
essential if they were to ensure in the future, as in the past, that
marine engineers should always be capable of providing the
best.

Mr. A. R. Gatewood (Member, I.Mar.E.) said that in reading
the paper, he had noted that there were numerous references
to the American Bureau’s “Interim Guide” for making such
installations, so it would seem proper at this time to point
out that since formulating the Guide additional investigations
had been completed which indicated that it should be altered
in two places. Both of those investigations had been com-
mented on in the paper.

The recommendation that the circularity of the pipe in
way of bends be maintained within 2 per cent had been found
to be somewhat restrictive from a practical point of view.
Out of roundness resulted in a combined stress of a purely
localized nature which would relieve itself very rapidly after
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the pipe was put into service. Combined stresses of the
order of those tabulated in the Guide were felt to be safe. In
some cases, however, this might result in an out of roundness
tolerance of as much as 9 per cent, and since it was not felt
desirable to encourage poor workmanship it was now
recommended that the circularity of the pipe be maintained
within 5 per cent, as this figure could easily be met.

The authors also explained why it was preferable to
normalize low chrome-molybdenum steel pipes after bending.
It had originally been thought that the pipes could be worked
and welded and then subjected to the normalizing treatment.
Subsequent investigations of that procedure, however, had
indicated that normalizing lowered-the rupture strength of
the weld metal, so it was now recommended that after bending
the chrome-molybdenum pipes should be normalized or
annealed before welding but that the welds themselves should
only be stress relieved even though this necessitated two heat
treatments.

With regard to thermal shock from boiler water carry-
over, the authors stated that they felt that this question might
have received undue emphasis. It should be pointed out,
however, that cracks had recently been experienced in several
main superheated steam lines which were attributed to
thermal shock, not from boiler water carry-over but from
condensate carry-over from the combustion control line when
the ship rolled. This was felt to be of particular importance
since it had become routine practice to use combustion
controls with those high temperature installations, and
hundreds of successful installations had been made.

On the ship where the failures had occurred, there had
been a relatively long, unlagged, horizontal run of the
combustion control line, at the same level as the main steam
line, before it dropped down to the combustion control
board. With this arrangement the pipe could fill with con-
densate to the level of the horizontal lead and the condensate
would periodically carry over into the steam line due to
rolling of the ship. The good record of other installations
indicated that there would be less chance of experiencing
this type of thermal cracking if a generous vertical drop was
provided in all dead-end lines at their point of connexion
to superheated steam lines.

Dr. T. W. F. Brown (Member, I.Mar.E.) said he was sorry
that in the paper the authors had not included any reference to
reduction gearing in either the weight or materials sections, as
it bore directly on the subject of the paper. It was evident
that increased steam conditions would be accompanied by
increased turbine speeds if high stage efficiencies were to be
maintained, and since main shaft revolutions were tending
if anything to become lower, the future trend was towards
higher gear ratios. Thus, unless the rating of gears could
also be increased, gearboxes would tend to become bulkier
and heavier. The progress that was at present being made
in gear-cutting technique, post-hobbing processes, and the
use of stronger materials in order to increase gear ratings,
was, it was felt, a necessary accompaniment to the use of
higher steam conditions.

With reference to the choice of steam conditions, it was
believed that for new construction in this country at the
present time conditions of 650 per sg. in. gauge and 850 deg. F.
would generally apply.

Did the figures given on the diagram in Fig. 3* represent
pressure ranges? If so, it was difficult to see why the
recommended pressures for the range 2,000 to 6,000 s.h.p.
should be higher than for the range 6,000 to 10,000 s.h.p. It
was felt that the authors’ reference to increasing competition
from Diesel propulsion at low and moderate powers did
not completely represent the present position in this country,
where the tendency was for single-screw turbine machinery

*Since corrected.
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to be used in preference to Diesel machinery for powers
in the region of 7,000 s.h.p.

Difficulties were usually met when auxiliaries were driven
by prime movers of relatively small powers in relation to
advanced steam conditions. A possible arrangement would
be to expand the feed-pump exhaust, together with bled steam
from the main turbine, in a mixed-pressure turbine driving
a generator, with live-steam supply for port use.

Regarding materials for high temperatures, the danger
attending the extrapolation of creep curves was well known,
and as such extrapolation, especially with low-alloy ferritic
steels, must assume structural stability, the results obtained
could be very wide of the mark. The data in Table Il were
very useful and admirably presented, and where comparison
with British data was possible, had been found to be in
reasonable agreement. It was unfortunate that the authors
had been unable to include more information on the elonga-
tion at fracture for different stresses, temperatures and times.
If more data of this sort were available, engineers would be
in a position to check components after certain periods of
operation and decide whether extension had been excessive
for the known loads and how near they were to fracture.

In connexion with superheater materials, attention should
be drawn to the very serious question of vanadium attack at
temperatures in the region of 1,200 deg. F. The use of
stabilized austenitic steel or other high-temperature alloys
would not prevent this trouble, which at the moment seemed
to impose a definite ceiling on permissible steam temperature.

On the question of materials for steam piping, development
work in this country was being carried out on a ferritic steel
of the CrMoWV type, but insufficient data were available
at the moment regarding its long-term creep properties.
MoV steel was favoured for the range 950 deg. F. to 1,050
deg. F., and the possibility of improving this steel by chromiz-
ing to prevent scaling was also receiving attention, with the
object of obtaining better qualities at 1,050 deg. F. and above.

There was a definite trend in this country to use 18/13/1
CrNiCb steel in place of 18/8 Cb-stabilized in view of its
much higher creep strength. The extent to which the
CrMo steels had been developed in the U.S.A. had probably
been influenced by the extensive occurrence of graphitization
of the C-Mo steels that they had experienced. This was
due to the American practice of deoxidizing with aluminium,
additions of as much as 2 Ib. per ton being quite common.
British steelmakers rarely exceeded 2 to 6 oz. per ton, and
failures due to graphitization were unknown. The addition
of chromium was known to prevent graphitization.

The authors stressed the need for careful inspection of
turbine castings intended for high pressures and temperatures
and re-examination after repair of defects by welding. It
should also be added that stress-relieving treatment was
essential, especially after repair by welding.

The standard low-carbon 12 per cent chromium steel for
blading, referred to on page 240, was equivalent to the
stainless iron used in this country, and the authors’ comment
that it had proved entirely adequate for high-temperature
designs supported our own experience.

On page 242 a criticism was made of a piston-valve type
of nozzle-control valve described in reference W on the basis
of clearance-flow losses, but he thought it should be pointed
out that this criticism, if valid, would apply to a much
greater extent to the turbine illustrated in Fig. 29, which
had no fewer than six piston-ring-type joints whose function
was to prevent leakage from nozzle boxes to wheelcase. This
turbine was moreover, designed for three times the nozzle-box
pressure of that shown in reference €¥©> Incidentally the
arrangement of Curtis wheel followed by end-tightened
reaction blading shown in Fig. 29 would be considered
undesirable in a marine turbine designed for those steam
conditions. The arrangement illustrated in Fig. 28 was
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much more suitable, and in fact was generally similar to
modern British designs for merchant vessels.

Last year he had the privilege of seeing three turbine sets
building at the works where two of the authors were
employed, for steam conditions of 650 Ib. per sg. in gauge
and 1,020 deg. F., and in view of the repeated statements in the
paper of the benefits to be obtained from the use of higher
steam conditions the last paragraph of the paper seemed
curiously restrained. After the powerful and, indeed,
convincing advocacy of higher conditions one rather expected
a more optimistic and confident conclusion!

Mr. L. Baker, D.S.C. (Member of Council, 1.Mar.E.) said
that in view of the short time now available for the discussion
he would omit some of the things he had intended to say, and
make a written contribution to the discussion.

He could not help saying that he thought that British
turbine practice had been somewhat handicapped by the
relatively great success achieved by Diesel propulsion. The
majority of ships had been built in the power range in which
the Diesel could compete very successfully with steam, and it
was only since the war that powers had increased to a point
at which steam could, if it would, become attractive.

It was hard in England to understand the American
preference for header type boilers. Those boilers were
inherently more liable to defect than the normal 2-drum
type, and the ease with which tubes could be plugged was
matched by the greater frequency with which they needed
to be plugged! Moreover, there could be no disputing the
greater cost of routine inspection and cleaning, nor could
there be any question of the greater weight for a given output
with corresponding loss of dead weight capacity—a loss, it
should be noted, that existed for the life of the ship.

So far as the limiting gas temperature was concerned, the
risk of dewpoint corrosion, of course, was dependent upon
the fuel. From the limited information available, the fuels
from American sources had higher sulphur contents than the
majority from the Middle and Far East. The experience
with gas temperatures from 240 to 260 deg. F. from the
Middle East and Borneo fuels had been entirely satisfactory,
as no corrosion in air heaters or economizers had been
experienced. Attention, of course, was paid to gas bypasses
and to hand cleaning at quarterly intervals. Combustion
equipment also affected the risk of corrosion greatly.

In this country there was as yet little experience of the
risk of thermal shock with advanced steam conditions.
Apart from the need for service fluctuations, temperature
variations must occur when lighting up and shutting down,
and were usually involved in the manoeuvring operations.
In addition, salts or moisture might be carried with the steam
from the drum into the superheater and thence in some cases
onwards. The direct solution of solids in steam became
appreciable at pressures in excess of 1,200 Ib. per sg. in., but
there was some evidence at lower pressures that any solids
present in moist steam leaving the drum might be deposited
differentially in superheater, steam line or turbines. They
had experienced the deposition of “gooseberries” of pure
sodium phosphate in the manoeuvring valve of a Victory ship
operating at 450 deg. per sq. in. 750 deg. F. W.ith this in
view, they had paid attention to the development of detection
devices to safeguard the plant from the deleterious effects, and
in their new steamers they were installing protection against
either solid or water content of the steam leaving the drum.
In this way they hoped to avoid all risks of corrosion
conditions in addition to pure stress variations.

Finally, he was in entire agreement with the authors when
they suggested that the correct procedure was to take one
step beyond the economic optimum. Ships in Great Britain
were built for at least twenty-five years’ useful life, and
frequently for longer. Unless the machinery were thoroughly
up to date and preferably in advance of the standard product
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of its generation, it was difficult, if not impossible, to ensure
a reasonable income from the ship in its later life when it
was faced with competition from newer fleets. In general, he
believed that in this country they set undue emphasis on
reliability without setting against it the price they were
paying—in other words, fear of the unknown had tended to
make them unduly conservative. On the other hand, he
would like to quote a remark that had been made to him in
America. He had been prodding an American about the
way in which the American had been following up what
appeared to be a completely wasted effort, and the American
said, “Well, even a turtle must stick its neck out sometimes.”
As engineers, they had to be careful that they did not stick
their necks out too far too often.

Capt. R. A. Smyth, U.S.C.G., commenting on the reference
on page 230 of the paper, to varying preferences by vessel
operators for either economizers or air heaters, said that
some improvement might be made in the design of both. The
successful operation of marine boilers at higher temperatures
with maximum efficiency would depend upon maintaining
those heat exchangers in the plant system. It was to be
hoped that experience with past failures in this respect
would lead to improved design and arrangement for proper
routine maintenance.

On page 234, it would appear that the position of the
authors of the “Interim Guide” regarding the limitations of
carbon steel to 775 deg. F. and carbon-molybdenum steel
to 875 deg. F. was now vindicated by recent reports of a
major industry in the United States indicating serious
graphitization in service units operating above the ranges
mentioned here.

It was not believed that immediate future designs would
contemplate pressures in the 600 Ib. range. It would appear
that, as the operating results of recent installations were
known more generally than at present, the trend would be
towards 850 Ib. per sqg. in—850 deg. F. during the period
in which chrome alloys were restricted for reasons given by
the authors.

Mr. H. N. Pemberton (Member of Council, 1.Mar.E.) noted
that the authors pointed out that the major incentive for
advances in steam conditions for commercial vessels was the
prospect of saving in fuel consumption. Several ships had
been built in the United Kingdom in recent years with
turbines operating at around 600 Ib. per sq. in. steam pressure
and 800-850 deg. F.; with provision for steam reheating, fuel
consumption for propulsion in the region of |Ib. fuel per
s.h.p. per hour could be obtained.

These were not particularly complicated installations, and
in general the steam piping had been plain carbon steel, a few
pipes in i per cent moly-steel being used in certain cases.
Those ships were regarded as being modern, and the owners
had no reason to be dissatisfied with their performance.
Moreover, they were proving to be reliable.

One wondered, therefore, when studying the paper and
pondering on all the multitude of problems—materials,
stresses, design, fabrication, etc.—to which the authors
referred, how much further one might expect to go. The
shipowner had little interest in pioneering advances in
steam conditions, beyond those which had been proved to be
thoroughly reliable and which permitted him to burn the
cheapest form of fuel oil at a reasonable rate of consumption.

His own view was that there would be a period of
consolidation at figures approximating to those which he had
just mentioned. He had no doubt, however, that there
would be further advances in marine plant, if only because, in
the long run, marine practice was bound to follow land
practice, and in any case it would become increasingly
necessary to compete with the gas turbine for high powers
in the years to come. In the circumstances, whether they
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liked it or not, they had to face the problems associated with
the more advanced steam conditions of temperatures of over
1,000 deg. F. referred to in the paper.

In the short time at his disposal, he wished to make only
one further comment. He thought that British marine
engineers could admit that they used mild steel for steam pipes
in a somewhat extravagant way. Permissible working stresses
were lower than they need be. But this unnecessary weight
of material was not of primary importance, and indeed had
probably been partly responsible for the fact that steam pipe
failures in ships were extremely rare. With the higher steam
conditions now contemplated, they could not afford such
extravagance in material, not only because of the higher
cost of steel alloys required, but also because thermal
conditions demanded that the pipe be as thin as possible,
consistent with strength and safety.

He had been looking at the stress figures set out in Table IlI.
This referred to the allowable stresses recommended in
the “Interim Guide” issued by the American Bureau. He
noted that these were based on values for rupture strength
extrapolated from the results of 1,000-hour creep tests. The
authors had themselves referred to the danger of extrapolated
values which took no account of deterioration in material
exposed to high temperature and stress over periods much
longer than 1,000 hours.

With this in mind, he would like to know on what type of
creep test these recommended stresses were based. Dr. R. W.
Bailey, one of the foremost British authorities on creep testing,
had on more than one occasion pointed out that 1,000-hour
creep tests at the working temperature, using stress to
accelerate creep strain brought into account only to an
insignificant extent the influence of thermal action on the
material, whereas his own method of testing at the working
stress and using temperature as the creep accelerating factor
brought this thermal action more adequately into account.

He did not dispute the stress figures given in Table Ill, but
had no doubt they pointed the way in which one should go.
Nevertheless, it was important to keep clearly in mind the
type of creep test data from which these extrapolated values
had been derived, and before accepting them unreservedly
he would like to be satisfied that the 1,000-hour creep tests
on which they were based conformed to the principles
expounded by Dr. Bailey; if not, some confirmatory tests
were desirable.

Mr. A. W. Davis, B.Sc. (Member, 1.Mar.E.) said that in the
realm of marine propulsion the gas turbine was acting very
much as a catalyst in the development of the steam turbine; in
fact the upper practical limit of steam temperature presently
foreseen was defined by practical experience with the gas
turbine.  Many of the difficulties to be overcome were, of
course, entirely different and the association of very high
pressures with high temperatures tended to be peculiar to the
steam turbine; the combination of limit conditions in pressure
and temperature could, however, be avoided by the adoption
of reheating and advantage be thereby taken of other desirable
characteristics which became of greater significance with
higher steam conditions. The authors had made no reference
to the reheat cycle and it would be very interesting to have
some remarks from them on the matter.

With regard to high pressure steam piping, marine work was
somewhat handicapped in this country as compared with the
United States by the heavier scantlings that were required,
possibly to allow for a degree of wastage that would be
associated with the effects of saturated rather than super-
heated steam, and this made it all the more difficult to provide
for expansion in arranging pipe lines. In this connexion
the authors had commented on the wisdom of allowing no
more than a one-third cold pull up in settling the stresses. He
would like to have the authors’ views as to the adoption in
practice of a greater cold pull up—say, two-thirds—when
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high temperatures were involved, having regard to the effect
of creep in relieving strain in the high temperature condition.

CORRESPONDENCE

Mr. L. Baker wrote that, in addition to his remarks in the
verbal discussion, he wished to raise a number of other
points. He had already referred to the American preference
for the header type boiler and indicated his preference for the
single furnace D type boiler. For mercantile service there was
no need for superheat control over a wide range of boiler out-
puts; if superheat control was necessary at all it was required
in two ways, firstly to get full service output at either high or
low temperature and secondly to get a fine control of tempera-
ture at full output and high temperature to ensure that the
controlled limits could be, say +0 deg. F./ —25 deg. F. These
conditions could easily be met by a single furnace boiler with
damper control with advantages in weight saved and sim-
plicity of operation. In fact by using remote control for the
dampers it was easy to put the control of steam temperature
where it should be, i.e., under the personal control of the
turbine operator.

Two design points were of interest. The experience with
240-250 deg. F. final gas temperature leaving the vertical tube
air heater had been quite satisfactory. Care, of course, was
taken to use soot blowers daily, to use the bypasses when at
lower power and lighting up and to clean the gas side by hand
at quarterly intervals. In this connexion British experience
with American multi-nozzle soot blowers had not in general
been as satisfactory as with the conventional single nozzle
type, and several Victory ships had been re-equipped with
British sootblowers.

With regard to main turbines, two main points arose.
Firstly, more information would be welcome regarding the
American practice of quoting the extra cost to be paid for
specific improvements in performance. No such system was
operated elsewhere so far as he was aware and it was one that
had much to commend it, provided that testing facilities of the
required degree of accuracy were available. This would be
virtually impossible in a ship.

Secondly, the analyses carried out in this country by
shipowners seemed to indicate a lower optimum pressure than
that obtained from Fig. 1. Investigation suggested that this
was due to reduced losses in the h.p. end of the main turbines
of U.S. design.  Fig. 28 did not indicate so marked a difference
in practice and this would seem to warrant more detailed
investigation.

Finally, some information on relative costs might be of
value. A recent enquiry for a 8,000 s.h.p. steam turbine gave
£20,000 extra capital cost for the change from 475 Ib. per sg. in.
850 deg. F. to 600 Ib. per sqg. in. 950 deg. F. for a saving of at
least £4,000 per annum. In other words, when designing for a
minimum ship life of twenty-five years, the gains were adequate
to cover any increased maintenance cost that prudence, in
the absence of practical experience, suggested might arise.

Mr. Evers Burtner referred to Fig. 2, in which the authors
showed curves of geared turbine engine efficiency versus
shaft horse power, together with spot values for five recent
installations constructed in the U.S.A. It should be noted
that two of the five turbine sets whose engine efficiencies were
plotted were designed and constructed by shipyards which
had maintained technical and shop staffs capable of such work.
Fig. 2 showed that the performance of the shipyard units
compared very favourably with marine turbines constructed
by prominent builders of stationary turbo generator sets.

Although some American marine engineers felt that ship-
yards should avoid propulsion turbine manufacture, from
personal experience he knew it encouraged research and
development by the shipyard technical staffs and the shops.
This, furthermore, was useful in improving the morale of
these two departments.
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Early in the paper, when discussing pressure temperature
combinations, the authors indicated that the header form of
boiler was limited to a maximum of from 600 to 850 Ib. per
sg. in. pressure due to difficulty and cost of construction of the
sectional headers for higher pressures. Perhaps a greater and
very definite disadvantage of the sectional header boiler for
higher pressures was the fact that its circulation was in-
herently less satisfactory than the two drum type. All water
leaving, and also water and steam entering the drum, flowed
through the down comer nipples at top of the front headers
and through the circulation tubes rolled into the back of the
drum. Increase in steam pressure and the corresponding
decrease in the difference in density of steam and water made
the provision of adequate circulation in natural circulation
boilers more difficult. The basic design of the boiler for high
pressures should not discourage circulation. However, one
must realize that many cross drum sectional header boilers
were used for relatively high pressures in stationary service.

Mr. H. J. Chase, in offering the following notes referring to
turbines, was aware that consideration of the economic and
performance characteristics of the turbines involved but one
aspect of the whole problem. Differences noted in experience
with turbines did not detract from the writer’s respect for the
excellent work of the authors.

It was suggested that Fig. 1 showed too little gain in heat
rate in going to pressures higher than 600 Ib. per sg. in. In
particular, for turbines of 12,500 h.p. and larger, it was
believed that the gain in going from 600 Ib. per sg. in. to
1,200 Ib. per sg. in. should be nearly double that shown by
Fig. 1 The authors mentioned that the level of turbine
efficiency had improved, and offered Fig. 2 as reference.
Fig. 1, however, did not appear to take full advantage of the
improvement available at higher pressure on relatively high
ratings. Extending this thought to Fig. 3, the writer would
expect that for units “16,000 h.p. and higher” a definite
idvantage would be realized at pressures up to 1,200 Ib. per
sg. in. and possibly also at temperatures up to 1,000 deg. F.

The authors noted that in the field of power station turbines,
construction ofa turbine for 1,100 deg. F. was underway. The
writer’s company was engaged in design and construction of a
turbine for 1,100 deg. F. and 2,300 Ib. per sq. in. Some
details of construction of large units for power station use
were described in a paper presented in London by Edwin E.
Parker at the Fourth World Power Conference, July, 1950.
In particular, illustrations of double shell construction and
valve arrangements similar to the authors’ Fig. 30 were
included.

While central station turbine practice could not be com-
pared directly with marine practice, fuel economy and many
cost factors had much in common in the two fields. It was
interesting to note that the writer’s company had seen the
following trends in very large turbines delivered to owners in
the past five years:

Turbines designed for steam pressure above 850 Ib. per

sg. in—from 10 per cent of total to 95 per cent of total.

Turbines designed for steam temperature above 950 deg. F.

—from 7 per cent of total to 52 per cent of total.

This indicated that the advantages of higher pressures and
temperatures had been realized, and it pointed to engineering
developments in all fields which had justified owners in these
advances.

The authors noted that high inlet temperature presented a
difficult problem in bypassing stages for higher power. It was
pointed out that an increase in pressure might eliminate the
need for bypassing by reducing the size of the inlet con-
nexions and the first stage nozzles. Alternatively, an
internal bypass, such as from the first stage to the third,
could accommodate the higher power, and at the same time

lr)eld(ljjce the actual temperature on the first rows of rotating
ades.

262

MACHINERY

The authors pointed out that special attention must be
given to astern operating conditions when high steam
temperatures were employed. The writer agreed that this
situation should be examined in detail, not only with respect
to rotor clearances, but also with respect to the temperatures
reached by the first ahead stage during astern running, ft
was the writer’s experience, however, that units for large
powers were no more difficult to handle than units of
moderate rating.

The writer shared with the authors the expectation that the
near future would bring about installations to operate at
pressures above 600 Ib. per sg. in. and at temperatures above
850 deg. F., but only where the rating of the units was
relatively large.

Mr. 1. D. Eby wrote that while it was the desire of the
merchant ship operator to obtain better fuel performance,
lighter machinery and boilers per horse power and savings in
space, it was also his concern that these gains be not achieved
at the expense of greatly increased maintenance costs or at a
sacrifice of reliability. With the cost per day to operate a
merchant ship at its present high level, an appreciable saving
in fuel would be needed to compensate for even one day lost
time while undergoing repair. It should furthermore be
considered that with higher temperatures and pressure, came
the requirement of special materials frequently unobtainable
which further increased the maintenance problem. With
regard to operation, higher steam conditions demanded more
skill on the part of the engineers, which factor must also be
balanced against economies achieved.

In this paper the authors had gone to considerable trouble
to ascertain the results obtained by operators of land instal-
lations and by marine operators in other countries. They
had also realized that with higher steam conditions came
added operating problems but that with care in choice of
materials and in layout of plant satisfactory results would
obtain. It was believed that the greatest problem in adapting
higher conditions to merchant ships would not be in selecting
proper boilers, turbines and major auxiliaries but in tying
these units together in such manner that the normal merchant
crew would be able effectively to manoeuvre the vessels and to
carry out normal voyage maintenance. It was noted in the
paper that investigation had been made of automatic controls,
combustion controls, safety devices, piping layouts and
simplicity of equipment. The effectiveness of this work
would largely determine whether the plant would be a success
or failure so far as normal operation was concerned.

It was believed that the second consideration should be
whether major overhaul of the vessel could be performed in
the normal shipyard. The use of special materials and alloys
would require in many cases improved techniques and
facilities and the merchant operator would not wish to be
limited to an extremely small number of shipyards for their
overhauls or to have the time which elapsed during overhaul
unduly extended.

The following specific comments referred to the particular
parts of the paper indicated:

Page 229-~The sectional type boiler not only lent itself to
easier cleaning and reduced time for repairs, but was also
conducive to keeping soot tight. If practically the same
economy were obtainable and if this type could now be used
to develop higher pressures, it would be preferable for
merchant ship operation.

Page 230—High boiler efficiency should not be obtained at the
sacrifice of other parts of the ship.  An uptake temperature of
less than 300 deg. F. would almost certainly result in a dirty
ship unless special means were taken to eliminate soot either
by blowers or soot arresters. It was possible that the added
cost of these items would offset the increased fuel economy.
Pages 230-231—Operation had shown that with the non-
condensing type feed pump no less overall economy resulted
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if its exhaust were used to operate the distilling plant and far
fewer maintenance troubles occurred in its use.

Page 232—Generators attached to the main reduction gear
unit would not be desired; however, if these were used,
reliability could be obtained through the use of a standby
Diesel generator with an automatic air starting valve,
functioning when voltage dropped below acceptable value.
Page 234—The increased cost of chromium alloys would not
be a deterrent to their use in the steam cycle but the difficulty
of obtaining replacements during overhauls should be
considered.

Page 238—Austenitic piping, if subject to failure from thermal
shock, should be very carefully investigated before it was
adapted to marine use since fluctuations of temperature were
often severe during manoeuvring.

Page 246—Superheat control should be made as simple as
possible and adequate means provided which would enable
the average merchant crew safely to keep superheat within
proper level. Separately fired superheaters would not be
desired. It was his company’s opinion that the automatic
live steam pressure made up to one or more of the bled
steam feedwater heaters would be a preferable method of
control.

Page 247—Combustion control systems had proved reliable
and economical and should be included on all modern high
pressure vessels; their installation would be especially
desirable in cases where excess air was of importance in
maintaining proper superheat control.

Page 249—Any method which would reduce slagging of
superheater surfaces or the deposit of soot on air heater and
economizer tubes would be highly desirable but no con-
clusive evidence has been presented which would indicate
that steam atomization is the answer.

Page 240—The vertical header type superheater shown in
Fig. 17 would greatly lessen the difficulty of cleaning super-
heater tubes and detecting leaks. When designing a super-
heater, however, more attention should be given to ease of
replacement of superheater tubes and to the proper location
and required number of soot blowers.

There was strong objection to the elimination of flanges on
main steam line valves for not only was it difficult to repair
these in place but it was often necessary to replace valves
entirely, a process which would be inconvenient.

It would be desirable to weld up the superheater steam line
entirely except for valve and turbine casing flanges but
extreme care should be used in the piping layout since it was
frequently necessary to remove the superheater steam line
in order to opin turbine casings and move large machinery
parts.

Mr. C. W. Hasek referred particularly to superheater design
and slagging.

The amount of superheater surface to be installed (see
page 237) was a compromise of several items which must be
considered to obtain an economical and reliable design. The
steam velocities should be high enough to maintain reasonable
tube temperatures but not so high that the resulting pressure
drops gave excessive design pressures. The heat input to the
superheater surface was dependent upon the diameter and
pitch of superheater tubes, flow relationship between gas and
steam, screen tube pitch which governed radiant heat leakage
from the furnace, burner location, etc. Header and nozzle
sizes, location of handhole fittings, type of seal welding, etc..
must be considered from the shops’ viewpoint.

The problem was then one of correlating the effects of these
items so that a practical design was obtained which would
meet the ship's steam temperature requirements.

The superheater designs for various amounts of superheat
would be affected in different degrees by the above items and
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it was, therefore, difficult to establish simplified data which
would apply over a fair range of steam total temperatures.

Appendix Il and Figs. 13and 14 were, he believed, generally
correct for the assumptions considered in the analysis.
However, certain assumed values would change with changes
in steam temperature. For instance, low chrome moly
materials could not be used for the higher metal temperatures
of Fig. 14. The tube temperatures would change quite
perceptibly for resulting changes in conductivity, tube thick-
ness and steam side heat transfer rate.

As noted under item (2) on page 256 (Appendix 111),
radiant heat leakage from the furnace was not included in the
analysis. This leakage could be a considerable amount, as
high as 25 per cent of the maximum total absorption per sqg. ft.
and resulted in a considerable increase in tube temperature.
Thus it was usually preferable to have a parallel flow relation-
ship between gas and steam in the high temperature passes of
the superheater.

On page 241, reference was made to the reduction in super-
heater slagging obtained on coal fired boiler units by intro-
ducing steam into the air supply below the fuel bed. It was
further suggested that the * water gas reaction ” theory
applied to this reduction in slagging might also apply to steam
atomization of oil.

The writer understood that the reduction in superheater
slagging had been noticed on coal fired underfeed stoker and
travelling grate boiler units, and that the steam was injected
in the back half of the grates. The following was a possible
theory regarding this operation:

(@ As the coal first entered the fuel bed the heat drove off
the moisture and volatiles. This resulted in the low
grate temperature which had been noted in several
installations.

As the coal travelled toward the rear of the grates the
coal was reduced to coke, carbon plus ash. This
burned at high temperature, indicated in part by the
sudden increase in grate temperature at this location.
The constituents of the ash sublimate at the high
temperatures, condensed in the cooler zones of the
furnace and screen, and formed slag (on the superheater
surfaces).

The addition of water or steam below the grates re-
duced the fuel bed temperature by 200-300 deg. F.
Water gas was formed (H20 -t-CH>+CO) and the
constituents combined before entering the boiler bank.
The reduction in fuel bed temperature reduced subli-
mation of the ash such that less slagging material was
carried into the furnace and slagging of boiler surfaces
was reduced.

Briefly, the injection of steam below the fuel bed kept
the ash in the fuel bed and, therefore, it could not
deposit as slag on the boiler surfaces.

If this theory were correct, it did not appear to be the
correct analysis for the apparent reduction in superheater
slagging obtained with his company's Y-jet steam atomizer
0w oil fired marine boilers, because the oil ash was not kept
out of the furnace. On stationary practice, the amount of
moisture in the coal did not have an appreciable effect on the
slagging of pulverized coal boiler units which, on the basis of
the above theory, was because the ash was not kept out of the
furnace.

Incidentally, the British had been obtaining a similar re-
duction in slagging by recirculating flue gas through stoker

grates.

&)

Q)

(d)

)

(f)

Mr. G. W. Kessler was heartily in agreement with the general
views of the authors and their interpretations of the advantages
and disadvantages of past and present practices. Therefore,
his remarks were more in the nature of a re-emphasis and
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expansion of a few of the various subjects discussed.

First, as cycle efficiencies were increased by the use of
higher steam pressures, higher steam temperatures, and more
regenerative feed heating, it became increasingly necessary to
use air heaters if boiler efficiency were to be maintained at, or
to exceed, the present high levels. However, this did not
mean economizers would be eliminated; instead we might
find that in many instances conditions would dictate the use of
both economizers and air heaters.

Because of their low fluid temperatures, economizers were
certainly far better heat absorbers than the last sections of
high pressure boilers and, further, their use would prevent
the necessity of operating air heaters with exceedingly high
exit air temperatures. In addition, a better distribution of
the resistances to gas and air flows could probably be obtained,
with a good possibility of reduced overall air pressure
requirements when using both economizers and air heaters.

The authors mentioned air heater operation with 300 deg. F.
uptake gas temperatures. This usually was quite satisfactory,
but if fuel oils with higher sulphur contents were used in the
future, it would be necessary to consider higher exit gas
temperatures (and consequently lower efficiencies), air
bypassing, or air recirculation at normal ratings. Small
steam air heaters also might be used to preheat the air a few
degrees before it entered the main air heater. This would
entail a small loss in efficiency. It must be noted th-i in
boilers designed for operation at 300 deg. F. exit gas
temperatures at normal rating, the exit gas temperatures
would be well below this figure during port and low load
services.

The authors discussed in considerable detail the various
formula: used to establish hoop stresses. The American
Society of Mechanical Engineers had before it for review
and adoption a new formula for the determination of hoop
stress.

The proposed formula,

= D( Pis )
2 (PIs + 1)

where / = thickness, inch
= outside diameter, inch
= pressure, Ib. per sg. in.
= stress, Ib. per sg. in.

C = corrosion factor = 0 0156/)
was presented for review and comment in the May 1951 issue
of “ Mechanical Engineering.” It was expected that the new
formula would be adopted by July 1951.

The American Bureau of Shipping’s Interim Guide, of

December 1949, recommended the use of the formula -
r 2s I:rDXP
where X is an adjustment factor—equal to 2 0 for tempera-
tures of 95 deg. F. and higher
for establishing hoop stresses in piping.

It was noted that, if the corrosion factor in the proposed
A.S.M.E. formula were eliminated, and when X equalled 2 0
in the Interim Guide formula, both formula: might be
expressed in the form -

D
P
S

= 206
where d = inside diameter, inch.

Thus, in the near future there should be a better correlation
between formulae used by different agencies.

Superheater design, performance, and maintenance were all
important in boiler design and the authors covered this
difficult subject in an excellent manner. Too few of us recog-
nized the necessity for careful study of the disposition of
superheater heating surface, and the fact that high grade
alloys could often be eliminated, or their requirements
reduced, by variations in the resistance to steam flow and
inlet gas temperatures.

The boiler designer was faced with a difficult problem as

264

steam temperatures increased. The trend toward steam
temperatures of 950-1,050 deg. F. required superheaters
which must absorb a very large portion of the total heat
absorbed in the entire unit. Thus, the natural tendency
would be to move the superheater closer toward the furnace.
This resulted, however, in higher inlet gas temperatures,
higher tube metal temperatures, and much greater possibilities
of slagging. Increasing the pitch of the tubes would help to
minimize slagging but would require still more surface.

If, in the future, the size of the superheater and the possi-
bility of slagging were cause for concern, the use of gas
tempering might very well be the best solution. With such a
method of operation a certain amount of the products of
combustion could be taken from the zone behind the boiler
or the zone between the economizer and the air heater and
carried back to the furnace where it would be intimately
mixed with the furnace gases just prior to their entrance into
the boiler water screen. This procedure would result in a
twofold advantage—first, the gas temperature entering the
superheater would be lowered appreciably, thus minimizing
the possibility of slagging, and secondly, the increased gas
flow would increase convection heat transfer rate and conse-
quently superheater size might be reduced.

This method of operation also led to another advantage,
that of superheat control. This control could be obtained by
reducing the amount of gas used for tempering as the rating
was decreased. This allowed the furnace exit gas temperature
to increase (but not over the tempered gas temperature
established for normal rating) and consequently higher steam
temperatures could be maintained at the lower boiler ratings.

The authors discussed the use of ferritic and austenitic
alloys, safe ending, and tube to header welding in superheaters.
In this connexion an important item should be noted.  His
company had had occasion to fabricate all austenitic super-
heaters, that is, austenitic tubing and headers. During service
they had noted a rather strange and peculiar trait of the
austenitic materials. The welded joints gave excellent
service but the expanded joints, used in the inlet and low
temperature intermediate superheater headers, leaked after
operation. These joints were rerolled and tested tight under
hydrostatic pressure; however, they leaked after subsequent
service and again were rerolled. This sequence of rerolling,
leakage and rerolling was repeated several times and always
it was noted that in every case the same size expander had to
be used. In other words, the material, after service, always
came back to its original size regardless of the amount of
expanding. As a result of this experience, it was felt that
joints between austenitic materials should be welded even
though they operated at low temperatures.

There was still considerable objection to the use of steam
atomizing oil burners, although they performed in excellent
fashion and facilitated wide range automatic operation.
This objection, of course, stemmed from the loss of fresh
water which might amount to one-half to one per cent of the
total steam output. In view of this situation, considerable
attention had been given to the development of wide range
return flow mechanical pressure oil atomizers and the results
had been most promising.

Tests of variable supply, variable return, and variable
differential pressure return flow burners had shown that very
good conditions could be obtained over a wide range of
operation with a minimum amount of return oil. Further,
sprayer plate wear and maintenance had been decreased
appreciably.

Mr. J. V. C. Malcolmson commented on the selection of
boiler components for higher steam conditions; it was noted
that for steam pressures above 900 Ib. per sg. in. the use of
steam air heaters was unfavourable because the bled steam
requirements of these cycles were large and it was questionable
whether or not there would be adequate steam for air heating
purposes. In order to realize the best boiler efficiency, the
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use of economizer and air heater was indicated; however the
corrosion of gas air heater tubes as a result of low steaming
rates and low stack temperatures made necessary the bypassing
of the heater, with a resultant loss in efficiency. In order to
realize the use of a gas air heater with lower gas temperatures,
he asked whether any further consideration had been given
to the use of the regenerative type of air heater which utilized
rotating corrugated metal plates which were alternately heated
in the exhaust gas and cooled in the combustion air.

The problem of slag formations on superheater tubes had
given origin to the use of steam atomizing fuel oil burners in
vessels of the Texas Company. In addition, in the interest of
proper atomization, there had been installed aboard one of
the vessels using steam atomization, a viscosity control
instrument which automatically maintained a desired value
of viscosity for the fuel to the burners, regardless of the vis-
cosity of the bunkers which were received. A sample of the
fuel leaving the fuel oil heater was supplied to the control
instrument, which in turn measured and controlled the
viscosity through the use of an air actuated control valve
governing the admission of steam to the heaters. Instru-
ments of this type had been used successfully in industrial
process applications and although their use in the marine
field was in an embryonic state, it was felt that the marine
application of this type of control might have merit and be
worthy of consideration in the future.

Mr. W. Hamilton Martin (Member, I.N.A.) wrote that in
reference to the authors' remarks on materials for steam and
superheating tubes and turbine blades which would have to
withstand higher steam conditions at temperatures from 1,050
to 1,200 deg. F., it would seem that no high temperature alloy
steel was yet available effectively and continuously to resist
such destructive agents as vanadium pentoxide, sodium
vanadate or other compounds released in steam which would
eventually destroy parts made from the alloys in present use.
Austenitic steels were being used and nimonic steels were
coming into wider use as the nearest solution for high steam
conditions. Nimonic steels were being used in jet aero-
engines and for gas turbine parts and accessories which were
exposed to intensive chemical corrosion at high mechanical
stresses and excessive temperatures by impingement of hot
combustion gases carrying destructive incandescent particles;
periodical cleaning, resurfacing and contouring was therefore
required, thereby avoiding costly renewals and saving time
taken in overhauls.

A process of electro-polishing had recently been developed
and perfected in this country by a British electro-chemist, by
which such parts were successfully cleaned, resurfaced,
polished and rebuilt to original overall dimensions. In its
present stage of development, parts made from materials such
as stainless steels, stainless iron, high duty nickel-chrome
alloys and the like could be descaled, foreign deposits removed
from entire surfaces, corrosion and pitting removed and a new
surface built, polished and brightened, the original sectional
dimensions restored and put into service again in little time,
avoiding costly renewal.

It would appear that for these higher steam conditions, in
which nimonic steels and the like were used, this electro-
polishing process ought to find similar useful applications for
steam tubes, superheater tubes (final passes especially),
boiler wall tubes, and possibly economizer or air heater tubes.
For turbines, blading and nozzle plates, and throttle valves,
subjected to these higher steam conditions, such parts might
be likewise cleaned, brightened, polished, resurfaced, contours
restored and put into service again without their having to be
renewed. A tube surface could be cleaned and polished, both
externally and internally, to an appreciable length and
minimum diameter. The maintenance of marine and land
reliability and freedom from untimely breakdown, should be
turbo installation at these higher steam conditions, and their
reliability and freedom from untimely breakdown, should be
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improved by the use of this process. In time tube surfaces,
nozzle plates, blades, etc., and many parts exposed to excessive
mechanical, chemical and high temperature effects in steam
practice, cracking and distillation, and chemical plant, heat
exchanges, atomic, etc., equipment may have their surfaces
cleaned, polished and brightened before being built in to
extend their first service period and reduce chances of
premature shutdowns.

By this process electro-machining and cutting could also be
done, which should be especially useful in cases where parts or
surfacing are inaccessible to ordinary machining methods.

Mr. A. W. Rankin wished to discuss several particulars of
high-temperature design in which his opinions were not in
complete accord with those of the authors, but these would not
lessen to any considerable degree the writer's compliments to
the authors on a paper of considerable practical value.

The authors mentioned that a large amount of creep data
“has been obtained from tests lasting only a few thousand
hours.” This was obviously true, but cognizance should be
taken of the large number of American creep tests which had
been carried out for many thousands of hours.  Specifically,
the writer's company had run one set of four bars in constant-
load creep tests out to a full 100,000 hr. (31); another set of
two bars was run out for 50,000 hr.  Sixty-seven tests of more
than 20,000-hr. duration had been completed, while at' the
present time there were forty-eight bars in constant-load creep
tests aimed at 25,000-hr. Of the latter series, a number of
bars had already been in test for more than 20,000 hr. In
addition, other American firms had published data showing
tests of well over 15,000 hr. duration. In the writer's organi-
zation, the short-time creep test of a few thousand hours
duration was used primarily as a sorting tool, but when a steel
was to be used in production design it was subjected to a creep
test of much longer duration.

In the writer’s opinion, the phenomenon of creep strength
was somewhat secondary to that of rupture strength, and in
many parts of turbine design creep strength was essentially of
minor importance, and the major emphasis was placed on
rupture strength. The most obvious point at which this was
true was in the design of bucket dovetail hooks. The overall
length of these was so small that creep could not seriously
affect turbine clearances, while the desirability of alleviating
stress concentrations made it worth while to welcome a certain
amount of plasticity in order to provide against the likelihood
of a rupture failure. It should also be emphasized that this
concern was not an academic one, since sufficient rupture
failures of various turbine and boiler parts had shown that
long-time rupture was a factor which must be given due
respect. Tt should be remembered that this type of failure
might occur after a prolonged period of apparently successful
operation, during which period the designer might have
repeated that particular design in a number of other installa-
tions. Tn particular, it was self-evident that no turbine
installation could be analysed so accurately that the complete
stresses were known; there would be residual stresses of
various types and stress concentrations at various locations,
and with some of the stiffer alloys which must be used for the
higher operating temperatures these unexpected stresses could
easily encroach on the long-time rupture strength and
jeopardize the long-time reliable operation.

With reference to the knees which occurred in the curves of
Fig. 10, the authors stated that these served as a warning that
the particular stress-temperature conditions under which they
occurred were probably unsuitable for long term operation.
Such knees in the log-log plot occurred in the majority of
steels which were employed for long-time high-temperature
operation, and did not render the steels unsuitable for service.
The tests which were used to set the allowable design stresses
must be carried out far enough to get appreciably past this
knee so that the extrapolated value had adequate validity, but
the major effect of the change in the curve in making the
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design problem more difficult was that it resulted in a lower
value of allowable stress.

With respect to the effect of alloys and heat treatment on
high-temperature strength, the writer was not in agreement
that moderate additions of chromium resulted in any marked
increase in high-temperature long-time strength, at least of the
normalized and tempered steels of the more usual alloy
combinations. Tests made, for instance, on 1 per cent mo.
steel and 1 per cent cr.-l per cent mo. steel had shown no
marked difference in the high-temperature strength of the
chromium-containing steel. The addition of the chromium
would increase the graphitization resistance (particularly of an
aluminium-killed steel), increase the oxidation resistance, and
improve the heat-treating characteristics, but would increase
the high-temperature strength only moderately. Of course,
in other alloys, different results might be obtained; for
instance, a 1 per cent cr.-l per cent mo.-J per cent V. alloy
had Dbetter high-temperature properties than a similar
chromium-free composition.

Cognizance must also be taken of the relative strength of a
stress-relieved weld in a normalized and tempered structure.
By normalizing and tempering, the moderate alloys could be
given their best high-temperature strength, but where the weld,
of a composition corresponding to the base material, could be
given only a post-weld stress relief and temper, the weld
would often be considerably weaker than the base material.
This should be included in the design calculations so that the
weldment could be given depth enough for adequate strength.
In this respect the tests of the writer’s company indicated that
normalizing a weld, of the moderate alloy combinations,
would raise the high-temperature strength rather than lower
it as stated by the authors.

The authors had done a commendable job in presenting a
further analysis of the effect of the different theories in
developing a satisfactory formula to study the stress distri-
bution in a pipe wall during creep. As stated in a previous
publication @9)- the writer proposed a formula which gave
the diametral creep on the outer surface, and could see no
particular reason for concern over creep at the inner surface
except in so far as the (larger) inner-surface creep might result
in rupture failure. The writer’s average-shear expression
given by the authors’ formula (21) was developed while
studying the possibility of rupture, and was used as described
in reference (39) only to show that if rupture were controlled
by shear stress, the common formula (or the writer’s variant
thereof) was sufficiently conservative. Until actual long-time
rupture data on tubular specimens were available, it would be
difficult to evaluate the degree of safety of the various formulae,
and reliance must be placed on engineering judgment, as was
so often necessary in the design of complex high-temperature
equipment.

The writer had given the above comments so as to present
some of the results of the long experience of his company in
building both land and marine turbines. Economic factors
were driving both land and marine units to higher pressures
and temperatures—some marine units were already operating
at the 1,000 deg. F. level, while the writer’s company was now
engaged in the construction of land turbines for 1,100 deg. F.
operation—and these steps to the higher operating conditions
required the painstaking care of the engineering, manu-
facturing, installation, and operating organizations.

Mr. E. Kemper Sullivan considered that the prophecy of
the authors that the steam conditions of the future would
be considerably higher than those of today was sound. We
had not yet reached the limitations imposed by materials and
manufacturing techniques available today, and when that
point was reached it seemed fairly certain that these limitations
would have been removed to higher levels. As for going
one step further than was economically justified, it seemed
there was more advantage to all parties if the improvements
be made in increments, as has been the general policy in the
past.
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In advanced steam conditions there was more to consider
than the striking of a balance between fuel savings and
increased first cost.  Such factors as operating cost, mainten-
ance and repair cost and reliability were also important; and
today the question of scarcity of materials must be given
careful consideration. The use of critical materials, such as
chromium, nickel and fuel oil must be evaluated from the
point of view of availability as well as cost.

As an example of the cost of a steam power plant as a func-
tion of steam conditions, economic studies made for the
“Mariner Class” fast cargo ship now building for the
Maritime Administration resulted in the following comparative
costsi—

Steam Conditions Annual Annual Net
at increased  decreased  increased
throttle fuel cost  fixed cost annual cost

850 Ib. per sg. in.—
890 deg. F. 0 $0 $0

600 Ib. per sg. in.—
840 deg. F. $9,500 57,960 $1,540

585 Ib. per sg. in—
890 deg. F. $6,400 $6,400 $0

Although the gain obtainable by using the higher temperature
may seem small, it was real, and would be greatly amplified
in the near future when the cost of development could be
spread out, as pointed out by the authors. For the above
mentioned “Mariner Class,” however, the gain from higher
temperature was not believed to be warranted when all factors
were considered.

Of course, going to higher steam conditions without making
use of all the advantages of those conditions in the selection
of the steam cycle and machinery components seemed
wasteful.  All practical means of fully utilizing those benefits
should be provided when economically justified. As an
example of this thinking, a prototype cargo ship now building
for the Maritime Administration employed 850 Ib. per sqg. in.
gauge—=890 deg. F. steam. The cycle for this ship included
four stages of feedwater heating, high efficiency main and
auxiliary turbines, and boilers fitted with both economizers
and gas air heaters. Throughout the cycle attempts were
made to utilize the energy available.

With regard to air heaters, it was believed that for most
cases the use of steam air heaters should be limited to steam
pressures of about 600 Ib. per sg. in. gauge or less. Regenera-
tive type gas air heaters offered promise of providing a means
safely to obtain boiler efficiencies in excess of 88 per cent.
There were three marine installations now being made in
America, and it would be interesting to follow the
performance record.

In discussing steam pipe stresses, the authors referred to
one hundred per cent cold pull-up, with one-third credit
allowed in the pipe stress calculations. The writer believed
that a more equitable procedure for all conditions of service
was to apply fifty per cent cold pull-up and to give no credit
allowance in the stress calculations.

The need for superheat controls at elevated temperatures
was pretty much agreed. The authors described a method
of using an auxiliary desuperheater. As an alternative
means, injection of feedwater into the coils of the superheater
header offered promise. This method had the added
advantage of protecting the superheater tubes during
temperature surges.

AUTHORS' REPLY

Mr. Ireland, replying, said that Admiral Maxwell had
brought out some very interesting distinctions between the
design aspect for Naval machinery and that for commercial
machinery. Practically all the points that Admiral Maxwell
had raised were being given serious consideration in U.S.
naval work also. He was sorry that he could not give a
specificanswer to the question about the influence of super-
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heated exhaust on condenser performance, because there
were two sets of results available at the present time, neither
of them complete and both contradictory. His own results
indicated that so long as the conditions were such that the
tube could not actually become dry, if condensation did take
place on the tube, the rate of heat transfer would not suffer.
However, if it was possible for the tube to become completely
dry so that it was acting as a de-superheater, then the heat
transfer rate would suffer.

The question of availability of materials in wartime
mentioned by Admiral Maxwell was quite important and
was receiving attention currently in the U.S.A. Iron was
the basic material needed of course, while nickel, molybdenum
and chromium were the alloying elements required for high
temperature designs.

One other point of interest in connexion with Admiral
Maxwell’s remarks was that, according to the latest informa-
tion, it was possible to obtain a maximum steam temperature
at cruising speeds with a gradual falling off at higher ratings
without using temperature control for this purpose. This did
not alter the views stated in the body of the paper regarding
the desirability of control to prevent large swings in steam
temperature.

He had particularly appreciated Mr. Gatewood’s remarks,
and he would like to add that when the story about condensa-
tion producing thermal shock had become known, there
had been a very immediate and very thorough check of all
such connexions on work that was then in hand.

Dr. Brown had asked for some information on gearing.
He agreed that some remarks should be made on that subject,
but for the moment he would only say briefly that the recent
advances made in the United States in regard to gear cutting
had been standardized for commercial work to the point
where all leading manufacturers were now willing to offer
designs based on K factors of 100 for the high speed reduction
and 75 for the low speed reduction. The use of hardened
pinions and shaving or lapping processes was inherent, of
course, in any such advances.

It was interesting to note that, according to Dr. Brown,
steam conditions in both the United Kingdom and the
United States were now at the same level. He would like to
explain that the temperature limitation to 875 deg. F. in the
United States, which Capt. Smyth had referred to, was due to
the chromium shortage and the need of it for more vital
equipment than commercial processes. Once that need had
been surmounted he hoped that they would be able to proceed.
He felt that the marine industry had the “know-how” for
950 deg. F. as a routine commercial design, and that they
could go further for special cases, when needed.

He was glad that Dr. Brown had called attention to one
remark in the paper which, he agreed, was somewhat pro-
vocative. In the Sewaren unit, shown in Fig. 29 of the paper,
there were piston ring connexions at the inlet. He would
say, however, that there appeared to be this difference, that
the ones in the unit shown in the paper moved wholly due to
thermal expansion, whereas he had the impression that the
valve in the British units referred to must travel through
quite a distance in order to expose successive nozzles and
also must be operated by a manual or other mechanism.

The question raised by Dr. Brown with reference to Fig. 3
disclosed that an error had crept into the labelling, which it
was hoped could be corrected in the published text. The
figures representing steam pressure on the 850 deg. F. line
should be interposed as between the 2,000 to 6,000 s.p.h.
range and the 6,000 to 10,000 s.h.p. range.

The authors certainly agreed with Dr. Brown concerning
the desirability of having more information on the elongation
at fracture of stress rupture specimens. One of the authors
had strongly advocated this for many years, and it was now
a growing practice in the U.S.A. to record such data and
include it on creep-rupture design charts.
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As mentioned by Dr. Brown, it was imperative to stress
relieve turbine castings, particularly after repair welding, and
this was normal practice in the U.S.A. for all types of castings
used in high-pressure high-temperature steam plants.

The other points mentioned by Dr. Brown relative to
steam cycle arrangements, selection of high temperature
materials and the problem of vanadium attack were appreci-
ated, as they were very timely and added to the value of the
paper.

He had been interested to find that Mr. Baker was a
proponent of the 2-drum type boiler. Speaking as a ship-
builder, he maintained a completely open mind on that
subject, and would work entirely to the owner’s preferences
in either case.

In reply to Mr. Baker’ further remarks, the authors were
very much interested in his statements regarding satisfactory
experience with air heaters and economizers at 250 deg. F.
exhaust gas temperature. According to the latest information
from U.S. sources, corrosion of these elements and of
breechings and smoke pipes had now become a serious
problem even with 320 deg. F. exhaust temperature.

With regard to the Victory ship soot blowers, it had
now become quite common practice to use 250 Ib. air pressure
instead of 125 Ib. pressure on these vessels. Also, there
had been some design improvements since these early instal-
lations of the air puff type soot blowers.

Mr. Baker’s question with regard to pricing of improve-
ments in steam rate performance of propulsion turbines
should, of course, be referred to the manufacturers.

With reference to the possibility that losses in the h.p. end
of the main turbines could be reduced, Mr. Baker was
correct in assuming that this was a matter of detailed investiga-
tion, some phases of which were briefly mentioned in
reference <l).

As to costs, the authors found that Mr. Baker’s figures
were in close agreement with those given in reference (4)
of the paper when these were corrected to current price levels,
provided the vessel was assumed to operate at a high load
factor. This was perhaps surprising since the gross figures
obtained by Mr. Baker would be expected to be considerably
lower than those quoted currently in the United States.

Mr. Baker’s remarks on the detection of carryover products
in the steam line were particularly interesting, and it might
be mentioned that a similar device based on electrical
conductivity measurement was understood to be used on the
vessels described by reference <13).

Capt. Smyth’s remarks concerning economizers and air
heaters lent emphasis to what had been said previously about
the current seriousness of the corrosion problem.

Mr. Pemberton had raised the question of the extrapolation
of creep and rupture tests. There was a brief mention of
this in the paper, coupled with a few references to long-time
tests. Generally, the matter could be summed up by saying
that for materials which had metallurgical stability within
that temperature and stress range where they maintained
stability, it appeared to be perfectly safe to extrapolate these
results. This had been confirmed by tests lasting 10,000.
15,000 and 20,000 hours on a number of materials and in a
very few tests lasting as long as 100,000 hours. There was a
reference to such tests in the paper. This information had
been amplified by Mr. Rankin in his contribution to the
discussion.

The fuel rate mentioned by Mr. Pemberton of £lb. per
s.h.p. hr. had already been attained without reheating in
the vessels described by referenced*® with steam conditions
of 850 Ib., 850 deg. F.

Mr. W. Hamilton Martin’s suggestions relative to repair
of wasted surfaces by electro-plating were of great interest.
The extent to which such a process was economical would
appear to depend upon the ease with which the affected
parts could be removed from service and also upon their
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actual size. It was a little difficult to visualize electro-plating
equipment capable of economically resurfacing heat exchanger
tubes twenty or more feet in length.

Mr. Davis had referred to re-heating. Re-heating had
first been introduced in the United States when a temperature
level had been established, and he thought that the position
should be the same and that as long as increases in temperature
were possible, it was well to adhere to that line; when a level
was reached which appeared to be necessary for some years

to come, it was time to reconsider the use of re-heating. Mr.
Davis had referred to the use of cold pull. The authors’
recommendation was 100 per cent physical cold pull. The

limitation of one-third was the amount of credit to be taken
for such cold pull in making the calculations.

As already mentioned, Mr. Rankin had added some
valuable information concerning his company’s long-time
creep and rupture testing programme as well as some very
interesting statements on the application of such information
to the design of turbine parts. The authors certainly agreed
that long-term creep and rupture strength data were both
important and that one or the other might dominate a
particular application.

Mr. Rankin had taken the authors to task for indicating
that it was undesirable to use high temperature materials for
conditions beyond the knee in the stress-rupture curve. The
authors agreed that the original statement was perhaps capable
of misinterpretation but still felt that the occurrence of such
a knee in combination with a marked reduction in ductility
at fracture, as illustrated in Fig. 12(a), should be taken as a
warning to exercise caution in the use of a particular material
under these conditions. Furthermore, they felt that it was
wise to be assured of about one per cent creep elongation
before the start of third-stage creep which would ultimately
lead to failure.

The authors did not believe that Mr. Rankin intended
any disagreement with the data shown in Table Ill, which
generally indicated substantial improvements in creep and
rupture strength for the alloys with higher chromium and
molybdenum contents. The authors would agree that for
higher temperatures and longer test durations, the improve-
ment in surface oxidation resistance was probably the control-
ling factor in producing such results.

Mr. Rankin’s point concerning the relative strength of the
weld following various postweld treatments was an important
one. It was noted in the paper that a normalized condition
was preferred for welds in carbon-molybdenum pipe but this
was not found to be satisfactory for weld metal containing
about two per cent of chromium. Mr. Rankin’s experience,
presumably, related to alloys of lower chromium content
where he found an improvement in high temperature strength
of welds due to normalizing. Differences in electrode carbon
content and ductility and the use of synthetic electrode
construction might well account for the different results
noted by Mr. Rankin. In general, the finer grain structure
resulting from normalizing would be expected to lower the
high temperature strength.

With regard to the problem of hoop stress formulations
for the high temperature range, the authors were pleased to
note that the lack of tubular stress rupture data mentioned
by Mr. Rankin would be filled by a publication to be presented
at the annual meeting of the American Society of Mechanical
Engineers in December 1951.

Mr. Chase had made some valuable comments with regard
to current trends in U.S. central station practice and on the
bypassing and astern heating problems. His statements
on the improvements to be expected from the use of higher
pressures were understood to represent a change in viewpoint
which had taken place since the publication of reference (4).
It would be recalled that the material in this reference was
used to prepare Fig. | of the present paper, and it might be
mentioned that when reference W was presented, Mr. Alan
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Keller, an associate of Mr. Chase, commented to the effect
that he was in agreement with the turbine performance
information contained therein.

Upon investigation, the authors had learned that this
change in viewpoint was based on the actual performance of
recently installed high pressure, high temperature central
station units which exceeded their anticipated performance.
Until there was more general agreement on this point, the
authors would prefer to let Fig. 1 stand as representative
of results that could be readily obtained.

Some of Mr. Burtner’s comments relative to turbine
manufacturers in the United States touched upon a matter
wherein the authors were naturally at variance among them-
selves. It need only be said that such questions continued
to be handled on an amicable basis.

With regard to Mr. Burtner’s remarks concerning the
inherent circulation characteristics of header and two-drum
type boilers, the authors believed that the boiler manufac-
turers took the attitude that entirely satisfactory circulation
characteristics could be obtained in either type of boiler.

Mr. Eby had presented some very important considerations
from the operator’s viewpoint, and all of his suggestions
needed to be carefully considered in any new installations.
The difficulty of obtaining special replacement materials in
outlying ports must be overcome in the main by designing
high temperature parts for even greater reliability than was
now obtained in the same parts working at lower tempera-
tures. Much progress was being made along this line, such
as improvements in design of superheater tube supports,
valve Internals and the like. Superheater tube renewals and
similar replacements should not exceed what was now
considered to be normal, and these could be deferred until
arrival at the home port where the normal provision of
spares should prevent undue delay.

Mr. Malcolmson had raised an interesting point relative to
the use of regenerative rotary type air heaters. It was under-
stood that experience with these in recent British vessels had
generally been satisfactory. Mr. Sullivan had mentioned
that there were three vessels under construction in the United
States employing this type of air heater. The U.S. marine
industry would await with interest the results of the initial
installation.

The use of steam atomizing burners and a fuel oil viscosity
monitor mentioned by Mr. Malcolmson were both of con-
siderable interest, and the authors looked forward to hearing
more about these developments as time went on

The cost figures presented by Mr. Sullivan would appear
to indicate a ten-year pay out time for the increased cost of
585 |b.—890 deg. F. steam conditions as compared to
600 Ib.—840 deg. F., which was not greatly different from
similar information appearing in reference (4) if a high load
factor was assumed. As indicated in the paper, such deter-
minations must be made for the particular ship and route
under consideration before a decision could be made. Just
how large a step might seem wise was also an individual
matter involving, among other items, assurance to all parties
concerned that the necessary technical *“ know-how ” and
background information was at hand.

Mr. Sullivan’s comments with reference to the importance
of maintenance and repair items, the need for maintaining
efficiency throughout the plant cycle and other matters were
well taken. The authors would only add a word of caution
with regard to the injection of feedwater into the superheater
intermediate header for temperature control. From what
they had seen of the large-scale spray type desuperheaters
used in central station plants, a well proportioned venturi
sleeve with ample length for mixing was necessary to prevent
impingement of water particles on the pipe walls. Such a
device could best be installed in a section of straight pipe
external to the superheater header.

Mr. Kessler had contributed some valuable remarks on the
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natural relationship between air heater and economizer
surface, a point that was also mentioned by Mr. Malcolmson.
The reference to use of a small steam air heater to raise the
dewpoint at the cold end of the gas air heater was particularly
interesting, as one of the authors had been trying to interest
the boiler manufacturers in this scheme for several years.

The new A.S.M.E. hoop-stress formula was shown
by Mr. Kessler to be quite similar in form to the Interim Guide
expression. It should be noted that a joint task force had
recently been appointed under the auspices of the American
Standards Association to review the entire field of hoop-stress
formulae, with the intention of arriving at a single formulation
which would be acceptable to all the agencies concerned.

The prospects of gas recirculation mentioned by Mr. Kessler

INSTITUTE

Autumn Golf Meeting 1951

It is hoped that the competition held between the Institute
and the Institution of Naval Architects at the Royal Automobile
Club’s Golf Club at Woodcote Park on Thursday, 4th October,
will be the first of many. If the success of future occasions is
as great as that of the first, there should be no doubt that
the competition will become an annual event.

With this particularly in view, members are reminded that
notices were sent out with the September issue of the T ransac-
tions concerning the proposed formation of a Golfing Society.
It is hoped that many members will enrol on the register of
this Society.

The morning competition consisted of a match between
fifteen nominated members each of the Institute and the
Institution of Naval Architects, and prizes were awarded also
for the best stroke score, virtually two competitions being
played off together. The match was won by the Institute by
the margin of nine to three, with three halved. In the stroke
competition the first prize, a Smith’s alarm clock in a pigskin
case, was won by Mr. J. G. Edmiston, with a net score of
72. The second prize, six silver tea spoons, went to Mr. A
McDougall with a net score of 73, and the third prize, a
tankard, went to Mr. W. Sampson with a net score of 74.

In the afternoon four-ball bogey greensome competition,
which had been arranged by ballot for all entrants, Messtrs.
E. F. J. Baugh and J. H. F. Edmiston came in first with 2 up,
and each received a set of heat-resisting table mats; Messrs.
R. K. Craig and W. Smith came in second with 2 down and
received Ronson Queen Anne table lighters, while Messrs. J.
Irwin and W. Ridley were third with 4 down and received
Bayard alarm clocks.

In the absence of Mr. A. Robertson (Convener of Social
Events) through illness, Mr. J. Turnbull (Chairman of Council)
assisted by Mr. R. K. Craig, presented the prizes. Mr. Turnbull
mentioned that this was the first occasion of a joint meeting
with the Institution of Naval Architects; he was sure all would
agree that it had been most successful and, in hoping for its
repetition, he received general support.

Votes of thanks to the Royal Automobile Club Committee
for the excellent arrangements which had been made for the
meeting, and to the Social Events Committee for their work
in conducting the competitions, were proposed by Messrs.
Craig and Baugh respectively. Mr. Turnbull moved a very
hearty vote of thanks to the prize donors—Messrs. R. K. Craig,
T. A. Crompton, C. P. Harrison, H. R. Humphreys, J. A

had undoubted advantages with respect to superheater design
and control but would require auxiliary hot gas fans which
introduced sizable weight and space requirements as well as
maintenance problems.

With reference to the superheater tube seat problem
described by Mr. Kessler, the authors had recently learned
that there was a strong trend to the use of external strength
welds similar to those shown in Fig. 22.

Mr. Hasek had contributed an interesting statement of the
numerous and complex factors entering into superheater design
and had clarified the current theories regarding the relative
effectiveness of steam injection in stoker fired versus pulverized
fuel and oil firing.

ACTIVITIES

Rhynas, A. Robertson, W. Sampson, A. Walker and the Institu-
tion of Naval Architects, and the proceedings terminated.

Sydney Local Section

A meeting of the Sydney Local Section was held at Science
House, Gloucester Street, Sydney, on Friday, 5th October,
1951, at 8 p.m. Forty-six members and guests were present
and the Chair was taken by Mr. W. G. C. Butcher.

Professor A. H. Willis, Associate Professor of Mechanical
Engineering, N.S.W. University of Technology, gave a lecture
entitled “Stressed Rubber”. The lecture was well illustrated
by lantern slides and conveyed a great deal of information in
the modern use of rubber in engineering. Afterwards, an
excellent discussion took place, to which Captain(E) Bull,
Messrs. Findlay, Butcher, Short, Wardell, Buis, Lees, Flaherty
and McLachlan contributed.

A vote of thanks to Professor Willis was proposed by Mr.
H. P. Weymouth and seconded by Mr. D. N. Findlay, and
carried by acclamation.

Junior Section
Birkenhead Technical College

A Junior lecture was given on Wednesday, 10th October
1951, at the Birkenhead Technical College, Conway Street,
Birkenhead. Mr. A. G. Arnold (Member) took the Chair and
represented the Institute, while the college was represented by
Mr. Oulsnam.

112 students, apprentices, members and visitors were
present to hear Lieut. Com’r(E) A. P. Monk, D.S.C., R.N.(ret-)
(Member) deliver a lecture entitled “The Construction of
Marine Watertube Boilers”. This large attendance was par-
ticularly gratifying as Commander Monk had given this lecture
on Merseyside only twelve months previously.

A large number of questions were asked and answered and
a hearty vote of thanks was accorded to the author for his
interesting paper.

Acton Technical College

On the 11th October 1951, Messrs. M. W. T. Rees, B.Sc.,
and G. J. Tuke, B.Sc., gave a lecture at Acton Technical Col-
lege entitled “Electric Propulsion of Ships”. The Principal of
the College, Mr. R. W. MacAdam, B.Sc., M.I.Mech.E., was
present, also Mr. Williams of the Mechanical Engineering
Department, and the Institute was represented by Mr. C. P.
Harrison (Member of Council).

About 150 students attended the meeting and their interest
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and appreciation were evident from the vigorous questioning
of the authors which followed the lecture. The meeting was
generally considered to have been most successful.

Southern Junior Branch I.N.A. and |.Mar.E.

The Annual General Meeting of the Southern Junior
Branch was held on Friday, 26th October 1951, at 7.15 p.m.,
at the Polygon Hotel, Southampton. Forty-eight members were
present. In the absence through illness of Dr. Dorey, Mr.
R. W. L. Gawn, O.B.E., R.C.N.C., Vice-President, presided
over the meeting, and Mr. W. J. Ferguson, Chief Executive to
Lloyd’s Register of Shipping, read Dr. Dorey’s Presidential
Address, “Science and the Marine Engineer”. A motion was
passed to the effect that the Secretary should write to Dr. Dorey
expressing regret at his illness and wishing him a speedy
recovery, and to thank him for his services to the Branch. A
message from Dr. Dorey, praising the work of the Council,
was read by Mr. Ferguson.

In presenting the Council’s report the Secretary, Mr. T. W.

Paradise, said that it was five years ago, on 25th October 1946,
that the Branch held its first general meeting; there were then
only sixty-three names on the mailing list compared with over
200 today. The programme for the session was as follows:—
22nd Nov. (Thurs.) 7.30 p.m. “Shallow Draught Vessels”, by
A. R. Mitchell, M.B.E., M.C., at the Muni-
cipal College, Portsmouth.
730 p.m. Film evening at University
College, Southampton, when the following
films would be shown: “The Making and
Shaping of Steel”; “We’ve come a long way”;
“A Harbour Goes to France”.

In January, a junior member of the Branch, John Leathard,
B.Sc., Ph.D., would read a paper on modern propeller theory
at Portsmouth.

The February meeting, to be held in Southampton, would
be for the lecture by Mr. T. Clark (Member, I.Mar.E.) on the
work of Trinity House, “Ships that Serve Ships”, and a film
on the subject would be shown.

The details of the March and April meetings were not yet
settled; in March there would be another film evening at

17th Dec. (Mon.)

Activities

Portsmouth, and it was hoped that at the April meeting at
Southampton a paper would be presented by a junior member
of the Admiralty Experimental Works at Haslar.

In May, Mr. J. Calderwood, M.Sc. (Vice-President,
I.Mar.E.) had promised to read his paper, “The Combustion
Turbine”, at Portsmouth.

A visit to the new oil refinery at Fawley, Hampshire, was
being arranged to take place early in 1952. Later in the year
a visit to the works of Saunders Roe, Ltd., at Cowes, Isle of
Wight, was being arranged. A visit to one of the “Queens”
in Southampton Docks was also under consideration.

The Treasurer, in his report, said that the Council intended
to recommend the publication of the T ransactions in book
form.

Messrs. W. J. Ayers, J. R. Cousins, J. Leathard, B.Sc.,
Ph.D., B. W. Ramsey, R.C.N.C., J. E. Tope, T. W. Paradise
and M. Varvill were elected to the Council for 1951-52.

A motion which was passed empowering the Council to
elect Honorary Members was necessary as a result of the loss
of the services of experienced Members of Council on account
of the age limit of thirty. When the Council had considered
the question of age limit, the view had been unanimously
expressed that provided the interests of junior members, for
whom the Branch was formed, were fully considered, the time
had come to explore the possibility of developing the organiza-
tion into the Southern Branch of the two parent bodies, to
embrace all grades of membership. Whilst meetings were well
attended by junior members, there was always a core of senior
members which remained continually in support, being some-
times in the majority. This interest by senior members augured
well for the progress of the Branch and it would be a natural
step forward, as well as being an acceptance of the real posi-
tion, if the Branch were to expand to include those members.
The Council did not for the moment wish to put this sugges-
tion forward as a resolution but, in coming to a decision, would
welcome any comments sent in to the Secretary. If the Council
considered this measure to be both desirable and practicable,
their proposals would be submitted to a general meeting of the
Branch.

OBITUARY

W. Hinchcriffe (Member 5212) began his engineering
career with J. Samuel White and Co., Ltd., Cowes, in 1898;
after gaining sea experience with the Shaw, Savill and Albion
Co., Ltd., he joined the drawing office staff of the Wallsend
Slipway and Engineering Co., Ltd. In 1911 he was appointed
technical assistant to the superintendent engineer of the Eller-
man Lines, in 1915 he was assistant superintendent engineer of
the Ellerman Hall Line, and in 1924 he was appointed to the
position of chief superintendent engineer. From then until his
retirement he was responsible for some eighty ships in the com-
pany’s fleet; he also supervised the hulls and propelling
machinery for the whole of the fleets of the Ellerman Group.
Mr. Hinchcliffe retired in 1947 and lived at Cowes in the Isle
of Wight until his death in October 1951.

He was a member of the Institution of Mechanical Engin-
eers and the Institution of Naval Architects and was elected a
Member of the Institute in 1924. In 1933 he was elected
chairman of the Liverpool Marine Engineers’ and Naval Archi-
tects” Guild and took a prominent part in the incorporation
of the Liverpool Engineering Society, of which he was presi-
dent in 1939. He was a director of C. and H. Crichton (1921)
Ltd., and of Amos and Smith, Ltd., of Hull; in addition, he

was managing director of the Ellerman Engine Works in Bootle
and a consultant for the Wilson Line.

G. A Putten (Member 1927) was born in 1880. He
attended Birkbeck College, London, and was a pupil at the
Royal Shipbuilding and Engineering Co., Ltd., in Flushing,
Holland, from 1895 to 1898. Until October 1899 he was an
improver, fitter and erector with Maudsley, Son and Field,
Ltd., of Lambeth. At this time he entered the business carried
on by his father, a machinery merchant having a large con-
nexion with the principal Dutch shipbuilders and engineers.
The merchanting side of the business did not greatly interest
either him or his brother and soon afterwards they formed the
firm of Frederick A. Pullen and Company, which specialized
in pumping machinery, a business they carried on together
until April 1950 when the firm was made into a limited com-
pany under the style of Frederick A. Pullen and Co., Ltd., of
which they were both directors.

Mr. Pullen was elected a Member of the Institution of
Heating and Ventilating Engineers in 1906 and for many years
he served on their council; he was elected to Membership of
the Institute in 1907.
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