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e————— EXPLANATORY.

This colleotion of papers is submitted as fairly repres-
entative of the Author's work during the period 1920-1922; 2and =

few remarks in explanation of the various items may be given,

.The greater part of the time has been spemt on the general
subjeet of nozzle flow; and, within the period refefred to, the
Author has had the honour of collaborating with Professor A, L,
Mellanby, D,Sc., in the experimental and analytical wofk,and in the.
composition, of the following published papers on this subject:- |

"Steam Action in Simple Nozzle Forms"

British Association, Section G, Aug. 1920.
"Engineering", Sept. 3. 1920.

"Dregsure-Flow Experiments on Steam Nozzles",
Proc.Inst,.Engrs.& sShipdrs. in Scot., Nov, 1920
"Engineering", March 4, 1921,

"On the Losses in Convergent Nozzles'.
Proc. N-E. Coast Inst.Engrs.& Shipdrs., Feby.1921,.

"The Supersaturated Condition as shown by Nozzle Flow". ,
Proc,Inst,Mech,Engrs., Paris Meeting, June 1922. j
"Engineering", June 30, 1922, f

The first paper of the present series also deals with thii
subject and constitutes a study of the various loss effects in i
nozzleé. It is thought that the treatment given carries this par- ?
ticular matter definitely beyond the point which it had previously ﬁ
reached, The first two sections of the paper utilise experimental ;
data contained in the publications mentioned; and the third section
is primarily concerned with an analysis of some results provided by
Dr Morley's reaction experiments on air nozzles (Proc. Inst. Meeh. |
Engrs., Jany. 1916). The Author can, therefore, only admit a pertisl
regsponsibility for the experimental figurés used in this particular.
paper, but must accept the full responsibility for the manner and

results of the various diseusgsions.

The different sections into which this "Study of Nozzle




Explanatory. (contd.) -

Losses" 1is divided are charactgriétic of ‘the nature and difficultieé
of the_subject. Section A on "fhe Frictiongl Effect% degls with a
‘loss tyﬁe that is readily appreciatéd. ’The treatment given is fairly
complete and leads finally, to the establishment of coefficients, aﬁd
the formulation of methods of éalculation, that should be of servicé
Section B, on "The Entrance Loss", examines & rather mysterious |
effect, and 1s mainly speculative as to causes, It introduces new
aspects of the matter in the various points of view discussed, and

. in the relation of certain sets of data, ' The losses in jét compresé-
-ion recéive attention in Section C; but‘this is merely an attempt
to obtain some idea of the general magnitude of & loss effect not
hitherto isolated; and the data are rather inadequate, The mode of
~ treatment and certain general findings may be of interest. Section
D comprigses remarks on various kinds of loss, and provides an oppor-

-tunity for summary, illustration and suggestion.

Some experimentel work has also been carried out om an
impulse turbine, and the next two papers deal with pertain aspeocts
of this subject., The first of these,on "Jet Aotionf%lading")deals
mainly with certain peculiar varietions observed in the angle of out-
flow from blades. So far as the matter is dealt with here the data
have been obtained with the turbine wheel locked: but the effeects
observed seemed to require some explanation before proceeding with
the.examinétion of the moving wheel., The paper represents an en-
-deavour %to provide this explanation, but also containsg some tentét—
-ive considerations of the problem of the moving blade. The full
experimental investigation promises to be very prolonged, and the

discussion given may be held as representing only the first phase.

The other paper originating in the turbine experiments is
on "Turbine Wheel Frietion". This subjeet was previously treated by
the Author in a paper in 1912, entitled:-

"2 e Steam Friction of Turbine Wheels”

Proc, R.T.C., Secientifie Soec.,, Deo.,,1912.
"Engineering", Aug. 22, 1913.

and the present attack was prompted by the apparent inconsistency




of some interest.

Bxplanatory. (contd.)

between the results contained in that paper and those of the recent
tests, It was found necessary to re-examine the whole subject, and
the treatment now given is of fair generality. The outcome of the
investigation.represents probably the most complete result yet
attained for full scale bladed wheels:; ahd some conclusions arrived
at regarding the mode of treatment of these involved resigtance

effects may deserve the emphasis accorded them,

The three papers just described are concerned with matters
that have been experimentally examined, and are recorded as "Papers
on Experimentael Subjeets". At various intervals, however, time has
been occupied with short investigations of a more limited aim,and =
selection of these is included, listed under the heading "Miscellan-
-eous Investigations". The main papers show the treatment of generel
problems arising out of research: the others illustrate methods of
dealing with specific problems arising out of design, and the list
is typical rather than exhaﬁstive. The treatment in each case of
the latter is biief,but sufficient to explain the motive and show

the result,

The first on "High Blade Stresses at Low Powers" is an
endeavour to present the underlying cause of a somewhat unususl type§
of blade failure. The conditions are rather unexpected; but a very
definite case of the kind actually occurred in & maval turbine set,

end it is thought that this short discussion of the problem may bde

The second article of fhis group, entitled "Stresses in a
Special Form of Turbine Rotor", undertakes the application of dise
stress theory to & particular form of rotor that has come into use
in the course of developments in high speed marine turbines. As
this type 1is now frequently employed the reduction to a direct and

easy calculation is probably useful.

‘ The remaining two articles are illustrations of processes
developed for the purpose of evading the mbre complicated, but more }

correct, standard methods, The one dealing with "Reheat Factors" |




Explanatory. (contd.)

gimply presents a method for calculation of the essentials of a
cumulative heat curve. The method does not require any high degreez
of accuracy in use; nor is it complicated by change of field:; and
these are adventages that will appeal to tlicse who have to make such
calculations. The final article on "The Provisional Determinatién ;
of Critical Speed” endéavours to replace - for certain purposes -
the usual lengthy and tedious graphical computatioh of a critical
speed, by a straightforward calculation, The result obtained is
shown to be in good agreement With actual cases covering a very wide

range of size, which fact demonstrates its usefulness.

The Author's chief activities, apart from his association
with Professor Mellanby on nozzle work, must be taken as represented

by the three papers of the first group. The minor investigations

comprising the second set are not advanced as part of any scheme of
research, but as accidental subjects leading, it is hoped, to useful
results, but included in this compilation only to show & particular

aspect of the work which has been carried through.'

The Author desires here to record his great indebtedness
to Professor Mellanby, under whose general direction the various
regearches have been conducted, and who has, throughout, been gener-
ous in granting all the necessary facilities, and ready with helpful
suggestion, His thanks are also gratefully extended to Mr D, S,
Anderson, B.Se,, A,R.T.C., who willingly supplied those figures fror
his own experimental data to which reference is duly mede in the
text; and to Mr T, W, F., Brown, B.Se., A.R.T.C.,and Mr J, Cameron,

B.Se., for their capable assistance with some of the turbine tests.

- . 7
-(/LSAM/LM JLM.
/,_’—-———v .
Mechanical Engineering ILaboratory,
Royal Technieal College.
Glasgow .,

December , 1922.
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A

' LOSSES

A STUDY OF NOZZLE

A_: =— THE PRICIIONAL _ EFFECT,

- out on nozzles, théfe is a‘remarkéble dearth of quantitative infor:

useless a8 direct informution on friction loss; +the more so that

loss will depend are subject to rapid change; and, in order that

- jet development, This detail informution is entirely lacking in the

~usual data, and the weakness resulting therefrom is well shown by

Introductory: Itvhas always been recognised that a fluid expanding
in a nozzle is subject‘to frictional loss: but, in spite of,the

very considerable amount of experimental work that has been carried

:mation on this essential point, It is certain that the more usual

experimental methodé, involving flow, impact or reaction observations
cannot permit of accurate deductions regarding the losses, since.
they onlv provide ev1dence concerning the aggregate effect of any
detrimental processes at work within the expansion length, Consequqﬂ;

a very large proportion of the experimental data on this subject is

the overull facts contained therein do not help, in any way, to
resolve the doubt as to whether the total loss arises from friction

alone or is the summaution ot several effects,

In an expanding fluid the factors on which any kind of

satigsfactory conclusions may be drawn rrom any actual observations,

it is essential thut examination be made at different stuges in'the 

the general habit of applying totual efrlciencles with prwctically
no con51deratlon of the modifying influences present in any specific

case,

The frictional resistances created by high speed fluid
flow within confininglsurfaces hawt been extensively investigated;
but while the speed rangé hitherto explored well covers the uéual |
limits of pipe flow it fulls far shorf of the speeds common in
nozzle expansion, There is, therefore, no absolute certuinty that

full agreement will exist when the step up to nozzle speeds is teken
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study of Nozsle Losses:-
The Frictional Effeot (contdl).

The principle of dynamical similarity, on which the general luw of
frictiuvnal resistunce depends, is of such comprehensiveness that we
should nuturully expect very close agreement; bdbut this can hardly

be said to be apparent if the total losses 6 as disclosed by most

- experimental results are supposed chargeable tv friction only,

1t would seem desirable, then, that the nature and extent
ot the agreement with theory in this metter should be demonstrated
by means of uctual friction results for nozzles, This demandg; as
an essential, the isolation ofthe frictional loss incurred in the
expansion; which, in turn, entuils observation of the whole expan:
:gion range, since only thereby can we hope tv eaclude effeets not

primarily due to frietion,

This necessary detuil study has been the muin functioh of

the recent researches of Mellunby and Kerr on elementary nozzles;

and luter work ulong the sume lines carried out on some special

formsg by Andesson has audded to the essential aata, So far these
various investigations have been content with a demonstration of
the values of friction in terms of a speciul loss fuctor, without

undertaking the reduction to more definite forms or the aetail

" comparigon with full theoryg' but the very important matter of the

isolation of tne frietion totals hag been achieved, e

The main auty of the present article is to conduct a

special review of the friction values diselosed by this recent work

“with intent to place the actual facts on = clear uand rational basig

and to establish the requisite constants in a gimple und suituble
method of ealeculation, Such an exposition is certainly fequired.f
as thé faulty process of working with & velocity coefficient =- whid
does nuot geem to be afrected by nozzlé gize or condition - is

almost wuniveisally employed,

While the essentiul purpose is as described the general

consideration to be given to the frictional effeet provides a

. convenlent opportunity for the treatment of a special point of some

importance, This relates to the controversial question as to the
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-therefore, inferred in many cases that the falling characteristic

~tion arises, in which experimental workers on hozzles Ppresent

effeots, all or any of which may obscure the issue, It 1s'1mpoasﬂk

——

:q?

Study of Nozzle lLogses:- :

The Frictional Erfect,(contd, ),

true form of the efficiency ocurve, and a few explanatory rémarks on
this matter may be made here in justification of the attention 4t

receives later,

In many reputeble nozzle experiments efficiency ocurves

have been obtained that show a falling tendency with limitation of

the expansion range, thus apparently indicating that the best steam
speed of operation ie high, In fact, 1t is a common deduction'froﬁ
tests that the best pressure range for a nozzle is the maximum range
possible to its particular form, This would seem to show the super:
:iority of high speeds in turbines but, in practice, it is apparently
found that turbines with low steam speeds are in every way as effio:
:ient; and, indeed, it is customary to add & few stages to & stand:

sard design to meet any demand for impréved consumption, It is,
of the efficiency curve is wrong; &and a somewhat ridiculous situa:

coefficient curves of one form, whilst designers prefer and eﬁploy'

curves of a different type,

In the Author's opinion the argument seemingly derived
from turbine practice is invalid, Nozzle action is certainly an
important item in the operation of & turbine, but it is by no means

the whole matter; there are entrance, gap, blading and other

to get true and indubitable evidence regarding pure nozzle action
from complete turbine tests; and no test engineer could possibly
claim that his results are of such fineness as to determine a point
only clearly shown in very ocareful stationary nozzle experiments.
Reference to other papers in this collection will show that there
are several occurrences in turbines not by any means certain in
their influence, end likely to preclude the possibility of sound
detail deductions being made from their total effects,

In the light of the discussion in Section B of this paper

there would seem to be little difficulty in achieving a correct
view of this matter, It has been explained there that the ordinary
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| govern the nature of the efficiency curve; and there is no directly‘

of the expansion range, The tendenoy is quite clear and sﬁch a

for frictional force may be written:-

16.

Study of Nozzle Losses;- 7 ‘
The Friotional Effect, (contd, ),

friotional loss is separable from an additional loss apparently
inherent in the expansion effect, This latter is of such an order
as necessitates a falling coefficient, Although this faot offers
a satisfactory explanation,the mystery in which the mechaﬁism of the;
loss is enshrouded and the tendency 4o ignore evidence pointiﬁg\in
this particular direction combine to prevent a free acceptance of

the result,

Now, if this second type of loss were considered to be

effaced from the list the friection effect alone would - admittedly Q

apparent reason to suppose that it should then have a definite (
falling tendency, It is, however, proposed in a later sub-section %
of this article to demonstrate that this characteristic still pemis‘t%

even when the chief cause of the fall in the curve is, for the sake E

of argument, discarded, The treatment given shows thast, under
frictional conditions alone, there is no possiblew reason to expect

other than a depression of the efficiency value with restrietion

result should, at least, serve to indicate that the usual exref:

+imental curves for nozzles operating on <fair ranges are rational
in form, It may also be considered a demonstratibn that the differ:
:ent kind of curve is fallacious; }and, when account is taken of the|
fact that the other indicated sources of loss are entirely neglected,
the conclusion as to the general trend of'the efficieney curve must

be recognised as definite,

The Law of Friction Losgss: In dealing with the resistance of fluids

at speeds commensurate with that of sound the completé expression

H

S

«yR « ]
pa 4 et B}

In this 3, is inserted to give the usual units; f 1is the density;
(. is the speed; <l is a characteristic dimension; /A. is the




Study of Nozzle losscs;-
The Fr.ct.onal Efrect,(contd, ).

coefficient of viscosity; s is the acoustic veloocity; and <b
denotes an unknown function of the given ratios, of which the first
is the well known Reynold's number, and the other simply exprééses
the ratio of the actual and the acoustic velocities, This latter

is easily introduced into the‘general equation by assuming that the

elasticity of the fluid is of importance in the resistance effeets,

Changing the expression to read energy loss per unit vdume

per unit time, instead of resistance, there is pbtained:-
3

E - _ﬁ__u_cp - R
If we employ specific volume in place of density, and choose for d
the hydraulic méan depth H/Fs,where A 1s the area open to the'flow:

:ing fluid, and P the boundary perimeter at A , then:-

3
E = &R ,‘*.}
\ 2? A Pud ™ W) ___A®®
Again, if there is a mass flow of ] 1b, per sec, then:-

M- = Aa/Y.

and the energy loss. per unit of mass in an element of length cb$

Fas - 25 R AN

For the unknown function we may write as the fullest ex:

becomes:-

de

)"

:pression that can probably be examined by experimental méans:—

4){(%/‘%)’('&5)% = a‘(ﬂé‘:—;\»/w%)@.,. b (%S)S

and, hence, the general expression for the gpace rate of energy loss

Per unit mass of flowing fluid becomes:-

g o R () )] ag

If the part within the bracket in.QD is agsumed constant the usual
simple (velocity)2 law appears,

The two separate terms may conveniently be referred to as
the "viscosity" and "elasticity! terms, The former marks an energy

loss in maintaining the rééime established by the viscous forces
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- while the latter arises from wave production; each hes, in genersl,

from the low value that (3 usually has - about 0.2 - but it alab

" follows naturally when we realise that this factor measures the scale

‘ particﬁlar effect in nozzle flow, For the purpose of indicating)

Study of Nozzle Losses:- '
The Frictional Effect, (contd, ),

its own range of special influence,

Consider the cage of a solid moving through a fluid of
fixed conditidns and relatively great extent, As the speed increaseé
the viscosity factor diminishes; bdut uniform increments of spéed
will mean diminishing deerements in the value of the factor which

will, therefore, tend towards a limit, This will be appreciated

effect of the forces Qf viscosity, We must expeect, therefore, that
at the higher speeds fhe vigcosity factor will cease to influence the
resistance, At these higher‘speeds, however, the elasticity term
enters into account, K since 1t is only when the ratio ckﬁxsapproaches
unity that extensive wave production need be expeoted; Henoce,with
the entrance of this effect the resistance‘coefficient will'againA
rise, and tend towards a maximum at the veloeity of sound; This:
would éive a curve for the general variation of the function 4>
somewhat as shown by fig, 1, when plotted on & base of speed and, of

course, on the assumption thatijv,ci and Kk, are constant,

The point to be specially emphasised for our present pur:
:poses is that, if the elasticity term is ofvimportance,‘it should
glve the characteristic rise in the curve of the fumetion <? near

the acoustic velocity,

It may be said at once that there is no evidence of this

| |
this we may employ the friction constants given by Mellanby and Kerr

for the case of a convergent-parallel nozzle, These investigators

express the friction loss in terms of a special factor, thus:-
dk = e(i-k-¥F)Rde @ |

where L( is the measure of loss, snd Y is the ratio of expansion,

+ "0n the Losses in Convergent Nozzles" - Proc, N-E Coast Inst
Engrs, % shipdrs,, Feby. 1921,
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Study of Nozzle Losses:-
The Frictional Effect. (contd )R

But the quantities are such that :-

oU’ |
de ] = |
wr ) 22'(1‘ k-") .- ”"'igc)'i

and, hence, the ¢ 1in @ represents the functlon CF While ¢ wasf

actually used as 8 constant in the work referred to,its observed
variation for three distinctly different expansion ranges was notéd;j
When these given values are plotted against the average speeds in
the respective expansions the form in fig; 2 is obtained: and thié
shows a'falling value of (p practically up to the acoustie velocity;
The date are admittedly meagre, but clear so far as they go; and
there would, therefore, seem to be little necessity for eonsidering

the presence of the elastiecity term in the general law of loss,

\
|
The negligibility of this term might, however, have been l

decided upon quite apart from the consideration of any actual resultgy

-
Obviously of fair importance where wave effects may be freely pro: |
:duced, as in the high speed motion of solids in a fluid atmosphere,;
it oan hardly have an outstanding velue where fluids flow in very }
narrow channels, The constant bI in the elasticity term will - as t
between different systems - be largely dependent on space ratios |
which must be exceedingly small in nozzles, when compared with the
corresponding descriptive figures for, say, the motion of projectiles,

(It is in ballistics that the influence of the elasticity term is

mainly evident) _ %

From all points of view, then, there is little to be gamea‘
ﬁy including the second term of & in the law of loss for nozzle
flow; 0f course, this only applies to that part of the jet which is
controlled by the nozzle form: it is qﬁite possible that the term
enters into the consideration of free jet effects, but that we are

not here concerned with,

It follows from this that-a fair representation of the

rate of friotional loss is given by :-

de - w - °
.:I;? = 2;;“‘%%' qw<:4937 uﬁ%> —————— ACD.
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‘where :- \,

Study of Nozzle Losses:- o a M-
The Friotional Effeot, (contd,),

and from any available values of :-

s ) . 2- .

(defds) [« p[A).
the probable magnitudes of &, and (5 can be indicated, For this it
is necessary to deal with a single nozzle, since small variations of

surface condition as between different nozzles would prevent mixed

data from being really useful,

It should be noticed that, whereas in pipe flow the vis:

:cogity factor is dependent simply on K , nozzle flow in even &

| parallel channel involves changes in each item of /u.-\//u. As the

numerator of this ratio is subject to inorease while the denominator'

rises in velue, the rate of change of the ratio is probsbly 1ess :

pronounced in nozzle action than in the simpler case,

For the determination of the likely values of «, and &
only the three previously instanced figures for < in equation G,
are really avaiiable , From the statements in @), &end (7 it 1is

clear that :-

| N o
e = at(’%lyﬂ!ﬁ\_> ********* R®.

but in nozzle caloulation it is desirable to change the varisbles inf

the [uV/ “ ratio, and to make this primarily dependent on the 1mp‘ort:;

:ant pressure ratio Y ,

Since the variation of }“ along a jet 1s comparatively

small and, in any ca‘,se, not very well known for the temperatures

“that obtain in such work, we may put as a first approximation :-

\ L L
pooK TR QDQZ '
where P 1s'pressure end V is specific volume, If, further, we

neglect the small effect on the viscosity factor due to the losses,

there follows,as a reasonable approximation :-

Y A Gl LA 2 A VR
w Cﬁ\lc)i"f"("*d\)i, _ vV say.

= initial specifioc volume,
Y = jJet pressure/initial pressure = '"P/ &
A & M=)/ w ; wn = adisbatic index,

The values of:-
R - +¥% /v(w?‘_)%

for different pressure ratios are as plotted in fig, 3,
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Study of Nozzle Losses:--
The Frietional Effect, (contd, ).

The eguation given above as (D now changes to :-

. R 3 .
A

and the visocosity factor can be readily determined for any specified

case, There is a certain sacrifice of purity in making this trans:
:formation as the bré.cketed factors no longer constitute a dimen::
+gionless number, but this is no disa.dvantage in the calculation of

&.s:iib '
effects if the constant a. is madel the usual units for \/,[o and A.

From the investigation of the convergent-parallel nozzle |
carried out by Mellunby and Kerr we have initial conditions, pressmej
ratio curves, nozzle dimensions and the values of < in . From
these facts 1t is simple 40 determine the changes of Q/{R"%) along
the tailllength and, hence, the average of this quantity for each
case in which < is known, The value.of (3 which will give a steady
figure for the constunt « can then be found., The results of the

caloulation are given in table I,

The somewhat limited experimental facts are, fhe‘refare,
well met by (5 = Q0.15, and o = 0.50175 ; and it will be noticed
that the (5 value is in fairly close agreement with corresponding

figures derived from slow speed flow,

1t would seem, then, that we may take the following as s
general expression for the rate of energy loss at any point in &

nozzle where the pressure ratio is ¥ and the speed . :- .
)
de - . _L_*:_. ( . R )
e @ _% Ve R R@O@.

in which:;- energy loss - f£t, 1b, per 1b, fluild, B
length - ins, :
veloocity - ft, per sec,
perimeter - ins,
areu - sq, ins,
1n} 1Tal volume - cub, £+, per 1lb,
v(-v* -~ gee ftig, 3.
a constant depending principally on nozzle surface
.0.00175 for a muchined brass surface,

PALTOELR O
RN R BN YN

It will readily be conceded that is a rational general
expression for the frietional loss rate; and it 1s, therefore, of

some interest and value to discuss the efficiency curve form that
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Study of Nozzle Losses:- .
_The Frictional Efrect,{contd,),

)

regults from the proper application of @@ to the important éase of

the convergent-parallel nozzle,

The Trend of the Efficiency Curve; It is customary to demonstrate

the supposed constancy of the efficiency ocurve for a convergent
nozzle somewhat after the following fashion, For the resistance

wehave:-

n

K 2 * -\ @ "
o) ?? . 5_\7—- (%—a) K o comstant:

which, for energy loss per unit mass in a length Q/ s bDecomes :-

b
e - %'%‘Q'“(%f‘&)

and, hence, the efrieciency, considering the losses to be small, is

nearly :-

If the index (3 has an appreciable positive value the
effect of the viscosity factor is to diminish the efficiency with

decrecasing speed; if it is npgligible the efficiency would appear

to be constant; as it 1s known to be very small it would seem that

the efficiency must be prmuotically constant over the range in which

the stated friction law applies,

The eftect of the probable value of (3 is, however, of no

moment; but the above line of examination is distinetly faulty as
the taelt assumption is made that the veloeity changes within the

nozzle do not afrect the result, This is obviously incorrect; and
it may now be shown thut the mere existence of a frictional loss

entuils a definite fall ot the efficiency with speed of efflux; but
the proper ococurrences within the nozzle must be kept in view throu:
:ghout the prooeés. The general form of the result arrived at belo
would appear whether the complete or simplified form of the law of
léss were used, but the general equation (:) will be used here for

the sake of completeness,

Consider a convergent-purallel nozzle and allow that the




Study of Nozzle Losses:- : U
The Frictional kffect,(contd,). S

losses to the end of the convergence are negligible, This 1is equiv;
:alent to the agsumption that any frictional loss to the so-called |
throut is not sufficlent to affect the constancy of the efficiency,
and confines the treatment of loss, for simplicity, to the straight

tail length in which the frietion loss is certain, |

From equation (i0) it is seen that, if the total length is -
{ , the total loss is given by :- |

ﬂ v
o H [ wlr B

Let the theoretical velooity of efflux for the ocondition of working .

be u% ; ‘then the fractional loss per 1lb, of fluid is :-

R RIS G UL LI

i

With any specified and fixed initial conditions, and an

outlet pressure ratio Y, , the kinetic energy of outflow will be

A

' If the pressure ratio at the throat is Y , the corresponding ex:
o \

Q" Yi )

The specific volume at the throat will be proportional to:
R
+

proportional to

e

:pression for the energy there is :-

and that at the outlet to :-
A A
8<|“Yc)+ Yo
—Y\

and, hénce, the flow quantity is proportional to :-

~r‘°(l~&)%'(t-f‘o"“)£” : (- v)*

E(("Yo*,)* YOJ\ . Yldwt ___Q_-__-Q@,

From this it is clear that the pressure at the throat is
dependent, in a somewhat involved fashion, on the loss and the out:
- +let ratio, Sincee the velocity gradient along the tail depends on
the change of pressure ratio, the percentage range of increase of
velooity will be subject to alterétion with Yt . We may agsume &
‘to be constant, as any change in this value which may ultimately be
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oonvergent-parallel nozzle, 1" dia, and 1" long; <from which it should

1O,
Stuay of Nozzle lLosses:- I

The Frictional Effect,(contd,),

shown will hardly afrieot the relatch Precssure ratios, From dé) the
ratio of velocities at throat and outlet is :- '

L A L A A1 _
| 2/ (-, ) 2 _ Yo Y,
‘<~E. ( | - Yod\/ 3(“70&) _"_,_{OA

and the throat velocity is obviously not & constant fraction of that

at the outlet, even with & constant,

It is obvious from () that under the conditions of operat:

:ion the variation of £ is :-

SRR ) AR 0

Since the integrand over the length { 1is entirely dependent on the

AW -3

chunge of Y , whereas so far we huve only established the throat and
outlet ratloé, it is necessary to achieve u definition of}the pressuc/
ratio curve or, otheiwise, replace the integral by the direetAproduct
of.@ and the arithmetic mean of the integrand,. The latter process
shows the effect cleurly enough and would serve; but the other

method is the moie coireet ana will be better for the present purpose,

Mellunby and Kerr have shown that the assumption of a con:
:stant rate of loss along a parallel tail gives an essentially correct!
pressure ourve, and by a process which thesevkuthors have given it
is possible to determine the value of ¥ at any point of the length
for known loss and pressure limits, This is exactly‘the problem in
the present instance and it 1s therefore possible to determine, graph:
:1ocally, the value of the essential integral to a very olose approx:

:imation, after equation.(Z),has disclosed the necessary ratios.,

W

Taking, for purposes of illustration, € = .08, and using f
equation QE) with various assumed values of Y, the relationship bet: F
:ween Y, eand Y, is as shown in fig, 4, In addition fig, 4 gives a P

oorresponding curve derived from experimental_records‘on a simple k

be appreciated that the effect under review is not merely s matter

of theoretical reasoning, ' o

|

The subsequent stages of the calculation will be fairly




- Study of Nozzle Losses; -

The Frietional Effect,(contd,),

cbvious and the details may be omitted, The variation of € is

determined by means of (3 =and, taking .08 as the figure for fhe ol
range, the variation of :- '

v = (}—- ﬁ)
is as shown by the curve in fig, 5, To the fall of efficiency thus
defined both the (u/u.;)za.nd the R® factors comtribute - acoording to
@).; but the latter is really of little acscount, Thus the dotted

ourve in fig, 5 indicates the influence of Fiﬂ if acting alone,.and

it will be seen to be entirely negligidle in comparison with the
total effect,

The magnitude of the efficiency drop demonstrated in fig.5
is rather surprising as a result of the seemingly fine point inves:
:tigated, Its actuel value is, however, dependent to some extent on
the assumptions made in the calculation; as shown, it is the max:
:imum possible for & = ,08 and no loss in the entrance portion, It
will vary slightly with € and with any allowance for frietion loss
in the inlet curVutureg but for the convergent-parallel type of

nozzle the efficiency clearly falls with falling speed,

We see, then, that the proper application of the friction
loss law demonstrutes a definite downward slope of the efficiency
curve, It 1s clear from this that any diagram of the kind which
does not show this falling characteristic must be faulty, or must

receive a difrerent explanation to that ususlly advanced,

It must be olearly understood that the considerations here

given to this matter are for the purpose of demonatrating that,unde

!
1

no conceivable frictional conditions can the coeffieient for a con:

[
¢

:vergent‘nozzie be expected to show a rising, or gven'a éteady, fo

with increase of pressure rutio - at least within the range in which%
the resistance depends on the square of the speed, In order to msake,
the démonstration the more oonvineing the ioss effect digcussed in
Section B of this paper has been entirely neglected; but it still
remains the chief reason why the coeffioient does fall to the extenmt|

indicated by many experiments,
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are equally well described by the term "smooth brass pipe" so that

.%}éét_
Study of Nozzle Logses:-

The Frictional Effect,(contd,),

Comparigon with Pipe Flow : In the disoussion of the frietion loss
which has resulted in equation @9 the examinatioﬁ was based entiréhy
on the fundemental theory and utilised figures from nozzle tests
only, It is now desirable that a comparison with the well estahlished
facts ot ordinary pipe flow should be carried out since, if good

general agreement can be shown to exist, the figures available from

this latter source become of sgecrvice,

The fullest investigation of the frictional effects af the
lower speeds 1s probably that carried out by Stanton and Pannel‘l’ea
who employed smooth brass pipes varying from .3 om, to 12 em, and
speeds up to about 5000 on, pér sec, using both air and water, This
work has been carefully analysed by Lee;%who, using other data in
conjunction, advunces the following very accurate general expression

for the resistance per unit area :-
F = fuv~§oooq + «0765(4&;*) ;

The symbols are as in the original and the stated form obviously
refers to full bore flow in oircular pipes, The resistance as given
is in absolute units - on any system - but, for the purposé of cdm:
:parison, it is advigable to transform thig equation to read in line
with the previously derived expression, Changing the symbols where

neocessary, this gives as a comparable foim to @@ ‘-

%L(i . ?““;—g—{-oots +‘0‘1‘+5(7&JTV"%>.3$£_-

Henoce, it the geheral law for slow speeds applies to the high speeds

of nozzle expansion we ought to have :-
- . TRAY
MK AV
'OQI“]$<\/(' R%) = 0018 + '09uS (4‘%\- "’%)

when the several factors are chosen to represent the fluid conditions
in the nozzle, This equality assumes the pipe and nozzle gsurfaces

to be identical in condition, which is hardly possible; but both

® Pn11, Trens, Roy. Soe., 4, TVol. CXIV., 1914.
* Roy. Soe, Proc., 4, Vol. XCI., 1914,
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the outocome of the above comparison, The correctness of the method

'20‘)'?-,
Study of Nozzle Losseg:- .

The Frictional Effect,(contd, ),

the disorepancy should be slight., The difference between the two
sides of the lust expression as regards the index of the viscosity
factor is more apparent thun real, since the presence of the constant
term in Lees' foim necessitates a fail or the"equivalent" index as

the value of/uAyu-decreases towaras the high speeds,

Lt seems rather difriocult to get full informxtion regarding
the variation of M for steum, but tuking that in C.G.S. units :-

®oo= 00013 (| + 00366T) t = °c.

|
we have an equétioh which suits a usual figure for steam near 0° C.,a
and embodies the rate of variation for air as given by Clerk-Maxwell,
Errors in this are not of very great importance owing to the small

powers involved, ]
. -
Taking the cases specified in table I for which the volumeé
speed and temperature conditions can be obtained from the experimen:
:tal date, and evaluating Lees' function, using the specified rule

for rk , We get the relutionship expressed by fig, 6,

Considering the extreme difference in flow conditions, and;
the probability of a difference in surface effect, it will be admit: .
F
1

+ted that the agreement is quite good; the general formulae for the!

|
J
slow speeds of pipe flow would appear to be directly applicable to l
the case of expuansion in nozzles, This certainly holds for speeds ]
|
|

up to the acoustic veloditylsince thut is the limit for bdonvergent

type nozzles, b

For the still higher speeds attained in divergent nozzles

.

there should be little reluctance in using the established results/
since the generality of the whole process is strongly confirmed by 1-

in such cases ig shown, with fair clearness, by the application of
the constants defined by convergent nozzle operatioh to the observed‘

results with divergent forms, Thus Andersonsausing a very long i

H

@ "Investigation of the Losses in a De Laval Turbine",
"Greenoock Research Scholurship™ Report, R.T.C. June 192%




has hitherto been quite undeservedly popular with investigators,

an ordinary turned brass nozzle - say a .'"smooth finigh" - we have.

g Ry o

Study wf Nuzzle Luyses:- :
The Frictional Effect.(contd,).

divergent nozzle ot the usuuli finish, end in which expansion proceed:
:ed to a fairly low figure, measured the flow and the outlet ratio;
and, with the Mellanby and Xerr formula :-

: dk c((-\k~~r°‘)-—%~o‘¢‘

he has shown thét c = ,0050 gives practically correct resuits, This

general agreement is found in ail cages, so far, in which divergent ;
types have been examined for frietion, It must be said, however,

that'the exact and direct investigution of the low range nozzle,
along the lines that have been successfully employed for the parallel
type,is not easily carried out, The pressures in the tail length
are much less stuble and the reudings much less reliuble - except
towards the outlet., It is probably this difficulty that underlies

the lack of exuot frictional datu for hozzles,as the di#ergent nozze

Effect of Surface : It is now desirable to obtain some guldance as

to the effect of surface condition, So far only & limited examiné
:ation of this kind has been carried out on actual nozzles, but the
results are important and by adding a few figures from other sourcet

it is possible to provide a fair guidance,

Obviously, in studying the relative effects of different
surfaces in the approximate fashion at present possible, it wili be
quite sufficient to employ the average constants given by the simple

law of loss - such as the ¢ value already frequently referred to,

From the figures previously presented it is clear that for

¢ = ,0050 about, This constant has also been investigated By

&
Anderson who used nozzles of rectangular section with well polished
surfaces; and a fair value for ¢ in such circumstances would

appear to be about ,0035, Anderson repeated his tests after having

@ "Losses in Nozzles of Rectangular Section" - , :
Greenock kngineering Society, March 1922,




" Hence the < for the nozzle corresponds to the {3 for water resis:

Study of Nozzle Losses; -~
‘. '_The Friotional Effect,(contd,),

gpoiled the surface finish of the nozzles by roughening with a file. 
The expeoted effect on the pressure gurves was very’clearly,ahqwn.
and the velus of ‘& rose to about .0080., No direot nozzle,test:res:‘
:ults are available for more extreme cases of.roﬁghness;'or for.the
various degrees of finish met with in practice; but it is desirable
to note the kind .of figures that obtain for the usual surfaces in
hydraulios,

The simple hydraulic formula for head lost in pipe frictior

may be written :-
g _ﬁ_‘ﬁ.z.u}
“1

where-f varies somewhat with speed,size and surface, Now this is
exactly the same as the simple form of our main expression for,

changing the above equation.to read emergy loss per unit surface per

isw
29 N

where i; is dengity of water, In the same terms the general equation

unit time, we get :-

glves :- ;
L. L
2g V%
stance, Both of these really stand for the,fundtion <P but compar:
:ison of averages is Justifiable if roughly the same value of the

variable in ¢‘ is taken,

Establishing a value of f*V wd from the conditions in &
nozzle which we know have given ¢ = ,0050 for a smooth finish, and
dedueing therefrom the coriesponding pipe conditions in water flow, |
a value of f? of about ,0080 seems to be representative for av"new
cast iron pipe"?ﬁ For én 0l1ld inecrusted iron pipe this would appaf:
:ently rise to about .9160; and for a cleaned pipe about .0090,

These figures seem fairly comsistent with those resulting
from nozzle tests, In view of" thé’fﬁ%%“%ﬁf% “Hozzle constants seem

somewhat higher than pipe constants for corresponding conditions it

* e, g. see Gibson's "Hydraulics and its Applications”, p.202.
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_pipes is rather'difficult to get in Qﬁall nozzle castings; and.

difficult to get well back into the nozzle, and the total result is

be required, and it will be found necessary, in calculation, to deal

Study of Nozzle Losses;-
The Friotional Effect,{contd,),

might be best to take a figure of from ,0090 upwards for nozzle cast

Surfaces. What would be ocalled & clean cast surface in fair sized-
although an attempt is usually made to smooth up the surface it is

not generally,too good, Higher figures than ,0090 would appear‘tb

be quite possible in cast nozzle work,

In practice the commonest type of turbine nozzle has usually
a ocast surface on two sides and a plate surface on the other two;
The plates may be moderately smooth, although the "casting-in" process
tends to spoil the surface, An endeavour is also made to improve the
cast faces but not always with complete success, It is questionable
whether the whole arrangement is any better than a good cast surface
when we have, say, equal perimeters of the two kinds; but as the

1

relationghip between the surfaces is altered, different values will

with each part separately - as explained later,

Neturally, of course, when special pains are teken to finish

the nozzle surfaces gsuitable lower coefficients can be used,

The foregoing consideration of the effect of surface leads,
then, to figures of the kind shown in table II ., Of the specified
constants those for polished, machined and roughened surfaces may be
congidered fairly definite;’ that given as & lower limit for cast
surfaces is consistent therewith, and supported by date from hydraulics
while the interpolated figure for plate surfaces may be held a
reasonable assumption, The table gives values of a./for use in
equation , which correspond to those chosen for < ; and also

includes the probable constants for use in Lees' form of the ﬂmcticn+

It 1s of course, appreciated that the index .15 in Bqﬁationz
ﬁay itself be subject to w‘rariatibn with surface, but the point 1s
not open to discussion at present; and the tentative and approximate
nature of the proposed constants make any possible variation in this,

of little relative importance, o
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_The F {ctional Bffect, (contd, ),

Methods of Calculation : For the determination of the rate of loss

per 1ldb, of fiuid we may use, with fair accuracy, the equation :-
Xy

R I A 4©.

The quantities are measured as previously explained, and the values

t
P

of the surface factor & are as given in table II ., Also, as already

shown, this becomes for the fractional loss per 1b, of fluid :-
w .
¢ N[ UL p— a®

This quentity & 1is always the required figure as, when known, it

may be used on the tﬁtal avaeilable energy - in any units - to give
the energy lost in friction throughout the expansion within the
nozzle, In the actual use of Q:) it would be necessary to. determine
the probable pressure ratio curve for the nozzle; deduce curves of
the various factors involved; and integrate the product as indie:

cated,

If it were preferred to deal with the general type of
equation that is also suitable for pipe flow then ILees! expreésion

could be used in the form :-
| £ N\ ( V. oY
e - [ @i+ SER) 520‘*‘;1%@.
o

There is an uncertainty here as to whether the change of surface
would affect o and B’ in the same ratio, or would only influence
CL'. Assuming, however, that both factors reflect surface variation
in equal ratio, suitable cﬂ and b values would be a2s given in
table II, The process of calculation would be the same as before
and,in general/d@) and (O would give very similar results, These

should be fairly acocurate, but the methods involved are quite unsuit:

:able for practical calculation and simplification is demanded,

One .obvious simplification'is to negleot the variation

caused by the viscosity factor and write (ED as :-
%

Cf%%o)( by - A@.

&
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Study of Nozzle Losses:-
The Frictionsl Effec‘c.j contd )

where ¢ 1is the average consta.nt ,a2lready discussed, and to be taken
as stated. in taeble II, The necessary avoldance of integration req'
:uires the rea.sonable determination of the average &/uo)(//ﬂ) for any

glven example,

There are two general types, (1) the convergent-parallel
nozzle and (2) the convergent-divergent nozzle; and it is prefersble

to deal with these separately,

The Convergent-Parallel Type : We may suppose the nozzle length

divided into two parts, viz,, the inlet length 4, and the tail length
/Lz. Fig, 7 shows this division for the case of the rectangular -
convergent-parallel nozzle with oblique axis and curved entrance;
other forms are generally simpler end the application will be clear

without further disgrams,

The fractional Joss £ multiplies the total available
énergy to give the friction in the full expansion, Now (‘*/‘—Ll)zis
simply‘ the ratio of the transformed and total available energles,
The curves of this ratio and of (G/PQ along the kind of nozzle that

is being considered are somewhat as indicated in fig, 8, from which

it 1s clear that we may write es a fair approximation :-
e - el - el
= C@O% AL, + Bla% --------- A@.

in which A and B are special factors to cover mainly the severali

varietions indicated by fig. 8. It is olear that both are affected .
in some degree by efficiency and by pressure range; and that, in 5
general, A will be less than 1 end B more than 4, The value of |

(P/R)s 1s that at the outlet,the figure for A being supposed to |

cover the fact that the actual value varies in the convergence, It
may therefore appear that A has to deal with rather many variationﬂJ
but the total friectional effect in the entrance is usually relativdy
small, go that the stated approximation may be allowed, In any case

when the form of the nozzle is established A can, by means of a
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Study of Nozzle Losses;-
The Friotional Effect,(contd,).

fuller preliminary investigation, be fixed very closely,

If the nozzle has two different kinds of surface - say of
"
perimeters p and {3 , end surface constants ¢ and C - then it

should be more acocurate to take :- ' _ :
¢ @)+ @)t ratl _A®.

since it is practically impossible to choose a single value of <
that will represent the varied relationships of the different surmcasl'

caused by changes in nozzle height,

The value of QD/R) will vary with the form of nozzle but
can readily be calculated “f-roni the particulars, thus :-
(P/R)o ... For circular nozzle.....dismeter & .. . . = ’*/d-
" équare " L eiees..8ide S ... . F L"/s'
“ ... " rectangular " ,,,,width W , height R = 2(“’*"'0")/“"#"-
- E(QJ(5.3,\—,,,4-@/'&[5-3mk~6).

“ ... " the general form of fig, 7

4

For the factors A and B +the charts in figé; 9 and 10 may
be employed; Fig. 9 for A has been mainly determined from the few
experimental or calculaeted values available for the friction in ent:
.rence forms, It cen hardly be considered definitive as the data are
“too socanty, but the agreexﬁent with straight ‘axis iniets 1is quite goo'd
and the variation of A does not confliet with theoretical require:
:ments, It is possible that modification of the coefficient will be |
necessary for curved inlets where the curved length is taken; to |
allow for this the chart has been so erranged that additional lines
embodying such_mod.ifications can easily be introduced when sufficient
date exists to define them, It is unlikely that the divergence of |
any new lines from that given for fhe simple case will be great, andH

the diagrem may be used as given for most examples with fair confidence

Fig; 10 for B 1is much more definite than the correspond:
:ing chart for A , sineé its dependence on pressure range and
efficiency, and the fact that (P/FD in the tail 1is constant, make 1t |
more amenable to theoretiocal determination; Actually, in fixing |

this chart the curves were first decided upon by calculation from
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Study of Nozzle Losseg:-
The Fr{ tional Effect.(contd,),

the mean condition obtaining in the parallel length under any speoci:
.fied Y amd.*z'values, and then adjusted the necessary amount to
give the best agreement with the available experimental figures,  The

reading for E5, therefore, may be considered fairly certain,

It will be observed that, in finding either A or B ,an%
estimate of efficiency has to be made, but this will not require to
be very close; and, in any ocase, a second trial can easily be made
-1f the assumed efficiency disagrees greatly with the ultimateiy oai:
.oulated & , It should be remembered, however, that owing to thé
existence of other 1loss effeects v} will, in general, be somewhat

less than @-'2) as determined from the frietion chart,

To show the agreement between the results of the chart
system of calculation and the experimental facts for convergent
nozzles, table III has been prepared, In this the opserved values
of ¢ end & are tabulated and the calculated £'s stated alongside
for comparison, It may be remarked that a few of the experimental
results show slight inconsistences, and the full amoﬁnt of the dis:
screpancy existing in places is not, perhaps, chargeable to the 6&1:
:bulation. On the whole; howevef, the agreement seems quite good in
view of the diversity of form and surface, and the outlined process

of caloculation would appear to be quite serviceable,

The Convergent-Divergent Type : The curve of transformed energy in

this case is somewhat as indicated in fig. 11 , and(ﬁ/ﬂ) now varies
along the tail length, being principally dependent on the pressure
ratio; The conditions at the throat are, however, fairly definite
in this form as they are fixed by the oritical drop and are practic: |
:ally unaffected by the total nozzle losses, This is of considerable
agsistance in simplifying the treatment,

We may again suppose the oomplete length divided into the
twdparts, Q, to the throat and @2 from throat to outlet, as shown by
fig., 7 for the simpler type., In dealing with the effect in the ent:
{ranoe we can make use of the critical ocondition corrected by a fac:

%or for which guidanoegﬁmy'be obtained from the previous values for
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Study of Nozzle Losses:- N ,
The Friotlonal BEffect, (contd, ).

the convergent type, For the tail length the throat and outlet con:
:ditions must both be taken into consideration if a workable a%erage

tail effect is to be derived,

Let the suffix 1 refer to throat and the suffix ¢ to outlet
conditions,then consideration of fig, 11 will show that we may write

e - )DL+ m i) F R
c[D(ﬁ‘)‘ﬁ, + m ER), + 7(%%}@2] ...... 1)

in which factors D and & are mainly dependent on pressure rafio,

n

and ™. represents an averaging multiplier, Thus if the curve of
@L/u'o)LCP/A) were straight ™. would be %, but since at the full exp:
:ansion ranges this curve usually becomes convex upwards vw increases
sbove this figure at the lower ratios, This is shown in fig, 12, |
Reagonable values for D can be detérmined by theoreticsl balouiat:
:ion,if the limiting figure at the eritiecal ratio is taken as given
in the chart for the oonvergenﬁ nozzle, This results in the curve
marked IO in fig, 12, The curve for & in fig, 12 is very simply
detérmined,being practically unaffected by effieciency,

Equation with the ocurves of fig, 12 may be uged. for a%ny
divergent nozzle in which the surfaces on all sides are in like oonﬁ»
:dition, If, however, we are to deal with a convergent-divergent
form with different surfaces on the opposite sides - not a very ususl
oonsﬁruction in this type - it would be necessary to meke & modifiec:
cation similar to that made in (29. viz..cdf#ﬁ)mnst be replaced by:-

@)+ <" (R)
and this ohanges.@i) to :-
. : " . '
€ = D%c'(%)'* c"(ﬁf{)‘;t, + \’\’\/[E{C‘ Q%’),*C"(%).% + ?{c@\-’)fc‘@,}]ﬂz 2@

the curves of fig, 12 being used as before,

If the nozzle form is such that all oross sections are sim:
:ilar then a gimplification of @29 is made possible, This occurs in

examples where the same taper is employed on all sides, and giveq 8
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Studv of Nozzle Losses:- ' 4
. The Frictional Effect {co ntd,),

relation between (P/A)' and @/ﬁ%- viz,:-
’ L

%’ E“U;H)g - ’ﬁ_a) 2
Ao \A

and, hence, (% 25) becomes :-

e - c®)[ol - mizeol@)e]
Cég*).{D'Q'* N’Z?-]S~»A-_-f~_-___ﬁé§,

which gives a form of expression as simple as that for the convergen

type., The faoctor N  1is affeoted by several quantities and requires
a ocurve series for its definition, This series can be Euilt up from
the 1 & ] values with inelusion of the effeot of@«/ﬂo) zwhioh depends
both on Y eand t7 + The chart for N, as so determined,is given in
fig., 13,

The curves for the various factors required to deal wifh
the divergent type are hardly established with the oertainty of the
corresponding coefficients for the convergent forms, This is mainly
due to the scarcity of data againgt which to ocarry out a full check;
but it should be noticed that the process of fixing curve forms is
more definitely controlled by theoretical methods, owing to the invar
:iable nature of the throat conditions, These forms are, therefore,

likely to be quite sound,

In table IV a comparison is mede between the values calcul
:ated as described above and those derived from & full examination’
of a few divergent nozzles; The true values have been determined by
complete detall calculation of the nozzles and are in line with the
observed performandes. The agreement in these few cases, in eonjun:
:ction with the rational nature of the factérs employed in the cal:

:oulation system, should give assurance of fair accuracy in the

general use of the method,

Influence of Steam Comdition ; I% will have been observed from the

form of the proposed expressions for the direet caloculation of &

that apparently, this value 1s independent of steam quelity and denelty,

Since the main frioction constants have been shown to be applicable
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Study of Nozzle Losses:-
The Frictional Effect,(contd,),

with'pracfically equal accuracy to water or dry steam,the independence
with steam quality would appear to be genuine, i, e,, the caloulated
& for a given nozzle should apply for frictional effect whether the

steam 1is superheated or wet,

This does not, however, cover the influence of the viscosity
factor neglected in the simplified theory,and which may have an app:
:reciable effect for wide changes in steam condition, This quantity

hes thé form :- s ’ (s
Yerg) < (AR

so that altered conditions on eny particular nozzle will alterr&%ﬂ&)

but assuming the same pressure ratio under the new conditions we get,7

for any specified position on the nozzle length :-
L
-V ~ m-A A%

since even for extreme changes of initial state on any one nozzle,

a close approximation is always :-
A L
o R\
< ()

A V,

Allqwiﬁg now that for these wide changes under congstant presgsure

o< W

A o Red

as an approximation quite sufficiently good considering the small

ratio expansion :-

NS
ARy

we obtain finally :-

powers of this number involved,

The apparent elimination of the influence of R here must
not be misunderstood, This [ 1is essential in the genersl form to

cover the different ratio values; but since in changing steam con:

, I
:ditions we may alter the field in which expansion takes place it ;;
would seem nevegsary to embody the effeot of lf in any correetion, :

This has, however, been done indireetly by introducing :- Fi
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Study of Nozzle lLosses;-

The Frictional Effect,(contd,),

which is a relationship of great service,and satisfactorily covers
the change of field, Hence the given method of correction is iegit:
:imate 80 long as the figure to be modified, for change of initial
conditions is primarily determined for the correet pressure ratio by

means of the given rules,

The coefficients put forward in the various methods of osl

sculation have been mainly determined by examination of dste involving
values of \ﬂ of the order of Y cub, ft, per 1b,; hence Pfrom the |
above it would appear necessary to correct any approximate figure foﬁ

€ by means of the multiplier :-

-

(W)

A

and & ocurve of this correcting factor is given in fig, 14,

It should be clearly recognised that the correction just
discusgsed is not for the quality of the steam but for the density,
If the simple law meking the loss dependent only on the square of the

. ]
speed were exaot there would be no correction of this kind, Nearly. -

all curves of velocity coefficients embody variations for wetness &ng
superheat, but it is obvious that, so far ag frictional effect is
concerned, the csorrection is necessitated by the influence of the
Reynold's number in the acourate expression,and is not affeoted by A
| change of quality except when such is accompanied by change ofdenai;%
The demonstration given earlier that the ultimate friestion constantsf
are practically steady whether we deal with the liquid or the gas-
gshould make it clear that they remain steady for any mixture of]iqui@
and gas in the accurate treatment, The values of fig, 14 are,thsuiug
only to be used in oconjunction with the simplified rules of prooeduré

and are not required in connection with the full expressions shown

by equations ( or (¢ ,

The methods that have been given serve to determine 3
for any case, Usually nozzle caloulations are based on the total
heat available in the expansion - say 1>H¢ - and the reheating effecd
due to the friction in- the nozzle is then E-L)F? heat units;




A STUDY OF ©NOZZLE IOSSES

i

Bi=— ON THE 10SS IN THE ENTRANCE EXPANSION —

Introductory: In the searchlfube method of examining nozzle

'phenomena it 1s found that the most accurate and certain results
ate obtained with the convergent type of nozzle. Of this class

~ the form provided with a fair length of parallel tail, following
on an ample inlet curvature,is the most illuminating; and the
main value of Mellanby and Kerr's recent experimental work on
nozzlee lies in the detail points which they have been able to
deduce from the examination of expansion in such types. The
analysis to which they have subjected their search tube and flow
records has resulted in the appearance of two kinds of loss; one
of the frictional type and the other an accompaniment, or a result,
of the expansion in the convergent entry portion, The former is a
rational and expected effect and has been studied in fair detall
in Section A of this paper. The latter ie less easily envisaged -
and somewhat indefinite - but it is proposed to devote the present

article to its discussion,

The point hitherto reached in this matter of the entrance
expansion loss may be briefly explained. It would appear definite

that a loss effect exists in a convergent nozzle which is not

chargeabie to the frictional action, and it seems fairly cleaxr that

the source of this energy loss is the expansion in the convergent
part. For this reason Mellanby and Kerr have designated it the
fconvergence loss". Its appearance is well shown by the curves
in'fig. laewhich represent the growth of energy loss along a con-
vergent parallel nozzle; the upper curve gives the total loss as

deduced from the experimental data, while the lower represents the

K "On the Iosses in Convergent Nozzles" -- Proc. N.B, Coast
Inst. Bngrs. & Shipdrs., TFebruary 1921.
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Study of Nozzle losses:-
The Iogs in the Entrance Expansion (contd.)

integration of the frictional loss along the full length. It is
to be noticed that the difference between these is established by
the time the end of the convergence is reached and is maintained
at that constant value along the taill, i.e., the_loss,aé disclosed
by the search tube measurements,is a feature of the rapid expansion:

and is not shown in the slow expansion reglon.

From the examination of several diffsrences of the kind
shown by fig. 1, 2t has been demonstrated that the loss per 1lb.
of fluid is approximately as the fluid speed established in the
entrance length, Failing a more rational explanation it was ad-
vanced that the effect might arise from an excessive agitation in
the convergence proportional to density and to the rate of energy
transformation. This suffices to cover the observed relationship,
but is rather artificial andl%mrdly convinecing,since there is no
obvious reason why agitation in the entrance should give a loes
effeot exceeding the usual result of turbulent flow. Besides which
it is well known that turbulence - as commonly understood - is much
more difficult to establish in convergent than in parallel flow.
It remaine, however, that the values, as exhibited by the narrow
range of avallable data, are roughly of the order indicated;and
are sufficlently above the frictional losses to show up élearly in

the examination of totals.

The data on which this matter has hitherto rested are
entirely of the kind referred to above but, lately, as a minor
feature of some experiments,undertaken for a different purpose a
further manifestation of this effect was noticed. This occurred
in the determination of flow curves for convergent and convergent-
parallel nozzles with increasing superheat at constant pressure.
It was found that the flow for the simpler form fell away quite
considerably from the condition of constant coefficient of dis-
charge while, with the tail length added, the difference was much

less noticeable, If a friction 1o§s alone were active neither

curve should diverge to any appreciable degree from that demanded




Study of Nozzle Iosses:--
The Loss in the Entrance Expansion (contd.)

by a constant fractional loss and the difference actuaily observed %
is, therefore, significant of some other effect. Since, again,
the discrepancy diminishes with reduced entrance expansion range
it would seem necessary to search this part for an explanatidn.
The way in which these flow curves confirm the previously expressed

bvelief in an entrance 1osa'is altogether unexpected, but the fact

is of some value since the observation is of & direct kind and not,
- ae in the previous case, dependent on a detail jet examination whﬁmj
l

'i offers a small residue as the main evidence. 8Since, however, this

original evidence is supported by the new flow curve indications r

its value is clearly increased. |
- It is not possible to undertake a full quantitative dis-
cussion of this subject at present as the only data available are
for one particular form of entry; but it would seem of interest to
consider shortly some possible lines of explanation of the effect
in the 1light of the double set of factas provided by the different
resulfs mentioned. The actual information obtained from the exper-

imental work may first be clearly presented.

The Experimental Facts: We have seen in fig. 1 how the differencei
between the total loss and the friction loss is demonstrated, and ;
by the sane meaﬁs its value may be approximately determined. Hencg%
by carrying out such investigations for different ranges the var- |
lation of the loss with expansion ratio may be derived. This
variation has been given by Mellanby and Kergu}or a short comrerg-i
ent nozzle, ¢4" diar. by Véj long with @@2" redius of inlet, and ;
is givenvin fig. 2 by the curve marked I , plotted on outlet ‘
ratio, i.e., practically the ratio at the end of the curvature,
From the same source we can obtain figures for the case of a QPF"

«

"diar. by | 1long nozzle with a similar inlet form, and when the

R "On the losses in Convergent Nozzles". - Proc. N-E. Coast
Inst. Engre. & Shipdra., February 1921.
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Study of Nozzle losses:-
The Toss in the Entrance Exganaion {contd )

lossee for this case are plotied,on the base of pressure ratio at
the conmmencement ofvthe parailel length, the curve marked iﬂ: in
fig. 2 1is obtained. Cousidering that the nozzles are different,
and that the results presented are the outcome of a considerable
amount of reduction of essential data, the agreement may be held

as reasonable,

The approximate relation that seems to hold between the
loss and the velocity established in the entrance is shown by means
of the full line curve in fig. 2, which represents a fair average,
and has been plotted on the assumption that the loss varies as.—

(- fA)/z
where Y, is the pressure ratio at the "throat" and 4 has the
usual meaning. Hence it would appear that this entrance loss was

directly as the velocity at the "throat".

This repreaents the result achieved by Mellanby and Kerr

who further agsumed that the effect was probably dependent on the
f,
absolute velocity and therefore contained the factor (TTVL)/L

as & necessary correction.

It is not, of course, in any way certain that the initial
conditions only enter into the matter in this way since this loss, |
being only apparently dependent on velocityﬁdoes not have the in- ‘
variability with initial conditions which ie essential in the case
of friction; We only know that,within the narrow range examined
by the foregoing experiments, it appears that ioés varlies directly
a8 velocity. It is, however, extremely probab}e that the initial
conditione,or the fluid density,enter: in such a way ae to make the

'TDNJy or the Y , factor 'much more active in its influence f

than is expressed by CT?\/>71

Considering this we might write the total energy loss in

such nozzles in the form:- . ‘ !

o wgede o+ B @YU




Study of Nozzle Losses:-

“The lossg in the Entrance Bxpansion (contd.)

or, expressed as a fractional loss:- i
g - f("ﬂ‘%)d* + to(P\r) "*) AAAAAAA BD.]

in which the first term represents the friction lose in the form

already treated in Section A; while the second term is meant to

cover the entrance loss with Y, and v, as "throat" and outlet i
ratio respectively and (T?“VC)K' introduced for the uanknown in-

fluence of the fluid conditions. a

By means of & we get more definite ideas. Consider
it from the point of view of loss variation in the two cases which
have already provided evidence on the entrance effect, visg., |

Q) , & simple convergent nozzle and (1) , a relatively long con-
vergent-parallel nozzle. In (1) we have a very small friction
loss and a comparatively large inlet less; in (i) the frictional
loss is very much greater and the other is definitely reduced on
aoccount of the fact that <Y, becomes greater than Y, . If
tﬁe second term of equation (O is really dependent on initial
conditlons or on density, to any appreciable degree,the fact that
‘1t diminishes with increase of taill length should mean that the
total loss tends to become more constant with the presence of a
parallel outlet, The first term is practically constant for
moderate changes in initial conditions;so that if both nozzles
were operated with the same,or nearly the same, Y, value the ohly
matter that compels a divergence from the condition of constant
efficiency with, say, increase of \ll is the influence of \ﬂ

itself on the entrance loss, Now any such influence must be in

the same proportion in all cases, 80 that with a falling loss we
have a nearer approach to constant efficiency. Hence if both
nozzles were run at same Y, and same T, ,but with V| increas-
ing with the superheat used, the flow curves should fall away from

the condition of conétant discharge coefficient (or constant

efficiency); and the greater departure should be shown by the

shorter nozzle.
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38.
Study of szzle Lossea'

The Logs in the Entrance Expansion (contd,)

The actual flow for two such nozzles as determined by a
few careful experiments are shown in fig. 3. These were obtained
by flow measurements under changing superheat at an inlet pressure
of about 76 1lb. per sq. in. (absolute); the nozzles in both cases
being;run at their maximum ranges of .expansion,which are known
from search tube readings taken during the iests. The experiments
were not made from any belief that they could throw light on the

entrance loss effect; they are merely test resulte obtained for a

different purposgftogether with the few results already considered

in Mellanby and Kerr's treatment— the nozzlesbeing the same two as
they employed. It was the peculiar difference in the "lie" of the
curves that led to their consideration from the present point of

view. It will be observed that only a range well above the satur-
ation point is included,this being necessitated by the awkward |
complications introduced into the flow curve by supersaturated -

effects at low initial superheats.

The curves in fig. 3 obviously imply the influence al-
ready explained. It is clear that the efficiency of the long par-
allel nozzle is less disturbed by change of temperature (or volume)
than is the case with the short curved form, and would thus appar-
ently indicate a very certain effect of fluid condition on the

lose in the entrance expansion.

' The actual forms of fig. 3 do not permit of any exact
gsearch. It would require a great many careful tests between the
limits employed to define these curves with the necessary correct-
ness for full analysis;but meantime the general features of the |

difference in the two cases may be held as demonstrated.

-

It seems on the whole, therefore, that the experimental
facts of this matter are, (o), a rough indication that under con-

stant supply conditions the loss is dependent on the range of

K "The Supersaturated Condition as shown by Nozzle Flow“ -

Mellanby and Kerr. Proc., Inst. Mech. Engrs.
Paris Meeting, June 1922,
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Study of Nozzle losses:-
The losg in the Entrance Fxpansion (contd.).

expansion in the inlet and (b), a general indication that with
constant expansion range,the loss is appreciably influenced by -
initial temperature or volume éat least. The former appears to
demand a loss effect per 1b. fluid vérying with the velocity
attained in the entrance curvature; while the latter, so far as

it may be possible to deduce a quantitative value hints at a

dependence on a power of V} of the order of the square.

Neither relationship can be considered very definite;
the experimental data are as yet too meagre; but it must be
emphasised that the two general facts taken together make out
a very much stronger case for the existence of an entrance loss
of important amount than either of them considered alone. Again,
the evidence is from two distinctly different sources the one
result arising from the detail examination by search tube,and the
other from direct flow measurement in no sense dependent on the
search tube readings or method. The kind of observational errors
that might negative the-first have no influence on the second, and
vicp versa. Consequently, we may feel assured that we are dealing
with a real effect and some consideration of the matter along

general lines, at least, seems called for,

On Stodola's "Turbulence” Factor: In a paper in 1919%6Professor
Stodola carried out a study of pressure and velocity conditions in
different kinds of nozzles,in the qoursé of which he gives an
interesting discussion of what he calls "turbulence work". His
idea in this particular investigation was to undertake a fairly
general examination of nozzle action on a poly-dimensional bvasis,
apparently on the belief that we have now learned all that it 15'

possible to deduce from simpler principles.

X "Stromung in Diisen und Strahlvorrichtungen, mehrdimensional
betrachtet®. - 2Zeit. d. Ver. Deut. Ing. Jany,,Feby.,1919
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Study of Nozzle losses:-

The loss in the Entrance Expansion gcontd.)

The essgential results of this examination of "turbulegcdﬂ

may be stated in terms of the summary as given by Stodola.

"The velocity of a steam jet issuing from a nozzle or orifice
is uniform over the greater area of ite cross section and

only drops to zero close to the outer rim."

"The equalisation of the axial kinetic energy is the result
of turbulence, the intensity of which is approximately pro-

portional to the distance from the axis."

"The turbulence in jets is deduced from the observations of
Diebold and Trupel. This leads to the conclusion thﬁt the

turbulence can be replaced by a form of friction of the outer

layer which dependavon the_radial velocity in the same manner

as the friction of wviscosity, but is enormously larger.”

In the investigation of turbulence Stodola considers
the motion of an initially cylindrical element undergoing change
of shape of an erfatic order; and turbulence is defined as the
quantity of momentum carried through each unit of surface of the
cylinder. It is clear from this definition that the effect can
be expressed - as is done - Dby:-

p o
ko= ¥ Y ax
where ckf is an element of surface; w- is axial veloocity and
Y is radius. Obviously the coefficient 7/‘ ig analagous to
the ordinary coefficient of wviscosity, but it has a very much
higher value than this well established figﬁre, - as it must have

to cover any noticeable effect in nozzle flow.

The point that we must notice here is, however, that
the effect is based on a conception that seems to be simply a
large scale viscosity,and is obviously by its form applicable to
all parts of a jet. In fact, Stodola is primarily concerned with
its application to the straight parts.

5

»
¥
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Study of Nozzle Igeses:- :
he Toss in the Entrance Expansion (contd,)

Under these circumstances the losses in parallel = or

nearly parallel flow should reflect the influence of this, but
there seems no reason why this complication should be introduced
into a case where the pressure effects appear to be adequately

explained by the ordinary frictional conception.

Since we have really a rational explanation of the
general effects observed in a tail length we may ignore the‘app-
lication in such a case; but, on the other hand, such distortion
rates as Gbkr/cid' must have real values at all parts of\a
convergent eipansion and the idea could be held applicable in this
part. We would then simply be assuming that the "turbulence work"
is measurable in a convergence and negligible in the straight. In
this-way the “6onvergence loss” might be met by the idea of "tur-
bulence work" which is, after all, not very different in physical
basis ffom the "excessive agitation" used in explanation.by (
Mbllanby and Kerr., It must be pointed out, howevef, that when we
pass to the entrance form <iuf/ckf becomes only one of several

distortion rates that must enter into the question.

If Stodola's conception is taken to mean that there is,
in jets, a molar interflow analagous to the molecular communicat-
ions that create viscosity the p:esent Author is inclined to concuy
since the introduction of a loss coefficient varying somewhat like
viscosiiy, but much larger, is exceedingly helpful in meeting the
facts. The idea should, however, be confinéd to the convergence,
where there is some reason to expeet’actiona‘calling for an effect

of the kind.

It may be remarked that Mellanby and Kerr, using the
dissiﬁatidn function of hydrodynamic theory, have shown that the
convergence effects as derived by them are roughly covered in
magnitude and general variation if rA. is given a value several
hundred times greater than the usual viscosity coefficient. In

fact the value of rg , as 80 obtained is in falr agreement with
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Study of Nozzle Iosses:-

The 1oes in the Entrance Expansion Scontd.)

the corresponding coefficlent in Stodola's work, but the two
figures are derived by different methods and apply to different
actions. The Authors referred to were sceptical of the 5enuine-
ness of such a eoefficient derived in such a way; but Stodola

apparently considers his treatment and coefficient to be rational.

We need not carry the consideration of this particular
matter further, but we leave it with the general impression that
a “large scale® viscosity coefficient'may be a reasonable con-
ception in nozzle action; with the proviso, however, that it is
only of moment in rapid expansions where alone the factors - that
render important any effect of viscosity, or any effect analagous

to viscosity - are sufficlently large.

Influence of the Rate of FWxpansion: Ina £1uid the pressure in
one direction at é point differs from the mean pressure at fhat

point by an amount dependent on the distortion rates. It is usual
to assume that the differences are linear functions of these .rateg

and hence the expressions for the "principal stresses" are obtain-

ed ag:-
P —p A /ﬁ%‘f)*ef*%\
wr i)
G P s R AR e e
o = =Pt NEERE B Ay

where P' is fhe mean pressﬁre, X aad r~ “are physical con-
stants; and W, v and w- are the velocities in the oc y,'t

directions respectively.

v'Allowihg the linearity,it is obvious that (&) is com-
Plete or nét,depending on whether we suppose that P( is or 1s
not the same as the static pressure defined by the characteristic
equation. If we maintain the generality and consistency of the

argument it seeme necessary to write:~\
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and’hence’the mean pressure established in flow conditions may
differ from that defined by the equation of state by an amount
depending on a new physical constant and the rate of volume dis-

tortion.

It ieg clear that if this coefficient 3/ is considered

non-existent then we have simply:-
‘ . . { .
Pp* Put Py - 4—5P :-BP_

AN + 2/-& = .

and:~

But if Yy be considered to have a real value,there seems no
necessity to differentiate between Y and- -\ since there is no

loss of generality by writing:-

Pl —P + j(”bx ’bz ’31 /u"b.)c
‘ et"c.

»

---B®.

where -~/ and fA are both considered to be real values denoting

certain physical properties, but independent of each other.

It is customary in mathematical physice to neglect :7
and, writing .- A = — 2/&/5 , to state the equations corres-
pondingly, but the procedure seemg to arise from a desire to
eimplify rather than from any real evidence as to :7 . Kinetic
theory appears, however, to point to the fact that:-

Lot 3P

and’hence,the usual process is considered reasonable.

It must, however, be sald that in no case has the
neglect of y’ been justified by experimentlsince it is only in
such expansions as hold in nozzle work that we reach'the high

rates of volume distortion at which any Y value would make it- -

self obvious. In all experimental determinations of f, for

inetance, we establish rates of distoftion of the kind cba/c%%,




'and the other two denote energy losses. As here we are primarily

Study of Nogzgle losses '
The loss in the Entrance Expansion. (contd.).

and eliminate the volume rates; thus concentrating on one of
the fluid constants, and neither proving nor disproving the

exietence of the other.

It may, then, be taken that (& represents ihe more
general form of the stress equations when 1o governing conditions
ag to the mean pressures are introduced, hence maintaining the
independence'of N and f& . In this matter the Author does
not mean to imply that hydrodynamic theory is in error but)hawing
reached the conclusion that there are coefficients at work of
the type of viscosity, and recognia}ng also that the effects dis-
closed by experiment are inherent in rapid expansion,it seems
desirable to explore any formal line of thought that appearé to
connect these two quantities nasturally. If the investigation
leadi to0 inadequate conclusions we shall, at least, have demon-
strated the important fact that the high volumé rates are not

mainly responsible.

The rate at which the stresses are doing work on unit

volume is:-
' D
la{gﬁi * Pz”€§ + 135'"b;T.

which gives:-
~p(Be3r30) + y (3 Re 22) 23033,

of which the firet term represents the intrinsic energy increase

concerned with the volume rates we may neglect the term containing
the ordinary coefficient of viscosity.and, hence, as a rough
measure of the variation of energy loss due to volume distortion

we may write:-

Now:~
dw , B, dw _ ot N
D oy > V M
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for the energy loss per sec. 4in a volume element A-dy . Intro-

we get:-

ducing the raﬁe of mags flow:~
there follows for the space rate of increase of energy loss per 1b.

fluid:-

T - Vow y (Vo) _5Q.

Now let us suppose that ‘7' is dependent on temperature in much the

same way as an ordinary viscosity coefficient, viz.,:-

N A&~ T X (PY)Vt_

;
and that the theoretical outlet speed is «, , corresponding to
expansion to a ratio Y, . Then, using the theoretical relation~

ships between the various quantities and the pressure ratio Y ,

substituting in () and simplifying out, there finally appears for

the fractional loss of energy:-

LS CENl & FCan) I R 0

[

where ‘o is axconstant.

 This eduation gives a loss which ,for constant initial

conditions,K is dependent on the expansion range, and for constant

.overall ratio of expansion (which for a given nozzle involves a

definite ratio curve and, therefore, a constant value of the inte-

gral) varies with initial volume.

Equation (@) then, approaches the order of change of the
effects actually observed;but when the attempt is made to compare
it with these effects a very definife disagreement is discovered.
The rate of change of € with Y at constant V  is much too
rapid to meet, even approximately, the observed variations as re-

corded in fig. 2; while the dependence on \ﬂ) at counstant Y., Beens




" It has been included in the discussion to show one of the possible

‘stages of development, can easily be recognised when the essential

-lateral acceleration,which will depénd on the curvature. Since

| Lo,
Study of Nozzle Tosseg:-

The loss in the Entrance Exganaion. (contd.):

somewhat too slow to give reasonable agreement with the special‘

features of fig, 3.

This result, then, does not provide a suitable explanation.

lines of attack; one, indeed, that is very reasonable in conception
in view of the apparent limitation of the loss to rapid expansion
zones, While it is not satisfactory, it demonstrates two points of
some value, viz., that the loss seems to be dependent on some slower
effect than the total voiume distortion rate, and that the essential
coefficient would appear to have & more active dependence on temper-

ature than the usuwal viscoslty coefficient.

Influence of Spin: It is well known that in expanding through a
curved entry a spin effect is set up in the fluid. This is partic-~
wlarly noticeable with water nozzles;but it can also be observed
with purely convergent steam nozzles, more especially when the nozzle
sectlion is not symmetrical about the central axis. Anderson has made
a note somewhere which indicétes that when’water is passed through a
simple convergent nozzle the rotation pf the jet is conspicuous, but
if the nozzle is of the convergent parallel type no spin can be

detected at the outlet. This, however, does not preclude the exist-

ence of a spin during the initial expansion since the progress along

the confining parsllel channel will naturally damp out the rotation,§

That a rotation is almost inevitable, at least in the first

form of the Jet is considered. On the cuter boundary there is a
rapid curvature which reduces to zero at the centre of the jet,and
again at the "throat". Any fluld element in an outer layer is not

merely acquiring forward speed in expanding but must be subject to

there is no reason to believe that the lateral speeds will simply be
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Study of Nozgzle losses:-
, The Loss in the Entrance Expansion. (contd

radial we must presume that, in general, there are components in
both directions at right angles to the forward velocity, and these
together will give the element a circumferential velocity. Since

the curvature is greater at the greater radii the lateral speeds

will increase in some way with the distance from the axis. This
is all that is necessary to create what would appear as a maes

spin.v Obviously,there must be only a small tendency in this respect
towards the completion of the entrance expansion and)hencé)any spin
vresent at the throat would be rapidly damped out in the subseguent

parallel flow.

It would seem, then, that spin of the fluid is a natural
accompaniment of convergent expansion. Search tube records only
provide a guide to forward velocities. Any spin is, therefore, an
energy form included in the loss effects at the end of the converg-
ence ahd,as such,deeerves a little attention in the present discussd

4don of these.

We may consider the matter by means of dimensional theory.
Naturally it would be imagined that energy loss due to the present
‘cause would involve the density and, hence, we would choose as the

main variables density velocity and spin. Writihg:-

E = f(rluw o)

where E. is energy loss per unit volume per unit time; f is
density; { is a linear dimension; . 1is the forward velocity;

and © is the rotational velocity. FEquating dimensions we have:-

MO A ANt cheks o
and, therefore:- '
a = |, c=e~-1, d = 3-c¢
Thie gives:-
o )
| b w./.

and reducing to rate of energy loss per 1b. fluid -~ according to

the process already frequently illustrated - we get:WN
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The loss_in the Entrance Expansion, gcontd.)

R o BN

If this is to meet the condition of loss varying with

velocity,it would be necessary to write it with the firet power of
the dimensionless number as the unknown function. The spin would |
then require to be a constant for the nozzle; size would have no
effect; and the flﬁid conditions would hardly influence the loss.
This particular process of examination would appear, then, to'be
rather fruitless as the results are not merely unsatisfactory, they

are almost irrational.

But cousider the corresponding line of argument with den-
sity omitted and a coefficient like viscosity in its placé. Whereas
in the last case we assumed the spin loss to depend on the fluid
density)this suggested mode of attack would mean that the spin if-
self was to some extent governed by a physical coefficient)juét as

the form of turbulence may be controlled by the fluid viscosity.

This would give:-

E = 7E ('jW é y W) €}> :

which on equating dimensions becomes;-

3 yot £(52)

1"

7
5,

FIL

...\_}

VEaN

fls

oY

@

de
oLy

and it is only necessary to allow that -©- varies directly as w,

and that involves the fluld conditions, to obtain a very satis-
factory result. Thus with:—

Y. & (P‘\D/ and & KL w.
we would obtain a representation of loss showing about the required
variation with Yy for constant supply conditidns/and a dependence
on \ﬂyl for constant expansion range and initial pressure.

Clearly, also, if the unknown function haes a real significance
>
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Study of Nozzle losses:- :
The loss in the Entrance Expansion, (contd.)

there is an effect of size.

This result represents the first fair agreement with
fact that we have so far reached. It cannot, however, be consider-
ed altogether acceptable; It is hardly credible that a real loss
due to spin can be dissociated from density and grouped with a
viscosity influence in preference. Although, therefore, the appar-
ently neceésary deduction that spin varies with velocity is fairly
rational,the main bvasis of the whole result would appear to be im-
-perfect. The fluid may expand in such a way as to create a spin
in the inlet form but it does not seem possible that the lose in

the convergence can be imagined as the rotational energy of spin.

We dannot, therefore, be content with @D ; but the fact'
that it does give agreement leads naturally to a closer scrufiny of]
the quantities contained therein; for, eince the stfucture results
from equating dimensions, any quantities of like units will give a
corresponding form and, perhaps, an equally satisfactory agreement.
The fact is then recognised that < has exactly the same dimensior
as a rate of deformation, viz., T , and hence there is, in all
probability, some such rate that, in association with :/ aﬁd o,
will apprbkimately explain the results. The point of view of a
pfevious section proved conclusively enough that the rate of volume
distortion is too rapid; so that the guidance afforded by both

demonstrations leads naturally to the next mode of attack.

‘Influence of the Rate of Convergence: It has already been explain

-ed that in the convergent expansion the fluid must, in general,
voseess velocities in the directions perpendicular to that of the
maln axisl flow. Now these velocities are generated of necessity
ih the outer layers, because of the curvature of the fldw linés
there; and they are on the whole directed towards regions of lesser
curvature. They must, therefore, be damped out, or transforﬁed to

axial velocity, since they cannot be appreciable either at the centye
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of the jet or at the end of the convergeace. In the earlier
stages of the expansion,and in the outer portions of the jet these
lateral velocities must be comparable with the main flow velocity

and, so, should exceed the ordinary "velocity of turbulence”.

The reduction or transformation of the lateral velocities
will result in energy losses showing by part change, at least,
from useless flow motion to heat motion. There will be no corwxes -
ponding loss of the kind in connection with the main flow 6 since
the game conditions do not exist therein. In effect, the argumenf
denies "symmetry of the fluid loss actions” if such an expression
" may be permitted; and, in this respect, is in Xkeeping with the
usual experimental methods which measure one velocity only as use-|,
ful. Ve must admit that if a fluid element has three mutually
perpendicular velocities and only that in one of these directions
can ultimately exist the other two must give risé to excessive
losses in comparison; since neither elimination nor transfdrmation'

can be perfectly carried out.

We may,'then, examine the matter from the point of view
that only the lateral deformation rates are important. Although ||
Aborrdwing'in a crude way from theoretical hydrodynamics,it muet B
' be recognised that we are dealing with effects on a much larger
secale., If, then, v and «wW are the velocities in the (}' and

% directions,perpendicular to the main flow velocity, w6 in

J

the > direction, we might put:-

. 2 2
| Fley) * Gx/ S |
for the energy loss rate per unit volume.

Now, from the equation of continuity:-

["l z H‘LL/V.

we obtain:-
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The loss in the Entrance Exganaion. (contd.)

. w dA - «w dN — QQ&
orxr: A & - V a,;n d#
Again, since:-
o, dN I DY Rw
v dy x 2% * 2%
it follows that we mﬁy BaYy : -
A‘E%i ) Y t ez

'and,allowing symmetry in the two lateral directions we have:-
..7. . 2
{\”o})"“o N (A&
Hence we may write:-
pA
w  dA
E - ~ ( A abx,>

or by reduction 1n the usual way:-

N - N

Ly

which might have been deduced directly from Qf)’ ante if we had

merely assumed that, since the volume rate was excessively high the

area rate might te more suitable,

Let us suppose that:-
Yy < T < (f’\l)
since it is clear from the attempted explanation that the molecular ;

energy must enter very definitely into the matter, Then,developing:

@ by means of the relations between the variocus quantities, the|
ratio of expansion, and the initial conditions,we obtain for the

fractional loss per lb. fluld expanding to an outlet ratio ¥, :s%'

¢
S B (P d
e et EFGER o

Thie equation.giveu the loss as varying with ratio of

expansion, as dependent on ‘the inlet form,and as définitely‘influ-
enced by the initial conditions of the fluid. The expreseion
(VQ)Q*A/A*D is worthy of remark. It represents & very suitable




LU _LLLi

ittf !'H

Lyl



"~ the cases considered its influence even in the integral will not be!

‘@0 that with constant Y, and [© the equation indicates:-

~ should vary. The comparison is shown by the heavy dotted line in

Study of Nozzle losses:-
The loes in the Entrance Fxpansion. (contd

method of measuring the inlet form, since the area reduction rate

per unit of area is clearly a reasonable figure wherewith to express
the general acuteness of the entrance curvature. The data.in hand

do not permit of any real check of the validity of this‘factor, !
since both nozzles for which we have information have almost exactly
the same entrance form. It is clear, however, that (9 doea not

involve any absolute influence of size,as it is possible to have the
same value of (/A)(AA[dx) for different values of A , a.lthough'

this constancy will be the exception rather than the rule.
Since for the actual cases, (/A)G*ﬂ/df) is the same for

appreciable, so that under constant initial conditions we have

approximately:-
e(i-v7) « fﬁ'“’f@-v"‘)’i dag
24~

, ik
Now is very much less rapid in its variation than Q-‘f,)’

|
|

and,owing to the form of the YT curves in general, it is even less
effective when involved in the integral. Consequently the loss

e = v will depend very largely on,,Q- N”ﬁ}&) which is
almost exactly the result derived from the actual figures - see
fig. 2. Actually gives a slightly greater rate than that
due to velocity,but the difference is inconsiderable when compared

with the normal uncertainty of the effect.

With the expansion ratio fixed the pressure curves for
the inlet are not'noticeably affected by the steam conditions. The

integral is therefore practically a constant in such circumstances,

1
3
e« V7
This may be compared with the flow curves of fig. 3 for, knowing

both entrance and friction losses for these nozzles we can determine

the total losses and, therefore, how the coefficient of discharge

fig. 4 in which the flow curves of fig. 3 are reproduced. The




ure ratio (10) gives:-
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Study of Nozzle losses:- o
The lo&s in the Entreance Expansion contd.

effects observed are of course small but the curves indicate at
least that such a variation as is required by (O is not in
conflict with the particular facts established by the flow experi-
ments. '

‘ i
For general changes in fluid conditions at constant prees-

Al

s o< (TD\C)<>6

which for any one nozzle means, practically, a variation directly

: mveraz(_
as absolute temperature and 3wz

: as‘the mass flow per sec.

Conclusion: Considering the imperfections of the data,on which g
the evidence 6f this entrance loss rests, the general agreement |
achieved by equation may be held as falr, In ‘v:l.ew of this,
and the comparatively rational basis of the explanation which has -
reaulted in this equation, we may accept the idea put forward in |

the last discussion as a useful conception of the lose action in

the convergence. The points of view developed in the previous
sections have been introduced to show the different lines of thuught'
which have been followed out in the attempt to achieve & rational
outlook. Both rapidity of expanaion and spin are characteristic of:
convergent expansions and, therefore, worthy of notice, dut, in i
reality, they have been of value mainly oh account of the guidance |

they afford for the establishment of a fuller explanation.

It is not a very satisfactory procedure to reduce (9 |

" t0 & rough form for the purpose of making estimates of this effect

but, in view of the unsuitable form of the main equation for such

caloﬁlationa, the following may be tentatively advanced:-

_ 35 5 . |
) = "—J;,"":"T';L‘ﬁl, ’Pl (F\ M) ______ 5.@.

in which:-.
..\ ‘
\
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- most accurately determined by using the "jet funotion" of Mellanby |

~and Kerr's system of nozzle analysis. It is easy to show that:-

- Study of Nozzle lomses:-

The loss in the Bntrance Expansion, (contd.)

€& = fractional loss of energy in the full expansion due
to entrance effect. A
R. = initial pressure - 1lb, per sq. in. (ahs. ),
V,, = " volume = - cub, ft. per 1b.
Y,, = pressure ratio at outlet.
A& = (m=-1)[m, with m = 1.3. )
¢, = length of convergent expansion - inches.
B. = factor covering the influence of the convergent
expansion range, a curve for which is given in fig.b.
(é‘%%) = convergence factor, which should be estimated from

that part of the 1nlet form at which the pressure
curve has its maximum gradient or, otherwise, at
~about the mid length; A and 2 in inch units.
The most that can be said for this expreeeioh is that |
it is in rough agreement with the variation demanded by (@ , and §

with the observed figures for the investigated cases.

It will be difficult;, however, to estimate the converg-
ence factor properly and this may upset the result. If the form

of the pressure curve is known, the value of‘(%ﬁ)@*ﬁ/dﬁ) may be

L. dA = - L. .dF
A ok ' Foda.
where [ 1s approximately:-
{
“f‘[(" *)/L

Y*
and the value obtained for the factor in this way, by using the

main pressure range in the inlet, should be a fair measure of the

quantity.

The curve for B in fig. § gives practically the theon
~etical variation within the range usually possible in convergent 1 

fornms.
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_possible, by the analysis of data Prom search tube experiments, to

the flow somewhat difficult to analyse,

55

~——= A  STUDY OF NOZZLE LOSSES, * =

_C ;= COMPRESSION TOSSES IN DIVERGENT JETS,

Introductory; In oonvergent type nozzles the expansion is continuos
throughout the length and, according to Mellanby and Kerr?zit is Av

indicate the nature and value of the loss effects accompanying this
expansion;_ When the attention is directed, however, to the action
in any divergent jet form, it is at once fpund that the condition

of a continuous expansion along the full length no longer generally
applies, In order to meet a back pressure in excess of the normal
the jet compresses itself with great facility: énd the many disturb;

¢ing effeets produced by this occurrence make the main features of

In the deduction of nozzle efficiencies from search tube

| @ |

and flow observations,Mellanby and Kerr have explicitly assumed that |
the outtlow arew of any nozzle is always oompletely filled, This

essumption is certainly Jjustified in all cases of continuous expan:

:gion, no matter what the type of nozzle may be; and although ;
experiment éotually hints at a contraction of area in a recompressiong
eftfect, it could hardly be supposed that this would be suffieient to
affect the results appreciably; Detall comsideration of the case of
the divergent nozzle shows, however, that the assumption is inaccur:
:ate where & recompression of the fluid takes place within the tail

length, and this condition requires further atﬁention;

R G T i R D R T T

Now,it is an essential matter in the search tube method of |
experiment - and, consequently, in any analytical system resting on }

this - that the area filled by the flowing fluid should be clearly

defined, In continuous expansion in any normal nozzle this is the {

XK "On the Losses in Convergent Nozzles" - Proe, N-E Coast Inst,
' . mgrs. & Shiprs.’ Febyo 19210

"Pressure Flow Experiments on Steum Nozzles" - Proc, Inst,
Engf8, & Ship¥s, in Scotland,, Nov, 1920,
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an insufflelent guide to the jet action during compression and, con:

‘-,-sequently, in the study of suech.- effects additional data must be

“and makes the subsequent developments clearer:; and, on this score,

- in the ease with whlch a graphical representatlon of a nozzle per:

variations of the function F on a base of Y ; and including =

area marked out by the nozz e boundary : but if in a reoompressing
fluid, the bounﬂary oeases to control the true arce is, not directlv

measurable. It then follows that the»search tube method is by itself

sought elsewhere.

It is proposed here to'investigafe the somewhat meagre
data available on this subjeet, with a view to the establishment of
the few results that can be deducedlregerding oompression effects
in divergent nozzles; For the sgake of elearness and completeness
it would seem best to present first, and brlefly,the result of a
treatment of divergent nozzle data on the basis of filled areas 1%

throughout, This serves to show the main error in the assumption,

the following section, which recapitulates to some extent, may be i

excused,

Results of the Direct Treatment:; Im the study of nozzle losses theiﬁ

following expression is of great service:-

L :

-L %
VALK oy (i~k-~ : !
"<P.> AT T R LD

in which:- :
P & Vi are initial press.(lb /sq.in.) and volume(ftB/lb Ve
G « massflow - 1lb, /see, 5
A = Zflow area - sq.in, g
Y ‘= pressure ratio = P/f %
K = loss faetor, L
A & (m-tV)Y/m , where 1 is the adiabatic index, p
v & 1,3 for superheated steam, and 1.4 for air, )
C = 0. 718 " H] 1" 1" ’ n 0. 800 1" "

DA

For present purposes the chiet value of expression © 1ies

: .f’

:formance may be obtained by means of a chart, covering the possible

x nSteam Action in Simple Nozzle Forms" - Mellanby and Kerr,

British Association, Seotion G,, August 26, 1920,
or "Engineering", Sept. 3, 1920,
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Study of Nozzle Logses:-- : o
Compresgic eg in Divergent Jets,(contd

seriés'of ourves of constant loss, From experimental results -with
A known - F is readily caleulated and, hence, k is directly deter
:mined; and, if A and ¥ are known for all parts of the expansion

the curve of loss can be derived,

If attention is concentrated on the outflow section the
: variation of F on the standard chart shows the variation of flow
wifh‘different outlet'conditions; Such a curve is known ag a "flow
curve", ‘with the k value at the end section then known the effic:

tiency of the nozzle is easily obtained from:-

k
,Z = [ — 0= % e _—.Q:C).

Again, if in dealing with the experimental data use is
mede of the change of pressure ratio and section along the hézzle;
the resulting curve ot the funotion F represents the "nozzle char:
cacteristio” for the given range of operation, The flow curve 1is
gimply the locus of the terminal points of the full series of char:

.acteristiocs,

Figs, 2,3 and 4 are reproductions of diagramgﬁfor the
cage of the‘convergent-divergent ﬁozzle ghown in fig, 1, Fig, 2
shows the pressure ratio curves for the different ranges and, in
-this, the recompression effects are clearly brought out, On the
agsumption of a filled”butflow area fig, 3 is readaily obtained from
(D.; while calculation, by means of equation @ ,gives the corres:

:ponding efficiency ocurve (fig, 4) on the same assumption,

So far there is no very obvious fault in the manner of
investigation for, while the efficiency falls considerably, the
minimum values are not excessively low, and the «ctual variation

is somewhat as would be expected,

In fig, 2 parts of the'pressurQFines are shown dotted,

This procedure is meant to indicate the ranges in-which_tﬁe pressue

K "Pzessnre Flow Experiments on Steam Nozzles" - Proc, Inst,
Engrs, & ShipTS, in Scotland, Nov, 1920,
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- deduced that this resulted from a breakaway of the jet from the

SR
Study of Nozzle Losses:-
Compression Losseg in Di vergent Jetg,(oontd,),

readings were unsteady; and, from other considerations, it was

nozzle walls, In fact, fig, 5 was advanced as a representation of
the actual occurrence, It will be seen that, while jet contraction:
was thus envigaged in the initial stages of.compression, it was not
thought to be of such an extent as to prohibit the use of the full

nozzle sections near the end of the compression,

On a continuation of the study, beyond‘tne stage of publish:
:ed records, by detailed determination ot the nozzle character:
:1stics, the diaegram in fig, 6 is evolved, This assumes filled sreas
throughout and, while 1t thus traverses the above finding for the
conditions at the start of the compression,it was supposed that
the examination of the complete losses during compression would

still be fairly reasonable,

A definite discrepancy appears, however, in these nozzle
charucteristics, 1t is an obvious condition that, sinoe the expan:
:sion and compression are suffering continuous loss, the }f‘value
must ﬁrogressively increuse; or, stated explicitly, the nozzle
characteristic can only oross any sihgle K line once, This condit:

:ion is seen to be violated by such a curve as X (fig, 6) for

instance, where the K value at = position well before the end of
the expansion is slightly higher than that given by the terminal |

point, This is the first really certuin indication of an error

in the main line of resasoning,

With less confidence thé examination may be carried
through to a finish, The losscs due to friction and to the ent:
:runce expansion may be determined by methodas that have already '
been treated., This results in fig, 7., Agsain, from the end points
of the characteristic ocurves the apparent total losses are obtain: |
:able, The difference between these and the total amounts in £ig,7
represent the losses that must be charged to the compressions,
when these are plutted on a base of overall pressure ratio the full

line curve in fig, 8 is established,
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Study of Nozzle Losses;-. .
~_Compression Losses in Divergent Jets,(ocontd,),

These losses are geen to shbw & high value for a large A
compression range occurring at high speeds of flow; and fall away‘
rapidly, either for small ranées at high speedas, or for large ranges
at slow speeds, It seems obvious that the speed is the main influ:

:ence; &and, assuming that they depend on some power of the speed,

the losses should be given by:-~ / 37% 4
/2 A .
o {0 k= WD = (k=) <o

where Y} and Y3 ure the ratios, and k, and kg the total losses at
start and finish of compression respectively, The power of speed

involved is then given by x ,

The best agreement on this basis is shown by fig, 8, the
dotted ocurve representing the equation @ with > = 6; thus apper:
:ently indicating that the loss in compression varies with the gixth

power of the speed,

In conjunction with previous uncertuinties this result
glves definite puuse, as it represents an extraordinary order of
loss, The maximum range of expansion of the partiocular nozzle
under review is not sufficiently high to demonstrate this with the
greatest clearness; but it will readily be disclosed on consider:
:ation of the results thut would follow from & similar attack on

nozzles with large area ratios, say, four or five to one,

It will be seen, then, that theire is au definite fault in
the agsumption of filled areas in compression ranges, The assump:
:tion is ocorrect for cases of continuous expansion; it is also
true for ocompressions commencing at the nozzle throat,.aé will be
seen later; but where the oompréssion starts at an intermediate
point in the tail length it forms its own throat independently of
the nozzle boundary, It follows that for all compressions commen:
:0ing beyond the throat of a divergent nozzle the flow areas are

unecertain,

The direct method of attack for compression losses, as
outlined above, therefore,f&ils; It has been pointed out, howewey,

that the other losses are rationally covered by the usual methods
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Study of Nozzle Losseg:-

Compression Logses in Divergent Jets,(contd,),

If, then, we suppose these known to the start of the compression,

it only requires a knowledge of the total oferall K wvalue to be
able to determine the total compression loss; The determination of
this R 1is not possible to the search tube method when the areas
are unknown; but it can be made by means of reaction results;

Hence for the study ef compression losses, date from reaction e#per:
:iments on divergent nozzles seem essential; and, for full detail
regearch on this subject, a combination of the search tube and
reaction methods is indicated‘ For tne purposes of the present
treatment a special analysis is made, in a later section, of the

Npe

_l—-
results of Morley's reaction experiments with air nozzles.

The condition of affairs in a jet compressing within =
divergent nozzle mey be visualised somewhat as in fig, 9, In this
we imagine & central core of fluid moving as if confined by a solid
boundary set to its own natural form, The annular space surrounding
it may be supposed filled with eddies that add practically nothing
to. the flow,-but detract somewhat from the full jet energy; From
one point of view this amounts gimply to an extreme case of irreg:
:ular velocity distribution across the nozzle section: but, in
effect, we have & fairly normal jet that ocoupies only & part of the

area provided,

Consideration of the Flow Curve: In the previous treatment of the

flow ourve for the convergent-divergent nozzle, the form of the
curve fesults in a simple way from the assumption of filled areas,
This has been shown to be wrong, but the curve form is still useful
as the expression of & limiting condition; It is of value to study
the opposite limit so fhat, by means of an intermediate type, the

probable true form may be indieated,

Congider the section of an F ochart shown in fig, 10, on

* "The Flow of Air through Nozzles" - Proc. Inst Mech Pngrs,- -
January 21, 1916,
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Study of Nozzle Logses:-
Compression Losses in Divergent Jets ,(contd,),

whioch the ourve AB represents the ocase of continuous expansion for
the nozzle previously considered, Then the cﬁrve BCD .repregsents,
as before, the locus of the terminals of all the nozzle character:
:istics on the assumption of filled areas; It ig seen that this

ourve begins to fall in velue at C, where the outlet ratio is .77.

Now, on reference to fig, 2, it will be noticed that, as;‘
the back pressure increases, the point at which compression starts
moves back along the nozzle; so that there is some particular out:
:let pressure at whiceh the nozzle throat pressure 1is affected; In
this case the valug is ,77 and, at this condition, the compressing}
Jet is filling the nozzle at all points; since the required min:
:imum section is aut the actual minimum gsection where the critiesl
pressure exists, This is indicated, geometrically, by fig.'10; for,
gince the start 0f compression 1s at the highest possible point,
any compiregssion effect must entail‘larger awreus, LI the jet were
able to compress freely it would compress very quickly, but the
presence of the tail prevents this, and the compression follows the
nozzle outline, The ﬁoint C must, therefore, be a point on the

true flow ocurve,

Also the point D must lie on the sctual curve, since the
areas must be filled for all back pressures higher than that at

which the throat condition is firgt affected,

The same method of argument shows that continuous expan:
:8ion musf result in full areas, since the presence of the nozzle
wall means that the naturally rapid expansion of a free jet is
glowed doﬁn to suit the restriction of the boundary, It therefore

follows that B is on the real flow cuirve,

Consider now the compiession shown by Qﬁ) in fig, 2, and
suppose that this takes place entirely without loss between the

recorded pressure 1imits} This means thet the corresponding ochar:

:acteristid would follow & constunt loss line, and take the form

shown by EG, Under such imaginary circumstunces the changes in the

F value shown by this curve indicate that the jet would first
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Compression Logses in Divergent Jets,(contd,),

oontract by about 166 and then expand very slightly as the compress:
':1on finishes until, at the outlet, its area would be about 70% of

the nozzle section,

1t should be particularly noticed that the form evolved
for the representation of eny one compression in this way shows &
maximum at the acoustic veloecity condition, Thisg is , of course,
a general result, as under any conditions of flow the point at which

the acoustic velveity is resched entails a minimum area,

The main value of this lies in the opportunity it affords
of deducing an important feature of the flow curve, Since there isg
a ﬁinimum area at the acoustic veloeity on any jet, it is reasonable
to suppose that we have the minimum outlet Jet arew when the outlet
veloelty is equal to the velocity of sound for the outleﬁ conditions,
This is not - as might et first sight be supposed - an entirely
rigorous deduction, &s 1t is possible to conceive such & variation
of loss with compréSsion range as would prevent it from being stric:
:tly correct; but it is not possible that under even the moét
extreme conditions, it can be fer rrom the truth, Hence, in gemeral,
the actual flow curve should show a maximum at or very near to, the
acoustioc veldcity line; ‘A 1ine of this kind on the chart is,therdbrg
very useful in facilitating the gtudy of the action;

If the other'compressions gshown in fig.rz are also treated
on the basis of perfect compression, the series of dotted character:
:istics shown in fig., 10 is obtained. The curve BGK, joining up thelr
terminal points, then representgs the flow ocurve on the agsumption
of no compression losses; and, of course, it fails to meet the

points C and D that must lie on the real curve,

It is now a simple matter to realise the form that the
actual flow ourve should take, It must be of the type indicated by
ABLCD, which égrees with the terminal point B for the continuous
expangion with filled éreas; meets the point C at which the flow ‘>
first begins to fall away on the same conditions; and has & maximum

value on or near the acoustic velocity line,

_ | |
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- tically all of them might have been studied if the internal friot:
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Study of Nozzle losses;-
Compression Logses in Divergent Jets ,(contd,),

The difference between the upper limiting eurve and the
actusl is the result of the losses caused by the compression; These
losses require some examination, as really nothing whatever is known |
regarding them, As hus been pointed out, reaction experimental_dafa
are necessary for the study of their overall values, and we now

prooceed to the discussion of certain data of the kind,

Analysis of Reaction Data: 1In order %o examine oompresaion effects

fully, combined search tube and reaction observations are necessary,
At the present stage'this combination is lacking, and the best that
can be done is to examine reaction data from one source, and compare
the deductions with search tube results from another, For the lattel
the steam flow ezperiments on the convergent-divergeﬁ%fﬁiready con:
:gidered will serve, while the reaction figures may be taken from

Morley's tests on air nozzles, i

Morley tested s fair range of nozzles but, unfortunately,

only a few of these are suitable, The compression losses in pract:

:ional effects could be accurately bovered; but this is impossible
without pressure readings, and without a knowledge of the surface
conditions, Under these oircumstances we are restricted to oases
in which the compression losses are exceptionally severe, since the
possible errors in the assumed frictional values are then propor:

:tionately small, Besides the uncertainty regarding the frictional

effeots, the more highly efficient nozzles would be definitely
affected by a systematic experimental error that seems to have been
present, as efficiencies greater than 100% are recorded in some

cases of high pressure ranges,

The nozzles of lowest efficienocies are Nos, 1, 3 and 4,
but these are so allke in their sizes and performances that, for
the purposes of the present investigation, only one need be consid:
rered. That chosen for full treatment is No; 1. Nozzles marked

4A and 5 are also used for a partioulér purpose later, but complete
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Study of Nozzle Losses:-
Compression Losseg in Divergent Jets,(eontd,).

analyses in these cases would be open to the objections already
.advanced.

Fig, 11 shows an F chart for air on which essential pro:

:cedure can readily be followed,

Nozzle No, 1 1s .1935" diameter at throat, ,42" diameter

at outlet, and 2,7" long.: Tests were made with supply pressures‘

varying between 70 and 25 1b, per sq, in,(absolute), the air passing!

out to atmosphere, In what follows the atmospheric pressure is

taken at 14,7 1b, per sq. in,

The stated coeffiecient of discharge for this nozzle is
.96, which makes the F value at the throat approximately .2500,

From this and the dimensions, the F value at any section is easily

derived from:-

FooK V/Fi.

By means of these F values it is possible'to decide provisional v
and k values for any poiﬁt on the nozzle length in the oase of
continuous expansion; and then a olose-estiméte of the frictional

1oss is obtained from:- ¢

where P/F\ represents the hydraulic mean depth, and cb% ig an elem:
sent of lengfh. The frictfgn?ﬁgs been asgsumed at ,005 ag being
fairly probable; +the surface ocondition of the nozzle is not

speoified,

The integration of @& allows of the determination of the
frictional effect to any pressure ratio occurring in the normal
expansion, By the addition of & small amount for entrance effects,
the data necessary to plot the probable characteristic for this
oase is obtained, This ocurve is shown in fig, 11; and the actual
losses, on & base of pressure ratio, are given by the lower ou?ve

in figo 12,

We now use the reaction results to determine the tqtal

|

i
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Study 0f Nozzle Losses:- ’
Compress on Loggses in Divergent Jets.icontd \

losses to the outlet, Lf'Faa is the aetual reaotion, ﬁZ the theo:
:retical reaction, and ¢, the discharge coefficient, then the vel:

:ocity coefricient is:-

C = g , '
v cd - F\’(_—‘ ——— e — _Q@
Since the necessary figures ocan be obtéined, on a buage of supply
| pressure, from Morley's curves, it is a simple matter to determine
the values of <, oorresponding to different outlet pressure ratios.

With v known, the kinetic energy at outlet is proportional to:-
2 A s A
c\/ ( . Tg _) = k k‘('.' - Y‘Z ) — e — — -Q' @

and, hence, k, - the total loss to the outlet - is determined, The

steps in the ocalculation are easily foliowed from table I,

with K. and ¥, known the corresponding values of F , for
fhe experimental cases, are found from:-

L
F- ‘_ #‘2(‘\— k(: —‘C,_&)z L
e+ ¥ e — 2@

and these huve been plotted in fig, 11,

The range coverci by the experiments does not gerve to
define the full length of the flow ocurve; but the important feature
of a maximum value at the acoustic line emerges very clearly, The
tendency of the curve is to complete a form such as is indicated by
the dotted continusations and, obviously, it satisfies the require:

:ments of a tiue flow curve in all partioulars,

From the values of ‘Tc determined by (§) the upper ocurve
in fig, 12 is obtmined, It must be noted that this total loss ocurve
is plotted on outlet pressure ratio, whereas the lqwer friotion .

curve is based on inteinal presgsure ratio,

if now, for uny compression, we huve the iutios at the
gtart and at the outlet,_it is possible to determine from fig; 12
the total loss obeurring-therein;_ At thig point the lack of search
tube data beoomes noticeable,as pressure readings would settle this

natter at once and with accuracy.
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Study of Nozzle Losgses:- : o
. Compresggion Losses in Divergent Jet contd

From the friction investigation already made a pressure

ratio curve for the normal expansion can be drawn, When a series

of probable compression curves is adied we get the full set shown
in fig, 13, Sueh a method of fixing compression 1s hardly convineing
but it would seem tne only course open in the oipéumstances and, SO

far as the losses are conceined, the results should not be much out.

With definite ranges of qompressfbn decided in this way,
the vurious "contour"” lines shown in fig. 12 may be drawn; and the
difference of the two end sreadings of any one such line gives the
loss aﬁd the corresponding piessure rgnge. The uctual values are

given in table II .

The next step is to determine the probable relation betvewin
the compression and the loss, With the data in hand it is only

possible to examine a variation with fluid speed,or with the energy

| . x/2
kc. = . {C‘ - k-\, - ft‘*.) -

of conversion, thus:-
Ly 72
= Kz‘*z) _L®

e o< J0m kD) = -k - o

or:~

Without entering into the details of a wvariety of attempts
it may be said that the second basis provides the best agreement,
The speed does not appear to be gquite suitable as the independent
variable, and the closest results are found by using the adiabatio
energy'in place of the actual as expressed in Q@ . The adiabatic

energy of conversion is proportional to:-
£ = (=)= (-7
= gYaé." Y ,)
and the equatlon of loss, derived from the data of Nozzle 1, ig8:=~

ke[ & 5-qam-“_,__c@

The nature of the agreement is shown by the top line in

n

fig; 14; and it may be remarked that the severe compression losses

‘in this nozzle should prevent the unavoidable inaccuracies, due to
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Study of Nozzle Togses:-
Compression Losses in Divergent Jets .( ntd )

the reduction operations, from having a very serious effect on the

general result,

On further cousideration it will be olear that the loss
expression should contain some factor representing the nozzle itself,
It would seem certain that the length or afea ratio should enter
into account, For the purpose of examining this point lower mrea
ratio nozzles used by Morley have been considered, but the uncer:
:tainty of the friction effects,and of the efficiencies at thellower
pressure ratios, make the results less satisfactory than in thé case

of Nozzle 1.

Ndzzles murked 4A and 5 have been chosen, The formef is
»193" diumeter at throat, .290" dismeter at outlet und 1.12" long;
while‘the taper of the divergence (1 in 8) is the same as Nozzle 1,
No, 5 1is .1955"‘diumeter ut throut, .230" diameter at outlet and
2,.3" long, with the very small divergence of 1 in 64,

In both cases reduction of the friction constant and of
the efficiency values at the low ratios would seem called for, in
ordér to get rational curve series, However, the agssumption may be
made that a relation as in.(E? applies, and only the maximum comp:
siression losses need then be considered, The figures for these ére

given in table II, and the corresponding lines are included in fig,! 4

. We have thus three relations of the type of , Which
represent three nozzles difrering in length, tapei and area ratio,
Of these the results for the fully invéstiguted case must be consid:
cered fairly good, while the other two muy be looked on as probable.
In fig, 15 the slopes of the lines in fig, 14 are plotted against
the corresponding area ratios, and are found to fall approximetely
on a straight line through the origin; so that the general expregs:
:ion for the loss would appear to be of the type:-

l/ / = ae Y"l = ;1®

in which:-

f\ = Nozzle Area at Outlet
AN Nozzle Area at Throut







. reason to expect any very serious change in the law of loss due to
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Compresgion Losses in Divergent Jets .(oontd,),

Considering the nature of the date any attempts at further
refinement would be somewhat ridiculous; and it may tiherefore,be
taken that the results of Morley's series of reaction experiments

point, on the whole, to a rule of the following type for compression

'kc/t-:

in which k; is a loss factor measuiing the effeet, But it should

losses;-.

.827‘HT‘"E _____ _:@

N

be noticed that PQ/El is the fraotional loss, and can be used with
any system of energy units, After it has been caloulated from (@,
it may be directly applied, for instance, to the adiabatic energy

expressed in heat units,

Application to the Steam Nozzle Tegts: There is, of ceourse, no

change ot fluid, so that the expression derived from the preceding

anzlysis should give rationmal results for the steam nozzle tests,

Sinece for this nozzle we have the compression ranges from
the pressure fecords it is a relatively simple matter to establish
the loss diagram coiresponding.to fig, 12, This is given by £ig,16;
the friction ourve being obtained from the caloculation previously
' made, and the compression losses determined from equation C:) and

the known pressure ranges,

Searcn tube and flow results can, however, provide one
check on the applieability of C) , 1f observation is mude of the
conditions at which the‘flow per sg9, in, of nozzle sren first bagins
bto fall off, The check possible with such a single result is not
very exact as the compression loss is not high, and the method
tfollowed of charging the total loss in the compression length againi
.5t the compressgion is npt quite ocorrect ffom this point onwards,
But the calculation may be made in order to show that there is né

Serious discrepancy,







Study of Nozzle Losses:- _ B
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It has been previously shown that the condition referred
to is estublished for this nozzle at an outlet pressure ratio of
about ,77, and & special test carried out with this back pressure

value gave the ratio &t the start of compression as ,45, In this

cage,of course,compression commences at the nozzle throat so that
the effect ocoupiesgs the full tail length and the nozzle arews are ;
filled throughout, (This value of .45 is congiderably below the ' %
eritiecal ratio but the throat reudings for this particular nozzle .
have always been low owing to overexpansion in thé convergence);

With the known pressures and filled arews the total loss between i

the stated limits is rewdily determined as:-
ke = 0l G,

Using this single value we mey, &8 before, draw a radial

line in fig, 14 on the assumption that:-

kefE = £
This gives the dotteda line shown in fig, 14; and when 1its slope is
plotted against the areu ratio in fig, 15 the point obtained is

found to be fairly close to thne line representing the air nozzle

results, So far as it goes, then, this special result of the search
- tube tests is not in any serious confliet with the general findings
of the previous analysis; although, of course, acting alone as &

check it makes a rather insignificant item,

From the ioss and ratio values in fig, 16 the actusl flow
curve foﬂthe nozz;e ig readily deri#ed. This i1s shown in fig, 17
and it is secu to possessvall the typical features that have already
been emphasised, 1t indicates that the minimum outlet jet section

is about 80#% of the outlet nozzle section,

‘ The etficiency curve resulting from this new determin:
:ation of the losses is given in fig, 18 on which the original curve

of fig., 4 is also shown for comparigon, It will be seen that the

general form of the ourve is not greatly altered, but the new ourve
shows definitely higher efficiencies than are obtained on the

assumption pf filled areas; while the minimum efficiency occurs at
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a much higher outlet ratio than before, It is quite clear, however,
that a divergentvnozzle efficiency falls away very rapidly as the
back pressure rises above that particular lower limit required to

meintain eontinuous expension,

Clearly the steam nozzle results ocould not, alone, be

held as establishing any certainty in regard to the losses; bdut,

so far as they go, they provide confirmatory evidence of the generalé

deduetions that have been made, Perhaps the simple way in whiech

the area ratio appears in equation d® is hardly convineing, but

the final form so given represents the best that can be done with
the available data, In view of the fact that no definite quantit:
:ative law of compression loss has, ‘hitherto, been advanced, equation
@2 may be considered serviceable for approximate estimatgs)until‘
more complete experimentel information permits of a fuller examin: ?

:ation and a more rigorous discussion,
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A STUDY OF NOZZLE  LOSSES .

P GENERAL  REMARKS » ——

The Friction Loss: This effect has been fully dealt with in

Section A. .The experimental data which have been utilised in the
treatment are almost entirely due to.Mellanby and Kerr and to
Anderson; the former being responsible for those finer variations
of loss that have determined the form in which the friction law has °
been given; while the latter provides the information for fixing
several of the surface coefficients in that law. In general, the
agréement which has beeh demonstrated between nozzle values and
those for slow fluiglig significant of the correctness of the whole
matter; and it is believed that the main equation is a close repres-
entation of the aotual effect., No doubt the various numerical co-
efficients can only be taken, at present, as approximately porrécn
final and definite values really await the collection of a consider-

able amount of experimental data both on the effeet of surface and

on the influence of the Reynold's number.

The reduction of the general equation to give suitable

Al

methods for direet calculation introduces the possibility of error;

but this need not be considered serious, and is more than compensataﬂ
by the handiness of the forms evolved., The various curve series in ;
aid of these calculations may be héld as fairly well verified for:

straight axis convergent nozzles, but require further checking for !
oblique axis énd for divergept types. Generally, however, they are !
S0 connected with theory that the forms should be rational, although\
the actual values may suffer change as the data whereon they rest

are extended.

The various results may be briefly summarised, For exaect

calculation for any nozzle form we must apply:-

S (CHC I — e

€

1]

(]



‘1

Study of Nozzle Losseg:-
' General Remarks. (contd.

uging the constants in table II,lzaga 24, To use this requlres
a knowledge of the pressure ratio curve and involves integration.
- If we are to avoid these complications the calculation for converg-

ent types is by:- _
g = c(%\)o i A6, + 6-&,% e _ _____R®

using the charts in figs. 9 and 10, Forvthe divergent forms we

R TN N (1 B N (R Y

Por cases where the taper is not the same on all sides; and:-

€ = C—é§%>' {ED"Q, * PJ-€2‘§4M’~ - -‘% ﬁ%é%&

where the taper is constaht. Figs, 12 and 1% are used in conjunect-
ion with.equations_@g) and Qii) . In all cases the presence of

two different kinds of surface in the one nozzle involves the sub-

B e @M e @),

These practical methods have been established by neglect-

gtitution:-

ing the influence of the Reynold's number,” This will not be great
for moderate changes of state but for wide changes & correotion may
be made by means of the graph in fig. 14G®.In‘a11 probability the
index of the Reynold's number is subject to some alteration with
change of surface., If it is degired to take this into account, then
all that can be done at present is to note that, for the rougher.

surfaces, the correction will tend towards unity.

It is to be recognised that the general equation form and
the constants as deduced from the experimental facts , appear to be
adequate to cover all the effects observed in the tail length by

search tube methods; and this applies to continuous expansion in any
type whether parallel or with & normal taper., Therefore the appli- i
cation to the action in the straight part of a convergent-parsllel
nozzle to obtain an indication of how the efficiency should vary with
pressure ratio is legitimate; and it has been shown in the speeial
sub-seotion entitled "The Trend of the Efficiency Curve" that friet -

ion alone entails a certain fall of efficiency with fall of outlet
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speed. This result 1s of importance, as any other curve form must
involve loss effects - either ingide or outside the nozzle - whieh

‘are of an order distinetly different from frietion.

In conelusion, the frictiom loss may be illustrated by an
example or two. As representative of a high pressure nozzle take
the following:-

Nozzle a.ngle 14°; piteh of partition platés 2%“,' thickness
of plates 14 L.S.G; nozzle height §éﬁ; mean curved lemgth
to end of conVergehce say a ;5 length of straight part say
t%i} cast and plate surfaces. |
Allowing ¢ = .0690; T at outlet = .65; and initial volume Vﬁ!ro;

we obtain:-

-Fficiion Loss

12

-9
€ ‘7 ' \5//0 .

Again, take the following particulars for & low pressure
nozzle:-
Nozzle Angle 202 piteh of plaﬁes 2}2“; thickness of jlates ,
9 L.S.G; nozzle height 7" ; mean curved length to end of
convergence say UQ“; length of straight part say 2" ; oast
and' plate surfaces. |
With < = .u0B0; Y at outlet = .60; and initial volume V, =
40.0; we find:-

n

e = 79/

These two examples may be taken as roughly indicating the

Friction Loss

kind of figures likely with practical forms of the convergent type.

Consider now the following divergent nozzle:-
Size at throat )Q" *x 7£f ;  at outlet 7§«$ s
length to throat /2 ; 1length throat to outlet 30 ;

cast surfaces.

Assuming ¢ = ,0090; Y at outlet = .25; initial volume V, = 4,0;

{:-5%.

we find:-

"
»

Frioction Loss €

Again, taking the particulars:-
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General Remarks, (contd.)

il

*)3"; at outlet 7@: x :%L' ;
length to throat /3 ; length throat to outlet 30 ;
/

Size at throat ?&

cast surfaces:
and allowing c and V, as before but with Y, = .04; there
follows:-
Friction Loss z £ = 17- 8;{.

The last two exampleé compare 2 divergent nozzle fqr 1&rge‘
flow énd smail expansion with one for small flow and large expansionj
Since the € values operate on distinectly different heat drops,it
is clear that the larger range nozzle is responsible for a very large
reheating effect compared %ith the other, If we look on these two
~ cases as representing the "main" and "oruising” nozzles of a naval
turbine type at one time common, we must realise the probability of
the main nozzles at cruising power being.as efficient as the special
cruising nozzles themselves, It is simply a question as to whether:
the free expansion with the former would cost more than the differ-
ence in frietion losses, The case as given helps to show the talue
of sound comparative estimates of frictional effeects, although the

specific problem may be somewhat out-of-date.

~Ihe Entrance Logs: Section- B has been devoted to & somewhat speou-
lative discussion of thisg matter, but it contains practically all

‘the real data bearing clearly on the subjeot.

A special loss in the entrance is indicated by search tube
examinat ion of convergent nozzles, and this hag reeeived further
- eonfirmation from the flow curves obtained with increasing superheat
The fact that thesé two entirely different results support each other
in the general assumption that the loss measured is due to the en-
.trance expansion, is the main feature of the evidence that has been

submitted.

Since the effeots in the tail are adequately covered by a
simple frictional oconception,it would appear that the entrance ex-

pansion possesses characteristics of a speoial order, Now, the
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oconvergent expansion is distinguished from the tail aection by its

very rapid volume expansion, by the ereation of fluid spin, and by,

the convergence of the fluid streams. Only the lest gives results
in feir agreement with fact and rational in conception and, hence,

‘the loss is conceived as mainly due to this factor.

The convergent form is imagined to set up lateral wveloe-
ities which are rapidly "demped" out in the inward and‘forﬁard
directions, To a certain extent these "useless flow velocities”
are of somewhat the same order as the main axial speed and will,
therefore, give rise to a loss effect having a distinetly higher
value than that arising from normal .turbulence, This ié 8 notice-

able feature of the recorded quantities. |

The coefficient involved in the effect is of the type of |
a viscosity, but of a much higher order than that represénting the
usual physical quality, sinqe the sctual occurrence is due to molar
rather than molecular, motions, In the idea of a coefficient of
the kind there is & resemblance to Stodola's "turbulence factor" -?
as the present Author understands.it. The application is, however;
quite different.. The coefficient considered is dependent only on ;
the existence of & convergence, and may actually show its influencé

)

where turbulence is not present, It is, in faect, well known that g

turbulence is difficult to establish in a convergent form.

Since the loss is due to the convergence it is largely
determined by shape and the suifable measure of this shape dischxks
itself as (Mh)[dﬂ/d¢) . If this is correct it seems probable th&y
in long well curved inlet forms, the loss will be inapprecisble.

On the other hand, the maximum values should be encountered in

sharp‘edged'ihlet types where expansion takes place at the maximum

free rate.

The equation derived as giving a rough measﬁre of the

effect is:-
- 35 B Ayl day
£ =z -To-z-l-f:‘-zliﬁ.\/' A oy - ____________——.5.@..
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but there is great difficulty in deciding on the value of a truly
representative (fﬁD(Aﬂ/d4) unless the apgtual pressure curve for
the inlet is known. This equation meets the only available data
fairly well and embodies the convergence factor in an apparently

reagonable way.

In the discussion in Section B we have only been concerned
to demonstrete all the facts and to establish the fairest point of

view, It must be admitted that there are almost insurmountable

difficulties in isolating this peculiar effect experimentally with
any degree of exactitude. Since, then, the actual figures are like-|
ly to be uncertain a rational conception of the matter becomes s

necessity.

The Compresgsion Loss: It has been shown in Section C that the

search tube method fgils to deal with compressions in a divergent
form, because the jet breaks away from the nozzle wall at the point
of compression.,” Hence, if we desire to obtain some generzl idea of
the losses incurred, it is necessary to know the loss to the ecommence
-ment of compression and the total loss to the outlet , separately,.
This obviously demands the kind of data obtained from combined sesarch

tube and reaction experiments,.

In the treatment given of this matter the reaction tests

made by Morley on air nozzles have been analysed, with a view to
showing the order of the effect; and it has been found necessary to
Aeal with those nozzles which have excessive losses. Because of the!
magnitude of the losses on which the examinstion is basged it is j
thought that the main result should be fairly serviceable for large %

and high speed compression ranges. o

- The equation derived is:-

éé- = '82:/11(1Y;k‘ *fk> ——————— .3

where (k/E:) is the fractional loss on the adiabatiec energy trans-

formation in the compression range Y; to Y, ; and A, 1is the
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nozzle area ratio. To express this in our usuai form of a fraction

al loss in the net expansion we have:-

;oA Ay 2
] i © 82 Ay (N =)
) | — v~ e - — - Db.O.
%

The main difficulty lies in the influence of the nozzle
gize or ratio; there is insufficient evidence to demonstrate this
with clearness; but owing to the entire absence of any guidance on

this matter the above equation may be of some service,

) While the outcome of the investigation is frankly empiriéal
eertain aspects of it are worthy of remark, It may be held as con-
clusively proved that & compressing jet need not, in any way, be co-
fined by the nozzle boundary, It can establish and malntain é defin~
ite fbrm of its own, Again, by fairly general considerations the
form of the flow curve for & divergent nozzle - as expressed on the
Mellanby and Kerr "F" chart - is clearly defined, This form is ade-
quately supported by the evidence obtained from Morley's reéults, and

may be teken as genersal,.:

An interesting deduction is also poséibie. The outlet
pressure ratio at which a divergent nozzle flow first begins to £a1l
off is very high; but it must be largely governed by the loss in ocom
pression, If so, a simple method of studying the loss incurred in
'slow confined compression, at the limiting condition, is offered by
the employment of nozzles of constant divergence and varying ares
ratio, and by the examination of the change of the limiting pressure
therein, If, for instance, the law of loss is as hag been given
there shduld be & characteristic variation of this pressure as the
area ratio increases, This can be readily deduced from the rule and
the observed change - which could be studied by simple flow experi-
ments - would be & sensitive check on the rule and & probable guide

to & more correct representation.v

The form of the study in Section C is probably of more
interest and value than the result of it; and it might, perhaps, be

remarked that the process of investigation affords an excellent
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example of those methods of examination and apalysis which have been

developed by Mellanby and Kerr in their nozzle researches,

The Logs by Overexpansion: In a divergent nozzle there is one

particular low value of the outlet pressure at which continuous
expansion along the full length is possible, Any lowering of the
back pressure below this figure merely introduces free expansioﬁ
beyond the nozzle; but any attempt %o operate at a higher:baok
pressure causes & recompression in the jet towards the outlet, This‘
effect is the result of "overexpansion" since,if the desire is %o
meet the actual exhaust condition used, an unnecessarily low press-
ure has ﬁeen reached in the process of expanding. Obviously the
ovérexpansion, ﬁith its resuiting jet compression, is the outcome
of employing too limited an expansion range for the nozzle area
ratio; or, conversély, it arises from the fitting of too large a

ratio for the intended pressure values.

It is clear that the loss incurred by overexpansion is
largely dependent on the cost of the recompression, and its deter-
mination becomes & fairly direct matter when the general magnitude
of compression losQes is understood. Consequently,the result of

the investigation of compression effects in Section C is of value

in this respect.

|
Consider a divergent nozzle that, under continuous expan-[

“gion conditions, has an outlet ratio Y, . Suppose the loss and i

. . |
pregssure ratlo curves are known for this condition - since they can

be determined very closely by methods already given, If this nozzk{
is opérated with & back pressure ratio' Y. , which is higher than
Y, , then all losses,incurred beyond the point at whiech Y is
first reached in normal expansion,are the result of "overexpansion®
and are chargeable to this effect., These losses will arise from

the overexpansion and the subsequent recompression.

In the usuel cases of this occurrence the compression
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ranges are not great and, hence, owing to the difficulty of decid-

ing the lowest jressure reached within the nozzle dufing overexbana
sion we may assume that the compression range is from Y, %to ¥, .i
This will overesfimate the compression loss slightly,but in suech

circumstances this is hardly a fault.

Allow that the distance from the first Y% value to the f
outlet is ¢ ; that the outlet perimeter is p ; that the outlet |
area is A ; and that the area ratio is Ay ; then,as an approxi-
mation tb the total loss due to the faulty operation’we have: |

| Ya = Yo

- A A 2 |
& - B o+ ‘82‘7*{1‘:1?5%%»——-0-:

where € ljve stands for the fraotional loss in the net expanéion 1

caused by continuing the action too far; and where c is the usual

surface constant.

This equation is simply based on the assumption that to
meet the Y, value correctly, the nozzle tail length would réquiré
to be reduced by an amount ﬁ . Since thig is not done the jet
actioﬁs,consequent on the presence of this length,are accompanied
.by losses roughly as stated; and the fractional loss so caleulate@
is, strietly speaking, an unnecessary and:avoidable addition to
that naturally incurred by continuous expansion to Y, 1in a nozzle

of the same divergence.

The only data hitherto available on this matter are appar
-ently due to Steinmetz; and Profegsor Goudie has presented these |
in a convenient form in his treatise on "Steam Turbines”, The -

loss ag there given would appear tq be mainly dependent on the

extent to which the actual area of the nozzle departs from that

required by the real outlet pressure, The variable is expressed ‘
by Goudie as HG;/ Ao , where " Ao, 1s the actual outlet areai
and Ae the correet area for complete expansion; with Ho, > E

A. there is overexpansion". This would make the loss quite in-

A "Steam Turbinesg" 2nd edn., p. 255.
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independent of the normal range of the nozzle, which can hardly be
correct. The loss given by the above equation would seem to bde
more rational in its variation; but the velues as obtained by the

two different methods are not in agreement.

In this question of overexpansion we have simply to recog-|
nise the existence of & recompression in order to appreciate the
loss effect that must ensue, Obviously, the true law of compression |
losg must be applicable, but it is possible that the empirical rule
deduced in Section C is hardly suitable for the relatively small

ranges that are usually involved in overexpansion occurrences. For

ranges, it will be necessary to employ the processes of examination 

used and described in Section C.

The Loss by Supersatursation: On thig we have very little direction

except that afforded by theofy. Mellanby and Kerr have showan by
an examination of flow curve variations that although the steam is |
certainly in a supersatureted condition within the nozile, there isi
evidence of a 12 - 20% reversion during the rapid expansion_in;tbe
inlet., Since, then, a fractional reversion appears possible under

such circumstences, it would seem reagonable to conclude that the

full reversion occurs before the blading action is completed, That

is, the steam will have reached a condition of stability before

proceeding to any further expansion and, consequently, the loss due

to supersaturation may be included in the nozzle effeects.
1

t

If a nozzle expands to subh_aicondition'that the end state
point falls between the dry line and the "Wilson" line on the heat ‘
chart, we are to assume that this is a8 supersaturated condition and
that thefe igs a loss of available energy due to ultimate reversion

to the stable state, This is not a loss of the'ordinary type. It

#* "The Supersaturated Condition as shown by Nozzle Flow"
Proe, I.M.E,, Paris Meeting, June 1922.
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does not mean & déstruction of transformed energy, but simply repréﬁi
-gents an inability 4o utilise a cerfain smell fraction of the heatﬁ
‘that would be made available if the expansion took place under con—i
ditions of thermal equilibrium. If it were certain that the steam H
could remain fully supersaturated throughout any range of expansion (
there would be no necessity to deal with thisg loés effect, as the
dry steam heat drop could then be taken as the stdndard. In the
sctual circumstances it is necessary to take the adisbatic heat droﬁ‘
corresponding to the natural and stable fluid conditions as the i

ideal, and any part of this not utilised must be recorded as a loss,

If, then, we imdgine that, for any given expension within '
the range’'of influence there is ultimately full reversiom to the weﬁ‘
condition,we may proceed as follows to obtain a measure of the re- |

sulting loss.

Let H, be the initial heat, and 14;~ the heat at the
end of the adiabatic on the supersaturated expansion line, Then
the usual losses - deterﬁined ﬁy methods alreédy déscribed - are
written:- .
S}CHl—- Ha ) = g« DHy .
and,hehce,the actual end heat value is:-

H, = H, + ‘SEIDH;-
‘Now the loss of available heat,due to reversion at con-
’ stant total heat is that representing the differenceibetWeen the'
adiabatic end points at the supersaturated and equilibrium condit-
ioné respectively. Hence if H;‘ represents the 1att§r, and <P;
is the entropy value of the adiabatic, then:-

H," - —r;.qSl - G, |
where ~T, ié the saturation temperature at the end pressure T3,
and G, is Gibb's function at the same temperature, It foliows
directly that the fractional loss of total available energy is:-

Eu: H:zi"' CT;.C#( "Gz) . [ - D"\‘q: :
A, — CT':.‘P, - Gh.) N H\‘T@?‘PFGJ —_— —— D-@.
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The quantities involved in this equation cen be determined

from Callendar's tables so that the calculation is direct.

If the initial condition of the steam should be only 17

dry,then we suppose the supersaturated condition to apply %o this
fraction, which would give aporoximately:-

. — - DHg |
& ' ?l Hn-‘/—@(ﬁ.‘gl)—f*—"o'@'.j

!

If £ covers all the other known losses in the usual wayi

then the total fractional loss, on the full equilibrium adiabatiec,

would be:-

% _ 'Dud,'(f/[,,— &
Ho -, -G) - — — —- D.®.

oh

Again, if the steam condition should actually cross the
"Wilson" line in the process of expansion we meay suppose, for simpli
-city, that the reversion is sudden and complete at the pressure
corresponding to the point of intersection. Representing the con-
ditions at this pressure by means of symbols without suffix, we have

the loss given by:-

H' - (T4, - Q)
and, hence, the fractional loss would be, for initial conditions
H, and ?, ‘-
. {
&’ = %"[4 — %'C7Qﬁf"3)
~ 7

(G4 -G - - - — - DO
aﬁd this would be added to the £ value as ordinarily determined,

t0 give the total fractional loss in the full range.

The treatment given is for the simple purpose of providing

& guide to the calculation of this particular effeot, The methods

advenced do not pretend to -be exact but they are probably in that
' |

respéct well ahead of the general ideas on this subjeect, which are |

digtinetly vague as to the mode, extent and point of reversion, Ifj

|

we take,as the governing principle,that full reversion is posslble 1

after expansion, then the equilibrium sdiabatic is the natural stand

-ard and the deseribed methods are reasonable, It should be noticed |
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that the caloulations are based on Callendar's system and values:
and, sinece they involve rather small differences, they require to

be carried out with some care,

On The Free Space Effects: The vafious losses occurring within
the nozzle have been discussed as well as the infbrmation in hand
allows, That information has, on the whole, been defived from
search tube and flow date, In the case of compression losses re-
action data hawﬁbeen employed; while the oﬁiy guidance in connection
with supersaturation is that given by theory. When attention is
directed, however, to what is going on in the frée space béyond the
nozzle outlet it must be confessed that there is no guidance what-
soever; The search tube method ceases to be adequate in this region
- for, while it gives'an indication of pressure effeets, these are un-
accompanied by other essentials, and.. the losses are hidden, The !
impaot mefhod would appear to be the most suitable for an exéminat-f
ion of the kind but, as it is absolutely necessary to eliminate the
nozzle oocﬁrrences, it would seem that the éeﬁrch tube would have
to be used in conjunction, No completed experimental work provides
date of this kind, and so the free Space'effects cannot be demon-

* gtrated apart, We may, however, remarkvon the probable.occurrence§

if only to show the nature of the complications.

If the fluid is fully expanded to the back pressure at the
nozzle outlet then the unconfined flow to the objective should,
presumably, be faifly free from loss. There are, however, certain
actions at work which may have a widely varying influence in differ-

ent cases.

free .
If theipath is fairly long dispersion of the jet may have

become active by the time it is cbmpleted. The "velocity of dis-
persion”, when once commenced, grows rapidly, and the action on the
Jet objective will, no dodbt, depend to somé extent on the oppor-

tunity offered for this growth, If, however, the jet is fully
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expanded on delivery from the nozzle and the free path is short this

. merely a frictionael entrainment of the surrounding atmosphere but a

.~ moderate pressure ranges; but the effeet can hardly be negligible

-or pressures” much more clearly than circular forms,

- may tend to upset general conclusions drawn from results that include

General Remarks, (econtd, )

effeet should not be very appreciable. ‘ *

All jets leaving a nozzle show a greater or less depressio
of pressure over a certain length, This is a definite manifestation:
of the "ejector action" that is so general a feature of fluid jets, :

and demonstrates with clearness that this well known effect is not

bodily absorption of the extraneous fluid, Now this must entail
energy loss since the entering fluid must be accelerated and the
necessary momentum can only be imparted at a cost of some dissipat-

ion of energy. This loss is probably small in good jet forms with

in cases of high speed flow and unsymmetrical forms, For instance,

with any particular range, rectangular jet sections show the "eject-

Again,if a nozzle underexpands there is a drop to the
fixed back pressure in the free space, If the speeds are moderate
and the‘extrahexpansion small this tekes place smoothly but at high
speeds the free expansion establishes pressure waves thet pefsist
for a fair length., This can hardly occur without losgs and all
pressure ocurves of the kind show a damping effeect that may represenf

a measure of the loss.

These few counsiderations are probably sufficient to show
that the occurrences between the nozzle outlet and the Jet target
are not neéessarily unimportent in their incidence on total effects|

They are certainly dbscure; but it is quite conceivable that they

them without separate definition.

The difficulties of experimental examination are obvious.

The impact plate might be helpful in some eases but only if a”definﬁ
itive method of covering the nozzle effects were available, Gener-

-ally, however, the difference between jet and nozzle totals will

- not be amenable to suech a procedure.
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For the purpose of arriving at a fair point of view iﬁ |
this matter we might consider that the gap effects, in combinatibﬁ.!
with the nozzle outflow conditions, produce‘a Jet that, at its ﬁork{
ing point, is not merely poésessed of a certain energy but 1s also.;
characterised by & certain quality, in effeet, the energy function%
is qualitative as well as quantitative, This would appear = usefuli

i
i

conception and may be allowed a short special notice,
|
|

On_Jet Quality: The ideal jet leaving a nozzle would be parallel,?
in form, symmetrical in secetion, clearly defined, and solidly diraﬁ%
ed without tendency to digpersion, In many cases of calculation we%
.are almost guilty of assuming these qualities; the ususl "velocity;

coefficient" method of working being rather undiseriminating.,

Actually, however, the jet at outflow may show features £
that very cértainly‘distinguish it from the ideal. It may, for
ihstanoe, possess spin; may be undergoing a compression aection; or
freely expaﬁding; it may establish an appreciable ejector effeet; [
it may have been developed at an excessive rate of divergenoce; or i
in a curved path with the probability of lateral velocities. In
its passage through the free space or "gap" it naturslly attains a
"velocity of dispersion” and this, when once established, has s
tendency to rapid growth, It is quite clear that this tendenmey is

not helped by any of the conditions enumerated.

The importance of the guestion becomes more obvious when
we realise that the aétual working operation of a Jet is not truly
represented by the action on an impact plate . The Jet is to work;
throughout the length of a blade passage; and, hence, there is o lg
“very full opportunity for the development of any flaw in "quality"
whieh may be inherent in the jet as supplied. Clearly questions of

T
|
|
|

form are also involved; whether the jet as delivered suits the |
passage as arranged; and the inadvisability of using a cirecular Jetp
in conjunction with a rectangular passage is simply an outstanding

but particular, instance'of the general matter considered.
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.

The argument has also another aspect. 'If a curved blede
4passage be used as a nozzle and the energy of the ocutflowing jet

" meagsured in one of the usual ways, is it to be expeocted that the

‘ variations characteristic of the more definite straight forms will
“be shoWn ? If, as seems probable, the curved passage be held the
"more liable to produce disturbing velocities, then the jet as

delivered will be of & poor quality, snd will display this gquality

in its ultimate action.

Altogether, it should be clear that besides the question é
of the necessary energy to 4o work there is that of the ability to

surrender this energy effeetively, This will depend on such a ;
variety of factors that separation or discrimination will be imposs{

~ible; and we may employ the term "Jet quality" as a general mode of!
reference., Hence, when we deal with s Jet on the point of startiqgi

its working operation we should know more about it than is represenﬂ

-ed by the term velocity; end a blading coefficient should reflect i
the "quality" of the working jet as well as the speed at which it |

operates.
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o

Introductory: It.wii} be clear that one main function bf a detail
- study of nozzle losses.is to permit the exclusion of this particulsr
factor in the zenersal consideration of the complex nozzle-gap-bleding
afrangement whiéh mekes up & turbine element., If & reasonable

estimate of the nozzle effect can be made,the separate examination

of the blade action is brought more definitely within the bounds of

possibility. -

» At the best, however, such an investigation camnot be so
readily carried out as that on a stationary nozzle, since there is
practically no simple way of reproducing true blade effeects, Even
if the desire were only to examine the occurrences with the blajde
at rest, and under the normal action of the jet, it would be more
or less essential to use an actual turbine; and ,when the blade shape
and the casing conditions are tasken into consideration, it will be
readily seen that any of the usual methods of examining fluid flow |
must be difficult of application, and rather unfruitful in results.;
When it is further recognised that the general exemination must

involve a rotating blade row the difficulties slmost become imposs-

-ibilities.

» Investigations have, at various times, been carried out
on the pressure variations in stetionary blade passeges. In this ;
respect we have a method more or less analagous to the search tube

process in nozzle examination; but there is nothing like the same

degree of exactitude, since,with the awkward forms ,there is no
certeinty regarding flow areas, Furtherﬁore, gsuch results do not
lead to much useful knowledge regarding the working operation: they
show, as it were, only secondary features of the main action, and

are not, in any sense, closely related to the fundamentel principle.;

The method of observation which has provided the results
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to be oonsidered in this paper'is_ _erhagF the only really qimple
procedure open to the investlgator. Its derivation is easily seen
on consideration of the prlnciple on which turbine blading ksa@pose;
t0 oyerate. Thus taking fi i agfor&inarv velocity trisngles for
a blade rqw, it is clear that power test results of the ususl kind
will define the important tangential component of the change of

"velocity shown by Lo o« On the supposition that the nozzle cone

-ditions are known ,the value of «, is-fixed and, if the blade 2nzle

) B 1is definite, the apex of the "outlet triangle" is positively
determined The absolute outlet Jet angle 4) then follows. I%
-is clear from all this that the directions of flow are, on the whdae,
almost as imﬁortant ag the fluid speeds, in so far as the jet actior
oo the blade is concerned: and it would appear at least necessary t¢
‘meke certain that () was & definite angle ani that the actual ¢>
agreed with its derived value. If the velocity trienglee ag drawn
represent completely the aotion_on the blades)the value of ¢
becomes a very adequate check on the whole process: if the method

is not entirely representative,then its shortcomings will,of necess-

-ity,be indicated by unexpected variations of ¢> . Since ,then ,the
actual measurement of this particilar angle provides a check of

correctness,or indicates a fault its importance is manifest.

Now the direction ¢> is obviously & quantity that may
be measured in the actusl turbine, It only requires & vane set in
the fluid stream,just beyond the outlet edge of the blade row, and
carried on a fine spiﬁdle passing thfough the casing,to register
direotion on a disl plate outside. It ocan be used with the wheel
moving or &t rest and, hence, serves as & method of search for far-
-iation in elther the angle of efflux from a stationary blade, or
in the absolute Jet angle from a moving blade; and, therefore, both

® and f> are open to observation, It should be remarked, how-

-ever, that vanes cannot be used on the geparate blade rows of a

velocity compounded Wheel, as the spaces are quite inadequate;}but
this should be unnecessary as its use with the single row will lead,

one wa& or the other, to general conclusions.
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" Royal Technical College, The turbine has, however, shed most of

- not only have the guide blades and the second and third blade rows

From considerations such as those outlinéd it spreared
that the "vane method" offered the simplest and most% direet method
of making observations on the total blade effects. When first used

the tests were carried out on the moving wheel but it was g00n

D

apparent that little could be done until more fundemental facts weré

[ F]

established, and the "stationary wheel" tests,with which this éaper

. I
is mainly concerned,were then undertaken,

Vane Experiments with Stationary Wheel: The turbine on which these,

]

tests were carried out is that illustrated by fig. 3 of the paper *
on "Turbine Wheel Frlction" included in this collection. It is a
one row wheel,but really represents the first row of the 25¢ K.w.

A
i

Impulse Turbine in the Mechanical Engineerlng Laboratory of the

13

R &«
those internal arrangements which fix the 250 K.w = as

i
been removed but the originel nozzles have been replaced by & mxnﬁl‘

s

nozzle plate, carrying accurately finished examples of a parallel

and a divergent nozzle.

The cross section of fig, 2 shows clearly énough the -
arraﬁgement of nozzle plate blade row and vane; while the plan :
views of figs., 3 and 4 illustrate the different nozzle forms and E
relative vane positions, Both nozzles have the same radial height |
and throat sizes,and the divergent nozzle has taper on the width

only. The essential particulars of the nozzles and biading are as

follows:-

Nozzles:- - " Parallel Divergent
Width at Throat ........... 319] 319
Width at Outlet ........... .319" .890;
Height t @ 06 0 0 6 0 0 0 0 0 T R P O PO PN DS '463“ .463" ‘
Length from Throat to Outlet . 920 3.340 i
Nozzle ANgle .......oueesess 20° 20° |

Blading:-
Height at Inlet @ 0 0 ® ¢ 2 @ 9 O 9 0 00 B 2 .524

Angle Of Inlet 'aago-ooocoo{co¢-00027 O ’ b
Height at Outlet LRI AR R A I I A A B 614

Angle Of Outlet .......-....-.......22° 50

Mean Pitch ® s 009006090500 0000900000 00 0539"

Thickness at Outlet ................ ,015"
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" Pressure tubes are led from the four positions indicated in fizs.3

and 4 through the casing walls {o gauges on the instrumént boé?d.

It is-thus possible to read, for both cases, the nozzle inlet and

_outlet.pressures, and those on either side of the blade rovw, ..

i’F

The procedure in these tests was simply to lock the wheel j

I.I' in some position by means of a key on the coupling bolts, and then ‘
to note the vane angles registered under different steam conditions.
Either the chamber pressure was fixed and the supply pressure salter-
-ed or vice versa; thus making every test an examination of the

variation of outflow angle under changing pressure ratio of sxpan-

-sion.
)

In actual use it is found that,except with the very lowest
and the very highest expansion ranges,the vanes record the angle !

with definiteneés. There &are ocoasional cases in which the vane

seems to be somewhat "looser” than in others; but, generally,within

the meain ranges, the observations are ocertain, and the "kiek" of the

vane when removed from its true position very marked., Even with the

wheel running there is no difficulty in determining the true angle

i _ as, althoughlvibration of the pointer may exist, it is not excessivg
and the equilibrium value is readily fixed, Indeed, in sctual runn-,
-ing of the turbine the vane shows itself so sensitive that 1t is
possible ,in many cases,to detect changes of speed before they can be

observed on the revolution counter,

Table I is presented as a typilcal set of test readings. 1
A full fabular statement of all the various experimental records is
quite unnecessary, as the plotted data given below shows all that

is required.

The tests divide into two different series; one in whieh
_the setting of'the rotor was arbitrarily changed from test to test
with more or less convenient pressure ranges in each, This series
-gives'a general view of the bouhds within whiceh the outflow angle

may vary. The second series includes several tests at one definite
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On Jet Action in Bledingz, (contd.)

pbﬁition on the rotor in whiech the widest possible variations of
'ﬁressure were used, thus giving a clear definition of the'influence

" of the pressure ratio.

' In préctically all cases the difference of pressure on the
two sides of the blade row is negligible,and the pressure ratio used
in piotting is:—

Pregsure on Outlet Side of blade,
Pressure at Inlet to Nozzle.

r

The first test series with varying positions is represented
by the confused sets of curves in figé. 5 and 6; the former giving
the vane readings for the parallel nozzle jet esnd the latter for the

divergent nozzle. It will be seen from fig. 5 that, for any fixed
position, the vane reading is nearly constant down to a value of ¥
of about .3 to .4 and then rises rapidly; becoming, in faet, very
high (and somewhat indefinite) at very low v velues, Fig. 6, on
the other hand, discloses & general curve form falling to a minimum
et ratios of about .10 to .15 and then rising rapidly as in the prev-
-ious case, Further, it is readily seen from these diagrams that,
while the curve forms have fairly definite features, the actusl valuss
are obviously - within certain limits - dependent on rotor position;
and ,since the positions have been erratically chosen jthe variations

due to this cause appear very irregular.

We now show by fig. 7 the typical and clear results for one
fully examined position, This fig, records both vane results, The
previously noticed influence of the pressure ratio is now definitely

established. The parallel jet vane gives readings rising rapidly

for values of Y below about .4; the divergent Jet vane readings

| fall more and more rapidly to a sharp minimum at an Y value of .14,
and then rise rapidly with further fall of the ratio, It is also
clearly brought out,by a general comparison of all the results,that
the outlet angle is distinetly diffe:eﬁt for the two Jets at the saﬁe
pressure ratio, and that neither of them is really very close to the

geometrical angle of the blade, Within the steady ranges the diverg-
ent Jet angle is above the geometriecal, while the parallel jet angle
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On Jet Action in Bladin . contd

is below; the mihirum values exhibited by fig, 7 are, however, not

greatly dissimilar,

The‘variations shown by these different results are rather
unexpected but they are apparently characteristic and, therefore. of

some 1mportance. Obviously any method of examination of blade z2ctim

(

which ignores the consistent variation with pressure ratio must be

distinetly faulty. It should be understood that the same pressure
ratio may represent widely different absolute pressure values, Fig.
7, for instance, includes results with supply pressures varying
between 25 and 85 1b. per sq. in, absolute and chamber pressures
reanging from 2,5 to 35 1b, per sq., in, abgolute; from which it is
clear that the reading is dependent on ratio of expansion,aﬁﬁ not

on absolute pressure or mass flow.

The Variation of Outlet Direction: Stated concisely the experi-
mental results obteined with the wheel stationary show, (i), that
for any given pressure ratio the outflow angle may vary within 4° ;
or 5° 1limits with the position of the rotor, and (W), that for g
e fixed rotor position the variation of the sngle with pressure :
ratio gives a charascteristic curve form which does not aﬁpear to‘bej

i

much restricted by the geometrical blade angle, |

The first point is at present much less importent than
the second, and may be quickly dealt with, It will be readily recos-

-nised that with a changing rotor position the configuration of jet,

blaede section and vane will alter, Now as the jet is supplied by i
e gingle nozzle it is of no great width and, hence, itvis easily |
possible to have the blade passage in such & relative position to
the jet that there is only partial filling on the inlet aresa. |
Clearly, the flow through the passage, end the outlet direction will'
be influenced to some extent by the degree of filling, and whether |
the jet spills over the face or the back of & blade, In faet, the j
varietion of angle by position is the result of the very short jet

arec used, For instance, the divergent jet extends over a somewhat |
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-longer are than that from the parallel nozzle; and this explanstion

- drop to »oe.wr, ; then the relationship of areas must at the least

~usual idea of a definite outlet direotion implicitly involves the

conception of a&qonstant velocity coefficient, The further assump-

On Jet Action in Blading, (contd.)

would require a reduced variation of angle at any one position for
the longer arc, On comparison of figs. 5 and 6 this general tendenc:
will be recognised, as the various curves are clustered together

more closely in the latter diagram than in the former, It may, then

be teken that, if the sdmission arc were long enough to ensure that
all the blade passages in the viéinity of the vane were quite clesr |
of the jet fringes, the variation of angle with rotor position would

not be shown.

Since, however, the change of outlet direotion with press-
-ure ratio is shown for all rotor positions, we must believe that
this is a genuine manifestation of the jet action, and it must
receive a more careful consideration. It is not of course, mown
which particular curve will represent the cagse of the correctly
situated blade passege, but,since we are méinly concerned with the
nature of the changes fig. 7 may be held as representing the true
variation of angle after elimination of the aecidental effect of
position.

Consider, then, the case of a blade passage fully covered
by the operating jet. The steam that enters ﬁust pass through and
out. The hean onward flow velocity naturally suffers diminution
and the outlet flow ares must pass the entered steam at the exit
velocity. Notice that the essential conditions involve a difference

of inlet and outlet speeds and a sufficient outlet area.
Suppose the steam enters with a speed wr ; and suffers a
be as 1t : ‘/aa . Now, if the jet has always the seme outlet

angle,it follows that the available areas must maintain a constant

x
ratio and, therefore,must be invariable for the blade, i.e., the

nearl

-tion of the geometricel angle i$ equivalent to taking a value for
this,
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- & straight axis nozzle with oblique outlet face, and it might natunJ

On Jet Action in Bleding, (contd.)

. If then, we suppose that the usual blade form effects o
complete .control of Jet dlrection it will be necessary to accept
the abovg-finding‘in its general form, and, therefore, to believe ’
thatlﬁﬁé b;ade shapé influences the flow entirely by reacting on
thé"inlet conditions to the passage!

Carried thus to its logical conclusion the argument for
an invariable angle of outlet flow hardly seems reasonable.l It
would &appear necessafy to envisage a varying ¢ value andlhence,
the possibility of a changing area ratio for the blade. Now the l
inlet area to a blade passage is really dependent on the nozzle jet!
height and angle and is, therefore, independent of the blade shapé
itselfs so that any alteration in > , with a given Jet supply, can
only be met by changing‘outlet conditions., In other words if ¢ j

is a variable the outlet direction is not fixed. ﬂ

That it is nof definitely fixed by blade form will be
admitted on inspection of any standard turbine blade; the jet is
obviously not compelled to followAthe geometrical angle, It is
well-known that & small variation is possibvle in the jet line from

-ally be expected thet in & blade this variation could be much wider

The point brought forward, then, is thet & jet working in
a blade passage can addpt its own outlet direction, within fairly ?
wide limits, to sult the conditions in the passage., The geometrical
angle is only roughly a guide to a jet angle; 1t is more probably

a measure of the latitude of possible veriation then & control of R

the actual angle itself.

We may obtain guidance relationship#between flow area andf
direction by reference to the sketches in fig., 8. The simple ass-
-umption ig made that}for angles different from the geometrical/the'
Jet "hangs" on to one blade edge or the other, depending on whether
the effective jet direction is more or less acute tham the tangent |

to the blade ourve, Thus for angles ', exceeding the form angle

Bo , we have, for flow ‘area:-&
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“on jet Action in Bleding. (contd,) .

' Hence the flow area as defined by shape, may be increased or dimin-

Ri J——

A - L« 58

R

L ps S / ca G

and for angles 4" “less then Mo

i .' Qo‘! : =z éoyg Q—E = »{ /3 S(ly /(31»7/50 5190)____ _@
« ) *
ﬂ;, o = outlet areas, - sq, ins.
- Ls = blade height - ins.
P° = mean distance between consecutive blade edges - ing.

P - £/3is 3, , 'where- P is mean blade piteh and
+ 1is blade thlckness. _

‘_ished in the respective ratios:-

[ Sir [5“
Cos (B~ (3) ' S 3

The effective area at inlet to blade is really decided by

the  jet angle. Suppose this to be &~ and that the jet only occupies

_?ractiog"eg of the inlet blade height; then, on the supposition
-ifthat'ﬁhe Jet covers the full width of passage, we have:-

A, = as ,ﬂ'. P'. Siv KA. e 3.
where the symbois have similar meanings to those used for outlet

conditions.

The ratio of inlet and outlet area is, therefore,roughly

of the order: -;yfy‘

a(’z (8 Cﬁ”*)cosco 5.

R ER)

as suits the particular case

ort -~

————— — —— —— -

If,we assuﬁe'ﬁhat; with veriation of pressure ratio,the jet |
angle o~ 1is pract;cally unaltered; then the area ratio is propor-
~tional to:- |

HY . oc 'a_ c?s(@(' @o) , er e 0‘5"‘;’p°/sll’)‘[5“v_~ )

The trigonometric ratios contained in this are not sub-

e e

-mitted as exect expressions of the variations due to angle, but as i




J e .

HS

\ni _Q>{cKcki\n



i

AT

- the fact that increase beyond the geometrical is cdmparatively amall

- refleet pressure chenges as well as reheat effects., While it is

- that the differences are of small account; there is no evidence)

On Jet Action in Bladlng. (contd, )

rouzh indications of the probable order. They serve to bring out

in its effect, whereas a fall below the standard is more.signifﬂunf
than it appears. These conclusions are probably fairly sound, hut
the discontiﬁuity indicated by the change of trigonometriec form coen
hardly be accarate. Hawving established some little guidence in the
matter, however, we mey proceed to disouss the probable cause and

effect somewhat more fully.

[

The Variation of the Coefficient: - Both inlet and outlet effeetive
areas must satisfy the equation of continuity, hence:-
UJ‘[o nl - V b\fo‘ Ao

\,‘/‘ Vo

where W represents velocity and V ‘specific volume, If w, =

L}

_.-',A(Vo - _\io__ )
e AN ©

- o8 then:-

Generally_-VQ/\ﬂ will simply depend on the reheating effeect with-
-in the blades, which will make \/o slightly greater tham N\, ;
but this influence on the ratio is of a secondary order only. The

pressure values may also alter, however, and VS/\Q would then
quite possible that the pressures are not uniform it is eertain

for instance,of any real Pressure changes in the very close agree-
-ment shown'between inlet and outlet pressures in these tests,
Unless the changes were large they could not greatly influence the
ratio X 3 and, although we may admit that there are seconda{y _
effects of reheat and préssure, it is quite reasonable to assume
that, in general, with an impulse blade, the value of X is given
to a first approximation b& the ratio of areas. The obvious diffi-
;culty i, of course, that we can never really be'sure of.the
effective areag; although & step has been taken towar ds this necess.

-ary determination by the present examination of outflow angles,
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On Jet Action in Blading. (contd.)

If, then, we may assume that > 1is approximately fixed
by the area ratio and, furthér, thet equations (§) give an ides of
this, it follows that & rough estimate of the value and varistion -
of >c is possible from the curves in fig, 7. Allowing that, since
the nozzles have no radial divergence and the spréad in this direct-
-ion is not likély to be great, the value'of ,a; may be taken ac
constant a8t the ratio of néizle and blede inlet heights; and,agein,
that it is permissible to smooth out the curve form expressed by
relations (ﬁD to avoid the sharp change &t the géometrieal angle;
then, applying the known dimensions and equationS'CiL'fo the mzin

values of fig. 7, we finally obtain the curves shown in fig. 9,

While admitting that several approximations of a rough
order have been used in the various steps of reduction it must bve
emphasised that the general order of effects has, at all times,been
retained, Hence fig. 9 must be considered a fair éxpression of the
kind of variation that'éc must undergo if the observed dats on

angle changes are to be met,

Appreciation of the special features of these curves and

their meaning will be agsisted by recognition of the following

facts.

(V). The parallel nozzle can expand completely to & ratio of
about ¥ s ,5. The expansion ig also complete within
this nozzle for all ratios sbove .5; but for ratios below

this a free expansion occurs beyond the outlet.

(ﬁ). The divergent nozzle expands ocompletely and contitumously

for an outlet ratio slightly below Y = ,1. For all ratios
above this there is recompression within the nozzle,and the
closer the ratio is to .1 the nearer the rapid part of the
recompressioﬁ is to the nozzle outlet. For ratios below .1
there is free expansion beyond the ouflet. It should also
be realised that the fully expanded jet issuing from this

nozzle possesses definite divergence of profile,

(ﬁi).mo matter what rotor position is taken the minimum outflow
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‘"quality" and so have a SIight significance, but there ig, of course

no general relation between the two; the latter must mainly depend

On Jet Action in Blading, (contd,)

angle for the divergent'nozzle jet is always greater then
the corresponding minimum angle for the parallei jet - figeo,

‘5 and 6.

ES

Cﬁ@}vlt has been explainéd in ‘another paper of this collection
';fthat the "quality" of 8 jet deliVered from & nozzle must be

' affected by such occurrences as compression, divergence,

free expansion etec.; end that by "quality" is meant the

o }
general tendency to dispersion, caused by the state of the i

e AT N NTIAC 2

Jet action; the greater'this5tendency the poorer the(hualityf y

It should be understood that we do not require to consider|

nozzle efficiencies in any way; the effect portrayed in fig, 2 is

gurély &8 blade effect and would be practically uninfluenced by nmzlef

efficiency, even if one nozzle attained 95 and the other only 75%.
The effect of efficlency on speed is secondary to that of expansion
ratio; and the general influence of speed - if any - ocan readily be

deduced from the latter, Efficiency might to some extent 6 reflect

on the type of nozzle and the ratio of expansion, It is clear,then,;
that Y 1is the essential variable, &nd the curves of fig, 9 are |

correctly based.

It is to be noticed that both curves give a maximum reas-
onably near the respective best ratios for the nozzles, Further,
sinee in these particular cases the agssumption made as to the value |
of & 1is quite sound it follows that these maxima are the most
definite results on thq curves., At the high ratibs the parallel
nozzle expansion is always complete end the curve shows only & very
slight drop below the maximum, The "envelope" curve shown in fig,9
might, therefore, be taken as representing, generally, the effeot
of speed when the jet concerned is fully expanded in the nozzle,

This would mean that, for sueh "proper" Jjets, the bleding coef:fic‘ienti

A\ .
_ﬂ( "A Study of Nozzle Losses" s- Section D,




On Jet Acotion in Blading., (contd,)

would appear to be & maximum at or near the acoustic velocity; fallm?
-ing very slightly for lower speeds and more rapidly for higher

gpeeds, The drop in the latter case is certain - as it follows frmnﬁ

the general result stated in {SU) above - but whether it is = trueé
effect of speed, or & result of the divergence entailed in the gener%

-ation of that speed it is impdssible to say exactly.

. Consider the form of the divergent nozzle curve for ratios :
above the best, It is seen to show a definite fall ,and we know tha§ 
in these ratios, the jet suffers compression towards the nozzle out-
let, It is, therefore, supplied to the blading whilevdivergingjand
just after dompression. It seems reasonable, therefore, to bhelieve
that the low values recorded in this range are due %o the poorness
of the jet itself, Notice that, if the variation of oc were
entirely dependent on jet speed, this part of the curve considered

should follow out the line of the "envelope",.

Again, consider those parts of both cur#es for pressure
ratios below the best in each, The known conditions here are that
the Jets suffer from overexpansion, and the results deduced indicate
& lowering of the coefficient; and, again, we reach the qonclusion P
that the jet condition is the main factor at work is determining

the variation of

In these various cases of lowering of the coefficient it
should be observed that thevreductions are clearly demanded by the
. actual changes of outflow angle as experimentally determined,althmgmf
the fall in values shown in'fig. 9 may not be asccurate in view of
the vagueness of geveral factors required in calculation, The sharp‘
minimum and the curve form for the divergent nozzle, in fig. 7,
should, in particular, be noticed as definitely substantiating the
emphasiged effects.

In view of all the facets it must be admitted that the
hypothesis regarding the influence of the "quality of the jet" is |
well maintained, and it appears highly probable that the coefficient




keeping with the regquirements of friection, while the fall at the

On Jet Action in Blading. (contd,)

for any given blading varies mainly on account of this.. It shoul”
be understood that the blade coefficient,as herein examined,is =
figure only applicable to the actions occurring strictly within the
passage; gap and edge effeects are-entirely outwith its scope, 2nd

have to be otherwise covered.

While the explanétion advanced may serve for the'vathimm
df the coefficient below the maximum value there is, of course,
selways the question as to the cause of the main fall below unity,
This investigation is not really concerned with this particular
point as it rests entirély on the evidence of change of value; but
one asgpect might be remarked upon. It would naturally be supposed
ﬁhat friction was the main cause, the more so that the parzllel

nozzle éurve form to the acoustic velocity condition is well in

higher speeds - which is not in harmony with a frictional effeet -
may, a3 has been noted, be due to diVergence. It must be confeszed
however, thaet if the whole of the range between the maximum, as
recorded in fig., 9, and unity is due to friction, the coefficient

involved is exceptionally high. Thus we could write:-
‘ 2

%x
o, //_ > - . . Wy L
TGRS S AR )

es a fair approximation for the frictional loss of energy per 1b,

fluid in the blade passage, of length L 6 and for whiech ﬁi/P
is a representative hydraulic mean depth; < 1is, of cdurse, a

friction coefficient of the usual type. Clearly:-
(= 6%
L p/A

and)allowing reasonable values as defined by the blading sizes and

c o=

resultsjthere follows:-

1]

c < 035,

Now this coefficient would have been expected %to sppear
as something of the order of .005 so that the apparent loss effect
in the curved blade passage - and resulting from the fluid flow in

that passage - 1s several times greater than would be demanded by ;

a frictional effect of the usual type., It is obviously improbable ?







On Jet Action in Blading (contd.)

L « )

that friction is a true explanation; =and although the absolute v:lwe
of X which has been employed in this demonstration cannot be
taken as exact ,the value that would be necessary to make friction
ah adequate explanation is gquite impossible. We reach the coneluov
therefore, that besides friction - which must exist - there is
another Ioss which is characteristic of'bladevpassages. This lo=s
might, for instence, be dependent on speed in such a way s to male
the fall of the coefficient at the high speeds & rational effecﬁ o
the fluid flow, rather than of the jet condition of divergence ==

has been suggested.

Taking all the points that have been discussed together,
we might conceive the general factors determining a true blade
coefficient as repreéented in the scheme shown by fig, 10, This
diagram is self explanatory and embodies the main deductions, We
apbear to be guided to a discrimination between "blade pascage
effects" and "Jjet quality effects"; the former being natﬁral to the
blading,and the latter showing the influence of the method of jet

development.

The matter that has been dealt with refers only to the
stationary blade but the results are rather more general than could
have been expected, and appear to show that such experiments are qff
considerable value. Although it is not intended to include herein i
any tests qh the moving blade, it may be permitted o deal briefly:
with certain points in this rather difficult pfoblem, that come

naturally within our present point of view.

The Problem of the Moving Blade: It is.well known that small
turbines are much less efficient than large ones; and the remark
ig frequently made that results from the former-are in no cense
applicable to the latter, This is true so long as by results we

mean such overall figures as efficiency, but it certainly esnnot

be correct if the results are of a fundamental type, Clearly'deuﬁlg

experimental work carried out - as usually it must be - on small |

I:
i







" On Jet Action in Blading. (contd.)

. plants can only be of use if the differences between the conlition-

in the two cases are fully appreciated.

Neglecting those differences that can readily be covere?,|

such as bearing friction, windage, etc.,, we have as the main festure-

distinguishing the small plaent from the large , (é) y, finer diwen-

-sions of nozzlesand blades, Qé), nozzle forms that are generally

not so correct for their duty, and (;)] short admission ares, The
difference in blade speed/steam speed ratio is not fundamental, =n»#
ou?y
is a point that should be adequately covered byvtheory,
The dimensional differences cease to be difficulties when
the loss effects are fully known: and the smaller size of turbine

should really facilitate their determination. That the nozzles sre

~usually of divergent,or underexpanding forms obviously involves

imperfeet actions in the biading, of the kind already discussed.
With short arcs; however, we reach a point_nét generally taken into!
.account, but one that is clearly of importance in any experimentall
turbine which is to be made the medium of fun@amental invesfigation;
and particularly so when the admission arc contains one nozzle only.
We may, therefore, discuss the general features of the action in
blading under very short arcs in order, mainly, to establish a

basis méthod equally applicable to all cases.

With the blades in motion over a short are it is obvious
that there is a variable action in the passage from the instant tha

steam first spills over the blade edge,through the period of full

flow in the passage)to the final instant at which the flow ceases.
The time of action will depend on the blade speed, piteh and jet

width, The greater speeds will mainly affeet the time of action)

without direct influence on the mode.

Thus fig. 11 shows a short jet operating on three blade
passages; dne filling, one full,and one emptying., Now suppose this
jet is from & single nozzle passing | 1b. steam per sec.; that

the height of the jet is { , and its width parallel to the line

of bleding is d , Then the full blade passage is receivingzay




JeH J"eKdéio VI JS>\<xdnr>

irro le

aria iIoK) i g, lasSQ



On Jet Action in Blading. (contd,)

-5:* {V] .. '5'.’.), per see.
if ¢ is less than {,, the blade inlet height. If { 1is greater
than @,, it would be necesaary to write:- |

'2“ /V] (h, per sea.
We may, however, assume that the flrst form is sufficiently general
At any instant of time, however, within the period in which the
blade is under the jet action  the Quantity entering will be at the
rate:-

ﬁ.(‘ ‘&' ’VI - . i'b, r)er sec,

( .
with R rapidly increasing to unity st first and falling rapidly
from unity at the end; but remaining at its maximum so long as the

full passage is within the jet limits, If S 1s the blade speed

then:-
time of filling = ,/D/S sec.
" filled = (4u-f9/5
w emy tyil’l” = [’D//S [

so that the curve for h' 1is somewhat as indicated in fig, 124,

Obviously for longer total arcs divided into separate sections by
the nozzle partition plates or bars,the curve will show irregular-
ities corresponding thereto/and as marked in fig. 12B. These should

in most cases, be small in relation to the end effects.

Suppose that the length of flow through the blade passage
is [~ , and that relative speed of steam in blade is wr, then
the time of passage through the blade is Lv/u* secs.; and it is
clear that the flow conditions at the outlet blade area are similsr
to those at the inlet, bpt lag behind by a time period L/uf secs,
If we include this fact in the general representation,fig. 12
ochanges to fig. 13; and we may take it that the mean rate of flow
in the blade at any insfant is given by:-

ﬁi‘ éi' M ... f%_iszr sze,
where Q, is shown by the mean curve marked. It will be noticed
also that the period of time during which & steady flow exists in
the blade is reduced to:-

A~ L Lb
sTp - wr = %d P— %
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On Jet Aetion in Blading. (eontd,)

Where:_ b = sfuﬂ
’ b' = wlbb‘
w, = jet speed,.

In contradistinetion to this,we would have the steady

rate over the full length for long Jjet ares having a const:=nt

" delivery rate per unit length.

It will be clear that, except during the period expressed
above, the blade passage is not dealing with a full jJjet and the
action is liable to serious faults sincé, even allowing the jet to
be perfeet as supplied, it is really impossible to believe that a
partly filled inlet and & varying flow rate can give the best
efficiency. It will be noticed that we are emphasising here a jet
condition, created within the blade passage,which is akin to that
already shown to have importent influences when present in the

delivered jet, viz,, freedom of dispersion.

On reference to the usual kind of velocity triangles -

for instance, see fig. 1 - it is clear that for the force acting

" on the blade at any instant,we have:-

f%.i%u %%. uﬂ'((bsfb'.+ 35-C33(5) Y

where the accented symbols denote instantaneous values, It is
easily seen that the total distance travelled while steam is sct-

uelly passing ia{-
, d + p ot Lla/fo,

gso that the work done on one blade is:-
A*P HJa/b.

BT Row(Cos0'+ x! CosB)de . ot

d
o
Since the total pumber of blades operated on per sec.‘is_vi/F,

it follows that the work done per sec, is:-

‘ (bd('{’if Uo/é' ’
J .

Q
Obviously the condition in which there is a steady rate

of flow must be made the stendard, as it is only then that the pro-

bable > and (¥ values can be determined with any certainty or, |
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.-1ations of flow direction corresponding to different Jet-blade-vane?

On Jét Action in B;gding.Aﬁconfg41

in general, are of any value, Also, it is‘only in this condition

that we have similarity for all lengths of are, Hence we may write
dep e b

/0 ’ K » i PR A 5
Thw, Cosd'+ sc-CosD)de = W F (Gosﬂ' + x-Cos Lb)@'“f’*u"/é")-——“@
m’a _‘ ‘§ . /

where 4}7 x and {5 are for the filled passage. The coefficient
1? may then be described as the "form factor" of the forece curve,

It is naturally low for relatively sharp types of curves, such asg

are necessarily given by low values of the ratio:-
(at- P~ Lla/(a,)/ (A+ P+ LB/’fk,).

and it becomes unity for continuous admission when ﬁhe curve form
is rectangular, This "form factor"/therefore relates the short and
long ares and, consequently, is essential in the general problém.
It haé to cover several variations since it 1s certain that with

A chenging, % , ® , @« and - will all alter to a greater‘
or less extent; in féct, while fig, 13 may fairly represent the
veriation of fl/ the probable changes in . alone would result in
a force curve of the form shown‘by fig., 14. The point to be elearly]
recognised is that with the varying flow conditions in the blade
passage/there is an undesirable fall away from the ideal conditionﬁi
and this must seriously reflect on the very short are arrangement,
The disadvéntage may, however, guickly disappear as the arc length
is inereased, but when tests are carried out with the shortest
single nozzle ares it would seem gquite probable that changes of out@
-let angle under running conditions may be influenced by the uuawﬁﬁ 
_able disturbances of flow. It has previously been explained that,

under stationary conditions, the outlet vane cen record real var-

configurations, but it does not possess quite the same facility witr]
the wheel running; as obviously it must be withiﬁ a certain definitﬁ

length and this length narrows somewhat with blade speed,

the power; then for the velocity of whirl we have:-

wr

w - w, (G5 x Cos9) = W/"-%—"’ SRR P
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- under running conditions,it is the absolute outflow angle ¢> whiech

On_Jet Action in Blading. (contd,) C

but from 9) we see that the fuller treatment gives:- r

o = Ry (;Cosé_ + x‘fﬁ’os@) W/iw f (At I +LE>//{° )§ ‘~ _

i

The two methods will not in generel lead to the same |
values for this essential gquantity. The first case expressed by ﬁ
(ED , &lves an average whirl velocity on the assumption of steady

flow at all times; the second case,accofding to (E?), glves the

actual during the real period of steady flow, Clearly for the
longer ares the value of:- ”

.ig (+p+ Z;E/A ).
approaches unity, and there is no difference between the two cases;

but for single nozzles the difference must be appreciable,

Again, oc and @ ére mutually dependent and any occurr-

-enee which tends to reduce o< will increase 65 . Actualiy,

1s read, but this should follow from 2 and (9 directly. Since
higher bladé speeds mean more rapidly fluctuating conditions in the
blade passage)it does not seem improbable that X will fall some-
-what ag the speed is increased, and as,beyond a certain point,the
outflow angles are very sensitive to change of o< , it would follow

that (@ may attain quite high values at the full speeds,

It should be clear, then, that if > and C5 may, in
general, be considered determined by stetionary tests - with perhaps]
slight modification to meet the measured ¢> value in actusl ranﬁn;f
- 1% follows that the factor f? is reasonably decided by power
tegts of the usual type. This s otor permits the elimination of
the detrimental feature of the small.plant tests and so rationalisesg
blade.coefficients; sinece, without it, the small plant would show
exceedingly low values)that would have no obvious relation to those;

applicable in the more usual cases.

Conelusion: The stationary bladiﬁg tests have shown gquite clearly&

thet the outflow angle from & given blade is not really fixed within
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- of general results from small experimental plants using short ares.j

~-ions must be responsible for a certain irregularity.

narrow limits by the geometrical form, as ié commonly assumed.
Consideration of the actual data demonstrétes that’under constant
Jet conditions ,there are changes of éngle that really reflect the.
variable action in the bladingjdue to the employment of very short
admission ares: and such changes are, therefore, the result of the
testing arrgngement and, as it were, adventitious, The variations
with different jet conditions are, nowever, quite fundamental, and
wide 1limits of angle appear possible, It has been advanced that
these changes are due to the quality of jet which modifies the blade

coefficient, with consequent influence on the outlet angle, It
appears both from the tests and from geometrical considerationsjthat
small angle variations below the standard show fair improvements in
the coefficient but that above the standard the éngle is very
sensitive to change of the coefficient., We are left with a general}
impression that the blade coefficient is influencedvboth by the

passage and by the nature of the jet - as, for instance, shown by
the sketoh in fig. 10 - but the general point should not be missed
that this important coefficient is easily affected by any lack of
steadiness in the action, with a corresponding 1nf1uencé on the

angle of outflow.

The angle variations,primarily due to the short are of
admission, suggest that the running action in such caseé is not quite §
80 siﬁple as the ordinary theory supposes. The treatment given of

this matter is mainly for the purpose of permitting the deduetion

It is clear that unless this is done there can be no real harmony
in blade coefficients deduced from power tests. It is suggested
ﬁhat short arec effects should be covered by means of a factor
which allows for the influence of the variable foree curve on a
blade, and automatically becomes unity with large ares of admissiond
Strietly speeking it can never really be unity as long ares are

really composed of a close series of single nozzles and the divis-

It would appear that accurate experimental work on




On Jet Action in Blading, (contd.)

stationary blading, with measurement of the outflow angle as a main
method of search, will throw considerable light on the value and
variation of the true blade coefficient; and it is only this co-
-efficient which has genersl value, It is extremely probable thet
these variations of outlet angle from the blade at rest will serve
to explain the inconsistences in the absolute outflow direction
from the moving blade’which generally appear if a consgtant blade
angle is used for all conditions, But the method of checking
.recorded outflow angles against the theory is fgulty because with
ghort arcs)the usual theory is not really complete, and 1t would
appear necessary for general purposes of examination to envisage a

power expregsion of the following type:-

W bt G (lepelife)EsevaCod) @
in which:- W = ft, 1b./sec.
M = flow rate 1lb./seec.
b = blade speed/jet speed = 3/,
b = inlet speed to blade/jet speed - w./w
Wy = jet speed - f£%. per sec,
d s circumferential length of jet - ins.
p = mean width of blade passage - ins,
L = mean length of flow in blade passzage - ins
- & angle of inflow of jJe%t ‘
& = angle of outflow of jet
X & blade velocity coefficient
ff = form factor of the curve of force.

The value of this lies in the fact that it relates the
work done to the actions during the period of steady flow in the
blade passage. In actual application the data from statioﬁary‘and
running tests would be required; and while the procedure is by no
means simple and straightforward, i1t must be conceded that the use
of the vane method of observation has led to useful ideas and a

slight simplification of & rather difficult subject.
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" ON . TURBINE  WHEEL  FRICTION

INTRODUCTORY:

‘ In 1912 the Author conducted a series of tests on the
steam frictional losses of a three row velocity compounded impulse
wheel. In a pa.per(a dealing with £hese tests the results were
analysed; and. an attempf'was made to establish an expression
generally applicable to turbine wheels. To effect this latfer;
use was also made of formulae given by Stodola and by Lasche. The
final equation form waé held to represent, as‘far &8 wag possible
at that timé, the best of the available data regarding the friction

of full scale bladed wheels; and it has been very widely used since.

A short time aftef the publication of the paper referred
to an important theoretical disocussion of the subject of wheel
frietion #ppeared. This treatment was given by Buokingham%&who
applied the dimensional theory of fluid resistance to all the avail-
able experimental data in an attempt to establish some degree of

order therein. The general incompleteness of the experiments and

| the maﬁy ineompréhensible variations in the different results told

rather heavily against the effort; and, while Buckingham succeedéed
in smoothing out several apparent disorepancies, his main achieve-
ment lies in the establishment of a rational outlook on the subject.
As & result of his study he gives - tentatively - an expression for
single row wheels which could, perhaps, be accepted as rational in
its main form but which is hardly quantitatively correct. The
fundamental theory as treated by Buckingham and the elementé of the
equafion finally developed by him are, however, sufficient to show
thet the Author's original equation is slightly irrational in fbrm;

and correotion in this respect would seem desirbdble 1f generality

is aimed at.

While the necessity to revise the originsl equation, in

order to bring it more into line with a sound theoretical outlook,

D vphe Steam Friotion of Turbine Wheels™ - Proe, R.T.C. Seientific
: SOO., DBO' ?' 19120

i : or "Engineering'. Aug. 22, 1913.

K The Windage Resistance of Steam Turbine Wheels" - Bulletin of
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on Turbine Wheel Friction: (Continued)

has been ciearly recognised the data have been too limited to make
& re-examination of the matter of much advantage hitherto, as there
are differences of detuil as well as of form; The latter 1is
admitted and could be rectified in a fairiy simple'fashion; but

the former raises questions of more 1m@ortance,1n & practical sense,

and necessitates disoussion.

Recently some tests have been carried out on a single
row wheel under conditions similar to those hoxding for the three
row wheel of the first tests; and théseadditional data with the
facts and peculiarities embodied therein seem to indicate that =
new attack on the evidence might be profitably undértaken,with 8
view to carrying this confused subject a stage further towards

clearness.

These new tests have been carried out on the same turbine
as before, viz,, an‘impulse turbine in the mechanical engineering
laboratory of the Royal Technical College. The change from a
three row to & one row wheel is rendered. possibie by the special
construction of the turbine rotor in which separate dises carry the
different blade rows - as shown in fig. 1. The experiments were
an essentiai preliminary‘df a different kind of investigation but
their bearing on the three row wheel frietion results and on theory

give them a value apart from this.

The differences between the two sets of results were, on

first sight, very disconocerting; but it was thought that both series
were fairly sound and, thereforé, that the_differences were genuine.|
That being so an attempt to correlate the results seemed ocalled for;
and it mst be admitted that the elimination of the discre;anciea
will be a potent argument on behalf of any method of examination

The purpose of the present paper is, then, %o show how
the two differentlsets of results may be brought into line with
eaoh other; and this without traversing the essential theory of
the subject. It is further desired to discuss the details of the
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general equation in the iight of what is established by this snaly-
sis in the hope of developing useful, rational, and satisfactory

rules for the calculation of steam frictional losses.

Before discussing the later figures and anslyses it might -
be best, for the sake of clearness and completeness, to recapitu-
late, the essential points of Buckingham's work and the main feat-

ures of the author's earlier paper on this subjeot.

OUTLINE OF BUCKINGHAM'S TREATMENT:
By ordinary dimensional methods of examination it is eas-
ily shown that the power dissipated by the friction of a rotating

wheel may be writtgn,generally, ag:-
3 45 M e
N . = 1 4"HD d . f) . 'F <€ P )

in whieh -F represents an unknown function of the given argument,
N is horsepower; +vu is revs, per min.; d 1is dismeter; f’ is

the density of the fluid; and /L~ the coefficient of viscosity,

Obviously this may be written:-

N s owdtpeT AR o

 where O 1is an unknown exponent and A is a constant.

1P rotation is at such a low speed that pure stream line
motion exists then /w must appear as & first power, i.e., S = [,

and:~-

N . .. 2 3'. e @

D

3

o
2

If, however, in the opposite extreme tuijulence is estab-
lished of such &’ nature that the viscosity of the fiuid is aitogeth-
er negligible in its effect, then O = O, and:-

N = H‘T\,B- db-f ___________ Q.

Most aotual cases will Me nearer (3 than (2) in those

regions at least where frictional losses are of any practical
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importance; and hence the general equation Wili be as given by (D

with > a comparatively small number.

. 1f in the various terms under the summation sign in ()

the index © has the same value, then:-

5-25  (-§ §

Y
N = A L -,ov-,u._ﬂ,_-._ ______ ®.

and a study of one variabie with the others constant should serve

for the determination of o ,

if on the other hand S is small enough to be neglected
then (@) applies and the purpose of experimental data is to estab-
lish the form of AR . | |

' Kow A is a mere number but it will depend on a series
of length ratios for any partioular ocase; it will, however, only
be possible to take cognisance of the most important of these.
Obviously in the specific instance of a bladed wheel the outstand-
ing ratio is Q/dL , where { 1is the biade height and d the wheel
diameter. The clearance ratio should enter into account as next
in importunce but the geuneral indefiniteness of the figure in
eiperimental records makes it necessary to ignore this influence.
The general effects of clearance are understood from Stodola's
experiments but their definition is not sufficiently acute to

allow of inclusion of the ratio in expressions for power,

1t folows, therefore, that the blade height-dismeter
fatio igs practically the only definite value that ocan enter into
the form of A ., There are, of course, other ratios of shape
besides those mentioned but they are less important than the'
clearance ratio and still less definite in their influence, If,
then, only the @/d- value is used to express A the equation for
power can only be theoretically of the correct form for wheels

running free or with ample clearances.

Buckingham's study of the exponents of QD and of the
reagonable representation of A 18 very interesting; and exhaust-

ive so far as the data at his command allowed., It is unneoessary
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here to consider the details of that study but a remprk'oﬁ the

conclusions reached is desirable,

1t is found that 4 is competent to express all the
reliable data on the subject and that with © = ©.( probably the
best approximation consistent with that data is obtained., The

quantity A - called the "shape’ coefficient” - may be wrltten -

A« b))

for #Wheels run in the open or with fairly large clearances,

This gives a presumably general form:-
3-9 5-29 -9 § L b
N : n -4 - F e % A + EK}l)

but, ﬁegleoting the small value of O and working principally on
Stodola's figures, the following simple equation with numerical
coefficients ig obtained as suitubie for caLcuLatlon of a probable

maximum;-

[\1 = (d‘l(D*, W’L,s- &s- ‘D {' + 57°<§C>1§ . . ... @,

Equations () and (@ may be taken respeétively as
representing, according to Buckinghﬁm{s treatment the indication of
theory and the rough average of experiment, L1f the form given for
the shape coefficient A is reasonably correct then QS) may be
considered a fairly definite theoretical equation; and all experl-
mental results should be reducible thereto. The proposed equation

@ ig however open to oriticism as the baiance of terms is
incorreot; and this invslidates the exponent of the blade height-

diemeter ratio. This matter wiil be discussed later.

EPITOME OF THE 1912 PAPER:

A seetional sketch of the rotor and casing &s arranged
for the three row wheel tests 1s given in fig. 1. It shows.the
usual blade grouping for partial admission. The axial blade

clearances between moving and fixed rows are normal but the casing-

wheel spaces are large as compared with corresponding forms in
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multistage turbines. Considering the moderate arcs occupied by ;
the fixed vlades, the large exhaust space on the bottom and the 4
full clearance around the wheel it could be taken that the case L

is one of "ample" clearances. (In this connection it should also |

be understood that 1o get a noticeable effect from fine clearances
it is necessary to shroud both sides of a blade row closely; in |

ﬁ practice, generally, the nozzle ring may act somewhat as a cover
on one side but the other side is fairly free).

The test procedure was very simple. The turbine was run

up to a high speed; steam was then shut off quickly and records
of speed and casing conditions were taken at short intervals while
fhe rotor slowed down to rest under the combined action of stean
and bearing friction. By varying the casing conditions from high
vacua to pressures above atmosphere speed-time curves for a fair_
range of steam densities were obtained. Differentiation of these
curves and the introduction of the moment of inertia of the rotor

gave the torque-speed-density series reproduced in fig. 2.

The experimental points marked in fig. 2 make it clear
that for any given speed the resisting torque 1s nearly a linear
functlon of the.density._ Examination of the lines drawn for the
higher speed values will show that a very slight curﬁature night
be allowed, but so long as this geries is alone available the

straight lines may be considered a sufficient approximation.

The torque values at zero density must represent bear-
ing friction and these values permit the necessary elimination

of this effect. The corresponding bearing friction coefficients

are shown in fig. 5 and the agreement with Stribeck's coefficient

curves for similar bearings show that this process is quite i

reasonable.
The steam friction torques are then represented by a

radiating series of straight lines; and logarithmic plotting

of torque against speed defines the important speed index.
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The plot gave:-
JoL

NG P
but by reducing the index to 3.0 for simplicity, taking an average
constant, and introducing blade speed in place of revs. per min.

the following equation was obtained:- =«

p{ =
in which:-
fﬂ- = horse power lost in steam friction.
S. = mean blade speed - ft. per sec. -
\ .= specific volume of steam - cub. ft. per 1b.

This equation (7) gives the essential result of the
tests. It should be noted that the experimental records are

regular and consistent throughout and, excepting the error deliber-|

~ately introduced by the reduction of the speed index, there is
little doubt that the given expression covers the facts with

reasonable accuracy.

By consideration of Stodbla's and Lasche's equations
and values the general equation - here somewhat altered in form -

was established:-

NGO CEREEENE 3 M—

in which:-
mean blade height - inches.
mean blade diameter - inches.
1.0 for single row wheel.

1.8 for three " "

{
d

3'0‘(0'<1-0£0>3(”\—1>.—- )

This equation reduces nearly to (7) when proper values
of fﬁ mv and d are inserted. It follows the form given by
Stodolajand the v values meet as nearlj as possible the results
obtained by lasche. It would seem therefore that most of the

experimental work on actual wheels might be covered by such an

expression.

If however comparison is made with the eimplest form of
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On Turbine Wheel Fricticn: (Continued)

rational expreaeion'for bladed wheels - equation (:) - it will

be seen that the manner of introduction of the blade height in (§)
is faulty since the terms within the brackets ought, strictly, to

be dimensionless.

THE ONE_ROW WHEEL TESTS:-

In dealing with these new experiments descriptive details |
are unnecessary as the method of operation and the first steps in
the development follow the same lines as in the earlier tests. A ‘

full explanatory treatment is given in the original paper.

The rotor arrangement is as shown in fig, 3. The two
partial rows of fixed blades and the ring which carries these have
been removed so that except over the very short. length in which the
nozzle plate covers the inlet side'of the blade row the wheel is
definitély free and unshrouded. The one row tests are therefore,
under nearly "open" conditions and in this respect should be fairly

oomparablé with the three row wheel tests.

In carrying out the tests the same procedure as before
was followed. The conditions are however not quite so favourable.
_ The moment of inertia of the roter is reduced from 24.17 (ft. 1b.
‘sec, units) in}the three row case to 8.27 in the present series.
This reduction means that the retardation effects are more pronoun-
cad,ihich makes the speed-time curves'much steeper and less easily
dealt with in differentiation. There is also some difficulty in
mginpgining_stgady conditione in the casing; the larger spaces
“apparently have a considerable .influence on this - particularly
_ with pressures above atmosphere. This difficulty preve?ta the
averaging of the density values throughout a test, and density-
tima‘cu:vga are necessary in addition to the speed-time results.
In apite of these difficulties the density range within which
tests were umade is only slightly less-thaﬁ before so that in

range of speed and density the two series are very much alike.
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On_Turbine Wheel Friction: (Continued) 3

The general similarity of method and conditions does not,.
unfortunately, give results of equal smoothness and consigtency. §
Considerable difficulty was encountered in getting repeat tests of :
later date to agree with the main series, and the discrepancies aréi
greater than can be covered by the difficulties of experimenting
remarked upon above. The main cause of these inconsistencies is
thcught to be the variability of bearing friction effects. The
Journals are not in the best condition whereas in the earlier tests
they were in excellent order; in addition, the bearing temper-
atures and oil conditions are liable to fair change as between
different tests; and, in view of the very light bearing load these
severgl causes may be effective in producing friction variations,
Actually the differences in derived torques show themselves by the
fo:mation of a band of torque density curves at any particular
speed in place of a well defined mean curve; and this would be,
naturally, a result of change in the constant term, i.e. the bear-

ing ffiction.

If this reading of the observed effects is correct then
the irregularities do not have a correspondingly objectionable
influence on the steam friction values since the bearing friction

is eliminated for purposes of analyses.

In fig. 4 the torgue-speed-density series for the one
row wheel tests is shown, This is derived in the same way as
before and the examination has been made upon the first full set
of aystem&tic experimenta. later tests - as has been pointed out -
do not give a curve series coincident with fig. 4, but a similar

and roughly parallel set of curves displaced upwards by a small

" amount; from which it would seem clear that only the intercept

values have changed, Obviously the points - even in this main |
series - are not so smoothly in line as the corresponding valuec}.v
in fig. 2. Several of the marked results-in fig. 4 represent the |
means of a number of tests at the same conditions and are plotted

as means in order to get the best curve definition possible.
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On the whole.thb lines drawn in fig. 4 may be accepted as é fair
approximatlon to the steam frictional effects of the one row
wheel, the above remarks merely indicating that the experimental

accuracy is not quite so high as in the original three row tests.

» Examination of fig. 4 at once shows thatlthe linear
relation between retarding torque and density is no longer a close
approximation, the lines being certainly curved It is this
pecul;arity that makes the_main point of difference between thé
two sets of resultis gnd,obviously,marks an ofjeotion against the
use of the general equation @& originally established; while
just as obviously it seems to call for an eéuation form such as

@& developed from theory.

The intercepte of the torque curves on the axis of
zero density are taken to represent the bearing friction. Reduc-
ing these to coefficients of friction and plotting on a hase of
surface velocity the line shown on fig. 5 is obtained. Otherwise
this figure is much the same as in the previous paper. The '
difference indicated in bearing friction by the lines for the two
cases is hardly more than can be accounted for by the reduction of
load intensity; and deterioration of the bearing surfaces may
easlly cause the variations and further increases seemingly

indicated by different test results.

By the»elimination of the intercept values the curves
in fig. 4 offer the opportunity of studying the effects of speed
andwdgnaity separately; the steam temperatures do not differ

greatly so that viscosity is practically a constant. ZEquation
@ , viz.:-
3-8 s-28 -8 §
N z Hn . d_ . F . ﬁL

shows that the separate logarithmic plotting of torque against
speed and density should give indices that are related to each
other as ( € -9 ) and ( - > ).

In order to obtain the clearest results values giving
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On Turbine Wheel Friction: (Continued )

the_la:geat tofques are chosen,. Thus fig, 6 shows the log.
torque-log, speed line at a constant.denaity of .055 and the
log. torque-log density line at a constant speed of 3000 revs.

per min. The lines are fairly well defined and result in:-
268 .q

Nk ,_M.,M_____,-,Q.@,,

Since these exponents are not nearly in the ratio:

(2- ) )/ (- S.) there is definite disagreement in the essential
magnitudes; the tendency is in the correct direction to meet the
theoretical form but the difference is too great to be satisfact-
ory. Bven if it is argued that the shape of the curves in fig, 4
1q not definitely fixed by’thé somewhat irregular points it must

be noted that any allowéble alteration of this shape would increase
the index of density instead of reducing it as is required by the ;
necessgry relation between the indices. It is also to be observed
that the speed index is well below 3 86 that in all the import-
ant points there ls a clear departure from the previouh result as

expressed by

Since the two sets of experiments have been carried out
on the same turbine, and under similar conditions, it seems ’
neceseary to achieve some closer agreement between them. The

facts of a conspicuous change in the speed index and a glaring

discrepancy between the speed and density exponents are not to be
explained by a casual reference to eipérimental inaccuracies.,

The problem of reconciling the results requires a little further
examination of the theoretical matter, and some consideration of

the legitimacy of logarithmic plotting in such cases as thesef ;

FURTHER THEORETICAL CONSIDERATIOI\IS:

Beferring to equation Qb H

3-9 -3 -§ § ' I
N = F—] M . OL . (‘) . /\’L ———————— - @ ‘

it will ve readily appreciated that when only one variable is |
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allowed to alter direct logarithmic plotting of the results is an
exact method of examination. This however, would assume that (&)
was a complete representation of the theoretical facts; but it is

only a simplified form of the general equation:-

s P N
N s At pE AR oL o

being obtained en the assumption that Yy is invariabie in all

the terme involving the Reynold's number:-
[ ] o d?)
Cpefemed).
There is however no a priori reason why 5 should not
vary from term to term and between relatively wide limits. Thus
the general equation may be written:-

N A e RS o

and there are no restrictions on the o values; 5} might, for
‘instance be zero and S'z = ,b. TUnder such circumstances logarith-
miq.plotting‘woulﬁ cease to be valid, since Piv would be express-

ivle as a somewhat confused power series of the variable concerned.

This point would seem to be of importance and deserving
‘of special attention in all cases in which dimensional theory is
applied to the resistance of bodies of awkward shape. Such forms
can only be defined by a number of length ratios involving a fair
number of terms in the generél expression., Bach term will have
1tg own'apecial power of the Reynold's number as a factor. All
the ©'s might conceivably be alike, in which case logarithmic
plotting would be a true guidé; they might be unlike but with one
particular term predominating in numerical value when logarithmic
plotting would probably give a sufficient.indication; but if they
are unlike and two or more terms have nearly equal influences then

the usual direct use of a logarithmic graph is misleading.

Suppose for example that the index of speed varies some-

what as between a smooth surface and a rough surface and consider
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& body of simple shape but partly rough and partly smooth in
finish. ZBach part might be defined by a simple ratio but the
general expression would require at least two terms to represent

the effects, thus:-

T et

and clearly the value dgduced by the simple logarithmic determin-
ation of'sa.y_(sfS ) would depend upon the relative magnifudesof
R, and A, ; and would vary between (Q—S.) and (3-9,) according
as one or the other became_of}small account. Naturally, if both
terus were of lmportance the log line obtained by plotting as if
§ ‘were constant could not be quite sfraight; but'generally,the :
curvature wculd‘beivery slight and would in all likelihood be

dismissed as due to experimental inaccuracy.

Some such line of argument would seem nécessary for
‘the case of a bladed turbine wheel. The disc is usually smooth
* in finish and with a surface continuous in the direction of
motion. In contradietinc;ion to this the blade row is composed
of many separate items of awkward form that produce a surface
aspect of extreme irregularity. It is natural to suppose that at
least two terms are necessary to express the loss in such a case
and it 1s not difficult to believe further that the index valuea.
must be different in these two terms. Greater refinement than is
allowed by the double term would seem impossible at present on
account of ignorance as to the effects and importance of the

secondary aspect ratios.

Accepting the above, introducing the useful blade_speed
in place of‘speed of rotation and the reciproqal of the specific
volume for density, the general equation for a bladed wheel could

be written:-

S | |
BOWREm) - M| o
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The steam friction formulae hitherto used are represent-

ed by the limiting case of this when S, = 5;*- O.

Now it is natural to believe that the "broken® surface
of a blade row will involve the highest speed index, i.e. the
loweset value of S ; and if in any instance S hes a value of
impo:tanceﬁit might be expected in the.case of a smooth disc,
Hence, where the frictional loss is almost entirely due to blading
the speed index on a direct logarithmic plot should be practically
3 ; but where the disc loss is not relativeiy unimportant a

lower value could be anticipated.

This is what is actually shown by relations Gi).aﬂd(f)
for the three row and one row wheels rgapectively; and an examin-
ation of figs. 1 and 3 will indicate that the relative vaiues of

the two separate parts of the loss must be as above outlined.

It may therefore be taken that in the blade term the J
exponent of the Reynold's number is zero while in the disc term

it is a small but important fraction.

In calculations of the type under consideration - which
at the best can only be roughly approximate - the necessity to
deal with the absolute value of the viscosity coefficient would
be a trouble giving no special gain in accuracy. It may therefore
Ye replaced by the square root of the absolute temperature (J:F:)
as a sufficiently good approximation over the range of steam
temperatures that occurs in problems of the kind. This point is
of no moment in the particular series of results that are to be
subject to this analysis but the proposed modification may be
permitted for the sake of applicability to widely different

temperature values. It also aide the arithmetic.

The emoothness and continuity of the disc is supposed
covered by the value of S}; nothing further regarding the disc
is specified except the diameter. Hence A+ in the equation

considered should be a steady constant applicable generally to

|
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wheels of this order. In strictness, K of course, this constant is

influenced by dimensionzl ratios that are neglected herein.

In dealing with the blading only the blade height-
dianmetexr ratio has been allowed to enter the discussion, ‘Hence

‘ Fﬁl should depend on some function of this ratio, i.e.:-
, g
A, - o f?(\d;>~
Generally the data are of such a kind that it is only possible
TRE)
‘F(oL i A/ .

and the search is for a suitable value of x . Buckingham makes

to put:-

X = 2, but no empirical relation representing any one set of

experiments introduces such a high power of the blade height.

These various considerations lead to the following:-
R 7 )8 a:[
. [S L & - . (

N @OEEE @ e
as a probably suitable form for bladed wheels, The blade term
has so far been left with an indefinite function, but this
indefiniteness does not forbid the trial of (:) on the actual
test data, since in each set of tests the blading is fixed.

| The essential point of the above discussion is that,
for such bodies as bladed turbine wheels, the usual procedure of _
logarithmic plotting of torque against speed and against density
is not valid; although in special cases it may give nearly
correct results., XEven in simpler forms, where several aspect
ratios of nearly equal importance are involved, the method is
misleading, and only in those cases in which one measure of

shape is dominant does it result in sound values. Such‘coneider-
i

ations may serve to0 explain the extreme variation of speed index- |

- found by the usual logarithmic analysis of experimental work on

disc friction - below the figure of 3.0. They do not however,

apply to higher values than this as there is no reason to believeﬂ
‘ |
|
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that © can be negative; although there is nothing in the strict
ﬂimgnsiongl theory that prohibits this. In the present connection
it is interesting to note that Buckingham explaihe.Odell's high

values for paper discs as due to "fluttering' at high speed.

It is now necessary to examine the results already

given in the light of equation (12) .

RECONS IDERATION OF TEST RESULTS :

Since the actual test results have been presented in
the form of torque-speed—density curves for both cases, equation
@g) may be changed to read torque; and this gives for separate

application to each set:- ¢
Q- en@EWEET] . 8l

where ;Q_Jfgprégents torque in £t. 1b; A must, of course, have

a constant value for each blading arrangement.

The problem, then, is to determine the values of a B
and © that best suit the actual curves, and this is largely a
matter of trial and error. The best results obtained from the

study of the figures are shown in figs. 7 and 8.

v - In both of these diagrams the full lines reproduce
expe:imentgl'resulta already given in figs. 2 and 4, while the
dotted curves represent the equations of form (® that most

nearly agree thefewith.

Fig. 7 gives the curvee for the one row wheel, and the

equation there used is:-
2§

QR = = 267<J°;><jg)<: 02&){wjij,%} N OL‘OW--——(:>

The three row wheel curves are shown in fig. 8, and

the corresponding equation is:-
25

1

R - =z 27“60)( )G)YO"P{N w—;% +‘227l~_@.
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that © can be negative; although there is nothing in the strict

ﬁimgnaionql theo:y that prohibits this. In the present connection
it is interesting to note that Buckingham explaiha.Odell‘s high

values for paper diecé as due to "fluttering" at high speed.

It is now necessary to examine the results already

given in the light of equation (12) .

RECONS IDERATION OF TEST RESULTS :

Since the éqtual test results have been presented in
the form of torque-speed-density curves for both cases, equation
GE) may be changed to read torque; and this gives for separate

application to each set:-

Q - zzfmm)( v)fﬂr’—/‘i + E>§_ D

where ;Q_”fgprégents torque in ft. 1b; S must, of course, have

a constant value for each blading arrangement.

The problem, then, is to determine the values of a B

and © that best suit the actual curves, and this is largely a
matter of trial and error. The best results obtained from the

study of the figures are shown in figs. 7 and 8.

‘ - In both of these diagrams the full lines reproduce
expe:imsntgl'results already given in fige. 2 and 4, while the
dotted curves represent the equations of form (® that most

nearly agree therewith.

Fig. 7 gives the curves for the one row wheel, and the

equation there used is:-
126 ’

I 3 L A

The three row wheel curves are shown in fig. 8, and
the corresponding equation is:- |
" !

Q - 2R Cl){°’7°{m:{:-‘v%.2"‘227l~.@.
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In view of the nature of the problem and the data the °
agreement portrayed by figs. 7 and 8 must bve considered very fair,
The differences at the lower speeds in the case of the three row
wheel (fig.8) could not be eliminated by any further adjustment 5

of an equation of the above form unless negative § values were

envieaged. The agreement is almost exactly the same as in the
case of the simple expression (J) already stated as the direct
result of the three fow wheel tests. In fact, the small discrep-
ancy shown by fig. 8 is equivalent to the error introduced in the
previous paper by simplifying the index 3.04 to 3.0. There is,

therefore, no sacrifice of accuracy in applying the new form of

equation to the old tests, while fig. 7 shows that the new tests

are adequately covered by it.

In both cases, then, the experimentél results may be

taken as well suited by the expressions given; so that,'although

at first sight they appeared widely different in their nature,
they have now been shown to be in satisfactory, and almost equally;:

close, agreement with an equation form that strictly accords with

theory.

It follows, therefbre, that Buckingham's conclusion to
the effect that all theldata on this subjecf is compétently exprese'
ed by the theoretical equation given by Q;) is not juetified in
the present instance; since the step required to relate two com-
plementary sets of experiments has been found in developing the |
theory beyond the stage at which it is expressible by @D .

The equations @ and @ represent the essential facts ;‘
of the particular data in hand and one main duty of the present
pafer may be considered fulfilled by their establishment. It
remains to discuss the detaile'of the'disc and blade terms and
to éxtend the applicability of the equation by generalising the
constants. For this purpose the disc loss and blade loss may be

. considered separately.
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THE DISC_TFRM:

Reference to equations @ and @ will show that there
is a noticeable difference in the disc constants as therQ given,
A distinction of this kind seems uncalled for; dbut the task of
meeting the actual ourves has shown that it is real; and that it
is not poasible to}get an equally good agreément with the éame
constant in both equations. It seems necessary therefore to con-

sider what differences in the discs may affect this point.

It will be seen that the constant for fhe one row disc
is nearly 15% higher than the other. In fig. 3 it is shown that

a distance piece of fair diameter takes the place of the discs

that have been removed. This might possibly entail a small extra
|
effect tending to make the loss in this case high; but it could '
not possibly account for the difference actually found; a very

- small perdentage at the most should cover it.

The diameter d appearing in the equations so far is
the mean blade ring diam@ter. The real disc diameter is however
(b~ { ) and the disc loss should, strictly, be written in terms
of the diameter and of the rim speed corresponding thereto., This
is of’no moment in the study of the effects of a particular wheel

and blade, since the correction is constant; but it must be taken

into account for different wheels, and is of very considerable

importance in the case of varying blade heights on the same mean

diameter.

In both of the test series under review the blade
heights are small; dbut they are different, and the influence of
these different heights on the effective disc faces should be

considered. L

The sketch in fig. 9 illustrates the form common to

both cases - as all the blades are tapered axially. To deal
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SV A )

with all cases in the same way it may be taken that the diameters
of the effective disc faces are determined by the heights of the
inlet edge of the first row and the outlet edge of the last row
respectively. If then the effect of the different amounts of
exposed rim breadth is supposed included in the blade term - as
would seem natural - the difference in the disc constauts in (&)
and J5) should show a distinet tendency to vanish when (A- €|)
and {d- {,) are used in place of d. . It should be noted in
this connection that the blade speéd involves the diameter: and

the apparently swmall correction on diameter is necessary because

the loss is thus dependent on the fifth power.

Making the necessary correction in such a way as to
retain the blade speed and mean diameter in the expression for

loss, the true constant should be given by:-

SIGEARNCE

n

Q20 Fov the ome row chd.

c 018 o o Ahree o
When the proper ratios are inserted there results:-
a = ‘0101 4For the omwe row wheel.
= Qro 2 “ o Aoree

so that by this process of examination a discrepancy of 15% is
reduced to one of 5%; .and this last is of the order of uncertainty

of the main figures.

It could be taken, then, that the average of .0105 is a
satisfactory disc constant for practical wheels running enclosed
in steam, slightly superheated or dry; and when the correct disc

diameter is used.

It is of intereet to compare this figure with that
deduced by similar calculation from a test of Stodola's on a
bladeless disc run in the open air. The disc was of unmachined

boiler plate 21.14" diameter and when run at 2000 revs. per min.

absorbed .147 H.P. Assuming air at about 70° F. the constant is

obtained a;s:-«\\\A
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- is not greater than can readily be charged to the different surface

influence of the important ratio then the figures that have been

df the height—diameter'ratio (as already employed by Buckingham) -
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147 x (&5‘)
\t 8y’ * 2.tu

a = {530 ~ 133 )-zs = '0”7-

‘298 a(lsq =

The increase above the previous average value of .0105 |

and medium, and the more open.conditions.

It seems reasonable, then, to advance the following as =

suitable expression for the disc loss of 2 {furbine wheel:-

Na - (@G h'“uf,zvﬁ“““ﬂ ------ @

in which'~

N«

8

disc lose due to steam friction - horse power.
mean blade speed - ft. per sec,

mean blade ring diameter -~ inches.

specific volume of steam - cub. ft. per 1b.
steam temperature - °F absolute.

QS
( i"&ﬁi) where ﬂ‘ is inlet edge blade height incheq
Y-S
R N TS A T B I

d
vV
-
N gaV)
v

The values of ™1vv and Tv  based on ﬂ/o( can be readlly

taken from fig. 10

THE BLADE TERM: - ﬂ
The blading figures in (@) and © are probably fairly

sound for the particular cases investigated, but they cannot serve
to show how the height-diameter ratio should enter into the blade

term for general use. They would have been rather more serviceable

in this respect if the blade heights had been more extreme. If,

i

however, it is possible from other considerations to establish the

obtéined from the test analysis should fix, satisfactorily, the

values of the constants to be used,

f

It was the Author's primary intention to use the square

see equation (©® - and simply determine the constants for one ang
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three row wheels from his own figures. But on examination this
process has been discarded as the exponent used by Buckingham
hardly seems Justified, even by the main facts on which it was

based, viz., Stodola's results.

o The line of argument to be followed may be briefly
stated. It is first shown from the present test analyses'that the

second power of the ratio is very unlikely} and on the high side.
Stodola's results are then employed to show that Buckinghsm's value |
of 2.0 is much too high. A probable value is then taken, more or

|

lesgs in agreement with accepted figures, and a new test which gives

a_valﬁable result for an extreme case is used in support. Finally,
the equation so established is compared with the only other extant
tests on multi-row wheels, viz., lasche's experiments, and good
agreement is found. In this way it 1s thought that the general

balance of the evidence ig in favour of the proposed form.

| It has already been indicated that the blading figure

should be in the form of:-
L
b £().

and that the best that can be done considering the facts, 1is to
use a simple power of the ratio for the function. Again, since
two blade height ratios have been used to determine the disc sizes
the same procedure should be employed, in the general case, for
the blading; since with multi~row wheels the first and last -blade
heights are radically different. Reference to fig. 9 will show that
by using the firet row inlet height and the last row outlet height,
the trapezium form by which the4blading is enveloped is fairly
defined. This should be superior to the use of a mean blade height

since the shape of the blading arrangement is more clearly speci-

fied; and it is almost certain that the exponent of the ratio ie

higher than unity.

This point of view would g:l.ve:-\\\A }




o*~

'ATArbioe

20

VV+bec 1

'T*f'c T"O I



On Turbine Wheel Friction: (Continued) |

4 @]

‘040 AFor the ome row wheel.

.on

= 227 oo three W

Fig. 11 shows how the value of b alters if different assumptions

are made for x , It is readily seen that the b values are

inpossible for X > 2,0, since the constant for the three row
wheel would then be less than for the one row wheel. The constants)
are nearly alike at x = 2.0, and this would be a significant
result if the blading function were known to be complete and
correct. This can hardly be so since it does not even contain a
reference to number of rows; so that 2.0 is too high to be accept-

able unless well supported otherwise.

Again at X = 1.0 the ratio of constants is pra;tically
3 : | : but it is not possible that the constant will vary so
fapidly a8 the number of rows since the intermediate blading is
relatively unimportant. Consequently a = 1,0 is certainly too

low.

The mpst that this particular data can give is, then,
that the indéx is not so high as 2.0 and not so low as 1.0; and.
the nature of the figures is such as to indicate that it is not

really cloae'to either of these extreues.

Turning now to the Stodola results on which Buckingham
mainly based his finding that > = 2.0, it is found that the disc
term in Buckingham's equation is much too eevere. The equation
is:- '

N - 0" L5 F{' + 5610-'%(3 o ,______,@;
where = dise diameber — mches .

and,in establishing it, no direct use has been made of the only

bladeless disc test of the series. Thus in Table 1 the first 8

columns and the firet 5 lines reproduce the essentials of » 1

Buckingham's comparison between equation @ and Stodola's facts. %

This comparison shows that in only one case is there a radical
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disagreement,viz. 18%. But when the 6th line is added for the
plain disc it is seen at once that there is a serious discrepancy;
and it must be contended that all six results should be reasonably
within‘any equation form made to represent the series. With the
disc term overcharged the index of the height-diameter ratio is

misleading.

To show that a better agreement can be obtained with
quite a different index the last columns in Table 1 have been

calculated by means of an equation of the type.-
| i |
( >(\{> a %0%.‘17} ('mun«) + B%( )gj——*—~®

using the following wvalues:- ‘
o = .17, b = 5.0, = = 1.3, V = 13.3.
and it will be seen that theére is no really serious discrepancy
" in any of the six values. If a better balance can be obtained in
this way with an index of 1.3 there is certainly little justificat-

ion for using 2.0!

_ On the whole it does not seem possible to do better than
take z:‘- 1.5 as a generally applicable figure. This value has
been much used as an exponent of blade height in the irrational
forms of equations hitherto employed. Some .experiments might
certainly indicate a slightly higher value; but it has been shown
that 2.0 is impossibly high, while it is now seen that 1.3 fits

one important set of results.

Accepting x = 1.6 it follows that, for the Author's

test results:-

@ & §

from which:-

n

‘040 AFor 'H—,a oéa rovy ngeez‘.

'7_2_71 «“ “ -ff|7r¢e "

b = 9.3 -~ for the one row wheel,
= 17.9 - for the three row wheel. »
The best test of the general suitability of the index

chosen wbuld be for an extreme case of a bladed wheel, such as a
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very small diameter with large height-diameter ratio. The Author
is fortunate in having seen the result of a recent determination
of the loss in a small De Iaval wheel which satisfies these con-
ditions, This test was made by Mr D. S. Anderson%%n a wheel 5.97"
mean diameter with a blade height ratio of .149. The wheel was
run in "open air" conditions and at 27000 revs. per min. the horse-

power absorbed is about 1.6 (X 6%).

In making a calculation of the loss, equation ij was
‘used with the following constante:-
o = ,0117, b = 10.3, x = 1,5, V = 13.3.
These constants allow a 12% increase for "open air" conditions
over "enclosed steam" conditions, and the result is a calculated
value of 1,5 horsepower, Thi#rahowsian excellent agreement with
the actual 1.6 considering the special nature of the case.

The equation covering Iasche's experiments on multi-row

=)
wheels is :-

: ~10 4 3 {
h‘—. (Q‘-Ok‘%.’e-.1’\'“\7_~,_,_A~...~@.

in which:-

A = .4 for one row wheel.
| ' _ = .64 for three row wheels.
This equation is claimed to hold between the limits 35* to 47"
diameter, and from " to 2" blade height. It is obviously wrong
in form and can only have a narrow range of accuracy. Assuming a
40" diameter with 14" blade height as a mean condition, for which

the equation is sound, comparison may be made with (D . Using

x "Investigation of the Losses in a De laval Turbine® -
D, 8, Anderson, B.Sc,

"Greenock Research Scholarship" Report. R.T.C.
June 1922,

@ This equation differs from that ascribed to ILasche in the
Author's 1912 Paper. The latter was taken from Stodola
"Die Dampfturbinen® (4th edn.) p. 129 but a correspondent
(K. Shogkénji, Japan) has pointed out ("Engineering" June
26, 1914) that there is a misprint involved in the German
original and gives the correct form - on which equation @®.
has been based. :
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the_steam constants:~

a = 0108, b
x = 156, b

9.3 for one row wheel

17.9 for three row wheel.
and, taking S = 500 and ¢V = ,06 for the purposes of the special

factor in the disc term, the following results are obtained:-

Vahmo of'fV/Q%YQ%YQ@)

- ' By | . By _
L.aacbcs E%Uﬂl'w") L'lq/ual"loo @
Ore Row Yheel : < (80 "”73
ﬂ)rca Feow W‘)ﬂe( ‘288 ! 2?8 .

The agreement is good enough to show that (1) with the
constants that have been deduced does not controvert the findings

of this purely empirical relation. g

On the whole the variocus values are well supported and
the following expression may be accepted as a reasonable approxi-

mation to the blading loss in practical wheels running enclosed in

" pteam and with "full" clearances:-

No - @G @ o

in which:-

Nb = Ylade loss due to steam friction - horsepower.
S = mean blade speed - ft. per sec,
d = mean blade ring diameter - inches.
z’ = sppecific volume of steam - cub, ft. per 1b.

. = blade height of first row inlet side - inchee.
{. = %blade height of last row outlet side - inches.
lhy = 9.3 for one row wheels.

= 12.5 for two row wheels,

17.9 for three row wheels.

The value of the constant for the two row wheel is
simpl& a reasonable estimate suitably intermediate between the
other knowh constants and guided to some extent by the correspond-

ing figures due to Lasche.

The blade loss eguation may be'gpproximately modified
by special factors to suit the conditions of partial admisseion
or reverse ruhning. Thus for partial admission the loss as given

by (D should be multiplied by:-

-



| 136.
On. Turbine Wheel Friction: (Continued)

where Y = admission arc/ full circumference.

The effect of reverse running is difficult to assess.
With blade rows well shrouded.there is practically no difference
between forward and backward losses; but, generally,‘the clear-
ances will be such as to make the increase on reversal quite
appreciable. The loes calculated from (19 could be multiplied
by a figure which will probably lie between 3 and 5; and the wvalue
to be chosen will depend on the nature of the clearances. VJudg-
ing from astern sets in marine turbines the figure is fairly high,
as it is difficult otherwise to account for the exceéssive super-~
heat set up in these casings when the astern turbines are rotated

in the shead direction.

S UMMARY:

By the nature of the subject the discussion of details
and evidence is rather laborious, and the following summary of

the essential points may be of wvalue.

_ ‘A theoretical treatment of the subject of wheel ffiction
due to Buckingham (1913) shows that the equation for frictiomal
loss proposed by the Auﬁhor in 1912 is somewhat irrational in the
blade term. Direct correction of this point was easily possible,
but certain other differences sﬁggested that a fuller re-examin-

ation of the matter was necessary.

These differences centré in two main conclusions
reached by Buckingham., The first is that all wheel friction

results can be expressed by an equation of the form:-

' -8 s-28 =2 )
N = A d

and the seeond is that the "shape coefficient" A is of the

type:-

F1 2 o *+ 5 (éi)f

\
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This latter result seems to be mainly established by
means of Stodola's tests. It is an important point, as it makes
the loss increase much more rapidly with blade height than has

been hitherto supposed possible.

Bquation @ is of a form permitting direct logarithmic
plotting of results - which is the usual method of examination of
fluid resistance effects. But the test analyses shoﬁ that for the
complex form of a bladed wheel @ is insuffiéiently conplete, and‘
logarithmic plotting is really faulty. The double test series are |

only adequately met by a sum of two such terms as in ) , with ‘

different S values in each term.

, By the evolution of the separate terms the balance of
the dieq and blade losses is indicated. The disc effect seems |
ve%y‘cloaely covered by the expression obtained for it; and the
| separate consideration given to the blade term shows that the J
second power of the (é/d.) ratio is very improbable, and a wvalue

of 1.5 is taken as being more completely justified.

The full consideration of the subject leads to the

N = & (7&)(‘)[%%03&&)%(“") (‘ “Sj 4 i(‘ Ji.®

and to the conclusion that, with:- v ' }
.0105, & = .25, X = 1.5 | |

o

and b
respectively the case of enclosed wheels, running with full clear-

9.3, 12.5, 17.9 for 1, 2, and 3 row wheels

anceg in dry or slightly superheated steam, is well fitted; while
an increase of 12% in the constants a and lh would approximately

meet the conditions for wheels rotating in the open air.

There are several points of difference between (20) and

the Author's original equation due mainly to the various refine-

ments made possible by the present discussion; but/apart from the

\
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fault due to the use of blade height instead of blade height-
diameter ratio, the earlier form seems to have been as cloée a
’representafion of the available data as was possible at the time.
Bven yet its handier form may make it more acceptable for the

practical calculation of normal cases.

R
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the driving load. _But this reduction is accompanied by increased
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IN
- NOzZLE CONTROLLED IMPULSE TURBINES -

In many large impulse turbines power regulation is attained
by controlling the number of nozzles supplying the first stage, and
the succeeding stage areas remain unaltered. This means that
éegulation of power results in corresponding changes in the first
stage chamber pressure; whereas the control of the first stage nozzle
maintains the full supply pressure, Hence the first stage heat drop
is subjeot to wide variations, which might have important influences

on the blading stresses. '

The point is one that applies particularly to large power
naval sets in which "oruising"” conditions are to be met by nozzle
control of the main turbines. Here an extreme variation in the-first

stage conditions of working takes place, and it is really necessary

to consider this change in the blading design.

With reduction of power under such circumstances there is

_reduction in steam flow, with practically proportionate decrease in

the are of admission and, therefore, of the number of blades taking

heat drop and, therefore, by greatly increased steam jet speeds.
The inference is obvious that the blading loads and, consequently,
the bending stresses will be increased. The point is, however, not

ﬁsually appreciated.

If, in any particular case, power regulation by such means
is made at constant speed, the centrifugal stresses are constant
throughont the range; and any augmentation of bending stress is an

addition to the total stress value; but if, as in marine cases, power

and speed changes both occur the centrifugal stresses are reduced
with the power and this may provide some margin for increase of bend-
ing stress. 1In all those cases, however, where small high speed

H.P, turbines are designed for large powers the blading dimensions,
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- Blade Stresges in Nozzle Controlled Turbines: (Continued)

-even in the first stage, are not inconsiderable and, therefore, at l

full power the bending stresses may not be entirely negligible; and, l

if it can be shown that low power working by nozzle control gives !
large ratio increase in bending stress/it is conceivable that the ]
stress values at low powers may become excessive. |
The result pointed out appears almost paradoxical at first !
gight, but the matter is worthy of definite discussion. An indio-

ation of the nature of the effects may be given in a general fasghion,

as follows.

Fig. 1 shows the kind of-arrangement_that creates the con-

ditions under review. The nozzles are arranged in groups of varying

numbers, 5o that the possible permutations will allow of the develop-

ment of almost any power with the full supply pressure. Clearly, the
emall steam flow through a small group, when operating alone, will
mean a low chamber pressure and,Atherefore, the expansion in the

nozzle and gap will be over a wide pressure range. .

If M 1b. per sec. represents the steam flow under any ‘
conditions; P the supply pressure-supposed constant at all powers; '
and 'E: the chamber pressure; then to a very close approximation:-

[Vl = Q-E <GL = consl‘arz\’,). : '
and the pressure ratio for the first stage is:- ’
v o RB/T
Suppose that .IDF4¢ represents the adiabatic heat drop ‘ ’

~

for the ratio Y and 13 is the stage efficiency/then:- _
 Work Pcrl sec, = M. ,F.__'DH*_ - - heal oaihs . ‘ |
If F. ie the total driving force on the blades in 1bs ’
and S the blade speed in feet per sec, then also:- |
Work per sec. = - 5/’278 -~ _heal" vails,
Now, on the supposition fhat we are dealing with a one row
wheel . with T. blades in action on the admission arc,'it follows

that.:~

noo- e Q:conspmo- ’
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Blade Stresses in Nozzle Controlled Turbines: (Continued)

gince the preeéure drop will in general be about, or greater than,

~ the critical.

Hence:~

.
]
2l

Force per blade

Since the blading dimensions are fixed thé bending stresses
are as the blade forces; and, hence, denoting full power conditions

by accented symbols, and lower power conditions by unaccented symbols

we have:~
F ] . DHy . S
F ' DHy S

or, 1f the speed ratio, blade speeg/ﬁet speed = éD, then: -

£ f.(@.ﬁ@?.&' -
F P DHy) b - -,
Bquation () 1is directly applicable to a one row wheel, or
to the lst moving row of a two row wheel, if the asaﬁmption is made
that the one row wheel efficiency applies to the‘let row, - which is
reasonable, To apply the result to the 2nd row of a two row wheel
necessitates the use of (é —-f?) in place of .f“, where e ig the
efficiency of the two row wheel. Thus:-
F e'- p! DHg b
for the blading of a second row. Ve need not carry the matter h
further than this sinée the two row wheel is the most usual first

stage type.

The force ratio expressed by O or (2) is calculable

’whén the component ratios are known. In any actual case the

accented valuee will be known; hence a knowledge of the variations

of the essential quantities with power is required,

For all practical purposes the flow [VI can be related

to the power N by & linear law -- this being a very close




Blade Stresses in Nozzle Controlled Turbines: '(Con'tinued) g

approximation in all cases. Since W] is directly as 72./it ‘ﬂ
follows that Y 4is a linear function of N readily determinate |

in any particular case, 1.e.:- |

Y = ;E = “QN + ‘( Qg‘bk colosl”anh). j

| Now by Callendar's equations it may be shown that the j

» a.dia.‘ba.tiq‘heat drop - for either saturated or superheated steam - 0
can be expresgsed as:- “’J

DH‘P z Q—-\.-— E))(l-—Y‘vm). d

|

where H, %_ES are dependent on supply conditions. |

Hence :~
A

DHg - .
! R
'DHSG [— T ______~_______._.____‘~__@)_r

Also, since:~-
V.
(- Y

._DL,I?S - ([—T"’“)—DH#'

and .1>H4 is known, the value of the jet spéed W is readily

calculated for any value of Y, : | U

The blade speed may be either a constant or a v#riable.
If the latter it must be expressible as a functién of the power.
In the marine case, for instance, it is given very closely by:~
s. & N | |

Since S and W are both calculable the value of

SO @

is readily obtained for any particular power.

! For variation of efficlency we may use the well known

parabolic law; and for the 1st row, if we take the maximum possible

efficiency as -F: at ratio la, /then:-

f- fgl-2¢)

and,congequently:-

For the two rows together we have, in a similar way:-

b
e = ea‘ 'g’_<2 - %

j ) 27 |
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Blade Stresses in Nozzle Contrclled Turbines: (Continued)

and hence:- . . o . .
, b . b b
§§:,_£2 - ez'@:(z” 701) o ﬁ Z; (2* Q

P e TR - ©

The equations () and (2) may, therefore,be solved by

means of the individual results obtained through equations (@ to
@l

Fig. 2 shows curves for a case 8o calculated., In this the

following values have been taken:=-

P = 200 1b per sq. in. abs. —5 Steam initially dry
,sz = 90 " woon " ", {V] = 30 1b/sec.

-F: - 82. , [:)l = 4.5, . .

€& = 2., b, = ‘22, b : b,.

Vhile definite values are nécessary to effect calculation

it must be noticed that, since only ratios are iavolved, the results

cannot be greatly affected by any reasonable change of conditions.
The curves in fig. 2 must therefore, be applicadle with falr general-

ity.

It will be seen from the curves that, while the bending
gtresses in the first row may increase to twice the full power
value, those in the second row may increase to about eight times
thisg figure. Naturally if the full power stress is oniy a few
hundred 1b. per sq. inch the variation is of no moment; but if it
should be as much as a few thouéand 1b. per sq. inch the variation

is critical.

This possgible increase of stress must, therefore, be
taken into account in any case in which bending stresses are not
entirely negligible at full power; and other obJéotionable features
arise if this increase 1s great. Thus, let us take the following

case in illustration. —

A turbine set developes 10% of full power with 26% of
full power flow at 47% of full speed (which is 3000 r.p.im.). To

meet this requires the opening of, say, two small groups which are




Blade Stresses in Nozzle Controlled Turbines: (Cortinued) =

not consecutively arranged. If the second row blades of ﬁhe'fifst
stage had a bending stress of - say - 2600 1lb. peY. 8q. ih. at full
power then the low power condition would mean a bendiné stress of
~about 17500 1b. pe¥ sq. in. Now this stress is not merely large;
it is flﬁctuating between zero and the full value some 50 times per
gec; and, moreover, this severe action may take place at temperature

at which the blading suffers from reduction of strength,

It is oﬁvious, therefore, that where such circumstances
arise severe fatigue action may be created and failure may occur.
It is admitted that there is little likelihood of the effect in low
power sets where the first stage blade heighte are small and where
nozzle grouping is not too fine; but those acquainted with naval
designs of high speed H.P. ilmpulse turbines will appreciate the
point; and the Anthor is awaré of at least one bad failure that was

certainly due to this cause.
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~with the shaft. Moreover, the disc and shaft at their point of

~the design on a single - and maximum - stress value leads to the

147,

- - TURBINE ROTOR -

—

In the development of high power turbine plants for super-

heated steam the tendency is - particularly in marine work - to
employ several units in series. With iarge reduction gearing the
turbine speeds become fairly high énd the dimensions are correspond-
ingly reduced. The consequence is that the high'pressure'and inter- |
mediate pressure rotors are quite small, and the ordinary conétruct—‘
ion of eeparate wheels forced on to a shaft may be diacérded in

favour of a single forging,on which the discs are formed by machining,

Such a rotor is illustrated by fig. 1.

In the design of single wheels the stress determination in
the material of the wheels considers a radial stress on the outer
disc periphery due to blade loading, but no radial stress on the
inner hub'periphery, With the type here considered however, both

kinds must be taken into account,since the disc is in continuity

junction must undergo the same expansion by stress and, therefore,

the conditions in the shaft itself have a very 1mportant influence.

In the consideration of this case the problem is compli-
cated 5y the existence of the two different siresses and by the
condition of equal expansion at the Junction; but somewhat simplified
by the fact that the disc is usﬁally cut of uniform thickness. The
investigation is carried out by the usual methods for .stresses in

rotating wheels and shafte, but the great desirabllity of bvasing

development of a final form giving this in the shape of an equation
} \
for the radial stress at the junction of disc and shaft.

<h
-

A &
—_— m e 2l -

TY

- -S4

The disc and shaft must first be considered separately,

and the results combined by means of the junction condition.
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Stresses in a Special Form of Rotor: (Continued)

A uniform disc having central hub and carrying radial stresases on

the internal and external peripheries represents the condition for

|
|
each collar on the rotor; while a shaft length carrying external E

radial stress represents the corresponding portion of the rotor bodyf

|
{

The problem is thus reduced to the elucidation of the.

stress in such a form as is given in fig. 2.

Considering the disc.portion there is obtained, in the
usual waff‘ by integration of the fundamental differential equations:-

_ . 5 L.‘I‘ )-‘ 'Mz'_l 3
Lk - e Ax -+ _‘i- - ? CD 8 MZ' 'DC

_@— >(AJ" % > { 2 @
A = - —_— W . B . .
x = A T =T g e
du R — 2 dW I v =l 2
qu-. B x> ? 8Ew?*

in which:~

L. = expansion at any radius.
A v B. a integration constants.

W, « gpecific weight of material.
. = angular velocity of rotation.
E- . = Young's modulus.

YW, P

!/ Poisson's ratio. _ ,

If we choose the following values for the constants (in order to

reduce the repetition of éymbols as much as possible):-

w- = *283 — 1% per cub. inch.
3, = 322 * IZ —ins, per sec. per sec.
VE, = 30 * /0 -+ 1b per sq. inch,
Yy, - : 333 . !
b7>) = 2‘17"’\//(00— where N = revs per min.
then:-
3 ‘30 2 3 '
. = Ax + —|/ — —,—(;-,%‘N' x. '
t .
o _ , B __. oL A > N __(
% - A T x> 10" AL C)
dM - B QI 7- L
ole A x> /o”"N >

!
The radial stress may be determined from (D in the usual

L]
way, and we obtain:-

i
i
|
!

. . .
Radial Stress = -f:,. = af - éB/ac — ex _ __ .. ®@
where:- .
a, = 99 x 10 r 433,
b, = 99 tx 233
e = 3.9 x 10° x 3»3Lu4N//o,

* e.g., see Morley's "Strength of Materials".
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‘Stresseg in g Special Form of Rotor: (Continued).

. innex periphery /0,. , then:-

Now let the radial stress at the outer periphery de FR’ and at the

\

QA - E%z - CR’.

2,
aA — b2 — cv

1‘/)"? = k , and x/F?.=

Fr
P

bl

Allowing:-

‘and solving equations (), we get:-

”n

Bt kR k <[J [J,)+ c/?
Rt _ KR

kR ‘/ZT(PR‘PJ

a.nd hence tromO:-

e Pa{ z%fﬁ P (k‘o+ S LaF STERE

which expresses the value of the radial streu in the disc at any
radius c given by £ = DC/F?.

a A

b3

L}

Also:-~ ‘
where:- 0 - sou N’/!bls.

_and, by means of O this reduces to:-

oIl K Y822 L )2
w - piRlZ o G @R{“g}k; T B R s T4 )
The equation for tangential stress in the disc is

‘ . !
determined from @O and (& ,a8i~
| .8 2
—lcé = O‘H +' B—i—.‘ — o('x

where:-.

d = 77x/o°ﬁ /72.?. N/xo_

hence:- -
76 PR{ Pk __U%-k ——%{TJ’L + CR{ 1‘+(—%‘£L}_~-‘@-

' Examination of equations @ and @ will show that both |
kinds‘_of stresses are affected by the imposed peripheral radial
stresses and also by the speed - which is embodied in the factor ¢ .
We khow, from ordinary disc equations,6 that the tangential stress at.
the inner radius is the higher, so that we require to notice the

influence of the inner radial stress in this particular case.

L B
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Stresses in a_Specisl Form of Rotor: (Continued)

Now the middle term in ﬁ. is positive, but the corresponding term
in —ﬁ; is negative, by reason of the negative factor in the denom-
inator; hence the influence of /Or is opposite in the two ceses.
This indicates that the tangential strese tends to lose its impori-
ance as the major stress, if [.) is really large. The physical
conditions are alone sufficlient to make clear that /DT must be a
large figure in any particular example since both /DR and the speed
will contribute to it; and, obviously, the bvinding effect of the
ghaft must tend to eliminate the tangential strésses near theﬂ root.
Hence it may be taken that the tangentiaml stresses are in no case
go great as the radial stresses. This is, of course, as regards
maximum values; it is possible that near the outer periphery equal-

ity is approached.

The fact that the tangential stress is unimportant in
relation to the radial stress can readily be seen by calculation

of any specific case.

From @ it will be seen that - neglecting the 3rd term -
f‘r will increase continuously as £/ diminishes so long as
/JY. = Prz , for
' ' A - 9 .
g' R*(k*-1)

]

ha.s no turning value, and the terms containing /:)R and P" give-
pei=$) * Py

and, if /:)v = —m.-[gR , this becomes:~-
PR{’ + },’(""”" '>§

Again, the 3rd term in @ has a maximum for:-
L - Jk.

and is zero both for 2. k and P 1 . Its total range of

value 1ls however not great unless N is excessively high, and
consequently the influence of this maximum is not sufficient to
change the position of the highest value due to the first two terns,

away from the internal radius Y'.




Stresges in a Special Form of Rotor: (Continued)

It follows, therefore, in a fairly general way that, so
long as we are dealing with this class of disc rotor within the

limits of size and speed that usually obtain, the'maximum stress

| K BB

may be taken as the value of the radial stresskfar/at the junction

of the disc and the shaft.

With the constants evaluated,the equations for the disc

L1272 IOG s{k{£+18t.)+ 2(i- 3qs£,)}
{k,"—_. KL

. PRIy k Pe 186 R K@E+18)
“s Ggg Q(kht)f dfzz? Blk=1)

v PR{’" [éx(t,-ek?} Pr G 22

B T

(o

foo mdre 28] - ﬂé%’fﬁ%

any radius in a uniform disc with central hole and applied radial

stresses at inner and outer radii.

‘The case of a solid shaft rotating at N revs per min.

k-2
ké—l—r{ - 57619.1;

.and these give the full expressions for expansion and stresses at

and carrying externally applied stress gives the equationsﬂ&

2 ?
o' E%Eﬂ.aﬁ.{g - -34654:3% ~+ ‘Blzo%ﬁ"/qr"é)'?

o°x 1o

i 2 2
346 Ny pt '
fo @ ZLX(-6) 4 p

where 5 :

meaning to the corresponding disc quantities.

!
It is now necessary to relate Q. and f% ,

stresses in disc and shaft respectively at ¥ .

The rotor element in fig. 2. indicates that the radial

stress on the shaft at or near Y

active on the inner dise section.

37/}}, and the accented symbols mark those of similar

- e = - -

the radial

will be reduced well below that .

Suppose these stresses have the

sams relation as the disc pitch and the disc thickness -~ which must

be nearly correct at a short distance below the surface - then:-

disc thickness.

S)

and:- /

Pe = S Pr

disc P:f"ch,

- e e e e e e e e - -

7€ "Centrif. Stresses in Rotors" -

Kerr - Proc. R.T.C.
Seientific Soc.

1914.




Stresses in a Special Form of Rotor: (Continued)

For the neceaéary Junction condition of equal expansions

we have:-
| w oo« aF .= 7.

/

Noting that at this radius:-

R Kk
b = I,
Y.« kR,
substituting in the first of the equations in (§) and (P . equating

these, reducing and §olving for /QT, we get:-

S (:-@.;-(k‘:”-g(,)' S( -k +(k™+!1-86)

F% - 0®
This equation expresses the value of the stress acting
between the disc and the shaft and shows it to depend on speed, outer

peripheral stress, and relation between shaft and disc radii. All

these are known in any given case since the calculation of /qi due

" to blade and rim loads is the first step in the determination of a

disc stress.

} The previous argument .has shown that this stfess is in all
probability the maximum for the arrangement and henoce, @) représents
tﬁe essential result of thé investigation, ;f it were desired in any
case to study the variation of stress {D would be used first, and
the value of Pr substituted in and (9) and these solved for
different values of £ and b .

In fixing stresses for this type of rotor it is advisable
to :ealise that at the position of this maximum stress value we are
well into the body of the forging, and if it were originally of any
great size the quality of the material may not be very high. It is,
therefore,desirablé to keep the stress well below what is allowed for

the usual disc wheels - pay 50% to 60% of that flgure.

Equation (i) may be arranged for rapid calculation b&
wfifing it:-

o

N%R‘_I{ 183 (kKD (i-k) } . PR{ 2:86 }__f_- @.|

o
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Stresses_in & Specia) Form of Rotor: (Continued)

and using graph systems based on h and S  which give A and B

directly.

Such a set of curves is given in fig. 3; and by means of

this graph the maximum stress in this type of rotor is very readlly

determined,

|

. L&D
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- A MRTHOD _ FOR _CALCULATION -

OF
---- ___ REHREAT FACTORS  ----

In the general and most usual turbine conditions the
adiabatic between the initial state point of the steam and thé
final pressure lies partly in the superheat field and partly in
the wet field. The additions on the available heat due to reheat-
ing effects are not very readily determined in such a case as the
reheat factors - usually based on pressure ratios - are widely
different in the two fields. Moreover, the attempt to isolate the
two parts results in an intermediate section for which reheat
factors are in no sense definite. The three section subdivision
of the range is shown in fig. 1. and it will be seen that, while
the reheat factors may be quite certain for the first and last
sections, they must be applied to different basis adiabatios; and,
even with this elaboration/there remains a central part that is

rather awkward to deal with.

Besides this the use of the ordinary tabulated reheat
factors tacitly assumes that a sufficient number of stages are used
to make the difference between the actual reheat factor and that for

an infinite number of stages negligible.

Both points remarked upon represent weaknesses in the

ordinary employment of reheat factors; the first means a complication

of work hardly justified by the percentage effect of the reheat

- corrections; the second is in several instances not applicabdle.

Full range high pressure turbines are now being built with quite a
emall number of stages; while astern marine turbines never havev

more than three.

It would seem possible, therefore, that there is a use for |

. )
an approximate method alike applicable to small and large numbers of
stages, and that is practically unaffected by the dual field. One
such method - quite accurate enough for all practical design

purposes - is outlined here.
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where B is the additional available heat, it follows that:-

i.e.:-
(-P)owg«8) = (-phy . __ _ - o
Now the last term in @ 4is - from fig. 2 - simply:-
(e * e+ e+ ____e )T,
and:-
er = (-F) =22 Pitt_t__

184
Caloulation of Reheat Factors: (Continued).

Consider the l"¢> diagram in fig. 2. The condition
curve for a stage efficiency fg mnight be as sh@wn; this 7[‘ value
nay, as usual, be supposed applicable to every stage with all stages

assumed to have the same availahle heat.

The stage temperatures are then [, Ip, 3, —= _ - . - [«

5.
in degrees absolute and the reheats added in the different stages |
may be supposed represented by the rectangular strips shown. These
separate additions cause entropy steps &, 2,, € - - - - . 'e_w, and the
summation of the strip areas above the lowest temperature line gives
the heat made avallable in the full expansion in excess of that for

the perfect Rankine cycle.

If ,I>H¢ is the total Rankine heat drop for the full
range and <& the efficiency ratio, then:-
| (1- &)DHg
is the extra heat rejected due to the inefficiency.

But since:-

Ff(DHy +R) = & Dhy

(1- P)(oHe +R) = B + (- €)Dhy

which represents the addition of entropy at any stage Y , and for.
the condition of equal drops per stage. (It is obvious that entropy
effects will not be greatly influenced by unequal drops per stage

gince the larger drop will mean practically a correspondingly larger

entropy).

Dok D) R Lo Ll
(i- F)(DH@—MQ){ | — Tﬂhz—#—}

5 o
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Calculation of Reheat Factors: (Continued).

. R - < L
"‘DH¢+£ - (l"lf){l—" ;:Z_”r}

or “j;~ = (; Fj {' — éf; :? ~'
DHg L= G-f){r = “Z’r%f‘— ,,,,,, @]

The reheat factor 'F? is, therefore, :-

'

¥

é l - ) !

= | T Dy, T , = ‘ ~

i ¢ T T CPh - ZaAl----@)
although it is better to use at all times the fractional increment

‘ﬁ,/DH(P expressed in @

These results are obviously of a very simple nature and,
although‘approximate, the extent of the approximations is apparent;
and not too severe for practical purposes. If “T  is correctly
determined the method as given is exact for the wet field; in the
superheat field it is the more correct the larger the number of
stages and, therefore, in this respect it has the same feature as

the established processes.

Obviously, accuracy depends on the swmation of the tem-
per#ture(reciprocals, and since we are dealing with absolute temper—
atures and with a series of theée between definite limits even guite
considerable errors in the values of temperature chosen will have
quite an inﬁppreciable effect on the final result. Hence we have
the important simplification - ffom the point of view of actual
computation - that values read off from the heat-entropy or temper-
ature~entropy chart may be quite rough. This is the direct
antithesis of any method based on heat drops,since in most cases it
is impossible to deal with these to a sufficient degree of accuracy

by means of the chart.

The method is then, extremely serviceable and quite reliable
for the determination of the total reheat factor for expansion from

any condition to a final condition in the wet field, and only

requires a rough estimate of temperature values. It is not accurate
however for expansion in the superheat field alone, unless & certain

modification is introduced.
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Calculation of Reheat Factors: (Continued).

Let us imagine the problem as it most ffequently appears, 1
viz,, to determine the reheat factor for any portion of a given E
expansion range. In the present method it would aeemlfrom the

mathematical forms'that it is only necessary to give 7 the 1

successive values [, 2, 3, ete. in order to determine the fraction-

J b

al increment or reheat factor for the corresponding range and, there-n

fore, to fix the extra available heat at any specified stage. This ;
is perfectly true so long as that stage has a condition in the wet i
field, no matter what may have been the étarting condition of the I
expansion; but it is not true as it stands for terminal superheat [P
conditions. This will be seen when it is recognised that the coh-

stant pressure lines in the superheat field are not horizontal on the
temperature eptropy diagram. But for nearly all cases they may be

cohsidered stralght lines and hence, instead of 1;_ in the formula:-

(-pli- Zskt
| (’r;+“r;')/a.

where '7:L is the temperature at the same pressure on the adiabatic.

we must use:-

This is quite a simple matter if temperatures are fixed from inspect-

ion of a chart. It must be understood clearly, however, that this -
mean value is not included in the summation series since that '

involves stage temperatures only.

!
, Clearly, since ~I.. and ~/,. are the same in the wet

field the process can be made'perfectly general by writing:-

2 o—mb~ e, |
D CF){“_T—QKZTg"‘-’\—“‘@

or : ‘ |

. ' , ' E ! |
A T e R

: : ! . |
so that by using () and @ we have equations that will give

- fractional increment or reheat factor for any part of a complete \!
expansion range/whether expansion is superheated, supersaturated or

wet, or any combination of these; and the method has the special

e A
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Calculation of Rehest Factorm: (Contirued).

merit of being but little affected by approximate determination of

the temperature values. Of course, it will be appreciated that there
is a liability of a somewhat greater error in superheat field than in/
wet field calculations, but in no case need the differences cause

doubt of the accuracy of the method in practical calculations.

Table I gives a few results showing the agreement achieved

with roughly approximate assumptions as to the divislon into stages. |
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__ THE __ PROVISIONAL _ DETTRMINATION -

oF

One of the most 1m§ortant items in turbine design is the
determination of the.critical speed of the rotor. This is, however,
rather a laborilous process and demands, for accuracy, a full detail
design of the rotor. Now at the stage at which some knowledge of
"safety in this respect is required the design is far from being
~ complete in detail; and a method which can give a provisional figure
for the critical speed is highly acceptable. Moreover, in most cases
of preliminary designs for estimating purposes the time avallable

entirely forbids any accurate calculation of the standard type and

the suitability of a barely outlined design is frequently judged by
simple comparison with previously worked out cases. This is hardly
a satisfactory process; and the desirability of having approximate

methode allowing of rapid calculation will be obvious.

In preliminary design work the quantitieé usually approx-~
imated to are the speed, stages, spaces and weights. The fund-
amental‘Questions of blading and nozzle dimensions are usually rough-
ly dealt with. The problem at this point is really to obtain assur-
ance that the speed and weight are permissible for safe running and

give a suitable starting point for the detail calculations.

The treatment here given only envisages the case of the

two bearing rotor. This is however, by far the most important
example, The development of approximate methods must be accompanied ;
by data which substantiates them, and since the Author is only able ‘
to produce data for the two bearing design he considers it necessary g

to 1imit the treatment correspondingly.

The critical speed of a two bearing rotor loaded in any

fashion is taken in practice as given by:-
Corzstarzl

Ne = : e — = - .
<.
A Yo
= maxinum static deflection
P4¢ e« critical speed r.p.m,

where: -
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 Provisional Determipation of Critical Speed: (Continued)

The critical speed is closely akin to the frequency of

free vibrations; in fact neglecting the rotatory inertia of the

wheel masaes'the two are alike. Since, therefore, it is permissible
to use the elastic curve of static loading in the determination of
the natural period it should be allowable to employ the same
characteristic for critical speed. The use of the static deflection
is therefore quite sound although originally introduced into this
calculation in quite an empirical way; earlier methods used the
loading and curves due to centrifugal actlom which is strictly the
correct method. The justification for the use of the static process
rests however on theoretical grounds as it comes from a general
principlg in the theory of vivrations which states that the period

is stationary for small changes in the mode of vibration.

The use of equation (:) ia,then,a great simplification,
and means that a critical speed calculation is reduced to a deflect-
ion determination. Let us examine here the values that the constant|

in (1. would have for the simplest cases.

| Consider a uniform shaft loaded centrally with a single
mass W . If the deflection under the load is y. and the force
of restitution is 'FTH_ then, for rotation at <> radiams per sec.,
it is simple to show that becones infinite for:-

> < [T
Ne - 22 /E32

W.
Now for this case the static deflection under the load,i.e., the

Hence :~

maximum static deflection ie:-

o

o/ ¢ 8 ?
bi: = EEF»/_é%— = ;};é% e e =®

So that the constant for the single centrally placed load is 187.

a LN

Consider now & uniformly loaded shaft ahd apply the

condition that the critical speed is‘the same as the frequency of
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Provisionnl Determination of Criticel Speed: (Continued)

free transverse vibrations, Theg/equating kinetic energy in
passing through the unstrained state to the strain energy at the
full amplitude we get:-

N, = 6ox157 —p@——E—e—%—:

where the symbols have the usual meanihgs.

But the maximum static deflection is:-

I
. 5wl
c\z(*w S 384 E-T .

Hence :~ : S
Ne : Gox1-87438u o

= 210 .
N;w —_—— e — e — = = — T @

Although these two cases are really very simple, all
practical cases lie between the limits so established., Hence we
should expect that the constant applicable generally to practical
constructions lies between 187 and 210. This is shown by the
following values which represent the constants used by different
builders.

Mr K. Baumann (HBtropolitan—Vickers) Constant = 196,

Parson & Co. . . . . " s 200.
Brown-Curtis e e e e e e " = 187,

The first of these should be the most suitable, as
Mr Baumann established it by direct comparison with correctly
investigated cases. The others have probably been influenced by

the»results of such simple calculations as are outlined above.

It is'therefore permissible to caloculate the critical

speed from the formula .-

FJC y v é@.

in all cases and, consequently, the only figure required is the
maximum static deflection. To obtain this usually necessitates:
the determination of the elastic curve form for the loading and
dimensions -- which is a graphical calculation requiring a complete

knowledge of all sizes.. The method to be given here assumes a




"u. iinix ,on-rtX X/VZ,>.tv , ro,;a'
g g 1 o oi (v = [ ni'i

X'\ - pen

! ZlZye.t'e rno {fnCKh Q \'2 oh C nhcecil SidccJdgi ,

L— ('0fkU= ~wW

nna er[t ccot m'lol ev%j*o oid-anfo oi{+ lo Aoifanr/An*rh *rrj-
9:”0lqj: [0 a Jo.;, h'n.:ifi.:1

eecniroiar dnri ncf oj- borldAm lir ribrAXwony



!?6.(54.

Provisional Determination of Critical Speed: (Continued)

general knowledge of overall weights and lengths and certain type
factors which will depend on the constructional form. From these
an approximation to 5(“" is deduced, and it should be noticed that
even a 1l0% error in #vﬁ only gives a 5% error in P%: . Since the
running speed must give a margin of 25-30% on the critical speed,
errors of thié nagnitude are'permissible in a provisional calculat-
ion. The main desire is to ensure that the general features of the
design are suitable before proceeding to details; and that any
discrepancy in the final and accurately determined figure can be

met by moderate adjustments.

Different turbine types vary somewhat in the forms of the
rotor bodies but, generally, the loading of the shaft is partial
only, being set on a long central length of relatively large size.
Outside this central section there are unloaded, and nearly equal,
lengths of small diameter extending through the gland and bearing

spaces.

Variations in type are shown mainly by the distribution
of the loading and diameters in the central part. The 1mpu1aé
turbine can in most cases be readily reduced to a single central
diameter loaded very uniformly: the reaction turbine may show two

or more entirely different diameters and load intensities.

Suppose,then,that we consider the rotor reduced to the
form shown by fig. 1, in which a loaded part of <1~Z in length

carries the total load W on two diameters. Generally, the position

" of maximum deflection will not depart much from the central point

of the span and may be taken as represented in fig. 1. We are to

assume that for any given type this position has been roughly

established by the factor C 6 which gives the distance from the end

of the loaded section as c=e . The weight over the same distance

is W and the reaction from the bearing on the same side is bW .

The factors 5,43 and & aréfthereforq the type factors and it

would seem necessary to know these for any given type of body.

Actual use of the method to be developed will show, however, that
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Provisional Determination of Critical Speed: (Continued).

these factors need not be studied with any great accuracy; the

assumption of symmefry in the rotor about the central plane gives

results that are surprisingly close even in rotors that depart

conseiderably from such a condition.

The factors referred to are related to the position of

maximum deflection for the following reason,

By ordinary bending theory:-
Ay .
olx = ‘/~17 OL%

|
or, the slope of the elastic curve at any point is proportional to
the area of the "equivalent loadingf diagram between that point and |
the'ﬁosition of zero slope. Obviousiy/therefore,the natural origin i
to work from is that at which the slope is zero, i.e. that at the

maximum deflection.

Referring now to fig. 1 it will be seen that the total
deflection may be considered as made up of the two parts }, , and
32. : and that the slope must undergo a quick change in passing
from the heavy to the light section. These partial deflections may
be supposed known/with sufficient accuracy, when the average slopeé
©, and -Et_in the corresponding lengthes are obtained, since '~
#| s '@, x c--@_ ‘

ya = O % %—-(l—o\);

The slopes may be determined by proportionality with the
equivalent loading areas embraced between axes QO and AR, and
between axes OQ and PP ; the axes AA and BB being taken at
the middle of the respective lengths. Judged only from fig. 1. it

might seem more accurate to take these axes at positions which

would bisect the areas in order to get closer to the mean slopes;
but reference to fig. 2 which shows an equivalent loading diagram
of the more usual form will demonstrate that the procedure chosen
is the better in the circumstances. The matter is studied from

fig. 1 for simplicity/but £fig. 2 has to be kept in mind as the |
reelity. )




provigional Determination of Critical Speed: (Continued),
.o

The necessary development may now be made as follows, The

beﬁding moments at AA and at CC are:-.

. . wy L
\ﬁl{%%(l— a) + q§€2‘~ (é:;A/x ng).
| LG R CRE L)

Me = W i2b(-f

‘1n whioch W 1is the total load on the span length éf. The value

"

Ma

of the equivalent loads at the same positions are, therefore:-
M w4 | _e %
M s WL _a) 4 (b -2
(:r A st 11— (b-5)¢
/M . V_V__@_{QL‘) (- a }
in which if‘ and f[é are themoments of inertiu corresponding to

the diameters d, and d, in fig, 1, The various areas required

are, then, approximately:-

N R T ]
00DD .--(%)ﬂ*cﬂ - Zg{c'b(““)’fg@'%}.
t’.

5588 « ()bt - WLz b0-]

. ye.v_e ch(-2)+ (o-H )+ WL -]

T ‘%C.BQ a)4-c<k- ;_
' VV Cz 2 %
A I CICISERST(RE I S S NN
gnd, therefore, for the partial deflections:-

b B e

Yo & V—ﬁlgcao—a)qu&o SRS EINCv

161,

If 'I] = 1&'1%, then - on gimplification - we may write for the

maximum deflection:=

};MOQ e lsc@—m){ (-a)+ e(b- )% 2-b(- C‘)J__“Q

res

D
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. rotbr loaded thrdughout the central section at a nearly uniform rate

‘substitution of the above values gives the following:-

is fdrthcoming.
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Provisional Determination of Critical Speed: (Continued).

In general therefore we may write:-

\(}W = $W63<é+ @_______,_.'_.,_——@.

e

where:=-

‘ﬁL = conetant independent of type of central section. ‘
A = 8¢ <c—a+\){6(l—«)+ c(b- %)}
5 = —%6(("&)3

The value of a. will be naturaliy decided in the prelim-
inary determination of lengths. The values of Ey S and € will
depend on the nature of the central aection,and are supposed fixed

for any particular type; as & matter of fact they must always be

7’ ’

near the values:=- / v a oy ’
= 2 Q2 D e = Z

and, if definite values are unknown for any particular construction
complying with the general form considered, these approximations may

be employed with confidence.
There is, however, one particular type of rotor for which i

the above valuee of b, <€ and & are correct viz., the impulse

per unit length; and having diameters throughout this length that
do not differ widely. In that case ~ which is shown by fig. 3 - the

A = a(2-a)('—5“/8)-
B % (-

and this is an important case for which verification of the formula

For convenience in calculation the equation may be written:

2¥~w- : 2: 60 (i,> <i”\ + Ei) ——————— ®
in which:- aVZ

maximum static deflection in inches.
total weight of rotor between bearing centres-1b.

" nu ll

L. bearing centres--ins.
T,
R 2 8::(6. a+(){lo(l a) + C(‘o %)} _——.)C:,,, uns.fmmchrl‘ca‘ cen("ra' /oarl's.
b 2 B ((‘Q)b " " " ]
A - °~(2 a)((- '5'*/8) or symmekrical
B - L‘-(( 4)3 ‘F.. 1 "

ﬁt.- constant applicable to either type.
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‘which are definitely off the line, These points represent the
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Provisional Determination of Critioal Speed: (Continued).

The value of fi may readily bte determined by plotting

a few results derived from accurate graphical calculation of

examples of one type. Fig. 4 shows quite a large number of values .

so determined for fairly symmetrical impulse rotors; the deflectionsl

obtained from the graphical processes being plotted against the
expression in equation (®) with the simpler A and B3 values.

The agreement, it will be admitted, is exceedingly close,
and holds over a very wide range as the plotted points in fig. 4

are for rotors varying in weight between about 400 1bs and 16 tons.

This graph gives:- // u
/1o

g -

and this may be taken as generally applicable.

There are two points in fig. 4 - marked o4& and (O -

resulte of applying the simplér form of C) to reaction turbine
rotors of unsymmetrical type. ‘Both cases had loaded lengths com-
prised of two entirely different diameters and carrying loads of
different intensitiss. The value of an equivalent uniform I, for

the central section was roughly fixed by means of:-

T, = 2.'[:-1-,"/(‘_'[" +T)
where ’I,' and T are the moments of inertia of the two different
portions. It 1s clear that this only amounts to a roughly approx-
imate use of an approiimate equation for deflection, and yet the

error in the critical speed derived from the deflection so calcul-

- ated would not be more than 4 - 5%. Obviously, therefore, the

method which has been developed is quite useful;and must be fairly
closelwhen the type factors are known with some certainty. Natur-

ally, the determination of these factors for any parficular form

must be left to those who are dealing with that form but the use of

for rotors that are arranged in falr symmetry about the

. central plane requires no special knowledge.

The applicability of the method is further illustrated
by the agreement with the actual deflections plotted in fig. 4.
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which carry a heavy astern wheel near one end with a short unlondad |

this it follows that the maximum deflection is not greatly affeciad|

A stage of the approximations involved has any attention been given

A fGo.
Provisional Determination of Critical Speed: (Continued).
as the points represent cases of high pressure turbines loader

regularly along the central sectlon; intermediate pressure turbhiges|

gap between the ahead and astern sections; and low pressure turtines|

with a long unloaded gap between the ahead and astern wheels. *rrovif

by considerable departure from the condition of uniform loading
rate on the central length. This fact is also shown by the roush

agreement reached in the case of the reaction rotors since at 1o

to the different rates of loading.

) In the application of @ﬁ it ie only necessary to reai-
ige that we must reduce to single diameters in the loaded and
unloaded sections respectively. Generally there are certain

changes in size in each part -~ such as the step up from a bearing

diameter to0 a gland diameter; or the continuous increase in the
body diamefer to facilitate wheel fitting. The reduction may }
usvally be made by'inspection although in the unloaded section
the nature of the investigation will show - 1f considered - that
it 1e advisable to give rather more weight to the gland diameter
than to the journal diameter in fixing the mean value, A few
applications to any one type will soon give facility in the

necessary reduction. -

This investigation provides a good example of how a very
serviceable rule results from an approximate method of attack,
provided the method rests on a sound pracess'and does not ignore
essentials other than those that can be covered by suitable -

factorglor are reasonably ineffective in their variations.
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