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I TRODUCTtON

This report has been prepared In accordance with the requirements o, '
ONR Contract NONR.ZZ92(CO) and contains a short discussion of the studies on . ..
low specific speed turbines performed up to December 1957, The investigations
have been undertaken by the Advance Design Section of the Turbo Division of p'-.
American Machine and Foundry Company with Dr. 0. E, Balje acting as principal *'...
investigator, D.. Silvern acting'as project engineer, W. Nerenstein, H. Eaten,
and H. Gaveman as research engiaeers, and l,'Friedman as mathematician.

The aim of this program was to appraise the pot ;ntial of axial and terry
turbines as well as drag turbines by investigating the maximum obtainable
efficiency of these turbine types as function of significant design parameters and ""-00
to obtain detiled design criteria for the optimum design, such as blade and %I

'SZ1 channel geometries. This report, therefore, deals with the turbine performance .....*.*.
at design point and In its present form makes no reference to the performance-
range and other criteria (stall torques, runaway speed) of the investigated turbine ,-
iypes.

The conclusions presented in this report are considered final for single
stage axial turbines, but are of preliminary nature and subject to revisions for '-. -.
all other types due to the limited amount of experimental data, particularly on
component performance, s'ch as losses in terry buckets, influence of exhaust
port configuration on performance of axial and terry turbines and influence of
channel and blade geometry on drag coefficients for drag turbines.

This situation makes it evident that additional'testing and analysis will
be required before final con:clusions on multi-staged, axial turbines, terry tur.
bines and drag turbines can be presented. ,.

...., *.....

,... ..' .
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diameters the terry turbine become. competitive efficiency-wise. whereas the
drag turbte excels both turbine type. when smaller specific diameter* are
desired for specific spceds below 6.

Figure It, I also shows the optimum degrees of admissior for terry and
axial turbines and optimum ratio of rotor diameter to side channel depths for
drag turbines as well as the optimum blade length for axial turbines, thus indicat-
ing further details of the design geometry.

The validity of this diagram is restricted to a narrow range of Reynolds
numbers and blade numbers for axial and terry turbines, a narrow range of

- [ pressure ratios for drag turbines and certain values of the clearance a (expressed
as clearance ratio */D) between -otor and stator. These limiting values are
listed in figure 11.1 foi thi different turbine types together with some approximate
relations for correcting the efficiency in cases where the desir-ea design does
not fall between these limits, 

1 [The conclusions. reached so far, ars substantiated fairly well by test
data for single stage, axial turbines. For terry turbines only incomplete test
information is available, particularly test data on bucket losses. Drag turbine
test data are severely lacking. The datc thown for these turbine types are
mainly extrapolated data, based on valid analytical arguments, These values
have to be labeled "preliminary" and are subject to revision. This is particular- * -'
IV true for drag turbines, where the complete lack of data regarding ihc actual " *-b
flow mechanism allows only the application of simplifying theories such as the
"drag theory". Although this theory so far has been pro ven to allow fairly
accurate predictions of performance characteristics and probably defines the
main performance criteria reasonably well, the need for refined theories still
exists if the full potential of this turbine type is to be exploited. By idealizing

I j the flow pattern. D. H. Silverr. developed a "dyna:..leory" for these turbine
typed which accounts for the influence of the circulatory flow component, neglected
in thc drag theory. If to, i-'i ulated flow pattern can actually be estabished, and
if secondary losses are of i,.sig,,.,icant consequences, higher efficiencies than
recorded so far appear to be obtainable with these turbine types. The prtecnt
" dynamic theory" covers only the incompressible case. i.e., cases where no
marked density changes occur in the peripheral channel (low preasare ratios).

"1 -'-.'

.-0,LL
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A drag turbine version with component designs as stipulated by the dystrnLc tLheory - !
I! Is presently being prepared.

... S%
More detailed briefings on the different turbine types are presented In the 1Z.

individual summaries of the different sections of this report (Sections IVoD and
tV-C), .*~sFi

~, ? , , .
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II! PRESENTATION OF TURBINE DATA

In order to properly present the turbine design criteria It Is .dvantageous **. -,S

to use te imlarity parameter., specific speed and spec fi diameter, Specific
speed is defined as

Nss aJT,

and specific diameter by lI

4.,a

when Q denotes the amount of flow passing through the rotor discharge ara
(ft'sec),N the rotative speed (rpm),and Had the adiabatic head (it) of the passin-,
gas. These terms are derived from similarity considerations by~the following
arguments: The flow Q passing through a turbine is proportional to a character.
istic velocity e aad the through.fiow area A. The area A 1s proportional to the
square oi the rotor diameter D and the characteristic velocity is proportional to

the rotor tip speed u. Pence., the volume flow passing through the turbine be4omes %
proportional to the product of rotational speed N and the cube of the rotor diameter -

The head Had expanded in the turbine l "roportional to the square of the character.
istic velocity c nr tip speed u and consequently proportional to the product of the

square of the rotative speed and rotor de-am ,tter ,- -S .

N

R"

,-:
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Comparing the volume flow and the head of a turbine with the volume flow.and
head of a stattdard turbine (subscript,;s" )it followsa from equation (111, 3) ,. k..~

and

Ntnr~~rd tarbie ar

Solving equation j1fl, 51 and (111, 6) for the diameter D assuming that the character.
istic values of the Ptaity(O turine ar equatiart 4111, 1) is .,
obtained whereas by solving equation (111, 6) andclll, 6) for the speed N, equation-
(111, Z) is obtained. Thus, specific spe~ed is the rotative speed required for a R 0t. ,.:

turbine which handles a volume flow of unity and expands a heed4 of unity and thes_________
specific diameter is the rotor-diameter required for this turbine. It it also
evident that turhine4 having the same specific speed and specific d-ameter are
similar in & omretry as well as flow mechanism and, therefore, have identical
characteristics, i.e., the same efficiency if Reynolds number and Macb number
effects are neglected. It %a. to be noted that specific apeed ,nd specific diameter =',.

are t ruly dimensionless number*. This become,, evident when equation (111. 4)
is written in the form so that ____

and

vs q-4),

For convenience and in keeping %%ith specific speed &~ta commonly found in the
"N %iterature, the definitions given in equation (111, 1) and (111. 2) are useci in this
--- V report. 'I is to be noced that these terms are interrelated with the quantities
0 w\,hich determine the losses in the turbine, for excample:

V N , N-'
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I and

when Ai denotes the through. flow area of a jet passing with the velocity c. It is
also interesting to note that the product of specific ipeed and specific diameter is
proportional to the turbine sp-ed ratio

Ii, - 154 . --- '

and that the product of specific speed and the cube of the specific diameter is .,inversel 7 proportional to the gulp factor o9. or flow factor since

.~j %,, '-
S '

both values being important design criteria. It Is. therefore, possible to %
calculate the losses and consequently the turbine effhriency as function of
specific speed and specific diameter, thu3 indicating that tIe characteriiic
aopects for the design of turbines are completely described by the terms specific

*-I speed and specific diameter. A diagrim. therefore, whit) shows the efficiency-
as a functicn of these par.,meters is a convenient tool for exprossing the present
state of the art. Such diagrams are shown in figure (I, 1). ',-.-.

Lk
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Aside from bwint useful in ca.lculating turbine lbases the terrn specific speed]'""..'
! I also indicatoos the interrelation between the ttirbine HP) anAl rotative speed since -".""'4 

-T77-

when 13 denotes the density of the gas at the exhaust port. ,,,,

It id therefor e se to express t sp e turspecinis s a e

function of horsepower level. rotative speed. and exhaust condition. Introducing I
humerical values which a -- -,,ical for accessory power units in guided missilesrT -.. ;..
(by assuming a pressure ratio of 16 and exhaust densities of .04 i/t ]) it follows ,-.'.:that turbines delivering 5 horsepower at a rotative speed of 24in000 rpm operate

at a specific speed of 3.2 and that turbines delivering 60 horsepower operating .. ' \.at the same speed have a specifi spe d of ga. a . It is apparent therefore, that
the specific speed range from o to 1Z is of highest interest for typic i APUturbines, dlei ht4

. I

.....'..

S.4, 
...... :.
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The, absolute leaving component cu.3 can be expressed by

whereby the relative leaving component wu.3 Is a function of the relative leaving
velocity w3 a-nd the rotor bla-de angle Pb-

when the term Ya 12443 denotes a velocity coefficient of the rotor, Assuming
symmetrical blades, i.e., Ab-Z 4 Ib. 3 equation (IV. 4) takes, the form ~ -,'*

Assuming additionally incidence-free inlet Into the rotor blading, the angle P-
becomes interrelated with the nozzle angle o'. and wheel speed U2 since then

F. W 9,' L6

UA.~A 2 V

%.
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S Hence. the torque of the -rotor becomet

Y4C c.4 o.4,4 ft t F- 3 1I- IA

I I~ when D denotes the rotor diameter, Thehead transferred into rotative power is

whereas the head supplied by the gas is

The efficiency, being the ratio of the above, two heads Is then expressed by theI relation

II Equation (IV. 13) describes the hydraulic turbine efficiency for the ftill admission
impulse turbine neglecting wheel disc friction and represents this efficiency as
a ftinctiort of the nozzle angle o%, the velocity ratio u/c i, and the velocity coefficients
for the nozzieyN and the rotort?,

For parti! z1imision turbines, the average exit component of the rotor in

' peripheral direction wu.3 is decreased by the filling and emptying lossesof the
-INS

blades. These losses are sustained by the fact that P rotor channel moving into
4, the admitted portion of the arc will atthe first instance offer a larger flow area to

the nozzle jet than the nozzle area thus forcing the nozzle jet to expand suddenly '

within the rotor channel. Hence, w3 is smaller in this instance than the % v.!ue
after the channel has entered fully into the admitted arc. Analytical investigation
of this aspect as reported in reference I and partially substantiated by test data
indicate that the mean leaving velocity w3 is decreased by a factor

SI ;

.F ,
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arc . t per.111.'ral dreit:on. Herce, the rotor velocity coefficient Y~R has
to he n iltip.ed by the factor ,_when cAua.gthe 1,drmlh( effic--ercvoi the
partial. ian.4sion turb~.re*.

Another loss whi-ch has to be corsidered for uartial admission t&rb~nes ;s
scaverg-mg. This loss is due to mmtcng of the high vfluct) flid frcorn, the re z -C
and tle relattvel slagna:.t fluid -,r th'at part of the rotor that is fUs. becvmrttz ac!,ve
i.n rece.v.-g the fVu.d f: . m the rorzlc. The amournt of energy expanded b,. I!hs loss
),as to be subtracted frorute amoun~t of energy transferred into rotative power.
Arcord, rg to the analysis reported zzx rtference 1. this energy caii be.-eprcsented
by tho head term~

where C deno~tes the ax,.al extension of the biades and f a mixing coefficient WLh-ch*:'.
appears to have va'Aues of about 1. 4. Hence. the efficizn(.y relati;on quoted -n equatxcn
(IV. 13) hab to be corrtc'.ed by a subtractive term ~

whir% corrects the hydraulic efficlen:y for the scave,.j.g loss.

The rovt-'t e'nerg-- ffnec,.ve at t'he turbin:e shat --i smal'ber than tho e~ncr-
trariferred k~to rotattive power by the wheel disc fr.,ct- or. This loss .s uslaa-
expres,-1rd -;n terms of horsepowt'r -'s by a reiatior. of the form

- 9 L ~ -i 9 %
tt KqV

'Xit
%4

.1v

%
%

09A

%
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when "C denotes the density of the gas surrounding the 'wheel disc. 4 the disc :
diameter and Kw a factor representing the influence of the distance of the %
stationary shrouds and the influence o the Reynolds number. trsuarty the toss '..
coefficient KW Is represented as function of both terms in a diagram as shown

in figure (IV, Z) indicating an increase of this coefficient with decreasing Reynolds
numbers and a minimum value for this coefficient for certain spacings between
disc and shroud. This power loss can be transformed into a head loss by writing

-~. HW TMr

Hence, the hydraulic efficiency has to be corrected 'by a subtractive term of the .%

form

-when the shaft efficiency is to be calculated.

Another loss to be considered In partial admission turbines are the pump-
Ing losses caused by blade pumping in the unadmitted arc of the turbine periphery.
Many imperical formulations for this loss heve been presented in literature. The
r*,ost pertinent appears to be the one quoted in reference 2 which expresses this ... ,,

lojss in terms of horsepower by the relation

when h, denotes the blade length at inlethZ, the blade length at outlet dm  the

-'.',.- mean blade diameter, and Kp an experientve factor var)ing from 2. 9 x 10 - -
for unshielded blades to about 1.4 x 10 -3 for properly shielded blades. Trans.

• 1,forming equation (IV, 19) into a head term and dividing by C the efficiency
loss becomesN iH

* ,\;-, ,*

-. 4 , ,, - ' "
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This term also has to be subtracted from the terms i, quation (,IV 13) for "

calculating the shaft efficiency of partial admission turbines. '' '"- '

%With the above Interiela,,tion the final equation for the sh~aft efficiency of :-.,. .,.',
partial admission tu rbines reads; " . <-'. ,".

- 4 4 4.. ~4444 - 4- , 4. Z ,4 ".4.,.

444L44 
4A

4-10 . t . 4" {

Considering now tha t definite inte rrelation ships exist between the degree of ... ".:- '-

admission, weight flow, etc. and specific speed and specific diameter. namely ,: ._.-,' > -

%% ith a denoting the blade number .:,,,

-~Z41

with C " denoting the imnpeller :iiameter ratio/ .r..'v . .

-I--

.4 ~ 4 .-.. . 4 - 44;. -

*,. ,-:. -.z.-.@
6 .44~

4
4J

4' 44"-V. 4'77
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whenh I -z hZ it is also evident that the efficiency can be expressed as a function . +- ,-
of the similarity parameters - - specific speed and specific diameter. This is

I demonstrated by introducing equation (Ill 9). (IV 22), (IV, 23). (IV, 24). (I., 25.W
and (IV, Z6) into equation 'IV. Z1) yielding .,++ ,:

+ + , 7 , '

44-

F"" > ' r-+.""+~

Equation (IV. 27) indicates that it is sufficient to determin e e interrelationship -.

between ., and h , C in order to calculate the maximum obtainable c'' .,'of ahesim lai ar-turbine desii whereby speeis a function ofd e which

ois related to *i by equation (IV. ).i.(IV. 24. "-'..")

' 1 + most efficient design geomnetry and can be enunmerated as follows:

(1d Tle degree o6 ad)nissioa equati-in (IV. 24) is a function of the specific

diameter. Sinceq . max depends on Ns a~nd Ds. the optimum degree

of adisio isnta needn aaee.bt a. fucino s

Ds. -nrd hiD

,.'r * %I,. j ,

Mqu The parameter t/a equation IV. isu is a function of the specific diameter
which again m e.ans that the optimum tha value is a function of Ns. Ds,

s rel and h/dt .y.equation......7).

N ,i ,p4 
J % .

T av e ao h ai rn e go es cn t

mos eficint esin gomery nd an e eun~ratd a folow: ~.0 .,.



J~~~~r No MPaeI

F,' . . .. . ... . .

It will be shon in Sectien C that the above enumeration is also valid for I.. J.

terry turbines %.here the blade distance H replaces the blade heights h.

, It is also important to note that the nozzle area AN or the dimension- "W' % .
less parameter ANIDZ is related to the tpeciic diameter since

with

Equation (V, 28) demonstrates that ANIDZ cha:,ges with pressure ratio for constant

Ds values meaning that the nozzle area is related to the specific diameter by the
turbine pressure ratio Pl/po at.d turbine efficiency I .

B. Axial Turbines

1. Investigation of Losses "-.":'" .

The information on losses published in the literature up to 1951 is
critically reviewed in reference 3, %hich reports the fcl:ov ing findinss:.

The total loss occurring in cascades can be subdivided into a number of .

component losses as follows:

. '. .-', ,,.) ,.:* . •

%

~4A

%... 4

%S- .' C
I" **!
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~~~a. Profile losses denoting that part of the total lose which Is caused ; '-'
ty skin friction or separation in-a uniform two-dimensional flow Q,-'

'o...

across a grid.,<- .,

! b. Secondary losses caused by nonh-uniformity of the three dimensional .,.,:

Sflow, ise, , losses ocurn anyat the tpand hub section of

,c, Leakage losses+ -, "

d. Miscellaneous losses a9, for example. losses caused by the wake of

tetrailing edge ofthe blade.

:,' +.e. Reynolds number influence

a. Profile LossesI , Profile losses are comparitively well documented and are found to be'-

painly a function of the pitch-chord ratio S anni flow turning-angle f .a Figure
(IV, 3) is representative of theide findings .- ,.ung the po:file losses for typical .

nozzle blades and impulse blades. indicati.. v that pitch-chord ratios of, 5 to .9. - .}
depending on nozzle angle s. are optimur ; air nozzles and pitch-chord ratios of
5 to 4 8 o depending on the blade angle optimum for impulse blades. The

lods is expressed in these diagrams by a %.mupl coefsicient ashich is definer of
as the raito of actual leaving velocity c and. respectively and theoretical s

velocity ci obtaiable without loslsels, d.e n

i Ar

whendenotes a lols actor It is to be note% that the optimum pitchchord ratio 9.
decreases with decreasing blade angles t for impulse blades. The

l xtrcts

>1*:,,.: d

astertoo ata evn elct. n : rsetvl.ad hoeia a

veoit 1 obarabewihu lse.,~.
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b. Secondary Losses .

Considerable uncertainty is displayod regardirng numerical values foe "- -
vecondary tosses. Since these losses are presumed to cover the influence of the

flow disturbances caused by the hub and tip shroud,(or tip clearance), it appears
logical that these loses should depend mainly on the aspect ratio OR when aspect P ?' O  y

ratio is defined as the ratio of blade heights h and chord lengths C. This thought
is favored by reference 3,. which states that the optimum pitch-chord ratio Is
independent of aspfct r'.tio and that the sum of profile and secondAry losses can
be computed by adding a secondary loss factor Xs to the profile loss factor )1 , -'.'.

It is, however, pointed out in this reference that this approach is not undisputed,
since some investigators quote a significant change in the optimum pitch-chord
ratio with aspect ratio. This would suggest that the sum of profile and secondary
losses can be obtained by modifying the loss coefficient )t. representing the a..-. - ,

profile losses with a secondary loss coefficient which then would depend on aspect I*.'
ratio and also to some degree on the pitch-chord ratio, A.-

For typical r.ozzle blades the sum of profile and secondary losses is
comparatively well covered in reference 3. This information is reproduced in
figure (1 V, 4). It is apparent from this figure that the aspect ratio has a sizeable .
influence on total losses, particularly the aspect ratio below unity.

Profile and Secondary Losses in Nozzle Blades. ."-

It appears from figure. (IV, 3) and (IV. 4) that the basic relationships
governing the reagnitude of the nozzle loss coefficient is fairly well established,
and that values of . 95 to . 96 are obtainable for most nozzle designs, and that
the optimum pitch-chord ratio decreases slightly Nith decreasing values of . ' --
rendering S valtes of .6 to . 9 as most desir.ble design objectives. Actually the
variation of optimum pitch-chord ratio with, nozzle angle might be somewhat less.-,
as indicated by the curve of Zweifel. reference 3, which is reproduced in figure ..- .

(IV. 5). The abo'e values are independent oi Mach number i.e pressure ratio. ..
assuming that a properly dive-.ging channel section is provided after the throat
in supersonic nozzles. This is indicated by figure (IV, 6) by reproducing values

%. .
~ %

4% "' A
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fromi reference 9. -.

r Profile and Secondary Losses for !mpulse Rotor Blades

No conclusive values are quoted for this case. Since all indIcations
point to an increase in secondary lobses with turning angle it is to be
assumed,that an even more pronouncedinflu.,nce of the aspect ratio exists in

'41 impulse blading than it does in nozzle bladings. Since the aspect ratio of the ,

J rotor is of particular significance irn partial admission i.e.. low specific speed
i ! turbines, a closer invcstigation of this aspect is warranted.

The recent literature (reference 4) contains valuable information regard- .
ing .secondarylosses and quotes that the secondary losses can be expressed by a
toss coefficient which depends almost exclusively on the aspect rati6, and can. in .' ..

I a somewhat simplified form (neglecting losses caused by tip clearance effiects} .'.' '.'-

- 'be expressed by

so that the sum of profile and secondary los.es expressed by z. velocity coefficient ,. ''-
U rea~d&: 2

Reference 5 assumes that the second&ry losses depend, also, on pitch-chord . .. *

ratio and on the ratio of blade lengths h to rotor diameter D !.y proposing a
relation of the form

IiD
without, however, quoting numerical values for the constant. This formulation .

in some respect is supported by test data quoted in reference 6, where the sum
of profile and secondary losses i- represented by a loss factor of the form * '-

fl @

"'" '"
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where the factor K* is a function of turnifig angle and pitch-chord ratio, but ,

independent of aspect ratio for A, > I . A typical plot for the interrelation

between K* and pitch-chord ratio is given in figure (IV, 7) for a chamber angle of

/3S =51 degrees. Equation (IV. 35) it. plotted by converting Xei to *.. (accord-
ing to equation (IV. 31)) as a function of pitch-chord ratio for different aspect
ratios in figure (IV, 8) (solid lines) indicating that the optimum pitch-chord ratio -

tends todecrease with decreasing aspect ratios. The dashed lines in figure (IV.8) "!Trim

repreeent equation (IV. 33) and indicate that the optimum pitch-chord ratio is '," ,.**

independent ofaspect ratio and that the influence of the aspect ratio is consider-
ably stronger than shown by equation (IV. 35). appearing to almost rule out aspect .
ratios ofA4<.4 for efficient blade designs. The available test evidence is still

ir.sufficient to corroborate either equation. Since the difference, however. for A,.>S
appears to be within tolerable limits, equation (IV. 33) is selected for reasons of
simplicity to represent the influence of the aspect ratio on the sum of profile and

secondary losses in impulse bladings.

Conflicting information is given by the currently available literature on the
optimum pitch-chord ratio for impulse blades. The most pertinent information
is reproduced in figure (IV. 9). indicating that Ainley reports a tendency of
decreasing optimum pitch-chord ratios with decreasir; blade angles; whereas
Z%.eifel and Howell indicate the opposite tendency. In view of this situation, it %,.
appears to be unwarranted at this time to modify equation (IV. 33). (quoted as the
preferred relationship for the losses in implulse blades) by a correction factor . >l

for the pitch- chr,'rd ratio, as long as the pitch-chord ratio stays within values of "
. 5 to .8. Since these values usually can be obtained in most turbine designs as
will be shown in Section 4B (Z). it is assumed that equation (IV. 33) covers the ,'
main aspect of the influence of cascade geometry on the los coefficient, with the
exception, however, of the influence of the turning angle. Reference Z quotes
data on this effect based on a large number of tests made by various investigators.
They are reproduced in figure(iV. 10) where the upper line is representative of
nozzle blades, the middle line for well designed impulse blades, and the lower
line for sheet metal impulse blades. The upper two lines agree fairly well with
later NACA investigations on gas turbine bladings. This tendency can be expressed

by an approximate relation of the form
k,, -

' , ,L
" 

- - ,- .-
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, ~ ~The influence of the flow Mach number on the losses in impulse blades was -" -investigated in several references (references 2. 3.7,8, 9, and 10). These refer f O-
ences indicate that the influence of %he Mach number is compar;tvely small in ' ' "

t thi subsonic regime. indicating in reany cases a minimum value at close to sonic -- •
velocities. For impulse blading9 the influence of the Mach numbr seem 1 to be.
more pronounced in th supersonic regime and follows a tendency as indicated-

.. .. a" ,,

I in figure (IV, 11I), i, e., a decrease in velocity coefficient with increasing Mvach n
numbers. Fiori this Information. it appears that a correction factor of the form

Is sufficient to express the influence of Mach number. It is interesting in thisrespect that the radius f curvature between throat and trailing edg The efuer 1; M'PTI

blade surface is o considerable influence on the velocity coefficient in the sub-
r tsonic regime as indicated in figure (IV, 12). This figure indicates that the radlus

should be about 5 times the blade distance, or preferably larger, in order to •. . ... :
avoid detrime utal effects of the Mach number. othMahnm rsen3ob

Other references (references 6, l,and If) report on the influence of bladeS curvature on profile and secondary losses for impulse blades by reporting the
results of cascade measurementt on four different profiles Reference frm
indicates that a profile with single arc curvature has a smaller v.locity
coefficient than profils constructed as mathematical curves. By roundingladthe leading edgeo the velocity coefficient is increased. The largest velocity

Scoefficient a which is also less sensitive to ach number than the previous pro- s-

omillimeters to .05 millimeters. The increased accuracy gave a Z per cet ..
.idher scade effic t hency. ," h"Ma"-u-er

I 07

Othe reerenes.(refrenes 6 lland 2) epor onthe nflenceoflade ,"

",,1 cuvtueonpoil'ndscndr'.se'frim-s baesb eprinh
reuls"f asad ma.reen.1noudffret-roils.Reernc 1.~

indiatesthata pofil wit a ingl arccuratur hasa salle velcit4:l ..c.ficen.tan....s.ontrc.d aOmthmaicl-ures runin
th edigege h vlct-ofiieti ics .Te ags velocity...
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Isur-nmart aing the above discussion on profile and secondary losses in '

impulse iiladi!. it appears that an equation of the formi

is suitable for expressing the velocity coefficient in impulse blades as a function
of deflection angle, Mach numbe rand aspect ratio, L

'cZ~ c. Leakage Losses
"LA

Reference 5 quotes a relationship for the tip clearance loss which
appears to be founded on good analytical reasoning. The derivation is based

A.-It on the following considerations:

The lift experienced by the blades Is assumed to be evenly distributed
over the b*ade lengths, which means that the pressure difference betwee . J
pressure and the suction side of the profile is evenly distributed over the blade.This pressure difference causes a certain leakage flow oer th badtps
which can be calculated with the~ usual relationships. Expressing this leakage
flow in the form of a leakage factor, it results fo,- impulse blades.V

N) __w - TC A1

wh e eby the constant would be expected to have values of about 1.5S. Equation% ~%(V. 39) indicates that the leakage factor depends mainly on the pitch-chord ~ ~ ' ~
ratio and on the ratio of radial tip clearance s to radial blade lengths h. It -- -~'---

is interesting to note that the pitch-chord ratio is of particular significance as ' W
indicated in figure (IV, !3) which shows that for equal value of sjh the leakage
factor is increased by a factor of 1.4 %hen the pitch-chord ratio is decreased by

a fcto of2 Tis ntereationship, however, is of importance only in cases
* ~, where Yk >.OZ . Most designs can, be expected to maintain !Y1 e-o1 i.e.

can be designed with clearances where the tip leakage loss is comparatively small.
In view of this situation, it appears to be unnecessary at this time to introduce a
correction factor for the tip clearance loss as long as .02 can be maintained,.--

~%
9%

%

-a ~* , N --

%a"
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d. Misce!laneous Losses

Some calculated data regarding the effect of trailing edge thickness on
the cascade is offered in reference 3. According to this information, an e-.ation ,j.';' .
of the form

losses, and edge losses when ,m denotes the loss c:-fiient presenting profileand secondary losses and when e denotes a factor .uhich depends on the ratio of [

traiing edge thickness te and blade pitch t and on he blade .nge as indicated,,',,,,, . .'

in figuri (IV. 14). This plot shoas a sizable influence of the ratioteA on the loss
coefficient which to some degree appears to be suostantiated with test da It. t
means that for frequently found values of teA .04 to .05. the loss coefficient is
increased (compared with telt = )by a factor of 1. to 1.25. Since it is presumed
for these investigations that values oi te/t = .01 to .02 can be maintained in most
cases, no correction habeen introduced.

The influence of surface roughness is inestigated in reference 13. The
sijnificant result is that a certain critical roughness %atue r. exists. No change
in loss coefficient was observed for roughness values below rc, but a marked
increased for roughness when the value was greater thar rc; namely an increase
by a factor of 2 when the roughness is increased b: a f-c:or of 4.

Most investigators quote a comparatively small effect of the axial clearance
between rotor and stator. As a%. example, a relation quoted in reference II is
reproduced in figure (I V, 15) indicating that axial clearances up to 2 per cent of
the blade length hardly effect the efficiency. It is to be expected that this relation .
has to be qualifxed since a pronounced influence of blade thickness on the clearance | 1
sensitivity will exist. It is assumed that for thick trailing edges, a small axial
clearance is detrimental due to the comparatively large aake unich enters the
rotor blade. If the axial distance is increased, the flow pattern can straighten
itself out before entering the blade, thus most lfikely red,:ing the detrimental .'6.v
wake effect. It is to be expected, therefore, that the optimum axial distance is
to some degree a function of the thickness of nozzle blade trailing edge.

" , ,

Z4 . ,'.
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S.:me information is found in the literature, particularlj reference 3,which ,-...-
indicates an in.- -ase -in profile loss by oblique angles of attack at the leading.
edge of the ro. ':- blades, No detailed evaluation of these relationship& has bee-i

made yet since the primary aim of this program are design considerations rather -
than calcvlations of the performance characteristics of a given turbine. It is,
haever, interesting to note that blunt leading edges in subsonic grids not.only
have a beneficial effecton the incidence losses, but also on the profile loss at
zero'incidence. This is demonstrated in referece II which indicates that a
blunt edge is about 2 per cent more efficient than a sharp edge at zero incidence.

e. Reynolds Number Influence

-Results of the influence of the Reynolds number on the velocity S

coeificienr are found in reference 3, The main result is that a pronounced
effect of Reynolds number exists at Reynolds nurtber below 2 x 10%, Figure (IV, 16) "  -

indicates that the profile loss. and consequently the overall loss, is almost doubled
by decreasing the Reynolds number by a factor of'4. Other investigators place the S'5.*.':S.

crittcal Reynolds nurnherat slightly lo%%er values, namely Re cr : I05o The effect
of Reynolds number on the overall turbine efficiency by using the information
represerted in figure (IV, 16) will be discussed in more detail in Section IV, BZ.

2. Performance of Single Stage Turbines

In equation (IV, 27), the efficiency of single stage turbines is quoted asa function of specif"- speed, specific diameter, and certain loss coefficients of the

turbine nozzle and , rbine rotor. The dependency of these two factors on the V'& ' -'
geometry ,%as discussed in Section IV. BI. The main result was that the nozzle
velocity coefficient can, in almost all cases, be assumed 4: .96 as long as pitch.
chord ratios of .6 to .9 are achieved. I he relation for the rotor loss coefficient
is quoted in equation (IV. 38) %here the assumption is mnace that the rot.,r Reynolds ". 1, ,
number is larger than 2 x 10 , that the clearance ratio s/h is smaller than .02.
that the critical roughness value i3 note xceeded, and that the trailing eJge thick- -. 7, "
nes ratio tell is smaller than .02. Introducing the above relationship into ,
equation (IV, 27) it results - ,.

)7•b.~O " ")J2O- ")B!.- ' Si'.%\I S a

I4 .0,4 -~
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This relation can be simplified considerably Nhen it is assumed, as proven by
sample calculations, that the members quoted in the first line of rquation (IV. 41)
are the most decisive vailues. Hence. maximun efficiencies will be obtained

I.

yields a maximum. In referring to figure (IV. 17), w ich shows a typical cascade
section. it is evident that the follow -,g geometrical relationships exist- IN

I and .,

when the radius .,is assumed to be equal to the channel width a.* This assumption
gives reasonable channel geometries and also satisfies the optimum pitch-chord

ratio relation, quoted in figure (IV, 9). 1 ntroducing these relations into equation
(IV, 42) and differentiating equation (IV, 42) to find the riax;mum, it results thatL an optimum h/1 value exist which follows the relation "' "

z -.-- Z-.

I! 
.% .%)Opt
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,ntroducing this optimum relation into equation (IV. 41) and also replacing the >.

N.lue C in the second lines ot equation. (IV, 41) by equation (IV. 44), it follows
for the maiimum- efficiency of single stage axiat turbines

- I-

~.N.

Thi reatin nw qote th eficenc asa fniaon f seciicspeed. specific
diaetrnozleanle blade angle. and blade number. whereby it is to be

observed that an interrelationship exists between the nozzle angle and blade ~' ~
angle (for incidence free inlet) as given iii equation (IV, 7). Instead of quoting %__________
the blade number, the ratio of cutter diameter (for cutting the rotor channel) .
to wheel diameter. can also be introduced into equation (IV, 46). since

(see figure 11", 17).

These relations indicate that the maximum obtainable efficiency becomes ~ ~ ,

4 an exclusive function of specific speed an~d 'specific diameter, nozzle angle, and \
A either blade number, or ratio of cutter diameter to rotor diameter. This makes %

it e~ident that other parameters such as the ratio of blade heigat over diameter,
or the ratio of the arc of admission to blade pitch, or aspect ratio, are not pri-
mary criteria. but become functions of specific speed. specific diameter, bladetw
number, and nozzle angle. .2

Byv selecting a specific speed. nozzle angle, and blade number and %arying,
for example, the specific diameter, tha- optimum specific diameter can be found.
A typical ptot is shown in figure (IV. 18), indicating that in. imum efficiencies .- *

are obtained at certain specific diameters. whereby the optimum Ds value increaser,*
-Aith decreasing specific speeds. This also means that for this maximum efficiency



; certain optimnum values of 1,11) exist whereby the optimum hID) depends matinly L,"/ 0" 
:,; i, on D&, Increasing with decreasing specific diameters& as indicated by equation . .. --

(IV. 45). Figure (IV. 18) can now be transformed into a NsD s diagram by show- , 5"

: t~ng lines of constant eff'ciency -is the function of specific speed andi specific. , %.

diameter. Such a diagram is shown in figure (IV, 19) indicating at the same .,:.
time the Optimum h/D values as well as optimum degrees of admission. This ..

S plot is c.alculated for a nozzle angle of 16 deg-rees and -a value of a~tb-.010,. 'nw ,,

An inspection of this diagrarn reveals the following trends. The optimum , ",.-
degree of admission decreases with decreasing specific speeds. In ordir to .
obtain highest efficiencies at decreasing. specific speeds. the specific diameter X,%

has to be increased and the ratio of blade height to rotor diameter has to be ,' ,
decreased. This means that turbines with lbw degrees of admission, i.e.. low '-"---
specific speed turbines. must show comparatively large rotor diameters with .,,

comparattively short blades. Since the ratio of cutter diameter to rotor diameter ,'.-,
should be minimized, it also follows that the number of blades should be maximized %\',3'
which meant that low specific speed turbilnes show beat efficiences onlyif the ," ., .
maximum possible number of blades is selected. ',-,.-.'

Full admission turbines, i.e.. high specific speed turbines. show best
efficiencies at considerably smaller specific diameters and considerably larger A I .

ratios of bltade heigh:s to ro.tor diameter.. For the same ratio of a?/D the blade !-. '.,

number also is smaller than in correspondin.- partial admission turbines. This .',,
means that full admission turbines usually show a comparatively low number eof',... '
blades for optimum efficiency and also comparatively long blades. It becomes :.-,"77"
evident. therefore. that only inefficient partial admis-sion turbine designs are
obtained if the blade geometry found acceptable for full admission turbines is,; .

S adopted for partial admission turbines. , ..

The influence of the blade nr,-.,ber is demonstrated in figure (IV, 20) by .- ---.,
S showing the maximum obtainable efficiency for different specific speeds as .;'

function of specific diameter by selecting for design A. a blade number of 100 -¢--=
and for design B. a blade number of 4Z. A com'parison of these curves reveals f.

S that the smaller blade number has a considerable effect particularly at low,- . ,

specific speeds. For example, it decreases the maximum obtainable efficiency .. ,
at specific speeds of 3 by 40 per cent and only by 15 per cent for specific speeds , . .
of 30. This diagram also demonstrates that high blade numbers are desirable ,, ,

for all axial turbine designs. but are of particular importance in low specific I' , '
S speed turbines. :t

. .'.

.,
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The practice of adopting the design philosophy. usually applied for full .- =7

admission turbines, also to partial admission tuirbines, mivht be partly responsi-
ble for the low efficiencieb quoted so far in the available literature (reference %
14). The optimum data taken from reference 14 are plotted as a solid line in .
figure (IV, 21) by showing the maximum obtained efficiency as the function of " "'
specific speed. The dashed line in this diagram shows the efficiencies obtain.
able with optimized geometries and-the dotted line shows the AMF/TD test S1
results of a partial admission turbine optimized for a specific speed of 3. An

., : inspection of these curves reveals the considerable gains whicl. are obtainable ,.
with optimized geometries in partial admission turbines and, also, demonstrates
that the considerations which led to the optimization are partly substantiated by
tcst data,

Influence of Blade Number

It is now of interest to investigate the effect of several geometric parameters
neglected so far in figure (IV, 19) on the maximum obtainable efficiency. For this §,. .M.,
purpose equation (IV, 46) has bce, ,-,written by introducing average values for _ _

nozzle angi, and blade angle, yielding an equation of the form

ft \,+A" + ___._ ... +

This equation sho%%s that aside from specific speed and specific diameter, the
ratio of specific diameter over blade number, or its equivalent, the product of ,
specific diameter and ratio of cutter diameter* over rotor diameter, emerges as
additional criteria. Thi, suggests that the influence of the blade number on
efficiency couid, for example, be expressed by a correction factor by writing ,

the ratio of efficiency to base efficiency /' , ) and by representing this ratio" '
as function of DS/z. It is appe.rent from equation (IV, 48) that such a plot must
show specific spe-.d and specific diameter as idditioral parameters when an
exact correction factor is to be determined. It appears possible, however, to
simplify this relation by only considering the members in parenthesis in .
equation (IV, 48). With this assumption, the correction factor for the blade , .
number would take the form
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It is evident that such a relation must be quite inaccurate at large specific
i7 diameters since the subtractive members neglected in equation (IV. 48) increase
1 with increasing specific diameters and also change with specific speed. If the

influence of specific speed is neglected, it must be expected that the influence of 0
F specific diameter is vtronger than indicated in equation (IV. 49). By allowing
. some inaccuracy it appears possible to account for this influence by modifying

equation (IV, 49) to the form

This relation is graphically shown in figkire (IV, ZZ). indicating a strong influence ,_
of the ratio of specific diameter over blade number on the obtainable efficiency.
revealing an efficiency drop of about 50 per cent for large sp.-cific diameters, "04

i.e., typical partial admission turbines, when only one-third of the optimum
blade number is setected. This figure at the same time also reveals that the !V

- influezice of the blade number is smaller at lower specific diameters, i.e., full
admission turbines, as discussed previously. In order to test the degree of
approximation involved in equation (IV, 50), figures (IV, 23) and (IV, 24) have t

been calculated showing lines of constant efficiency as the function of specific pi::

speed and specific diameter for a1D ,alues of .015 and .025. (a -- 66 and 40)
B i.e., progressively larger than the 4D ( a -- 100) value assumed for figure

(IV, 19). Comparing the efficiencies rosulting from these diagrams with the
correction offered in figure (IV, 22), it results that the correction factor
defined by equation (IV, 50) gives fair values for specific speeds between I and
10, i.e., for the range which is of highest interest for partial admission

,. . ?
%K' :0

fit.
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turbines as applied in accessory power urits for guided missiles. Equation

* W.V 50), however. doed not represe'.t the change in optimum h/D values and '

Optimumn degrees of admission caused by the diffe rent values of ab, Hence.
the correction factor offered in equation (IV, 50) should only be used as a first ~''
rough approximation. The main purpose for quoting figure (IV, 22) is to show ~~
the hig~h degree of sensitivity to proper blade anui,'ber selection exhibited by partial .'i 5 ..
admission axial turbines. '.r. '

Equalien (IV. 46) qluotes 'efficiency as a function of specific speed, specific .r
diameter, nozzle angle, blade angle, and blade number. It was stated in Section
B, 1 by discussing the losAs sources. that Reynolds number izifluenceshave been
neglected and that equation (!V. 46, %%as piesumirng a constant Reyn~olds number

4 (Re = x WSP) and, furthermore. that the radial clearance is less t',antwo, per
* cent of the blade height and that the trailing edge thickness is less than two per cent / \

of the blade pitch. It is now of interest to investigate the influence of these
parameters -3n the maximum obtainable efficiency. >:

Reynolds Number Effect

The blade Reynolds number used in figure (IV, 16) was defined by *''&'

4

e. Wi * ALI

Introducing the previously defined parameters into equation (IV, 51) the Reynolds j~.*~~

number can also be written in the form

eT 4

revealing that the ratio of rotor diameter over blade number or for a given.5
specific speed, the ratio of specific d.ameter o'.er 'blade number becomes again
a criterion. From figure UIV. 16) it appears that the blade loss coefficient YP '*

varies wvith Reynolds number according to the relation (approximate)

f ff. 2
'~1%

~ ~ *:K~ %

S. * ., ~ ~
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a hereby, the constant has a value of about 5.30. Considering now equation (IV, 48) "" -:

raztio of efficiency over bate efficiency, after introducing equation (IV. 53) ,..

• ..- . ..

additionally. can be written in the formJobl. 723 Pae 33UJo

Remembering, again, that the subtractive members in equation (IV. 48) 8re

am ain acuntin on pcfic theameerprnheifti equationtV 4 a ob thife

as to yield a larger influence of ipecific diameter. suggesting after further
dsimplifications, a relation of the form

2o 1.A

Tis equation again indicate that the Reynolds number effect is a function o .
a aispecific diameter. endabiane nuimh i4)rasg t ei d values.

Ths Telatin is plotted in figure (pVi 25). However, the relation must be applied

uithdiscrtionsin a s reaindofted for utin(V5)heRyodsnme

l] increases with increasing %./ v-lues. This means that in Most cases where ,',.." %
th e Reynolds number ef fect is la.rge. |farge Dsl2 values) the Reynolds, number ' 'O

" itself tends to b e large i. e. clove to the base Reynolds number. so that only small -: -
S dev-iations from the base efficiency occur. It appears that for most cases the-'

.Re
morehi oeqtionain qudoateon tht Reynolds number fec isel a ucino,

IY T

wi give acceptable aerage vaiues. inc-asin wi, in.e.sig.D" vau"s

sei i te f r V 5 H e t ei u b p
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Leakage Effect

The influence of :In leakage on the blading eificienc was quoted in eouation

(IV, 39) and graphically represented in figure lIV, 13). Introducing equation (IV. 44)
Into equation (IV. 46), the relation for the leakage factor simplifies to

indicating that the leakage factor is almost exclusively a function of tip clearance
over blade lengths . Considering, again. only the numbei' in parenthesis -in
ecuation (IV, 48) and introducing equation (IV, 57) a correction factor ior the leak-
age effect can be quoted in the form.

CM I ' 4 .'

Considering now that the subtractive numbers in equation (IV. 48) have a strong . ';>:.-:
influence at large specific diameters, a modification to the form

is indicated which is graphically presented in figure (IV. 26). -*here a clearance
ratio of (S/h)o = .0 is used as the reference point in accordance with the
assumptiolis discussed in Section IV. BIC. This diagram rexeals a noticeable
effect of the ratio Ds/a on the leakage sens-ltiviiy meaning that ior equal blade' rnr*O !i

numbers the ratio '/h is somewhat more irnportanM fir large sp-cific diameter

i ...... ;.',..> ._ . -.

..... . . ..... ... ... . .... . • - - _ ,
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'T turbines Itypic.Lpartial admission turbines) than for low specific diameter turbines L; WO ,: Z.
? ! ~~(typical full admission turbines). It is. however. also evident by comparing figure o ,,., .;'.';:'

; ~~(IV, 26) with figure (IV. 22) that the effect of specific diameter on the leakage is \" k - '

'j ; ~considerably smaller than the effect of specific dia.meter on the blade number, ., ,,

L6

"." ~Equation (IV, 59) gives an approximate relation for the rim clearance ',_t
S correction factor by expressing the rim clearanlce in per cent of the blade lengths.

i ' ,  I  " The reference value Glh is a useful parameter froin an aerodynamic point of,'"''''..-

A ~ ~A

view, ince /h expresses directly the geometrical leakage, thus linking the "
efficiency drop to chanel geometry. From a manufacturing point of view. the

tip clearance ratio B/D is of more significance. By observing equation (IV, 45)i.., \..-whicn states the optimum hdi ratio as atfunction of specific speed it results that.
the optimum blade lengths decreases with increasing specific diameters. This '". "=-.

cnsidmean y that the ratio ID become f %re sensitive to specific diameter namely

indicatin fat y expreaintal im n turbine n are considerably more sensitive '

I - ~to O/D than typical full admission turbines. _

. Trailing Edge Thickness

.The influence of this parameter on the velocity coefficient was quoted in
efation (IV 40) and graphically reprented in figure (IV, 14). Introducing

equation (IV, 40) Into equation (IV, 46) and considering only the numbers in
parenthesis in equation (IV. 46), a correction factor can be written in the form*. 4..'.

which, again blhws the influence of the parameter specific diameter over blade
number. Considering that the ubtractive members in equation (IV 4) havel

i¢.\ . "  L eatin particularly 61strong hinfluenceor at large specific diameters, a modifica~tion ofi,.. . ..---:........

"i " 3 . - .-.-L ,." ...

2 -. O e- -. 5 e.

is indicated. ht.aril di_,o

.,,.-........ .
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The Influence. factor e in equt ion (IV, 62) car be approximated by the e . 0
relation (see figure (IV. 14)

- I t4 o,

Introducing equation (IV, 63) into equation (IV, 62) yields

to

revealing that the product 12L(. " becomes the governing criterion for the \ + x, \-.
correction factor for the trailing edge thickness as graphically shown in figure
(IV, 27). Equation (IV. 64) indicates that a comparatively large trailing edge
thickness can be tolerated at small specific diameters, i.e. in typical full
admission turbines but that the sensitivity to trailing edge thickness is consider. .

ably increased at large specific diameter, i.e. partial admission turbines, ,"=.:-. .
again demonstrating that design trends found acceptable in full admission
turbine. will be found detrimental in partial admission turbine designs. ,__,,... .

It stands to reason that the simplified relations, offered for the different
correction factors can only indicate the main trends and are quoted mainly in
order to indicate the most influential design parameters for the different . -
corrections. A more accurate appraisal of the influence of the different
parameters can only be obtained by calculating complete Ng- Ds diagrams for
the different parameters such as different blade numbers, Reynolds numbers. .' "". _ ,  '  ,'

tip clearance ratioa, and trailing edge thicknesses. This was carried through
in this report only for the influence of the blade number (figures (IV. 19). (IV, 23),- - .
and (IV, 24)). Comparing these diagrams it becomes -evident thatthe optimum
specific diameter changes considerably with blade number at small specific -.. y-
speeds which also causes the optimum h/D ratio to change. Similar changes
will also result for tip clearance ratios and trailing edge thicknesses which .

are different from the base values quoted in figures (IV. )9). (IV, 23), and (IV, 24). On.-

% - . e. .." ZN*

*J*- i'
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. . .

Since all these factors depend on the main criterion. namely Di. It appears . ' *
possible to use figures (IV. 23) and(IV. 24) not only for showing ttie performance
at snaller blade numbers, but also for prosenting more accurately (although still
approximately) the performance at larger leakage and trailing edge thickness but
larger blade numbers. This considetation, in conjunction with equation (IV, 50).
(IV. 59), and (IV. 64) suggests that the approximate validity of figures (IV. 23) and
(IV. 24) can be extended to the conmbinations of values as presented in table A. -

* U 'TABLE A

Fig. D Re .. ,.D,

23 ,015 .02 .0 2 x 10t5 24 025 0Z .0 2 x 10.'
23 .014 I1a .02 Zx 10 24 .023 .12 .02 2X105

23 .014 .02 108 2x1 X t 24 .023 O0Z .08 2 x105

23 .014 .05 .04 2 x 10 24 .023 .05 .04 2 x 10,
23 .014 .02 .02 1,7 X 105 24 .023 .02 .02 1.7 x 105 '

V 3. Performance of Re-entry-Type Axial Turbines

It is apparent, that by considering multi-stage arrangements, the rotative
speed can be decreased for the same horsepower output wathout impairing seriously : -
the overall turbine efficiency. Hence, multi-stage turbines tend to ,.tve higher .
efficiencies at lower specific speeds than single stage turbines. By designing multi-
stage turbines in the conventional fashion. greater turbine weights and increased
rotor complexities are the consequence. Such a design would be unfeasible for _____ _

r- serious consideration in small accessory power units since the simplicity inherent -. " .'w

in single disk turbines must be retained. .

Ir An attractive way of combining the single-disk design with the multi-stage
performance would be the re-entry-turbine types, whereby the first stage would-.'N N
be, for example, a single nozzle (partial admission) turbine, figure (IV. 28). After

absorbing a part of its energy in the bucket, the jet will ba coLected and returned
to the front side of the wheel via a return duct, and again be admitted to the turbine
disk, thus expending another part of its energy (pressure-staging). This process "

%*"

I% IN I*.
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can be continued so that an extremely high number of stages can be combined in

one disk.

It is evideist that additional losses, such as filling and Remptying losses.

leakage losses, 'etc.. will occur. in this turbine type which are detrimental to~
the overall tu.rbine efficiency. The wheel friction. however, will be smaller in

the single disk turbine than in the conventional multi-disk turbine, so that the
S single disk turbine does not only show disadvantages. but also some aerodynamic*.\.

advantages. A performance analysis of this arrangement is presented in this
section for different number of stages, assuming that the rotor Is shrouded at
the rim.

For re-entry arrangements. the turbine efficiency, exclusive of the bear-
Ing losses may be defined as%~

*%. %

%%htre N

:Turbine efficiency
l:Average stage hydraulic efficiency
L Average per cent tangential leakage

Li1  Average per cent radial leakage
Lb B flade pumping loss, per cent of availa~ble energy

zd Disk windaue loss. per cent of available energy
LiP Scavenging, loss, per cent of available energy

For impulse blading and assuming no recovotry of the exhaust energy, the
aerage stage hydraulic efficiency can be defined

(see equation (IV. 13))

whereby for partial admission designs has to be modified by the factor K

of equation (IV, 14) so that0 '
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'~hey,~*denotes the rotor velocity ratio for full admi~ssion design.

IThe arc oC adxnission I.pressuro stage4 turbtues vavie Croni stage to
stage. An average value frkcan be determined for n stages by letting

and

for t6e mnstage of the turbine. Equation (IV. 68) can be expressed as

~j With identical velocity diagrams at each stage.

thus

41=

:9:'The gas density ratio in equation (IV. 72) may be approximated by ( 7p,) The
accuracy of this approximation, is dependent upo-,. the Gpcc. beait voit~ ~. *as vucl
as the stage efficiencies. It is expected, however, that the overall accuracy
of this analysis -will not be too adversely affecte~d by this approximation.%

3
A

.~. *4 A-' %!
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Substituting th ppoimto
~1%

inuo eqtn V ) thenpoimto

Recognizing, now, that similar velocity triangles require

and that

then

IPIN
substituting equation (IV, 77) into (IV. 74)

%1*.~*

*.4 .%

%4 %

emva-t "W

% N.%
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Thiu final equation is a geometric series, simply evaluated toyield

h7 Applying this final expression to (IV, 4" gives the blade velocity coefficient as

_ _ - I I

* .iAdditional losses %hich must be considered in the single wheel pressure
staged turbine are the radial and tangential leal.ages. If it is considered thatthe turbine wheel is shrouded, then the oniy radial leakage is inward, The
tangential leakage differs on each side of the wheel in that the upstream side has
a nazzle velocity compolent which contributes to an increased leakage flow.

a . rarngential Leakage

For the rnth stage, the leakage flow rate will be

I p with Cf denoting an orifice coefficient since

IK

The ratio of this leakage flow to the nozzle flow is 0. All

i.

ii"L'.
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The average leakage loss is

_i __ ", n 4

It should be noted that the series is atirnrned to the (n-lth, term since
the Iat't stage will have zero leakage. Substituting from equation(IV, 78)and
letting ni m-1

C4 C

With

A.

'P.k X
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b . Radial Leakage A.-.

The total radial leakage must be considered lost since the amount of *
energy represented by this flow does. not contribute in tie process of generating
rotative power, The orly leakage which must be considred in a shrouded wheel

is the leakage which occurs radially inward. The leakale flow at the rtth stage ,

can be Shown as

when C aga~n denotes the axial clea-rance beteen rotor and stator. Expressing

Lrm as an average leakage, then

, P

Since

and aiuming labyrinths

it follows that ,-...

L "zL 'C '.a .. " ',--'"'..

Corresponding to the density ratio described in UV, 94). the leakage -.elocity is _____.

sonic. consequently

Zf.,.
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-1

and. therefore, the final expre:i-n for the radial leakage reads"

In accordance with reference 1, the ratio of blade scavenging loss to
avaiable work is 

. .. ,,

Thsaverage scavtrnging loss then becornes

which reduces to "

-- V-

Reference (Z) gives the disk frictional windage loss as "

/0~Ir 10p 1Zi

.=4
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L and as a percentage of the total available po~er,

Since

where & is the exit area of the ideal jet of a single stage machine, thus

CL

Reference (2) gives the blade pumping loss as

"L .z , d0 W,.,r, <W+' " <M-

The symbol represents the ratio of the active-to-tutal blading, hence N

which then reduces to

[0 I77

%

.1. . •

I *,, % % ,..*

1-F,+,P
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Finally, the blade pumping loss expressed as a ratio of the available power
reads

X 10,

L PXi ()(5c) ('- x),,___
Using the above devised relations the efficiencies obtainable with re-

entry-type turbines for up to 16 stages is calculated by assuming the following
values':-..,'.?

Stator angle 15 degiees , *WE

Number of blades 100 ,S 

Minimum aspect ratio .75 ,,

Minimum hI)d ratio .04
*

Axial clearance ratioC/D .00' "-'.-...

Pressure ratio 16: 1.'. ,'

The results are shown in figure (IV, 29) by plotting the efficzency as a
functiot. of specific diameter for different specific speeds and different stage
numbers. An inspection of this diagram reveals that the efficierncy can be
improved 33 per cent at a specific speed of 3 when the number of" stages is
increased from I to 4 and can be improved 50 per cent at s:%ecific speeds of 1 I%
when the stage number is increased from 1 to 8. It is also interesting to
note that tl.' optimum specific diameter decreases with increasing stage
numbers for constant specific tpeeds. meaning that smaller rotor diameters
result by multipl e- staging; this compensating somewhat for the weight added
by the return channels.

By plotting the maximum obtainable efficiencies as function of s. ecific
speed, a diagram as shown in figure (IV. 30) results, which also shows the
efficiency gains, obtainable with multiple staging, Figure (IV. 30) al.o reeal. -
that stage numbers exceeding 8 will show advantages only for specific speeds
smaller than I revealing that the maximum stage number to be considered in

typical accessory power turbines should not exceed 8.
',' -', -, .

., .,,. ..

:,,'.S. . '.
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It must be emphasized that the quoted axial clearance is an absolute pre . . .

requisite and probably the most decisive parameter for obtaining the calculated
efficiencies, in contrast to the information in figure (IV, 15) which shows the
insensitivity Gf single stage designs to axial clearance, It stands to reason
that an increase in axial cieaiaance in pressure st;.ged re-entry-type axial
turbines must increase the leakage and consequently. "spoil" the energy con.
siderably for the subsequent stages so that the merit of multiple staging is
nullified at excessive axial clearances.

It is also to be noted that no reference is made to the location of the
exhaust ports of the different stages and their location due to a lack of pertinent *

j information of its influence on the performance. It is assumed that the losses
incurred by the re-entry channel (and exhaust port geometry) are covered by
the assumption tl-at the absolute leaving velocity of every stage is lost entirely.
This assumption is not yet substantiated by test results thus demonstrating the
preliminary character of the information on re-entry-type turbines presented

in tais section".

A test turbine has been manufactured xhich allows to test different
versions of re-entry arrangements. Test runs are scheduled for the month of
June, and will be reported on in the next progress report.

4. Conclusions ' .. -

The analysis presented in Section IV-BZ and IV-B3 allows the formu-
lation of some interesting conclusions dealing with design criteria for partialadmissiz-n (low specific speed) and full admission (high specifitc speed) turbines." .. ",'

Critical design parameters fn- low specific speed turbmnes are the aspect ratio, ", -'-
pitch chord ratio, blade , .d-arnCr ratio of the rotor and the degree of

II admission. Investigations sno, that comparatively small aspect ratios are ..C,
admissible in full admission turbines, i.e. high specific speed designs, but ___._,__

are intolerable at low specific speeds. Optimization studies indicate that the
aspect ratio should increaie with decreasing specific. speed in order to obtain -
high efficiency. Another parameter which has considerable influetice on theperformance of low specific speed turbines is the ratio of blade height to rotor .. ,,. .

a iameter. Optimum values !or this parameter are primarily a function of specific .
diameter and specific speed, decreasing with decreasing specific speeds at,d .
iqcreasing specific diameters. (---'-h2 .

H .
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These conclusions are in ma,,y aspects well substantiated by test -data, ',

where aspect ratios of .35 and h/d ratios of .05 gae an efficiency of only 25 .' .-. .;.

per cent at specific speeds of 4, whereas aspect ratios. of . 75 and, h/d values
of .0375 indicate an efficiency of 50 per cent at the same specific speed, The .. " .

.N
difference in efficiencies of the above two designs is even more pronounced at -_-_...._"__
lower specific speeds. This means that optimization of the cascade parameters ! -tl
is extremely critical for low specific speed turbines,

Another, but still preliminary coticlusion,is that multiple staging on a. "
single wheel, providing that small axial clearance between rotor and stator can.
be maintained, appears to yield appreciable improvements on turbine efficiencies A;'X
for the low specific speed regime, These improvements are noticeable particularly
in the low specific speed regime where a 4-stage design increases the efficiency
by about 20 per ce;,a at specific speeds of 7 whereas 8 stages improves the
efficiency by about 40 per cent at specific speeds of 1.5. These "nvestigations .
also indicate that an increase in the number of stages above 8 does not result
in better turbine performance. , "

C Terry -Type Turbines % %

Terry turbines are presently almost exclusively used in the low specific
speed range. rhey are conventionally built as partial admission turbines. prne-
dominately with a si'igle nozzle admission, A typical cross section is shown
in figure (IV, 31) which indicates that the jet is directed against the rim of the
rotor into circular buckets. In these buckets, the jet is deflected by 180 degrees
ard leaves the rotor with a flow angle as prescribed by the boundaries of the
bucket. These buckets fulfill the samc purpose as the rotor blades in axial
turbines, The difference is however, that the jet is deflected by 180 degrees v .'
instead of the more usual 120 degrees in axial-type turbines. Another differ- V '.W•--'
ence is that the jet in the rotor has one open boundary since the rotor channel
provides only three walls instead of the usual four walls found in conventional
cascades In almost all other respects the working mechanism is about the
same as in axial, partial admission turbines. The notations, as shown in
figure (IV, 31) indicate that the two most important geometrical criteria are
the noz ., which usually is equal to

th ozle angle P( and ihe blade leav.ing an~gle wihuulyi qa o' ,. "'"\,....,"'

the rotor inlet angle 
-

%

.....
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wheni r demiotes the mean radius of the rotor blades. figure (IV. 31) h the axial .

wi~adth of the nozzle, whereby a gain is a fui'ction of the rotor blaae geometry %%..
and blade ;angle Pi- which is related to the nuzzle angle by equation (IV.?7)
for design point operation tincidence- free inlet of nozzle jet into rotor bucket). '
It is evident that equation OlV, 110) is similar to 'equation (IV. 27) which describes S
the efficiency for axial turbine and that the enumeration of significant design
aspects, presented in section IV-A also is valid for terry-type ttrbines. I-

1) -ivestigation of Losses

The largest unknown for terry turbines is tCie rotor loss coefficient .,
It is to be expected that its value depends on the geometrical channel configura--_______
Iioni i.e., deflection angleradius of curvature. aild blade spacing. It is not W WWflt
obvious that loss coefficients measured in cascades or ducts. and published in

~' the literature, can be used as reference since a typical terry bucket has only
three walls, therefore, allowing the jet to seek its own boundary at the 'oe' ''

'~Q channel, except for the direction imposed on the flow by the blade angle

In order to investigate the v'alues some experimental data on
typical terry-type wheels were examined. The stall torque Tir obtainable with ~ ~
te different bucket designs was~ measured in a test fixture as sketched in figure '"

(V, 32). This method can be expected to yield reasonable values since the stall
torque, after assuming a reasonable nozzle coefficient. depends mainly on tli*
rotor velocity coefficient it the nozzle and blade angle are known since _______

or

-0 .. ,Of.
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Since weight flow W and spouting %elocity ci are directly mearured, the coefficient
fis computed after introduciwig O( and 01. It is to be noted that the .. \,n3i Ii agle 0% is imposed on tloc b-ichet flow by the blades so that this value is shown

from the rotor geometry.

Since the nozzle anigle O( could be changed aind since the same nozzle
was used for all experiments. va lid indications about the maximum obtainable
velocity coefficient "06 for the different bucket designs could be expected. In '
running these experiments, the posit..n of the rotor in regard to the nozzle was
changed progressively so that the variation in stall torque %ith relative blade
position was measured. Some typical results are shown in figure (IV, 33) where
the solid line resulted for a wheel with comparatively narrow blade spacing
whereas the dotted stall torques result for rotor designs with comparatively wide
blade spacings. Table B gives the different geometries of the investigated r'otor
buckets.

- - - TABLE B e .,
Bucket ', H tI -ri,

1 31.7 4Z .45 1800 1 .205 .015 225 .41 3.22 .073 55 ""

a 2 4.? 25 .45 1800 1 .34Z .101 .25 25 3.22 .296 .9 -.

3 311 45 .45 1800 .063 192 07 .225 Z 3.2Z .354 1. 1Z

0
4 31.25 23 .45 180 .15 376 .088 .Z35 .26 3.22 .34 .865 .

S 3.Z0 330 . .A
, 31.25 .45 180 .1 .Z62 .07 ZZ5 .21 3.Z2 .367 1.07

6 31.Z50 33 .45 1200 .1 .26Z .07 .225 .21 3.2Z .267 1.07

I' 7 31.Z50 35 .38 1800 .1 .248 .056 .187 .17 2.72 .226 1.1

8 31.250 29 .62 1800 . .Z96 .104 .31 .3 4.43 .352 1.048

' 'V )i.
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This table indicates that tha btade angte b~.was about 31.2 degrees, with
the exception of bucket. number Z, that blade imnmer z vgas varied from 45 to Z5;
aqd that the wheel width & was changed fromt .38 inches to.6Z inches 'Ahereas :y\
the rotor diameter was held constant with D =2. 75 iches, With these bucket
designs the ratio c/h was changed from 2. ?Z to 4. 43. Most of the test data *-

we re obtained at A value of ei/h ;3. 22.
% %.

Accounting first for the maximum stall torques (peak values in figure
(IV, 33) and converting these'data to 4'values by u sing equation (IV, I112) aJ diagram as shown in figure (IV 3)i tained sho'Aing a ucino

alt. Maximum should be expected at a/t '.alues f1 ,o 3 since only for%
these cases the nozzle jet fills the bu';k..s completely. All other VAIUtCs Of a/t
mean that sonic of the buckets are only filled partly by the, nozzle jet. thus forcing
the jet to expand suddenly and creating mixing losses. This meats that only
values near a/tt v or 2 or 3 give valid in~dication. of maximum 1 \ aluies, and ~.
this onh 6ve noicdunc ti~t ur at this condition Sr(L)or when

teincidence losses are small and can be neglected. The pointfs of zero .%~

incidence are marked by arro\%s in figure (IV. 34) If it is considered that K).
becomes larger than ?2 w hen a/t becomes sma ter than a/t for incidence.

*. free inlet (due to the variation of "a" with nozzle angle ci, ) it is eviernt that
buckets 1. 3, and 4 (particularly bucket 1) sustain incidence (i.eparation) losses ij

at the suiction side of the blades at the optimum alt value which means that no %~K
correct values for \, are obtainpi for these bucktetts. All other buickets have
incidence (separatioi losses at the pressure side of the blade at optimum a/t ~~:--
values so that the calLulated *T.valiies are not greatly falsified and most. likely_________

ome\%hat corservative.

hsWith this interpretation it results from figure (IV., 34) th.1t bucket numnber
5 hsthe highest Y, value (e/h -3. 22) ard that c/h 5 3. 22 yield smaller
values. Hence it appears possible to rcpreacnt this tendency in ai diagram asA
shown in figure (IV, 35). This ten~dency appears reasonable for lov c/h values ___ _

since for c/h -- 2 the turning radius %%ould be zero, thus causing extreme turn-
ing losses. For large c/h values increasing \%all fricti is encountered suggest- V .*'
ing that at some mean e/h values gi ~e sinal es, losses. That the - tmmvalue 0
occurs at c/h -3. 22 i. e. r/h .641 is some%%hat surprising since information

,. published in the turbine literature treference I It on the Influence of r/h Ini*
conventional channels. figure (IV. 36), \%ou'd suggest larger optimum values
for r/h and consequently e/h. Alihough a sigrtif, ant difference exist bmvtl
a com-entional cascade ard a terry b.acket. tiamely, the "open" boundary at .- *-' -.

the radius r ii terry buckets, which may justify a change in optimum r/li

Pat..................................................................
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ratios, it han to be noted that the optimum e/h ratio shown in figure (IV. 35) is
based on an exceedingly small number of test points and, therefore, not
sufficiently substantiated. For lack of additional pertinent information, however,
the optimum value shown in figure (IV, 35) is used in this report.

' t is also interesting to plot l as a function'of R/4, for constant Clh

Itream line. It is evident that the mean turning angle y is smaller than180 degrees when r%,,rt> 1 so that a rapi~d decrease of- *Y, for R/ m . >I ';i !

should be expected (since the definition ofV.%ssumes, = 180 degrees so that
180 degrees yields smaller wu-3 values i.e. smaller stall torques and consequntlt., ,.,
smaller 41s values). This tendency is 'eflected in figure (IV, 37), however, the regii

I of R/x < 1 is, uncertain since the only point in this regime is bucket number 1.

It would, however, not be unreasonable to assume a decrease of
for R/x I since the leaving compunent will tend to interfere with the incornng
jet in this case as sketched in figure (IV, 38).

T It is also interesting to note that a deflection of Yz IO degrees gives

no advantage as evidenced by the low value of bucket number 6. This
however, does not exclude the possibility that a * .> IZ0 -. 180 might give
optimum " R values.4 ",:

The above considerations dealt only with the peak stall torques obtained '
on the described experiments. An interesting featurc is revealed "Ahen the
average stall torque is considered which is obtained by int.-grating the curves .
in figure (IV, 33). These mean values are listed in table C for the different
bucket designs toehrwt the corresponding velocity coefficients and t/2a
values.

I! 'Y-....

iii JIi \ i I
. , :. '._ ._. .
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Bucket No4  C\ t ______~~1

3.T4 1.6t .448 .51Z .875

36,5 ,27 .97 007 .97 U,1

3 365 .741 1. RZ ,435 .525 .83

4 39 .285 .84 108Z 1115 .71

e5 3615 .63 1.27 .295 .38 .78

6 36.5 .525 1.26 .26, .316 .83

7 36.5 .43Z 1.33 .25S .2? .4

8 36.5 .288 1. 11 .13 .158 .82

Multiplying 41.w4 with (1 V,. values as listed in L

column 5 of table C are cbtained which are in fair agreement with
valtes discussed before. This leads to the assumption that the difference
between maximum and average (integrate ) v;Jocity coefficient is fairly well
expressed by the relation ' "f4)used in the derivation of

equation (IV* 110). S:nce the - values represent the average velocity
coefficient which a partial adnission wheel would experience under running
conditions, the above finding can be interpreted as prel-mimry proof that the
typical partial admission losses caused by filling ane, emptying losses are
correctly presented by equation (IV. 14) also for terry turbines. This
conclusion must be considered preliminary since' insufficient test data is avail- %
able.

The result of the above analysis can be summarized by the conclusion
that maximum turbine efficiencies result when e/h - 3.25 and R/x m  1. It is
to be noted that no particularly detrimental effect was found for the rim block-
age ratio T/t within the investigated range of T/t z .07 to .3.

This finding is preliminary and somewhat sketchy since the variati n
in the investigated bucket geometries was insuff-cier.t to determine the
influence of the t/h ratio (corresponding to the pitch-chard ratio in axial tur-
bines) on the rotor velocity coefficient. It is. hoever, a.sumedthat this
influence is of minor consequences. As show n in more detail in sectian C -IZ ,

% 
%

0 -"O . .. ,
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definite limits are imposed on this ratio by manufacturing considerations. These
limitations appear to restrict the ra.nge of feasible t/h ratios to values which
would be expected to be close to optimum.

IV- CZ Performance of Single Stage Turbines

Having found by the investigations described in section IV-CI t" t bocke t
velocity coefficients ot Y, '00 to .90 can be obtained for the optimum geonmitry,

it is now possible to introduce these value, into equation (IV, 110) and to calculateL the maximum obtainable efficiencies as a functioa of specific speed and specific
diameter, when it is observed that certain definite relationships exist between the
x/D value, the blade number, and the no7Lie angle. This interrelationship is
predicated on the necessity to avoiol the undercutting of the buckets i.e., by
observing that the distance b in igure (IV. 31) has to be smaller than the bucket
depths x. With some simplifying assumptions the maximum allowable x/D
ratio can be determined and be presented by the rqlkation

IN'

and

--I Equations JIV, 113), (IV. 114). (IV. 115) indicate that the ratio xlD is a function",of blade number z. theblade angle @,and the ratio of slot heights H to wheel

qdiameter D. This relation is graphically presented in figure (IV 39) by showing

the maximum X/D value as a ftnction of blade number for different blade angles
and certain assumed (as suggested by manufacturing considerations) values of
H/D. The right hand scale on this diagram also indicates the maximum h/D
values since for the optimum geometry

, .,
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Additional lines in this diagrarn represent lines of constant blockage ratio T4
since this value is directly connected with the other values, namely

Theexermeta dtacover opily bucket disigiis upt lcaeratio%

of 3/,3 It becomes evident, therefore, that only the shaded patof the

Eqi'ation ,IV. 110) indicates that for most cases maximnum efficiencies
will occur waiere the ratio of h/DZ becomes a minimum. This 'means. 'accordirlg
to figure (IV. 39) that in all cases the maximum possible blade number should
be applied. Observing now. additionally, the inte rrelationship between the blade
angle ,nozzle angleo?,and specific speed and specific diameter as indicated ..

iequation (IV,7), and observing also that the ratio r/D is directly connected
with the ratio hiD. since

it is now.possible to compute the N.D. diagram 'for terry-type turbines after S
assuming suitable suitable angles K( and suitable ratios of h/D. vkhereby the
minimum h value is determined by the smallest feasible cutter width. A typical

S diagram is shown in figure (t V,40) vhich indicates similar tendencies as reported .*.

fraxial turbines with efficiencies, hc'~eer, somewhat lo\&er than the correspoixt- .. *X...
ing xia tubinedesgn.This is particularly evident at low specific spe~eds and

Slarge specific diameters, whereas at small specific diamneter 5 ontly minor
diffarences in efficiency for terry and axial turbines exist. This deficiency ~__

%V

x~eS4, *~i~4

%-__
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is caused by the rompar~ttively low blade number resulting from figure (IV. 9.4 for typical turry-type buckets, if a maximum blockage of .3 is not to be exceeded.
*, Since larger blade numbers will increase the maximum efficiency obtainable

at low specific speeds it is worthwhile to consider modifications of the terry
bucket to a form which allows larger blade numbers.. .

. It is evident from figure (IV, 39) that larger blade numbers can be applied !'V

if larger blockage ratios are tolerated. Since an adverse effect of blockage on
rotor velocity coefficient must be expected, it appears advantageous to consider
a terry bucket geometry which is obt.,.ined by two cuts rather than a single cut
as assumed for the relations shown it. .gure (IV, 391. This way the manufactur-

, ing cost of the terry wheel, an important criterion for accessory power units. is RA
increased somewhat, but still less than the i anufacturing cost of a corresponding 4

axial wheel, With this method a terry bucket as shown in figure (IV, 41) results '
h: which eliminates the blockage entirely and shows a blade of almost constant
-I- thickness. This shape suggests that such a wheel could be fabricated by a

different technique, namely, by inserting sheet metal blades into slots. This %

type of bucket changes the bucket geometry from a parallel walled shape to a
converging shape, This, however, does not necessarily mean that the jet w il
be accelerated first and then decelerated since due to the one open boundary the
jet can still pass through the bucket at constant velocity by merely changing its '. .
geometrical shape. This means that equation (IV, 118) is invalidated 3ince now
the turning radius of the jet within the bucket moves closer to the rim. Accou.'nt-. -.-
ing for this in an approximated form by modifying equation (IV, 118),. the blade '."
number for most designs can be increased by about 30 to 40 per cent without W-8
encountering limiting cutter dimensions. This limit could probably be extended 4. -
even further if sheet metal blades, as described above, are applied. With these
assumptions, a new N. D. diagram for terry-type turbines has been calculated, N:. -
figure (IV, 4Z), which shows substantial improvement in maximum obtainable N

"4: '°' turbine efficiencies at low specific speeds and large specific diameters, i.e. S. -
typical partial admission designs approading the performance of axial turbine, , -.

quoted in figure (IV, Z3) i . e., axial turbines with a comparatively small
number of blades. It is to be noted that, strictly speaking, a slight change in
bucket velocity coefficient has to be expected with the different bucket geometry.
It appears, however, that this change is of minor influence since the data presente
in figure (IV,42) have already partly been substantiated by test data, namely, in
the specific speed regime from 25 to 7 at spec:fic diameters between 6 and I3.

-. '. .*.
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Terry-type turbines are, in general, less costly from a-manu factu ring ,. .,
point of --iew than axial turbines, particularly it a single notzle can be applied. % ' ..
It is. thierefore. of interest to indicate in the NsDs diagram the range which . ..
ca,, be covered -Aith such simplified designs. Figure IIV 43) inakes it evident".'-. .
that only for comparatively small values of ft1D the nozzle jet will enter the=.) '
buckets without striking over the w he-el rim . From this diagram a relationship =" , v,,,, ..
between the maximum allowable liD value and nozzle angle can be computed which, . .,, . - .,.
is equivalent to the maximum h/D value for round nozzles, This interrelationship :., .,
read& .,..,. ::

AW d
t ' -" ... j..

an t is graphically presented in figure nIV, 44) indicating that the nozzle angle
has to increase with increasing f/D valuesarf ift -.s furthermor assumed that -
the jet diveres fter leaving the nozzle with a divergence angle of 6 degrees,

the safe nozzle angle is smaller ft om the ang'se A; quoted in figure (IV, 44)by 6 degrees as indicated by the oer scale in figure (IV, 44) . This information

can now be plottedl by a limiting line in the NsDs diagram  as shown by the dotted , ..lines in figure (IV 40) and (IV. 42) meaning that only values on this ine can be .
covered by a single nozzv e terrytyp e tur Frn m the relation for ths line reads

indicating that single nozzle, terry-type turbines are ch~aracterized by a constant .. -'--
specific diameter. %%hereby its numerical va' ue depends almost exclusively onthe nozzle angle decreasng wth increasng nozzle angles (in contrast to single

. . nozzle ixial turbines which occur at constant % sD, %alues, depending on nozzlesangle due to the change in optmum hi ratio uth Ds). A numerical e'aluation , -.
of equation (IV, IZ0) reveals that for nozzle angles of 3. 20 degrees, D s = R. 3 nd'

• . for 0(= Z~degree=, Ds--8.4. Since for thi s range of nozzle angles the maxi- ' .
[ mum obtainable efficiencies %ary only very little %ith Ns and Ds (since larger ' r- .Ai

~~nozzle angles cause larger blade angles thus al'3%ing larger blade numbers 7..' "--
:,,) Ahich com pensate for the detrim ental effect of incre-ising nozzle angles) so that "" ''-'- "

! .'. ..,-,,; ., . ,

-. . . . . . . .. .... .•= -i"_.0 I Ir

and s gaphcaly pesetedin fgur (I, 4) idictin tha th nozleange M\.'

has o icrese wth ncrasig fI vaues !f t ~ fu'hemorLassme~tha



AMF/TD No. 196 9 April 9S8 t-958_____

Job No. 7213 Page 59

typical single nozzle terry turbint s cover a specific speed range from Ns .6
to 8 fairly effc.ctively restricting, however, the maximum effici-ncy to or about
4U per cent as indicated in figure (IV, 4Z). higher maximum efficiencies are
obtainable with multiple or oval nozzle shapes.

No data have been found regarding thv influence of Reynolds number and
tip clearance an the terry turbine efficiency. It can be assumed, however, that
the influence of Reynolds number on terry turbine efficiency is similar as in

r axial turbines so that equation (IV, 56) becomes applicable also for terry-type
turbines. The influence of trailing edge thickness of the nozzle should be similar
in terry-type turbines as in axial turbines so that a relation similar to the one
quoted in equation (TV, 64) should be applicable.

It is to be noted that the bucket velocity coeffcients shown on figure''
(IV, 34), (IV, 35), and (IV, 37) are obtained in a completely open wheel (see

figure (IV, 32). In spite of this open arrangement comparatively large velocity
coefficients are obtained, implying that the rim clearance, found somewhat _________

critical in axial turbines, has little, if any, influence on terry-type turbines.
. Thip result iappears reasonable since.even with large gaps between rotor and 'N

stator housing, all of the jet will pass through the terry bucket as long a-!the . '
proper nozzle angle is selected. Hence, it is assumed unnecessary to make 4 F. ,

corrections to the shown efficiencies if the gap between rotor and stator shroud . .
is comparitively large.

The distance between nozzle and rotor is of similar influence in terry
turbines as found previously in axial turbinei. Figure (IV, 45) shows the change . ' .
in stall torque w'th distance as measured in the test fixture described in
figure (IV, 32).

Due to similarity in flow mechanism, as well as performance, it is to
be expected that multiple staging az discussed in section (IV-133) for axial turbines

will have similar beneficial effects on the performance at low specific speeds
as discuqsed in section (IV-B3) for axial turbines. If the multi-stage arrange . .. .,

ment is obtained by pressure staging, te clearance between rotor and station-
ary shroud will, however, have a s:milar importance as in axial turbines in
contrast to single stage operation. It rtands to reason that multiple staging . -

- is somewhat easier from a manufacturing point of view in terry turbines than
in axial turbines since the return staging could easily be incorporated into tle

I stationary shroud without undue complications. It might even be expected tht
thi beneficial effect of multiple staging is somewhat better in terry turbines

?-:3. ._ -,
- .-7-- , -.
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7.4 -F':;
than in axial turbines. since the return channel has to deflect ;hc jet only by ..

180 degrees compared to 360 degrees in axiais turbines.%

No calcu~lations ha-.'e been carried through for the performance of nf1i
staged, terry-type turbies. They are schedu~ed for a later date during Ine,
study phase after more information an the importance of the exhaust port ~ ~ .-- -

arrangement is obtained.

j44

C-3- Conclusions ... 4.

Due to the comparatively small amount of test information available 4-.-

on terry-type buckets. only a few conclusions car 'be draNwn from the investigations
presented in section CI and CZ. The most significant fin.dings are that the number
of blades on the rotor is of decisiv~e importance to the performance of terry
turbines at low specific speeds. meaning that the largest possible number of 7' :
blades must be selected in order to obtain efficient peedormarce. In this respect
terry turbines are very similar to axial turbines. The main aerodynamic differ. ....

ence in the behavior of terry turbines as compared with axial turbines is thiat
the clearance bet%%een rotor and stator -s of negligible importance for sirgle
stage designs. In most other respects terry turbines show similar perfornmance
to axial turbines except fnr extreme)y loA specific speeds. This deficiercy is

'l caused~ by the limiting number of blades which can be put into the rotor due to N
geometrical limitations.

IV-D - Summary

The design point performance of axial and terry turbines has been
presented as the function of the similarity parameters specific speed and specific
diameter. These data are based on thorough analytical investigations on the
component losses. These studies yielded an optimization procedure %%hiclz___
indicated that the blade geometry in axial as Aell as terry turbines is of particu. ________

R Jlar importance and that significant differences in the optimum blade geom~etry
exists for partial admission turbities and full admi,.sion turbines. ~

L4 I..
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The main difference for axial turbines is that partiAl admission (low *
specific speed, hig' specific diameter) turo.nes must nihuw a comparatively short

blade height for efficieknt operation whereby the ratiu f blade height to rotor
diameter must ecrease with decreasing derees of admission, i.e., decreasing
specific speeds. In contrast, full admission 4%high speci.ic spetd, low specific
diameter) ti;rbines must show a comparatively long blade height for efficient
operation. For both designs the number of blades is of particular importance,
meaning that the maximum blade nu-rher should be selected for the rotor, This
criterion is of some importance in full admiission turbines, but of particular
importance in partial admission turkines, indicating that a smaller than optimum
blade number has a co-nsiderable effect on partial admissior turbines, i.e. . low L.,w:..
specific speed tu-bines, but a comparatively small effect on the niaximun obtainable
efficiency in full admission tur'ines, This influence can conveniently be expresseA
by the ratio specific diameter over bladenumberDsla r.ean~n3 that the efficiency
decreases almost proportionall.; with increasing Ds4 valus. This ratio also I *

influcrnces the effect of tip clearance on maximum obtair ire efficiency in a similar 1
$4 fashkmrevealing that partial admission turbines are considerably more sensitive to

increased tip clearances than full admission turbines. The same holds for the
influence of the trailing edge th-.ckness on maximum obtainable efficiencies,

Multiple staging on a single axial 'I.heel has also been investigated for
axial-type turbines. indicating that considerable -ains in efficiencies can be
obtained at low specific speeds by multiple staging. In these cases, however, the
axial clearance between rotor and stator is oi particular importance. indicating '' '.:.

that clearance ratios of .001 muct be maintained in ordcr to obtain increased ":
efficiencies at low specific speeds,

Terry-type turbnes show a performance similar to axial-type turbines I -.

,ith the exception of the efficiencies obtainable at extremely lo,, specific speeds %
where the axial turbine shows superiority due to the higher number of blades which
can be accommodated in an axial wheel as compared to a terry %heel. In contrast % x
to axial turbines, however, the tip clearance sensitivity in terry tu:bines is almost _____

non-existent, thus accentuating the lower manufactuiring cost of terry-type turbines.
Since this turbine-type is particularly attractive, from a manufacturing point of
view, with single (round) nozzle designs, the performance range oi these arrange-
ments was investigated and indicated in the corresponding Ns Ds diagram.

I -=77-77
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V LIST OF SYMBOLS ''-

A aspect ratio

Ia arc of admission

a cutter diameter

A flow area

b blade depth of terry turbine

c absolute velocity 4

Cj spouting velocity

C chiord length

r axial clearance

d disc diameter W1M

tD rotor diameter

Do specific diameter

e terry wheel width".t

£ scavenging coefficient, terry nozzle
diameter

L g gravitatioinal constant

h blade height. nozzle height

H head '

K constants

L horsepower loss

L Percentage horse power loss

N rotativo speed

vs.
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LIST OF SYMBOLS

p pressure

Q volume flow

r 'radius in terry buckets

Re Reynolds number

S pitch-chord ratio

* ~tip clearance

tpitch
'N __ ____ _____ ___%

u blade speed

w relative velocity

W turbine weight flow . '<. :
2~ % ,

z blade number

nozzle angle

blade angle

density-

44 turning angle

-~ diameter ratio

loss factor- -

~ratio of specific heats S

% ~ v 0.
%

-0
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LIST OF SYMBOLS

velocity coefficient

Subciot,.

F filling and emptying, 'o

hydraulic

I ideal

1 m mea ,meridional

N nozzl %

p pumning

. rotor

W wheel disc

1 tangential K;

1 before nozzle

1. z after nozzle ., -

3 after rotor

,. , *' . * '

.......
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and whereby the shear velocity for the stator is equal to the flow velocity, Ie

V GV1,.

In equations (VI, 2), the drag coefficient is defined as drag coefficient
per unit area.

B3y defining a characteristic velocity ratio -' .

tzt

I.*. the ratio ot rotor speed to charntil speed, and by defining a drag ratio t-O
%. k.

/ar- ~N- -

i.e. ae- ratio of the drag forces at stator and rotor, the input head H,, can be
presnte inthe form

whereby th .. te rm

is defined as a geometric term denoting ta~e ratio of toe rotor frictional area adri.. N4N\-
to through-flow area A vA times the drag coefficient at the ro~tor X dr.

-. N

% %.N

N~ %N
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With t:eabove definition, the head transformed into shaft power Hour t.. ,

can be expressed by ' . "- .

Y I.1

. ' so that the hydraulic ef'.iciency follown the equation L'._

i.e. is dependent only or. the characteristic velocity ratio x' and the ratio of A,

drag coefficients e" and is independent of the geometry term "",With X .:. ,

Wtthe above defiiins ninie-rtion h p ead e t hens velocdinty atiroand the

turbine speed ratio, defined as the ratio of tip speed to gag spouting velocity
ci  can be established which reads..-

indicating that these tNO terms are nter-related by the geometry term %P. ..'..
and the ratio of drag coefficients (, With equations (VI. 10) and (VI. 11).

the basic characteristic of drag turbines can be plotted in terms of turbine para- !,'.,,w.,.
meters by presenting the hydraulic efficiency as a function of the turbine speed

ratio as shown in figure (VI. Z). This fgure makes t evident that the value of '>the peak efficiency depends only on the ratio of drag coefficiets whereas -

the location of this value in respect to the turbine speed ratio A depends on the %

geometry term o'. This feature is expressed by plotting the hydraulic effici-

ency as a funcratio fi ted ssu ratio of tp spee to of he geometry

' ~term - ,,.'.,.V=,

--7 W 
... .. 

.-
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S gas between the unadmitted part of the rotating disc and stator housing rotates, [, ' .. .
on the average. with half the wheel speed, thus consuming a parasitic torque L '-''% .'-

• t "%,-. ' . ,

T~a" {" kl 9 zApri. 19 - X-..,..

of

%

IfHence, the shaft efficiency can be computed from the hydraulic efficiency by o
a correcti on factor of the form

whereby the term represents geometrical interrelations

with W denoting the drag coefficient for wheel disc friction and aw delloting

the wheel disc friction area. , v 5

- Another important parameter which influencea the performance of 's

drag turbines is the leakage through the block seal, as %ell as interstage leak. - N-
age caused by the static pressure decreasing gradually over the periphery

I ] thus creating cross flo,& leakage at opposed points of the channel. A detailed ". -- ,-
lK

analytical treatment of the effect of leakage on turbine efficiency is given in ,

reference 16 revealing that the ratio of leakage flow to turbine flow td ,-.i is
mainly proportional to the 1. St h power :pi the ratio of clearance width h to
stator channel depths H. In an apprjximated form the ltaka.ge ratio can be
expressed by the relation J" -A, t' J

0 . *,'- ' -

'4...

v \,.',V
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D N'

caiising an efficiens.,? correction factor of the form

I+~~ X. LU

For he %eight tio%% passing through the drag turbine it holds %

which can be modified to the form

1C1

i.e., a form similar to the weight flow term commonly used for axial and .(
radial turbines Awhere the factor K again is a function of the total turbine .':'.Q.

pressure raiicesn ith ireaig prsre ratis. but wit nuniert-

ca auswihare about 50 per cent :,igher than the corresponding factor **~

for xia tubins (ee rfernce16) Itis aso ~idnt romequation ( VI, 18)
thtthe %%eig.ht flow parameter, in couatrast to axial and radial single stage________

turbines depends on the ratio of through flow '.elocity cml to spouting velocity ','.

Nd.

%

N! %'~

%~vatIA*
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ti whereby this ratio is a function of the geometry term t the ratio of
I drag coefficients and the velocity ratio Vsince

whch ailso can be qu~oted in terms of turbine speed ratio u/¢ ; ''4'

Hi

. indicating that this.parameter increases with inc reasingl turbine v'elocity ratios. 'r'

V.4-

wi h a bovT e quoted relations defin the emain apects of drag turbines

- and demonstrate that the drag turbine performance can be preserted in termssimilar to the terms used in Section IV of this repot, thus indicating thatIII
"-the same smilariy parameters can be used for drag turbines. teroy tios. turb_

and axial turbines and that these terms have the same significance for the

turbine-types investigated.

It is also to be noted that the above quoted relationships are val - ,
only as long as the velocity ratio x is constant over the channel periphery.

i.e,, either for incompressible medii in a constant area channel or for com- ,..-...-
pressible medii with a properly diverging channel.

In cases where a constant area channel is used for compressible
imedii the velocity ratio x changes with periphery, .meaning that the efficiencycg et r r ee i ( O th e rl cc

- i ~ ~~changes over the periphery (see eqation (VI. 10l)so that the ov'erall elffitency t "-" ;?

can be found by integrating equation (v 1, 17) and vi, 9). Ealuating this relation,
. ~ ~~~~~a represen~tative diagram can be plotted in a form as sho%n it figure (VI 3), .-"""''" -

ii i -""''""---,-~-*x%; .

!%
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by showing the hydraulic efficiency as a function of turbine velocity ratio and
geometry term r . for different density ratios, Ie,, pressure ratios, This
diagram indicates that for a given turbine design (constant r'value) the hydrau-.'
tic efficiency decreases with increasing pressure ratios and that the peak
efficiency moves to smaller turbine velocity ratios U/c i . Selecting now, for
example, a rotor drag coefficient of _4r .8, a drag -ratio of .08 and.l-
value of 20, and assuming that these values are cone.tant 'and independent of ! WE
.locity and pressure ratio, the turbine characteristic can be represented by
showing the hydraulic efficiency as a function of turbine velocity ratio Uc i
as shown in figure (VI, 4) for different pressure ratios. Additionally, by
observing the influence of the wheel disc friction the efficiencies change some-
what as indicated by the dashed lines in figure (VI, 4), Accounting now, additional-

,ly for the leakage losses, even loer efficiencies are obtained as shown in
figure VI, 4) for d;fferent clearances and pressure ratios when a wheel diameter
of D 6 inches is assumed. These diagrams reveal that large clearances between %
rotor and stator have a noticable detrimental,effect on the maximum obtainable
turbine efficiency, indicating that h/H values of .01 to 0Z are desired for
effective designs,

The above considerations make it evident that the drag theory enables
the prediction of drag turbine performance in ca-.es where the drag coefficient

.'A between flow and rotor, and the drag coefficient between flow and stator (as . .' '-.*.
, I well as the channel geometry) are known. The drag theory. hcwever, makes .

no prediction regarding the size of the drag coefficients. They must be deter-
mined experimentally.

1) Investigation of Applicable Experimental Data

An attempt is made to obtain data for the rotor drag coefficient by
consulting the test data available on labyrinth seals (reference 1". 18, and 19). -
For this critical review, a nomenclature is selected as presented in figure
(VI-5) using the samesymbols as found in reference 1'. This means that H
denotes the stator channel depth. H' the pocket depth of tne rotor, 1' the blade
spacing. I,< the blade angle against %he direction of flow, s the blade thickness,
and L zI W the passage length. For arrangements which show blades on ?.

both sides of the channel, the through-flow width (equivalent to the stator .
channel depth for one sided blade arrangements) is denoted as 2H. -

- VQ I

% %._> . .'. ~ ~~ ,."-'-.x .



AMF/TD No. 1196 q- April 195A
Job No., ?Z13 Page 73

It has been found that five parameters can be defined which determine
th.- numerical value of the drag coefficient. These parameters are:

2.The bradi:o pocket et to s-.ator depth m:H

3. The blade spacing n

4. The ratio of channel length to statol dept which in terms of
drag channel geometry is

5. The ratio of blade thickness to stato chne dth. '/H

Discussing first channel arrangements where only one side of the wall
is equipped with blades. the following in~format.ion has bcen found: . *', .

7dpt aiur goV, 6). shows the Influence of the ratio of pocket depth to channel

Q~a ~det an6 thenia~too blade spacing to channel de th oi, the drag c.oefficient A,*for
wtblde angles of Ot = 90 degre:!a, a comparatively large

blade thicl,,esas (thickness ratio =3.,33 and 1. 9, respectivel.y) and /44 values o~f
.*'~ 154 and 83.5S. respectively, by plotting the drag coefficient as dreg ratio by referr.

ing the drag coefficient to the maximum drag coefficient. This figure shows that
t.. drag coefficient is comparatively insensitive to the ratios rM~ and -h. rev.eal- *

ing that maximum A * values are obtained at Yn ratios between 1 and .5 and
at 1ft values between 4 and 18. It ii to be noted that these data are obtained
with comparatively large blade thicknesses and that a narrower optimum range -

M has to be expected for smaller blade thicknesses.
%II Figure (VI, 6b) reveals that the insertion of blades at the surface almost

doubles the resistancd coefficient,. since for an 'h ratio of zero (smooth
walls) the drag coefficient is only about half of the maximum value.

Figure (VI, 7) shows the influence of the channel 'ength to charnel depth ~ 'X

ratio and the blade thickness ratio on the drag coefficient. Figkire (VI, 7a ) v-s
obtained from teat data on seals withbut blades, i.e., mi - 0 whereas, figure
jIV.7b) was obtained from test data on single blades. These data show that an
Optimun/4 value exists and that the drag coefficient is low at extremely large

.Avalues, as well as for extremely small values, figure (VI. 7a)., The blade ,
Z--

.~ .1%

~-' Np~
4 

%
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thickness is also a critical value as shown in figure (VI, 7b). Apparently, the "
blade thickness should be less than 20 per cent of the channel depth in order'
to obtain high drag coefficients, The data presented in figure (VI, b) were -,..
obtained with a single blade. It can be assumed, that for multi.bladed designs
the critical blade thickness is even smaller,

In summarizing the above data, the following conclusions can be drawn:

The ratio of channel length to channel depth/.t, is an important criterion,.. .

for the magnitude of the drag coefficient. Optimum values for this ratio appear .'-
to be between 20 and 60 for smooth labyrinth, i.e. for labyrinths without blades.
A similar tendency has been found in the literature for bladed designs, although ,- ,,.
not enough test points have been found to state with certainty the optimum let
value for bladed arrangements, The insertion of blades increases the drag by
factor of approximately 2 when the optimum blade spacing and optimum ratio
of pocket depth to channel depth is observed. It appears likely that this~factor.
is even larger if the optimum blade thickness ratio is ob served since the factor
of 2 it only correct for blade thickness ratios around 2 and 3. It appears
possible to increase the difference in drag between the bladed and unbladeddesign by selecting s~naller blade thicknesses. Differences by a factor of 4

appear to be obtainable. .w, %

%_ -

S"Only limited information has been found on the effect of blade angle on
drag coefficient for channel arrangements showing blades on one side wall.
The available data show an increase in drag hy a factor of about 6. 3 for a
Reynolds number of 104 when the blale angle is decreased from 90 to 40
degrees. It has to be noted, however, that the 40 degree blade test was made ,. -'-ix
with extremely small thickness ratios (.041 compared to 3.2 for the 90 degree " . .%*
blade) and that no.d.- value is quoted for the 40 degree blade. It is to be ,
expected, therefore, that the influence of the angle change might only b,. half
of the above value, i.e. a factor of 3. 15 when both blades have optimurn thick-
ness ratios. The blade spacing for the 40 degree blade was close to optimum -
I/M . The influence of this ratio on the drag coefficient in canted blades
is tlemonstrated by the fact that the drag coefficient decreases to about 60
per cent of the previous value if the ratio of blade spacing to pocket depth is
increased to 6. Comparing these data with fi gure (VI, 6b), it becomes- ., 

"

apparent that the blade spacing is more critical in canted designs than for
90 degree blades. Apparently the optimum blade spacing 1r% for 40 degree
blades is closer to 1 tol.Sas compared to 6 to 20 for the 90 degree blades.

4-. .1
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No inmto n waound inthe literature regarding the influence of the ratio
~emon the drag coefficient for canted blades.

Detailed inform~ation on the influence of blade spacing ,v.ralio of pocket .- .. ;
depth to chanitel depth mn and blade angle on the drag coefficient was f ound, :
in reference 20 for channel arrangements which have blades on both sides. The

most significant result of these data is g.ven in figure (VI, 8) showing ilhe'influente
of the blade angle K on th~e drag coefficient = re~ealing that blade angles of.-. -"
about 40 degrees give highest drag coefficients for this channel arrangement. '- --
This curve presents the draq. coefficient for the optimum ratio of blade spacing [:' ' ''

' which changes a;s a i.anctton of blade angl.e as indicated in figure MV, 9 .

%

~revealing that larger blade spacing& *b are required for 90 degree blades

than for 4 0 degree blades. This finding is ir. accordance with the previously

~IRM

quoted test data on single-sided blade rows. The dala of reference '0 are some.

I"what different from the data qutdpeiulsnethe drgcoefficient pre-""
sentedin reference 20 refers only to the drag a t th e e n d o f t h e c h a n n e l . H e n c e .q u t d peiulsne da r- ii :

no indication of the influence of the .-q- ratio call be obtained from these data. '.t"..
~Due to the particular channel geometry selected in reference 20, the m value

' " and n .,a ,ue are directly inter-related namely, rn = nil/30 whereby H -- Z-S,

millmeters for the 90 degree blade and H -r Z0for the 40 degree blade. Hlence, 71
the ratio of pocket depth to channel depth in all cases is propoi'tional to the ratio 1% .. :

of bl.ade sp.acing to pocket depth, but Mways slightly smaller. It is interesting ;.-.':

* "."-.- '1

to note that the drag coefficent for d]oubl.esded blade rowes does not decrease L ,h: ,,
with increasing Reynolds numbers as fouid for one-sided W'ade ro~s, but is . .,..
constant and in some casei even increases with increasin:g Reynolds numbers.

:k' , The blad th ckness for the doub!e-sid ;d channel as comparatiely s mal ',. ,,.,namely, blade thichness ratios of . 2 to .012)5. It also must be noted that the
'" .v, i I;.difference in drag coefficients for 90 degree blades a rd 40 degree blades for 14,, ,. .. 'A ",

'- double-sided blade rows is the same as found previously for single-sided .
blade rows if the data on single-sided blade rows are referred to the sarne . .: .

1tikns raVt ~o. %?69Ar1~s

The drag coeffic.ients determined by labyrinth tests represen't com'bined ,, .-...
• ~coefflicients, i.e. the sum of the rotor drag coefficient and stator drag couiic. ... ,. '',.bienot, i. e. V

[ ~ ~Introducin g the drag turbine uimenClature into these terns s. in pArticular tile %' ''.. I.,x. "'

drag ratio 6 , the combined drag coefficient 9.found in labyrinth test data .' ?S,
, ,. , ~~can be related to tile rotor drag coefficie-nt A by the relation.-...... ,

IlI

o o a a u t i t r i e u o a

an o th dra cofficentforiantd bldes
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which means that the rotor drag coefficien~t is ,vmaller than the combined drag_______
coefficient found in labyr-nth data and that this difference depends on the drag
ratio and on the ratio of frictional area at the blades and at the stator. The
ratio of frictional. areas is about unity in one sided channels, but considerably r'.
larger at doub'e-sided blade rows. For the arrangement tested in reference
Z0. thitt rat-o ,ariis frem ,alues of I from 150 to 7. 5, but varies o~er a E
considerably smnaller range. namely, 100 to 50 for arrangements yielding ~
maximum drag coefficients, ;'._____

In est-gatirg first single-sided blade rowt in more detail and reniembt-r-
ing that the dtfference in drag coefficients betwNeen a smooth wall and a bladed
wall w-th blade angles of Ot - 90 degrees is equal to 4 Z , 2) it is found
that the rotor drag co~efficient for this arrangement is 80 per cent of the cornm<'i...
bined drag coefficient. This would mean Ihat numerical values" of I., z 1
to . 15 reiult for this arrangement. According to reference 16, a if value of

Z5 means drag turbine efficiencies of about V0 per rent for density ratios of Z
to 4. A'a-Ilable test data on drag turbines indicate that the maxim-um obtainied
efficiency for blade angles of 90 degrees and close tc optimum channel geometry
is about 20 per cent, thus re~ealing good conformity between, labyrinth data and
drag turbine data. By changing the blade angle to 40 degrees, the ratio of the *
drag coefficient at the bladed and unbiaded side increases by a factor of 3 so that
now the &ratio becomes .083. This means that the rotor drag coefficient for
this arrangement is 9,_ per cent of the combined friction. coefficient yielding
numerical values for the rotor drag coefficient of .4 to .4?. Accord~ng to
reference 16. a & %:lue of .083 would yield drag tugineeficiencies o about
32 to 33 per cent when operating on density ratios of around Z. This \atue was

* obtained vwith d. ig turbines showing 40 degree blade angles and close to optimum
channel geometry (sefigures (VI. 3) and (VI, 4ithsagi demonstrating goo
confcrmity between labyrinth data and drag turbine data. .

For double-bided blade rows, the combined friction coefficient repor'ed {*
in the literatu~e is about foor tim)e s a s hi h as the drag coefficient for singie. .5

bladed rows. This would imply that the 9. %luc becomres about .02 %wiich,
according to reference 16, means turbine efficiencies of about 50 per cent fur
expansion ratios of Z. Turbincs built \%ith suci a blade arrangement (inszde
channels as shown in figure (VI, 5b) howe~er, did not yteld so( n high efficient -es. '. .~

'.A.

11.4Z
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in fact. gave oily about the same efficiency asoutside channels, i.e., a naxi.
mum of 34 per cent. It is conceivable that an unfavorable channel geometry
was selected for the inside blade arrangement. Since reference 20 does not -\ -
quote the influence of theA value bn the drag coefficient it is not possible to '..

compare the test data on drag turbines with labyrinth data for this particular
arrangement. Since double-sided blade rows show combined drag coefficients -- " ""
to be indepenaent of Reviolds number, it is to be expected that small S valuies
for this arran-emeat %%ill be obtained with compar.txely large channel width
(ZH) implying that the optimum channel geometry for inside blade arrangements
occurs at smal'er /( values than for outside blades. The inside channel tested , .. >

had 4t values of about 20, 1.e. the same A( value found close to optimum for '. -'-

outside channels.

Additional information-on the rotor drag coefficient is obtained by
analyzing the test data on drag pumps. For this porpose, the shutoff head as ., .;

a function of drag pump geametry was investigated, since the shutoff head is
directly related to t.e rotor friction coefficient by

In order to account properly for the slightly different channel geometries, an
additional geometry factor, narnely, the rim clearance factor,

fKOM

is defined which represents the ratio of the rim clearance " to the stator char.el
depth H. It was found that this factor has a comparati~ely small intfluence on the

. rotor drag coefficient as shown in figure (V!. 10). %znere the variation in drag 0
coefficient is plotted as a function of the y va.ue for different geometries, t.e.
different /A values. It is evident from this diagram that the drag coefficiet
decreases slightly w th increasing y values and that y Nalues of about 2 or less
yield maximum drag coefficients. In figure tVI, 11), the calculated rotor drag .
coefficients are plotted as a function of//A . These data reeal considerable '
scatter. This can be reduced slightly, it additionally, the ocher characteristic O. i
values, such as the y and m factor are considered. (No information \%as gien
in the rest for the n value. It is assumed, tnat the n value inicorporated In the

III w. - i
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drag pumps wat C~lose to optimumr). As evident'iromn the previous discussion,
maxinium drag coefficients of the ro0tor should be expected for mn values between
I avid 3. The points denoted as squares in figure (Vt. 11) refer to mn values of
the quoted range. For the other paints, the mn value was smatter t~an.8. Con- 7
sidering now the test data with optimum m values exclusively, it is found that
these Points indicate the highest rator drag coefficients, and confirm the pre- $~~ }
viously discussed trend. It is. also, to be noted that the drag coefficients
decrease %%ith increasing ,XkAvalues. i.e.. reveal a tendency as found previously
in labyrinth data. It is. however. to be expected that the decrease in dirag co- ~4\.\
efficierws %with increasing /k. values is not quite as pronounced as apparent
from figure (Vt. 11). This becomes more obvious if it is considered that large
,44 valu.es mean comparatively small channel depths. Since the leakage%
increases, considerably with small channel depths, assuming that the clearance4
between rotor and stator is almost constant, it becomes evident that large t
values. also mean comparatively large leakage flows. The shutoff head obtained.

* hoxie'er. is particularly sensitive to the leakage to that for the ideal machine,
i.e. for a machine without leakage. larger shutoff heads are to be expected at

* large LA values than indicated in the test data. This then in turn means that
drag coefficient for the rotor should be larger in the ideal machine than indicated
on figure MOM II. In this respect, it would have been better to evaluate the
performance data at the optimum pump efficiency point for determining the rotor '"

drag coefficient. This, however, can only be done when the efficiency is known *

for this pomnt, %%hith was not quoted in the references (reference 20 to Z5).

paearn theeasnrtrda coefficient with increabing/-vle.Cm
parng hes daa -itht., daa fr pmpshaving blade angles of 90 dges

difference in drag coefficients ot 3.1 is found for constat't A values, thus again *

confirming the labyrinth test data %hich show the same difference in drag co-
efficients as a function of blade an~gle.

on Bieofh data refer to outs-de channels, i.e. to arran~gemnents where only
onesid ofthe channel has blades. It is to be noted that the influence of the

%blade angle decreases with increasing /4 values meaning that for large 1-( %%'." '
values. 90 -,.,ree blades are just about as effective as canted blades. This,.-< ..
again, is .n accordance with the lab,.rinth seal data (reference 26), which ~'
indicates that the influence of the blade angle disappears for small channel
depths. i.e. large A values.%

~*'I
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In comparing the numerical values of the drag coefficient for dra3
turbines and labyrinth seals, it is found that the nuimerical value for the roir ."j.

drag coefficient in, turbines is larger than found in labyrinth seals. This
diference might be due to the fact that the channel is curved in drag turbines ,M.,-.

and straight in the labirinth seals. This causes a higher turbulence level in-'
the outer portions of the drag channel it. turbines (reference 26) which mgh!
be responsible ior t.e larger drag coefficients, Since it must be suspected
that the degree of turbulence wilt affect the absolute size as well as the optimum'-
blade spacing (n value) and the optimum width ratio (m value), it is assumed .,.
that a larger degree of turbulence will cause the optimur n value to be smaller
in curved channels than in straight channels and will cause the drag coefficient
to be less sensitive to the depth ratio in curved channels than in straight channels.

:1W

-\ In summarizing all the above findings, the following conclusions are
drawn:

Good agreement is found for the drag coefficients obtained in straight
N channels (labyrinth seal tests) and curved channels (drag pumps, drag turbines).

which implies that the radial pressure gradient present in drag turbines is of
little consequence on the drag turbine performance. The slight numerical differ-

A ence in drag coefficients can be explained by the increased turbuience levels
at the outer portions of a curved channel. The rotor drag coefficient is mainly
a function of the ratio of channel length to channel depth. ( a value) and

". * ] decreases with increasing A1 values. The blade angle is of con'iderable
in.fluence on the drag coefficientmeaning that blade angles of 40 degrees give
highest rotor drag coefficients and that the u sually found blade angles of 90
degrees give drag coefficients which are only 30 per cent of the ,4rag coefficient
for the 40 degree blade. The ratio of blade spacing to stator channel depth
(n value) and the ratio of pocket deph to stator channel depth (m value) are

% 'also of influence on the drag coefficient. Optimum values for these ratios
,depend on the blade angle and are about AI 5.wJiv : for 40 degree blades

': andM .4$--4fl for 90 degree blades. These values pertain to sharp blades, -.- I u

ie. to badeswhere the blade thickness if less than 20 er cent of the stator
channel depth. For larger blade thickness ratios, the optimum ratios are less
pronounced. Blade thickness ratios above one decrease the rotor drag coeficient " '

to about half its original size. The above conclusions are graphically re.presented ,...\.v
in figure (VI, 12) by showing the drag coefficient for two different blade angles,
40 and 90 degrees , as a function of the./A value,

: . xq " .: . *'-

%. .~
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Only in one case has a discrepancy between the drag coefficient in
labyrinth seats and drag turbines been found, This was the caise where both ,

ro'tor wal't show blades as indicated in figure (VI, 5b). For this arrangement. V*..
the labyrinth seats show considerabty higher friction coefficients thzan found
in drag turbines of this arrangement. Since. however, the labyrin~th seals
data do not c~uotc ti,.,Lvalue, it is possible that this apparent difference is
caused by inmprope- selection of channel geometries for the drag turbine, i.e,
by testing the drag turbinie at an adverse ,t( ratio. There is sonie evidence
that the optimum A vvsu c cr nts.dc, 0' _"i~s- s'a.-r than for out side channlelIs,
as indicated by the dashed line in figu re (V!, 12), so that test s w ith small.er
values will be required in order to clatrify this point. if Cie labyrinth seal data rv
can be confirmed with inside channels, drag turbine eificiencies of 50 per cent
should be obtainable.

It is to be noted that in outside chatinels the stator %%all in all cases so ~~ I

far, drag lurbines as well as labyrinth, was smooth, It might be suspected .,-.

that a wa .e-shaped surface in the stator channel will change the stator drag co.
efficivnt only insign~ificantly, ut might inc rease the rotor drag coefficient, thus %\ K

"N yielding high~er t'irbii.4 efficiencies, particularly wher, the wave form takes a
saw tooth shape with rounded edges. No conclusiv'e information concerning the

drag coefficiencies of such -a channel configuration has been found in the .literature,

All labyrinth seal data, were obtained in channels of constant cross-
section (cons.ant depth H). in 7'rr to obt..in good d~rag turbine efficiencies r,
for compressible media, a di. zi-,. 'it stator channel is desirable. %Oiere the
divergence should be of such a t.,-aure that the through flow , elocity s co-istaInt
over the periphery., This means that different di~ergence rauzos are desired '8..:y

for different turbine pre.,sure ratios. It is assumed that tae rotor friction co. *.*

efficient is affected very little by the i.'ergence of the channel since the-depth
ratio rn does not appear Po be extremely critical. "s

2. Perfo.-nance of Single Disc Turbines

With the retations presented in sections VIA I and 2 it is possible -

to write the efficiency of drag turbinee as function of the speed ratio X- the
4l -g ratio J7 the leakage ratio N'4/W, -and the factortsee equations 1l1, 101 A

.. and (Vi, 13)),

It4

r%
% -
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Duet to t~ae preliminary character of figure IVI, 12), this step appears unadvlv-
able at this time so that a graphical proc'!dure was used for computing an N,
diagram ft? drag turbines for =I fincompressible case) which is
shown in figure(VI, 13). Assuming additionally that figure (VI, IZ) is valid
for diameter ratios F. from 1. 3 to 1. 8, it is possible to also show lines *
of constant -values in this diagram, thus revealing that optimumn efficiencies
occur for A. values of 8 to 11 as expected from figure (11. 1Z) iv-.- inside channels.
Figure (VI, 13) indicates also that maximum efficiencies occur at specific speed
of Ne 5 to 15 and specific diamet~rs of D. 5 to 2. 5. These v:alues character- .
ite drag turbines as typical low specific speed turbines with comparatively small ~
sp~ecific diatmeters, i.e. as a turbine design of lo'w weight since for almost all_________
investigated turbine designs, the turbine weight is proportional to the square of M
the rotor diameter. 1.

Figure (IV, 13) 1s calculated for a comparatively low leakage character. V'~~~-
%zed by assuming a small clearance ratio of h/H =.02. It is evident from
equation (VI, 25) that the leakage is of signific ant influence on the turbine
efficiency. By observing the relation ships derived for the leakage flow equation.......

(V.1)and MVI 16). it is possible to~ derive a relation for a correction factor
whic corectsthebase efficiency shown in figuire (VI, 13) to the efficiency

resulting for larger clearance ratios. This relation reads in an approximate .'-

form (by using ave rage ~,and , alues

This relation indicates that the clea.rance ratio has a stronger influence on the
efficiency at large P1. values than at small A-. values. Since large A- values
occur at large specific diameters, it becomes also evident that the detrimental.
influence of increased clearance ratios is stronger at large specific diameters ~ '-,v

44than at small specific diamneters. Since for obtalning maximum efficiencies theN
specific diameter has to increase with decreasing specific speeds, it is also
evident that increased clearance ratios are detri mental for typical low spec ific
speed designs. This tendency is similar to the tendency of the rim clearance
influence described in section IV, on axial turbines. "-

% .~
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Figure (VI. 13) is calculated b- assuming a density change of unity aid
a constant area channel geometr. in accordance with the d scussion presentod
in section VIAl. It is to be exFected that for density ratios larger than unity
and properly diverging channels. figure (VI. 13) has approximate validity prob-
ab'y up to density ra'ios of 4 and possibly 10.

For constant area channels and density ratios larger than unity, lower
peak efficiencies than shown in figure (VI, 13) are to be expected, according to .
the information presented in figure (VI. 3). Yxtlending the information pre. 4 .V
sented in this diagram to an N.D. diagram by a graphical procedure, figure
(VI, 14) is obtained which indicates that the location for peak efficiency designs
moves to smaller specific diameters without choanging, however, the specific r. .-
speed regime whereby the peak efficiurcy now decreases to values of about 19
per cent or density ratios of 10. The result then is the constant area channels
operated with compressiole medii give smaller optimum rotor diameters than
diverging channel designs, however, the maximum efficiency decreases. In
spite of this decrease in efficiency, the smaller rotor diameter will presentH an attractive feature for some applications due to the corresponding decrease
in turbine weight so that constant channel areas for compressible medii merit
considerations for applications where turbine weight and diameter are more - ' -
important than efficiency. Since additionally, the original simplicity of the 0- NS
drag turbire design is retai .ed in constant area channels, it appears that this
turbine type will show advantages in accessory power unit application for low . ,,.

duration.

The above discussion dealt with outside channel designs. For inside"-r9-
channels higher efficiencies are to be expected due to the higher Al, values
q',oted in figure (VI. 12). Since the higher value occur at smaller A
values, the ratio of channel 'area over diameter will be larger for inside
channels. Since the increase in rotor friction coefficient is larger than the
decrease in A value the geometry term ' - will be larger for inside channels
than for outside channels. This, however, does not necessarily mean that
inside channels operate at smaller turbine velocity ratios than outside - .
channel since the optimum Oi/, ' value increases vth decreasing f value,
i.e., increasing values. It is to be expected therefure, that inside ,

channels will show about the same optimum specific speed and specific dia.
meter range thar outside channels, with . however, higher efficiency values.
No computations ha.e been carried through for inside .hannels due to the
speculative character of the values presented in figure (VI, 12) for inside
channels, hI this respect it has to be noted that in general the information

*, ....',

-- V..'

.. ... . . ... . ... . .. . . . . .. • ,l~
h



3. Conluson

Dragcoeficintsmeauredin abyinthseas shw rmarablesimlar

raneeie nfgr V.1) of dragniar ntureie canc som oflyed theotiu geometr edtricad
soI thlatotheSs decingrm the drag ouffices aeno e ulyed ehalored. eval

that drag cobiefaictyiectl measrifped iayiturbieas showein rearaeisimare
ify5 teod15cwisecias diaell rs uferical2. 5ith deaficoeffcies alut d fr cent
dag peak~n vale. Themaii dagram Silce prestts dtona ayinthoseais fo'r athe*
opiemumito geometra hpe quhain the copaativfrtrdaer ftw dtata canaelablepton
dor tuebiffeen performace dihie-. knowlede ora turcearacbtetistcatbr

ange roo adra surie cane beph anlHd The tium gnlentryl canrbemeteriedal
sog that the clearadiagramsior/ dragtrbies anie belte, This analysi rel
thaotai drag turb cienres.cllwse fcsedtriescvrn pcfcrne ~ /

ofSto1 wt peiicdamtreoakt .5wt efficiencies ofwe thani 40 per cent are obaie whndatrie
as penak haes. Thea are diagrame aoig pressuradditioal inomeatiot rth

for thc ieent pecifi TdiseficienThy ati of clreacteh bysneeen stator
cannooenl idshne.eph s~prtclryifleta aamtr eel

ingtht heclarnc rtioh/, us b minaiedbetee .1 nd.0 i ode

tootiek fiinis

Ielefckce lwrta 0prcetaeotie we rgtrie



9A Apr-1 1958 9~

AMF/TD No. 1196 Pae8
Job No. ?213 Page 85-~~~

4. LIST-OF SYMBOLS

A drag channel area

a frictional area

c through flow velocity

* I cl spouting velocity i"~ '"

D rotor diam'eter

Da specific diameter

%d hub diameter

g gravitational cotistant

H width of drag channel

H pocket depth

Ifin input head

flout output head

h seal clearance

L length of drag channel N

Ii ~blade distance ~'-~

zn width ratio

% %I'~'V

N9  speific speed *

*n blade spacing

dimensionless head ratio
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LIST OF iYMBOLS lCont) 9

a blade thickness -

*U wheel speed

V velocity

Wturbine weight flow

leakage flow ~~

velocity ratio

blade angle

density

drag ratio ~

diameter rat io -

hydraulic efficiency_______

drag coefficient N

.. AAdiameter-width ratio

geometry term .*

ratio of friction coefficients * ,.'.I - shear stress

*

hE t~*~ ~~9. A vA@' X
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B. Drag Turbine Considerations 3ased on Dynamic Flow Theory .,

It is assu'med for this analysis that the drag lurbine (referred to in the \., ,'

literature as regenerate or peripheral pumps and turbines) can be associated

with a flow essentially dynamic in natt-e. obeying the Euler equations, and that
friction forces are small and can be ta.-en into account by correction factors.
This is analagous to the methods used in comptiting axial and radial flow.machines. "

It is doubtful if this theory can be applied directly to the conventional '.."." ,

form of drag turbines, since this theory suggests a flow pattern which would be ,
adversely affected b; the conventional blading and channel ge-imetry , meaning

asthtthe conventional arrangement, particularly the interaction between
•rotor flow and stator flow in conventional desitsno militates against the possibility 7T' , ,

to even approximate the flow mechanism to any theoretical flow. By discussing ' ,'\ -

the more significant equations of this theory and their implications and solving
the basic flow equations for the assumed flow pattern a basis is established for §\ -. ,9designing blade forms and chiannel geometries which fulfill all the required ,"',,

I boundaryconditionA, This suggests that designs can be found which have Euler.
lan flow and correspondingly high efficiencies. The considerations are as follows.

blades set on both sides of a disk at the periphery as shown in figure (VI. 15). j r
• The fluid goes radially inward. through the blade passages and into a vaneless

I.passage where it circulates toroidally upward and around the circumference tnder

the influence of the circumferential pressure gradient until it enters the blade

rr passages again. This is repeated until the outlet is reached. Between the inlet
and outlet is i seal which is shaped to maintain the boundary conditions demanded "
by the differential equations.

These boundary conditions were set so that the following flow character- ..- ,*
-- " ~~istics exist: - ,i.

1. The velocities are circurnferentially symmetrical (since the blading ..

and passage shapes are circum!erentially symmetrical). -

2. The same amount of work is taken out of each stream line.

The first equation of interest describes the vari;ation of the tangential
velocity in the free passage:

*: -a -z
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where Cw, tangential velocity .* .-

*1 __ ____A

-total head drop 7

meriaional mass flow

-free Slo' volumne

This indicates that the C4r variation is independent of the passage shape. but a
function only of the volume of the passage.

The second significant equation is that for the irternal efficiecc; oi % .

the turbine, that is the efficiency which. accounts only for the lossesinside
the turbine' i:hout inlet. exit, and wall friction loisses.

where ?~ -~ y1

where internal efficiency
.1%

L~mean blase speed

Vi m ean tan~lential velocity in -.he fr.ee
passage

This is the same formula arrived at from overall pressu re- momentum -'j -
considerations. According to the drag theory, presented in reference 16. no
work can be done when this function approaches 1. 0. !Itfor this formulation. ' 2
large variations in cu can exist even if the mean velocity approaches the blade
speed. This necessitatis large negative velocities at the exit from the bladed
portions; thus the strange shape of the block seal in figure (VI. 15).

Another signifi,.ant equation shows the ene-gy a~atlable for dri-,no t:-c
circumferential velocity. V

where -I head available for circumferential
4. lo sses

%I



- -"----- ":' ...-, ...

AMF/TD No. 1196 9p"d 98 .A.

Job No. 7 21P3g9
4.-.,O-'

,; This indicates that all of the internal losses are available for driving the cir.
cumferential component. And, as the circumferential loss approaches zero,r must approach unity and v must approach u,,.

The analysis above determines the flow along one flow surface. Integral-
ing point to point iurn this surface with the use of equation (IV, 49C), one may
obtain the flow over the complete section and twe design of the cros.-section and .
blades. However, it is sufficient for this report to assume that conditions along
the mean stream line represent the a~erage conditions of the complete flow, that *..

ise b represents the channel width. When this is done, expressions for the aver-
age efficiencies and several design criteri. may be determined. It is evident that

T several assumptions have been made in this theory which will not be followed
,. completely by the actual flow. This aspect merits some further discussion.

Cr

I" It is assumed that the pressure decreases stead;ly with increas-
" ing peripheral angle A as shown in figure (VI, 15-A). !n order to simplify the
representation the flow channel has been linearized inthis diagram. The upper
line represents the pressure at the outer radius of the side channel, whereas
the lower line represents the pressure at the inner radius of the side channel; ,

the difference between these two pressures is caused by the centrifugal field and %
proportional to the square of the radius ratio. This pressure pattern can be
established only if an infinite number of rotor blades is assumed and if addition- ". .
ally the peripheral extension of the i.oz-le arc is infinitesimally small, In the
actual case a somewhat diffezent pressure pattern mu- .t be expected due to the

13 finite peripheral extension of the nozzle and due to the limited r.Lmber of rotor
blade3. In this case the pressure will be consiant over the nozzle arc as indicated
Ly the dashed line in figure (VI, 15-A). If the rotor channel is positioned in such
a manner that the nozzle arc covers one blade passage entirely and if the clear.
ance between nozzle and blade ia small enough to avoid detrimental leakage, the
nozzle jet will pass through the rotor channel and will again show constant pressjre

over the exit width of the rotor channel, The jet discharged from the rotor blades .
will be directed to the upper part of the side channel by the block seal, enter the
second blade passage and will flow through the second blade passage due to the
pressure difference existing between the outer and in'er radius of the side
channel. This means that the pressure pattern showe steps as ind-icated by the
dashed lines in figure (VI.15A)whereby the peripheral extension of the steps
should be approximately porportional to the bade spacing. This, then. means

that a pressure gradient exists between two adjacent streamlines in the side
I channel. This pressure difference can not be maintained but will be modified to

a more gradual decrease by a ra.xing process as indicated by the dotted lines in

I%
U .,,[,, ,,.
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f Nour . 15A). It is tobetoethtti riuldcas.ipesres

$1 obtained by a process which increases the entropy and not biy the dynamic action
of-the blades, i~e., by converting dynamic #-ticrgy iiita shaft power. This mixing -

hais to take place for every cycle so that for the overall process comparatively
S large mixing losses have to be expected. ,'

w. The above described flow pattern is expected to result when one rotor
channel covers the nozzle arc entirely. As soon as the rotor starts to move,

.' a condition will exist, w..ere two rotor channels are fed by the nazzle so that
now th typial it admission losses occur due to sudden expansion of the ~.

gas in the rotor channel. Additionally, it must be expected that the pressure at I;
rotor exit is constant o~er two blade passages, vhich meants that only a fewer -

number of pressure steps an occur causing the number of cycles to be smallcr,
so that every cycle has to s*.o%% a larger pressure drop than previously if the

total available pressure drop is to be utilized in the channel. This, in. turn, * .7
means that the pressure gradient betNween tmo adjacent stream lines is larger,
thus causing larger mixing losses.,

,icaeAnother aspect is revealed when the starting problem is considered. In
toi cs toebc turessxi at the exit of the first bla.ic passage can be assumed
tbe equal ttubnextpressure so that a tendency w-ll exist to expand the

total avlal prsr nte first passage. causing the remainder of the rotor
chan I torecleive gts which has expanded its pressure energy already. If now

the otorstars mvingit a coneivb'e that the gas, having expanded all its
energy in the first passage travels with wheel speed to the exhaust port, so that _________

only the first passage accomplishes a conversion of dynamic energy to shaft
power,- 

**%. -

The above considerations indicate that it might be difficult to actually
obtain the flow pattern stipulated in the dynamic theory, or that in order to obtain *

the continuously decreasing pressure pattern a constderable amount of iring'x' -"

losses has to be anticipated. It is to be expectel that the situation improves with
increasing number of blades and decrctasing peripheral extension of the nozzle 9*1LS

arc. The above considerations also ind-cate that it would be inadvisable to place -.... :..*Av*
blades in the side channel since local fluctuations of the side channel pressure

have to be expected, caused by the fact tha~t 'he siritzle will feed, in most cases,
ga two rotor paseages, the position of which changes constantly. c

* 

*

~Y
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, A more optimistic approach would be to assume that with special
noz~le designs the pressure at'nozzle outlet is nnt constant. but varying with ', :.

I periAteral extension. If it would also be possible to design blade passages ... :
I which allow the pressure at channel exit to show a pressure gradient rather '""•"'

T: ~~than a constant value. Then the originally assumed pressure pattern could be .: ('-
establish~ed predominantly by dynamic flow action rather than mixing processes, i , , .

[i In this case extremely high efficien~cies should be expected for the turbine since -'

-. . -.. ..____ ,

no parasitic losses except the usual friction and turning losses would have to be ,":';considered.' .

Aother approach would be to assume that the desired pressure radientiiwill eventually be established in the turbine passaaees and that the nozle which
originally provides a constant pressure over the nozzle exit will adjutto the.
gradually decreasing pressure pattern of the side channel by incureing mixing
losses

It is unlikely that further analytical arguments will give sufficient helpfor determitng numerically the effect of the above discussed disturbances or
for determining te average flow pattern actually existing in this turbine design,whh

'A rgIt may suffice to be content for the time being with the fact that a detailed mathe- '..". .

[ matical treatment of drag turbines with Eulerian flow presented in section (Vt. BI) , .',,,. -indicates that the assumed flow pattern is possible fro n a theoretical point of %.

view and stable for an infinite number of blades w hen the block seal is shaped :,. .
Ii according to the boundary conditions. I.e.,. has a geometrical shape as indicated
" in figure (VI, 1 5). This finding suggests that the peripheral channel should be T, l 'entirely open in order tha re alyiiliargumnthe flow patter, It should _ .__ -

prove therefore essential, to avoid any bladingin the peripherial channel thusfavoiding a rigidity in flow pattern the flow cannot adhere to. This finding also

, l f, points to the desirability of providing a maximum number of rotor blades. or : - .. :'more precisely to design for the largest possible ratio of nozzle arc length e-
to blade spacing; a feature found essential alo in partial admission axial ur. Bi) O'V

Sbines. Assumingtns as e flow the disturbances and secondary losses .. .
caused by the limited number of blades can be kept small. only four loss sources
have t be considered for calculating the hydraulic efficiency of this turbine %
type. These lose are enumerated as-follows: o h . is na

os h i i p d m m m f r e

mr p to d

t a p g f r u s i l ptdIa -

b A iiAab s s t c a c l
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~ .J t. Blading lots: '

The blading lose In a well designed constant area turbine passage is
a function of the turbine angle and the relative velocity head. Generally. a loss
of 30 per cent of the relative velocity head for turning angles of less than 120 degrees
to considered a conservative vallue, hence

where qis, the inlet and exit blade angl*

2. Circumnferen~tial velocity loss:

The test data available for ducts indicates that the-lossesa for 90 degree
bends are on the order of one quarter of the velocity head. provided that there s"

are no sudden expansion* at the turn. A 360 degree turn would then occAsion some-
thing over unity velocity head loss. A value of 1.45 would seem a conservative
value. hence

VJftT

3. Inlet and exit losm: ;.'-.'" y

The inlet loss is si:-ply the las of the aictlerating flow plus the
previously discussed mixing losm at the b.2ginning of the circumferential passage.----
A value of 10 per cent of the inlet velocity head is assumed for this loss. The
exit loss is considerably more, ince mixing and diffusion are Involved. How.
ever, proper design of the exit passage will require only diffusion of the radial
component, It appears that over 50 per cent of this velocity head wli be lost, .**

* hence _

and . -,

Le Q ri 
t

N, 1%~
~% %



AMF/T No.IL96April I.9eo

Jub No. Y Z13 P~age 93

4.I Tagnia lwoss

r This %ill be a function of the friction factor and the average of
4 the squares of the circumferential velocity multiplied by tlie lengths - hydr'Aulic _______

diameter ratio as indicated by the pipe theory. Because of the excess turbul.

1ance of this flow. the maximum tangential velocit; is used here to determine M'74
-~ the loss, hence

Fo elcrain: ~eorl eficency h wheel disc friction loss is found in

where is in horse,ower. k;: : v'

In terms of the variab'Ot used here the loss per pounds flow is A,I

~ IC"C

The overall efficiency is then the internal efficiency t, multiplied by
* U ~~a factor of one minus the external losses div~ided by the available energy. Hence. --.---

lei P %

with

-Z L
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where~~ ~ ~ ~ ~ ~ Ze Is- -e su., -etrnllse

*so that

buo fothaltrie~nls ota

T L

( C( L 1A

Ths acorisa famlia n and r euate lo thbie iariyg armtees. n
bDS as sotdi q ain(1.9.Iti es r ft ee eg that c nb

% 5%~
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absorbed by a given size -heat at a given roative speed. %;, ,

'A

A summary urve reulting froin the abave relations is shown in , . ,.
in figcre (VI. I-S) where u/c i and ?.. are presented as a function cu/lu and .. .- ,.

fr a v'Alue of -v,.0. This c:urve indica.tes that highest efficiencies %ill
]" be obtained with small angles. It indicates that efficiencies of bet%%een . 60i %' , ---

"" and 70 are calcul-ted for u ki values as low as 0.0". For very large enthalpy ... ,.,
drops at t'e lowest blde speeds Ce ratio r, m'nmust be as lar-i s possible, ',.'.,

which lez.ds to large leakage losses. Further %%ork is necessary to optimize these..
"" values as a function of specific: speed. It must be kept in mind that tliese valueo

a re calculated on the basis of" an idea.lized flow rech.nism, Since no conclusive".'"•-
-- evidence f or actue.ll71 produjcing this flow. patte rn is z.vailable, only a test of a | ,

turbine design ed according to this concept. cn determine the validity of this,'" °"/.,

analysis Ahereby the application of flw visalhizaion tec~ni. ues \ill pove to be , , .,

Sextremely desirable.

1. Detailed derivation of dynamic flow iheory for drag tur!).nes. ""'.'".'

The Euler equation for fri.ctionless flow and the equation of continuity Q .,..
may be ritten as follows in cylidric.1 coordinates:,,...

''

.. r U96

Job.N....:Z...,Page-9

gieVttvese
absobed y a ive siz whet ata %

(VIlu)whee uc1 .d7.aepee'dasafnto k/ n

in fgur A ummay crve resligfoCteaoe eain ssoni
v~le f~ L4O. hi *:rv inicte tht ighsteffcincis4il

be otaied wth z~ill agle. Itindcats th: eficincis o beteen..6

and ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ % 1?aecluae o k 1 vle slwa .. o eylreetap

drop atte owet badespees te rtior~mmus be s lr~ias ossbl%
which~~~~~~~~~~~~~~~~~ le% olrelaaelse.Frhr oki eesr ootmz hs
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Vb*;te ~~~~~~ ~ ~ ~ ~ ~ V*V-ail agniladailc~rjat

velocity componen

-pressur

. OS.'
N'. .

a i * ~,-~density
N*~

Eqatond(I8) ma betrnsformad aina mo*re nenin form by'' ~~
%Csbsttuingth velocingty copnn %

C"*.
11W'

z C

C.~~~~~ Cb*m_____________

Thus M, n form a new coordinate system in the r-z plane ..hich ~.2V .
moves along with the flow in the r-z plane. Cm is then the vector perpendicular _____________

to the flow in the r-z plane. m is then the vector surn Of Cr + Cz. These new :.:''
equations with eheld constant may be written as follows:

C..

I P%*

- p. *

J71-S _ __

__~~~~A ___(i k :s e
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A P

:. . F ~In the above equations. it must be remembered that r is no longer a .:+.+
-_coordinate. but rather some function of r and n as determined by the stream

; ~~~~line. These four equati.)ns ha.ve sever, un:no~ni o Cm. Cu. 0. M, Y, N, and P, ,_ _ _.

; In th'e free space the body forces are zero so.that the flow is defined by the flIow O
: ' ! ~equations in four unknowns. In the bla-.ed section the body forces are perpen . ... .

dicul-ir to the blade zurface and the flow is parallel to them. so that two more ,'';' '

S equations are given: ... +

:- '

~~~A seventh equations defining N. can be 'written if the blades are contin- .uous surfaces..o

One of the boindary conditions establishes axial sy'mmetry' of the blade + .: .
[ , passage, Since assumin,; that c m . -0 and c:u are independent of Y fulfills this

boundary condition. let us assume this and determine if the other boundari r
Sconditions can be met. The equations then reduce to::' :,.:: ,.

"4'.+ -... - ,' .. :< .

VV --

t P.

1^11% , opal. *._ : . -

)cC 6L4 .

T 0

In te aoveequtios, I mut b reembred hatr i noloner%

coriae u ahrsm ucino adna eemndb h tem'
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Another simplication results if the equatioirS are written In terms of
the distance bttween t%%o Closely spaced stream lines (b).

4W.,

Substitut~ing this result in ec~uation (VI, 5 4) allows immediate integration.

where W., is now equal *o the total flow in the particular stream tube. This is
equivalent to stating that an averago value of the v'ariables car. be used for the
whole stream t ube. This is shOwn as the "donut-shapecf' section in figure (V1. 17).

At sme nintin^:m section is a seal and the fluid is introduced on one side of the *

seal and removed on the other. However, care must be talken in the inlet and out-
let seal to assure that the boundary conditions -re maintained.

Substitution of equation (VI, 56) in equation (VI,5Z) allows immediate
Oiv. *-integration with Y 0 in the free space: %

It will be noticed that tione of the variables in~ this equation is a function * ',

of so that this may be written

*r A V

where Apis the total pressure drop in the machine. constant at each rad~ial -

@1 position.

N*

%v

xY
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It is interesting to note that the bracketed value on the right side of the
above eqcatin is simply the dUiertntia, volume ot the stream tube under consid.
eration. Thus integrating:

2 Wr W"~

I where Vb a volume enclosed in the vaneless section as shown in figure (Vt, 17)

The same process may be used to determine the bladetforces in theIrotor:

% where i as the blade force represented by a body force assuming an infinite
number of rotor blades thus

where 6F is the differential blade force

Multiplying by r to obtain the differential torque (ST)

.5 I [f ,*'.

Since COA'is independent of and AP independent of m from considerzzions ofboundary conditons! Z, ,_l

-" i NS*t~*t*t

r .% .

4.'d. z T

%
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But . 'P , ,

is equal to the torque on the blades passing through the block seal
bet%%een the Inlet and outlet passages

V'iR W1
The overall internal efficiency is.then: [not M

... s %'

Wa z flow-through the machine, -

V1  average tangential velocity

At tangential flow area

Substituting from equation (VI,59)

where Y'4-is the mean radius of Vb.

y This. of course, is the same formulation for efficiency which is obtainedL. by the drag theory. o attempts wilbe made to formulate the equationV,' +--u--, which

%.,,M ditermines what the value of cm must be. T.1 a this, the meridional pressure
W. - rise ir. the vaneless section less the pressure drop in the bladed section. must

J".1 be determined. This difference is the driving force which overcomes the losses
i in the rotor biadet and the frictional losses due to meridional velocity.

C'e 'It7

%I,-.

%I "
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but from'ecquation IVI,50 ) " ' ,

1 then

-- ' 'II ,: --

• " ! " ~Integrating with respect to m rn,.

. .. But the integral of

-A'b

buIntegrating th equation in the vaneess section wih M .0 W

. integrating the east term in parts

- Zf

A. Pg P

Integrati t i n equt o n the va. e e s se ion wih) M e O e r in g

*'V in:tegrat ing the ast tergin pantiaseoiy . .,

. 7. -_ .lO :
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2., CONCLUSIONS "

Bay stipulating an idealized flow pattern in a drag turbine, at" '

dynamic theory for the turbine action is derived, Thi.s theory indicates t~tat the., .
shape of the block seal. which is of nt.gligible importance in the drag theory., is : ,. .
essen,.ial for generating the stipula-ed I'low pattern and should have, a different .. ,!.

form -than presently used. This theory also indicates that typical impulse blades •. \
S for the rotor should show higher efficiencer '. .an the presently used straight-edged . .d. ;

- blades; however. the coalusions suffer from a lack of pertinent test information ,.. o
regarding the magnitude of secondary losses in the prescribed flow mechanism. ".-" -

"" l If they can be assumd to be of minor consequence and if the presumed flow pat-.
, . , ~tern can be establi~ihed, comparatively high efficiencies are to be expected from '" "-"

" :i ~~thn. dedign geometry stipulated by the dynamic flow theory. A final conclusion. ..'. '''
-'.',/ [ therefuret will have to await further testing.', -",.,,-%

%

*,' *; :

.-4-' .C ..

'A-,- ---,.4
4 , '/ :...
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3,1 LI.T OF SYMBOLS AND SU CPTS -- -

':..... 1.--S. . . . .

C, absolute \'elocit7 it/se¢ c " *'* '

Ds - pecific dia.meter -
m meidioal oordn- -ft.+ '.' 9 April, ,1-.,8

nM T -J~.U 9 noPaacorinte104 ,,+"• ,

,- JobiveNo.d .7Zk'3,, ' ,:*2"\%@ ,%2

.fb l ' -.+ , .: . + " ,- ].

Ds - specific sipee ___________

- p e srity . ft/sec . '-

a , te a t ft /se ."-'. A-. . ' "+

h - blade height %fts

k, K constants

m-meridional coordin- ift. .,... . . .....

ate

n -normal coordinate I t.0

N r otative speed *RPM

Ns -specific speed -~

p -pressure -lbs/ft

Q . volume flow - ft/sc.-/;-*

r . radial coo rdirate -ft

Re - reynolds number *

u . blade speed *ft/sec

* %

P # ~#Vt4 %
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Symbols tCont) - ,

V * vtlocity -fft

- nozzle aingle 4*

* blade anglej

* turning angle

- efriciency,

loss factor % %

= .encit. Wbit3

'I - velocity coefficient

(an*nua coordinate

- meridional angle

b blade , ~ ~
c sonic, critical _

.A H hydraulic '~~

*% %
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C.. SUMMARY

K The performance of drag turbineb has been annalyze~d by two different .

theories, t:,* drag theory and the dynamic theory. The drag theory, in contrast
to the dynamic theory, considers only the peripheral component as the main
criterion for the performance. On this basis, critical velocity rati-os ar6
established and the design geometry required for obtaininj highest efficiencies%
Bly using the drag coefficients obtained by lab-;rinth tests the optimurn design

L geometry can be specified in cons ide rabledotail whereby it was found that blade :
angles oi40 degrees, a ratio of rotor diameter to side channel depths between
8 and 12, and a ratio of clearance between rotor and stator and side channel depthsJ of ,C1 to .02 are essential pre'requisites for highest efficiencies. The evaluation
of the performznce in terms Of specific speed and specific diameter yielded an
Ns Ds diagram for drag tu.bines indicatinE that mraximurn efficiencies are obtained
at low specific speeds. namely, between specific speeds of 3 and 15 w.th specific
diameters between 5 and 2. 5. i.e. , values which are considerably lowe r than the

r corre!sponding optimum specific diameters for axial and terry-type turbines for
Lthe same specific speed regime. Th- iaximum efficiency. however, of drag

turbines is less than that of axial turbines, particularly axial turbines with large
- blade numberf,. yielding maximum values of only .37 to .40. depending on the ~ ~ V

clearance ratio, These maximum values appear to be obtainable for a varietyii----of pressure ratios. however. for large expansion ratios a divergent stator channel
mu. ~t be a~lc.If a con~stant arc a channelt is applied for high expansion ratios, *~*.,

the maximum obtainable efficiency decreases significantly. Since the required
optimum specific diameter decreases at the same timne, this design offers the
advantage of reduced manufacturing costs and % ieldin, smaller diameters than the

j corresponding design with diverging channels. The calculated data have been
partially substantiated by test evidence. For outside channel arrangements it .

- appears that higher efficiencies than tested so far with inside channels are obtain-
I able. Test confirmation of this aspect is still lacking.

The dynamic flow theory stipulates an Eulerian flo'v, requiring different
block seal forms and blade shapes than tested so far in drag turbines. In treating

assume an infinite number of blades. If it can be assumed that this simplification

Is of mnrcneuneacosdrbeimprovement in drag turbine efficiencies
should be obtainable for block seal desig-.-s and blade forms specified by the dynamic .'..

theory. The argument. however. tnat the limited number of blades has a more
serious effect on flow pattern and efficiency than commonly assumed for convention-

al designs, cannot be entirely refuted by analytical arguments alone so that test
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S evidence will be n~cessaryl before a final evaluation of the validity of the dynarmic %
theory, .n;A a rnore :zccurate zppraiszl oi, its limitation, can be presented. \'

The limited test information available on %drag turbine performance
and the somewi-at speculative character inherent in both theories indicates that

i the presented information is of preliminarl nature and mum be substantiated by
test data before a final acceptance is justified.

Tests on drag turbines with diverging channels of inside and Outside
desigis as well as tests on constant channel turbines with inside arrangemen~tM,

desinedin ccodane wth he ragtheory. are scheduled for the near future.
16, is intended to test these designs over a vzriet-I of pressure ratio:. MW

A turbine designed in accordance with the d~namic thieoryf is also being
prepared fo.: testing. This design will be tested at low pressure ratios only,
since the dynamic theory in its present form is valid only by ass-rming negligible

* density change in the flow channels. %.-

%

~.
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