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(- NI of the greatest difficulfics met in the operation of low-

hewd hydrocleetric power plants is the reduction of eapacity
during flood periods. Tt is usually impossible, owing to the nature
of the sureounding country and the enormons quantity of water
required, to provide stornge resorvoirs to such an extent that all
exeess waler flowing during these flond periods ¢an be entrained and
used when the stream flow is below normal,  Bome regulation, of
vonrsi, 18 effected in a few instances, but for the most part there
is sufficient only to earry the plant over the daily peals,

2 Where the storage is thus limited, owing to the character
of the country surrounding the plant, the fow of water during the
flood sesson is much groater than is required by the furbines. This
excess 18 therefore wasted over the dum, and in addition eanses the
tail water fo rize in level,

3 inee the turbine operates upon the differcnee in lavel of
the head and tail waters, should these levels vary the same amount,
then this difference or head would be constant.  Usually this is not
the eage, for with o given rise in level of the wator going over the dam,
the rise in the level of the tail wator is greater, thus decreasing the
net hewd,  This effect is illustrated in Fig. 1. The head at low
waber 18 evidently much grester than at high water as reference
to this sketel will show, The line intermediste between the two
extremes shows the effect when the level of the head water 18 in-
ereased by o small amount,  T6 is evident even in this caze that the
net head is decreased,

4  Since the horsepower of the furbine varies az the three-
halves power of the head acting upon it, the output of the station is

FExtracta from o thesis submitted Lo the University of Pennsylvania for
the degree of Bachelor of SBcienee in Mechanieal Enpginesring by the aulthor
in June 18210 Awarded AGSDMOE, Junior Prize for the best paper during the
year 1921,
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1202 THI] MOODY EJECTOR TURBINE

deereazed in the same ratio, but as the operation is of necessity at
constant speed, the efficiency may be less as well, depending upon
the characteristics of the wheel, cousing a still further decrease
in capaecity. Thus the resultant loss in power may be very great,
depending upon the rate of ofi-flow of the tail water, which in turn
iz dependent upon the charneter of the stream bed below the dam.

5 As was stated shove, in low-head plants where the quantity of
water required to generate o given amount of power is large, the
gtorage facilities are usnally small. Therefore the turbine should
be designed to give maximum efficiency at rated output when the
head s 8 maximum, for st this time water is searce and economical
operation is imperative.

i Due to their inherent cherascteristics, the high- or relatively
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high-speed wheels used in low-head work give as a rale a rather
narrow operating range st maximum efficiency, and a small over-
load capacity beyond this point of maximum efficiency. To de-
sign & furbine, then, that would deliver the required output under
a reduced head would be inadvisable, for this same turbine would
not operste at best efficiency when delivering rated horsepower
under the higher normsl head resulting from low water.

T This is illustrated in Fig. 2 where the turbine is designed to
deliver 100 per cent of rating at 75 per cent of normal head. When
this same furbine 15 operated under 100 per cent head, its capaciiy
is incressed to 140 per cent of rating; but 23 only 100 per cent is
required, it is evident that the efficiency will be several per cent less
than the maximum. This method of meeting the problem would be

o
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wasteful from the standpoint of economy of operation at maxinum-
head conditions.

8  Amnother method would be to install & number of additional
units that could be placed in operation when the eapacity of the plant
wus cut down at high water. Such o plant would require & much
greater expenditure of money in the first cost, which eould render
a return on the investment for a short period only each year, This,
then, is a possible =zolution, but the resultant fixed charges upon
the plant would be so great, in many eazes, as to make the cost
of power prohibitive,

9 There remains this problem: to design a turbine that will

{W
75 %% HEAD 1oa = HEAD

I

EFFIC

HORSEPOWER 1005, 14-0 %

Fig, 2 Breron Sgmowing DmapvasTace or Desioxixg Tunpixe ror
Maxmios Erriexncy ar e Mivmaosn Hean Coxmimioxs

operate as cconomically as possible at times when the available sup-
ply of water is small, and yvet develop normal rated power when the
overabundanee of water deereases the effective head.

THE MOODY EJECTOR TURBINE

100 A turbine desipned to mest these requirements has been
developed by Mr, Lewis I'. Moody., The apparstus consists of o
turbine of the normal type designed fo operate at maximum ef-
ficiency under the average head prevailing at times of low water,
but at the top of the draft tube, just below the runner, an anmular
opening is made in the wall of the tube, the amount of this opening
being controlled by a evlinder gate.
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11 When the turbine iz operating normally, this gate is elosed
and the contour of the draft tube iz unchanged, as shown in Fig, 3.
When the head falls off due to the rise of the tail waler, this eate
is opened slightly, allowing a jot of water at high velocity to enter
the dralt tube without first passing through the runner.  This
ease iz shown in Fig. 4. The action of the jeb, expressed simply,
is to “pull" more water through the runner and henee to inerease
the horsepower output of fhe turhine,

12 The jet actually ereates an additional suction head that
compensites Tor the loss in the difference in level botween the head
and fail water so that the turbine is in reality operating under o
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heawd made up of two parts: first, the effective head measured as
the difference in levels of the head and tail water (less, of course,
the frictional head in the water passages); and second, the “suction
head™ produced by the action of the jet of watar admitied below
the runner. For this reason the devies has been called an “ejector
turhbine,”

TESTS MADE ON THE TURBINE

13 The apparatus described above was get up and tested in
the 1. P. Morris Experimental Laboratory of the William Cramp &
Song Bhip & Engine Building Company in Philadelphia. The
turbine was equipped with guide vanes placed in the ejector. The
function of these vanes, which will be called ejector vanes here-
after in order to avoid confusing them with the guide vanes and
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gpeed ring vanes of the turbine proper, is to give the water entering
the ejector an initial whirl, so that there will be a minimum amount
of interference with the water coming off the runmer.

14 Tn the first series of tests (Al to AB) model runner No. 53
was used. This runner {16 in. in diameter at the throat) is of the
mixed-flow type and has a specific speed of 84.4 at best ¢. The
symbol ¢ represents the coefficient of peripheral wvelocity or the
ratio of the linear velocity of a point on the Tunner to the theoretical
spouting veleeity of the water under the operating head. This
ratio may be based on any one of several diameters, but in this
article, the ¢ based on the diameter at the throat of the runner is
meant, The values of specific speed (V) are all given in the English
foot-pound system,

15 The first test (A1) was made at the maximum opening of
the ejector (3.155 in.). The measurement of these openings was made
by taking the average of a series of readings sealed off at various
points around the ejector. A series of @-Efficiency and ¢-Horse-
power eurves under 1 ff. head and 1 ft. throat diameter was drawn
for each test and the performance curves ecaleulated from thess.
Description of the neeessary ecaleulations and of the method em-
ployed in testing are given in appendices to the complete paper,

16 A series of tests was made, each with a decreasing opening
of the ejector until a point of (L824 in. was reached.  The next test
fAGY was made with the ejector gate entirely closed.

17 However, this fest did not give as good efficiency as was
previously secured with the same runner and draft tube in another
test, Upon investigation, it was found that the cylinder gate of
the ejector did not seat properly upon the lower ring and that a
small opening was left on one side of the turbine, thus admitting
a small amount of water on about one-third of the periphery of
the ejector, Tiis of interest to note that for any given gate opening
of the turbine, although the efficiency was reduced about five per
cont from  that previcusly obtained, therse resulted a  slight
inerease in horsepower with even this small ejector opening.

1%  In plotting performance curves of the values in test No. AB
the test efficiencies were stepped up to correspond with those ob-
tained in previous tests. This is permissible, for in tests MNos. BG
and 02 made with runner No. 65, the ejector was calked tight to
eliminate this difficulty and to correspond to the more perfect
construction that would be found in large units built for commereial
purposes. The resulis in these tests gave efficiencies that checked
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very closely with those obtained when the same runner was tested
without the ejector installed.

19 Another seriez of tests was made using runner No. 85 in
place of runner No. 55, This runner (16,25 in. in diameter at the
throat) is of the * disgonal-flow™ fype and has & specific spoed of
approximately 100. This series of tests (Bl to B6) was run with
varying openings of the ejeetor, but the angle of the ejector vanecs
was changed to conform with the variation in the theoretical value of
the whirling component of the water leaving the runner with the
inereage in spocifie spood.

200 When this series had heen run, it was thought advisable
fo test runner No. 65 with the ejector vanes removed in order to
study the effect of the ejector water without this initial whirl.

INVESTIGATION O THE INFLUENCE OF RIECTOR UPON THE FLOW
IN DRAFT TURE

21 It was desired as well to see the effee! that the wabter in-
jeeted into the draft tube through the ejector would have upon the
normal flow of water coming off the runner. In erder to messure
the velocity of water in the drafl: tube it is necessary to lmow the
direclion that it takes, since the flow is nol the same as in a pipo
line or canal, but moves with a whirling motion and follows a path
similar to a helix in form. The steepness of this helix depends upon o
greal number of conditions, principal among which are the type of
runner, the speed, and the load under which the turbine is operating.

22 An ingtrument was developed by the writer with the co-
operation of the stoff in charge of cxperimental worlk of the 1. P.
Morris Department especially for this test to measure the velocity
and direction of flow in the draft tube. The apparatus, beeause of
ite form and the use for which it was designed, has been called a
Hpitot velometer.”!

23 The pitof velometer consistz of a double pitob tube similae
o the “ Pitometer ” with symmetrieal openings 180 deg. apart.  The
head was srranged so the maximum dimengion would pass through
a hole the size of the outside diameter of standard 2-in. pipo.
The whole head, rod, and end eonnections are free to rotate snd
move in and out from eenter line of the draft fube. A pointer is
fixed on the outer end of the instrument, and a dial hung on a ball
bearing and weighted to keep the zero of the scale werfical showed
the position of the center line of the opeonings in the head.
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24 These two openings were attached to the legs of a dil-
ferential gage filled with mereury and when the head was turned to a
position so that the two openings were in a line with the flow of the
waler, the velocity head was indicated on the goge. When the rod
was rotated through 90 deg., the cenfer ling through the openings
was perpendicular to the flow, and the two legs of the gage stood at
the same level. Tt was found that the apparatus was very much
maore gensitive in this position than with the openings in line with
the flow, and that the angle of deviation from the vertical eould
be more accarately read.

25 Tor this reason two pointers wers atfached to the rod,;
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(R indicates red pointer; B, black pointer)

one painfed black was set at right angles to the line through the
center of the openings, and the other painted red set parallel with
this line.

26 In taking a reading, the rod was =ei at the de=zived point
on the diameter of the draft tube and rotated until the two legs of
the differential gage stood equal; this position is shown in Fig. 5
(8). The reading of the deviation was recorded as shown by the
black pointer. The red pointer was then brought to this point,
automatically placing. the openings in line with the flow and the
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veloeity read by the difference in levels of the mercury columns.
This position is shown in g, 5 (a). The scale of the dial was gradu-
ated in degrees and half-degrees. 1t was possible to measure the
deviation of this veloeity from the vertical accurately to within a
single degree.

27  The seale of the mereury gage was graduated to read zero
when the two legs were equal; below this line the seale was laid off
in inches of mercury. Above the zero line the seale was arrangod
to give the velocity directly in feet per second. The pitot velometer
was located approximately 24 inches below the horizontal center
ling of the turbine.

28 The diameter of the draft tube at the point where the in-
strument wis installed was 199 in., but as the flow was investigated
on ong side only of the tube, the horizontal motion of the head was
onc-half of the diameter or 97 in.

20 Readings were taken at each even inch from the vertical
eenter line up to and including a point at a radius of 9 in., thus
making a total of ten readings for one complete traverse.

30 It was thought best, due to the time required {(seven fo
ten minutes) for one complete traverse of the draft tube, with ton
readings each of velocity and angle of deviation from the vertical,
to take traverses only at points within the possible operating range
of the turbine, or of a turbine of this type installed in & power plant.

31 Binee the limits of maximum and minimum ¢ for this range
vould easily be determined, three traverses were made for each
gate opening at points within these lmits. A large number aof
traverses were made, two examples of which are shown in Figs.
14 and 15,

32 Two tests were made, the first (C1) was run with the ejector
open about one and one-half inches, the second (C2) was made
with the ¢jector closed and callked, to have, as a basis of comparizon,
the How of water coming from the runner uninfluenced by the ejector
water,

RESULTS OF TESTS

33 In order fo show the increase in horsepower obtained by
use of the ejector over that normally delivered by the turbine, a
sories of performance curves was drawn with efficiencies as ordinates
and horsepower under 1 ft. head reduced to 1 ft. throat diameter
as abscissae. These curves were drawn for each of the fests in
the first and second series. The envelope of these curves was then
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drawn in and is taken as the performance of the turbine and ejector
combined,
34 It may be seen from Figs. 6 and 9 that a considerable in-
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crease over the rated output is obtained by the use of the ejector.
This increase is 36.7 per cent based on rating of 0,300 hp. under 1 {t.
head and 1 ft. throat diameter for runner No. 55 and 30,0 per cent
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for runner No. 65 equipped with vanes in the ejector. Based on
the maximum power obfainable these values are 34.5 per cent for
runner No. 55 and 17.0 per cent for runner No. 65,

35 A second set of curves (Figs. 7 and 10) was plotted showing
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the performance of the turbine snd ejector under varying heads,
cach eurve consigting of two parts, the nommal performance eurve
and the envelope of the several ejoctor performance curves. Curves
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are plotled for 70, 80, 90, 100 and 110 per cent of nermal head, the
latter being tuken as 1 fi, to have o stendard for o basis of com-
- parizon.  Along with these curves have also been plotted curves
of horsepower agninst guantily.

36 Guide vane and ejeclor openings have also been plotted
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against horsepower and appear as Figs. 8 and 11. In all of these
results there has been no allowanes made for the inereased frietional
losses in the water passages leading up to the turbine, since the
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model tested was of the open-flume type. Therefore the losses
resulting from the increase in guantity flowing must be ealeulated
for each individual case where the ejector is to be applied. Tt should
be noted that the results include some of the losses, namoly, the
lossea within the turbine and the losses in the draft tube, but not
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the losses that would eccur in the penstock or the casing. It is |

probable that these will not be exeessively large, since low-head

installations have relatively short penstocks which are usually in-

tegral with the dam. _ -1
37 It may be noted that with runner No. 55, normal rated
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horsepower can be maintained under 80 per cent head and under
83 per cent head with runner No. 65, when both are equipped with
guide vanes in the ejector.

45 From the curves of horsepower, gate and ejector opening,
another series of curves was obtained (Figs. 12 and 13). These
might be ealled very appropriately * Constant-Horsepower Curves.”
The ordinates are per cent ejector or gate opening and the abscis-
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sag are per cent normal head. If, therefore, the per cent of normal
head under which the turbine is operating is known, by finding
the points where the gate and ejector opening curves cross this
ling, the proper setting of the turbine and ejector gates that will
muintain rated ecapacity may be read. These curves are plotied
for each of the two main series of tests.

39 In Fig. 10 {eurves of horzepower and efficiency under vary-

200 T
it oo L,

v |

180 -

//
7

/

L=
=2

{1 ) o
\.secToR
\
i \
0 AN

e

=5
L

Gote and E‘je:'}'cr Upcin_q in F'E_rCE.'H'
1
|
f

AN

b 20 35 80 a5 100 105 [0 &
Effective Head in Perfent of Normal

Frg. 13 Coxsranr-HorzErowEnR Copves, RuNwer No. G5

ing heads for runner No. 65) a set of small curves, one for each 10 per
eent of normal head from 70 to 110 per eent, are drawn for com-
parison with the other performanee eurves. These are the results
of test No. C1 (runner No. 65 with ejector vanes removed), and it
may be seen that there is a slight numerical inerease in horsepower
over that oblained with the vanes in place, but judging from the
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position of these curves with relation to the others and to the shaps
of the envelope of the curves of varving ejector openings, it is reason-
able to suppose that the maximum inerease obtainable with the
ejector vanes removed is much greater than the actual numerieal
difference would indieate. It would seem that the furbine was
operating on the drowned part of the envelope.

40 The explanation of this is probably that the increase in
area of the opening with the vanes removed was greater than thal
required to secure maxinuim horsepower, and had the effect of drown-
ing the turbine. If the opening had been smaller, the actual masd-
o horsepower obtainable with the vanes removed would have heen
secured,

41 In all the foregoing tests the turbine was equipped with the
Moody spreading draft tube, and it is reasonable to suppose that
the results arve comsiderably better than could have been obtained
with g straight or curved tube of another form. This statement is
borne out by recent tests comparing the performance of various
draft tubes.

CONCLUSIONG REGAIDING FLOW IN THE LEAFT TURE

42 When the turbine is operating at normal &, the whirling
component of the water coming off the runner is in the direction of
rotation of the furbine. In all readings of the deviation of this
velocity from the vertical, this direction is taken as positive.

4%  From curves of traverses made both with and without the
ejector open, it has been found that if the turbine is overgated this
whirl may become negative, due to the excess of water passing
through the runner. At overload the runner is not moving in the
same relation to the water as at normal operation, and the whirl
under these conditions may become negative at all but very large
values of . When the turbine is operating at high values of o,
the whirlis positive, or nearly so, even though the turbine is overgated.

44 From comparisons of traverses made with and- without the
ejector open, the following general conclusions may be drawn (see
Figs. 14 and 15):

1 The characteristic form of the curve of the angle of
deviation from the vertical was not influsnced by the
water from the ejector

2 The velocity of the water at the outer portion of the draft
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tube was increased by the action of the ejector water
over values obtained without the ejector open

3 The ejector had little or no effect upon the flow of water
coming from the runner up to and including a point
about 6% in. from the center line of the draft tube, or
in other words, the inner two-thirds of the draft tube
was not affected by the ejector.

4 The action of the runner influenced the direction of the
flow of water issuing from the ejector, and not vice versa.
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45 By referring to the curves plotted from results of these
traverses, it may be seen that the angle of whirl is very nearly the
smne regardless of whether the ejecor is open or not, but that the
velocity of the water in the outer third of the draft tube is inereased
considerably over that wiih the ojector closed.

SUMMARY

46 As was stated in the introduction, the need for the ejector
type of turbine is felt only in low-head installations where the re-
duetion in head due to flood periods reduces the capacity of the plant
to an appreciable extent.

47 It is obvious that instead of wasting the excess water that
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would ordinarily pass over the dam during these periods, the ejecter
uses this same water Lo counteract the reduetion of the effective head
and to maintain the rated output of the plant.

4% While it is imperative that the turbine operate at masxd-
mum effiviency when the head is & maximum and water is scarce,
it iz alzo frue thal economieal operation is secondary to the mainte-
nance of rated ouiput when there is so great an overabundanee of
water that the capacity is reduced.

49 The Moody ejecior turbine meets these requirements, for
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under design econditions it operates as o normal turbine delivering
rated horsepower at maximum efficiency; but when the head is
reduced at Hood periods, the eylinder gate on the ejector is opened
and the output 18 maintained.

50 This turbine also finds itz application, where stream flow
and storage conditions permit, in earrying peak loads. At this time
the ejeclor would have the effect as illustrated in the eurves of
horsepower and effieiency under constant head (Figs. 6 and 9).
The maximum poggible horsepower that ean be obtained is that in-
dieated by the envelope of the several ejector eurves. The turbines
would therefore be designed to deliver rated power for the average
load and rely upon the ejecior to earry the peaks. The applieation
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of the ejector to these conditions could only be effected where the
peak loads could be accurately estimated in advance.

51 In eonclusion, the Moody ejector turbine finds its prineipal
application in low-head installations where the effective head is
reduced by flood conditions and great fluctuatlions cecur in the
stream flow between high and low water.
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