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I. INTRODUCTION

There are three major sources responsible for the

low efficiency observed in partial admission turbines.

These are the windage losses, the filling and emptying

losses, and the pumping And mixing losses. The only

attempt to formulate these has been made by Stenning (1),

and the results are an analytical expression which has been

checked out in the low aspect ratio regime. However, the

windage loss was not readly observed due to the fact that

the low aspect ratio turbine induces very little windage

flow. Consequently, there was no term in the formula-

tion to compensate for this loss.

Now with the results of Wennerstrom (2), who did a

of windage losses on a normal aspect

), this formula can be checked out in

the same turbine and investigating t

e area. The losses that are of prima

region are due to the pumping and mix

ng and emptying. The filling and emp

he work needed to move the stagnant a

nozzle arc by the turbine wheel from

sion. The loss due to pumping and mi

ratio t

this re

he flow

ry conce

ing and

tying lo

ir being

the arc

xing is

u rbi ne

gime

in the

rn in

the

sses

brought

of non-

the

work needed to bring the air into the jet times the mixing

coefficient (1).

To thoroughly investigate the losses, the velocity

profiles in the nozzle area were mapped using a stagna-

tion pressure probe. Having the velocity triangles

s tudy

(2.66

using

nozz I

this

filli

are t

into

admi s

-5-



resolved for the turbine, the net output work can be

calculated, knowing the windage loss. The efficiency

obtained by dividing the net output work by the kinetic

energy of the nozzle jet should then correlate with

value formulated by Stenning (1).



2.

2.1

TEST APPARATUS

Test Turbine

The turbine wheel,

for the test were from a

Mbdel 7s-B31-Al. The wh

flow blades approximatel

diameter of the tr bine

on the blades, is 12.25

The turbine nozzle

of 0.930 inches inside d

a rectangular cross sect

inches high, giving an o

(fig. 6.4). The nozzle

measured from the axial

nozzle tube from a 2.375

converging section is ma

angle of convergence is

to the flow is lacquered

The turbine is enca

which is free to rotate

inch hard maple. The ba

with the turbine wheel o

shaft, and bearing carriage used

General Electric turbo-supercharge

eel has 144 impulse-type, axial-

y 1.25 inches long. The outer

wheel, including a shrouding ring

inches.

is composed of a round steel tube

iameter, that has been formed into

ion 0.375 inches wide and 1.0625

utlet area of 0.400 square inches

is placed at an angle of 60 degrees

direction. Air approaches the

inch inside diameter pipe. The

de from a turned oak plug. The

30 degrees and the surface exposed

and polished.

se

on

ck

f

s In a

a bac

ing ri

about

cy Ii

k i ng

ng ha

0.030

ndrical s

ring made

s an axIa

Inches,

tee

of

Ic

and

0

le

i

shroud

.75

arance

s bolted

rigidly to the supporting

tated to any position and

ring with three fine steel

radial clearance between t

framework. The shroud can be ro-

is then pinned to the backing

pins to prevent movement. The

he turbine and the shroud varies

r,
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from 0.010 to 0.030 inches around the periphery, as the

shroud is constructed of welded steel stock and is not

precision bored. An Inner shroud of diameter equal to

the blade roo+ diameter is mounted concentrically to pro-

vide a cylindrical annulus for the exit flow. This annulus

has an axial length of 4.75 inches. The inner shroud is

plugged to prevent flow from entering at the center and

leaking into the exit annulus due to wheel windage. Three

large rivets at the hub of the wheel induce a large flow

without this plug.

For the 3540 rpm runs, the turbine was connected to

a 1/4 hors

ated as a

ratio of

lower turb

wheel spee

was instal

t u rb i n e.

composed o

control.

to motor s

epower, 1800 rpm, synchronous motor, which

dynamometer. The pulley system used gave

turbine to motor speed of 2.038. To obtai

ine speed such that a lower nozzle speed t

d ratio could be obtained, a 3/4 hr D.C. m

led and acted as a generator when driven b

The load was varied by using a resistor bo

f three lightbulbs and thereby acted as a

In the latter set-up the speed ratio of tu

peed was approximately 1.08.

2.2 Instrumentation

The objective of this tes

in the nozzle area. The probe

hole, cylinderical, yaw probe.

chosen as the best of availabl

ope r-

a

n a

0

otor

y the

ard

speed

rbine

t was to map the velocities

used for this was a three-

This type of probe was

e probes suited for traversing



the entire annulus r

degrees at all point

axis corresponding t

to, the turbine axis

1.125 Inches downstr

ing device holding t

the probe axis), and

radial adjustments,

angular adjustments,

ing device was mount

be rotated completel

The yaw pressur

of a U-tube

to amplify

on the IncI

to the flui

It is neces

device with

the yaw tap

stagnation

manometer.

tween stagn

with

readi

ined

d men

s ary

one

ng s.

leg

scu

to a

adial width and rotat

s. The probe was pos

o a radial line from,

. The probe centerli

eam from the blade ex

he probe was adjustab

angularly (about the

a mi I Iimefter

a

d

a

t

of

A

f

a

ig

360 degree

on the tur

round the

aps were c

its legs

fixed ref

the U-tube

t static e

n the poin

tap

e

y

e

0

s

I

the stagnation

i

i

scale was used, and for

b

t

0

e

q

t

of

protractor. The travers-

ine shroud, which could

urbine axis.

nnected to opposite sides

nclined about 60 degrees

rence line was located

and was placed tangent

uilibrium conditions.

er of the traversing

the probe by balancing

pressures in a stream of known

pressure tap was connected to a

Pressures measured were the di

ation pressure and atmospheric

direction. The

vertical water

fferences be-

pressure.

Two of the manometer-bank tubes were converted to a

mercury U-tube and used to measure the pressure drop

across the junction of the large diameter pipe and the

nozzle tube. The nozzle tube side of the U-tube also had

a petcock that could be opened to the atmosphere, allowing

-9-

ng through 360

tioned with its

and perpendicular

e was located

t. The travers-

e radially (along

probe axis). For



upstream static pressure. A

glass tube

the conver

(35 fps) t

tures esse

the pipe a

erature, t

using Bern

Turbi

Strobotac.

figures 6.

thermometer was p I aced in the line ahead of

es

a measurement of the total

ging section. Line air velocity was low enough

o consider the stagnation and static tempera-.

ntially equal. Knowing the static pressures of

nd the nozzle tube along with the upstream temp

he mass flow can be calculated assuming no loss

oulli's equation.

ne speed was measured with the use of a

Details of the instrumentation can be seen in

1, 6.2, and 6.3.



3. OPERATIONAL PROCEDURE

3.1. Probe Calibration

To align the pointer of

the stagnation pressure taps

in a stream of

ins

win

flo

fro

gre

two

loc

To

the

talling the p

d tunnel and

w direction w

m the top of

es and protru

reading are

ated with res

determine the

two readings

determined,

of the flow

inclined U-

The sc

probe, was

centimeters

tangent to

outer surfa

reading of

to this sur

all points

To loc

the

and

tube

ale,

adjus

corr

the i

ce of

8.15

face.

of

ate

know di

robe i

de term

as det

the ou

ding i

got ten

pect t

actua

is sp

po i nte

the pr

to nul

measur

ted in

r

n

i

e

t

t

0

r

0

ect io

the

n i ng

rmi ne

let a

from

assum

the

the travers

the probe

n. This was

outlet of sm

the directio

d by install

nd then rota

the bottom.

ing the poin

probe axis,

angle of flow th

it. Then, having

is set pointing

be body is "zeroe

the yaw pressure

ng position along

such a way that a

esponded to t

nner surface

the inner sh

he probe

of the ou

roud then

p

t

r

e

c

i ng device

must be cal

accomplish

all, low ve

n of the fI

ing the pro

ting it 180

In this m

ter to be r

but firmly

e angle bet

the flow a

in the dire

d i"n using

taps.

the axis o

reading of

essure taps

r shroud.

orresponded

wi th

ibrated

ed by

loci ty

ow. The

be first

de-

anne r,

andomly

affixed.

ween

ng e

c t ion,

an

f the

11.35

be i ng

The

to a

centimeters with the probe taps tangent

The annulus width was 3.2 centimeters at

the

the

annul us.

probe around the annulus with respect

scribed off in degrees.to the nozzle, the backing ring was



The centerline of the nozzle a

S-= 0 degrees, and 0 increases

as the turbine is viewed from

figure 6.4) The turbine rotat

viewed in this manner.

t its exit corresponds to

in the clockwise direction

the exhaust side. (see

es counterclockwise when

3.2. Hih Speed Ratio Runs (n = .347)

To achieve a speed ratio of .347,

velocity was adjusted to 490 fps, which

the nozzle

correspond

exit

ed to

of 3540 gi

ssure drop

v i ng

acro

these conditions was approx

and the total upstream pres

psia at 72 degrees F. Afte

ings were taken at one degr

the axis of the turbine at

lus, corresponding to readin

centimeters on the scale.

and 3/4 of the blade height

they will be referred to as

tion and the tip position o

remainder of this report.

i

s

r

e

t

g

T

f

a mean blade speed

ss the converging s

mately 1.39 inches

ure was approximate

suitable warm-up t

e intervals of rota

raverse positions o

s of 8.95, 9.75, an

hese readings are I

respectively. For

the root po

the blade

s

r

titon,

espect

of 170

ection at

of mercury

ly 17.6

ime, read-

tion about

f the annu-

d 10.55

/4, 1/2,

convenience

center posi-

ively in the

3.3. Low Speed Ratio Runs (n = .210)

In this set of runs the nozzle exit velocity was

434 fps, which corresponded to a turbine rpm of 1900

giving a mean blade speed of 91 fps. The pressure drop

a

fp

turbine rpm

s. The pre

,



across the converging section was 1.05 inches of mercury

and the total upstream pressure was 16.77 psia at 72 de-

grees F. In this series of runs data was taken at one

degree intervals of rotation and at radial positions cor-

responding to root, center, and tip position of the blades

as defined in (3.2).



4. RESULTS

The dat

and plotted

6.6 show the

exit. There

height that

of rotation

In the high

to tip are I

blade height

Look I ng

6.7 and 6.8)

the runs at

This is what

nozzle flow

doubled by d

turbinenegl

the tangenti

by the turbi

of exit tang

and subtract

componen ts,

a for the two series of runs

in figures 6.5 through 6.10.

spread of the jet as i t com

is a marked speed effect al

is illustrated by the "lead"

of the tip profile compared

speed ratio runs, the blade

61, 170, and 179 fps, where

and so forth.

at the ta

there i s

high speed

would be

is kept al

ecreasing

ecting the

al momentu

ne speed.

ential vel

ing these

ngen tial velocity

a complete change

compared to the I

expected when the

most constant and

the load. The out

windage loss) is j

m of the jet per u

Therefore, by pic

ocity off of figur

values from their

the work done per pound of

is broken down

Figures 6.5 and

es out the blade

ong the blade

in the direction

to the root profile.

speeds from root

root refers to 1/4

profiles (figures

in direction for

ow speed runs.

velocity of the

the turbine is

put work of the

ust the change in

nit time multiplied

king mean values

es 6.7 and 6.8

respective inlet

mass of jet flow

can be calculated (figure 6.11). This times the mass flow

of the jet gives the work per unit time done by the jet.

In the case of the high speed runs, this work is 234 foot-

lbs. per: second- ad for the low spoed ratio runs, 116 foot-

lb. per second Is the output of the jet.



From these valuesthe windage work must be subtracted

to obtain the output of the turbine. From Wennerstrom (2),

the corrected windage loss for the high speed runs is

Work C 3540 3 (70.0) 70.6 ft.-lb./sec.

corr 3530)

and for the low speed runs is

Work 19003 (70.0) 10.85 ft.-lb./sec.
Corr 3530

Subtracting these values from the jet work, the turbine

output work for the high speed runs is 153.4 ft.-lb./sec.

The low speed work is 105.2 ft.-lb. sec.

To find the efficiency of the turbine in these two

speed ranges the output work must be divided by the in-

put energy or the ideal kinetic energy of the jet (figure

6.11.). The values for the efficiency calculated in this

manner are .327 for the high speed runs and .344 for the

low speed runs.

However when the efficiency is calculated using

Stenning's

.491 for t

One of the

Stenning's

low aspect

neglible.

windage wo

lating the

.498 for t

runs

form

he hi

prob

form

rati

This

rk as

effi

he hi

ula (M), the values are con

gh speed runs and .385 for

able reasons for this discr

ula was derived using data

o turbines, in which the wi

can be checked out by negl

predicated by Wennerstrom

ciencies. In this case the

gh

Th

speed runs

ese values

and

show

.380

exce

for

II ent

siderably higher,

the low speed runs.

epancy is that

obtained from

ndage work was

ecting the

(2) and calcu-

values are

the low speed

correlation,

formula for pumping and mixingwhich checks out Stenningis
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losses and filling and emptying losses.

One source of error in using a yaw probe is that in

a pressure gradient, 'the probe must point into the pressure

gradient to balance the yaw taps, which give a slight angle

deviation. This was checked using Lima's formula (3),

s distance between yaw taps

;,pressure gradient (inches water/inch)

and found to have a valme of 4 degrees at the edges of

the jet. Also, this error was in an opposite direction

at one edge as compared with the other. In the central

section of the jet the error was only about one degree.

Consequently, this was neglected in subsequent runs.
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5. CONCLUSIONS

The following conclusions are drawn from this

sfudy:

(1) For the turbine and under the conditions which it was

run, Stenning's formula for predicting the losses due to

pumping and mixing and due tofilling and emptying has

excellent correlation. (See figure 6.11 and 6.12)

(2) To be able to predict overall efficiency, a windage

loss term must be added. This would have the form of

some coefficient times the speed ratio cubed. This

coefficient would be dependent upon the geometry of the

turbine.

(3) Obviously, this relationship has to be checked out

on many other types of partial admission turbines, using

various speed ratios before it can be relied upon.
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