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PERFORMANCE QF J33 TURBOJET ENGINE WITH SEAFT-POWER EXTRACTION
I1T - TURBINE PERFORMANCE
By M C. Huppert end J. Co Nettl es

SUMMARY

The performence Of the turbine component of a J53 turbojet
engine was determined over a range Of turbi ne speeds from 8000 tO
11,500 rpme Turbine-inlet temperature was varied from the minimum
requi red to drive t he compressor t 0 a maximm of approximately 2000° R
at each of several intexrmediate turbine speeds.

Data are presented that show the horsepower developed by the
turbine per pound of gas flow. The relation between turbine-inlet
stagnation pressure, turbine-outlet stagnation pressure, and
tur bi ne-outl et static pressure was estaeblished. The 'bm:"bine-weight-
flow parameter varied from 39.2 t0 43.6. The maximm turbine effi-
clency measured was 0.86 at =a pressure ratio of 3.5 and a ratio of
bl ade speed to theoretical nozzle velocity of 0+39. A generalized
performance map of the turbine-horsepower paremeter pl otted against
tie turbine-speed paraneter indicated that the best tuxrbine effi-
cilency is obtained when the turbine power is 10 percent greater than
the compressor horsspower. The variation of efficiency with the ratio
of bl ade speed to nozzle velocity indicated that the turbine Oper-
ates at a speed above that for maxi mum efficiency when the engine
i s operated normally with t he 19-inch-diametex j et nozzle.

INTRODUCTIN

The performance of any @-turbine unit is determned to a
| arge extent by the air-flow caepacity and efficiency of the com-
ponents. The minimm specific fuel comsumption far eny combination
of components is achieved when all the components are operabting at
t he maximm ef ficiency obtainable at the desired power-out put con-
dition. In order to evaluate adequately the performsnce of a turbine
and to determne if it is operating at maximm efficlency, t he power
output of the turbine must be varied at each operating speed.
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The power devel oped by the turbine of a conventional turbojet engine
for any given rotational speed is equal, except during transient con-
ditions, to that required to drive the compressor plus that required
to drive the engi ne accessories.

As part of a general analysis of the performance of a turbine-
propel | er engine, an investigation was conducted at the RACA Lew s
| aboratory on a J33 turbojet engine in order to determne the shaft
horsepower avail able as well as the performance characteristics of
the engine conponents. The shaft power avail abl e nmaybe used for a
nunber of purposes such as driving a propeller or driving engine
accessorypunps. In this investigation, the engine was considered
as aturbine-propel |l er engine.

The data were obtained by so attaching a dynarmoneter to the
engine that shaft horsepower could be extracted. The over-all engine
performance is presented in reference 1 and the performance character-
Istics of the conpressor conponent are presented in reference 2.

This report presents the performance characteristics of the turbine
component

APPARATUS AND PROCEDURE
Tur bi ne

The 533t ur bi ne is of partial -reacti on design, havi ng 48 stator
bl ades and 54 rotor blades. The over-all turbine dianmeter is
26inches and. the stator and rotor blades are 4 Inches long. A
di agrammati c sketch showi ng the arrangenment of the nozzle and the
rotor blades is shown in figure 1. The nozzle area of the turbine
investigated is 0.84 square foot and the ratio of turbine-nozzle
area to turbine-outlet annulus area is 0.426. The angl es between
bl ade canber lines at the pitch section and the axial plane of the
turbine are: stator outlet, 62°9; rotor inlet, 24°9; and rotor out-
| et, 47°.

The turbine exhausts into a diffusing section having an inlet-
to-outlet area ratio of 0.82 and an outlet diameter of 21 inches.

I nstal | ati on and Experimental Procedure

The turbine was investigated as a conponent of a J33 Jet engine,
which was directly coupled to an induction-brake dynamoneter and
mounted on a bedplate suspended on cables. This suspension afforded
direct neasurement of Jet thrust by means of a strain-gage weighing

- devi ce devel oped by the NACA.
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The Jet-nozzle size was altered to change the turbine-outl et
Static pressure and to increase the range of turbine operation with
Shaft-power extraction. Three ratios of turbine-nozzle area to
jet-nozzle area were used: 0.426 obtai ned with a 19-inch-diameter
nozzle; 0.365, with 8 20-inch nozzle; and 0.350, with a 2l-inch
nozzle. At each of sever81 speeds, the turbine-inlet temperature
was varied fromthe mnimumrequired to drive the conpressor to a
maximum of epproximately 2000° R.

The equations used to cal cul ate tenperature, gas flow, and
efficiency and definitions of all synbols used are given in the
appendi x.

Instrunmentation

The engine was i nstrunent ed t 0 obtain gas temperatures and
pressures at the stations shown in figure 2. Station 1 is at the
compressor inlet, station 2 at the compressor outlet, station 3 at
the turbine inlet, station 4 at the turbine outlet, and station 5
at the turbine-diffuser outlet. At station 2, slternate air
adapt ers cont ai ned iron-constantan t her nocoupl es and pitot t ubes
SO located in t he air stresm as to nmeasur e representative values of
tenperature and pressure. The thernocouples were of the bare-wire
type without radiation shields and the pitot tube conforned to
A.S.ME. standards. Pitot tubes were installed at each of the
burner outlets for measurenent of pressures at station 3. Four
waf er-type static-pressure taps were installed at station 4, as
shown in figure 1. The instrumentation at statlion 5 consisted
of 2 Static-pressure tubes, 2 stagnation-pressure tubes, and 14
unshi el ded bare-wire thernocoupl es.

Fuel flow to the engine was neasured by a calibrated rotaneter.
Power output of the turbine was determned on the besis of unit gas
flow through the turbine by means of cal cul ati ons based on the
measur ed temperature rise of the conpressor, the dynanoneter power,
and the weight of gas flow

RESULTS AND DISCUSSION

Tur bi ne- power output. - Curves of equival ent turbine horse-

power per pound of gas flow as a function of %urbine-inlet-

.
W63
tenperature correction factor &z at vari ous engi ne speeds are
shown in figure 3 for the 20-inch-dismeter Jet nozzle. Over the
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. . P, . . . .
range | nvesti gat ed, 5 increases with engine speed and is nearly
g3 . .
i ndependent of turbine-inlet temperature. The changes in turbine-
inlet pressure and in turbine efficiency apparently counteract each
ot her.

Turbine pressure ratio. =1t can be shown analytically that 8
turbine having a tixed nozzle area and a fixed exhaust area i nmedi -
ately downstreamof the rotor (station 4) has 8 relation between
i nl et stagnation pressure P'zs outlet static pressure Py> and

diffuser-outlet stagnation pressure p'g that is represented by 8

single curve. Figure 4 is a plot of the turbine stagnation-pressure
ratio p'_/p'_ as 8 function of the ratio of inlet stagnation to

outlet static pressure p's/p4. A curve i s also shown giving the

condi tion for maximum turbine stagnation pressure ratio that occurs
when the velocity at Station 4 becones sonic., The maximum
gtagnation-pressure ratio of 2. 42 occuxrred at 8 value of p's/p4

of 4.5, at which point the turbine was choked at station 4.

Tur bi ne-power-extraction effectiveness. - The effectiveness of
the turbine In terms Oof the rati 0 of power actual |y extracted from
the fluid to the meximum power that could be extracted if the fluid
left the turbine at zero velocity can be cal cul ated fron1p'3, P'ys

and Dy The variation of turbine-power-extraction effectiveness
(actual horsepower/ideal horsepower X qt, or n/nt).with P'S/P4

is shown in figure 5. The turbine-power-extraction effectiveneas
decreased from 0. 745 at 8 }_3'3/;9‘jl of 2.0 to 0.635 at 8 P’3/P4 of
4.5,

Tur bi ne-wei ght -f| ow parameter. - A plot of generalized turbine-

. W, 40 . .

wei ght-flow paraneter _ﬁLjCE 8s a function of the ratio of turbine-
%3 1l4.

i nl et stagnation pressure to turbine-diffuser-outlet static pros-

sure, p's/bs, I's shown in figure 6. The maximum theoretical Value

of the flow parameter, based on a flow area of 0.84 square foot is

. L W 4lR~
shown as a line at 41.5. The total variation of _£L£§; was from
5z —2—
31.4
39.2 to 43.6
I n figure 7, fﬁiﬂgégis'plotted agai nst turbine-inlet tempexr-

%3 1.4  fo
ature., |n general, —€Y%75 jncreases with an increase in

85 145
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turbine-inlet temperature. The over-all spread of t he data, however,
i's such that the trend of the fl ow parameter with turbine-inlet tem
perature is inconclusive.

Tur bi ne adigbatic efficiency. - The varistion of adiabatic
efficiency n * with the ratio of blade speed to theoretical turbine-
nozzle velocity U/V at several values of p's/pA is showmn in

figure 8. Bl ade speed is based on the wheel diameter at the bl ade
pitch dianeter end nozzle velocity is based en p!

Tl
' 3
and pye The meximm value of 7' occcwrred at a vazf ue of UM
of about 0.39 for &12 val ues of P'S/p,_s“ As p'sfpé i ncreased,

maximum efficiency increased from 0.816 at a pressure ratio of 2.0 to
0.863 at a pressure ratio of 3.5 and then decreased to 0.844 at a
pressure ratio of 4.0. Inasnmuch as p'_ used for cal cul ation of

t he turbine efficlency wWas neasured at the outlet of the turbine-
diffusing section (station 5), the pressure | osses of the diffuser
ere included in the turbine | osses. The characteristics of the

di ffuser have en wnimown influence an the efficiency plots of fig-
ure 8. The range of U/V through which the turbine operates at
sea-level static comditions Wth a 18-inch~diameter Jet nozzle is
represented by a dashed line in figure 8. The position of the line
i ndi cat es that the normal speed of the turbine is too high for
maximm efficiency.

Performence characteristlc curves. - Performence characteristic
curves of the turbine in terms of horsepower per pound of gas flow

Pt ang equivalent engi ne speed N/'@ are shown in figure 9.
Vg5

Contours of consvant efficiency and constant turbine prossure ratio
are presented for the rangs Of englne operation from zero shaft
power (turbine power equals compressor power) to a shaft power equal
to 30 percent of the compressor power. This plot indicates that for
Jet-engine conditionsg at a given speed the turbine operates at a
power out put bel ow that for maximm efficiency. It Ccm be seen that
t he best efficiency candition occurs when t he turbine powsr is

10 percent greabter than the compressor power. The trends Of turbine
performence In figures 8 and 9 indicate that far Jet-engine operation
a better matching between the turbine and the compressor could be
achleved by so increasing the amount of reaction in the turbine

bl ades that the effective UV would be reduced without reducing
turbine power.
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SUMMARY OF RESULTS

The performence of the turbine component of & J33 j et englne
wae determined over a range of turbine speeds bebtween 8000 and
11,500 rpm. Turbine-inlet temperature wes varlied from the minimmm
required to drive the compressor to a maximum of about 2000° R.
From this investigatiom, the fol | ow ng results were obt ai ned:

l. The egquivalent turbine horsepower per pound of ges flow
Increased with operating speed but was practical | y independent of
turbine-inlet temperature over the range t est ed.

2. Throughout the entire range of operation, the relation
between the ratio of inlet stagnation pressure t 0 outlet static
vressure and the rati o of inlet stagnation pressure to outlet stag-
netion pressure was represented by a gingle curve. A meximmum
stagnation-pressure rati o of 2.42 occurred at aratio of inlet
stagnation pressure to outlet static pressure of 4.5, at which
poi nt the turblne was choked at the outlet emnulus.

3. The effectiveness of turbine-power extraction decreased
fram 0.745 at a ratio of inlet stegnation pressure to0 outlet static
pressure of 2.0 to 0.635 at a pressure ratio of 4.5. For the range
Lgv6esti gated, the turbine-wei ght-fl ow parameter varied from39.2 to

4. In gemersl, the turbine-welght-flow perameter increased with
i ncrease i n turbine-inlet temperature, although the trend was
i nconcl usi ve.

5. The variation of efficiency with the ratio of blade speed
to nozzl e velocity indicated that the turbine operates at a speed
above that for maximum efficlency when the enginse is operated nor -
mal |y with the 19-inch-diametexr Jet nozzle. The generalized per-
formance characteristic curves indicated t hat t he best turbine effi-
clency occurs When the turbine power is 10 percent greater than the
compressor power. The maximum turbine efficiency measured was (. 86
at a pressure ratio of 3.5 and a ratio of bl ade speed to theoretical
nozzl e velocity of 0.39.

Lewls Flight Propulsion Laboratory,
Nat i onal Advi sory Committee for Aeronmautics,
Cl evel and, nio.
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APPENDIX - CATCULATIONS OF TEMPERATURE, GAS FLOW, AND EFFICIENCY

Symbols
The following symbols and val ues are used | n this repart:

A axrea, sq £

Cq specific heat of gas at consbant pressure, Btu/(1b)(°R)

c specific heat of gas at constent volume, Btu/(1b)(°R)

g  acceleration due t0 graviby, 32.2 £t/sec

J nmechani cal equivelent of heat, 778 £&-1b/Btu

X correction factar far gas flow, 0.81

N  engine speed, rm

P ghaft horsepower (absorbed by dynamometer)

& turbine horsgepower

p, static pressure, 1b/sqg in. absol ute

p' stagnation pressure, 1b/sg in. absol ute

R gas constant, 53. 4 £t-1b/(1b)(°F)

T static temperature, °R

Tt ghagnation temperature, °R

T velocity of turbine blade at pitch line, £t/sec

theoretical turblne-nozzle velocity based on value of inlet
stagnation pressure t 0 outlet static pressure,

2-1
2Jge_T! 1- (24 ¢ £t/sec
& o 3 o ’ £

W  welght flow, 1b/sec

ratio of specific heats, Cp/°v
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8 ratio of stagnation pressure to NACA standard atnospheric
pressure, p'/14.7

n ad;gﬂi5ic ef ficiency (based on stagnation-to-static pressure

)’  adlabatic efficiency (based on stagnation pressure ratio)

2 ratio of stagnation tenperature to NACA standard sea-leve
‘temperature mnltiplied by average ratio of specific heats of
process divided by 1.4, <§E%%Z>(£Ei

Subscri pts:

1 compressor i nl et

2 compressor out | et

3 turbine i nl et

4 turbine outl et

5 turbine-diffuser outlet

c campressor

g ees

I ndi cat ed

t turbine

Calculations

The following equations are used i n the calculations:

Static tenperature,

Tt

- 1,5 (1)
5 ¥ -1

p’ —5—

1 + 0.8 (_5) S -1
P5
Stagnation temperature,
v ~1

(2)



NacA FM E9BOL 9

Tur bi ne-i nl et stagnation temperaturs,

Tai | - pi pe gas flow,

—
75 i
[ ) (=
-1 0.6| | —= -1
W. = 144 Kp-A 2875 (‘5 1t 5
24 R(75 _l) Tli,s

(4)
Turbi ne efficiency,
T'5
o 1~ TFE
% 751 (5)
1 -(E'_S_) 7%
P'3
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Figure 1. - Diagrammatic sketch of nozzle and r ot or bledes in turbine.
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1 Compresaor i n| et

2 Compressor outl et
3 FPurbine inlet 1
4 Turbine cutlet

5 Murbine-diffuser cutlet

Figure 2. - Cross sectlon of J33 englns shoying Inetrumentation stationa.
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Figure 3. - Varilation of equivalent turbine horsepower per pound of

gas wlth temperature correction factor. Jet-nozzle diameter,
2 0 inches.
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Figure 4. - Relation between stagnatlon-to-atatic¢ and stagnation pressure ratios.
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tdo, p's/pg

Turbine gtagnation-to-statlc presaure
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Turbine-weight-flow parameter, gy'3
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3 ICI
Filgure 6. Variation of turbine-weight-flow parameter with

stegnation-to-static pressure ratio. Jet-nozzle dilameter,
20 Inches.
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Figure 7. - Varlation of turbine-weight-flow parameter with
Jet-nozzle diameter, 20 inches.

turbine-inlet temperature.
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spsed to turblne-nozzle veloclty.
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Figure 9. = Performance characteristic curves for turbine conponent.
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