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NACA RM No. E7G2S RESTRIOTED _
NATTONAL ADVIGORY COMMITTEE FOR ARRONAUTICS
| RESEARCH MEMORANDUM
for the
Alr Materiel Command, Army Air Forces
" PRELIMINARY RESULTS OF AN ALTITUDE-WIND-TUNNEL INVESTIGATION OF

A TG-10CA GAS TURBINE-PROFELLER ENGINE

II - WINDMILLING CHARACTRRISTICS
By E. W, Conrad and J. D. firhan

SUMMARY

An investigation has been conducted in the Cleveland altitude
wind tummel to determine the operational and pexformance character-
istics of the TG-100A gap turbine-proveller engine, . As & part of the
investigation, windmilling characteristics were determined for a
range of altitudes from §300 to 35,000 feet, true airapeeds from
100 to 2735 miles per hour, and propeller-blade angles from 4° to 46°,

The desirability of feathering the propeller of an inoperative
engine was indicated by the high windmi' ling speeds and high drag
values otherwise obtained, Extrapolation of the data showed that
exocesaive windmilling speeds would be reached' for vrojpeller-blade
angles from 5° to 41° at a true airspeed of 500 miles ner hour.

At an altitude of 35,000 feet, a true airspeed of 273 miles per
hour, and a propeller-blade angle of 38°, the drag horaepower of the
test inatallation was 585. When the mropoller-blade angle was
decreased to 60, with a true airaspeed in the tumnel of 255 miles per
hour, the drag horsepower of the installation increased to 2647,
For all conditions, maximum engine windmilling epeed was obtsined
at propeller-blade angles between 10° end 16°. The application of .
generalizing faotors to engine windmilling speed, air flow, and
oombustion-ohamber pressure drop gave good reeults,

INTRODUCTIOR
At the request of the Air Materiel Command, Army Air Forocee,
an investigation has been conducted in the Cleveland altitude wind
tunnel to determine the operational and performance ohauracteristios

RESTRICTED
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of the TG-100A gas turbino-propeller engine. The performance ocharacters
istics are presented in referemnce 1.

As & part of the investigation, the windmilling characteristics
were obtained for a range of altitudes from 5000 to 35,000 feet, true
alrspeeds from 100 to 273 miles per hour, and proponor-bhda angles
" from 4° to 46°., The windmilling speed, the air flow, and the drag are
presented for the range of simulated flight conditions investigated.
Over-all pressure distributions through the engine and pressure surveys
at each of the measuring statione are shown for the maximm wind-
milling speed at each simulated flight coudition. A ocomplete tab-
ulation of the data is presented. No correotion has been made for the
tunnel blooking effscts of the propeller,

INSTALLATION AND TEST PROCEDURE

Components of the TG-100A gas turbine-propeller engine include
a l4-stage axial-flow compressor, nine oylindriocal countsrflow
combustion chambers, and a single-stage turbine, DPower 1s trans-
mitted to the propeller Ly two stages of planetary gears having an
over-all redustion ratio of 11.351% to 1. A four-blade super-
hydromatic propeller (hub deosign 4260) 12 feet, 7 inchea in diameter
was used. Automatic and menual propellsr ocontrols and a blado-angle
indicator were provided for this investigation. The blade-form curves
for this propeller are shown in figure 1.

The engine was mounted in a specially designed wing nacelle
installed in the 20-foot-diameter test section of the altitude wind
tunnel (fig. 2.) Air was supnlied to the engine by two ducts having
openings in the leading edge of the wing, as shown in figure 3.
Temperature and nressure measurements wers obtained at eight stations
along the path of air flow through the inetallation. A more complete
description of the engine and test inatallation 1s given in reference l.

Each serics of cenditions was obtained by varying the propellex-
blade angle and meinteining constant altitude and true airspeed. Tho

investigation was conducted at approximtely NACA standavd altitude
. conditions,

SYMBOLS

The following eymbole are used in tho caloulations:

cross-seotional area, square feat




KACA BM No.

D/qg

Subsoripts:
o
1

X7025

windmilling dreg ooeffioient,
total of installation - streamline , square feet

free-stroanm G pressure .

total drag of installation, pounds i}

aoceleration dus to gravity, feot per second per second

enthalyy, Btu per pound

wechanical equivalont of heat, foot-pounds per Btu

engine speed, rym

total prossure, pounds per aquare foot absolute

statio pressure, pounds per square foot absoluts

free-stroam dynamio nresesure, pounds por square foot

gas constant :

ebaft horsepower (excluding friction horsepower and
gear losaes) .

indicatod tomperature, OR.
static temnerature, °R

tunnel airspeed, feet per a_scqnd.

air flow, pounds por second

propeller-blade angle at. 72-’;@01} rediue, degress
ratio of specific heats for nir :

ratio of tunnel-telt-npotion -utid prossure to nressure
of NACA standard atmosphere at msea levol

ratio of tumml-tont-uootibn absolute statio temperature

to absolute temperature of NACA standard atmosphere
at sea lovel

tunnel tost section fires air stream

wing-duoct inlet




oupro.uor inlet
compresscr outlet
compressor-outlet elbow
turbine inlet

turbine outlet
.em\ut-t.:one outlet
tail-pipe-nozzlo outlet

The following parameters are generalized to NACA standard sea-
level conditions:

B/ Jo corrected sngine speed, rmm
(Wy ¥0)/6  corrected air flow, pounds per second
@P) /e corrected total-pressure ld.rop across comwbustion clambers,
- pounds per square foot } .
CALOULATTONS _
The shaft horsepower delivered to the engine under windmilling

conditions, exoluding friction horsepower and gear losses, is approxi-
mated by the change in energy of the air flowing through the engine

85D = wex Va2 (g = Hp) (1)
Vhere V, , ves obtained from the equation '
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The static temperature is given by the equation

T1,2

S 7-1
0.85 (fa\, 7. 1! +1

1\
The constant of 0.85 in equation (3) is the thexmoocouple impact
recovery factor, wvhioh was experimentally determined. Air flows
measured at the compressor inlet were used in the calculations
beocause they were more consietent than measurements at the wing-

duot inlets or the ‘tail-pipe eurvey rake. Values of enthalpy used
in equation (1) were obtained frow reference 2.

to =

RESULTS AND DISCUSSION

A complete tabulation of the windmilling data ie presented in
- table I. Windmilling pexformance characterietics are presented in
“figures 4 to 12 and preseure. surveys throughout the installation
are shown in figures 13 to 19.' No correction has been made for tumnel
blocking effects. These effects are believed to be negligidble at
high propeller-blade angles, but data obtained at low bhlade angles
may be affected. ) R ’

Vindmilli. ormance charact ki08. -~ Engine windmilling

speeds obtai at several airepeeds altitudes are shown in
figure 4 as a function of propeller-blade angle. A maximm wind-
milling speed of 13,100 rpm was obtained at an altitude of 35,000 feet,
a trus ai ed of 269 milee per hour, and a propeller-blade angle of 16f
(r1g. 4 (4)). For all simulated flight conditions; the maximm wind-
milling speeds vere obtained at propeller-blade angles from 10° to 18°.
The data in figure 4 were cross-plotted and extrapolated to determine
the trus airspeed at whioh the rated engine speed of 13,000 rpm
would be obtained for any nropeller-blade angle in the operating
range of 4° to 46° (fig. 5). At a true airapeed of 500 miles per

hour, the rated engine speed would be exceeded for all blade angles
© from about 5° to 41°. The desirability of feathering 1s evident.

Windmilling shaft horsspowers, as determined from the enthalpy
Tige of the air bdetween the compressor inlet and the tall-nipe-nozzle
outlet, are shown in figures 6 and 7 as funotions of engins wind-
milling speed and propeller-blade angle, respectively. Gear losses,
vhich vary from 20 horsepower at 4000 rpm to 100 horsepower at
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13,000 rpm, are not included in the shaft horsepowere given. The
different values of windmilling shaft horsepover at a given engine
speed in figure 6 are the result of reduced engine air flow caused

'by high preesure losses acrose the propeller diek at low blade angles.

Maximum windmilling shaft horsepowers occurred in a range of
propeller-blade anglse from 10° to 18°. A value of 612 shaft horse-
pover was obtained at an altitude of 15,000 feet, a true airspeed of
208 milss per hour, and a propeller-blnde angle of 129 (rig. 7(b)).

Air flow through the engine is given as-a function of engine
windmilling speed in figure 8. A plot of the same dzta in generelized
form in figure 9 ashows that the use of generalizing factors gives good
resulte. Air flows obtained at vindninine conditions and at operating
conditions are very nearly the same.

The correctsd total-pressure drop acroas the combustion chambers
ae a function of corrected engine speed is shown in figure 10. These
data aleo gensralized very well. . -

The variation of windmilling-drag coefficient with pmpeller-blado
angle 1g shown in figures 11 and 12 for various altitudes and airepeeds,
reapectively. Maximum values occurred at a blade angle of about 89.
Yor blads angles lsss than 129, the windmilling-drag coefficienta
deoreased with increaeing altitude (fig. 11). The effect of change
in airspeed was relatively amall (fig. 12). At an altitude of
35,000 feet, a true airspeed of 273 miles pexr hour, and a nropeller-
blade angle of 389, the windmilling-drag horsspower of the installation

DyVo was 585, When the blade angle was decreased to 6° with a true
650 . . _
airaspeed in the turmel of only 255 wiles per hour; the drag horsepower
inoreased to 2647.

. Pressure distyibution. - Avasrage total and static pressures
throuEEut the engine are shown in figure 13 for a range of altitudes
from 5000 to 35,000 feet. The data are shown for a propaller-blade
angle of 129, at which engine spaeds near the maximum occurred for all
flight conditiona., The pressure distribution may be scmewhat affscted
by variations in blade angle owing to differences in the dlocking-
offect of the propeller. Engine windmilling svseds varisd from 4100
to 13,000 rpm. Under all conditiona, pressure drop occurred aoross
the last few etages of the compressor. Ths number of compressor
stages through which the pressure dromped decreased with increasing
engine speed. Increasss in total pressure indicated between stations 6
and 7 are attridbuted to misalimment of the air flow with roapoot to
the instrumentation at the turbine outlet.
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‘Detailed surveys at the measwring stations are shown -in -
figures 14 to 19 for altitudes from 5000 to 35,000 feet and true
airspeeds from 102 to 269 miles yer hour. Data obtained at 5000 foet
are presented for a propeller-blade angle of 10° and the data at other
altitudes for a nropeller-blade angle of 120. Thege data represent
engine windwilling speeds varying from 4100 to 13,000 rpm.
Separation of the air flow on the inner side of the left-duct upper
1ip in figure 14 is indicated by the low total pressures at the top
of rakes 1 to 4. Under power-on conditions thie eeparation
ooocurred at the right duct inlet. Separation in both casee was the
result of misalinement of the duct upper lip with respect to the -
approaching streamlines. This misalinement ‘wae apparently wgused by
the rotational component of volooity imparted to the airstream in
pasaing through the propeller disk. Separation ocourred under wind-
®illing conditions for promeller-blade angles between 4° and 20°,
Large oiroumferential velocity gradients exieted at the compreassor
outlet, with variations in impact pressure around the compressor
outlet amounting to approximetely 150 pounds per square foot.
Inasmuch as the preeeures measured at the turbine outlet in the
windmilling investigation were uareliable, pressure surveys are not
shown for that atation. The average values, however, are included
in table I.

A total-nressure distribution in the vertical plane at the
tail-pipe-nozzle outlet was vory uniform at low windmilling speeds,
but et high speeds variations of 3 percent in the sbsolute values were
found (£ig. 19). At high engine speeds, somewhat higher total pressurea
were meoasured across the lower portion of the tail pive.

SUMMARY OF RESULTS

: An investigation of the windmilling charaoteristics of the
TG~-100A gas turbine-propeller engine was oonducted in the Cleveland
altitude wind tunnel for a range of altitudes from 5000 to 35,000 feet,
true airspeeds from 100 to 275 miles per hour, and propsllsr-blade
angles from 4° to 46°. The following results were obtained:

1. A vindmilling speed of 13,000 rpm was obtained at an altitude
of 35,000 feet, a true airspeed of 287 miles per hour, and a propeller-
blade angle of 16°. Excessive engine speeds would be cbtained under
windmilling conditions for propeller-blade angles from about 5° to 41°
at a true airspeed of 500 miles per hour.

2. The very high drag values obtained under windmilling conditicns
made the feathering of the propeller of an inoperative engine desirable,
At an altitude of 35,000 feet, a true airspeed of 2735 miles per hour,
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un a propoller-‘bhde angle of 38°, the drag horsepover of the test

installation was 585. When the propsller-blade angle vas decreased

to 6°, with a true airspeed in the tunnel of 255 miles per hour, the
" drag horupover of the installation inoreased to 26435.

: 3. For all conditions, meximum engine windmilling epeed was
obtained at propeller-blade anglas between 10° and 18°.

4. Appliocation of generalizing factors to engine windmilling
spesd, air flow, and. combustion-chamber total-pressure drop gave good
Yesul

5. The maximum windmilling shaft hornpowar obtained (not including
gear losses) was €12. This pover was absorbed at an altitude of °
15,000 feet, a true airupeed of 209 milesp per hour, and a propeller-
blade angle of 12°,

Flight Propulsion Ressarch Laboratory,
Rational Advisory Committee for Aeronautics,
Cleveland, Ohio.

E. W, Conrad,
Mochanical Enginser.

CE Willoam Km.,_,(

q
\L'- PAUJ\MN
- J. D. Durbam,
" Mechanical lngineor.

Approved:
Alfred W. Young,
lbchuuoal Engineer.

Abe Silveratein,
Aeronautioal Engineer.
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INDEX OF FIGURES

Figure 1. - Blade-form ourves for Hamilton-Standard 4260 four-blade
propoller. b, section chord; D, propoller dilamoter; h, seotion
thicknoss; R, radius to tip; r, secticn radius.

Figure 2. - Inatallation of TG-100A gas turbine-propellor engine in
altitude wind tunnel.

Figure 3. - Installation of TG-100A gas turbine-propeller engline
showing wing duct inlets,

Figuro 4. - Variaticn of ongine windmilling spood with propeller-
blado anglo and approximate true airspood.
a) Altitude, 5000 foet.
b) Altitudo, 15,000 foot.
(c) Altitude, 25,000 foet.
(4) Altitudo, 35,000 fect.

Figure 5, - Rolation between truo sirspeed and propeller-blade angle
at ongine spoed of 13,000 rpm. (Data eross-plotted and oxtropolatod
from f£ig. 4).

Figurc 6. - Variation of windmilling shaft horsopowor with onsine
spoed for various propeller-blade angles.

Figure 7. - Variation of vindm:lllins shaft horsepower with propellor-
blade angle.
(a) Altituwde, 5000 foot. - °*
b) Altitude, 15,000 foot.
0) Altitude, 25,000 fcet.
{a) Altitude, 35,00p feot.

Figure 8. - Variatior-of ongine air flow with ongine windmilling
apoed.

Figure 9. - Variation of ccrrootod engine air flcw with correctod
ongine windmilling epced.

Figure 10. - Variation of correoted prossure drop aoross combuetion
ohambers with corrected engine windmilling speod.

Figure 11. - Variation of windmilling-drag ccefficiont with propeller-
blade anglo for scveral altitwdos, True airspcod, 1535 milos per hour.
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Figure 12, - Variation of windmilling-drag coofficient with yropeller-
blnde angle fer various truo airspeods.
Altitude, 15,000 foet.

Figure 13. - Variation of avorage total and static pressures through
engine. Propellor-blade angle, 12°,
(a Altitude, 5000 foot.
b) Altitudo, 15,000 feot.
¢) Altitude, 25,000 feot.
(4) Altitudo, 35,000 foot,

Figure 14. - Distribution of total and static pressurc at wing-duot
inlet. )
sa Altitudo, ‘5000 foct; propollor-blado anglo, 10°,
b) Altitudo, 15,000 foot: propollor-blade anglo, 12°,
(c) Altitudo, 25,000 foot; nropoller-blado angle, 12,
(4) Altitude, 35,000 feot; rropeller-blade anglo, 12°.

Figuro 15. - Distribdution of total and etatio nressurcs at compressor
inlot.
(a) Altitudo, S000 foet; propoller-blado anglo, 10°.
(b) Altitudo, 15,000 feet; propollor-blade angle, 12°,
(c¢) Altitude, 25,000 foet; propoller-blade angle, 12°,
(4) Altitudo, 35,000 foot; propeller-blade angle, 12°,

Figuro 16. - Distribution of total and statio pressuro at coWpPressor
outlot,
a) Altitude, S000 foet.
b Altituda, 15,000 foot.
(o) Altitude, 25,000 feot,
(4) Altitudo, 35,000 feet.

Figure 17, - Distribution of tetal and static prossures at turbine-
nozglo inlet.
(a) Altitwde, 5000 foet.
(v Altitudo, 15,000 feoot.
{o Altitudo, 25,000 fect.
a Altitude, 35,000 foot,

Figure 18. - Distribution of tetal and static prossuros behind
oxhaust-cone outlot.
(a) Altitudo, S000 foet,
(v Altitudo, 15,000 fect.
(o Altitudo, 25,000 foot.
{(a Altitudo, 35,000 feet.
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Figure 19. - Distribution of total and static pressures at tall-pipe-
nozele outlet.
(2) Altitude, SOQ00 feot.
(p) Altitude, 15,000 fect.
io Altitude, 25,000 feet.
a

Altitude, 35,000 feot.
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Figure 3. - Installation of TG-100 gas turbine-propeller engine showing
wing duct Inlets.
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Figure 4, - vVariation of engine windmilling epeed with propelier-bjade
angle and approximate true airspeed.
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Fig, 13a,b
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Figure 3. - variation of average totsl and static pressures through en-
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