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NATIORAL ADVI SORY COMMITTEE FOR AERONAWTICS
RESEARCH MEMORANDUM
INVESTIGATION OF HIGE-TEMPERATURE OPERATION OF
LI QUI D- COOLED GAS TURBINES
| - TURBINE WHEEL OF ALUMINUM ALLOY, A HIGH-CONDUCTIVITY

ROESTRATEGIC MATERIAL

By Harry Kottas and Bob W. Sheflin

SUMMARY

Theoretical analyses showing that turbine operating tempera-
tures can be %_reat | y inereased by | i qui d cooling, particularly i f
materials Of Ni gh conduetivity are used, were verified bytenpera-
t ur e measurements ON AU aluminum blade at gas temperatures up t O
19259 Fin a statiC heat-transfer ri g ard by operation of a l1iquid-
cooled al um numal |l oy turbine wheel at inlet gas tenperatures up
t 0 2100° F and speeds Up t0 19, 000 rpm. The turbine was operated
for atotal of 92 hours without eny measurable deterioration of the
bl ades. Further increase in t he maximum oper ati ng temperature
of the turbine was imted by the temperatures 0f the uncooled
stator vanes, burners, and dueting of the hot - gas system.

The results Of thi e investigation show t hat a liquid-cooled
t ur bi ne wheel éf a high-conductivity nonstrategic nateri al, such
as 'aluminum al | Oy, can be satisfactorily operated at gastenpera-
tures of at least 2100° F.

INTRODUCTION

A substantial increase i N t he power output of both turboj et
and turbine-propeller power plantas can be Obt ai nedby i ncreasingthe
inlet gas temperature. The fuel economy can alsoc De improved, par-
ticularly in t he t urbi ne-propel | er power plant, if higher ccmpression
and expansion I at i 08 accompany t he i ncrease i ntenperature.
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_ Turbine-inlet gas t_en‘Ber atureis limited by theatrength at
hi gh tenperature of availabl e materials. This temperature limit has
been raised during the last f ew years by t he development Of better
materials but, considering the past rate of progress, the | arg_e
increase in turbine Operating tenperat ure desired in the i Medi at e
future cannot be attained with improvement i N materials al One.

~ Theoretical amalyses presented i n references | t0 3 show t hat
| i qui d ccoling permits al ar ge increase i N t urbi ne-inl et gas tem-
perature and that t he use Of high-conduotivity materi al increases
t he effectiveness Of ocooling. From these analysea, aCOMbI nation
of liquid cooling with al uminumalloy aa the blade material seemsd
cmising. Al | 0ys of aluminum are not particularly heat resistant,
ut they do have high conductivity, are |ight in wei ght, have a
| ow cost, are avail abl e, are easily fabricated, and have a char-
acteristic Of Porming durabl e oXi de coatings at” hi gh temperatures.

Aturbinewith aliquid-oool ed aluminum~-alloy Wheel wae designed
on t he bvasisof the data presented i N references 1 10 3 and supple-
mentary data obtai ned from a single wat er- 000/ ed alweinum b&de in
a static heat-transfer ri g. |n order t0 Obtai n experimentalveri-
fication Of theanalysis in t he static i § and t 0 investigate t he
operation of the |iquid-oool ed turbine wheel made of nonstrategic
material at high inlet gas temperatures and normal turbine speeds,
an investigation wasconducted at theNACACl evel and| aboratory,

i N which a | i qui d-cool ed aluminum-alloy turbi ne wheel wae operated
for the firset time on January 16, 1947.

APPARATUS
Static Heat-Transfer Ri g

A singl e water-cooled aluminum bl ade 2.5 inches high with a
chord | ength of 1.8 inches was placed i N the heat-tranfer rig
shown in figure 5 of reference 4. Thermocouples { 0 measure blade-
metal temperature were located at the points shown in the gectional
view of the bl ade in tke insert of figure 1 in a plane about m dway
between the tip and the root of the blade. This rig was suitable
far operation at tenperatures of about 1900° F.

Twrbine Rig
Turbine. - A turbine wheel was built of 14S-T alumimm alloy

with atip dlameter of 12,06 inches, a root di ameter of 9.75 Inches,
and having 50' impulse blades to be operated at a ti p speed Of
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1000 f eet per secomd. The bledes and the dtsk were integral. amd in
order to facilitate machining, they were untapered and were cut as

a series Of planes and cylinders. Into each blade were drilled

four radial coolant holes and two transfer holes to nuke possible

a forced flow through the bladee. The outside ends of the 300 coolant
passages eI € sealed with sorewed-in plugs. The most important
dimensions of the turbine wheel and blades are shown in figure 2.
Figure 3 is a view of the turbine wheel from the leading edge of the
blades after the coolant holes were plugged and figure 4 shows the
turbine-wheel and ghaft assembly. The path of coolant through the
turbine may be traced in figure 5. The cooling Water entered the tur=
bine wheel at the center and flowed radially outwar d im t he space
between the turbine wheel and t he baffl e plate,through thetwo

cool ant holes nearest the | eadi ng edge of the blade, across the tip
of the blade through the transfer holes, radially imward t hrough

the two holes nearest the trailing edge of the blade, and out of

t he wheel through t he axial-discharge holes. The Water was di S-

char ge+ into a collecter f Or ned by t he inner wall of the exhaust

hood from which it was emptied inbto the gas stream,

For purposes of economy, scme existing equipment was Used. The
rotating part8 of the turbine are designed to be used with the inlet

. col l ector nozzl e ring, bearings, Oi | i NQ system, and main housing

of a small commercial turbosupercharger that had been used fOr a
previous investigation. This unit was assembled on a specially con-
structed base designed to facilitate and maintain alinement between
the turbine (fig. 5) and a water brake to which it is connected

wi th a hi gh-speed eoupling. The turbine shaft, & part of the hot-
gas syetem, and most (f t he instrumentation off he previocus set up
Wer e used. In order {0 prevent air Or gae f| Ow through the turbine
mai n housing (fig. 5) wth a resulting contamination O loas Of

0i | , a pressure seal was added to the coupling €nd of the turbine
and a connection was made t0 the exhaust duet SO that the same
pressure woul d exi st at both ends of the main housing.

Hot - gal 3 system. ~ The induction system Wit h t he exception of the
burners was al SO T romthe previous Set Up and consisted Of an orifice
tank to measure air flow an air filter, two burners, and a straight
section Of pipe to allowthorough mxing of the products 0f combustion
bef ore they entered the turbine. The two burnere were found to be
suitable f Or operation up to about 2300° F, which produced a gas
temperature of slightly more than 2200° F at the turbine inlet. The
t urbi ne was supplied W th roomair and t he exhaust was discharged
through an annul ar d1scharge duct into the | aboratory low-pressure
exhaust system,
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Instrumentation, - Extensive instrumentation was not required
because [ Ne purpose of the investigation wast 0 deternine whet her s
a turbine with aluminum blades could, with adequate cooling, be

oper at ed at high gas temperatures.

Tur bi ne-inl et pressure wasmeasured Dy a NEr cury mancmeter
connected { 0 @ static-pressure i Ng, Whi Oh was installed on t he
inlet duct 12 inchea ahead Of t het ur bi ne inlet collector. Tur bi ne-
exhaust pressure was measured by a mercury mancmeter connected to a
static-presswre I'i N, Whi Oh was instelled on t he exhaust duet 36 inches
downstreem Of t het ur bi ne.

959

The i Nl et-ai r £flow Was neasur ed with a micromancmeter connected
across al0-inch plate orifice in the orifice tank. Fuel flov was
measured W t h rotameters.

Inlet gastenperature waemeasuredatthe entrance to the
turbinebytriple-shiel ded and by unshielded chromel-alumel thermo-
couples. Pipe-wall temperature waa measured at various points to
be sure that the hot-gas ducting waeabl e t0 support the stresses
imposed upon | t .

Cool ant flow wasmeasuredW t h a rotameter. Inlet and outl et
coolant temperature was measured with thermocouples. The thermo-
couple measwring the discharge t enper at ure of the water wae located 5
in a stationary cup (fig. 5) into which asmelipartof the water
leaving the turbine was thrown.

Turbine speed Wae Measur ed with an electric t achoneter and
checked W t h achroncmetric tachometer.

A orystal pickup and an anplifier were used to avoi d operation
at severe VI brat1 ng conditions. ‘

For the last f ew houra Of operation, ei X thermocouples Were
instal | eon the turbine blades and temperature was read by means
of apotentioneter through a slip-ring and brush system. The
acouracy Of this system was estimated t 0 be withi n 220° F.

OPERATING PROCEDURE
At the beginning of eack run, the turbine wae brought up to

speed fOr a fewmnutes with col d buwrners t 0 check t he bearings and
t he general operating characteristics.
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erati n? poi nts were set at 8000, 10,000, 12,000, 14,000, 16,000
18,000, and 19,000 xpm with various nmeasured temperatures ranging
from 800° t 0 2100° F.  Speeds o:apProm nat el y 13,000 rpm were

avoi ded because the first critical speed ocourred at about thispoint
with no water in the turbine and at points from 500 t0 1000 rpm | ower
with the cooling water flowng. For each combination Of speed and
tenperature, the pressure ratio acrose the turbine was set and the

gas masaflow through the turbine checkedt 0 assure a relative gas
velocity that woul d result in flowinto the blades at an angl e of
attack of 0° basedon an assumed nozzl e efficiency 0f SO percent.

By this means, it was hoped to keep t0 aminimm the effect of

varying gas flow paths aroundt hebl ades. At each operating point,
the coolant flow t hrough the turbine wasvariedfrem2 to 10 gal | ons
per minuteexcept at poi Nnts where a | ow waterflowwould haveresulted
I N a Maxi MUM coolant temperature above 150° F, which, with an

ap?rem abl e factor of saf et?/, had been estimated to be the maxi num
safe tenperature for water [eaving the turbine.

After each 10-nour period of operation, the turbine-exhaust
hood Was renoved and the turbine bl ades exam ned for evidence Of
oxi dati on, erosion,or ot her typesof deterioration. On most Of
t hese occasions, the disk was removed fram the shaft andi the coolant
passages Were checked fOr accumulations of eolids fromthe cooling
wat er .

RESULTS AND DISCUSSIOKN
St at i 0 Heat-Tranafer Ri g

The vari ation of blade-metal temperature With inletgastempera-
tureatfour points on the bl ade for a cooling-water flow rate of
0.30 gal l on per nminute iashown in fiqure 1. The hi ghest blade-
netal tenperature reached was about 360° F with an inlet gas tem
perature of 1925° ¥, The maximum temperature occurred on the
concave side of the blade even though the gas fl ow was directed
over the convex aceOf the bl ade asshown.

Reasonabl e agreenent existsbet weent he caleulated blade-metal
temperatures eported in reference 3 and those obtained in the
static heat-transfer teats when differences in the arrangement of
cool i ng passages,bl ade si ze and ehape, and gasdensity and velo-
Ol ty ar e considered.
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Turbine Rig

The various speeds and temperatures over Whi ah the turbine was
operated are 1isted in table |. The tenperature8 listed are as read
from a tri pl e- shi el ded chromel-alumel thermocouple. These t enper a-
tures were not allowed to exceed 2100° F because partsof the hot-
gas system - statorvanes,burners, and i nl et duets - were i nadequat e
for lhigher ‘temperatures and not because the turbine wheel i Nposed
any limtation.

The oool ant [eft the turbine with a high velocity; therefore,
the oool ant aischarge tenperature as measuredi ncl uded the velocity
energy-recovery factor and the actual coolant temperature in the
turbi ne wheel wasalwayslessthanthe measureddi scharfge t enper a-
ture, which was kept bel ow 150° F. Because a_factor of safety had
been included i N t he calculation that set 150° F as t he maxi num
water outlet tenperature and because the water in the turbine newer
actually reached t hi Stenperature, itisprobable that an excessive
oool ant flow was used at a1l the points at whioh this turbine has
been operated. At no operating FOl nt were nore than 5 gallons of
water per mnute required to cool the turbine.

~OnMing to the tendency of al|l metalsto yield sl ow y wder | 0ad

at hightenperatures, it i S possible from dimensional inspection
Bl us a know edge of material propertiesto showthat the turbine-
| ade tenperatures did not exceed 350° F over any appreciable area.
Further substantiation in the last few runs was obtained by the
installation of sixthernocoupl e8 on the bl adee. Wth a turbine
speed of 5000 rpmand an inlet gas tenperature of 2100 F, the
maximm blade-metal temperature indicated was 284° F at the

bl adel eadi ngedge and all the blade-metal temperaturesi ndi cated
were between this tenperature and 180° F.  The blade-netal tem
peraturesmeasuredon t he turbi ne bl ades ar e essentially i n agr ee-
ment with thoee measuredin the static heat-transfer rig in that
they are of about the same magnitude.

Even though this turbine wes operated for a total of 92 hours
and for more than 30 hours at tenperatures between 1600° F and
2100° F, no evidence Of oXxidation, erosion, or blade el ongation
i ndi cated that anynore than a small part of the turbine *suseful
| i f e wasconsumed,” The only apparent effect of hot gasea on the
t ur bi ne bl ades wast he accunmulation of alight coating Of carbon
on the bl ade surfaces. The carbon deposit was similar to scot and
tended to burn off at high gas tenperatures.

648
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Fromt he cooling-water flow ratesrequired, t he bl ade- net al tem-
peratures Obtai ned, and the condition of the bl ades after conpl eti on
of the present operating Program it appears probable that the turbine
wheel coul d be operated at higher inlet gastenmperatures than 2100° F.

. The mechanical method Of sealingtheendsOf the coolant holes
W th screwed-in plugs apPears t0 be practical inasmuch as no | eak8
devel oped around any of the 300 plugs even though calculated pres-
surfes 3400 poundsper square inch were indicated at the pl ugged
surfaces.

There was little evidence of any tendency by the turbine t0 cen-
trifuge solids out Of the cooling water anmd no troubl e was encount er ed
I n operation from this cause even t hough t he wat er was not recirculated
and contained over 200 partsper million Of total solids, at least
4 percent of which was undissolved.

At lowspeed8 and temperatures, a small doughnut-like ring of
dirt was deposited around each redial hol e i n t he annulus into which
the hol es in the trailing edge of the bl ade discharged. At high
speeds and t enper at ur es, smell rings of dirt formed around all the
radi al holes. \ter leaving the radial hol es woul d losemost(f its
velocity and would tend to deposit any suspendeddirtaroundthe
holes. Thusit appears that convection currents were superimposed
upon t he forced-fl ow pattern at hi gh speedsandtemperatures.

SUMMARY OF RESULTS

From an investigation of a single |iquid-oooled al um numall oy
bl ade i n a stati C heat-transfer rig and an investigation of a
liquid-cooled turbine with alumnumalloy blades and disk, the
following I esul t s were 0Dt ai ned:

1. Areasonabl e verification of previous theoretical anslyses
\t/)vlasdobt ai ned from t he investigation Of t he Singl e aluminum-alloy
ade.

2. Althought he turbinewas operated far a total of 92 hours
W th inlet gastemperaturesae hi gh as 2100° F, at a speedof
19,000 rpm there Was no appreciabl e oxidation or erosion of the
blade surfaces. |t was estimated that the bl ade-netal temperature
di d not exceed 350° F over any appreciable cross-sectionalarea(f
the bl ade as indicated by the absence of bl ade elongation during
the period of operation and by later operationw th thermcouples
on the turbine blades.
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3. The turbine wheel could not be operated with inlet gastem
per at ur es higher than 2100° F because of the danger of damaging the
uncooled stator vanesburners, and i nl et ducts.

4. The distribution of a noderate amount of sedinent indicated
t he existence(X¥ convection currents i N t he coolant superimposedOn
t he forced-flow pattern. Dikrt was Not centrifuged outof the coolant
to an extent sufficient t 0 interfere W th the cool i ng process even
t hough the cooling water was not recirculated.

CONCLUSICK

The results of this investigation show that nonstrategic material
such as al um numal | oy can be used n |iqui d-cool ed turbine wheels
Operating at high gas temperatures.

Flight Propul sion Research Laboratory,
National Advi sor &l(}cumitteef Or Aeronautics,
C evel and, | 0-
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TABLE I, - OPERATING CONDITIONS FOR LIQUID-COOLED TURBINE

Net gas temperatwre Turbine spesd Eunning time Total running time
(°F) (zm) (xr) |(min) (zr) | (min)
800 8,000 1 |50 1 50
1000 8,000 3 k1
10,000 2 50
12,000 2 30
13,000 55
14,000 T |35
13 5
1200 8,000 1 25
20.000 1 |30
12,000 40
13,000 1 5
14,000 2 35
16,000 1 5
8 20
1400 8,000 1s
10,000 50
5
18,866 1 |20
14,000 z5
16,000 45
18,000 2 5
5 55
12,000
1600 14.000 1 5
oo 45
16,000 2 40
» 3 45
19,000 1 5
9 20
1800 8,000 9 30
14,000 5
16,000 i |20
18,000 1 10
19,000 =0
17 30
5,000
2000 18.000 1 |30
19,000 20
2 30
2100 5,000 1 1
©800-1600 5,000-19,000 || 34 |30 34 30
Total timeof operation at inmletgasl €NPErat ures 92
above 800° F

‘Operat:lon while checking asscolated equipment and instruments.
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- e 3 - " )
Figure 2. - Turbine wheel showing blade section and cooling-pasmsage arrangement. R,
radius; D, diamster.
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Figure 3. - Turbine wheel with integrel blales.
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Figure 4. - Turbine-wheel and shaft assembly.
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