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DESIGN AND PRELIMINARY RESULTS OF A SEMITRANSPIRATION COOLLD (LAMILLOY)*
LINER FOR A HIGH-PRESSURE HIGH-TEMPERATURE COMBUSTOR

Jerrold D. Wear, Arthur M. Trout, John M. Smith, and Robert E. Jones
Netional Aeronauti. s and Space Administration

Lewis Rescarch Center
Cleveland, Ohio 4al35

Abstract

A Lamilloy combustor liner has been designed,
fabricated and tested in a combustor at pressures
up to 8 atmospheres. The liner was tabricated ot
8 three laver Lamilloy structure and designed to
replace a conventional step-louver liner. The
liner will be used in a combustor that provides hot
gases to a turbine cooling test facility at pres-
sures up to 40 atmospheres The Lamilloy liner was
tested extensively at lower pressures and demon-
strated lower metal temperatures than the conven-
tional liner, while at the same time requiring
about 40 percent less cooling air flow Tests conme
ducted at combustor exit temperatures in excess ol
2200 K have not indicated any cooling or durability
problems with the Lamilloy liner.

introduction

This paper will describe the desion, intended
use and preliminary results obtained from combustor
tests using a liner constructed of a semitranspira-
tion cooling material (Lamilloy). The design of
the liner and the application of the Lamilloy mate-
rial will be discussed. The results of tests con-
ducted at lov pressure (8 atm), but high combustor
fnlet and exit tempoeratures will be presented. The
future application of this liner and test program
will also be covered.

The trend for pas turbine combustors is toward
high exit temperatures at increasing compressor
pressure ratios, The need tor combustor liners to
be durable under these conditions has always been a
problem of paramount fnportance, As pressure and
temperature levels bhave increased, the availability
of excess air for increased liner tilm cooling has
declined. In addition, the recent requirtement by
the Environment Protection Agency (EFA) to control
engine emissions has severely attected the airtlow
distribution in combustors.! More eftective liner
couling schemes are needed as the availability ot
air for liner cooling decreases.

Transpiration cooling ot liners is a technique
that has the potential to maintain low liner wall
temperatures with reduced air tlow rates. In the
past, porous metal or wire structures have been
used. These have not always exhibited the dur-
ability required due to plugging of the very small
passages with dirt and the gradual oxadation of the
surface metai, reducing the tlow area. An alter-
native approach has been taken by the Detroit Diesel
Allison (DPA) Division ot General Motors with a
material they call Lamilloy. This material con-
sists of two or more layers of metal, bonded togeth-
er. Alr enters from one side through regularly
spaced holes, flows through small etched passage-

Rl y— -
Lamilloy is a repistered Trademark of the General
Motors Corporation, 1044 West Grant Blvd., Detroit
Mich., 485202.
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ways to holes in the next laver of metal and con-
tinues this process until the air exits throush
regularly spaced holes on the flame side of the
liner. The iiner is cooled by a combination ot
effects, the air passing through the liner and the
exit air acting as a tilm. Since the material sur-
face is only partially covered by film air, this
approach may be thought of as semitranspiration
cooling.

The NASA lewis Research Center is presently
constructing a High Pressure Facility (}ll’l").'2 This
facility will have the capability nt operation at
pressures up to 40 atmospheres. There will be a
combustor test leg and a turbine test leg in this
facflity. The turbine test leg will consist ot a
complete single-stage turbine assembly, using a
water brake to absorb the turbine power. The com-
bustor, installed upstream of the turbine, nas the
requirement to produce exit temperatures up to
2500 K at a pressure of 40 atmospheres and aminlet-
air temperature of 895 K. The abilitv of conven-
tional step-louver designed liners to perform at
these conditicus is doubtful. Liner lite may be
quite short and liner damage mayv be accompanied
by turbine damage. A Lamilloy liner might provide
the durability required at this severe operating
condition.

Consequently, such a liner was desipned and
fabricated by DDA ftor use in this tacility Thas
paper will present the results that have been ob-
tained during the low pressure testing of this
Liner.

Liner Cooling Advances

As indicated previously, continuing demands
are being placed on the avatlability of combustor
liner cooling and dilution atr flows. Advances in
liner cooling technology cam provide some reliel by
being able to maintain existing liner metal tem-
peratures with decreased cooling air tlow.,  This is
graphically represented in tipure | which conpares
conventional liner cooling technolopy with advanced
approaches typitied by Lamilloy. The data shown in
this figure were furnished by DDA and is based on
their experience with various types of liner cool-
ing methods. The tigure relates the amount ot
cooling air required as a function of the cooling
effectiveness, E.. The cooling ettectiveness is
defined as:

g = T[!ame 2 Tuall
< =
Tvlll

Tcoohnt

In figure 1, the region between the two lines, ti'm
cooling 2nd transpiration cooling, is the region
where advanc 'd cooling technology results in re-
duced cooling air flow requirements.
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Liner Design

The Lamilloy liner was designed to be an iden-
tical replacement for a conventional liner, des-
tgnated as iiner A, of the turbine rig combustor.
Figure 2(a) is a cross-sectional sketch of the com-
bustor showing the contour of liner A.  The liner
s of & conventional step-louver type and was de-
signed to withstand the operating conditions shown
in table 1. This liner has undergone extensive
testing to exit temperatures in excess of 2200 K
with no apparent damage or detertoration. However,
testing has been limited to pressures up to 8 atmo-
spheres. There is concern that at higher pressures
and heat fluxes, this liner might eventually crack
and pieces would be thrown into the turbine. Com-
pared to conventional atreratt engiae liners, the
metal of this liner is quite thick, betng tabri-
cated of 0.20 centimeter thick Hastelloy X mate-
rial. The combustor consists of two concentric
snnuli of airblast tuel injectors. These injectors
are a derivative of the original swirl-can module
and their performance has been documented in a
variety ot lpplxcallonu.’-“ As with most combus-
tors of this type, there are no dilution air holes
in the liner. All air except that required tor
liner cooling passes directly through the array ot
fuel injectors.

All liners designed tor use in this combustor
were designed t) the specitications shown in table
1. The conditiims shown in table 1 are quite strin-
gent and the liw availability ot cooling air makes
the liner desipn very critical. Since this com=
bustor is to bu used for turbine cooling research,
it was desivable to operate over a very wide tlow
range. This is indicated by the variability on the
flow factor which was specitied as part of the de-
sign requirements.

At the highest flow factor and operating pres-
sure, the syuatem pressure drop was to be 10 percent.
At this condition, a pressure loading ol 0,243 MPa
(35.24 psi) is applied to the liner,

The mechanical design of the Lamilloy liner is
shown schoematically in figure 2(b). This liner
completely duplicates the contour ot the step-
louver liner, Figure 3 is a schematic resresenta-
tion of the principle of Lamilloy. Coolivg ar
enters the liner through holes and pass s wtween
the metal layers through etched passage av,.  Thas
afir 15 eventually conducted through one metal laver
to the next by holes. The process is repeated
until the air leaves the liner on the tlame side,
Cooling is achieved primarily by convection within
the liner, though there may be some cooling due to
the exiting air providing a tilm barrier to heat-
fng. The design chosen used three lavers of mate-
tial each 0.0508 centimeter (0.020 in.) thick. The
selection of these dimensions was based on recent
experience in fabricating combustor liners tor a
variety of applications. A large hole size was
selected to allow passage of toreign material im
the combustion atr through the liner. Consider-
sble material is in the combustion air supply but
this is usually a very tine 1ron oxide powder
(rouge) which should easily pass through the liner
without plugging the passage. In HPF, the air is
flitered prior to compression to 40 atmospheres,

80 no large particles should be present,

The heat transter analvsis was performed at
the maximum operating condition as shown in table 1.

The analysis assunmed that the average temperature
close to the tuel injectors was J300 K, but the
temperature turther downstream was stoichiometric
or 2650 K. Maximum hot spot temperatures were also
assumed to be stoichiometric temperature, The com-
bustor pressure loss and liner ditterential pres-
sure were based upon caleulations and data supplied
from tests conducted with conventional film-cooled
liners. Once the analysis had determined the ro-
quired cooling flux and pressure drop distribution,
the Lamilloy permeability could be determined., The
permeability, expressed as discharge coetticients,
for required tlows is shown in tigure . Figure
also shows the coetficient values of the three per-
meabilities selected and the liner length over
which these values apply. The nighest permeability
was used in the transition region as this region
requires the greatest cooling.

The material selection vas based on the
following tactors:

e High temperature oxidiation resistance
® Buckling resistance

o High modulus of elasticity

e High temperature strength

e Ease of fabrication/repair

Of these, high temperature strength and oxi-
dation resistance were judged to be ot greatest
importance in this application. Hastelloy X\,
Havnes 188 and TD Nickel-Chrome materials were
evaluated. Havnes 188 was selected tor usce as it
has better high temperature strength than Hastelloy
X without the difticult tabrication and welding
probloms of ID Nickel-Chrome.

The liners underwent considerable stress and
buckling analysis Where appropriate, finite ele-
ment stress analysis was used.  The buckling analy-
sis led to the conclusion that tive stiftening
rings were requited on the outer liner and these
were added to the liner at the positions indicated
by analysis. See tipures 2(b) and (b).

The estimated life of the Lamilloy liner was
calenlated using the strain-lite curves basod on
the work of Manson.” Strawn-lite curves were de-
veloped tor a variety of material properties and
surtace conditions Ihe results indicate that a
liner lite of 109 hours is achievable based on re-
duced material properties and a notched surtace,
The use ot mean matertal properties instead ot -3
properties increases liner lite to 500 hours thits
is based on a thermal cycle rvate of one cvele per
hour.  Additional large increases in lite arve cal-
culated by assuming smooth tather than notched
material.

The liner is composed of a series of Lamillov
sheets welded together. The scams between adjacent
sheets are arranged to be at an angle to the tlow
80 that there is alwavs an air tilm tlow over the
narrow weld joint. The liner ring portions, com=
posed of Lamilloy ot varving permeability were hy-
drotormed to the proper shape and then welded to-
gether to torm the complete liner. Hydrotorming
was necessary, rather than spinning, because ot
the particular liner geometry chosen for this com-
bustor, A less convoluted liner could probably
be spun, which is a s'm“l“r|+ﬂk}‘fﬂtiﬂ“ qrf‘“d"r"



than hydroforming. The finished liners are shown
in figure 5. Figure 5(a) shows the i{nner liner
and figure 5(b) shows the outer liner. The
stiffening rings can be clearly seen in tigure

S(b).

Results and Discussion

For the first test, the liner was painted with
a temperature indicating paint, as shown in tigure
S. The first test was to be very brie: aud color
changes in the temperature indicating paint would
locate liner hot spots and positions where thermos
couples would be installed to monitor tuture tests.
The first test was conducted at an inlet-air pres-
sure of 7.9 atmospheres, inlet-air temperature of
895 K and an average combustor exit temperature of
1700 K. The test time was only about 10 minutes,
long enough to ensure that the paint would undergo
the appropriate color changes. When examined atter
this test, both the 0.D. and 1.D. liners were uni-
formly the same color with the exception of some
slight color differential in parrow regions at each
weld joint. The color change indicated that the
hottest portions of the liner were vnly about 180 K
above the inlet-air temperature. The remainder ot
the liner showed only a unitorm color indicative ot
very low thermal gradients. [t was apparent that
this test was not severe cnough to pinpoint areas
other than liner weld joints where thermocouples
should be located, Theretfore, the liner was ¢leancd
and repainted with temperature indicating paint
preparatory for a test at higher combustor exit
temperatures. In addition, three thermocouples
were installed on both the 0.D. and 1.D. liners.
These thermocouples were placed in liner weid
joints between Lamillov panels (see fag. 6).  The
operating conditions for this test were inlet-air
pressure of 7.9 atmospheres, inlet-air temperature
of 895 K and combustor average exhaust temperature
was varied upwards from 1700 to 2215 K in several
steps. Substantial color changes were obtained
this time and figure 7 shows the liner with iso-
thermal lines on the surface. Figure 8 is a plot
of the readings ot the 0.D. and [.D. liner thermo-
couples at the two combustor exit temperatures.
Two test points were obtained the first at an
average exit temperature of 1719 K to contirm with
thermocouples the temperatures indicated by paint
in the previons test and second a tost at 2215 K
average exii temperature to torce pronounced color
changes in the paint. As shown in tigure 8, the
iiner temperatures at the lower combustor exit tem-
perature are generally in agreement with those tem-
peratures indicated by the paint. That is, the
weld arcas were at least 180 K hotter than the
fnlet-air temperature. At the higher combustor
exit temperature, the 1.D. liner hot spot was about
285 K above the inlet-air temperature or a metal
temperature of 1180 K (loo5” F). The results ob-
tained with the outer liner are shown in tigure
8(b). Two thermocouples on this liner tailed
during the higher combustor exit temperature test.
The outer liner tended to operate slightly hotter
than the inner liner, but as betore, the hottest
region is the combustor exit portion ot the liner.
The maximum indicated temperature was 380 K above
the inlet-air temperature or a metal temperatur: of
1275 K (1830° F).

Figure 9 compares the performance of the
Lamilloy liner wich that of a conventional step
louver liner at virtually identical operating

conditions. As before, the results are shown as
metal temperature minus the inlet-air temperature
along the length ot the liner. The distribution ot
cooling air is significantly difterent for the two
liners which accounts tor some ot the observed
differences. The amount of cooling air was also
different for the two liners and this is listed in
table I1. A comparison of the two inner liners,
figure 9(a), shows that the step-louver liner gener-
ally has as high a metal temperature ar the Lamilloy
liner in spite of 100 percent greater cooling air
flow. The thermocouple in the Lamilloy liner, at
the 7.3 centireter position, is installed in a junc-
tion of wwo «  ds. This may account for the nigh
metal temperat res of the Lamilloy liner at this
upstream position, The outer liner comparison is
shown in figure 9(b). At the lower exhaust pas tem-
perature, the step-louver metal temperature was
somewhat lower than the Lamilloy, the step-louver
liner cooling air tlow is about 60 percent greater.

As the exhaust gas temperature increased, the
step-louver liner metal temperature increased at a
greater rvate than that of the Lamilloy liner., For
example, at the 19 to 20 centimeter position when
the exhaust pas average temperature increased trom
1719 to 2215 K, the Lamilloy temperature increased
only 110 K while the step-louver liner temperaturs
increased 220 K. To date, durability ot both the
Lamillov and the step-louver liners has been ex-
cellent. There has been no indication of separation
of the metal layers in the Lamilloy liner. Iron
oxide dust (rouge) in the combustion air has 2ot
been any problem and there is no evidence of liner
tlow restriction in spite of the amount of material
in the air stream. The step-louver liners have been
extensively used, accumulating many hours and test
cycles. These liners are also in excellent condi-
tion showing no evidence of cracking or tendency
tor warping that might reduce tilm-couvling.

Concluding Remarks

In tests conducted to data, the Lamillov liner
shows every indication of being able to withstand
the high combustor gas temperatures and maintain
acceptable wall-temperature levels while reguiring
less cooling air than a more conventionally de-
signed step=-louver liner. The test program at the
8 atmsophere pressure level is nearly complete.

The combustor and the Lamilloy liner will be tested
in the High Pressure Facility at pressure leveis up
to 40 atmospheres.
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TABLE 1. - LAMILIOY LINYR DESIGN REQU IREMENTS

Maximum operating condition

Inlet-air temperature, K « o« o« v o v+ 5 o » o 20
Tilet-atr prosducs; 88 . « . « ¢ % alw o w0
Combustor exit average temperature, K . . . 2500
System pressure differential, percemt . . 10

Magimum metal temperature, K . ¢ o « « « o+ 4 1310
Desfred lifetime ot maximum operatiig

condition, hr., . 100
Allowable cooling atr tlow rate, percent

Oravcant of total flow), v v = v o o v« 15-20

Flow tactor, '-'—;-—I. range, Kg/sec, K, atm . . 4404

TABLE 11. - COMPARLISON OF LINER COOLING FLOW RATES

Liner type Inner liner OQuter liner lotal

Lami 1 loy w.l 7.5 12.2

Step- louver 9.5 12.0 21.5

Values as percent of total combustor ailr-tlow rate
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Figure 2 - Cross sectional sketch of high pressure combustor
test section with combustor liner.
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(b) Lamilloy liner,
Figure 2 - Concluded.
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Figure 3. - Sketch of lamilloy construction and air flow path,
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Figure 4. - Lamilloy permeability selection.
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Figure 5. = Lamilloy liner with temperature indicating paint,
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Figure 6. - Axial position of thermocouples installed on Lamilloy liner.
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(a) INNER LINER,

Figure 7, = Lamilloy liner with temperature indicating paint after test to
2215 K average exhaust qas temperature,
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(b) OUTER LINER.

Figure 9. - Lamilloy and step-louver liner temperatures
obtained by thermocouples at similar operating condi-
tions. Inlet-air temperature, 895 K, combustion
pressure, 7.9 atm.





