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* ABSTRACT

A gas turbine engine combustor is provided with a
single wall sheet metal liner having a generally annular
shape, which may be corrugated, and contains at least
one differential pattern of multi-hole film cooling
holes. The differential pattern of coéiing holes

P

comprises patterns of small closely spaced sharply

downstream angled film cooling holes disposed along

—

portions of the liner so as to direct different amounts

of film cooling air to different areas of the liner to
accommodate differential heating alonnghe liner. One
embodiment of the invention includes a plurality of
superimposed differential cooling hole patterns derived
from a base pattern wherein each preferential pattern is
formed by skipping patterns of cooling holes in the base

pattern.

L L ANES AN . A - A B A >~ pv vy Aol Al 4 S0 SN & LPEEE B A 4 e PP - s [ -~ vy e ) e v A i dvverwm e asenbesbloudie  an en samnade n an s sam A4 AAA L A AARAL S A A AL A A A AL BT 88 Bl ol A e AR Sl A s adB P B dBA L " 0 B A s ana




10

15

CA 02065656 2002-07-04

13LN-1980

MULTI-HOLE FILM COOLED COMBUSTOR LINER
WITH DIFFERENTIAL COOLING

BACKGROUND OF THE INVENTION

Elgid of the Invention

This 1nvention relates to combustors used in gas
turbine engines, and more particularly, to film cooling

gas turbiline engine combustor liners.

Description of Related Art

Combustor liners are generally used in the
combustion section of gas turbine engines located
between the compressor and turbine sections of the
engine and in the exhaust sections of afterburning
alrcraft gas turbine engines. Combustors generally
include an exterior casing and an interior combustor.
Fuel is burned 1in the interior of the combustor

producing a hot gas usually at an intensely high
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temperature such as 3,000° F. or éﬁén:higher. A heat
shield or combustor liner is provided to prevent this
intense heat from damaging the combustion section and
rest of the engine.

Some aircraft gas turbine engines, particularly ones
that are capable of supersonic flight such as military
fighters and bombers, have afterburners or augmenters
located in the exhaust section of the engine. Heat
shields or liners are also provided for afterburner
engines to prevent the intense combustion heat from
damaging the surrounding casing of the exhaust section
or other parts of the engine and aircraft.

A more detailed discussion of the related art may be
found 1n related Canadian Patent Application Ser. No.
2,048,727 entitled "GAS TURBINE ENGINE MULTI-HOLE FILM
COOLED COMBUSTOR LINER AND METHOD OF MANUFACTURE",
invented by Wakeman et al., filed August 8, 1991, and
Canadian Patent Application Ser. No. 2,048,726 entitled
"COMBUSTOR LINER WITH CIRCUMFERENTIALLY ANGLED FILM
COOLING HOLES", by Napcli, filed August 8, 1991, both
applications assigned to the same assignee as in the
present application.

Engine designers have long sought to incorporate
light weight easy to manufacture combustor liners
capable of withstanding the temperatures and pressure
differentials found in gas turbine engine combustors.
To that end the invention described in the Wakeman
reference provides a single wall, preferably sheet
metal, annular combustor liner having multi-hole film

cooling holes that are disposed through the wall of the
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liner at sharp downstream angles. The multi-hole film
cooling holes are essentially cylindrical and spaced
closely together to form at least one continuous pattern
designed to provide film cooling over the length of the
liner. The present invention provides multi-hole film
cooling holes that are cylindrical and have a diameter
of about 20 mils with a nominal tolerance of about + 2
mils, are spaced closely together about 6 1/2 to 7 1/2
hole diameters apart, have a downstream angle of 20
degrees with a nominal tolerance of about + 1 degree.
Axially adjacent holes are circumferentially offset by
half the angle between circumferentially adjacent holes
to further enhance the evenness of the cooling film
injection points. The Wakeman reference further
discloses an embodiment wherein the liner may be
corrugated so as to form a wavy wall that is designed to
prevent buckling and 1is particularly useful for aircraft
gas turbine engine afterburners.

A phenomenon that occurs on combustor liners both in
the main combustion section and in the afterburner
combustion section is swirl, wherein swirled patterns of
higher thermal degradation areas are formed on the liner
1n areas where relative hot zones exist. The patterns
generally coincide with the swirl of the combustor flow
induced by swirlers in the fuel nozzles that are used to
promote better combustion and in the exhaust section by
turbine nozzles. Liners subject to these uneven heating
patterns are difficult and costly to cool.

Combustor liner cooling uses a significant
percentage of ¢ooling air that is taken from the

compressor for the main combustion section and usually
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from the fan section fbr afterburner combusﬁér liners.
This is costly air in terms of fuel and powe;w;onsumption
and therefore aircraft engine designers are always
seeking means for reducing the amount of cooling air
required to cool afterburner liners. Sufficient cooling
alr 1s conventionally provided in order to cool the
hottest areas caused by swirl and some cooling air is

wasted 1n supplving cooling air to relatively cool zones.

SUMMARY OF THE INVENTION

The foregoing problems are overcome and other
advantages are had by the present invention that
provides a sing..e wall annular combustor liner having

multiple super_mposed differential patterns of

multi-hole film cooling holes disposed through the liner

wall so as to provide different amounts of film cooling
alr to different portions of the liner as required in

order to save cooling air. In the preferred embodiment

differential cooling patterns are based on a base
pattern of cooling holes wherein each differential
pattern is formed by skipping or blanking patterns of
holes and wherein one or more blanked cooling hole
patterns, or blanks, may be superimposed on one another.
For the purposes of this invention superpositioning
of differential cooling hole patterns that are based on a
common base pattern presupposes hole registration such
that all holes in each pattern including the base
pattern are aligned and that there can never be more
noles 1n a giver row or more rows in a given pattern

than there are in the corresponding base pattern.
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The cooling hole pattefﬂs éomprise many small film
cooling holes, angled sharply downstream from tﬂé”cold
side to the hot side of the liner, and spaced closely
together. Film cooling holes of the present invention

5 should be small enough to promote good film cooling yet
large enough to avoid unacceptable levels of hole
clogging.

An exemplary embodiment of the present invention
provides an annular combustor liner having a base

10 pattern of multi-hole film cooling holes having a
diameter of about 20 mils, a slant angle of 20 degrees,
spaced closely together about 6 1/2 to 7 1/2 hole
diameters apart, and having axially adjacent rows of
holes circumferentially offset by half the angle between

15 circumferentially adjacent holes to further enhance the
evenness of the cooling film. The base pattern may have
an equal number of cooling holes in each row or may have

a generally fixed distance between the cooling holes in

each row. A first differential cooling pattern skips

20 every fourth row of cooling holes in the base pattern to
save cooling air. A second differential cooling pattern
omits a plurality of circumferentially adjacent holes in
every third row of the base pattern. This pattern
Creates arcs extending over portions of the annular

25 circumference generally coinciding and aligned with cold
streaks, where the absence of a portion of a row of
cooling holes lowers the amount of cooling air to that
needed to cool the cold streaks. A third differential
cooling pattern skips holes within a radius around

30 dilution air holes in a combustion section liner so as to

prevent stress risers.
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The present. invention contemplates the use of
different base patterns in different axial locations
along the liner as exemplified in a fourth cooling
pattern at the aft end of a combustion section liner
that has an inter-row spacing twice that of the first
base pattern and an inter-hole spacing equal to that of
the first base pattern thereby providing 50% of the base
flow 1n order to reduce the temperature profile factor
of the air entering the turbine to minimize the spanwise
temperature variation or profile.

In accordarnce with the preferred embodiment of the
present invention, the combustor liner may be corrugated
so as to form a wavy wall that is designed to prevent
buckling and is particularly useful for outer liners in
the combustion section of gas turbine engines and may
also be useful for exhaust duct burner liners in
aircraft gas turbine engines having afterburners.

ADVANTAGES

Combustor liners made in accordance with the present
invention dramatically reduce the amount of cooling air
used to film cool combustor liners and reduce the axial
and circumferential temperature gradients typically
found in conventional nugget or panel film cooled
combustor liners. Reduction of these gradients results
in a consequent reduction in thermal hoop stress and
improved low cycle fatigque life.

Another advantage provided by the present invention
is a reduction in the amount of variation in the
spanwise or radial temperature profile of the air
entering the turbine.
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BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and other features of the
invention are explained in the following description,
taken i1n connection with the accompanying drawings
where:

FIG. 1 1s a diagrammatic view of a typical gas
turbine engine including a core engine combustion
section and an afterburning exhaust section having
combustor liners in accordance with the present

invention.

FIG. la 1s a perspective view of the core engine
combustion section of the engine depicted in FIG. 1.
FIG. 2 1s a partial flat plan form view of an
annular combustor liner in the core engine combustion
section of the engine depicted in FIG. 1 1llustrating an
exemplary base pattern of multi-hole film cooling holes
in accordance with the present invention.
FIG. 2a 1s a portion of an annular combustor liner
1llustrating a first exemplary differential pattern of

multi-hole film cooling holes wherein every fourth row

of holes in the base pattern in FIG. 2 is omitted in
accordance with the present invention.

FIG. 2b 1s a portion of an annular combustor liner
1llustrating a second exemplary differential pattern of
multi-hole film cooling holes for swirl heating based on
the base pattern in FIG. 2.

FIG. 2c 1s a portion of an annular combustor liner
1llustrating an alternative to the second exemplary
differential pattern of multi-hole film cooling holes
for spiral pattern swirl heating based on the base

pattern in FIG. 2.
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FIG. 2d 1s a portion of an annular combusﬁoﬁrliner
l1llustrating a third exemplary differential paétern of
multi-hole film cooling holes wherein an area around
dilution holes is omitted in accordance with one
empodiment of the present invention.

FIG. 2e 1s a portion of an annular combustor liner
l1llustrating an alternative base pattern of multi-hole

film cooling holes.

FIG. 3 1s a partial flat plan form view of an

annular combustor liner in the core engine combustion
section of the ergine depicted in FIG. 1 having
superimposed multi-hole film cooling hole patterns in
accordance with the present invention.

FIG. 3a 1s a partial flat plan form view of an
annular combustor liner having an alternative multi-hole
film cooling hole pattern for a spiral swirl pattern.

FIG. 4 1s an enlarged perspective view of a portion
of the combustor liner in FIG. 3 1llustrating multi-hole
film cooling holes.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1, a typical gas turbine engine 10
1s shown comprising a fan section 12 in serial flow
relationship with an engine core 13 and a by-pass duct
35 generally disposed, in concentric fashion, about
engine core 13, Flow from engine core 13 and by-pass
duct 35 is discharged to an exhaust section 22 having a
nozzle 34 to help produce thrust. A splitter 17
by-passes a portion of the air flow 27, referred to as
by-pass flow, from fan section 12 through by-pass duct

35 around engine core 13. The remaining airflow,

A RERPETYA A AT o e pAlde ashadtamun addeasd o .. 1ar aandes A sl s B tnd ke rs s o= ST ' ‘a



oo A K,

LN1380 PATENT «065656

13LN-1980

referred to as core air flow 25, is compressed by
compressor 14 and discharged to a combustion section 16
that includes axially and circumferentially extending
outer and inner combustor liners 48 and 50,

5 respectively. Outer and inner combustor liners 48 and
50 respectively are radially spaced from each other to
define a portion of annular combustion flow path or
combustion zone 33 therebetween where a portion of core
flow 25 is mixed with fuel and the resultant mixture is

10 combusted. Combustion section 16 produces hot
combustion gases that are mixed with the remainder of
the compressor discharge flow and the resultant hot
effluent is then flowed to the turbine section 20 to
power compressor section 14 and fan section 12.

15 An afterburner 24, as 1llustrated in FIG 1, is
disposed in exhaust section 22 downstream of turbine
section 20 and is operable for burning additional fuel
with bypass air 27 and core flow 25 in order to augment
or produce additional thrust. Exhaust section 22

20 includes an annular case 26 and an annular afterburner
liner 28 radially inward of case 26, forming a cooling
plenum 29 therebetween, to contain gas flow 32.
Afterburners are often referred to as augmenters.

Outer and 1nner combustor liners 48 and 50 and

25 afterburner liner 28 provide some generally similar
functions. They contain the hot combustion gaSes and
provide a flowpath suitable to promote efficient
combustion. Pressurized air enters combustion section
16 where it is mixed with fuel and burned. The hot

30 gases of combustion, which may in some gas turbine
engines exceed 3000° F. exit combustion section 16, flow
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thereafter past turbine vanes 46 and through the
remaining portion of turbine section 20. The hot gases
are then expelled at a high velocity from engine 10
through exhaust nozzle 34 to provide thrust by engine
10.

Referring now to FIG. la, a perspective view of the
combustion section 16 in FIG. 1 is depicted comprising a
combustor assembly 38 positioned in the compressor
discharge flow 37 between an outer combustor casing 130
and an inner combustor casing 132 in energized fluid
supply communication with turbine section 20 denoted by
turbine vanes 46. Combustor assembly 38 is further
comprised of axially and circumferentially extending
outer and inner combustor liners 48 and 50,
respectively, radially spaced from each other to define
a portion of annular flow path or combustion zone 33
therebetween. Outer liner 48 and outer casing 130 form
an outer combustor passage 160 therebetween and inner
liner 50 and inner casing 132 form an inner passage 161
wherein said passages provide for receiving cool
compressor discharge air. Disposed at the upstream end
of combustor liners 48 and 50 is a plurality of fuel
injectors 52 mounted within a plurality of apertures 54
in the combustor dome 31 of combustor assembly 38.
Note, that combustor assembly 38 and outer and inner
combustor liners 48 and 50 have a preferred annular
configuration, extending circumferentially about the
center-line of engine 10 and dome 31. Accordingly, fuel
injectors 52 are circumferentially spaced from each
other to provide a number of injection points for
admitting a fuel/air mixture to combustor assembly 38




10

15

20

25

30

2065656

over the circumferential extent of annular combustion
flow path 33.

The upstream ends of combustor liners 48 and 50 are
formed with means to be attached to, and axially and
radially supported by, combustor dome 31. Downstream
ends 73a and 73b have radial support means such as
interference fite or other conventional support means
that provides racdial support and allows for thermal
growth of liners 48 and 50. ‘

Outer liner 48 is preferably comprised of a single

wall annular sheet or shell having generally axially

extending annular corrugations 60 that provides outer
liner 48 with a wavy wall cross-section 63. Outer liner
48 has a cold side 57 in contact with the relatively
cool air outside the combustion zone 33 and a hot side
61 facing the combustion zone and includes a means for
providing differential multi-hole film cooling of liner
48 .

Means for providing differential multi-hole film
cooling are illustrated in FIG. 2, 2a, 2b, 2c, 2d, and
2e as having multiple superimposable patterns 1, 2, 3,
4, and 5 of multi-hole film cooling holes 80 disposed
through the liner wall as exemplified by outer liner 48.
A base pattern 1 of multi-hole film cooling holes 80
comprises a continuous pattern of many small cylindrical
film cooling holes, angled sharply axially downstream,

and spaced closely together shown in greater detail in

FIG. 4. Film cooling holes of the present invention
should be small enough to promote good film cooling vyet
large enough to avoid unacceptable levels of hole

clogging.
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Briefly referring to FIGS. 3 and 3a, superimposed

differential multi-hole film cooling patterns are

1llustrated for two alternative patterns to demonstrate

the nature of what is meant by superposition. Note that
superpositioning involves the blanking or skipping of
cooling holes such that once holes are skipped or
blanked they canriot be replaced by other holes in other
superimposed patterns. In other words the blanked or
skipped holes are cumulative. The present invention
contemplates repeating patterns of holes that may
comprise one or more rows and is not limited to the four
row repeating pattern illustrated herein.

Referring briefly to FIG. 4, the preferred

embodiment of the present invention provides an annular

combustor liner having a first base pattern 1 of
multi-hole film cooling holes 80 having a diameter D of
about 20 mils, a slant angle A of about 20 degrees,
wherein the cooling holes 80 are spaced closely
together. The exemplary embodiment illustrated herein
provides circumferentially adjacent cooling holes 80
having an inter-hole spacing S about 6 1/2 to 7 1/2 hole

diameters D and an inter-row spacing P between axially

adjacent rows R1 and R2 of cooling holes 80 in the same

range. In order to provide a more even circumferential
distribution of cooling air, axially adjacent rows R1
and R2 of holes 80 are circumferentially offset by about
half the angle or distance between circumferentially
adjacent holes or by half the axial distance between row
R2 and the previous row Rl of cooling holes. This is

done to further enhance the evenness and effectiveness

of the cooling film.
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Referring again to FIG. 2a, a first differential
cooling pattern 2 skips every fourth row R4 of cooling
noles thereby yielding a cooling flow rate equal to 75%
(25% reduction) of the base cooling rate. A second
differential cooling pattern 3, shown in FIGC. 2b, omits
a plurality of circumferentially adjacent holes 19 in a
third row R3 of each successive group of four rows so as
to provide arcs, represented by areas H and C within the
dotted outlines, of the annular liner with different
amounts of cooling air. The area labelled H represents
a hot zone that is usually caused by swirl and therefore
has more film cocling holes 80 allocated than the
relatively cooler area C. This reduction of one row
again yilelds an approximately 25% cooling reduction
that, when superimposed with first differential cooling
pattern 2, yields an average 50% reduction in cooling
flow in the cooler area C while a 25% reduction remains
in the hotter zone H. FIG. 3 illustrates a first
exemplary superimposed differential cooling pattern
derived from base and superimposed patterns 1, 2, 3, 4,
and 5.

A combustor liner subject to spiral shaped swirl

patterns may use an alternative second differential

cooling pattern 3a illustrated in FIG. 2c designed to
accommodate spiral shaped hot and cold zones Ha and Ca
that, in the plan form illustration of FIG. 3a, are
skewed with respect to the axial direction. The
alternative second differential cooling pattern 3a skips
a second plurality of circumferentially adjacent holes
l9a 1n a third row of each successive group of four rows

whereby in each row the plurality of cooling holes 80
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omitted is circumferentially rotated with respect to the
preceding plurality so as to provide a skewed, with
respect to the axial direction, differential cooling
pattern 3a as shown in the plan form illustration of
FIGS. 2c¢ and 3a. FIG. 3a illustrates a second exemplary
superimposed differential cooling pattern derived from
pase and superimposed patterns 1, 2, 3a, 4, and 5.

A third differential cooling pattern 4, shown in
FIG. 2d, skips hcles within a radius around dilution air
holes 78a and 78k in a combustion section liner so as

Lo prevent stress risers. A fourth differential cooling

pattern 5, 1illustrated in FIG. 2e, comprises a second
base pattern at the aft end of a combustion section
liner 48 that has an inter-row spacing twice that of the
first base pattern and an inter-hole spacing equal to
that of the first base pattern thereby providing only
50% of the first base pattern flow in order to reduce
the temperature profile factor of the air entering the
turbine to minimize the spanwise temperature variation
or profile. Differential cooling patterns 4 and 5 are
shown in their superimposed embodiment in FIGS. 3 and 3a
to further illustrate the feature of superposition and
the preferred embodiment of the present invention.

The base pattern of holes may be determined by
various methods including analytical, emplrical or a
combination of the two. One exemplary combustion
section liner in accordance with one embodiment of the
present i1nvention as illustrated in FIG. 4 has a base
pattern 1 comprising axially disposed circumferential
rows Oof multi-hole cooling holes 80 having a diameter D

of about 25 mils. Circumferentially adjacent holes and
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axlially adjacent rows of holes R1 and R2, are spaced a
distance S apart about 150 mils (0.150”). Each row
contains 432 equally spaced multi-hole film cooling
holes 80. Therefore for about a 7 % inch long cooled
portion of liner the base pattern comprises 49 rows and
a first differential cooling hole pattern 2, which skips
every fourth row, has a pattern of 36 cooling hole rows

that reduces film cooling air flow by 25% over the base

amount of coolinc air flow.

Multi-hole film cooling holes 80 are nominally
0.025" 1n diameter and are laser drilled from the hot
side 61, at 20° to ‘the surface, aft loocking forward.
The first and last row may be drilled at slightly
different angles, 30° and 26° respectively, to aid in
proper cooling flow at the liner boundaries. With a
nominal wall thickness of 0.080”, the hole L/D ratio is
nominally 9.4. Since all cooling holes are drilled on
the basis of 432 equally spaced holes per row, this
results in reduced hole density at the larger diameter
art end of the liner. The hole pitch/diameter (ratio of
distance between hole center-lines to hole diameters)
ratio varies from 6.1 to 7.0 as hole to hole spacing
varies from 0.152” to 0.175” from forward to aft on the
liner. A second differential hole pattern 3 provides a
pattern of an equal number of adjacent holes and blanks
that is repeated 18 times around the liner, so as to
coincide with the 18 fuel nozzle swirlers of the
exemplary illustration in FIGS. 1 and 2. Axially
adjacent rows such as R1 and R2 may be offset py half
the distance betwsen holes in the base pattern to

improve the evenness and hence the film cooling
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effectiveness of the present invention.

Note that laser and other types of hole drilling
processes such as electron beam may produce holes that
are slightly frusto-conical in shape instead of
perfectly cylindrical. These slightly conical holes are
conventionally regarded as cylindrical holes and are
included in any references herein to cylindrical holes.

It should be noted that smaller slant angles A may
be advantageous for improved cooling and therefore an
alternative slant angle A in the range of about 20° to

15° may be used i1f the associated costs are warranted.

Slant holes smaller than 15 degrees may weaken the liner
structure. Further note that though exemplary
illustration employs cooling holes 80 having a diameter
of 25 mils, the preferred diameter is 20 mils (.02
inches), and cooling holes 80 are preferably spaced
apart from each other about 150 mils (.15 inches) off
center or about seven and one half (7 1/2) hole
diameters.

It may be preferable, particularly in the case of
outer liners 48 and afterburner liners 28, to provide a
buckling resistance means such as corrugations 60 shown
in FIGS. 1 and 2. Buckling of outer liner 48 due to
inward pressure load is a primary design consideration.
Small and medium diameter short length combustors may
only require a reasonable liner thickness combined with
its formed shape and end support provided by combustor
dome 31 and stator seal to provide sufficient buckling
margin. This margin can be increased by using
significant axial curvature in the liner to increase its
section modules. Very large combustor liners, having
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about a 30 inch diameter or larger, such as outer liner
48 in combustion section 16 and long combustor liners
such as afterburner liner 28 may require additional
features to prevent buckling. The present invention
provides cooling patterns that allow the corrugations 60
of outer liner 48 and afterburner liner 28 that restrict
the liner deflection and resist buckling to be
efficiently cooled.

The buckling resistance imparted by the wave design
of corrugations 60 is similar to that applied in
augmenter liners and the cooling hole patterns must be
designed to provide that the film effectiveness of the
liner is not adversely affected by the wave form. A
shallow sine wave form is preferred for maintaining the
integrity of the cooling film and providing sufficient
buckling resistance.

While the preferred embodiment of the present
invention has been described fully in order to explailn
its principles, it is understood that various
modifications or alterations may be made to the
preferred embodiment without departing from the scope of
the invention as set forth in the appended clains.
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1. A gas turbine combustor liner having a hot side

and cold side, said liner comprising:
a single wall shell having at least one differential
multi-hole film cooling hole pattern comprising a
5 plurality of small, cylindrical, closely spaced, sharply
downstream angled film cooling holes, angles from ﬁhe
cold side to the hot side and wherein said differential
multi-hole film cooling pattern comprises at least one
pattern of blank spaces superimposed on a correspondlng
10 base pattern of said multi-hole film cooling holes,
said differential multi-hole film cooling hole pattern
comprises a modification of a first base cooling hole
pattern comprising axially adjacent rows of multi-hole
film cooling holes circumferentially offset from each
15 other by about half the distance between said multi-hole
film cooling holes of one of said rows, and
a first differential multi-hole film cooling hole

_—

pattern comprises a pattern of blank spaces that omits a

plurality of circumferentially adjacent cooling holes 1in
20 a plurality of rows in said first base cooling hole

pattern in an axlially repetitive pattern.

2. A gas turbine combustor liner as claimed 1in claim 1
wherein said one differential multi-hole film cooling
hole pattern comprises a first portion of said shell

25 containing a first density of said cooling holes and a
second portion of said shell containing a second density

of said cooling holes.

3. A gas turbine combustor liner as claimed in claim 1

wherein said first differential multi-hole film cooling
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hole pattern of blanked cooling holes corresponds to a

predetermined swirl pattern of the combustor.

4, A gas turbine combustor liner as claimed in claim 1
wherein a first differential multi-hole film cooling hole
pattern comprises a pattern of blank spaces that omits at

least one row of holes in said first base cooling hole

pattern i1n an axially repetitive pattern.

5. A gas turbine combustor liner as claimed in claim 4

further comprising a second differential multi-hole film
cooling hole pattern comprising a plurality of
pluralities of circumferentially adjacent blanked cooling
holes in a plurality of rows in an axially repetitive
pattern and wherein said blanked cooling holes of said
second differential cocling pattern are superimposed on

said first differential cooling pattern.

6. A gas turbine combustor liner as claimed in claim 5
wherein said second differential multi-hole film cooling
nhole pattern of blanked cooling holes corresponds to a

predetermined swirl pattern of the combustor.

7. A gas turbine combustor liner as claimed in claim 6

further comprising a third differential multi-hole film
cooling hole pattern of said cooling holes comprising a
second base cooling hole pattern on the aft end of said

liner for reducing the spanwise turbine entrance air

temperature profile factor.

8 . A gas turbine combustor liner as claimed in claim 7
wherein said third differential multi-hole film cooling

hole pattern includes an inter-row spacing twice that of
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salid first base pattern and an inter-hole spacing equal
to that of said first base pattern and axially‘adjacent
rows of multi-row film cooling holes are

circumferentially offset from each other by about half

the distance between said multi-hole film cooling holes

P

of one of said rows.

9. A gas turbine combustor liner as claimed in claim 6
including a fourth differential multi-hole film cooling
hole pattern comprising an area of blanked cooling holes

in said first and second base cooling hole patterns

around dilution holes in said liner for preventing

formation of stress risers around the dilution holes.

10. A gas turbine combustor liner having a hot side and
cold side, said liner comprising:

a single wall shell having a plurality of superimposed
differential multi-hole film cooling hole patterns
wherein said differential multi-hole film cooling hole
patterns are derived from a first base multi-hole film
cooling hole pattern comprising a plurality of small
closely spaced sharply downstream angled cylindrical film
coolling holes,

wherein said differential multi-hole film cooling
pattern comprises at least one pattern of blank spaces
superimposed on a corresponding base pattern of said
multi-hole film cooling holes,

wherelin a said first base pattern includes axially
adjacent rows of multi-hole film cooling holes in which
the holes of adjacent rows are circumferentially offset
from each other by about half the distance between said

multi-hole film cooling holes of one of said rows,

aa _ el AL Nl MERAL * AA NI s v adhs LBl ar bl g e 2T e awrbm T Sl 140 v aw 2 avdh tdots oA b Mads 4
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a first differential multi-hole film cooling hole
pattern comprising one row of blanked holes in said first
base pattern in a first axially repetitive pattern, and

a second differential multi-hole film cooling hole
pattern comprising one row of blanked holes in said first
base pattern in a first axially repetitive pattern, and

a second differential multi-hole film cooling hole
pattern comprising a plurality of rows of blanked
circumferentially adjacent cooling holes in a plurality

pre

OL rows of said base pattern in a second axially

repetitive pattern.

11. A gas turbine combustor liner as claimed in claim
10 wherein said multi-hole cooling holes have a diameter
of about 25 mils and have a center-to-center spacing in
the range of 6 to 7 cooling hole diameters and said base
pattern comprises rows of said cooling holes having an

inter-row spacirg of about 6 cooling hole diameters and

having an equal number of cooling holes in each row.

12. A gas turbine combustor liner as claimed in claim
10 wherein said multi-hole cooling holes have a diameter
of about 20 mils and have a center-to-center spacing in
the range of 6 to 7 ¥ cooling hole diameters and said
base pattern comprises rows of said cooling holes having
an inter-row spacing in the range of 6 to 7 % cooling

hole diameters.

13. A gas turkine combustor liner as claimed in claim
12 wherein said first base pattern comprises axially
repetitive sets of four adjacent rows of cooling holes
and said first differential multi-hole film cooling hole

pattern comprises a pattern in which a fourth row in said

W Ad RN PONRAL. S VLY B AT A 4 Eeay oy dnseniammah ol et 2% % SEALARARMAL. caw A - s . e oo on ophBal 20 0.0 .o © cocanssald
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sets of rows comprises blanked holes and said second
differential multi-hole film cooling hole pattern
comprises a pattern having a plurality of blanked
circumferentially adjacent cooling holes in a third row

of said set of cooling holes.

14 . A gas turbine combustor liner as claimed in claim
13 wherein at least a portion of said shell is corrugated

to form a shallow wavy wall cross-section.

15. A gas turbine combustor section as claimed 1in
claim 13 wherein said film cooling holes have a slant
angle slanted downstream from the cold surface of said

liner to the hot surface of said liner of about twenty

degrees.

16. A gas turbine combustor liner as claimed 1n claim

15 wherein said third differential multi-hole film

cooling hole pattern based on a second base pattern
including an inter-row spacing twice that of said first
base pattern and an inter-hole spacing equal to that of
said first base pattern and axially adjacent rows of
multi-hole film cooling holes are circumferentially

of fset from each other by about half the distance between

said multi-hole film cecoling holes of one of said rows.
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